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ABSTRACT

Breast cancer is a leading contributor of cancer-related death among women throughout the world.
Exemestane (EXE), a third-generation irreversible aromatase inhibitor, is widely employed for the
management of estrogen receptor-positive (ER") breast cancer. Although the clinical efficacy of
EXE is well established, poor aqueous solubility, low oral bioavailability, short plasma half-life, and
low permeability limit its therapeutic efficacy. Therefore, the advancement of drug delivery
technologies which can improve the pharmacokinetics profile, therapeutic efficacy, and tumor
specific accumulation becomes important. In light of the above, the current review summarizes
various formulation strategies of EXE including lipid-based nanoparticles, nanoemulsion, lipid
nanocapsules, nanoparticles, liposomes, to name a few. However, polymeric mixed micelles are
emerging as an effective nanocarrier system because they can improve drug solubilization, enhance
cellular uptake, prolong systemic circulation, and facilitate passive tumor targeting. This review
discusses the advantages and characterization techniques of polymeric micelles as a drug delivery
system with special emphasis on methods of preparation, micellar architecture, and selection of
polymers. Furthermore, the review explores polymeric micelles currently approved for clinical
usage and undergoing clinical trials for an effective management of cancer. Additionally,
incorporating micellar formulations into injectable hydrogels has gained popularity among the
research community as it facilitates localized drug delivery and reduces the off target side effects
thereby, improve the overall therapeutic efficacy. These advantages underscore the need for EXE
encapsulated polymeric micelles integrated in situ hydrogel system to ensure sustained release and
maintain therapeutic concentration of EXE to improve the breast cancer treatment.
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INTRODUCTION

Breast cancer is one of the most prevalent and lethal types of cancer that poses a critical global threat,
as indicated by International Agency for Research on Cancer (IARC) in their January 2022 report. !
Estrogen promotes cancer cell proliferation via estrogen receptor-mediated signaling pathway and is
pivotal in the initiation and progression of tumor. ? Therefore, endocrine therapy has become an
integral part of management of hormone receptor-positive breast cancer. Exemestane is a potent
steroidal aromatase enzyme inactivator that irreversibly binds to aromatase enzyme (CYP19A10)
and reduces estrogen-dependent tumor growth. EXE is used as an adjuvant for the treatment of
advanced hormone receptor- positive breast cancer because of its clinical efficacy and safety profile.
3 Prolonged treatments with conventional EXE delivery systems can lead to acquired drug resistance,
reduced intracellular drug accumulation, increased cancer cell survival, and eventually failure of
therapy. # Furthermore, long-term therapy leads to severe adverse effects like osteoporosis, arthralgia
and musculoskeletal complications therefore, highlighting the need for advanced therapeutic
approaches to promote the therapeutic outcomes and reduce the associated systemic side effects. >
To augment the aqueous solubility and oral bioavailability of EXE, various research approaches
including nanoparticles, nanoemulsion, lipid nanocapsules, and liposomes to name a few, have been
previously explored. ¢ However, the full potential of EXE has not been achieved which can be
attributed to its limited therapeutic efficacy at the target tumor site.

Polymeric micelles have gained popularity because of their unique core-shell structure that permits
efficient encapsulation of hydrophobic drugs, enhances aqueous solubility, improves
pharmacokinetic behavior, prolong systemic circulation and better tumor accumulation through
enhanced permeability retention (EPR) effect. Micellar formulations offer critical benefits for
Exemestane over conventional oral and systemic strategies. ” By encapsulating Exemestane in the
hydrophobic core of a nanocarrier, micelles bypass its low water solubility, avoid harsh pre-systemic
metabolism and improve targeted tumor delivery. In advancing technology, mixed micelles are
formed using mixture of amphiphilic polymers which provide superior physicochemical stability,
higher drug loading capacity, controlled drug release and improved formulation in comparison to
conventional single polymer micelles. Due to their excellent biocompatibility, low toxicity, and
regulatory acceptance, Pluronic block copolymers have been extremely investigated as micellar
carriers; they also exhibit biological activity by inhibiting P- glycoprotein-mediated drug efflux,
reducing intracellular ATP levels, modulating mitochondrial function, and sensitizing multidrug-

resistant cancer cells to chemotherapy. For EXE delivery binary and ternary mixed micellar systems
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based on Pluronic L121, Pluronic F127, and Gelucire 44/14 have established efficient micellar
stability, improved drug encapsulation and better solubilization of hydrophobic anticancer agent. 8
While micelles are highly effective for delivering poorly water-soluble drugs, they have several
distinct chemical and structural limitations like low physical stability, poor core capacity, rapid
structure disruption, toxicity risks, and production scalability. Therefore, localized drug delivery
strategies have emerged as a topic of interest for achieving sustained drug release and higher drug
concentration at tumor site and reducing systemic exposure such as injectable-stimuli responsive in
situ hydrogels, they undergo sol-to-gel transition under physiological conditions thereby forming
biodegradable three-dimensional matrices that enable prolonged drug retention. ° To overcome
limitations with oral chemotherapy, addition of drug-loaded polymeric micelles into hydrogel
matrices represents a two-step drug delivery technique with solubilization and targeting capabilities
of nanocarriers, and sustained release properties of hydrogels.

To summarize, this review provides an overview of cancer, specifically breast cancer, and discusses
notable breakthroughs in EXE-based drug delivery platforms for the treatment of estrogen-
dependent breast cancer. Apart from this, a considerable emphasis has been given to the advantages
and characterization techniques of polymeric micelles as a drug carrier approach with special
emphasis on methods of preparation, micellar architecture, and selection of polymers. To improve
therapeutic efficacy and patient outcomes, this review summarizes anticancer drugs based polymeric
micelles and polymeric micelles currently approved for clinical application or undergoing clinical
trials for an effective management of cancer. Lastly, the review focuses on the benefits of
incorporating the micellar system into an injectable hydrogel to achieve better therapeutic outcomes
while minimizing the off-target effects.

