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Background: This study investigates the influence of various formulation parameters on the characteristics of hinokitiol-loaded
phytosomes and evaluates their anticancer potential against breast cancer cells.

Materials and Methods: Phytosomal nanoparticles were prepared and characterized for size, zeta potential, and entrapment
efficiency. Morphological analysis was conducted using optical microscopy and transmission electron microscopy (TEM). The
solubility of hinokitiol at different pH levels was determined, and the in vitro release profile of the optimized phytosomes was
assessed. Cytotoxicity assays were performed to evaluate the anticancer efficacy against breast cancer cell lines, and apoptosis
induction was examined using Annexin V/propidium iodide staining. Cell cycle analysis was conducted to assess the impact on cell
cycle progression.

Results: The optimized phytosomes demonstrated a size range of 138.4 + 7.7 to 763.7 £+ 15.4 nm, with zeta potentials ranging from
—10.2 £ 0.28 to —53.2 + 1.06 mV and entrapment efficiencies between 29.161 + 1.163% and 92.77 £ 7.01%. Morphological
characterization confirmed uniformity and spherical morphology. Hinokitiol solubility increased with pH, and the release from the
optimized phytosomes exhibited sustained patterns. The formulated phytosomes showed superior cytotoxicity, with lower IC50 values
compared to pure hinokitiol. Treatment induced significant apoptosis and cell cycle arrest at the G2/M and S phases.

Conclusion: Hinokitiol-loaded phytosomes demonstrate promising anticancer efficacy against breast cancer cells, highlighting their
potential as targeted therapeutic agents for breast cancer therapy.
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Introduction

Breast cancer is a prevalent disease, impacting the lives of millions of women worldwide, making it one of the most
pressing health challenges of our time. Its widespread occurrence underscores the urgent need for innovative and
effective therapeutic strategies.' In 2020, the global burden of breast cancer was staggering, with new cases totaling
2.3 million, accounting for approximately 11.7% of all cancer incidents. Projections based on global demographic trends
paint a troubling picture for the future, with anticipated cases and deaths on the rise. Trailing closely behind are lung,
colorectal, prostate, and stomach cancers. Despite this shift, lung cancer remains the primary cause of cancer-related
deaths, claiming an estimated 1.8 million lives. However, female breast cancer follows closely behind, underscoring the
urgent need for continued research, prevention, and treatment efforts to combat this pervasive disease.”* By 2040, the
worldwide burden of cancer is projected to reach 28.4 million cases, marking a significant 47% increase from the levels
observed in 2020.* The anticipated increase is expected to be particularly pronounced in developing nations, where
projections indicate a sharp rise in prevalence from 64% to 95%. In contrast, more developed countries are expected to
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see more moderate growth, from 32% to 56%. This discrepancy underscores the varying impacts of socioeconomic and
healthcare infrastructure disparities between developing and developed regions. These shifts primarily stem from
demographic changes, likely exacerbated by the escalating prevalence of risk factors associated with globalization and
economic expansion. In light of these projections, establishing a sustainable infrastructure to disseminate cancer
prevention strategies and deliver quality cancer care in transitioning countries emerges as a pivotal priority in pursuing
global cancer control. The incidence of treatable cancers is increasing owing to advancements in early detection methods
and the development of cutting-edge treatments. Concurrently, there is a growing global focus on preventive measures
against cancer. However, as cancer treatment methodologies become increasingly intricate, the delineation of ethical
standards in cancer care has become a subject of significant contention and discussion.’

In recent years, there has been a burgeoning interest in the potential role of herbal medicine in treating cancer. Herbal
remedies, derived from various plants and natural sources, have long been utilized in traditional medicine systems across
cultures worldwide.®” With the advent of modern scientific research, there has been a renewed focus on exploring the
therapeutic properties of these botanical compounds in the context of cancer treatment. Herbal medicines are rich sources
of bioactive compounds such as polyphenols, alkaloids, flavonoids, and terpenoids, which possess diverse pharmacolo-
gical activities, including antioxidant, anti-inflammatory, and anticancer properties.® While conventional cancer therapies
such as chemotherapy and radiotherapy remain the cornerstone of treatment, herbal medicines are increasingly being
investigated as complementary or alternative approaches to enhance efficacy, alleviate side effects, and improve overall
quality of life for cancer patients.” However, it is imperative to rigorously evaluate the safety, efficacy, and potential
interactions of herbal remedies through robust scientific research and clinical trials to ensure their responsible integration
into mainstream cancer care protocols.

Phytosomes represent an innovative approach to herbal medicine delivery that has garnered considerable attention in
recent years. These novel formulations involve the complexation of phytoconstituents with phospholipids to enhance
their bioavailability and therapeutic efficacy.'® By forming stable complexes with phospholipids, phytosomes overcome
the limitations of poor solubility and absorption often associated with herbal extracts, thereby facilitating improved
delivery and cellular uptake of bioactive compounds'' This unique lipid-based delivery system enhances the pharmaco-
kinetic properties of herbal extracts and allows for targeted delivery to specific tissues or cells of interest. As a result,
phytosomes have emerged as promising vehicles for delivering herbal medicines, offering the potential to optimize their
therapeutic benefits in various clinical applications, including cancer treatment.

This study aims to investigate the potential of phytosomal formulations in enhancing the efficacy of herbal medicines,
especially in cancer treatment. We focus on optimizing the formulation process to minimize the particle size and
maximize the encapsulation efficiency. In vitro release studies will assess the drug release profile. Morphological
characterization will ensure structural uniformity. Additionally, we will evaluate cytotoxicity against cancer cell lines
and explore apoptotic and cell cycle effects. These findings aim to inform the development of targeted cancer
therapeutics using phytosomal formulations.

