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Polymeric micelles (PMs) are supramolecular configurations formed by amphiphilic
block copolymers in aqueous medium. The amphiphilic block copolymers consist of
hydrophilic and hydrophobic segments that have self-assembly property and are able
to form various self-assembled structures including spherical, lamellar, and vesicles.
This depends on their critical packaging parameter and microphase separation
process. For the formation of PMs, the critical micelle concentration (CMC) of
block copolymers plays a very critical role. This not only ensures their self-assembly
but their thermodynamic stability in the solution as well. Above their CMC value,
the hydrophilic segment forms the "corona" while the hydrophobic segment forms
the "core" of the PMs. In addition, the flexible and functional chemistry of these
block copolymers offers the tailoring of physicochemical traits of the PMs for a
specific application. This property imparts ease of functionalization to PMs for their
utilization in biomedical applications.

In agreement with this, these smart nanocarriers have immense potential to
overcome the challenges associated with existing treatment strategies or conven-
tional formulations. This includes poor dissolution rate, lack of site specificity, poor
oral bioavailability, poor in vivo stability, and the associated adverse effects. Their
nano-size and ease of functionalization have made it possible to deliver therapeutic
drugs, nucleic acids, proteins, and phytoconstituents to localized diseased sites to
maximize their clinical benefits while limiting unwanted side effects. In addition,
PMs could be designed as diagnostic and theranostic nanocarriers to improve the
clinical diagnosis of diseases and offer simultaneous treatment monitoring.

This book thoroughly reviews the advancements made in the designing and
application of PMs for drug delivery, covering the synthesis of amphiphilic block
copolymers and their types, functional chemistry of copolymers required for
targeting and sensing, characterization and biomedical applications of PMs.

1. This book provides the possibilities required in the designing of PMs in a range of
different drug delivery approaches to the researchers working on this area. This
would be the first book to address the molecular parameters of amphiphilic block
copolymers required in functionalizing PMs for drug delivery applications.

2. This book presents the recent advances in PMs such as co-delivery, sensing,
theranostics, delivery of nucleic acids, proteins, and many more.
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3. This book attracts a range of audiences including clinical researchers working in
the field of drug delivery, diseases diagnosis, undergraduate and postgraduate
students from various disciplines such as pharmacy, immunology, pharmacology,
pharmacognosy, biotechnology, and health sciences.

Phagwara, Punjab, India Sachin Kumar Singh
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Manipal, Karnataka, India Srinivas Mutalik
Auburn, AL, USA Muralikrishnan Dhanasekaran
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The original version of the book was revised: third editor Dr. Srinivas Mutalik’s
affiliation has been updated. An correction to this book can be found at
https://doi.org/10.1007/978-981-99-0361-0_16
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Vimal Arora, Divya Dhawal Bhandari, Ritika Puri, Naveen Khatri,
and Harish Dureja

Abstract

The polymeric micelles are the colloidal nanostructures composed of amphiphilic
copolymers (having two functional blocks, namely hydrophobic and hydrophilic
blocks), having a core-shell framework proven as if one of the most efficient
carriers for drugs and nucleic acids. The three major pillars for preferring this
versatile group of drug carriers are their capability to cater hydrophobic drug
candidates, biocompatibility, and in vivo stability. Other functional advantages of
these nanostructures are their capability to self-assemble and potential to respond
to certain physical, chemical, and biological stimuli like temperature, light, pH,
and enzyme. Several efforts have been made to change the polymeric micelles,
focusing their longevity or stability and targeting strategies—regarded as impor-
tant for passive targeting of drugs carried by or dissolved using the micelles. On
the other hand, the structural modification in the micellar surface using a variety
of ligands has been tried to focus selective targeting or the intracellular drug
delivery, thus allowing these nanostructured micelles to respond to a variety of
stimuli (both intrinsic and extrinsic) for the predetermined or triggered drug
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release at the target site. Therefore, these nano-carriers may be explored further
for designing new generation drug carriers.

Keywords

Nano-carriers - Amphiphilic block copolymers - Drug targeting - Micelles -
Polymerization

1.1 Introduction

Polymeric micellar nanostructures, or simply colloidal polymeric chains, comprising
amphiphilic copolymers with a core-shell framework have been proven as one of
most versatile and efficient carriers for delivery of nucleic acids and drugs. Few of
the major properties that lead to preferable utilization and popularity of these novel
drug delivery systems include their capability to solubilize poorly soluble drugs/
APIs, biocompatibility, better in vitro as well as in vivo stability, along with the
ability to accrue in the pathological sites with limited vasculature. Furthermore, via
engineering or modifying the surface of these nanostructures using a variety of
ligands and introducing moieties with higher cell-penetration capabilities, some
additional functionalities can be associated with these micelles to offer specific site
targeting and intracellular accumulation, in addition to their loading with contrast
agents to offer imaging abilities and stimuli-sensitive drug release. Therefore, in the
past decade this drug carrier and delivery system has attracted researchers to explore
and integrate these multifunctional smart polymeric micelles in effective drug
delivery (Jhaveri and Torchilin 2014).

Polymeric Micelles can be defined as the self-assembled structures (nano-sized)
constructed in aqueous solution and comprising amphiphilic blocks. The formation
of micellar structures takes place when the block copolymer concentration or
strength rises beyond critical micelle concentration (CMC). At or beyond this
concentration, block copolymers initiate the linkage of hydrophobic components
while reducing their contact or interaction with molecules of water, which eventually
forms a vesicular micellar structure (shell-core) (Yoncheva et al. 2012). These
nanostructures usually have a core containing a hydrophobic portion of an ionic
fragment of nanoparticle, comprising drug molecules within it, which may be loaded
using physical, chemical, or electrostatic methods, based on the specific biological
functions of the core-forming segment and the drug. On the other hand, the shell part
of the micellar structure leads to the formation of the nanoparticle after solvent
interaction and thus, which is accounted for its stability in a given liquid medium
(Kumar 2021).

In case of amphiphilic block copolymers (ABC), the block of one homopolymer
is attached to the block of another type of polymer; these are named so because the
block polymers are amphiphilic in nature. The ABCs are utilized in several
applications for pharmaceutical drug delivery including designing of sustained
release formulations as well as gene delivery. Their therapeutic properties lie with
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the fact that their chemical composition is unique in terms of the presence of
hydrophilic and hydrophobic blocks. These ABCs can be categorized either based
on their molecular weight or the solvent environment. Based on solvent environment
these are of two types namely:

* Water soluble low molecular weight ABCs.
* Solvent-free ABCs.

Secondly, the polymeric molecules used to form blocks of copolymers may be
categorized based on their molecular weight; the molecules whose molecular weight
is lesser than 500 are treated as small amphiphilic molecule, while those whose
molecular weight is 10-2000 times bigger than the smaller ones are considered as
large amphiphilic molecules. These large amphiphilic molecules are the one which
play an important role in forming block copolymers. These nanostructured poly-
meric drug carriers can also be categorized as passive and active targeted polymers in
terms of the extent and mechanism of their potential for drug targeting. Further, the
active targeted polymeric structures are further sub-categorized as:

* pH sensitive.

* Enzyme sensitive.

» Temperature/heat sensitive.

» Ultra-sound sensitive.

» Light sensitive (Clemons et al. 2018).

1.2  Different Molecular Parameters of Amphiphilic Block
Copolymers Affecting Micellar Traits

Amphiphilic block copolymers, which self-assemble into complex structures, serve
as a prototypical “bottom-up” system. Whenever two or more chains of repeated
segments are joined together, they lead to the formation of a block copolymer,
whose stability depends up on the compatibility of blocks; incompatibility causes
the polymer to separate into its component parts (Ruzette and Leibler 2005). By
using a selected solvent, amphiphilic block copolymers may result in the forma-
tion of a variety of micellar structures, in which one block gets dissolved and
others remain connected, greatly expanding the range of possible block copoly-
mer morphologies. Although typically block copolymers generate spherical
micelles, different forms are readily achievable by careful design of the copoly-
mer composition, selection of the suitable solvent, appropriate production tech-
nique, and use of needful additives (Alexandridis and Spontak 1999; Hamley
2005; Boneberg et al. 2008). Micelles may be formed from amphiphilic block
copolymers in certain solvents. These micelles may be thought of as compressible
soft spheres since they consist of a compact, insoluble shell surrounded by an
elastic corona. When deposited as a monolayer onto surfaces, they prefer to form
hexagonal ordered arrays, much like hard spheres. Micelles may also act as nano-
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compartments, into which an inorganic molecule can be loaded in a controlled
fashion. After the polymer matrix has been removed using plasma, the inorganic
salt may be converted into nanoparticles of the matching noble metal or metal
oxide while maintaining the same spatial orientation as the original micelles.
There will be clusters of metal or metal oxide distributed in regular hexagonal
arrays over the surface. Because the arrays’ ultimate arrangement depends
heavily on the micellar deposition process, mastering that procedure is essential.

The deposit of block copolymer micelles on two-dimensional surfaces has been
studied by many research teams (Yokoyama et al. 2000; Pike et al. 2011; Hahn
and Webber 2004). Significant ordering of the micelles was seen in most
instances, and factors that reduce the amount of lattice defects have been
described, such as the removal rate, loss of solvent, and graphoepitaxy (Hahn
and Webber 2004). The order of arrangement in a monolayer of spherical
domains of block copolymer melt was studied by Kramer and colleagues while
Webber and his team worked on deposition of micelles comprising (cationic
block copolymer) from aqueous solutions to a patterned, plain silicon surface,
along with the study of the chemistry behind the process (Hahn and Webber
2004, 2003; Segalman et al. 2003a, b). In their experiments, they discovered that
micelle deposition onto substrates is significantly affected by both the solvent
evaporation rate and the substrate pull out rate. When solvent evaporation
predominated throughout the deposition process, the maximum degree of order-
ing was achieved. Based on literature it was found that the dip-coating approach
is the most effective strategy for the uniform distribution of particle arrays over
big surfaces. When dispersed in the selected solvent, amphiphilic block
copolymers manage to self-organize into the micellar aggregates. Different
morphologies, such as spherical, cylindrical, gyroid, and lamellar, may be
anticipated based on the percent composition of the constituents, the number of
polymeric segments, and their interaction (Lazzari et al. 2006a).

It is essential to remember that the intrinsic molecular structure resulting from the
difference in size for both the blocks (hydrophobic and hydrophilic) is responsible
for the diversity in block copolymer assemblies. The dimensionless packing param-
eter (p) is primarily responsible for defining the geometric arrangement of block
copolymers in the final copolymer assemblies in aqueous solution. When a volume
of hydrophobic blocks (v), the contact area of the head group, a,, and the hydropho-
bic block’s length, [, are all known, p may be calculated as p = v/a,l. (Israclachvili
2011). The p theory has been used to predict structures or the geometry of the self-
assembled ABCs in the water. It is proportional to the ratio of the molecular volume
of hydrophobic blocks to the real volume block copolymers occupied in the resultant
assemblies (Kita-Tokarczyk et al. 2005). It has been hypothesized that the structure
of polymers in aqueous solution would vary depending on the value of p. Specifi-
cally, spherical micelles are generally formed at p < 1/3, cylindrical micelles form at
a p value ranging between 1/3 and 1/2, and vesicles in the range of p value between
1/2 and 1 (Blanazs et al. 2009; Smart et al. 2008). The self-assembling of these
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copolymers is affected by both intrinsic (primary and secondary) and extrinsic
(temperature, ionic strength, pH) variables (Bae et al. 2003; Solomatin et al. 2003).

These amphiphilic molecules with a hydrophilic head and hydrophobic tail
exhibit a concentration-dependent change in their physicochemical properties.
These changes are imparted after the formation of micelles, linked with the position-
ing and combination of amphiphilic polymers in the solution. These micellar
structures are dynamic in nature and are in equilibrium with the free monomers,
whereas these monomers are regularly switched between inter-micellar solution and
micelles. Owing to this phenomenon, these amphiphilic polymers exist as micelle for
a fixed time frame known as the “surfactant residence time” (Zana 2005). On the
same instance an average count of monomers making micelle is called as the
“aggregation number”’; micellar structures generally comprise 50200 monomer
units. The diameter of a spherical micelle is almost double the length of a completely
extended monomer, which is generally 1-3 nm, and hence micelles are reported to
be lying in the colloidal particle size range. The size of these micelles is commonly
governed by the geometry and molecular size of the comprising polymer (Rangel-
Yagui et al. 2005).

The formation of the micellar structure in the aqueous solution is controlled
because of the active contact among the hydrophobic components of the
amphiphiles. The driving force for this self-assembling is the significant reduction
in the levels of system’s free energy. This decrease in free energy is due to elimina-
tion of lipophilic segments from the aqueous environment via formation of core of
the micelle, stabilized due to exposure of hydrophilic fragments or blocks in water.
The free energy change in the process of micellization can be mathematically
described as:

AGpic = 1/4xRT In(C)

where R = gas constant, 7 = temperature of the system, C = critical micelle
concentration (Adams et al. 2003).

The active interactions leading to micellization are countered by repulsive
interfaces between the heads and an interaction due to the residual alkyl chain and
water molecule at the surface of the micelle. One of the major factors affecting the
micellization process or self-assembling is the size of hydrophobic component of the
polymer (Malmsten 2002). Other factors include the state and type of solvent,
polymer concentration, and the temperature. The micelles are treated as micro-
heterogeneous because these structures comprise an internal hydrophobic shell and
an external hydrophilic surface. This assembling initiates only at or beyond critical
micelle concentration (CMS). At lower concentrations, these amphiphilic or surfac-
tant molecules survive separately, and are very small in size, appearing to be in
sub-colloidal size range. Below this CMC, amphiphiles undergo adsorption at water-
air interface, which further increases with increase in concentration of these
amphiphiles. Lastly after achieving CMC, both the interface and bulk phase are
saturated with the monomers. Thus, further addition of amphiphile beyond CMC
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leads to aggregation of these monomers in the bulk phase, and thus reduction in the
system-free energy is observed (Zana 2005; Moroi 1992).

Another important parameter associated with the micellar structure is the critical
micellization temperature (CMT), which is defined as the temperature at which the
aggregation of amphiphilic polymeric structures takes place; below which they exist
as unimers or simply the monomers. Thus, the self-assembling or micelle formation
may be either via increasing the concentration beyond CMC at a given temperature
or via increasing the temperature beyond CMT at any given concentration of
amphiphilic block polymers. In the aqueous solution, via attaching a hydrophilic
polymer to a hydrophobic or an insoluble polymeric segment leads to initiation of
micelle formation of ABCs, leading to changes in their geometry and flow
properties, that differs from the properties of either of the parent polymer. One of
the major differences between the micelles comprising conventional and polymeric
surfactants is that in case of polymeric surfactants there is covalent linkage between
the molecules within the core, which does not allow any exchange of monomers
between the core and the solution. This in turn offers structural stability and rigidity
to these polymeric micellar structures. Therefore, the structures are synthesized
because of balance between the covalent bonds holding the blocks together and
the intermolecular forces which are reversible in nature and are responsible for their
assembling (Hickok et al. 2002). Major factors governing the size of these polymeric
micellar structures include:

* Molecular weight of ABCs.

* Aggregation number of the amphiphilic polymers.

» Proportion of hydrophobic and hydrophilic segments.

* Amount of solvent trapped within the core of the micelle.

* Process of their synthesis (Jones and Leroux 1999; Trubetskoy and Torchilin
1996).

The commonly used base materials for the synthesis of these polymeric micelles
are polymeric derivatives of:

 Chitosan.

* Polyacrylates.

* Polycaprolactones.
* Polylactides.

* Polyacrylamides.

There are three commonly used approaches for the synthesis of drug-loaded
micelles, namely:

* Direct dissolution.
* Solvent evaporation.
 Dialysis.
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The direct dissolution technique is the most common and the simplest one,
comprising dissolution of the copolymer and API or drug in water. In this case the
self-assembling of the drug and copolymer takes place at or above CMC, leading to
the formation of drug-loaded micelles. To increase the capacity of drug loading, this
technique may be either carried out at higher temperatures or the drug may be added
to the system prior to addition of polymer as a thin film. On the other hand, in case of
solvent evaporation (which is also known as solution-casting technique) the organic
volatile solvents such as ethanol, acetonitrile, methanol, and acetone are utilized for
dissolving both the components, namely the drug and the copolymer, resulting in the
formation of a thin film of blend of drug and copolymer after due removal of solvent
via evaporation. The drug-loaded polymeric micelles can also be prepared via
reconstituting these thin films in water or the aqueous buffers or via using the
concept of cosolvency (Aliabadi et al. 2007). The composition of the cosolvent
(s) may be varied via either altering the type of organic cosolvents (like acetone,
tetrahydrofuran, and acetonitrile) or the ratio of organic is to aqueous phase, and the
sequence of their addition (processing). The manipulation of the processing may be
effectively utilized for improvising the drug loading capacity or process efficiency in
the given polymeric nanostructure along with the structural geometry. For example,
if the shell-forming polymeric blocks are bulky or lengthy and/or are having higher
hydrophobicity, these two above cited techniques are not suitable. In such cases, the
micelles have the capability to solubilize the larger amount of poorly hydrophilic
drugs. Therefore, in such cases, the third technique dialysis may be used for the
synthesis of the supramolecular drug-loaded nanostructures. In this technique, the
polymer and the drug solutions prepared in organic solvent(s) are taken in a dialysis
bag followed by exchange of solvent with water via dipping the dialysis bag in
water, which leads to the assembling of polymers as micelles (Gohy 2005; Jette et al.
2004). Even though it is a highly effective technique, on the contrary, it is a very
drawn-out or time-consuming technique (Kulthe et al. 2012).

1.2.1 Self-Assembling of Amphiphilic Block Copolymers

Amphiphilic polymeric molecules exist as surfactants or lipids resulting in intermo-
lecular contacts through two ways, as self-assembled structures (micelles) in solution
and adsorbed at the water-air interface or surface. The former involves only amphi-
philic polymeric structures or a blended aggregate of low molecular weight
polymers. This phenomenon of self-assembling includes creation of a domain of
lipophilic and hydrophilic groups. These ABCs assemble to lower down the interfa-
cial tension of hydrophobic blocks resulting in lowering down of interfacial free
energy. Further, the increase in the number of ABCs for assembling is
complemented with the upsurge in size of the insoluble shell/core, which in turn
leads to stretching of the respective blocks comprising the core, because their linkage
with the shell-forming blocks must be aligned at their interface to evade thermody-
namically adverse phase mixing. In supplement to this, the association of these
copolymers also leads to increased density of core-forming components aligned for
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an extended geometry (Nyrkova and Semenov 2005; Bendejacq and Ponsinet 2008;
Hadgiivanova et al. 2011; von Gottberg et al. 1998).

The small molecular surfactants and the ABCs both show comparable character-
istic behaviour in a solution, but after getting assembled in the form of micelles, they
differ a lot in terms of various attributes. It has also been reported that the ABCs
rarely reach thermodynamic equilibrium or simply the Gibbs free energy minima
(Nicolai et al. 2010; Stejskal et al. 1992) as these ABCs can be put together in a range
of geometrical patterns in the nanoscale range in some selected solvents. The mixing
process of micelle offers a simple, and repeatable protocol to synthesize polymeric
nanostructures with intended attributes. As the energy barrier for exchange of unimer
or a monomer is very high and the strength or amount of free polymeric fragments in
the solution is significantly low or is negligible, therefore principally, the exchange
or conversion of polymer fragments between the structures is treated as kinetically
stalled (Jain and Bates 2004; Patterson et al. 2014). On the other hand the unimer
exchange is reported to be taking place at a rational proportion only in case if a
solvophobic component block is adequately moveable (lower glass transition tem-
perature, Tg) and having a lower solvophobicity (lower interfacial tension in refer-
ence to solvent) (Nicolai et al. 2010; Halperin 2011; Halperin and Alexander 1989;
Lund et al. 2006). Such an out-of-equilibrium performance often limits the
developments of block copolymer for a variety of applications and challenges the
in-depth knowledge of self-assembling of the diblock copolymers in a solution
(Hayward and Pochan 2010). On the other hand, the method to surpass such
difficulties is the utilization of block-random ABCs; these are defined as the
polymers comprising a pure homopolymer block and another copolymer block
(Tsitsilianis et al. 2011). This novel approach has directed to advancements in
designing a variety of new structures in solutions, where few structures are reaching
equilibrium (Wright et al. 2015; Shedge et al. 2014; Dutertre et al. 2012; Lejeune
et al. 2010; Borisova et al. 2011, 2012; Bendejacq et al. 2005; Laruelle et al. 2004).
An alternate approach can be the copolymer mixing method, in which two polymers
are blended together, and the unified structure is having the response, in between the
two parent polymers (Wright et al. 2016).

There may be certain supplementary aspects that may be considered, particularly
the ones which highlight their chemical structure and related attributes. Let us
consider an example of block ionomers, treated as the structures in which the
block copolymers comprising neutral and charged components, completely soluble
in aqueous environment, when blended with the block ionomers or block
copolymers containing an oppositely charged ion, they may lead to the formation
of multimolecular self-assemblies known as the poly ion complex (PIC) micelles
(Harada and Kataoka 1995, 1999). The formation of PIC is majorly determined by
the liberation of oppositely charged ions prompted by ion-pairing among counterion
ionomers, evidently leading to elimination of solvent from the insoluble fragments
during or after the self-assembling of the copolymers (Cabral et al. 2018). It is
important to note that the increase in the size of amphiphilic molecules results in
enhancement of both technical and biological applications. Furthermore, it is also
proven scientifically that the less soluble monomer among the copolymers has great
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tendency to act as a good surfactant. Even though the ABCs composed of poly
(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) are exten-
sively studied, and the copolymers comprising poly(L-amino acid) and poly(ester)
hydrophobic blocks have represented effective efficiency in delivery applications.
As every ABC has a distinctive benefit in terms of drug delivery system, therefore it
is required to select an appropriate block copolymer for a specific purpose, like
prolonged circulation time, modified drug release profile, and introducing targeting
moieties. Therefore, these ABCs have been utilized for various applications in
pharmaceutical product design and drug delivery including drug solubilization,
stabilization, modification of the pharmacokinetic profile of drugs, and suppressing
multidrug resistance (Abouzeid et al. 2013).

Numerous efforts have been made to date to modify the polymeric micelles
emphasizing up on their longevity and targeting strategies, which are treated as
very important for passive targeting of drugs solubilized within the micelles. On the
other side, the modification in the micellar surface using ligands has been tried to
focus selective targeting and the intracellular drug delivery. Therefore, these
modifications aimed to allow micelles to respond to a variety of stimuli (both
intrinsic and extrinsic) for the predetermined or triggered drug release at the target
site. Now researchers are working on an integrated approach in which different
modifications made individually are integrated as multiple components within a
micelle. Therefore, an attempt has been made to design micelles with two or more
modifications, enabling them to perform important therapeutic functions along with
diagnostic functions simultaneously (Torchilin 2006). In simple words these multi-
faceted micelles owe a variety of distinct attributes and/or functions within a single
structure, wherein every single component is functioning faultlessly in coordination
with other components; such systems are called as the “multifunctional” micelles
(Jhaveri and Torchilin 2014).

1.3 Structural Modifications

There are a variety of copolymers bearing certain characteristic properties or
attributes like acceptable biocompatibility, structural strength etc., making them
suitable candidates for their use in block polymer synthesis. For example poly
(2-hydroxyethyl methacrylate) is an acrylic polymer which is hydrophilic in nature
and bearing biocompatibility along with transparent consistency, and effective
mechanical properties. On the other side, the pHEMA hydroxy functional groups
of this wonderful polymer can be crosslinked with either isocyanates or melamine—
formaldehyde resins (Chen and Yang 1994), and epoxides to alter its various
characteristic attributes and other properties (Pellice et al. 2007). Another important
class of polymers known as polysiloxanes, known for their use as wetting agents and
defoamers for better spreading, can be effectively modified by curing with
2-Hydroxyethyl methacrylate leading to the formation of highly flexible and glossy
polymeric films (Kiiciikoglu et al. 2007; Hill 2002). This class of polymers bears a
lower glass transition temperature along with thermal as well as oxidative stability



10 V. Arora et al.

and is also hydrolysable under mildly basic or acidic conditions. Further, the etching
of polysiloxane leads to the formation of mesoporous polymeric membranes and
materials with controlled pore size (Bruns et al. 2005; Lazzari et al. 2006b).

Furthermore, the method of copolymer preparation or simply the polymerization
techniques may have a substantial impact on various structural and functional
attributes of the copolymers, for example if the pHEMA and PDMS (class of oxygen
permeable, biocompatible polymeric system) based copolymers are prepared using
the method of controlled polymerization, their physical properties can be tuned more
appropriately as compared to that of via utilizing free radical polymerization.
Another such technique is atom transfer radical polymerization (ATRP), which is
categorized as a precise free radical polymerization technique, with the ability to
control the polydispersity index (PDI) and molecular weight via rescindable trans-
ference of halogen atom between the inactive alkyl halide and the active radical in
the availability of a transition metal-based catalyst. One of the benefits associated
with the ATRP is that it is more tolerant to impurities (available in situ) as compared
to that of anionic polymerization whereas the termination reactions in ATRP are not
so significant as the concentration of radical species is lower because of higher rate
of deactivation (Miihlebach et al. 1998; Bas and Soucek 2012).

There are generally two common raw materials for preparing polymeric micelles,
one is biocompatible synthetic polymers and the another is natural macromolecules;
these two can also be combined based upon the processing abilities and adaptability
of synthetic polymers and the assembling mechanism, structural control as well as
functional control of the natural polymers. The assembling process of the
copolymers is majorly controlled by the constituting segments, their arrangements,
and the load, whereas the stability of these nanostructures controls their performance
in the biological surroundings (Kataoka et al. 2001). Furthermore, the assortment of
polymers not just deliberate the structural as well as functional attributes of the
assembled micelles, but also defines their safety, and it becomes more significant in
the conditions where the repeated or frequent administration of micelles is required.
Therefore, along with biocompatibility and nontoxicity of biomedical polymers, it is
also important that the post-administration (after drug delivery) content of polymers
should be such that side effects of these polymers may be easily prevented, like
immune response activation (Joint MHLW/EMA n.d.). Therefore, the biopolymers
are required to be biodegradable, so that they may be complete disintegrated into the
constituting monomers, and safely excreted without any accumulation, and hence
preventing any long-term toxicity (Kataoka et al. 2001; Joint MHLW/EMA n.d.).

As far as the functional performance of polymeric micelles is concerned, on one
hand its hydrophilic shell reduces their extent of contact with the blood components
which leads to elongation of half-life of these nanomedicines in the systemic
circulation. On the other hand, it restricts the internalization of products at the target
sites. This poor or limited uptake at the target site is a major problem with the
product performance which is known as “PEG dilemma”; it is commonly reported in
case of the PEGylated nanostructures (Hatakeyama et al. 2013), but it has also been
observed in case of some other hydrophilic shell-forming components or polymers
(Yu et al. 2012). The best approach to override this problematic situation is the
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surface alteration of polymeric micellar structures using various ligand molecules,
which in turn facilitates the specific targeting and increased cellular uptake (Allen
2002). Furthermore, via these approaches the nanomedicines or the nanostructures
having the capabilities for selectively delivery to subcellular targets, enhanced
therapeutic efficacy could be reached. The efficacy of ligand-bound micellar
structures depends on the designing aspects, like density or abundance of ligands
on the micelle surface (Miura et al. 2013; Elias et al. 2013) and flexibility index of
spacer placed between the micelle and the ligand, which normally intends to provide
mobility to ligands and hence lead to capability of better receptor accessibility (Ishii
et al. 2016) (PM-4 ACS).

The attributes of a designated ligand—receptor system comprise the binding
affinity (Wiley et al. 2013), which may further be improved via utilization of the
multifaceted outcome of different ligands on the nanostructure surface (Liu et al.
2010) which works via increased receptor availability, receptor binding, and
biodistribution (Low et al. 2008). The varying expression of receptors also defines
the competency of the targeting ligand mechanism. Therefore, while targeting the
tumour cells, the parameters involved are the binding affinity, receptor density, and
the rate of cellular uptake, because these may directly influence the overall availabil-
ity and penetration of ligand-bound nanostructures (Danhier et al. 2010). Besides
this, the receptor distribution or availability, and varying receptor expression based
up on the stage of the cancer (tumour cell type), may also have an impact on the site-
targeting efficiency of the ligand-bound nanostructures, and in this situation the
ligands capable of suitable cell or cell receptor recognition play an important role
(Cabral et al. 2018).

The amphiphilic copolymers constituting polymeric micelles are usually block
copolymers (Francis et al. 2003) and based on the structure these are classified as
diblock (the A-B type, where A is a lipophobic block and B is a lipophilic block) and
triblock copolymers (either comprising two different types of polymers; ABA type
or three different polymers ABC type) (Kabanov et al. 2002). Generally, the drug
carrier efficiency and applications have been studied using the block copolymers of
types A-B and/or A-B-A, due to their close correlation between the micelle
properties and structure of polymer (Yokoyama 2011). Thus, the physicochemical
attributes of building blocks affect the physical as well as biological properties of the
polymeric micelles (Rijcken et al. 2007). One of the most explored class of polymers
in the last about one decade is of Pluronics (polyesters) which includes the Polypro-
pylene oxides (PPOs) like poly-amino acids (PAA), poly-lactic acid (PLA), poly-
caprolactone (PCL), and the copolymers of glycolic acid and lactic acid (Bendejacq
et al. 2005; Kabanov et al. 2002). These hydrophobic polymers are used majorly for
the core formation owing to their wider range of polarity distribution and structural
diversity leading to solubilization of numbers of water insoluble drugs (Kakizawa
and Kataoka 2002). Other useful examples of polymer belonging to this class are
polystyrene (PS), polystyrene oxide (PSO), polybutylene oxide (PBO), polybutadi-
ene (PB), poly methyl-acrylate oxide (PMA), etc. The stealth properties of the
hydrophilic polymeric blocks are generally influenced by the molecular weight
and chemical nature which in turn affects the kinetics micellar assembly.
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Polyethylene glycol (PEG) is the most frequently used hydrophilic block
copolymers, because of its nontoxic nature, whereas poly(N-vinyl-2-pyrrolidone)
(PVP) and poly acrylic acid (PAA) are the most used alternatives of PEG (Benahmed
et al. 2001; Inoue et al. 1998) (PMC-MDPI). The hydrophilic blocks commonly
comprise polyethylene glycol (PEG) and/or polyethylene oxide (PEO) condensate
type non-ionic surfactants (due to lower molecular weights, sometimes PEO is not
considered as polymer) which are commercially accessible as Tritons, Tweens,
Cremophor EL, Soluplus, etc. Other significant examples from this class of hydro-
philic blocks are polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA), polyvinyl
caprolactam (PVCL), poly(N-isopropylacrylamide) (PNIPAM), certain well-known
polybases and polyacids (Kuperkar et al. 2022).

1.4  Synthesis of Copolymers

A range of polymers may be prepared by using several distinct polymerization
processes or chemical reactions, amongst them the radical polymerization being
considered as the most widely used and robust method. The major drawbacks of this
technique are larger dispersity and almost no control on molecular mass of the
polymer. These drawbacks are addressed by techniques like Nitroxide Mediated
Polymerization (NMP; a type of living radical polymerization) (Moad et al. 2005;
Rizzardo and Solomon 2012), Reversible Addition Fragmentation Chain Transfer
(RAFT) polymerization, and Atom Transfer Reduction Polymerization (ATRP)
(Moad et al. 2005; Kato et al. 1995). Among all these techniques, the RAFT
polymerization is the only technique which permits the significant level of control
in the process of polymerization by including a single supplementary compound. It
also allows an easy and simple synthesis of complex polymers (structurally com-
plex) like multi-block copolymers, bottle brush polymers, star polymers, surface
coated polymers, and the hyper-branched polymers (Moad et al. 2012). This tech-
nique of polymerization is also capable of synthesizing polymers with a wider range
of active end groups, which allows for various active processes like coupling or
binding with bioactive molecules. For example, the polymers with amine end groups
interact with the biological molecules with negative charge and are thus successfully
used in numerous drug delivery applications (Fairbanks et al. 2015).

There are some well-established synthetic polymerization procedures, widely
used for the synthesis of these polymers and few of these are:

* Anionic polymerization.

» Group-transfer polymerization.

* Ring-opening metathesis polymerization.

+ Cationic polymerization.

+ Living radical polymerization.

* Active-centre transformation.

» Polymer-analogue reactions (Forster and Antonietti 1998).
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Another major concern with these polymers is the toxicity associated with them,
majorly influenced by the method of synthesis and the design of the polymers. The
chemical compounds mediating the RAFT polymerization are called as the RAFT
agents, also named as the chain transfer agents; generally containing a
thiocarbonylthio groups associated with substituent “R” and *“Z” groups (Moad
et al. 2005; Rizzardo and Solomon 2012). In the process of polymerization of the
monomer, followed by active extension or elongation of polymeric chain, the
radically terminated chain grows through the thiocarbonyl group available in the
structure of RAFT agent resulting in the formation of a radical intermediate, which
may break apart to release the chain or simply the R group from the chain transfer
agent. This released R group radical re-starts the polymerization, resulting in an
actively elongating chain of polymer. A polymer chain with thiocarbonylthio group
at their terminal is commonly inactive, and in equilibrium (dynamic) with actively,
elongating radical polymer chains. This dynamic equilibrium between the actively
elongating chains and inactive chains with terminal thiocarbonylthio group delivers
equivalent possibility for all the chains to elongate or grow, which in turn results in
the formation of polymers with almost narrow molecular weight dispersity (Moad
et al. 2012; Chiefari et al. 1998). In this process the identity of R as well as Z groups
affects the level of equilibrium met and the extent to which it is maintained, which in
turn defines the level of quality of regulation or control in a given polymerization
chain reaction. As the kinetic behaviour between the distinct type of monomers
differs, a variety of RAFT agents are needed to regulate the polymerization. How-
ever, the reactive moieties can be available at either “R” or “Z” and/or both locations;
the R groups are commonly chosen due to the instability of the thiocarbonylthio
group which results in binding of the synthesized polymer with the Z group site.
These RAFT agents are used to synthesize homo or copolymers having a reactive
site for the successive association with the small molecules or peptides, drugs, or
other bio-macromolecules (Fairbanks et al. 2015).

In the RAFT technique of polymerization only adding a suitable quantity of the
RAFT agent to the polymerization reaction mixture is important to attain accurate
molecular weight and controlling its dispersity. Therefore, this technique is respon-
sive to redox, radical thermal, and photochemically instigated polymerization (Ham
et al. 2012; Tan et al. 2015). Presently, the “PEGylation” (attaching PEG) of the
drugs is the most widely used approach to synthesize drug-polymer conjugates with
enhanced pharmacokinetic attributes. However, an emerging methodology other
than PEG is rising due to oxidative instability of PEGylated complexes and their
ability to trigger immune response (Hamad et al. 2008). Otherwise, these RAFT
agents may be associated with the drugs or bioactive compounds, for successive
direct polymer grafting. For example, Tao et al. synthesized an amine-reactive
copolymer via polymerization of poly(HPMA) using thiazolidine-2-thione
functionalized chain transfer agent. In this method the polymer was coupled through
amide bond formation by incubating it in the presence of the model protein (lyso-
zyme). It led to the formation of a linear homopolymer having a centrally positioned
reactive site for successive coupling with a cysteine thiol available on a standard
protein. It offers effective masking of the protein surface from certain
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macromolecules like proteases and the said benefit of this mid-chain conjugation is
known as the “umbrella effect”. Conjugation of these block copolymers, produced
via RAFT technique, offers a limited passive delivery system. These polymers may
provide several purposes to influence the delivery of therapeutic payload; some of
these functions are:

* Polymer-drug conjugation and grafting.

* Intrinsically bioactive polymers.

+ Stimuli-responsive polymers.

+ Self-assembled, drug-loaded structures.

* RAFT polymers in nucleic acid delivery vehicles (Fairbanks et al. 2015).

A good deal of consideration has been given to the inclusion of fluorinated groups
into synthetic materials, which in turn combines the advantages of both the
fluorinated groups and other polymers (Goli et al. 2012). In this direction controlled
radical polymerization (CRP) can provide an important tool for preparing a well-
definite fluorinated polymer(s) with a variety of structural geometry having a
predetermined chain length and lower polydispersities. Generally, the fluorinated
block copolymers were prepared (synthetically) previously using CRPs, engaging
nitroxide-mediated radical polymerization (NMP) (Bruno 2010), atom transfer radi-
cal polymerization (ATRP), and reversible addition fragmentation chain transfer
polymerization (RAFT) (Chakrabarty and Singha 2013). The Poly(poly(ethylene
glycol) methyl ether methacrylate-co-acrylonitrile) [P(PEGMA)] polymer block
prepared by CRPs is a multipurpose polymer group with fine-tuned hydrophobic-
hydrophilic balance with a feature of alteration of lengths of both side chain
components, namely PPEGMA) and PEG. Furthermore, P(PEGMA) side chain
leads to the introduction of beneficial attributes like water solubility, biocompatibil-
ity, and low toxicity (Liu et al. 2001; Wang et al. 2000).

Recently click reactions have drawn significant attention in the segment of
synthetic polymer chemistry because of their higher specificity, functional group
tolerance, and reaction yields. In another approach of cycloaddition reaction, like
CuAAC (copper-assisted cycloaddition), also known as the Cu(I) catalysed Huisgen
1,3-dipolar cycloaddition, the cycloaddition occurs between an alkyne and an azide
to provide 1,2,3-triazole, which has arisen as a fruitful tool to prepare multifunc-
tional macromolecular structures, when utilized in combination with techniques like
controlled radical polymerization (Kolb et al. 2001; Rostovtsev et al. 2002; Ergin
et al. 2007).

Another useful technique for preparing tailor-made polymers is the anionic
polymerization for synthesizing polymeric structures with controlled molecular
weight along with limited polydispersity. This useful tool offers controlled manage-
ment of macromolecular structure and leads to the synthesis of simple block
copolymers having complex architecture like multi-block polymers, star-block
copolymers, star polymers, and graft copolymers (Shipway et al. 2000). Besides
this, there are few Y-shaped copolymers (also known as AB2-type or miktoarm),
which involves a complex multistep synthesis. The synthesis of Y-shaped



1 Synthesis, Self-Assembly, and Functional Chemistry of Amphiphilic. . . 15

copolymer was first explained by Teyssie et al. (Spatz et al. 1998). The Polystyrene-
block-[poly-(ethylene oxide)] was synthesized by the process of end-capping of a
polystyryl carbanion using a naphthalene derivative, followed by the polymerization
of ethylene oxide with the help of naphthalene sodium (radical ion) as initiator. In
these days, ATRP and cationic polymers are successfully utilized in the synthesis of
miktoarm polymers (Miiller et al. 2002); for example ATRP-based synthesis of
[PS-(PtBA)*] Y-shaped block copolymers using a multistep process and the
protecting group chemistry. In another process the hydrolysis of tert-butyl groups
leads to the formation of Y-shaped block copolymers of PS-(PAA)* (Csaki et al.
2002).

In the last one decade a considerable progress in terms of advancement in the
synthesis process of block copolymers having varied structural and biological
properties as well as other physicochemical attributes like solubility. The solubility
of these copolymers varies from solvent to solvent, which in turn depends up on the
cohesive energy densities (water is having higher cohesive energy density as com-
pared to silicon oil and the fluorinated solvents). On the other hand, the control or
management of functionality is also a very important issue, stabilizes biological
interfaces, and optimizes the efficacy of these copolymers. In recent years, various
modern methods like living radical polymerization are available that allows the
synthesis of newer classes of amphiphilic or multifunctional block copolymers.
Such techniques have an advantage of synthesizing the polymers with narrow
molecular weight distribution and a determined extent of polymerization (N)
which depends only on the molar ratio of monomer [m] to initiator [{]:

N=[m]/[i

Another important goal in the synthesis block copolymer is the simplification of
reaction conditions to assure efficient production or manufacturing on large scale.
There are a variety of polymers available commercially like Kraton (Shell) and
Pluronic (BASF Wyandotte) block copolymers; these are otherwise used as
emulsifiers and thermoplastic elastomers. Another list of commercially available
amphiphilic block copolymers includes polymers based on poly(ethylene oxide)
(PEO), polystyrene (PS), and poly(methyl methacrylate) (PMMA). The attributes
of the micellar structure like their size, core dimensions, structure, aggregation
number, and some other properties are dependent upon concentration, temperature,
molecular weight of the blocks, chemical structure, chemistry, solvent-block
interactions, and their architecture (Zhao and McCormick 1992; Schrock 1990;
Miyamoto et al. 1984).

1.5  Synthetic Advancements in Synthesis of ABCs

Amphiphilic block copolymers can be self-assembled at room temperature using
glass hydrophobic blocks using a cosolvent or a solvent switch method (Mai and
Eisenberg 2012). This method involves dissolving ABCs in certain organic solvents
like DMF, Acetone, or THF, followed by the solvent addition; the solvent should be
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compatible with only one block; thus there is separation of phases and then self-
assembling into nanostructures with a solvophobic shell covered or coated by a
solvophilic layer (Alexandridis and Lindman 2000). This method permits only lower
polymer concentration (<1%) (Raveendran et al. 2017; Rezaei et al. 2012; Xu et al.
2017; Zhang et al. 1997) and a drawback of it is that the self-assembly occurs post-
polymerization; hence it is non-economical and also self-assembly in the solution
phase results in diverse morphologies such as micelles, nanofibers, and vesicles
(Yadav et al. 2020; Discher and Eisenberg 2002). Advancements have been made to
overcome such drawbacks and one among them is polymerization-induced self-
assembly (PISA). This method involves one pot approach for both polymerization
and self-assembly (Ferguson et al. 2002). The methods that can be used for poly-
merization in PISA are emulsion and dispersion. The dispersion method requires a
monomer and a macromolecule which should be compatible or soluble in same
phase either organic or water. Once the polymerization level is reached for the
monomer forming core, it starts precipitating out and more monomers will start
forming covalent bonds to form stabilized particles. The emulsion method is possi-
ble only in the aqueous system, utilizing a water-soluble homopolymer originator
molecule and the chain is extended using an immiscible monomer up to a critical
level of polymerization. This eventually results in the synthesis of monomeric
droplets, stabilized by the homopolymer used as a precursor.

Both polymerization techniques result in the evolution of various morphological
forms, which start initially with spherical micelles followed by worm-like or
cylinder-shaped nanoparticles then finally the vesicles. The sphere to vesicle transi-
tion can be achieved early by modifying some reaction conditions, thus controlling
the shape of targeted particles which is an essential feature to increase the drug
delivery performance as every distinct shape has its particular in vivo outcome,
biodistribution, and post-administration cellular uptake (Zhao et al. 2017a, b; Jindal
2017). The nanoparticles with elongated shape form strong bindings between recep-
tor and ligands in comparison to spherical nanoparticles thus helps in enhancement
of specificity and selectivity during endocytosis (Salatin et al. 2015) whereas
the sharp edge nanoparticles stay longer in cytoplasm due to disruption of endosome
membrane thus shows lesser exocytosis (Chu et al. 2014). The self-assembly of
ABC:s to form rod-coil copolymers, linear copolymers, and graft copolymers can be
achieved by replacing one of block copolymer with rigid segment to form ABCs of
distinct morphology. Thus, PISA enhances cellular uptake and bioavailability by
giving a range of possible and well-controlled nanostructures along with their
distinct optical or opto-electronic attributes, biocompatibility, and stimuli-
responsiveness, which offers boundless potential to be the multifaceted materials,
especially for drug delivery systems or carriers (Huang et al. 2017).

Along with structure, the size of NPs also matters to be taken by target cells at the
site of drug delivery. The ones with <5 nm get eliminated in renal filtration while
>200 nm accumulates in the liver and spleen. On the other hand, the ones with
<100 nm enhance half-lives of drug due to less adsorption by serum proteins. One of
the best methods for PISA synthesis is reversible addition—fragmentation chain
transfer (RAFT) (Derry et al. 2016) RAFT dispersion or emulsion can be prepared
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by thermal, ultrasonic, photochemical, and microwave activations, or using enzymes
(Penfold et al. 2019). Other techniques for PISA approach are:

» Ring-opening polymerization (ROP) (Jiang et al. 2019).
* Ring-opening metathesis polymerization PISA (ROMPISA) (Wright et al. 2019).

The physical, chemical, and other attributes or the characteristic properties of an
amphiphilic copolymers, like surface tension, modulus (Xu et al. 2007), etc., can be
changed via changing the composition, chain length, and structure of copolymer(s).
These attributes in turn have an impact on the morphology and critical micelle
concentration (CMC) (Yun et al. 2003); for example via increasing the length of a
hydrophobic block, a decrease in CMC is generally observed (Remant Bahadur et al.
2007). Similarly via changing the copolymer block attributes, properties like glass
transition, crystallinity, thermal degradation, and melting point can be altered that
offers a window to control the overall polymer performance (Wang et al. 2005). For
example, mechanical properties and swelling index of the block copolymers of either
poly(e-caprolactone) or poly(L-lactic acid) and poly(ethylene oxide) (PEO) vary
with the type of hydrophobic polymer block component and the composition of
the polymer (Bae et al. 2000).

1.5.1 Modification of Amphiphilic Block Copolymers for Drug
Targeting Using Functional Moieties

To one side from size and morphological changes, certain functional moieties can be
linked into ABCs for a targeted controlled drug delivery. Various research initiatives
have been taken to date to use certain functional groups to control the rate of drug
delivery and to limit the toxicity of these multifunctional nanostructures. Some of
these modifications are:

» Synthesis of redox-responsive 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-
functionalized diblock copolymers of poly(ethylene glycol)-b-poly(2,2,6,6-
tetramethylpiperidine- 1-oxyl-4-yl) methacrylate-co-N-isopropylacrylamide
[PEG-b-P(TMA-co-NIPAM)] using RAFT approach; due to hydrophilic (PEG)
and hydrophobic (TEMPO) components, they self-assemble to form nano-vessel
drug carriers known as radical nanoparticles (RNPs). On the other hand, with the
addition of vitamin C, the TEMPO units decreases and thus reduces the surface
hydrophobicity and hence enhances the release of drug at a controlled rate.
Furthermore, these TEMPO-based ABCs are reported to be nontoxic in the
concentration range up to 500 pg/mL (Shen et al. 2019).

* Another approach reported for introducing modifications is synthesis of
amphiphilic copolymers using methoxyl poly(ethylene glycol)-b-poly(L-lactide-
co-2-methyl-2-allyloxycarbonyl-propylene carbonate) and allyoxyl poly(ethyl-
ene glycol)-b-poly(L-lactide). In this synthesis technique the thiol-ene functional
moiety has been used through a radical mediated reaction to modify these two
blocks with mercaptans, leading to enhanced biocompatibility (Yue et al. 2010).
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1.6 Conclusion

About 33% of the drugs are hydrophobic and half of the drugs in the developmental
phase fails in the initial trials because of their poor pharmacokinetics. In such cases,
the block copolymer micelles have the potential to solubilize these hydrophobic
drugs and lead to alteration or management of both in vitro and in vivo kinetics. As
these block copolymer micelles can also be subjected to certain architectural changes
leading to inculcation of certain properties which in turn help in the active targeting
of the drug (stimuli responsive delivery), these nanostructures may be explored
further for designing new generation drug carriers. To accelerate the progress in
the development of innovative, controlled, and advanced micelles as the prominent
drug delivery vehicles, we must realize the fate of micelles and drug-loaded micellar
structures into the cells at the active sites. Therefore, it may be concluded that
the superior cellular uptake of micellar structures resulting from distinct and man-
ageable morphology along with higher drug loading capacity may be explored for
industrially relevant approaches and formulation techniques for the manufacturing
of polymer-based nanostructures for effective and efficient targeted controlled drug
delivery.
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Abstract

Nanocarriers are being used to deliver those active pharmaceutical ingredients
(APIs) to the site of action that are toxic, biodegradable, and have less bioavail-
ability. One type of nanocarrier that can meet the aforementioned criteria in the
form of therapeutic formulations is polymeric micelles. They are revolutionary
drug delivery nanocarriers that can be developed using various types of polymers
to achieve specific features such as target specificity and controlled release for the
drugs. There are different categories of polymers used to prepare such micelles
such as graft polymers, diblock polymers, and triblock polymers. Diblock
polymers such as polymer made up of poly(e-caprolactone) [PCL] and poly
(ethylene glycol) [PEG]; graft copolymers such as polymer made up of gelatin
and hyaluronic acid; and triblock copolymers such as polymer made of polyeth-
ylene oxide PEO-b-PB-b-PEO (PB, polybutadiene; PEO, polyethylene oxide) are
being employed in designing and developing improved polymeric micelles which
may respond better in the harsh inter/intracellular environments, for example: in
changed ionic concentrations, in presence of several proteins and enzymes, pH
changes and even at higher temperatures. In the present chapter, various types of
polymers, which are used to prepare conventional, mucoadhesive, pH-sensitive
and temperature-sensitive polymeric micelles, are discussed. The major focus of
this chapter is to review various polymers used worldwide, which are used to
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obtain specialized micelles for specific applications, with desired characteristics
for drug formulations.

Keywords

Micelles - pH-sensitive polymeric micelles - Temperature-sensitive polymers -
Targeted drug delivery - Conventional polymeric micelles - Mucoadhesive
polymeric micelles - pH-sensitive polymeric micelles - Temperature-sensitive
polymeric micelles

2.1 Introduction

Getting a drug delivered at the desirable site involves intricate analysis about the
nature of the drug, its carriers, and all other various factors that may affect its
bioavailability. Numerous studies have been conducted and multiple advancements
have been made in this research area of drug delivery. One of the strategies utilized
to overcome the hurdles mentioned above is choosing an appropriate carrier such as
nanoparticles, liposomes, micelles, or microemulsions (Natarajan et al. 2014). The
drug carriers are chosen on the basis of their hydrophilicity and lipophilicity of the
material used, its interactions with API (Active Pharmaceutical Ingredient) and its
release, degradative pattern at the target, etc. In the selection of drug carriers, the
nature of API and its pharmacokinetic (PK) play a major role (Irvine and Dane
2020). Sometimes, if a drug is hydrophobic in nature and possesses low molecular
mass, it gets rapidly circulated in the body, due to large volume distribution and so
does not reach the target site in desired concentrations. Furthermore, its increased
exposure and localization in other healthy tissues result in various side effects and
toxicity. In such cases, unfavorable solubility is the main obstacle to be handled to
get the above complexities resolved (Zuegg and Cooper 2012).

At present, polymeric micelles (PMs) (Fig. 2.1) are among the most potent drug
delivery carriers which have been proven to overcome a number of aforementioned
difficulties. They are tiny, colloidal dispersions having a diameter in nanorange.
Their diameter is determined by the head group’s structure of the molecule used and
the accompanying alkyl chain’s length (Hanafy et al. 2018). These molecules are
mostly amphiphilic copolymers, i.e., they have a hydrophilic tail to withstand the
aqueous environment and a hydrophobic head for drug encapsulation (Fig. 2.1). This
improves their capacity to load the drug and the stability, bioavailability, and
longevity of the drug molecule in the circulation (Williams et al. 2013).

A major problem associated with micelles is that, when they get diluted (in the
body fluids), they become unstable and release the drug prematurely. The most
successful strategy to avoid such incidents is choosing the right material for the
micelles’ preparation. Scientists all over the world are currently working with
various “polymers-based drug carriers” to provide them with unique properties.
The present manuscript discusses various polymers used to prepare polymeric
micelles to analyze their importance in drug delivery (Liu et al. 2019).
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Fig. 2.1 Standard structure of a polymeric micelle

2.2 Types of Polymers Used

For the preparation of these micelles, three categories of polymers, such as diblock
copolymer, triblock copolymer, and graft copolymer, are used (Torchilin 2006).
Among diblock and triblock copolymers, hydrophilic blocks of polyethylene oxide
or PEG polymers are most commonly used. Amphiphilic diblock or triblock
copolymers are found to form spherical micelles in aqueous media, depending on
the length of hydrophilic (longer) and hydrophobic (smaller) blocks. The length of
the hydrophilic and hydrophobic polymeric chains affects the shape and size of the
copolymers formed and that can exist in water as either single molecules (unimers)
or in other diverse shapes. If the chain of hydrophilic blocks is too long, copolymers
exit as single molecules, whereas, if the hydrophobic blocks are long, they take on
diverse shapes (Kulthe et al. 2012).

2.2.1 Diblock Copolymer

Diblock copolymers are composed of two different types of monomers (e.g., A and
B). They are created by attaching monomers in such a way (Fig. 2.2) that the chains
made up of each monomer join to form a single polymer chain (Sharma et al. 2014).
When these copolymers are assembled in huge amounts, a polymeric structure
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Fig. 2.2 Diblock copolymer assembly

known as a polymeric melt is formed, which further melts at a particular temperature
called the transition temperature (Matsen 2020).

Letchford et al. (2008) have studied water-soluble diblock copolymers MePEG-
b-PCL [Methoxy poly(ethylene glycol)-block-poly(e-caprolactone)] with different
MePEG and PCL block lengths. The length of the PCL block was found to be
determined by the ratio of the weight of caprolactone to the reaction mix.

Further, chlorin-cored, 4-armed star-shaped mPEG-b-PCL diblock copolymer
micelles were made by Peng et al. (2008). It was found to get self-assembled into
nanoscaled micellar form and acted as photosensitizing compounds for PDT (Pho-
todynamic Therapy) and also encapsulated hydrophobic therapeutics like paclitaxel.
These micelles could significantly improve paclitaxel cytotoxicity for MCF-7 cells
after irradiation.

This theory further suggests that the micelle-based delivery system can be used as
a potential dual carrier for the symbiotic association of PDT and cancer treatment via
chemotherapy (Peng et al. 2008).

2.2.2 Graft Copolymers

Graft copolymers are made up of one or more homopolymer blocks grafted onto the
main chain made up of another polymer as branches (Fig. 2.3). One to several side
chains may be present on the main chain of the polymer used. When these polymers
are dissolved in a certain solvent, they either form a unimolecular or a multimolecu-
lar micelle (Williams et al. 2016).

The backbone length, arm length, and grafting density of these polymers can be
changed systematically to alter the quality of the micelles (Cheng et al. 2012a, b;
Williams et al. 2013). These aids can produce a wide range of nanostructures. The
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hydrophobic backbone of linear graft copolymers, which is prone to collapse, is
protected from adverse solvent interactions by the hydrophilic side arms, forming a
core-shell structure (Achilleos and Vamvakaki 2010).

A novel and distinctive type of polymer called a cyclic graft polymer has a linear
grafted side chain and cyclic backbone. Since cyclic polymers have a more
constrained conformation than equivalent linear polymers, they have smaller hydro-
dynamic volumes and gyratory radii (Morgese et al. 2018). Cyclic polymers have
recently been found to be better than the linear polymers when utilized as potential
delivery systems for the delivery of genes or drugs.

Steric hindrance from the grafted side chains regulates their physical
characteristics and conformations. According to research by Cortez et al. (2015),
cyclic poly(ethylene imine) has a higher transfection effectiveness than linear poly
(ethylene imine). Further investigation revealed that cyclic polymer-based micelles
are more trustworthy for drug administration because they have higher ionic strength
and durability than linear polymers (Cortez et al. 2015).

Cheng et al. (2012a, b) could prepare biodegradable micelles from graft copoly-
mer PCL-g-PHEMA [poly(3-caprolactone)-g-poly(2-hydroxyethyl methacrylate)]
in order to release DOX (doxorubicin) effectively, in cancer cells. The micelles
provided numerous distinctive advantages as a drug carrier as their backbone length
is unrestricted. The characteristics of the micelle prepared, such as surface
properties, drug permeability, and size, were elegantly controlled by working on
the density of graft and length of graft as well as of the backbone. These polymeric
micelles are stable in nature and possess lower CMC than block copolymer micelles.
In contrast to usual biodegradable block copolymer micelles, they could demonstrate
a very rapid release of DOX in response to a mild acidic pH that replicates the
environment of endo/lysosomal compartments, attaining enhanced antitumor action.
It was also noted that the existence of several hydrophilic grafts per macromolecule
promotes the recombination of high-density targeting ligands when they are
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combined with favorable exposure of ligands at the outer layer, which may lead to
improved recognition and/or targetability (Cheng et al. 2012a, b).

Wu et al. (2017) discovered that PBS-g-MPA/CS-bi-PEG micelles efficiently
deliver doxorubicin to tumor cells and result in potent cellular growth suppression
with cytotoxicity comparable to free DOX. These findings imply that co-assembly of
PBS-g-CS-bi-PEG and PBS-g-MPA is a straightforward yet effective technique for
producing biocompatible and stable charge-reversal micelles for targeted drug
delivery (Wu et al. 2017).

2.2.3 Triblock Copolymer

Triblock polymers are prepared by using three blocks of homopolymers (hydropho-
bic and hydrophilic polymers) to form three-block copolymers. Depending on their
structure and architecture, there are two types of triblock copolymers: symmetric and
asymmetric triblock copolymers. In addition, symmetric triblock copolymers can be
classified as either ABA triblock copolymers or BAB triblock copolymers
depending on their structure (Fig. 2.4). Two different types of polymers combine
to form symmetric triblock copolymers: A (a hydrophilic polymer, for reference) and
B (a hydrophobic polymer, for reference). On the other hand, asymmetric triblock
copolymers are made up of three distinct polymer types, A, B, and C, respectively.

Repeating block

ABA type triblock copolymer

BAB type triblock copolymer

@ Hydrophobic monomer molecule (A)
e Hydrophilic monomer molecule (B)

—  Covalent bond

Fig. 2.4 Symmetric triblock copolymer
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Asymmetric triblock polymers consist of three polymers, two of which are hydro-
phobic and one of which is hydrophilic. As a result, they are also known as ABC
triblock copolymers. Two of the three blocks, either A, B, or C, depending on how
polymers are used, could either be hydrophobic or hydrophilic (Hoang et al. 2017).
According to Jeong et al. (2000), the speed with which drugs are released from
these types of drug delivery systems (DDS) is determined by the characteristics of
the drug, the drug-core interaction, and the amount of drug placed in the core (Jeong
et al. 2000). Guo et al. (2010) prepared a DDS where superparamagnetic iron
oxide nanoparticles (SPION) and a hydrophobic drug were successfully combined
with the micelles made of PEG-poly(diethylaminoethyl methacrylate)-poly(glycerol
monomethacrylate) (PEG-PDEAEMA) or PEG-PDMAEMA-poly(glycerol
monomethacrylate) (PEG-PDMAEMA-PGMA) (Guo et al. 2010).

2.2.3.1 Symmetric Triblock Copolymers for Micelle Preparation

Micelles with the aforementioned features can be made from either BAB types of
symmetric polymers (where B indicates hydrophilic polymer and A specifies
triblock copolymers) or ABA types of symmetric polymers (Fig. 2.4), wherein
there is a hydrophobic polymer A and a hydrophilic polymer B. BAB triblock
copolymers can produce micelles with a two-block hydrophilic shell and an A
block-based hydrophobic core. On the other hand, ABA copolymers can produce
a micelle that resembles a flower by foliating the B block and forming a foliate shell
around it (Hoang et al. 2017).

Ortel and his colleagues published a series of symmetric PEO-b-PB-b-PEO (PB,
polybutadiene; PEO, polyethylene oxide) triblock copolymers in 2012 that were
based on pluronic-type triblock copolymers. Low CMC for these polymers was
obtained by a large hydrophilic-hydrophobic contrast between the PB and PEO
blocks (Ortel et al. 2012).

2.2.3.2 Asymmetric Triblock Copolymers for Micelle Preparation
The hydrophilic-hydrophobic ratio of an ABC copolymer can be changed to change
the DDS properties of asymmetric triblock copolymers, just as symmetric triblock
copolymers (Endres et al. 2011; Liu et al. 2002; Tang et al. 2003). The most frequent
building block for surface layers in asymmetric copolymers is PEG (Jee et al. 2012).
A functional block can be added in place of the third block to help generate a
variety of nanostructures, including environmentally sensitive polymer vesicles,
micelles resembling flowers, and star-shaped micelles (Endres et al. 2011; Guo
et al. 2010). The hydrophilic (A block for reference) and hydrophobic (B block for
reference) portions of the ABC triblock copolymer can be used to create the star-
shaped micelles (B block and C block for reference) (Jee et al. 2012; Kubowicz et al.
2005). Each block of the ABC triblock copolymers, which form micelles that
resemble stars, has a specific feature, such as being pH or thermally sensitive (Lim
et al. 2016; Sugihara et al. 2004). Nevertheless, the micelles prepared using this
method are similar to those formed from BAB copolymers. Even star-like micelles
made of ABC triblock copolymers are utilized to load various sorts of medicines
using various block configurations (Endres et al. 2011). It was suggested that one can
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employ ABC triblock copolymers, in which A and C are hydrophobic blocks and B
is the hydrophilic block, to create a flower-like micelle (Van Butsele et al. 2009).

Using a specific kind of asymmetric triblock copolymer poly(styrene-acrylic
acid-ethylene glycol) (PS-PAA-PEG), Bastakoti et al. (2013) created multifunctional
core-shell-corona polymeric micelles. The micelles formed by PS-PAA-PEG self-
assembly in aqueous solutions were found to have an anionic PAA shell and a PS
core and hydrophilic and neutral PEG corona. The PS core was loaded with the
phenoxazine dye Nile Red (NR) using the dialysis technique. The presence of many
carboxylic groups on the pH-sensitive PAA shell increased the interaction of the
drug with the micelles, which allowed a rapid release of cisplatin at pH 5.0 (slightly
acidic) but not at physiological pH. The PAA shell was selectively calcified by the
calcium phosphate (CaP), which further boosted the fluorescence intensity of Nile
Red, improving detection sensitivity and efficacy. It also acted as a barrier for
diffusion, causing controlled release of the drug cisplatin. Micelles could not
aggregate because of the steric protection offered by the PEG shell. HepG2 cells
absorbed the polymeric NR micelles and localized them in their cytoplasm and
nucleus. They were nontoxic, exhibited 90% viability at polymer concentrations up
to 500 pg/mL, and showed high biocompatibility. A dose-dependent cytotoxic effect
was observed for the cisplatin-loaded micelles on HepG2 cells (Bastakoti et al.
2013).

According to research by Epps et al. (2004) addition of a third block into the
network phases of PI-b-PS-b-PEO (PI, polyisoprene) enhanced the network phases
of triblock copolymer (ABC) as opposed to diblock copolymer AB (Epps et al.
2004). Meng et al. (2006) used PS-b-PMMA-b-PEO [PMMA, poly(methyl methac-
rylate)] as a template to create ordered mesoporous carbon from an asymmetric
triblock copolymer (Meng et al. 2006).

23 Role of Various Polymers in Achieving Target-Specific
Drug Release

PMs have been criticized for their drawback they carry, releasing the drug prema-
turely into the bloodstream; this also reduces the amount of drug at the targeted
location. Thus, to avoid early drug release and to reduce its interaction of the drug
with nontargeted tissues during circulation, ideally the drug should continue to be
integrated into PMs, while in circulation. This can be obtained by stabilizing the
micelle or by enhancing the interactions of the medicines in the core of the micelles
by hydrogen bonds. The construction of stimuli-responsive PMs is a very efficient
method for ensuring tissue-targeted medication administration and sufficient release
(Zhou et al. 2018). Numerous different triggers have been utilized to deliver the drug
to the target site, as the diseased sites mostly have a different physiological state such
as higher temperature, altered redox potential, upregulated enzyme or pH (Lee and
Thompson 2017).

Sometimes such stimuli are not available at diseased sites; in those cases, external
triggers have been utilized for the drug release at the site of action such as light,
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Fig. 2.5 Stimuli-sensitive polymeric micelles

temperature, and magnetic field (Fig. 2.5) for diagnostic and therapeutic purposes
(Oerlemans et al. 2010). These PMs, which are referred to as “smart” nanocarriers,
are utilized to transport drugs and/or imaging agents for the diseased sites. In the
following section polymers used in such customized micelles are discussed.

Figure 2.5 explains how a change in the environment can trigger the release of
API at the site of action.

2.3.1 Polymers Used for the Micelles Sensitive to Internal Triggers

The rate at which pharmaceuticals are released from micelles is influenced by the
partition coefficient, micelle stability, drug diffusion rate, and copolymer biodegra-
dation rate (Oerlemans et al. 2010). Many of these features are affected/influenced
by the physiological parameters, which might differ at the site of action in compari-
son to the normal tissues. The concentration of the drug in the micelles, the
hydrophobic polymer’s length, its molecular weight, its physicochemical properties,
and its placement within the micelles are some other parameters that also affect the
release (Ghezzi et al. 2021). By manipulating the composition of polymers, the
desired properties of micelles can be obtained. The following section discusses
different polymers used to prepare micelles which can stimulate the drug release
by internal triggers.

2.3.1.1 Polymers Used to Prepare Mucoadhesive Micelles
Mucoadhesive polymeric micelles are employed to deliver medication to mucosal
cavities. The mucoadhesive qualities of polymers are influenced by various
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elements, including molecular weight, crosslinking density, concentration, charge,
hydrogen bonding ability, and hydration (swelling) (Salamat-Miller et al. 2005). A
mucoadhesive polymer should generally have the following features: potent cationic
or anionic charges, strong hydrogen bonding groups, chain flexibility, surface
energy, and high molecular weight attributes that allow its spreading on the layer
of mucus (Lee et al. 2000). Some mucoadhesive polymers and their contribution to
drug delivery are described as follows.

Chitosan

Chitosan is a polysaccharide made from chitin. Chitin has a molecular mass ranging
from 300 to 1000 kDa, and it depends upon its source. It is a copolymer of D-
glucosamine and N-acetyl-D-glucosamine. Chitosan is a linear, semi-crystalline
polymer with at least 60% of the glucosamine residues, which are deacetylated
(this equals a 60% deacetylation degree). Chitin can be deacetylated chemically in
highly alkaline circumstances or enzymatically in the presence of certain enzymes
such as chitin deacetylase. Chitosan is a polysaccharide that has numerous
applications as it has various beneficial properties including antibacterial activity,
adaptability, non-toxicity, and biodegradability (Gongalves et al. 2021).

