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ABSTRACT

Eplerenone (EPR) is a selective mineralocorticoid receptor antagonist used to
treat hypertension and heart failure with low water solubility and substantial
first-pass metabolism, which limits its oral bioavailability. Nanomicelles
(NMs) are nano-sized, self-assembling structures with a hydrophobic core
(HC) and hydrophilic shell, utilized as a medication delivery system for poorly
water-soluble pharmaceuticals. The present study aimed to formulate EPR
exhibiting poor water solubility into NMs to enhance its aqueous solubility,
dissolution, and oral bioavailability. Eleven EPR nano-dispersions were
prepared employing a thin film hydration method with different surfactants
(Soluplus, TPGS, and Solutol) at different ratios, either as a single surfactant
or in combination of two surfactants. Various characterization techniques
were employed for the optimized nanomicelles, including Fourier transform
infrared (FTIR) spectroscopy and field emission-scanning electron microscopy.
The results revealed that the particle size (PS) of the majority of developed
EPR formulations fell within the nanoscale range. The optimal formulation
(F2) has a Particle size of 66.42 nm and a polydispersity index (PDI) of 0.086.
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The in vitro cumulative release percentage from the NMs was 99.9% within 5
minutes, compared with only 2.42% for the pure drug. The FTIR shows that
there was no change in the position of the EPR NM functional group. The
findings demonstrated that Soluplus NMs enhanced the solubility and in vitro
release profile of EPR, making them an excellent carrier for poorly soluble
medications, particularly when rapid release is desired.
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INTRODUCTION

Eplerenone (EPR; Figure 1), is a selective antagonist of mineralocorticoid
receptors, which is indicated to treat hypertension and heart failure with
reduced ejection fraction. Its mechanism of action involves blocking aldosterone
receptors, reducing sodium retention, and preventing cardiac remodeling?.
Compared to spironolactone, it exhibits a higher receptor selectivity, resulting
in fewer hormonal side effects, such as gynecomastia®. Despite its clinical
benefits, EPR suffers from low water solubility and substantial first-pass
metabolism that limits its oral bioavailability3. To overcome these challenges,
several drug delivery systems, including nanocarriers like micelles, are being
explored to enhance solubility and improve therapeutic outcomes*.

Figure 1. Chemical structure of eplerenone*

The concept that decreasing medication particle size (PS) can enhance the
bioavailability, dissolution rate, and solubility of the drug has given rise to
a new area of nanotechnology in the last ten years>®. Numerous strategies
were developed, including nanostructured lipid carriers, liposomes, solid
lipid nanoparticles, polymeric micelles, self-nanoemulsifying drug delivery
systems, and micro/nanoemulsions. Polymeric nanomicelles (NMs) are self-
assembling, nanoscale structures forming a core-shell structure possessing a
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hydrophobic core enclosed by a hydrophilic shell that are ideal for administering
medications that have low water solubility. Their PSs range from 5 to 100
nm®. Nanomicelle-forming molecules consist of hydrophilic and hydrophobic
domains. The exclusion of water-insoluble NM fragments from the watery
environment, which promotes the creation of hydrogen bonds in water, is
the principal processes that cause amphiphilic polymers to self-assemble into
micelles. The free energy of the process decreases because the hydrophobic
components form cores and separate from the water. This is observed at a
level that exceeds the critical micelle temperature (CMT) and critical micelle
concentration (CMC) for certain polymers”®.

In addition to improving solubility and absorption, micelles can significantly
enhance drug stability, controlled release, and the potential for targeted
delivery, particularly for oral formulations®. Their core-shell structure enables
the encapsulation of lipophilic drugs, keeping them from being broken down in
the digestive system and promoting better absorption across the intestinal wall.
Moreover, micelles can be engineered to enhance mucoadhesion and inhibit
drug efflux mechanisms, such as P-glycoprotein, which further contributes to
improved bioavailability and therapeutic efficacy*°.

This research sought to develop a nanomicellar dispersion system of NMs
encapsulating lipophilic EPR particles within their cores and revealing the
effect of utilizing mono and binary surfactants, while ensuring optimal
physical properties related to PS, drug solubility, and entrapment efficiency
for intended routes of administration.