Materials and Methods

Materials

Hinokitiol was obtained from AK Scientific (Union City, CA, USA). Phospholipon 90 G was generously provided by
Lipoid GmbH (Koln, Germany). Ethanol, cholesterol, sodium deoxycholate, phosphate buffer, sodium hydroxide,
potassium hydrogen phthalate, potassium dihydrogen phosphate, and sodium bicarbonate were purchased from Sigma—
Aldrich (St. Louis, USA). Dulbecco’s Modified Eagle’s Medium (high glucose) (DMEM), fetal bovine serum (FBS),
HepG2 cell cultures, and Penicillin-streptomycin 5000 U/mL antibiotics were sourced from Thermo Fisher Scientific
(Waltham, MA, USA). Trypan blue, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and propi-
dium iodide were supplied by Merck & Co Inc. (West Point, PA, USA). The Annexin V-FITC Apoptosis Kit was
acquired from Creative Biolabs (Shirley, NY, USA). The MCF-7 and MDA-MB-231 cell lines were acquired from the
American Type Culture Collection (Manassas, Virginia, USA).
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Draper-Lin Small Composite Experimental Design

In this study, the drug-loaded phytosomal formulations were developed using the Draper-Lin small composite experi-
mental design as suggested by the Statgraphics Centurion XV, version 15.2.05 software (StatPoint, Inc., Warrenton, VA,
USA). In this study, the impact of four independent variables (X1: drug-to-phospholipid molar ratio, X2: percentage of
cholesterol to total phospholipid, X3: percentage of deoxycholic acid to total phospholipid, and X4: pH of the hydration
medium) on three responses (Y1: particle size, Y2: zeta potential, and Y3: entrapment efficiency) of hinokitiol
phytosomes was investigated. The software recommended the Draper-Lin small composite design as an efficient and
robust approach to explore the relationships between these variables and the studied responses. This design is particularly
suitable for optimizing formulations with a moderate number of factors while minimizing the number of experimental
runs compared to full factorial designs. The independent variables (X1-X4) and their levels were identified based on our
preliminary trials and the literature review. The drug-to-phospholipid molar ratio, percentage of cholesterol to phospho-
lipid, percentage of deoxycholic acid to phospholipid, and the pH of the hydration medium were adjusted to ranges of
1-3, 5-30, 5-20, and 5.5-9.3, respectively.

Preparation of the Hinokitiol-Loaded Phytosomal Formulations

The composition of the eighteen drug-loaded phytosomal formulations proposed by the Draper-Lin small composite
experimental design is illustrated in Table 1. Formulation preparation was conducted using the thin film hydration technique
as previously described in the literature.'*'* Briefly, the known weight of the drug (100 mg) and the calculated amount of
phospholipid, cholesterol, and sodium deoxycholate were dissolved in ethanol with the aid of water bath sonication in
a rounded bottom flask. Subsequently, the organic solvent (ethanol) was evaporated using a Buchi Rotavapor R-200 (Buchi
labortechnik AG, CH-9230, Flawil, Switzerland) at 45°C under reduced pressure until a thin lipid film was formed inside the
container. To ensure complete removal of the organic solvent, the container containing the lipid film was left overnight at
25°C in a vacuum oven from Thermo Fisher Scientific Inc. (OH, USA). Then, a known volume of the specified hydration

Table I Composition of the Hinokitiol-Loaded Phytosomal Formulations
and the Observed Values of the Dependent Variables

Run Independent Variables Dependent Variables
Xl X2 | X3 | X4 | YI (nm) Y2 (mV) Y3 (%)

Fl 1:2 175 | 125 | 74 595+55.6 | —41.3+0.78 | 60.35+4.05
F2 1:2 175 | 125 | 7.4 | 576.1%98.2 | —41.3£0.78 | 62.44+3.33
F3 1:2 17.5 0 74 695+27.4 | —10.2+0.28 | 62.93+4.32
F4 1:2 385 | 125 | 74 | 738.4%25.3 | —40.8+1.30 | 60.36+5.09
F5 1:3 30 20 5.5 | 484.6+43.2 | —35.2%£1.20 | 90.63£7.06
Fé6 I:1 30 5 9.3 | 196.6x13.2 | —40.5+0.64 | 44.17£3.09
F7 1:3 5 20 9.3 | 457.3£15.0 | —49+0.50 | 53.18+3.36
F8 I:1 30 20 9.3 138.4£7.7 | —53.2+1.06 | 43.09£3.26
F9 1:3.68 | 175 | 125 | 74 | 763.7£15.4 | —42.7+0.57 | 85.25+6.29
Fl0 I:1 5 20 5.5 | 183.2429.3 | —31.6+0.35 | 64.55+3.26
FIl | 1:032 | 175 | 125 | 74 191.743.9 | —39.4+2.69 | 41.88£1.09
Fl12 122 0 125 | 7.4 | 216.7+18.1 | —41.2+0.50 | 61.81£3.16
FI3 I:1 5 5 5.5 | 290.9£38.4 | —27.2+0.14 | 66.31+3.09
Fl4 122 175 | 125 | 10.6 | 496.2+28.3 | —50.2+0.14 | 29.16x1.16
FI5 122 175 | 125 | 42 | 454.2+37.8 | —18.8+0.57 | 92.77+7.01
Fl6 1:2 175 | 25.1 | 74 | 2284129 | —45.5£0.63 | 55.14+4.31
F17 1:3 5 5 9.3 | 4853%4.5 | —40.3£0.78 | 53.79£1.06
FI18 1:3 30 5 5.5 | 756.9£12.3 | —18.840.14 | 91.94+6.07

Abbreviations: XI; drug-to-phospholipid molar ratio, X2; percentage of cholesterol to total
phospholipid, X3; percentage of deoxycholic acid to total phospholipid, X4; pH of the hydra-
tion media, Y1; particle size, Y2; zeta potential, Y3; entrapment efficiency.
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medium (50 mL) was added to the lipid film, and the mixture was stirred at 50°C for 30 minutes. Finally, the mixture was
subjected to high-speed homogenization at 20,000 rpm for 10 minutes to achieve uniform dispersion.

Characterization of the Prepared Formulations

Determination of Particle Size and Zeta Potential

Particle size, polydispersity index (PDI), and zeta potential of the 18 phytosome nanoparticle formulations were
determined using a Malvern Zetasizer Nano ZSP (Malvern Panalytical Ltd., Malvern, UK). Dynamic light scattering
with non-invasive backscatter optics was employed to measure the average particle size and polydispersity index, while
laser Doppler micro-electrophoresis was utilized for zeta potential determination. Analysis was conducted using Malvern
Zetasizer software version 7.12, with triplicate measurements performed for each formulation.

