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Highlights

¢ Bicalutamide loaded polymeric micelles were designed and optimized using central
composite design by varying Soluplus® percentage (%) and Pluronic F127/F68
ratio (w/w).

e The optimized micelles demonstrated excellent colloidal stability and remained
physically stable for 6 months in cold storage.

¢ Bicalutamide loaded polymeric micelles showed higher cytotoxicity than free BIC
in PC-3 cells.
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Abstract

Polymeric micelles are promising nanocarriers for improving the solubility and
therapeutic efficacy of poorly water-soluble drugs. In this study, bicalutamide (BIC)-
loaded polymeric micelles were developed and optimized using central composite
design (CCD) by varying two formulation factors: the Soluplus® percentage (%) and

the Pluronic F127/Pluronic F68 ratio (w/w). The selected formulations exhibited
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favorable physicochemical properties with particle size (PS) below 100 nm, low
polydispersity index (PDI) (< 0.066), and high encapsulation efficiencies (EE) (up to
90.6%). Transmission electron microscopy (TEM) confirmed the spherical and
monodisperse structure. The micelles exhibited near-neutral zeta potentials.
Lyophilization with trehalose did not significantly alter particle size or uniformity. In vitro
release studies demonstrated sustained drug release profiles for 72 hours, and in vitro
solubility measurements revealed a significant increase (~161 to 335-fold) compared
to free BIC. The formulations also remained colloidally stable upon dilution and were
physically stable for up to 6 months at 4 °C, 25 °C/60% Relative Humidity (RH), and
40 °C/75% RH. Cellular uptake studies in the human prostate cancer (PC-3) cell line
confirmed effective internalization of the micelles. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assays demonstrated a concentration- and time-
dependent cytotoxicity. F7 exhibited superior cytotoxicity among the tested
formulations, compared to free BIC, while its blank formulation showed no significant
toxicity, indicating favorable biocompatibility. These results suggest that the developed
polymeric micelle systems have potential as stable and biocompatible delivery

systems for BIC, warranting further investigation.

1. Introduction

Prostate cancer (PCa) is the second most frequently diagnosed malignancy and
the fifth leading cause of cancer-related deaths in men worldwide (Sung et al., 2021).
PCa arises from the malignant transformation of glandular epithelial cells in the
prostate gland and is primarily driven by the proliferative effects of androgens, mainly
testosterone and dihydrotestosterone (DHT) (Chen et al., 2009). While early-stage
cancer can be effectively treated with surgery, radiation, or careful monitoring, patients
with advanced or metastatic disease often require systemic therapy, mainly androgen
deprivation therapy (ADT) (Teo et al., 2019). Despite first responses, most patients
eventually progress to castration-resistant prostate cancer (CRPC), which is
associated with a poor prognosis and necessitates the use of additional
pharmacological agents such as antiandrogens, taxanes, or androgen receptor
inhibitors (Teo et al., 2019).
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Bicalutamide (BIC; Casodex™) is a first-generation non-steroidal antiandrogen
commonly used in treating PCa. It works by blocking the binding of testosterone and
DHT to androgen receptors, which stops their effects on prostate tissue (Furr, 1996).
Its pharmacological activity is primarily attributed to the (R)-enantiomer, which exhibits
a long elimination half-life (~4.2 days) with peak plasma concentrations (Cmax) ranging
between 559 and 970 ng/mL within 15-48 hours following oral administration of a 50-
70 mg dose (McKillop et al., 1993; Cockshott, 2004). In contrast, the (S)-enantiomer
exhibits a shorter half-life (~19 hours) and a substantially lower Cmax (32-66 ng/mL)
within 2 to 5 hours (McKillop et al., 1993; Cockshott, 2004). BIC is often prescribed as
monotherapy or in combination with luteinizing hormone-releasing hormone (LHRH)
analogs due to its long elimination half-life and favorable tolerability profile. However,
its therapeutic potential is restricted by extremely poor aqueous solubility (< 5 pg/mL)
and highly variable oral bioavailability (~44%), leading to inconsistent therapeutic
outcomes (Cockshott, 2004; Danquah et al., 2010). Its solubility remains largely
independent of pH but increases significantly in organic solvents, emphasizing a
marked solubility contrast between aqueous and organic media (Volkova et al., 2022).
This difference in solubility highlights the necessity of advanced formulation strategies
to enhance BIC’s aqueous solubility and oral bioavailability.

Among various nanocarriers, polymeric micelles are considered to enhance the
delivery of poorly water-soluble drugs (Lu and Park, 2013). Polymeric micelles are
nanosized core-shell structures formed by the self-assembly of amphiphilic block
copolymers above their critical micelle concentration (CMC) (Lu and Park, 2013).
These systems, typically ranging from 10 to 100 nm in size, consist of a hydrophobic
core that encapsulates poorly soluble drugs and a hydrophilic corona that stabilizes
the structure in aqueous environments (Perumal et al., 2022). These features not only
improve solubility and stability but also enable passive tumor targeting through the
enhanced permeability and retention (EPR) effect (Torchilin, 2007). Most of the
amphiphilic polymers used for polymeric micelle formation are generally recognized
as safe (GRAS) by regulatory authorities, ensuring their safety and suitability for
pharmaceutical use (FDA, 2023). Among various polymers, Soluplus®, a graft
copolymer of polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol, and
Pluronics (poloxamers), which contain hydrophobic poly(propylene oxide) (PPO) and
hydrophilic poly(ethylene oxide) (PEO) blocks, have gained attention for their
biocompatibility, low CMC values, and ability to enhance drug solubility and stability
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(Perumal et al., 2022; Dian et al., 2014; Akbar et al., 2018). Recent studies have further
demonstrated that Soluplus®-based micellar systems can significantly improve the
solubility, permeability, and anticancer efficacy of hydrophobic drugs (Pereira-Silva et
al., 2024; Patel et al., 2025).

Although various nanocarrier systems have been investigated for BIC delivery,
most studies have focused on single-polymer micelles, solid dispersions, or lipid-
based formulations. However, the advantages of using mixed polymeric micelles,
particularly those combining Soluplus® and Pluronic copolymers, have not been
thoroughly explored. Mixed polymeric micelles can exhibit synergistic effects
compared to single-polymer systems, such as reduced CMC, enhanced
thermodynamic stability, improved drug-polymer compatibility, and more sustained
drug release profiles (Wu et al., 2020). The combination of Soluplus® and Pluronics
provides a balance between strong drug encapsulation by Soluplus® and steric
stabilization by the PEG chains of Pluronics, resulting in improved solubilization
capacity and colloidal stability.

To the best of the authors’ knowledge, no previous study has systematically
optimized Soluplus®/Pluronic mixed micelles for BIC using a central composite design
(CCD). Therefore, the purpose of the present study was to design, optimize, and
evaluate BIC-loaded mixed polymeric micelles based on Soluplus® and Pluronic
copolymers. A Design of Experiments (DoE) approach was employed to investigate
formulation parameters systematically, and a CCD was selected to assess the effects
of polymer compaosition on particle size (PS), polydispersity index (PDI), and
encapsulation efficiency (EE). Following optimization, selected micelle formulations
were lyophilized using trehalose as a cryoprotectant, and the polymeric micelles were
comprehensively evaluated for their in vitro performance, including in vitro drug
release, physicochemical stability, redispersibility, solubility enhancement, as well as
cellular uptake and cytotoxicity. To assess cellular uptake and anticancer activity, PC-
3 human prostate cancer cells were used. PC-3 represents an androgen-independent,
castration-resistant phenotype while still expressing the androgen receptor, making it
a biologically relevant model for evaluating the efficacy of antiandrogen-loaded

formulations such as BIC (van Bokhoven et al., 2003).

2. Materials and methods
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2.1. Materials

BIC was kindly provided by Onko&Kogsel Pharmaceuticals (Kocaeli, Turkey).
Soluplus®, Pluronic F127, and Pluronic F68 were supplied by BASF (Ludwigshafen,
Germany). Trehalose dihydrate (Vialose ™) was obtained from Ashland (Wilmington,
DE, USA). Ethanol (analytical grade), methanol, and acetonitrile (HPLC grade) were
purchased from Merck (Darmstadt, Germany). All other reagents and chemicals used

were of analytical grade.

2.2. Celllines

The human prostate cancer (PC-3) cell line was obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). Coumarin-6 (C6) and 4',6-Diamidino-
2-phenylindole (DAPI) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from
Life Technologies (Paisley, UK). All other cell culture reagents, including penicillin-
streptomycin, trypsin-EDTA, Dulbecco’s Modified Eagle Medium (DMEM), phosphate-
buffered saline (PBS), and fetal bovine serum (FBS), were purchased from Gibco

(Thermo Fisher Scientific, Paisley, UK).
2.3. Methods

2.3.1. Preliminary formulation studies

Preliminary formulation studies were carried out to select the most appropriate
polymeric carriers for developing BIC-loaded micelles and define the formulation
design space. In the first stage, Pluronic F127 and Pluronic F68 were evaluated
individually and in combination at various ratios (5:0, 4:1, 3:2, 2:3, 1.5, and 0:5) to
investigate their micelle-forming ability in water. Following the initial effort, Soluplus®
was incorporated into the systems at different percentages (20%, 40%, and 80%)
combined with Pluronic-based carriers. Then, the micellar formulations were assessed
regarding PS, PDI, and EE to identify the promising compositions for further

optimization.

2.3.2. Design of Experiments (DoE)
A central composite design (CCD) was created by Design Expert® Software
(Version 23.1, Stat-Ease Inc., Minneapolis, MN, USA) to optimize the micelle
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composition with a minimum number of trials. A total of 13 formulations, including five
central points, were generated to evaluate the effects of key formulation parameters.
The Soluplus® percentage (X1, %) and the Pluronic F127/Pluronic F68 ratio (X2, w/w)
were selected as independent variables. The dependent variables (responses) were
PS (Y1), PDI (Y2), and EE (Y3). The experimental levels of the independent variables
were coded as -1 (low), 0 (central), and +1 (high), with axial points (-a and +a)
automatically calculated by the software.