METHODOLOGY
Materials used

Eplerenone was acquired from Zhejiang Shenzhou Pharmaceutical Co.,
Ltd (China), Span 60 from BDH Chemical Lab., and Soluplus from BASF
in Germany. MD34-5M Dialysis Bag, Mw: 8000-14000 D, was obtained
from MYM Biomedical Technology Company Limited, USA. Amicon®
Ultracentrifuge tubes, 10 kDa MWCO, were purchased from Sigma-Aldrich in
the United States. Disodium hydrogen phosphate (Na2HPO4) and potassium
dihydrogen phosphate (KH2PO4) were supplied by Thomas Baker, India,
while Chem-Lab in Belgium provided methanol HPLC grade. Analytical grade
was the standard for all other compounds.
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Preformulation investigation of EPR

The UV absorbance of EPR was scanned between 200 and 400 nm in
phosphate buffer (PB; pH 6.8) and distilled water to determine the A max. A
calibration curve of EPR in both PB (pH 6.8) and distilled water solutions was
constructed using serial dilutions that were prepared from EPR stock solution
(1 mg/mL). Using spectrophotometric analysis, the samples were analyzed at
the wavelength of maximum absorbance of EPR. The measured absorbances
were recorded and plotted against the respective concentrations® .

Solubility determination of EPR in phosphate buffer

Employing the technique of shake-flask by dissolving an excess of EPR in
10 mL tubes containing a PB solution (pH 6.8), the solubility of EPR was
determined. The mixture was shaken in a water bath for 72 hours at 37°C until
equilibrium was met. The solution was centrifuged for 30 minutes at 6000
rpm and then passed through a 0.45 pm filter syringe. It was then diluted
and analyzed employing a UV-visible spectrophotometer at the maximum
absorbance wavelength of 245 nm, with EPR concentrations determined from
the calibration curve prepared in phosphate buffer (pH 6.8). Three iterations
of the experiment were carried out, and the mean + standard deviation (SD)
was assessed™.

Preparation of nanomicelles

Nanomicelles were created utilizing the thin-film hydration technique. A
series of formulations was prepared by combining the drug EPR with various
types of surfactants, such as Soluplus, Solutol, and TPGS, either alone or in
combination (Table 1). The drug and surfactant were dissolved in 10 mL of
methanol in a round-bottom flask. The extent of solute-copolymer mixing, and
the polymer’s hydrophilic-hydrophobic extensions were significantly impacted
by this process. This resulted in enhanced drug loading in the hydrophobic
core of the NMs. The mixture was then heated to 55°C, and stirred at 300
rpm employing a Premium Hotplate Stirrer (Witeg Labortechnik GmbH)*.
To remove the organic solvent, the dissolved mixture was subjected to solvent
removal utilizing a rotary vacuum evaporator (Rotavapor® R-300a, Buchi,
GmbH; Figure 2) at 50°C, 100 rpm, and 244 mbar, followed by overnight
drying to get rid of the solvent completely. Subsequently, the EPR-loaded NMs
(EPR-NMs) were recovered by hydrating the thin film with 10 mL of ionized
water and swirling for 2 hoursv.
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Table 1. The composition of EPR-nanomicelles formulations
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ENM1 25 250 10 10 1:10
ENM2 25 3125 10 10 1:12.5
ENM3 25 375 10 10 1:15
ENM4 25 250 10 10 1:10
ENM5 25 3125 10 10 1:12.5
ENM6 25 375 10 10 1:15
ENM7 25 250 10 10 1:10
ENM8 25 250 10 10 1:10
ENM9 25 250 125 10 10 1:10:5
ENM10 25 250 125 10 10 1:10:5
ENM11 25 125 250 10 10 1:5:10

EPR: eplerenone; DW: distilled water

Figure 2. A rotary evaporator
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Characterization of prepared EPR-NMs
Particle size and polydispersity index measurement

The mean PS and polydispersity index (PDI) of the produced micelles were
determined at ambient temperature with the use of a nano laser PS analyzer
(Malvern zeta sizer, Spectris Company, UK) and a dispersion-based light
scattering method. Every study was carried out in triplicate, and the outcomes
are presented as mean + SD. For the best formula, additional investigation
was measured7S.