Despite being well known for its mucoadhesive qualities, chitosan is only
effective under certain circumstances. It has weak mucoadhesive bonds and low
water solubility at neutral and basic pHs. In order to overcome these drawbacks,
chitosan has been experimented and has been chemically modified in several ways.

One of its derivatives is glycol chitosan, where the hydrophilic (-OH and -NH,)
are found inside the micelles and hydrophobic groups are at the outer shells. This
enables glycol chitosan’s mucoadhesive characteristics to be retained during self-
assembly (Sogias et al. 2008). Another derivative of chitosan, quaternary ammonium
palmitoyl glycol chitosan, was found to self-assemble into micelles with a high drug
loading capacity. Hydrophobic therapeutics like ranitidine and griseofulvin were
found to be transported more easily by this derivative than the hydrophilic
pharmaceuticals like propofol and griseofulvin, albeit to a lesser extent, via intestinal
and blood-brain barriers (Ways et al. 2018).

Gelatin

Gelatin is a biopolymer that is produced by thermally denaturalizing collagen
obtained from animal bones and skin. 4-hydroxyproline, glycine, and proline
residues are present in significant amounts in gelatin. Its powder is practically
tasteless, colorless, and translucent (Deshmukh et al. 2017). Gelatin has been used
as an excipient with the drugs since long in order to make hard capsules and softgels
as it ensures appropriate dissolving rates of the active pharmaceutical ingredients
(API) and also is economic and simpler to produce. Additionally, it aids in shielding
delicate substances from contaminants such as air, light, microbial development, and
others. Similar to chitosan, gelatin has also been derivatized to enhance its properties
in order to make the hydrophilic gelatin amphiphilic. Selestin et al. (2018) conju-
gated it with oleylamine, utilizing genipin as a crosslinking agent. In a water-based
medium, the amphiphilic GOC (gelatin-oleylamine conjugate) formed micelles by
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self-assembling. Target triple negative breast cancer cells (TNBC-type cells) was the
goal for this preparation (MDA-MB-231). It was discovered that the cells could stop
the cell cycle by going into the G2/M phase, which causes cellular death, and
internalization of drug Catechin/CT-bound GOC nanocarriers (CT-GOC) (Selestin
et al. 2018).

Hyaluronic Acid (HA)

HA is a naturally occurring polysaccharide that comprises D-glucuronic acid and
N-acetyl-p-glucosamine with a high affinity for water. It is a biocompatible, biode-
gradable, nonimmunogenic, and nontoxic polymer (Larraneta et al. 2018). It has
been widely used in the biomedical area, cosmetics and beyond, as it has capacity to
alter cellular activity. Hyaluronic acid has been chemically and physically
crosslinked to get the desired properties. According to reports, it has a high degree
of natural affinity for cell-specific surface markers like RHAMM and CD44. HA
receptors are present on malignant tumor cells in abundance, which enhances their
binding and uptake to the cancer cells (Spadea et al. 2019).

Like other polymers it has also been modified by various methods such as
crosslinking it to acid-octadecanoic acid (HA-C18) and FA-HA-C18 amphiphilic
graft copolymers which are used for physical encapsulation with PTX (Paclitaxel).
Liu et al. (2011) created a number of innovative dual-targeting micelle-based drug
delivery systems of HA. His newly developed nanomicellar systems exhibit excep-
tional performance traits, such as high drug absorption, small particle size, high drug
loading capacity, prolonged drug release, dual-targeting capability and effective
cellular uptake via cancer cells (Liu et al. 2011).

Hyaluronic acid-based micelles loaded with corticosteroid were created by
Bongiovi et al. (2017) for ocular surface application with improved corneal penetra-
tion of the APIs. In another study by Bongiovi et al. (2018) ethylenediamine (EDA),
hyaluronic acid (HA), polyethylene glycol (PEG), hexadecyl chains (C16), or
l-carnitine were used as the starting materials to create HA-EDA-CI16,
HA-EDA-C16-CRN and HA-EDA-C16-PEG, micelles. These nanocarriers
demonstrated ideal mucoadhesive and particle size characteristics.

DTDS micelles using ALN-HA-CI18, loaded with Curcumin (CUR), were
designed by Spadea et al. (2019). This delivery system had an appropriate particle
size with high drug loading capacity, which promotes sustained release, and a high
binding affinity with hydroxyapatite. DTDS was able to deliver more CUR into
osteosarcoma tissue, which further improved in vivo antitumor activity of CUR with
low systemic toxicity. The study further suggests that the DTDS could be useful for
bone applications (Spadea et al. 2019).

2.3.1.2 Polymers Used to Prepare Enzymatically Triggerred Polymeric
Micelles

Keeping the fact in mind that various enzymes might be present/expressed, differ-

ently at the target site, researchers successfully designed and synthesized well-

defined enzyme-responsive amphiphilic linear-dendritic diblock copolymers

bis-MPA-Gn-b-PHEG and G-b-PHEG. These enzymatic polymers were based on
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a hydrophilic linear block of poly(hydroxyethyl L-glutamine) (PHEG) and a hydro-
phobic dendron derived from cysteamine or an aliphatic polyester of 2,2'-
-dimethylolpropionic acid (bis-MPA) via a combination of the ring-opening
polymerization of a-amino acid N-carboxyanhydrides (NCA) and the “dendron-
first” strategy. Due to their amphiphilic properties, these copolymers form either the
micelles or the nanospherical vesicles in the aqueous phase. It was observed that at
higher enzyme concentrations, it results in faster disassembly rates. These
copolymers are suggested to be extremely useful in the field of medication adminis-
tration since they are enzyme sensitive and biocompatible (Qian et al. 2019).

In another example, Park et al. (2021) designed amphiphilic block copolymers
with quinone propionic acid (QPA) groups. These could be depolymerized by NAD
(P)H:quinone oxidoreductase-1 (NQOI1), an overexpressed enzyme in certain
cancers via cascade cyclization of the polycaprolactone (PCL) backbone. It was
found that the micelles exhibited enzyme-specific behaviors like NQO1-responsive
disassembly and drug release. Furthermore, when compared to control micelles,
QPA-PM-DOX demonstrated NQO1-responsive intracellular drug release behavior;
further it has enhanced anticancer effects in the tumor mouse model. The findings
suggest that enzyme-responsive polymeric micelles have a high potential as carriers
for tumor-specific drug delivery and release (Park et al. 2021).

2.3.1.3 Polymers Used to Prepare Redox Triggered Polymeric Micelles
Most of the time, various diseases are initiated due to imbalanced oxidative stress,
and the level of oxidative stress might be different at the diseased site in comparison
to the normal tissue; therefore, Gupta et al. (2012) described the use of reactive
oxygen species responsive PMs that will release entrapped hydrophobic drug cargo
in pro-inflammatory, oxidative environments. It was found that the poly(PS74-b-
DMA310) micelles prepared by them were responsive to various chemical moieties
such as peroxynitrite, H,O, and SIN-1, which indicates that the multiple reactive
species could contribute to get the drug release at the inflammation site (Gupta et al.
2012).

By combining living anionic ring-opening polymerization and ATRP (atom
transfer radical polymerization), Tang et al. (2017) demonstrated that PPS [poly
(propylene sulfide)]-PNIPAm block copolymers could be successfully synthesized.
The synthesized polymer was used to develop a dual stimuli-responsive drug
delivery platform for improved therapy. It was found to be effective at changing
temperature responses and the overproduction of ROS in cancer cells, releasing the
encapsulated cargos inside the cells in vitro that were producing ROS.

This method offers fresh perspectives to create oxidation and thermally respon-
sive polymeric vesicles for the loading of drug like DOX to deliver it to a site with
reactive oxygen species overproduction such as cancer cells (Tang et al. 2017).

2.3.1.4 Polymers Used to Prepare pH-Sensitive Polymeric Micelles

The stimuli-responsive polymers that can detect minute changes in the microenvi-
ronment pH can be used to make pH-sensitive nanocarriers. pH change can further
initiate variation in the size, shape, and hydrophobicity of the polymer. Since
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primary and metastatic tumors have lower pH values than healthy tissue, the acidic
pH has been regarded as the internal stimulus and best trigger for the selective
release of anticancer medications among all applied stimuli, after temperature,
enzyme activity, etc. (Karimi et al. 2016).

Poly(Styrene-Alt-Maleic Anhydride) Furfurylamine (PHSM/f)
Styrene maleic anhydride (SMA or SMAnh) is a synthetic polymer, having styrene
and maleic anhydride as its constituents. These polymers are resistant to heat,
transparent by nature, have high dimensional stability, and exhibit the unique
reactivity of anhydride groups. The latter characteristic causes SMA to dissolve in
alkaline (water-based) solutions and get dispersed (Hill et al. 1985).

Lee et al. (2005) had designed DDS using PHSM/f polymer at a concentration of
10 mg/mL of DOX, where micellar viability came out to be between 70% and 80%.
At pH 6.8, PHSM showed increased cytotoxicity and efficacy of DOX. Due to the
high local concentration, DOX enters the cell without being blocked, increasing the
likelihood of cell death (Lee et al. 2005).

Poly(Ethylene Glycol)-Poly(Aspartate-Hydrazone Adriamycin)
[PEG-p(Asp-Hyd-Adr)]

PEG-p(Asp-Hyd-Adr) micelles were created by Bae et al. in 2005. By monitoring
the intracellular pH drop in lysosomes and endosomes (pH 5—6) they demonstrated
that these micelles store drugs in a stable state under typical conditions. It was shown
that they could release pharmaceuticals at a selective pH. Studies carried out in vivo
and in vitro further disclosed that these micelles exhibit properties, such as the
capacity to release medications when the intracellular pH changes, the capacity to
infiltrate tumors, and the capacity to treat tumors with a very low level of toxicity
(Bae et al. 2005a).

Polyacrylic Acid (PAAC)

Poly(acrylic acid/carbomer) (C3H40,), is a polymer derived from acrylic acid
(C3H40,). It is a biocompatible substance with a long history of use as a
pH-responsive drug carrier (Ohara et al. 2000). In a water solution with a pH of
7, PAAc remains as an anionic polymer. Such types of polymers cause many of their
side chains to lose their protons and change to negatively charged ions. Polyelectro-
lyte forms of PAAc, such as partially or completely deprotonated PAAcs, have the
capacity to absorb and hold water as well as swell several times their initial volume.
The equilibrium between hydrogen bonds and electrostatic repulsion forces dictates
how hydrophobic or hydrophilic PAAc behaves at different pH levels. Since it has
pendant carboxylic groups, it has the ability to accept (at low pH) and release protons
(at high pH) (Tran and Lee 2021).

Xue et al. (2009) demonstrated micelle generation from the PAA block copoly-
mer PAAc-b-PDLLA by using a dialysis approach. They obtained a PDI of 0.125, a
monosize distribution, with a mean size of 187 nm. The zeta potentials of the
micelles dropped as the pH rose from 1.5 to 12 whereas the diameters of the micelles
gradually increased as the pH rose from 3 to 5. These micelles also demonstrated
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decreased cytotoxicity. Drugs that are hydrophobically released from micelles
showed pH dependence for this release. It is anticipated that pH-responsive drug
delivery systems using PAAc-bPDLLA micelles would have a bright future, espe-
cially for targeted administration to the intestine in the GI tract (Xue et al. 2009).

Poly(N,N’-Dimethyl Aminoethyl Methacrylate) (PDMAEMA)

PDMAEMA is one of the significant polymers that exhibits rapid conformational
modifications in response to variations in ionic strength, pH, and temperature (Lee
et al. 2011). The water-soluble cationic polymer PDMAEMA can bind to DNA via
electrostatic interactions. Van de Wetering et al. (2000) created complexes that are
positively charged with a size of around 0.2 p at a plasmid/polymer ratio higher than
2 (w/w). PDMAEMA is somewhat cytotoxic, just like other cationic polymers.
PDMAEMA copolymers with MMA (Methyl Methacrylate), N-vinyl pyrrolidone
(NVP) or ethoxy triethylene glycol methacrylate (triEGMA), were also used as
transfection agents (Van de Wetering et al. 2000).

The P(DMAEMAco-MMA)-b-PPEGMA amphiphilic triblock copolymers
were created by Cheng et al. (2012a, b). They displayed remarkable stimuli
responsiveness and reversible self-assembly processes. Additionally, these
researchers created multiblock copolymers that are pH-responsive and temperature
sensitive. They had significant potential for both medicine delivery and environmen-
tal protection because they could release chemicals, dyes, and some specialized
hydrophobic anticancer medications, wherever required. Organic-inorganic hybrid
nanoparticles can also be created using stimuli-responsive PDMAEMA-b-PNIPAM
micelles as templates (Hu et al. 2019).

Poly(4-Vinylpyridine) (PVP)

PVP is a polymer having pendant pyridine groups due to which these polymers
become useful for several purposes, including modification of surfaces,
immobilizing particles or atoms, electrochemical sensors, creating antibacterial
surfaces, creating pH-sensitive systems, and 3D molecular level ordering systems
(Mavronasou et al. 2022).

It has also derivatized to improvise its functions; for example, Mishra et al. (2021)
synthesized PNVP-b-P4VP micelle with outstanding stability and pH sensitivity by
the combination of RAFT (reversible addition fragmentation chain transfer) and
ATRP (atom transfer radical polymerization) technologies, using an amide-based
difunctional chloroamide-xanthate iniferter [S-(3-azidopropyl propanamide)-
(O-ethyl xanthate)] having both a xanthate group (RAFT-CTA) and an activated
chlorine group for ATRP initiator. They could change their shapes at different pH
such as at pH > 7.4, spherical shaped micelles were maintained, at pH 6.9, they were
rearranged, and at pH 3.5, they were completely dissolved. When the pH drops, the
nitrogen atoms in P4VP protonate into pyridinium ions. The high concentration of
DOX (doxorubicin) was confirmed in the micelles by a UV-Vis spectrometer, and it
was believed to be the result of strong hydrogen bonding between the hydroxyl
group of DOX and the nitrogen atoms of P4VP. Sustained drug release of DOX was
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obtained for the pH values between 6.4 and 6.9. The entire amount of DOX was
observed to be fully liberated in 12 h at a pH of 3.5 (Mishra et al. 2021).

Poly(Histidine) PHIS

Poly(histidine) is a potential pH-sensitive polymer with outstanding biodegradabil-
ity, biocompatibility, and fusogenic activity. Due to its imidazole ring’s ability to
undergo protonation and deprotonation, PHIS exhibits an amphoteric characteristic
(Wu et al. 2013). Additionally, when the pH falls below 6, PHIS becomes hydro-
philic and highly positively charged, which causes the endosomal membrane to
rupture and makes it easier for endosomes to escape by the “proton sponge effect”
(Oh et al. 2008). PHIS is very sensitive to ambient pH, which might compromise its
core’s stability. In order to create stable micelles, PHIS was frequently coupled with
more hydrophobic polymers (Kim et al. 2005).

In 2012, Liu and his coworkers created pH-sensitive PEO-b-PHIS-b-PLLA
triblock  terpolymers [PLLA is poly(L-lactide)]. Using the amino
end-functionalized PEO as the macroinitiator of the ROP (ring opening polymeriza-
tion) of DNP (2,4-dinitrophenyl groups) -protected HIS-NCA (histidine-N-carboxy
anhydride), the PEO-b-P-[HIS(DNP)] copolymer was initially created by the syn-
thetic process. The terminal hydroxyl group of the newly synthesized PLLA was
then converted to the carboxyl group by reaction with succinic anhydride, coupled to
the terminal amine group of the PEO-b-P[HIS(DNP)], and PHIS was deprotected
with a thiol. The resulting terpolymer has its dispersity indices as high as 1.87-1.94,
indicating coupling is incomplete and the existence of PEO-b-PHIS precursors (Liu
et al. 2012).

In a work by Wu et al. (2013), PHIS-PEG and DSPE-PEG (1:1, m/m) polymers
were combined to create pH-sensitive PMs. At tumor pH (above 6), the mixed
micelle was found to be stable and was shown to be endocytosed as an intact
micelle. When the pH decreases to around 5.5 in an endosome, the destabilization
of micelles is observed due to phase separation in the micelle core and dissociation
of the ionized PHIS-PEG molecules. An instability of micelles was seen at pH 5.5 on
which phase separation occurred in the core of the micelle and dissociation of the
ionized PHIS-PEG molecules. According to an in vitro cytotoxicity assay with these
micelles, the PCT-loaded mixed micelles demonstrated pH-dependent cytotoxicity,
which was most prominent at lower pH levels. The conjugation of tumor-specific
mAb 2CS5 to pH-sensitive mixed micelles further enhanced the tumor cell killing as
2CS5 could mediate specific recognition and internalization. The combination of two
virtues, the active site drug targeting and pH-triggered drug release, could show the
potential to significantly increase intracellular drug concentration to efficiently kill
tumor cells while avoiding the development of drug resistance (Wu et al. 2013).

Jia et al. (2017) constructed a pH-sensitive micelle of poly(ethylene glycol)-poly
(p,L-lactide)-poly(L-histidine) (mPEG-PLA-PHIS) for the intracellular delivery of
DOX from the copolymer. Micelles loaded with DOX showed uniform distribution,
high encapsulation efficiency, and small particle size. Release of DOX-loaded
micelles occurred in a pH-dependent manner and had a high level of toxicity against
the MCF-7/ADR cells. These copolymer micelles have been shown to be an
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effective nanocarrier for the intracellular delivery of DOX in order to reverse tumor
MDR (multidrug resistance) (Jia et al. 2017).

Poly(f-Amino Ester) (PBAE/PAE)

Poly(B-amino ester) is a polymer created by Michael addition reaction of an acrylate
and an amine that possesses characteristics of tertiary amines and esters, such as
biodegradability and pH responsiveness. PBAEs can be synthesized into distinct
formulations either alone or in combination with other materials (nano chaperones)
for natural complex mimicry and for delivering anticancer and antimicrobials (Liu
et al. 2019).

Igbal and his colleagues (2022) synthesized PBAE-447 and various parameters
(colloidal stability, zeta potential and size) were characterized to enhance its robust-
ness. It was found that early endosomal escape was facilitated by PPAE-447s
exhibition of its high buffering ability at an acidic pH. After being stored for
4 months, lyophilized nanoparticles managed to maintain the proper size, zeta
potential, and transfection activity (Igbal et al. 2022).

Min et al. (2010) prepared pH-responsive methoxypoly(ethylene glycol)-block-
poly(-amino ester) (MPEG-PAE) micelles to target the acidic pH of tumors. Due to
its nonantigenic, nontoxic, and nonimmunogenic properties, the MPEG provides a
protective shell to the drug-loaded system, maintains its stability during longer
periods of drug circulation, and extends the system’s bloodstream half-life. It was
noted that MPEG-PAE micelles encapsulating the fluorescence dye TRITC could
efficiently deliver the drug CPT (camptothecin) to TRITC MDA-MB231 human
breast tumor bearing mice in a pH-responsive manner. The targeting ability of these
micelles was found to be 11 times greater than that of MPEG-PLLA micelles without
pH responsiveness to the tumor tissue. It was found to have boosted therapeutic
efficacy with minimal adverse effects in comparison to free CPT (Min et al. 2010).

2.3.1.5 Polymers Used to Prepare Heat-Sensitive Polymeric Micelles
Temperature, which can be either an external or internal stimulation, is among the
most studied stimuli for delivery of drugs. The thermo-responsive blocks in the
polymers that make up the thermo-sensitive PMs experience a dramatic change in
physical characteristics in reaction to a change in temperature, which destabilizes
micelles and initiates drug release (Zhang et al. 2017).

The first thermoresponsive polymer made from N-isopropylacrylamide was
PNIMPAm and is available commercially (Schild 1992). It is the most used
thermosensitive polymer used for creating thermosensitive micelles. PNIMPAm is
water soluble at room temperature, but precipitates in water above 32 °C due to the
phase transition of a polymer to a hydrophobic state, which causes turbidity due to
aggregation. PNIMPAm has been used for 3D extracellular matrices (ECM)
materials, drug delivery vehicles, and thermoresponsive tissue culture dishes
because of this unique thermoresponsive property (Ohya et al. 2004).

Thermosensitive behavior of the special polymers is exhibited due to the exis-
tence of hydrophobic groups, such as methyl, ethyl, and propyl groups. The lower
critical solution temperature (LCST) and upper critical solution temperature (UCST)
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are two additional important parameters which these polymers exhibit (Singh et al.
2007). The LCST, also called as “cloud point,” is the temperature at which the
polymeric monophasic system separates into two phases: hydrophobic and insolu-
ble. The UCST is the temperature at which all of the constituent parts of a mixture
become miscible. Since UCST systems require high temperatures, which is unfavor-
able for biomolecules and medicines which are heat-labile, therefore, an LCST
system is usually recommended for drug delivery technologies (James et al. 2014).

Temperature below the LCST initiates the formation of hydrogen bonds between
the polymeric chains and water-based molecules, thus making the water-soluble
polymer, whereas when the temperature is above the critical solution these hydrogen
bonds break due to heat, making the polymer insoluble. A desirable value of LCST,
lying between 37 °C and 42 °C, could be achieved by adding suitable hydrophobic
or hydrophilic comonomer. This temperature range is lower than hyperthermia and
greater than the body’s normal temperature (Nizardo et al. 2022). As an example,
poly(N-isopropylacrylamide) (PNIPAAm) have an LCST of 32 °C and is
widely used as thermo-responsive polymer for creating thermosensitive PMs as
the temperature is close to body’s physiological temperature. For better targeting
and enhanced drug release, random copolymerization could be done using different
monomers to adjust the LCST of PNIPAAm. For instance, a smart thermos-
responsive micelle was created by Panja et al. (2016). They used two unique four-
arm star-shaped block copolymers, PE-PCL-b-PNIPAAm-FA and PE-PCL-b-poly
(N-vinylcaprolactam)-FA. By varying the block length of the thermo-responsive
segment, they also produced several temperature-responsive polymers with specified
LCST (ranging from 30 °C to 39 °C) (Panja et al. 2016).

Yang et al. (2014) formed a comb-like polymer with a hydrophobic backbone of
polyacrylate (PA) with mPEG blocks and thermolabile PNIPAAm grafted chains
(mPEG-b-PA-g-PNIPAAm), loaded with camptothecin (CPT). At an LCST ranging
between 40 °C and 45 °C, the micelles showed a temperature-responsive phase
transition from hydrophilic to hydrophobic. Without any initial burst release, the
release of CPT from the micelles was constant and enhanced above the LCST. The
CPT-loaded thermo-responsive micelles showed a hazardous nature to the cancerous
cells, while they did not affect the healthy cells (Yang et al. 2014).

2.3.2 Polymeric Micelles Sensitive to External Stimulus

2.3.2.1 Photosensitive Polymeric Micelles
Photosensitive micelles are prepared, typically using the chromophores such as
pyrene, cinnamoyl, nitrobenzyl azobenzene groups, or spirobenzopyran by includ-
ing or by conjugating them to the polymeric structure. When exposed to light, the
nanostructure of the PMs that contain chemical compounds alters releasing the
payloads (Zhou et al. 2018).

Azobenzene and derivatives are highly researched upon light-responsive
chromophores. When exposed to UV light, azobenzene can photoisomerize the
nitrogen double bond from trans to cis, which can then be converted back to trans
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under visible light (Ren et al. 2022). However, some chromophores like 2-diazo-1,2-
naphthoquinone (DNQ) undergo irreversible cleavage in response to light, changing
hydrophobic to hydrophilic groups (Zhou et al. 2018).

Alemayehu et al. (2020) described creation of photosensitive polypropylene
glycol (PPG) polymer that comprises of bifunctional uracil-containing end groups
(BU-PPG), which solve many issues associated with existing nanocarriers. BU-PPG
self-assembles spontaneously, into spherical shaped micelles which are nanosized
when suspended in water. They were found to have the capability to encapsulate
DOX at high concentration. Compared to non-irradiation micelles, the DOX-loaded
irradiated micelles considerably reduced cell viability and increased the fraction of
apoptotic cells (Alemayehu et al. 2020).

Moleavin et al. (2010) created and characterized amphiphilic azo-polysiloxanes
with quaternary ammonium groups. According to the photochromic experiments,
the maximal amount of cis-isomer content can be attained within 20-30 s of UV
exposure. All amphiphilic polysiloxanes had the ability to produce micelles, with
CCA (concentration of aggregation) values falling between 10* and 10* g/L. Differ-
ent circumstances with regard to the aggregate’s morphology were found to depend
on the concentration and amine structure. In water, individual micelles as well as
primary aggregates were observed at low concentrations. Individual micelles or
micellar clusters were formed during the micellar aggregation process depending
on the ternary amine structure utilized in the quarterization reaction. If the amine had
a lengthy hydrocarbon segment, the multi-micellar clusters formation occurred after
the primary micellar association process (Moleavin et al. 2010).

2.3.2.2 Magnetic-Sensitive Polymeric Micelles

An external magnetic field (MF) can be used to target tumors with MF-responsive
PMs and to stimulate rapid release of drug, temperature was raised alternating the
magnetic field. Typically, they combine a magnetically active component with
therapeutic payloads (Senapati et al. 2018). The iron oxide nanoparticles such as
magnetite (Fe;O,) and maghemite y-(Fe,O3) are widely used as magnetic material
used for magnetosensitive PMs (Arora 2012).

In a study, Wang et al. (2012) described the use of magnetic nanoparticles loaded
with super magnetic iron oxide nanoparticles (SPIONs) coated with chitosan and
polyethyleneimine (PEI) to prepare CP-mag-micelles for the transport of plasmid
DNA. CP-mag-micelles demonstrated much greater transfection efficiency than PEI
or lipofectamine (Wang et al. 2012). Varshosaz and his colleagues (2013)
formulated folate-conjugated dextran (FA-DEX)/retinoic acid (RA) magnetic
micelle as an anticancer drug for the dual targeted delivery (DOX) for breast cancer
encapsulating OA-coated (Oleic acid) magnetic Fe;0,4. Hydrothermal technique was
successfully used to create OA-coated MNPs (Varshosaz et al. 2013).

Li et al. (2012) and his colleagues formulated magnetomicelles by combining
fluorine amphiphilic poly(HFMA-g-PEGMA) block copolymer with oleic acid
containing Fe;0, particles. TEM confirmed the presence of Fe;O, clusters enclosed
in polymeric micelles. These magnetomicelles were stable in both water and sodium
chloride solution. The magnetomicelles’ compatibility with cells was demonstrated
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using the MTT cytotoxicity experiment. These magnetomicelles were proposed to
show potential in in vivo MRI and medication delivery as they allowed controlled
release of the 5-FU. According to in vitro and in vivo studies it was observed that
magnetomicelles have enhanced opposite effects in the spleen and liver because of
the high T2 relaxivity (134.27/mM s) (Li et al. 2012).

Wei et al. (2017) proposed a clickable and imageable multiblock polyurethane
(MPU) system with switchable tumor targeting and triggered drug release
capabilities for accurate tumor therapy and targeted MR imaging. In this case PEG
and PCL made the MPUs’ soft segments, whereas L-lysine ethyl ester diisocyanate
(LDI) was in the hard segments. An L-cysteine-derived versatile chain extender
(Cys-PA) was used to endow polymers with a number of reduction-cleavable
disulfide linkages in the backbone and clickable alkyne sites on the side chains,
eliminating the need for multiple chain extenders and difficult synthetic procedures
for the construction of multifunctional MPUs (Wei et al. 2017).

Table 2.1 summarizes all the polymers that have been discussed in this chapter
explaining their types, constituents, uses, and limitations.

24 Conclusions and Future Directions

In the light of recent advancements in drug delivery techniques, the development of
polymeric micelles is one of the most promising technologies being explored. They
have superior encapsulation capabilities, amphiphilicity, kinetic stability, biodegrad-
ability, and lower toxicity, as compared to other nanocarriers. PMs have several
applications and have been used for many years. Surfactant optimization, multidrug
loading capacity, insoluble drug conjugates, delivery of biological entities like
siRNA, antibodies, etc., and the development of stimuli-sensitive polymers are
currently the main research areas. PMs have demonstrated notable in vivo and
in vitro successes. It is evident from the above discussion that in order to prevent
off-target delivery and to ensure controlled release, research is now being done on
stimuli-sensitive micellar optimization, in response to internal or environmental
cues. In addition, PMs have been widely explored for their application for cancer
therapeutics, but now they are also being investigated for various other applications
such as for neuroendocrine and metabolic problems. It is also evident from the above
description that there is a lot of potential in studying polymer chemistry and their
modification procedures because it carries a lot of potential to modulate the
properties of the polymers to obtain the desired goal for the miceller DDS. Currently,
extremely intriguing studies focusing on targeted delivery and regulated release in
response to short-term and long-term internal stresses and environmental
circumstances are being conducted using novel tools and modifications. There are
notable examples of their therapeutic effectiveness, but their detailed uses, effective
administration methods, and molecular interactions in the bloodstream have not been
fully investigated. To develop a next-generation drug delivery approach centered on
micellar carriers, further descriptive studies based on the stability and molecular
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interaction of these polymers, intermediate colloids, and nature of the loaded entity
are needed.
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Developing a novel drug delivery system is critical in managing and treating a
broader spectrum of diseases. The intensified demand for an effective targeting
carrier has led to rapid development and a better understanding of the principles
of forming polymeric micelles. Micelles exist in a state of dynamic equilibrium.
Henceforth, the dynamics involved in the formation of micelles have become
obligatory to understand. This chapter deals with the underlying parameters
influencing micelle development and the simulation methods. The advent of
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3.1 Introduction

Polymeric micelles are amphiphilic assemblies that depict a particle size in nano-
scale dimensions and spherical morphology (Sasidharan and Nakashima 2014). The
hydrophobic core of micelles facilitates carrying drug or contrast agents for the
treatment and diagnosis of various diseases like cancer, neurological disorders,
topical diseases, etc. (Karabasz et al. 2020; Krishnan and Mitragotri 2020;
Dominguez et al. 2014). The hydrophilic shell is responsible for the stability of
micelles and promotes their water solubility, aiding intravenous delivery (Lu and
Park 2013). The massive advancements in polymer science have opened novel
avenues for the fabrication of micelles depicting properties like target specificity,
enhanced loading capability, protection against the reticulo-endothelial system,
better therapeutic activity, enhanced stability in vitro and in vivo, and ease of surface
modification with aptamers and ligands (Mollazadeh et al. 2021; Li et al. 2019; Li
et al. 2016; Maghsoudnia et al. 2020).

Due to their versatility, diverse drug-loaded micelles have been studied in
preclinical and clinical trials (Cabral and Kataoka 2014). The architectural composi-
tion of micelles decides the molecular weight, critical micelle concentration (CMC),
stability, drug encapsulation, dissociation time, and site specificity (Qiu and Bae
2006). Hence, it becomes indispensable to understand the micellar architecture and
the dynamics behind its formation. Various shapes of micelles have been depicted in
Fig. 3.1.

The temperature at which micelles assemble in an aqueous medium is known as
kraft temperature (7)) (Chu and Feng 2012). Despite some insights into micelles
basic architecture, their specific fabrication mechanisms are still unclear, including
drug encapsulation by the micelles and discrete phases of core and corona

Spherical Ellipsoidal Reverse

o ,.7 ,.'-. ,.[ 3D

Unilamellar Cylinder Planar

Fig. 3.1 Diagrammatic representation depicting the different shapes of micelles
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development during micellar growth (Zhang et al. 2017). These amphiphilic
assemblies are in a state of dynamic equilibrium and constantly dissociating and
reorganizing, which correlates with their stability (Zhang and Waymouth 2017).
Various theories have been proposed to overcome the lacunas in thoroughly under-
standing the kinetics involved in the formation of micelles. This chapter discusses
the associated theories and factors persuading micelle formation dynamics. The
related thermodynamics responsible for the micelle’s assembling has been con-
veyed. Various evaluation techniques for evaluating micelle formation have been
covered.

3.2  Factors Influencing Micelle Formation Dynamics
3.2.1 Amphiphilic Block Copolymer

The amphiphilic block copolymers (ACs) are extensively used in the fabrication of
polymeric micelles because of their inherent properties like tunable structure, chem-
istry, physicochemical properties, target specificity, diagnosis, and efficient delivery
of hydrophobic drugs (Gu et al. 2014). These ACs are composed of hydrophilic and
hydrophobic fragments joined via a covalent bond, which self-assemble in a
specified solvent to generate polymeric micelles. Various techniques have been
employed in designing ACs, including nitroxide-mediated and radical polymeriza-
tion (Hawker et al. 2001). These techniques offer several advantages like chemical
compatibility, controlled degree of polymerization, imparting less polydispersity
index, eliminating impurities from the fabricated copolymers, etc., and are preferred
to conventional preparation methods. The standard polymeric backbones widely
utilized in manufacturing ACs include chitosan, polylactide, polycaprolactone, and
polyethyleneimine (Perin et al. 2021). The ACs manufactured from more than one
type of monomer will generate moieties with opposing affinities in an aqueous
medium (Schmidt 2018). Based on the number of monomers, various copolymers
can be manufactured, tabulated in Table 3.1.

The critical packing parameter (Cpp) of the block copolymers determines the
nanocarriers’ morphology based on the type of aggregation formed by the
surfactants. Along with Cpp, other factors that influence the morphology of micelles
include degree of polymerization (DP) and volume fraction of the amphiphilic
blocks (f) (Jiao et al. 2020).

Cpp can be calculated using the following equation,

Cpp=V/Al

where V is the volume of the lipophilic tail, A is the surface area of the hydrophilic
head, [ is the effective chain length.

The different values of C, which leads to the formation of diverse morphology of
micelles are depicted pictographically in Fig. 3.2 (Lombardo et al. 2015). The
hydrophilic-lipophilic balance (HLB) of block copolymers regulates their solubility
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Table 3.1 Types of block copolymers

Type of

S.no | copolymers | Characteristics Structure References

1 Di-block Made up of two A-A-A-A-B-B-B-B (Garnier and
monomers possessing Laschewsky
dissimilar chemical 2006)
properties

2 Tri-block Three monomers (Altintas

et al. 2015)
ABA type Here two monomers A-A-A-B-B-B-A-A-A (Guo et al.
are chemically 2021)
equivalent
ABC type All three monomers A-A-A-B-B-B-C-C-C (Gupta et al.
are chemically diverse 2017)

3 Graft These are segmented A-A-A-A-A-A-A-A-A-A-A | (Thakur
polymers w-ith a ‘ et al. 2013)
backbone chain of one /
monomer and various B B
branches of another, ‘
portraying different \ B

chemical compositions

in an aqueous solvent which is determined by hydrophilic volume fraction (Bahadur
et al. 2015). Block copolymers depicting a hydrophilic volume fraction of 25%,
35%, and 45% will form inverted micelles, polymeric vesicles, and spherical
micelles, respectively (Won et al. 2002).

3.2.2 Micelle Size and CMC

The surface tension of the micelles is observed to change dynamically below the
CMC, so studying the relationship between CMC and the formation of micelles
becomes critical (Church et al. 2021). Micelles are self-assembled moieties com-
posed of amphiphilic copolymers that depict a particle size range of 10—-100 nm
(Zhou et al. 2016). The CMC is the concentration above which the surfactant forms
micelles (Shi et al. 2011). The factors affecting the micellar size and CMC include
temperature, hydrophobic chain length, the behavior of the polar group, and the
surfactant counterions (Di Michele et al. 2011). The value of CMC decreases
logarithmically with an increase in the size of the hydrophobic chain (Zhao and
Zheng 2011). A lower CMC depicts enhanced micellar stability. The conventional
micelles have a CMC value in the range of 10 °~10* M. In contrast, polymeric
micelles have a lower CMC of 107°-107" M (Mandal et al. 2017). Yang et al.
prepared redox-sensitive micelles for liver cancer. This study selected poly-
(N-g-carbobenzyloxy-L-lysine) (PZLL) as the hydrophobic chain. With an increase
in the DP of PZLL blocks from 10 to 25, a marked decrease in the CMC values from
0.0145 to 0.0072 mg/mL was observed (Yang et al. 2020).
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Fig. 3.2 Various self-assembled structures predicted from critical packing parameter Cpp.
(Reproduced with permission from Lombardo et al. (Lombardo et al. 2015) Copyright © 2015
published by Hindawi Publishing Corporation)

3.2.3 Hydrogen Bonding

Hydrophobic interactions are the driving force for micelle formation (Maibaum et al.
2004). The self-assembling of the ACs into micelles is mediated by various
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interaction parameters like electrostatic interactions, coordinate bonds, and hydro-
gen bonding between the polymers (Li et al. 2020). For small hydrophobic
molecules, water tends to reorganize itself around the hydrophobic solute without
losing its hydrogen bond, which attributes to its low solubility (Schmid 2001) while
in the presence of a bulky hydrophobic moiety, it becomes challenging to maintain
the hydrogen bond interactions geometrically (Krieg et al. 2016). Techniques like
Monte Carlo simulations are used to study the relationship between the hydrogen
bond dynamics of the solvent and the formation of micelles from amphiphiles.
Heinzelmann et al. performed Monte Carlo simulations using a solution of
amphiphiles in water to determine hydrogen bonding in water and micellar dynamics
between a non-micellized and a micellized state. The results depicted a gradual
decrease in the number of hydrogen bonds with the growth of micelles, while the
number of hydrogen bonds increased with an increase in the exposed surface area of
the solute (Heinzelmann et al. 2012). Hu et al. depicted that the complexation of
polydimethylsiloxane-graft-poly(ethylene oxide) (PDMS-g-PEO) and poly(acrylic
acid)-block-polyacrylonitrile (PAA-b-PAN) led to the formation of micelles. This
was due to the hydrogen bonding between the ether oxygen and the carboxyl groups
of PEO and PAA (Hu et al. 2010).

33 Theories of Micelle Formation

The hydrophobic effect is responsible for amphiphilic molecules propensity to form
micelles in an aqueous solution, as discussed in the previous section. The stoichio-
metric constraint that prevents the demixing of polar and hydrophobic groups is the
considerable gap between the micellar assembly and macroscopic phase separation
(Boles et al. 2016). This section discusses the different mechanisms governing the
formation of micelles. The structure-property relationship and computer simulation
methods utilized in the dynamics of micelle formation are also covered.

3.3.1 Law of Mass Action

Mass action law applies to the micellar system which is considered a homogenous
one-phase system (Chen et al. 2005). In this method, aggregation of surfactants is
regarded as a reversible chemical reaction and is represented by the following
equation:

ZnBHM

wherein M represents micelle, n and B are the aggregation numbers.

The above equation is a fast reaction because of the short half-lives of surfactant
and micelles (Rusanov 1993). Amphiphiles tend to form aggregates of various sizes
and shapes. In this law, the aggregation number portrays the role of the
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stoichiometric coefficient. The aggregation number is directly proportional to the
surfactant concentration; however, an insignificant change in aggregation number is
observed in the CMC region (Maibaum et al. 2004).

3.3.2 Flory-Huggin’s Interaction Parameters

Paul Flory and Maurice Huggins introduced Flory-Huggin’s interaction parameters
to study interaction effects in their lattice model of polymeric solutions (Russell et al.
2014). It is a dimensionless quantity and is represented by y. This parameter is
employed to demonstrate thermodynamic properties like swelling ability and solu-
bility equilibrium of amphiphilic micelles. The interaction parameter also postulates
the amount of inconsistency between the subsequent amphiphilic blocks. The degree
of microphase segregation is governed by the segregation product represented as yN.
This parameter takes into consideration the enthalpy of the solvent and polymer
mixture and is expressed as

1= (65 o
here, V is the molar volume of the solvent, §; and &, are solubility parameters of the
solvent and polymer.

According to this theory, two moieties depicting y < 0.5 is said to be soluble,
whereas y > 0.5 is designated as phase separation. A group of scientists determined
the solubility of eleven drugs in micelles and found that the solubility decreased with
an increase in y (Forrest et al. 2006).

3.3.3 Molecular Dynamics

Molecular dynamics (MD) is an emerging tool for investigating atomistic and
mesoscale dynamics (Lau et al. 2018). MD was used for the first time to determine
the self-assembling nature of surfactants. The observations depicted that the
surfactants formed micelles in an aqueous medium, whereas reverse micelles were
obtained in a lipophilic medium (Klein and Shinoda 2008; Seif and Montazeri 2022).
The MD simulations compute and compare numerous equilibrium properties of the
surfactants starting from their target phase with the experimentally available raw
data (Farafonov et al. 2020). MD can also interpret the dynamic properties like
stability parameters and rheology of the formed micelles (Liu et al. 2019). The more
prominent role of MD simulations is to determine the aggregation of surfactant
molecules into micelles by investigating their surface structure and hydrophobic
nature (Jafari et al. 2018). The results obtained from MD simulations depicted that
the increase in the number of amphiphilic groups led to an increase in the aggrega-
tion of micelles (Crespo et al. 2020). Luna et al. employed 1-alkyl-3-
methylimidazolium cations in an aqueous mixture of ionic liquids to determine the
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CMC and the formation of micelles using MD simulations. The simulation results
were consistent with those from the experimental evidence (Vicent-Luna et al.
2017).

3.3.4 Quantitative Structure-Property Relationship

The former discussed approach is inadequate for larger data sets and is a time-
consuming method. Simulations in MD encounter the necessity of enormous cost
and computational power (Liu et al. 2017). Hence, statistical methods like quantita-
tive structure-property relationship (QSPR) could be employed to estimate drug and
polymer compatibility in micelles (Upadhya et al. 2021). QSPR is extensively
utilized in toxicology and medicinal chemistry to determine the biocompatibility
and efficacy of small drugs (Cern et al. 2012). It involves the statistical analysis of
large data sets, forecasting drug solubilization in micelles, drug loading in micelles,
and cheminformatics study of micelles. Wu et al. utilized QSPR modeling and
genetic function approximation for determining the influence of polymer configura-
tion on the drug loading capacity of doxorubicin-loaded polymeric micelles. The
results depicted that QSPR modeling method was an optimized and good fitting
approach to predict drug loading capabilities in micelles (Wu et al. 2015).

3.4 Thermodynamics of Micelle Formation

Surfactants are composed of amphiphilic structures of hydrophilic and hydrophobic
groups. Hydrophobic chains repel the surrounding water molecules due to their
diminished affinity. This causes an increase in the surface free energy, which further
increases the Gibbs free energy at the micelle-water interface. Surfactants tend to
reduce their surface free energy to attain an equilibrium in two ways, i.e., by
concentrating at the surface via aligning the hydrophobic chains toward the air,
known as adsorption (Reeve et al. 2021). The other scenario includes the aggregation
of surfactants with hydrophobic chains oriented toward the interior while hydro-
philic chains face the exterior with a continuous aqueous phase. This process is
known as micellization (Jover et al. 2021). Micelle formation is governed by a string
of factors like temperature, CMC, ionizing groups, aggregation number, hydropho-
bic and hydrophilic chain length and volume, continuous phase viscosity, etc.
(Sikder et al. 2022). Standard thermodynamic parameters could help in understand-
ing the dynamics of the process undergone by surfactant molecules, i.e., either
adsorption or micelle formation. Generally, for ionized surfactants, the degree of
dissociation of the counter ion plays an essential role in governing micelle dynamics.
Xi et al. employed the postulates of the density functional theory to study thermo-
dynamics, alteration in the microstructure, and solubilization of block co-polymeric
micelles. Inhomogeneous statistical associating fluid theory was used to contemplate
the structure formation of block copolymers in dilute and concentrated solutions.
They unveiled that hexagonal, lamellar, and cubic mesophasic micelles existed with
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an increase in concentration compared to spherical micelles at relatively dilute
concentrations. Temperature negatively influenced CMC, while aggregation number
positively correlated with the length of the hydrophobe (Xi et al. 2019).

3.5 Techniques to Evaluate Micelle Formation Dynamics
3.5.1 Isothermal Titration Calorimetry

Isothermal titration calorimetry considers the change in heat flow at a constant
temperature which is correlated with the measurement of assembly in micelles.
Kadam and colleagues visualized the exothermic heat of Tetronic™ T904 produced
in a sigmoidal manner. Concentration below CMC was distinguished by solid
enthalpy released, resulting in the disassembly of micelles to the generation of
monomers. A decrease in the enthalpy chain with an increasing concentration near
CMC demonstrated micelles’ formation. However, a significant drawback of this
method is that the CMC at temperatures lower than 25 °C and higher than 45 °C
cannot be accurately estimated. At lower temperatures, feeble enthalpy effects are
observed. In contrast, at higher temperatures, an association of surfactant monomers
to micelles is much higher and corresponds to pseudo-CMC, indicating erroneous
thermodynamic results for micellar formation (Kadam et al. 2010; Tso et al. 2020;
Sarolia et al. 2022).

3.5.2 Forster Resonance Energy Transfer

Forster resonance energy transfer (FRET) includes the exchange of energy from an
excited molecule termed as a donor to another molecule termed as acceptor. The
advantage of this technique includes the measurement of interaction of nearby
dipoles depending on Forster distance. Bos and coworkers employed FRET to
devise a model to study the underlying macromolecular exchange rates in complex
coacervate micelles among oppositely charged ions. They showed that the exchange
rate was strongly influenced by the ionic strength of the aqueous phase. The
understanding of thermodynamics was enriched by the structural association and
dissociation of micellar assembly. FRET is useful for studying micellar dynamics at
lower concentrations compared to other techniques preferably with ionic interactions
governing expulsion and insertion characteristics (Bos et al. 2021).

3.5.3 Conductometry

The alteration in conduction of surfactant molecules and assembled micellar
structures could result in the quantification of thermodynamic parameters governing
micelle formation. Thoppil et al. evaluated Gibb’s free energy, enthalpy and entropy
of micelle formation using conductometric principles. In the pre-micellar region, the
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increase in conductivity was observed with increasing surfactant concentration
attributed to the increasing amount of free ions. During micelle formation, the
alteration in slope led to the reduction of ionic moieties. Further, the decrease in
the slope of the post-micellar zone results in the effective loss of conducting ions
owing to the presence of counter ions on the surface. This further results in size
increment and lower micellar mobility (Thoppil et al. 2020). The calculation of
Gibb’s free energy, enthalpy and entropy of micellization was done using the
application of pseudo-phase order equation respectively given by,

AG,,° = (14 )RT In Xcume
AH,,° = — (1 + B)RT? d1n Xewe/p
ASp © = AHn° = AGn /1

wherein f—degree of association of counter ion, AG,—change in Gibb’s free
energy, AH,—change in enthalpy, and AS,;—change in entropy of micelle
formation.

3.5.4 Dissipative Particle Dynamics

Dissipative particle dynamics (DPD) is a stochastic mesoscopic simulation process
that delineates clusters of fragments collectively moving in a Lagrangian manner
when subjected to random, dissipative forces and conservative forces (Barnes et al.
2019). DPD utilizes a group of subtle intermingling particles which are employed to
simulate a fluid medium. Individual bead will symbolize several atoms (Ramezani
and Shamsara 2016). The dynamics behind these beads is governed by Newton’s
second law and is given as

dri_ dVi _
E = Vi, M, dt _fi

herein, m; is the mass of the bead which is assumed to be unity, r;, v;, f; are position
vector, velocity, and total force on the particle i. Masses of all beads is fixed as
1 DPD unit.

The conventional DPD cannot work in certain cases like non-isothermal and
two-phase fluid systems due to the lack of necessary degrees of freedom (Dzwinel
and Yuen 2000). To overcome this problem, extensions of DPD could be used like
Smoothed DPD (Miiller et al. 2015), Energy Conserving DPD (Li et al. 2014), Fluid
Particle Model (Dzwinel et al. 2002), and Many-Body DPD (Arienti et al. 2011).
Wang and his coworkers performed DPD simulations to achieve the delivery of
multiple cargos using a single micellar structure. The results revealed that different
payloads occupied their peculiar preferred locations on the basis of their structure
(Wang et al. 2022).
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3.6 Conclusion

Micelles are self-assembling aggregates designed using amphiphilic copolymers.
These nanocarriers are gaining highlights among researchers because of their ability
to improve the bioavailability of hydrophobic drugs, imparting target specificity with
sustained release, improving therapeutic efficiency, responding to stimuli, and
reducing toxicity. In this chapter, we have conveyed the fundamental dynamics
behind the micelle formation and the underlying theories. The micelles which are
fabricated from ACs are the perfect nanocarriers for drug delivery in the manage-
ment and diagnosis of different disease conditions. The role of ACs, types of block
copolymers, and how the value of packing parameters will influence the morphology
of micelles are discussed. The effect of CMC and hydrogen bonding in micelle
formation along with its solubility and stability is also conveyed through this
chapter. Aggregation number determines the size and morphology of the micelles
and is explained by the mass action law. The solubility of amphiphilic polymers is
further explained by the Flory-Huggin’s interaction parameter by taking enthalpy of
solvent into consideration.

Micelles are believed to be in a dynamic equilibrium with frequently deforming
and reforming. The MD simulation studies could be a useful tool to study the
behavior of active pharmaceutical ingredients and payloads in a solvent medium.
However, the unmet needs associated with this technique include the inability to
determine the values for large data sets and is an expensive method. QSPR modeling
was introduced to compute larger data sets in lesser time and cost.

The evaluation methods including dynamic light scattering, differential scanning
calorimetry, etc. will determine the morphology, size, and CMC of micelles. How-
ever, the detailed dynamics of micelle formation could be only determined via
molecular level simulations like DPD. The variations in heat flow, conducting
property of surfactants, and energy transfer between moieties should be studied to
determine the formation of micelles which is also deliberated in this chapter.
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Abstract

Polymeric micelles are nano-sized drug delivery carrier systems with a core or
shell structure composed of biocompatible and biodegradable amphiphilic block
copolymers. Surface functional groups on polymeric micelles allow other
molecules to attach to them. Notably, the architectural arrangement of these
polymeric micelles offers the benefits of shielding water-sensitive molecules
and solubilizing poorly water-soluble drugs via encapsulation. Additionally
polymeric micelles serve as carriers having solid-like core that enables them to
remain intact for longer hours and provide controlled release of drugs. These
polymeric micelles primarily function by circumventing the host defense mecha-
nism, by prolonging the drugs systemic circulation time, reducing the drugs
toxicity, and facilitating targeted drug delivery, especially in case of tumors.
Literature cites several types of polymeric micelles that have been developed to
deliver actives for various illnesses. They can be categorized based on the
systems in-built trigger mechanism, such as pH-sensitive, redox-sensitive,
glucose-responsive, reacting oxygen species-responsive, hypoxia-responsive,
enzyme-triggered, dual-responsive, multi-responsive and extrinsic stimuli-
responsive polymeric micelles. Recent advances have proven the feasibility of
generating nucleic acid-based, phytoconstituent-loaded, surface engineered,
ligand-conjugated, protein-based, and biosensor-based polymeric micelles. The
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applications of polymeric micelles have been explored in the treatment and
diagnosis of conditions such as arthritis, cancer, diabetes, to name a few. Never-
theless, they have also been studied as potential theranostic agents.

Keywords

Micelles - Polymeric nanoformulations - Surface engineering - Biosensors -
Protein-based polymeric micelles

4.1 Introduction

Amphiphilic copolymers are composed of various polymers containing a hydropho-
bic core as well as hydrophilic shell. These copolymers have the property of self-
assembly and aggregation above the critical micelle concentration (CMC). The
micelles formed usually are spherical in shape, but depending on the type of
polymers used and other physiological conditions that influence their formation,
they can be formed into lamellar, cylindrical, or flower-like shape, etc. The size of
these polymeric micelles ranges from around 10—-100 nm, which may be influenced
by the methodology employed in forming micelles, the molecular weight of the
copolymers, aggregation of these polymers, the number of hydrophobic and hydro-
philic chains (Almeida et al. 2018; Mourya et al. 2011).

The polymeric micelles having a hydrophobic core can encapsulate hydrophobic
drugs within them for targeted delivery (as depicted in Fig. 4.1). They can also carry
the drugs, which are degraded in specific pH or aqueous solutions until they reach
the site of action. They can remain stable for longer durations under sink conditions
and thus are good candidates for controlled release of the drugs. Owing to their small
size, they are able to extravasate through capillaries into the tumor cells for targeting
the drug directly on the tumor cells (Kwon and Okano 1996). Nonetheless, the
micelles can bypass the renal clearance and get trapped in the reticuloendothelial
system, which consists of phagocytic cells. However, apart from phagocytic func-
tion, they are also involved in causing cytotoxicity against the tumor cells, which
will enhance the anti-tumor activity (Baas et al. 1994; Miyata et al. 2011). Over the
past three decades, several polymeric micellar systems that respond to different

HYDROPHILIC PART
Poly(ethylene glycol) PEG

— "\

Poly(lactide-co-glycolic acid) PLGA BLANK MICELLE

POLYMERIC MICELLE LOADED WITH DRUG

Fig. 4.1 Illustration of hydrophobic drug entrapped within the polymeric micellar system
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kinds of stimuli have been developed and experimented in the preclinical stages
(Hwang et al. 2020) and it has been found that the polymeric micelles not only
provide drug delivery at a specific site but also help reduce toxicities and improve
drug solubilization (Croy and Kwon 2006; Aliabadi and Lavasanifar 2006).

4.2 Types of Polymeric Micelles

The polymeric micelles have a tendency to be cleaved or disassemble in situ in the
presence of various factors such as changes in pH, temperature, redox potential,
enzymes, and so on. In the following chapter, the polymeric micelles have been
characterized based on the trigger mechanisms and applications. Figure 4.2
illustrates the activation of polymeric micelles in presence of various stimuli, for
anticancer activity.

TUMOR
MICROENVIRONMENT

o .
-

CHIOH e
GLUCOSE ’
DRUG RELEASED
INSIDE TUMOR CEL

TUMOR CELL

Fig. 4.2 Illustration of delivery of polymeric micelles based on various trigger mechanisms in
tumor cells
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4.2.1 Hypoxia-Responsive Polymeric Micelles

Hypoxia is a condition of inadequate supply of oxygen to the tissues. It is a
characteristic feature for most tumor cells and hence a target for polymeric micelles
to deliver the drugs in order to bring about tumor cell apoptosis. Feng et al. (2020)
developed polymeric micelles loaded with doxorubicin (DOX) to target hypoxic
cells and studied their effect on MFC-7 cells for breast adenocarcinoma. The
polymers used were polyethylene glycol (PEG) and poly(glutamic acid(3-(2-nitro-
imidazolyl)-propyl)) (P(LGlu-NI)). In the study, the hypoxia-responsive micelles
contained 2-nitroimidazole in the micellar hydrophobic core. When in contact with
the hypoxic conditions of the tumor cell, 2-nitroimidazole reduced to a hydrophilic
amino imidazole. Due to this, the polymeric micellar system disintegrated and
released DOX into the tumor microenvironment. On similar lines, Long et al.
(2021) targeted hypoxic cells in the bone marrow for bone metastasis by using
PEG and poly-L-lysine (PLL) based copolymer. The polymeric micellar system was
loaded with alendronate (ALN), a bone target moiety and azobenzene (AZO), a
hypoxia-responsive linker. The developed micelles responded to hypoxic cells and
rapidly released ALN accompanied with hypoxia induced cleavage by AZO, to
cause the disassembly of the micelles. In another study, Sun et al. (2020) developed
cytochrome C-loaded core/shell-structured self-assembling micelles using amphi-
philic polypeptides. The hydrophilic shell contained mPEG, which impedes the
blood-protein absorption and in turn increased the protein-loading efficacy and
speeded up the lysosomal escape. The nitroaromatic compounds contained inside
the hydrophobic core improved the system stability and provided the tumor cells
with hypoxia sensitivity. Due to the hypoxic condition, the micelles demonstrated
increased tumor targeting capability and showed enhanced cytotoxicity due to the
release of cytochrome C into the hypoxic HepG2 liver cancer cell.

4.2.2 Glucose-Sensitive Polymeric Micelles

Diabetes mellitus is a condition wherein patients experience high levels of blood
sugar levels due to the insufficient production of insulin. Polymeric micelles have
proved to be a promising technology to provide an improved way of administering
insulin to patients rendering self-regulated delivery. Phenylboronic acids (PBA)
have the capacity to bind with cis-1, 2-diols, and cis-1, 3-diols of common sugars
through reversible ester formations. PBAs are glucose-responsive polymeric
materials, which when incorporated with glucose oxidase (GOx) and a carbohydrate
binding lectin protein such as concanavalin A (Con A) as polymeric micelles,
resulted in self-regulated administration of insulin. Further, it was found that the
complex formation of PBA and propane-diol based copolymers resulted in even
more promising results for glucose responsiveness, which was monitored by fluo-
rescein isothiocyanate labeled insulin delivery. Nevertheless, the developed complex
was easily triggered at physiological pH levels (Gaballa and Theato 2019). Despite
being quite effective, the system developed by Gaballa and co-workers experienced
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a few drawbacks. Since GOx is an aerobic dehydrogenation enzyme, it could bring
about the oxidation of glucose into gluconic acid and lead to the formation of
hydrogen peroxide as a by-product, which is harmful to the biological tissues.
Thus, polymeric micelles constituting phenylboronic esters (PBE) on the side of
amphiphilic block copolymers were synthesized. The presence of PBE enabled the
detachment of glucose from the PBA-glucose complex, binds the free glucose
molecule, and causes a prompt breakdown of the micelle to release the encapsulated
insulin from the system (Liu et al. 2020). On similar lines, Zhang et al. (2014)
developed polymeric micelles containing two monomers, wherein (2-phenylboronic
esters-1,3-dioxane-5-ethyl) methyl acrylate (PBDEMA) was employed as the glu-
cose responsive monomer and (2-pyrenylboronic esters-1,3-dioxane-5-ethyl) methyl
acrylate (PPyBDEMA) as the strong hydrophobic monomer. The release of insulin
from the polymeric micelles exhibited a slow release at normoglycemic conditions
(1 mg/mL) and comparatively a faster release at hyperglycemic conditions (3 mg/
mL). Due to the alternating physiological levels of glucose conditions, the insulin
release was observed to be switched on and off, making the system a self-regulated
insulin delivery system.

4.2.3 Reduction-Sensitive Polymeric Micelles

Reactive oxygen species (ROS) are actively used against cancer cells to damage the
cells and cause their apoptosis. This characteristic of ROS species has been exploited
for the delivery of chemotherapeutics during chemotherapy. Cancer cells are gener-
ally habitual to oxidative stress caused due to various therapies and in response, they
show an overexpression of antioxidants such as glutathione (GSH). These cause a
recovery from the damage by the ROS and bring about an ineffectual treatment. In
order to enhance the cancer treatment, polymeric micelles composed of methoxy
poly(ethylene glycol) (mPEG)-S-S-poly (e-caprolactone) (PCL)-protoporphyrin
(Por) were loaded with DOX, which demonstrated GSH-scavenging and
ROS-generating activity. This treatment strategy combined with chemotherapy and
photodynamic therapy showed remarkable anti-tumor activity with the tested in vitro
activity of IC50 of 0.041 pg/mL (Xia et al. 2021). In another study, DOX was
incorporated within polycaprolactone-b-polyethylene glycol methyl ether methacry-
late (PCL-SS-PPEGMA) polymers containing disulfide bonds. These polymeric
micelles responded to the reduction stimulation and released DOX owing to the
cleavage of disulfide bonds due to presence of high quantities of GSH released by
the tumor cells; as GSH is a thiol-containing tripeptide that helps in the reduction and
breakdown of disulfide bonds (Yang et al. 2021). In a study by Zhang et al. (2020a)
hyaluronic acid-G-cystamine dihydrochloride-poly-e-(benzyloxycarbonyl)-L-lysine,
(HA-ss-PLLZ) were used for the co-delivery of anticancer agents, paclitaxel (PTX)
and apatinib (APA) against multi-drug resistant (MDR) cases of cancer. It was
observed that hyaluronic acid (HA) receptors like receptor for hyaluronan-mediated
motility (RHAMM) and CD44, a cell surface adhesion receptor, were overexpressed
in many of the cancer cells, making HA a preferred choice of macromolecule for the
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delivery of anticancer drugs. Due to the presence of GSH, the polymeric micelles
erupted, leading to the release of the chemotherapeutic agents at elevated intracellu-
lar concentrations and causing damage to the MDR cancer cells. A study by Li et al.
(2016) used a strategy based on the charges of the micelles to release the chemother-
apeutic agent within the tumor cell. A self-assembly of copolymers made up of poly
(lactide) and PAEMA/DMMA with disulfide bonds was originally negatively
charged. However, an acidic environment converted them into positively charged
polymeric micelles, which were easily taken up by the tumor cells. On entering the
tumor cells, the polymeric micelles were reduced by GSH to release the chemother-
apeutic agents enclosed within them.

4.2.4 pH-Sensitive Polymeric Micelles

Polymeric micelles can be designed to release actives by being disassembled in the
presence of specific pH conditions around the diseased tissues and deliver the actives
at the desired site. Change in pH in the environment of the polymeric micelles may
cause ionization of the polymers leading to their breakdown. The polymers that can
be used for this type of release could be anionic, cationic, or acid labile polymers
(Gao et al. 2013). In a study carried out to overcome the limitations of MDR tumor
cells, pH-sensitive DOX-loaded polymeric micelles were formulated. The polymers
used to develop the polymeric micellar system were poly(L-histidine) (Mn: 5K)-b-
PEG (Mn: 2K)-folate (poly His/PEG-folate) and poly(L-lactic acid) (Mn: 3K)-b-PEG
(Mn: 2K)-folate (PLLA/PEG-folate). The polymers were attached with folates to
ensure binding of the micelles to the expressed folate receptors for tumor targeting.
This in turn instigated receptor-mediated endocytosis as the preliminary mechanism
for overcoming the poly-glycoproteins, which are expressed in MDR cases of cancer
(Goren et al. 2000). Tonization led to the disruption of the micelles and the levels of
DOX from micelle system that got entrapped within the cancer cells were found to
be 20 times more than the free DOX administered (Lee et al. 2005). In a study by Li
et al. (2017) polymeric micelles were explored for the treatment of inflamed joints
using prednisolone (PD) as a model drug. The polymers employed for the study
formed acid labile hydrazone bonds. When the PD-loaded polymeric micelles
reached the synovial fluid, its acidic nature caused the hydrolysis of the hydrazone
bonds and subsequent release of PD. In vivo studies done on arthritic mice showed
that the PD levels in the plasma from the micelles were much higher than that of the
free PD administered. In another study done by Woraphatphadung et al. (2018),
pH-sensitive polymers were used to form micelles to encapsulate curcumin, which
were used for targeting colorectal cancer. N-naphthyl-N,O-succinyl chitosan
(NSCS) and N-octyl-N,O-succinyl chitosan (OSCS) were the polymers used.
Depending on the pH variability of the various simulated fluids, it was found that
the polymers released the maximum amount of curcumin in the simulated fluids of
the colon. The curcumin-loaded polymeric micelles that were composed of NSCS
showed high activity against HT29-colorectal cancer cells.
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4.2,5 Enzyme-Responsive Polymeric Micelles

Our body releases several enzymes physiologically and during pathological
conditions. The expression of some specific enzymes can be exploited as targets to
deliver drugs through polymeric micelles. In prostate cancer, the enzyme
matrixmetaloproteinase-2 (MMP-2) is overexpressed and can be used to cleave
polymeric micelles. Cabazitaxel-loaded DUPA-coupled polymeric micelles com-
posed of cholesterol as the hydrophobic core and PEG were developed. The release
of encapsulated drug from the ligand-coupled polymeric micellar system was depen-
dent on the cleavage of MMP2-responsive peptide. Owing to this, micelle
demonstrated increased cellular uptake in prostate cancer cells as compared to free
drug. Significantly, the micelle displayed greater inhibition of tumor growth in mice
bearing prostate cancer xenografts when compared to unmodified micelle and free
drug (Barve et al. 2020). In another study, DOX-loaded polymeric micelles com-
prising of poly(ethylene glycol)-blocked-poly(L-lysine) (PEG-b-PLL) as the poly-
mer backbone and biotin as the targeting ligand molecule were designed. The
micelles contained an enzyme-sensitive linkage that was prone to cleavage by the
enzyme protease within the tumor cell, thus weakening the bond between the PLL
segment and DOX and releasing the drug for its anti-tumor activity (Chen et al.
2015).