For each response, the appropriate model was constructed by software. The CCD
included linear, two-factor interaction (2FI), quadratic, and cubic models to evaluate
the relationships between the independent variables and the responses. Model
selection was based on a comparison of statistical ‘parameters, including the
sequential model sum of squares, lack-of-fit test, correlation coefficient (R?), adjusted
R?, and predicted R? values. In addition, the accuracy of the model and the significance
of each model term were tested using analysis of variance (ANOVA).

The formulation parameters were optimized using the desirability function
approach based on the selected models. The optimization criteria were defined to
achieve PS <100 nm, PDI £0.1, and EE = 85%.

2.3.3. Preparation of BIC-loaded polymeric micelles

The BIC-loaded polymeric micelles were prepared using the thin-film hydration
method (Hussein and Maraie, 2022; Mod Razif et al., 2023). Briefly, BIC (20 mg) and
a total of 500 mg polymer were used, corresponding to a polymer/drug ratio of 25:1
(w/w). BIC and the different amounts of polymer were carefully measured and mixed
with ethanol in a flat-bottom flask. The organic solvent was removed under reduced
pressure (40 mmHg) at 40 + 0.5 °C using a rotary evaporator (Buchi Rotavapor®, R-
3, Flawil, Switzerland). To ensure complete removal of residual organic solvent, the
film was dried overnight at room temperature. Subsequently, distilled water was added
to the film and the mixture was stirred for 2 hours at 200 rpm to facilitate micelle
formation. The resulting suspension was centrifuged at 14,000 rpm (16,700 x g) at 4
°C for 10 min (Allegra X-30R Beckman Coulter, Krefeld, Germany). The supernatant
was filtered by a Chromafil® syringe filter (CA45/25, 0.45 um, Eschau, Germany) to
separate unencapsulated drug from the micellar dispersion.

2.3.4. Characterization of BIC-loaded polymeric micelles
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Particle size (PS), polydispersity index (PDI), and zeta potential

The mean PS, PDI, and zeta potential of the freshly prepared polymeric
micelles were determined using a Malvern Zetasizer™ Nano ZS (Malvern Instruments
Ltd., Worcestershire, UK) based on Dynamic Light Scattering (DLS). All

measurements were performed at 25 °C in triplicate without further treatment.

Encapsulation efficiency

The concentration of BIC in polymeric micelles was measured using a Cary 60
UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at 271 nm
following dilution with methanol. The concentration of BIC in polymeric micelles was
determined through a calibration curve (4-16 pg/mL, R? = 0.999). The quantification
limit (QL) and detection limit (DL) were 3.4 and 1.1 pg/mL, respectively. EE (%) of BIC
was determined using Equation (1):

EE (%) = [Amount of BIC encapsulated in micelles (mg)/ Total amount of BIC used in
formulation (mg)] x 100 (1)

Critical micelle concentration (CMC)

The CMC values of micellar solutions were determined using iodine (I2) (Bonde
et al., 2020). Briefly, the iodine standard solution (ISS) was prepared by dissolving
potassium iodide (KI; 2%) and iodine (I2; 1%) in 50 mL of distilled water. For the
determination of CMC, a series of micellar solutions ranging from 20 mg/mL to 0.00001
mg/mL was prepared in distilled water. To each solution, 25 uL of a freshly prepared
ISS was added. The mixtures were incubated in the dark at 25 °C for 12 hours to
ensure equilibrium complex formation. The absorbance of each sample was measured
at 366 nm using a UV-Vis spectrophotometer against distilled water as a blank.
Baseline correction was performed in the 300-400 nm range using distilled water as
the reference solvent. The experiments were run in triplicate, and the profile of
absorption intensity versus the logarithm of polymer concentration was plotted. The
point showing a sharp change in absorbance was identified as the CMC (Bonde et al.,
2020).

Morphological characterization
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The morphology of BIC-loaded polymeric micelles was analyzed using High-
Contrast Transmission Electron Microscopy (CTEM). One drop of micellar solution
was placed onto a carbon-coated copper grid and negatively stained with 2% (w/v)
phosphotungstic acid. The copper grid was attached to the sample holder, placed in
the vacuum chamber of the transmission electron microscope (TEM), and investigated
under low vacuum. TEM measurements were taken using a FEI Tecnai G? Spirit
BioTwin CTEM Microscope (Hillsboro, OR, USA) at 120 kV (Basalious and Shamma,
2015).

2.3.5. Invitro drug release study

The polymeric micelle formulations (F2, F4, F6, and ~7) were selected following
Design Expert® analysis based on their optimized compositions (Table 1). The in vitro
release of BIC from the polymeric micelle formulations (F2, F4, F6, and F7) was
evaluated using the dialysis bag method. Each formuiation (2.5 mL) was loaded into a
cellulose dialysis membrane (MWCO: 12,400 Da, flat width 32 mm, effective diffusion
area = 2.0 cm?; Sigma-Aldrich D0530-100 FT) and incubated in 100 mL of phosphate
buffer (pH 1.2, 1% SLS) for two hours. Subsequently, the bags were transferred to 100
mL of phosphate buffer (pH 6.8, 1% SLS). The study was conducted at 37 £0.5 °C
under continuous agitation at 100 rpm for up to 72 hours in a water bath with a stirrer.
A surfactant concentration of 1% SLS was used in both media to increase the apparent
solubility of the poorly water-soluble BIC and to maintain sink conditions through the
experiment. Based on the maximum theoretical BIC concentration in the release
medium relative to the solubilization capacity of 1% SLS, the system was operated
under sink conditions (C/Cs < 0.3).

At predetermined time points, 3mL of release medium was withdrawn and
immediately replaced with an equal volume of fresh medium to maintain a constant
total volume and sink conditions. The samples were filtered by a Chromafil® syringe
filter (CA45/25, 0.22 um, Eschau, Germany) before analysis. Drug release was
guantified using a UV-Vis spectrophotometer (Cary 60 UV-Vis, Agilent Technologies,
USA) at 271 nm. The concentration of BIC in polymeric micelles was determined using
calibration curves prepared in the respective release media. For phosphate buffer (pH
1.2, 1% SLS), the calibration range was 4-20 pug/mL (R? = 0.999), with DL and QL of
0.04 and 0.11 pg/mL, respectively. For phosphate buffer (pH 6.8, 1% SLS), the
calibration range was 5-18 pg/mL (R?=0.999), and the DL and QL were 0.03 and 0.08
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png/mL, respectively. All release experiments were performed in triplicate, and the
results were expressed as mean +* standard deviation (SD).

Drug release kinetics were further evaluated using DDsolver, an Excel-based add-
in program specifically designed for modeling dissolution and release profiles (Zhang
et al., 2010). The experimental release data were fitted to a panel of 23 mathematical
models provided by the software, including zero-order, first-order, Higuchi, Hixson-
Crowell, Korsmeyer-Peppas, Peppas-Sahlin, Weibull, Hopfenberg, Baker-Lonsdale,
and other models. Model selection was based on goodness-of-fit criteria such as the
adjusted coefficient of determination (R?adj), Akaike Information Criterion (AIC), Model

Selection Criterion (MSC), and model-specific coefficients.

2.3.6. Lyophilization of BIC-loaded polymeric micelles and characterization
of the lyophilized formulations

The selected formulations (F2, F4, F6, and F7) were subjected to lyophilization to
enhance stability. Trehalose dihydrate (Vialose®) was added as a cryoprotectant at
5% (w/v), which was selected based on optimal PS and PDI values in preliminary
screening experiments (2.5%, 5% and 10%). The cryoprotectant was dissolved
directly in the micellar dispersioris prior to freezing. Aliquots (2 mL) were pre-frozen at
-80 °C for one hour and subsequently lyophilized at -55 °C under vacuum for 40 hours
using a Christ Alpha 1—2 LD plus freeze dryer (Osterode am Harz, Germany).

Particle size (PS) and polydispersity index (PDI)

After lyophilization, the polymeric micelles were reconstituted in distilled water
at 5 mg/mL polymer concentration for physicochemical evaluation. PS and PDI of the
reconstituted micelles were measured using the same DLS method described above
(Section 2.3.4). Without further treatment, measurements were performed in triplicate

at 25 °C using quartz cuvettes.

Differential scanning calorimetry (DSC)

The thermal behavior of pure BIC, individual polymers (Soluplus®, Pluronic
F127, and Pluronic F68), cryoprotectant (trehalose), the physical mixture of BIC with
the polymer blend, and the lyophilized BIC-loaded micelles was analyzed with a
Shimadzu DSC-60 differential scanning calorimeter (DSC, Kyoto, Japan).
Approximately 2 mg of each sample was accurately weighed, placed in standard
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aluminum pans, and sealed. An empty aluminum pan was used as reference, and
baseline correction was automatically performed using the instrument’'s analysis
software. The measurements were carried out under a nitrogen purge (20 mL/min) at

a heating rate of 10 °C/min over a temperature range of 25 °C to 250 °C.

Fourier-transform infrared spectroscopy (FT-IR)

FT-IR spectra of BIC, individual polymers (Soluplus®, Pluronic F127, and
Pluronic F68), cryoprotectant (trehalose), and lyophilized BIC-loaded polymeric
micelles were obtained using an FT-IR spectrometer (PerkinElmer, Spectrum 400,
Shelton, CT, USA). Approximately 2-3 mg of each sample was placed directly on the
ATR probe for analysis. The spectra were recorded in the range of 600-4000 cm-! with
a resolution of 1 cm™ to investigate possible interactions. Baseline correction and
normalization of the spectra were automatically perforimied using the instrument’s

Spectrum software to eliminate background interference.