Cancer

Cancer is defined by the unregulated multiplication of normal cells, which can potentially
metastasize to other areas of the body. Carcinogenesis, marked by six major hallmarks, can arise
in any cell, tissue or organ, precipitating pathological changes that give rise to numerous types of
cancer. ' Tumors can be categorized by their location, such as breast, brain, lung and ovarian
cancers. However, within these tumor categories, further subtypes can be distinguished through
differences in their molecular profiles, morphology, and expression of specific markers. As
reported in the JARC, GLOBOCAN 2022 update, cancer resulted in approximately 9.7 million
deaths and 20 million new cases worldwide, compared to 9.96 million deaths and 19.6 million
cases in 2020. ' It is estimated that cancer will claim the lives of 1 in 9 men and 1 in 12 women

over the course of their lifetime. As of the past decade, India ranked third in global cancer burden,
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following China and the United States of America.'? Apart from this, the metastatic process
involves invasion, intravasation and extravasation. In the early invasive stages, tumor cells acquire
aggressive properties, adopting a spindle-shaped morphology similar to stem cells or fibroblasts,
enabling migration and invasion of the breast basement membrane through EMT network
activation.!> Tumor progression involves transitions between epithelial, mesenchymal, and
squamous components. MBCs are typically large, poorly differentiated, node-negative and
ER/PR/HER2-negative.!* They have a low incidence rate of less than 0.02-5% of cases and are
generally linked to a poorer prognosis compared to IDC patients.!> 16

Breast cancer

Earlier investigations revealed that early breast cancer detection, along with appropriate treatment
and effective therapeutic strategies, plays a crucial role in significantly reducing long-term
mortality rates. Nearly half of all the cases worldwide are reported in advanced economies. ! This
phenomenon is largely linked to a unhealthy lifestyle, marked by poor dietary habits, smoking,
elevated stress levels, and insufficient physical activity. In 2018, the number of breast cancer cases
reported was 234,087 in the United States (crude rate: 85/100,000), 55,439 in the United Kingdom
(crude rate: 94/100,000), 56,162 in France (crude rate: 99/100,000), 71,888 in Germany (crude
rate: 85.4/100,000), and 66,101 in Japan (crude rate: 58/100,000). '¥ Despite the array of available
therapies such as radiation, chemotherapy and surgery, effective treatment of cancer remains a
significant challenge. The continued effectiveness of chemotherapy as a leading cancer treatment
has driven the development of numerous potent anticancer drugs, such as doxorubicin and
paclitaxel, which target rapidly dividing cancer cells by damaging their RNA or DNA. "
Approximately one-third of human breast cancer cases are classified as hormone-dependent. 2°
Estrogen is critically related to the occurrence and advancement of hormone-dependent breast
cancer. Estrogen synthesis generally takes place in adipose tissues, ovaries, skin, and breast in
postmenopausal women, making a radiological and surgical approach to ablation unworkable. 2!
Epidemiology of Breast Cancer

Breast cancer arises from the interplay of multiple interrelated factors. The precise mechanism
underlying breast carcinogenesis remains unclear; however, various risk factors have been
identified as contributing to its onset and progression. 2> 2* As evidenced by the aforementioned
epidemiological data, key risk factors for breast cancer include advancing age, biological sex and
the socioeconomic status of a given country. * The likelihood of developing breast cancer
increases with early menarche, late menopause and the absence of childbirth. 2 Hormones are

considered one of the most significant etiological factors that facilitate breast cancer progression.
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26,27 Atypical lobular or ductal hyperplasia, along with localized estrogen production in the breast,
is instrumental in the development of symptoms associated with benign breast changes, previously
termed "breast disease". ?® Breast cancer development is significantly affected by genetic
predisposition, hormone replacement therapy, unhealthy eating patterns, and obesity. Additional
key risk factors include the consumption of hormonal contraceptives, alcohol, and early-age
exposure to the ionizing radiations. Modern scientific approaches illuminate the pathology and
molecular traits of breast cancer, offering insights into its classification based on its occurrence in
different regions of the breast (Figure 1). Therefore, breast cancers are typically classified as either

sarcomas or carcinomas, depending on the specific type of cell from which they originate. %

TNM SYSTEM FOR STAGING BREAST CANCER

T0 No evidence of primary tumor N0 No regional lymph node involvement MO0 No distant metastasis (no
T1 tumor is 2 cm or smaller N1 Cancer has spread to 1-3 axillary spread to other parts of body)
T2 Tumor is between 2 and 5 cm (underarm) lymph nodes M1 Distant metastasis is present
T3 Tumor is lager than 5 cm N2 Cancer has sprad to 4-9 axillary lymph (cancer has sored to distant organs
T4 Tumor has spread to the chest  nodes or interal mammary lymph nodes like lungs, liver, or bones)
wall or skin N3 Cancer has spread to 10 or more axillary

lymph nodes or to lymph nodes near the

collarbone

?\_.

