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ABSTRACT

Polymeric micelles have emerged as a highly effective strategy for drug delivery and targeted therapy. These nanoscopic colloidal
structures are formed through the self-assembly of amphiphilic block copolymers in aqueous environments. Compared to
conventional surfactant-based micelles, polymeric micelles offer enhanced stability and are capable of encapsulating significant
quantities of hydrophobic drug molecules within their core.This review explores the fundamental aspects of polymeric micelles,
including their general characteristics, physical properties, morphology, size, structural organization, and the underlying
chemistry. The mechanism of micelle formation is also discussed, along with various types of polymeric micelles. Special attention
is given to recent advancements in their biomedical applications, particularly in the treatment of cancer and COVID-19, as well as

their use in oral and transdermal drug delivery, gene therapy, and targeted delivery to the brain.
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INTRODUCTION

icelles are colloidal structures formed when

surfactant molecules reach an equilibrium state

with their monomeric or ionic forms involved in
micelle formation. Depending on the balance between
hydrophilic and hydrophobic segments and the nature of the
solvent, micelles can adopt various shapes such as spheres,
rods, vesicles, tubules, and lamellae. When amphiphilic
molecules—which contain both a polar head and a nonpolar
tail—are dissolved in a solvent, noticeable changes in several
physicochemical properties can occur These changes reflect
the self-organization of the molecules into micellar
structures.™ Structurally, micelles feature a hydrophobic core
surrounded by a hydrophilic exterior. Typically, each micelle
consists of about 50 to 200 monomer units, and this average
is referred to as the aggregation number. The primary driving
force behind micelle formation is the reduction of the
system’s free energy, achieved by sequestering hydrophobic
groups away from water inside the micellar core, while
exposing the hydrophilic parts to the aqueous environment.
This self-assembly takes place only when the concentration
of amphiphilic molecules exceeds a specific threshold,
known as the critical micelle concentration (CMC). Below
the CMC, the molecules are individually dispersed in the
medium and behave as subcolloidal particles. As the total
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concentration increases below the CMC, more amphiphilic
molecules adsorb at the air-water interface.?

Polymeric Micells :

Polymeric micelles are nanoscale structures formed through
the self-assembly of amphiphilic block copolymers, which
consist of both hydrophilic and hydrophobic segments. These
block copolymers behave similarly to conventional
amphiphiles and can form micelles in water when their
concentration surpasses a specific threshold known as the
critical micelle concentration (CMC). However, for
polymeric systems, this threshold—often referred to as the
critical association concentration (CAC)—is significantly
lower than that of typical surfactants making polymeric
micelles more stable in diluted biological environments.

These micelles are particularly effective in encapsulating
hydrophobic drugs that otherwise suffer from poor solubility,
instability, or unfavorable pharmacokinetics. The outer
hydrophilic shell helps maintain colloidal stability and
minimizes unwanted interactions with biological components
by offering steric hindrance. Polymeric micelles typically
range in size from about 10 to 100 nanometers, which
contributes to their enhanced circulation and retention in the
body.!
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Compared to traditional surfactant micelles, polymeric
micelles offer improved stability and reduced toxicity. Their
core can house significant amounts of drug molecules,
enabling targeted delivery and sustained release.
Additionally, the use of stimuli-responsive copolymers—
sensitive to environmental cues like pH or temperature—has
enabled the development of “smart” delivery vehicles.[

Depending on the hydrophilic-to-hydrophobic ratio, these
block copolymers can self-assemble into  various
morphologies, including spherical micelles, cylindrical
micelles, worm-like structures, and polymer vesicles. This
morphology is strongly influenced by the hydrophilic volume
fraction (f) of the polymer. For instance, a hydrophilic
volume fraction near 35% favors the formation of vesicles,

Amphiphilic block copolymers

Self-assembly

_—
inaqueous media
above CMC

® Hydrophobic drug g Hydrophiliic block / Hydrophobic block

Asian Journal of Pharmaceutical Research and Development. 2025; 13(3): 120-130

whereas values exceeding 45% tend to produce spherical
micelles. Unlike low-molecular-weight surfactants (typically
100-500 Da), amphiphilic block copolymers have much
larger molecular weights ranging from 5,000 to 30,000 Da
and possess more complex architectures. These attributes
allow them to form advanced. Structures such as crew-cut
and multicompartment micelles. More complex micelle
shapes, such as toroids and other unique structures, can be
achieved by employing amphiphiles with intricate molecular
architectures—Iike star-shaped copolymers—or by adjusting
the self-assembly conditions during formulation. These
diverse morphologies can greatly influence functional
performance, particularly affecting properties such as
interfacial behavior, viscosity, and the ability to stabilize
emulsions.®!
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+

Figure 1: Structure of Micells

Polymeric Micells :

Polymeric micelles are nanoscale structures formed through
the self-assembly of amphiphilic block copolymers, which
consist of both hydrophilic and hydrophobic segments. These
block copolymers behave similarly to conventional
amphiphiles and can form micelles in water when their
concentration surpasses a specific threshold known as the
critical micelle concentration (CMC). However, for
polymeric systems, this threshold—often referred to as the
critical association concentration (CAC)—is significantly
lower than that of typical surfactants making polymeric
micelles more stable in diluted biological environments.

These micelles are particularly effective in encapsulating
hydrophobic drugs that otherwise suffer from poor solubility,
instability, or unfavorable pharmacokinetics. The outer
hydrophilic shell helps maintain colloidal stability and
minimizes unwanted interactions with biological components
by offering steric hindrance. Polymeric micelles typically
range in size from about 10 to 100 nanometers, which
contributes to their enhanced circulation and retention in the
body.*!