Solubility studies

The solubility of pure BIC, polymeric micelles before lyophilization, and
lyophilized micelles in water was compared using a validated HPLC method. All
experiments were performed in triplicate. The samples were incubated at 37 °C with
rotated at 100 rpm for 24 hours. Following incubation, the samples were centrifuged
at 14,000 rpm (16,700 x g) for 10 minutes to separate the undissolved drug. The
supernatant, representing the solubilized drug fraction, was carefully collected and
filtered through a 0.22 um membrane to remove any remaining particulates (Kanoujia
et al., 2014). The clarified filtrates were then diluted with acetonitrile and analyzed by
HPLC at 271 nm to determine the equilibrium solubility of BIC.

The HPLC method was validated within the concentration range of 0.1-100
ug/mL (R? = 0.999) and demonstrated acceptable precision (intra- and inter-day RSD
< 2%) and accuracy (recovery = 98-102%). The DL and QL were 0.9 and 2.6 pg/mL,

respectively.

Effect of dilution on physical stability

A series of dilution studies was conducted to evaluate the impact of dilution on
the physical stability of BIC-loaded polymeric micelle formulations. All experiments
were performed on the lyophilized powder of the optimized micelle formulation, which
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was dispersed in distilled water at room temperature to achieve six distinct dilution
ratios: 25, 50, 100, 250, 500, and 1000-fold (v/v). After dilution, the samples were
gently mixed and analyzed promptly to assess potential changes in physical
characteristics. PS and PDI of the diluted micelles were determined by DLS, and visual
assessments were conducted to evaluate the clarity and uniformity of each sample.
The occurrence of turbidity, precipitation, or phase separation was observed as a sign
of physical instability.

Storage stability

To assess the storage stability of the lyophilized polymeric micelles, the
samples were sealed in glass vials and stored under three conditions: refrigerated (4
°C), intermediate (25 °C/60% RH), and accelerated (40 °C/75% RH) for a period of 6
months in a stability chamber. At predetermined times, the lyophilized powders were
reconstituted with distilled water and evaluated for changes in PS and PDI. In addition,
drug content was determined to assess the chemical stability of BIC during storage
using the validated HPLC method employed in the solubility studies. The drug content

(%) was calculated using the following Equation (2):
Drug content (%) = (Amount of drug measured / Theoretical drug amount) x 100 (2)

2.3.7. In vitro cellular uptake

For cellular uptake studies, PC-3 cells were seeded in p-Plate 96 Well Square
(IBIDI®, Gréafelfing, Germany) at a density of 2 x 10* cells/well and incubated for 24
hours. The cells were then treated with C6-loaded polymeric micelles at a 100 pg/mL
concentration and incubated at 37 °C. Fluorescence imaging was performed at
predetermined time intervals (15, 30, 60, and 180 min) to evaluate the time-dependent
cellular uptake. After each incubation period, the culture medium was removed, and
the cells were washed twice with 200 pL of PBS. The cells were fixed with 2%
paraformaldehyde for 15 min and permeabilized using 0.1% Triton X-100 for 5 min.
Nuclear staining was performed by incubating the cells with DAPI solution (0.1 pg/mL,
100 pyL/well) for 5 min at room temperature. After washing cells with PBS for three
times, fluorescence images were captured using a Leica DMI8 inverted fluorescence
microscope and recorded with a Leica DFC365 FX digital camera. Fluorescence
intensity was quantified using ImageJ software with the Corrected Total Cell
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Fluorescence (CTCF) method for both C6 and DAPI channels, according to Equation
3):

CTCF = Integrated density — (Area of selected cell x Mean fluorescence of
background) €))

The results were expressed as the ratio of CTCFcoumarin/CTCFpapi and as
CTCFcoumarin normalized to the total number of DAPI-stained nuclei, thereby reflecting
both relative fluorescence uptake and per-cell fluorescence intensity. Additionally, the
uptake rate (velocity) for each formulation was calculated by dividing the fluorescence
intensity ratio (CTCFcoumarin/CTCFpari) by the corresponding incubation time (min).
These uptake rates were used to compare the internalization among different
formulations (F2, F4, F6, and F7).

2.3.8. In vitro cytotoxicity assay (MTT assay)

The cytotoxic potential of free BIC, BIC-loaded polymeric micelles (F2, F4, F6, and
F7), and blank micelle formulations was assessed on PC-3 cells using the MTT assay
under aseptic conditions. The cells were seeded in 96-well plates at a density of 15 x
102 cells/well and incubated in DMEM supplemented with 10% FBS, 50 U/mL
penicillin, and 50 pg/mL streptomycin at 37 °C in a humidified atmosphere containing
5% CO:z2 for 24 hours.

After the incubation, the culture medium was discarded, and the cells were gently
washed once with PBS. Subsequently, 200 pL of phenol red-free DMEM
(supplemented with 10% FBS and antibiotics) was added to each well. The test groups
were treated with free BIC, BIC-loaded micelles (F2, F4, F6, F7), and blank micelles
at five different concentrations ranging from 1-100 pM. Cells receiving only medium
without any formulation served as the untreated control group.

Cytotoxicity was evaluated at 24 and 72 hours post-treatment. At the end of each
incubation period, the medium was discharged, and 50 pL of MTT solution (1 mg/mL
in PBS) was added to each well, followed by incubation for 3 hours at 37 °C. Afterward,
the MTT medium was removed, and 200 uL of DMSO was added to dissolve the
formazan crystals. Plates were gently agitated for 10 min to ensure complete
dissolution. The absorbance was measured at 570 nm using a microplate reader

(SpectraMax M2, Molecular Devices Corp., Sunnyvale, CA, USA).
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Experiments were performed in three independent biological replicates. Cell
viability (%) was calculated relative to the untreated control group, which was
considered 100% viable. Data were expressed as mean + standard error of mean
(SEM). The assay was used to compare the cytotoxic profiles of each formulation and

to evaluate their dose-dependent and time-dependent effects on cell viability.

2.4. Statistical analysis

All experiments were conducted in triplicate, and results are expressed as mean +
SD for formulation data and mean + SEM for cell studies.

For formulation optimization, model fitting and factor significance were evaluated
using analysis of variance (ANOVA) in Design Expert® Software (Version 23.1, Stat-
Ease Inc., Minneapolis, MN, USA). Model adequacy was confirmed by high R? values
(> 0.97), non-significant lack-of-fit (p > 0.05), and an adjusted-predicted Rz2 difference
below 0.2, indicating good predictability and minimal experimental error.

For biological assays, statistical analyses were performed using GraphPad Prism
9.0 (GraphPad Software, CA, USA). One-way ANOVA followed by Tukey’s multiple-
comparison test was applied to compare treatment groups, with p < 0.05 considered
statistically significant. The uptake velocity (fluorescence intensity/min) was calculated

from normalized CTCF values.
3. Results and discussion

3.1. Preliminary formulation studies
In the initial screening phase, the suitability of different polymeric systems for BIC
encapsulation was investigated by preparing micelles with Pluronic F127, Pluronic
F68, and their mixtures. As illustrated in Figure 1, micelles exhibited relatively large
PS (=150 nm) and high PDI values ( > 0.3), suggesting poor micellization and colloidal
instability. These findings are consistent with the prior reports emphasizing the
limitations of Pluronics due to their high CMC, which can hinder stable nanostructure
formation in agqueous environments (Dalgakiran et al., 2023; Patel et al., 2021).
Soluplus® was incorporated to overcome these limitations and enhance micelle
formation. As demonstrated in Figure 2, increasing the Soluplus® percentage resulted
in marked improvements in the micelle quality parameters. In particular, particle sizes

were reduced to < 100 nm (Figure 2A), PDI values declined to < 0.25 (Figure 2B), and
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EE increased significantly, reaching above 80% at higher Soluplus®ratios (Figure 2C).
These results show the amphiphilic nature of Soluplus® and efficient self-assembly
behavior above the CMC threshold (Alopaeus et al., 2019).

Preliminary formulation studies support the hypothesis that Soluplus® plays a
significant role in improving micelle uniformity and encapsulation performance when
combined with Pluronic block copolymers. Statistical analysis (one-way ANOVA, p <
0.05) confirmed the significance of Soluplus® concentration on all three parameters:
PS, PDI, and EE. Based on these results, Soluplus® concentration and Pluronic
F127/Pluronic F68 ratio were selected as the critical formulation variables for the
subsequent optimization via CCD. The PS, PDI, and EE were defined as the response

variables for the experimental design.
3.2. Design of Experiments (DoE)

3.2.1. Fitting data to the model

The formulation of BIC-loaded polymeric micelles was optimized using a CCD,
with Soluplus® percentage (X1) and Pluronic F127/Pluronic F68 ratio (X2) selected as
independent variables. A total of 13 experimental formulations were evaluated. The
effects of independent variables on responses (PS, PDI, and EE) were evaluated, and

the results are presented in Table 1.

Table 1. Variables used, experimental design, and observed responses from
randomized runs in the central composite design (CCD) for bicalutamide (BIC)-loaded

polymeric micelles (mean £ SD*; n = 3).

Coded levels

Independent variables
+1,414
-1 0 +1

(-a) (ta)

X1: Soluplus®

percentage, % Actual levels 43.8 50.0 65.0 80.0 86.2
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Xz: Pluronic
F127/Pluronic 0.98 1.50 2.75 4.00 452
F68 ratio, w/w

Dependent variables Desired outcomes
Y1. Particle size, nm Minimize
Y2: Polydispersity index Minimize
Y3: Encapsulation efficiency, % Maximize
Independent variables Dependent variables
FOT(‘)’(;Z“O” X X2 Y Y2 Ys
F1 -1 -1 114 +2.0 0.112+0.013  81.2+0.3
F2  Factorial +1 -1 77.8+1.8 0.066 +0.005  90.6 + 0.6
F3 points -1 +1 119+ 7.0 0.107 £0.004 77.2+1.1
F4 +1 +1 79.9 £0.9 0.062+0.003  90.1+0.1
F5 -a 0 138+ 5.0 0.151+0.010 75.1+0.3
F6 Axial +a 0 735+25 0.063+0.014 89.9+0.2
F7 points 0 -a 92.3+3.7 0.058+0.009 88.1+1.0
F8 0 +a 92.7+4.0 0.068+0.011 84.1+1.0
F9 0 0 91.1+45 0.056 £ 0.006  78.9+1.9
F10 0 0 87.1+0.4 0.067 £+0.007 78.4+1.0
F11 Cpg::]t{se 0 0 96.9+1.2 0.060 +0.002  78.7+3.9
F12 0 0 89.8+1.8 0.063+0.004 78.7+1.1
F13 0 0 90.1+1.2 0.063+0.004 785%2.1

* SD: Standard deviation.

