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are generated as a result of the self-assemblage of amphiphilic block
polymers. Self-assembly of block polymers via hydrophobic and
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India. metal complexation has shown tremendous potential for creating such
supramolecular structures with a wide array of applications. Polymeric

micelles have gathered considerable attention in the field of drug and gene delivery due to

their excellent biocompatibility, low toxicity, enhanced blood circulation time, and ability to
solubilize a large number of drugs in their micellar core. In this article, we have reviewed

several aspects of polymeric micelles concerning their general properties, preparation and
characterization techniques, and their applications in the areas of drug delivery. Polymeric
micelles can be used as 'smart drug carriers' for targeting certain areas of the body by making

them stimuli-sensitive or by attachment of a specific ligand molecule onto their surface.
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2. INTRODUCTION

The versatility of micelles produced from amphiphilic copolymers as self-assembled
nanostructures (=10 to 200 nm) has signaled significant advances in the biomedical area due
to their varying functions and clinical success.! The enormous progress in polymer science
has enabled the design of these colloidal systems that can selectively accumulate in solid
tumors, and have improved loading capability, better therapeutic efficacy, and superior
targeting ability by surface modification with tumor homing ligands and aptamers. Polymeric

micelles that can form above the critical micellar concentration (CMC) are composed of
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solvophilic and solvophobic portions. In agueous media, the solvophobic portion forms the
core, while the solvophillic portion forms the shell, also called corona. Both these portions
are covalently attached to each other as blocks (block copolymers) or grafts (graft or brush
type copolymers).J The core of polymeric micelles acts as a reservoir for hydrophobic
bioactives, while the shell provides required colloidal stability. The shell plays an important
role in preventing opsonization, protein adsorption, and together with the small size of
polymeric micelles when accumulated in tissues with leaky vasculature through enhanced
permeation and retention effect (EPR). Long circulation of these carriers can be prevented by

glomerular filtration.?!

The micelle-based delivery systems have unique versatility to deliver a variety of payloads
including, but not limited to drugs, proteins, peptides, DNA, SiRNA etc. These nano or
submicron delivery systems have mostly a spherical structure, thereby giving the most
physical stability due to lowest surface energy. Block copolymers have been tailor-made
based on their physic-chemical properties of the drug, thereby achieving cellular, tissue, or
organ level targeting. In this review, we have described how a micelle can be prepared and
how its properties can be manipulated to offer better bioavailability or localized delivery.
Modification of micelle components can be done to achieve biological target specificity,
leading to better safety due to dose reduction of drugs. Stimuli responsiveness of the micelle

determines the target specificity and thereby multiple targeting approaches are possible.!!

The design and refinement of drug-polymeric micelle solubility parameters, biocompatibility,
drug disposition in various tissues and release profile with localized delivery option have
been identified as the critical parameters for successful micelle-based delivery. In this regard,
we have discussed the micelles in achieving desired characteristics required in clinical and
preclinical testing. The preclinical and clinical findings of such micellar systems would reach
the market. In these aspects, this review gives a clear understanding of the overall scenario of

these micellar systems.!!
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FIGURE 1 | Micelle formation. Drug-loaded polymeric micelle formed from self -assembly of amphiphilic block copolymers in agueous media. [7

3. POLYMERIC MICELLES: BACKGROUND AND RELEVANCE

Polymeric micelles are spherical, colloidal, supramolecular nanoconstructs (10-100 nm)
usually formed from the self-assembly of amphiphilic block copolymers which consist of
both hydrophilic and hydrophobic units in an agueous environment.”® This self-assembly of
amphiphilic monomers is entropically favoured and occurs above their critical micelle
concentration (CMC) to result in the formation of micelles with a core-shell structure.’® The
hydrophobic portion of the block copolymer forms the core of micelles, while the hydrophilic
portion forms the shell or the corona. Generally, micelles of amphiphilic copolymers with
low CMC values exhibit greater stability even at low concentrations of the amphiphile in the
medium. Increasing the hydrophobicity of the copolymer reduces the CMC which in turn,
increases the micelle stability.[) Non-polar molecules are solubilized within the hydrophobic
core of micelles; polar molecules get adsorbed on the micelle surface, whereas molecules
with intermediate polarity distribute along the surfactant molecules in intermediate

positions.!”