Compared to traditional surfactant micelles, polymeric
micelles offer improved stability and reduced toxicity. Their
core can house significant amounts of drug molecules,
enabling targeted delivery and sustained release.
Additionally, the use of stimuli-responsive copolymers—
sensitive to environmental cues like pH or temperature—has
enabled the development of “smart” delivery vehicles.[4]

Depending on the hydrophilic-to-hydrophobic ratio, these
block copolymers can self-assemble into  various
ISSN: 2320-4850

morphologies, including spherical micelles, cylindrical
micelles, worm-like structures, and polymer vesicles. This
morphology is strongly influenced by the hydrophilic volume
fraction (f) of the polymer. For instance, a hydrophilic
volume fraction near 35% favors the formation of vesicles,
whereas values exceeding 45% tend to produce spherical
micelles. Unlike low-molecular-weight surfactants (typically
100-500 Da), amphiphilic block copolymers have much
larger molecular weights ranging from 5,000 to 30,000 Da
and possess more complex architectures. These attributes
allow them to form advanced. Structures such as crew-cut
and multicompartment micelles. More complex micelle
shapes, such as toroids and other unique structures, can be
achieved by employing amphiphiles with intricate molecular
architectures—Ilike star-shaped copolymers—or by adjusting
the self-assembly conditions during formulation. These
diverse morphologies can greatly influence functional
performance, particularly affecting properties such as
interfacial behavior, viscosity, and the ability to stabilize
emulsions.

Types of Polymeric Micells

On the basis of the type of intermolecular forces governing
the segregation of the core segment from the aqueous
environment, polymeric micelles can be classified in three
main categories i.e., micelles formed by hydrophobic
interactions, those resulting from electrostatic interactions
(polyion complex micelles), and micelles from metal
complexation..

Conventional
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These micelles are formed by hydrophobic interactions
between the core segment and the corona region in the
aqueous environment. One of the simplest amphiphilic block
copolymer, poly (ethylene oxide)-b-poly (propylene oxide)-
b- poly (ethylene oxide), forms micelles as a result of
hydrophobic interactions.[!

Polyion Complex Micelles

Polymeric micelles can also form through electrostatic
attraction between oppositely charged groups, such as
polyelectrolytes. When charged polymers with opposite
charges are introduced into a solution, they can interact and
integrate into the micelle's corona, resulting in the formation
of polyion complex micelles (PICMs). The structure and
dimensions of these charged micelles are influenced by both
electrostatic and van der Waals interactions. PICMs offer
several advantages, including straightforward synthesis,
spontaneous assembly in water, good structural integrity,
high drug-loading capacity, and extended circulation times in
the bloodstream. Notably, these micelles are typically
prepared in water without the use of organic solvents, thereby
avoiding issues related to solvent residues. The core of
PICMs can encapsulate a wide range of therapeutic agents—
such as hydrophilic and hydrophobic drugs, metal complexes,
and charged biomolecules—via multiple interactions like
electrostatic attraction, hydrogen bonding, and hydrophobic
effects. Due to these capabilities, PICMs hold significant
promise for targeted drug delivery, especially for transporting
charged molecules like DNA, enzymes, and antisense
oligonucleotides.!”?

Noncovalently Connected Polymeric Micelles

A novel “block-copolymer-free” technique can also be used
for preparing polymeric micelles. Here, polymeric micelles
are obtained via self-assemblage of homopolymer, random
copolymer, graft copolymer or oligomer for which
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interpolymer hydrogen bonding complexation serves as the
driving force.33 Core and shell are non-covalently connected
at their homopolymer chain end by specific intermolecular
interactions such as H-bonding or metal-ligand interactions in
the resultant structures and hence these are termed as non-
covalently connected micelles.

FORMATION MECHANISM OF
MICELLS

Amphiphilic compounds, such as surfactants, tend to form
colloidal assemblies known as association colloids. At low
concentrations in a liquid medium, these molecules remain
individually dispersed as sub-colloidal entities. However, as
their concentration increases beyond a certain threshold, they
begin to aggregate, forming structures called micelles—
typically consisting of 50 or more monomer units. Similarly,
amphiphilic polymers, which contain both hydrophobic and
hydrophilic segments, undergo self-organization to reduce the
system’s free energy.” When water is introduced, the
hydrophobic portions cluster together to avoid contact with
the aqueous environment, resulting in the formation of a
central hydrophobic core surrounded by a hydrophilic shell.
This process also leads to an increase in system
entropy.Micelle formation is governed by a balance of forces:
attractive interactions that promote assembly and repulsive
forces that prevent unchecked growth of the micelles. Despite
these interactions, the primary factor driving micellization is
the reduction of free energy due to the exclusion of
hydrophobic segments from water. The hydrophilic chains
remain exposed to the aqueous surroundings, helping to
stabilize the micellar structure. At very low concentrations,
amphiphilic copolymers exist as individual polymer chains in
solution. When their concentration reaches a specific limit
known as the critical micelle concentration (CMC), these
chains begin to associate into micelles, effectively lowering
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Figure 2: Formation Mechanism of Polymeric Micells