4.2.6 Dual-Responsive Polymeric Micelles

Literature cites few polymeric micelle systems, wherein two stimuli were explored to
release the drug, thus providing dual-responsive polymeric micelles. The various
stimuli included, but not restricted to, as combination of change in pH, temperature,
presence of glucose, enzyme, and so on. Wei and researchers designed hydrazine
functionalized Adriamycin (ADR)-loaded polymeric micelles, which were respon-
sive to both pH and reduction. The micelles composed of block copolymers, PEO-b-
P (MAA-g-Hyd), bind with ADR by forming a hydrazone structure. The micelle is
further stabilized by crosslinking with dithiodiethanoic acid, which adds a disulfide
bond to the micelle. The disulfide bond cleaves in presence of GSH in a cancer cell
and the cleavage of hydrazone takes place in slight acidic conditions. The
researchers found that low pH conditions led to an increase in the release of the
drug; specifically, the release of the drug was 22.4%, 34.3%, and 53.6% in 48
h when pH was 7.4, 5.0, and 4.0, respectively. During the 120 h period, the release
reached a total of 24.0%, 37.6%, and 63.6%, respectively. The dual responsiveness
study was carried out by using logic gates to see if the system gave an “AND”
response, which signifies a high output in both cases, i.e., high pH responsiveness
and high output in reduction responsiveness (Wei et al. 2011). On similar lines, in
order to overcome the poor water solubility and instability issues, the drug
camptothecin (CPT) was designed into dual-responsive polymeric micelles. CPT
was chemically bonded to mPEG through redox linkers, while polycaprolactone and
mPEG units were connected through AZO linkages. Additionally, phenylboronic
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acid was added to the combination. The micelle once inside the cell cleaved to let out
the encapsulated drug at the target site, while the two polymeric linkages were
cleaved by GSH or azoreductase enzyme, making the polymeric micelle sensitive
to both enzyme and redox degradation (Zhang et al. 2017). A similar approach of
using the pH and reduction responsive polymeric micelles was used to damage DNA
in mitochondria during cancer therapy. In these micelles, triphenylphosphonium
(TPP) grafted poly(ethylene glycol) (PEG)-poly(p,L-lactide)(PLA); (TPP-PEG-SS-
PLA) were used and have been coated with chondroitin sulfate (CS). The CS is
initially negatively charged and in the acidic environment of lysosomes/endosomes,
the CS gets removed and the polymer is exposed. Successively, in the cytoplasm, the
micelles reach the mitochondrial outer membrane by TPP-mediated targeting,
thereby causing a reduction in the membrane potential. This in turn causes an
opening of the permeability transition pore. This initiates cell apoptosis due to the
overproduction of ROS in the mitochondria. The released drug directly diffuses into
the mitochondria resulting in mitochondrial DNA damage (Zhang et al. 2020b). Liu
and co-workers developed a micelle system for the release of insulin, which was
designed to provide a dual response to glucose as well as hydrogen peroxide. Poly
(ethylene glycol)-block-poly(amino phenylboronic ester) (PEG-b-PAPBE) were the
polymers explored for the study. Phenylboronic ester in the polymer breaks down in
the presence of glucose and is hydrolyzed by H,O,. This leads to the release of the
encapsulated insulin from the micelle. Another strategy that may be employed to
elicit similar results would be by adding glucose oxidase (GoX) inside the micelle.
This would oxidize the glucose leading to the release of hydrogen peroxide, which in
turn could cause the hydrolysis of the ester bonds (Liu et al. 2020).

Dual-response based polymeric micelles for the treatment of RA were also
explored, wherein pH- and enzyme-triggered polymeric micelles were developed.
The inflamed tissues and joints are generally characterized by low pH conditions and
overexpression of MMPs. In a study, dexamethasone-loaded polymeric micelles
were designed, wherein both the triggers were utilized to cleave the polymeric
micelles, resulting in the localized release of the drug (He et al. 2021). Another
interesting approach for dual response includes the use of high intensity focused
ultrasound (HIFU) in combination with redox responsiveness. PEG-S-S-PLA block
copolymer was used to develop the polymeric micelles. While in combination with
chemotherapy, the polymeric micelles were disrupted due to the cleavage of disul-
fide bonds and released the encapsulated drug. This was attributed to the irradiation
through HIFU, an external stimulus, or cleavage in situ due to the presence of GSH
within the cells. The study results reported that the irradiation by HIFU was site-
specific and breaking of the S-S bonds responded rapidly to the radiations as
compared to the redox agent present within the cells. This technique has been tested
by gel permeation chromatography and the results were found to be favorable
(Li et al. 2010), (Table 4.1).
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4.2.7 Multi-Responsive Polymeric Micelles

Due to the promising outcomes of dual-responsive polymeric micelles, researchers
have also tried investigating the influence of two or more stimuli in the delivery of
actives via the polymeric micelles. A multi-responsive polymer sensitive to light,
pH, and temperature was synthesized using a pyrene-functionalized poly
(dimethylaminoethyl methacrylate) polymer. The pyrene contains two segments in
which the quaternized segment formed the light responsive shell, while
the unquaternized segment formed the temperature-/pH-responsive core. Under the
influence of UV irradiation, the polymeric micelles disrupted and released the
encapsulated material. When the temperature of the surrounding solution was
increased, the micelles shrunk. At an acidic pH of 3, the micelles were swollen or
dissociated, while at an alkaline pH of 10, the micelles shrunk. The system displayed
a controlled release of Nile Red from the micelle under various stimuli, thus
proposing multiple stimuli-responsive approach as a promising platform for
nanocarrier delivery of actives (Dong et al. 2013).

4.2.8 Polymeric Micelles Used in Imaging and Detection

Apart from delivering actives for the management or treatment of various disease
conditions, polymeric micelles have also been investigated for theranostic purposes.
In a study, tetraphenylethene (TPE) moieties with aggregation-induced emission
(AIE) were used as functional hydrophobic chains to induce copolymer self-
assembly. This led to the formation of polymeric micelles having strong fluores-
cence, which were used for imaging. The advantage of the developed
TPE-containing DOX-loaded polymeric micelles was that the micelles were formed
in the aqueous medium at very low critical micelle concentrations. In addition to this,
the presence of TPE did not hinder the release of DOX from the micelle, which was
triggered by esterase enzyme in tumor cell. Thus, the results of the study exhibited
drug release for anti-tumor activity, followed by imaging due to fluorescence
quenching (Yan et al. 2020). In another study, TPE molecules were incorporated
within the polymers, styrene, and poly(N-methyl-pyridinium iodide). The developed
polymeric micelles demonstrated strong fluorescence, in which the glucose liberated
hydrogen peroxide in the presence of glucose oxidase, followed by oxidation of I,
which further led to the formation of I,. This exhibited strong fluorescence that was
studied to detect the presence of pD-glucose in aqueous medium (Shen et al. 2012).

4.3 Types of Polymeric Micelles Depending on Their
Application

Recent developments have demonstrated the viability of producing polymeric
micelles based on nucleic acids, phytoconstituents, surface engineering, ligand
conjugation, proteins, and biosensors. The application of these micelles is discussed
in the section that follows.
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4.3.1 Nucleic Acid-Based Polymeric Micelles

Nucleic acids (NAs) have the capability to alter gene expression and hence tackle life
threatening disorders. Due to the sensitivity of NAs to various physiological barriers,
they lose some therapeutic efficacy when they encounter these barriers, but this can
be overcome by the encapsulation of NAs within the polymeric micelles. These
carriers can provide release of the contents at a specific site and give a targeted
delivery (Jarak et al. 2021).

Delivery of small interfering RNA (siRNA) is challenging, given that it gets
degraded by endosomal compartments and polyion exchange in the cellular envi-
ronment. In order to overcome this, polymeric micelles can be designed, wherein
SiRNAs can be shielded within the polymeric micelles. Furthermore, they can be
stabilized with disulfide bonds and substances like cholesterol may be incorporated
for their intracellular cleavage. Additionally, it has been found that the incorporation
of polyaspartamides into the block polymers during the formulation of the micelles
has enhanced the safe delivery of NAs to the targeted site. In order to reduce the
electrostatic interactions of siRNA with the cellular environment, further stabiliza-
tion can be provided to the micelles, by incorporating polymers like PEG-b-poly(L-
lysine) copolymers constituting the iminothiolane groups, which help in the
crosslinking of the polymers through disulfide bonds. These strategies have helped
in the transfection of the genes by the siRNA using polymeric micelles as the carrier
system (Cabral and Kataoka 2014).

4.3.2 Phytoconstituent-Loaded Polymeric Micelles

Curcumin, a phytoconstituent, has been widely used for the treatment of several
disorders such as pancreatic or colon cancer, multiple myeloma, psoriasis,
myelodysplastic syndromes, and so on (Goel et al. 2008; Liu et al. 2013). It was
recommended by Ravindran et al. (2009) that the encapsulation of curcumin within a
polymeric micelle made up of pluronic/polycaprolactone (pluronic/PCL) block
copolymers increased the solubility of curcumin in water. These micelles were
seen to be taken up by the colorectal adenocarcinoma cells and showed in vitro
toxicity. A marketed preparation of the nanomicelles which has displayed high oral
bioavailability, SinaCurcumin®, has been marketed by a Tehran based company
called Exir Nano Sina Company and was developed by Nanotechnology Research
Centre of Mashhad University of Medical Science (Ravindran et al. 2009; Rahimi
et al. 2016). Woraphatphadung et al. (2018) developed a chitosan-based pH con-
trolled polymeric micelle, wherein the loaded curcumin was majorly released in the
simulated colonic fluid and was seen to give enhanced anticancer activity against
colorectal cancer cells.

In another study, the hydrophobic core of polymeric micelles was used as the
porter for hydrophobic drugs to treat diabetes (Ahmad et al. 2014). Silymarin
encapsulated micelles were tested on streptozotocin induced diabetic rats and the
results showed a high degree of reduction in the cellular levels of fasting glucose in
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the first week and a great amount of suppression of blood glucose levels in the rats in
the second week (EI-Far et al. 2016).

Morin, a bioflavonoid, has shown significant results in lowering lipogenesis,
gluconeogenesis, inflammation as well as oxidative stress. It also has some
insulin-mimetic actions (Paoli et al. 2013). Although this drug is reported to have
a low oral bioavailability, when it was loaded in polymeric micelle, it showed 3.6
times better cellular penetration and 2.4 times higher permeability and also improved
bioavailability in the systemic circulation (Choi et al. 2015; Padhi et al. 2021).

4.3.3 Surface-Engineered Polymeric Micelles

In order to impart multifunctionality to the polymeric micelles and to increase their
cellular uptake, the surface of polymeric micelles can be engineered by adding
various components to it and decorating it with various targeting ligands like
phenylboronic acids, folic acids, biotin, antibodies, etc. (Agwa and Sabra 2022).

Folic acid conjugated poly(styrene-co-maleic anhydride) polymeric micelles
loaded with an extremely potent synthetic curcumin difluorinated analog, which is
hydrophobic in nature and photolabile, were designed. The incorporation of actives
into a polymeric micelle provided photostability and exhibited anticancer activity
against ovarian cancer cells. The polymeric micelles displayed targeted delivery due
to the overexpressed folate receptors. In the tumor cell, the drug was released from
the micelles and the cells were seen to undergo apoptosis due to the increase in the
tumor suppressor phosphatase and tensin homolog, along with simultaneous inhibi-
tion of nuclear factor kappa-B (Luong et al. 2017) (Fig. 4.3).
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Fig. 4.3 Illustration of polymeric micelles decorated with various agents
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4.3.4 Ligand-Conjugated Polymeric Micelles

Many ligands such as antibody fragments, transferrins, epidermal growth factors, o,-
glycoprotein, and folate can be used to decorate the polymeric micelles to give more
sensitivity for targeting various sites (Kedar et al. 2010).

NKO12 is a polymeric micellar formulation made up of PEG and polyglutamate
(PGlu) block copolymers, conjugated with 7-ethyl-10-hydroxy-campothecin
(SN-38), an analog of camptothecin, which can act as a DNA topoisomerase-1
inhibitor. According to the study carried out by Nakajima et al. (2008), it was
found that the IC50 values of NKO12 were 5.8 times higher than the administration
of free SN-38. It was also found that when 5-fluorouracil was conjugated with
NKO12, the micelles showed high anticancer activity in human colon cancer cell
xenografts (Oerlemans et al. 2010).

In a study carried out by Zhao and Yung (2008), poly(p,L-lactide-coglycolide)—
poly(ethylene glycol)—folate (PLGA-PEG-FOL) copolymer were used to form a
micelle which was loaded with DOX. To find out the targeting capacity of the folate
to cancer cells, three cell lines were used (i.e., KB, MATB III, C6) and the action of
the micelles was compared with normal fibroblast cells. On carrying out an analysis
of the cell cycle, it was found that the percentage of apoptosis of the normal
fibroblasts was considerably low in comparison to the cancer cells, which were
targeted by the DOX-loaded folate conjugated micelles.

In another study, an antibody, Cetuximab (C225), was conjugated on the surface
of a polymeric micelle composed of methoxy poly(ethylene glycol)-b-poly (lactide)
(mPEG-b-PLA) and was loaded with Chlorin e6 (Ce6). These micelles were taken
up by the epidermal growth factor receptors (EGFR) which are overexpressed in
A431 cells. It was observed that the IC50 value of Ce6-mediated photodynamic
therapy decreased from 0.42 to 0.173 pM. The study results demonstrated that active
EGFR targeting of photosensitizer-loaded micelles may be beneficial in minimizing
the dose-dependent toxicity of photosensitizers and be a viable strategy for drug
delivery (Chang et al. 2018).

4.3.5 Protein-Based Polymeric Micelles

Polymeric micelles have proved to be virtuous carrier system for the delivery of
various proteins (Cohen et al. 2012). Since proteins have greater selectivity at
relatively lower concentrations, protein-based drugs are highly used for treating
disorders such as insulin for diabetes and erythropoietin for renal anemia (Taluja
et al. 2007).

In a study by Gao et al. (2012), the polymeric micelles were designed by self-
assembling human serum albumin, a model protein, and a degradable block copoly-
mer methoxy poly(ethylene glycol)-poly(B-amino ester) (PEG-PAE) with piperidine
and imidazole rings. The cationic group was incorporated in the hydrophilic PEG to
form PEG-b-PAE and an imidazole ring was added to the complex to improve the
stability of micelles at fluctuating pH conditions. The in vitro cytotoxicity studies
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were carried out through MTT assay on MDA-MB-435 cell lines. The micelle
system showed no obvious toxicity at a polymer concentration of less than
200 pg/mL. In order to evaluate the capability of pH-tunable positively charged
polymeric micelle as a vehicle for protein delivery in vivo in acidic conditions, a
disease rat model of cerebral ischemia was used, wherein Cy5.5-labled albumin-
encapsulated polymeric micelle was administered intravenously to the rats. The
study results displayed a steady rise in the fluorescence signals of the brain ischemic
area, owing to the pH-tuning in acidic environment. This demonstrates the use of
Cy5.5-1abled protein-loaded polymeric micelles as a diagnostic tool for in vivo
optical imaging.

Wang et al. (2010) used a combination of polymer and a phage protein for a
highly sensitive targeting. In the study, MCF-7 cell-specific micelles were
self-assembled at very low cmc value by using a combination of amphiphilic
polyethylene glycol-phosphatidylethanolamine (PEG-PE) conjugate, MCF-7-spe-
cific landscape phage fusion coat protein, and paclitaxel. The developed polymeric
micelles showed high cytotoxicity against MCF-7 cells, but failed to show activity
against non-target C166 cells. The study results concluded that tumor cell-specific
phage proteins can be sensibly used as targeting ligands for polymeric micelle-based
pharmaceutical preparations.

In order to overcome the limitations of protein delivery, such as stability issues,
short half-life, and adverse immune responses, Tao et al. (2020) developed protein-
loaded polymeric micelles using ionic complexation and pH-cleavable covalent
bonding. The micelle system contained myoglobin protein and carboxydimethyl
maleic anhydride (CDM), a pH-sensitive moiety. The CDM moiety was found to
form bonds with the amide group which were stable at pH 7.4 but cleaved at the
pathophysiological pH of 6.5. Addition of poly(ethylene glycol)-poly(L-lysine)
block copolymers provided the opportunity to load proteins of varying sizes and
isoelectric points within the micelle.

4.3.6 Biosensor-Based Polymeric Micelles

Polymers self-assembled as micelles are a promising option for fabricating
biosensors, given that these polymeric micelles respond to various external stimuli
like pH, temperature, reacting oxygen species (ROS), and so on (Shukla et al. 2016).

Fluorophore  pyrene, lipophilic = N,N-dimethyl-N-dodecylamine,  and
2-dodecylpyridine are the components that self-assemble into polymeric micelles.
PHEA-PEGs5(00-C16, a polyaspartamide polymer, forms the hydrophobic core,
whose viscosity and polarity can be detected using fluorescent probes. These
micelles act as an “off-on-off” fluorescence sensors for a pH window. This micellar
biosensor is in the state of “on” under the physiological pH of 6-8 and by the
addition of charged co-surfactants, the pH can be shifted minutely in both directions
of the axis and can be measured (Diaz-Fernandez et al. 2010).

A molecularly imprinted polymeric micelle (MIPMs) was used to develop a
voltammetric glucose sensor via direct electrodeposition technique, by using glucose
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as a template. The micelle composed of a photo-crosslinkable amphiphilic copoly-
mer. The photo-crosslinking property of the micelle provided a robust film of
molecularly imprinted micelle (MIP) in situ on the electrode and showed higher
detection of the receptor sites due to their high surface areas. These glucose-MIP
sensors showed higher stability and reversibility and can be explored in the future,
due to their good performance, ease of control, and ease of application (Yang et al.
2011).

4.4 Conclusion

Polymeric micelles are a unique and promising system for delivery of drugs espe-
cially to target diseases like diabetes, cancer, etc. Since these polymeric micelles can
respond to multiple stimuli (Nishiyama and Kataoka 2006), they can be targeted at
various regions of the body and can be used to deliver the drugs that cannot be given
in their free form. Furthermore, they provide several advantages that make them a
preferred choice to deliver the drugs, such as attenuating toxicities, providing
controlled release, enhancing drug delivery, and in some cases increasing the
efficacy in comparison to free drug administration. Due to the promising results of
these polymeric micellar systems, they make a good candidate for the delivery of
drugs, nucleic acids, proteins, etc. and can also be used for theranostic/diagnostic
purposes.
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Amphiphilic polymeric block copolymers find frequent applications due to their
ability to deliver hydrophobic moieties to the physiological system. Their ability
to solubilize water-insoluble drugs in the core has improved the pharmacokinetics
and therapeutic potential of such drugs. The hydrophobic core of the polymeric
micelles provides protection to degradation-prone drugs. The thermodynamically
stable polymeric micelles can be engineered to liberate the loaded cargo in
various fashions. Drug release patterns such as biphasic, stimuli-responsive,
and physiological/pathological environment-responsive have been reported to
improve the therapeutic potential in multiple diseases such as neurological
disorders and cancer. The advantages of polymeric micelles over conventional
drug delivery systems have been explained. The concepts behind engineering
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deliberated throughout the chapter. Additionally, the need for functionalization
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5.1 Introduction

Polymeric micelles are colloidal drug delivery systems consisting of supra molecular
nano-constructs of size ~10 to 100 nm. Self-assembly of amphiphilic molecules,
mainly di- or tri-block copolymers, forms micelles (Trivedi and Uday 2012). These
amphiphilic molecules exist as separate entities at lower concentrations. Whereas at
higher concentrations, these can self-assemble and form micelles. The concentration
where amphiphilic molecules start forming micelles is called critical micellar con-
centration (CMC). At CMC, the interface and bulk phase are saturated with
monomers; hence, further increment in their concentration causes aggregation of
monomers resulting in micelle formation, which in turn is evidenced by liberating
the system’s free energy (Patist et al. 2001). The formed micellar structures comprise
two parts: the core (the inner structure of micelles) and the shell (the outer surface of
micelles). In most cases, the hydrophilic portion of block copolymers forms the
shell/outer surface of micelles, and the hydrophobic portion includes micelles’ core/
inner structure. In contrast, the converse is the case with reverse micelles. The most
commonly employed hydrophilic polymers for micelle formulation are: poly(-
ethylene oxide)/poly(ethylene glycol), poly(vinyl pyrrolidone), and poly(N-isopro-
pyl acryl amide). The polymers that form hydrophobic core structure include poly(L-
lactide), poly(lactide-co-glycolic acid), poly(e-caprolactone), poly(propylene
oxide), poly(L-aspartic acid), poly(L-histidine) (Aliabadi and Lavasanifar 2006).
The critical parameters that affect micelle formation are (i) the composition of the
amphiphilic structure, (ii) the molecular weight of hydrophobic and/or hydrophilic
moieties, (iii) the extent of hydrophilicity/phobicity, (iv) wetting property,
(v) hydrophilic-hydrophobic balance of the copolymer, (vi) temperature, (vii) sol-
vent system employed, (viii) concentration of amphiphilic molecules,
(ix) aggregation number of amphiphiles, (x) process of micellization, (xi) solvation
ability of amphiphilic moieties, etc. (Trivedi and Uday 2012; Patist et al. 2001;
Aliabadi and Lavasanifar 2006; Forster and Plantenberg 2002; Hwang et al. 2020;
Lombardo et al. 2015). These parameters, in turn, govern the size, shape, drug
entrapment efficiency, and drug release kinetics of polymeric micelles (Aliabadi
and Lavasanifar 2006; Forster and Plantenberg 2002; Zhang et al. 2017).

Polymeric micelles have evolved as potential carriers owing to their small size,
ease of preparation, ability to enhance the solubility of hydrophobic drugs, and
facilitate the transport of drugs across cellular barriers. The hydrophobic nature of
the micellar core can facilitate the solubilization of hydrophobic drug moieties by
interacting via weak Van der walls and ionic or hydrophobic interactions. As a result,
micelles enhance the oral bioavailability of hydrophobic drugs (Xu et al. 2013).
Further, the hydrophilic shell of micelles also plays a vital role in preventing
opsonization to reduce immune clearance (Jhaveri and Torchilin 2014). Due to
their small size and optimal surface characteristics, nanomicelles can endocytose
easily and get transported across cellular barriers, potentially improving therapeutic
agents’ bioavailability in various tissues (Gaurav et al. 2013).

Further, composition, the pattern of self-assembly of block copolymers, and their
physicochemical properties govern the release kinetics (i.e., immediate release/
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sustained release/controlled or stimuli-responsive release) (Ghezzi et al. 2021). In
conventional micelle-based formulations, drug release takes place via diffusion.
Such diffusion-based drug release may occur from intact micelles or after disassoci-
ation/disassembly/distortion of micelle structure. Literature reveals that the drug
release kinetics from polymeric micelles can be varied by altering the interaction
between therapeutic agents and block copolymers used to fabricate micelles. Since
premature drug release before reaching the intended site in the body leads to
compromised efficiency of micelle-based delivery systems, appropriate strategies
have been adopted to achieve drug release, preferably in the area of interest. Such
strategies include cross-linking polymeric micelles and using stimuli-responsive
polymers (Ghezzi et al. 2021; Zhou et al. 2018a; Kim et al. 2021; Barve et al.
2020; Shi et al. 2017).

5.2  Drug Release from Micelles

Drug release profile plays a vital role in governing the pharmacokinetics and
pharmacodynamics of administered therapeutic agents. Therefore, appropriate for-
mulation parameters must be adopted during the development of micelle-based
formulations to achieve the desired release rate. Since the drug release is majorly
directed by the composition of the micelles and the pattern of arrangement of
amphiphilic block copolymers, the polymeric materials employed for the fabrication
of micelles play a pivotal role in governing drug release from micelles. Further, drug
entrapment and release kinetics can also be governed by the type of micelles
(normal/reverse) employed for drug delivery applications. In general, conventional
or normal micelles are composed of hydrophilic shell and hydrophobic core and
hence, widely employed to entrap and deliver hydrophobic drugs.

Conversely, reverse micelles are composed of a hydrophobic shell and hydro-
philic core and are employed to deliver hydrophilic drugs. Reverse micelles showed
promising results in protecting sensitive hydrophilic moieties such as proteins,
enzymes, antibodies, and nucleic acids (Qiu et al. 2007). Since the biological
environment contains aqueous fluids, normal micelles can show predictable drug
release profiles compared to reverse micelles (Vrignaud et al. 2011). The structure of
normal and reverse micelles have been depicted in the Fig. 5.1.

Fig. 5.1 Types of micelles
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The major drawback associated with polymeric micelles is premature drug release
before they reach the site of interest. To overcome this challenge, scientists explored
the stabilization process, i.e., the stabilization of polymeric core by forming revers-
ible or weak bonding between the therapeutic agent and micellar structure (Xu et al.
2013; Talelli et al. 2015; Lu et al. 2018). Although this approach offered satisfactory
results, the emergence of advanced strategies such as stimuli-responsive drug deliv-
ery gained more attention. Stimuli-responsive micelles can help to achieve spatio-
temporal controlled drug release at the tissue of interest. The stimuli-responsive drug
delivery strategies explored thus far include enzyme-responsive micelles, light-
responsive micelles, magnetic field-responsive micelles, pH-responsive micelles,
redox-responsive micelles, thermoresponsive micelles, ultrasound responsive
micelles, or multi responsive micelles (Ghezzi et al. 2021; Zhou et al. 2018a; Kim
et al. 2021; Barve et al. 2020). Various studies demonstrated improved efficacy via
stimuli-responsive micellar systems for treating various diseases. In a study, Barve
et al. demonstrated enhanced efficacy of enzyme-responsive polymeric micelles for
tumor management. In this study, authors formulated matrix metalloproteinase-
2 (MMP-2) enzyme-responsive polymeric micelles for targeted delivery of
cabazitaxel to prostate cancer cells. The micelles were fabricated using two ampbhi-
philic block copolymers (PEG, an enzyme-responsive peptide, cholesterol; and
PEG, cholesterol, a targeting ligand). Since MMP-2 expression is higher in prostate
cancer cells, the micelles released a higher amount of drug in the tumor microenvi-
ronment and showed improved therapeutic efficacy in the prostate cancer xenograft
mice model compared to free cabazitaxel and unmodified micelles (Barve et al.
2020).

Further, light-responsive polymeric micelles showed promising results in cancer
therapy by controlling drug release at the specific site, as demonstrated by Kim et al.,
where light-responsive micelles conjugated with diazonaphthoquinone (DNQ) were
fabricated that could change their polarity, i.e., hydrophobic micelles to hydrophilic
micelles under UV light. Such light responsiveness resulted in enhanced release of
encapsulated therapeutic agent, docetaxel, and as a result, improved cytotoxicity
toward breast cancer cells (Kim et al. 2021). Another stimuli-responsive system,
pH-responsive polymeric micelles were developed by Zhou et al. for delivery of
doxorubicin to the tumor. Lipid modified polymer, namely 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene  glycol)] conjugated
poly(p-amino esters) was employed for pH sensitive release and demonstrated
enhanced cytotoxicity of micelles toward tumor cells such as B16F10, HepG2,
and HeLa cell lines (Zhou et al. 2018a). Taken together, stimuli-responsive
micelle-based delivery systems show promise for spatio-temporal controlled release
of entrapped therapeutic agents. The drug loading and drug release from micelle
based- delivery systems have been depicted in the Fig. 5.2.

The micelles are stable above CMC and the structure disassembles when the
concentration of the amphiphilic molecules is diluted below the CMC (Owen et al.
2012). Along with CMC, the kinetic stability index of micelles also plays an
important role in the disassembly of micelles postdilution which is described as
the tendency of micelles to disassemble over time when the concentration of block
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Fig. 5.2 Drug release from micellar structure

copolymers is reduced below CMC (Owen et al. 2012). Polymeric micelles demon-
strate the advantage of low CMC and higher kinetic stability, enabling them to form
stable structures with the ability to deliver drugs to the desired target organ
(Wakaskar 2017). In comparison low molecular weight surfactants lose their
structures in the range of microseconds, disabling the successful delivery of the
drug. Drug release from polymeric micelles follows two mechanisms, either diffu-
sion of the drug from the core of micelles or drug release due to the disassembly of
the micellar structure (Fig. 5.3) (Ghezzi et al. 2021). To achieve site-specific drug
release various stimuli-responsive micelles have been developed. Such stimuli-
responsive micelles may aid in developing tolerability to toxic and potent drugs
such as chemotherapeutics (Zhou et al. 2018b). The tumor microenvironment
demonstrates various atypical conditions such as high levels of glutathione, acidic
pH, and hypoxia (Whiteside 2008). Recent literature demonstrate that redox-, pH-,
and hypoxia-sensitive micelles have demonstrated better anticancer activity and
lower side effects (Sikder et al. 2022; Son et al. 2021; Feng et al. 2020). Stimuli-
responsive micelles are disassembled in the presence of specific stimuli which leads
to the release of loaded drugs.
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Fig. 5.3 Factors affecting micellar solubilization of drug substances

5.3 Role of Micelles in Protecting Drugs from the Biological
Environment

The biological system consists of complex cellular and extracellular tissue
compartments, aqueous fluids with varying ionic concentration and/or pH, and
other miscellaneous units, each performing a particular physiological function.
Such a complex physiological environment may adversely affect the solubility,
stability, pharmacokinetics, and pharmacodynamics of administered therapeutic
agents, ultimately leading to compromised therapeutic efficacy. These drawbacks
can be minimized by employing a suitable drug delivery system, wherein drugs are
either entrapped, encapsulated, conjugated, or adsorbed on a suitable material (Allen
and Cullis 2004; Vargason et al. 2021). Micelles can protect entrapped therapeutic
agents from the harsh biological environment (such as acid and/or alkali-mediated
degradation or denaturation, enzyme-mediated degradation, etc.) and offer site-
specific drug delivery (Aliabadi and Lavasanifar 2006). Since micelles are composed
of amphipathic/amphiphilic moieties (that contain hydrophilic and hydrophobic
domains), they tend to aggregate by entropy effect, which results in the incorporation
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of drugs into their structure. The resultant hydrophilic exterior surface stabilizes the
structure of the micelle by forming weak interactions (such as hydrogen bonds) with
the surrounding microenvironment/aqueous fluids.

Further, such arrangement of micelles helps to (i) protect entrapped therapeutic
agents from harsh microenvironments such as gastric pH, (ii) reduce the extent of
metabolism of rapidly metabolizing drugs, and (iii) minimize immune clearance of
entrapped drugs (Hwang et al. 2020). Therefore, micelles can be explored as drug
delivery vehicles for delivering sensitive therapeutic agents across harsh biological
microenvironments. In a study, Almeida et al. demonstrated the potential of amphi-
philic chitosan micelle-based drug delivery system in preventing camptothecin
degradation. Literature reveals that camptothecin exists in two forms based on
surrounding pH conditions: the active lactone form (at acidic pH) and the inactive
carboxylated form (at alkaline pH). Since alkaline pH solutions/fluids convert
camptothecin to inactive carboxylated form, it is desirable to maintain the stability
of camptothecin in vivo at alkaline pH conditions using suitable drug delivery
strategies. In an attempt to resolve this issue, a novel copolymer consisting of O-
methyl-O’-succinylpolyethylene glycol 5000 (mPEG)-chitosan-oleic acid and the
resultant copolymer conjugate (i.e., chitosan conjugated with hydrophobic and
hydrophilic moieties) was used for fabrication of camptothecin loaded micelles.
The stability of free camptothecin and micelle-entrapped camptothecin was studied
in simulated gastric fluid (SGF, pH 1.2) and simulated intestinal fluid (SIF, pH 6.8).
Since camptothecin is unstable in SIF (alkaline pH cause degradation/carboxylation
of camptothecin), authors compared the stability of free camptothecin and micelle-
entrapped camptothecin in SIF. It was observed that free camptothecin was degraded
in SIF, whereas micelle-entrapped camptothecin was stable. Therefore, authors
inferred that the fabricated chitosan micelles protected the structure of camptothecin
(active lactone form) by preventing its hydrolysis to inactive carboxylated form
when incubated in simulated intestinal fluid (Almeida et al. 2020).

Furthermore, micelles can be employed not only for improving the stability and
targetability of chemical moieties but also for protein or oligonucleotide-based
therapeutic moieties (such as plasmid DNA, siRNA, and mRNA) as well. Since
many nucleic acid-based entities require supraphysiological ionic strengths to main-
tain their integrity and are susceptible to degradation by nucleases, it is desirable to
formulate them in an appropriate delivery system, such as micelles, for efficient
in vivo delivery. In a study, Agarwal et al. employed cationic poly(ethylene glycol)-
polylysine block copolymer as a coating material for different DNA origami
structures. The authors coated DNA origami structures via electrostatic interactions
and named them DNA origami polyplex micelles (DOPMs). The stability of resul-
tant DOPM and intact DNA origami structures was studied by incubating them with
a buffer containing DNase I or nucleases in fetal bovine serum-supplemented RPMI
media. The agarose gel electrophoresis study revealed that the polyplex structures
were stable and protected against DN Ase I, whereas control DNA origami structures
were completely degraded. This study demonstrated that the stability of nucleic
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acid-based structures was improved while using micelles as a delivery system
(Agarwal et al. 2017).

In addition to their protective role, micelle-based delivery systems can minimize
the metabolism of drugs in the physiological environment. Cheng et al. improved the
circulatory half-life of a rapidly metabolizing drug, docetaxel, by employing a
micelle-based drug delivery system. In this study, authors prepared docetaxel
nanocrystals by high-pressure homogenization. Subsequently, the resultant
nanocrystals were employed to fabricate nanocrystal-loaded micelles using methoxy
polyethylene glycol-poly(p,L-lactide) block copolymer [mPEG-PLA]. When
administered to rats, the resulting amphiphilic copolymer-based docetaxel-loaded
micelles prolonged the retention time of docetaxel in the blood (as evidenced by
enhanced mean residence time and half-life) when compared to free docetaxel and
docetaxel nanocrystals. These results inferred that micelle-based drug delivery
systems could be employed for reducing the rate and extent of metabolism of rapidly
metabolizing drugs. As a consequence, micelles can potentially improve the circula-
tion time and bioavailability of drugs (Cheng et al. 2021).

Further, numerous studies demonstrated that micelles, due to the presence of a
hydrophilic shell, can escape immune recognition by the reticuloendothelial system
(RES), as a result, prolong in vivo circulation time of entrapped therapeutic agents.
In a study, Shen et al. demonstrated the ability of cholesterol-conjugated
polyoxyethylene sorbitol oleate (CPSO) micelles to evade phagocytosis by escaping
from macrophages. In this study, rhodamine B (RhB) and paclitaxel (PTX) loaded
CPSO micelles were fabricated using a dialysis-ultrasonic method, and the resultant
optimized formulation was evaluated for intracellular uptake in human alveolar basal
epithelial cells (A549 cells) and phagocytosis escape in alveolar macrophages
(NR8383 cells). The confocal laser scanning microscopy study revealed that
RhB-loaded CPSO micelles get endocytosed by A549 cells (as evidenced by
enhanced fluorescence intensity) and escape phagocytosis by NR8383 cells
(as evidenced by lower fluorescence intensity). This study revealed micelles could
be designed to escape phagocytosis by macrophages (Shen et al. 2020).

5.4  Factors Affecting the Solubilization of Drugs in Micelles

Since micelles are the structures of copolymers or surfactant, they helps in the
solubilization of hydrophobic drugs in the aqueous environment (Kulthe et al.
2012). According to the literature, authors came to know that nowadays, whatever
drug substances were invented or synthesized, most of them are hydrophobic.
Therefore, micelles play an essential role in achieving higher bioavailability of
hydrophobic drugs (Xu et al. 2013). Some dominant factors which affect the
solubilization of hydrophobic drug substances by the micellar structures are as
follows: surfactant concentration above the CMC, the addition of salt, temperature,
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pH, nature of solubilizate, the polarity of the solubilizate, molecular structure of
solubilizate, use of buffers in the formulation of micelles, use of surfactant mixture
instead of single surfactant (Tehrani-Bagha and Holmberg 2013).

5.4.1 Use of Concentration of Surfactant above the CMC Level

Solubilization of hydrophobic drugs by the micelles is dependent on surfactant
concentration. The concentration of surface-active agents below the CMC level is
unable to solubilize the hydrophobic drug because below CMC level. Beneath the
CMC level, surfactants were present in the molecular form as a single moiety. These
individual structures of the surface-active agents are not capable of solubilizing the
hydrophobic drugs. Therefore, for the solubilization of water-hating drug
substances, the concentration of the surfactant should be above the CMC level,
at/above the CMC level, surfactant significantly affects the solubility of the hydro-
phobic drug substances. As the concentration of the surfactants increases above the
CMC level, solubilization of the hydrophobic drug substance increases. An increase
in solubility with an increase in surfactant concentration above the CMC level was
observed up to some extent. After a specific concentration, the viscosity of the
solution starts to elevate, which is considered an indication of rod shape micelles
formation. So, beyond this point, the linear relation between the increased surfactant
concentration and hydrophobic drug solubilization does not exist. So, we can say
that up to some extent increase in the concentration of surface-active agents will help
in the improvement of drug solubilization (Tehrani-Bagha et al. 2007). Anura
S. indulkar et al. observed the impact of nature and surfactant concentration on the
amorphous and crystalline solubility of atazanavir supersaturated solution. Findings
from the study suggested that the crystalline solubility of the atazanavir increased in
sodium dodecyl sulfate (SDS) compared to the absence of SDS in the supersaturated
solution of the atazanavir. From observed results, researchers concluded that the
concentration of surfactant, i.e., SDS, and the addition of other additives would
positively affect the solubility of the drug substance (Indulkar et al. 2017).

5.4.2 Addition of Salt or Electrolyte

Innumerable studies confirm that adding salts or electrolytes positively affects the
micellar solubilization of hydrophobic drugs. Micelles possess positively charged
head groups on the surface and negatively charged tails in the inner core. Due to the
presence of charged groups on the micelles, there is a possibility of ionic interactions
between electrolytes and the charged moieties (that were present on the micellar
structure).

In the case of micelles prepared from ionic surfactant, the addition of electrolyte
causes ionic reactions between the charged groups present on the surface of the
micelles. The reaction between the surface charge of micelles and electrolytes results
in the neutralization of the micellar surface charge. This shielding or neutralization
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of surface charge leads to a more hydrophobic surfactant. Hydrophobic surfactants
can form micelles at the lowest concentration compared to the other surfactant,
which will help manufacture more stable micellar formation. Generally, low CMC
value surfactants will create a more stable micellar formulation.

After a conclusive literature search, authors observed that the addition of NaCl
salt in the polymeric solution of dodecyl trimethylammonium chloride (DTAC) led
to an increase in the solubility of Sudan IV (hydrophobic dye), which is two times
higher than the polymeric solution in the absence of NaCl (Ikeda et al. 1980).

Adding salt to the surfactant solution increases the solubilization power and
aggregation number of the surfactant. In contrast, it decreases the CMC concentra-
tion, which fulfills the requirement of a standard surfactant for stable micelle
formation. An increase in the concentration of NaCl in the surfactant solution
increases the solubilization power up to a specific concentration. Once the concen-
tration of NaCl crosses 1.5 M, then the shape of micelles transfers from spherical to
rod or worm shape, which may cause an increase in the viscosity of the solution.
Beyond this limit, adding more salt did not work, and the solubilization of the
hydrophobic drug did not increase. Therefore an appropriate amount of electrolytes
or salts must be added (Ozeki and Ikeda 1980).

5.4.3 Temperature

In typical solutions, an increment in temperature positively increases the solubility of
the drug substance. Similarly, in the case of micelles also rise in temperature leads to
improved micellar solubilization of hydrophobic drug substances. Different
surfactants like non-ionic surfactants (Penta(ethylene glycol) monoundecyl ether),
anionic surfactants (SDS), and cationic surfactants (dodecyl trimethylammonium
bromide (DTAB)) are the temperature sensitive surfactants which are mainly used
for the micelles formulation to solubilize the hydrophobic drugs. Generally,
non-ionic surfactants prominently act as thermoresponsive surfactants in micellar
formulations. Researchers conducted an experiment on the solubilization of hydro-
phobic dye to identify thermoresponsive properties of different polymers like
anionic, cationic, and non-ionic polymers. After completing the study, researchers
found that non-ionic surfactant shows prominent temperature-dependent solubility
of the hydrophobic dye compared to cationic and anionic types of surfactants
(Datyner 1978).

Due to an increase in temperature of the non-ionic surfactant solution, the
polyoxyethylene chain of the surfactant lost the hydration water, which led to a
rise in critical packing parameters of the surfactant, which is considered the leading
cause for the translation of spherical-shaped micelles into elongated micelles
(Gharanjig et al. 2011). Increment in the micellar solubilization of hydrophobic
drugs is mainly due to the elongated micelles.
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5.4.4 Effect of pH

The relationship between pH and micellar solubilization has not been explored
much. It is believed that there is no relation between the micellar solubilization of
the drug and the pH of the medium, but this is not true most of the time as we
increase the pH of the polymeric solution of DTAB, SDS, and penta(ethylene glycol)
monoundecyl ether above 8, an increase in solubilization of hydrophobic dyes, i.e.,
Sudan I was observed. It only happens with cationic surfactants, whereas in the case
of non-ionic and anionic surfactants, no significant difference was observed in the
micellar solubilization of surfactant. An increase in solubilization of this dye is
observed due to the deprotonation of the phenolic hydroxyl group. Deprotonation
causes the ionization of functional groups in the dye, which further makes ionic
bonding with cations on the cationic surfactant. Due to electrostatic forces, bond
formation between dye and surfactant will happen, which is the predominant region
for the increment of solubilization of hydrophobic dye in micellar solution with an
increase in pH of the solution.

In some cases, this high pH of the micellar solution causes the ionization of dye
which behaves as an anionic surfactant. So due to the formation of an anionic
surfactant formation of mixed micelles takes place, which is responsible for the
reduction of the CMC value and the enhancement in the solubilization power of the
surfactant. This deprotonation will not be possible in the case of non-ionic and
anionic surfactants. Hence the increase in pH value did not positively affect the
solubilization power of the surfactant (Tehrani-Bagha et al. 2013).

5.4.5 Position of Solubilizate in Micellar Structure

In micelles, we can see the existence of the polarity gradient, i.e., the outer portion of
the micellar structure is polar. In contrast, the inner part consists of lipophilic tails of
the surfactant. According to the like-dissolve-like phenomenon, polar substances
retain on the outer portion of the micelles, i.e., near the head portion of the surfactant
or in the palisade region of the micelles. Similarly, non-polar or lipophilic drugs
reside in the inner core of the micelles. It is not similar in all cases; sometimes, the
drugs having functional groups like OH or NH, may interact with the head portion of
the surfactant. Due to these interactions, the drug substance resides in the palisade
region, i.e., just beneath the outer part of the micelles (Gharanjig et al. 2011).

5.4.6 Use of Mixed Micelles

The surfactant having a low CMC level is always preferred. It will help in
the formulation of more stable micelles as compared to the other surfactants. In
the formation of mixed micelles, more than one surfactant is used, which will give
the synergetic effect or improve the performance of the surfactant, which will usually
be more than the summation of the individual surfactant performance in the micellar
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formulation. A combination of more than one surfactant will help reduce the CMC
level of the surfactant and increase the solubilization power of the surfactant. The
mixed micelles concept helps to reduce the concentration of cationic surfactants,
most of which are toxic in higher amounts. In some cases, a mixture of ionic
surfactants will negatively affect the solubilization power of micelles due to changes
in the environment of the micelles (Muto et al. 1988).

5.4.7 Structure of Surfactant

Solubilization of any hydrophobic or hydrophilic drugs prominently depends on the
solubilization power of the surface-active agents used in the formulation of the
micelles. Solubilization of any drug or substance in the micellar formulation mutu-
ally depends on the structural properties of surface-active agents used in the formu-
lation and the drug substance that has to be solubilized. The functional groups
present on the surface-active agents, as well as functional groups present on the
drug substance, decide the orientation of the drug substance in the micellar structure.
Molecular interaction between functional groups of drugs and surfactants determines
the solubilization power of the surfactant for the specific drug substance.

According to some case studies, it was observed that the solubilization power of
the cationic surfactant is directly proportional to the number of carbon atoms present
in the alkyl chain. But in some instances, it was observed that the replacement of the
CH; group by CF3 from the DTAB surfactant led to a decline in the solubility of the
hydrophobic dye in an aqueous solution of DTAB. Fluorination of the DTAB leads
to the formation of the unfavorable inner core of the micellar structure and decreases
the aggregation number, which hampers the solubilization power of the surfactant
(Tehrani-Bagha et al. 2013).

5.5 Advantages over Conventional Drug Delivery

Conventional drug delivery strategies majorly aim to deliver therapeutic agents into
the body using drug solutions, suspensions, or emulsion-based delivery systems
(that have particle/globule dimensions in a few micrometers range). The major
drawback associated with such drug delivery systems is (i) compromised stability
of the drug/dosage form resulting in less shelf life; (ii) suitability for systemic
administrations (suspensions and emulsions are not suitable for systemic adminis-
tration); (iii) susceptibility of drugs to the harsh physiological environment; (iv) low
bioavailability; (v) non-specific drug distribution in body tissues; and (vi) (Allen and
Cullis 2004; Vargason et al. 2021; Wen et al. 2015) no targeting ability. Such
disadvantages of conventional drug delivery formulations can be addressed using
micelles. Nanomicelles, owing to their small size and high surface area to volume
ratio, can potentially offer advantages such as (i) high penetrability across cellular
barriers; (ii) providing high stability of entrapped therapeutic agents by preventing
their degradation in harsh biological environments; (iii) enhance the solubility of
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lipophilic drugs; (iv) extend the circulatory half-life of entrapped therapeutic agents
by minimizing their recognition by the immune system; (v) enable targeted drug
delivery to a specific tissue site; (vi) amenable for conjugation of targeting moieties;
and (vii) offer controlled or sustained drug delivery, stimuli (pH, temperature,
ultrasound, light, magnetism, redox potential) responsive delivery, etc. (Aliabadi
and Lavasanifar 2006; Hwang et al. 2020; Srinivasarao et al. 2019). Nanomicelles
are popularly known for enhancing the solubility of lipophilic drugs such as pacli-
taxel. In a study, Zhang et al. illustrated enhancement in paclitaxel solubility using
micelles fabricated using Solutol HS15 and tocopherol polyethylene glycol succi-
nate (TPGS). The resultant micelles not only improved the solubility of paclitaxel
but also enhanced cell uptake efficiency and cytotoxicity in drug-resistant MCF-7/
Adr cells compared to taxol-based formulations.

Further, these micelles enhanced the bioavailability of paclitaxel after oral
administration and inhibited tumor growth in a rodent model (Zhang et al. 2017).
In addition, micelles can also improve the retention of drugs in body tissues such as
the eye, resulting in enhanced bioavailability of administered drugs (Ghezzi et al.
2022). Ghezzi et al. demonstrated that cyclosporin-loaded non-ionic amphiphilic
micelles composed of tocopherol polyethylene glycol 1000 succinate (TPGS) and
Solutol® HS15 offered enhanced permeation across superficial ocular layers and
improved micelle retention in cornea and scleral tissues. Such enhanced permeation
and improved retention of cyclosporin micelles in ocular tissues showed a reservoir
effect (for cyclosporin) and sustained presentation of the drug in other ocular tissues.
Therefore, micelle-based delivery systems can help to improve patient compliance
by offering sustained drug delivery (Ghezzi et al. 2022).

Further, micelle-based drug delivery carriers have shown promising applications
in targeted drug delivery, as illustrated by Zhang et al. by fabricating docetaxel and
anti-Nucleostemin siRNA entrapped polyethylene oxide (PEO)-polycaprolactone
(PCL) micelles decorated with DCL {N-[N-[(S)-1,3-dicarboxypropyl] carbamoyl]-
(8)-lysine } and TAT ligands. DCL ligand can target (active targeting) the micelles to
prostate cancer (PCa) cells, whereas TAT ligand helps enhance micelles’ penetration
across cell membranes of PCa cells. The resultant micelles were evaluated for their
in vivo efficacy in the castration-resistant prostate cancer (CRPC) mice tumor model.
The study results revealed that the surface-modified micelle-based dual drug deliv-
ery system suppressed CRPC tumor proliferation by inhibiting the G1/S and G2/M
mitotic cycle via synergistic interaction. Consequently, micelle-based drug delivery
systems effectively stopped tumor growth (Zhang et al. 2021). Together, micelles
showed enhanced efficacy in improving the pharmacokinetics and pharmacodynam-
ics of entrapped therapeutic agents for better alleviating pathological conditions.

5.6 Role of Functionalized Micelles in Various Diseases

Micelles are one of the prominent delivery systems because of their ability to
encapsulate and improve the pharmacokinetic profiles of hydrophobic drugs and
their stability in circulation (Xu et al. 2013). Despite several advantages offered by



100 G. Vambhurkar et al.

polymeric micelles, they face issues like toxicity and immunogenicity, poor selec-
tivity, less efficient drug delivery, and low membrane disrupting capabilities, which
can be addressed by functionalization with appropriate ligands to improve the
targeting capabilities (Figueiras et al. 2022). Targeted therapy is needed to improve
patient outcomes by enhancing therapeutic effectiveness and reducing side effects,
and functionalization is key to targeted therapy. Functionalization of micelles is a
widely explored domain in various diseases wherein various options are available
for functionalization but are not limited to peptides, antibodies, polymers,
glycoproteins, folate, transferrin, and aptamers (Jhaveri and Torchilin 2014; Sutton
et al. 2007).

5.6.1 Cancer

Cancer is a disease characterized by the uncontrolled proliferation of cells. Despite
numerous studies and research, none of the available therapies can eliminate cancer
or prevent its relapse. Functionalizing micelles with ligands that bind to
overexpressed receptors on cancer cells is a popular approach. Several receptors,
like folate receptors, are overexpressed on various cancer cells, including ovarian,
breast, brain, and lung (Fernandez et al. 2018). It is well established that exploiting
targeting ligands endow micelles with superior capabilities in terms of improved
cellular uptake, reduced off-target effects, and prolonged circulation time (Jhaveri
and Torchilin 2014). Zhang et al. utilized folate modification on the surface of
micelles containing superparamagnetic iron oxide nanoparticles (SPIONS) and
sorafenib to target hepatocellular carcinoma, where these micelles specifically
reached cancer cells overexpressing folate receptors. Folate-functionalized micelles
displayed greater cellular internalization by HepG2 cells compared to naked
micelles. Moreover, functionalized micelles had a higher apoptosis rate of about
17.01%, whereas naked micelles had only an 11.04% apoptotic rate. Moreover,
micelles could be visualized by MRI because of the presence of SPIONS (contrast
agent) and could assist in image-guided chemotherapy (Zhang et al. 2013).
Metastasis is a major reason that contributes to treatment complications and
a major contributor to mortality (Guan 2015). Developing micelles that deliver
the drugs at the metastatic sites could improve cancer management. A more signifi-
cant fibronectin expression characterizes metastatic sites compared to primary
tumors (Wang and Hielscher 2017). Given the above strategy, Gong et al. developed
PEGylated polymeric micelles encapsulating doxorubicin and vinorelbine,
functionalized micelles with cysteine-arginine-glutamic acid-lysine-alanine
(CREKA) to target fibronectin-expressing metastatic tumors. These engineered
micelles had superior targeting capabilities and efficiently inhibited fibronectin
expression compared to non-functionalized micelles. Modified micelles prolonged
the circulatory half-life of doxorubicin and vinorelbine, where 51.48% of doxorubi-
cin and 58.69% of vinorelbine were detected in the blood. Still, only 18.36% of
doxorubicin and 45.30% of vinorelbine were detected after 2 hours of administration
of non-functionalized micelles. CREKA-modified micelles efficiency suppressed
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metastatic tumors compared to non-modified micelles (Gong et al. 2020). In addition
to functionalization, this combination of drugs effectively suppressed the metastasis.

Multi-drug resistant cancer is another setback limiting the treatment of cancers.
Several siRNA has been shown to minimize or overcome tumor resistance by
downregulating P-gp (Navarro et al. 2012; Liu et al. 2019). Combining siRNA
with chemotherapy displays synergistic effects in addition to reducing drug resis-
tance (Sun et al. 2018). Yalamarty et al. developed 2C5 antibody functionalized
dendrimer-based mixed micelles (MDM) encapsulating small interfering RNA
(siRNA) and doxorubicin. Western blot analysis confirmed the downregulation of
P-gp by siRNA where 2C5-functionalized MDM compared to non-functionalized
MDM owing to targeted delivery. Additionally, greater cellular uptake was observed
in MDA-MB-231 and SKOV-3TR cells compared to non-functionalized micelles
(Yalamarty et al. 2022).

5.6.2 Neurological Disorders

Polymeric micelles have widely been explored for brain diseases due to their ability
to traverse across BBB by enhancing membrane fluidity and steric stabilization due
to PEGylation (Waris et al. 2022). The ease of functionalization makes them an
attractive carrier for drugs in various CNS-related diseases, including epilepsy,
psychosis, Alzheimer’s disease, Parkinson’s disease, glioblastoma, and cerebral
ischemic injury (Kaur et al. 2022). Lactoferrin receptors are overexpressed on the
surface of the brain endothelial cells in Alzheimer’s and Parkinson’s disease and
could be effectively utilized for brain targeting (Le Gao et al. 2010). Agwa and
co-workers used lactoferrin functionalized conjugated linoleic acid (CLA) micelles
to deliver CLA in Alzheimer’s. In vivo biodistribution studies revealed a more
significant accumulation of functionalized micelles in brain tissue than in other
organs owing to the presence of Lactoferrin receptors on the surface of brain
endothelial cells. Furthermore, it reduced brain oxidative stress, inflammation,
apoptosis and acetylcholine esterase activity, and improved cognitive capabilities
(Agwa et al. 2020). CLA-based micelles could be a potential carrier system to
deliver drugs across BBB to treat neurodegenerative disorders like Alzheimer’s. A
major obstacle to treating brain disorders is the passage of drugs across the BBB.
Strategies such as nose-to-brain delivery have been shown to circumvent BBB
(Giunchedi et al. 2020). Interestingly, functionalization with TAT peptide enabled
nose-to-brain targeting of mPEG-PDLLA micelles (Ahmad et al. 2020).

5.6.3 Infectious Diseases

Combating intracranial infections is challenging due to the complexity and selective
permeability of the blood-brain barrier, which poses a hurdle for brain targeting
(Ziai and Lewin 2006). Management of CNS infections is more challenging than
peripheral infections due to the limited stability of drugs in blood circulation and
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poor permeability across BBB (Kasinathan et al. 2015). Glucose transporter-1
(GLUT1) is abundantly expressed on the surface of BBB, transporting D-glucose
and other hexoses across BBB (Koepsell 2020). Shao and co-workers developed a
micellar delivery system for improving the permeability of Itraconazole (first line
antifungal drug) across the BBB. Micelles comprised of PEG-b-poly(L-lysine)-b-
poly(L-phenylalanine) (PEG-pLys-pPhe). Additionally, a disulfide linkage was
introduced at the pLys end to impart stimuli responsiveness (Shao et al. 2015).
Then endowing it with brain targeting capabilities by functionalization with
dehydroascorbic acid (DHA), having a high affinity toward GLUT1 on BBB. The
functionalized micelles remarkably prolonged the circulatory half-life in blood and
improved the delivery of Itraconazole in the brain, effectively managing intracranial
infection (Shao et al. 2015).

Amphotericin B is another important agent for managing systemic fungal
infections; however, it exerts infusion-related and chronic toxicities (Cavassin
et al. 2021). Wang et al. encapsulated Amphotericin B in PEG-PC micelles
functionalized with urea (PEG-PUC) and PEG-PC micelles functionalized with
phenylboronic acid (PEG-PBC) for reducing toxicity. To test the formulation’s
effectiveness, it was compared with the marketed product Fungizone®™. PEG-PBC
micelles showed sustained release, whereas PEG-PUC micelles displayed burst
release. Both micelles showed comparable antifungal activity to free Amphotericin
B or Fungizone®™. PEG-PBC micelles caused very little or no hemolysis, whereas
PEG-PBC micelles caused slightly lower hemolysis compared to free Amphotericin
B and Fungizone®. Interestingly, when PEG-PUC and PEG-PBC were mixed in
equimolar ratios to form micelles, these micelles had similar antifungal activity to
free Amphotericin B and Fungizone® and remarkably decreased the nephrotoxicity
(Wang et al. 2016).

5.6.4 Pulmonary Diseases

Tuberculosis is one of the deadly diseases whose treatment is complicated, and the
emergence of resistance to therapy further limits the treatment options. Rifampicin,
one of the most effective drugs for treating tuberculosis, possesses high
hydrophobicity, a barrier to drug delivery (Mazlan et al. 2021). Tripodo et al.
developed inulin-based micelles functionalized with vitamin E (INVITE) to deliver
Rifampicin in treating mycobacterium tuberculosis infection. Compared to Rifampi-
cin, INVITE prolonged the drug release for up to seven days. Furthermore, INVITE
displayed antimicrobial activity comparable to free Rifampicin (Tripodo et al. 2019).
INVITE could be a potential platform for delivering hydrophobic drugs against
Mycobacterium.
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5.6.5 Imaging and Diagnosis

Various imaging techniques like magnetic resonance imaging (MRI), nuclear imag-
ing, and computed tomography scan (CT) play a crucial role in diagnosing and
evaluating the response to the therapies, where the contrast agent is administered that
highlights the area of interest (Oerlemans et al. 2010). However, imaging agents lack
specificity, which limits their distribution at desired sites. To address the above issue,
Yoo et al. fabricated peptide amphiphile micelles using DSPE-PEG2000-DTPA
(Gd), functionalized with peptide CREKA to target fibrin; hence imaging fibrin-
containing atherosclerotic plaques.. Clot-binding assays revealed that CREKA-
based micelles targeted clots eight times higher than non-functionalized micelles.
Additionally, in vivo MRI and optical imaging studies of the aortas and hearts
confirmed fibrin targeting conferred by the CREKA peptide (Yoo et al. 2016).

Inflammation is an innate host defense mechanism that protects against harmful
stimuli or foreign substances (Chen et al. 2018). Various cell adhesion molecules
(VCAM-1, ICAM-1, E, and P selectin) mediate this complex process (Panés et al.
1999). Pagoto and co-workers, to improve the visualization of inflammation, devel-
oped DSPE-PEG2000 micelles loaded with MRI contrast agent Gd-DOTAMA
(C18),; the micelles were functionalized with a cyclic peptide specific to VCAM-1
receptor (a biomarker of endothelium activated by inflammation) (Pagoto et al.
2016). This delivery system improved the MRI visualization of inflammation.
Various studies that employed functionalized micelles for targeted therapeutic
applications have been presented in the Table 5.1.

5.7 Summary

Micelles have successfully enabled the solubilization and disposition of hydrophobic
drugs. The loading of drugs in the core of micelles protects the degradation-prone
drugs from various degrading stimuli. Polymeric micelles demonstrate advantages
such as low CMC and high kinetic stability enabling efficient drug delivery to
various physiological compartment. Low CMC value of the amphiphilic block
copolymers is important for stability of micellar structure post-dilution in the
physiological fluids. The main mechanisms behind drug release from micelles are
diffusion and disassembly of micelles in the physiological system. Micelles can be
efficiently functionalized with polymers and ligands to engineer the dispositioning
of micelles in the physiological system. The development of stimuli-responsive
micelles has demonstrated excellent results in the neoplastic and inflammatory
diseases due to the site-specific fashion of drug release.
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Abstract

Nanomedicines are notably the intriguing strategies for addressing diverse
challenges allied with drug delivery. Polymeric micelles, a self-assembled
nanocarrier of amphiphilic polymers, help in overcoming drug-related issues
like poor solubility and permeability. Diminished size, enhanced solubilization
properties, ease of fabrication and sterilization make polymeric micelles more
fascinating than other nanocarriers. The first and most imperative step after
micelle formation is their characterization which gives detailed information
about its size, morphology, critical micellar concentration (CMC), chemical
structure, and stability. Characterization is considered the backbone for develop-
ing stable, safe, and effective drug delivery systems (DDS). Instead, the benefits
of one or more characterization techniques can be further clubbed in order to get
better understanding of micelles behavior. This chapter will present a brief
description of various physical and analytical characterization techniques for
evaluating polymeric micelles.
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6.1 Introduction

A key necessity of the healthcare industry has been the search for innovative
medications in the management of diseases without compromising on safety and
efficacy. Over the past few decades, nanocarriers have gained stupendous interest
due to their extensive applications in the field of medicine (Su and Kang 2020).

Polymeric micelles are one such nanocarrier-based drug delivery systems (DDS)
that have piqued the interest of researchers for the treatment and diagnosis of a
variety of disorders, owing to significant benefits over conventional therapies
(Joseph et al. 2017). Polymeric micelles offer drug targeting to disease tissue
(Deng et al. 2012), in vivo biodegradability (Bolgen 2018) and biocompatibility
(Atanase 2021), increased accumulation (Nair et al. 2018), and reduced adverse
effects (Rana et al. 2017). Kataoka’s group pioneered the application of polymeric
micelles as DDS in the early 1990s by developing doxorubicin (DOX) conjugated
block copolymer micelles (Kedar et al. 2010). The architecture of polymeric micelles
generally includes the inner core and the outer shell (Tiwari and Rohiwal 2018). The
lipophilic portion of the block copolymer, i.e. core, incorporates the poorly water-
soluble drug. In contrast, the outermost covering of the copolymer’s hydrophilic
block safeguards the drug from an aqueous milieu. Polymeric micelles can be
synthesized via physical, chemical, or a combination of physical and chemical
procedures (Yadav et al. 2018). Physical approaches are often more accessible,
while chemical methods assure higher systemic stability.

The development of safe and efficient theranostic nanomedicine requires robust
and accurate characterization of the interactions between nanoengineered materials
and biosystems (Tsuji et al. 2006). Characterization of a micelle’s physical and
chemical characteristics is critical for assuring reproducibility as well as for explor-
ing how the physical and chemical features of micelles influence their biological
activities (Mahmoudi 2021). Characterization techniques present insights on critical
micellar concentration (CMC), size, shape, viscosity, stability, and chemical struc-
ture. In this chapter, we have highlighted the sophisticated physical and analytical
techniques used in the characterization of polymeric micelles.

6.2  Physical and Analytical Characterization of Polymeric
Micelles

Characterization is crucial for developing and implementing micelles for various
applications. Several characterization techniques are developed in response to the
micelle’s distinct and unique physicochemical features. Micelles are analyzed to
investigate physical and chemical aspects such as morphology, composition, size,
shape, surface area, optical properties, and surface composition. Micelles character-
ization should not be confined to a single approach since numerous measurements
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Fig. 6.1 Various characterization techniques of polymeric micelles

are generally required to capture all relevant features of micelles. This section is
further categorized into microscopic, spectroscopic, scattering, and other potential
techniques. Figure 6.1 depicts the various characterization techniques of polymeric
micelles.

6.2.1 Microscopic Techniques

6.2.1.1 Atomic Force Microscopy

Atomic force microscopy (AFM) is considered a high-resolution microscopic tech-
nique widely used to evaluate the morphology and size of the micelles (Spyratou
et al. 2009). Scanning modes used in AFM include static mode, dynamic/tapping
mode which gives information regarding nanocarrier morphology and interactions
between particles and biomolecules. Even redox and temperature-related variations
can be characterized utilizing AFM (Kim et al. 2021). AFM is a feasible technique
for estimating a micelle’s size as it can distinguish particles of varied dimensions and
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work at room temperature (Ghezzi et al. 2021). This technique involves the micelles
deposition on a solid support, which is then analyzed using a sharp probe. The
movement of the probe depends on the fixed sample’s topography. The sample
should be firmly fixed onto the solid support to endure the lateral forces exhibited by
the scanning tip to ensure accurate measurement findings (Ghezzi et al. 2021).
Therefore, it is necessary to employ the tapping mode, a method recognized to
reduce sample distortion brought on by interactions between the surface and the tip
(Kotta et al. 2022). Curcumin-loaded mono methoxy poly(ethylene glycol)-poly
(e-caprolactone) (MPEG-PCL) micelles characterization by AFM demonstrated a
size of about 89 nm with spherical morphology (Kheiri Manjili et al. 2017). Liaw
et al. visualized poly(ethylene oxide)-poly(p-benzyl L-aspartate)-pyrene micelles
using AFM and observed the spherical morphology of micelles and size of about
50-80 nm (Liaw et al. 1998).

6.2.1.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a microscopic method that explores the
nano dimension of materials using electron beams (Venkateshaiah et al. 2020). This
technique uses a milligram sample to assess the particle size, shape, and texture.
Direct visualization provided by SEM provides details on the sample’s crystalline
structure, chemical composition, and external morphology (Yaneva and Georgieva
2017). The basic concept of SEM is that a tungsten filament or a field emission gun
produces a beam of electrons which are then accelerated through a high voltage and
passed through a set of electromagnetic lens and apertures to yield a thin beam of
electrons (Marassi and Nobili 2009). The so-formed beams scan the specimen’s
surface resulting in the formation of electrons from the specimen, which are then
captured by a detector. Birhan and his co-workers prepared a diselenide bond
possessing Bi(mPEG-PLGA)-Se2 micelles using poly(lactide-co-glycolide)-b-poly
(ethylene glycol) methyl ether (mPEG-PLGA) and 3,3’-diselanediyldipropanoic
acid (DSeDPA). SEM was employed to evaluate its morphology which depicted
the spherical nature of micelles with a size of around 100 nm. Compared to the
dynamic light scattering (DLS) result, a decrease in the hydrodynamic diameter of
micelles was observed in SEM, mainly due to water evaporation during SEM sample
preparation (Birhan et al. 2019). Cholesterol end-capped (CO) micelles analyzed
using SEM depicted a size below 200 nm, whereas enhanced size (200-300 nm) was
observed after quercetin loading (Gao et al. 2020).

6.2.1.3 Transmission Electron Microscopy

In transmission electron microscopy (TEM), the electron beams pass through the
ultrathin sample (<100 nm) and form an image. It is an excellent tool for analyzing
the structural and chemical features of the materials at the nanoscale (Rostamabadi
et al. 2020). TEM provides detailed information about the material behavior and
properties by combining the principles of diffraction, microanalysis, and imaging.
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TEM resolution is considerably high compared to a light microscope (Malatesta
2021). J. Glisoni fabricated glucosylated pluronic F127 (F127-O-Glu) micelles and
characterization by TEM depicted the spherical morphology of micelles (Glisoni and
Sosnik 2014). TEM analysis of Artesunate micelles portrayed that the micelles are
round in appearance (Long et al. 2021). Poly(L-lactide) micelles depicted alteration
in the shapes of micelles from diamond shape to cylindrical upon modifying the
polymeric block length (Yu et al. 2017). Poly(styrene-block-acrylic acid-block-
ethylene oxide) micelles were found to be circular with a core diameter of 25 nm
(Alam et al. 2014).

6.2.1.4 Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (CLSM) offers significantly higher spatial
resolution and contrast than conventional wide-field optical microscopy (Justyna
2017). By blocking maximum amount of light from the specimen, a CLSM provides
clear pictures of specimens that would otherwise seem blurry with conventional
microscopes. CLSM creates a three-dimensional (3D) picture of the specimen by
assembling several tiny slices of it. Additional benefits include the capacity to
capture serial optical sections from thick specimens, a reduced background signature
and control over field depth. One of the most significant developments in fluores-
cence imaging in recent years is CLSM which is regarded as a crucial tool in the
biological study (Hovis and Heuer 2010). Characterization of DOX-loaded micelles
by CLSM showed higher fluorescence in HeLa cells compared to the free drug
(Wang et al. 2018). OVCAR-3 cells were incubated with micelles and observed
under CLSM. Results portrayed that the concentration of micelles in the cells is
temperature dependent, i.e. at 37 °C, the number of micelles in OVCAR-3 cells
enhanced, whereas at 4 °C, no uptake was observed in the cells (Kim et al. 2013).