Entrapment efficiency determination

To determine the percentage entrapment efficiency (EE%), an indirect
approach was utilized. The prepared formulation was put in a tube (Amicon®),
Ultra-4, Merck Millipore Ltd, Ireland) that has a molecular cut-off size
(MWCO) of 10 kDa to separate the unencapsulated EPR. Employing a UV-
light spectrophotometer, an absorbance measurement at 245 nm was taken to
ascertain the weight of the unencapsulated medication. The amount of EPR in
the NMs was established using the methanol calibration curve!*2°, The EE% of

the drug was computed with Equation 1.

weight of EPR encapsuled in micelle
EE% = X100 [Eq1i]
theoritical weight of EPR

In vitro release of EPR from micelle dispersion

Based on the results of the PS and PDI measurements, formulations with a
PS of less than 100 nm and an acceptable PDI were selected to investigate the
release of EPR-NM. These formulations included F1, F2, F4, Fg, F10, and F11.
The in vitro release profile of EPR NMs was assessed employing PB (pH 6.8)
as the release medium. A dispersion (2.5 mL) was placed into a dialysis bag
(molecular weight cutoff: 12000-14000 Da), following an overnight soaking
in PB (pH 6.8). A dissolution apparatus type II was employed to immerse the
dialysis bag in 500 mL of release medium, to mimic physiological volume in
the gastrointestinal track (GIT) and provide sink conditions, at 50 rpm and
37°C. Every 5, 10, 15, 30, 45, 60, and 90 minutes, 5 mL of the sample was taken
out and replaced with a new dissolving medium. The extracted sample was
subjected to spectrophotometric analysis employing absorbance at 245 nm in
a PB (pH 6.8) calibration curve®.
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Optimal formulation selection

The optimal formula was chosen based on the outcomes of the PS, PDI, and
EE% of EPR-NM dispersions, as well as in vitro release tests. The selected
formulation was subjected to further characterization using Fourier transform
infrared (FTIR) spectroscopy and field emission-scanning electron microscope
(FE-SEM) for morphology analysis.

Field emission-scanning electron microscopy

To assess the morphology of EPR-NM, a model Inspect-50FEI from Germany
was utilized, employing multiple magnifications. The specimens were evenly
distributed on double-sided carbon tape with adhesive and subsequently
mounted onto FE-SEM specimen stubs. Then, they were sputter-coated for
2 minutes prior to imaging to achieve a uniform coating on the specimen.
The process involved the deposition of a thin layer of gold on the samples to
enhance conductivity and improve imaging quality>.

Compatibility study
Infrared fourier transform spectroscopy

The FTIR spectra of the raw EPR and physical mixture of specified formulation
were acquired employing an FTIR analyzer (FTIR-8300, Shimadzu, Japan).
FTIR analysis was performed by crushing the pure drug with potassium
bromide, compressing the mixture into a thin disc, and scanning over the range
of 400—4000 cm1. The purpose of the FTIR analysis was to find any possible
interactions or complexations between EPR and the excipients included in the
formulations.

Statistical analysis

The results are presented as the mean + SD for each sample obtained in
triplicate. However, due to the small sample size, normality testing could not be
conducted. As a result, it was assumed that the data were normally distributed,
and the test performed was a one-way analysis of variance (ANOVA) to identify
significant differences among the associated data without utilizing a post-
hoc test. A p-value of less than 0.05 was determined employing the software
GraphPad Prism (GraphPad Prism 8 software, Inc., San Diego, CA, USA),
indicating a significant variance in the outcome?2.
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RESULTS and DISCUSSION
Calibration curve and solubility

Figure 3 shows a linear calibration curve, indicating compliance with the Beer-
Lambert’s law at a predetermined A max. The saturation solubility of EPR was
measured in phosphate buffer saline (PBS; pH 6.8), which was determined
to be 362 + 0.27 pg/mL. The EPR solubility is essentially pH independent
because they do not include ionizable groups, which are classified as very
slightly soluble; similar results were obtained with Rajab NA:3.