The experimental data obtained for PS (Y1), PDI (Y2), and EE (Y3) were analyzed
using Desigh Expert® software and fitted to various models. The CCD included linear,
2Fl, quadratic, and cubic models to evaluate the relationships between the
independent variables and the responses. Based on the model summary statistics,
including the sequential model p-values, lack-of-fit tests, and correlation coefficients
(R?, adjusted R?, and predicted R?) the quadratic model was selected as the best fit for
all three responses (PS, PDI, and EE). High adjusted R?values (0.9761 for PS, 0.9715
for PDI, and 0.9973 for EE) and non-significant lack-of-fit p-values (p > 0.05) confirmed
the accuracy and adequacy of the quadratic model. Moreover, the differences between
the adjusted and predicted R?values were less than 0.2, further supporting the model’s
reliability. Although the lack-of-fit p-value for EE (0.0407) was slightly lower than 0.05,
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this was not considered indicative of poor model fitting, as the overall regression
remained statistically significant and predictive consistency was maintained (Table 2).
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Table 2. Model summary statistics and analysis of variance (ANOVA) results for the responses of the CCD.

. . ) Sequential Lack-of-fit .
Dependent variables R? Adjusted R?  Predicted R? Best fitted model
p-value p-value
Y. : Particle size, nm 0.9761 0.9590 0.9042 0.0045 0.4619 Quadratic
Y2 : Polydispersity index 0.9715 0.9511 0.8349 < 0.0001 0.0980 Quadratic

Y3: Encapsulation efficiency, % 0.9973 0.9954 0.9830 < 0.0001 0.0407 Quadratic
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3.2.2. Particle size (PS) and polydispersity index (PDI)

PS plays a crucial role in the oral absorption and systemic circulation of polymeric
micelles. To avoid rapid renal clearance or uptake by the reticuloendothelial system,
maintaining PS within the 10-100 nm range is essential for enhancing bioavailability
(Gaucher et al., 2010).

In this study, the PS of BIC-loaded polymeric micelles ranged from 73.5+2.5 nm
to 138 £ 5.0 nm, while PDI values varied between 0.056 and 0.151 (Table 1), indicating
generally monodisperse systems. The zeta potential values of micelles between -1.1
and -0.3 mV, indicating a near-neutral surface. This result is possible for
Soluplus®Pluronic micelles because their non-ionizable polymer chains and PEG-rich
outer layer mask surface charge. Such near-neutral values indicate steric stabilization
and are consistent with previous reports on similar mixed-micelle systems (Varela-
Garcia et al., 2018). As all formulations displayed similar values, zeta potential was
not included as a response variable in the design.

According to the ANOVA and model summary results (Table 2), both responses
were best fitted to the quadratic model, with high correlation coefficients (R? = 0.9761
and adjusted R? = 0.9590 for PS; R?=0.9715 and adjusted R?= 0.9511 for PDI). The
sequential p-values for PS (p = 0.0045) and PDI (p < 0.0001) were below 0.05,
indicating that the formulation factors had a statistically significant effect on both
responses, while the non-significant lack-of-fit values (0.4619 and 0.0980 for PS and
PDI, respectively; p > 0.05) confirmed a good fit for the quadratic model (Table 3).
Among the independent variables, Soluplus® percentage (X1) showed a significant
linear and quadratic effect on PS and PDI. Increasing Soluplus® content led to a
notable decrease in PS and improved micellar homogeneity. This effect may be
attributed to enhanced micellization and steric stabilization provided by the
polyethylene glycol segments of Soluplus®. This observation aligns with the coefficient
estimates in Supplementary Table S1, where Xi displays the strongest linear and
guadratic effects on both PS and PDI.

Additionally, the interaction term (X1X2) played an essential role in the PS model,
suggesting that the combination of Soluplus® and Pluronic ratio influences micelle
formation (Bernabeu et al., 2016). However, the interaction term has a very small
effect-far weaker than the dominant impact of Soluplus®. In contrast, the Pluronic
F127/Pluronic F68 ratio (X2) had a minor effect on both parameters within the tested
range. Together, these observations demonstrate that Soluplus® plays the dominant
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role in determining micelle size and uniformity, while X2 and the interaction terms
contribute minimally to the quadratic models. These trends are clearly depicted in the

three-dimensional response surface and contour plots (Figure 3).
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Table 3. ANOVA results and regression equations for the quadratic models describing the effects of formulation variables on particle
size (PS; Y1) and polydispersity index (PDI; Y2)

Y1 Particle size, nm Y2: Polydispersity index

Egtrparo;s gﬂqeL?:re Fvalue p-value s:raroefs gﬂqel?:re F-value p-value
Model 3819.48 763.90 57.20 <0.0001 0.0095 0.0019 47.67 <0.0001
X1: Soluplus® percentage, %  3465.98 3465.98  259.51 <0.0001 0.0058 0.0058 145.19 <0.0001
é(zszsprgjtgg,n\i/\?/vslﬂl Pluronic 7.35 7.35 0.5500 0.4825 3.305E-06  3.305E-06 0.0827 0.7820
X1X2 2.10 2.10 0.1574 0.7034 2.500E-07  2.500E-07 0.0063 0.9392
X12 342.09 342.09 25.61 0.0015 0.0037 0.0037 92.39 <0.0001
X22 1.04 1.04 0.0782 0.7878 7.488E-06  7.488E-06 0.1874 0.6781
Residual 93.49 13.36 0.0003 0.0000
Lack of fit 41.21 13.74 1.05 0.4619 0.0002 0.0001 4.25 0.0980
Pure error 52.28 13.07 0.0001 0.0000
Cor total 3912.97 0.0098
Best fitted model Quadratic Quadratic

Y1 =+91.00 - 20.81*X; + 0.9582*X; - 0.7250*X1X> + Y2 = +0.0618 — 0.0269*X; + 0.0006*X> + 0.0003*X1X> +
7.01*X12 + 0.3875*X,? 0.0230*X32 + 0.0010*X>2
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3.2.3. Encapsulation efficiency (EE)

EE ranged from 75.1% to 90.6% (Table 1). Among the models tested for EE, the
guadratic model exhibited the best statistical performance with a highly significant
model fit (p < 0.0001), the highest R? (0.9973) and adjusted R? (0.9954). Although the
lack of fit p-value (0.0407) was slightly below the conventional threshold of 0.05, the
guadratic model was retained as the best representation. This lack of fit p-value can
be explained by the low variability observed among the center-point replicates, which
reduces the pure-error estimate and causes the lack of fit test overly sensitive to minor
residual deviations rather than indicating a true model deficiency (Stat-Ease, 2022).
Moreover, the surface plots supported its adequacy by capturing the main trends and
interactions in the data despite minor deviations (Table 2).

Soluplus® percentage (X1) showed a significant positive effect on EE (p < 0.0001),
likely due to enhanced hydrophobic interactions and improved core entrapment.
Conversely, the Pluronic ratio (X2) had a slight negative effect, suggesting that
excessive surfactant may facilitate drug diffusion into the aqueous phase. This
observation is consistent with the coefficient estimates presented in Supplementary
Table S1, where X1 displays the strongest positive linear effect (5.40), while X2 exhibits
a small negative effect (—1.27).

The interaction (X1X2) and quadratic terms (X12, X2?) were also significant (p <
0.05), indicating non-linear contributions of both variables (Table 4). The positive
quadratic coefficients for X1 (2.05) and X2? (3.85) further demonstrate that EE does
not increase linearly but instead follows a curved response surface as polymer
composition changes. The three-dimensional response surface and contour plots
(Figure 4) visually support these findings, highlighting the critical role of polymer
compositionin drug loading efficiency.
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Table 4. ANOVA results and regression equations for the quadratic models describing

the effects of formulation variables on EE (Y3).

Ys: Encapsulation efficiency, %

Sum of Mean
F-value p-value
squares square
Model 369.54 73.91 514.77 < 0.0001
X1: Soluplus® percentage, % 233.61 233.61 1627.08 < 0.0001
X2: Pluronic F127/Pluronic F68
. 12.90 12.90 89.81 < 0.0001
ratio, w/w
X1X2 3.06 3.06 21.33 0.0024
X12 29.20 29.20 203.37 < 0.0001
X22 103.05 103.05 717.71 < 0.0001
Residual 1.01 0.1436
Lack of fit 0.8530 0.2843 7.48 0.0407
Pure error 0.1520 0.0380
Cor total 370.55
Best fitted model Quadratic

Y3 =+78.64 + 5.40*X; — 1.27*X5 + 0.8750*X1 X, +
2.05*X1? + 3.85*X;

3.2.4. Formulation optimization

Optimization was performed using the Design-Expert® software by applying
predefined constraints to guide the formulation toward the preferred quality attributes.
Specifically, PS was targeted to be below 100 nm, PDI below 0.1, and EE above 85%.
The desirability function was used to simultaneously minimize PS and PDI while
maximizing EE.

Based on this multi-response optimization strategy, Design-Expert® identified an
optimal solution with an overall desirability score of 0.967, and the corresponding
factor levels for Soluplus® percentage and Pluronic F127/Pluronic F68 ratio are

provided in Table 1. This optimized formulation was subsequently prepared and
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experimentally validated, confirming that the observed PS, PDI, and EE values were
in close agreement with model predictions.