6.2.2 Spectroscopic Techniques

6.2.2.1 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) involves the usage of infrared
radiations, which helps in analyzing various polymeric, organic and inorganic
materials (Titus et al. 2019). It is also known as vibrational spectroscopy, as it
measures changes in vibrational energies (Singh et al. 2014). When the natural
fundamental vibrational frequency becomes equal to the frequency of infrared
radiations, molecules absorb the radiations and give absorption spectra. In general,
each and every molecule possess distinct fingerprint, making FTIR a crucial tool for
chemical identification (Shabanian et al. 2020). Interaction between two or more
materials can be identified by measuring the alterations in their characteristic
absorption bands. FTIR shows a vital role in characterizing the polymeric micelles,
which involves the identification and detection of unknown moieties, additives, and
contaminants (Dhakal et al. 2019). S. Patil et al. prepared Galangin-loaded
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galactosylated pluronic F68 (GF68-Gal) micelles and characterized them using
FTIR. Galangin displayed the absorption bands at 3176 cm™', 1669 cm™', and
2901 cm~'. Same bands were observed in GF68-Gal micelles, demonstrating the
drug’s stability within the micelle (Patil et al. 2019). Silibinin polymeric micelles
prepared using pluronic F-68 were characterized using FTIR. Pure drug showed
peaks at 3435.35 cm ™', 2927.62 cm ™!, 1641.42 cm ™', 1512.16 cm ™', 1472.62 cm™
! and 1268.18 cm™". Silibinin micelles did not show any significant changes in the
peaks, indicating compatibility between silibinin and pluronic F-68 (Shankar and
Agrawal 2015).

6.2.2.2 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) involves the assessment of absorption of
electromagnetic radiation in the radio frequency region of around 4 to 400 MHz.
The integrity of polymers used in polymeric micelles can be elucidated by NMR,
which is generally considered a qualitative and quantitative technique (Espina et al.
2009). Proton NMR is the most frequently used NMR which emphasizes its appli-
cation in evaluating polymer structure, exclusively for active targeting in which
polymers are decorated with targeting moieties (Zia et al. 2019). Wang et al. used
NMR to assess the intercalation of DOX into the core of polyethylene glycol (PEG)-
phosphatidylethanolamine (PE) micelles. Results depicted the insertion of
anthracycline ring of DOX between PE phospholipids, while amino sugar was
positioned in the micelle’s outer shell (Wang et al. 2010). Puig-Rigall et al.
characterized polymeric micelles of Miltefosine (MF) by NMR to evaluate drug
positioning in the micellar structure. Results depict that MF and p-a-tocopheryl PEG
succinate (TPGS) formed mixed micelle, where the lipophilic fragments of
surfactants are in contact with each other and the formation of the hydrophilic
shell is by the zwitterionic head of the drug and PEG blocks of TPGS (Puig-Rigall
et al. 2020).

6.2.3 Scattering Techniques

6.2.3.1 Dynamic Light Scattering

DLS (photon correlation spectroscopy), an analytical technique employed for
analyzing the size and surface charge of the nanocarriers is widely used in the
field of biotechnology, pharmacy, and biochemistry (Das et al. 2019). The size
range between a few nanometers to a few micrometers can be examined via DLS
(Ullmann et al. 2019). This method relies on the principle that in a gas or liquid,
particles undergo random motion, i.e. Brownian movement (Caputo et al. 2019). The
Stokes—Einstein equation explains the diffusion of particles. DLS possesses a variety
of advantages such as no sample preparation, requires little amount of sample, offers
complete sample recovery following measurement and stability of nanocarriers as a
function of time can be studied (Falke and Betzel 2019). Micelle size is a crucial
factor that is correlated to CMC and solubilizing effectiveness. Biodistribution and
pharmacokinetic features of micelles are regulated by means of size and surface
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charge. Hence, prediction of size and charge by DLS is essential to evaluate the
behavior of micelles when they are in contact with biological fluids or tissues
(Honary and Zahir 2013). Zhang et al. fabricated methoxy PEG-poly(p,L-lactide)
(MePEG-PDLLA) micelles and evaluated the average size using Zetasizer 3000 HS,
Malvern Instruments. Results demonstrated that micelles possess size in the range of
25-30 nm and the size was found to be increased upon enhancing the concentration
of poly(p,L-lactide) block (Zhang et al. 2007). Huang and his co-workers prepared
pH-sensitive micelles using (poly(p-amino esters)-g-cholesterol)-b-PEG-b-(poly
(B-amino esters)-g-cholesterol). Findings from the study suggested that upon
decreasing the pH from 7.4 to 5.0, increase in the size as well as zeta potential
was observed from 205.4 nm to 285.7 nm and +12.7 mV to +47.0 mV, respectively
(Huang et al. 2017). DOX-loaded polymeric micelles depicted a size of about
144.8 + 6.3 nm, 0.248 + 0.027 polydispersity index (PDI), and zeta potential of
about 18.68 + 2.12 mV (Aji Alex et al. 2016).

6.2.3.2 Small Angle Neutron Scattering (SANS)

Small angle neutron scattering (SANS) is a potent and unique technique for studying
structures and inhomogeneities with dimensions ranging from 1 to 1000 nm, which
are significantly bigger than interatomic distances in condensed matter (Honecker
et al. 2022). SANS is considered a vital neutron scattering technology for analyzing
bulk polymers. The internal structure of polymeric micelles can be measured via
SANS. Rigall and group have formulated MF-loaded polyethylene oxide-based
polymeric micelles and evaluated their structural characteristics with the help of
SANS, DLS, and NMR spectroscopy. The SANS study revealed that MF leads to the
formation of self-aggregates in stable monodisperse micelles. The concentration of
MF (0.2%) above its CMC showed a size around 3-3.5 nm from the data obtained
from SANS scattering patterns at the temperatures of 20 °C and 37 °C. There was a
slight decrease in the aggregation number and micelles shell hydration was observed
at 50 °C. The SANS study for the MF-loaded TPGS micelles revealed the formation
of a stable structure of micelles with temperature having a hydrated shell. The SANS
study for Tetronic-MF micellar systems confirmed the formation of mixed micelles
(Puig-Rigall et al. 2020).

6.2.4 Other Potential Techniques

6.2.4.1 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a simple, non-perturbing, high-efficient
thermal analysis technique developed in the early 1960s (Chiu and Prenner 2011). In
this technique, temperature and time-dependent changes in the physical properties of
samples will be measured. In this technique, the energy needed to maintain zero
temperature difference between the sample and reference is assessed. The core
principle behind this technique is that when the sample goes through phase
transitions, more or less heat is required to flow to it than the reference to retain
both at a similar temperature. DSC is generally classified as heat-flux and power-
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compensated DSC based on the mode of operation (P. G, T.T. M, B. R. 2010). DSC
is usually employed in the pharmaceutical field due to its wide range of applications
like the thermal characterization of nanocarriers, alterations in glass-transition tem-
perature of materials used in nanocarrier fabrication, and self-assembly of supramo-
lecular nanocarriers. Using DSC, Gaber and his team characterized beclomethasone
dipropionate (BDP) loaded polymeric micelles. BDP displayed a peak at 212.7 °C,
whereas BDP-loaded micelles depicted a peak at 58 °C without any BDP peak,
demonstrating that the drug was dispersed within the micellar structure (Gaber et al.
2006). Deferoxamine mesylate (DFO) loaded polymeric micelles analyzed using
DSC did not show an endothermic peak at 190 °C, whereas DFO alone depicted a
peak at 190 °C. This indicates that the drug is dissolved in the formulation and the
thermotropic nature of micelles was not altered (Salimi et al. 2019). Sunitinib malate
(SM) and SM-MPEG-PCL micelle’s physicochemical characteristics were analyzed
using DSC. The pure drug showed an endothermic peak at 200.86 °C, which is
absent in the spectrum of micelles. This indicates that the drug is entrapped within
the micellar formulation (Streets et al. 2020).

Sunitinib-Loaded MPEG-PCL Micelles for the Treatment of Age-Related Macu-
lar Degeneration Effect of shell-crosslinking of micelles on endocytosis and exocy-
tosis: acceleration of exocytosis by crosslinking Effect of shell-crosslinking of
micelles on endocytosis and exocytosis: acceleration of exocytosis by crosslinking.

6.2.4.2 X-Ray Diffraction

X-ray diffraction (XRD) plays a crucial role in determining the sample’s identity
based on its crystallinity (Bunaciu et al. 2015). Elemental proportions can be
analyzed even if the sample is in mixture form. XRD data provides information
about the degree of crystallinity, structural state, and deviation of the specific
element from its ideal composition. Only a portion of the X-ray beam gets transmit-
ted due to its interaction with the atomic planes and the remaining rays get absorbed,
scattered, refracted, and diffracted by the sample. X-rays get diffracted differently by
each element based on the type of atoms and their configuration. The technique of
XRD relies on the constructive interference of monochromatic X-rays with a sample
which is in crystalline form. A cathode ray tube emits the X-rays, which are then
filtered to give monochromatic radiation, collimated and targeted at the sample.
When the conditions are in accordance with Bragg’s law, the interaction between
incident rays and the sample results in constructive interference (Bunaciu et al.
2015). Liang and his team characterized paclitaxel (PTX)-loaded micelles and
XRD data revealed that PTX existed as an amorphous or molecular state inside the
micelles (Liang et al. 2018). Micellar curcumin-spray dried powder (MC-SDP) was
prepared using curcumin, sucrose, casein, and TPGS. XRD analysis of MC-SDP did
not exhibit any sharp peaks, which were generally observed in curcumin, sucrose,
and TPGS. Loss of the crystallinity of curcumin is due to the interaction between
curcumin and the lipophilic groups of casein (Wijiani et al. 2020).
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6.2.4.3 Critical Micellar Concentration

The point at which surfactant molecules aggregate together in a liquid to form
micelles is referred to as the CMC (Mabrouk et al. 2021). The thermodynamic
stability of micelles is generally defined by CMC (Kapse et al. 2019). The thermo-
dynamic stability is stronger when CMC values are lower (Anoune et al. 2002).
Critical association concentration (CAC) is occasionally used instead of CMC to
distinguish polymeric micelles from surfactants. Fluorescence spectroscopy, DLS,
and surface tension measurement are frequently employed for CMC determination
(Majumder et al. 2020). Birhan and his team prepared Bi(mPEG-PLGA)-Se,
micelles utilizing mPEG-PLGA and DSeDPA. Bi(mPEG-PLGA)-Se, micelles
depicted a CMC value of about 1.39 x 10~ g/mL, which is 2.6-fold lower than
the CMC of mPEG-PLGA (3.55 x 10~> g/mL). This infers enhanced stability of
micelles which is mainly due to the presence of lipophilic diselenide linkage in the
micelle’s core (Birhan et al. 2019). Weina et al. prepared vorinostat-loaded poly-
meric micelles to manage breast cancer. CMC value of drug-loaded micelles and
control carrier was found to be 25 pg/mL and 31 pg/mL, respectively. The lower
value of CMC of drug-loaded micelles depicts the enhanced stability of micelles in
physiological fluid (Ma et al. 2020). Table 6.1 depicts outcomes obtained from
various characterization techniques of micelles.

6.3 Conclusion

Polymeric micelles are recognized as potential nanocarriers for the targeted delivery
of a wide range of therapeutics because of their remarkable biocompatibility,
increased systemic circulation, low toxicity and ability to enhance solubility. Apart
from formulation and development, characterization plays a critical role in optimi-
zation, maintaining stability, bench-to-bed side translation, thereby defining its
quality and purity. Physical and analytical characterization techniques are essential
in the effective qualitative and quantitative evaluation of polymeric micelles. Each
characterization technique has its unique role in confirming the formation, morpho-
logical features, in vitro as well as in vivo fate of polymeric micelles. With growing
interest of micelles in research and development, it is crucial that the researchers
recognize the unpredicted challenges allied with reproducibility in formation of
micelles along with their characterization. It is important for researchers to compre-
hend how characterization techniques might aid in eliminating synthesis errors.
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Table 6.1 Key findings from various characterization techniques of polymeric micelles

Micelle system

Artemisinin loaded PCL-PEG-PCL
micelles

Gambogic acid delivery using N-
octyl-N-arginine-chitosan micelles

Pluronic F127-tocopherol micelles

Lauric acid loaded polymeric micelles

TPGS/Solutol polymeric micelles
loaded with PTX

Cyclic arginine-glycine-aspartic acid
decorated micellar mertansine prodrug
(cCRGD-MMP)

MPEG-PCL micelles loaded with
diclofenac

Redox responsive core-crosslinked
micelles loaded with methotrexate

Outcomes

Characterization of micelles by AFM
depicted the size of about 70 nm with
homogenous spherical morphology

Fan et al. characterized the micelles
using AFM and confirmed that the
micelles are sphere-shaped with a
diameter of 160 nm

DLS depicted the size, PDI, and zeta
potential of about 51.87 + 6.39 nm,
0.184 + 0.015, and —8.43 +2.27 mV,
respectively, suggesting that the smaller
size of micelles would facilitate tumor-
specific accumulation by improving the
permeability and retention effect
Findings from DLS illustrated that the
micelles possess size in the range of
27-89 nm

TEM image depicted the smooth
spherical morphology of micelles

Findings from CLSM portrayed the
efficient cellular uptake of cRGD-MMP
by the MDA-MB-231 cells
Characterization of MPEG-PCL by DSC
depicted two endothermic melting peaks
at 49 °C and 57.3 °C, whereas diclofenac
exhibited sharp endothermic melting
point peak at 178 °C. The physical
mixture of MPEG-PCL and diclofenac
have shown all the characteristic peaks
of polymer as well as drug which
indicates the crystalline nature of
diclofenac. DSC of diclofenac-loaded
MPEG-PCL micelles illustrated the
disappearance of drug’s melting peak
and the polymer peaks shifted to lower
temperature. Overall findings from DSC
demonstrated the decline in crystalline
nature of diclofenac in micelles and
existence interaction between drug and
polymer

Gulfam et al. used bis-alkyne-ethyl
disulfide cross-linker to incorporate
redox sensitive bridge in the core of
micelles. "H NMR and '*C NMR were
used to evaluate the structure of cross-
linker. Crosslinking was confirmed by
the presence of "H NMR and '>C NMR
signals at 4.39 ppm and 62.48 ppm,
respectively

References
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Abstract

Stimuli-responsive polymeric micelles (PMs) have emerged not only as a
promising technology to achieve on-demand, targeted, and regulated drug release
for therapeutic applications but also for diagnostic purposes, emerging collec-
tively as a theranostic toolkit. The stimuli can be exogenous (extrinsic) such as
light, temperature, ultrasound, electric and magnetic field, or endogenous (intrin-
sic) such as pH, glucose, reactive oxygen species, redox, hypoxia, and enzymes.
Stimuli-responsive PMs find extensive application in the field of cancer research.
Tumor cells as well as tumor sites undergo extensive changes during their
development and progression including the accumulation of acidic metabolites
which reduces their pH in comparison to normal tissues, the elevation of several
enzymes as well as proteins, increased reactive oxygen species, reduced oxygen
levels, altered redox potential in certain tumor tissues, and increased temperature
around certain tumor sites. These unique features encourage the development and
fabrication of stimuli-responsive systems. In addition, these systems can also be
engineered to encapsulate a wide variety of bioactive molecules and tuned in a
way to overcome biological barriers by external stimuli to improve the efficiency
of accumulation at the target site or within the tumor cells. In recent years stimuli-
responsive systems are capturing the attention in research on the controlled
delivery of drugs. In this review, an emphasis on the recent developments of
the external, internal, dual and multi-stimuli-responsive polymeric micelles is
made along with its future perspectives.
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7.1 Introduction

Nanotechnology-based systems play an important role in the delivery of drugs by
improving solubility, bioavailability, safety, efficacy, and stability as well as reduc-
ing dose and drug resistance along with various biomedical applications such as
targeting and imaging. One of these systems has gained considerable interest among
scientists over the past few decades which includes polymeric micelles (PMs). The
name is so given because of the presence of amphiphilic polymeric materials in their
design (Kaur et al. 2022; Qiu et al. 2021; Jain et al. 2019). Amphiphilic block
copolymers (ABCs) can mimic the biological system by self-assembling within a
specified solvent by the virtue of covalent bonding between the hydrophobic and
hydrophilic segments encompassing them. In polymeric micelles, these segments
organize themselves into a micellar structure possessing a supramolecular configu-
ration and are referred to as the amphiphilic polymeric micelles (APMs) (Kaur et al.
2021; Kumar et al. 2020). Possessing a shell-core structure they can play an
important role in overcoming the solubility issues of hydrophobic drugs by
encapsulating them within the hydrophobic core. They also prevent the elimination
from the reticuloendothelial system (RES) improving the circulation time. Targeting
capability as well as bioavailability is improved due to leaky vasculature which
enhances accumulation in solid tumors through enhanced permeation and retention
effect (EPR) (Qiu et al. 2021; Kim et al. 2021). A distinctive advantage of polymeric
micelles is their stability in extremely dilute conditions due to low values of critical
micellar concentration (10 °~10~7 M) (Majumder et al. 2020). However, premature
release of drug in circulation and inadequate drug release from the micelles into the
desired site is a major drawback. To overcome the excessive retention of drug in the
core of micelles and confer spatiotemporal control which is an added drawback of
the conventional system, exogenous and endogenous triggers can be used to form a
stimuli-responsive system which plays a crucial role in modulating the delivery of
the drug (Zhao et al. 2021; Rapoport 2007). These stimuli which are explored
include various external factors such as magnetic and electric fields, ionizing radia-
tion, light, and temperature as well as internal factors such as enzymes, pH, and
redox potential as depicted in Fig. 7.1 (Zhao et al. 2021; Sana et al. 2022).

In comparison to normal tissues, tumor cells and tissues exhibit differences in
both physiological as well as biochemical properties due to changes in cell growth
and metabolism. These differences can be observed concerning oxidation, pH, and
some enzymes. The key principle behind these smart responsive delivery systems
involves compositional and/or structural changes on exposure to the specific stimuli.
High efficiency has been observed in tumor treatment as well by alterations in the
external environment such as irradiation of light, magnetic field application, and
changes in the temperature conditions. Stimuli-responsive polymeric micelles are
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Fig. 7.1 Various stimuli on which the stimuli-responsive polymeric micelles (SRPM) are based

advantageous over conventional polymeric micelles in being highly specific in the
identification of tumor tissues and subsequent response to various biological and
physicochemical signals or exogenous conditions (Li et al. 2018; Hejmady et al.
2020). This specificity is responsible for producing maximal efficacy at target sites,
preventing unnecessary exposure to healthy tissues and hence reducing toxic side
effects (Nakayama et al. 2014; Nitheesh et al. 2021). However, stimuli-responsive
nanocarriers are facing several challenges such as their possibility to produce
toxicity and limitations in the absorption of drugs, among others. A need for further
characterization of these nanocarriers and their clinical transition are also some
added challenges associated with them (Chang et al. 2021).

7.2  pH-Responsive Polymeric Micelles for Drug Delivery
and Theranostics

There exists a range of pH gradient throughout the human body, from acidic pH in
the gastric region to alkaline in the intestinal region. Various tissues and regions in
the body have this disparity in pH as well, such as lysosomal pH of 4-5, endosomal
pH of 5-6, etc. In certain disease states pH varies too such as slightly acidic pH of
tumor tissues (~6.5) and inflamed tissue being slightly less than physiological pH
(7.4). This gradient could be utilized for targeted as well as specific delivery of
therapeutic agents. pH-responsive polymeric micelles are one of many extensively
studied drug delivery systems for targeted drug delivery (Makhlouf and Abu-Thabit
2018).

The pH-responsive polymeric micelles are nanocarriers made up of block
copolymers consisting of ionizable pendant type groups linked to the hydrophobic
polymer chain of the micelles. These pendant groups can be weak acids like



128 K. K. Jain et al.

»
» e »

W,«f B

Core-forming block

Acidic gastric fluid Basic intestinal fluid o_o_ntainir_wg_ -y
pH-sensitive acidic groups

Hydrophillic ==
corona-forming block

Core-forming block
containing "™
pH-sensitive basic groups

) Hydrophobic drug @

)
F o ®
>
»
Physiological pH Tumor extracellular pH

Fig. 7.2 Schematic representation of pH-sensitive mechanism of (a) anionic group containing
polyacid and (b) cationic group containing polybasic. (Reprinted with permission from Bazban-
Shotorbani et al. 2017 © 2017 Elsevier)

carboxylic or sulfonic acids or basic groups like amines or pyridines, etc. The
ionizable pendant groups can undergo protonation or deprotonation in response to
the surrounding pH changes. This leads to structural and conformational changes
along with hydrodynamic volume changes in the polymer chains which helps to
release the drug at a specified site (Makhlouf and Abu-Thabit 2018; Bazban-
Shotorbani et al. 2017).

Some pH-sensitive polymers which are commonly used include poly[methacrylic
acid], poly[vinyl pyridine], poly[vinyl imidazole], poly[L-histidine], poly[glutamic
acid], poly[p-amino ester], chitosan, etc. Based on the pendant group present on the
polymer chain the polymers can be of two types, namely anionic polymers
(consisting of carboxyl or sulfonic group) and cationic polymers (consisting of
amine group); The pH-sensitive mechanisms are depicted in Fig. 7.2. Anionic
polymers are majorly used in pH-responsive delivery including polyacids such as
poly[methacrylic acid], poly[acrylic acid], poly[glutamic acid], etc. At physiological
pH of 7.4 the -COOH group ionizes (deprotonates) and releases its protons. This
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makes the -COOH group negatively charged COO™ and renders the backbone
hydrophilic. But in acidic pH there is an abundance of protons in the surrounding
medium and the COO™ group changes back to the COOH group by accepting (H")
protons, thus rendering the backbone hydrophobic. This change in structure of the
backbone results in destabilization (due to swelling/collapsing) or a solubility
change causing polymer disassembly and releasing of the therapeutic moiety. Hav-
ing a pKa of 4.28 the poly-acrylates are negatively charged at pH >4.28 and neutral
below its pKa (pH <4.28). The poly[sulfonic acids] have sulfonate groups (SOzH)
with pKa around 2-3 and hence can be ionized over a varied range of pH conditions.
Poly[sulfonic acids] are made up of monomers like 2-methoxy sulfonic acid, ethyl-
ene sulfonic acid, sulfoxy-ethyl methacrylates, styrene-sulfonic acid, among others
(Makhlouf and Abu-Thabit 2018; Bazban-Shotorbani et al. 2017). V.P. Sant and
co-workers designed self-assembling pH-sensitive polymeric micelles consisting of
poly(ethylene glycol)-block poly(alkyl acrylate-co-methacrylic acid). This copoly-
mer formed micelles at pH <4.7 and the micelles were disaggregated at pH >4.7.
This system increased the oral bioavailability of fenofibrate, a poorly water-soluble
drug. In acidic pH of the stomach, the micelles remained aggregated and prevented
drug release. While in the intestinal alkaline pH the micelles dissociated releasing the
molecularly dispersed form of entrapped drug, thus maximizing the oral bioavail-
ability (Sant et al. 2005). The pH-sensitive cationic polymers owing to their
modifiable positive charge show enhanced cellular uptake which can be utilized
for cancer cell treatment. They include polyamines such as poly(N, N’-dimethyl
aminoethyl methacrylate), poly(4- vinyl pyridine), poly(L-histidine), poly(B-amino
ester), etc. Most polycations have amine groups (primary/secondary/tertiary) in their
structure and are ionized at low values of pH. They undergo deprotonation at higher
alkaline pH and protonation at lower acidic pH. This shift in charge destabilizes the
structure leading to the release of the therapeutic moiety. Monomers particularly
acrylamide, N, N’ dimethyl aminomethyl acrylamide, N, N’-diethyl aminoethyl
methacrylate can be used for synthesizing pH-sensitive polyamines. The tertiary
amine functional groups in poly(N, N’-dimethyl aminoethyl methacrylate) having
pKa of 8 positively ionize at pH < pKa by accepting (H*) protons from the
surrounding medium and lose their positive charge at pH > pKa by releasing
these (H*) protons. Poly(N, N’-diethyl aminoethyl methacrylate) (pKa ~ 7.3)
undergo deprotonation in alkaline pH. Due to reduction in several ionic amino
functional groups and increased hydrophobic interactions the polymer abruptly
precipitates over pH 7.4. Poly(2-aminoethyl methacrylate) having pKa ~7.6 remains
stable in an acidic as well as neutral environment while in alkaline pH due to
deprotonation of the primary amine group showed slow chemical degradation.
Linear chain poly(ethyleneimine) with a pKa value of 4.5 related to the primary
amine group and 6.7 related to the secondary amine group along with its proton
buffering capacity renders this polymer suitable for gene delivery applications.
Polypyridines like poly(2-vinyl pyridine) (pKa 5.9) and poly(4-vinyl pyridine)
(pKa 5.39) have pyridine in their side chain available for protonation. Poly-
imidazoles like poly(N-vinyl imidazole) (pKa ~ 6) can become protonated under
acidic conditions. Chitosan, a positively charged polysaccharide is composed of p-
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glucosamine and N-acetyl-p-glucosamine units. Its degree of deacetylation decides
the number of amine groups in its structure which in turn affects its pH sensitivity.
Poly-histidine is a polycationic peptide with a pKa value of 6 owing to the imidazole
ring present in its side chain which exhibits pH sensitivity (Makhlouf and
Abu-Thabit 2018). Lipeng Qui and colleagues developed a self-assembling
pH-responsive micellar system with hyaluronic acid-g-poly(L-histidine) for the
delivery of doxorubicin, an anticancer agent to MCF-7 breast cancer cells. The
copolymer showed rapid disassembly at lysosomal pH due to poly(rL-histidine)
protonation and effective delivery of doxorubicin (Qiu et al. 2014).

Another mechanism for pH-responsive delivery includes pH-cleavable bonds. It
consists of linkers which are acid labile such as ketal, acetal, oxime, orthoester,
hydrazone, etc., which help release the drug in an acidic environment (Makhlouf and
Abu-Thabit 2018). Rupei Tang and co-workers synthesized, developed, and
characterized pH-sensitive self-assembling polymeric micellar formulation
consisting of a copolymer of poly(ethylene glycol)-b-poly
(2-ethoxytetrahydrofuran-2-yloxyethyl methacrylate) which contains acid labile
orthoester side chain. Doxorubicin was successfully loaded at pH 7.4 in this system
and released in biphasic manner at a slightly lower pH of 5. It demonstrated
increased uptake by glioma cells and effective pH-responsive delivery to cancer
cells (Tang et al. 2011).

In a study involving the utilization of pH-responsive polymeric micelles for drug
delivery of a small molecule, short interfering RNA or siRNA molecules silencing
specific genes and preventing protein expression by degrading the mRNAs which
code for them were explored. This siRNA is up taken into the cell by endocytosis
and ultimately after internalization by endosome it is degraded in lysosomes. To
overcome its degradation pH-responsive polymeric micelles have been designed
which transition from the ionized structure at normal physiological pH, i.e., ~7.4 to a
conformation that disrupts membrane at endosomal pH of ~6.6. It transitions from
hydrophilic structure to hydrophobic structure for facilitating the delivery of
siRNAs. A. J. Convertine and co-workers used a di-block copolymer of poly(N,
N-dimethyl aminoethyl methacrylate) (polyDMAEMA) block for siRNA binding
purpose and pH-responsive block made up of DMAEMA (positively charged),
propylacrylic acid (negatively charged), and butyl methacrylate (hydrophobic moi-
ety) for membrane destabilizing purpose; 2 pg/mL as critical micelle concentration
was used for the successful delivery of siRNA. This system showed 90% uptake in
cells and as compared to standard lipid transfection agent 3 times increase in siRNA
per cell (Convertine et al. 2010).

In a study for the diagnostic application of pH-responsive polymeric micelles,
magnetite nanoparticles (Fe;O,) are commonly used as contrast agents in MRI
scans. Incorporation of these magnetite nanoparticles in pH-responsive polymeric
micelles could be utilized for the detection of acidic regions such as tumors. In a
study by G.H.Gao and his colleagues a polymer system consisting of methoxy poly
(ethylene glycol) [PEG]-hydrophilic portion and poly(b-amino ester) [PAE]-pH-
sensitive portion was used in polymeric micelle synthesis. The PAE segment ionizes
and solubilizes in acidic pH, thus releasing the magnetite nanoparticles in an acidic
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environment. This is further used for the detection of cancerous tissues in the body
(Gao et al. 2010).

Another study for theranostic application was conducted by Kyung Hyun Min
and colleagues who formulated and characterized methyl ether poly(ethylene gly-
col)-poly(p-amino ester) based pH-responsive polymeric micelles. This system was
self-assembling and showed sharp micellization/demicellization at tumoral pH of
6.4. It was incorporated with fluorescence dye for cancer cell imaging, i.e.,
tetramethyl rhodamine isothiocyanate (TRITC) and camptothecin, an anticancer
agent. The micellar system depicted substantially enhanced delivery of both the
dye and drug to cancer cells with reduced side effects (Min et al. 2010).

7.3  Glucose-Responsive Polymeric Micelles for Drug Delivery

Glucose being an essential biomolecule is necessary as a ubiquitous fuel for our
body and is overexpressed in case of diseases such as diabetes. In diabetics, the
blood glucose level is high which can serve as an ideal stimulus for the delivery of
antidiabetic agent insulin. Insulin delivery has been an extensively studied subject of
research. Glucose-responsive polymeric micelles show the potential to be an ideal
candidate for its delivery. These systems are composed of an insulin carrier and a
glucose sensitive moiety. In order to regulate the rate of release of insulin many
modifications like hydrophilicity, crosslinking, and pH are made on the carrier. The
studies show three basic approaches for glucose-responsive delivery which include
the utilization of enzymes such as glucose oxidase, utilizing proteins which bind
carbohydrates like lectins as naturally occurring receptor mediated glucose detecting
materials and use of polymers which show glucose sensitive properties (Das et al.
2020). Polymers depicting glucose-responsive properties have been extensively
studied. The boronic acid-derived polymers have been an area focusing on develop-
ment of glucose sensitive platforms for drug delivery. It has several advantages like
high glucose sensitivity, storage for a longer time, and better stability. It is able to
form reversible covalent complexes with hydroxyl groups containing molecules.
Among the derivatives of boronic acid, phenylboronic acid (PBA) is widely
researched. In an aqueous solution it exists as two forms in equilibrium which are
a hydrophobic, uncharged (triangular) form and a hydrophilic, charged (tetrahedral)
form (boronate). The charged form undergoes firm covalent bonding with molecules
containing diol groups such as glucose and leading to phenyl boronic acid—glucose
conjugate or complex. The apparent pKa of PBA is approximately 8.2—8.6 which is
slightly higher than the physiological pH of 7.4. This indicates that at a slightly
higher pH than the pKa of PBA (~9) or in presence of PBA-glucose complex it will
be responsive to glucose. The incorporation of PBA into polymers will render the
polymer glucose sensitivity (Das et al. 2020). In a study by Hao Yang and
co-workers, complex form of glucose-responsive polymeric micelles was fabricated
by complexing a PBA block copolymer PEG-b-P(Asp-co-AspPBA) and a
glycopolymer P(Asp-co-AGA) which displayed notable glucose-responsiveness,
good stability, biodegradability, and biocompatibility (Yang et al. 2013). Debashish
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Roy and co-workers developed a boronic acid block copolymer, PDMA-b-PAEBB
[poly(N, N-dimethylacrylamide-b-poly(N-(2-acryloylamino-ethyl)-4-borono-
benzamide)-b-poly(N-(2-acryloylamino-ethyl)-4-(4,4,5,5-tetramethyl-[1,3,2]-
dioxaborolan-2-yl)-benzamide)], which in response to changes in solution pH or
glucose concentration can self-assemble and dissociate (Roy and Sumerlin 2012).

Lectins are defined as a group of protein molecules that naturally bind to
carbohydrates like glucose, mannose, etc. Concanavalin A (Con A) is a lectin that
binds specifically and reversibly to glucose molecules. Hence, it is widely studied for
glucose-responsive drug delivery systems (Das et al. 2020). When in presence of
divalent cations, four Con A molecules bind to one another and form a tetramer
which in turn binds to four glucose molecules. Thus, it functions as a crosslinker of
macromolecules with pendant saccharide molecules. When free glucose is present,
the Con A moiety binds preferentially to free the glucose molecule, thus weakening
the linkage between itself and saccharide moiety rendering the incorporated drug
moiety free (Wang et al. 2020). A bio-affinitive, polymeric micelle with glucosamine
in its structure was prepared by Yong-Chen Hu and co-workers. The self-assembling
micelles were made of di-block copolymer, poly(p-nitro-phenyl acrylate)-block-
polystyrene (PNPA-b-PSt) and were further crosslinked. Glucosamine interacts
and binds with Con A. In presence of free glucose, Con A bonds with glucose and
thus weakens the crosslinked structure of polymeric micelle and releases the
incorporated drug (Hu and Pan 2005).

Glucose oxidase is an enzyme that oxidizes oxygen and glucose to hydrogen
peroxide and gluconic acid, respectively. This property of the enzyme has been
utilized for developing a variety of glucose-responsive delivery systems. As the
by-product is gluconic acid there is expected to be a slight decrease in pH which can
be further customized for pH-sensitive delivery. There are also swelling mechanisms
established for glucose oxidase based delivery. These systems have been employed
for the delivery of insulin (Das et al. 2020). Akifumi Kawamura and co-workers
developed a comb-type polyelectrolyte, poly(ethylene glycol)-graft-poly(allyl
amine) (PEG-g-PAA) for fabricating poly ion complex (PIC) micelle. Glucose
oxidase was incorporated into the core of this PIC micelle. Once the micelles are
in presence of glucose in the surrounding, the glucose can diffuse inside easily and
can get oxidized to gluconic acid. This system was used for the detection of glucose
through a reaction leading to a supramolecular architecture (Matsumura et al. 2008).

7.4  ROS: Responsive Polymeric Micelles for Theranostics

National Cancer Institute defines reactive oxygen species or (ROS) as “a type of
unstable free radicals containing oxygen that easily react with other molecules in a
cell.” It includes molecules like (-OH) hydroxyl radical, (072) superoxides,
(-ONOO™) peroxynitriles, (H,O,) hydrogen peroxides, and many more. As com-
pared to pathological cells, normal cells produce low levels of ROS. Low ROS levels
relate to normal functions of cells like cell growth modulation, migration, secretion,
inflammation, programmed cell death (apoptosis), etc. Higher levels of ROS are
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Fig 7.3 A generalized schematic diagram of reactive oxygen species (ROS)-responsive drug
delivery and drug release via (/) solubility switch and (2) degradation mechanisms. (Reprinted
with permission from (Lee et al. 2013) © 2013 John Wiley and Sons)

related to vascular pathogenesis such as hypertension, diabetes, cancer, atheroscle-
rosis, aging, etc. The same reactive oxygen species which modulate normal cellular
functions at lower concentrations; at a higher concentration causes oxidative stress
and damages critical cellular components like DNA, proteins, lipids, etc. which may
lead to dysfunctional proteins, mutated DNA, and other undesirable effects. Hence,
ROS can be utilized as an internal stimulus or indicator that differentiates pathologi-
cal and normal sites for enhanced and improved diagnosis and therapy. The devel-
opment of ROS responsive polymeric micelles will enable site-specific targeting of
therapeutic and diagnostic agents. The ROS responsive polymeric micelles release
the incorporated agent by either of the two mechanisms, namely switching of
solubility or degradation (Lee et al. 2013). Figure 7.3 schematically describes
these mechanisms of releasing the payload from micelles. In the solubility switch
mechanism, the polymer used in reacting with reactive oxygen species converts to
hydrophilic form from hydrophobic form or vice versa and releases the incorporated
agent. Some of the polymers which undergo solubility switch mechanism include
polypropylene sulfide, selenium-based copolymers, polythioether ketal, etc.
Polypropylene sulfide undergoes a phase transition reaction under an oxidative
environment and converts from hydrophobic sulfide to sulfoxide or sulfone which is
hydrophilic. On being oxidized by the ROS it dissolves and releases the drug.
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Mukesh K Gupta and his colleagues designed a polymeric micellar system
consisting of a di-block copolymer of propylene sulfide (PS) and N,
N-dimethylacrylamide (DMA) (poly(PS-b-DMA)) for inflammation site-specific
release of hydrophobic drugs. The CMC of this di-block copolymer was estimated
to be 0.09 mg/mL. These micelles were found to be sensitive to H,O,, peroxynitrile,
and 3-morpholinosydnoimine (Gupta et al. 2012). Tirelli et al. synthesized and
developed a ROS responsive polymeric micelles consisting of polysulfide/polyeth-
ylene glycol block copolymer which was conjugated to an enzyme superoxide
dismutase. This system rendered the micelle responsive to two of the ROS: peroxide
and superoxide (Hu and Tirelli 2012).

Selenide-based copolymers also exhibit hydrophobic to hydrophilic transition on
exposure to ROS. Hydrophobic selenides convert to hydrophilic selenoxides and
selenones upon being exposed to oxidation (Lee et al. 2013). Ning Ma and
colleagues formulated a ROS responsive polymeric micelle composed of an amphi-
philic block copolymer (PEG-PUSe-PEG) with a critical aggregate concentration of
1.4 x 10~* mg/mL. It was found to have good responsiveness to a slight oxidative
environment (0.1% H,O, v/v). The delivery of doxorubicin was enabled using these
micelles and it was found that the copolymer (PEG-PUSe-PEG) released 72% drug
after 10 h of exposure to oxidation (Ma et al. 2010). The diselenide bond (Se-Se) in
oxidative situations is cleaved to either selenic acid or selenol which is hydrophilic
and helps release the drug (Lee et al. 2013). V.G. Deepagan and colleagues devel-
oped a polymeric micelle composed of a triblock copolymer of polyethylene glycol
and polypeptides with diselenide crosslinking. Doxorubicin was encapsulated into
its core. In an environment with higher levels of ROS the micelle delivered 3.73-fold
more doxorubicin to tumor cells than free drug (Deepagan et al. 2016).

Polythioether ketal polymers have a similar mechanism as polypropylene
sulfides, which involves conversion from hydrophobic to hydrophilic state. On
exposure to ROS the ketal group hydrolyzes into biocompatible by-products like
acetone and diols (Lee et al. 2013). Elena Gardey and colleagues developed thioether
based micelles for inflammatory bowel disease (IBD) using the polymer pNAM-b-
pNAT. pNAM is the water-soluble component poly(N-acryloylmorpholine), while
the pNAT is the hydrophobic component poly(N-acrylthiomorpholine). These poly-
meric micelles were found to be sensitive to H,O, and released the incorporated
agent in the surroundings with higher levels of ROS in primary human monocytes
(Gardey et al. 2022). In the degradation mechanism the involved polymers degrade
or break down to by-products in presence of reactive oxygen species and the
polymer structure breaks down releasing the incorporated agent in ROS rich envi-
ronment. Some of the polymers following this degradation mechanism are explained
consequently.

Boronic esters are one such class of polymers that undergo oxidation by addition
of oxygen molecules as a linkage between themselves and the target moiety. On
further hydrolysis the bond is cleaved. The boronic ester groups have been used as
ROS degradable protecting groups (Lee et al. 2013). Yi Yuan and co-workers
developed a ROS responsive polymeric micelle with amphiphilic poly(aspartic
acid) and phenyl borate-serine [PASP-BSer]. The pendant group of phenyl
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borate-serine acted as ROS responsive component. This system was used for
encapsulating the anticancer drug doxorubicin. It depicted H,O, triggered the release
and relatively higher uptake in A549 cancer cells than L.929 normal cells (Yuan et al.
2020).

Polythioketal is another polymer which aids in the ROS responsiveness of
micelles. The thioketal group degrades to acetone and thiols in superoxide rich
surroundings (Lee et al. 2013). In a study conducted by Changzhen Sun and
colleagues, a polymeric micellar system which was ROS responsive for the delivery
of doxorubicin was designed. They utilized thioketal moiety as the ROS sensitive
agent and the polymer used was methoxy poly (ethylene glycol)-thioketal-poly
(e-caprolactone) [MPEG-TK-PCL]. The micelle presented a high drug loading
capacity of 12.8%, relatively less toxicity to normal cells and improved antitumor
efficacy (Sun et al. 2017). Ruixin Li and colleagues developed a polymeric micelle
for the efficient use of pesticides. They utilized the polymer methoxy poly(ethylene
glycol)-thioketal-2-mercaptothiazoline [mPEG-TK-MTL] and loaded it with
validamycin. These micelles were tested for antifungal activity against Rhizoctonia
solani. During plant—pathogen interaction at an early stage, there is an outburst
release of ROS which is used as a stimulus for the release of pesticides
(validamycin). It was found that on the fifth day inhibition rate of validamycin
loaded polymeric micelles at 1.56 mg/L was 50.37% (Li et al. 2020).

Another class of polymers that respond to ROS are aryl oxalate containing
polymers. On reacting with H,O, they form 1,2-dioxetanediones which are further
converted rapidly to CO, and phenols. Thus, on being exposed to ROS rich
environment polymeric micelles degrade to release the incorporated agent. These
have high specificity to H,O, and are therefore often used for their detection. The
by-products produced by its degradation are high energy intermediates which on
interaction with a fluorophore may lead to fluorescent emission (Gao and Xiong
2021; Song et al. 2014). Dongwon Lee and co-workers developed a polymeric
micelle consisting of amphiphilic peroxalate based polynorbornene copolymers,
fluorescent dye rubrene along with a pegylated corona for stealth effect. These
polymeric micelles were able to detect as low as 50 nM concentration of H,O,
through chemiluminescence and can be utilized as imaging and contrasting agent for
H,0, detection (Lee et al. 2008).

Ferrocene is an organometallic compound with two cyclopentadienyl rings. It is
capable of redox activity and gets oxidized in presence of ROS. The ferrocene group
(hydrophobic) oxidizes to the ferricenium group (hydrophilic) triggering the ROS
responsive mechanism (Nakayama et al. 2014). In a study by Feng Xu and
co-workers a ferrocene based polymeric micelle composed of poly
(N-acryloylmorpholine) (PACMO) and poly(2-acryloyloxyethyl ferrocene carbox-
ylate) (PAEFC) [PACMO-b-PAEFC] was developed and used for delivery of
paclitaxel, an anticancer agent. These micelles depicted 61.4% encapsulation effi-
ciency of paclitaxel as well as oxidation-based release behavior (Xu et al. 2017).
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7.5 Redox Responsive Polymeric Micelles for Drug Delivery
and Theranostics

Redox is one of the many conditions that can be used as internal stimuli for targeted
delivery, due to the varied redox states of the intracellular and extracellular environ-
ment in the body. Glutathione is a tripeptide (y-L-glutamyl-L-cysteinyl-glycine)
synthesized in cells. It has antioxidant activity and is involved in reduction and
conjugation reactions providing means for removal of peroxides and xenobiotic
compounds. As is established in the literature glutathione (GSH) levels are
100-1000 times higher in intracellular spaces (~2—10 mM) than in extracellular
spaces (~2—10 pM) (Forman et al. 2009; Zhou et al. 2018). GSH is also found
abundantly in tumorous cancer tissues which is quadruple times more than in normal
tissues. This redox capacity difference is utilized for targeted delivery through redox
responsiveness. For designing such systems, a redox responsive unit is incorporated
into the amphiphilic polymer blocks which then forms a micellar structure on self-
assembling in an aqueous medium. Such redox responsive units include disulfide
bonds, diselenide bonds, ditellurium bonds, etc. The polymeric micelles thus formed
remain stable in blood circulation but disaggregate in tumoral sites (Zhang et al.
2017; Yang et al. 2020).

The most common bond used in the redox responsive category is the disulfide
bond. When the surrounding environment is reducing in nature and contains GSH,
the disulfide bonds in the micellar delivery system undergo reduction to free thiol
groups. Thus, the payload is released at the targeted site within minutes to hours. In a
study performed by Sarvin Shirani and colleagues, a redox sensitive micelle
consisting of abietic acid-cystamine-gellan gum (AB-ss-GG) linked by disulfide
bond of cystamine group was synthesized for delivery of ribociclib, a CDK4 and
CDKG6 selective inhibitor to treat breast cancer cells. The estimated CMC was
40.15 mg/mL and demonstrated greater cytotoxicity (IC50 = 47.86 pmol/L) than
blank micelles as well as a free drug (Shirani et al. 2022). In another study conducted
by Jun Hu and his team, a redox sensitive polymeric micelle for a theranostic
application consisting of amphiphilic copolymer TPE-conjugated poly(aspartic
acid)-block-poly(2-methacryloyloxyethyl phosphorylcholine) with disulfide linkage
(TPE-SS-PLAsp-b-PMPC) was designed. These micelles successfully incorporated
the anticancer drug doxorubicin during self-assembling process and demonstrated
quick disassembly in response to the greater concentration of GSH. Additionally,
they showed aggregation induced emission (AIE) imaging which facilitated
bioimaging of cancer cells. These micelles exhibited excellent antitumor efficacy,
lesser side effects in comparison to free drug and active imaging (Hu et al. 2018). A
team led by Huanli Sun developed a biodegradable micelle system consisting of
disulfide linked poly(ethylene glycol)-b-poly(3-caprolactone) (PEG-SS-PCL) with
the ability to shed PEG shells. These micelles had a CMC of ~6.6 mg/L and were
utilized for delivery of doxorubicin while demonstrating 60% loading efficiency
(Sun et al. 2009).

Diselenide bond is another bond used in the redox responsive category. As
compared to the disulfide bonds, selenium has a larger radius and weaker
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electronegativity resulting in lower bond energy (172 kJ/mol) than S-S (240 kJ/mol).
Thus, diselenide bonds are more sensitive to being cleaved under redox conditions
(Shi et al. 2020). These diselenide bonds are found to be responsive to oxidation as
well as reduction forming selenic acid and selenol, respectively (Zhang et al. 2017).
Liangjie Shi and colleagues developed a redox responsive polymeric micelle
consisting of diselenide consisting non-ionic gemini polymeric micelles of poly
(ethylene glycol) (PEG-G12), where 12 indicates the alkyl chain length containing
carbon atoms. They exhibited greater drug loading efficiency (77%) and low CMC.
Indomethacin was loaded in these micelles and it showed redox responsive release
with 27% release in 0.02 mM 1,4-dithiothreitol and 82% release in 10 mM
1,4-dithiothreitol (DTT) (Shi et al. 2020).

Similar to selenium, tellurium is another element that has been explored for redox
responsiveness as it shows glutathione peroxidase mimicking activity. In a study
performed by Wei Cao and co-workers, a polymeric micelle composed of triblock
copolymer of poly(ethylene glycol)—poly(urethane)tellurium—poly(ethylene glycol)
(PEG—PUTe—PEG) was synthesized. These were used for the delivery of drugs
containing platinum like oxaliplatin and cisplatin. It was observed that redox
responsive sustained release of platinum was achieved for a duration of more than
a month (Cao et al. 2014).

Ferrocene as explained in Sect. 4.3 is an organometallic compound exhibiting
redox activity. On being exposed to oxidizing environment ferrocene
(Fc-uncharged) converts to ferrocenium (Fc*-charged) (Fabbrizzi 2020). In an
experiment conducted by Anchao Feng and co-workers, they were able to develop
a brush like new type of supramolecular copolymer which is capable of self-
assembling into polymeric micelles exhibiting redox responsive behavior. The
micelle was made of two kinds of polymers: poly(ethylene glycol)-block-poly
(glycidyl methacrylate) decorated with p-CD pendants (GA-CD) and poly
(caprolactone) containing end-capping ferrocene (Fc) moieties (L-Fc). In normal
conditions, the ferrocene is uncharged and can form non-covalent bonds with the
cyclodextrin cavity resulting in an inclusion complex. On being exposed to a redox
environment, the ferrocene converts to ferrocenium and gets charged, thus cleaving
the non-covalent bond leading to reversible disassembling of the structure and
release of the payload (Feng et al. 2014).

Another example of the redox responsive unit is trimethyl-locked quinone
propionic acid (QPA) groups. It gets converted to lactone on being reduced and is
sensitive to dithionite diaphorase an enzyme highly expressed in many cancer
tissues. Jungeun Bae and co-workers developed a redox responsive amphiphilic
polymer made of poly(QPA)-methoxy poly(ethylene glycol) (PolyQPA-mPEG)
with CMC of 0.039%w/v. These were used for delivery of paclitaxel and were
found to release 65.73% of paclitaxel at 36 h. These micelles depicted IC50 values of
217.6 pM as compared to 323.3 pM of the free drug for MDA-MB-231 cell lines
(Bae et al. 2015).
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7.6  Hypoxia Responsive Polymeric Micelles for Drug Delivery
and Theranostics

The environment of tumor tissue tends to have low oxygen levels due to rapidly
proliferating cells along with poor blood supply and thus is hypoxic (<1.4% of
oxygen). There is a significant difference in oxygen levels in normal tissue and
tumor tissue varying from ~5 mmHg in hypoxic tumor tissues to ~70 mmHg in
normoxic tissues. This creates scope for developing drug delivery systems that are
responsive to hypoxia. The controlled release obtained from these delivery systems
is due to bio-reductive units which induce hydrophobic—hydrophilic transitions of
the polymers and subsequently lead to disassembly of the delivery system, in this
case polymeric micelles. Due to the blood supply being curbed in the innermost
regions of tumor tissue, the delivery of traditional contrast agents and drugs becomes
difficult; interference being accumulated in such hypoxic regions. Hypoxia respon-
sive polymeric micelles provide a solution for overcoming such theranostic
obstacles. There are many hypoxia sensitive bio-reductive molecules which are
used for imaging and delivery of therapeutic moieties such as nitroaromatic
compounds, derivatives of azobenzenes, N-oxide compounds, quinone compounds,
etc. (Sun et al. 2018; Zhang et al. 2021).

The nitroaromatic compounds and their derivatives exhibit hypoxia sensitivity
due to single-electron reduction to amines by nitro reductases and bio-reducing
agents present in tissues. This bio-reduction step is oxygen dependent and reversible
in nature and therefore under normal oxygen levels it is inhibited. But under hypoxic
oxygen levels the nitro group can undergo reduction to a free radical anion and alter
the behavior of the molecule from hydrophobic to hydrophilic or cleavage (Sun et al.
2018; Zhou et al. 2021). N-oxide compounds and quinone compounds have hypoxia
responsive properties. These undergo one or two electron bio-reductions in hypoxic
conditions and thus produce radical species (Zhou et al. 2021). In a study performed
by Xin Shun Sun and colleagues, a polymeric micelle for the delivery of cytochrome
¢ was designed. Cytochrome c is a metalloprotein whose release from mitochondria
is one of the initial steps for the initiation of cell death pathways. Hence, a polymeric
micelle consisting of methoxy PEG-block-poly(diethylene-triamine-graft-4-
nitrobenzyl chloroformate)-L-glutamate [mPEG-b-P(DETA-NBCF)-LG] was
synthesized to incorporate cytochrome c, with the nitro-benzyl group acting as the
hypoxia sensitive unit. At a concentration of 100 pg/mL, these micelles exhibited
70% mortality of HepG2 cancer cells (Sun et al. 2020). Yinlu Deng and his team
developed a polymeric micelle consisting of poly(ethylene glycol)-block-poly
(methacrylic acid-co-2-nitroimidazole methacrylate) [PEG-b-P(MAA-co-NIMA)].
The 2-nitroimidazole group displayed the hypoxia responsive property. These
micelles were loaded with anticancer agent doxorubicin and the release rate was
checked in normoxic and hypoxic tissues. The micelles exhibited a 35% release of
doxorubicin over 16 h in normoxic conditions while about 79% in hypoxic
conditions (Deng et al. 2019).

An azo group containing compounds such as azobenzene is another category of
hypoxia sensitive unit. It is incorporated as a bio-reductive linker in the polymer
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chains. Azo groups under hypoxic conditions are reduced to amine derivatives and
thus lead to change in polymer structure and release of the payload (Zhou et al.
2021). In a study conducted by Mengmeng Long and co-workers, for the treatment
of bone metastatic prostate cancer, a polymeric micelle with azobenzene as hypoxia
sensitive linker and alendronate as a bone-targeting moiety was designed. The
polymeric micelle consisted of alendronate-poly(ethylene glycol)-azobenzene-poly
(L-lactic acid) [ALN-PEG-AZO-PLL] and was loaded with doxorubicin. The
micelles were able to suppress the tumor growth and also preserve bone structure
by promoting osteoblastic activity and suppressing osteoclastic activity and hence
achieving an enhanced therapeutic outcome (Long et al. 2021). In another study
conducted by Li Li and his colleagues, polymeric micelle consisting of Fucoidan
(hydrophilic segment), azobenzene (linker), and linolenic acid (hydrophobic seg-
ment) [FAL-DOX] were synthesized and doxorubicin was incorporated in it. The
micelles exhibited improved antitumor performance of doxorubicin with a
(FAL-DOX) ICs of 1.685 pg/mL as compared to ICs of 7.847 pg/mL of doxorubi-
cin and demonstrated approximately a 4.6-fold enhanced effect on hypoxic tumor
cells (Li et al. 2022a). Shiya Chen and co-workers conducted a study in which they
synthesized amphiphilic polymeric micelles consisting of polymer,1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-azo-N-[maleimide (polyethylene glycol-2000)]
(Mal-PEG2000-Azo-DSPE) with an azo bond as hypoxia sensitive linker. These
micelles were loaded with Mito rHP; a fluorescent moiety targeting mitochondria.
This fluorescent micellar probe designed was able to image hypoxia induced
mitophagy (Chen et al. 2020). F. Perche and colleagues developed a polymeric
micelle for siRNA delivery to hypoxic tumor tissue for gene silencing. The micelle
consisted of poly(ethylene glycol)-azobenzene-poly(ethyleneimine)-1,2-dioleyl-sn-
glycero-3-phosphoethanolamine [PEG-Azo-PEI-DOPE]. The micelles achieved
moderate in vitro and in vivo silencing activity (Perche et al. 2014).

7.7  Enzyme-Responsive Polymeric Micelles for Drug Delivery
and Theranostics

Enzymes perform a decisive function biologically due to their specific and superior
catalytic nature. In many diseases, there is an abnormal expression of enzymes and
hence they can be manipulated endogenously to design a stimuli-responsive system
for the delivery of drugs. Enzymes possess several significant advantages as a
stimuli-responsive system for the disassembly and degradation of polymeric
micelles, such as their natural presence in all living organisms, exceptional specific-
ity and efficiency, peptides substrates offer good biodegradability and biocompati-
bility as well. Some promising biological triggers include proteases, peptidases,
phospholipases, and oxidoreductases (Yang et al. 2020; Dai et al. 2019). A lyso-
somal cysteine protease called Cathepsin B and a large family of endopeptidases
called matrix metalloproteins (MMPs) are expressed in large amounts in tumorous
cells and at the sites of tumor, respectively. Thus, they possess the potential to be
designed as enzyme-responsive polymeric micelles (Dai et al. 2019). Yan et al.
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designed polymeric micelles encapsulating doxorubicin (DOX) emitting blue fluo-
rescence in UV light. The functional hydrophobic chain consisted of a
tetraphenylethene (TPE) segment and was responsible for the self-assembly of the
block copolymer, inducing luminescence and offering favorable stability to this
polymer-based nanostructure. The polymeric micelles were disassembled in the
ubiquity of esterase, consequently quenching its fluorescence by the release of the
drug (Yan et al. 2020).

Cabazitaxel an up-coming second-generation-taxane treats castration-resistant
prostate cancer which is metastatic in nature. Barve et al. worked on a targeted,
enzyme-responsive and biodegradable polymeric micelle to overcome the issues of
poor solubility and limited targeting ability of cabazitaxel. Two amphiphilic block
copolymers made up the micelle. One of the block copolymers was made of
cholesterol and PEG (peptide sensitive to enzymes and cleavable by MMP-2). The
other block copolymer included PEG, cholesterol, and DUPA (targeting ligand). The
micelle combined with DUPA showed greater fluorescence intensity, i.e., a twofold
in comparison to micelle which was not modified and threefold in comparison to free
dye. In the evaluation of DUPA as a prostate-specific membrane antigen (PSMA)
targeting ligand, free cabazitaxel and polymeric micelles were incubated with
PSMA-positive prostate cancer C4-2 cells for a duration of 0.5 h and 1 h. In
comparison to free cabazitaxel a three and fivefold uptake and in comparison, to
unmodified micelle a 1.5- and 2.1-fold higher uptake were observed at 0.5 h and 1 h,
respectively, when the micelle was coupled with DUPA. The micelle coupled with
DUPA also demonstrated the highest antitumorigenic activity in xenograft tumors of
mice (Barve et al. 2020).

Nitro-reductase has been overexpressed in tumor cells and is crucial in the
reduction of nitro compounds. Harnoy and his co-workers designed nitro-reductase
(NTR) sensitive micelles based on a polymer TNP, amphiphilic in nature consisting
of the 4-nitrobenzyl group, hydrophilic polyethylene (PEG) moieties and hydropho-
bic AIE tetraphenyl-ethylene (TPE) encapsulating the hydrophobic drug doxorubi-
cin (DOX). The simple mechanism involves the reduction of the 4-nitrobenzyl group
followed by decomposition of the micellar structure and finally the drug discharge as
observed in Fig. 7.4. The fluorescence of the TPE derivatives aids in tracking the
disassembly of the micelle. CLSM and FCM help in visualizing drug release. An
obvious toxicity against cancer cells was shown by TNP@DOX micelles in MTT
assays (Sun et al. 2021). Wei and his co-workers researched amphiphilic-linear
dendritic block copolymers (LDBCs) that self-aggregated into a micellar structure
in an aqueous environment, encapsulating Nile red which is a hydrophobic dye or
even doxorubicin. The block copolymers are made up of hydrophobic dendritic
phenylalanyl-lysine  (Phe-Lys) dipeptides and hydrophilic linear poly
(N-vinylpyrrolidone) (PNVP). The disassembly of the micelle is triggered by an
enzyme serine protease trypsin. The stability of the micelles can be enhanced by
expanding the generation of the dendrons, i.e., by growing the branch units of a
dipeptide, (Phe-Lys). The rate of release of the dye or the drug can also be modified
depending on the generation of the dendrons. MTS assays were performed which
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Fig. 7.4 Schematic diagram of DOX transport and cargo release of TNP@DOX micelles.
(Reprinted with permission from Sun et al. 2021 © 2010 Royal Society of Chemistry)

confirmed cytocompatibility with the cell lines of human liver cancer cells (SMMC-
7721) and lung epithelial cells (BEAS-2B) (Wei et al. 2019).

NAD(P)H: quinone oxidoreductase-1 (NQO-1) expression is almost 50 times
greater in lungs and liver cancer cells when compared with the normal cells. In the
research conducted by Park and his colleagues amphiphilic block copolymer,
QPA-P was synthesized containing hydrophilic polyethylene glycol (PEG) and
hydrophobic enzyme triggered QPA (trimethyl-locked quinone propionic acid)-
locked polycaprolactone (PCL). A two-step cyclization process is responsible for
the depolymerization of QPA-locked PCL by NQOI, followed by disassembly of
the micelles, releasing the encapsulated drug doxycycline (DOX). In the tumor
mouse model, greater deposition was seen at the target site by QPA-PM-DOX
when correlated with free DOX. Tumor growth inhibition was also high for QPA-
PM-DOX than benzene-PM-DOX (Park et al. 2021).

7.8  Dual-Responsive Polymeric Micelles for Drug Delivery
and Theranostics

Researchers have used a mixture or combination of different sensitive polymers
(e.g. pH and temperature) to impart dual-responsiveness. One of the trends in dual-
responsive polymeric micelles includes the creation of new polymers by using
different existing monomers. Dual-responsive systems are used not only for
controlling but also enhancing the release of the drug at the targeting site (Kalhapure
and Renukuntla 2018). Wang along with his colleagues studied a ROS (reactive
oxygen species) and esterase dual-stimuli responsive system for the delivery of drug
moiety. In designing this system, the combined effect of N-isopropylacrylamide
(NIPAM) and boronic esters was exploited via the RAFT (reversible addition-
fragmentation chain transfer) polymerization technique. In water solution the
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Fig. 7.5 Schematic of an electric and reactive oxygen species dual-responsive nanocarrier in the
treatment of epilepsy. (Reprinted with permission from Li et al. 2022b ©) 2022 Elsevier)

copolymer self-assembled leading to the formation of polymeric micelles. In vitro
release of doxycycline (DOX) from mPEG;0-PNIPAM-co-PBABE
(P3) polymeric micelles under physiological conditions showed that at blank
conditions, the cumulative drug release was only 30% for 54 h, however, in
10 mM H,0, (ROS) the drug release increased by 30% compared to blank
conditions. The release of the drug was expedited in the presence of both H,O,
and esterase, with 90% release observed within 54 h. In vitro cytotoxicity testing was
carried out using the MTS assay method in both HL-7702 and HeLa cells. Results
showed that the copolymer is less toxic since the viability of cells was high even at
greater concentrations of polymer (200 mg/L) and is highly biocompatible (Wang
et al. 2019).

Li and his colleagues developed an electroresponsive micelle, targeting the brain
for the delivery of lamotrigine (LTG) an anti-seizure drug, the delivery of which can
be controlled by an H,O, (ROS) as seen in Fig. 7.5. These mixed micelles contain
pluronic F127/ferrocene (Fc) modified p-a-tocopherol polyethylene glycol succinate
referred to as the FTC micelles. In vitro release study of the drug found that the
cumulative release of drug from the micelles at 1 mM and 10 mM, 1 h after
coincubation was found to be 1.5 times and 1.9 times greater in comparison to the
control group which contained drug-loaded FTC micelles without H,O, The
findings also suggested that as the concentration of ROS increased, the rate and
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Fig. 7.6 Schematic illustration of the micellization of the miktoarm star terpolymer and possible
morphology changes under the stimuli of temperature and the combined stimulations of pH and UV
light. (Reprinted with permission from Huo et al. 2017 © 2017 Elsevier)

the amount of release of the drug also accelerated. The anti-seizure effect was
investigated on PTZ rats for preventing epilepsy and suppressing seizures. This
in vivo evaluation between the free LTG and non-responsive FT-LTG showed
greater efficacy against seizures in the latter. Moreover, findings suggested that the
potential side effects due to LTG are decreased and the drug dose required to attain
the anti-epileptic effect is also reduced (Li et al. 2022b).

Huo and his colleagues designed a dual-responsive system consisting of amphi-
philic ABC miktoarm star terpolymer sensitive toward light and temperature. In an
aqueous solution, the terpolymer self-assembles into poly(2-nitrobenzyl methacry-
late) (PNBM)-core micelles with hydrophilic polyethylene glycol (PEG) sensitive to
light and poly(N-isopropylacrylamide) (PNIPAM) coronas sensitive toward temper-
ature as shown in Fig. 7.6. Nile red was encapsulated within the micelles and
fluorescence measurements revealed its release, when exposed to change in temper-
ature as well as UV light. An interesting outcome was that the triggering by UV light
weakened the release of encapsulated Nile Red in acidic conditions; however, the
release was promoted in basic conditions (Huo et al. 2017). Zhuang and his
co-workers designed intelligent polymeric micelles with the theranostic application
for the treatment and diagnosis of cancer. These polymeric micelles were dual-
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responsive synthesized using the mPEG-P (TPE-co-AEMA) copolymer consisting
of tetraphenylethene (TPE) which is an AIE-based fluorogen and 2-azepane ethyl
methacrylate (PAEMA), a pH-sensitive polymer encapsulating the drug Doxorubi-
cin (DOX) within them. Additionally, the release of the drug was increased margin-
ally when an excess of glutathione (GSH) is present.

An in vitro study was performed on 4T1 and HeLa cells. The outcome showed
that DOX-loaded mPEG-P (TPE-co-AEMA) micelles had greater antitumor efficacy
and less toxicity as compared to free DOX. Blue fluorescence produced by TPE and
red fluorescence produced by DOX are observable in the cytoplasm when
co-cultured with micelles loaded with DOX for 1 h. The uptake of these micellar
structures by 4T1-cells can be observed by an overlap of blue and red fluorescence,
which becomes stronger with time indicating more uptake (Zhuang et al. 2018).

Liu 2020 and his team of researchers designed a glucose and H,O, dual-
responsive micellar system for insulin delivery in the treatment of diabetes. The
polymeric micelles consisted of a hydrophilic section made of PEG and a hydropho-
bic segment made of poly(amino phenylboronic ester) (PAPBE) sensitive to H,O,
and glucose. Sensitivity toward glucose was responsible for the release of insulin
which can be further facilitated by co-encapsulation of glucose oxidase (GOy). GO,
produces H,O, as the by-product in the process of formation of gluconic acid from
glucose which in turn acts as a stimulus for the release of insulin. Streptozotocin
(STZ) was used to induce diabetes in mice to carry out the in vivo studies. The
hypoglycemic effect observed in insulin/GOy is superior in contrast to free insulin or
micelles containing only insulin (Liu et al. 2020).

