Chapter 16
Polymeric Micelles in Targeted Drug Delivery
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Abbreviations

AFM Atomic force microscopy

ATRA All-trans retinoic acid

AUC Area under the curve

CMC Critical micellar concentration

CMT Critical micellization temperature
CPT Camptothecin

CsA Cyclosporine A

DNA Deoxy ribonucleic acid

DOX Doxorubicin

DSPE Distearoyl phosphatidyl ethanolamine
EPR Enhanced permeability and retention
F-5-CADA Fluorescein-5-carbonyl azide diacetate
FA Folic acid

Gd Gadolinium

HEMAm N-(2-hydroxyethyl) methacrylamide
HLB Hydrophilic-lipophilic balance
LCST Low critical solution temperature
MHC Minimal hydrotrope concentration
MRI Magnetic resonance imaging

PAsp Poly(aspartic acid)
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PBLA Poly(benzyl-L-aspartate)

PCL Poly(e-caprolactone)

PDLLA PEG-b-poly(p,L-lactic acid)
PEG Poly(ethylene glycol)

PEO Polyethylene oxide

PET Positron emission tomography
P-gp P-glycoprotein

PICMs Polyion complex micelles

PM Polymeric micelle

PMMA Poly(methacrylate)

PPO Poly(propylene oxide)

PTX Paclitaxel

PVA Poly(vinyl alcohol)

RNA Ribonucleic acid

RT Room temperature

SEM Scanning electron microscopy
TEM Transmission electron microscopy

16.1 Introduction

Amphiphilic molecules or surfactant monomers that possess a polar head and a
lipophilic tail could show changes in their physicochemical properties in solutions.
These changes are associated with the orientation and association of amphiphilic
molecules in solution resulting in the formation of structures called micelles. The
micelles internally have a hydrophobic core and externally a hydrophilic surface.
Micelles are generally made up of 50-200 monomers (an average number of mono-
mers forming micelle at any given time is termed as the aggregation number). The
radius of a spherical micelle is 1-3 nm, and thus they lie in the colloidal range [1, 2].
The major driving force behind self-association of amphiphilic molecules is the
decrease of free energy of the system. The decrease in free energy is a result of
removal of hydrophobic fragments from the aqueous surroundings with the forma-
tion of a micelle core stabilized with hydrophilic fragments exposed into water. The
factors affecting the process of micelle formation are the size of the hydrophobic
domain in the amphiphilic molecule, concentration of amphiphiles, temperature,
and solvent. The minimum concentration of amphiphilic molecules to form
assembly is called critical micelle concentration (CMC). At low concentrations in
medium, these amphiphilic molecules exist separately, and are so small that they
appear to be subcolloidal. Below the CMC, the amphiphile undergo adsorption at
the air—water interface. As the total concentration of the amphiphile is increased up
to CMC, the interface as well as the bulk phase is saturated with monomers. Any
further amphiphile added in excess of CMC results in the aggregation of monomers
in the bulk phase, such that the free energy of the system is reduced. The tempera-
ture below which amphiphilic molecules exist as unimers and above which as
aggregates is the critical micellization temperature (CMT) [1, 3, 4].
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Fig. 16.1 Design of a polymeric micelle carrier system

16.2 Polymeric Micelle

A polymeric micelle is a macromolecular assembly that forms from synthetic amphi-
philic block copolymers or graft copolymers. It has a spherical inner core and an
outer shell [5]. As shown in Fig.16.1, which features an AB-type block copolymer, a
micellar structure forms in an aqueous medium if one segment of the block copo-
lymer can provide interchain cohesive interactions sufficient for the micelle
formation.

Here, Amphiphilic block or graft copolymers behave in the same manner as that
of conventional amphiphiles and in aqueous solution, above CMC, these polymers
form polymeric micelles. In contrast to the micelles of conventional surfactant
monomers, in polymeric micelles there is a covalent linkage in individual surfac-
tant molecules within the hydrophobic core. This linkage prevents dynamic
exchange of monomers between free solution and the micellar pseudo-phase which
confers rigidity and stability to the polymeric micelles [6]. The aggregation num-
ber of polymeric micelles is of the magnitude of several hundreds and the diameter
ranges from 10 to 100 nm. Factors controlling the size of the polymeric micelles
include molecular weight of the amphiphilic block copolymer, aggregation number
of the amphiphiles, relative proportion of hydrophilic and hydrophobic chains, and
the preparation process [7]. In aqueous medium amphiphilic block copolymers can
principally self-assemble into spherical micelles, worm-like or cylindrical micelles,
and polymer vesicles or polymersomes. Main factor governing the morphology of
micelles is the hydrophilic-hydrophobic balance of the block copolymer defined
by the hydrophilic volume fraction, f. For amphiphilic block copolymers with
value of nearly 35 %, polymer vesicles are formed, whereas, for f value more than
45 %, spherical micelles are formed from self-assembly [8, 9]. By using amphiphi-
les of more complicated molecular design, e.g., miktoarm star copolymers, or by
varying the experimental conditions for self-assembly more complex morpholo-
gies such as that of crew-cut micelles, multicompartment micelles, toroids, etc.
may be obtained [10].
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16.3 Types of Polymeric Micelles

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.

16.3.1 Conventional

These micelles are formed by hydrophobic interactions between the core segment
and the corona region of amphiphilic block copolymer in the aqueous environment.
One of the simplest example of this type is the micelle formed by hydrophobic inter-
actions in poly(ethylene oxide)-b-poly(propylene oxide)-bpoly(ethylene oxide) [11].

16.3.2 Polyion Complex Micelles

Polymeric micelles are also formed by electrostatic interactions between two
oppositely charged moieties, such as polyelectrolytes and these micelles are termed
polyion complex micelles (PICMs). When oppositely charged polymers are added
in the solution, they can penetrate in the corona of the micelle and give rise to poly-
ionic micelle. The electrostatic forces and the van der Waals force of interaction
control the structure and size of the charged micelle coronas. PICMs have some
peculiar features such as simple synthetic route, easy self-assembly in aqueous
medium, structural stability, high drug loading capacity, and prolonged circulation
in the blood. The preparation of micelles being carried out in aqueous medium with-
out involvement of any organic solvents, they overcome the associated side-effects
produced by the residual organic solvents. The core of the PICMs can entrap many
therapeutic agents such as hydrophobic compounds, hydrophilic compounds, metal
complexes, and charged macromolecules through electrostatic, hydrophobic, hydro-
gen bonding interactions and release them after receiving a suitable trigger. Because
of these reasons, the PICMs have a great potential for drug release, especially for the
delivery of charged drugs, antisense oligonucleotides, DNA, and enzymes [12, 13].
Recently, Jung et al. prepared polymeric micelles of methoxypoly(ethylene glycol)-
grafted-chitosan encapsulating all trans retinoic acid through the formation of a
polyion complex between the amine group of chitosan and the carboxylic acid
group of all-frans retinoic acid. The PICMs were designed for drug delivery to the
brain tumor. The sizes of PICMs were about 50-200 nm and the loading efficiency
of micelle was higher than 80 % (w/w).
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Table 16.1 Type of amphiphilic copolymers and their possible structures

Type of
copolymers Representation of structure? Example of polymers
Block copolymers di—block Poly(styrene)-b-
AAAAAAABBBBBB poly(ethylene oxide)
tri—block Poly(ethylene oxide)-b-
AAAABBBBBAAAA poly (propylene oxide)-
b-poly(ethylene oxide)
Graft copolymers AAAAAAAAAAAAA N-phthaloylchitosan-
BB g-polycaprolactone
BB
BB
B

A hydrophilic unit, B hydrophobic unit

16.3.3 Non-covalently Connected Polymeric Micelles

Polymeric micelles are also prepared by a novel “block-copolymer-free” technique.
Here, polymeric micelles are obtained via self-assemblage of homopolymer, ran-
dom copolymer, graft copolymer or oligomer by inter polymer hydrogen bonding
complexation. Core and shell are non-covalently connected at their homopolymer
chain end by specific inter molecular interactions such as H-bonding or metal-
ligand interactions in the resultant structures and hence these are termed as non-
covalently connected micelles. Jiang et al. prepared the intermolecular complexes
with poly(4-vinylpyridine) as the backbone and carboxyl terminated poly butadiene
as the grafts due to hydrogen bonding using chloroform as a common solvent.

16.4 Polymers used in Polymeric Micelle

Amphiphilic copolymers, either block copolymers (di, tri, or tetra) or graft copolymers,
can be used to form polymeric micelle. A graft copolymer is one which comprises a
polymer chain as a backbone and another polymer chain as side “grafted” parts. These
copolymers usually demonstrate properties of both the polymeric backbones as well as
of the graft [14]. Table 16.1 shows different possible structures of amphiphilic copoly-
mers with representative example of each class.