Measurement of Entrapment Efficiency

An indirect estimation of the percentage of hinokitiol entrapped by the phytosome nanoparticle formulations was
conducted. Phytosome nanoparticle formulations (n = 3) were centrifuged using a Sigma Laboratory centrifuge
(Ostrode, Germany) at 15,000 rpm for 60 minutes in Amicon® falcon tubes containing a known volume of each
formulation. Separation of the supernatant and filtration were performed using a 0.22 pm filter. Spectrophotometric
analysis was carried out at a wavelength (Amax) of 241 nm on the free drug supernatant. The supernatant of drug-free
phytosomal formulation was used as a blank in the spectrophotometric analysis to avoid interference.

The following equation was utilized to calculate the entrapment efficiency (EE):

EE — Total amount of drug used — Calculated amont of free drug in supernatant

100 1
Total amount of drug used X M

Draper-Lin Small Composite Experimental Design Statistical Analysis

The data for particle size, zeta potential, and entrapment efficiency (EE) were analyzed to determine the significant
independent factors (main effects) influencing each response variable. This analysis was performed using StatGraphics
Centurion XV version 15.2.05 software from StatPoint Technologies, Inc. (Warrenton, VA, USA). Additionally, inter-
action and quadratic effects among the variables were assessed, with significance determined by a p-value < 0.05. The
optimized levels for variables X1, X2, X3, and X4 were identified based on the analysis. Subsequently, the optimized
formulation was prepared and characterized as described above. Finally, predicted and observed values for particle size
(Y1), zeta potential (Y2), and entrapment efficiency (Y3) were compared to validate the model’s predictive capability.

Morphological Characterization of the Optimized Formulation

The morphological features of the optimized drug-loaded phytosomal formulation were identified using optical micro-
scopy and transmission electron microscopy (TEM). Optical microscopy was conducted using a Leica DM300 optical
microscope (Wetzlar, Germany) to provide macroscopic insights into the morphology of the phytosomal particles. This
technique allows for the visualization of particle size, shape, and aggregation at a magnification suitable for observing
larger structures. Additionally, high-resolution transmission electron microscopy was performed using a JEOL JEM-2100
instrument (Tokyo, Japan) to provide detailed microscopic images of the phytosomal nanoparticles at the nanoscale level.
TEM enables visualization of individual nanoparticles with high resolution, allowing for the assessment of particle size
distribution, shape, and surface morphology. Combined, these microscopy techniques offer comprehensive insights into
the morphological characteristics of the optimized phytosomal formulation, facilitating a better understanding of its
structural properties and uniformity.

Hinokitiol Solubility Study

To assess the aqueous solubility of the drug and elucidate its solubility characteristics across varying pH conditions,
which may aid in understanding the drug entrapment efficiency within the prepared phytosomes, the solubility of
hinokitiol was investigated using a shake-flask method. Excess hinokitiol was added to distilled water and phosphate
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buffers of varying pH (4.2, 5.5, 7.4, 9.3, and 10.6). Buffer of 7.4 was selected as a midpoint, and lower and higher values
compatible with the experimental design were selected. The mixtures were shaken for 48 hours at 25°C, then were
removed from the shaker and set aside for one hour, the supernatant was then filtered through a 0.45 pm membrane filter,
and the concentration of hinokitiol in the filtrate was determined using UV-Vis spectroscopy at the appropriate
wavelength. The experiment was conducted in triplicate.

In vitro Drug Release Study

The optimized formulation’s in vitro drug release profile was evaluated and compared to that of a pure drug
suspension. The drug suspension was prepared by dispersing the drug in the selected hydration medium (pH 4.2)
under constant stirring to ensure a uniform suspension. Five milliliters of the phytosomal formulation or the drug
suspension (2 mg/mL) was placed into the dialysis bag, with both ends secured by clamps. A phosphate buffer
solution with a pH of 7.4 was selected as the release medium to mimic physiological conditions. The release was
performed using a dialysis bag with a molecular weight cutoff (MWCO) of 3.5 kDa and 22 mm (Thermo Fisher
Scientific, Rockford, IL, USA) submerged in 100 mL of phosphate buffer medium. At predetermined time intervals,
samples (1 mL) were withdrawn from the release medium with immediate replacement to maintain sink conditions.
The withdrawn samples were then analyzed spectrophotometrically at a wavelength (Amax) of 241 nm to quantify
the drug released. This experiment was conducted in triplicate to ensure the reliability and reproducibility of the
results.

Study of in vitro Cytotoxicity

Conditions of Culture and Human Cell Lines

Two human breast cancer cell lines, namely MCF-7 and MDA-MB-231, were employed to assess the anticancer
efficacy of hinokitiol-loaded phytosomal formulation compared to the pure drug. In vitro cytotoxicity experiments
were conducted at the Tissue Culture Unit within the Department of Biochemistry, Faculty of Science at KAU.
The cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with 1% antibiotic and
10% fetal bovine serum, for 24 hours. The DMEM was obtained from Gibco Life Technologies. Following
incubation at 37°C in a 5% CO2 atmosphere, 90% of the attached cells were removed by treatment with 4 mL
of 0.25% trypsin with EDTA, followed by a 5-minute incubation in a CO2 incubator. The trypsinization process
was terminated by adding 5 mL of complete medium. After centrifugation of the medium containing the detached
cells, the pellets underwent two sterile washes with phosphate-buffered saline (PBS).'>'® Following the staining of
20 uL of the cell-containing media with 0.4% trypan blue, the cell count was assessed using a hemocytometer, and
cells were counted in the four major squares. The following equation was applied to determine the number of cells
per milliliter: (1/4) x 10%x2. Subsequently, a 96-well microplate was filled with 0.1 mL of 5000 cells suspended in
complete media per well. The plate was then placed in the incubator and incubated for one day.

