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Abstract

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
polymeric micelles with a particular drug-releasing phenomenon will be
deliberated throughout the chapter. Additionally, the need for functionalization
and the development of functionalized micelles in various diseases have been
discussed in this chapter.
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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(ε-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; Förster 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; Förster 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/



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).
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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 amphi-
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(β-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



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. 5.2 Drug release from micellar structure
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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



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.
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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-O0-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 DNAse I, whereas control DNA origami structures
were completely degraded. This study demonstrated that the stability of nucleic



acid-based structures was improved while using micelles as a delivery system
(Agarwal et al. 2017).
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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(D,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,



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).
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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



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.
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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 NH2 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



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).
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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
CH3 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



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.
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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]-
(S)-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



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).
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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 (Fernández 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



metastatic tumors compared to non-modified micelles (Gong et al. 2020). In addition
to functionalization, this combination of drugs effectively suppressed the metastasis.
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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



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).
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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)2; 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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