Amphiphilic diblock AB-type or triblock ABA-type copolymers with the length
of a hydrophilic block exceeding to some extent that of a hydrophobic one would
self-assemblage to form spherical micelles in aqueous solutions. If the length of a
hydrophilic block is too large, copolymers exist in water as individual molecules
(unimers), and molecules with lengthy hydrophobic blocks develop various struc-
tures. Examples of different amphiphilic copolymers that have been investigated for
producing micelles are given in Table 16.2.
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Table 16.2 Various polymers used to prepare polymeric micelle

S. No.
1.

2
3.
4.
5

a

Polymer

N-phthaloylcarboxymethylchitosan
Poly(2-ethylhexyl acrylate)-b-poly(acrylic acid)
Poly(tert-butyl acrylate)-b-poly(2-vinylpyridine)
Poly(ethylene oxide)-b-polycaprolactone
Poly(e-caprolactone)-b-poly(ethylene
glycol)-b-poly(e-caprolactone)
Poly(e-caprolactone)-b-poly(methacrylic acid)
Poly(ethyleneglycol)-b-poly(e-caprolactone-co-
trimethylenecarbonate)

Poly(aspartic acid)-b-polylactide

Poly(ethylene glycol)-block-poly(aspartate-hydrazide)
Poly(N-isopropyl acrylamide-co-methacryl
acid)-g-poly(p,L-lactide)

Stearic acid-grafted chitosan oligosaccharide

16.5 Preparation of Polymeric Micelle
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Reference
[15]

[16]
[17]
[18]
[19, 20]

[21]
[22]

[23]
[24]
[25]

[26]

Polymeric micelles are prepared by either of the two following methods.

1. By direct dissolution: This method is used for block copolymers with low molec-
ular weight and short length of the insoluble block. Here, micelles are prepared
by direct dissolution in a selective solvent for one of the blocks. To facilitate
dissolution, stirring, thermal, or ultrasound treatments can be used. The micelle
formed gets trapped in a solvent that is a strong nonsolvent for the core and thus

become stable.

2. By counter solvent method: molecularly dissolved chains of block copolymer in
a selective solvent for one of the blocks is added with a non-solvent for the other
block to form micelle. Alternatively, temperature or pH variations may be used
for micelle formation [27].

16.6 Preparation of Drug-Loaded Micelles

Drug-loaded polymeric micelles can be prepared mainly by three common
approaches: direct dissolution, solvent evaporation, and dialysis.
Direct dissolution method: In this method, the amphiphilic copolymer and drug
in water is prepared at or above CMC. The copolymer and the drug self-assemble in
water to form drug-loaded micelles. But this method usually is associated with low
drug loading which can be enhanced by increase in temperature. Alternately a thin
evaporated film of drug can be prepared before the addition of copolymer.
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Fig. 16.2 Schematic of a
hydrophobically assembled
polymer micelle. The
hydrophobic core loading
lipophilic drugs is protected
from the environment by
the hydrophilic shell

Hydrophilic shell

Hydrophobic core

Lipophilic drug

Solvent evaporation or solution-casting technique: In this technique, copolymer
and the drug are dissolved in a volatile organic solvent and a thin film is formed by
evaporating the solvent. Drug-loaded polymeric micelles are obtained by reconsti-
tution of film with water. When the core forming blocks are long and more hydro-
phobic, the two above-mentioned techniques are unsuitable.

Dialysis technique: Micelles from copolymers having long and more hydropho-
bic core forming blocks have the potential to solubilize large amounts of poorly
water-soluble drugs. In these cases, the dialysis technique can be used to prepare
drug-loaded micelles. Solutions of the drug and the polymer in organic solvent are
placed in the dialysis bag, and the solvent is exchanged with water by immersing
bag into water, inducing micelle assembly [28, 29]. However, emulsification involv-
ing use of chlorinated solvents is not safer and dialysis process often requires more
than 36 h for efficient loading.

Lyophilization technique: The above mentioned limitations can be overcome by
employing a simple and cost-effective method in which water/tert-butanol mixture
is used for dissolving drug as well as polymer and then the solution is lyophilized.
Drug-loaded polymeric micelles are then obtained by redispersing the lyophilized
product in a suitable vehicle [30, 31].

16.6.1 Drug Loading Capacity of Polymer Micelles

Almost one-third of newly discovered drugs are highly insoluble in water, but there
is no standard method to solubilize such drugs [32]. As a result of the capability to
load lipophilic molecules into the hydrophobic core, polymer micelles have been
widely used to solubilize and deliver poorly water-soluble drugs (Fig. 16.2).

16.6.2 Theories of Drug Solubilization by Polymeric Micelles

The first-generation polymer micelle were used to solubilize (or load) highly lipo-
philic drugs like paclitaxel using PEG-b-poly(p,L-lactic acid) (PDLLA or PLA) as
polymer. As reported the loading capacity of paclitaxel is ~ 10-20 % (wt/wt) [17].
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This enhancement of drug solubility in water, which is derived from hydrophobic
interaction between hydrophobic polymer blocks and drugs [33]. The hydrophobic
interaction, more exactly hydrophobic effect, is a phenomenon induced by the
London dispersive force that exists between any kinds of molecule. The hydropho-
bic effect is induced when hydrophobic molecules are mixed with water, because
the London dispersive force between lipophilic drugs and hydrophobic blocks is
much stronger than that between the lipophilic drug and water.

Although the hydrophobic effect is a major driving force, drug loading capacity
and efficiency also depend on the miscibility between polymers and drugs. The
mechanism of drug loading into a polymer micelle is explained by the Hildebrand—
Scatchard solubility parameter (6),

0.5

8 =(AE,, 1V)

where AE,,, is the energy of vaporization and V is the molar volume of the
solvent [34].

The drug loading into a polymer micelle is in a way mixing of the polymer with
drugs, the loading capacity can be described by the Flory—Huggins theory,
expressed by

%drug—polymer = (‘/drug / RT ) (6drug - 5polymer )2

where Ygng-polymer 1S the Flory—Huggins interaction parameter between the drug and
the polymer, V drug is the volume of the drug, R is the ideal gas constant, 7 is the
temperature, and g and Spoiymer are the Hildebrand—Scatchard solubility parame-
ters of the drug and the polymer, respectively [35, 36].

The above equation describes the miscibility between polymers and drugs.
Letchford and colleagues investigated the miscibility of PEG-b-PCL with five dif-
ferent drugs [37] and observed that etoposide, paclitaxel, plumbagin, curcumin, and
indomethacin followed the ascending order of ¥uug-potymer- AS @ lower value (<0.5) of
the Flory—Huggins parameter means a better solubility, indomethacin is the drug
best solubilized in PEG-b-PCL micelle among the five. It should be noted that the
hydrophobicity of each drug does not follow the order of the Flory—Huggins param-
eter, indicating that a hydrophobic effect is not the only mechanism to explain the
efficiency of drug loading into polymer micelles. Similarly, the heat of mixing is
another parameter to describe the miscibility between polymers and drugs. The
drug loading efficiency was found to be highly dependent on the heat of mixing and
the order was poly(benzyl-L-aspartate) (PBLA) >PCL > PDLLA> PGA. It is there-
fore obvious that the drug loading in to a polymer micelle is not only forced by the
hydrophobic effect, but also facilitated by other interactions between polymers and
drugs to increase the miscibility.

In addition, another important parameter to govern the drug loading capacity of
polymer micelles is the hydrophilic-lipophilic balance (HLB) of block copolymers.
For example, block copolymers with longer hydrophobic block showed better drug
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loading property, which was confirmed by determining the partition coefficient of
drugs into PEG-b-PCL micelles [37].

The hydrotropy also significantly enhances the aqueous solubility of poorly
soluble compounds [38, 39]. The mechanism of hydrotropic solubilization has been
explained in several ways, such as hydrophobic effect, hydrogen bonding and stack-
ing interaction [38]. The hydrotropes form non-covalent aggregates only above a
certain concentration, which is called the minimal hydrotrope concentration (MHC)
[40]. As hydrotropes are small molecules containing both hydrophobic and hydro-
philic moieties, the hydrophobic effect can be a driving force to generate aggregates
such as surfactants. In addition, polar groups of the hydrophilic moieties can inter-
act with drugs by means of hydrogen bonding [41]. Hypothetically, hydrotropes
may break the hydrogen bonding between drugs that is considered as one of the
drug crystallization mechanisms.