Micelles are dynamic structures that are in continuous equilibrium with free monomers,
wherein monomers are constantly exchanged between micelles and intermicellar solution.
Due to this to and fro motion of molecules or the exchange phenomenon, surfactant
molecules reside in the micelle form for a definite time called the surfactant residence time.®
An average number of monomers forming micelle at any given time is termed as the
aggregation number. Micelles are generally made up of 50—-200 monomers. The radius of a
spherical micelle is almost the same as the length of a fully extended surfactant monomer,
which mostly is 1- 3 nm, and thus micelles lie in the colloidal range. Molecular size and
geometrical features of the surfactants determine the size of the micelle.”! Micelle formation

in aqueous solution is mainly governed by the effective interaction between the hydrophobic
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parts of the surfactants. The major driving force behind self-association is the decrease of free
energy in the system. The decrease in energy of the system is a result of the removal of
hydrophobic fragments from the aqueous surroundings with the formation of a micelle core
stabilized with hydrophilic blocks exposed to water. The change in free energy for the

micellization process is described as:

AG?

.. = RTIn(CMC)
Where R is the gas constant, T is the temperature of the system and CMC is the critical

micelle concentration.!*”]

4. TYPES OF POLYMERIC MICELLES

Polymeric micelles can be classified based on the intermolecular forces that apart the core
segment interacting with the aqueous environment. They are classified into three groups.

e Conventional

e Poly-ion complex micelles

e Non-covalently connected polymeric micelles

4.1 Conventional

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.[*?

4.2 Poly-ion complex micelles (PICMs)

Poly-ion complex micelles are formed by means of electrostatic interaction between two
oppositely charged moieties. The structure and size of the charged micelles coronas are
controlled by electrostatic and the Vander Waals force of interactions. The simple synthetic
route, high drug loading capacity, structural stability, prolonged circulation in the blood, and
self-assembly in aqueous medium are some features of poly-ion complex micelles. Micelles
are prepared in aqueous media without using organic solvent. This will allow to remove the
side effects, that may be caused due to residual organic solvent. The core polyion complex
micelles can trap many therapeutic agents through electrostatic, hydrophobic hydrogen
bonding interactions. These therapeutic agents are released from the core by a suitable
trigger. Polyion complex micelles can be used for the delivery of charged drugs, antisense

oligonucleotides, DNA, and enzymes.**!
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4.3 Non-covalently connected polymeric micelles

Polymeric micelles are obtained via self-assemblage of homopolymer, random copolymer,
graft copolymer, or oligomer for which interpolymer hydrogen bonding complexation serves
as the driving force. 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 non-covalently connected micelles.[*"

5. METHODS OF PREPARATION
e Direct dissolution method

e Solvent evaporation method

e Dialysis method

e Oil in water emulsion

e Solid dispersion

* Freeze drying

5.1 Direct dissolution method

In this simple preparation method, the amphiphilic copolymer and the drug, added in excess,
are dissolved in an aqueous solvent. At or above CMC, the copolymer and drug self-
assemble, creating a loaded PM. This technique presupposes that both the drug and the
copolymer are water-soluble and it is associated with a low drug loading, although increasing

the temperature of the system might reduce this disadvantage.[*

5.2 Solvent evaporation method

Also known as film hydration method, solvent evaporation process demonstrates a high
incorporation efficiency in copolymers with less water solubility, being only selected for
copolymers with low HLB values. This method consists in dissolving the drug and
copolymers in a volatile organic solvent or a mixture, that is afterwards evaporated, forming a
thin polymeric film at the recipient’s bottom. The film is then hydrated with water by

sonication or stirring.

5.3 Dialysis method
If the selected copolymers have low water solubility, the dissolution of copolymer and drug
can be executed in a water-miscible organic solvent, that posteriorly is replaced with

deionized water through a semipermeable membrane, inducing micelle formation. The
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solvent removal is a slow process that often requires up to 36 hours, and the IE and size of the

particles are dependent of this phase.!*”!