HOW THEY ARE ATTRACTIVE

Amphiphilic block copolymers can be precisely designed
through controlled synthesis by altering parameters such as
block composition, overall molecular weight, and chemical
structure. These adjustments allow fine-tuning of the size and
shape of the resulting polymeric micelles. The hydrophobic
core of these micelles serves as a reservoir for incorporating
water-insoluble substances, making them especially effective
for improving the solubility of poorly soluble drugs.
Enhancing solubility often leads to improved oral
bioavailability."!
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Unlike surfactant-based micelles, which may break apart
upon dilution and potentially damage cell membranes,
polymeric micelles demonstrate much greater stability in
dilute conditions. This enhanced stability translates to
reduced cytotoxicity. Their small, nanometer-scale size and
hydrophilic outer shell help them evade mechanical clearance
by organs like the spleen and prevent filtration, thereby
extending their presence in the bloodstream. The shell also
contributes to micelle stability and influences interactions
with biological components such as plasma proteins and
cellular membranes, ultimately affecting the distribution of
the drug carrier in the body.Their compact size minimizes the
risk of blocking capillaries, which can be a concern with
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larger delivery systems, and it also promotes absorption
through the gastrointestinal tract. Additionally, polymeric
micelles are associated with low toxicity and are eliminated
from the body relatively quickly, making them ideal for
intravenous drug delivery. A significant advantage is that
drugs can be loaded into these systems without requiring
chemical modification.™*”!

Polymeric micelles provide access to targeting because of the
high drug-loading capacity of the inner Core as well as the
unique disposition characteristics in the body due to their
size, End functionalization of block copolymers with sugars
and peptides on the periphery yield an array of Micelles that
have altered biological characteristics which can be used for
the receptor-mediated Targeted drug and gene delivery.
Immunomicelles, another means of targeting, which are
prepared By covalently attaching monoclonal antibody
molecules to a surfactant or polymeric micelles Demonstrate
high binding specificity and targetability. Polymeric micelles
may lead to the Development of ‘intelligent vehicles’ by
using  stimuli-sensitive  (pH, temperature  sensitive)
Copolymers. Such intelligent vehicles are currently being
explored for achieving controlled drug Release.™**!

ADVANTAGES OF POLYMERIC MICELLS
1. Polymeric micelles are extremely structurally stable.

2. Polymeric micelles are very small, with a diameter
ranging from 10nm to 100nm, and are effective In the
long-term circulation of the carrier system in the
bloodstream.

3. Polymeric micelles have a high-water solubility due to the
huge number of hydrophobic drug Molecules in the inner
core.

4. Biocompatibility of polymeric micelles is excellent.

5. The associated toxicity of polymeric micelles is generally
low, making them safe.

DISADVANTAGES OF POLYMERIC MICELLES

1. The production of polymeric micelles can be costly due to
the complexity of their synthesis and purification
processes.
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2. In aqueous environments, drugs or copolymers may
undergo hydrolytic degradation, which can compromise
the stability of the micelle system.

3. The development and formulation of polymeric micelles
require advanced knowledge and techniques in polymer
chemistry.4

PREPERATION METHODS OF POLYMERIC
MICELLES

Direct Dissolution Method

The direct dissolution method is one of the simplest and most
straightforward techniques for the preparation of polymeric
micelles. In this approach, amphiphilic block copolymers are
directly dissolved in water or an aqueous buffer under mild
stirring conditions. Upon dissolution, the hydrophobic
segments of the copolymer self-assemble to form the core of
the micelle, while the hydrophilic segments extend outward
to form the corona, resulting in the spontaneous formation of
Nano- sized micellar structures. This self-assembly occurs
when the polymer concentration exceeds its critical micelle
concentration (CMC). The direct dissolution method does not
require the use of organic solvents or complex processing
steps, making it environmentally benign and easily scalable
for industrial applications. However, its utility is generally
limited to polymers with good water solubility and low CMC
values, such as PEGPLA, PEG-PCL, and Pluronics
copolymers.Drug loading in this method is typically feasible
for hydrophilic or amphiphilic drugs that are at least partially
soluble in water. The drug can be incorporated either by co-
dissolving it with the polymer in the aqueous phase or by
post-loading through incubation. However, this method is not
suitable for highly hydrophobic drugs, as they tend to
precipitate in aqueous media, leading to low encapsulation
efficiency. While the direct dissolution method offers several
advantages, such as simplicity, absence of toxic organic
solvents, and rapid processing, it may yield micelles with
limited physical stability and low drug-loading capacity.
Despite these limitations, it remains a valuable method for
preliminary formulation studies and for the delivery of water-
compatible therapeutic agents.*®
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Figure 3: Direct Dissolution method

Dialysis Method

The dialysis method is a widely used and effective technique
for the preparation of polymeric micelles, particularly for
encapsulating hydrophobic drugs. In this method, both the
amphiphilic block copolymer and the drug are initially
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dissolved in a common water-miscible organic solvent, such
asdimethyl formamide (DMF), dimethyl sulfoxide (DMSO),
methanol, or acetone. This organic solution is then placed
inside a dialysis bag with an appropriate molecular weight
cut-off, and the bag is immersed in a large volume of water or

[123] CODEN (USA): AJPRHS



Bawankar et al

aqueous buffer. Gradual diffusion of the organic solvent
through the dialysis membrane into the external aqueous
phase leads to a progressive change in solvent polarity, which
promotes the  self-assembly of the amphiphilic

copolymersinto  micelles. During this process, the
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hydrophobic segments of the polymer aggregate to form the
micellar core, encapsulating the hydrophobic drug, while the
hydrophilic se%;ments stabilize the micelle in the aqueous
environment.!"®