Most hydrotropes have an aromatic ring substituted by heteroatoms. Depending on
the substituted atom species, the benzene rings can interact with each other and be
stacked (IT- IT stacking) [42, 43]. As most poorly soluble drugs consist of one or
multiple benzene rings and polar groups, the self-aggregation property of hydrotropes
can be expanded to complexation between hydrotropes and lipophilic drugs [44, 45].

The significance of multiple interaction parameters in describing the solubiliza-
tion phenomenon is indicated in the linear solvent free energy relationship (LSER)
equation [43],

logSP=c+rR, +s ,+aXa, +bEp, +vVx

where SP is the property of interest for a drug (i.e., partition coefficient), R, is the
excess molar refraction of the solution derived from the London dispersion force, p,
is the drug dipolarity/polarizability, Za, is the hydrogen bonding acidity of the drug,
2B,is the hydrogen bonding basicity of the drug, and Vx is the McGowan’s charac-
teristic volume calculated from molecular structure. The c, r, s, a, b, and v are
regression coefficients.

Based on the LSER theory, drug partition in two immiscible phases of water and
micelle core-forming polymer is explained by transferring the free energy of drugs in
water to that in polymer. This free energy is proportional to the sum of multiple inde-
pendent interactions. Therefore, the LSER equation suggests that the important
parameters to maximize the miscibility are hydrophobicity, electrostatic interaction,
dipole—dipole interaction, hydrogen bonding, and size of the drug. When the miscibil-
ity between polymers and drugs is optimized, it is expected that much improved drug
loading capacity of polymer micelles will be obtained. Introduction of the hydrotropy
into polymer micelles is one solution to accomplish the optimized miscibility.

16.6.3 Stability Issues

It is known that polymeric micelles possess high structural stability provided by the
entanglement of polymer chains in the inner core. This stability has two aspects:
static and dynamic [46-49]. Static stability is described by a critical micelle
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concentration (CMC). Generally, polymeric micelles show very low CMC values in
a range from 1 mg/mL to 10 mg/mL. These values are much smaller than typical
CMC values of micelles forming from low-molecular weight surfactants. The sec-
ond aspect, dynamic stability, is described by the low dissociation rates of micelles

Intravenous injections of polymeric micelles could get destabilized due to
extreme dilutions they undergo in blood. This would lead to leakage and burst
release of loaded drugs. Such problems could be overcome by improving the inter-
action between the drug and polymer in the shell via chemical conjugation or by
cross-linking [50]. Other causes for decrease in stability of polymeric micelle are:
Dis-balance in the HLB of the system due to over-loading of hydrophobic moiety
(drug) into the core region; Hydrolytic cleavage of drugs or copolymers in aqueous
systems. However, lyophilized polymeric micelle formulations have shown to pos-
sess improved long-term stability for intravenously administered preparations [51].
Other strategy used for stabilization is cross-linking of hydrophilic shell and/or
hydrophobic core.

16.6.3.1 Cross-Linking the Shell

Cross-linking of hydrophilic shell leads to a stabilization of the micelle system and
delays the degradation of the micelle. This strategy involves introduction of cross-
linkable groups within the hydrophilic portion of the copolymer and then using
polymer chemistry to cross-link the hydrophilic shell portion after the micellization
of the polymer. Other approaches, such as conjugation of the core with the drug, can
also be useful in preparing sustained-release micellar systems. For example, multi-
functional, multi-armed PEG can be copolymerized with some degradable hydro-
phobic polymers to form an amphiphilic block. PEG branching in this polymer can
be used to create cross-linkable groups in the system to prepare a shell cross-linked
micelle system. Thurmond et al. [52] prepared micelles from polyvinyl pyridine-
b-poly styrene (M,=52,500 Da) block copolymer, which on self-assembly, forms
shell cross-linked knedel-like micelles. Li et al. reported similar stabilization of the
micelles by cross-linking the shell of the micelles made from a poly(styrene-
b-butadiene-b-styrene) polymer [53] by first preparing micelles in aqueous medium
and then cross-linking the hydrophobic portion of the micelles using chloromethyl-
ation and amination.

16.6.3.2 Cross-Linking the Core

Shell cross-linking strategies needs preparation at a high dilution to avoid inter
micelle cross-link formation which decreases the efficiency of the process [54].
Hence, the strategy of core cross-linking was developed to form a core matrix that
traps the drug inside it, thereby controlling the diffusion of the drug from the core.
Many approaches have been tried to stabilize the core by cross-linking it with dif-
ferent functional groups. Thiol group can be introduced to cross-link the core with
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a disulfide group and the cross-linked core polymer be used to prepare polyion
complex micelles. In such a polyion complex, the electrostatic interaction between
two polymer segments drives association. Kazikawa et al. synthesized micelles
using PEG-5,000-b-poly(lysine) diblock copolymer [55]. The cross-linking of the
poly(lysine) core was achieved using thiolation chemistry. A completely biodegrad-
able system was prepared by Hu et al. using the polymer PEG-b-PLA with a
5-methyl-5-allyloxycarbonyl-1,3-dioxane-2—1 (M,=4,500 Da) group as the polym-
erizable group for cross-linking the core [56]. The cross-linking was achieved post
micellization by reaction with 2,2-azoisobutyronitrile. These micelles (130 nm size)
were shown to survive water dilution and temperature better than non-cross-linked
micelles. Core cross-linked strategy can also be used to prepare drug-loaded
micelles that offer a longer sustained release than non-modified regular micelles.

16.6.3.3 Use of a Low Critical Solution Temperature Hydrogel

Low critical solution temperature (LCST) hydrogel can be used to stabilize the
micelles by polymerizing LCST gel along with the core of the micelle to stabilize
the core. LCST gels remain in a swollen state at room temperature, allowing drug
loading while at physiological temperatures, these gels collapse and lock the hydro-
phobic portion of the micelle forming a locked core that contains the drug. Such a
locked interpenetrating network in the core prevents the breakdown of the core upon
dilution and also the drug loaded in the core would remain in the micelles for pro-
longed release. Such a system with pluronic micelles and an LCST gel was reported
by Rapoport [57] where he suggested three ways to stabilize pluronic micelles,
namely, core cross-linking, introducing vegetable oil in the hydrophobic portion to
stabilize the micelles and polymerizing an LCST gel with the hydrophobic portion
of the micelle to stabilize the core. However, one major disadvantage of using an
LCST gel in the core of the micelle is that it increases the micellar size by severalfold.
Rapoport reported a size increase from 12—15 nm to 30—400 nm [57].

16.7 Characterization of Polymeric Micelles

16.7.1 Critical Micelle Concentration (CMC)

Amphiphilic polymers exist in the form of micelles in aqueous media and when the
delivery system gets diluted below CMC the micelles may collapse. Hence, CMC is
the critical parameter for the formation and the static stability of polymeric micelles.
Some of the methods used for 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. However, the simplest method is
by plotting the surface tension as a function of the logarithm of the concentration.
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The CMC is said to be attained when the surface tension stops decreasing and reaches
a plateau value. Use of pyrene as a fluorescent probe for estimating CMC is also much
reported [58].

16.7.2 Size and Shape Determination

Polydispersity index of the prepared micellar solutions are best studies by quasi-
elastic light scattering technique. Monodisperse micelles produce blue color from
light scattering while the scattered light is white for aggregates [59]. Size of
polymeric micelles usually falls in the colloidal range and so scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) techniques have
been widely used for the direct visualization, size and shape determination of par-
ticularly block copolymer micelles. Recently, cryo-TEM technique has increasingly
started gaining importance for characterization of block copolymer micelles in
aqueous medium. SEM or atomic force microscopy (AFM) reveals information
regarding size distribution when chemically attached micelles to surfaces are
presented. Hydrodynamic diameters and poly-dispersity indices of micelles are
also obtained using photon correlation spectroscopy. Recently size characterization
of drug-loaded polymeric micelles using asymmetrical flow field-flow fractionation
and the structure of assemblies by small angle neutron scattering are also reported
[60, 61].

16.7.3 InVitro Drug Release Behavior

In vitro drug release behavior from micelles is studied by placing the micellar solu-
tion in a dialysis tube immersed into a flask containing release medium, kept at a
constant temperature. At predetermined time intervals, aliquots of the release
medium are taken and replaced by fresh medium. The content of drug released in
the medium are measured by spectroscopic or other suitable method [62]. The
parameters affecting the drug release are;

16.7.3.1 Micelle Stability

Dissociation of micelles into single chains will obviously free the entrapped mole-
cules. Similarly, erosion or biodegradation of the carrier could provoke the escape
of drug molecules. However, biodegradation of polymeric micelle follow controlled
degradation and hence may release the entrapped drug molecules in a sustained
manner [63].
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In cases of stable polymeric micelle that are slowly biodegradable or
non-biodegradable and above the CMC, the drug release will depend on the rate of
diffusion from the micelle. The rate of diffusion was shown to be influenced by vari-
ous factors mentioned below;

* The core-forming block length—increase in the length of the core forming block
will favor slow and continuous release as the drugs located in the core have to
diffuse through a longer path [64].