5.4 Oil-in-water emulsion method

In this method, the hydrophobic drug and polymer are co-dissolved in a volatile solvent, for
example, acetone, chloroform, etc. either alone or combined with ethanol. The solution is
added to water and accompanied by sonication to form an oil-in-water type emulsion. This
emulsion is kept overnight for complete evaporation of the organic solvent which results in
formation of the drug—micelle conjugate. Sometimes surfactants such as polyvinyl alcohol or
pluronic-85 can also be added in the aqueous solution to increase the stability of the

emulsion.™®!

5.5 Solid dispersion method

In this method the polymer and the hydrophobic drug are dissolved in an organic solvent
followed by the removal of the organic solvent under decreased pressure to form a
polymer/drug solid dispersion. The polymer matrix is heated and then hot water is added to

the preheated matrix to form the drug-loaded micelles.™*"!

5.6 Freeze-drying method
In the simple freeze-drying method, the drug(s) and polymers are co-dissolved in a mixture of
water and tert-butanol and freeze-dried. Drug-loaded polymeric micelles form spontaneously

upon rehydration of this freeze-dried cake in an injectable vehicle.

6. Polymeric micelles: an intelligent drug delivery system
As per the literature reviews, it has been found that polymeric micelles have been gaining

importance as Smart drug delivery Carrier:

6.1 Mucoadhesive polymeric micelles

The mucosal retention can be used to increase the transit time in the Gl tract resulting in the
extended time window for the payload release. The mucoadhesive polymeric micelles swell
and fill the mucous membranes crevices, contributing to the active surface area in contact
with the intestinal mucosa and yielding a high local concentration of the drug.””*! The muco
adhesion process can also localize the polymeric micelles at the target site. The process can
be achieved by building either nonspecific interactions with the mucosal surface such as
covalent bonds or specific interactions by functionalizing polymers with targeting ligands
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like lectins or reactive thiols.!?, the surface charges of PMs seem to play an important role in
particle uptake. On one hand, the negatively charged intestinal mucosa, due to the existence
of glycocalyx, attracts more positively charged PMs. Therefore, a considerable number of
studies have been conducted using positively charged polymers such as chitosan to increase

residence time in the GI tract.[***]

Crater and Carrier demonstrated a 20— 30 times faster diffusion for anionic particles in

comparison with cationic ones? Polymers such as cross-linked polyacrylic acids (PAA)“*-

1 carboxy polymethylene, carboxymethyl cellulose, alginate, chitosan (CS), and their
derivatives*®*® are commonly accepted as mucoadhesive and safe polymers. chitosan is an
ideal candidate for oral DNA and protein delivery*! due to its mucoadhesive properties and
its ability to induce a transient opening of the tight junctions.™® Phenylboronic acid (PBA) is
a synthetic molecule that has been extensively used in glucose sensing and insulin delivery
systems due to its ability to form high-affinity complexes with 1,2- cis-diols.* This affinity
between boronic acids and diols has also been utilized in other mucoadhesive drug delivery
systems such as vaginal delivery of interferon®®®, nasal delivery of insulin®"*! and ocular

delivery of cyclosporine A (CycA).E

6.2 Temperature-sensitive polymeric micelles

It is used to prepare intelligent systems that are hydrophilic below their critical temperature of
dissolution. When the temperature is above Lower Critical Solution Temperature, the
polymer becomes hydrophobic, and its conformation changes from soluble to insoluble state.
Amphiphilic copolymers containing poly(N-isopropyl acrylamide)one of its derivatives can
be used to obtain temperature-sensitive micelles.**! Above this temperature, the micelle
destabilizes, and the drug is released. The most common example is Doxorubicin, the
micelles of this copolymer slowly release the drug at 37°C, but the release becomes faster
when the temperature rises to 42°C.1”® The micelles could be useful for developing intelligent
systems that release the drug when hyperthermia occurs either at a systemic level or a
specific region. The release could also be triggered by an external source of heat applied to a
delimited area of the body.”® A drug delivery system with an upper critical solution
temperature (UCST) of 438 degrees celsius based on an amphiphilic polymer poly(AAm-co-
AN)-g-PEG, whose UCST relies on hydrogen bonding and its UCST behavior was
independent of solvent, ionic strength, and polymer concentration was developed.® it could

encapsulate hydrophobic antitumor drugs and give long systemic circulation.
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6.3 Light-sensitive polymeric micelles