M
=

Figure 1: Tumor, node and metastasis (TNM) staging of breast cancer (T: Tumor; N: Lymph
node; M: Metastasis)

Breast cancer subtypes based on pathology and invasiveness

Non-invasive (In situ) breast cancer

Breast ductal carcinoma in sifu (DCIS) is a non-obligate, pre-invasive form of malignancy that
remains strictly localized. It remains restricted to the basal membrane of the milk ducts and is
recognized as a common precancerous condition across all tissue types, consisting of a diverse
group of lesions with the potential to develop into invasive cancer. Clinically, DCIS can manifest
as a palpable mass, nipple discharge, or Paget’s disease. 3% 3! Nevertheless, as a precursor, most
DCIS cases do not progress to an invasive stage, while active screening programs have contributed
to a rise in invasive BC diagnoses. 32

Invasive breast cancer
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Invasive breast cancer (IBC) comprises of a diverse groups of tumors that vary in characteristics
of clinical, behavioral, and morphological origins. The World Health Organization (WHO)
identifies approximately 18 distinct histological types of breast cancer. Invasive breast cancer of
no-special type (NST), previously referred to as invasive ductal carcinoma, accounting for 40—
80% of cases, and frequently encountered subtype. 33 This subtype is diagnosed by default when a
tumor cannot be particularly classified into any established histological categories. Around 25 %
of invasive breast cancers display distinct growth patterns and cytological features, leading to their
classification as separate subtypes (e.g., invasive lobular carcinoma, tubular, mucinous A,
mucinous B, neuroendocrine) ezc. 3* Invasive lobular carcinoma (ILC) is the second most prevalent
form of invasive breast cancer, representing about 5—15% of all diagnosed cases. It predominantly
occurs in older women, with a higher incidence among postmenopausal women. ILC is marked by
loss of cellular cohesion of epithelial cells accumulating within the terminal duct lobular units,
largely resulting from the loss of E-cadherin expression, a key cell-adhesion molecule, in 60-90%
of cases. From an evolutionary standpoint, ILC originates from precursor lesions such as atypical
lobular hyperplasia and lobular carcinoma in situ. Furthermore, the aforementioned types of
tumors are associated with a strong tendency to develop ER/PR-positive and HER2-negative
profiles. 3336

EXEMESTANE IN BREAST CANCER

Mechanism of action

Exemestane (EXE) is a third-generation, Type-I steroidal irreversible aromatase inhibitor that
selectively inhibits aromatase. 37 It has been approved by the United States Food and Drug
Administration (US-FDA) for estrogen receptor-positive breast cancer treatment in post-
menopausal women. 3 It binds irreversibly to the active site of the aromatase enzyme, mimicking
a natural substrate and resulting in permanent enzyme inactivation (Figure 2). 3° The therapeutic
potential of EXE has not been fully exploited, due to its low oral bioavailability (5%), poor water
solubility (80 pg/mL), and poor permeability (BCS IV). “° Its high lipophilic nature makes it
susceptible to p-glycoprotein efflux pumps, in addition, the high metabolic clearance and extensive
first-pass metabolism of exemestane collectively reduce its bioavailability at the tumor site. *!
Also, lack of a tumor-targeting approach leads to patients remaining non-adherent to prescribed
therapy, which eventually stretches the treatment duration and exhibits drug resistance as a result
of p-gp efflux pump overexpression on tumor cells. 4> Moreover, increased dosage has resulted in

serious long-term adverse effects such as osteoporosis, thus limits its therapeutic potential. 43
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Figure 2: Illustration of mechanism of action of aromatase inhibitors in cancer therapy
(Dowsett and Howell 2004) (LH: Luteinizing Hormone; FSH: Follicle-Stimulating Hormone)
Formulation strategies of exemestane

Developing an efficient nanocarrier-based system is crucial to facilitate effective delivery of EXE
and enhancement of its therapeutic efficacy. In the last decade, substantial advancements have
been made in development of innovative formulations to enhance the systemic availability of EXE
(endocrine therapy) and improve its therapeutic effectiveness in treating EDBC (estrogen-
dependent breast cancer). ** 4 These innovative delivery systems encompass lipid-based
nanoparticles (LPN), polymeric nanoparticles, nanosuspensions, solid dispersion, carbon
nanotubes and co-crystallization approaches efc. >4’ Moreover, breast cancer cells are reported to
develop resistance to endocrine therapies due to the overexpression of P-glycoprotein efflux
pumps. 4