* The micelle morphology—spherical, cylindrical, bilayer, etc. are associated with
different diameters and surface (and interface) areas per micelle, thus affecting
the release rate.

» The physical state of the core—physical state of the micelle core, whether solid-
like or liquid-like, was also shown to influence micelle stability and, in parallel,
the release of the entrapped drug. For example, diffusion of a drug through a
glassy core was slower than through a more mobile core [65] and this tendency
could be qualitatively correlated with the respective glass transition temperatures
of the core components.

* The presence of cross-links (within either the core or the corona segments), and
the compatibility of the copolymer—drug pair cross-linking of the corona-forming
blocks affects the permeability of the corona and the period within which drugs
diffuse [66].

* The polymer/drug compatibility—polymer/drug compatibility can also influence
drug release and drug incorporation. The Flory—Huggins interaction parameter
can be used to infer the characteristics of drug release of a system. Generally
speaking, the stronger the interaction between the drug and the core-forming
block, the slower its release from the micelle.

* Drug localization—the localization of the drug within the micellar assembly is
expected to influence the release, with molecules located at the core/corona
interface or within the corona diffusing faster than those located in the core [65].

16.7.3.2 Drug Properties

Properties inherent to the drug molecule such as its molecular volume, physical
state in the micelle core, relationship between the molecular volume of the drug and
diffusion constant are other parameters to influence the drug release. The physical
state of a drug in the micelle core can alter the drug release profile. Jeong et al. [64]
showed that an increase in the amount of clonazepam loaded into PEG-b-PBLG
micelles (12.1-32.8 % (w/w)) resulted in as lower drug release. Differential scan-
ning calorimetry thermograms revealed that crystallization of the drug occurred at
the higher loading.

Drug release profiles determined in vitro are useful to compare drug formula-
tions but they rarely correlate with the in vivo behavior. Most of the time, the release
gets accelerated in vivo. For example, the in vitro release of hydroxylcamptothecin
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loaded in PEG-b-PCL micelles occurred over several days while the drug was
cleared from plasma within few hours following i.v. administration of the micelles [67].
Similar results of premature micelle disassembly were reported [68, 69] where the
loss of integrity of polymeric micelle within an hour after intramuscular or subcuta-
neous injection was observed. It was recently demonstrated that the destabilization
of the polymeric micelle and the release of the loaded drug in vivo is possibly due
to interactions with plasma proteins [70]. In addition, factors of in vivo micelle
destabilization such as interaction with other blood components, the translocation
of hydrophobic drugs to the lipid components in the blood and the degradation of
the copolymers, can also contribute to the disassembly of the micelles and the fast
release of the drug.

16.7.3.3 Drug Release from Specialized Micellar Systems

In the case of polyion complex micelles (PICM), drug release is not diffusion-based
but rather occurs through dissociation of electrostatic interactive forces between
oppositely charged ions, of the assemblies. The dissociation in vivo, mostly takes
place by exchange events with charged ions (i.e., salts, heparin). Similarly, the dis-
sociation of the polymer—metal complex micelles occurs through the substitution of
the metal from the coordinating groups of the copolymer by ions in the medium,
thus resulting in the micellar dissociation and subsequent release of the drug.

In addition to the above mentioned mechanisms, the drug release from the micel-
lar carriers are also triggered by a change in pH, temperature or in the redox state of
the surrounding medium. Ultrasounds have also been utilized to trigger drug release
from micellar systems in vitro and in vivo [71, 72].

pH-Triggered Drug Release

pH variations occur at different pathological/physiological sites permitting drug
release with change in the environmental pH. For example, the microenvironment
pH in tumors is generally more acidic than in normal tissues [73]. Changes in pH
are also encountered upon cellular internalization of the drug-loaded carriers via
clathrin-mediated endocytosis, resulting in an increase of acidity inside the endo-
some. Orally administered formulations experience a pH gradient as they transit
from the stomach to the jejunum. Several strategies have been exploited to achieve
pH-sensitivity, most of which are based on changes in the polymer properties
following the protonation/deprotonation of acidic and basic groups present along
the polymer chain or on the hydrolytic cleavage of hydrophobic functionalities or
cross-links.

For example, polymeric micelle with a corona composed of a PNIPAM copoly-
mer bearing carboxylic acid functionalities show the pH-sensitivity. At neutral pH,
the carboxylic acid groups make the PNIPAM segment soluble but a sharp decrease
in the solubility of the corona is observed as the pH is lowered. As a result, mixing
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of the PNIPAM chains and core region takes place, increasing the polarity of the
core and promoting the release of the entrapped drug [74]. Another approach is to
impart amphiphilicity to a copolymer by the conjugation of hydrophobic moieties
to one of the polymer block (the core block) via pH-sensitive links. Decrease in pH
result in the hydrolysis of the link and exposes polar groups on the core forming
block, resulting in the destabilization of the micelles and drug release. A system like
this was reported by Gillies et al. [75, 76] who developed block copolymers of PEG
and either PLL or polyester dendrons and used highly acid-sensitive cyclic acetals
to attached hydrophobic groups to the dendrimer periphery. These polymers self-
assembled into micelles that were stable in neutral aqueous solution but disinte-
grated into unimers at mildly acidic pH [65] following loss of the hydrophobic
groups upon acetal hydrolysis [76]. The pH-sensitive micelles were produced by
directly conjugating a hydrophobic anticancer agent (DOX) to copolymers to
release the drug at acidic pH found in tumor tissues [75].

Temperature Sensitivity

Local hyperthermia is observed in some disease states and local increases in body
temperature can also be induced by exterior means, making temperature-directed
drug release as another viable strategy for localized drug release. To achieve this,
polymers presenting a lower critical solution temperature (LCST) transition like
PNIPAM can be incorporated in the composition of micelles. The LCST of PNIPAM
can be adjusted within a desired range by copolymerizing it with hydrophilic or
hydrophobic monomers which strengthen or weaken the interactions between poly-
mer chains and water, resulting in an increase or decrease in water solubility, respec-
tively [77-79]. Below the LCST (at normal temperature), the non-polar core is
segregated from the hydrated PNIPAM corona while, at higher temperature (above
the LCST), corona collapses and results in the increased mixing of the NIPAM
corona units and hydrophobic core units. This increases the core polarity triggers
release of the drug incorporated in the micelle [74, 77, 80, 81].

Redox Sensitivity

Another stimulus to trigger the release of drugs from the polymeric carriers is redox
sensitivity due to the presence of oxygen-reactive species released by activated
macrophages in the inflamed tissues and certain tumors [82]. The hydrophobic
poly(propylene sulfide) (PPS) in PEG-b-PPS block copolymer respond to such
oxidative condition and readily gets converted to hydrophilic poly(sulfoxide) or
poly(sulfone) by mild oxidizing agents. Micelles obtained from this polymer was
demonstrated to release the incorporated hydrophobic drugs during the solubiliza-
tion or swelling of the polysulfide upon oxidation [83, 84]. Another mechanism
could be to take advantage of the reductive conditions met in the cytosol which
could cleave disulphide bond generally used to link drugs or siRNA to polymer like
PEG. This cleavage eventually causes release of the drug in cytosol [85, 86].
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16.8 Micelle—Cell Interaction and In Vivo Fate
of Polymeric Micelle

A polymer micelle hardly interacts with cell membrane if its hydrophilic corona
is biologically inert but the hydrophilic shell of polymer micelles is not totally inert.
It is well known that polymer micelles enter cells by means of endocytosis by spe-
cific or nonspecific interaction [87]. The mechanism explaining endocytosis of
polymer micelles has not been fully clarified. One possibility based on the role
of the labeled dye is charge on the micelle. It is known that positively charged mac-
romolecules can be effectively internalized by electrostatic interaction with heparan
sulfate on cell surface [88].0n the other hand, polymer micelles are shown to
increase the drug accumulation inside cells without endocytosis also. For example,
polymer micelle made of PluronicP-85 or P-105 enabled effective accumulation of
a hydrophobic dye inside cells by inhibiting P-glycoprotein (P-gp) [89, 90]. A poly-
mer micelle consisting of PEG-b-PCL also showed a similar effect on blocking the
P-gp function [91].

Expression of targeting moieties onto micelle surface provides a major strategy to
enhance the therapeutic effect of micellar drug carriers. Micelles conjugated with
different targeting moieties such as biotin, folate, antibodies, growth factors, or hom-
ing peptide shave been developed especially for intracellular delivery of anticancer
drugs [92]. However, most of the micelles are based on the physical assembly of
block copolymers so their stability in blood is not guaranteed. Therefore, improving
the micelle stability in blood should be considered in order to optimize the active
targeting strategy using targeting moieties.