O Drugs

e Di-block copolymer

S Polymeric micelle

e

Block copolymers
self-assemble to form
polymeric micelle

Figure 4: Dialysis Method

The dialysis method allows for the formation of micelles with
well-defined size, narrow polydispersity, and high drug
loading efficiency. It is especially advantageous when
dealing with poorly water-soluble drugs or sensitive
biomolecules, as the process is conducted under mild
conditions without the need for heat or harsh chemicals.
Additionally, the gradual removal of solvent minimizes burst
drug release and promotes the formation of stable
nanostructures. However, this method can be time-
consuming, often requiring several hours to days depending
on the solvent used and the volume of the external phase.
There is also a risk drug loss during dialysis, especially if the
drug is small and water-soluble. Despite these limitations, the
dialysis method remains a preferred choice for laboratory-
scale preparation of polymeric micelles, offering high
reproducibility, scalability, and compatibility with a wide
range of therapeutic agents.™”

Thin Film Hydration Method

The thin film hydration method is a widely adopted technique
for the preparation of polymeric micelles, particularly
favoured for its ability to encapsulate poorly water-soluble
drugs efficiently. In this method, amphiphilic block
copolymers and hydrophobic drugs are first dissolved in a
volatile organic solvent such as chloroform, methanol, or a

Solvent
- >
Evaporation

Drug + Polymer
dissolved in Org.
Solvent

Dry film is formed

Hydration
—_—

Mixture is stirred and
sonicated

solvent mixture. This solution is then subjected to
solventevaporation, typically under reduced pressure using a
rotary evaporator, to form a thin, uniform film on the inner
wall of a round-bottom flask. Following the removal of
residual solvent, the dry film Is hydrated with an aqueous
phase, such as distilled water or buffer, under gentle agitation
or mild heating. During hydration, the amphiphilic polymers
spontaneously  self-assemble into micellar structures,
encapsulating the hydrophobic drug within the micellar
core.l!®!

This method offers several benefits, including high drug
loading capacity, good control over particle size, and
suitability for a broad range of hydrophobic therapeutics.
Additionally, it is particularly useful for polymers that are
difficult to solubilize directly in water. However, the process
can be relatively labor-intensive and may require
optimization of parameters such as hydration temperature,
time, and agitation speed to achieve uniform and stable
micelles. The use of organic solvents also necessitates
thorough removal to prevent toxicity. Despite these
challenges, the thin film hydration method remains a highly
versatile and effective technique for preparing drug-loaded
polymeric micelles with enhanced stability and controlled
release characteristics, making it an important method in
nanocarrier development for drug delivery systems.[*!

Micelles are formed

Figure 5: Thin Film Hydration Method

Solvent Evaporation Method

The co-solvent evaporation method is a versatile and gentle
technique for the preparation of polymeric micelles,
particularly advantageous for incorporating hydrophobic or
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sensitive drugs. In this approach, the amphiphilic block
copolymer and the drug are co-dissolved in a mixture of a
water-miscible organic solvent (such as ethanol, acetone, or
methanol) and water. The organic solvent serves to solubilize
both the drug and the hydrophobic segments of the polymer,
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facilitating homogeneous dispersion Upon gradual removal
of the organic solvent, typically by evaporation under
reduced pressure or mild heating, the solvent polarity shifts,
triggering the self-assembly of the block copolymers into
micelles. As the micelles form, the hydrophobic drug is
entrapped within the micellar core.

This method is particularly suited for formulations requiring
mild preparation conditions, making it beneficial for
thermolabile or biologically sensitive compounds. It also
allows precise control over the final solvent content micelle

size, and drug loading by adjusting solvent ratios,
Organic solution: ) )
Polymer + Drug in water - ||
-mi >
non-miscible solvent .. oo
@ &
I e S
D ..
Aqueous solution : ® e
Stabilizer in water — ™’
N Step 1
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evaporation rates, and polymer concentrations. Compared to
other methods, co-solvent evaporation often results in better
reproducibility and avoids the extended processing time
associated with dialysis. However, complete removal of the
organic solvent is essential to prevent toxicity, and
inappropriate solvent selection can lead to drug precipitation
or poor micellization. Overall, the co-solvent evaporation
method offers a balanced combination of simplicity,
efficiency, and adaptability, making it an important strategy
in the formulation of polymeric micelles for drug delivery
applications.®!

Solvent

evaporatio et Ty et e
.. - L

e %, ®

3 °® »

- [

Step 2

Figure 5: Solvent evaporation method

Emulsification Method

The emulsification method is an effective and widely used
technique for preparing polymeric micelles, particularly
suitable for encapsulating highly hydrophobic drugs and oily
compounds. In this method, the amphiphilic block copolymer
and the hydrophobic drug are first dissolved in a water-
immiscible organic solvent, such as dichloromethane or
chloroform, to form the organic (oil) phase. This organic
phase is then emulsified into an aqueous phase containing a
stabilizer or surfactant under high-speed stirring or ultra
sonication to create an oil-in-water (O/W) emulsion. As the
organic solvent is gradually removed through evaporation or
diffusion, the amphiphiliccopolymers self-assemble at the oil-
water interface, forming micelles with the drug encapsulated
in the hydrophobic core.