Assessment of Cell Viability

The anticancer properties of the prepared hinokitiol-loaded phytosomal formulation “test”, cisplatin “positive control”, pure
hinokitiol “unencapsulated form”, and non-medicated phytosomes “negative control” were assessed using the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. When the cell culture reached 70% confluence,
various formulation concentrations ranging from 6.25 to 100 pg/mL were applied to the media. Each concentration was
tested in quadruplicate. Following 48 hours of incubation, the media in each well were substituted with 100 uL of fresh
media containing 0.5 mg/mL of MTT and incubated for an additional 4 hours. Subsequently, 100 pL of dimethylsulfoxide
(DMSO) was added to each well and left for 15 minutes at room temperature before absorbance readings were taken at 490
nm using a microplate reader (Bio-RAD microplate reader, Japan). The 50% inhibitory concentration (IC50) of the
hinokitiol-phytosomal formulation was determined using the concentration-response curve for cell viability plotted against
the formulation concentration, utilizing the two respective cell lines.'>'® It must be mentioned that the solubility of hinokitiol
in the Dulbecco’s Modified Eagle’s Medium was sufficient to maintain concentrations above the IC50 for both MDA-MB
-231 and MCF-7 cell lines, ensuring that the drug was available at effective concentrations during the assays.
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Cell Apoptosis Assay
Apoptosis, often called programmed cell death, is a natural mechanism for removing abnormal cells, preventing the
proliferation of potentially cancerous cells, and maintaining overall cellular integrity. Dysregulation of apoptosis is
implicated in various diseases, including cancer, where evasion of apoptosis contributes to tumor development, progres-
sion, and resistance to therapy. Its study during the investigation of new anticancer formulations is essential for assessing
efficacy, predicting treatment response, and optimizing therapeutic strategies.”’18

Using Annexin V-FITC/propidium iodide staining, MDA-MB-231 cells treated with HK-phytosomal formulation
were assessed for necrosis and apoptosis. MDA-MB-231 cells were cultured in a CO2 incubator for 24 hours, followed
by trypsinization for cell division and counting. Subsequently, 2x10° cells were seeded in a 6-well plate and cultured for
24 hours in complete media supplemented with the formulation’s IC50 concentration. After the incubation period, the
MDA-MB-231 cells were detached using trypsin, and the media-containing cells from each well were collected and
centrifuged. The cell pellets were then washed with phosphate-buffered saline (PBS) solution. Annexin V-FITC/
propidium iodide (PI) solution (25 pL) and 400 pL of binding buffer were added to 100 pL of suspended treated MDA-
MB-231 cells. Flow cytometry was employed to detect the cells, and automatic calculations were performed using the
software module.'

Cell Cycle Analysis Assay

The cell cycle is a series of events that occur in a cell, leading to its division and duplication. It consists of a sequence of
phases, each characterized by specific events and activities that regulate cell growth, replication, and division.
Dysregulation of the cell cycle is a hallmark feature of cancer, contributing to uncontrolled cell proliferation, tumor
growth, and disease progression.’

Cell cycle analysis is a technique used to examine the distribution of cells within different phases of the cell cycle,
including G1 (gap 1), S (synthesis), G2 (gap 2), and M (mitosis). This analysis provides valuable information about a cell
population’s proliferative capacity, growth kinetics, and cell cycle progression. It is a powerful tool for investigating the
effects of new anticancer formulations on cell proliferation, growth kinetics, and cell cycle progression. By understanding
how these formulations influence cell cycle dynamics, researchers can elucidate their mechanisms of action, identify
potential targets for intervention, and optimize treatment strategies for improved therapeutic outcomes in cancer patients.”!

In this study, cell cycle analysis was conducted using propidium iodide-based flow cytometry on MDA-MB
-231 cells treated with hinokitiol-phytosomal formulation. Propidium iodide (PI) staining is a well-established
method for assessing cell cycle distributions via flow cytometry.”> MDA-MB-231 cells were cultured in a 6-well
plate at a density of 1x106 cells per well and allowed to grow for 24 hours. The growth medium was replaced
with a fresh medium containing the IC50 concentration of hinokitiol phytosomes formulation. Following a 24-hour
treatment period, 0.5 mL of 0.25% trypsin was added to each well to detach the cells, and the trypsin activity was
halted by adding 0.5 mL of complete medium. The detached MDA-MB-231 cells were centrifuged at 1500 rpm for
5 minutes and washed twice with PBS. Subsequently, the cells were fixed by incubating them in 1 mL of ice-cold
70% ethanol for at least four hours at —20°C. After fixation, the cells were washed with 100 puL of cold PBS
containing RNase A and then stained with 250 pL of PI solution (50 mg/mL PI) for one hour in the dark. Finally,
flow cytometric analysis was performed on each sample using a flow cytometer (Applied Biosystems, USA).

Statistical Analysis

The results of the analysis of treated cell viability are presented as mean + standard deviation (SD). GraphPad Prism
Software (version 9.0) was employed to determine the half-maximal inhibitory concentration (IC50) of the medication
and conduct statistical analyses on all collected data. Flow cytometry software determined the percentages of cells in
each phase of the cell cycle and the counts of necrotic and apoptotic cells.

Results and Discussion
A series of small-scale experiments to explore the ranges of the drug-to-phospholipid molar ratio (X1), the percentage of
cholesterol to phospholipid (X2), the percentage of deoxycholic acid to phospholipid (X3), and the pH of the hydration
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medium (X4) were conducted as preliminary trials. These trials helped us establish the ranges of the studied independent
variables. The drug-to-phospholipid molar ratio (X1) was tested in a range of 1-3, as lower ratios resulted in inadequate
drug loading, while higher ratios caused aggregation and instability of the phytosomes. Initial tests for cholesterol
percentage (X2) with a broader range of cholesterol content indicated that levels below 5% compromised membrane
stability, while levels above 30% led to excessive rigidity, which impacted particle size and drug release. The range of
5-20% for deoxycholic acid percentage (X3) was optimal after testing a more comprehensive range, as amounts below
5% resulted in poor membrane integrity, while concentrations above 20% led to undesirable particle aggregation. A pH
range of 5.5-9.3 for the hydration medium (X4) was selected based on the drug solubility that will be mentioned later.
These preliminary trials were not part of the main study but were essential for selecting the factor ranges used in the
Draper-Lin small composite experimental design.

Characterization and Optimization of the Prepared Phytosomal Formulations

The results depicting the observed values for particle size (Y1), zeta potential (Y2), and entrapment efficiency (Y3) are
outlined in Table 1. The prepared phytosomal nanoparticles exhibited a diameter size range of 138.4 + 7.7 to 763.7 +
15.4 nm, zeta potential ranging from —10.2 + 0.28 to —53.2 = 1.06 mV, and entrapment efficiency ranging between
29.161 + 1.163% and 92.77 + 7.01%. All formulations’ polydispersity index (PDI) was within the range of 0.449 +
0.02 to 0.848 + 0.045. While a PDI below 0.5 typically indicates a more uniform size distribution, values approaching
0.8 can still represent a reasonable dispersion for lipid-based nanosystems, such as phytosomes, which tend to show
some heterogeneity due to their complex structure. It is recommended that, during the development of the phytosomal
formulations, a detailed comparison of particle size reduction and drug loading efficiency be conducted before and
after homogenization to ensure that the desired particle size is achieved without compromising drug entrapment
efficiency.