In vivo pharmacokinetics and pharmacodynamics of drugs formulated using
polymer micelles have been widely studied, using radioisotope as a tool to monitor
the biodistribution. Polymeric micelles are mostly located in liver, kidney, spleen,
and blood indicating their capability for prolonging circulation time in blood, which
is an important rationale to develop micellar formulation of lipophilic drugs.
Table 16.3 demonstrates that micelles (or unimers) are highly distributed to organs
that have excretion and metabolism functions.

16.9 Applications of Polymeric Micelle

Most drug carrier applications have been studied with AB- or ABA-type block
copolymers because the close relationship between micelles’ properties and the
structure of polymers can be evaluated more easily with AB- or ABA-type block
copolymers than with the other types of copolymers.

Advantages of polymeric micelle as a drug carrier

Advantages of polymeric micelles as drug carriers are:

1. Very small size (diameter % 10e100 nm)
2. High structural stability



517

16 Polymeric Micelles in Targeted Drug Delivery

(panunuoo)

[zo1]

[101]

[6€]

[oo1]
[66]

[L6]

[86]

[L6]

[89]

[96]
[Sel

[v6l

(€6l
Q0UQIRJOY

ua9[ds < Sun| < Aoupry < 19AI]
11edy < Suny

‘Koupny < ewseld ‘Jown) ‘usardg
1By < Suny

< IoAI] < Adupny < ua9[ds < poorg
POO[q < 9[osNU < JoWN) < 1B

< ua9[ds < Sunj < 19A1] < Aoupry]
ud9[ds ‘Sun| < Aoupny < IOAI]
uo9ds

9Ieay ‘Sunj < Aouprny < I9AI] < poolg
ewised < 1eay ‘Fun|

< ua9[ds ‘Aoupry < I9AI[ < Jowing,
ua9[ds < AQupry < JOAT]

< (9IS pawreyur) [9M0q < poo[g
Q0IW WOJJ

QousdsaIony punoidyoeq Jysuq ooJ,

uag[ds < Aoupry
< 19A1] < ewiseld < 11eoy < poolg

3reoy ‘Suny < uad[ds ‘ToAr]

119y

< un[ ‘uaards < Asupny < JAI]
ureiq < 3unj

< I9AT] < AQupDy < 2uoq < poolg

uonnqLIstporg

AN

A 9L 9T
AN

M 4 q1-SEy
“dN-VAN
I

siey

N . q'1,91-9
siey

0N

siey
s1ey

1N

1N
[9POIN

61
61
0s

8¢l
8¢-LE

00¢
0ce
00¢

S¢

811-66
061

9¢
09

(w) az1g
SlIEl A

00L¥~000°S

006°'T-00€‘t

000°€€
00€°6—001°S

000°$-000°S

0SLT-000°C

000°L~000°S

00%°C-000°C

000°€1-000°S
000°01-000°1¢C

000°S—000°S

000°1-000°9
onel yoo[g

(sL-zg)dsv)d-9-Ddd
(0L-z9)dsv)d-9-Ddd

X0d-dsvd-9-Ddd

V1d-9-Ddd

10d-9-Ddd
IowA[og

UONEXSIUTWPE SNOUAARIIUT J9}JE SA[[ad1W JowA[od Jo uonnqrisipoiq uo saIpnis €971 d[qeL



R.S.R. Murthy

518

[80T1]

[LoT1]

[9011]

[ooT1]
[cor1]
[vo1]

[€o1]
ERIEYEYEN|

QUISOIAT, 447 ‘(Joyodre [Autr)A[od VA ‘Toxen|oed X.1d ‘(eprxo audjAdoid)A[od 0dd ‘(dre[A1oeylowr)A[od
VW ‘(epnoel-1Q)A10d VId ‘AydeiSowio) uorssiua uonisod [7d ‘(aprxo aua[Ayie)A1od 0dd (109413 auaAyio)A[0d HDFJ ‘(Fuoloejoides-a)K[od 70Hd ‘(proe
onxedse)A[od dsyd ‘poridde 10N y/N ‘9re1oeT op7 ‘QuozelpAH pAH ‘oprure[Kioeyiowt (JAYIQAX0IPAY-7)-N WVWAH ‘PToe STWEIN[D) 1]5) ‘DIR[0 Vi ‘@IeI90RIp JpIZe
[AuoqIed-G-uradsaton] Vqvo-S-4 ‘uiqnioxoq X0 ‘urayoidwe)) 740 ‘v autiodso[oL) ys) ‘[Azuag 2g ‘pIoe dlounal suen-[[y VLV ‘Juuresq jowny, . g7

uo9ds < JowN) ‘urys

< POO[Qq < JOAI] :9[[OTUW PANUI[SSOID)

poo[q < ua9[ds < unys < Jown)

< JOAI] :[[201W PAYUI[SSOIO-UON
3un|

< poo[q < Aaupry < IAAT] < ud2[dg
11eay ‘Aoupny < Jown) < uadds
poo[q < JOAI] : JUAUOD W JYSIH
91y ‘Aoupny < Jown) < udolds
‘IOAI] < POO[Q :JUAUOD Y JoMO]

POOJq < oSN < 1.y < ua[ds
‘3un| < Jown} < I9AI] < Aoupry|

Jrosnuw < 1Ieay
< ue9[ds < Suny ‘Aoupry < JOAI]

Poo[q < 1Y < AIBAO

< IOAI] < Adupry < ud9rds < Jung
ureiq

< Sun| < Aoupry < ud9[ds < IOAI]
uonnqlisiporyq

Qo1
SuLreaq-Df |

1N

Qonu
Surreaq-gy

oI g1
-SE-dIN-VAIN

I €L 97D
s1ey

IN
[9POIN

€S

¥C

96-C9

8CI
L1-91
14

Sl

() 5719
Q[T

009°81-008%

000°€E

078°‘1-08%'C
(So1d) sTI‘1
-0ST'€-STI‘T
(S8d) 0ST°T
—-00€°C—0ST‘1
onel yoorg

(oe
“WyYNHH)-9-Dad

VVINd-9-VVd
SO[[OTW PIYUI[SSOID)

(XOa-PAH
-dsv)d-9-Ddd- Vi
V'1d-9-Ddd-aod

spue3I| Suregie)
LM SI[[IA

V1d-9-VAd

0dd-9-0dd-9-0dd
IowA[oq

(ponunuod) €91 dIqeL,



16 Polymeric Micelles in Targeted Drug Delivery 519

SNk W

Large amount of drug loading

High water solubility

Low toxicity

Incorporation of various chemical species

(a)

(b)

(©)

(d)

(e)

Polymeric micelles are formed typically in a diameter range from 10 nm to
100 nm with a substantial narrow distribution. This size range is considered
ideal for the attainment of stable, long-term circulation of the carrier system
in the bloodstream. The small size of polymeric micelles is also a big benefit
in the sterilization processes in pharmaceutical productions.

Polymeric micelles possess high structural stability provided by the entangle-
ment of polymer chains in the inner core. This stability has two aspects: static
and dynamic [46—49]. Static stability is by a critical micelle concentration
(CMC). Generally, polymeric micelles show very low CMC values in a range
from 1 mg/mL to 10 mg/mL. These values are much smaller than typical
CMC values of micelles forming from low-molecular weight surfactants. The
second aspect, dynamic stability, is described by the low dissociation rates of
micelles, and this aspect may be more important than the static one for in vivo
drug delivery in physiological environments that are in non-equilibrium
conditions.

Polymeric micelle carrier system as a drug carrier has advantage of high
water solubility even when hydrophobic drugs are incorporated [109].
Generally, in conventional synthetic polymer—drug conjugate systems and
antibody—drug conjugate systems, a loss of the carrier’s water solubility
resulting from the conjugation of a hydrophobic drug creates a serious prob-
lem. Several research groups reported this problem of the polymer—drug
conjugates in syntheses [110-112] and in their intravenous injections [113].
Polymeric micelles can incorporate a large number of hydrophobic drug
molecules in the micelles’ inner core, and simultaneously, the micelles can
maintain their water solubility by inhibiting intermicellar aggregation of the
hydrophobic cores with a hydrophilic outer shell layer that works as a barrier
against intermicellar aggregation. This is a great advantage because many
potent drugs that have been developed in recent years are very hydrophobic
and are, therefore, water insoluble.