7.9  Multi-Responsive Polymeric Micelles for Drug Delivery
and Theranostics

Targeting the release of a drug by a carrier at a specific site of disease by
incorporating systems responding to multiple stimuli is becoming a trend in recent
years. Multi-responsive systems like these are helpful in avoiding side effects and
achieving a greater control over the release of drugs (Ruiz et al. 2022). Though these
systems are rarely reported, they present greater possibilities of achieving more
functionalities considering various parameters. Dong and his colleagues developed
multiple stimuli-responsive polymeric micelles using a pyrene-functionalized poly
(dimethylaminoethyl methacrylate) polymer responsive to pH, light, and tempera-
ture. The drug encapsulated for the controlled release study was Nile Red. On
exposure to UV rays the micellar structure undergoes photolysis leading to the
formation of a unimer. At pH 3, the core is protonated, hence the micelle swells or
undergoes dissociation. At pH 10, the shells collapse because the PDMAEMA
segments undergo deprotonation, followed by shrinkage of the micelle and finally
aggregating to form a complex micelle. At high temperature conditions, the shrink-
age of the micelle can be observed, when the solution containing micelles was heated
from 20° to 60°. Though controlled release can be obtained by this triple-responsive
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system, complete release of Nile Red is demonstrated by UV light and low pH
conditions (Dong et al. 2013).

Dong et.al 2018 synthesized quadruple responsive copolymers forming micelles
in an aqueous solution with a disulfide bridge linking the hydrophobic cores made of
[poly (dimethylaminoethyl methacrylate)-copoly(2-nitrobenzyl methacrylate)
(PDMAEMA-co-PNBM) and the hydrophilic coronas, i.e., PEG. The controlled
release profile was evaluated using the hydrophobic molecule Nile Red via fluores-
cence intensity of the system. Results showed that the micelles were responsive to
various stimuli such as the presence of UV rays, DTT (dithiothreitol), temperature as
well as pH. Stimulus dependent behavior can be observed in these micelles such as a
change in the pH leading to alteration in the release pattern of the encapsulated Nile
Red and temperature changes affect the size of the micelles. Such responses are
crucial and help in the construction of complex logic gates and dealing with multi-
tasks (Dong et al. 2018).

Xu and his colleagues designed novel amphiphilic copolymers based on
azobenzene via addition-fragmentation chain transfer (RAFT) polymerization
method alongside multi-stimuli-responsiveness. An azo group with dual-
responsiveness toward light and reduction, super hydrophobic polyhedral oligo-
meric silsesquioxane (POSS) moiety and tertiary amine group with the
pH-responsive property was integrated into the polymer chain to generate a system
with multiple responsive property. Reduction in the hydrophobic azo pendant leads
to the formation of corresponding hydrophilic-substituted anilines which conse-
quently is responsible for the disassembly of the micellar structure. Variations in
the micelle size can be seen due to cis-trans isomerization of the azo groups when
exposed to UV rays. Tertiary amine groups are responsible for imparting
pH-sensitive property to the polymeric micelles. This multiple stimuli-responsive
property of P(POSSMA-co-AZOMA-co-DMAEMA) polymer can be utilized in
controlling the release of the encapsulated drug moiety for a targeted therapy
(Xu et al. 2018).

Gurgain 2012 designed polymeric micellar system responsive to quadruple
stimuli by designing poly(N-isopropylacrylamide-b-sodium 2-(acrylamido)-2-
methylpropane sulfonate) tagging it with a dimer of spiropyran at the poly
(N-isopropylacrylamide) end (SP2-b-NIPAM;s4-b-AMPS45). It can be seen that
the block copolymer so designed was responsive to multiple stimuli which included
pH, metal ion, temperature, and light. AMPS 45 showed stimuli-responsive behavior
toward metal ions and NIPAM; s, block copolymer toward temperature. Light, pH,
and thermal stimuli sensitivity are shown by the block polymer due to a spiropyran
moiety (SP2) photochromic in nature. Both size and color changes can be observed
by irradiation of visible light or UV light (due to the responsiveness of the SP block)
or by changing the pH of the solution. With an increase in temperature significant
rise in the size of the polymeric micelles can be observed due to the NIPAM;sg
block. The micellar system also undergoes a change in conformation from extended
to shrunken on the addition of Fe** ion, due to the properties of AMPS 45 block
(Guragain et al. 2012).
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Fig. 7.7 Illustration of the self-assembly, crosslinking process, and preparation of three types of
DOX-loaded crosslinked micelles by electrostatic interaction. (Reprinted with permission from
Zhang et al. 2018 © 2018 John Wiley and Sons)

Zhang along with his team developed a triple stimuli-responsive system with
sensitivity toward pH, temperature, and reduction using a block copolymer poly
(polyethylene glycol methacrylate)—poly[2-(dimethylamino) ethyl methacrylate]—
poly(N-isopropylacrylamide)—poly(methylacrylic acid) (PPEGMA-PDMAEMA-
PNIPAM-PMAA). This tetra block copolymer in acidic solution self-assembles
into noncross-linked micelles (NCLM). These micelles were crosslinked via
carbodiimide chemistry reaction or quaternization reaction forming core-crosslinked
micelles (CCLM), shell-crosslinked micelles (SCLM), and shell-core dilayer-
crosslinked micelles (SCCLM) as shown in Fig. 7.7.

These crosslinked micelles have the advantage of greater stability below CMC
(critical micelle concentration), presence of high salt concentration, and shearing
forces. The moiety enclosed within these crosslinked micelles is doxorubicin
(DOX). Studies on the release pattern revealed that release of DOX was highest
when micelles involved the trigger of all stimuli at pH 5, 37 °C, and 10 mM DTT
(Dithiothreitol). In vitro cytotoxicity assays were conducted by MTT assay for free
DOX, three variations of DOX-loaded crosslinked micelles, and four types of blank
micelles against HepG2 cells. The inhibitory effect of free DOX on the HepG2 cells
was higher compared to micelles crosslinked and DOX-loaded. The DOX-loaded
micelles also provided excellent antitumor action in the MTT assay. Hence, it was
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concluded considering various factors that SCCLM was the best suited nanocarrier
for the delivery of DOX (Zhang et al. 2018).

7.10 Extrinsic Stimuli-Responsive Polymeric Micelles for Drug
Delivery and Theranostics

One of the classifications of biological stimuli for the release of payloads from the
nanocarriers is physical stimulus with external application which includes heat,
mechanical pressure, light, and electric or magnetic field strengths (Fleige et al.
2012). External stimuli-responsive nanocarriers offer the benefits of temporal, spa-
tial as well as dose control in the release of the drug considering a remote apparatus
that can be controlled by a switch (“On” and “Off”) at will. However, with the
stimuli-responsive systems, depending on the stimulus used, an exact spot for setting
off the release of the drug and the response rate thereof can cause variations in the
degree of drug release and therapeutic activity (Cheng et al. 2013).

Cheng et al. designed light-sensitive polymeric micelles (LRPMs) by combining
poly(ethylene glycol) with hydrophilic properties and hydrophobic poly
(caprolactone) forming the block copolymer and maleimide-anthracene linkers
acting as the light-sensitive molecular groups. Doxycycline (DOX) was
encapsulated within the 3PEG-PCL micelles followed by irradiation with ultraviolet
light at 254 nm for about 10 s which was responsible for the complete release of the
drug into the intracellular environment, i.e., the cell nucleus, exerting strong cyto-
toxic effects on the tumor cells affecting their growth as well as proliferation. The
in vitro cytotoxic effects of the developed photosensitive micelle were carried on
SAS cells. The comparison between doxycycline loaded 3PEG-PCL micelles and
the free DOX involved conduction of SRB (Sulforhod-amine-B) assay. The IC50
values of the polymeric micelles were greater compared to the free DOX which
indicated similar results to that of MTT assay, i.e., dose dependent cell toxicity.
Further, staining of cells was carried out using DAPI (4,6-diamidino-2-
phenylindole) and observation was carried out using CSLM microscopy. DAPI-
stained cell nuclei were indicated by blue areas and red areas represent DOX
fluorescence. The pink fluorescent color represents the internalization of DOX by
cells. When the cells were irradiated with UV light for a duration of about 10 s,
gradual transfer of the pink fluorescence from the membrane of the cell to its nucleus
is observed. Hence, it can be said that these micelles possess significant potential for
treating superficial basal-cell carcinoma of the skin as well as the oral cavity (Cheng
et al. 2019).

Liu and his colleagues developed a photodynamic theranostic micelle
encapsulating indocyanine green (ICG) with self-quenchable properties along with
folic acid behaving as the targeting moiety (FA-ICG-micelles). Folic acid plays a
crucial role in improving the effectiveness of photodynamic therapy (PDT) as well as
the intracellular uptake of the micelles. ICG was incorporated within the star-shaped
poly(lactide-co-glycolide) (PLGA) and polyethylene glycol (PEG) (4s-PLGA-PEG)
block copolymers which acts as the hydrophobic core of micellar structure. The
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cytotoxic effects of FA-ICG micelles were studied by CCK assay, culturing
MDA-MB-231 human breast adenocarcinoma cells. Fluorescence analysis showed
that average intensity was 2.8-fold greater in FA-ICG-micelles in tumors compared
to free ICG indicating tumor specific accumulation. In vivo antitumor studies were
carried out on nude mice with tumor-bearing MDA-MB-231 cells to study the PDT
effect of the photosensitive micelles. Compared to day 0, a 16 and 12-fold increase in
tumor volume was observed on day 14 in saline and free ICG group, respectively.
However, significant inhibition of tumor was observed in FA-ICG-micelles compar-
atively. This can be due to sufficient accumulation of ICG in the tumor site
responsible for production of singlet oxygen (Liu et al. 2016).

Liang and his colleagues conducted research on the breakdown of the micellar
structure by high intensity focused ultrasound (HIFU). The micelles were
synthesized by a supramolecular di-block copolymer with the presence of metal—
ligand bond at the intersection of both the blocks. The di-block consisted of poly
(ethylene glycol) (PEG) and poly(propylene glycol) (PPG) along with HIFU respon-
sive, mechano-labile bis (terpyridine)-Cu (II) bond at the juncture producing a
(PPG-[Cu]-PEG) system. The micelles formed using PPG-[Cu]-PEG released the
encapsulated payload within several minutes as compared to PEG-[Ru]-PPG (stron-
ger Ru(Il)-Tpy bond) and PEO—PPO—PEO [poly(ethylene glycol)-block-poly
(propylene glycol)-bloc— poly(ethylene glycol)] (covalent bond) mainly due to
disruption of the weak Cu (I)—Tpy bonds in the PEG-[Cu]-PPG chain when
exposed to HIFU. This opened up opportunities for the further designing of delivery
systems mediated by ultrasound.

Kim et al. designed a polymeric micelle conjugated with magnetic nanoparticle
(MNP-PMs) to produce a combined effect of hyperthermia and chemotherapy in
treating cancer. Doxorubicin (DOX) was incorporated within these micellar
structures made of PEG-PLA (poly(ethylene glycol)-poly(lactide)) and
nanoparticles of iron oxide. Alternating magnetic field (AMF) is used for inducing
hyperthermia (41-46 °C) with an intensity of about 1.5 kA/m and a 200 kHz
frequency, which improves the release of the drug in comparison to that in the
absence of AMF. Human lung adenocarcinoma cells A549 cells are used for
carrying out hyperthermia and in vitro cytotoxicity experiments. It has been seen
that DOX-MNP-PMs are responsible for causing a significant reduction in the
proliferation of cells from 0.52- to 0.22-fold in comparison to free DOX via
hyperthermia induced by magnetism consequently enhancing the apoptosis of
cancerous cells (Kim et al. 2015).

Hassanzadeh and his colleagues designed thermo-responsive nano-micelles using
a succinylated form of surface-modified poly(ethylene-co-vinyl alcohol) with
pegylation by methoxy polyethylene glycol succinate (5000 Da) along with retinoic
acid (RA) to get a targeted conjugate to deliver epirubicin for treating carcinoma of
hepatic cells. Cell viability study was performed using HepG2 cells by MTT assay.
At a higher temperature (45 °C) significant growth inhibition was observed
indicating a thermal responsive behavior and the optimum formulation released
40% of the drug within 400 h which signifies a controlled release behavior
(Hassanzadeh et al. 2017).
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7.11 Conclusion

Stimuli-responsive polymeric micelles have shown several advantages and over-
come many challenges in the area involving delivery of drugs as well as theranostic
application. Due to their stimuli-responsiveness, they can be delivered to the targeted
site enhancing the effectiveness and specificity of the therapy. Various internal and
external stimuli cater control the release profile of the targeted moiety. The poly-
meric micelles responsive to internal stimuli like pH, ROS, oxygen levels, glucose
levels, presence of enzymes, etc. take advantage of the physiological phenomena
occurring in vivo, while, the ones responsive to external stimuli employ some
external source like temperature, light, ultrasound, electricity, etc., for biomedical
purposes. These have proven to be useful in cases of various diseases and disorders
like cancer and diabetes to name a few. By altering the polymeric chain by a stimuli-
responsive molecule, the mechanism of release is made highly specific which in turn
improves the targeting potential, reduces the wastage of drug as well as side effects.
Majorly research is being carried out on the utilization of stimuli-responsive poly-
meric micelles for cancerous tumors. Since the tumor microenvironment has signifi-
cant differences from the normal cell environment, this property is exploited by the
SRPMs for delivery as well as diagnostic purposes. They have proven to be more
efficacious than other conventional delivery designs by requiring lower doses,
having a longer period of release, etc., but still need work in areas of clinical
transitions and limiting toxicities. Stimuli-responsive polymeric micelles have
opened new gateways for drug delivery and diagnosis which were previously
inaccessible and made treatment better.

7.12 Future Prospects

Polymeric micelles became a boon for compounds experiencing problems due to
reduced solubility and also improved the possibility of conquering multi-drug
resistance. Stimuli-responsive polymeric particles are becoming a trend in the
delivery of gene/drug considering a range of internal and external stimuli with
greater emphasis on cancer research because of conclusive results in therapeutic
responses, diagnosis monitoring, and reduced side effects in comparison to tradi-
tional approaches. A step ahead in this technology can be an improvement in the
biodegradable or biocompatible stimuli-responsive copolymers that encapsulate a
diverse range of therapeutic moieties with a stable micellar system. Though there is
an edge over the current stimuli-responsive systems not many have been explored
in vivo and hence in vivo stability as well as drug release studies need extensive
research. It is also important to address the degradation kinetics of polymers as well
as aspects related to their toxicity. The complexity of multiple stimuli systems is a
significant drawback in its translation from the experimental phase to clinical
applications. Hence, most useful systems can aim at a simple polymer or hybrid
nanocarrier system which can be synthesized easily and be cost effective as well, to
overcome the challenges during scale-up. The future trend can also focus on
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combination therapy wherein immune or gene therapy can be combined with
nanomedicine to provide a synergistic or additive effect.
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8.1 Background

The theory of genetics is that branch of biology that deals with the study of genetic
variation, genes, and heredity, and Gregor’s medals discovered it worked in 1940.
The main role of genetics is deoxyribonucleic acid (DNA). James Watson and
Francis crick discovered the structure of DNA in 1953. In 1967, the enzyme DNA
ligase was isolated; this enzyme joined 2 strands of DNA together to constrict the
recombinant molecule. Some enzymes, referred to as restriction enzymes, are pri-
marily responsible for DNA sequences and making fragments. Recombinant
deoxyribonucleic acid (r DNA), a construct used to treat numerous diseases, is
created by joining pieces of DNA sequences. Recombinant DNA, developed in
1972, aids in combining double-standard DNA molecules.

A cell is the fundamental building block of an organism, and it is formed of a cell
membrane, which serves as the major barrier between the inside of the cell and the
outside world. There are numerous cell organelles in a cell that are useful for the
storage of genes. The genome is nothing more than a collection of genes. Cells that
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carry genetic information are given this information to function correctly in the
body. These data are transmitted by the nitrogen bases found in DNA and RNA, such
as adenine, guanine, cytosine, and thymine (or) uracil. Unlike genetic information
found in RNA, which has a single standard structure, genetic information is found in
DNA as a double standard structure. Usually, RNA comes in three different forms:
ribosomal RNA, transfer RNA, and messenger RNA. Ribosomal RNA, which
makes up 85% of all cellular material and is primarily responsible for the collection
of genes, is present in every cell. Methods for isolating DNA or RNA include gene
modification experiments for the nucleic acid source in DNA or RNA. During
cloning research, nucleic acid was employed in modest amounts (Gutiérrez-
Castrellon et al. 2007). Nucleic acid is a naturally occurring compound comprised
of sugars, phosphoric acids, purines, and pyramids. Nucleic acids represent a special
and mostly untapped target for medical therapy.

DNA and RNA are contained in the monomers known as nucleotides. When
monomers are joined to create a polynucleotide, that is what the term means. These
polynucleotides comprise a nitrogen base, a sugar molecule with five carbons, and a
phosphate group. Micelles are amphiphilic molecules with easier functionalization
and can encapsulate both hydrophilic and hydrophobic substances. It is a nanocarrier
for transporting drugs and genes that responds to stimuli. Immunomicelles, a
different targeting method, exhibit excellent binding specificity and target ability.
So in this book chapter, we highlight the benefits of nucleic acid-based micellar
therapy for treating numerous illnesses like cancer, diabetes mellitus (DM), acquired
immunodeficiency syndrome (AIDS), and other genetic abnormalities.

8.2  Nucleic Acid Based Micellar Therapy

Nucleic acid is an essential component of all living cells. It is produced in three
forms: phosphoric acid, sugars, and organic bases such as purines and pyramids. The
primary role of nucleic acid is to transform genetic information into the cell (Patra
et al. 2018). It is the makeup of some polymers, which are acidic monomeric
subunits known as nucleotides, and control the production of proteins. Nucleic
acids are of 2 types, one is DNA (deoxy ribonucleic acid), and another one is
RNA (riboxy nucleic acid). For medicinal treatments, nucleic acids constitute a
unique and primarily untapped target. The monomers known as nucleotides make
up DNA and RNA; these are combined to form the three components: nitrogen base,
which contains the nitrogen ring, five-carbon sugar molecules, and one phosphate
group. The nucleotides lose two phosphate groups as it expands the chains of DNA
(or) RNA.

An ATP phosphate group creates deoxyribonucleoside triphosphate, which is the
first step in the formation of DNA (De Vries et al. 2013). The nucleotides contain
four nitrogen bases, such as adenine, guanine, cytosine, and thymine, that form the
polymer known as DNA, whereas RNA contains uracil instead of thymine. These
nitrogen-containing bases are complementary to each other. Adenine is always
complementary to thiamine, whereas guanine is always complementary to Uracil.
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While complementary for this nitrogen basis of adenine and thymine using two
hydrogen bonds, guanine and cytosine use the three hydrogen bases. This structure
and clinical stability of molecules create genetic material.

Additionally, complementary bonding nucleotides offer a mechanism for DNA
replication and genetic information transmission. The tiny circular DNA molecules
known as plasmids, found in some bacteria and archaea and typically only include a
few genes, are another molecule (Barnaby et al. 2014; Yin et al. 2014; Wu et al.
2014; Chinen et al. 2015, 2016, 2017). A large number of plasmids are easily
transferred between cells. In all cells, DNA is found as a protein-coated structure
termed chromatin rather than free in solution. DNA is a double helix in structure, but
when a segment is present between 140 and 200 base pairs, it shows a spherical
structure around eight positively charged proteins called histones. As more histones
are added, consecutive pieces of DNA are wrapped around them, forming
nucleosomes that resemble beads strung together (Xu et al. 2012a; Grigoryev and
Woodcock 2012; Bamshad et al. 2011; Rivera and Ren 2013; Rakyan et al. 2011;
Deng et al. 2014). Genetic material can change due to chemically altered DNA
(Deng et al. 2014). Inducing COT transitions, anions like bisulfite can deaminate C
to produce U. Adjacent pyrimidines can dimerize when exposed to UV
radiation. F. Sanger and W. Gilbert invented sequence determination techniques in
the 1970s; for their work, they were awarded the Nobel Prize in 1980. Sanger’s
approach depends on the enzymatic production of DNA, whereas Gilbert-M depends
on the chemical activities of nucleotide bases. These two techniques are used to
calculate the distance between each instance of specific base pairs, A, C, G, or
thiamine (T), and a fixed place on the DNA.

Unlike DNA, RNA is typically single-stranded. A, U, G, or C is one of the four
nitrogenous bases that make up a nucleotide in an RNA chain. In this chain, an
enzyme known as RNA polymerase is responsible for this process, which is known
as transcription (Liu et al. 2005). RNA is a volatile nucleic acid that performs several
roles in cells, including serving as a template for protein production and giving
structure to higher-order complexes. RNA nucleic acids are of three forms; they are
messenger RNA (mRNA), ribosomal RNA (rRNA), and transfer RNA (tRNA).
About 80% of cellular RNA comprises TRNA, with tRNA and m RNA making up
the remaining 3—-5%. However, R. Robert and Philip Sharp discovered in the 1970s
that the coding sequences in eukaryotic genes are frequently “split” in the genome.
They won the 1993 Nobel Prize. Before mRNAs can function, these coding
sequences must be brought together. Exons are the regions of DNA or RNA that
code for proteins, whereas introns are the non-coding regions found between exons.
RNA splicing is the procedure that involves removing the introns and then re-joining
the exons. Each intricate piece of enzyme-powered equipment known as a
spliceosome eliminates each intron through a unique series of processes.

A messenger mRNA delivers the message between a protein and its particular
gene. Consider a scenario where a cell must produce a specific protein (Xiong et al.
2012). The protein-coding gene will then go “on, “which causes an
RNA-polymerizing enzyme to deliver the gene’s sequence.
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An mRNA will join a ribosome once created. Proteins are put together by this
molecular assembly line using amino acids. A group of mRNA are called codons,
and each codon produces proteins through appropriate amino acids. Prokaryotic
mRNA typically degrades quickly, whereas eukaryotic mRNA’s (Li et al. 2015).
rRNA binds both mRNA and tRNA to facilitate translating the mRNA’s codon
sequence into amino acids. They aid mRNA in binding to the appropriate location.
Ribozymes are RNA molecules that function as enzymes. The prokaryote E. coli
produces approximately 15,000 ribosomes per cell using these ribosomal genes.
Individual amino acids are transported by transferring tRNAs and bringing amino
acids to the ribosome. The transfer RNA molecule contains long-chain nucleotides;
it usually requires 20 amino acids for protein synthesis. Another type of RNA is
regulatory RNA, roughly 22 nucleotides long and used as small regulatory RNA
molecules to diminish the stability or interfere with the translation of specific mRNA
molecules (with wholly or partially complementary sequences). Not all cellular
catalysis is performed only by proteins (Abdelhamid et al. 2014). Artificial miRNAs,
also known as miRNA mimics, SiRNA-miRs, or pri-miRNA-like shRNAs, have the
most complex structures and undergo two steps of processing in cells to generate
mature siRNAs, RNAi effectors.

A specialized component called a ribosome is used in translation to decode the
information contained in RNA molecules. The discovery of the genetic code in the
1960s was one of the pinnacles of molecular biology. All 64 possible triplet codons
were examined by Khorana and Nirenberg using artificial templates and in vitro
protein synthesis systems. 61 codons encode 20 amino acids in the genetic code, so
many codons frequently indicate one amino acid. This is the main characteristic of
the genetic code. The genetic code’s structure, encoded by the first two bases of each
codon, strongly suggests that it evolved from a more rudimentary code that used
16 dinucleotides. An assembly of monomer surfactant molecules scattered in a liquid
colloid is known as a micelle. Micelles are amphiphilic molecules with easier
functionalization and can encapsulate both hydrophilic and hydrophobic substances.
The hydrophobic “tail” sections are trapped in the micelle center by the hydrophilic
“head” portions, which are in contact with the surrounding solvent. In inverse
micelles, the head groups extend the tails from the center. Micellization is the
process of creating a micelle (Chen et al. 2013). An average micelle has a spherical
shape and 50-100 monomers. The aggregation number is the number of monomers
required to form a micelle. Amphiphilic block/graft copolymers are hydrophobic and
hydrophilic to the exterior self-aggregate to form polymeric micelles (shell).

Polymeric micelle (PM) belongs to the group of “nanocarriers.” It has two
portions hydrophobic and hydrophilic portions. Amphiphilic block or graft
copolymers act similarly to typical amphiphiles and produce polymer micelles in
an aqueous solution above the critical micelle concentration. The solubility of the
original medicine can be improved by PM, which also enhances biocompatibility.
The hydrophilic shell and the nanoscale size prevent mechanical clearance. Its inner
core has a significant potential for drug loading. The receptor-mediated drug delivery
mechanism can take advantage of it. It is a nanocarrier for transporting drugs and



8 Nucleic Acid-Based Micellar Therapy for the Treatment of Different Diseases 159

genes that responds to stimuli. Immunomicelles, a different targeting method,
exhibit excellent binding specificity and target ability (Xu et al. 2012b).

8.3  Treatment Strategies for Nucleic-Acid-Based Micellar
Therapy

Many treatment strategies of nucleic acid-based micellar therapy examine the actions
of genes. This can change or transform cellular physiology. Gene therapy’s effec-
tiveness comes from its ability to access molecular pathways previously inaccessible
by conventional pharmacological methods by altering cell physiology at the genetic
and epigenetic levels. This makes it possible to target specific pathways and
variables with an unmatched level of precision, greatly enhancing the efficacy of
monotherapy and drastically lowering the adverse effects frequently connected to
wide-spectrum pharmacological agents. Delivery is the main obstacle for gene
treatments, as it is for all drug development processes. This main problem was
initially solved by creating disarmed retroviruses. The creation of synthetic
non-viral gene delivery systems has encountered several biological and technical
difficulties (Xiong et al. 2012). Various cationic polymers and lipids with different
transfection efficiencies have been investigated for this. Whenever the nucleic acid is
delivered as a prodrug, it is expressed as a transgenic. It would be necessary to retool
current techniques to ascertain the relationship between delivery effectiveness and
therapeutic efficacy. Gene replacement therapy identifies a defective gene and
applies a correct piece of DNA to it via a viral vector (also known as a carrier
molecule), thereby replacing the identified defective gene with the correct copy.
Gene suppression, gene editing, and gene repair are used to grow an understanding
of genes. The biological result is highly dependent on identifying the targeted gene,
even though the modes of genetic changes differ in their impact on the gene of
interest. These alterations are not mutually exclusive and can be used singly or in
combination to obtain the same therapeutic result (Chinen et al. 2016). There are four
target treatment strategies present: (1) Gene replacement, (2) Gene addition,
(3) Gene expression, (4) Gene editing.

In the replacement treatment strategy, first, identify the particular disease and
replace it similarly to the original gene. But this therapy takes a long process to
identify the specific gene. In the case of gene addition, they were adding a particular
protein instead of a gene which goes wrong for making the affected. Whereas gene
expression is by altering the DNA/RNA sequences using interfaces. Mammalian
gene expression is a plasmid DNA usually obtained from bacteria. These plasmid
DNA molecules contain coding sequences, promoters, enhancers, and
polyadenylation sites (Chinen et al. 2015). These DNA molecules are essential for
the production and mRNA sequences. These sequences are located beyond these
mammalian elements. Because healthy, well-established procedures make it simple
to insert. The pDNA is used in gene replacement therapy; it delivers the mRNA
Sequences, ios, and is an alternative strategy for avoiding the need for nuclear
entrance (Abdelhamid et al. 2014). The fact that RNA molecules are highly
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vulnerable to being broken down by extracellular and intracellular nucleases is a
fundamental disadvantage of this method. However, recent chemical modification
and in vitro transcription developments have significantly increased. Like pDNA, an
artificial chromosome is also used in gene replacement therapy because this chro-
mosome has the capacity for replication and expression maintenance over multiple
generations. In addition, AC has a far greater capacity for the transgene size than any
currently existing vector system. The gene expression is “knocked down,” which
downregulates the DNA and RNA sequences. Before any mechanism of action, such
as gene expression knockdown, mRNA splicing change, transcriptional and epige-
netic regulation, or genome editing, a specific intracellular localization (e.g., cytosol
or nucleus) is frequently required.

RNA interfaces (double standard RNA (ds RNA), and siRNA are used in gene
expression strategies because they connect to RNA-induced silencing complexes
while in the interfacing mechanism. The ds RNA is present in the cytosol, which
helps to RNA interface and has been driven to transcription by pDNA harboring
either the RNA POI Il or POI 11l promoter for greater long-lasting silencing efficacy
(Xiong et al. 2012). Small hairpin RNA (sn RNA) acts as a mediator between the
RNA and si RNA; it may reduce the effectiveness of its silencing. siRNA molecules
have been subjected to various chemical alterations to enhance their efficacy,
potency, serum stability, specificity, and transport, control their immunogenicity,
and lessen the off-target effect. Antisense oligonucleotides (AON) can be used in an
RNA-independent way to shut down genes (ODN). Single-stranded DNA molecules
with an 18-21 length, known as As-ODN, share complementary sequences with
their target gene (Bamshad et al. 2011). Hybridizing the As-ODN to target regions in
several ways decreases gene expression. These oligonucleotides, like siRNA, are
chemically altered to improve their effectiveness and stability and protect them from
nuclease attacks. The binding affinity, target selectivity, and nuclease resistance of
the current generation of chemical moieties and stereoisomers are considerably
improved over those of the previous generation. The ideal remedial strategy for
gene repair is gene replacement; risks associated with ectopic integration frequently
outweigh the advantages; restoring wild-type activities in dominantly harmful
mutations using gene repair is quite exciting, removing miscoded regions, a modifi-
cation carried in gene sequences.

In genome editing (also called gene editing) is a group of technologies that give
scientists the ability to change an organism’s DNA. These technologies allow
genetic material to be added, removed, or altered at particular locations in the
genome. Several approaches to genome editing have been developed. Cells use
RNA editing, a naturally occurring mechanism, for posttranscriptional processing
in the case of RNA sequence editing using the nucleic acid base pairs. Generally, the
four nucleic acid base pairs are present: adenine, guanine, cytosine, and thymine. In
these base pairs, adenine is always complementary to thymine, and guanine is
always complementary to cytosine in the case of DNA. In contrast, RNA, instead
of thymine uracil, is complementary to adenine. But here, especially in the gene
editing technique, changes in the complementary base pairs are adenine binds with
the guanine, and cytosine binds with thymine in the case of DNA.
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In contrast, RNA and cytosine bind with the uracil. Another complementary base
pair is adenosine, and cytosine deaminase rings acting on the RNA sequence. These
two deaminases are viral vectors, viral RNA, non-coding miRNA, and pre-mRNA.
As a result, it has the potential to treat a variety of disorders. Gene correction,
however, can be permanently fixed through genome-level gene editing. However,
gene correction can be permanently fixed through genome-level gene editing. As a
result, it can potentially treat a wide range of disorders. It can be done with various
DNA molecules, including short DNA fragments, RNA/DNA hybrid
oligonucleotides, and triplex-forming oligonucleotides. In the case of DNA,
plasmids are mainly used for editing the gene sequence in the treatment of nucleic
acid micellar therapy. The plasmid DNA molecules act as prodrugs at the molecular
level since they use the cell’s DNA transcription and translation machinery to
biosynthesize the therapeutic protein after internalization. The plasmid molecules
must enter the cytoplasm and then reach the nucleus to carry out the P DNA’s mode
of action.

The effectiveness of gene expression is ultimately governed by nuclear access or
lack thereof (Bamshad et al. 2011). It can also be used as a DNA vaccine for gene
editing techniques and curing diseases. Short single-stranded DNA segments known
as oligonucleotides can specifically block the production of a single protein when
internalized by tissue applications; oligonucleotides engage and prevent translation
or processing. Oligonucleotides act as antigens in the triplex form of DNA standards
used for therapeutic illness. Human clinical studies for cancer are currently being
conducted with AON, such as M G98 and ISIS 5132. Double-stranded nucleic acid
fragments, known as DNA aptamers, mainly focus on the molecular actions of
proteins and have the potential to inhibit the HIV-1 integrase enzyme’s ability to
synthesize harmful proteins. DNA enzymes are ribozyme analogues with superior
biological stability. The DNA motifs confer the physical strength, which takes the
place of the RNA backbone chemistry (Deng et al. 2014). Single-stranded nucleic
acid segments known as RNA aptamers can directly interact with proteins; they do
so by complementing the shapes of their targets.

Additionally, they have high affinities comparable to monoclonal antibodies.
RNA aptamers have shown potential in inhibiting HIV-I transcriptase’s ability to
biosynthesize harmful proteins. Further, RNA aptamers have preferentially bind and
render inactive growth factors. Eighty per cent of individuals in a clinical trial who
received eye injections of anti-VEGF aptamers had no adverse side effects while
maintaining or improving their vision. The RNA decoys aim to offer an alternative,
competitive binding site for proteins that function as mRNA stabilizers or transla-
tional activators. Decoys obstruct translation or cause mRNA instability and even-
tual destruction (Surana et al. 2015). As decoys for transactivating proteins stop
attaching to the viral Genome’s corresponding cis-acting elements. Antisense
medications are brief segments of the deoxyribonucleotide sequence. They can
also process protein synthesis. These medications start to operate before a disease-
causing protein is ever produced (Hossen et al. 2019). They can theoretically be used
to treat various illnesses whose fundamental pathophysiology. An antisense oligo-
nucleotide have enzyme moiety which is mainly responsible for RNA sequence and
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forms the triplex. RNA through RNA interference, siRNAs can be employed to
suppress the expression of disease-causing genes. It stopped complementary to these
brief dSRNA segments, which have 2123 nucleotides.

8.4 Diseases Associated with the Genetic Mutation

Only three nucleic acid-based treatments received global approval in early 2007,
these therapies primarily revolve around gene therapy and antisense technology.
Only three treatments based on nucleic acids were granted approval on a global scale
at the beginning of 2007. These treatments primarily focus on gene therapy and
antisense technology and include gene therapy, aptamer, antisense-based products,
and transplantation of organs or tissues. Replacing a damaged gene with a new,
healthy gene is the fundamental tenet of gene therapy. In vitro gene therapy is a
feasible strategy that can be used to treat an inborn metabolic defect. This therapy
removes target cells and incubates them with a nucleic acid-containing vector.
Human cells are returned to the body once the vector has delivered the nucleic
acid. The vector must be administered intravenously in vivo (Nasongkla et al. 2006).
Only the target cells were meant to be recognized and bound by the vector. The
nucleic acid is supplied to these cells. In the case of in situ delivery, the vector is
directly injected next to the body’s target cells. These treatments mainly address
illnesses, e.g., cancer, DM, AIDS, and hereditary diseases (Fig. 8.1).
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Fig. 8.1 Nucleic acid-based micellar therapy for the treatment of different diseases
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8.4.1 Cancer

A malignant neoplasm, also known as cancer, is a general term for several different
disorders. It is a body-wide abnormal proliferation of dead cells. Because the old cell
does not perish, it develops (Gao et al. 2005). Instead, they develop atypically. The
collection of recently created dead cells is referred to as a tumor. Gene therapy, a
method for repairing the faulty genes responsible for cancer formation, can be used
to treat it. It uses cancer as a vector to spread the gene. Virus vectors are the most
prevalent type of vector utilized in gene therapy. Cancer gene therapy has two goals:
help hasten recent improvements in cancer survival rates using proven cancer
therapies. The second goal is maximum efficacy with minimal harm. When
administering drug-nucleic acid combinations, many factors must be considered.
Normal cells and tumor cells are both components of gene therapy. Mutant tumor
suppressor genes can be replaced by tumor cells. Cell surface receptors that are
overexpressed are downregulated, or their kinase activity is inhibited. It can suppress
tumor angiogenesis, restore the cell’s ability to experience senescence, and prevent
abnormal intracellular signaling pathways (Jeong et al. 2005). The use of chemo-
therapy in a more dense-intense manner without sensitive, normal cells is possible in
the case of normal cells. It is the effector mechanism of gene therapy to correct the
molecular defects that result in malignant transformation and suicide genes.

Transgenes can be injected directly into the tumor to reach it in situ. They remove
cells from the patient carrying the tumor, insert the transgene extracorporeally into
the cells, and reintroduce the genetically altered cells into the host. Ex vivo adaptive
transfer aids in the treatment of immunotherapy and hematological malignancies
(peripheral bloodstream cells) (Lee et al. 2012). However, reliable tumors—an
alternative method of delivery for superficial lesions when the malignancy has
spread—do not fall under this category. The intra-tumoral injection of naked DNA
can be done under direct observation while the endoscope views the tumor. It adds
no value, particularly when the current local treatments, such as surgery or radio-
therapy, may reach cure rates. The optimum distribution method for gene therapy is
typically intravenous and sporadically into arteries, even though it is essential for
treating advanced diseases with many metastases.

Nevertheless, systemic gene therapy has certain drawbacks, including extravasa-
tion and interaction with extracellular matrix (ECM), circulating antibodies and
immune effector cells, non-specific adsorption in the liver, and circulating antibodies
and immune effector cells. The trans-gene inside autologous cells, which have the
innate propensity to home to sites of tumor growth, can be used to circumvent these
issues. The cells are mesenchymal, endothelial, macrophage, and lymphocytes. The
trans-gene is then dispersed throughout the tumor once released from a cellular
carrier using antigen recognition and pharmacological stimulation.

Vectors are mainly responsible for producing genes, which are viral-based and
non-viral-based types. Viral-based vectors are RNA and DNA. In RNA, viral-based
vectors contain the three crucial genes: gap, pol, and env, DNA-based viral vectors
contain adeno-associated viruses (AAV), Herpes viruses, and sends viruses. At the
same time, non-viral vectors are naked DNA shown in Table 8.1.
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Table 8.2 Prominent strategies of gene therapy for cancer

Genes Strategies
Gene Pro-inflammatory genes, such as IL-12 and IFN-g, are introduced; local
cytokines information is induced, and tumor suppression occurs
Cell-mediated immunity destruction
Genes for Phosphorylation of ganciclovir by HSV-tk
suicide The “bystander effect”

Cancer genes | P53 gene introduction, which is typically mutated in most cancers
— Anti-oncogenes

HSC — MDR-1 gene introduction in HSC: Improves HSC tolerance to
protection chemotherapy; permits more aggressive treatment

8.4.1.1 Characteristics Strategies for Gene Therapy for Cancer

* Enhancing the tumor’s immunogenicity.

 Inhibiting the expression of oncogenes.

* Introducing a wild-type tumor suppressor gene.

* Protecting stem cells from chemotherapy’s toxic side effects.

* Obstructing the tumors’ ability to avoid being destroyed by the immune system.

* And killing tumor cells by introducing toxin genes under the control of a tumor-
specific gene.

It mainly uses three strategies: RNA-directed plans, gene replacement, and suicide
gene therapy (Table 8.2). Recessive suppressor genes are lost in both copies in many
human cancers due to gene replacement techniques. Therefore, it introduces a plan
for eliminating the cancer cell phenotype (Cheng et al. 2012). The genome guardian
P53 is the most alluring candidate for gene substitution. Gene therapy can encode
proteins that have direct cellular cytotoxicity, such as the A-subunit of Diphtheria
toxins, in the case of suicide. However, the suicide gene product is typically not
harmful by itself. The original prodrug activating enzyme is utilized in bacterial CD
cytosine. Accelerating the triphosphorylation processes activates the prodrug ganci-
clovir (Koganti et al. 2013). Triphosphate is a DNA replication chain terminator.
While endogenous kinases carry out the di- and tri-phosphorylation, the HSV-tk
assists in the first phosphorylation. In RNA-directed targeting, these techniques
focus on the mRNA rather than the DNA encoding a protein or the protein itself.
Consider epidermal growth factor receptor (EGFR) mRNA targeting in malignancies
with elevated EGFR expression.
There are 3 types

—_

. Technology that blocks sense.
2. Ribozymes.
3. RNA interference.

Single standard ODNs complementary to suppress the production using antisense
technology. Either antisense ss-ODN and the targeted mRNA couple up in a specific
base-pairing sequence that prevents translation, or ss ODN forms a duplex detected
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by the RNase H, causing mRNA cellular enzyme cleavage. In the case of ribozymes,
these natural molecular derivatives can be found in various organisms. ODNs also
bind to the target mMRNA. AIDS and healthy volunteers are still research subjects, not
cancer patients.

SiRNA, complementary to mRNA targets, is a 21-23 nucleotide base ssRNA
effector used in RNA interference or gene silencing. The production of siRNA is
carried out by the RISC intracellular multimolecular complex (RNA-induced silenc-
ing complex). Slamon et al. (2001) found that humanized monoclonal antibodies
improved survival in breast and colon cancer subgroups. In addition, gastrointestinal
stromal tumors and chronic myelogenous leukemia can be treated with receptor
tyrosine kinase inhibitors. In the phase I clinical trial, Arie Belldegrun et al. (2001)
used gene-based immunotherapy on 24 patients with locally advanced prostate
cancer (CaP). Transrectal ultrasound delivered a functional DNA-lipid complex
encoding the interleukin 2 (IL-2) gene into the hypoechogenic tumor lesion. After
treatment with high-dose IL2, in vitro data showed a decrease in plasma serum
antigen (PSA) mRNA expression in the LNCaP cell line (derived from a metastatic
lymph node lesion of human prostate cancer), a normally high PSA producer. Thus,
these differential mechanisms may explain the inconsistent mRNA-protein disparity.
Finally, the author concluded that IL-2 gene therapy is safe and well tolerated by
patients based on the findings.

2013 Jing Li: Nucleic acid therapies that have recently shown promise in cancer
treatment include siRNA, AON, shRNA, and pDNA. This approach is effective for
treating monogenic illnesses. Due to the complicated signaling pathways in cancer
cells and the various compensatory mechanisms involved, effective treatment
strategies are according to the current cancer therapy regimens. Suggested that
nanocarriers that can transport drug-nucleic acid mixes will lead to the development
of better-controlled, safer, and more effective cancer treatments.

Cancer cells are directly killed by chemotherapy medications (apoptosis).
Assume that any apoptotic network faults will significantly reduce the effectiveness
of these networks. P53, retinoblastoma protein, and MDA-7 are a few tumor
suppressor genes. Kiwada et al. have described the xenograft model for treating
human colon cancer (2011). This method used Bcl-2 siRNA produced in PEGylated
lipoplexes and the chemotherapy drug 5-fluorouracil (5-FU). The combination
greatly enhanced the capacity to inhibit cell proliferation and supported tumor
suppression compared to either monotherapy (Li et al. 2012). Chu et al. used
cisplatin and surviving siRNA in combination therapy to treat ovarian cancer
(2012). When delivered using polyethyleneimine, the siRNA/drug combination
efficiently caused apoptosis and suppressed tumor formation in vitro and in vivo
(PED).

84.2 DM

DM is a metabolic disorder of 2 types. One is insulin-dependent (type 1), and the
other is insulin-resistant (type 2), which means insufficient insulin and more
complications than type 1. According to the World Health Organization (WHO),
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diabetes affects 537 million people globally (Tressler et al. 2003). It is estimated that
643 million people will be impacted in 2030, rising to 783 million in 2045. India is
slowly progressing to the top of the world with the most significant volume of
diabetic subjects and is anticipated to be the “diabetes capital of the world.” India
will be the capital of people with diabetes. By 2025.69 million people in India were
affected due to diabetes in 2019. It is estimated that over 101 million people will be
involved in 2030 and 134 million in 2045.

Genes involved in DM are defective lipoprotein lipase (LpL) genes that may risk
coronary artery disease and type 2 diabetes in people with it (Taylor 2012). Calpain-
10, also known as CAPN10, is the protease from the calpain family that was found to
be the first candidate susceptibility gene for type 2 diabetes mellitus (T2DM).
Defective genes that regulate a molecule called peroxisome proliferator-activated
receptor (PPAR) gamma may contribute to type 2 diabetes and high blood pressure
in some patients. A defective gene that affects the beta3-adrenergic receptor has been
detected, found in visceral fat cells (those occurring around the abdominal region).
The result is a slowdown in metabolism and an increase in obesity (Samuel and
Shulman 2012). A theory is that some cases of type 2 diabetes and obesity are
derived from everyday genetic actions that were once important for survival—the
existence of a so-called thrifty gene, which regulates hormonal fluctuations to
accommodate seasonal changes. In specific nomadic populations, hormones are
released during seasons when food supplied has traditionally been low, which results
in resistance to insulin and efficient fat storage (Hirabara et al. 2012). The process is
reversed in seasons when food is readily available. High-carbohydrate and fatty
foods are functional all year long; the gene no longer serves a practical function and
is now harmful because fat, initially stored for famine situations, is not used up
(Table 8.3).

Increasing hyperglycemia is the aim of nucleic acid-based therapies, particularly
siRNA-based medicines that concentrate on potential novel targets for effective and
focused Type 2 DM (Tang et al. 2012). The antisense sequence of messenger RNA
forms the small duplexes which aid in treating type II diabetes. This technique was
discovered by Small fire and Mello, and they received the Nobel prize for this
research. Developing RNAi-based therapeutics to treat diseases like DM and its
effects is a top priority for many businesses (Gaggini et al. 2013). To cure obesity
and T2DM, Cyt Rx Corp. and the University of Massachusetts Medical School
started developing therapeutic compounds based on RNAi technology; human
T2DM patients’ skeletal muscles showed improved insulin signaling and glucose
metabolism. Using RNA interface technology is a new technique for treating Type
2 DM; it controls the metabolism, insulin activities.

8.4.3 AIDS

AIDS is one of the immune-related diseases that is brought on by the immunodefi-
ciency virus. (HIV). HIV weakens the immune system, making it challenging to
fight viruses. It is easily contagious by contaminated vaginal secretions, semen, or
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Table 8.3 Genes susceptible to type 1 and type 2 diabetes

Genes
Type 1
PPAR

ABCCS8

Gene treatment assistance with
islet transplantation

Type 2
HLA-DQB1

INS

CTLA4

Possible intervention tactics

Islets of allograft/xenograft
survival-promoting genes
Gene anti-apoptotic

Genes that regulate immunity
Cytokines

Gene susceptible

This gene mainly decreases insulin sensitivity and increases
T2DM risk

It is an ATP binding cassette, a subfamily belonging to C,
eight-member. This gene encodes the high-affinity
sulfonylurea receptor

These genes serve as carriers for transgenes that regulate the
immune system. These genes exhibit pre- and post-
transplantation states when given as an infusion. These
genes, when administered in vivo, produce trophic factors
for islets

This gene belongs to the class II beta, which consists of alpha
and beta, present on the membrane. Both chains play a
crucial role in immune systems. Especially since these class
1T molecules represent the antigen-presenting cells.
Particularly one phenotype, DQB1C 0201/%0302, which
shows high toxicity in type 1 diabetes

It is an insulin gene which contains the 1430 base pairs,
which helps with the translation of proinsulin

Cytotoxic T-lymphocyte antigen-4 gene (CTLA-4) encoded
on chromosome 2q3CTLA-4 produces negatively charged
ions for inhibiting the T-cells

Insulin-sensitizing genes serve as vectors for the
transduction and translation of genes and are primarily in
charge of preventing insulin resistance

Primarily guard against cytokine-induced cell death Bcl-2,
heme oxygenase-1, hsp70, delta-dominant protein kinase C,
and manganese superoxide dismutase are a few examples
For instance, indoleamine 2,3 dioxygenase

For example, the IL-1 receptor under clinical
experimentation mainly focuses on obesity-related
complications and satiety centers. Beta cells and a beta cell
growth factor engineered into a vector could partially cure
the disease

blood. Nowadays, drugs are only used to treat illness rather than to stave it off. Use
nucleic acid base techniques employing two types of ssSRNA standards, reverse
transcriptase and integrase; integrase aids in the insertion of the human immunode-
ficiency virus (HIV) DNA into host DNA and infects macrophages and helper T
cells (Van Herk et al. 2016). Making immune cells resistant to HIV through gene
therapy (the AIDS virus) is possible. Enhancing the body’s immunological response
to these substances may be utilized to assist patients in destroying HIV and
HIV-infected cells. The strategies for gene therapy for AIDS are shown in Table 8.4.

It aids in treating cancer, infectious disease, inherited diseases, and medical
ailments. AIDS is treated using a variety of methods. Oncogene expression, cytokine
overexpression, and angiotensinogen overproduction are the causes of illness.
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Table 8.4 Gene therapy strategies for AIDS

Intracellular To make the engineered cells resistant to viral infection, genetic

immunization engineering produces an antibody intracellularly

Ribosomes These RNA molecules have an enzymatic activity that cleans the RNA
and an antisense sequence for specific recognition

Transdominant These proteins include changed amino acids, which enable the mutant

mutant protein to interfere with the actions of the protein in its wild-type form

Trojan horse The HIV packaging signal and an anti-HIV nucleic acid are present in this

anti-HIV RNA

Intracellular immunization techniques involve introducing genes into pathogen-
susceptible cells, such as injecting gag-encoding genes into viral-sensitive cells. It
is capable of preventing viral replication in its mutant form. A gene that codes for
antibody fragments that can attach to the HIV envelope proteins is transferred to
susceptible cells to disrupt the formation of the virus. The soluble CD4 antigen,
which resembles the HIV cell surface receptor, can also be secreted by recombinant
cells. The delivery of virions—DNA vectors containing the gene encoding for a
surface antigen protein from the target pathogen—would bind with this soluble viral
receptor. Any cell in the body may be the target. The antigenic protein that results is
exported by the target cell. An immunological response can be triggered by transi-
tory gene expression alone. Clinical studies for gene-based vaccinations against
AIDS, hepatitis B, and malaria have begun (Kokil et al. 2015). When the line is
known to cause disease, a nucleotide sequence in antisense technology attaches to
mRNA or DNA. As a result, genes “switch off.” Antisense nucleotides are brief and
single-stranded nucleic acid sequences with a particular sequence of nucleotides,
which are utilized in this technology. Nucleotides can be acquired from natural
sources or chemically produced, whereas “oligo” denotes “few.”

Short DNA or RNA molecules known as oligonucleotides are often created in the
lab using solid-phase chemical synthesis. These oligomers have various uses in
genetic research, testing, and forensics. The binding of oligonucleotides stops the
transcription and translation processes to DNA or RNA (Taylor 2012). AON is
found in the appropriate mRNA sequences. These oligonucleotides are administered
intravenously, subcutaneously, and intradermally; charged oligos accomplish this by
receptor-mediated endocytosis, while uncharged oligos accomplish this through
passive diffusion (Nifontova et al. 2022). Most oligos are delivered through poly-
meric carriers that are mediated by liposomes. These oligos appear to be finally
digested by nucleases, specifically 3-exonucleases, inside the cells. The urine path-
way is then mainly used to excrete breakdown metabolic products.

8.4.4 Hereditary Diseases

A hereditary disease is a sickness present from birth and brought on by one or more
defects in the genome (congenital). Most generic illnesses have a rating and affect
one in a few thousand or millions. Gene therapies for hereditary diseases are shown
in Table 8.5.
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8.5 Conclusion & Future Aspects

Cancer, diabetes mellitus, AIDS, and other inherited disorders may be treated with
the help of nucleic acid base micellar treatments. They use various techniques, such
as gene substitution, gene editing, modification, etc. By utilizing these many
methods, it might be able to treat a specific illness, particularly for those that have
no known treatments. Due to the need for some safety and effectiveness for particu-
lar targets, all strategies in this treatment may not yield correct outcomes. When a
novel gene is administered to the body, it may behave not as an antibody but as an
antigen. It must go through numerous clinical trials to succeed and become commer-
cially available.
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Abstract

Since ancient times, medicinal plants and their phytochemical constituents have
been utilized to cure a number of diseases. Currently, various herbal formulations
are available on market but the problem is many of the phytoconstituents of
herbal product are hampered by their less bioavailability, the reason behind that is
poor aqueous solubility, limited absorption, and hygroscopicity leads to degrada-
tion of the phytoconstituents. These problems can be overcome by combining the
phytoconstituent with nanocarriers such as liposomes, polymeric micelles,
dendrimers, organic nanoparticles, nanoemulsion, emulsomes, phytosomes, and
nanocrystals. These nanocarrier systems help to increase the pharmacokinetic and
bioavailability of phytoconstituent.

Polymeric micelles are nanosized core-shell shape, self-assembly of amphi-
philic macromolecules with lipophilic core and hydrophilic shell containing
polymer including block and graft copolymer for favorable drug delivery. Poly-
meric micelles are between 10 and 100 nm in size They have unique
characteristics such as increased bioavailability, biocompatibility, enhanced sol-
ubility of water-insoluble drug and enhance its absorption by minimizing the
degradation rate. Polymeric micelles act as a targeted drug delivery because they
target certain parts of body, for example, encapsulation of curcumin by polymeric
micelles for the treatment of cancer.

Traditional micelles have hydrophilic head and hydrophobic tail, they do not
contain polymers. In polymeric micelles different polymers are used for the
preparation. The stearic acid and chitosan are grafted with copolymers like
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diblock (poly(ethylene glycol), polystyrene) and triblock (poly(ethylene oxide))
copolymers respctively. These polymers protect the drug from degradation and
provide in vivo stability, enhanced efficiency and biocompatibility.

Polymeric micelles are more valuable than liposomes comparing their size,
stability, and accumulation at target site. Polymeric micelles has highest percent-
age of entrapment efficiency and loading capacity. Polymeric micelles deliver
various poorly soluble phytoconstituents like artemisinin and curcumin (antican-
cer), Piper methysticum G. Forst. (Kava-kava) for local anesthetic activity,
berberine for anticancer and antibacterial activity.

Keywords

Polymeric micelles - Therapeutic phytoconstituents - Polymers - Solubilization -
Targeted delivery

9.1 Introduction

Herbal medicine is used since ancient times for the treatment of various diseases.
Plant-derived phytoconstituents show multiple pharmacological actions and chances
of fewer side effects. Developed countries increase the demand for various natural
phytoconstituent due to their safety and efficacy. The extract and isolated
phytoconstituent play a key role in therapeutic action including anticancer,
antibacterial, antidiabetic, antifungal, and antimalarial treatment (Karar and Kuhnert
2017). In the nineteenth century the importance of herbal medicine decreased due to
newer synthetic drugs and their quick action helps to get immediate relief. The
derived phytoconstituent with synthetic drug shows synergistic action with a
decrease in toxicity and resistance (Pal and Shukla 2003) that required carrier
formulation for targeted delivery with minimal interaction between therapeutic
active ingredients. Phytoconstituent require a significant delivery system to
deliver drug in sustain release manner with less adverse effects. The nanocarriers
enhance patient compliance and reduce toxicity by increasing therapeutic value.
Some phytoconstituents have poor water solubility that leads to decreased bioavail-
ability, therapeutic potential, and stability. To overcome that problem, the develop-
ment of nanocarriers like nanocapsules, nanospheres liposomes, phytosomes,
nanoemulsion, polymeric micelles, colloidal nanogels, solid lipid nanoparticles
(SLN) help to enhance solubility, pharmacological effect, and stability. Thus,
nanocarriers support the development of novel carriers to overcome problem-related
delivery of phytoconstituent (Handa et al. 2022).

In nanocarriers, polymeric micelles are mostly used to improve the water solubil-
ity of phytoconstituent with weak solubility by using various copolymers. Mostly
amphiphilic block copolymers contain both hydrophilic and hydrophobic block that
help to achieve a small size (less than 100 nm). Various parameters affect the size of
polymeric micelles including length and molecular weight of copolymers, the ratio
of drug and copolymer, surface charge, temperature, and synthesis approach. The
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small size of polymeric micelles easily crosses the systemic barrier without clogging
blood vessels. Polymeric micelles can enhance blood circulation time, increase
permeability and absorption, targeting capability with high drug accumulation It
supports the delivery of different monoclonal antibodies, proteins, as well as
peptides and prevents them from enzymatic breakdown or the outside environment.
Polymeric micelles are an effective drug delivery strategy for improving stability and
helping to establish a good pharmacokinetic profile of phytoconstituent (Kaur et al.
2021a).

9.2 Micelles

Micelles are colloidal systems formed by the self-assembly of amphiphilic
nanocarriers containing hydrophilic heads and hydrophobic tails in aqueous
solvents. The hydrophilic shell dissolves in the aqueous phase which helps to deliver
a drug that is poorly soluble in water present inside the hydrophobic core. The size of
micelles is less than 50 nm (Aguilar 2013). Majorly non-ionic type of surfactant is
used for delivery of drug through oral or parental route with less adverse effects than
ionic surfactant. Non-ionic surfactant produces clear as well as stable micellar
solution and has better targeting ability. The aggregates of surfactant rise different
shapes of micelles and they are classified as spherical shape micelles, rod-shaped
micelles, hexagonal phases, and lamellar phases (refer Fig. 9.1). Only the lamellar
phase has the property to form reverse and normal orientation. The surfactant
concentration changes the shape of micelles. In oil-in-water, they show the normal
lamellar micelles, while the water-in-oil phase shows reverse lamellar micelles.
Solvents like hexane, cyclohexane, and benzene show reverse orientation of micelles
formation. The dilution of surfactant solution may alter the shape of micelles like
spherical micelles change into lamellar phase, these create dose dumping related
problems in the body. In polymeric micelles, the polymer creates specific cross-
linking that helps to stabilize the micelles. They form polymeric aggregates with
micelles using a polymerization reaction. Reverse micelles show aggregation in
non-polar media. These phenomena are used for the reparation of therapeutic
aerosols and metered dose inhalers (MDI) (Lawrence 1994).

Most of the internal body preparation contains a non-ionic surfactant that
polyoxymethylated non-ionic surfactant has greater importance in ophthalmic
preparation. J. Jiao describes the role of non-ionic surfactants in the delivery of
water-insoluble compounds through the micellization process. The water-insoluble
drug is partitioned into the micelles forming surfactant molecules. The micelle’s core
polarity plays important role in the shape as well as the size of a micelle but they do
not alter the surfactant arrangement. Generally, the core polarity is inversely propor-
tional to micelle solubilization. Polyethoxylated non-ionic surfactants like
Cremophor EL has smaller micelle core polarity of about 1.05 and a bigger one is
Triton X-100 that has 1.40 (Jiao 2008).
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Fig. 9.1 The different shapes of micelles formed above the critical micellar concentration (CMC)

9.3 Polymeric Micelles

Polymeric micelles are a novel approach in nano delivery and contain core shells that
have self-association formed by amphiphilic block copolymer inside water and the
capacity to retain hydrophobic phytoconstituent within the core of micelles. In 1984,
Bader et al. proposed different polymeric systems for the transport of a biologically
active substance. They mentioned hydrophilic or hydrophobic cores are formed by
micellar structure (Bader et al. 1984). Polymeric micelles have a size of about
10-100 nm. Depending on copolymer molecular weight, the chain length of the
hydrophilic and hydrophobic copolymer affects the size. Polymeric micelles have a
powerful tool for the delivery of less water-soluble drugs and also help in solubili-
zation improvement. Other properties shown by polymeric micelles are attaining
sustained release profile, protect the drugs from the activity of various enzymes, and
help to accumulate the drug to the targeted location. Additional qualities include
high biocompatibility, low toxicity, micellar association, core-shell, and high stabil-
ity. Due to poor solubility problems, various phytoconstituent did not achieve the
marketing potential and show toxicity problems by drug or excipient or both in the
formulation. S. Croy et al. estimated that in 1999 total market sale of poorly water-
soluble drugs was about $37 billion, even the formulation-related problems affect
the market potential (Aliabadi and Lavasanifar 2006). There are various techniques
to enhance the solubility of poorly or less water-soluble drugs using crystal modifi-
cation, salt formation, and cocrystal formation are used, but using altering the
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pH technique decrease the chances of forming stable moiety. The counterions
present in salt form also affect the dissolution rate of very poor water-soluble
drugs. Reduction in particle size is another approach to enhance solubility. Also
micronization of active ingredient done through using instruments like a jet mill or
ball mill, nanocrystal formation by wet milling or high-pressure homogenization
these methods mostly used. The major drawback of is affect the stability of heat
liable phytoconstituent and API (Kawabata et al. 2011). Chemical entities obtained
from a natural source or semisynthetic derivative show toxic action above a certain
limit. Certain vehicles and cosolvents are used for the solubilization of water-
insoluble drugs. In unionized drugs, cosolvents like ethanol, polyethylene glycol,
propylene glycol, and dimethylacetamide show a toxicity profile by the increasing
amount in the formulation. H. Gelderblom et al. studied the drawbacks as well as the
advantage of Cremophor EL as a vehicle. Cremophor EL improves the solubility of
water-insoluble as well as very less water-soluble drugs including various anticancer
agents. Cremophor EL is a heterogeneous non-ionic surfactant that acts as a formu-
lation carrier and solubility enhancer. An anticancer drug like the Paclitaxel deriva-
tive of Taxol has hardly water soluble and has a solubility of less than 0.03 mg/mL. It
is slightly soluble in octanol, butanol, and propylene glycol and freely soluble in
methanol, acetone, ethanol, chloroform, ether, and Cremophor EL. United States
Pharmacopeia (USP) choose the 1:1 ratio mixture of Cremophor EL and dehydrated
ethanol used to dissolve 30 mg paclitaxel in a 5 mL mixture. The research
study found that Cremophor EL with paclitaxel shows severe anaphylactoid
hypersensitivity reactions. Other symptoms of Cremophor EL like red rashes on
body, skin flushing, dyspnoea, hypotension, and chest pain. One major side
effect of Cremophor EL is neurotoxicity, peripheral neuropathy with axonal degen-
eration and demyelination. Therefore, a novel version of paclitaxel that is free of
Cremophor EL is currently being developed. In that Cremophor EL is replaced by
cosolvents like ethanol, Tween 80 and polymeric micelles help to increase bioavail-
ability and decrease side effects (Gelderblom et al. 2001).

9.4  Polymers Used in the Preparation of Polymeric Micelles

Different polymers are mainly used in the preparation of polymeric micelles. The
graft copolymers like chitosan on vinyl monomers and stearic acid, di-block
copolymers like polyethylene glycol (PEG), and polystyrene and triblock polymer
including polyethylene oxide and polypropylene oxide (refer Fig. 9.2). These
polymers protect the drug from degradation and provide in vivo stability, enhanced
efficiency, and biocompatibility. The block copolymer role in polymeric micelles is
to enhance the solubility of hydrophobic molecules in a hydrophobic core stabilized
by a hydrophilic aura. Block copolymers also play an important role in targeted
delivery in both active and passive ways. They help to enhance circulation time and
decrease the lysosomal activity in the presence of a hydrophilic shell. Polymeric
micelle’s nano range size makes it easier for them to pass through numerous barriers.
Block copolymers are classified according to intermolecular interaction in the core
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Fig. 9.2 Diagrammatic representation of graft and block copolymers attached on a surface

segment. They are classified as polyion complex micelles, amphiphilic micelles, and
micelles stemming from metal complexation. In that polyion complex micelles
formed by electrostatic interaction, while amphiphilic micelles resulting from hydro-
phobic interactions (Nishiyama et al. 2001). In block copolymer the shapes of
polymeric micelles are spherical, and the chain length in the core region increases
showing the direct effect on the shape of polymeric micelles. As the long core
polymeric micelles become rod and lamellae shape. In polyion complex micelles are
formed by segregation and neutralization of oppositely charged ions. The property of
electrostatic interaction is due to the interaction between polycation and polyanion.
Di-block copolymers mostly contain PEG’s primary role in the hydrophilic segment.
The polymerization reaction starts by using initiators like alpha-methoxy, hydroxyl
group, and omega amino group. Here ethylene oxide is the functional initiator to
achieve anionic polymerization and methoxy group as growing block polymer at the
end terminal. If two or more than two di-block copolymers are coupled to produce
multiblock copolymers. The coupling reaction produces a side product that should
be avoided. The multifunctional core formed by coupling helps to initiate polymeri-
zation in the shell. This mechanism applied for the synthesis of poloxamers is a
triblock copolymer that incudes polyethylene oxide (PEO), polypropylene oxide
(PPO), and polyethylene oxide (PEO) (Gaucher et al. 2005; Singh et al. 2022).
Graft copolymers are large-sized macromolecules in which one or more blocks
are attached to the main chain. Mostly monomolecular micelles formed from graft
polymer contain multiple branches of macromolecules with covalent linkage. The
bonds formed by side connecting the block to the main chain behave as a side chain
showing constitutional or configurational features. The structure of graft polymer is
comb-shaped. The preparation of graft copolymer is simple than block copolymer.
The graft polymers prepared by long chain of one monomer is attached to the main
chain backbone polymer through the process of polymerisation. The large-sized
monomers of macromolecules best way to synthesize the graft copolymer. The graft
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polymerization helps to modify the physicochemical properties of cellulose. In
cellulose, the surface creates certain grafts of synthetic polymers. It helps to impart
specific properties on cellulose surfaces without altering intrinsic properties. The
various grafting approaches are used for polymerization of cellulose, in that
“grafting from” approach is mostly used. In the “grafting from” technique, the
development of the polymer chain takes place at the cellulose’s beginning point.
The advantage of this method is the high graft density of polymer observed on
cellulose derivative (Roy et al. 2009) (refer Table 9.1).

9.5 Mechanism of Micelle Formation

Two forces play important role in micelle formation: one is the attractive force used
for the association of molecules and the other is repulsive for controlling the growth
of micelles. Mostly amphiphilic copolymers play a selective role in hydrophilic as
well as hydrophobic copolymers. In polymeric micelles, the formation process is the
same as for micelles formed by surfactants. The micellization process starts with a
low concentration of polymer, they form a single chain of the polymer. The critical
micelle concentration (CMC) is concentration in which below that polymer exist at
single molecule and above CMC they self assemble into micelles. The micelles are
formed in a way that hydrophobic regions avoid the aqueous phase and tail-like
structures are shown by hydrophilic regions in which the polymer is diluted (refer
Fig. 9.3). Loose aggregates in micelles are formed due to the increased size of
micelles at high concentrations (Jones and Leroux 1999). In comparison to
phospholipids and surfactants, amphiphilic block copolymers often display greater
stability and durability. It encapsulates the drug and enhances its stability and
bioavailability. Critical micelle temperature (CMT) of the copolymer also archives
micellar formation same way as CMC. The detailed mechanism of polymeric
micelles from the growth of micelles to the encapsulation of drug or
phytoconstituent by copolymer is recently unknown (Li et al. 2019).