In addition to the optimized formulation, three additional formulations (F4, F6, and
F7) were selected to further examine the influence of different polymer ratios on
micellar characteristics. These additional formulations enabled a broader assessment
of how changes in Soluplus® and Pluronic composition affect PS, PDI, and EE across

the design space.

3.3. Critical micelle concentration (CMC)

The CMC of different polymeric systems was determined using iodine (I2) as a
hydrophobic probe. As shown in Figure 5B and 5C, systems containing only Pluronics
exhibited high absorbance values, (1578 mg/L for Pluronic F127 and 4516 mg/L for
Pluronic F68), indicating poor micellization. Pure Solupius® displayed a low CMC value
(7.649 mg/L, Figure 5A), confirming its superior self-assembly capacity compared to
Pluronics. The incorporation of Soluplus® into Pluronic F127 and Pluronic F68
combinations substantially reduced the overall CMC values (Figure 5D),
demonstrating enhanced micelle formation efficiency. Overall, these results indicate
that Soluplus® promotes micellization via hydrophobic interactions and steric

stabilization, leading to more stable mixed micellar systems (Zhu et al., 2019).

3.4. Morphological characterization

The morphology of selected BIC-loaded polymeric micelle formulations (F2, F4,
F6, and F7) was visualized using TEM, as shown in Figure 6. All the formulations
demonstrated spherical morphology with uniform distribution, indicating successful
self-assembly of amphiphilic polymers in aqueous environments. The average PS
estimated from TEM images was ranged from 50-60 nm, which was consistent with
the hydrodynamic diameters obtained from DLS measurements, demonstrating strong

agreement between TEM and DLS measurements.

3.5. Invitro drug release study
The in vitro release profiles of BIC-loaded polymeric micelle formulations (F2,
F4, F6, and F7) are presented in Figure 7. All formulations exhibited prolonged drug
release over a period of 72 hours. F7 exhibited the highest cumulative release among

the tested formulations, reaching approximately 90% at the end of 72 hours. In
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contrast, formulations F2, F4, and F6 displayed more moderate release profiles, with
cumulative release values ranging between 60% and 70%. Across all formulations, no
complete plateau was reached at 72 hours; however, the release rate decreased
markedly after 48 hours, indicating a transition to a slower diffusion-controlled phase.
The faster release observed for F7 may be attributed to its lower Soluplus® content
(65%), as a reduced polymer proportion can decrease the viscosity of the micellar
matrix and weaken drug-polymer interactions, thus allowing faster diffusion of the
encapsulated drug into the release medium. Similar observations were reported by
Altamimi and Neau (2017), demonstrating that higher Soluplus® concentrations led to
slower drug dissolution due to increased medium viscosity (Altamimi and Neau,2017).

The release profiles of all four formulations (F2, F4, F6, and F7) were fitted to
multiple kinetic models using DDSolver. Among the tested models, the Peppas-Sahlin
2 model consistently provided the best overall fit, as reflected by its higher R? values,
lower AIC/MSE values, and better visual agreement with the experimental data (Table
5). In addition to Peppas-Sahlin, F2 also showed acceptable agreement with the zero-
order model, while F4 demonstrated comparable fits with zero-order, Hopfenberg, and
guadratic models. Although these models produced acceptable fits for individual
formulations, but were interpreted only as supportive models.

The Peppas-Sahlin model is widely applied when more than one release
process may contribute to the overall profile, which is relevant for polymeric micelles
where both drug diffusion and polymer rearrangement may contribute to the release
profile (Gutiérrez-Saucedo et al., 2023). In our study, the model indicated higher
Fickian diffusion constants (k1) than relaxation constants (k2), suggesting that diffusion
was the dominant release mechanism.

This interpretation was supported by the solid-state findings. FTIR analyses did
not reveal strong drug-polymer interactions, indicating no substantial restriction of drug
mobility within the micelle core (Jelonek et al., 2021). Overall, the results support
diffusion-driven release behavior and affirm the suitability of the Peppas-Sahlin model

for describing the release profiles of BIC-loaded polymeric micelles.
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Table 5. Kinetic model fitting results for BIC release from polymeric micelle formulations (F2, F4, F6, and F7).

Formulation F2 F4 F6 F7
Models Parameters Parameters Parameters Parameters
R = 0.9334 R4 = 0.9835 R = 0.9556 R = 0.9386
Zero-order AICb = 65.77 AICb = 50.64 AICP = 56.33 AICh = 70.80
MSCe = 2.41 MSCe = 3.82 MSCe = 2.79 MSCe = 2.47
ko = 0.8927 ko = 0.8774 Ko = 0.7644 ko = 1.2218
R = 0.9057 R = 0.9518 R2aq = 0.9659 R = 0.9024
Firstorder AICP = 69.60 AICh = 62.41 AICh = 53.44 AICh = 75.90
MSCe = 2.06 MSCe = 2.71 MSCe = 3.05 MSCe = 2.01
ki = 0.0131 ki = 0.0127 ki = 0.0101 ki = 0.0174
R = 0.9189 R = 0.9663 R, = 0.9648 Ry = 0.9174
. AICh = 67.94 AICb = 58.47 AICh = 53.80 AICh = 74.06
Hixson-Crowell MSCe = 2.22 MSCe = 3.11 MSCe = 3.02 MSCe = 2.18
kic = 0.0038 Knc = 0.0037 Knc = 0.0031 kic = 0.0061
R = 0.9260 R = 0.9816 R2aq = 0.9609 R = 0.9318
AICh = 67.77 AICh = 52.64 AICh = 55.80 AICh = 72.80
Hopfenberg MSCe = 2.23 MSCE = 3.64 MSCe = 2.84 MSCe = 2.29
ks = 0.0089 kes = 0.0088 kes = 0.0031 kis = 0.0122
n=1 n=1 n=3 n=1
R = 0.9187 R = 0.9751 R, = 0.9786 Ry = 0.9397
AICP = 69.51 AICb = 56.69 AICh = 49.84 AICh = 72.14
. MSC® = 2.07 MSCe = 3.27 MSCe = 3.38 MSCe = 2.35
Peppas—Sahlin 1 k1 = 0.5829 ki = -0.9789 k1 = 1.9565 ki = 2.2120
ke = 1.2312 ko = 1.4730 ko = 0.8085 ko = 1.4459
m=0.45 m=0.45 m = 0.45 m = 0.45
R = 0.9317 R = 0.9816 R2aq = 0.9821 R = 0.9494
AICH = 66.89 AICh = 52.64 AICh = 47.17 AICh = 69.52
Peppas-Sahlin 2 MSCe =2.31 MSCe¢ = 3.64 MSCe¢ = 3.62 MSCe¢ = 2.59
ki =1.2422 k1 =-0.0058 ki1 =2.3274 ki =2.8572

k2 =0.7215 k2 =0,8783 k2 = 0.4436 k2 = 0.8279
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R2q? = 0.9268 R = 0.9843 R2aq? = 0.9607 R = 0.9324
AICP = 67.65 AICP = 50.88 AICP = 55.84 AICh = 72.69
Quadratic MSCe = 1.26 MSCe = 3.80 MSCe = 2.83 MSCe = 2.30
ki = 0.0000 ki = 0.0000 ki = 0,0000 ki = 0.0000
ke = 0.0083 ke = 0.0076 ke = 0,0094 kz = 0.0130

a Adjusted coefficient of determination (R2adj), ® Akaike Information Criterion (AIC), ¢ Model Selection Criterion (MSC).
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3.6. Lyophilization of BIC-loaded polymeric micelles and characterization
of the lyophilized formulations

The influence of lyophilization on PS and PDI was evaluated for formulations F2,
F4, F6, and F7 (Table 6). All formulations exhibited a decrease in PS following
reconstitution, which may be attributed to micelles compaction and structural
reorganization during freeze-drying. Water removal during lyophilization may have
promoted closer packing of polymer chains, resulting in more compact structures that
reassembled efficiently upon hydration. The PDI values remained stable or slightly
decreased, indicating preserved or enhanced homogeneity after lyophilization. These
results confirm that the freeze-drying process maintained micellar integrity and
improved physical stability, supporting their suitability for long-term dry storage
(Pardeshi et al., 2023).

Table 6. Effect of lyophilization on the PS and PDI of BIC-loaded polymeric micelles
(mean £ SD; n = 3).

Before Lyophilization

After Lyophilization

Formulation Part(iglnensize Poly;drjzz)e(rsity Part(i;:lrﬁ)size Polyicirjzzirsity
F2 77.8+1.8 0.066 £ 0.005 56.43 +3.53 0.030+0.018
F4 79.910.9 0.062+£0.003 55.28 £2.27 0.044 £ 0.020
F6 735125 0.063+£0.014 57.78 £ 3.51 0.028 + 0.002
F7 92.3+3.7 0.056 +0.009 55.74+2.78 0.032+0.009

3.6.1. Differential scanning calorimetry (DSC)

The thermal behaviour of pure BIC, individual excipients (Soluplus®, Pluronic
F127, Pluronic F68, and trehalose), and the lyophilized micelle formulations (F2, F4,
F6, and F7) were studied to assess the solid-state form of the drug and possible drug-
polymer interactions.

Pure BIC displayed a sharp endothermic melting peak at 195.9 °C, confirming its
crystalline nature (Figure 8) and agreeing with literature (De Gaetano et al., 2022).
The thermal profile of Soluplus® illustrated no distinct melting endotherm, consistent
with its amorphous nature. A similar DSC behaviour has been previously reported in
the literature (Zhang et al., 2016), further supporting the non-crystalline character of
Soluplus®. As reported by Li et al. (2019), Pluronic F127 and Pluronic F68 exhibited a
distinct endothermic peak at 59.45 °C and 56.27 °C, respectively (Li et al., 2019).
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Trehalose showed a sharp endothermic peak at 100.7 °C and a peak at 212.9 °C that
can be attributed to the crystallization of trehalose melting, reflecting the characteristic
sequence reported in the literature (Alshweiat et al., 2024).