In order to bypass first-pass metabolism associated with oral delivery, a nanoemulsion (NE)
encapsulating EXE was formulated for transdermal administration. The formulation optimization
was conducted using the Box-Behnken experimental design, which assessed the impact of key
formulation variables, including drug concentration, oil phase content, and surfactant—cosurfactant
(Smix) ratio. The optimized nanoemulsion (OE-NE) comprised 10% linoleic acid, 10 mg of EXE,
and 45.73% Smix, attaining an overall desirability index of 0.782. The findings highlight the
successful development of a stable formulation with improved skin permeation and retention,
devoid of dermal irritation, indicating its feasibility as an alternative therapeutic approach for
estrogen receptor-positive breast cancer. ** Methotrexate-lactoferrin (Lf)-targeted EXE cubosome-
based formulation exhibited an average droplet size of 143.6+3.24 nm, an encapsulation efficiency
>90% for EXE, and a conjugation efficiency of 33.3% for methotrexate (MTX). The co-delivery
of EXE and MTX revealed synergistic cytotoxicity against MCF-7 breast cancer cells with a
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combination index (CI) of 0.342. Cellular uptake studies confirmed that Lf-targeted liquid
crystalline nanoparticles (LCNPs) exhibited significantly higher internalization in MCF-7 cells
relative to non-targeted LCNPs at both 4 and 24 h. Collectively, the dual drug-loaded, receptor-
targeted LCNPs offer a promising strategy for synergistic hormonal therapy and chemotherapy in
breast cancer management. *° Lipidic nanocapsules (LNCs) were formulated utilizing a quality by
design (ObD) approach to increase the antiestrogenic activity of EXE in breast cancer therapy. The
developed LNCs exhibited significant cytotoxic effects against MCF-7 cancer cell line and
demonstrated increased anticancer activity while mitigating cardiotoxicity in a
dimethylbenz[a]anthracene (DMBA)-induced breast cancer model, compared to EXE alone.
Furthermore, the pharmacokinetic studies in vivo indicated a 4.2-fold increase in oral systemic
availability compared to the EXE suspension. This work emphasizes the potential of EXE-loaded
LNC:s as an effective oral delivery strategy system for optimizing the antiestrogenic effects of EXE
in BC treatment. °° A liquid crystalline formulation of EXE was developed for targeted drug
delivery. The influence of varying concentrations of oil, surfactant—cosurfactant mixture (Smix),
and EXE on the lattice parameter, rheological properties, and drug release profile was
systematically investigated across different formulation combinations. The optimized gel
formulation exhibited thermo-responsive behavior, maintaining a gel-like consistency while
transitioning into a free-flowing liquid at 37 °C. In vitro experimentation indicated a 38% release
rate at physiological temperature. This system presented a significant potential for hyperthermia-
induced drug release with improved EXE bioavailability, attributed to increased solubility,
permeability, and absorption. °! EXE was formulated using the nano-precipitation technique and
optimized through a Box-Behnken design approach to achieve minimal particle size, low PDI, and
high encapsulation efficiency. The developed nanoparticles exhibited an average particle size of
136.3£3.2 nm, a polydispersity index (PDI) of 0.110+0.013, and an entrapment efficiency of
88.56+ 2.15%. In vitro evaluations conducted in simulated gastrointestinal fluids showed an initial
fast release phase followed by a sustained drug release up to 24 h. Moreover, the synthesized
nanoparticles demonstrated increased cellular uptake and dose-dependent cytotoxicity against
MCEF-7 breast cancer cells relative to free EXE. These results indicate that the synthesized PLHNs
may be used for controlled release of EXE, which may improve its therapeutic efficiency against
estrogen receptor-positive breast cancer. > An EXE nanosuspension was developed by using the
Box-Behnken design for improved dissolution and oral bioavailability. The optimization results
demonstrated that the variations in critical formulation parameters substantially affected the

average particle size of the EXE nanosuspension. I/n vitro studies showed a substantial
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improvement in the rate of dissolution whereas, in vivo results from pharmacokinetic study
indicated a 2.7-folds increase in the oral relative bioavailability, suggesting the potential of the
nanosuspension over pure EXE. 3 EXE PEGylated liposomes were developed via the thin-film
hydration method, and then freeze-dried using trehalose to impart long-term stability. Intracellular
uptake and ex vivo intestinal permeation studies revealed superior cellular internalization and
enhanced intestinal permeability of PEGylated liposomes. /n vivo pharmacokinetic analysis
demonstrated a marked increase in the oral bioavailability of EXE over both conventional
liposomes as well as EXE suspension. These findings indicated that PEGylation protected against
acidic and enzymatic degradation within the gastrointestinal tract, and thereby served as a
favorable approach for improving the oral bioavailability of hydrophobic drugs. 3 EXE-loaded
nanostructured lipid carriers (NLCs) were successfully formulated using the ultrasonication
method. X-ray diffraction (XRD) and differential scanning calorimetry (DSC) analyses confirmed
areduction in the crystalline nature of EXE, indicating its successful encapsulation within the lipid
matrix of the NLCs. Ex vivo permeation studies demonstrated a significantly enhanced apparent
permeability coefficient (Papp) of 3.15x107* cm/min compared to 0.8x10~* cm/min for the EXE
suspension. This improvement in permeability was attributed to the increased solubility of EXE
within the lipid core, the submicron size of the NLCs, and the inhibition of P-glycoprotein-
mediated efflux by Tween 80 and Poloxamer 188. Confocal laser scanning microscopy (CLSM)
studies further corroborated increased permeation of EXE through enterocytes, as evidenced by
fluorescent-labelled NLCs penetrating to a depth of 154.9 um, compared to 64.9 um for the EXE
solution. Pharmacokinetic evaluation in rats demonstrated a 3.4-fold increase in the bioavailability
on oral administration of EXE-NLCs compared to the EXE suspension, highlighting the potential
of NLCs for maximizing the therapeutic efficacy of EXE. >> Liquid crystalline gels (LCGs) of EXE
were formulated for transdermal drug delivery that exhibited an %EE ranging from 85-92%, with
vesicles size in the range of 119.9-466.2 nm. Histopathological study also revealed epidermal
thinning, which confirmed the penetration of formulations into the intercellular region of
squamous cells. These results indicate the potential of EXE-loaded LCGs as a viable transdermal
delivery system for enhanced therapeutic efficacy in breast cancer treatment. 3 Similarly, EXE-
loaded vitamin E-TPGS polymeric nanoparticles (TPGS—PCLNPs) were successfully prepared by
the nanoprecipitation method. The combined effect of critical formulation and process variables
on physicochemical properties of the nanoparticles was investigated using 23 factorial design.
Characterization studies confirmed encapsulation of EXE in amorphous form in spherical TPGS—

PCLNPs with no detectable drug—polymer interactions. In vitro cytotoxicity assays on MCF-7
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breast cancer cells showed that EXE encapsulated in TPGS—PCLNPs exhibited a much stronger
cytotoxic effect than pure EXE. These findings support TPGS—PCLNPs as a feasible EXE delivery
platform, providing improved anticancer effectiveness in breast cancer. >’ However, the prior art
does not reveal any investigation pertaining to the development of a formulation containing EXE
encapsulated within a polymeric nanocarrier system such as mixed micelles.