9.6 Phytoconstituents

Ayurveda is one of the ancient and traditional medicine systems that originated over
thousands of years. Ayurveda comes from a combination of two Sanskrit words Ayur
means life and Veda means science. It describes the science of life. Ayurveda is also
known as the “Mother of All Healing.” It describes knowledge about herbal medi-
cine and its use for curing various diseases. Ayurveda listed more than 700 plants
containing various phytoconstituents used for treating various diseases. At present
time advanced techniques are available that help to separate phytochemicals from
different herbs. A very small amount of potent active phytochemicals are obtained
from the bulky raw materials of herbals (Parasuraman et al. 2014).

The phytoconstituents are non-nutritive and contain chemical compounds
obtained in the plant for their protective action. These are secondary metabolites
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Fig. 9.3 Schematic representation shows formation of drug loaded polymeric micelles

of plants with active therapeutic properties. Phytochemistry directs the qualitative as
well as quantitative activities of phytoconstituents and also checks the biological
activities. The active drug constituent in plants plays important role in pharmacolog-
ical activity. Inert nondrug constituent is preferred as an excipient such as bulking
agent (Alamgir 2018). The phytoconstituents contain phenolics, alkaloids, cryogen-
ics, saponins, glycosides, terpenes, tannins, anthraquinones, steroids, and various
essential oils. In plants, they play a role in protection against various infection,
pathogens, and microbes These phytoconstituent has potent inhibitor activity
against enzyme that leads to desired pharmacological actions. The collecting of
phytoconstituent from the herbal plant in high percentage yield requires special
collection skills. Ayurveda describes the specific period from a selection of land to
collection time, they affect yield percentage and potency of phytoconstituent.
Chemo-profiling is an advanced way for standardization of several groups and
classes in phytoconstituent obtained and fingerprinting used for evaluation purposes.
Additionally, a variety of chromatographic methods, including gas chromatography
(GC), high-performance liquid chromatography (HPLC), thin layer chromatography
(TLC), and high-performance thin layer chromatography (HPTLC), are used to
separate phytoconstituent from herbal for both lab and industrial scales (Akinyemi
et al. 2018).

Different phytoconstituents from herbal plants are employed in nutraceuticals and
the treatment of many ailments. Akinyemi et al. mentioned the global market for
herbal medicine is about US $80 billion annually and grows daily. In some West
African countries like Nigeria, Ghana, Mali, and Zambia about 60% of children
show primary symptoms of malaria like fever treated at home using herbal
medicines. WHO has declared that 11% of synthetic drugs obtained from plant
origin mostly for treating diseases like cancer, bacterial, and viral about 60% of
drugs in a clinical trial are from natural origin. A daily increment is observed in the
usage of life-saving medications made from herbal plants and their phytoconstituents
(Akinyemi et al. 2018).
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9.7 Role of Nanocarriers for Delivery of Phytoconstituent

Herbal phytoconstituents are a safer alternative for achieving therapeutic delivery
systems. The modification in plant-derived medicines is required to enhance stability
and solubility. These approaches give rise to nanocarriers for the delivery of various
phytoconstituents and behave as novel drug delivery systems (NDDS). The major
limitation of phytoformulation is shown toxicity due to the low therapeutic index of
phytoconstituents determined by performing toxicity analysis. Different
nanocarriers help to enhance the therapeutic index and decrease cytotoxicity.
Other factors as entrapment efficacy and drug loading are considered important
parameters in nanodelivery systems. Therapeutic phytoconstituents are delivered
via a variety of nanocarriers including liposomes, polymeric micelles, dendrimers,
phytosomes, nanocrystals, dendrimers, nanoemulsion, cerasomes, and nanocrystals.
Various nanoparticles like silica-based nanoparticles, solid lipid nanoparticles, and
magnetic nanoparticles have an adjuvant role in the delivery of phytoconstituent
(Ng et al. 2020).

V. D. Leo et al. prepared liposomes containing curcumin for targeted drug
delivery to the colon. In that liposomes are coated with Eudragit S100 and act as a
pH-responsive polymer and a characterization study is performed. Curcumin is a
polyphenol derivative naturally obtained from roots and rhizomes of Curcuma longa
and belongs to family Zingiberaceae. For centuries, there are potential advantages of
curcumin like antibacterial, antiviral, antioxidant, anticancer, and anti-inflammatory.
Curcumin has low solubility, poor bioavailability, high metabolism, and clearance as
a phytoconstituent. These limitations are overcome by the preparation of curcumin
liposomes. The small unilamellar vesicles of curcumin (size up to 100 nm) were
prepared by solvent-free micelle-to-vesicle transition method (MVT) and then
coated with Eudragit S100 polymer. The small unilamellar vesicles of curcumin
(sized up to 100 nm) are prepared by the solvent-free micelle-to-vesicle transition
method (MVT) and then coated with Eudragit S100 polymer. These liposomes help
to enhance release rate, high encapsulation efficacy, better stability, and enhanced
bioavailability (De Leo et al. 2018). Y.-M. Tsai et al. describe the kinetic study of
curcumin and its ability to cross BBB using Curcumin-loaded PLGA nanoparticles
for cancer treatment. The nanoparticles are prepared by emulsification solvent
evaporation technique and further characterized by performing pharmacokinetic
studies on different organs containing the brain, spleen, lung, liver, and kidney
performed. A significant change in parameters half-life, average residence time,
and area under the concentration curve (AUC) in PLGA nanoparticles of curcumin
is higher than normal curcumin. This nanoformulation increases the accumulation of
drugs at the target organ (Tsai et al. 2011).

Phytosomes are nanodelivery systems made up of phyto-phospholipid complex
structurally similar to liposomes. The lipid complex contains a phospholipid head
group and two long fatty chains work to encapsulate the polar part of the chain from
the lipophilic surface. Phyto-phospholipid complex structurally works to enhance
permeability and bioavailability. Most of the constituents derived from plants are
polyphenols and biologically active with a high affinity toward the water. But some
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of them have poor permeability and even do not cross biological membranes like
hesperidin as same in poorly water-soluble phytoconstituent like curcumin and rutin.
The phytosomes most promising approach is to enhance the solubility of lipophilic
polyphenol phytoconstituent and enhance the permeability of hydrophilic ones.
Instead of that phytosomes protect the active constituent from degradation and
other chemical factors like oxidation, hydrolysis, and photolysis (Lu et al. 2019).

Volatile oils are the secondary metabolite of plants derived from various oil
glands and secretory cells. They have a regulatory role and complex mechanism to
treat disease. About 60 families contain volatile oils including Zingiberaceae,
Alliaceae, Umbelliferae, Lauraceae, Dipterocarpaceae, Compositae, etc. (Zhang
et al. 2021). R.K. Harwansh et al. reported the formulation for delivery of active
phytoconstituent in the form of nanoemulsion. Nanoemulsion droplets range in size
from 20 to 200 nm. It may vary depending on the method of preparation and
homogenization method used. The smaller is the size of globules in emulsion,
leads to enhance surface area and it help to improve the solubility profile of drug.
To create a clear and transparent formulation, a precise ratio of oil, water, and a
combination of surfactant and co-surfactant is needed (Harwansh et al. 2019). The
preparation of Quercetin containing nanoemulsion-based gel and its characterization
is reported by J.P. Gokhale et al. for the management of rheumatoid arthritis
(RA) using quercetin as a disease-modifying anti-theumatic drug (DMARDs).
Quercetin shows anti-inflammatory activity by inhabiting nitric oxide, IL-6. With
high plasma protein binding, low permeability, and solubility their availability is low
in the body. For enhancement in permeability for topical application prefer to choose
a suitable excipient and optimized batch. Various types of oils are selected to
examine the solubility of quercetin and it is found that the solubility of quercetin
in arachis oil is 11.14 mg/ml, while in oleic acid is found to be 9.10 mg/ml. Both
Tween 20 (surfactant) and PEG-400 (co-surfactant) added concentration were kept
at 6% concentration. The accurate ratio of quercetin, oil, surfactant and co-surfactant
is mixed in screw capped bottle and further vortex at optimum speed to form S,;x.
The formed S, is added dropwise in magnetically stirred aqueous phase to obtain
clear and transparent nanoemulsion (Gokhale et al. 2019).

9.8 Application of Polymeric Micelles for Delivery

of Phytoconstituent
Polymeric micelles promise strategy for the delivery of various phytoconstituent
with a problem related to stability and solubility. The block copolymer and graft
copolymers play a key role in the stability aspect of polymeric micelles.

9.8.1 Anticancer Agent

Cancer is a leading disease that causes abnormal growth of organs or tissue. The
major root cause of cancer is metastasizing, the spreading of cancer from one organ
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to another. According to World Health Organization (WHO) survey in 2018 the
second leading cause of death is cancer. Approximately 9.6 million deaths occur
annually and the death rate is about 1:6. There are various types of cancer like lung
cancer, skin cancer, breast cancer, colorectal cancer, and blood cancer especially
leukemia and non-Hodgkin lymphoma. In women mostly breast cancer, cervical and
thyroid cancer are commonly occurring cancer (WHO n.d.). The multiple mutation
in gene that contribute to cancer cancer development, such as germline mutation in
women leads breast cancer. Various herbal plants preparation and their
phytoconstituents are used for the treatment of anticancer agents (refer Table 9.2).

In Ayurveda, Vedic literature of India, it is mentioned that plant-derived products
are nontoxic to human health and produces less tolerance. Different phytoconstituent
have different mechanisms to treat cancer some of them kill rapidly dividing cells,
decrease oxidative stress, stop gene mutation as well as the alteration in the gene,
inhibit cell proliferation, and induce apoptosis. Polyphenols like resveratrol and
gallocatechin, flavonoids like alpinumisoflavone, and methoxy licoflavanone show
an apoptosis effect. The phytoconstituents including curcumin, rutin, allicin,
epigallocatechin gallate, f-carotene, thymol, quercetin, rosmarinic acid, and couma-
rin treat cancer by antioxidant mechanism (Singh et al. 2016).

C. Gong et al. developed curcumin polymeric micelles for antiangiogenesis and
anticancer purposes. Curcumin polymeric micelles are prepared by solid dispersion
method using monomethyl poly(ethylene glycol)-poly(e-caprolactone) (MPEG-
PCL) as a copolymer. MPEG-PCL is a di-block copolymer with an atactic structure
formed by ring-opening polymerization between poly(ethylene glycol) methyl ether
(MPEG) and e-caprolactone and different ratios of the copolymer used for the
preparation of polymeric micelles. Using the MTT test, curcumin micelles and free
curcumin were studied for cytotoxicity and apoptosis. The percentage cell viability
of curcumin micelles is less than free curcumin and the apoptosis rate of curcumin
micelles is higher than free curcumin showing that polymeric micelles of curcumin
improved cytotoxic activity. In vitro antiangiogenic activity was studied by the MTT
method. Here inhibitory activity of Cur micelles inside endothelial cells is greater
than free curcumin. The conclusion found that curcumin micelles have a more
suppressive effect on tumor growth and also enhance retention time and plasma,
survival rate, and antiangiogenesis effect (Gong et al. 2013). L. Liu et al. also
develop curcumin-loaded polymeric micelles using MPEG-PCL as a biodegradable
copolymer for inhabiting breast tumor. Surgery is another option for breast tumor but
the chances of recurrence and metastasis are high. To avoid recurrence and metasta-
sis chemotherapy is a better option. Chemotherapy shows side effects like
myelosuppression and immunosuppression. The nanodelivery of curcumin-loaded
polymeric micelles promises delivery with high drug accumulation at the target site.
The neutral surface charge of curcumin micelles provides stability to the formula-
tion. Poly(ethylene glycol) forms the core and poly(e-caprolactone) forms the shell.
These copolymers cause less aggregation and have a limited affinity toward micelles.
A cytotoxicity study was performed on 4T1 cells placed on 96-well plates and then
incubated for 24 h. Curcumin polymeric micelles have high cell uptake, with high
cytotoxicity observed during the experiment. Apoptosis was performed by TUNEL
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staining assay on 4T1 cells using immunofluorescence. It is observed that curcumin
polymeric micelles have a more apoptosis induction effect than free curcumin (Liu
et al. 2013).

Berberine is a quaternary derivative of isoquinoline alkaloid obtained from
Berberis vulgar (European barberry) and belongs to the Berberidaceae family.
Various advanced techniques are used for the extraction of berberine showing
potential anticancer properties. Berberine has poor water solubility with low bio-
availability, tissue uptake, and distribution (Khan et al. 2022). Shen et al. reported
the preparation of berberine-containing polymeric phospholipid micelles as a
promising strategy to enhance the delivery of berberine to target cancer. The
solubility of berberine is enhanced by mixing phospho-ethanolamine-N-[methoxy
(poly-ethyleneglycol)-2000] (PEG-PE) with d-a-tocopheryl polyethylene glycol
1000 succinate (TPGS) in ratio 3:1, helps to solubilize berberine in the hydrophobic
core of micelles. PEG—PE conjugates formed by polyethylene glycol (PEG) and
diacyl-lipids help to achieve a size range between 10 and 100 nm. TPGS is a
pegylated derivative of vitamin E that provide increased solubility and absorption
rate of berberine. TPGS also inhabits Pgp efflux pumps and helps decrease
multidrug-resistant to various chemotherapeutic drugs including paclitaxel, vinblas-
tine, doxorubicin, and gemcitabine. These increase up to 5 times improvement in
oral bioavailability of berberine. Uptake study results show berberine lipopolymeric
micelles have 18 times high in vitro cellular uptake than free berberine and a
cytotoxicity study on cancer cell spheroid models like PC3 shows that free berberine
kills only 20% of cancer cells, while berberine lipopolymeric micelles kill>60% of
PC3 cells in 48 h (Shen et al. 2016).

An effective anticancer activity is shown by Paclitaxel (Taxol®) obtained from
the bark of the Taxus Brevifolia (Pacific yew tree) belonging to family Taxaceae. The
paclitaxel has tetracyclic diterpenoid that is sparingly soluble (0.3 mg/L at 37 °C) in
water. To enhance the solubility of paclitaxel use Cremophor EL and dehydrated
ethanol. They are commercially available in the market under the brand name
Taxol®. The use of Cremophor EL shows hypersensitivity reactions and side effects
in patients. Also, the organic medium used for the preparation of formulation
leached a carcinogenic compound from the infusion bag used in the hospital.
W.Y. Seow et al. reported for targeted delivery of paclitaxel with the help of multi-
functional polymeric micelles contain poly (N-isopropylacrylamide-co-N,N-
dimethylacrylamide-co-undecenoic acid). These help encapsulation of paclitaxel in
core conjugation of cholesterol to carboxylic group of polymer and attachment of
folate to amine group within the hydrophilic chain segment as a targeting moiety as
well as nonimmunogenic property. This formulation is temperature and pH sensi-
tive, mostly in cancer cells that produce an acidic environment that helps the rapid
release of a drug. Dropping the lower critical solution temperature (LCST) of
micelles below 37 °C destruction of the core and drug release occurs. In the release
study at pH 7.4 only 8% of total drug release occurs, while at pH 5.0 about 21% of its
total drug content occurs in the first 4 h and 44% by the first 24 h. The paclitaxel
encapsulated polymeric micelles coated with folate start precipitation and deforma-
tion at a temperature below 37 °C and maximum release occurs. In a condition like
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LCST of micelles above 37 °C at pH 7.4 drug is encapsulated in polymer and does
not show any release property. The cell viability of paclitaxel PM conjugated with
folate increases with an increase in free folate concentration, these suggest that free
folate shows competitive binding to paclitaxel PM conjugated with folate. For
increasing in vitro therapeutic efficiency of paclitaxel PM conjugated with folate
avoid a folate-contain diet (Seow et al. 2007). For enhancing the chemotherapeutic
efficacy and producing synergistic action the combination of two drugs is used in
nanoformulation. Paclitaxel and cisplatin are used by X Wan et al. to treat ovarian
and breast cancer. In that cisplatin are delivered together in poly(2-oxazoline)
polymeric micelles. Paclitaxel work as anti-microtubule agent, they bind to the
microtubules and prevent them from disassembly. Also At high concentration of
paclitaxel arrest cell growth at G2/M phase. Cisplatin is the most powerful member
of the platinum family. They form an adduct with DNA and inhibit protein synthesis.
They show dose-limiting toxicity and rapid development of MDR. Both cisplatin
and paclitaxel have low solubility in water. The poly(2-oxazoline) copolymer
containing micelles enhances the solubility of the drug up to 100,000 times with
4-100 times high drug loading of paclitaxel micelle and slow down release rate
(Wan et al. 2019). B. Cote et al. describe the use of resveratrol and quercetin
polymeric micelles to decrease cardiotoxicity induced by doxorubicin. Natural
phytoconstituent resveratrol (polyphenols) and quercetin (flavonoid) were obtained
from grapes. They prevent the heart from myocardial damage and show
cardioprotective effects. The mechanism behind cardioprotective effects is free
radical scavenging and antioxidant effect. Resveratrol behaves as a
chemotherapeutics and chemosensitizer. The anticancer drug quercetin exhibits
cell cycle arrest at GO/G1 phase with significant antioxidant action through reactive
oxygen species (ROS) generation. Both resveratrol and quercetin have a low level of
oral bioavailability and aqueous solubility. Most of the antibiotics belong to the
anthracycline class effective for cancer treatment. That doxorubicin (DOX) hydro-
chloride (Adriamycin for Injection, USP) is used to treat various cancer like breast,
ovarian, Wilms’ tumor, and neuroblastoma. The side effect of DOX formulation
shows cardiotoxic side effects at a dose greater than 15 mg/kg, with an unknown
mechanism. Mostly adriamycin plays an important role in the generation of free
radicles and lipid peroxidation, these are the main reason behind the generation of
cardiotoxicity. Triblock copolymer is formed by one polypropylene oxide (PPO)
chain and two polyethylene oxides (PEO) known as Pluronics”™. The resveratrol and
quercetin (1:1) were solubilized using Pluronics® by solvent casting method forma-
tion. Polymeric micelles co-administered with DOX by enhancing anticancer effect
as well as cardioprotective action (Cote et al. 2015).

9.8.2 Antibacterial Agent

Antibacterial agents are compounds that either kill bacteria or halt their develop-
ment. The main drawback of antibacterial drugs is they show resistance produced
due to consumption of excessive antibiotics beyond the limit. They produce
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aggressive strains that do not respond to rational treatment. According to a WHO
report, antibiotic resistance results in 700,000 deaths worldwide every year. The
antibiotic resistance crisis attribute huge loss of about $55—70 billion per annum in
the USA and €1.5 billion annually in the UK. Other reasons like low water solubility
and oral bioavailability, stability problems, toxicity, low patient compliance create a
major challenge in antibiotic therapy. The polymeric micelles play a key role as a
nanocarrier to overcome bacterial resistance. Curcumin-loaded polymeric micelles
have a size range between 90 and 95 nm and contain silver-coated amphiphilic
di-block copolymers made up of poly (e-caprolactone) and poly (aspartic acid).
Biofilm-associated bacteria contain Pseudomonas aeruginosa and Staphylococcus
aureus show synergistic activity against both gram-positive and gram-negative
bacteria. The curcumin-loaded polymeric micelles show high biocompatibility
with RBC and decrease the rate of drug release in the absence of lipase enzyme.
When incubated with P. lipase, the release rate increases; approximately 95% of the
release occurs within 48 h (Eleraky et al. 2020). The biodegradable antimicrobial
polycarbonates are important in polymeric micelles for the delivery of the
antibacterial agent. The triblock polymer of poly(ethylene oxide) as PEO, poly
(e-caprolactone) as PCL, poly[(2-tert-butylaminoethyl) methacrylate] as PTA self-
assembled by ring-opening polymerization reaction give rise to (PEO-b-PCL-b-
PTA). In that PEO block gives rise to biocompatibility and stability. PTA block
shows antibacterial activity by bacterial lysis with divalent cation exchange mecha-
nism. PCL block works as a biodegradable hydrophobic core in an aqueous solution
(Ding et al. 2019).

F. Huang et al. designed the polymeric micelles containing silver nanoparticles
with encapsulation of curcumin to produce synergistic antibacterial action. The rapid
development of MDR is a global issue. In such a way antibacterial produces
resistance within a very short period. Silver is the best antibacterial agent with less
resistance and low toxicity. They enter bacterial cytoplasm and denature the protein
by interfering with DNA synthesis. Silver is used for combination treatment with
other antibiotics including penicillin, kanamycin, and vancomycin helps signifi-
cantly decrease the MDR. The polymeric micelles contain block copolymer to
prevent aggregation of silver nanoparticles and enhance their stability. Curcumin
is used for its antibacterial, antifungal, antioxidant, anticancer, and other multiple
activities. Curcumin produces a synergistic effect with antibiotics. Curcumin shows
poor bioavailability and less water solubility, these can be overcome by preparing
polymeric micelles. The composition of curcumin and silver nanoparticles in poly-
meric micelles prepared by using di-block copolymer formed by poly(-
e-caprolactone) as PCL and poly(aspartic acid) as Asp comes together to form
(PCL-b-Asp) di-block copolymer biodegradable in nature. In polymeric micelles
silver nanoparticles decorated on the shell and curcumin encapsulate in a hydropho-
bic core. The PCL-b-Asp di-block copolymer shows electrostatic interaction by
absorbing Ag + ions on poly(aspartic acid). Antibacterial activity is determined by
performing an antibacterial test on P. aeruginosa (Gram-negative bacteria) and
S. aureus (Gram-positive bacteria), by developing a colony on an agar plate and
then transferring it into culture media incubate overnight at 37 °C. The result
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obtained is evaluated by measuring optical density. The test result shows that silver-
curcumin contains polymeric micelles that have strong antibacterial activity on both
P. aeruginosa and S. aureus than only silver-decorated polymeric micelles. The
release of curcumin micelles increased in the presence of lipase about 95% release
over 48 h. Hemolysis study of silver-curcumin contains polymeric micelles good
biocompatibility with RBCs (Huang et al. 2017).

R. Bakr et al. developed a polymeric micelles formulation containing mentha
showing anti-Helicobacter activity. Mentha species contain various
phytoconstituents and various therapeutic applications. Different species of mentha
like M. suaveolens, M. sylvestris, M. piperita, M. longifolia, and M. viridis belong to
family Lamiaceae (Labiatae). They contain various types of volatile oil, flavonoids,
tannins, and phenolic oil with various therapeutic effects including antiviral,
antibacterial, antioxidant, and antiobesity effects. To study functional genomics, it
is necessary to understand metabolite levels using plant metabolomics. Various
mentha species are used for treating peptic ulcers caused by Helicobacter pylori
bacteria. These are flagella-shaped, gram-negative bacteria also cause gastric cancer.
Most antibiotics develop MDR against rational therapy. Antibiotics used to treat
ulcers cause resistance; this issue is solved by using natural phytochemicals. The
preparation of the nano formulation is needed due to the limited solubility and
bioavailability of mentha. The polymeric micelles were prepared by using Pluronic®
F127 as a polymer. The Pluronic® F127 has a biodegradable and biocompatible
character with enhanced drug encapsulation and increases the therapeutic potential
of mentha species. That disc diffusion method helps to determine the activity of
different Mentha species against the H. pylori strain. Metabolomics analysis was
performed using a mass spectrometer. The minimum inhibitory concentration (MIC)
and minimum bactericidal concentrations (MBC) assist in selecting mentha species
with anti-Helicobacter properties. The result obtained from cytotoxic activities
shows M. viridis expose excellent anti-Helicobacter activity with a maximum zone
of inhibition (14 + 1.5 mm). After that M. piperita shows good anti-Helicobacter
activity delivered with polymeric micelles (Bakr et al. 2021).

G. D. Kumar et al. used pelargonic acid (PA) obtained from tomatoes as an
antimicrobial agent. It commonly acts as an antifungal agent approved by Generally
Recognized as Safe (GRAS) status, other use like in food additives and sanitizer
purposes. Quillaja contains high amount of saponin obtained from the bark of
Quillaja saponaria used as micelle formulation for antimicrobial activity. A variety
of fatty acids including oleic acid, capric acid, and palmitoleic acid derived from
plants show good antibacterial activity. The low solubility of fatty acid in oil
increased by adding a surfactant to overcome the solubility problem. PA micelles
were prepared using surfactants including Tween 80, Triton X100, and Sodium
Dodecyl Sulfate (SDS) (Dev Kumar et al. 2020).
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9.8.3 Antidiabetic Treatment

Diabetes mellitus (DM) is the third leading disease after a heart attack and cancer.
DM is caused due to insufficient insulin secretion or insulin resistance or both
leading to an increased concentration of glucose in the blood (hyperglycemia).
The survey found that about 69.1 million cases of diabetes in India and 415 million
cases of diabetes in the world increase every day. It will forecast that there would be
140 million cases of diabetes in 2040. DM is classified into two types in that Type
1 diabetes (insulin-dependent) causes a lack of insulin production due to the destruc-
tion of P islets cells present in the pancreas. Type 2 diabetes (non-insulin-dependent)
is due to ineffective use of insulin and the reason behind is a sedentary lifestyle and
carbohydrate metabolism problems. In India, about 8.7% diabetic population is
between the age 20-70. There are additional methods to maintain the sugar level
in the body, including a balanced diet, exercise, yoga, and weight management, and
these help minimize the use of oral hypoglycemic tablets and insulin injections.
Herbal medicines are the drug of choice for a diabetic patient showing excellent
therapeutic action. About 300 phytoconstituents extracted from 100 herbs establish
antidiabetic action with different mechanistic pathways. The main aim is to develop
pharmacologically active phytoconstituent for diabetes patients with novel delivery
in a cost-effective manner (Bharti et al. 2018). Y. Fu et al. report the use of
PEGylated micelles in antidiabetic treatments to enhance targeting delivery and
cellular uptake. The amphiphilic block copolymer is self-assembled with enhanced
solubility of poorly water-soluble phytoconstituent. Cationic polymeric micelles
efficiently deliver insulin-producing electrostatic interaction between insulin and
cations on the PEI-PEG layer with excellent glucose regulation. Glucose-responsive
polymeric micelles are novel therapy to deliver the antidiabetic drug that decreases
the level of insulin under 100 mg/dL with rapid release of insulin from polymeric
nanovesicles (Fu et al. 2021). M.U. Akbar et al. described the use of curcumin
polymeric micelles for antidiabetic and wound healing effects using chitosan,
alginate, maltodextrin, and pluronic. In the daily use of plastic containers for food
and beverage, synthetic plastic bags contain bisphenol A (BPA) to enhance the
durability of that material. Various environmental conditions and changes in pH
cause the release of BPA. According to a literature survey if daily intake of BSA is
greater than 0.05 mg/kg body weight it causes harmful effect on insulin secretion and
pancreatic glands. Curcumin-loaded mixed polymeric micelles are used to reduce
the toxicity of BPA and show antidiabetic and wound healing activity. Mixed
polymeric micelles containing curcumin prepared by thin-film hydration method
give thin layer of curcumin-pluronic copolymer matrix. Add different polymer in
appropriate amount to obtain formulation. Curcumin-loaded polymeric micelles
show decrease in glucose level with increase in red blood cells and excellent
wound healing response due to antioxidant, antibacterial, and anti-inflammatory
properties of curcumin (Akbar et al. 2018a). The use of poloxamers or pluronic
are amphiphilic, non-ionic surfactants that show the phenomenon of reverse thermal
gelation, in that conversion from liquid to gel with a temperature change. Pluronics is
FDA approved excipient mentioned in the US and British Pharmacopoeias. Two
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grades of pluronic, PF127 and P123 made a triblock structure. Micelles containing
pluronic solutions show gelation properties determined by altering temperature with
the movement of the magnetic bar. The rpm speed of the magnetic bar is inversely
proportional to the gelation process. The antidiabetic activity of curcumin polymeric
micelles is due to inhabiting a-amylase activity (Akbar et al. 2018b).

P. Mukhopadhyay et al. describe the use of quercetin as a hypoglycemic agent.
The multiple medicines prescribed to older patients may produce complication in
anti-diabetic treatment and high chances to display adverse drug reaction. Most
secondary metabolites and bioactive drugs isolated from plants are used for
antidiabetic purposes. These help to reduce hyperglycemic episodes and improve
the life of the diabetic patient. Quercetin is a flavonoid, easily found in green
vegetables and fruit. They have been used for multiple biological activities
antidiabetic, anti-ulcer effects, and anticancer activity. The problem related to low
bioavailability and permeability, short half-life, and first-pass metabolism is over-
come by using polymeric nanocarriers like nanoparticles, polymeric micelles, and
hydrogels. Quercetin maintains the glucose level by enhancing glucose uptake. It
stimulates the glucose transporter 4 (GLUT 4) receptors as well as insulin receptors
present on adipose tissue and skeletal muscles of the body. Another mechanism is a
decrease in hyperglycemic effects due to enhanced glucokinase activity in the liver
leads to high storage of glucose. Various study shows that quercetin helps to
regenerate beta cells of islets of Langerhans by stimulating the ductal stem cells.
In the small intestine glucose transporter 2 (GLUT 2) receptors present for enhancing
glucose absorption. Quercetin decrease GLUT 2 expression, that leads to decrease
the glucose absorption in gastrointestinal tract. The function of polymeric micelles
for the delivery of quercetin is to protect from endolysosomal damage and enhanced
oral drug delivery. Various polymers encapsulate quercetin and easily transport it to
the colon by avoiding enzymatic degradation (Mukhopadhyay and Prajapati 2015).

9.8.4 Antifungal Treatment

The various phytochemicals and standaedized plant extract work against opportu-
nistic fungal pathogens. These phytoconstituents have a potential activity to treat
fungal activity caused due to Candida, Aspergillus, and Cryptococcus spp. These
mostly affect skin and other body parts like skin, scalp, vagina, mouth, armpits, feet,
and fingers. The warm and wet parts of the body include the part between two
fingers, between the thighs, and wet armpits due to sweat. Fungal infections may be
categorized according to the site of infection, route of acquisition and type of
virulence, most common fungal diseases include dermatophytosis, Ringworm
(Tinea corporis), Candidiasis or yeast infection, Jock itch (Tinea cruris), Tinea
pedis, Tinea faciei, Tinea barbae belongs Trichophyton species. In the current
approach for the treatment of both systemic and topical fungal diseases, various
antifungal formulations are available in the market including azole drugs, polyene,
allylamines, echinocandins, and morpholine. Most of them show side effects like
erythema, burning sensation, redness of the skin, stinging, and some allergic



9 Polymeric Micelles in the Delivery of Therapeutic Phytoconstituents 195

reactions. Toxicity and development of resistance and uneven distribution of plasma
profile is a limitation of an antifungal agent which is overcome by nanocarriers.
Polymeric delivery systems mostly use biodegradable polymers for targeted activity.
The chitosan-containing nanoparticles help to reduce toxicity profile of the antifun-
gal drug and excellent antifungal activity against Fusarium solani, A. niger, and
C. albicans (Priya et al. 2017).

N. Kaur et al. described the use of various plant extracts as an antifungal. The
antimycotic drug is also known as antifungal drug. The natural plants include Bucida
buceras, Vangueria infausta, and Olinia ventosa. Various essential oil including
clove, peppermint, cinnamon, citronella, camphor behaves as antifungal agent. The
synthesis process affects the activity of herbal antifungal formulation due to high
temperature. The epimerization process disrupt the structural integrity of
phytoconstituent, that create significant problem in herbal extract. The stability of
phytoconstituent is enhanced using a polymeric delivery system. Polymer shows
crosslinking phenomenon, these help phytoconstituent for an effective and con-
trolled delivery system. The copolymer binds with crosslinkers and gives better
stability (Kaur et al. 2021b). T. Suwan et al. described the use of the herbal plant
Psidium guajava aqueous extract (PE) delivered through polymeric micelles with
silver nanoparticles shows synergistic antifungal activity. The plant extract obtained
from leaves of Psidium guajava belongs to family Myrtaceous. The common
Psidium guajava is commonly known as guava, mainly found in Asia, European
countries, South America, and Africa. The main chemical constituent present in
P. guajava is gallic acid, kaempferol, catechin, naringenin, rutin, and epicatechin.
The extract shows excellent biological therapeutic effects including antimicrobial
activity, hepatoprotective, anti-hyperlipidemic effect, anti-inflammatory activity as
well as antidiabetic effect. P. guajava acts as a reducing agent and helps to synthe-
size silver nanoparticles. These synthesis processes increase the size of silver
nanoparticles due to aggregation. Polymeric micelles help to obtain small-sized
silver nanoparticles. In literature Poloxamer 407 (F127) triblock copolymer used
to stabilize silver nanoparticles with Psidium guajava extract work as a reducing
agent. A Kirby-Bauer method used to inspect antifungal activity of silver polymeric
micelles formulation against C. albicans. (Suwan et al. 2019).

9.8.5 Antimalarial Treatment

Malaria is an acute febrile parasitic disease caused by a single-celled parasite
belonging to the genus Plasmodium and transmitted through female Anopheles
mosquitoes. Majorly four Plasmodium species spread malaria including Plasmo-
dium malariae, Plasmodium falciparum, Plasmodium vivax, and Plasmodium ovale.
In that P. falciparum is the most dangerous species found in Africa, America, and
Asia. According to a WHO global survey report, there will be 241 million cases of
malaria and 627,000 deaths due to malaria in 2020. The data obtained from the
WHO global survey reported that in 2020 there would be an additional 69,000 deaths
and 14 million cases as compared to 2019 (World Malaria Report 2021). Various
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phytoconstituents show positive results against Plasmodium parasites. Since ancient
times, medicinal plants have been used as effective antimalarial drugs. The first
antimalarial drug is quinine extracted from the bark of Cinchona calisaya belongs to
the family Rubiaceae, having potent antimalerial action. In 1632 first infusion of
quinine has been given for the treatment of human malaria and first case of resistance
is observed in 1910. In 1972 Chinese scientists discovered new phytochemical
called artemisinin isolated from Artemisia annua (sweet wormwood) belonging to
the family Asteraceae. Artemisinin act as a novel natural product and it is used with a
combination of another malaria medicines to enhance half-life and effi-
cacy. Artemisinin-based combination therapy (ACT) is a promising statergy that is
currently employed to overcome drug resistance (Erhirhie et al. 2021).

B. Zhai et al. described the use of Bixa orellana as antimalarial. The plant extracts
including ishwarane, 5-tocotrienol, sitosterol, and stigmasterol show antimalarial
activity. In that stigmasterol is potent antimalarial compound and shows modest
activity against3D7 and K1 malerial strains (Zhai et al. 2014). D. Bhadra et al. use
copolymeric dendritic micelles for delivery of artemether. Copolymeric micelles
contain PEG conjugation at outer shell for avoiding reticuloendothelial system
(RES) barrier and core formed using block copolymers including poly(ortho ethers)
(POE), PLGA (polylactide co-glycolide), poly(butylene terephthalate) (PBT), poly-
I-lysine (dendrimers), and PCL as (poly-caprolactone). The negative side of
artemisinin is poor bioavailability and shorter half-life up to 5 h. Here the use of
amphiphilic peptide-based AB-dendritic copolymeric core is used for enhancing the
solubilization of artemether and increases half-life. The challenge like resistance
produced by P. falciparum strains and chloroquine-sensitivity is overcome by using
a derivative obtained from artemisinin (Bhadra et al. 2005).

9.9 Future Prospective

Globally the demand of natural product is increased per day, but poor solubility and
bioavailability limit their application. Phytochemical-based nanoformulation is
promising approach to overcome solubility and bioavailability parameter. The
formulation strategy is based on the treatment of various chronic diseases with
targeted delivery. The poor solubility of phytoconstituents creates a challenge
regarding the delivery of drugs to the targeted site. The role of nanocarriers is to
enhance solubility, bioavailability and stability in phytoconstituent. The multifunc-
tional property of a single phytoconstituent including antioxidant, antibacterial,
antiviral, and much more helps to cure multiple diseases at the same time by a single
formulation. The nanocarriers containing phytoconstituent will change the approach
toward the modern delivery of phytoconstituent (Handa et al. 2020, 2022).

In the future, the availability of modern extraction techniques increases the
number of phytoconstituent with potent therapeutic action. The challenge is the
development of a nanodelivery system. As compared to other nano-drug delivery
systems, polymeric micelles are an effective delivery system with good stability.
Polymeric micelles are excellent drug carriers for the delivery of poorly water-
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soluble phytoconstituent. The hydrophobic core of amphiphilic block copolymer
micelles loaded with poorly water soluble phytoconstituents that enhance solubility,
bioavailability and therapeutic efficacy of drug. Polymeric micelles possess good
stability in blood. The micelles loaded with poorly water soluble anticancer drugs
The targeting ability of polymeric micelles increased by attaching various
antibodies, carrier ligands and protein on the surface. Also, stimuli-sensitive includ-
ing pH and temperature sensitive polymeric micelles enhance targeting ability with
less damage to other cells. In future major challenge for polymeric micelles is to
enhance the drug efficacy (Kulthe et al. 2012; Varma et al. 2020).

9.10 Conclusion

The herbal plants and their phytoconstituent play promising therapeutic role for
treating various diseases. The extraction of phytoconstituent from herbs gives
flavonoid, alkaloid, glycoside, tannins, polyphenol, carbohydrates, and proteins.
These phytoconstituents had medicinal properties with good therapeutic action.
Various phytoconstituent is avoided in formulation due to solubility, absorption,
degradation, short half-life with high clearance rate, and toxicity issue. These
problems are overcome by developing a nanocarrier delivery system. Various
nanocarriers dendrimers, organic nanoparticles, nanoemulsions, emulsomes,
liposomes, phytosomes, and nanocrystals increase solubility and bioavailability of
phytoconstituent, for delivery of poorly water-soluble phytoconstituent polymeric
micelles helps in enhanced delivery. The graft and block copolymers play an
important role for enhance solubility. The stability of polymeric micelles is more
than liposomes. The delivery of phytoconstituent like curcumin, berberine, and
paclitaxel through polymeric micelles shows significant anticancer activity. They
also decrease MDR and increase intracellular uptake in cancer treatment.
Phytoconstituent showing antibacterial, antifungal, antidiabetic, and antimalarial
activity is improved by polymeric micelles. The combination of two drugs like
Quercetin and Doxorubicin containing polymeric micelles shows synergistic effects
with minimal adverse effect of doxorubicin. The polymeric micelles are first choice
formulation for poorly water-soluble drugs and to enhance targeting ability.
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Abstract

In the past few years, the flexible chemistry of amphiphilic block copolymers
(ABCs) has made them one of the unique drug delivery vehicles for biomedical
applications. Most of these have been extensively explored in oncology. Their
self-assembly property is one of the remarkable properties that lead to the
production of polymeric micelles (PMs) above critical micelle concentration
(CMC) upon addition in water. PMs have been widely explored in drug
delivery-based systems but very limited work is available on their use as a
diagnostic agent. Their unique-physicochemical property mostly ease of
functionalization is one of the most exploited properties utilized in the diagnosis
of various diseases. With agreement to this, the present chapter emphasizes the
role of PMs as diagnostic agents using functionalization properties with relevant
case studies.
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10.1 Introduction

Various imaging techniques used in recent times are non-invasive and operate at
morphological, functional, and molecular levels to identify the diseased site (Kaur
etal. 2021). In such techniques, a contrast agent is used to get high-resolution images
of the diagnosed areas (Kaur et al. 2022a). In addition, several contrast agents have
high relaxivity and durability used to identify the pathological condition in cells and
tissue (Wahsner et al. 2019). These agents have the potential to absorb signals more
strongly than neighbour cells without any adverse effects. However, the major
challenge observed is their systemic distribution which limits the attainment of
optimum local concentration of these agents at the site of interest (Kaur et al. 2021).

In the past few years, PMs based on ABCs have gained extensive attention in the
diagnosis of various diseases mostly cancer owing to their flexible chemistry and
self-assembly property (Kaur et al. 2022a). These ABCs has been widely utilized in
the formation of PMs owing to their low critical micelle concentration over
surfactant-based PMs (Kaur et al. 2022b). As a consequence, ABCs provide good
thermodynamic stability to the PMs.

PMs have the potential in restricting the distribution of diagnostic agents at the
site of interest using three main approaches. This mainly includes surface-
engineering with the help of targeting ligands, covalent or non-covalent conjugation
with the diagnostic moieties, and incorporation of stimuli-responsive moieties in the
copolymer network for micellar disassembly in response to a pathological condition
(Kaur et al. 2021). Therefore, this approach has the potential to offer high-quality
images and can improve the existing diagnostic approach by simplifying the task of
detection, monitoring, and visual inspection (Xu et al. 2020). With this agreement,
the main objective of this work is to highlight the role of PMs as an effective
diagnostic nanocarrier with the help of recent case studies.

10.2 Diagnostic Applications

The surface-functionalization property of PMs imparts magnetic resonance as well
as certain, fluorescent and optical properties to the PMs that have led to their role in
the clinical diagnosis of several diseases (Kaur et al. 2021). In addition, such
property makes PMs a suitable nanocarrier for mapping drug therapy loaded with
contrast/imaging agents along with imaging at the target site. These PMs can be
further designed with several targeting moieties for site-specificity to perform
effective imaging of the molecular changes in a cell (Kaur et al. 2022c¢). To achieve
this quality, multiple stimuli-responsive moieties can be imparted in copolymer
networks for their use as imaging probes (Guragain et al. 2015). All such properties
of PMs have led to their use in the diagnosis of various diseases. Various studies
related to diagnostic applications of PMs are discussed below.
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10.2.1 Diagnosis of Tumour

In the case of MRI, Feiner-Gracia et al. developed spectrally active PEG-dendron
PMs entrapped with 7-diethylamino-3-carboxy coumarin as a responsive dye for
real-time imaging and evaluation of drug delivery carrier in tumour microenviron-
ment. The results of this study revealed leaky vasculature in the HeLa cells along
with heterogeneity. In addition, the study indicated free diffusion of developed PMs
in endothelial cellular matrix of cancer cells. This developed micellar system
indicated potential for recapitulating the tumour 3D microenvironment (Feiner-
Gracia et al. 2021). Sun et al. developed fluorescent PMs based on perylene
diimide-block-poly(p,L lactide)-b-poly(ethyl ethylene phosphate) ABC loaded with
camptothecin for the development of image guided therapy of cancer. The result of
imaging study revealed high intensity of yellow fluorescence in the nuclei of HeLa
cells indicating effective internalization in tumour cells. Thus the study indicated
successful delivery of the loaded camptothecin in the nucleus region. Furthermore,
PMs showed strong and uniformly distributed fluorescent signals in HeLa cells
indicating successful bioimaging of the cancer cells. The developed formulation
resulted in excellent optical imaging of the cancer cells (Sun et al. 2016).

Similarly, Yang et al. reported strong fluorescence intensity and photostability of
PMs made of poly (fluorene-alt-(4, 7-bis (hexylthien)-2, 1, 3-benzothiadiazole))-
graft- polycaprolactone-block-poly [oligo (ethylene glycol) methyl ether methacry-
late] copolymer upon fluorescence imaging of cancer cells (Yang et al. 2016). Vinh
et al. reported strong and specific tumour contrast enhancement and reduced tumour
size in rats with hepatic cancer upon single administration of PMs loaded with
gadolinium and oxaliplatin. The PMs were designed for the simultaneous imaging
and treatment of cancer. The results of MR images revealed higher reduction in
tumour growth (p < 0.05) upon treatment with micelles in comparison to oxaliplatin
treated rats. Also, PMs increased the survival rate by 1.0-folds in comparison to
oxaliplatin treated rats, respectively (Vinh et al. 2015).

Kim et al. reported enhancement in T1 MR imaging of tumour site using PMs
consisting pH-responsive moieties in copolymer network, i.e., poly-L-histine and
poly-L-lactic acid and loaded with gadolinium. The developed micellar system
indicated potential for the imaging of small tumour cells via responsive-disassembly
phenomenon owing to protonation of moieties incorporated in PMs (Kim et al.
2014).

Several studies claimed the use of mPEG-Lys3-CA4-based PMs for magnetic
resonance and fluorescence imaging (dual mode) by loading superparamagnetic iron
oxide nanoparticles and the Nile red as a lipophilic moiety in copolymer assembly
for targeted cancer therapy (Li et al. 2018).

In addition to this, PMs have been utilized as a cancer theranostic agent for
simultaneous drug delivery and diagnosis. For instance, Cao et al. claimed that PEG-
PO-based PMs conjugated with paclitaxel drug along with cypate as a contrast agent
resulted in image-assisted chemo-phototherapy against liver carcinoma cells
(Li et al. 2019). Similarly, mPEG-PG-b-PCL and PEG-b-PCL-based complex PMs
loaded with DOTA (Gd) showed higher MR contrast in keratin-forming tumour cells
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Table 10.1 PMs in cancer diagnosis/theranostic

Diagnostic
ABCs moiety/drug | Outcome References
mPEG-PCL-g-PEI-FITC SPION/ Novel bifunctional nanoprobe for Guo et al.
DOX MR and optical imaging of breast (2015)
cancer cells
PEG-b-PCL (with SPION 27-fold higher cellular uptake of Theerasilp
glucose analogue) developed PMs in prostate cancer et al.
cells than PMs without glucose (2017)
analogue
Exhibited high transverse relativities
(MRI contrast agent)
DSPE-b-PEG2000- Technetium- | Good target effect on malignant cells | Oda et al.
DTPA 99 m for confocal fluorescence imaging in | (2020)
liver cancer cells
HA-C16 SPION/ Dual tumour-targeted drug delivery | Zheng
DTX with MR imaging et al.
Photothermal therapy and (2018)
chemotherapy resulted in a
synergistic therapeutic effect
H40-poly(L-Glu-Hyd- Scu- pH-controlled release with PET Xiao et al.
dox)-b-PEG labelling/ imaging of glioma cells (2012)
functionalized with DOX

cRGD peptide

(Cao et al. 2017). The use of PMs in cancer diagnosis/theranostic is presented in
Table 10.1.

Xiao et al. developed multifunctional PMs composed of H40-poly(L-glutamate-
hydrazone)-b-poly(ethylene glycol) conjugated with DOX via hydrazine bond for
site-specific release in the brain. These PMs were further functionalized using cRGD
peptide at the surface of the corona for active targeting of glioma. Furthermore, these
PMs were loaded with 1,4,7-triazacyclononane-N, N’, N”-triacetic acid for PET
imaging of glioma. The developed multifunctional PMs showed higher fluorescence
intensity of DOX entrapped in the core inside the tumour cells after PET scanning
over simple PMs. The results showed higher internalization of the multifunctional
PMs post 4 h of injection in mice bearing glioma cells (Xiao et al. 2012).

Chen et al. claimed effective targeting and imaging of glioma cells using poly
(ethylene glycol) based se2-fluorescent functionalized PMs along with cRGD pep-
tide as targeting ligand at corona surface to target integrin proteins expressed by the
glioma cells. The developed PMs showed higher internalization in glioma cells as a
measure of blue fluorescence emitted by the cells upon targeting integrin receptors
via endocytosis pathway after 6 h of incubation (p < 0.05) over non-functionalized
PMs, respectively (Chen et al. 2015).



10 Diagnostic Applications of Surface-Engineered Polymeric Micelles 207

10.2.2 Diagnosis of Glucose

For the early detection of blood glucose levels, PMs as a nanocarrier owing to their
functional properties could be employed (Jang et al. 2020). Such properties mainly
include a high surface-to-volume ratio, low toxicity, biocompatibility, prolonged
residence time and tailor-made recognition sites for the target analytes (Shukla et al.
2016; Ngamdee et al. 2011). The fluorescence quenching property of PMs can be
used for fluorescing sensing of glucose using phenylboronic acid as glucose sensi-
tive moiety and alizarin red as a dye. Overall, such sensing of glucose using PMs is
based on dye displacement strategy via self-regulated, i.e., switch on-off approach in
the presence of high glucose. This approach has resulted in a 13-fold increase in
fluorescence intensity of the developed PMs in response to high glucose (Ngamdee
etal. 2011).

In addition to this, PMs can be developed as a biosensor for glucose detection
using the catalytic activity of the glucose oxidase enzyme. The nanosized PMs
formed from conducting/non-conducting polymers have been used for the rapid
adsorption of analytes owing to their high surface area and effective surface func-
tional groups (Anusha et al. 2015). Their coating over carbon electrodes (cathodic
potential) can provide electrical properties along with excellent catalytic efficiencies
and higher selectivities without the interference of uric acid or L-ascorbic acid (Kaur
et al. 2022a).

In one of the studies, polymaleimidostyrene-polystyrene based PMs were
designed for amperometric sensing of glucose. The developed PMs showed
pH-dependent glucose sensitivity, i.e., higher current response of glucose generated
in phosphate buffer pH 6.5. PMs also indicated prolonged stability even after storing
the formulation for months (Wang et al. 2008). In another study, a fluorescent sensor
based on PMs composed of CTAB loaded with alizarin/boronic acid was designed
for fluorescing sensing glucose. The developed PMs showed 14-fold higher calibra-
tion sensitivity than the buffer solution (Ngamdee et al. 2011).

In the next study, fluorescent PMs were developed using tetraphenylethylenes,
styrene, 4-vinylpyridine, and methylated 4-vinylpyridine moieties for glucose detec-
tion. The developed PMs were able to detect the lowest amount of glucose present in
the sample owing to hydrogen-peroxide-induced fluorescence quenching in the
presence of glucose oxidase and potassium iodide. In addition, PMs exhibited higher
specificity and selectivity for glucose even in the presence of proteins (Shen et al.
2012).

10.2.3 Diagnosis of Neuronal Diseases

Despite having good potential, PMs have been relatively less explored for the
imaging of brain diseases. This could be because of the higher complexity of the
brain or neuronal network. Some of the studies regarding the same are discussed in
the subsequent sections.
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Shiraishi et al. claimed effective MR imaging of cerebral ischemia-reperfusion
injury in rat transient middle cerebral artery occlusion-reperfusion model using PMs
composed of poly (ethylene glycol)-b-poly(L-lysine-DOTA-gadolinium). The devel-
oped PMs showed clear/stark contrast images in 15.5 + 10.3% of the ischemic
hemisphere after reperfusion within 30 min of post-intravenous injection in rats than
classic gadolinium chelate contrast agents followed by T1-hyperintense area of the
developed PMs in the striatum and cerebral cortex (Shiraishi et al. 2017).

In the next study, Wu et al. reported MR imaging of neuroglioma in mice using
PMs based on monomethoxy-poly(ethylene glycol)-S-S-hexadecyl and SPIONS.
The results of in vivo study revealed shorter T2 relaxation time with higher contrast
of the tumour. The developed PMs increased the transverse relaxivity by 1.83-folds
via glutathione-sensitive aggregation of PMs in tumour-bearing mice over
non-sensitive PMs upon intravenous injection. In addition, PMs showed more
robustness in T2 enhancement at the tumour site (Wu et al. 2021).

10.3 Conclusion

The incidence of diseases across the globe is increasing year by year due to ageing,
genetic and environmental factors. The effective management of diseases requires
novel drug delivery systems that can offer either simultaneous mapping/monitoring/
imaging and drug delivery or both. The nanosized PMs over other nanocarriers offer
relatively more stability, and monodispersity, and are remunerative. In addition, the
surface of PMs can be modified or stimuli-sensitized using the functional properties
of ABC:s for targeting and imaging. Furthermore, the high surface-to-volume ratios
enable their use as biosensors for the detection of specific analytes in biological
samples. Despite having multifaceted potential, PMs have not been explored to that
extent for imaging purpose. This could be because of the lack of targeting ligands
required for the targeting of desired diseased sites. Mostly it has been explored in
active targeting of tumours but the data is extremely limited in terms of diagnosis of
brain diseases (lack of ligand-mediated endocytosis). These limitations will provide
an opportunity for the researchers to design smart PMs with less complexity for
non-invasive imaging modalities.
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Abstract

Therapeutics can be delivered to specific areas in the body using ligand conju-
gated polymeric micelles. Both passive and active targeting methods can be used
to deliver polymeric micelles (PMs) to tumor locations. Polymeric micelles are
useful for encapsulating hydrophobic anticancer medicines that are poorly water
soluble. Additionally, the outer shell of PMs can be used to target the anticancer
medicine to tumors by active mechanisms. Small size, stability, sustained and
controlled release of therapeutics, and clinical aspects of malignancies make it
possible for polymeric micelles to deliver drugs to tumor locations by virtue of
their intrinsic properties. Immuno-fragmentation, cRGD, epidermal growth
factors, folate, and transferrin are some of the ligands that are conjugated with
polymeric micelles for active targeting. Micelles can also be used to target
tumors, which is a prospective target for anticancer medications. In experimental
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and clinical investigations, different anticancer drugs have been successfully
delivered by PMs. An overview of the most recent knowledge on the use of
PMs to target anticancer medications to tumor sites is provided in this chapter.

Keywords

Polymeric micelles - Immuno-fragmentation - Ligands - cRGD - Conjugation -
Epidermal growth factors

11.1 Introduction

Poor water solubility is quickly becoming the primary impediment to the clinical
implementation of many prospective novel medications owing to the lipophilic
groups essential for receptor recognition and membrane permeability (Da Silva
et al. 2020). Because of the non-selective targeting, many traditional chemothera-
peutic treatments are not in use despite their long-term benefits. Conventional drug
delivery methods for anticancer chemotherapeutics provide a variety of distinct
challenges, including inadequate selectivity, significant toxicity, and the formation
of drug resistance (Senapati et al. 2018). As a result, many anticancer medications
lose some of their effectiveness. To maximize the therapeutic benefit of a treatment,
a nanocarrier drug delivery system is developed (Din et al. 2017). Because of large
surface area, nanocarriers may modify the fundamental characteristics and bioactiv-
ity of pharmaceuticals. Incorporating nanocarriers into drug delivery systems has the
potential to improve drug release, solubility, stability, toxicity, localization, pharma-
cokinetics, and biodistribution (Edis et al. 2021). The pathophysiology of tumor
microenvironment has been exploited by nanocarrier-based platforms to transport
anticancer medications effectively into tumors, greatly enhancing therapy results for
various kinds of tumors (Fernandes et al. 2018). Furthermore, rising resistance to
anticancer medications necessitates higher dosages, which in turn increases the
treatment’s toxicity. Thus, in order to minimize toxicity, a targeted delivery mecha-
nism for the medicine at the target tissue is strongly recommended (Din et al. 2017).
To target the receptors that are highly expressed on the surface of tumor cells,
nanocarrier systems were coated with specific ligands (Lei et al. 2022). An antican-
cer therapeutics may be delivered to a tumor by using polymeric micelles (PMs).
Polymeric micelles are a novel kind of colloidal delivery system that has attracted a
lot of attention in recent years due to their potential to serve as a versatile and
effective drug carrier (Majumder et al. 2020). An increased therapeutic index may be
attained with better pharmacological activity at the therapeutic sites by enhancing
drug delivery to the targeted sites and minimizing delivery to undesirable locations
(Wen et al. 2015; Anselmo and Mitragotri 2014).

Kataoka’s team created doxorubicin-encapsulated polymeric micelles in the
1990s as a cancer drug delivery system (Kataoka et al. 1999). Preclinical as well
as clinical research has found that they can be utilized to deliver anticancer thera-
peutics. There have been reports of targeting tumors using nanocarrier drug delivery
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systems like liposomes and lipid-based DDSs. However, these have been hampered
by drug resistance and non-targeting (Edis et al. 2021). Targeted drug delivery
methods are sorely needed because of the intricacy of tumor cells and medication
resistance. For the first time, PMs have been shown to be the only DDS capable of
eliminating multidrug resistance by absolute targeting regardless of the method used
(Hari et al. 2022). Polymeric micelles have been demonstrated to be effective in both
preclinical and clinical trials; therefore, it is essential that excipients be both rapidly
biodegradable and biologically compatible (Hwang et al. 2020). One of the earliest
reported self-assembled polymers nanocarrier drug delivery methods was polymeric
micelles. Polymeric micelles are made up of an outer and inner core each with a
distinct function. The outer layer regulates the pharmacokinetic (PK) action in vivo,
whereas the inner core manages drug loading, stability, and release (Parra et al.
2021). The polar area confronts the micelle’s outer surface, whereas the non-polar
region forms its inner core. Micelles encapsulate both hydrophilic and hydrophobic
therapeutics. The micelles enclose the hydrophobic therapeutics in their inner cores
and the hydrophilic drugs in their outer cores (Ekladious et al. 2019). It consists of
amphiphilic block copolymers which are self-assembled in an aqueous solvent.
These amphiphilic block copolymers used in preparation of polymeric micelles are
diblock, triblock copolymers, and graft polymers (Ekladious et al. 2019). In an
aqueous solution, micelles develop when block copolymer concentration is higher
than the critical micelle concentration threshold (CMC) (Fluksman and Benny
2019). Polymeric micelles have prodigious potential for treating cancer because of
their enhanced biopharmaceutical and pharmacokinetic attributes, including their
small size, propensity to dissolve hydrophobic therapeutics, and ligand-mediated
active targeting, which enables site-specific delivery of pharmaceuticals (Yu et al.
2019).

11.2 Active Targeting of Tumors

Most anticancer drugs have a low therapeutic index, thus developing targeted drug
delivery methods to treat different types of cancer is an essential need. It is feasible to
transport medications to target cells in vivo by actively targeting tumor cells that
include targeting moieties and active therapeutics (Veselov et al. 2022). There have
been several conjugating ligands, for instance, proteins, oligopeptide conjugated
ligands, vitamins, and small targeted molecules which can be attached to a surface of
nanoparticle drug delivery systems (Salahpour Anarjan 2019). Molecular recogni-
tion and the use of appropriate ligands that can identify its biomarker on the target
site are essential for achieving active targeting. Oncogenic cells usually have
receptors that are overexpressed from those found in healthy cells and these
receptors are overexpressed in cancerous cells to facilitate the nourishment required
for metabolism. The chemotherapeutic drugs are derivatized with a specific ligand
that recognizes specific receptors on target tumor cells. When this ligand—chemo-
therapeutic drug delivery system is administered to patients they bind to the specific
receptors of targeted tumor cells and deliver therapeutics to these specific tumor cells
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Fig. 11.1 Mechanism of active targeting

(Large et al. 2019). Chemotherapeutic drugs can be transported to specific cancer
cells by developing a targeted nanocarrier drug delivery system that bypasses the
activity of multidrug resistance transporters (Sutradhar and Amin 2014). Due to this
therapeutic effectiveness of drugs is decreased and these drugs are unable to take
place of more traditional chemotherapy options in clinical practice today. Targeting
nanoparticles directly toward tumor cells may be an effective way to circumvent this
problem, increasing the concentration of drug at targeted site and also enhancing the
bioavailability of drug (Bharali and Mousa 2010). The mechanism of active
targeting is illustrated in Fig. 11.1.

11.3 Various Ligands for Active Targeting

Many ligands have been developed and several of them have been examined for their
potential role in the active targeting of nanoparticles. Therapeutic efficacy and
uptake of drugs encapsulated in nanoparticles are enhanced by attaching ligands to
the surface of target tumor cells (Ahmad et al. 2019). For active targeting ligands
including nucleic acids, proteins, peptides, small molecules, and polysaccharides
have been used (Gu et al. 2021). There are two methods by which these ligands may
be attached to nanoparticles. After NPSs are formed, they may be chemically
coupled or physically adsorbed on top of surface of nanoparticles, or they can be
connected to polymers prior to the preparation of nanoparticles (Heuer-Jungemann
et al. 2019). The several types of ligands conjugated with polymeric micelles to
deliver therapeutics to targeted sites are described below.
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11.3.1 Antibodies Targeted Polymeric Micelles

Antibody-targeted drug delivery systems preferentially transport anticancer
medications to cancer cells rather than the normal cells of the body. Recently they
have received a lot of attention in the realm of cancer treatment (Kadkhoda et al.
2021). It is feasible to selectively kill tumor cells while retaining an appropriate
cytotoxic activity by using particular or related antigens to target tumors. Addition-
ally, therapeutic antibodies aimed at activating the patient’s antitumor immune
response are also being produced. Even though immunotherapy is a promising
treatment option, further research is needed to improve clinical outcomes and
overcome therapeutic resistance (van Elsas et al. 2020). In cancer immunotherapy,
the IgG isotype is the most usually employed, although there are several other
isotypes as well, such as IgD, IgE, and IgM. Each antibody consists of three parts:
two variable fragments that are responsible for binding antigen also known as
antigen-binding fragments (Fabs) and one variable known as “light chain” (Fc).
Antibody specificity is determined by complementarity determining regions (CDRs)
in the antibody’s antigen-binding fragment, whereas the Fc domain links antibodies
to immune effector mechanisms through fragment receptors on cells such as
neutrophils, NK cells, DCs, monocytes, and eosinophils (Al Qaraghuli et al.
2020). Additionally, the Fc domain of antibodies is considered to shield the
antibodies from degradation by binding to Fc receptors. The mechanism of
antibody-targeted polymeric micelles is shown in Fig. 11.2. For the conjugation of
antibodies, polymeric micelles are an excellent platform nanocarrier because of their
increased tumor extravasation and penetration (Ding et al. 2019; Cabral et al. 2018).
These micelles have a large and diverse loading of bioactive compounds and their
regulated release (Hussein and Youssry 2018).

By integrating antibody fragments, Ahn et al. developed polymeric micelles
encapsulating oxaliplatin (1,2 diaminocyclohexane) platinum (II) (DACHPt) that
has demonstrated excellent therapeutic effectiveness for treating numerous cancer
models (anti-TF-Fav). DACHPt evaluated the anticancer effects of polymeric
micelles containing anti-human TF targetable Fab fragments for pancreatic cancers.

Apoptosis
Targeted drug —
delivery

Cancer cell

Fig. 11.2 Mechanism of antibody targeting polymeric micelles
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Antibody-TF Fab’-DACHPt/m was successfully synthesized by incorporating
maleimide-thiol chemistry. As compared to DACHPt/m, the capacity of anti-TF
Fab’ to recognize antigen aided in the binding and uptake of anti-TF Fab’-DACHPt/
m in the cell more quickly. Anti-TF Fab’-DACHPt/m exhibited better antitumor
effectiveness as seen by the slight weight loss of treated mice. The advantages of
in vivo tumor targeting via an immune micellar system loaded with platinum drugs,
which are necessary for any clinical anticancer therapy are established. If the parent
micelles do not alter much in structure or size, it is possible to use this maleimide-
thiol coupling approach to a wide range of different carrier peptides and antibodies,
including therapeutically authorized tumor-directed peptides. The delivery of drugs
into cancers with stroma-rich extravasation should provide universality and improve
the therapeutic efficacy of carriers with stringent limits on extravasation (Ahn et al.
2015). Some examples of antibody conjugate polymeric micelles drug delivery
systems that are developed are enlisted in Table 11.1.

11.3.2 Folate-Conjugated Polymeric Micelles

In the early 1990s, Kamen and colleagues discovered that receptor-mediated
endocytic mechanisms can allow folate to enter tumor cells (Lee and Low 2000).
A total of three isoforms of folate receptor (FRa, FRf, FRy) have been found in
human tissues, including malignancies (Cai et al. 2017). Folate is used in anticancer
medications as a targeting ligand to improve intracellular absorption into targeted
tumor cells and decreases collateral damage to healthy cells (Zwicke et al. 2012).
Folate has also been proven to penetrate deeper than conventional antibodies due to
its small molecular weight. In addition, folate has a great affinity for folate receptors.
It is possible to achieve this high-affinity characteristic with the right design of
folate—drug conjugates, which may then be quickly absorbed via endocytosis. The
folate-binding proteins that act as ligands on cancer cell surfaces are overexpressed
in malignant cells (Farran et al. 2020). To improve the efficiency of anticancer
treatment, these conjugates may be directed to tumor cells and taken up by the
cells through a process called receptor-mediated endocytosis. Studies have shown
that folic acid conjugates may either stay in recycling endosomes (pH 5—6) or make
their way out into the cytoplasm and hence bypassing the multidrug efflux pumps
present in cancer cells. With these features, intracellular absorption of the medicine
may be increased, and harmful adverse effects of enzyme action can be avoided
(Ebrahimnejad et al. 2022). The mechanism of folate conjugate polymeric micelles
is enlisted in Fig. 11.3.

The anticancer medication 9-Nitro-camptothecin has low solubility, hence Han
et al. tried to encapsulate it in polymeric micelles. Folate-conjugated micelles
containing drugs were prepared using FA-PEG-DSPE9 (folate-polyethylene gly-
col-distearoyl phosphatidylethanolamine) and MPEG-DSPE (methoxy polyethylene
glycol-distearoyl phosphatidylethanolamine) both of which were synthesized via
chemical synthesis and exhibited high purity and smaller particle size range. MPEG-
DSPE and FAPEG-DSPE at a molar ratio of 1:100 might evade macrophages and
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Table 11.1 Some examples of antibodies conjugate polymeric micelles for drug delivery

S.no | Drug

1. Oxaliplatin

2. Curcumin,
doxorubicin

3. Streptavidin-
conjugated
monoclonal
antibody

4. Doxorubicin

Method

Maleimide-thiol
conjugation was used to
implant antibody
fragments into polymeric
micelles which allowed for
targeted delivery of
oxaliplatin to pancreatic
cancers. The tissue factor
(TF)-targeting Fab’ was
coupled by adjusting the
maleimide surface density
on the micelles

In this study, researcher
tested in vitro and in vivo
therapeutic effectiveness
of PEG-PE micelles
loaded with curcumin
(CUR) and doxorubicin
(DOX) and conjugated
with using an anti-GLUT1
antibody against HCT-116
human colorectal cancer
cells (GLUT1)

Researchers report the
design, synthesis, and
evaluation of a novel
delivery system consisting
of streptavidin-conjugated
monoclonal antibody
(mADb-SA) targeting CD22
that is capable of being
internalized and (ii) a
biotinylated diblock
copolymer having
positively charged siRNA
and pH-responsive block
to facilitate endosome
release

Incorporating a
monoclonal antibody
(mAb), researcher
developed doxorubicin-
based hydrazine polymer
prodrug combination for
self-assembled
nanoparticles (PDNPs)

Outcome of study

Compared to non-targeted
micelles, fab conjugated
oxaliplatin-loaded micelles
enhanced cellular binding
within 1 h and quick
cellular internalization,
leading to better in vitro
cytotoxicity. The findings
suggest that polymeric
micelles with fab’
implanted is a promising
vehicle for effective
medication delivery to
solid tumors

Micelles loaded with
doxorubicin (DOX) and
CUR adorned with anti
GLUT]1 were highly
effective in vitro at low
concentrations. Tumor
growth was not
significantly inhibited by
non-targeted CUR or CUR
DOX micelles as
compared to the control
group at the levels
assessed

Polymeric micelles that
targeted CD22 were more
successful at gene
knockdown. DoHH2 cells
treated with 15 nmol/L
siRNA-targeting CD22
had 70% less gene
expression. CD22-targeted
polymer carrier may
deliver siRNA to
lymphoma cells

The results proved that
pH-sensitive PDNPs are
able to maintain a high
degree of stability in PB
7.4 buffer solution. HepG2
cells were more responsive
to mAb-PDNPs (IC50:
1.12 mg/L) than they were

Ref

Ahn et al.
(2015)

Abouzeid
et al.
(2013)

Palanca-
Wessels
et al.
(2011)

Huang
et al.
(2021)

(continued)
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Table 11.1 (continued)

S.no | Drug Method Outcome of study Ref
with pH-sensitive drug to PDNPs (IC50: 2.62 mg/
release, improved L) because of the addition
targeting, and tumor tissue | of the monoclonal
aggregation. Researcher antibody. CD147
also investigated the mAb-modified peptide-
PDNPs’ and mAb-PDNPs’ | DNA nanoparticles
degradation resistance, (mAb-PDNPs) are more
in vitro drug behavior, and | stable and facilitate
cell uptake targeted medication

delivery with greater
efficiency

Folate conjugate

with polymeric Active drug

micelles

_— Cancer cell

(dead)

Cancer cell
(proliferating)

Folate attached to folate
receptor of tumors

Fig. 11.3 Folate-conjugated polymeric micelles

express a highly specific targeting capability. When compared to blank micelles or
without folate-conjugated micelles, the folate-conjugated micelles were able to
target tumor cells more effectively with upregulation of folate receptors on tumor
cell surface. For poorly soluble anticancer drugs that are difficult to encapsulate,
polymeric micelle formulation and active targeting using folate as ligand presented
in this study might be a viable carrier (Han et al. 2009).