Polymeric surfactants are known to be less toxic than low-molecular-weight
surfactants, such as sodium dodecyl sulfate. Furthermore, in theory, polymeric
micelles are considered very safe in relation to chronic toxicity. Possessing a
much larger size than that for critical filtration in the kidney, polymeric
micelles can evade renal filtration, even if the molecular weight of the consti-
tuting block copolymer is lower than the critical molecular weight for renal
filtration. On the other hand, all polymer chains can be dissociated (as single
polymer chains) from the micelles over a long time period. This phenomenon
results in the complete excretion of the block copolymers from the renal route
if the polymer chains are designed with a lower molecular weight than the
critical value for renal filtration.
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(f) The sixth advantage is the fact that various chemical species can be incorporated
into polymeric micelles. As explained previously, the most commonly exam-
ined chemical species are hydrophobic low-molecular-weight organic com-
pound drugs. These drugs can be incorporated into the micelle inner core
either by chemical conjugation to the inner-core-forming polymer block or
by physical entrapment owing to hydrophobic interactions between the
entrapped drug molecules and the hydrophobic inner-core forming polymer
block. Hydrophobic interactions also work as a driving force for micelle
formation. On the other hand, polymeric micelles are formed through ionic
interactions between charged polymer chains. For example, polymeric
micelles form from poly(ethylene glycol) (PEG)-b-poly(lysine) block copo-
lymers and poly(aspartic acid) (ASP) homopolymers where the poly(lysine)
chain is positively charged and the poly(ASP) chain is negatively charged.
If negatively charged polypeptides [114] or nucleic acid [115] are used in
place of poly(ASP), these pharmacologically active macromolecules are
incorporated into polymeric micelles for protein, gene, and small interfering
RNA delivery purposes. Furthermore, metal ions or metal ions’ chelates can
be incorporated into polymeric micelles through coordination bonds or ionic
interactions. A platinum chelate cisplatin, which is a widely used anticancer
drug, was successfully incorporated into polymeric micelles forming from
PEG-b-poly(ASP) through a ligand exchange reaction between a carboxylic
acid residue of the poly(ASP) chain and a chloride ion of cisplatin [116,
117]. Alternatively, gadolinium (Gd) ions, which can work as a magnetic
resonance imaging (MRI) contrast agent, were incorporated into polymeric
micelles by the use of a chelatemoiety-conjugated block copolymer [118, 119].
As stated above, various pharmaceutical drugs, genes, and contrast agents
can be incorporated into polymeric micelles with appropriate choices of
block copolymer structures.

Disadvantages of polymeric micelle as a drug carrier
Disadvantages of polymeric micelle drug carriers are:

1. Specific disadvantages of polymeric micelle carriers

(a) Difficult polymer synthesis
(b) Immature drug-incorporation technology

2. Common disadvantages of polymeric carriers

(a) Slow extravasation
(b) Possible chronic liver toxicity due to slow metabolic process

The first disadvantage is a fact that relatively high levels of polymer chemistry
are needed in the polymeric micelle studies. AB type of block copolymer is one of
the most favorable structures for polymeric micelle carriers. The architecture of the
AB block copolymer is very simple. However, its synthesis is more difficult than
that of random polymers particularly in large industrial scale.
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The second disadvantage of the polymeric micelle systems is the immature
technology for drug incorporation in a physical manner. Yokoyama et al. reported
that physical incorporation efficiencies is dependent on various factors in drug-
incorporation processes [116]. Presently, there seem to be no universal incorpora-
tion method applicable to any polymer. Furthermore, in some methods the drug
incorporation may be difficult on a large industrial scale.

The third disadvantage is much slower extravasation of polymeric carrier sys-
tems than that of low-molecular weight drugs. The polymeric systems translocate
from the bloodstream to the interstitial space of organs and tissues through intra-
cellular channels and inter-cellular junctions, whereas the drugs permeate directly
through lipid bilayer cell membranes. Therefore, a long circulation character of the
polymeric systems is an essential requirement for delivery of a therapeutic amount
owing to compensation of the slow extravasation with a large area under the curve
(AUC) value that results from the long circulation.

The forth disadvantage is a risk of chronic liver toxicity. Drugs conjugated or
incorporated in the polymeric carrier systems are metabolized in liver in a slower
manner than free drug, since access of metabolic enzymes to drugs is inhibited
because of the conjugation and incorporation. Therefore, toxic side effects of the
conjugated and incorporated drug may be exhibited for a longer period than a case
of free drug whose toxic effects can be lowered through metabolism in a short
period.

16.9.1 Drug Solubilization

The micellar core is a compatible microenvironment for incorporating water-
insoluble guest molecules as the hydrophobic molecules can be covalently coupled
to the block copolymers or physically incorporated into the hydrophobic core of
micelles. The solubilization process leads to enhancement of their water solubility
and thereby bioavailability [57]. The extent of solubilization depends upon the
process of micelle preparation, the compatibility between the drug and the core
forming block, chain length of the hydrophobic block, concentration of polymer,
and temperature [120]. Above CMC of the polymer, there is a sharp increase in the
solubility of drug as it gets more space to occupy in the aggregates of the hydropho-
bic part of the micelle. However, the core region has limited capacity for accom-
modation, for instance, Pluronic P85 has a core region which is 13 % of the whole
micelle weight [121]. The influence of hydrophobic block length on solubilization
of griseofulvin in polyoxy ethylene and polyoxy butylene copolymer micelles
investigated showed that the solubilization capacity was dependent on the hydro-
phobic block length up to a certain extent (15 units of hydrophobic block), after
which the solubilization capacity became independent of the same [122]. Dong and
coworkers also concluded that solubilization capacity of polyurethane surfactants
increased with an increase in the hydrophobic segment of the diblock and triblock
polyurethane surfactants [123].
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Table 16.4 Different approaches used for extended release through polymeric micelles

Polymer Duration of

Approach used Drug in-vitro release Comments

Prodrug synthesis PEG-PCL Paclitaxel Up to 14 days Release varies
with the prodrug
chemistry

Drug—polymer PEG-PLGA Doxorubicin 15 days Loading

conjugate efficiency was
almost 100 %
with drug

16.9.2 Sustained Release Using Polymeric Micelle

Current approaches to achieve sustained drug release from the micelles include use
of prodrug synthesis, novel polymers, layer by layer assembly of micelles on a solid
support, reverse micelles, drug—polymer conjugate micelles, and polymer films that
form micelles in vivo. However, the sustained release achieved by these strategies
lasts only up to a maximum of few weeks.

16.9.2.1 Prodrug/Drug Polymer Conjugate Micelle

In this approach a prodrug that is most compatible with the micelle-forming amphi-
philic molecule is desirable. The two limiting processes controlling drug release
are prodrug release from the micelles and prodrug conversion to drug. One such
example is paclitaxel palmitate, a paclitaxel prodrug, which was encapsulated in
PEG-b-polycaprolactone (PEG-b-PCL) (M,, of PEG: 5,000, M,, of PCL: 10,500)
micelles [124]. Other examples of this approach are summarized in Table 16.4.

16.9.2.2 Novel Polymers

This is the most common approach used to prepare sustained release micelles.
Polymers with very low CMC (<0.1 pg/ml) can be used for prolonging the circula-
tion time before the micelle degrades. The micelles undergo dilution in the body
after intravenous injection leading to drop in the concentration of the polymer or
surfactant below the CMC if the CMC value is higher. Therefore, a higher concen-
tration of the polymer or surfactant has to be used to prepare the micelles so that
they can withstand the dilution in the blood. But, in most cases, the use of high
concentrations is not feasible due to toxicity related dose limitations. If the polymer
or surfactant has a CMC lower than 0.1 pg/ml, concentrations as low as 5 mg/ml
may be used to prepare a micelle formulation in order to counter the dilution effects
in the blood. A variety of polymers including diblock copolymers, triblock copoly-
mers and graft copolymers have been investigated for this purpose. Some polymers
investigated for sustained release micelle are listed below.
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Block Copolymers with Lipids

Block copolymers between a polymer and a lipid are one useful approach in prepar-
ing micelles. Lipids are more hydrophobic than most polymers and hence, a micelle
made with a lipid as its hydrophobic part might lower the CMC. Hence, using fatty
acyl chains as hydrophobic segments in an amphiphilic copolymer might be a useful
approach. Further, it was observed that increasing the length of the hydrophobic
portion of a micelle will lead to a decrease in its CMC [125]. Among diblock
copolymer, distearoyl phosphatidyl ethanolamine (DSPE) has been used as the
hydrophobic block with hydrophilic polyethylene oxide (PEO) to form 22 nm
micelles. These micelles sustained release of lipophilic beclomethasone dipropio-
nate for up to 6 days [126]. Lavasanifar et al. prepared micelles of polyethylene
oxide-poly[N-(6-hexyl stearate-/-aspartamide)] (PEO-PHSA) to encapsulate ampho-
tericin B [127]. The release of encapsulated drug was sustained (20 % released in 1 h)
while the plain drug was released within 10 min. The release depended inversely on
the degree of fatty acid substitution in the core.