Distilled
water

Drug +Polymer
+ water immisible
solvent

The emulsification method allows for high drug loading and
produces micelles with relatively uniform size distribution. It
is particularly advantageous when dealing with poorly water-
soluble drugs that require a hydrophobic environment for
solubilization. The method also enables scale-up, making it
attractive for industrial applications. However, the use of
organic solvents and surfactants necessitates additional
purification steps to ensure the removal of residual
components that may affect biocompatibility. Moreover, the
process parameters—such as emulsifier concentration,
solvent type, and agitation speed—must be carefully
optimized to achieve stable and reproducible micelle
formulations. Despite these challenges, the emulsification
method remains a valuable tool for developing polymeric
micellar systems with improved drug solubilization, stability,
and bioavailability.!*)

stirred
!
Oil and water Organic Micelle
phase solvent formation

evaporation

Figure 6: Emulsification Method

Freeze Drying (Lyophilization) with hydration

Freeze-drying, or Lyophilization, followed by rehydration is
a valuable method for enhancing the long-term stability and
shelf-life of polymeric micelle formulations. This technique
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is typically employed as a post-preparation step after micelle
formation by methods such as dialysis, solvent evaporation,
or emulsification. In this approach, the micellar dispersion—
often containing a cryoprotectant such as trehalose or
mannitol—is rapidly frozen at low temperatures and then
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subjected to sublimation under reduced pressure to remove
water. This results in a dry, porous cake of micelles that can
be easily rehydrated with water or buffer when needed,
reforming micelles with properties comparable to the original
dispersion.

Freeze-drying offers significant advantages, including
improved stability against hydrolysis, aggregation, and
degradation during storage, especially for biologics or
sensitive drugs. It also facilitates the production of dry,
reconstitutable micelle powders suitable for oral, parenteral,

Block copolymer and Drug
in water/tert-butanol
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or inhalable drug delivery systems. However, the process
requires careful selection and optimization of cryoprotectant
to prevent micelle destabilization or drug leakage during
freezing and drying. Additionally, Lyophilization can be
time-consuming and requires specialized equipment, which
may limit its use in early-stage development. Despite these
limitations, freeze-drying with rehydration remains a crucial
method in the pharmaceutical formulation of polymeric
micelles, especially for enhancing stability, transportability,
and clinical usability of nanocarrier-based therapeutics.[*?

Reconstitute in
agueous media

Freeze dried cake

Drug loaded polymeric
micelles

Figure 7: Freeze Drying Method

CHARACTERIZATION OF POLYMERIC MICELLES
Physicochemical Characterization

Size and Size Distribution : The size and size distribution of
polymeric micelles are critical parameters that directly
influence their biological performance, including circulation
time, cellular uptake, biodistribution, and ability to
accumulate in tumor tissues via the enhanced permeability
and retention (EPR) effect. Typically, polymeric micelles
range from 10 to 100 nanometres in diameter, making them
suitable for passive targeting of tumors while avoiding rapid
clearance by the reticuloendothelial system (RES). Dynamic
Light Scattering (DLS) is the most commonly used technique
to measure the hydrodynamic diameter and polydispersity
index (PDI) of micelles. A low PDI value (generally <0.3)
indicates a uniform and stable micellar population, which is
crucial for reproducibility and predictable drug delivery
behavior. In addition to DLS, Transmission Electron
Microscopy (TEM) or Scanning Electron Microscopy (SEM)
can provide visual confirmation of micelle morphology and
size in the dry state, although these techniques may show
slightly smaller sizes due to the absence of hydration layers.
Accurate size characterization is essential, as even small
variations can affect the micelle’s in vivo performance,
including uptake by specific tissues or cells, penetration into
tumors, and rate of drug release. Therefore, thorough
assessment of both size and distribution is a foundational step
in the development and optimization of polymeric micelle-
based drug delivery systems.

Zeta potential : Zeta potential is a key physicochemical
parameter that reflects the surface charge of polymeric
micelles and is crucial for predicting their colloidal stability,
interaction with biological membranes, and biodistribution. It
is defined as the electrical potential at the slipping plane of a
particle in a suspension and is typically measured using
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electrophoretic light scattering techniques. For polymeric
micelles, a high absolute value of zeta potential (usually >
+30 mV) suggests strong electrostatic repulsion between
particles, which helps prevent aggregation and ensures long-
term stability of the formulation. On the other hand, micelles
with a zeta potential close to zero may be less stable and
prone to aggregation unless steric stabilization (e.g., through
PEGylation) is present. The surface charge also affects
cellular uptake and circulation time—positively charged
micelles tend to interact more readily with negatively charged
cell membranes, enhancing cellular uptake but potentially
increasing toxicity and rapid clearance by the mononuclear
phagocyte system (MPS). Conversely, negatively charged or
neutral micelles generally show reduced nonspecific
interactions and prolonged circulation times. Additionally,
zeta potential can be influenced by pH, ionic strength, and the
chemical composition of the micellar corona. Therefore,
optimizing zeta potential is vital for achieving the desired
balance between stability, biocompatibility, and targeted
delivery in polymeric micelle formulations.*

Surface Morphology: Morphology refers to the shape and
structural appearance of polymeric micelles, which plays a
crucial role in their drug delivery performance, including
cellular uptake, circulation time, and drug release behavior.
While most polymeric micelles exhibit a spherical shape due
to thermodynamic stability, some formulations can form rod-
like, worm-like, or even disk-shaped structures depending on
the block copolymer composition, solvent conditions, and
preparation methods. These different morphologies can
significantly influence the micelles’biological interactions;
for instance, elongated or rod-like micelles may show
prolonged circulation time and improved tumor accumulation
compared to spherical ones[25]. Transmission Electron
Microscopy (TEM), Scanning Electron Microscopy (SEM),
and Atomic Force Microscopy (AFM) are commonly used
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techniques to visualize micelle morphology at the nanoscale.
TEM provides high-resolution images of micelles in the dry
state, often revealing their size and shape with excellent
detail. AFM can also offer three-dimensional surface
topography in ambient conditions. These imaging techniques
are essential complements to Dynamic Light Scattering
(DLS), which provides size but not shape information.
Overall, detailed morphological analysis helps in
understanding micelle behavior in biological environments
and in optimizing formulations for specific therapeutic
applications.®!