In the DSC thermograms of BIC-loaded polymeric micelles (F2, F4, F6, and F7;
Figure 8B), the sharp melting peak of crystalline BIC at 195.9 °C completely
disappeared, indicating that BIC was transformed into an amorphous or molecularly
dispersed state within the micelle cores. Only broad, low-intensity transitions were
detected around 52-53 °C, which can be attributed to the Pluronic components. The
disappearance of the BIC melting peak indicates that the drug was converted into an
amorphous or molecularly dispersed state within the polymeric matrix. This
amorphous transformation aligns with the substantial solubility enhancement
observed for the lyophilized micelles (161-335 fold), suggesting that the loss of
crystallinity contributed to improved aqueous solubility and dissolution performance.
These findings confirm efficient drug-polymer interactions and kinetic stabilization of
the amorphous drug during freeze-drying, which rationalizes the significant solubility
enhancement of BIC (Alopaeus et al., 2019).

Similarly, the physical mixtures (Figure 8C) exhibited a noticeable reduction in the
BIC melting endotherm intensity ‘and a slight shift toward lower temperatures
(approximately 194-195 °C), particularly for BIC:Soluplus® and BIC:Pluronic systems,
confirming partial disruption of the drug’s crystalline lattice and possible intermolecular
interactions between the drug and polymers. Conversely, the BIC:Trehalose mixture
retained a sharp meliing endotherm, indicating limited interaction between the two
components.

Overall, DSC confirmed that BIC was converted to an amorphous state within the
lyophilized ‘micelles, consistent with the enhanced solubility and dissolution
performance (Alopaeus et al., 2019).

3.6.2. Fourier-transform infrared spectroscopy (FT-IR)

FT-IR spectroscopy was employed to investigate potential interactions between
BIC and the excipients, and assess the solid-state characteristics of the freeze-dried
micellar formulations (F2, F4, F6, and F7). The spectra of pure BIC, individual
excipients (Soluplus®, Pluronic F127, Pluronic F68, and trehalose), and formulations

are presented in Figure 9.
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The FT-IR spectrum of BIC exhibits distinct characteristic bands at 3490 cm™ (O—
H stretch), 3340 cm™ (N-H stretch), 2230 cm! (C=N stretch), 1690 cm™* (amide C=0
stretch), 1610 cm™ (aromatic C=C stretch), 1320 cm™* (S=0 stretch), 1014 cm (C-O
stretch), and 840 cm™ (para-substituted aromatic rings C—H stretch). The spectrum
bands align with the previous literature values, validating the existence of
characteristic functional groups unique to the BIC structure (Sancheti et al., 2008; Ray
et al., 2017).

The FT-IR spectrum of Soluplus® displayed characteristic bands at 1730 cm
(ester C=0), 1650 cm? (amide C=0), and 1100 cm? (C-O-C), confirming its
copolymeric structure (Twal et al., 2024). Pluronic F127 and Pluronic F68 exhibited
similar profiles with bands at 2880-2970 cm™ (C-H stretching) and a strong peak
around 1100 cm* (C-O-C) (Hamed et al., 2022). Trehalose showed prominent O—H
stretching around 3400 cm and C-O stretching near 1020 cm, consistent with its
disaccharide structure (Moreno-Figueroa et al., 2023).

The FT-IR spectra of the formulations (F2, F4, F6, and F7) revealed a significant
reduction or complete disappearance of the characteristic BIC peaks observed at 3490
cm? (O—H stretch), 3340 cm™ (N-H stretch), 2230 cm™ (C=N stretch), 1690 cm™?
(amide C=0 stretch), 1610 cm (aromatic C=C stretch), 1320 cm (S=0 stretch), 1014
cm (C-0 stretch), and 840 cm (aromatic C—H stretch). The weakening or overlap
of these absorption bands with polymer-related signals indicates the formation of
hydrogen bonding and dipole-dipole interactions between BIC and the polymeric
matrix. These findings confirm that BIC was molecularly dispersed within the polymeric
carriers, leading to the loss of its crystalline structure and the formation of a stable
amorphous state in the micellar formulations. No new peaks were observed, and the
characteristic bands of the polymers remained intact, indicating that no chemical
interaction, such as covalent bond formation, occurred between the drug and the
excipients. These results suggest that BIC was physically incorporated into the
polymeric matrix through non-covalent interactions, including hydrogen bonding and
van der Waals forces, and was successfully encapsulated in all formulations. Overall,
the disappearance of BIC’s crystalline bands and the presence of broad polymeric and
saccharide signals in the formulation spectra strongly suggest successful
encapsulation of BIC in an amorphous or molecularly dispersed state. This agrees
with the DSC results (Section 3.6.1) and supports the enhanced solubility and stability
profile of the micellar systems.
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3.6.3. Solubility studies

The aqueous solubility of BIC at 37 °C was 5.75 + 3.38 ug/mL, confirming its poor
solubility. In contrast, all polymeric micelle formulations exhibited significantly
enhanced solubility, corresponding to ~161- to 335-fold increases. Among these, F6
(335-fold) and F7 (323-335-fold) exhibited the highest solubility values. Quantitative
solubility data for all formulations are presented in Supplementary Table S2.

All formulations demonstrated statistically significant solubility enhancement
compared with free BIC (p < 0.0001, unpaired t-test), indicating that micellar
encapsulation substantially improved drug dispersion in the aqueous medium. This
improvement is attributed to the incorporation of BIC into the hydrophobic micellar
core, where Soluplus® and Pluronic block copolymers form stabilized nano-sized
structures that prevent drug aggregation and promote molecular dispersion. The
markedly higher solubility of BIC-loaded micelles compared with free BIC highlights

the role of the micellar environment in stabilizing and solubilizing the drug.

3.6.4. Effects of dilution on the physical stability of BIC-loaded polymeric
micelles

The colloidal stability of the freeze-dried micellar formulations (F2, F4, F6, and
F7) was assessed upon serial dilution (25-1000 fold) in distilled water to simulate
dilution upon exposure to gastrointestinal fluids. Changes in PS and PDI are presented
in Figure 10. Additionally, the complete quantitative PS and PDI values for all dilution
ratios (25, 50, 100, 250, 500, and 1000-fold (v/v)) are provided in Supplementary Table
S3.

F7, which contained the highest Pluronic content and the lowest Soluplus® ratio
among the formulations, demonstrated the highest dilution stability, maintaining PS <
100 nm and PDI < 0.3 at all dilution levels. This superior stability may be attributed to
the steric stabilization provided by the polyethylene glycol chains of Pluronic, which
prevents micelle aggregation even under highly dilute conditions. The findings indicate
that formulation composition is crucial for preserving the physicochemical stability of
polymeric micelles during dilution, which benefits oral delivery systems exposed to

significant dilution in the gastrointestinal tract (Logie et al., 2014).
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3.6.5. Storage stability

The storage stability of the selected formulations was evaluated in terms of PS,
PDI, and drug content at 4 °C, 25 °C/60% RH, and 40 °C/75% RH over six months.
The results are presented in Table 7. Both time and temperature exhibited a
statistically significant influence on PS and PDI across all formulations (p < 0.05).
Regarding drug content, a significant temperature-dependent decrease was observed
for F2, F6, and F7 (p < 0.05), whereas F4 maintained its stability under all tested
conditions (p > 0.05). Overall, all formulations maintained good stability at 4 °C for up
to six months.

The variations in PS, PDI, and drug content under different storage conditions
were mainly influenced by temperature and time. Elevated temperatures (25-40 °C)
increased polymer mobility and dehydration, causing partial micelle disruption,
aggregation, and broader size distribution. The reduction in drug content for F2, F6,
and F7 likely resulted from temperature-induced polymer relaxation and drug leakage,
particularly in Soluplus® or Pluronic F68-rich systems. In contrast, storage at 4 °C
preserved micellar integrity and drug retention, indicating good long-term stability.

BIC is known to undergo slow hydrolysis of its amide/aryl-sulfonyl moiety and
oxidative degradation under elevated temperature and humidity (Cockshott, 2004;
Danquah et al., 2010). However, in the lyophilized state, the drug is embedded within
the hydrophobic micellar core and further stabilized by the amorphous glassy matrix
formed by trehalose, which limits molecular mobility and water uptake. This protective
environment likely contributed to the high residual drug content observed even under
accelerated conditions.

These results indicate that lyophilization and polymeric encapsulation provide
strong protection against hydrolytic and oxidative degradation, supporting the
chemical robustness of the formulations during long-term and accelerated storage.
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Table 7. PS (nm), PDI, and drug content (%) of BIC-loaded polymeric micelles (F2,
F4, F6, and F7) stored at 4 °C, 25 °C/60% RH, and 40 °C/75% RH for 6 months.