POLYMERIC MICELLES AS DRUG NANOCARRIER SYSTEMS

Polymeric micelles (PM) are versatile drug carrier systems produced from amphiphilic
copolymers, as its self-assembled nanostructure (=10 to 200 nm) capable of carrying a payload,
owing to varying functions and clinical utility. °® The polymer science has emerged as a potential
design system for these colloidal-based drug deliveries that can be selectively targeted with
improved loading capability. This polymer self-assembles into nanostructure in an aqueous
medium above their critical micelle concentration (CMC), embedded with hydrophilic and
hydrophobic portions. In aqueous environments, the hydrophilic segment forms the core, while the
hydrophobic segment facilitates the formation of the corona of micelles. ° The hydrophobic
portion serves as a drug-retaining Reservoir, whereas the hydrophilic portion stabilizes the carrier.
The micellar corona plays a crucial function by reducing protein adsorption and combined with
their nanoscale dimensions, facilitates their accumulation in tissues having leaky vasculature via
the EPR effect. Prolonged circulation of polymeric micelles may be reduced due to rapid
glomerular filtration.

Fabrication of amphiphilic copolymer micelles

Polymeric micelles were initially formulated by employing conventional methods such as solvent
evaporation, thin-film hydration, direct solubilization and oil-in-water emulsion techniques. ¢!
Moreover, conjugate-based polymeric micelles or polymer modifications, such as block and graft
copolymerization, were typically carried out in solution phase, involving initiators and solvents,
and characterized by complex mechanisms and poorly controlled reaction parameters. ®> The
fabrication of amphiphilic copolymer micelles was initially conducted using conventional organic
solvent-mediated approaches, which raised concerns about residual by-products and consequently
limited their suitability for clinical evaluation. Utilizing toxic redox initiators to produce free
radicals can result in their uneven incorporation along the polymer backbone, potentially leading
to the unintended homopolymer impurities. % Subsequent methods included living radical
polymerization, enzymatic reactions using oxidoreductases and radiation-induced polymerization.
64 Thus, the simplest available methods that are considered suitable for effective drug loading and

reproducibility include solvent evaporation and oil-in-water solvent evaporation methods.
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Micellar architecture

Polymeric micelles constitute exceptional properties, including low critical micelle concentration
(CMC), increased stability and reduced dissociation rate, improved site-specific accumulation and
higher drug encapsulation. % The architecture of polymeric micelle confers its superior
applicability as compared to other polymer-based carriers especially drug-polymer conjugates,
which show precipitation, low water solubility, and issues in injecting hydrophobic drugs in
systemic circulation. Additionally, the composition, size, and properties of micelles are key
determinants in achieving their optimal design. The ideal size of micelles is mostly in the range of
~10-200 nm, providing an effective tissue penetration, reducing uptake by mononuclear phagocyte
system for prolonged circulation and enhanced delivery at tumor site, improved pharmacokinetics,
pharmacodynamic profiles, higher drug-loading efficiency, reproducibility, and cost-effective
synthesis. °® Most polymeric micelles are composed of di-block or tri-block copolymers or graft
polymers with a hydrophobic/hydrophilic segment or ionic copolymers. Block copolymer micelles
can be classified as per the type of intermolecular forces driving the separation of the inner core
from the surrounding aqueous phase, including amphiphilic micelles (governed by hydrophobic
interactions), polyion complex micelles (PICMs; formed through electrostatic interactions), and
micelles generated via metal complexation. %° Comprehensive research has been conducted on the
use of poly(ethylene glycol) (PEG), an FDA-approved functional excipient for oral administration,
to construct the hydrophilic shell of most polymeric micelles. Polymeric micelles with multiple
compartments within their hydrophobic core, encased by a single hydrophilic shell, are referred to
as multi-compartment micelles. Such structures provide key attributes that are extensively utilized
in nanomedicine, biotechnology, catalysis, and nanopatterning. This strategy is suitable for the
encapsulation and controlled release of incompatible drugs within a single formulation. The
hydrophilic shell of the micellar structure imparts colloidal stability by preventing aggregation in
aqueous environments. ¢’

Selection of polymer

The physical and biological attributes of polymeric micelles are mainly defined by the co-polymer
or starting material employed for the preparation of micelles. % Therefore, the selection of suitable
polymers is an important step required in successful delivery. Also, the clinical attributes such as
biodistribution, pharmacokinetic parameters, and toxicity are influenced by the physicochemical
properties of mixed micelles. ¢° In addition to these aspects, effective solubilization of hydrophobic
or hydrophilic drugs and controlled release from the core-shell structure depend on the selection of

an appropriate polymer for the delivery system. 7 Conversely, the molecular weight and chemical
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characteristics of the inner core and outer shell formed by copolymers dictate the systemic circulation
kinetics of the micelles. 7' Encapsulation of hydrophobic/ hydrophilic drugs inside the core/ corona
units is mainly governed by the compatibility of these moieties with co-polymers of the carrier
system. 7 Additionally, effective drug encapsulation largely depends on the hydrophilic-lipophilic
balance (HLB) of the block copolymer and the polymer-to-drug ratio. ’* Pluronics® have attracted
research interest as potential nanocarriers because they can self-assemble into micelles for therapeutic
agent delivery once their critical micelle concentration (CMC) is exceeded. * Pluronics are non-ionic,
non-toxic, highly biocompatible copolymers approved by the US-FDA, exhibiting core and corona-
forming units, respectively. 7 The spontaneous self-assembly behavior of copolymers in an aqueous
environment leads to the formation of nanocarrier micelles which can incorporate hydrophobic
drug molecules within their core. 7 Such structures have a key role in improving drug solvency
and bioavailability (Table 1). Also, nano-scaled polymeric micelles offer advantages including
enhanced drug circulation and drug accumulation at the site of action due to increased drug
permeation. 7’ These classical characteristics of polymeric micelles confer a significant advantage
in the design of nanocarrier systems. Consequently, polymeric micelles continue to represent one
of the most extensively investigated nanocarrier platforms for breast cancer therapy and other solid
malignancies, with several formulations advancing toward clinical evaluation (Table 2).