Light-sensitive micelles are generally composed of a hydrophilic shell and a responsive
hydrophobic core with tunable solubility that depends on the wavelength of light with which
it is irradiated.®! In these systems, the core-forming block plays a crucial role in the
formation and dissociation of the micelles. The block copolymers initially aggregate
spontaneously to form micelles with a hydrophobic core. After UV irradiation, the

hydrophobic core becomes hydrophilic and the copolymer can dissolve in water.

Recently, photoreversible morphological changes of block copolymer micelles based on
azobenzene have been reported.’? Azobenzene units undergo cis-trans isomerization on
alternating irradiation with UV and visible light, which induces changes in the polarity of the
units; the cis isomer of azobenzene is more polar and therefore less hydrophobic than the

trans isomer.

In a typical example, Matyjaszewski and coworkers reported a poly(ethylene oxide)-block-
poly- (methacrylate) whose methacrylate block had spiropyran side-chains (PEO-b-
PMSP).[

6.4 Ultrasound-sensitive polymeric micelles

Polymeric micelles can be destabilized by applying ultrasounds for pulsatile drug delivery in
tumors.?® Once 1V is injected, polymeric micelles accumulate in tumor tissues via the EPR
effect. The ultrasounds should be used when maximum micelle accumulation in the tumor is
reached; the waiting period depends on the kinetics of the micellar system’s distribution. The
amount of drug released can be modulated by controlling the frequency, power density, pulse
length, and inter-pulse intervals.?®

Nelson et al. introduced a colon carcinogen tumor cell into the hind limbs of rats which were
treated weekly with stabilized micelles or free doxorubicin by i.v. administration.l*”
Application of 20 and 70 kHz low-frequency ultrasound significantly reduced the tumor size

as compared to noninsonated controls.

The group of Husseini has been engaged in the development of ultrasound-based polymeric
micelles and their characterization to optimize the effects of drug for better efficiency.
Polymeric micelles incorporating doxorubicin have been prepared that released the drug after
ultrasonication.'®” They showed that the DNA damage induced by doxorubicin delivered to
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human leukemia cells (HL-60) from Pluronic P105 micelles was at an optimum after cells
were exposed to ultrasound, when comparatively studied with and without the application of

ultrasound.

6.5 Acid-Sensitive Polymeric Micelles

There are a number of pH gradients that exist in normal and pathophysiological states inside
the body. Acid-sensitive or pH-sensitive polymeric micelles exploit these differences in pH
for drug targeting. In tumors and inflammatory tissues a mildly acidic pH is encountered (pH
approx. 6.8). This is a slightly low value as compared with the pH of the blood and normal

tissues (pH approx. 7.4).

Polypyridines like poly(2-vinylpyridine) (P2VP) and poly(4-vinylpyridine) (P4VP) are water-
insoluble at neutral or alkalic pH, but become protonated and thus soluble at pH<5. A
recently developed micellar formulation containing P2VP has been described by
Karanikolas et al.®* A triblock copolymer of PEO-b-P2VP-b-PEO was used to demonstrate
pH-triggered micelle destabilization. No drug release studies concerning this micelle

formulation, however, have been reported yet.

Bae et al. prepared micelles based on mPEG-b-poly (aspartate hydrazone doxorubicin) where
doxorubicin was conjugated to the hydrophobic segments through acid-sensitive hydrazone
linkers. Selective release of the drug at endosomal pH and suppressed tumor growth in mice
with enhanced therapeutic efficacy and decreased systemic toxicity compared to free

doxorubicin was reported.®®

Chenet al.prepared micelles with PEG and an acid-labile polycarbonate®®® and
demonstrated that the acetal groups of the polycarbonate were hydrolyzed, resulting in
paclitaxel or doxorubicin release of 60—70% after exposure to mildly acidic conditions (pH
5.0-4.0) for 10 h.