Formulation Time Condition Particle Polydispersity Drug
code size (nm) index content (%)
Initial 56.43 £ 3.53 0.030 £ 0.018 100
4 °C/60% RH 55.85 £ 2.20 0.088 £ 0.007 100.1 £ 0.2
1 months 25°C/60% RH 57.71+1.95 0.057 £0.010 100.3+£0.2
40 °C/75% RH 61.66 + 2.01 0.049 = 0.017 100.1+£0.2
E2 4 °C/60% RH 70.78 £1.08 0.099 £ 0.018 99.0+£ 0.0
3months 25°C/60% RH 56.43 + 3.53 0.030 £ 0.018 98.6+£0.4
40 °C/75% RH 56.43 + 3.53 0.030 £ 0.018 98.3+0.1
4 °C/60% RH 70.65 +1.02 0.110 + 0.006 101.1+£0.0
6 months 25 °C/60% RH 63.93 £ 0.67 0.073 £ 0.028 84.6+0.0
40 °C/75% RH 63.27 £ 0.84 0.085 = 0.009 101.0+£0.0
Initial 55.28 £ 2.27 0.044 £ 0.020 100
4 °C/60% RH 59.03 £ 2.40 0.065 £ 0.014 99.9+0.7
1 months 25°C/60% RH 56.57 +1.88 0.059 £ 0.002 100.9 £ 0.2
40 °C/75% RH  60.68 + 1.80 0.060 = 0.017 99.8+ 0.0
E4 4 °C/60% RH 69.41 + 1.56 0.087 £ 0.012 101.1+£0.3
3 months 25°C/60% RH 55.28 £ 2.27 0.044 + 0.020 99.9+0.3
40 °C/75% RH  55.28 + 2.27 0.044 £ 0.020 99.3+0.1
4°C/60% RH 66.53 +0.56 0.092 + 0.004 100.0+£0.2
6 months 25 °C/60% RH = 61.20 £ 0.40 0.106 = 0.012 102.2+0.1
40 °C/75% RH = 58.97 +£ 0.89 0.088 £ 0.002 98.0+£ 0.0
Initial 57.78 £ 3.51 0.028 £ 0.002 100
4°C/60% RH 58.14 £ 2.05 0.064 £ 0.008 99.9+0.1
1 months 25°C/60% RH 58.20 +1.51 0.032 £ 0.012 100.2+£0.2
40°C/75% RH 59.49 +2.41 0.062 = 0.007 97.5+0.2
£6 4 °C/60% RH 67.54 £ 0.85 0.084 £ 0.021 99.8+0.1
3 months ~ 25°C/60% RH 57.78 + 3.51 0.028 £ 0.002 101.3+04
40 °C/75% RH 57.78 + 3.51 0.028 £ 0.002 98.5+0.0
4 °C/60% RH 64.26 £ 0.42 0.088 £ 0.020 98.0+0.1
6 months 25°C/60% RH 61.47 £0.25 0.081 + 0.010 96.1+0.0
40 °C/75% RH 59.71 +1.04 0.076 + 0.008 92.1+0.0
Initial 55.74 £ 2.78 0.032 £ 0.009 100
4 °C/60% RH 62.28 £2.74 0.069 £ 0.008 100.8 £ 0.5
1 months 25°C/60% RH 57.04 +1.99 0.060 = 0.004 100.2+£0.2
40 °C/75% RH 61.23 +1.96 0.047 £ 0.013 99.6 £ 0.2
£7 4 °C/60% RH 71.25 £ 0.97 0.098 £ 0.009 985+0.1
3months 25°C/60% RH 55.74+£2.78 0.032 £ 0.009 99.2+ 0.0
40 °C/75% RH 55.74 +2.78 0.032 £ 0.009 99.5+0.3
4°C/60% RH 67.09+£0.68 0.110 = 0.007 99.6 £ 0.0
6 months 25 °C/60% RH 62.64 +1.18 0.010 = 0.010 98.7+ 0.0
40 °C/75% RH 64.66 £ 1.10 0.093 £ 0.015 95.9+ 0.0




Journal Pre-proof

3.7. Invitro cellular uptake

To evaluate the kinetics of micellar internalization, PC-3 cells were incubated with

C6-loaded polymeric micelles (F2, F4, F6, and F7) at 37 °C for predetermined time
intervals (15, 30, 60, and 180 min). Fluorescence microscopy images revealed a
gradual increase in intracellular green fluorescence over time, indicating progressive
cellular uptake of C6-loaded micelles (Figure 11-14).
Quantitative analysis of fluorescence intensity was performed using the CTCF method
in ImageJ software. CTCF values were calculated separately for both C6 and DAPI
channels, and data were expressed as CTCFcoumarin/CTCFpapi (Figure 11-14; left) and
CTCFcoumarin per cell (Figure 11-14; right). Both parameters exhibited a clear time-
dependent increase in intracellular fluorescence, confirming efficient micelle
internalization and accumulation within PC-3 cells. Statistical comparisons were made
using one-way ANOVA followed by Tukey’s post hoc test. The corresponding
fluorescence-intensity ratios (mean = SD) for all formulations and time points are
presented in Supplementary Table S4.

For formulation F2, no significant difference in cellular uptake was detected among
the 15-180 min incubation periods, suggesting an early equilibrium in uptake. F4
displayed a clear time-dependent increase. The Coumarin/DAPI ratio and
fluorescence per cell accumulated over time, with a significant increase at 180 min
compared to 15 min. For the F6 formulation, cellular uptake had already initiated at 15
min, and a statistically significant increase was observed at 60 and 180 min compared
with the 15 min. For the F7 formulation, cellular uptake was already detectable at 15
min, and while intensity continued to rise. Although a time-dependent increase was
observed thereafter, a statistically significant enhancement occurred only at 180 min.

These findings indicate that the kinetics of cellular internalization vary between
formulations, with F2 reaching an uptake equilibrium early, whereas F4, F6, and F7
exhibit time-dependent increases in C6 accumulation. The comparative analysis of
cellular uptake dynamics among the formulations revealed distinct kinetic behaviors.
F2 formulation demonstrated a rapid attainment of uptake equilibrium, with no
significant differences observed across the 15-180 min incubation period. This plateau
suggests that the C6-loaded system in F2 may have reached an early saturation of
membrane binding sites. F4, F6, and F7 formulations exhibited a pronounced time-
dependent increase in fluorescence, indicating progressive internalization and

sustained membrane-micelle interaction. Collectively, these results highlight that the
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rate and extent of cellular internalization are strongly formulation-dependent and may
relate to differences in micelle composition.

Micelle internalization primarily occurs through endocytosis, beginning with their
adsorption onto the cell membrane and followed by intracellular transport via
endosomes to the cytoplasm (Ghezzi et al., 2021; Sahay et al., 2010). Although this
study does not provide direct mechanistic evidence regarding the internalization
pathway of micelles, the detection of green fluorescence in the cytoplasm in all four
C6-loaded formulations indicates that each formulation is likely taken up by the cells
through endocytosis.

The dynamic uptake behavior was further visualized through three-dimensional
(3D) fluorescence reconstructions presented in Supplementary Movies 1-4. The
reconstructed 3D views clearly demonstrate the intraceliular localization of coumarin
(green) around the DAPI-stained nuclei (blue), confirming micelle internalization and
cytoplasmic accumulation after 180 min of incubation for all formulations.

In addition to static fluorescence quantification, the uptake velocity
(intensity/min) was calculated to evaluate the rate of intracellular accumulation at each
time point (Figure 15). Among the tested formulations, F2 showed the highest initial
uptake velocity (15-30 min), whereas F6 and F7 showed slower but more consistent
velocity profiles, indicating a controlled and sustained internalization behavior. This
kinetic trend aligns with the results of the MTT assay (Section 3.8), where delayed but
stronger antiproliferative effects were observed for F6 and F7 formulations due to their

prolonged intracellular retention and controlled drug release.

3.8. Invitro cytotoxicity assay (MTT assay)

The cytotoxicity assessment is essential before biomedical application of
polymeric drug delivery systems. In this study, the cytotoxic potential of BIC-loaded
polymeric micelles (F2, F4, F6, and F7) and the biocompatibility of blank micelles were
assessed in PC-3 cells using the MTT assay at 24 and 72 hours of incubation.

The effects of BIC-loaded micellar formulations on PC-3 cells viability are shown
in Figure 16 (A and B). All BIC-loaded micelle formulations (F2, F4, F6, and F7)
showed a time- and concentration-dependent decrease in cell viability, with the
concentration-dependent effect was especially obvious at 72 hours. The control group

maintained nearly 100% viability through the experiment.
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After 24 hours of incubation (Figure 16(A)), a significant decrease in cell viability
was observed for all formulations (1-100 uM) compared to the control group (p < 0.05,
indicated by *). At 100 uM, F4 and F6 formulations produced significantly lower viability
than the free BIC solution (p < 0.05, indicated by #). Although all micellar formulations
(F2, F4, F6, and F7) demonstrated higher cytotoxicity than free BIC at equivalent
concentrations, these differences were not statistically significant due to higher
variability.

After 72 hours (Figure 16(B)), the cytotoxic effects became substantially stronger,
exhibiting a clear dose-response relationship for all formulations. Compared to the
control group, all formulations (F2, F4, F6, and F7) significantly decreased cell viability
(p < 0.05). Moreover, all BIC-loaded micelles displayed significantly higher cytotoxicity
than free BIC at 10, 30, and 100 uM concentrations (p < 0.05).

The blank micelles displayed distinct cytotoxicity profiles depending on their
composition and concentration (Figure 16, C and D). After 24 hours, none of the blank
formulations induced significant cytotoxicity compared to the control group (p > 0.05),
indicating good short-term biocompatibility. However, after 72 hours, mild cytotoxic
effects were observed at higher concentrations for certain formulations. Specifically,
F2 and F6 blank micelles at 100 pM and F4 blank micelles at 30 and 100 uM resulted
in a significant reduction in cell viability compared to the control group (p < 0.05). In
contrast, the F7 blank micelles maintained cell viability above 95% at all
concentrations and time points, indicating excellent cytocompatibility. These results
suggest that only prolonged or high-dose exposure to certain polymeric compositions
may slightly reduce cell viability, possibly due to polymer accumulation or degradation
by-products (Pereira-Silva et al., 2024).

According to the MTT results, the F7 formulation—characterized by a lower
Soluplus® ratio and higher Pluronic content—exhibited the strongest cytotoxic effect
among all BIC-loaded micelles. After 72 hours, it caused significantly lower viability
than both the control group and free BIC at 10, 30, and 100 uM (p < 0.05). Conversely,
the blank F7 formulation exhibited no cytotoxicity toward PC-3 cells, indicating the
safety and biocompatibility of the carrier system. The absence of cytotoxicity can be
attributed to the high Pluronic content, which preserve cell membrane integrity and
steric stabilization through their PEG-based hydrophilic segments (Popovici et al.,
2022).
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The enhanced cytotoxicity of BIC-loaded micelles compared to free BIC can be
attributed to improved aqueous solubility, enhanced cellular uptake, and sustained
release of the drug from the micellar core. The delayed onset of cytotoxicity observed
in polymeric micelles is probably due to the entrapment of the drug within the
hydrophobic micellar core, resulting in slower intracellular accumulation compared to
the free BIC. During the first 24 hours, the internalized amount of BIC remains limited,
leading to weaker cytotoxicity; however, by 72 hours, the controlled and continuous
release of BIC results in higher intracellular drug levels and stronger cytotoxic effects.