Absorbance

concentration

Figure 3. Calibration curve of eplerenone concentration (ug/mL) at phosphate buffer (pH 6.8)

Particle size and polydispersity index assessment

The outcomes (Table 2) unequivocally demonstrate that most of the
formulations achieved nanoscale PSs, with average diameter varying depending
on the type and concentration of surfactant used. When mono surfactants, such
as Soluplus and TPGS were utilized, the PS ranged from 51.24 + 0.11t0192.3 +
0.43 nm while the PDI ranged from 0.086 + 0.4 t0 0.498 + 0.12 (Figure 4). The
outcomes indicate that TPGS significantly affected the physical characteristics
and the PS of NMs compared to Soluplus (ENM1) at the same ratio (1:10).
In contrast, the use of amphiphilic surfactants alone, such as Span 60 and
Solutol HS15 did not produce NMs. Concerning Span 60, the observation can
be attributed to its long hydrophobic tail and relatively small polar head group,
resulting in poor solubility. This characteristic prevents Span 60 from reaching
the CMC required for micelle formation and instead favours the formation of
bilayer vesicles with an aqueous core=.
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Regarding Solutol HS15, it is a mixture composed of approximately 70% mono-
and diesters of 12-hydroxystearic acid with polyethylene glycol (PEG 660) and
about 30% free PEG. Due to its high hydrophilic-lipophilic balance (HLB),
Solutol HS15 is regarded as an excellent co-surfactant for NM formulations.
However, its mixed composition, high hydrophilicity, and limited HC can
destabilize the micellar core when used alone, making it unsuitable as the
sole surfactant?#. Consequently, micelles formed without an appropriate co-
surfactant may be leaky or unstable. For this reason, Solutol is typically used in
combination with another amphiphilic polymer or surfactant (e.g., Soluplus)
to form mixed NMs with better stability and smaller size. This procedure was
utilized in the formation of Fg, which employed binary surfactant®s2°.

Regarding the concentration of surfactant, as the concentration of Soluplus
increased, both PS and PDI values significantly reduced from 84.93 nm in
F1 to 51.24 nm in F3%. Due to its amphiphilic properties, Soluplus contains
hydrophobic segments (vinyl caprolactam and vinyl acetate) that form small,
uniform-sized micelle cores of 50—80 nm with narrow PDI and the hydrophilic
PEG chains that stabilize the micelle in water. Soluplus creates spherical
micelles that self-assemble in an aqueous environment above a concentration
of 7.6 mg/L>?%. By comparing EPR formulated as nanocrystals, with PS ranging
from 94.15 -230.5 nm and EPR-loaded nanostructured lipid carriers (NLCs)
with PS of 100.85—-346.60 nm, EPR-NMs were considered superior due to their
greater reduction in PS*>2. Owing to their mutualistic and complementary
effects in solution, a binary system of surfactants (such as Fg, F10, and F11)
produces a stable NM dispersion with low PS , PDI and high EE% (Table 2).
This stability results from favourable interactions between their hydrophobic
tails and/or head groups of the surfactants which lowers the CMC value of the
mixture and enhances surface activity, improves solubilization, and multiple
aggregations compared to either surfactant alone3°-32,

Furthermore, the EE% risesin tandem with increasing surfactant concentration,
as observed in F1 and F2 (for Soluplus) and F4 and F5 (for TPGS). Formulation
2 exhibited the highest EE% and DL%, indicating that EPR was successfully
integrated into the nanostructure and that it had a high affinity for the
polymeric core. It is commonly known that if a drug has affinity for a micelle,
the drug will not be efficiently absorbed into the micelle3s.
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Table 2. Characteristics of formulated nanomicelles

Formula No PS (nm) PDI Appearance EE%
ENM1 84.93+0.15 0.188 + 0.01 Clear blue 96.89 + 0.32
ENM2 66.42 + 0.087 0.086 + 0.4 Clear blue 99.87 £ 0.13
ENM3 51.24 + 0.11 0.643 + 0.1 Clear blue 92.33 £+ 0.22
ENM4 69.9 £ 0.21 0.10+0.02 Clear blue 95.27 £ 0.31
ENM5 192.3 +0.43 0.498 +0.12 Cloudy 99.9 +0.11
ENM6 126.2+0.14 0.43+0.22 Cloudy 95.91+0.2
ENM7 | e e Precipitate
ENM8 | - e Precipitate
ENM9 186.1 + 0.22 0.348 £ 0.32 Cloudy 93.65 +0.10
ENM10 129.2 + 0.023 0.49 +0.21 Cloudy 97.03+0.19
ENM11 127.7 £ 0.31 0.31+0.11 Cloudy 99.86 + 0.34