Critical micellar concentration: The Critical Micellar
Concentration (CMC) is the minimum concentration of
amphiphilic block copolymers in a solution at which micelles
begin to form spontaneously. Below this concentration, the
copolymers exist primarily as individual unimers (single
molecules), while above the CMC, they self-assemble into
stable micellar structures due to the balance between
hydrophobic interactions and the solvating force of the
aqueous environment. The CMC is a crucial parameter in the
development of polymeric micelles, as it indicates the
thermodynamic stability of the micelles in dilute conditions,
such as those encountered in the bloodstream. A low CMC
value (typically in the range of 107¢ to 10”7 M for polymeric
micelles) is desirable because it ensures that the micelles
remain intact even upon dilution after intravenous
administration, reducing the risk of premature drug release.
The CMC can be determined using techniques such as
fluorescence spectroscopy (e.g., using pyrene as a probe),
surface tension measurements, conductivity, or light
scattering. Importantly, polymeric micelles often exhibit
significantly lower CMC values than traditional surfactant
micelles, contributing to their enhanced stability in vivo.
Understanding and optimizing the CMC is essential for
designing effective and reliable drug delivery systems based
on polymeric micelles.?”

Drug Loading and Entrapment Efficiency: Drug loading
and entrapment efficiency are critical parameters in
evaluating the performance of polymeric micelles as drug
delivery systems. Drug loading capacity (DLC) refers to the
amount of drug encapsulated within the micelles relative to
the total weight of the drug-loaded micelles, while
entrapment efficiency (EE%) indicates the percentage of the
initial drug amount that is successfully encapsulated. These
parameters directly influence the therapeutic efficacy, dosing
frequency, and toxicity profile of the formulation. High drug
loading is desirable to reduce the amount of carrier material
required, which minimizes potential side effects and
improves patient compliance. Entrapment efficiency is
influenced by several factors including the hydrophobicity of
the drug, compatibility with the core-forming polymer block,
preparation  method, and  drug-to-polymer  ratio.
Quantification is typically done using analytical techniques
such as High-Performance Liquid Chromatography (HPLC),
UV-Visible spectroscopy, or LC-MS after separating free
drug from the micelles via dialysis, centrifugation, or
ultrafiltration. Optimizing both drug loading and entrapment
efficiency is essential to ensure consistent drug delivery,
maximize therapeutic benefits, and minimize waste of
expensive or potent active pharmaceutical ingredients.?®!
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In Vitro Drug Release: In vitro drug release studies of
polymeric micelles are essential to understand the release
kinetics, mechanism, and stability of the drug-loaded system
under simulated physiological conditions. These studies help
predict how the drug will behave once administered,
influencing therapeutic efficacy and dosing schedules.
Typically, drug release is evaluated using techniques such as
the dialysis bag method, Franz diffusion cells, or membrane
diffusion methods, where the micellar formulation is placed
in a release medium (e.g., phosphate-buffered saline, PBS) at
37°C, often under constant stirring. The amount of drug
released over time is quantified at regular intervals using UV-
Vis spectroscopy or HPLC. The release profile often exhibits
a biphasic pattern—an initial burst release due to loosely
bound or surface-associated drug, followed by a sustained
release as the drug diffuses from the micelle core. The release
kinetics can be modeled using various mathematical models
such as zero-order, first-order, Higuchi, or Korsmeyer—
Peppas to elucidate the mechanism (diffusion-controlled,
erosion-controlled, or a combination) In vitro release studies
also help assess the effect of pH, temperature, and enzymes,
especially for stimuli-responsive micelles. Understanding and
controlling the drug release behavior is crucial for ensuring
targeted delivery, prolonged circulation, and minimized side
effects in polymeric micelle-based drug delivery systems.[29]

Thermal And Structural Analysis: Thermal and structural
analysis of polymeric micelles provides valuable insights into
their physical stability, polymer-drug interactions, and
internal structure, all of which are critical for the
development of effective and reliable drug delivery systems.
Differential Scanning Calorimetry (DSC) is widely used to
evaluate the thermal properties, such as glass transition
temperature (Tg), melting point ™, and crystallinity of the
polymer and the encapsulated drug. A reduction or
disappearance of the drug’s melting peak in the DSC
thermogram indicates successful encapsulation and possible
amorphization, which can enhance drug solubility and
bioavailability. Thermogravimetric Analysis (TGA) s
another technique that assesses the thermal stability and
composition by measuring weight loss as a function of
temperature.  For structural characterization, Fourier
Transform Infrared Spectroscopy (FTIR) is employed to
identify  specific ~ functional groups and confirm
intermolecular interactions between the polymer and the
drug, such as hydrogen bonding or van der Waals forces.
Nuclear Magnetic Resonance (NMR) spectroscopy provides
detailed information on the molecular structure and
arrangement of polymer blocks, as well as insights into the
micellization process. Together, these thermal and structural
analyses help confirm the integrity of the micellar
formulation, support findings from drug loading and release
studies, and guide formulation optimization to ensure
stability, compatibility, and performance in biological
environments.[30]