Block Copolymers with Cyclodextrins

Another approach for drug delivery is supramolecular polymeric micelles which
involves non-covalent interactions between a macromolecular polymer, and a
small polymer molecule (guest molecule). One such attempt was made using
a-cyclodextrins (a-CDs) as the hydrophilic macromolecular host and PCL (Mn =
37,000) as the hydrophobic guest molecule [128]. The formed supramolecular poly-
meric micelles having a mean diameter of 30 nm resulted in sustained release of an
anti-inflammatory drug up to 700 h.

Diblock Copolymer Micelles

Diblock polymer that can physically interact with the drug can result in drug reten-
tion and sustained release from such polymer micelles. If the drug can form hydrogen
bonds with the core of the micelle, then the release obtained from the micelle will be
much more sustained. Micelles prepared from PEG-b-poly-I-lactic acid (PEG-b-
PLLA; Mw: 8,500 Da) and PEG-b-PCL (Mw: 10,050 Da) block copolymers showed
sustained release of the loaded drug, quercetin for approximately 160 h [129].

Triblock Copolymer Micelles

A triblock copolymer with small hydrophobic ends and a long hydrophilic midsec-
tion can assemble to form flower-like micellar structure in aqueous environment.
These flower-like micelles can dissolve the drug in the hydrophobic core and sustain
drug release for long periods of time. Zero-order release of sulindac and tetracaine
has been reported using PLA—PEO-PLA, triblock flower-like micelles (7-13 nm)
for 20 days and 10 days respectively [80].
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16.9.3 Drug Targeting Potentials of Polymeric Micelle

Drug targeting is defined as selective drug delivery to specific physiological sites
like organs, tissues, or cells, where the drug’s pharmacological activities are
required. Drug-targeting strategies are classified as active targeting and passive tar-
geting [130, 131]. Active targeting aims at an increase in the delivery of drugs to the
target by using biologically specific interactions, such as antigen-antibody binding
or by utilizing locally applied signals, such as heating and sonication. On the other
hand, passive targeting is defined as a method whereby the physical and chemical
properties of carrier systems increase the target/non-target ratio of the administered
drug.

In most of the active targeting processes particularly for tumors, passive transfer
phenomena precede biologically specific interactions except in cases of intravascu-
lar targets, such as vascular endothelial targeting. Most tumor targets are located in
extra-vascular space. To reach these targets through the bloodstream, translocation
through the vascular endothelium is a necessary step, followed by diffusion in the
interstitial space.

16.9.3.1 Passive Drug Targeting to Solid Tumors

The passive targeting of polymeric micelles on solid tumors can be achieved owing
to the enhanced permeability and retention effect (EPR effect). Vascular permeabil-
ity of tumor tissues is enhanced due to malformation of tumor vasculature during
rapid angiogenesis and by the actions of secreted factors, such as kinin and vascular
permeability factor. As a result of this increased vascular permeability, macromol-
ecules selectively increase their transport from blood vessels to tumor tissues.
Furthermore, the lymphatic drainage system does not operate effectively in tumor
tissues. Therefore, macromolecules are selectively retained for a prolonged time in
the tumor interstitium. However, the carrier systems must fulfill the following two
requirements to avoid nonspecific capture at non-tumor sites:

1. The drug carrier systems must possess an appropriate size or molecular weight.
The diameter of carriers must be smaller than approximately 200 nm if the retic-
uloendothelial system’s uptake is to be evaded [132]. Additionally, molecular
weights greater than a critical value (approximately 40,000) are favorable for
evading renal filtration.

2. The drug carrier systems must not exhibit strong interactions or uptake with or by
normal organs (especially the reticuloendothelial systems). These strong interac-
tions and uptakes are typically seen for cationic [133] and hydrophobic carriers
[134]. Therefore, the carrier systems should preferably possess hydrophilic sur-
faces, and their surface charge must be neutral or weakly negative. However,
hydrophobic carriers can be used but hydrophilic coating using polymers like
PEG is needed to avoid this interaction. Furthermore, the carrier systems must
possess no other chemical structures that would be biologically recognizable to
normal tissues.
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Considering the two afore mentioned requirements, polymeric micelles are very
much suited for passive targeting to tumors because they are formed in a diameter
ranging from 10 nm to 100 nm. The second requirement can be easily fulfilled
through a choice of hydrophilic and neutrally or weakly negatively charged poly-
mers for the outer shell-forming block. With this choice, polymeric micelles can
circulate in the bloodstream for a long time period by evading nonspecific capture,
resulting in successful attainment of the EPR effect.

The first successful example of tumor targeting with a polymeric micelle carrier
was reported by Yokoyama et al, where, doxorubicin (DOX) was chemically conju-
gated to ASP residues of PEG-poly(ASP) block copolymers (PEG-poly(Asp)) by amide
bond formation and was presented as a polymeric micelle system [59, 135-137].
The PEG segment was hydrophilic, whereas the DOX conjugated poly(ASP) chain
was hydrophobic. Therefore, the obtained drug-block copolymer conjugate (PEG-
poly(Asp)-DOX) formed micellar structures owing to its amphiphilic character.
In addition, DOX was also incorporated into the inner core by physical entrapment
using hydrophobic interactions with the chemically conjugated DOX molecules.
As a result, polymeric micelles containing both the chemically conjugated and the
physically entrapped DOX in the inner core were obtained with the PEG outer shell.
The DOX entrapped polymeric micelle circulated in the bloodstream for a long time
and was delivered to the solid tumor site at much higher concentrations than that of
free DOX [137].

Shiraishi et al prepared a polymeric micelle containing an MRI contrast agent
using a poly(ethylene glycol)-b-poly(L-lysine) block copolymer derivative which
was found to enhance MRI contrasts by shortening the T1 relaxation times of pro-
tons of water. This polymeric micelle was found to be targeted to a murine tumor
C26, and the tumorwas successfully visualized with the targeted MRI contrast agent
[119, 138].

16.9.3.2 Targeted Micelles

Selective biodistribution of micelles for improved efficiency could theoretically be
achieved by using systems which respond to external stimuli like pH and tempera-
ture variations or by attaching specific ligands to the exposed hydrophilic ends of
the carriers. These targeting mechanisms are referred to as active targeting.

pH-Responsive Micelles

Active targeting of drugs from polymeric micelle (PM) can be triggered by pH
changes if the change in pH is associated to a pathological process like solid tumors
presenting acidosis [139, 140]. Hence, micellar devices have been designed to trig-
ger and/or enhance drug release in response to pH. An extended application of the
pH-sensitive micelles has recently been introduced for the formulation of multiple
anticancer agents in the context of combinatorial therapy for better patient
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compliance and higher efficacy through a synergistic mechanism, thereby reducing
the therapeutic dose and toxicity of the drugs. In this approach, pH-sensitive
micelles are prepared using polymer conjugated with drugs at a precise ratio. For
instance, Bae, Y. etal. [141] conjugated DOX and wortmannin to PEG-poly(aspartate
hydrazide) through an acid-sensitive hydrazone bond. The polymer—drug conju-
gates then assembled into micelles in which the drug mixing ratio between DOX
and wortmannin was critical. These mixed PM could reduce the DOX dose required
for cytotoxicity through a synergistic drug action.

Temperature-Sensitive Micelles

The efficiency of the micellar carriers can also be improved by combining the EPR
effect with temperature sensitivity. Thermo-responsive PMs were shown to release
the loaded drug when the temperature increases beyond the lowest critical solution
temperature (LCST), thereby increasing their therapeutic efficacy. For example, PM
of (PNIPAM-co-N,N dimethyl-acrylamide)-b-poly(benzyl methacrylate) [80] and
PNIPAM-b-poly(butyl methacrylate) (PNIPAM-b-PBMA) [142] loaded with DOX
not only showed a thermo-responsive drug release behavior but also showed
increased cytotoxicity towards bovine aortic endothelial cells in vitro above their
LCST compared to the free drug.

Functionalized Micelles

The shell-components of PM, primarily selected to hinder nonspecific interactions
and increase blood circulation times, may prevent internalization of the carriers by
target cells [143]. Hence, systems presenting ligands at their water-exposed surface
have been designed to enhance their selective binding to specific receptors on the
cells and to promote the uptake of the drug loaded micelles by receptor-mediated
endocytosis and enhance efficacy. For efficient targeting, the receptors must be
overexpressed by target cells (e.g., tumor cells) compared to normal tissues [144].
A variety of molecules including antibodies [145, 146] peptides [147, 148], aptamers
[149, 150], vitamins and sugar moieties [151] have been used to achieve targeting
for anticancer drugs (Table 16.5) and genetic materials (Table 16.6).