Huang et al. prepared PEG-b-PtNEA micelles based on the orthoester-containing monomer
poly(trans-N-(2-ethoxy-1,3-dioxan-5-yl)acrylamide) (PtNEA) containing Nile Red dye. The
micelles remained stable at pH 7.4 but destabilized in mildly acidic media due to the acid-
triggered hydrolysis of the orthoester groups, which increased the hydrophilicity of PtNEA,

resulting in Nile Red release.®”
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Tang et al. used polymethacrylamide derivative (PMY M)-bearing orthoester side chains as a
pH-sensitive hydrophobic block to prepare PEG-b-PMYM micelles capable of drug release
after exposure to mildly acidic conditions.™®

7. CHARACTERIZATION OF POLYMERIC MICELLES

7.1 Critical Micellar Concentration (CMC)

In aqueous media, amphiphilic polymers can exist in the form of micelles when the
concentration is higher than CMC, and when diluted below this concentration, the micelles
may collapse. Hence, CMC is the key parameter for the formation and the static stability of
polymeric micelles. Some of the methods used for the determination of CMC in aqueous
dispersions of micelles include surface tension measurements, chromatography, light
scattering, small angle neutron scattering, small angle X-ray scattering, differential scanning
calorimetry, viscometry, and utilization of fluorescent probes. For easy practical
determination, CMC is obtained from plots of the surface tension as a function of the
logarithm of the concentration. The CMC is said to be attained when the surface tension stops
decreasing and reaches a plateau value. Most of the researchers have relied upon the use of

pyrene as a fluorescent probe for estimating CMC.1")

7.2 Size and Shape Determination

After the preparation of the micelles, useful information regarding the polydispersity index of
the prepared structures is obtained by examining the micellar solution with the quasielastic
light scattering technique. Monodisperse micelles produce blue color from light scattering
which indicates good micellar preparation, as contrasted with the white color shown by
aggregates.® Size of polymeric micelles usually falls in the colloidal range. Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) techniques have
been widely used for many years for the direct visualization, size, and shape determination of
block copolymer micelles. The more recently developed cryo-TEM technique has
increasingly started gaining importance for the characterization of block copolymer micelles
in the aqueous medium. SEM or atomic force microscopy (AFM) reveals information
regarding size distribution when chemically attached micelles to surfaces are presented.
Direct visualization of block copolymer micelles either in the dried state or directly “in situ”
within a liquid cell can be achieved by AFM. Hydrodynamic diameters and polydispersity
indices of micelles are obtained using photon correlation spectroscopy. Recently size

characterization of drug-loaded polymeric micelles was done using asymmetrical flow field-
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flow fractionation and the structure of assemblies was determined by small angle neutron
[28,29]

scattering.
7.3 In Vitro Drug Release Behavior

In-vitro drug release behavior from micelles is easily studied by placing the micellar solution
in a dialysis tube. The dialysis bag is immersed in a flask containing a release medium and
kept at a constant temperature. At predetermined time intervals, aliquots of the release
medium are taken and replaced by fresh medium. The content of the drug released in the
medium can be measured by spectroscopic or other suitable methods.*"

8. CONCLUSION

Polymeric micelles have emerged as important pharmaceutical carriers because of their
attractive properties. The preparation of polymeric micelles appears to be relatively simple as
compared with the other novel drug delivery systems. Polymeric micelles can be easily
loaded with a wide variety of poorly soluble drugs, thus resulting in enhanced bioavailability
of these drugs. In this review article, we have illustrated the potential of polymeric micelles
for the delivery of poorly water-soluble drugs, especially in the areas of oral delivery. A
required field that verifies the effectiveness of micellar drug carriers is controlling the
location and time over which drug release occurs. The pH-sensitive polymeric micelles, light-
sensitive, ultrasound-sensitive, and temperature-sensitive polymeric micelles have emerged
as fascinating drug carriers that can be easily applied for programmed drug delivery.
Different methods to characterize polymeric micelles have also been highlighted in the study.
Thus, polymeric micelles have proved a promising drug delivery carrier to fulfill targeted and

localized drug delivery
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