Statistical analysis to assess the impact of the independent variables (X1-X4) on the studied responses (Y1-Y3)
was conducted through multiple regression analysis and two-way analysis of variance using Statgraphics software.
Notably, X1, X2, and X3 significantly influenced the particle size of the prepared phytosomal formulations, whereas
X3 and X4 significantly affected zeta potential. Additionally, X1 and X4 significantly impacted drug entrapment
efficiency, as demonstrated in the Pareto chart presented in Figure 1. A reference line indicating a P-value of 0.05 is
depicted in this chart, with any factor effect surpassing this line deemed to significantly influence the studied
response.

The equations of the fitted models were found to be:

Y1 = 506.404 — 364.447 « X1 + 23.633 * X2 + 1.84325 + X3 — 2.48454 « X4 — 47.9626 + X 1% +
5.37891 % X1X2 — 2.24 « X1X3 4 89.2193 % X 1.X4 — 0.440521 * X2 — 0.259733 % X2X3 — 2)
0.0765641 * X2X4 — 0.96265 % X3% + 2.57719 * X3X4 — 13.5309 * X4

Y2 = 20.6581 4 2.92856 % X1 + 1.29292 % X2 — 2.05122 % X3 — 9.96392 x X4 — 0.799399 * X 1% —
0.0448218  X1X2 — 0.133333 % X 1.X3 + 0.234998 « X 1.X4 — 0.00665386 * X2% — 0.0213333  X2X3 — 3)
0.0897305 * X2X4 + 0.0693755 % X3% — 0.00526316 * X3X4 + 0.420047 X4

Y3 = 101.115 + 31.0427 x X1 — 0.828478 * X2 — 0.224054 * X3 — 10.1821 % X4 + 1.44531 % X12 —
0.32097 % X1X2 + 0.0152667 * X1X3 — 2.50035 * X 1X4 + 0.00500694 * X2> — 0.0000213333 « X2X3 +  (4)
0.166955 % X2X4 — 0.00279529 % X3% + 0.0120877 x X3X4 + 0.145718 x X4>

The fitted model equation in statistical analysis holds significant importance as it provides a concise mathematical
representation of the relationship between the independent variables and the dependent variable. The fitted model
equation allows researchers to predict the value of the dependent variable (response) for given values of the independent
variables. This predictive capability is valuable for forecasting outcomes and making informed decisions.
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Standardized Pareto Chart for Particle Size
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Figure | Standardized Pareto chart for the effect of the studied factors on particle size, zeta potential, and entrapment efficiency.

To illustrate the effect of two independent variables on a studied response when the values of the other two
independent variables were kept at their intermediate levels, the response surface plots were constructed as depicted in
Figure 2 for the particle size, Figure 3 for the zeta potential, and Figure 4 for the entrapment efficiency.

The drug-to-phospholipid ratio (X1) exerted a significant positive synergistic effect on both particle size (Y1) and entrapment
efficiency (Y3). This behavior is likely attributable to the formation of multilamellar vesicles of larger size with increasing X1
ratio from 1:1 to 1:3. These vesicles can accommodate or entrap a greater amount of drug between the layers, resulting in increased
particle size and entrapment efficiency as previously mentioned.'* The percentage of cholesterol in phospholipid (X2) signifi-
cantly influenced particle size, exhibiting a synergistic positive effect. Previous studies explained the role of cholesterol in
enhancing the phospholipid packaging during development of lipid-based nanoparticles such as liposomes.” Tefas et al
investigated the influence of cholesterol in liposome formulation and demonstrated that cholesterol enhances the packing of
phospholipids, and decreases membrane permeability. Consequently, it imparts a more rigid structure to the lipid membrane,
resulting in larger, more stable vesicles.”* In lipid-based systems, including phytosomes, an increase in cholesterol content can
lead to larger particles because cholesterol can disrupt the packing of phospholipids, creating a more disordered membrane
structure. This disruption can cause an expansion of the lipid bilayer, resulting in an overall increase in particle size. Additionally,
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Figure 2 Estimated response surface plots for the effect of the studied factors on particle size of the prepared hinokitiol-loaded phytosomal formulations.
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Figure 3 Estimated response surface plots for the effect of the studied factors on zeta potential of the prepared hinokitiol-loaded phytosomal formulations.
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Figure 4 Estimated response surface plots for the effect of the studied factors on entrapment efficiency of the prepared hinokitiol-loaded phytosomal formulations.

the increased cholesterol may promote the formation of multilamellar vesicles, which could further contribute to the observed size
increase. The percentage of deoxycholic acid in phospholipid (X3) exhibited an antagonistic effect on particle size and zeta
potential. Increasing the amount of deoxycholic acid led to a decrease in both particle size and zeta potential. Deoxycholic acid,
known as an anionic surfactant, significantly shifts the zeta potential towards negative values, as previously discussed by Gagliardi
et al during the development of sodium deoxycholate-decorated zein nanoparticles.”> As the concentration of deoxycholic acid
increases, its amphiphilic properties significantly reduce the surface tension of the medium, particularly at higher surfactant
concentrations. This phenomenon facilitates the arrangement of phospholipids into smaller vesicles, as reported previously.”® The
pH of the hydration medium exhibited a negative antagonistic effect on both zeta potential and entrapment efficiency. Increasing
the pH decreases the zeta potential value, “decreases the negativity”, the impact that could be attributed to adding more alkali upon
increasing the pH, and so the particles tend to acquire more negative charge, as previously mentioned.>” Moreover, while it is
expected that at higher pH values, the deprotonation of ionizable groups typically leads to an increase in negative surface charge
(and therefore a higher zeta potential), in our case, the presence of other components, such as cholesterol and deoxycholic acid,
may influence this behavior. These components could shield the surface charge or contribute to changes in the overall surface
chemistry of the nanoparticles, leading to a reduction in the magnitude of the zeta potential despite the higher pH. Additionally, in
complex systems like phytosomes, the interactions between the lipid bilayer, surfactant, and the surrounding media can influence
how the surface charge is distributed. This may result in a non-linear relationship between pH and zeta potential. The effect of the
hydration medium pH on the drug entrapment efficiency will be explained later in the hinokitiol solubility study section.