Table 1: Polymeric micelles as drug delivery systems for the breast cancer treatment

Polymeric Pluronic Drug loaded Key features Ref.
micelles polymer
Genexol-PM Pluronic P105 Paclitaxel Improved solubility, Reduced | 78,
toxicity, Cremophor-free | 79
formulation
Mixed micelles | Pluronic F127 | Paclitaxel Enhanced solubility, stability, | 80
and  Pluronic sustained release, in vitro
P123 apoptosis induction
Multifunctional | Pluronic F127 | Paclitaxel Folate receptor-mediated | 81
polymeric and  Pluronic endocytosis effect, in vitro
micelles P123 cytotoxicity, cell apoptosis and

cell cycle arrest studies also
revealed that FPF-PTX, improved
in vivo Dbioavailability and
anticancer activity

Mixed micelles | Pluronic F127 | Paclitaxel Dialysis method was used for | 82
and 188 preparation of mixed polymeric
micelles. Low MW heparin-all-
trans-retinoid acid conjugates
were developed, improved cell
cytotoxicity and in  vivo
anticancer activity
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Micelles

Pluronic® F127
grafted poly
(methyl  vinyl
ether-alt-maleic
acid) copolyme

r

Doxorubicin

A Pluronic-grafted poly(methyl
vinyl ether-maleic acid)
copolymer was synthesized and
used to  encapsulate the
antineoplastic drug doxorubicin
into micelles for BC treatment.
Drug-loaded micelles
formulation exhibited improved
cytotoxicity with in  vitro
sustained release profile

&3

Mixed micelles

Pluronic P105
and Pluronic
F127

Doxorubicin and
Paclitaxel

A Pluronic P105-DOX conjugate
was synthesized and utilized as a
hydrophobic core to encapsulate
an additional anticancer drug,
paclitaxel, in combination with
Pluronic F127, resulting in dual
drug-loaded mixed micelles. In
vitro  studies  demonstrated
enhanced cytotoxicity, induction
of apoptosis, and cell cycle arrest.
Furthermore, increased
intracellular drug accumulation
was observed, leading to a
synergistic therapeutic effect

84

Micelles

Pluronic127

Paclitaxel (PTX)-
Lapatinib (LPT)

LPT enhances the intracellular
levels of PTX by inhibiting efflux
pumps. Micelles formulation
exhibited in vitro sustained
release profile with improved
cytotoxicity

85

Pluronic P123
Micelles

Pluronic P123

Curcumin,
Paclitaxel

Sustained release, Enhanced
solubility, Tumor accumulation

86

Mixed Micelles

Vitamin E
TPGS, Pluronic
F127 and
Pluronic P123

Curcumin

Improved solubility, stability,
sustained release, in vitro
apoptosis, drug accumulation and
in vivo anticancer activity

87

Micelles

Pluronic P123

Curcumin

Enhancing solubility and
developing a gel formulation with
the Mucoadhesive polymer «-
Carrageenan, along with in vitro
apoptosis evaluation in MCF-7
cells

88

Mixed Micelles

Pluronic F127

and P123

Curcumin

Improved anticancer, antioxidant,
antimicrobial and oa-amylase
inhibitory activity

89

Mixed micelles

Pluronic P123
and 407 with D-
a-tocopherol

Quercetin

Improved  solubilization  of
Quercetin, in vitro sustained
release from micelles formulation
and improved in vitro

90
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polyethylene cytotoxicity as compared to pure
glycol succinate Quercetin

Micelles Pluronic127 Fisetin Improved solubility, | 91
(PF)-folic acid bioavailability and targetability of
conjugated prepared micelles formulation
polymer loaded with Fisetin

Mixed micelles | Pluronic  L61 | Doxorubicin Doxorubicin micelles | 92
and  Pluronic formulation exhibited enhanced
F127 colony formation, migration, and

invasion in vitro, as well as
greater tumorigenicity in vivo,
compared to the parental and non-
CSC counterparts.

Pluronic F127 | Pluronic F127 Docetaxel, Enhanced stability, Prolonged | 93

Micelles Doxorubicin circulation, Targeted  drug

delivery

Pluronic Pluronic F127 | Paclitaxel and | Targeted drug delivery, improved | 94

micelles F127 [and  Pluronic | Curcumin in vitro anticancer activity in

and P123 P123 MCF-7 cells

Micelles D-a-tocopherol | Baicalein In comparison to pure baicalein, | 95
polyethylene the  developed  formulation
glycol 1000 markedly  improved cellular
succinate  and uptake and cytotoxicity in MDA-
Pluronic F127 MB-231 cell lines. ROS (reactive

oxygen species) and MMP
(mitochondrial membrane
potential) assays indicated that
the formulation suppresses cell
proliferation through a ROS-
dependent, mitochondria-
mediated apoptotic pathway

Table 2: Polymeric micelles currently approved for

clinical trials

clinical application and undergoing

S. | Polymer | Polymer used | Release of drug | Therapeutic | Disease NCT number and clinical
No | micelles agent used type phase status
1. | Genexol- | PEG-b-PLA Controlled drug | Paclitaxel Breast NCT00876486/Phase 111
PM release was cancer (Completed)
achieved without | Paclitaxel Metastatic | NCT01784120/Phase 11
the need for any | and Breast (Unknown)
specific Doxorubicin | cancer
triggering Paclitaxel Recurrent | NCT00912639/Phase IV
mechanism breast (Unknown)
cancer
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Paclitaxel Ovarian NCT00877253/Phase 1
with cancer (Completed)
carboplatin
Paclitaxel Breast NCTO01169870/Phase 11

cancer (withdrawn)

NK105 | PEG-b-PPBA | A sustained Paclitaxel Metastatic | NCT01644890/
release profile recurrent | Phase III (Completed)
was achieved, breast
delivering an cancer
equivalent dose
of under 1 pg/ml
without the need
for a specific
triggering
mechanism

Nanoxel- | PEG-PDLLA Docetaxel was Docetaxel Breast NCT04066335/(Recruiting)

PM rapidly released cancer,
from the Non-
micelles, small Cell
allowing it to Lung
bind with plasma cancer
proteins, and
exhibited
pharmacokinetics
similar to
Taxotere®.