This mechanism is supported by the cellular uptake study (Section 3.7), which
demonstrated a time-dependent increase in micellar internalization. The formulations
were gradually internalized by PC-3 cells, resulting in intracellular disassembly and
controlled drug release. This trend aligns with the in vitro release data (Section 3.5),
confirming that the time-dependent increase in cytotoxicity arises from sustained drug
release and intracellular accumulation. Overall, the controlled release of BIC from
polymeric micelles results in delayed but enhanced antiproliferative effects, with
encapsulation providing steric stabilization and prolonged intracellular activity.
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Table 8. Comparison of the cell viability of BIC and F7 formulations on PC-3 cells at various concentrations (1-100 pM) for 72 hours.
Data are presented as mean + standard error of mean (SEM) (n = 3 independent biological replicates).

Cell viability
Concentrations 1pM 3 uM 10 pM 30 uM 100 pM
BIC 91.03 +8.41 86.32 + 5.00 83.97 +4.71 : 76.01 £ 3.42 N 63.55 +0.64
F7 78.77 +3.40 70.68 + 1.54 57.23+3.77 } : 48.80 + 4.63 } . 46.41 + 1.64 } *
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4. Conclusion

In this study, BIC-loaded polymeric micelle formulations were successfully
developed and optimized using a CCD approach. Selected formulations demonstrated
favorable characteristics, including high EE, low PDI, and spherical morphology. The
formulations retained their physicochemical stability following Iyophilization and
showed improved redispersibility, enhanced solubility, and sustained release profiles.
The stability under dilution and storage conditions further supports the robustness of
the developed systems. In vitro studies confirmed the efficient cellular uptake and
significantly enhanced cytotoxic activity of the micellar systems compared to free BIC.
Notably, the F7 formulation exhibited superior cytotoxicity in a dose-dependent linked
to its high release and solubility performance, and the blank F7 formulation was safe
for use even at the highest dose after 72 hours.

Overall, the polymeric micelle formulations represent a promising delivery platform
to enhancing the solubility, stability, and therapeutic efficacy of BIC, offering an
alternative to conventional formulations. These results warrant further in vivo
pharmacokinetic and antitumor evaluations to confirm the translational potential of the
developed systems. Overall, this study provides a strong basis for future investigation
and preclinical studies to confirm the long-term safety and therapeutic advantages of

BIC-loaded polymeric micelles.
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Figure Legends
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Figure 1. Particle size (PS) and polydispersity index (PDI) of micelles prepared using
Pluronic F127, Pluronic F68, and their mixtures at various ratios (5:0, 4:1, 3:2, 2:3, 1:4,
0:5). PS values are shown as bars, and PDI values are shown as line graph. Data are

presented as mean = SD (n = 3).
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Figure 2. Effect of Soluplus® concentration on Pluronic-based micelle characteristics.
(A) PS (B) PDI (C) Encapsulation efficiency (EE) (mean £+ SD; n = 3).
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Figure 3. Contour (A, C) and three-dimensional response surface plots (B, D)
illustrating the effects of formulation variables X1 (Soluplus® percentage, %) and X2
(Pluronic F127/PluronicF68 ratio, w/w) on PS (A, B) and PDI (C, D) of bicalutamide

(BIC)-loaded polymeric micelles.
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Figure 4. Contour (A) and three-dimensional response surface plots (B, D) illustrating
the effects of formulation variables X1 (Soluplus® percentage, %) and Xz (Pluronic

F127/Pluronic F68 ratio, w/w) on EE of BIC-loaded polymeric micelles.
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Figure 5. Critical micelle concentration (CMC) determination of (A) Soluplus® and (B)
Pluronic F127 (C) Pluronic F68 using iodine (I2) probe method, and (D) comparison of

CMC values for different polymer ratios.
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Figure 6. Transmission electron microscopy (TEM) images of BIC-loaded polymeric
micelles. Representative images for formulations: (A) F2, (B) F4, (C) F6, and (D) F7
(Scale bars: 200 nm).
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Figure 7. In vitro cumulative drug release profiles of polymeric micelle formulations
(F2, F4, F6, and F7) (mean + SD; n = 3).
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Figure 8. Differential scanning calorimetry (DSC) thermograms of (A) pure BIC and
individual excipients, (B) pure BIC and lyophilized BIC-loaded polymeric micelle
formulations (F2, F4, F6, and F7), and (C) physical mixtures of BIC with individual

excipients at a 1:1 ratio.
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Figure 9. FT-IR spectra of pure BIC, individual excipients (Soluplus®, Pluronic F127,
Pluronic F68, and trehalose), and formulations (F2, F4, F6, and F7).
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Figure 10. Effect of dilution on the physical stability of BIC-loaded polymeric micelles.
PS (blue bars, left Y-axis) and PDI (purple line, right Y-axis) were measured after
dilution in distilled water at 0-, 25-, 50-, 100-, 250-, 500-, and 1000-fold for (A) F2, (B)
F4, (C) F6, and (D) F7 (mean + SD; n = 3).
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Figure 11. Fluorescence microscopy images and quantitative analysis of coumarin
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(C6)-labeled formulations in PC3 cells. (A) Representative phase-contrast, C6
fluorescence, 4',6-Diamidino-2-phenylindole (DAPI) fluorescence, and merge
C6+DAPI images of PC3 cells treated with formulation F2 for 15, 30, 60, and 180 min,
showing time-dependent cellular uptake of C6. (B) Quantitative analysis of C6
fluorescence intensity normalized to DAPI fluorescence (left) and to the number of
DAPI-stained nuclei (right). C6 uptake was quantified by calculating the corrected total
cell fluorescence (CTCF) using ImageJ software. Statistical analysis was performed

using one-way ANOVA followed by Tukey’s post hoc test; no statistically significant



differences were observed between groups (n = 3 independent biological replicates).
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Figure 12. Fluorescence microscopy images and quantitative analysis of C6-labeled
formulations in PC3 cells. (A) Representative phase-contrast, C6 fluorescence, DAPI
fluorescence, and merged C6+DAPI images of PC3 cells treated with formulation F4
for 15, 30, 60, and 180 min, showing time-dependent cellular uptake of C6. (B)
Quantitative analysis of C6 fluorescence intensity normalized to DAPI fluorescence
(left) and to the number of DAPI-stained nuclei (right). C6 uptake was quantified by

calculating the CTCF using ImageJ software. Statistical analysis was performed using



one-way ANOVA followed by Tukey’s post hoc test; * and ** indicate statistically
significant differences between groups (*p < 0.05, ** p < 0.01) (n = 3 independent

biological replicates). Scale bar: 50 pum.
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Figure 13. Fluorescence microscopy images and quantitative analysis of C6-labeled
formulations in PC3 cells. (A) Representative phase-contrast, C6 fluorescence, DAPI
fluorescence, and merged C6+DAPI images of PC3 cells treated with formulation F6
for 15, 30, 60, and 180 min, showing time-dependent cellular uptake of C6. (B)
Quantitative analysis of C6 fluorescence intensity normalized to DAPI fluorescence

(left) and to the number of DAPI-stained nuclei (right). C6 uptake was quantified by



calculating the CTCF using ImageJ software. Statistical analysis was performed using
one-way ANOVA followed by Tukey’s post hoc test; * and ** indicate statistically
significant differences between groups (*p < 0.05, ** p < 0.01) (n = 3 independent

biological replicates). Scale bar: 50 pm.
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Figure 14. Fluorescence microscopy images and quantitative analysis of C6-labeled
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formulations in PC3 cells. (A) Representative phase-contrast, C6 fluorescence, DAPI
fluorescence, and merged C6+DAPI images of PC3 cells treated with formulation F7
for 15, 30, 60, and 180 min, showing time-dependent cellular uptake of C6. (B)

Quantitative analysis of C6 fluorescence intensity normalized to DAPI fluorescence
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(left) and to the number of DAPI-stained nuclei (right). C6 uptake was quantified by
calculating the CTCF using ImageJ software. Statistical analysis was performed using
one-way ANOVA followed by Tukey’s post hoc test; * indicates a statistically significant
difference between groups (*p < 0.05). (n = 3 independent biological replicates). Scale
bar: 50 pum.
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Figure 15. Uptake velocity (intensity/min) of C6-loaded polymeric micelles (F2, F4,
F6, F7) at 15, 30, 60, and 180 min in PC-3 cells. To show the rate of intracellular
accumulation, the rate was calculated by dividing the fluorescence intensity data by
time. Statistical analysis was performed using one-way ANOVA followed by Tukey’s
post hoc test; * indicates a statistically significant difference between formulations (*p

< 0.05). (n = 3 independent biological replicates).
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Figure 16. Cell viability of PC-3 human prostate cancer cells treated with BIC-loaded
(A-B) and corresponding blank (C-D) polymeric micelles (F2, F4, F6, F7) at different
concentrations (1-100 uM) after 24 (A, C) and 72 hours (B, D) of incubation. Data are
presented as mean £ SEM (n = 3). Statistical analysis was performed using one-way
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ANOVA followed by Tukey’s post hoc test. * in (A), (B), and (D) indicates a statistically
significant difference compared to the control groups; # in (A) and (B) indicates a
statistically significant difference between each BIC-loaded formulation and its
corresponding free BIC at the same concentration (*p < 0.05). Sample sizes
correspond to independent biological replicates: n = 4 for panel (A); n = 3 for panels
(B), (C), and (D).