Anticancer medication doxorubicin was encapsulated in PLGA-PEG-FOL carrier
that was designed to target tumors by Zhao et al. Drug release in the endosomes is
hastened by the addition of pH-sensitive poly b-amino ester (PAE) to PLGA-PEG-
FOL to develop mixed micelles. According to these findings, the ionization of PAE
can cause medication release at various pH levels. Micelles were made by combining
PLGA-PEG-FOL and PAE-PEG-FOL in a multitude of weight ratios. By ionizing
PAE, the drug release at endosomal pH can be induced, resulting in greater
concentrations in the nucleus and better cytotoxicity due to increased buffering
potential of the mixed micelles. The 20:80 mixed micelles had superior extracellular
stability, drug release rate, and cytotoxicity when compared to single micelles (Zhao
et al. 2010).
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Ovarian cancer patients may benefit from photodynamic therapy (PDT), which is
a cutting-edge treatment option that has gained popularity in recent years. Li et al.
prepared a biodegradable polymer of PEG and PLA-folate was developed to create a
photosensitizer nanocarrier that is both active targeting and water soluble. Excellent
encapsulation efficiency and controlled, delayed release of therapeutics were seen
in vitro and in vivo when hypocrellin B (HB) was encapsulated in FA-PEG-PLA
micelles in comparison with free hypocrellin. More effective post-PDT cell death
was achieved using HB/FA PEG-PLA micelles than with blank micelles as well as
free medicines. In addition, SKOV3 cells were found to bind and take up folate-
targeted micelles following intravenous injection into ascitic ovarian tumor bearing
cancer rat models. Ascites tumor tissues show a 20-fold increase in drug
concentrations proving the effectiveness of folate-targeted localized therapy
(Lietal. 2018). Some examples of folate conjugate polymeric micelles drug delivery
systems are enlisted in Table 11.2.

11.3.3 Chitosan Conjugated Polymeric Micelles

As a polysaccharide, chitosan is frequently used because of its positive zeta potential
and ability to better adhere to tissues and cells (Fathi et al. 2018). Two types of p-
glucopyranoses are found in chitosan, one of which is an unprocessed natural
polysaccharide and the other which is semi-processed (Naskar et al. 2019).
Mucoadhesive, biocompatibility, non-immunogenicity, and non-toxicity are only a
few of its unique attributes. The polymer is primarily degraded by bacterial and
lysozyme enzymes which are present in the colon; therefore, it does not pose a threat
to human health (Sharifi-Rad et al. 2021; Thotakura et al. 2017).

Thotakura et al. prepared chitosan-biocompatible stearic acid polymeric micelles
for the delivery of tamoxifen for the treatment of breast cancer. FT-IR and NMR
were used to examine the conjugation, whereas micromeritics, surface charge, drug
loading, and morphological characteristics were examined in the nanocarrier. By
conducting in vitro MTT assays, as well as in vivo pharmacokinetic investigations,
researchers were able to determine the drug’s effectiveness and safety, as well as its
biodistribution. Although the drug loading and release were enhanced, the pharma-
cokinetic profile was significantly modified, and the cytotoxicity against MCF-7
breast cancer cells was significantly boosted. As a result of the lower clearance and
improved AUC, pharmacokinetic modification may be achieved using these
nanocarriers (Thotakura et al. 2017). To improve the biopharmaceutical performance
of medications that are not particularly water soluble, a novel polymer consisting of
oleic acid grafting low-molecular weight carboxymethyl chitosan (OA-CMCS) was
synthesized. Analytical methods such as 1H-NMR and FT-IR spectroscopy were
used to provide a detailed characterization of this polymer after it was developed,
synthesized, and thoroughly characterized via amidation process. There was a low
critical micellar concentration of 1 g/mL for the OA-CMCS conjugate when it was
suspended in water. Docetaxel (DTX), chemotherapeutic drug with low solubility in
water, was chosen as a representative example. Following parameter optimization,
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Table 11.2 Some examples of folate conjugate polymeric micelles for drug delivery

S. no.
1

Drug
Doxorubicin

Dactolisib

Doxorubicin
and
paclitaxel

Method

To facilitate the
administration of
doxorubicin (DOX),
researcher conjugate
folic acid (FA) with
amphiphilic
copolymer MaPCL:
Poly(—caprolactone)
macromonomer)
methacryloyloxyethyl
phosphorylcholine)

Researchers employed
platinum (II)-based
linker chemistry to
integrate dactolisib
into the core of poly
(ethylene glycol)-b-
poly (acrylic acid)
(PEG-b-PAA)
polymeric micelles.
Amphiphilic
dactolisib-PEG-PAA
monomers form,
which then self-
assemble into core-
shell polymeric
micelles in an aqueous
environment

Researcher developed
micellar system for the
simultaneous delivery
of DOX and PTX. The
folate was conjugated
to the doxorubicin
using Schiff’s base
reaction. The prodrug
was then encapsulated,
and folate was grafted
on polymeric micelles

Outcome of study

Unloaded FA-P
(MPC-co-MaPCL)
micelles shows less
cytotoxicity, while
DOX-loaded FA-P
(MPC-co-MaPCL)
micelles are highly
cytotoxic to HeLa
cells. DOX-loaded
FA-P(MPC-co-
MaPCL) micelles
absorb DOX more
than unconjugated
folic acid DOX-loaded
P(MPC-co-MaPCL)
micelles after 6 h of
incubation in HeLa
cells. These findings
emphasize the
system’s potential as
an anticancer drug
delivery technique

Dactolisib
encapsulated
polymeric micelles had
excellent colloidal
stability in water, and
they secreted the
linked drug in chloride
and glutathione
buffers. Micelles
coated with folate
showed targeted
cellular cytotoxicity at
50-75 nM IC50 and
were actively absorbed
by positive folate-
receptor KB cells

Researchers found that
polymeric micelles
released DOX and
PTX steadily over
time, and lowering the
pH of the media speed
up the drug release
rate. Endocytosis of
polymeric micelles by
SW1353 cells was
detected using a

Ref
Lu et al. (2019)

Shi et al. (2020)

Lang et al.
(2020)

(continued)
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S.no. |Drug

4

Silibinin

Method

The purpose of this
research was to
develop folic acid
conjugated pluronic
F127 nanomicelle
loaded with silibinin
(SLB) for the
treatment of liver
cancer. SLB-F127-FA
nanomicelles were
developed by using the
Steglich esterification
method to conjugate
folic acid with
Pluronic F127
copolymer

Outcome of study Ref

cellular uptake test,
and the cellular
absorption of folate-
conjugated micelles
was increased due to
an active FR-mediated
endocytosis pathway,
as evidenced by their
greater red
fluorescence compared
to that of non-folate
micelles

Ghalehkhondabi
et al. (2021)

In vitro cytotoxicity
investigations
demonstrated folate-
targeted nano micelle
increased drug
cytotoxicity against
HepG2 cancer cells.
Overall, the proposed
SLB-F127-FA
polymeric
nanomicelles
demonstrated
tremendous potential
as an active-targeted
drug delivery system
for treatment of cancer
cells

doxorubicin conjugate OA-CMCS micelles with an entrapment efficiency of 57.26
1.25 nm were formed. In an in vitro release investigation, DTX-loaded OA-CMCS
micelles showed a gradual and persistent drug release behavior in a model of the
body’s fluid. Using these new nanocarriers, pharmacokinetic modification may be
achieved without using standard lipid-based nanocarriers while also improving
dosage delivery, tissue adhesion, and tissue adhesion (Kumar et al. 2020). Some
examples of chitosan conjugate polymeric micelles drug delivery systems which are
developed are enlisted in Table 11.3.

11.3.4 RGD Peptide Conjugated Polymeric Micelles

Many peptide sequences useful for targeting certain malignancies and cell types
have been discovered via peptide phage display. More specifically peptides with
RGD and NGR sequences have been studied for their potential as tumor-homing
agents. These peptides are specific for the avp3 integrin and aminopeptidase N
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Table 11.3 Examples of chitosan conjugated polymeric micelles

S. no
1.

Drug
Paclitaxel

Paclitaxel

Doxorubicin

Paclitaxel

Method

This study involved the
synthesis of an amphiphilic
compound of cholesterol-
modified chitosan and
mPEG (mPEG-CS-Hz-CH).
Micelles made of mPEG-CS-
Hz-CH that are encapsulated
with paclitaxel (PTX) were
developed using ultrasonic
probes

For enhanced oral
bioavailability of paclitaxel
(PTX), 1-carnitine-chitosan-
stearic acid polymeric
micelles were created

With the goal of improving
the oral bioavailability of
doxorubicin (DOX), a
quercetin-chitosan
compound (QT-CS) was
developed. This conjugation
improves DOX’s water
solubility, opens tight
junctions, and circumvents
the P-glycoprotein (P-gp)

Conjugation of atocopherol
succinate to the glycol
chitosan resulted in the
formation of an amphiphilic
polymer called TS-GC,

S. D. Kaur et al.
Outcome of study Ref
Micelles loaded with Han
paclitaxel (PTX) et al.
demonstrated enhanced (2021)

cytotoxicity and strong
selectivity for tumor cells in
an in vitro cytotoxicity
study. Micelles loaded with
paclitaxel (PTX) were shown
to increase PTX’s
therapeutic efficacy while
decreasing its negative
effects

Lower micelle concentration
improves water stability.
Pharmacokinetic studies
demonstrate that stearic acid-
grafted chitosan increases
PTX bioavailability. In vitro
studies show that
medication-containing
micelles released the
therapeutic slowly and at
controlled release. The
activity improved intestinal
absorption, as evidenced by
Caco-2 cell uptake in their
own membranes

Micelles formed from the
produced QT-CS
encapsulated DOX
efficiently due to their small
size, high zeta potential, and
high encapsulation rate. In
GI simulation fluid, these
micelles show sustained-
release profile. The
absorption of doxorubicin by
cells was increased 2.2-fold
when QT-CS micelles were
used as a delivery vehicle.
Doxorubicin’s apparent
permeability coefficient was
10.17 times greater than that
of free doxorubicin

In vitro and in vivo testing
demonstrated the ability of
the polymer as carriers for
PTX to enhance their
transport capabilities. The
toxicity level and dosage of

Yang
et al.
(2020)

et al.

(2019)

Liang
et al.
(2018)

(continued)
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Table 11.3 (continued)

S.no | Drug Method Outcome of study Ref
which was further the PTX-loaded TS-GC
characterized by NMR micelles were found to be

superior to those of the
Cremophor EL-based
formulation

receptors. Both are vastly expressed in tumor cells and tumor blood vessels (Shi et al.
2019). In recent years, targeting V3 integrin, a protein often found in tumors, has
emerged as a promising and sought-after therapeutic approach. These heterodimeric
receptors are a key component of a regulatory cascade that regulates angiogenesis
and can function as target epitopes in drug vectorization systems by facilitating the
adhesion of activated endothelial cells to extracellular matrix components.
avp3receptors are overexpressed on the surface of endothelial cells and, in some
circumstances on the tumor cells themselves in malignant tumors. Metastasis devel-
opment in these cells is a multi-step process, and avp3, receptors play a crucial role
in each. They take part in matrix remodeling, interstitial matrix invasion, micro-
emboli development, and tumor cell extravasation. avf3 integrins are upregulated in
both invasive cancer cells and angiogenic endothelium cells suggesting that
targeting them may have considerable therapeutic benefits (Qiu et al. 2018). Some
examples of RGD peptide conjugate polymeric micelles drug delivery systems
which are developed are given in Table 11.4.

11.3.5 Transferrin and Epidermal Growth Factor Conjugated
Polymeric Micelles

Since tumor cells have a greater number of transferrin receptors than healthy ones,
this has led to their use as a ligand for the transport of anticancer drugs. Numerous
initiatives are currently underway to investigate this putative ligand-receptor-
mediated delivery pathway (Kedar et al. 2010). Blood plasma protein transferrin
(Tf) binds to the transferrin-receptor on the surface of cell membrane and transports
iron into the cell. Since TfRs are more expressed in a wide variety of human cancers,
they are hypothesized to serve as a useful biological marker for the administration of
anticancer medications and the detection of malignancies in individuals whose
tumors show high levels of transferrin receptors. Transferrin conjugated drug deliv-
ery has been extensively researched in past several decades for its prospective use in
the treatment of broad variety of cancers, including breast cancer, prostate cancer,
myeloid leukemia, and others. In addition, the transport of medications across the
blood—brain barrier for the treatment of brain cancers has been the focus of a lot of
research and development work employing Tf or anti-TfR antibodies as the target
moiety in creating Tf-TfR mediated drug delivery systems (such as glioma).
Although Tf-drug conjugates are the most often reported kind of Tf-carrying drug
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Table 11.4 Examples of RGD peptide conjugate polymeric micelles

S. no
1

Drug
Paclitaxel

Monomethyl
auristatin
(MME)

Cross-linked
polymers

Method

RGD-decorated
PEG-paclitaxel disulfide-
linked conjugates were
created. Micelles (RGD
micelles) self-assemble
from amphiphilic
PEG-PTX conjugates,
which are degraded when
glutathione (GSH) levels
decrease, releasing PTX
into the intracellular
environment

To improve drug loading
and targeted drug delivery
of MMAE to HCT-116
colorectal tumor
xenografts the use of
cRGD-functionalized
polylipopeptide micelles
(cRGD-Lipep-Ms) was
investigated

The researcher cross-
linked polymeric
(CCPM) micelles at their
cores and conjugated
them with cyclic arginine-
glycine-aspartic acid
(cRGD) peptide. Using
various cell lines with
varying expression levels
of the integrin receptor,
the advantage of
conjugating CCPM with
varying densities of
cRGD was examined

Outcomes

In vitro experiments
showed that RGD
micelles target stomach
cancer cells and cause
apoptosis, limiting cell
growth. RGD micelles
prevent tumor
development in vivo by
traveling to the tumor site
and releasing PTX within
tumor cells. The micelles’
high therapeutic
effectiveness and
negligible side effects
may help tailor
pharmaceutical delivery
for stomach cancer

Most notably, cRGD-
Lipep-Ms boosted
MMAE loading content
by 55 times MMAE-
cRGD-Lipep-Ms showed
excellent absorption and
antiproliferative action.
MMAE-cRGD-Lipep-Ms
completely suppressed
HCT-116 tumor
xenograft development in
mice, showing tenfold
greater tolerability than
free MMAE

RGD micelles were
biologically stable since
they were 50-nm
spherical nanoparticles.
Scientists investigated if
GSH may stimulate
micelle PTX release. In
vitro experiments showed
that RGD micelles target
stomach cancer cells and
cause apoptosis, limiting
cell growth. RGD
micelles prevent tumor
development in vivo by
traveling to the tumor site
and releasing PTX within
tumor cells

S. D. Kaur et al.

Ref

Lorenzi
et al.
(2022)

Fang et al.
(2017)

Marques
and Kumar
(2022)

(continued)
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Table 11.4 (continued)

S.no | Drug Method Outcomes Ref

4 Doxorubicin Scientists have developed | The RGD-conjugated Bergonzini
and evaluated a novel DOX-loaded polymeric et al.
DOX-loaded polymeric micelle (RGD-DOX-PM) | (2022)
micelle that self- has a high drug loading
assembles from efficiency. 63% of RGD-
RGD-terminated poly DOX-DOX PMs were
(ethylene glycol)-block- released in 60 h. MTT
poly (trimethylene experiments on MG-63
carbonate) (RGD-PEG- and MNNG/HOS
PTMC) amphiphilic osteosarcoma cells
biodegradable block showed that conjugated
copolymer to enhance the | RGD Dox has high
activity of DOX for cytotoxicity against
treating osteosarcoma tumor cells

delivery system, Tf-carrying nanocarriers including Tf-liposome and
Tf-polymersome systems are also being developed and studied (Zhao et al. 2016).

Many kinds of cancer cells have abnormally high levels of the epidermal growth
factor receptor (EGFR), a 170 kDa transmembrane protein featuring an intracellular
tyrosine kinase domain. Cancer cell proliferation, apoptosis, angiogenesis, and
metastasis all receive assistance from the epidermal growth factor receptor (EGFR)
autocrine pathway (Chang et al. 2018). Considering the importance of EGFR in
carcinogenesis, researchers have been looking for specific inhibitors of the EGFR
signaling system. Targeting the epidermal growth factor receptor (EGFR) has shown
promise in early clinical trials and is supported by the results of a huge body of
preclinical research. Numerous treatment initiatives are being centered on the epi-
dermal growth factor receptor (EGFR). Human epithelial tumors with overexpressed
epidermal growth factor receptor (EGFR) tend to be more aggressive, have a worse
prognosis for patients, and have a higher metastatic risk. EGFR-overexpressing
breast cancer cells are demonstrated to undergo cell-cycle arrest in the G1 phase
and subsequent activation of cell-type-specific apoptosis in response to drug-free
EGF-conjugated micelles (Lee et al. 2007).

11.4 Conclusion

Over the last several years, polymeric micelles have emerged as a promising new
delivery system for a wide range of biological macromolecules as well as conven-
tional anticancer drugs like DNA- and siRNA-targeting small interfering RNAs
(siRNAs) and antibodies like oligonucleotides. Complex micelles that include
many modalities into a single carrier have been created by chemically modifying
the structure of block copolymers that generate micelles. There is a definite move
away from producing only single-therapeutic agent drug delivery system and toward
micelles drug delivery system that incorporates several therapeutic payloads and can
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be changed for active targeting, delivery of imaging agents, and responsiveness to
unique signals supplied either by the tumor microenvironment or outside, to regulate
the release of encapsulated cargoes spatially and temporally. This chapter has
discussed a broad range of polymeric micelle modifications, such as conjugation
with active ligands for active targeting, ranging from passively targeted polymeric
micelles that depend on the EPR effect to more sophisticated systems that incorpo-
rate targeting ligands. Polymeric micelles have promising future because of their
wide range of uses and structural flexibility. Given their many practical applications
and amenability to structural tweaks, polymeric micelles have a bright future ahead
of them.
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Abstract

Polymeric micelles (PM) developed in solution by self-assembling of amphiphilic
polymers and represents an advanced tool to overcome several issues related to
drug delivery like low aqueous solubility drug that may lead to low drug
permeability across biological barriers. PM have several benefits, such as their
tiny size, high solubility, ease of sterilizing, and controlled release of
pharmaceuticals. Since the integrated medicine may be released rapidly in vivo,
the physical stability of this carrier is a crucial concern. To effectively develop
micelles that can carry drugs to their sites of action, the significant effort still must
be done in understanding how PM interact with plasmatic and cellular
components. This chapter describes the advantages and challenges of PM for
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the delivery of proteins, oral uptake of PM, types of polymers utilized in the
administration of micellar drugs, and PM for multiple functionality and protein
delivery.

Keywords

Polymeric micelles - SIRNA - Proteins - Ligands - Nanoparticles - Oral delivery

12.1 Introduction

Although protein medicines offer a lot of potential as targeted therapeutics, their use
is hampered by issues including instability, a brief half-life, and unfavourable
immune reactions. As a result, ways of effectively increasing the availability and
activation of proteins in specific tissues may be found in protein delivery approaches
based on stimuli-responsive nanocarriers. Thus, substantial research is being done
on PM that may encapsulate proteins (Tao et al. 2020). The core-shell structure of
PM for developing nanoscale drug delivery device was created via the self-
assembling of amphiphilic block copolymers after dispersion in the aqueous
phase. Amphiphilic di-block-copolymers such as polystyrene and poly(ethylene
glycol) (PEG) and triblock-copolymers (poloxamers) are common and frequently
used polymeric materials for the development of micelles, but graft (like G-chitosan)
and ionic [like PEG-poly(-caprolactone)-g-polyethyleneimine] copolymers are also
used (Yadav et al. 2019). As excipients for conventional pharmaceutical
formulations, biocompatible polymers have been widely used in pharmaceutical
research (Bharate et al. 2016; Cabral et al. 2018). More recently, they have been
used in nanomedicines to improve the therapeutic results of strong pharmaceuticals.
The development of micelle-based delivery methods as possible human
nanomedicines has been suggested for several new block copolymers (Lee et al.
2008; Kim et al. 2004). The delivery of medicinal compounds has been greatly
improved because of several important developments in PM. Due to the functions
the polymer confers on the formulation, standard PM formulations are anticipated to
improve the therapeutic efficacy of the medication encapsulated in a protein.
Because PM can release their cargo from the core in a regulated way throughout
systemic circulation, their PK profiles for therapeutic drugs differ from those of
native substances. PM structural characteristics, such as their hydrophilic shell, aid
in preventing opsonization by the complement system and unanticipated drug loss
from serum components, both of which usually lead to the fast clearance of
medicines from systemic circulation (Owens and Peppas 2006). Due to their many
advantageous properties, such as their capability to access the affected area with
compromised vasculature, longevity, safety, long term drug release, improved
stability (in vivo and in vitro), and capacity to successfully emulsify various poor
soluble drugs, they have become very popular. Additionally, by modifying the
surface of these micelles with different ligands and cell-penetrating moieties, new
activities may be added to enable the targeted delivery and intracellular
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accumulation of protein-based therapeutics (Jhaveri and Torchilin 2014). PM are the
most effective alternative drug carriers when compared to other micellar systems.
The advantages of mixed PM include the incorporation of noticeably higher medi-
cine doses, longer blood circulation durations, and thermodynamic stability. The PM
core has been designed to have the best durability and drug loading capacity. The
length of hydrophobic blocks and the kind of substituents found in the core have the
biggest effect on PM capacity to carry medicines. The insoluble medications can be
contained in the micellar core via either chemical conjugation or physical trapping.

12.2 Polymeric Micelles (PM) as Therapeutic Carriers for Protein
Delivery

The use of proteins and peptides as PM targeting ligands is also quite common. The
creation of transferrin-targeted nanocarriers is made possible by the transferrin
receptor (TfR), which is overexpressed in many malignancies (Singh 1999). Trans-
ferrin (Tf), an endogenous ligand for PM, or antibodies against TfR may be used to
modify them (Torchilin 2006). Sawant et al. developed micelle of transferrin
modified PEG-PE (polyethylene glycol-phosphatidylethanolamine) to deliver a
CDK inhibitor “R457.” The drug targeting efficacy and cell toxicity were evaluated
in vitro and in vivo using A2780 ovarian cancer cell lines (ovarian carcinomas).
Antitumour activity was improved as compared to free drug (Sawant et al. 2013).
Water is distributed in PM in an anisotropic manner, with the amount of water
decreasing as it moves from the surface to the hydrophobic centre. Thus, the polarity
of the medication determines where it will be located within micelles: hydrophobic
APIs (active pharmaceutical ingredients) will locate within core (lipophilic) or on the
surface depending upon drug polarity and hydrophilicity. Generally, hydrophilic
candidates are lodged within centre or surface of the micellar structure, whereas
lipophilic drug candidate settled within lipophilic core of micelle (Rangel-Yagui
et al. 2005). Most of the time, unimers and polyion complex micelles are used to
chemically conjugate hydrophilic molecules, or they use electrostatic interactions to
load hydrophilic molecules. For instance, RNA is often loaded into amphiphilic
block copolymers by the insertion of polycations and then employed for RNA
condensation. Amphiphile micellar solutions are an efficient method of delivering
medications to their targets. Water-insoluble medicines are easily soluble in the
hydrophobic environment of the micelle core and loaded for distribution to the
necessary sites. Targeted protein drug delivery systems are created to ensure mini-
mal drug loss and degradation, avoid negative side effects, boost the bioavailability
of protein pharmaceuticals, and raise the concentration of medications in the desired
zone of interest. Insoluble polymers (synesthetic and natural), soluble polymers,
liposomes, micelles, microparticles, cell ghosts, cells, and amphiphilic polymers are
just a few of the numerous drug carriers that are often used (Yokoyama 1998).
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12.3 Advantages and Challenges of Polymeric Micelles
(PM) for the Delivery of Proteins

Due to the potential of PM to boost the solubility and stability of aquaphobic
medications and their in vivo therapeutic efficacy, which is equivalent to or better
than that of the free drug, PM have received scientific attention in recent years. PM
may be made to be big enough to prevent early clearance owing to fast glomerular
filtration, which prolongs circulation time, by regulating their size. The particle size
is kept tiny enough to safely pass through the smallest veins at the same time. The
properties of the PM can improve the cellular localization of the drug loaded
micelles and provide a different pathway for endosomal internalization. Because
the drug delivery is selective and targeted to tissues, these properties aid PM in
having a better mean residence time (MRT), which may lead to a lowered dose,
higher bioavailability, as well as a potential reduction in the risk of nonspecific organ
toxicity. To improve medication delivery to particular sites and penetrate tumours
more effectively, PM have been found to have a higher therapeutic index. Thus, PM
may be useful for enhancing biodistribution while posing little threat of accumula-
tion and persistent toxicity in the body. While research on PM has advanced
significantly as excellent nanocarriers for pharmaceuticals, particularly hydrophilic
medications, their development has been hampered by issues with poor stability and
limited drug loading. Nevertheless, due to the chemical adaptability provided by
amphiphilic block copolymers, PM may be designed to circumvent these difficulties.
Modifying the micellar core is one method for raising the drug loading capacity and
micellar stability, and it has been studied in several studies as one method for
improving the loading efficiency of PM. Wan et al. loaded paclitaxel and cisplatin
into micelles made of amphiphilic copolymers for the purpose of targeting ovarian
and breast cancers, resulting in a noticeably higher loading efficiency (Wan et al.
2019). In addition to the numerous uses for PM, there are several difficulties that
need to be overcome before they may be considered as viable drug carriers. These
include enhancing drug loading effectiveness even further, stabilizing blood aerosol
injection, and facilitating transport across cell membranes.

They physically entrap sparingly soluble medications, improve their bioavailabil-
ity, and transport them to the intended site of action at concentrations that are greater
than its intrinsic water solubility. The addition of micelles also improves the drug’s
stability. Additionally, compared to free pharmaceuticals, there are less negative side
effects due to reduced interaction of the medication with inactivating species, such as
enzymes found in bodily fluids (Torchilin 2001). Micellar delivery systems’ tiny size
(10-30 nm) and narrow size distribution are by far their most distinctive
characteristics, setting them apart from other particulate drug carriers (Florence
and Hussain 2001). Nonionic surfactant-based micelles are often employed as
drug carrier for controlled drug delivery (Bardelmeijer et al. 2002). Since most
organizations established their individual micelle system made from distinct
hydrophilic-lipophilic combinations because of the high degree of activity, this
field now has a significant lot of diversity. Figure 12.1 depicts the schematic
representation of PM.
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12.4 Oral Uptake of Polymeric Micelles (PM)

PM have been tested for oral administration for a variety of therapeutic goals,
including increasing apparent drug solubility in GI fluids and facilitating absorption,
penetrating pathological GI tract regions for locoregional treatment, carrying the
drug directly to the bloodstream, minimizing pre-systemic losses, and targeting the
drug to precise tissues or cells in the body after oral absorption. PM have been tested
for oral administration for a variety of therapeutic goals, including increasing
apparent drug solubility in GI fluids and facilitating absorption, penetrating patho-
logical GI tract regions for locoregional treatment, carrying the drug directly to the
bloodstream, minimizing pre-systemic losses, and targeting the drug to specific
tissue or cells in the body after oral absorption (Simdes et al. 2015).

12.5 Types of Polymers Utilized in the Administration
of Micellar Drugs

Graft copolymers, amphiphilic block copolymers, and triblock copolymers are
frequently used to create PM. According to its compatibility with the integrated
medication, stability, drug release profile, and toxicity, the block polymer of the
hydrophobic core is selected. One can modify the medication release from these
block copolymers. Micelles can also be further altered by having the shell cross-
linked, having the PM surfaces functionalized, and linking ligands (aptamers and
antibodies) to the surface for active targeting. Multigraft copolymers are generally
comprised of minimum three homopolymers joined by a common branch. A graft
polymer possessed multiple polymer chain acting as both the side grafted polymer
and the backbone of the polymer. They gain from the transplant as well as the
advantages of the backbone (Kulthe et al. 2012). A hyperbranched polymer with a
significant number of functional end group belongs to another class of polymers.
Because they have so many end groups, they may readily have their characteristics
changed, making them an ideal choice for drug release under certain responsive
stimuli such as pH, electrolytic strength, and temperature. Several varieties of
manufactured polyester amide and poly(urea-urethane) hyperbranched amphiphilic
polymers can be developed and altered to be utilized as a carrier for hydrophobic
medicines, such as anticancer therapy (Gao and Yan 2004). Since each polymer has
a special benefit, choosing the right polymer is crucial for extending the circulation
period and ensuring a regulated release of the medicine. Since they have all been
given FDA approval for biomedical uses in humans, polymers including PLGA
[poly(lactic-co-glycolic acid], PCL [poly(-caprolactone)], and PLA [poly(lactic
acid)] are frequently utilized to form the lipophilic core (Cagel et al. 2017). Fig-
ure 12.2 describes the drug loaded PM with several targeting functions.
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Fig. 12.2 Drug loaded polymeric micelles with several targeting functions

12.6 Stimuli Sensitive Micelles for Delivery of Protein

When exposed to high temperatures, thermo-responsive PM alter structurally; this
characteristic may be used to direct the deposition of protein drugs precisely where it
is desired. Now, scientists utilized the concept of thermoresponsive polymer for the
drug release. Therefore, a drug can be allowed to release loaded payload due to
temperature triggered transition in the thermosensitive polymer based micelle above
or below critical solution temperature (CST) (Rijcken et al. 2007). Above the LCST
(low CST), these thermosensitive polymers solubilize, releasing the medication from
the carrier. Therefore, in this form of micellar system, LCST is the most important
factor. Another external stimulus that has been employed to cause the release of
drugs from stimuli-sensitive multifunctional PM is a magnetic field. A thermo-
sensitive star-block copolymer was used in one study to create magnetothermally
responsive drug loaded micelles by fusing the concepts of temperature-triggered
drug release with the application of a magnetic field (Ji et al. 2014). An external
magnetic stimulation was used to locate the micelles, and after that, the temperature
rose, causing the thermoresponsive micelles to release the medication. To obtain
desired release of payloads, PM may be designed to react to a variety of stimuli
(intrinsic or extrinsic) of various sources (chemical, physical, and biological sources)
(Cheng et al. 2013). The therapeutic payloads of PM that are “environmentally
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sensitive” or “smart” can be released by altering their structural composition in
response to the stimuli. As a result of the reaction, micelles may degrade or become
unstable, isomerize, polymerize, or aggregate supramolecular (Fleige et al. 2012)
(Table 12.1). Figure 12.3 depicts the multifunctional PM for oral delivery of drugs.

12.7 Polymeric Micelles (PM) for Multiple Functionality
and Protein Delivery

At present, multifunctional PM have been the focus of substantial research for
localized delivery drug and nucleic acid such as RNA. Over the past several years,
various amphiphilic block copolymers were synthesized and developed for delivery
of siRNA in micellar construct. These fundamental building blocks are regularly
enhanced to get the most out of them by adding certain ligands or ethically sound
building blocks or linkages. A fundamental goal of all siRNA delivery systems,
including micelles, is to stop siRNA from degrading from the point at which it enters
the bloodstream to the point at which it travels via the endocytic route for intracellu-
lar trafficking and escapes the endosome. In their paper, several authors utilized
multifunctional micelles for delivery either drug or nucleic acid, or co-administration
of drug and NA by allowing self-assembling of RNA with block copolymer
(s) (Christie et al. 2012) (Table 12.2). Figure 12.4 shows the schematic representa-
tion of the phenomena regulating in vivo drug delivery, in terms of both rate and
location, from PM.

12.8 Co-delivery of Drugs and siRNA Using Multifunctional
Micelles

The siRNA therapy based on PM has shown remarkable promise and is presently the
focus of intensive study. However, it is extremely possible that tumours will have
genetic changes, which might lower the usefulness of siRNA as a solitary agent in
the therapy of malignancies (Liu et al. 2013). Traditional anticancer medications also
have issues with off-target effect and MDR which is mainly responsible for substan-
tial impairment in cancer treatment. Due to the nonspecific character of these
inhibitors, there has been relatively little clinical success in the creation of
compounds that block the action of drug transporter proteins like P-glycoprotein
(Pg-p), which is produced by the MDR 1-gene, to sensitize tumour cells to anticancer
drugs (Shukla et al. 2008). In these circumstances, it would be more advantageous to
treat cancer using RNAIi to directly reduce Pg-p expression rather than only its
function by suppressing the expression of MDR genes after conventional chemo-
therapy (Wu et al. 2003). Studies show that pre-treating cancer cells with siRNAs
prior to treating them with conventional anticancer medications can greatly increase
the cells’ sensitivity to the drug and increase the effectiveness of therapy (Spankuch
et al. 2007; Macdiarmid et al. 2009). To have the greatest effect in vivo, however,
siRNA and medicine must be given to the same tumour cell at the same time
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Fig. 12.3 Multifunctional polymeric micelle

following systemic distribution. For the best potential collaboration, they ought to
also be distributed optimally among cells (Sun et al. 2011). In this chapter, we
examine many examples of such PM, which include siRNA and medications inside
of a single nanocarrier. Multifunctional PEO-b-PCL block copolymer micelles
having functional modifications on both blocks. These micelles may carry out a
number of functions, including pH-triggered drug release in endosomes, siRNA and
DOX co-delivery, facilitated cell membrane translocation, passive and active
targeting, and siRNA and DOX administration. These micelles may carry out a
range of functions, such as pH-triggered drug release in endosomes, siRNA and
DOX co-delivery, simpler cell membrane translocation, passive and active targeting,
and siRNA and DOX administration. Using a pH-sensitive hydrazone linkage, the
PCL core of the micelles may conjugate short polyamines [spermine (SP)] to
chemically combine MDR1 siRNA and DOX, as well as fluorescent imaging probes
to monitor micelles in vitro and in vivo. Two ligands were added to the virus-like
shell of these micelles: a cell-penetrating TAT-peptide to aid in intracellular absorp-
tion and an active targeting ligand, RGDA4C specific for integrin (avp3) receptors
(Table 12.3).
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Table 12.2 Various block polymers, drug, ligands, and their major finding in drug delivery using

micelle
Drug and
ligand for
Main composition targeting
Poly(N-isopropylacrylamide- DOX and

co-acrylamide)-block-poly integrin 4
(e-caprolactone) random block
copolymer, ferromagnetic

nanoparticles, integrin 4

Cross-linked folate-poly DOX
(ethylene glycol)-b-poly[N-(N

' N’-diisopropylaminoethyl)

glutamine] (folated-PEG-P

[GA-DIP]) amphiphilic block
copolymer,

DIP: N,N-diisopropyl tertiary

amine for conjugation with —

COOH for polymer

Supramagnetic iron platinum PTX

NPs, biotin functionalized (paclitaxel)
phospholipid, PSMA

antibodies

Poly(ethylene glycol)-block- DOX
poly(e-caprolactone)

(PEG-PCL), Cetuximab,
superparamagnetic iron oxide

Major findings References

Kim et al.

(2013)

*  Multifunctional micelle
responsive to heat and magnet
* Developed SPION for
sustained release of the drug in
response to magnetic heat to
treat cancer. Produced high
MRI contrast due to SPIO
loaded micelle

Li et al.
(2013b)

* Nanomicelle for targeted
drug delivery to control cancer
and MRI imaging contrast.
PEG-P(GA-DIP) could be
self-assembled into
nanomicelle by ultrasonic
emulsification for DOX
delivery and SPION in
aqueous

¢ The resulted nanomicelle
was subjected to surface
functionalization by folic acid
* Supramagnetic Fe-Pt
nanoparticles and PTX were
encapsulated in polyethylene
glycolated biotin
functionalized phospholipid
based micelle (SMP) for
targeting prostate and MRI
contrast imaging

* Release was unique in
serum (50% in 30.2 h) and
saline (100% in 30 min). SPM
and PTX were equally
cytotoxic at the end of 72 h of
incubation

* Aimed to target EGFR
overexpressing tumour cells

¢ Cetuximab linked
immunomicelles were tailored
to load DOX loaded SPION to
facilitate interaction between
micelle and A431 cell lines

¢« MRI and CLSM (confocal
laser scanning microscopy)
confirmed cell uptake of
micelle loaded with SPION
and DOX

¢ Immunomicelles showed
effective inhibition of cell
proliferation as compared to
the non-targeted counterparts

Taylor and
Sillerud
(2012)

Liao et al.
(2011)

(continued)
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Table 12.2 (continued)

Main composition

Manganese (Mn as oxide)
based paramagnetic
nanoparticles as an alternative
gadolinium contrast agent,
phosphatidylethanolamine
(PE), PEG-2000,
DC-cholesterol, dioleoyl-PE,
oleic acid (OA)

OEGMA, NIPAM, and NBA
are oligo(ethylene glycol)
monomethyl ether
methacrylate,
N-isopropylacrylamide, and
o-nitrobenzyl acrylate,
respectively

MePEG-b-PCL, COOH-PEG-
b-PCL, and NH2-PEG-b-PCL,
N-hydroxysuccinimide-PEG-
b-PCL (NHS-PEG-b-PCL),
copolymer radiolabelled-
DTPA-PEG-b-PCL,
copolymer bearing NLS and
trastuzumab fab (NLS-TmADb-
fab-PEG-b-PCL)

Poly(amidoamine) [core:
1,4-diaminobutane; {dendri-
poly(amidoamine)-(OH)64 };

Drug and
ligand for
targeting
DNA and
DOX
delivery

DOX

Trastuzumab
fab fragments

DOX

Major findings

* Gadolinium is a toxic
contrast agent and nephrotoxic
in T1 MRI

» Synthesized
multifunctional lipidic micelle
NPs for DNA and drug
delivery. OA coated micelle
was used to encapsulate
Mn-oxide NPs

» The particles were
effectively taken up by the
Lewis lungs carcinoma, A549,
and human embryonic kidney
cell lines

* POEGMA-b-P(NIPAM-
co-NBA-co-Gd) diblock
copolymer covalently labelled
with Gd3+ complex (Gd) in
the light (UV)-responsive
block

* In situ monitoring of
biodistribution of
chemotherapeutic agent for
image guided therapy

» Diblock copolymer based
micelle exhibited light
responsive hydrophilic-
lipophilic transition inside
micellar core for the release of
encapsulated drug. 64% of the
drug was released within 12 h
upon UV irradiation

* Block copolymer micelle
(BCM) to target solid breast
cancer cell (nucleus targeting).
The study elucidated 31 nm
sized micelle to target
overexpressing breast cancer
cell nucleus (HER2)

* Active (5 times improved
cell uptake) and passive
targeting in mice

* Active targeting of BCM
improved cellular and
subcellular uptake

* DOX was encapsulated in
unimolecular micelle
composed of PAMA and PLA
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Table 12.2 (continued)

Drug and
ligand for
Main composition targeting Major findings References
(G = 4)] dendrimer, poly through physical method
(ethylene glycol) (PEG) ¢ The carrier exhibited small
derivatives, HOOC-PEG— uniform size and pH
maleimide (HOOC-PEG— responsive drug release
Mal), and HOOC-PEG— » TRC105-conjugated
OCH; micelle has more uptake as
compared to non-conjugated
counterparts
Superparamagnetic iron oxide | Sorafenib » Sorafenib and SPION were | Zhang
NPs, polymeric micelle, folate encapsulated into polymeric et al.
functionalized micelle, micelle (2013)
N-hydroxysuccinimide, » Folate functionalized
dicyclohexylcarbodiimide, micelle for active targeting to
folate-PEG-PCL hepatic carcinoma
» Improved inhibitory effect
‘Kinetic stability

Effective In-vivo =

drug release

Bilogicl
: activity of | —
. polymer :

¢ Activity of Miceller
\ formulation :

Micelles

Drug release
from the Micelle

— Dissociationofthe < Trigerring stimuli

Distributionof — Particle size

the Micelle ) @

0%
o0
Interaction of Morphological— —~
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Fig. 12.4 Schematic depiction of the process regulating in vivo drug delivery, in terms of both rate
and location, from polymeric micelles
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12.9 Conclusion

PM appear to be a perfect carrier for poorly water-soluble drugs due to their benefits,
such as tiny size, high solubility, ease of sterilizing, and controlled release of drugs.
Since the integrated medicine may be released rapidly in vivo, the physical stability
of this carrier is a crucial concern. To effectively develop micelles that can carry
drugs to their sites of action, significant effort still must be done in understanding
how PM interact with plasmatic and cellular components. PM have made significant
strides in recent years in the delivery of a wide range of payloads, including
traditional anticancer medications and biological macromolecules including
antibodies, siRNA, DNA, and oligonucleotides. Chemically modified structure of
various block copolymers generated micelles which enabled the formation of com-
plex micelles that integrate numerous modalities inside a single carrier. Purposely,
multifunctional micelles were fabricated for targeted delivery to the infected sites
(by surface functionalization with ligands), alteration caused for imaging contrast in
disease diagnosis, and responsive drug delivery using magnetic field, pH, electrolyte
strength and temperature provided externally or internally (tumour microenviron-
ment). These imposed physical characteristics innate in polymer control drug release
from micelle due to deformation or transition in construct cargoes or drug effective-
ness at the site of action (tumour lesion, lysozymes, and enzymatic degradation). The
fact that they may be tweaked and altered to meet demands gives them a clear edge
over conventional drug delivery methods. Although appearing straightforward at
first glance, it is obvious that PM constitute a far more complicated system than what
is initially believed. Clinical studies for many PM formulations have begun after
achieving some promising preclinical results, but only a small number of them have
obtained regulatory permission for usage in humans. Numerous obstacles have made
it difficult for them to follow the regulatory road. Clinically significant PM
formulations serve as a supply path for insoluble small molecules, and due to reason
that the existing PM formulation systems must develop further to act as efficient
carriers. A detailed analysis of drug encapsulation and the successive drug release
profile in systemic circulation will reveal how novel PM systems for human usage
could be developed in the future.

References

Bardelmeijer HA, Ouwehand M, Malingré MM, Schellens JH, Beijnen JH, van Tellingen O (2002)
Entrapment by Cremophor EL decreases the absorption of paclitaxel from the gut. Cancer
Chemother Pharmacol 49(2):119-125

Bharate SS, Bharate SB, Bajaj A (2016) Interactions and incompatibilities of pharmaceutical
excipients with active pharmaceutical ingredients: a comprehensive review. J Excip Food
Chem 1:1131

Cabral H, Miyata K, Osada K, Kataoka K (2018) Block copolymer micelles in nanomedicine
applications. Chem Rev 118:6844-6892

Cagel M, Tesan FC, Bernabeu E et al (2017) Polymeric mixed micelles as nanomedicines:
achievements and perspectives. Eur J Pharma Biopharm 113:211-228



12 Polymeric Micelles in the Delivery of Proteins 249

Cheng R, Meng F, Deng C, Klok HA, Zhong Z (2013) Dual and multistimuli responsive polymeric
nanoparticles for programmed site-specific drug delivery. Biomaterials 34:3647-3657. https:/
doi.org/10.1016/j.biomaterials.2013.01.084

Chitkara D, Mittal A, Behrman SW, Kumar N, Mahato RI (2013) Self-assembling, amphiphilic
polymer-gemcitabine conjugate shows enhanced antitumor efficacy against human pancreatic
adenocarcinoma. Bioconjug Chem 24:1161-1173. https://doi.org/10.1021/bc400032x

Choi SW, Lee SH, Mok H, Park TG (2010) Multifunctional siRNA delivery system: polyelectrolyte
complex micelles of six-arm PEG conjugate of siRNA and cell penetrating peptide with
crosslinked fusogenic peptide. Biotechnol Prog 26:57-63. https://doi.org/10.1002/btpr.310

Christie RJ, Matsumoto Y, Miyata K, Nomoto T, Fukushima S, Osada K et al (2012) Targeted
polymeric micelles for siRNA treatment of experimental cancer by intravenous injection. ACS
Nano 6:5174-5189. https://doi.org/10.1021/nn300942b

Desale SS, Cohen SM, Zhao Y, Kabanov AV, Bronich TK (2013) Biodegradable hybrid polymer
micelles for combination drug therapy in ovarian cancer. J Control Release 171:339-348.
https://doi.org/10.1016/j.jconrel.2013.04.026

Elsabahy M, Wazen N, Bay6-Puxan N, Deleavey G, Servant M, Damha MJ et al (2009) Delivery of
nucleic acids through the controlled disassembly of multifunctional nanocomplexes. Adv Funct
Mater 19:3862-3867. https://doi.org/10.1002/adfm.200901139

Fleige E, Quadir MA, Haag R (2012) Stimuli-responsive polymeric nanocarriers for the controlled
transport of active compounds: concepts and applications. Adv Drug Deliv Rev 64:866—-884.
https://doi.org/10.1016/j.addr.2012.01.020

Florence AT, Hussain N (2001) Transcytosis of nanoparticle and dendrimer delivery systems:
evolving vistas. Adv Drug Deliv Rev 50:S69-S89

Gao C, Yan D (2004) Hyperbranched polymers: from synthesis to applications. Prog Polym Sci
29(3):183-275

Glover AL, Bennett JB, Pritchett JS, Nikles SM, Nikles DE, Nikles JA et al (2013) Magnetic
heating of iron oxide nanoparticles and magnetic micelles for cancer therapy. IEEE Trans Magn
49:231-235. https://doi.org/10.1109/TMAG.2012.2222359

Guo J, Hong H, Chen G, Shi S, Zheng Q, Zhang Y et al (2013) Image guided and tumor-targeted
drug delivery with radiolabeled unimolecular micelles. Biomaterials 34:8323—8332. https://doi.
org/10.1016/j.biomaterials.2013.07.085

Hoang B, Ekdawi SN, Reilly RM, Allen C (2013) Active targeting of block copolymer micelles
with trastuzumab fab fragments and nuclear localization signal leads to increased tumor uptake
and nuclear localization in HER2-overexpressing xenografts. Mol Pharm 10:4229-4241.
https://doi.org/10.1021/mp400315p

Howell M, Mallela J, Wang C, Ravi S, Dixit S, Garapati U et al (2013) Manganese-loaded lipid-
micellar theranostics for simultaneous drug and gene delivery to lungs. J Control Release 167:
210-218. https://doi.org/10.1016/j.jconrel.2013.01.029

Husseini GA, Velluto D, Kherbeck L, Pitt WG, Hubbell JA, Christensen DA (2013) Investigating
the acoustic release of doxorubicin from targeted micelles. Colloids Surf B Biointerfaces 101:
153-155. https://doi.org/10.1016/j.colsurfb.2012.05.025

Jhaveri AM, Torchilin VP (2014) Multifunctional polymeric micelles for delivery of drugs and
siRNA. Front Pharmacol 5:77

Ji G, Yang J, Chen J (2014) Preparation of novel curcumin-loaded multifunctional nanodroplets for
combining ultrasonic development and targeted chemotherapy. Int J Pharm 466(1-2):314-320

Kim TY, Kim DW, Chung JY, Shin SG, Kim SC, Heo DS, Kim NK, Bang YJ (2004) Phase I and
pharmacokinetic study of Genexol-PM, a cremophor-free, polymeric micelle-formulated pacli-
taxel, in patients with advanced malignancies. Clin Cancer Res 10:3708-3716

Kim DH, Vitol EA, Liu J, Balasubramanian S, Gosztola DJ, Cohen EE et al (2013) Stimuli-
responsive magnetic nanomicelles as multifunctional heat and cargo delivery vehicles.
Langmuir 29:7425-7432. https://doi.org/10.1021/1a3044158

Kulthe SS, Choudhari YM, Inamdar NN, Mourya V (2012) Polymeric micelles: authoritative
aspects for drug delivery. Des Monomer Polym 15(5):465-521


https://doi.org/10.1016/j.biomaterials.2013.01.084
https://doi.org/10.1016/j.biomaterials.2013.01.084
https://doi.org/10.1021/bc400032x
https://doi.org/10.1002/btpr.310
https://doi.org/10.1021/nn300942b
https://doi.org/10.1016/j.jconrel.2013.04.026
https://doi.org/10.1002/adfm.200901139
https://doi.org/10.1016/j.addr.2012.01.020
https://doi.org/10.1109/TMAG.2012.2222359
https://doi.org/10.1016/j.biomaterials.2013.07.085
https://doi.org/10.1016/j.biomaterials.2013.07.085
https://doi.org/10.1021/mp400315p
https://doi.org/10.1016/j.jconrel.2013.01.029
https://doi.org/10.1016/j.colsurfb.2012.05.025
https://doi.org/10.1021/la3044158

250 S. Ashique et al.

Kumar S, Allard J-F, Morris D, Dory YL, Lepage M, Zhao Y (2012) Near-infrared light sensitive
polypeptide block copolymer micelles for drug delivery. J] Mater Chem 22:7252-7257. https://
doi.org/10.1039/c2jm16380b

Lee KS, Chung HC, Im SA, Park YH, Kim CS, Kim SB, Rha SY, Lee MY, Ro J (2008) Multicenter
phase II trial of Genexol-PM, a Cremophor-free, polymeric micelle formulation of paclitaxel, in
patients with metastatic breast cancer. Breast Cancer Res Treat 108:241-250

Lee SH, Mok H, Lee Y, Park TG (2011) Self-assembled siRNA-PLGA conjugate micelles for gene
silencing. J Control Release 152:152—158. https://doi.org/10.1016/j.jconrel.2010.12.007

Lee I, Park M, Kim Y, Hwang O, Khang G, Lee D (2013) Ketal containing amphiphilic block
copolymer micelles as pH-sensitive drug carriers. Int J Pharm 448:259-266. https://doi.org/10.
1016/j.ijpharm.2013.03.017

LiY,Qian Y, Liu T, Zhang G, Liu S (2012) Light-triggered concomitant enhancement of magnetic
resonance imaging contrast performance and drug release rate of functionalized amphiphilic
diblock copolymer micelles. Biomacromolecules 13:3877-3886. https://doi.org/10.1021/
bm301425j

Li G, Meng Y, Guo L, Zhang T, Liu J (2013a) Formation of thermo-sensitive polyelectrolyte
complex micelles from two biocompatible graft copolymers for drug delivery. J Biomed Mater
Res A 102(7):2163-2172. https://doi.org/10.1002/jbm.a.34894

Li X, Li H, Yi W, Chen J, Liang B (2013b) Acid-triggered core crosslinked nanomicelles for
targeted drug delivery and magnetic resonance imaging in liver cancer cells. Int ] Nanomedicine
8:3019-3031. https://doi.org/10.2147/1IN.S45767

LiJ, Cheng D, Yin T, Chen W, Lin Y, Chen J et al (2014) Copolymer of poly(ethylene glycol) and
poly(l-lysine) grafting polyethylenimine through a reducible disulfide linkage for siRNA deliv-
ery. Nanoscale 6:1732—1740. https://doi.org/10.1039/c3nr05024f

Liao C, Sun Q, Liang B, Shen J, Shuai X (2011) Targeting EGFR overexpressing tumor cells using
Cetuximab-immunomicelles loaded with doxorubicin and superparamagnetic iron oxide. Eur J
Radiol 80:699-705. https://doi.org/10.1016/j.ejrad.2010.08.005

Liu X-Q, Sun C-Y, Yang X-Z, Wang J (2013) Polymeric-micelle-based nanomedicine for siRNA
delivery. Part Part Syst Charact 30:211-228. https://doi.org/10.1002/ppsc.201200061

Macdiarmid JA, Amaro-Mugridge NB, Madrid-Weiss J, Sedliarou I, Wetzel S, Kochar K et al
(2009) Sequential treatment of drug-resistant tumors with targeted minicells containing siRNA
or a cytotoxic drug. Nat Biotechnol 27:643-651. https://doi.org/10.1038/nbt.1547

Menon S, Thekkayil R, Varghese S, Das S (2011) Photoresponsive soft materials: synthesis and
photophysical studies of a stilbene-based diblock copolymer. J Polym Sci A Polym Chem 49:
5063-5073. https://doi.org/10.1002/pola.24973

Owens DE 3rd, Peppas NA (2006) Opsonization, biodistribution, and pharmacokinetics of poly-
meric nanoparticles. Int J Pharm 307:93-102

Rangel-Yagui C, Pessoa A, Tavares L (2005) Micellar solubilization of drugs. J Pharm Pharm Sci 8:
147-165

Rijcken CJ, Snel CJ, Schiffelers RM, Van Nostrum CF, Hennink WE (2007) Hydrolysable core-
crosslinked thermosensitive polymeric micelles: synthesis, characterisation and in vivo studies.
Biomaterials 28(36):5581-5593

Sawant RR, Jhaveri AM, Koshkaryev A, Zhu L, Qureshi F, Torchilin VP (2013) Targeted
transferrin-modified polymeric micelles: enhanced efficacy in vitro and in vivo in ovarian
carcinoma. Mol Pharm 11:375-381. https://doi.org/10.1021/mp300633f

Shukla S, Wu CP, Ambudkar SV (2008) Development of inhibitors of ATP-binding cassette drug
transporters: present status and challenges. Expert Opin Drug Metab Toxicol 4:205-223. https://
doi.org/10.1517/17425255.4.2.205

Simdes SM, Figueiras AR, Veiga F, Concheiro A, Alvarez-Lorenzo C (2015) Polymeric micelles
for oral drug administration enabling locoregional and systemic treatments. Expert Opin Drug
Deliv 12(2):297-318

Singh M (1999) Transferrin as a targeting ligand for liposomes and anticancer drugs. Curr Pharm
Des 5:443-451

Spankuch B, Kurunci-Csacsko E, Kaufmann M, Strebhardt K (2007) Rational combinations of
siRNAs targeting Plk1 with breast cancer drugs. Oncogene 26:5793-5807. https://doi.org/10.
1038/sj.onc.1210355


https://doi.org/10.1039/c2jm16380b
https://doi.org/10.1039/c2jm16380b
https://doi.org/10.1016/j.jconrel.2010.12.007
https://doi.org/10.1016/j.ijpharm.2013.03.017
https://doi.org/10.1016/j.ijpharm.2013.03.017
https://doi.org/10.1021/bm301425j
https://doi.org/10.1021/bm301425j
https://doi.org/10.1002/jbm.a.34894
https://doi.org/10.2147/IJN.S45767
https://doi.org/10.1039/c3nr05024f
https://doi.org/10.1016/j.ejrad.2010.08.005
https://doi.org/10.1002/ppsc.201200061
https://doi.org/10.1038/nbt.1547
https://doi.org/10.1002/pola.24973
https://doi.org/10.1021/mp300633f
https://doi.org/10.1517/17425255.4.2.205
https://doi.org/10.1517/17425255.4.2.205
https://doi.org/10.1038/sj.onc.1210355
https://doi.org/10.1038/sj.onc.1210355

12 Polymeric Micelles in the Delivery of Proteins 251

Sun TM, DuJZ, Yao YD, Mao CQ, Dou S, Huang SY et al (2011) Simultaneous delivery of siRNA
and paclitaxel via a “two-in-one” micelleplex promotes synergistic tumor suppression. ACS
Nano 5:1483-1494. https://doi.org/10.1021/nn103349h

Tanaka K, Kanazawa T, Horiuchi S, Ando T, Sugawara K, Takashima Y et al (2013) Cytoplasm-
responsive nanocarriers conjugated with a functional cell penetrating peptide for systemic
siRNA delivery. Int J Pharm 455:40-47. https://doi.org/10.1016/j.ijpharm.2013.07.069

Tao A, Huang GL, Igarashi K, Hong T, Liao S, Stellacci F, Matsumoto Y, Yamasoba T, Kataoka K,
Cabral H (2020) Polymeric micelles loading proteins through concurrent ion complexation and
pH-cleavable covalent bonding for in vivo delivery. Macromol Biosci 20(1):1900161

Taylor RM, Sillerud LO (2012) Paclitaxel-loaded iron platinum stealth immunomicelles are potent
MRI imaging agents that prevent prostate cancer growth in a PSMA-dependent manner. Int J
Nanomedicine 7:4341-4352. https://doi.org/10.2147/1IN.S34381

Torchilin VP (2001) Structure and design of polymeric surfactant-based drug delivery systems. J
Control Release 73(2-3):137-172

Torchilin VP (2006) Multifunctional nanocarriers. Adv Drug Deliv Rev 58:1532—1555. https://doi.
org/10.1016/j.addr.2006.09.009

Varshosaz J, Sadeghi-Aliabadi H, Ghasemi S, Behdadfar B (2013) Use of magnetic folate-dextran-
retinoic acid micelles for dual targeting of doxorubicin in breast cancer. Biomed Res Int 2013:
680712. https://doi.org/10.1155/2013/680712

Wan X, Beaudoin JJ, Vinod N, Min Y, Makita N, Bludau H, Jordan R, Wang A, Sokolsky M,
Kabanov AV (2019) Co-delivery of paclitaxel and cisplatin in poly (2-oxazoline) polymeric
micelles: implications for drug loading, release, pharmacokinetics and outcome of ovarian and
breast cancer treatments. Biomaterials 192:1-14

Wang H-X, Xiong M-H, Wang Y-C, Zhu J, Wang J (2013) N-acetylgalactosamine functionalized
mixed micellar nanoparticles for targeted delivery of siRNA to liver. J Control Release 166:
106—-114. https://doi.org/10.1016/j.jconrel.2012.12.017

Wang X, Li S, Wan Z, Quan Z, Tan Q (2014) Investigation of thermo-sensitive amphiphilic
micelles as drug carriers for chemotherapy in cholangiocarcinoma in vitro and in vivo. Int J
Pharm 463:81-88. https://doi.org/10.1016/j.ijpharm.2013.12.046

Wu H, Hait WN, Yang JM (2003) Small interfering RNA-induced suppression of MDRI1
(P-glycoprotein) restores sensitivity to multidrug-resistant cancer cells. Cancer Res 63:1515—
1519

Xiong XB, Uludag H, Lavasanifar A (2010) Virus-mimetic polymeric micelles for targeted siRNA
delivery. Biomaterials 31:5886-5893. https://doi.org/10.1016/j.biomaterials.2010.03.075

Yadav HKS, Almokdad AA, Shaluf SIM, Debe MS (2019) Chapter 17—polymerbased
nanomaterials for drug-delivery carriers. In: Mohapatra SS, Ranjan S, Dasgupta N, Mishra
RK, Thomas S (eds) Nanocarriers for drug delivery. Elsevier, Amsterdam, pp 531-556

Yin T, Wang P, Li J, Zheng R, Zheng B, Cheng D et al (2013) Ultrasound sensitive siRNA-loaded
nanobubbles formed by hetero-assembly of polymeric micelles and liposomes and their thera-
peutic effect in gliomas. Biomaterials 34:4532-4543. https://doi.org/10.1016/j.biomaterials.
2013.02.067

Yokoyama M (1998) Novel passive targetable drug delivery with polymeric micelles. Academic,
San Diego, p 193

YuH, Zou Y, Wang Y, Huang X, Huang G, Sumer BD et al (2011) Overcoming endosomal barrier
by amphotericin B-loaded dual pH-responsive PDMA-b-PDPA micelleplexes for siRNA deliv-
ery. ACS Nano 5:9246-9255. https://doi.org/10.1021/nn203503h

Yu C, Gao C, Lu S, Chen C, Yang J, Di X et al (2013) Facile preparation of pH-sensitive micelles
self-assembled from amphiphilic chondroitin sulfate histamine conjugate for triggered intracel-
lular drug release. Colloids Surf B Biointerfaces 115C:331-339. https://doi.org/10.1016/j.
colsurfb.2013.12.023

Zhang L, Gong F, Zhang F, Ma J, Zhang P, Shen J (2013) Targeted therapy for human hepatic
carcinoma cells using folate-functionalized polymeric micelles loaded with superparamagnetic
iron oxide and sorafenib in vitro. Int ] Nanomedicine 8:1517—-1524. https://doi.org/10.2147/1IN.
543263


https://doi.org/10.1021/nn103349h
https://doi.org/10.1016/j.ijpharm.2013.07.069
https://doi.org/10.2147/IJN.S34381
https://doi.org/10.1016/j.addr.2006.09.009
https://doi.org/10.1016/j.addr.2006.09.009
https://doi.org/10.1155/2013/680712
https://doi.org/10.1016/j.jconrel.2012.12.017
https://doi.org/10.1016/j.ijpharm.2013.12.046
https://doi.org/10.1016/j.biomaterials.2010.03.075
https://doi.org/10.1016/j.biomaterials.2013.02.067
https://doi.org/10.1016/j.biomaterials.2013.02.067
https://doi.org/10.1021/nn203503h
https://doi.org/10.1016/j.colsurfb.2013.12.023
https://doi.org/10.1016/j.colsurfb.2013.12.023
https://doi.org/10.2147/IJN.S43263
https://doi.org/10.2147/IJN.S43263

®

Check for
updates

Anshita Gupta Soni, Renjil Joshi, Deependra Soni, Ujala Gupta,
Mayur Aalhate, and Pankaj Kumar Singh

Abstract

In recent decades, nanoformulations have been at the forefront of pharmaceutical
research, posing new problems for the scientific community, businesses, and
regulators. The rapid development of scientific and technological instruments is
strongly desired to fulfill unmet medical requirements and enhance human health
care and quality of life. The fields of biomaterials and nanotechnology have made
enormous strides, which has led to their usage as promising methods to address
significant limitations, largely related to the non-therapeutic response of tradi-
tional medicinal techniques. But the broad range of uses for nanoformulation
necessitates a thorough understanding and categorization of these intricate goods.
To prevent unexpected consequences on patients, such as possible immunologi-
cal reactivity, their features must be thoroughly understood.

Additionally, a lot of micelle formulations are either accepted for use in
clinical trials or are currently undergoing them. However, several obstacles
have prevented this sector’s use in the field of health, the most significant of
which is the absence of unified standards for regulating and uniform procedures
for testing safety and quality. This emphasizes the necessity of investigating new
regulations and rules for nanocarriers jointly. The regulation of nanomicelles,
their significance, and the current regulatory frameworks will all be covered in
this chapter, along with the initiatives being developed by the industry and
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regulatory bodies to support their commercialization. The development of
nanomedicine more quickly and safely will be facilitated by regulatory science
issues, which will be a major concern in the next few years.

Keywords

Nanoformulation - Polymeric micelles - Regulatory approaches

13.1 Introduction

Polymeric micelles, which block copolymer self-assemblies, have become carriers
or vectors of choice for the delivery of medicines and genes. Various clinical and
preclinical studies have shown their excellent drug-encapsulating efficiency. Poly-
meric micelles may have various advantages over long-circulating liposomes,
including regulated drug release, tissue penetrating capabilities, and decreased
toxicity such as hand-foot syndrome and hypersensitive reaction (Choi and Han
2018). The nature and design of block copolymers can be used to alter important
characteristics of polymeric micelles as drug carriers, such as particle size, stability,
loading capacity, and drug release kinetics (Nishiyama and Kataoka 2006a). Recent
advancements in drug design have enabled block copolymer nanoengineering with
increased target specificity and higher physiochemical sensitivity (Nishiyama and
Kataoka 2006b). Therefore, polymeric micelles are carrier systems based on nano-
technology that may exhibit the action of powerful bioactive chemicals in a site-
directed manner, assuring their efficacy and safety in the clinical setting (Sahoo and
Labhasetwar 2003).

13.2 The Importance of Regulation

After a certain dose, all chemicals become poisonous. The appropriate dosage
distinguishes between a poison and a treatment. Paracelsus has stated in his theory
no drug is safe but the right amount makes it a medicine. Regulatory affairs have
made it possible to ensure the quality, safety, and efficacy of a drug or therapeuti-
cally active chemical entity in the same phase of time through proper regulations and
documentation.