Mean + SD; n=3; PS: particle size; PDI: polydispersity index; EE%: percentage
entrapment efficiency
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Figure 4. Particle size and PDI of EPR-nanomicelles
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In vitro release study

Figures 5 and 6 display the EPR release from the micellar dispersion and
the aqueous powder suspension. The results of the investigation indicate
that the dissolution and the total amount of EPR release increased as the PS
decreased, according to the Noyes-Whitney equation. The highest amount of
EPR released within 5 minutes was around 99.9% for F2 formulation, which
employs mono-surfactant, compared to 74.5% and 92.3% for formulations F1
and F4, respectively and 2.42% for pure drug powder. Similarly, the in vitro
release using a binary system (Figure 6), Fg achieved 100% release within 15
min compared to 9.43% of the pure drug. This enhanced release is attributed
to the effect of the binary surfactant (Soluplus and Solutol). A comparison
between prepared formulations was made employing the similarity factor
(f2) to evaluate the dissolution characteristics of EPR powder suspension
and prepared formulations. The f2 value ranges from 0 to 100, with the
FDA recommending values between 50 and 100, indicating equivalence in
dissolution profiless+. For formulations F1, F2, and F4, the corresponding f2
values are 5.52, 4.94, and 7.73, respectively, indicating that the dissolution
profiles of the NM and the pure drug powder suspension are not identical®".
Based on PS, PDI, EE% and in vitro release, F2 was selected as the optimal
formulation for further evaluation.
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Figure 5. In vitro release profiles of EPR -NM (F1, F2, F4) and pure drug powder in
PBS (pH 6.8) at 37°C (mean = SD, n=3)
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Figure 6. In vitro release profiles of EPR-NM (F9, F10, F11) and pure drug powder in PBS
(pH 6.8) at 37°C (mean + SD, n=3)

FTIR spectroscopic analysis of EPR and EPR-NM

As shown in Figures 7 A-C, the EPR spectra exhibited clear absorption bands,
which correspond to their primary functional groups. These included the
CH stretching at 2970.38 cm™, O-C-O stretching at 1778.37 cm™, C-O ester
stretching at 1724.36 cm™, and C-O stretching at 1654.92 cm™ 3. The EPR-
NM retained the distinctive EPR peaks (F2). Furthermore, a broad peak of
OH stretching groups was observed between 3250 and 3650 cm™, suggesting
hydrogen bonding interactions between functional groups in the formulation.
These findings confirm that NM was successfully produced and that there were
no chemical interactions between the formulation’s ingredients.
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Figure 7. FTIR of A) Soluplus; B) pure EPR; C) physical mixture of a selected formulation (F2)

Field emission scanning electron microscopy analysis of EPR and
EPR-NM

Figures 8 and 9 illustrate the morphological characteristics of pure EPR and
the selected formulation (F2). The particles exhibited a spherical morphology
without aggregation, with a diameter within the nanoscale, aligning closely
with the hydrodynamic diameters established through dynamic light scattering
techniques. This observation corroborates the incorporation of amorphous
EPR within the hydrophobic core of Soluplus NMs.
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Figure 9. FE-SEM characterization of F2 showing uniform nanosized spherical morphology
without aggregation

Soluplus was suitable for the formation of polymeric NMs drug delivery systems
for lipophilic medications, such as EPR. Soluplus-based NMs improve EPR’s
inherent solubility and in vitro release profile, which makes them an excellent
option as a drug carrier for poorly soluble medications, particularly when a
rapid release is preferred. Compared with other delivery systems, such as
nanocrystals and nanostructured lipid carriers, EPR-NMs offer the combined
advantages of improved stability, enhanced solubilization, and controlled
release in a single formulation, which is particularly beneficial for hydrophobic
drugs with low bioavailability. These promising results warrant further
investigation through in vivo studies to confirm the enhanced bioavailability
and therapeutic efficacy of EPR-loaded Soluplus nanomicelles. Additionally,
future research should include comprehensive stability assessments to evaluate
the long-term physicochemical stability of the developed formulation.
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