A multiple-response optimization approach was employed to determine the combination of factors that minimize
particle size while maximizing zeta potential and drug entrapment efficiency (yielding an overall optimum desirability).
This entailed identifying the optimal levels of the independent variables by maximizing a desirability function encom-
passing the study objectives. The optimized combination of factor levels indicated that the optimal levels for X1, X2, X3,
and X4 were 1:3.68 molar ratio, 14.71%, 7.51%, and 4.2, respectively. The predicted values for particle size (Y1), zeta

10330 "ues International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Ahmed et al

potential (Y2), and drug entrapment efficiency (Y3) were 138.4 nm, —18.43 mV, and 99.7%, respectively. These
predicted values were in excellent agreement with the observed values, with less than 5% residuals.

Morphological Characterization of the Optimized Formulation

The morphological characteristics of the optimized formulation were investigated using optical and transmission electron
microscopy (TEM). Figure 5A and 5B depict optical microscopy images of the formulation at different magnifications.
The formulation exhibits uniformity and spherical morphology at a lower magnification (Figure 5A), with no observable
aggregation or irregularities. Upon closer examination (Figure 5B) at higher magnification, the spherical structure of the
particles is more evident, with smooth surfaces indicating well-formed vesicles. This uniformity and spherical morphol-
ogy indicate a well-prepared formulation with consistent size and shape distribution.

Furthermore, TEM imaging (Figure 5C) provided additional insights into the optimized formulation’s ultrastructure. The
TEM image reveals individual phytosomal nanoparticles with distinct lipid bilayer structures. Multiple layers within the
nanoparticles suggest the formation of multilamellar vesicles, which are commonly observed in lipid-based formulations.
Additionally, the nanoparticles appear uniformly dispersed without any noticeable aggregation, corroborating the findings from
optical microscopy.

The observed morphological characteristics of the optimized formulation align well with the desired attributes for effective
drug delivery systems. The uniform spherical shape and well-defined lipid bilayer structure indicate good stability and
potential for sustained drug release. The absence of aggregation further suggests that the formulation possesses favorable
physical properties essential for optimal drug delivery and therapeutic efficacy. These findings are consistent with previous

reports on the morphological characterization of drug-loaded nanoparticles employing similar techniques.”*>°

Aqueous Solubility and pH-Dependent Solubility of Hinokitiol

Figure 6 illustrates the solubility of hinokitiol as a function of pH. As depicted, there is a notable increase in the solubility
of hinokitiol with increasing pH. Specifically, at lower pH values (4.2 and 5.5), the solubility of hinokitiol is relatively
low. However, as the pH of the medium increases, a significant enhancement in solubility is observed, reaching its
maximum at alkaline pH values (9.3 and 10.6). This pH-dependent solubility behavior is consistent with the ionization

»
6.tif —
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Figure 5 Optical microscope images (A and B) at two different magnification power, transmission electron microscope micrograph (C) for the optimized phytosomal
formulation.
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Figure 6 Aqueous hinokitiol solubility and drug solubility at different pHs.

characteristics of hinokitiol, whereby it exists predominantly in its ionized form at higher pH, leading to increased
aqueous solubility.

The observed increase in solubility with increasing pH can be attributed to the ionization of hinokitiol molecules,
facilitated by the presence of ionizable functional groups. At acidic pH, hinokitiol exists primarily in its unionized form,
which has limited solubility in aqueous media. However, as the pH of the medium becomes more alkaline, a greater proportion
of hinokitiol molecules ionize, leading to enhanced solubility due to the formation of water-soluble ionized species.

These findings underscore the importance of considering the pH-dependent solubility of hinokitiol in the design of
drug delivery systems, particularly for formulations intended for administration via oral or parenteral routes. Moreover,
these findings explain the observed decrease in drug entrapment efficiency with an increase in the pH of the hydration
medium. This is attributed to the enhanced solubility of the drug in the hydration medium at higher pH levels, resulting in
a greater proportion of the drug remaining in the solution rather than being entrapped within the phagosomal formulation.

In vitro Release of Drug-Loaded Optimized Phytosomes

The in vitro release profiles of the drug-loaded optimized phytosomes were evaluated and compared with those of a pure
drug suspension. This analysis provides valuable insights into the release behavior of the drug from the phytosomal
formulation in a simulated physiological environment. The release of the drug from the optimized phytosomes exhibited
a sustained and controlled pattern over time. In contrast, the release profile of the pure drug suspension showed a rapid
and complete release of the drug within the initial hours of the experiment. This significant difference in release kinetics
highlights the effectiveness of the phytosomal formulation in modulating the release of the drug (data not shown).

The sustained release behavior observed with the phytosomal formulation can be attributed to several factors, including the
lipid bilayer structure of the phytosomes, which acts as a barrier to drug diffusion, and the presence of the aqueous core, which
facilitates the gradual diffusion of the drug molecules. Additionally, interactions between the drug and the lipid components of
the phytosomes may further retard drug release, contributing to the sustained release profile similar finding was reported for
the ex vivo permeation of phytosomes, which demonstrated controlled L-carnosine permeation through corneal tissue
compared to L-carnosine solution.®" Li et al reported that liposomes, as carriers of therapeutic drugs, exhibit controlled
drug release properties and attributed this finding to the presence of lipid bilayer structure.>

The superior performance of the drug-loaded phytosomes in achieving sustained release compared to the pure drug
suspension underscores the potential of phytosomal formulations as effective drug delivery systems. By prolonging the
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release of the drug and maintaining therapeutic levels over an extended period, phytosomal formulations offer significant
advantages in terms of enhanced drug efficacy, reduced dosing frequency, and improved patient compliance.