The use of antibodies as the targeting moiety presents the advantage of selectivity,
high affinity, and minimal competition for the receptor, contrary to what is observed
with endogenous molecules such as folic acid (FOL) or transferrin [172, 173].
Antibodies, however, might induce immunogenicity, can be difficult to produce/
handle and present a large size, potentially putting strain on micelle self-assembly. The
use of small molecules such as sugars and vitamins can then become advantageous.
As reported in many studies, it is important that the functional groups be readily
available on the surface for efficient attachment to the receptors. The ligands can be
attached either before or after the assembly of the particulate carrier.
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Table 16.6 Examples of PM loaded with gene therapeutics (pDNA, AON, or siRNA)

Polymer composition
(targeting moiety)
PEG-SON/AON and PAMAM
G5 and G3

PEG-b-P(AEMA) and
P(MAA-co-EA-co-BMA)
AON-PLGA

PEG-AON and PEI
PEG-AON and KALA
FOL-PEG-AON and
lipofectamine (Folic acid)
PEG-b-PLL

PEG-siRNA and PEI
PEG-siRNA and KALA
PEG-b-DPT
Transferrin-PEG-cyclodextrin-
containing polycations
cRGD-PEG-PEI (cRGD)

Lactose-PEG-siRNA and PLL
(Lactose)

Fab’-PEG-PEI (Fab’)

Genetic material
incorporated

AON
AON

AON (c-myc)
AON (c-raf)
AON (c-myb)
AON (GFP)

AON (c-Ha-ras or VEGF)
siRNA (VEGF)

siRNA (VEGF)

siRNA (luciferase)

Transferrin siRNA
(EWS-FLII)

siRNA (VEGF)
siRNA (luciferase)

pDNA (luciferase)

Size (nm)
70

30

80
70
70
70-90

40-50

<200

50

100
117

150

Reference
[178]

[179]

[63]
[180, 181]
[182]
[183]

[184, 185]
[85]

[86]

[186]
[187]

[188]
[189]

[146]

\ 2

Fig. 16.3 Targeting can be achieved with the whole antibody (a) or its fragments such as F(ab")2

(b), (Fab’) (¢)

Monoclonal Antibodies and Antigen Binding Fragments

The whole antibody or its fragments such as the fragment antigen binding (Fab’)
and F(ab’)2 or scFV (single-chain variable) can be used for targeting [174]. Using
an antigen binding fragment (e.g., Fab’) instead of the whole monoclonal antibody
provides an advantage of avoiding steric hindrance during complex formation due
to its lower molecular weight (Fig. 16.3).
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In addition, it can induce less immunogenicity when in vivo applications
are sought. Micelles functionalized with either monoclonal antibody or Fab’ have
both shown higher cellular uptake compared to non-targeted micelles. For instance,
Merdan et al. [146] observed more than sixfold binding of the targeted micelles to
the ovarian carcinoma cells (OVCAR-3 cells) using Fab’-PEG-PEI/pDNA PICM
compared to the unmodified system. Increased cellular uptake and fourfold higher
tumor accumulation of the drug (paclitaxel) in vivo was reported by Torchilin and
coworkers [175] for whole antibody-PM targeting lung cancer cells.

Aptamers

Nucleic acid ligands (aptamers) have been used recently for the targeting of drug
encapsulated PMs. Aptamers selected by screening a random library of nucleic
acids to specific molecular targets can fold by intramolecular interactions into
unique three-dimensional conformations capable of binding to target antigens with
high affinity and specificity [176, 177]. An RNA aptamer targeting the prostate
specific membrane antigen, overexpressed on prostate acinar epithelial cells was
used to decorate PEG-b- PLA or PEG-b-PLGA micelles loaded with docetaxel
[149, 150]. This targeted delivery system showed a marked increase in the cellular
uptake and increased cytotoxicity in vitro and in increased antitumor efficacy in vivo
over the non-targeted PM. However, the instability of DNA or RNA molecules in
the blood may limit the use of these ligands in the clinic.

Non-immune Peptides and Proteins

Proteins like transferrin, an iron transporter, are used to target rapidly dividing
cells such as tumor cells. Hu- Lieskovan et al. [187] developed a cyclodextrin-
containing polycation that self-assembled with a siRNA inhibiting EWS-FLII
(a gene that is found in 85 % of patients with Ewing’s tumor) for multicomponent
delivery for metastatic tumor treatment. The surface of the complexes was then
decorated with PEG and targeted with transferrin which downregulated onco-
proteins and suppressed the spread of metastatic tumors up on systemic adminis-
tration of the system. Transferrin, being a big molecule (80 kDa), can put strain on
micelles and so a smaller peptide might be advantageous. One such example is the
cyclic RGD (cRGD) peptide, a cellular transmembrane protein that has a marked
role in tumor growth and metastasis and targets the avfp3 integrin [190, 191]. The
cRGD peptide was conjugated to maleimide-terminated PEG-b-PCL PM encapsu-
lating DOX. The delivery system showed a threefold increase in cellular uptake
when the surface density was adjusted to 5 % cRGD while, a more pronounced
30-fold increase was observed with 76 % cRGD attachment [158]. Similar studies
with a PEGylated branched PEI modified with an RGD peptide at the distal end
of the PEG further demonstrated the possibility of in vivo targeting with this
peptide [188].
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Vitamins

The expression levels of folic acid (FOL) receptors in tumors have been reported to
be 100-300 times higher than those observed in normal tissues [144]. Functionalized
PEG-b-PLGA chains with FOL covalently derivatized via its gamma-carboxyl
group showed high affinity for the FOL receptor (especially for FOL receptors
alpha) and retains its receptor binding affinity [157, 163, 192]. This polymeric sys-
tem physically mixed with PEG-b-PLGA-DOX and free-DOX to produce targeted
micelles decreased the tumor growth rate compared to control non-targeted micelles
and enhanced the antitumor efficacy when administered at the same dose level.

Sugars

One of the most common cancers affecting human is the hepatocarcinoma and so
the development of liver-targeted drug carriers is therefore highly desirable.
Advances in this area rely on the fact that hepatocytes express carbohydrate recep-
tors, i.e., asialoglycoprotein receptors (ASGPR), that recognize different sugar
moieties such as lactose, galactose or mannose, allowing for liver-specific delivery
[193, 194]. Jeong et al. [181] have prepared paclitaxel-loaded galactose-PEG-
b-PBLG micelles, and showed a greater in vitro uptake and cytotoxicity of the
micelles in an ASGPR-expressing cancer cell line compared to an analogous
non-ASGPR expressing cell line. Alternatively, delivery system having lactose
attached to the surface of PICM for siRNA delivery exhibited gene silencing of
firefly luciferase expression in HuH-7 cells expressing ASGPR that was compara-
ble to cationic liposomes (oligofectamine) [189].

16.10 Conclusions

Micelles are a promising drug delivery vehicle for drugs and genetic materials. These
core-shell self-assemblies can also be tailored to increase the solubility of poorly
water-soluble drugs just as protect labile hydrophilic drugs from premature degrada-
tion. Because of their nanometer size and hydrated outer layer, micelles can prolong
the circulation time of an encapsulated drug and passively accumulate at tumor sites,
thereby reducing its systemic toxicity and enhancing its efficacy. Micelles that actively
target tissues can also be prepared by utilizing stimuli-responsive components or by
attaching recognition groups at their surface. It is also important that the polymeric
carriers need to be stable and retain the encapsulated drug long enough for any of
these applications to be achievable. To meet this purpose, both the thermodynamic
stability and kinetic stability of the micelles can be improved by varying the nature of
the hydrophobic block, increasing the hydrophobic/hydrophilic balance, increasing
the hydrophobic block length or by accommodating hydrophobic molecules in the
core. In addition, micelle stabilization can also be achieved by cross-linking either the
core or the corona of preformed micelles, by preparing crystalline micelles or by
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designing intrinsically stable unimolecular polymeric micelles (UPM). The parameters
affecting micelle stability, however, need to be carefully optimized with respect to
their influence on the extent of drug solubilization and drug release kinetics. Much
progress has been achieved to modulate the stability and stimuli responsiveness of PM
in vitro, while, these strategies still remain to be tested in vivo to demonstrate
real control over the pharmacological properties of the encapsulated drugs. With the
structural requirements for micelle stability and drug release are still under conflict,
future work should focus on the development and clinical application of multifunc-
tional micelles capable of delivering drugs at target sites in a controlled/triggered
fashion.
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