Absence of a Paclitaxel Advanced | NCT00915369/Phase
specific breast (unknown)
activation trigger cancer
Docecal | XR-17 Block Controlled Docetaxel Breast 2012-005161-12
polymer release with no cancer (EudraCT)/Phase 111
specific (results not published)
triggering
mechanism
NKO12 | PEG-b- SN-38 is released | SN-38 Triple- NCT00951054/Phase 11/
poly(glutamate) | under neutral An active negative | Completed
conditions even | metabolite of | breast
in the absence of | irinotecan cancer
a hydrolytic hydrochloride
enzyme (CPT-11)
Releases SN-38 | NKO12 and Metastatic | NCT01238952/Phase 1/
under Carboplatin | triple- Completed
neutral negative
conditions breast
cancer

*NCT: National Clinical Trial

Characterization of Polymeric Micelles

Determination of Critical Micelle Concentration (CMC) of Polymeric Micelles
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The thermodynamic stability of the micellar carrier system is described through the CMC of
amphiphilic polymers, where a lower value of CMC indicates greater system stability. °° At times,
critical association concentration (CAC) is employed in place of critical micelle concentration
(CMC) to distinguish polymeric micelles from conventional surfactants. *” Methods reported for
CMC determination are interfacial tension measurement, conductivity, osmotic pressure, and
viscosity. ?® Given the extremely low CMC values of polymeric micelles, traditional methods lack
accuracy and necessitate the use of advanced techniques such as fluorescence spectroscopy, gel
permeation chromatography (GPC) and light scattering. °% 1°%- 191 Dynamic light scattering may
have difficulty distinguishing the contributions from a single population in multi-component
media especially when polymeric micelles aggregate, thus resulting in misleading CMC
determinations. 12 Lower CMC values are essential for ensuring the in vivo stability of the
developed micellar system. Micelles prepared using polymers with extremely low CMC prevent
the micellar disassembly by dilution in the blood circulation. 7> 19 However, CMC of polymeric
micellar solutions can be tailored by modifying its chemical properties and length of the
hydrophobic segment of amphiphilic copolymers. '°* Hydrophobic drug encapsulation is generally
involved in the decrease of CMC of the carrier system. The MW of copolymer also influences the
CMC; the higher is the MW of the hydrophobic segment of the polymer, the lower will be the
CMC of the system. Pluronic polymers used in micelle preparation of anticancer agents show
lower CMC. However, polymer concentration and mixing of these polymers with another polymer
decrease the CMC of the polymeric mixture as compared to individual polymer. Such as, Pluronic
L121 in combination with Pluronic F127 reduces the polymeric mixture CMC by ten-folds as
compared to the original CMC of individual polymers.

Structural and Morphological Evaluation of Polymeric Micelles

Static light scattering, dynamic light scattering (DLS), atomic force microscopy (AFM), and
cryogenic transmission electron microscopy (Cryo-TEM) provide important details regarding the
shape, size, and distribution of micelles. Notably, Cryo-TEM holds an advantage over traditional
transmission electron microscopy (TEM) for micellar morphological studies because it preserves
the native structure of the micelles. '% The size and morphology of micelles is an important step
to understand drug loading into micellar formulations that are necessary for successful
pharmaceutical applications. % The shape, size, and behavior of polymeric carrier systems in
aqueous solutions have been extensively investigated using small-angle neutron scattering (SANS)
and small-angle X-ray scattering (SAXS). !9 The physical stability of micellar dispersions is

evaluated using techniques such as zeta potential analysis, FOrster resonance energy transfer
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(FRET), resonance energy transfer (RET) and electronic energy transfer (EET). For instance, Lu
and colleagues utilized FRET analysis to assess micellar stability wusing 3'-
dioctadecyloxacarbocyanine perchlorates as a donor and 1,1'-dioctadecyl-3,3,3’,3'-tetramethyl

108 Furthermore,

indocarbocyanine perchlorate as an acceptor in the presence of serum proteins.
atomic force microscopy (AFM) is employed to analyze the morphology and structural stability of
micelles by measuring microcosmic forces, including covalent bonding, n-m interactions, host-
guest recognition, intercalating forces and hydrogen bonding. '% These comprehensive evaluations
are crucial for rationally designing and optimizing the micelles-based drug delivery systems for
cancer therapy.