A properly systematically validated and trusted regulation guideline is required to
confirm the QSE of the drug. Along with the appropriateness and suitability of the
publically accessible drug information. To speed up the creation and delivery of safe
and efficient healthcare goods to people all over the world, regulatory organizations
provide strategic, tactical, and operational direction and assistance for working
within regulations. Every nation has its regulatory bodies that are in charge of all
domestic regulations about drug substances (Struble et al. 2013; Clark 1930; Abueva
1959; Otto 2017).
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Regulatory authorities serve as a spectacular who confirms the efficacy, safety,
and quality of pharmaceuticals that are made available to the general public. They
analyze pitfalls and loopholes of drug regulation and suggest ways to strengthen
it. They also play a crucial role in ensuring and boosting the application of
regulations in unregulated regions of the world for the protection of those who live
there. International regulatory organizations are crucial in many facets of pharma-
ceutical regulation, including registration, manufacture, distribution, pricing control,
marketing, and intellectual property protection (Sparrow 201 1; Jasanoff 1998; Geest
et al. 1996; Meyboom et al. 1999; Avorn 2008).

When events or problems arise, the regulatory authorities have a specific need to
communicate. However, communication in these “crisis” situations is likely to be far
more effective if a connection has previously been built via routine, everyday
conversations. As a result, proactive communication on safety and regulations
when there are no accidents to record can be just as crucial as communication in
response to events.

13.2.1 Properties and Recent Updates of PMs

Polyethylene glycol (PFG) is the most widely used hydrophilic component, while
other new polymers such as poly(vinylpyrrolidone) and poly (trimethylene carbon-
ate). Polyesters, copolymers of glycolic and lactic acids, or poly(propylene oxide)
are examples of hydrophobic materials that are frequently utilized. Furthermore, by
experimenting with different combinations and ratios of hydrophobic/hydrophilic
components, the copolymer blocks can be tailored to meet the end use (Rasal et al.
2010). The size of PMs contributes to the drug’s increased bioavailability, target-
specific action, controlled release, and prolonged circulation time, decreasing
adverse drug reactions. Due to their association with aberrant vasculature, nano-
PMs of a specific size (30-100 nm) can passively aggregate and remain within
tumors, providing the desired outcomes. Additionally, the neutral and hydrophilic
nature of surfaces can aid to prolong the circulation time of micelles by having weak
interactions with proteins, which contributes to the lengthy circulation of micelles
(Nofar et al. 2019). Positively charged surfaces are necessary for the oral adminis-
tration of micelles because they promote penetration and mucoadhesive qualities and
improve drug transport across biological barriers. However, because of non-specific
protein interaction, which can cause aggregation in vivo, positively charged surfaces
are also linked to poor stability in biological contexts (Gunatillake et al. 2006). To
create stable micelles, it is crucial to maintain a proper balance of charge on their
surface. The micellar structure can be used to capture several medications, enhancing
the therapeutic efficacy of the nanosystem (Kwon and Furgeson 2007). Drug loading
may be assisted by micelle polymer chemical conjugation or physical trapping.
Chemically conjugated medications are typically released by surface erosion or
total breakdown of the PMs, whereas pharmaceuticals loaded using a physical
entrapment approach are typically released by simple diffusion (Auras et al. 2011).
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Techniques like nuclear magnetic resonance (NMR) and Fourier transform infra-
red spectroscopy (FTIR) can be used to determine the primary structural and
physicochemical properties of the polymers, which will help to understand the
nature of amphiphilic components to help predict the properties of the micellar
system. Contrary to water or a buffer, biological fluids such as plasma have a distinct
CMC. So it would be possible to forecast its stability by determining CMC in various
solvent systems and storage circumstances (Caputo et al. 2020). Surface tension
calculation techniques, measurements of fluorescence intensity in solutions, and
dynamic light scattering can all be used to determine the CMC. A study that used
aliphatic dicarboxylic acids, such as glutaric acid, adipic acid, pimelic acid, and
suberic acid as hydrophobic blocks and the conductivity meter of amphiphilic poly
(ethylene glycols) (PEGs) as a hydrophilic block to analyze CMC. The PMs’
reported diameters ranged from 127.5 to 354 nm, and their CMC values were
between 112 and 155 mg/L. Azelaic acid, sebacic acid, dimethyl isophthalate acid,
and dimethyl terephthalate were used as hydrophobic blocks, and PEGs as hydro-
philic blocks in an amphiphilic block-co-polymer investigation. The PM size ranged
for aliphatic polymers from 51.6 to 174 nm, with CMC values between 95 and
130 mg/L, and for aromatic polymers from 135.5 to 371 nm, with CMC values
between 420 and 1500 mg/L. Several experimental methods, including cryo-
transmission electron microscopy (cryo-TEM) and transmission electron micros-
copy, can be used to analyze the physical characteristics of PM (TEM). A typical
TEM image of empty micelles and drug-loaded micelles ranged between 25-30 nm
in diameter (Zamani and Khoee 2012). These methods can also be used to assess
morphological alterations brought on by interactions with biological systems in
polymeric micelles. The physicochemical characteristics of PMs as well as a deeper
knowledge of the structural organization of the outside and inner architecture of PMs
loaded with pharmaceuticals may be studied using more sophisticated techniques,
such as X-ray scattering. Additionally, to forecast biological reactions, X-ray scat-
tering tests can offer details on the behavior of PMs in the tissue microenvironment.
Fluorescence resonance energy transfer (FRET), another intriguing method, helps us
comprehend the fluctuating nature of the medicinal chemical contained within the
micelles (Ziaee et al. 2017). The stability of the PM structure and drug release profile
under physiological settings can be predicted with the help of this phenomenon
(Fig. 13.1).

13.3 Perspective from a Regulatory Standpoint on the Creation
of Nanomedicines or Polymeric Micelles

Recent advances in drug delivery had shown various delivery systems from nano to
micro range for ease of drug development. Despite numerous attempts, there has yet
to be a clear definition of global regulatory trends. Regulatory agencies still need to
work together more closely, but significant progress has been made over the past
5 years (Sainz et al. 2015). As an alternative, the methods used to develop conven-
tional pharmaceutical products have frequently been adopted to assess the
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Fig. 13.1 Polymeric micelles’ mechanisms are shown schematically

compatibility, safety, and toxicity of nanomedicines. According to the general
public, the bioactive moieties of nanoformulation determine the specifications that
must be examined in the context of regulatory analysis. The innovative product must
adhere to the rules established for therapeutic medicinal agents and novel chemical
entities when it comes to biological entities like proteins, peptides, or antibodies
(NCEs) (Lembo et al. 2018).

In summary, one of the barriers to the regulation of nanomedicines is connected
to their unique properties. Given the substantial body of research on polymer,
liposomes polymer therapeutics, and other polymeric approaches (such as polymeric
micelles), as well as the controlling concerns surrounding their conception and
growth, the clinical application of this sophisticated and complex nanoformulation
is heavily reliant on a thorough evaluation, categorization, and knowledge of key
characteristics (Cabral et al. 2018). In actuality, tiny adjustments to the
manufacturing process as well as minor alterations to the raw materials can quickly
modify their qualities. And while these modifications would just slightly alter the
structure, they might drastically impact biological characteristics and biodistribution
patterns. There is an urgent need to develop more précised and validated quality
control parameters and techniques for screening new drugs, prodrug ligands, and
targeting moieties before they are converted into nanotherapeutics for intended or
external use. Various pharmacokinetic parameters should be made specific to ensure
the drug release, cellular uptake, and other basic characteristics of a drug or delivery
system.

Nanoformulation is called to hold the capacity to react with immunological cells
and to adsorb plasma proteins, liable on their size range and physicochemical
characteristics. Biocompatibility and immunotoxicity must be taken into account
throughout the preclinical evaluation. The dose regimen, therapeutic index, method
of administration, and targeted disease environment should all be considered while
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evaluating toxicity during the development process. As substances are confined and
delivered for their purposes, nanoformulation has demonstrated safety, biocompati-
bility, and even the capacity to overcome the harmfulness of traditional
pharmaceuticals. However, further worries have been raised by several categories
of suggested nanoformulation like quantum dots, dendrimers, and carbon nanotubes.
Due to their possible toxicity and immunological negative action, the clinical
application of this novel substance may be seriously hampered for several years
(Tang et al. 2012; De Jong and Borm 2008; Yang et al. 2020).

Adapting the manufacturing procedures has been a barrier to the research and
clinical translation of this nanoformulation. Due primarily to the wide variety of
features of novel materials, recent pharmaceutical invention at fabrication facilities
faces significant manufacturing problems that pose a threat to their ability to scale
up. Finding and managing the important points during each production process is
essential. The use of “quality-by-design” principles and tools like process analytical
technologies (PAT) will guarantee online/at-online quality evaluation methods.
Knowing and foreseeing the most crucial production points makes it easier to
implement automated methods to address issues as they arise in line.

The ICH Q8, Q9, and Q10 regulations for innovative pharmaceutical improve-
ment were created as a result of these creative notions. In addition to having a
significant impact on already available medical products, they aim to foster the
advancement of nanomedicines and manufacturing techniques in the future.
Watchdogs and industry from Japan, Europe, and the United States of America
(US) have generally worked to build thorough controlling systems through the ICH.
Even so, some opposing viewpoints continue to underlie several actions taken by the
European Medicines Agency and the US Food and Drug Administration (FDA)
(EMA). It is necessary to use a variety of standardized assays and methodologies to
examine factors that are known to directly affect the safety and effectiveness of
nanomedicines in vivo. The application of delicate tests to identify low quantities of
nanocarriers, to distinguish those from made aggregates, or to separate intact from
metabolic forms presents the most challenges. To get over these restrictions, differ-
ent imaging approaches including fluorescence or cellular imaging techniques have
been suggested and investigated.

The type of data that must be provided previously and during the substance
lifecycles, necessitating in vivo animal and clinical research, is another barrier to
the regulation of nanomedicines. To identify a lesser quantity of nanoformulation,
distinguish them from formed aggregates, or separate intact from metabolized forms,
the Marketing Authorization Application (MAA) is used in Europe. To get over
these restrictions, different imaging techniques including fluorescence or cellular
imaging methods have been suggested and investigated. In Europe, the legal frame-
work for Marketing Authorization Applications (MAA) offers applicants the chance
to receive “scientific counseling” from regulators as early as the R&D stage. This
could swiftly assist in the coordinated growth of breakthrough nanoformulation,
minimizing the impression of significant unnecessary roadblocks along the way.
This can help advance pharmaceutical development to become more standardized
and less affected by significant roadblocks when they are developed.
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A working group has recently been established by EMA to examine issues
directly related to the QSE of nanoformulation. Additionally, this cluster has created
“orientation documents” that relate to crucial factors that applicants should take into
account when developing nanomedicines. Even with the lack of particular
procedures for nanoformulation, the regulatory bodies from the EU (EMA), the
USA (the FDA), and Japan (PDMA/MHLW) have been cooperating since
2009-2010 to build shared viewpoints in the field of developing nanomedicines.
The interest in “proof of concept” and clinical development of these intricate
organizations has surged among the world’s largest pharmaceutical companies as
well. Together, these factors will support procedures that are more clearly defined for
determining the QSE of this nanoformulation. Pharmacoeconomic studies will be
necessary to show the social and economic added value of this innovative substance
when compared to conventional therapies. In the development of these novel and
advanced nanomedicines, significant indications such as the growth in QALYs
(quality-adjusted life expectancy years) or expenses related to future successive
hospitalizations must be taken into account.

13.4 A Versatile Drug Delivery Carrier: Polymeric Micelles

Amphiphilic copolymers are incredibly adaptable parts of medication delivery
systems. It is possible to create a variety of self-assembled structures by adjusting
the hydrophilic and hydrophobic building blocks (Verma and Hassan 2013). These
structures can host pharmaceuticals, improve their apparent solubility and stability,
penetrate biological barriers, and deliver the drugs to the desired location. Addition-
ally, some block copolymers have demonstrated the ability to function as active
molecules that can improve the therapeutic effects of the medications (Fig. 13.2)
(Schmidt and Barner-Kowollik 2017). The range of applications in the field of drug
delivery is expanded even further when block copolymers and cyclodextrins are
combined. The rheological characteristics of the formulations and the drug release
kinetics can be adjusted, thanks to the production of poly(pseudo)rotaxane (Xing
and Zhao 2016) (Table 13.1).

13.4.1 Regulatory Aspects

Despite a large number of studies on nanomedicines being available, very less nano-
based preparations have been converted from the research setting to clinical trials,
and very less have been sanctioned for clinical usage against diverse diseases.
Agencies established by individual nations or regions, such as the US Food and
Drug Administration (US FDA), the European Medicines Agency (EMA), the UK
Medicines and Healthcare Products Regulatory Agency (MHRA), and the Japanese
Pharmaceuticals and Medical Devices Agency, heavily weigh and evaluate whether
to approve or reject such a formulation (PMDA). The regulations and evaluation of
nano techniques may differ from one agency to another (see Fig. 13.3).
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micelles have several benefits

Table 13.1 Examples of polymeric micelles formulation (Choi and Han 2018)

Polymer Active ingredients Therapeutic uses
PEG-b-PLA PTX, DOX Breast cancer
PEG-b-PPBA PTX Breast cancer
PEG-PDLLA DTX Breast cancer
PTX Breast cancer
XR-17block polymer DTX Breast cancer
PEG-b-poly (glutamate) NKOI12 and Metastasis triple negative breast
carboplatin cancer
Poloxamer 407 Oleanolic acid Anti-aging
Pluronic P123 Resveratrol Psoriasis
Pluronic P123 Terconazole Anti-fungal
Block copolymeric micelles Camptothecin Increase in systemic exposure
Block copolymeric micelles Doxorubicin Increase in systemic exposure
Block copolymeric micelles Paclitaxel Increase in systemic exposure
Block copolymeric micelles Pilocarpine Glaucoma
Self-micellizing solid Tranilast Increase of oral F

dispersion

Pluronic F127

Benzoyl peroxide

Acne vulgaris

Poly(ethylene glycol)

Docetaxel HCL

Antineoplastic

Polyvinylpyrrolidone

Fenofibrate

Lipid regulation
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13.4.2 Regulatory Guidelines, eCTD Submission in Various Countries

Due to a dearth of research meeting the fundamental requirements for clinical trials,
namely affluence of manufacture, reproducibility, and long-term stability of the nano
techniques, significantly created novel nanotechnology fails the efficacy criteria. As
a result, several of the confirmed preparations for oncology therapy are still at an
early stage (Yager et al. 2006). The majority of nanoparticles used now are
liposome-based and intended to treat cancer. Because of this, there are particular
recommendations available for nanoformulations or liposomal formulations. These
regulations, however, prevent the introduction of new and distinct varieties of
nanoparticles, which may have genuine potential (James and Gambhir 2012). A
wide range of heterogeneous medication compositions is offered by monotherapies.
In contrast to conventional drug formulations, each new nanoparticle technique
produces various sizes, surface characteristics, morphologies, and other attributes
that alter in vivo drug behavior (Kandachar and Halme 2017). Therefore, detailed
records on QSE, as well as the risk-benefit assessment, which becomes more
complicated and requires a significant time investment, are crucial for regulatory
bodies’ evaluation and decision-making when it comes to evaluating nanotechnol-
ogy. Regulatory bodies might make use of the database of nanoparticles to expedite
the evaluation of NPs. Data-based nanomedicine can be used globally and can
display details on nanoparticles linked to physical characterization, in vitro studies,
in vivo outcomes, and clinical-stage observation, similar to gene databases (Fursov
and Miles 2013).

13.5 Nanotechnology Regulatory Challenges
Experts consider the FDA’s current position on polymeric micelles to be unclear.

Simply because changing facts show that larger equivalents of nanoparticles (NPs)
have altered features. For instance, research has found that polymeric micelles’
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pharmacokinetic profiles differ from those of their traditional counterparts. The
experts advise treating the polymeric micelles of already-approved medications as
novel molecular entities (NMEs), which would need the submission of a brand-new
regulatory application (Bus 2008).

The fact that the OECD (Organization for Economic Co-operation and Develop-
ment) recommendations cover acute, sub-acute, and chronic studies for toxicity
testing of chemicals, but NP toxicity testing has historically been a neglected
topic, is another aspect of the regulation of NPs that merits consideration. The
OECD’s Working Party on Manufactured Nanomaterial (WPMN), which was
established in 2006 to evaluate the safety implications of nanomaterials, is one
example of the efforts that are now being made in this direction. To improve the
safety and efficiency of the usage of nanomaterials, rules for their advancement are
still urgently needed (Saifi et al. 2018).

Although ex vivo lab analyses and in vivo animal studies aid in the laboratory
evaluation of nanomaterials, they do not have the freedom to dispel concerns about
their safety when administered to patients during phase 1 of a clinical trial.
Regulations and regulatory guidelines demand that the potential risk be appropriate
given the potential rewards (Emanuel et al. 2000). One of the most important and
difficult areas of the regulation of polymeric micelles is risk management, risk
assessment, and risk communication (Resnik and Tinkle 2007).

A meticulous multistep manufacturing method that includes crucial parameter-
affecting aspects with guaranteed control to create a consistent desired final product
results in the production of biological and nonbiological polymeric micelles (Tinkle
et al. 2014; Holloway et al. 2012). The production method and control of crucial
factors determine the predominant properties of polymeric micelles that fall within
the acceptable range for the needed therapeutic performance. Therefore, just like
with biologicals, there are still therapeutic and regulatory questions regarding how
comparable nanosimilars are and what their range of reversible use is. Furthermore,
there is still disagreement regarding what term best describes nanomaterials
(Sandhiya et al. 2009; Schellekens et al. 2011).

13.6 Regulation of Nanotechnology-Based Pharmaceuticals

The FDA has not yet provided a regulatory definition of the term “nanotechnology,”
which indicates the ambiguities and complications that surround it. The FDA
attempts to assess each application of drug items incorporating nanomaterials on
its own merits and not as specified by the descriptors because it is well aware that
nanoparticles are present in the products it regulates. A tremendous effort is put to
meet the need for a unique regulatory approach to nanotechnology (Hamburg 2012).

However, over the past few decades, there has been a remarkable advancement in
the field of nanomaterials. Well-written basic guidelines have been developed for
industry-related nano-sized liposomal medicinal products (Department of Health
and Human Services United States et al. 2018). The study of nanomaterials is the
study of substances at the nanoscale with more or less comparable chemical
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properties but with some unexpected outcomes. This idea is comprehensive in that it
acknowledges that not all chemicals are harmful, even though certain of them may
be dangerous and require a legal warning on consumer items.

Nanomaterials are no different from the idea that not all chemicals are dangerous,
even though some nanomaterials with known risks are ingested globally. In such
circumstances, the law ought to step in right away. But since it turned out to be an
interdisciplinary study, only the chemicals are relevant in this situation. The question
of whether the existing legal rules governing chemicals and chemical management
will be enough and appropriate in the case of nanoparticles or whether a new law
should be developed is still up for debate among the international community.

Researchers and regulators concur that it is best to understand the legal and
regulatory concerns relating to nanomaterials from their lifecycle, i.e. from the
laboratory through consumer items, to disposal in the environment. If we can
examine the lifecycle of nanomaterials, it will become clear that there are many
aspects of regulation that could be discussed for nanotechnology, including laws
relating to occupational health, factories, chemicals, toxins, consumers, waste
products, environment, food and agriculture, fisheries, etc. (Fig. 13.4).

13.6.1 Specified Polymeric Micelles for PMs and Injectables

To mine the essential data and assign nanostructure-based annotations, a well-
designed nanomaterial database with current information is required. This informa-
tion aids in the creation of nanoparticles with specific or nearly specific
characteristics for use in biological systems. With this as their goal, the European
Union, the United States, and a few other nations launched the Nanoinformatics
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Roadmap 2030 in 2018. The objective of this endeavor was to integrate all the data
on nanomaterials from a few other nations in 2018. By storing and exchanging data,
this endeavor set out to integrate all the information about nanomaterials. The goal of
this program is to create a consensus about nanomaterials and any potential health
risks among academics, regulators, and industry. As a result, by using this technique,
all the most recent data on nanoparticles will be accessible on a single platform,
assisting in the creation of rigorous regulations for nanomaterials and facilitating the
clinical translation of those regulations.

When determining the quality target product profile, factors including micelle
formulation, sterility, and pharmaceutical quality are taken into account. According
to the specifications of the relevant agencies, the targets for the qualities were set
based on the marketed product label.

13.7 Conclusion

PMs are superior drug nanocarriers when compared to other micellar systems.
Smaller than 100 nm in size, polymeric micelles are easier to penetrate and aggregate
at the sites of disease because they are more stable than surfactant micelles. Longer
blood circulation periods, thermodynamic stability, and the incorporation of consid-
erably more drugs are all characteristics of them. The PM core is engineered with the
aim to maximize drug loading capacity and blood circulation half-life. Studies have
revealed that micelleplexes have a variety of advantages, including the ability to
penetrate micelles in various cell membranes. Many studies have shown the benefits
of micelleplexes, including their capacity to penetrate neoplastic cell membranes,
biodegradability, ability to enhance the stability of encapsulated genetic material,
and high efficacy in the transport and delivery of drugs and genetic material to target
cells.
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14.1 Introduction to Nanotechnology in Drug Delivery

Richard Feyman envisioned the immense scope of nanotechnology as early as in
nineteenth century and in fact, in recent times, the nanotechnological advancements
have been offering promising leads in design of newer drug delivery systems
(Feynman 1961; Farokhzad and Langer 2009). These ‘“nanoscale range” drug
delivery systems modify the pharmacokinetics of the drug and steer it through
physiological membranes and deliver the drug to the target site in a well-defined
manner (Patra et al. 2018). This has led to development of targeted drug delivery
platforms for personalized medicine. Nanomedicine has numerous applications in
gene therapy, onco-chemotherapeutics, and immunotherapeutics (Manzari et al.
2021). Various design strategies in development of nanoparticles are employed to
increase efficacy, tolerability, or therapeutic index of drug in question, thereby
improving overall human well-being. In fact, the nanomaterials have a crucial role
to play in attainment of 17 global sustainable development goal (United Nations
2018), especially SDG3# which emphasizes on well-being and healthy living for all.
As per FDA guidelines, drug delivery system is termed as “nano”when one of its
dimensions in nanometer ranges between 1 and 100 nm. Such nanoscale sized
particles could be an integral part of a biosensor, microfluidic system, targeted
drug delivery systems, and tissue engineering (FDA n.d.). As the size of material
is reduced from micro to nano range, the chemical, structural, magnetic, mechanical,
electrical, and even the biological properties may differ distinctively. Hence, the
objective in development of such nanoformulations is target-specific delivery of
drugs in vivo, thus improving its bioavailability and reducing its toxicity (Choi and
Han 2018). Existing nano-based drug delivery platforms can be categorized into
various classes on the basis of their basic composition: polymeric, metallic, lipid-
based nanoparticles (Table 14.1).

Recently, drug loaded nanoplatforms are being tagged physically or chemically
with many molecular imaging ligands for theranostic application. Such theranostic
nanoformulations have been extensively investigated for novel drug development
(Yetisgin et al. 2020).

14.2 Polymeric Nanoparticles as Drug Delivery System

Polymeric nanoparticles can deliver drug payload in a controlled pattern at a specific
site. They can be designed to be stimulus-responsive with desirable long circulation
times and improved intracellular administration. The method of synthesis and choice
of polymer determine the critical quality attributes of nanoparticles such as mean
particle size, polydispersity, and drug encapsulation efficiency. Natural biopolymers
such as chitosan, collagen, albumin, and gelatin by virtue of their inherent properties
like biocompatibility, biodegradability, low immunogenicity, and antibacterial activ-
ity possess high application potential, whereas synthetic polymers like polylactic-co-
glycolic acid (PLGA), polylactic acid (PLA), polyglycolic acid (PGA) need to be
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Table 14.1 Classes of nanoparticle-based drug delivery platforms
Class of
NP Types Unique characteristics References

Polymeric | Polymersome | Ease of surface functionalization high payload | Hasannia et al.
for both hydrophilic and hydrophobic drugs, (2022)

Dendrimer prone to aggregation Wang et al.
(2022a, b)
Polymeric Kotta et al.
micelle (2022)
Nanosphere Tian et al.
(2022)
Inorganic Silica NP Distinct magnetic, optical or electrical Vallet-Regi
property, variable size/geometry, toxicity et al. (2022)
Quantum Dot | issues Jain et al.
(2022)
Gold NP Bhattacharya
et al. (2022)
Iron oxide Caldera et al.
NP (2022)
Carbon NP Holmannova
et al. (2022)
Lipid Liposome Better bioavailable, simple to formulate, low Wang et al.
based encapsulation ability (2022a, b)
Emulsion Karpuz and
Silindir-Gunay
(2022)
Lipid NP Xu et al. (2022)

chemically modified to obtain optimum specificity, improved bioavailability,
reduced toxicity, and desirable pharmacokinetics. Stimuli responsive polymers are
known as smart as they spontaneously respond to changes in pH, temperature, and
external stimulus. Vinyl esters, hydrazones respond to acidic pH of inflamed,
neoplastic, and lysosomal membrane with release of active ingredient (Castro et al.
2022).

Polymeric nanoparticles can be formulated from preformed synthetic or natural
biopolymers by emulsification solvent evaporation/diffusion, ionic gelation, salting-
out method. Polymeric nanoparticles can also be fabricated from monomer of choice
using polymerization techniques such as interfacial polymerization resulting in
preparation of microemulsion, nanoemulsion, or surfactant-free emulsion. The
choice of method of synthesis of polymeric nanoparticles depends upon polarity of
the active constituent. However, the production of polymeric nanoparticles using
preformed polymers offers better control and higher yield compared to polymeriza-
tion of monomers. Stimulus-sensitive nanocarriers respond explicitly to pathological
triggers and markedly result in reduction of side effects. The sources of stimulus can
be external (light, magnetic or electric field, ultrasound, among others), internal (pH,
temperature, enzyme activity, host recognitions, antigen-antibody interactions), or a
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combination of both. Caldorera-Moore et al. 2019 prepared poly (methacrylic acid-
grafted-ethylene glycol) pH sensitive nanoparticles which protected IFN-« in the
acidic pH of the stomach but resulted in, its controlled release in the upper small
intestine with almost neutral pH.

14.3 Clinically Approved Polymeric Nano Formulation

Polymeric nanosystems score over other delivery system owing to their biodegrad-
ability, good aqueous solubility, biocompatibility, and ease of surface modification
(Blanco et al. 2015). In recent years, several nanomedicines have reached the clinics
after FDA clearance and several nanotherapeutic agents are currently undergoing
clinical trials. It is reported that about 20% of the nano-based drug delivery systems
are for oncological application (Anselmo and Mitragotri 2019).

14.4 Development of Polymeric Micelles
14.4.1 Design Considerations

The design of polymeric micelles should be efficient enough to result in optimum
endosomal escape efficiency and minimum toxicity of bioactive agents (Butt et al.
2022). The direct access of polymeric micelles to target sites in the cytoplasm
accelerates therapeutic effect and minimizes side effects (Wolfram et al. 2015).
Cellular uptake of polymeric micelles takes place mainly by clathrin- and
caveolae-mediated endocytosis (Oh and Park 2014). The nanocarrier gets entrapped
in the lysosome where it gets eventually degraded and as a result very less amount of
drug reaches the target organelle. The surface functionalization of polymeric
micelles should enable it to escape from the membrane vesicles of the endocytic
pathway and hence protect its drug payload. The caveolae-mediated endocytosis
bypasses lysosomes and protects nanocarriers from lysosomal degradation (Ahmad
et al. 2019). Although viral vectors have been developed to facilitate endosomal
escape, their use is limited because of toxicity and immunogenicity issues. Thus,
there is an urgent demand for development of non-viral vectors that can escape
endosomes and achieve same magnitude of therapeutic effects that are obtained
in vitro (Varkouhi et al. 2011). Recently, polymeric micelles have been prepared
using amphiphilic block copolymers for CNS delivery of drugs and biologics. Their
unique physicochemical properties like self-assembly, flexibility, nano-size, charge
modulation, stimuli responsiveness facilitate them to overcome limitation of con-
ventional drug delivery. Incorporation of stimuli-sensitive functional groups in
copolymer chains, association of bioactive molecules with the core by suitable
linkers, and attachment of smart ligands and imaging molecules with the block
copolymers creating corona are some of the novel techniques used for
functionalization of polymeric micelle. The ease of surface functionalization,
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facilitating penetration and thus retention in brain tissues makes them highly suitable
for diagnosis of CNS diseases (Kaur et al. 2022).

14.4.2 Toxicity Issues

Polymeric micelles initially act as massive particulates that avoid renal excretion
while being delivered to their destination but end up breaking down into solitary
polymeric chains that can be eliminated from the blood at the kidney site. As a result,
polymeric micelles with dual large and small dimensions offer excellent targeting
efficiency while being exempted from toxicities since carriers cannot be excreted by
the kidney. The rate at which the polymeric micelles disassemble is crucial for
striking a compromise between low toxicity and effective targeting. Since single
polymer chains that are produced when polymeric micelles are disintegrated and can
be eliminated from the organisms through renal route, polymeric micelles are
therefore thought to demonstrate little risk of chronic toxicities. This is one compel-
ling factor in the intensive research being done on polymeric micelles for drug
targeting (Thotakura et al. 2021). In one instance, Kawaguhi studied the toxicity
studies on the polymeric carrier without incorporating the drug to the formulation
and discovered no anomalies, even at very high concentrations. However, it was
found that the spleen and liver have activated mononuclear phagocyte systems
(MPS). But the polymer’s toxicity decreased when used to transport anticancer
medications because the drugs were toxic to MPS (Kawaguchi et al. 2009). There
are numerous studies supporting the developed carriers’ high safety ratings in
publications. The safety profile of the copolymer must be thoroughly investigated
by the customized polymers. Researchers typically compare the copolymer’s poten-
tial biocompatibility and safety to the use of less toxic and biocompatible monomers.
Many of the time, this works precisely, but still, the copolymer should be subjected
through detailed safety and biocompatibility testing (Zhao et al. 2013).

14.4.3 Ethical Issues in Clinical Trials

Ethical considerations in clinical trials of nanomedicine are based on the quantum of
risk involved in the administration. Metal nanoparticles imbibed onto diagnostic
device pose lesser health risk as compared to intravenous administration of same
metallic nano-based drug delivery system for therapy. (Tinkle et al. 2011; Resnik
et al. 2007).

Hence, for each nanoparticle-based delivery system, robust research methodol-
ogy has to be devised starting from good review of literature, in vitro assays,
unbiased preclinical validation to proper recording of the observations throughout
the study until the clinical trial study is completed. The polymeric micelle as
nanosystems is being researched extensively for application in cancer chemotherapy
(Table. 14.2), but they have similar toxicity profiles as the corresponding chemo-
therapeutic drug, hence eventually, they fail in clinical trials (Yamamoto et al. 2007).
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Table 14.2 Polymeric Micelles based anticancer chemotherapeutic drug delivery systems under
trials (Source: https://beta.clinicaltrials.gov/study/PM)

S.no. | Name of clinical trial Interventions Drug

1 Docetaxel-polymeric micelles Esophagus Drug: Docetaxel-PM
(PM) and oxaliplatin for esophageal squamous cell Drug: Oxaliplatin
carcinoma carcinoma (SCC)

Metastatic
cancer

2 A study of docetaxel-polymeric Advanced solid Drug: Docetaxel-
micelles for injection in patients with tumors polymeric micelles for
advanced solid tumors injection

3 A clinical trial of paclitaxel-loaded Recurrent breast | Drug: Paclitaxel-loaded
polymeric micelle in patients with cancer polymeric micelle
taxane-pretreated recurrent breast
cancer

4 Study to evaluate the efficacy and Head and neck Drug: Docetaxel-PM
safety of docetaxel-polymeric micelle squamous cell
(PM) in recurrent or metastatic HNSCC | carcinoma

5 Paclitaxel-loaded polymeric micelle Ovarian cancer Drug: Carboplatin
and carboplatin as first-line therapy in Drug: Paclitaxel-loaded
treating patients with advanced ovarian polymeric micelle
cancer

6 Study of Genexol-PM in patients with Bladder cancer Drug: Genexol-PM

advanced urothelial cancer previously Ureter cancer
treated with gemcitabine and platinum

7 A trial of paclitaxel (Genexol®) and Non-small cell Drug: Paclitaxel
cisplatin versus paclitaxel-loaded lung cancer (Genexol®)
polymeric micelle (Genexol-PM®) and Drug: Paclitaxel-loaded
cisplatin in advanced non-small cell polymeric micelle
lung cancer (Genexol-PM®)

A typical challenge in formulation development is ever increasing number of
poorly aqueous soluble drugs being discovered. The PM-based delivery systems for
such molecule can aid in not only better solubilization and reduction in inherent
toxicity of the active pharmaceutical ingredient, but also in an overall improvement
in its therapeutic efficacy (Kwon 2003). However, the critical bottlenecks of clinical
development of any polymeric micellar systems still remain their thermodynamic
stability and formulation specific characterization studies. Hope the pharmaceutical
scientists and clinicians together fill the research gaps and utilize the potential of
polymeric micelles in nanomedicine.

The risk assessment study following the exposure to nanomaterials can also be
conducted at the several international agencies like Environment Protection Agency
(EPA), National Science Foundation (NSF), National Institute of Occupational
Safety and Health (NIOSH), and National Cancer Institute (NCI).

The ethical concerns in the clinical trials of polymeric micelles revolve around
assessing the probable risk, managing the risk (establishing good risk-to-benefit
ratio) and communicating the potential risk to study participants. It is mandatory


https://beta.clinicaltrials.gov/study/PM
https://beta.clinicaltrials.gov/study/NCT05254665?distance=50&cond=polymeric%20micelles&rank=2
https://beta.clinicaltrials.gov/study/NCT05254665?distance=50&cond=polymeric%20micelles&rank=2
https://beta.clinicaltrials.gov/study/NCT05254665?distance=50&cond=polymeric%20micelles&rank=2
https://beta.clinicaltrials.gov/study/NCT00912639?distance=50&cond=polymeric%20micelles&rank=3
https://beta.clinicaltrials.gov/study/NCT00912639?distance=50&cond=polymeric%20micelles&rank=3
https://beta.clinicaltrials.gov/study/NCT00912639?distance=50&cond=polymeric%20micelles&rank=3
https://beta.clinicaltrials.gov/study/NCT00912639?distance=50&cond=polymeric%20micelles&rank=3
https://beta.clinicaltrials.gov/study/NCT02639858?distance=50&cond=polymeric%20micelles&rank=4
https://beta.clinicaltrials.gov/study/NCT02639858?distance=50&cond=polymeric%20micelles&rank=4
https://beta.clinicaltrials.gov/study/NCT02639858?distance=50&cond=polymeric%20micelles&rank=4
https://beta.clinicaltrials.gov/study/NCT00886717?distance=50&cond=polymeric%20micelles&rank=5
https://beta.clinicaltrials.gov/study/NCT00886717?distance=50&cond=polymeric%20micelles&rank=5
https://beta.clinicaltrials.gov/study/NCT00886717?distance=50&cond=polymeric%20micelles&rank=5
https://beta.clinicaltrials.gov/study/NCT00886717?distance=50&cond=polymeric%20micelles&rank=5
https://beta.clinicaltrials.gov/study/NCT01426126?distance=50&cond=polymeric%20micelles&rank=6
https://beta.clinicaltrials.gov/study/NCT01426126?distance=50&cond=polymeric%20micelles&rank=6
https://beta.clinicaltrials.gov/study/NCT01426126?distance=50&cond=polymeric%20micelles&rank=6
https://beta.clinicaltrials.gov/study/NCT01023347?distance=50&cond=polymeric%20micelles&rank=7
https://beta.clinicaltrials.gov/study/NCT01023347?distance=50&cond=polymeric%20micelles&rank=7
https://beta.clinicaltrials.gov/study/NCT01023347?distance=50&cond=polymeric%20micelles&rank=7
https://beta.clinicaltrials.gov/study/NCT01023347?distance=50&cond=polymeric%20micelles&rank=7
https://beta.clinicaltrials.gov/study/NCT01023347?distance=50&cond=polymeric%20micelles&rank=7
https://beta.clinicaltrials.gov/study/NCT01023347?distance=50&cond=polymeric%20micelles&rank=7
https://beta.clinicaltrials.gov/study/NCT01023347?distance=50&cond=polymeric%20micelles&rank=7

14 Toxicological and Regulatory Challenges in Design and Development. . . 273

to obtain informed consent from the recruited participants. The study investigator
and his team should document all the clinical observations. After appropriate
statistical evaluation, the investigated nanomedicine must exhibit significant differ-
ence in comparison to existing drug therapies.

14.4.4 Regulatory Aspects

Like other nanoscale formulations, polymeric micelles are needed to follow strict
regulations, to ensure patient safety which is well documented in ICH pharmaceuti-
cal development guidelines (Sainz et al. 2015). The long-term stability and specific
characterization are valid bottlenecks to successful clinical translation of the poly-
meric micelles as drug delivery systems. (Ghezzi et al. 2021). Hence, various
regulatory agencies like FDA, EMA, Japan MHLM, Therapeutic Goods Authority,
CDSCO across the globe have their similar regulatory requirements for
nanomedicine development. Generally, for the polymeric micelle, API used
determines the types of validation studies required. The FDA assessment starts
with product specific regulatory policy so that issues in critical process parameters
are addressed at the early development stage itself, followed by premarketing review
where the additional need for safety data is ruled out before marketing approval and
it continues to monitor the nanomedicine safety profile and its proven effectiveness
track record before they are ready for marketing approval. Nanotechnological Task
Force specific to nanotechnology (NTIG) recruited by FDA addresses key issues
pertaining to nano-based products, to facilitate better overall coordination between
all the stakeholders (NTF Reports 2020).

The EMA aims to scrutinize polymeric micelles based on the benefit to risk
considerations including environmental risk assessment while apart of similar
regulations on nanomedicines. TGA also conducts nanobased training programs to
impart knowledge on comparative risk assessment of nano versus conventional ones
(Sainz et al. 2015). One of the major joint initiatives by MHLW/EMA includes set of
regulatory guidance document in form of reflection paper specific to polymeric
micelles (European Medicines Agency 2013).

14.5 Conclusion

The multidisciplinary approach in nanotechnology-based drug delivery has led to
significant development in both basic and clinical research. But the pitfalls of
increased toxicity concerns have increased pressure on the regulatory authorities,
researchers, and stakeholders in industry to work in higher cooperation and in
knowledge sharing mode so as to achieve better clinical outcome. Thus, the key to
successful clinical translation of nanomedicine begins with extensive basic research
which can pave toward exceptional good real-world evidence under the stringent
regulatory expertise.
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Abstract

Polymeric micelles (PMs) is an innovation approach toward advancement of
nanodrug delivery systems. These PMs overcome the issues related to hydropho-
bic drugs such as solubility, bioavailability, and permeability in crossing
biological barriers. PMs are prepared in margins of cost-effective and have
special characters such as smaller in size, easy to sterile compared to other
nanocarriers. The two biggest challenges to the clinical development of polymeric
micelles are stability and regulatory requirements. Although PMs have brought
significant benefits to the pharma market, their limited regulatory guidelines and
challenges related to thermodynamics and kinetic stability have resulted in a lack
of reproducibility. A comprehensive implementation of valid guidelines and
regulations can bring greater attention to PMs as a promising option for targeted
drug delivery systems. Their insights and potential could therefore boost the
future of the pharma market.
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Abbreviations

ATP Adenotriphosphate

CMC Critical micellar concentration

DLS Dynamic light scattering

DMF Dimethylformamide

DSPE Di-stearoyl phosphatidylethanolamine
EMA European Medicines Agency

Hpbc Hydrophobic chains

HPLC High-pressure liquid chromatography
ICH International Council of Harmonization
MDR Multidrug resistance

PCL Polycaprolactone

PD Pharmacodynamics

PDI Polydispersity index

PDLLA  Poly-p,L-lactic acid

PEEP Poly ethyl ethylene phosphate

PEG Polyethylene glycol

PG Propylene glycol

PK Pharmacokinetics

PMs Polymeric micelles

SEC Size exclusion chromatography
Tg Glass transition temperature

THF Tetrahydrofuran
TPGS Tocopheryl polyethylene glycol succinate

15.1 Introduction

Combinatorial chemistry and rapid processing and screening of raw materials have
substantially expanded the pool of identifying probable remedial medicine, which
has greatly advanced drug development (Jachak and Saklani 2007). However, over
one-third of the chemicals are systemically hazardous and have limited water
solubility (Lipinski 2000; Kim and Park 2010). Solubility has a direct impact on
absorption and physiological distribution because therapeutic medications are
circulated through the blood (Van De Waterbeemd et al. 2001). As a tool for
improving the solubility and lowering the toxicity of hydrophobic medicines, self-
assembling copolymers into micelles is being investigated. Among these, a special
class of amphiphilic polymer aggregations formulates nanoscale carriers (between
10 and 200 nm) that can encompass hydrophobic medications in the crux while
enabling friendly alterations at the interface between two phases (Masayuki et al.
1990; Kabanov et al. 1992; Yokoyama et al. 1992). A paradigm for using polymeric
micelles (PMs) to encapsulate medicinal medicines dates back a head three decades
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(Fig. 15.1), Ringsdorf et al. (Masayuki et al. 1990). Even though the synthesis of
micelles from block copolymers was well recognized in that era (Li et al. 2005;
Halperin and Alexander 1989), the bulk of micelles was prepared using substances
that were not compatible with the human body. A novel class of amphiphilic carriers
was needed for therapeutic delivery. These were purposely made of relatively
bio-inert materials and were created to resemble natural vectors, like viruses. The
hydrophobic polymer served as the micelle’s core. The hydrophilic polymer served
as its corona as the micelles assembled themselves with the copolymers in the
aqueous environment. These amphiphilic PMs contained hydrophobic small mole-
cule medicines that were soluble in the hydrophobic core. Oncology professionals
anticipated that the use of PMs would revolutionize the treatment of cancer patients.
Although most experts in the field imply evidently that PMs are still in their outset
and inadequate certainty on regulation for clinical use is seriously impeding their
translation research of micelles, the expectation has not lived up to the early hype
(Torchilin 2006; Aliabadi and Lavasanifar 2006). Even though several challenges
are faced in the area of pharmacokinetics, pharmacodynamics, and polymeric
micelle toxicity, there are several potential advantages to using this technology.
However, regulatory advice in this sector is imperatively needed and it is crucial to
provide legal certainty to manufacturers, legislators, healthcare practitioners, and the
general public. There is still much anticipation surrounding the subject of
nanomaterials in the field of medicine and their impact on pharma markets.

15.2 Safety of PMs

The safety of nanoscale goods in general and PMs, in particular, cannot be easily
determined. There has been a significant amount of research done to determine the
possible toxicity of PMs, but considerably less has been done to evaluate the safety
and toxicity of micelles. As a result, research on various other kinds of nanoscale
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materials has greatly contributed to our present understanding of the potential
toxicity of micelles. Numerous elements, which may be broken down into several
general categories, may affect the potential toxicological effects of PMs on
biological systems: The composition of PMs, the structure of PMs, how PMs are
administered; and how PMs interact with the biological systems.

15.2.1 PMs Composition

A core of hydrophobic polymer, such as polyethylene glycol, and a shell of hydro-
philic polymer blocks, like propylene glycol, make up PMs. Through self-assembly
in certain solvents, the amphiphilic block copolymers can create nanoscale micelles
(Kondiah et al. 2018). The creation of PMs involves the use of amphiphilic polymers
with both hydrophilic and lipophilic building components. Both diblock and triblock
amphiphilic polymers are possible. Predominantly, the diblock polymers utilization
was AB type, consisting of two polymers, one of which is a hydrophilic block and
the other a lipophilic block. The two (ABA) or three (ABC) polymers that make
triblock polymers are similar. Drug delivery processing frequently employs block
polymers of the ABA type (Zhulina and Borisov 2012). In micellar production, the
most commonly used polymer blocks are the amphiphilic diblock copolymers, such
as polystyrene and poly (ethylene glycol), and triblock copolymers, like poloxamers.
Graft and ionic (poly (ethylene glycol) Poly(-caprolactone)-g-polyethyleneimine)
copolymers are also employed for micelle formulation (Yadav et al. 2019; Mandal
et al. 2017; Kulthe et al. 2012; Jiang et al. 2006; Li et al. 2015). Polyethylene glycol
(PEG) is typically used for the hydrophilic portion, but other polymers can also be
used such as poly (vinyl pyrrolidone), poly (acryloyl morpholine), or poly
(trimethylene carbonate); the hydrophobic portion shall be composed of poly (pro-
pylene oxide), polyesters like poly(-caprolactone), or polymers and copolymers of
glycolic and lactic acids (Mandal et al. 2017).

Zhao et al. investigated the toxicity studies of four distinct categories of PMs
made of poly (ethylene glycol) and polyglycerol poly(-caprolactone), poly (ethyl
ethylene phosphate)-co-poly(-caprolactone), poly (ethylene glycol) and poly (ethyl-
ene glycol)-poly(-caprolactone), and poly (ethylene glycol)-di-stearoyl-sn-glycero-
phosphate (PEG-DSPE). They compared the nanotoxicity of different micelles on
various cell types and an animal model. The micelles tested were PEG-PG-PCL,
PEEP-PCL, PEG-PCL, and PEG-DSPE. According to the evidence, all micelle
systems altered the factors responsible for inflammation, which results in the eleva-
tion of ROS levels. Cell volume was increased by PEEP-PCL and PEG-PG-PCL
micelles. The size of the PEGPG-PCL micellar system and the polyphosphoester
structure in PEEP-PCL are probably connected to these phenomena. Additionally,
PEG-DSPE micelles prevented Eahy.926 cells from proliferating by triggering
apoptosis. After treatment with these micelles, no indication of alterations to the
cell membrane was discovered. These nanocarriers were discovered to influence
blood components differently, most likely as a result of the direct injection into
veins. However, the pathology and inflammatory markers in the major organs of the
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mouse model did not significantly alter the blood components. The toxicities
observed in the in vivo model may not be necessarily seen in the in vivo model as
the animals owing to their biological system can ward off some toxic substances.
Conversely, some of the toxicities that were not observed in the in vivo studies might
be observed in the in vivo studies owing to some unknown mechanisms. We find it
challenging to determine if the observed alterations are significant or insignificant
because there are currently no accepted criteria for nanotoxicity. Overall, it is shown
that the polymeric micellar system studied here exhibits variable toxicity associated
in regard to its structural characteristics, and its safety in relation to the biological
system differs in different cellular models. This research will undoubtedly advance
our understanding of amphiphilic PMs nanotoxicity (Zhao et al. 2013).

15.2.2 PMs Structure

The toxicity and safety of PMs are influenced by particle size, shape, and charge
(C-potential). Highly permeable tumors may easily acquire micellar systems that
range from 30 to 100 nm, but poorly permeable tumors can only be penetrated with
micellar systems with the size of 30 nm, demonstrating the crucial importance of size
(Cabral et al. 2011). This might theoretically also be the case when considering the
absorption into epithelial cells or the passage across the mucosal layer, as has been
shown for other nano-systems (Murgia et al. 2016; Rossi et al. 2019; Salatin et al.
2015). However, to the best of our knowledge, there are not any statistics about
micelles in the literature. In this regard, it is also crucial to emphasize that micelles
can disassemble due to their nature when they correspond to the epithelial cell
network or mucus. Hence in these conditions, the size of the play is very important
but rather depends on the properties of the unimers and how specifically they interact
with cell membranes or mucus. Micelles’ surface properties, which control their
stability after intravenous administration and their interactions with mucosal and
epithelial layers, also have a significant bearing on how they behave. The construc-
tion of the protein corona is reduced in the presence of a water affinity environment
and a neutral surface lengthens the period of blood circulation following intravenous
injection, which was investigated in solid polymeric nanoparticles. However,
because of comprehensive binding to the proteins along with enhanced aggregation
in vivo, micelles with positive zeta potential have relatively limited stability in
biological fluids (Vllasaliu et al. 2014; Logie et al. 2014; Zhu et al. 2018; Honary
and Zahir 2013). The mucus-penetrating characteristics are additionally enhanced by
a neutral and hydrophilic surface, which is particularly important for oral delivery.
Positively charged nanocarriers are well acknowledged for their muco-adhesiveness,
improved interactions with epithelial cells, and also for enhanced transportation of
the drugs through biological barriers (Li et al. 2015; Taipaleenmiki et al. 2017,
2020; Bandi et al. 2020; Hoeller et al. 2009; Jubeh et al. 2004). Lastly, active
targeting of molecules can be done by functionalizing the surface of the micelles
with well-defined molecules, which is highly helpful for chemotherapy (Mi et al.
2020; Wang et al. 2020). At certain times, a rod, worm, or disk-like arrangement is
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visible in the micelles, even though they are typically pictured as spherical (Owen
et al. 2012; Zhong and Pochan 2010; Truong et al. 2015). The structure of the
polymers employed and the surrounding environment’s characteristics, including
temperature, PH, and composition, are the key factors influencing the variances of
micellar form (Kuntsche et al. 2011). Since the shape of these nanocarriers has a
significant impact on circulation time, biodistribution, and cellular absorption, it has
been recognized that studying their morphology is essential to anticipate their
performance in vivo (Truong et al. 2015; Discher 2014). For instance, due to the
elongated morphology, their flexible nature, and amplitude of fragmentation, the
filomicelles demonstrate decreased clearance and increased blood circulation com-
pared to the spherical micelles (Christian et al. 2009; Oltra et al. 2013, 2014). Recent
research shows that shorter filomicelles (length: 180 nm) show the highest penetra-
tive effect in tumors and higher cellular uptake compared to the longer filomicelles
(length: 2.5 pm) and spherical micelles (Ke et al. 2020).

15.2.3 Interaction of PMs with the Biological Systems

PMs interact with biological systems and exhibit their toxicity and safety profile.
Numerous systematic types of research on the interactions of micelles with
biological systems have been conducted during the past few years. Studies on the
interactions of micelles with biological systems, however, are scarce. Given the
crucial function of the micelles in subcellular drug delivery to a particular target,
hence, several gaps need to be filled (Nelemans and Gurevich 2020; Maysinger et al.
2007). Endocytosis is the primary mechanism by which micelles are internalized. It
is based on the contact of the micelle with the cellular membrane and involves
uptake by cells and transport through endosomes before reaching the cytoplasm of
the cells (Nelemans and Gurevich 2020; Chen et al. 2019). In reality, the micellar
system is rarely swallowed as a whole; instead, they typically undergo cell mem-
brane disassembly if not destroyed in lysosomes (Chen et al. 2019). Therefore,
micellar systems transport drugs into the cells, it is not necessary that it is taken as
a whole but can also be ejected outside or taken up as unimers, which leads the drug
to accumulate in multiple places as in cell membrane or distinct cell compartments
(Lee et al. 2013; Cui et al. 2013). Because their ingestion by endocytosis results in
bypassing of efflux pumps, and decreasing resistance of single or multidrug, the
interest in micelles has intensified (MDR) (Rapoport et al. 2002). Pluronic®,
D-Tocopheryl Polyethylene Glycol 1000 Succinate (TPGS), and Soluplus® are
examples of polymers that serve as direct efflux pump inhibitors. Micelles are
formed with polymers by conjugating them with compounds (e.g. quercetin) that
have a deterrent effect on these pumps (Miller et al. 1999; Dabholkar et al. 2006; Jin
etal. 2015; Mu et al. 2019). Earlier, the polymer inhibitory impact is directly related
to unimers rather than micelles, which by increasing membrane fluidity might result
in an ATP depletion and a subsequent decline in ATPase activity. In general, the
maximum inhibition of efflux pumps is enumerated at unimers concentrations below
the CMC (Pepi¢ et al. 2013).
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15.2.4 Administration Routes of PMs

Micellar systems are intriguing transporters for various routes of administration
because of their small size, simple preparation, and great solubility. Micellar systems
increase the bioavailability of drugs and release the medicine in a controlled and
targeted fashion, which minimizes the side effects (Ambade et al. 2005; Mikhail and
Allen 2009). The intravenous injection/infusion is the route of administration for
micelles that have received the most attention, and it is mostly used for chemother-
apy, although oral administration has also shown some very intriguing findings in
terms of enhanced drug bioavailability (Zhang et al. 2014; Cho et al. 2015; Sabra
et al. 2017; Gaucher et al. 2010; Khan et al. 2017; Grimaudo et al. 2019). Micelles
are produced through reversible limits and can be destroyed by several destabilizing
conditions as thermodynamically self-assembled structures. Depending on the
method of delivery, micelles may encounter various issues such as pressure during
i.v injection, extreme dilution, serum interactions, and potential protein corona
formation, and therefore require careful consideration. Drug delivery through the
skin and mucosa promotes the interactions with sebum and mucus and helps in the
diffusion in the epithelial layer. The micellar behavior will then be resolved owing to
the morphology as well as their general attributes. To decide the micellar system’s
fate and the ensuing bioavailability of the drug, all of these properties are vital.

15.2.5 Regulatory Aspects of PMs

The ICH Pharmaceutical Development Q8(R2) guideline contains rules on the
pharmaceutical development of a novel formulation. PMs should go through addi-
tional particular standards because of their nanoscale size to ensure the safety of
products and minimize hazards connected to unexpected effects on patients (Sainz
et al. 2015; Choi and Han 2018). A particular EMA Reflection Paper released in
2013 on the creation of block copolymer micelle pharmaceutical products addresses
the in-depth appraisal, with extensive interpretation and knowledge of important
features, of nanocarriers because of their distinctiveness (CHMP 2013).

The document offers fundamental details for first-in-human investigations as well
as information on the appraisal of quality, specifications of the product, stability,
manufacturing, non-clinical pharmacokinetics (PK), and pharmacodynamics
(PD) studies. Although the study primarily focuses on intravenous products, it is
made apparent that the presented ideas can also be applied to other routes of
administration. The document recommends evaluating Chemistry, manufacturing,
controls, micellar morphology, charge on the surface, plasma stability or another
admissible medium, and drug release in bio-relevant settings in addition to the
stability and impurity data of polymers and active compounds. The characterization
of micelles serves as the primary foundation for creating product requirements,
conducting stability studies, and designing pharmacokinetic and pharmacodynamic
investigations (Fig. 15.2). Micelle stability plays a vital role in scheduling sampling
for PK studies; similarly, the fate of the drug and micelles and route of
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administration in cellular levels are considered utmost during designing PD studies.
The lack of compendial (pharmacopeia) methodologies to assess the release of drugs
and the integrity of micelles necessitates the development of internal procedures that
must be validated with their repeatability and discriminatory capacity. The proposed
release medium should thus accurately represent the physiological milieu of the
micellar formulation while in use. These authorized assessments, to be periodically
exercised in the system, are capable to foresee the release into circulatory paths and
at the desired site of action. Conversely, the technique must also be delicate enough
to guarantee uniformity from batch to batch. To construct the polymeric micellar
systems in vivo and in vivo, it is important to have an early conversation with
regulators about both the crucial attributes of the product and cutting-edge
procedures that could be employed. This is due to the complicated nature of the
PMs and the difficulties associated with their construe. However, the in vivo tests’
predictability is a crucial concern, and as much as in the reflection piece, it is
admitted that it would only be sporadically probable to associate between in vivo
and in vivo results. There are currently very few publications in the literature that
discuss the relationship between the release and kinetics. A reasonable match
between in vivo and in vivo data was obtained by Zhang et al. when they used
mouse serum for their in vivo PEG-PCL micelles stability investigations. After 72 h,
about 60% of the micelles were intact in the bloodstream in vivo, while 70% of the
micelles were recorded in vivo. Liu et al. (Zhang et al. 2020) using a fluorescent
probe linked with AF4 and DLS investigated the intercommunication of the PMs
with diverse plasma proteins. The data indicated identical stability of the PMs in
both in vivo and in vivo. Nonetheless, it is imperative that a concept obtained from a
few specific cases need not be true in all.

15.3 Physicochemical and Kinetic-Related Stability Aspects
of PMs

Upon intravenous injection, micelles experience a variety of environmental changes,
including considerable concoction, changes in pH and salt fluctuations, and interac-
tion with extensive peptides and cells. Ruptured micelles are avoided as drug
delivery vehicles because this would cause the drug cargo to leak before reaching
the target cells. Micelles must maintain their structural integrity throughout prepara-
tion and till reach the target sites for medication solubilization or local drug delivery.
Micelle stability can be conceptualized generally in terms of kinetic and thermody-
namic stability. As micelles develop and attain equilibrium, the system behaves
according to the concept of thermodynamic stability. Kinetic stability describes the
rate at which the exchange of polymers occurs and micellar deconstruction and
indicates how the system behaves throughout the circulation period.
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15.3.1 Physicochemical Stability

15.3.1.1 Thermodynamic Stability

A crucial variable for assessing the micelle’s thermodynamic stability is the CMC. It
is connected to the term kgT, which stands for thermal energy, the energy produced
by efficient interactions between the bulk and polymers is denoted as ¢},. Greater
thermodynamic stability is indicated by lower values. In the equation
AGpic = RT In (CMC) In, the Gibbs energy of micellization, or AG;., is also
directly connected to CMC = exp (—nep/kgT) (Zana 1996). Because the site of
interaction of polymers is not only limited to tiny molecules, they display decreased
CMC values than surfactant micelles with lower molar mass. Above and below the
CMC, polymer solutions display various physical characteristics. Commonly,
micromolar quantities of polymeric micelle CMCs are used (Maysinger 2007;
Diezi et al. 2010). Stability and hydrophobic segment length are directly correlated
(Van Domeselaar et al. 2003; Adams and Kwon 2002). The nature and cohesiveness
of the hydrophobic core affect micelles’ propensity to separate (Gaucher et al. 2005).
Lower CMC is obtained by reducing the copolymer’s hydrophobicity and increasing
the hydrophobic core’s coherence (Van Domeselaar et al. 2003; Ranger et al. 2001).
The drug—core interaction can potentially have an impact on the micellar system
stability employed in the transportation of the drugs. The substantiality of the micelle
can increase with supplementary hydrophobic interactions between the core and
enclosed drug molecule (Lee et al. 2004). Interactions between the surrounding
aqueous environment and the corona encompassing the polymer chains and each
other also have an impact on thermodynamic stability. PEG is used as the hydro-
philic element in the majority of micelles for drug delivery. Van der Waals forces act
between individual PEG chains, while the PEG chains’ interactions with H,O in a
bulk solution are hydrophilic forces like hydrogen bonds and dipole—dipole forces
(Owens IIT and Peppas 2006). The polymers will be forced to take up the stern and
stretched, brush-like conformations when the surface density and the length of the
PEG chain are increased. PEG’s lower molecular weight and surface density lead to
the destabilization of the micelles and the disclosure of the hydrophobic crux to
aqueous solutions, on the other hand. To permit fluid mobility of surface chains and
shield the hydrophobic core from exposure, sufficient coverage of the hydrophilic
polymers is essential (see the section on destabilization mechanisms for further
information on these mechanisms). A solution’s optical clarity, surface tension
readings, viscosity, and other physical properties that undergo abrupt changes at
the CMC can all be used to calculate the CMC. The most used techniques include
chromatography, particle size analysis, and spectroscopy, which are all chosen for
their great sensitivity (Torchilin 2001).

15.3.1.2 Impact of a Hydrophobic Segment on Micelles Stability

Increased length hydrophobic chain is associated with greater stability for block
copolymer micelles (and therefore reduced CMC) (Adams and Kwon 2002, 2003).
For the copolymer to be as stable as possible, the chain lengths of both hydrophilic
and hydrophobic must be balanced. After a particular threshold, an increase in the
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Fig. 15.3 Impact of hydrophobicity on the stability of micelles. Hpbc hydrophobic chains, Hplc
hydrophilic chains, Ts surface temperature, 7g glass transition temperature

length of the hydrophobic chains produces micellar systems with reduced homoge-
neity, which eventually gives rise to non-spherical aggregates (Gidt et al. 2009). The
CMC was reduced with an increase in hydrophobicity and stacking interactions in
the core (Fig. 15.3). In contrast, the CMCs of micelles produced by combining two
hydrophobic copolymer chains were significantly greater. The scientists
hypothesized that interactions between the molecules of micellar core, such as
stacking interactions, produced a “glassy” form in the crux that affects stableness
and that for predicting stability of micelles hydrophobicity alone is insufficient.

15.3.1.3 Impact of Encapsulated and Conjugated Drug

Micelle stability is also impacted by drug—core interactions. Coherence of the drug
and polymer core was another indicator of how well the drug was released after
being enclosed. The efficiency of drug loading increased if the carboxylic acid was
higher in the block copolymer for ionic intercommunication with the encapsulated
pharmaceuticals. This improved relationship between the medication and micelle
core reduced the CMC and slowed down the rate drug of release (Lee et al. 2004). It
is believed that the encapsulated drug in the core and the conjugates had increased
hydrophobic interactions which might have caused the beneficial rise in solubiliza-
tion of the drug and more homogenous morphology. It increases the solubilization of
poorly soluble drugs drastically. It is unclear if these traits are shared by other
conjugated/encapsulated therapeutic micelles or if a comparable result might be
obtained with a different tiny hydrophobic molecule (Mikhail and Allen 2010).

15.3.1.4 Environmental Impact on the Stability

The development and stability of micelles are greatly influenced by the microenvi-
ronment. Dialysis and co-solvent evaporation are two frequently used techniques for
micellization (De Villiers et al. 2008). In contrast to dialysis, which created signifi-
cantly larger and more scattered micelles, co-solvent evaporation produced smaller,
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more uniform micelles with a polydispersity index (PDI). According to scientists,
the variance in the size of the micelle is dependent on the path and might be brought
on by modifications in the rates required to establish the equilibrium. It is interesting
to see the variations in micelle size caused by preparation techniques. According to
Okano and colleagues, even minor adjustments to a single preparation process, such
as changing the temperature or the molecular weight cut-off of a dialysis membrane,
can have a significant impact on micelle size (Chung et al. 1999).

The CMC and size of the produced micelles are both dramatically affected by
changes in solvent conditions (Chen et al. 1999; Greenall et al. 2011; Cui et al. 2007;
Aliabadi et al. 2007). THF, DMF, acetone, and acetonitrile, which are four popular
solvents with various degrees of water miscibility, were examined, which indicated a
general relationship between micelle size and solvent/water miscibility, whereby a
rise in miscibility was followed by a fall in micelle size. The mobility of the inter-
micelle chain is also influenced by temperature. For instance, PEG-PDLLA
micelles’ PDLLA core was more mobile at temperatures higher than the glass
transition temperature (Tg). Because of this, the CMC rises at higher temperatures,
illuminating the direct relationship between temperature and thermodynamic stabil-
ity (Yamamoto et al. 2002). Micelle production is a very delicate process that is
vulnerable to a variety of internal and external permeation. Though the formation of
a stable micellar system is present lyophilization issues can still arise during insuffi-
cient PEG or another hydrophilic component coverage.

15.3.2 Kinetic Stability

The dynamics between individual micelles, their surroundings, and one another are
the focus of the description of kinetic stability, which deals with the behavior of the
PMs with time in an aqueous solution. A micelle’s stability may be impacted by any
change in its surroundings. Micelles are subjected to significant and abrupt environ-
mental changes because they are used as drug delivery systems, as previously
mentioned. Individual chains continue to be dynamic after micellization and move
back and forth between the micellar system and the bulk solution. Finally, micelles
will start to disintegrate after being subjected to environmental changes or by simple
dilution. To characterize the dynamics of micelles over the period and during
dismantling, kinetic stability is used.

The following diagram illustrates how the concentration of the micellar system
changes in equilibrium depending on the individual polymer chain’s concentration:

AT

Kw= [micelle]

Ky is the micelle dissociation constant and has the units of concentration; 7 is the
aggregation number of the micelle.

According to Mattice et al., three different mechanisms make up the dynamic
equilibrium for copolymer exchange in micelles: chain insertion/expulsion, micelle
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merging/splitting, and micelle spanning (Haliloglu et al. 1996). Chain expulsion and
insertion is the process of inserting a polymer chain into a second micelle after the
chain has been expelled from the first micelle and returned to the bulk. When two
micelles briefly merge and their micellar cores touch, chains can be swapped. In this
instance, the chain moves from the first to the second micelle. Micellar spanning
serves as the ultimate mechanism for copolymer exchange. One prolonged chain,
which never fully returns to the bulk, connects the exteriors of two micelles. This
allows the chain to migrate across micelles without being expelled from one and
without coming into touch with the core of the two micelles. By labeling singular
chains and tracking the progress, one can predict or see empirically such complex
kinetic investigations. Aniansson and Wall’s earlier research outlined the dynamics
of the relaxation of the micellar systems through the interchange of polymers and
separation (Aniansson 1978; Aniansson and Wall 1974). Recently, Diamant et al.
revised the kinetic modeling that defined the micellization process in several stages
(Hadgiivanova et al. 2011). In general, kinetic stability can be measured using the
same analytical methods as thermodynamic stability. The most popular of them are
dynamic light scattering (DLS) and size exclusion chromatography (SEC).

15.4 Conclusion

PMs are developing significant drug carriers due to their distinctive characteristics.
The ability of block copolymer micelles to generate distinct core-shell structures is
their most important characteristic for therapeutic administration. Drugs that are
poorly soluble in water are easily loaded into the polymeric micelle’s hydrophobic
core, giving the chance to increase their bioavailability. The two biggest challenges
to the clinical development of PMs are stability and regulatory requirements. By
addressing these problems, it may be possible to close the gap between formulation
development and academic research and may hasten the clinical translation of those
findings. There is no international regulatory body in this field, and the regulation of
nanocarriers (including PMs) is still in its early phase. However, regulations on
nanomaterials have been created and implemented by the European Union and
Switzerland. It is still a need for regulatory bodies to create reliable and consistent
processes for evaluating the safety of nanomaterials globally. The construction of
these laws will make sure that the boon of nanotechnology may be secured without
harming consumer and environmental health. There are many ways to improve the
chemistry of the micelles and their stability. The complication of the system
increases with each alteration, and to produce insightful findings, the appraisal of
these structures needs to be equitably practical. The ultimate clinical success will be
facilitated by increased localized therapeutic efficacy and decreased systemic toxic-
ity, which will be made possible by a deeper understanding of polymeric micelle
stability and regulations.
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