Assessment of Cell Viability (ICsp)

Figure 7 depicts the percentage of cell viability of MCF-7 and MDA-MB-231 cells following a 48-hour treatment with
various formulations, including hinokitiol phytosomes, cisplatin, pure hinokitiol, and non-medicated phytosomes.
Figure 7A shows the cytotoxicity of cisplatin, a commonly used chemotherapy drug, as a reference. Comparisons
were made between the cytotoxic effects of hinokitiol phytosomes, pure hinokitiol, and non-medicated phytosomes
formulation. The formulation of the hinokitiol phytosomes demonstrated enhanced cytotoxicity against both MCF-7 and
MDA-MB-231 breast cancer cells compared to pure hinokitiol and non-medicated phytosomes (Figure 7B and C).
Moreover, it was observed that the formulation of the hinokitiol phytosomes exhibited greater cytotoxicity towards
MDA-MB-231 cells than MCF-7 breast cancer cell lines (Figure 7B and C).

To quantify the cytotoxicity of hinokitiol phytosomes, IC50 values were determined for each cell line. The IC50 values
represent the concentration of the formulation required to inhibit cell growth by 50%. Using GraphPad Prism software to
calculate the IC50, the values for the hinokitiol-loaded phytosome formulation were 18.6 pg/mL for MCF-7 cells and 5.7 pg/
mL for MDA-MB-231 cells. In comparison, the IC50 values of the pure drug for MCF-7 and MDA-MB-231 cells were
39.33 pg/mL and 8.38 pg/mL, respectively. These results indicate that the formulated hinokitiol in phytosomes exhibits
greater anticancer efficacy than the pure hinokitiol. These results underscore the potential of hinokitiol phytosomes as
a promising therapeutic agent for breast cancer treatment, with superior cytotoxic activity compared to pure hinokitiol.
Cisplatin showed an IC50 of 11.36 and 5.2 ug/mL for MCF-7 cells and MDA-MB-231, respectively.

The findings from this study shed light on the potential of hinokitiol-loaded phytosomal formulations as effective
agents against breast cancer. The results demonstrated enhanced cytotoxicity of the formulated phytosomes compared to
pure hinokitiol and non-medicated phytosomes, indicating the efficacy of the delivery system in enhancing the
therapeutic effects of hinokitiol. The observed cytotoxicity of hinokitiol phytosomes formulation against MCF-7 and
MDA-MB-231 breast cancer cells suggests its promising role as a targeted treatment option for breast cancer. The
formulation exhibited a dose-dependent cytotoxic effect, with lower IC50 values compared to pure hinokitiol, indicating
its enhanced potency in inhibiting cancer cell growth. These findings align with previous studies that have reported the
anticancer activity of hinokitiol against various cancer cell lines.**-*

The superior cytotoxicity of hinokitiol phytosomal nanoparticles can be attributed to several factors. Firstly, the phytosomal
formulation facilitates the efficient delivery of hinokitiol to the cancer cells, ensuring optimal bioavailability and cellular uptake,
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Figure 7 Percentage of cell viability of MCF-7 cells treated with hinokitiol, non-medicated phytosomes, hinokitiol-loaded phytosomes, and cisplatin (A), and cell viability of MDA-
MB-231 treated with hinokitiol, non-medicated phytosomes, hinokitiol-loaded phytosomes, and cisplatin (B).
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as previously reported for liposomes.* The lipid bilayer structure of phytosomes protects the encapsulated drug and enables
sustained release, prolonging its exposure to cancer cells.*® The differential cytotoxicity observed between MCF-7 and MDA-
MB-231 cell lines underscores the importance of considering tumor heterogeneity in breast cancer treatment. The higher
sensitivity of MDA-MB-231 cells to hinokitiol phytosomes may be attributed to differences in cellular signaling pathways
and molecular characteristics between the two cell lines. Further investigation into the underlying mechanisms responsible for
this differential response is warranted to optimize treatment strategies and personalize therapy for individual patients.

Cell Morphology

The assessment of cell morphology provides valuable insights into the effects of treatment on cancer cell behavior and
viability. This study evaluated the changes in properties of MDA-MB-231 cells following treatment with different
formulations, as depicted in Figure 8. Untreated MDA-MB-231 cells (Figure 8A) displayed typical morphology,
characterized by many viable cells with a defined shape and adherence to the culture substrate. Following treatment
with cisplatin (Figure 8B), notable changes in the morphology of MDA-MB-231 cells were observed. These changes are
indicative of apoptosis commonly induced by cisplatin through DNA damage and activation of apoptotic pathways.
Additionally, cisplatin-treated cells exhibited reduced proliferation and altered cytoskeletal organization, contributing to
cell shape and mobility changes. Upon treatment with hinokitiol at its IC50 level (Figure 8C), fewer cells and minor
morphological changes were observed compared to untreated cells. This reduction in cell number suggests a cytotoxic
effect of hinokitiol on MDA-MB-231 cells, leading to decreased cell viability. Interestingly, treatment with hinokitiol
formulated in phytosomes (Figure 8D) at its IC50 level resulted in further alterations in cell morphology compared to
hinokitiol alone. Changes in cell shape and morphology were evident, along with a decrease in the number of viable
cells. Although no noticeable alterations in cell mobility or shaking were observed, the presence of spherical cells,

Figure 8 Cell Morphology of the untreated MDA-MB-231 cells (A), cells treated with ICsq of Cisplatin (B), Cells treated with ICsq of hinokitiol (C), Cells treated with ICsq
of hinokitiol-loaded phytosomes (D), and cells treated with an equivalent IC5o amount of non-medicated phytosomes (E). At a 20X magnification, every cell was examined.
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indicative of cell death, suggests a more pronounced cytotoxic effect of hinokitiol when delivered in phytosomal form. In
comparison, treatment with an equivalent IC50 amount of non-medicated phytosomes (Figure 8E) did not induce
significant changes in cell morphology, indicating that the observed effects were explicitly attributed to the presence
of hinokitiol in the phytosomal formulation.

Overall, the findings suggest that hinokitiol, particularly when formulated in phytosomes, exerts cytotoxic effects on
MDA-MB-231 cells, leading to alterations in cell morphology and reduced cell viability. These results underscore the
potential of hinokitiol-loaded phytosomal formulations as effective agents for breast cancer treatment, warranting further

investigation into their mechanisms of action and therapeutic efficacy in preclinical and clinical settings.