TARGETED DRUG DELIVERY SYSTEMS FOR LOCALIZED DELIVERY OF
ANTICANCER DRUGS

Medicines administered orally or parenterally are distributed throughout the body, resulting in
minimal drug accumulation at the tumor area. ''° Targeted drug delivery systems have emerged as
a promising intervention for the breast cancer management. These approaches are designed to
enable targeted delivery to malignant cells thereby, improve safety by enhancing treatment
selectivity. ! The targeted drug delivery systems for breast cancer employs multiple mechanisms
to enhance treatment efficacy while reducing the off-target side effects. ''> The ligand-targeted
approach involves employing monoclonal antibodies, such as trastuzumab, which specifically bind
to HER2-positive breast cancer cells, ensuring precise drug delivery. ''* Additionally, aptamers
and peptides act as selective targeting agents that recognize and bind to cancer cells, further
improving drug localization. Nanoparticle-based delivery systems offer another promising
strategy. Liposomes, spherical vesicles capable of encapsulating drugs, provide stable delivery
with controlled release at the tumor site. ''# Similarly, polymeric nanoparticles, composed of
biodegradable polymers, facilitate sustained drug release, improving treatment outcomes. Gold
nanoparticles, due to their ability to undergo surface modifications, enable targeted and precise
drug delivery. '

Furthermore, stimuli-responsive systems enhance drug release specificity. pH-sensitive drug
carriers exploit the acidic tumor microenvironment, triggering drug release precisely at the cancer
site. '1® These advanced delivery systems collectively contribute to improving breast cancer
treatment by improving tumor-specific drug delivery while reducing systemic side effects. '’
Temperature-sensitive drug delivery systems are crucial for improving the targeted delivery of
anticancer agents. Hyperthermia induces significant changes in the tumor microenvironment by

increasing blood flow, oxygenation, and vascular permeability, thereby enabling drug penetration.
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18 Studies have shown that most delivery systems, with diameters of up to 400 nm, can
successfully penetrate tumor cells when exposed to a temperature of 42 °C in vitro. Incorporating
thermosensitive components into drug carriers further improves site-specific release, as these
materials undergo structural changes in response to elevated temperatures. ''° Thermosensitive
polymers with a lower critical solution temperature (LCST) at around 40 °C have been extensively
developed; they remain water-soluble below this threshold but become insoluble above it,
triggering drug release. '** In addition to temperature-sensitive systems, external stimuli-
responsive mechanisms, such as magnetic and ultrasound-triggered delivery, offer precise control
over drug release at the target site. '?! These advanced strategies enhance the efficacy of targeted
drug delivery by facilitating controlled and localized release of therapeutic agents. The targeted
approach offers substantial benefits by enabling higher accumulation of drug at the tumor site
while reducing systemic exposure and associated toxicity. '?> This reduces adverse effects,
including nausea, hair loss, and immunosuppression, commonly associated with chemotherapy.
Additionally, encapsulating drugs within nanoparticles protects them from premature degradation,
ensuring effective delivery to the tumor.

However, challenges remain in implementing targeted therapies. Tumor heterogeneity can
influence treatment efficacy, as cancer cells may develop resistance, necessitating combination
therapies. Furthermore, physiological barriers, such as the dense extracellular matrix in tumors,
can hinder drug penetration, limiting therapeutic outcomes. Overcoming the aforementioned
drawbacks necessitates the need for further research and innovation in the field of novel drug
delivery systems.

CONCLUSION AND FUTURE DIRECTIONS

Breast Cancer is a major reason for cancer-related mortality amongst women, which necessitates
the need for more efficacious and safer therapeutic drug delivery systems. Exemestane is a 3™
generation aromatase inhibitor used in the management of hormone receptor-positive breast
cancer, however, its therapeutic potential is reduced due to poor aqueous solubility, low oral
bioavailability, extensive first-pass metabolism and dose-related side effects. As a result,
substantial research efforts are being made to focus on developing superior drug delivery systems
having the ability to overcome these pharmacokinetics and pharmacodynamics limitations. This
review thoroughly sums up the recent progress in EXE delivery system, including cyclodextrin
complexes, SMEDDS, nanoemulsions, nanosuspensions, polymeric nanoparticles, lipid-based
nanocarriers, liposomes, nanostructured lipid carriers, liquid crystalline systems, cubosomes and

polymeric micelles. Even with the remarkable progress achieved in the field of nanomedicine,
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there are several challenges that restrict the advancements in EXE delivery system such as
formulation stability, large-scale production, drug loading efficiency, biological barriers and
regulatory requirements. Amidst the available nanocarriers, polymeric micelles have emerged as
enticing delivery systems as a result of their unmatched shell structure, high drug loading capacity,
excellent colloidal stability, low critical micellar concentration, prolonged circulation and ability
to harness the enhanced permeability and retention (EPR) effect for passive tumor targeting. These
physicochemical properties can be promptly modified through proper polymer selection and
structural changes, enabling controlled drug release, improved pharmacokinetic performance and
addition of targeting ligands. Latest progress in mixed polymeric micelles have demonstrated
synergistic improvements in drug solubilization, encapsulation efficiency, stability and therapeutic
performance, focusing on their potential as next-generation nanocarriers for therapy of breast
cancer. Among various polymers, Pluronic block copolymers have been extensively investigated as
micellar carriers because of their excellent biocompatibility, low toxicity, and regulatory acceptance.
Beyond their carrier function, they also exhibit biological activity by inhibiting P-glycoprotein-
mediated drug efflux, reducing intracellular ATP levels, modulating mitochondrial function, and
sensitizing multidrug-resistant cancer cells to chemotherapy. Despite these advantages, Pluronic
polymers also have some limitations such as limit the drug retention at tumor site and causes
premature drug release, therefore highlighting the need of localized delivery approaches.
Stimuli-responsive targeted delivery systems have shown significant potential in improving
selectivity of tumor while reducing the systemic toxicity. Incorporation of polymeric micelles with
injectable hydrogels enhance the direct drug release at the site of tumor, therefore enhances drug
retention, reduce dose related toxicities, reduce systemic exposure and improve therapeutic effects.
Therefore, future research should focus on the advancement of multifunctional or personalized
treatment for breast cancer. Overall, the continuous interdisciplinary research will be pivotal for
expanding the therapeutic possibilities of EXE in breast cancer management. Furthermore,
successful future clinical translation of these formulations will need harmonized manufacturing
processes, consistent quality of product and precise regulatory standards in order to ensure the
safety, efficacy, quality and reproducibility of nanotechnology-based EXE formulations.
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