APPLICATIONS OF POLYMERIC MICELLES
Polymeric micelles are useful in various aspects as follows
Polymeric Micells in Treatment of Cancer :

The most frequent cancers are lung, breast, colorectal,
prostate, skin, and stomach cancers, which Are ranked from
highest to lowest in terms of the number of cancer cases. In
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the recent years, Polymeric micelles have gained interest and
have become one of the well-studied Nano-carriers in The
diagnosis and pharmacotherapy of cancer.61 Polymeric
micelles can be easily functionalized to Target certain types
and could be useful for cancer. The USFDA has approved a
number of anticancer Medications, both as monotherapy and
as combination treatment for cancer. The majority of small
Molecule medicines utilised in clinical trials to treat a variety
of malignancies are highly hydrophobic And bioavailable.
Due to their limited pharmacokinetics (PK) and
biodistribution profiles, Chemotherapeutic medications are
challenging to give in vivo. As a result, it’s vital to design
delivery Systems that can precisely target sick areas.
Polymeric micelles (PM) are good systems for Encapsulating
hydrophobic compounds because their hydrophobic core can
accommodate these Types of drugs and their hydrophilic
corona, usually poly (ethylene glycol), allows PM to circulate
For extended periods of time in the bloodstream, allowing
them to reach tumour tissues via the Enhanced permeability
and retention (EPR) effect. The first generation of PMs were
unstable, and They were mostly used to solubilize
hydrophobic medications for intravenous distribution.
Following An i.v. injection, next-generation PMs have been
engineered to provide high drug encapsulation and Retention
while preserving prolonged circulation. This technology
allows for both passive and active Delivery targeting."*"

Polymeric Micells for Treatment of COVID-19:

The outbreak of the novel coronavirus (SARS-CoV-2),
responsible for the COVID-19 pandemic, is considered one
of the most significant global health crises since World War
I1. Nanotherapy has emerged as a promising approach to
address the limitations of traditional treatments, enabling the
delivery of potential therapeutic agents directly to the lungs.
Polymeric micelles, as a type of nanocarrier, offer the
advantage of enhanced drug loading capacity while
minimizing off-target drug release. By modifying the surface
of these micelles with specific ligands, they can be utilized
for targeted drug delivery. The hydrophilic outer shell of the
micelle ensures its stability and biocompatibility with both
tissues and blood.

One example is Pluronic™ polymeric micelles, which have
been developed to deliver isoniazid and rifampicin through
ethylene oxide—propylene oxide tri-block copolymers.
Additionally, a study developed a multifunctional copolymer,
PLAb-PEG modified with methyl-b-neurameric acid (mNA),
designed for drug delivery to treat influenza infections. These
micelles, when loaded with amantadine, were found to inhibit
hemagglutination by binding to the hemagglutinin protein on
influenza viruses, effectively reducing viral infection and
providing a promising treatment strategy.?

Polymeric Micells for Oral Drug Delivery

The oral route Is the most preferred route for drug
administration because it has several advantages. Despite the
fact that it is widely used in the pharmaceutical industry,
there is a problem with the Drug’s low bioavailability, which
affects the formulation of the drug in oral delivery. The lower
the Polymeric micelles CMC values, the better the drug
dilution and stability in the gastrointestinal Environment. The
presence of many hydrophobic regions in the micelle core
usually results in a Low CMC value. To achieve a lower
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CMC, the chain length at the polymer shell should be
controlled While the chain length in the polymer core is
increased.!

Polymeric Micells for Enhancement of Bioavailability

For effective drug delivery to absorption sites, polymeric
micelles (PMs) must be able to resist rapid dissociation upon
dilution and maintain a stable core-shell structure until they
reach their target sites. The entanglement of polymer chains
in the micelle’s inner core contributes to two key aspects of
structural stability: thermodynamic and Kinetic stability. To
achieve  thermodynamic  stability, the  copolymer
concentration within the micelle must exceed its critical
micelle concentration (CMC). The hydrophilic-lipophilic
balance (HLB) of the block copolymer also influences the
CMC. When the copolymer concentration drops below the
CMC, Kkinetic stability becomes crucial. Under non-
equilibrium drug delivery conditions, kinetic stability may be
moresignificant than thermodynamic stability in ensuring the
micelles retain their structure and function effectively.

Polymeric Micells as Cutaneous Drug Delivery System

Polymeric micelles have been studied as alternative delivery
systems for parenteral, oral, ocular, Pulmonary, and nasal
administration, Hoverer, research into targeted cutaneous
delivery using Polymeric micelles is rare, and the mechanism
of their action is not well understood. Polymeric
Nanoparticles, on the other hand, have been observed to
penetrate the stratum corneurn and Accumulate in hair
follicles.™

Formulation Of antifungal Agents

There is a critical need for safe and effective delivery systems
for chemotherapeutic agents to treat systemic fungal
infections, particularly in immunocompromised patients, such
as those with AIDS, cancer, or those undergoing surgery or
organ transplants. The low solubility and, in some cases, high
toxicity of many antifungal agents present significant
challenges in their effective delivery.™

Delivery of Polynucleotides

To improve the stability of polycation-based DNA delivery
complexes in dispersion block and graft Copolymers
containing segments from polycations and nonionic water-
soluble polymers such as PEO, new dispersion block and
graft copolymers containing segments from polycations and
Nonionic water-soluble polymers such as PEO were
developed.88 When these copolymers bind to DNA, micelle-
like block ionomer complexes (“polyion complex micelles™)
are formed, with Hydrophobic sites formed by the polycation
neutralized DNA and hydrophilic sites formed by the PEO
chains. Because of the PEO chains, complexes remain stable
in aqueous dispersion despite Charge neutralization. PEO
modified polycation DNA complexes form stable dispersions
and do not Interact with serum proteins.E”

Drug Delivery to the Brain

By prescribing drug transport to the brain, the blood
intelligence barrier (BBB) represents a Formidable obstacle
for therapy of Genius tumors and neurodegenerative diseases,
such as HIV-associated dementia, stroke, Parkinson’s and
Alzheimer’s diseases. Two strategies using polymer Micelles
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have been evaluated to enhance transport of biologically
energetic sellers to the brain.®

Polymeric Micells in solubilization

The micellar core is a well-matched micro-environment and a
hub for incorporating water-insoluble Visitor molecules. The
hydrophobic molecules can be covalently coupled to the
block copolymers or Bodily included into the hydrophobic
core of micelles. The solubilization method leads to
Enhancement of their water solubility and thereby
bioavailability. It is frequently determined that The
gastrointestinal (GI) uptake of particles is affected drastically
by using particle size. A 15 to 250-Fold higher uptake
efficiency of particles about one hundred nm in diameter by
way of the Gl tract Was stated forty nine than that of the
micro-meter-sized particles. Thus, polymeric micelles (Nano
Sized) bring up uptake and beautify bioavailability. "

Polymeric Micells in treatment of Diabetes

Diabetes mellitus (DM) is a long-term metabolic disorder
marked by elevated blood glucose levels (hyperglycemia) and
requires ongoing medical management. The disease can lead
to several serious complications, including nephropathy,
neuropathy, cardiovascular issues, hypertension, abnormal
lipid profiles, and retinopathy, making it the seventh leading
cause of death globally. Among those affected, Type 2
diabetes (T2D) accounts for more than 90% of cases. T2D is
a complex condition characterized by reduced insulin
secretion from the pancreas combined with insulin resistance,
particularly in muscle and liver tissues. As a result,
preventing and effectively managing T2D remains a major
global health challenge in the 21% century, aiming to control
complications, lower mortality, and reduce healthcare costs.

In this context, micelles are increasingly being explored for
their potential to improve the solubility and bioavailability of
hydrophobic drugs. Their nanometer-scale size facilitates oral
drug absorption via Peyer’s patches and M cells in the
intestinal lining. Additionally, micelles are known for their
excellent biocompatibility and enhanced stability in both in
vitro and in vivo environments. They are capable of
encapsulating a wide range of poorly soluble therapeutic
agents. Many of these micelle-based drug formulations are
currently undergoing various stages of preclinical and clinical
evaluation. Among them, polymeric micelles made from
amphiphilic block copolymers such as poloxamers have
emerged as Promising nanocarriers for drug delivery
applications.*°

Imaging Systems Based on Polymers Micells

Efficient transport of imaging agents to the website of disease
in the body can enhance early Diagnostics of most cancers
and different diseases. The studies in this vicinity the usage
of polymer Micelles as carriers for imaging dealers have been
initiated through the crew of Torching .For Example,
micelles of amphiphilic PEO-lipid conjugates were loaded
with In and gadolinium Diethylenetriamine penta-acetic acid
phosphatidylethanolamine (Gd-DTPA-PE) and then used for
Visualization of neighborhood Iymphatic chain after
subcutaneous injection into the rabbit’s paw. The picture of
local lymphatics have been acquired the use of a gamma
camera and a magnetic Resonance (MR) imager100. The
injected micelles stayed inside the lymph fluid, as a
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consequence Serving as lymphangiographic dealers for
indirect MR or gamma lymphography.[41] Another
polymerMicelle gadget composed of amphiphilic methoxy
PEO-b-poly[epsilon-(triiodobenzoyl)-L-lysine] Block
copolymers labeled with iodine was administered
systemically in rabbits and visualized by Using X-ray
computed tomography. The labeled micelles displayed
splendid 24 hr half-life in theBlood, which is probably due to
the core-shell structure of the micelle carriers that protected
the lodine-containing core. Notably, small polymer micelles
may also be superb for bioimaging of Tumors in contrast to
PEG- modified long-circulating liposomes (ca. 100 nm). In
particular, the Micelles from PEO-distearoyl phosphatidyl
Ethanolamine conjugates containing In labeled Mannequin
protein have been more efficacious in delivery of the protein
to Lewis lung carcinoma Than larger long-circulating
liposomes. Overall, polymer micelles loaded with quite a
number agents For gamma, magnetic resonance, and
computed tomography imaging represent promising
modalities For non-invasive diagnostics of quite a number
diseases."”

CONCLUSION

Polymeric micelles have emerged as highly effective
nanocarriers in pharmaceutical drug delivery due to several
key advantages. Their small size, biodegradability, and
biocompatibility make them particularly suitable for targeted
therapies. These micelles tend to accumulate in tumor tissues,
benefiting from the enhanced permeability and retention
(EPR) effect, which allows for extended circulation time and
improved pharmacokinetics of hydrophobic drugs. Initially
developed to enhance the solubility of poorly water-soluble
compounds, polymeric micelles have since evolved into
intelligent drug delivery systems. Their high drug-loading
capacity and potential for targeted delivery have made them a
focal point in the fields of drug delivery and cancer treatment.
In recent years, they have gained significant attention for
applications in oral, transdermal, and brain-targeted therapies.
With their versatility and efficiency, polymeric micelles
represent a promising platform for the future of advanced
drug delivery systems.
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