Cell Apoptosis Assay
The study utilized flow cytometry to assess necrosis and apoptosis in MDA-MB-231 breast cancer cells, crucial indicators
in evaluating potential anticancer efficacy. Apoptosis, a programmed cell death characterized by DNA damage, was
identified by fluorescence staining using Annexin V-FITC and propidium iodide (PI). Annexin V binds to phosphatidyl-
serine exposed on the cell surface during apoptosis, while PI stains the DNA of necrotic or late apoptotic cells.?’~®
Figure 9 depicts the percentage of necrotic and apoptotic cells in MDA-MB-231 cells following 24 hours of treatment
with pure hinokitiol (Figure 9B), hinokitiol-loaded phytosomal formulation (Figure 9C), and non-medicated phytosomes
(Figure 9D). The results obtained were compared to untreated control cells (Figure 9A). Late and early apoptotic cells are
represented in the upper and lower right quadrants. The formulation of hinokitiol-loaded phytosomes induced apoptosis
in 53% of MDA-MB-231 cells, with 50.8% classified as late apoptotic and 2.6% as early apoptotic (Figure 9C and
Table 2). Additionally, 1.9% of cells exhibited necrosis under the influence of the drug-loaded phytosomal formulation.
Comparatively, treatment with pure hinokitiol resulted in lower levels of apoptosis, with 3.8% of cells classified as
late apoptotic and 2.7% as necrotic (Figure 9B). Untreated cells exhibited minimal apoptosis or necrosis, with only 0.1%
of cells showing signs of either (Figure 9A and Table 2).
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Figure 9 MDA-MB-231 cells staining with Annexin V/7-Pl after 24 hours; control (A); cells treated with pure hinokitiol (B), cells treated with hinokitiol-loaded phytosomal
formulation (C), cells treated with non-medicated phytosomes (D).
Notes: % of Viable Cells (Lower left), % of Necrosis (Upper left), % of Early Apoptosis (Lower right), % of Late Apoptosis (Upper right).
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Table 2 Percentages of Necrosis and Apoptosis of Cells (Viability and Death) in MDA-MB-231 Cells Treated for
24 hours with IC50 of Pure Hinokitiol, Hinokitiol-Phytosomes, and Non-Medicated Phytosomes

Treatment % of Viable Cells | % of Necrosis | % of Early Apoptosis | % of Late Apoptosis
Control 99.9 0 0 0.1
Pure hinokitiol 66.7 4.1 32 26
Hinokitiol-phytosomes 31.3 24 32 63.1
Non-medicated phytosomes 79.7 0.6 37 16

These findings underscore the efficacy of hinokitiol-loaded phytosomes in inducing apoptosis in MDA-MB-231 breast
cancer cells. A higher percentage of apoptotic cells was observed with the phytosomal formulation than with pure hinokitiol,
which suggests enhanced therapeutic potential, possibly due to improved drug delivery and bioavailability. These results
support further investigation of hinokitiol-loaded phytosomes as a promising strategy for breast cancer therapy.

Cell Cycle Assay
Flow cytometry analysis with propidium iodide (PI) labeling was employed to assess the distribution of MDA-MB-231
cells across the cell cycle phases, including interphase (G0/G1, S, G2) and the mitotic phase (M). The aim was to
determine the extent of cell cycle arrest induced by the hinokitiol-loaded phytosomal formulation at specific phases.
Figure 10 illustrates the distribution pattern of MDA-MB-231 cells across the cell cycle phases for normal cells
(Figure 10A) and under different treatment conditions (Figure 10B-D). Treatment with the IC50 dosage of hinokitiol-
loaded phytosomes resulted in a slight increase in the percentage of cells arrested in the G2/M phase (13%) compared to
untreated cells. Furthermore, a higher proportion of cells were observed in the S phase (40.8%) following treatment with
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Figure 10 Pattern for the percentage of MDA-MB-231 cells in the cell cycle phases for normal cells (A), cells treated with pure hinokitiol (B), cells treated with hinokitiol-
loaded phytosomes, and cells treated with non-medicated phytosomes (D).
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Table 3 Percentage of Cells in Different Cell Cycle Phases for Control MDA-MB-231| Cells, Cells
Treated with IC50 of Pure Hinokitiol, Cells Treated with IC50 of Drug-Phytosomes, and Cells
Treated with Non-Medicated Phytosomes for 24 hours

reatment Control Pure Hinokitiol | Hinokitiol-Loaded | Non-Medicated
Phase Phytosomes Phytosomes
Sub GI 10% 5.6% 2.9% 4.5%
GI1/GO 28% 16.5% 2.8% 10.1%
S 18.5% 33.4% 40.8% 36.6%
G2/M 26.7% 14.4% 13% 23.4%

the phytosomal formulation. Conversely, there was a decrease in the percentage of cells in the Sub-G1 and G1/GO0 phases
by 2.9% and 2.8%, respectively, compared to untreated cells.

Specifically, the number of cells treated with hinokitiol-loaded phytosomes decreased by 3.45-fold in the Sub-G1
phase, 10-fold in the G1/GO phase, and 2-fold in the G2/M phase, while it increased by 2.2 times in the S phase
(Figure 10C and Table 3). The percentage of cells in the S phase for pure hinokitiol and formulated hinokitiol
phytosomes was 33.4% and 40.8%, respectively.

These findings suggest that the formulation of hinokitiol phytosomes induces cell cycle arrest primarily in the S phase
of MDA-MB-231 cells. By arresting cells in the S phase, the phytosomal formulation prevents proliferation and the
transmission of damaged DNA to daughter cells,** thereby inhibiting cancer cell growth. This observation highlights the
potential of hinokitiol-loaded phytosomes as a promising strategy for inhibiting cell proliferation and suppressing cancer
progression in breast cancer therapy. Further investigations into the molecular mechanisms underlying cell cycle arrest
induced by the phytosomal formulation are warranted to elucidate its therapeutic efficacy.

Conclusions

This study demonstrates the potential of hinokitiol-loaded phytosomal formulation as a promising strategy for enhancing
the therapeutic efficacy against breast cancer cells. We optimized the formulation to achieve desirable particle size, zeta
potential, and drug entrapment efficiency. The optimized formulation exhibited a controlled drug release profile and
improved cytotoxicity against MCF-7 and MDA-MB-231 breast cancer cell lines compared to pure hinokitiol and non-
medicated phytosomes. Furthermore, our findings highlight the induction of apoptosis and cell cycle arrest, emphasizing
the anticancer mechanisms of the formulated hinokitiol. Overall, these results suggest that hinokitiol-loaded phytosomal
formulation holds great promise as a potential candidate for developing effective and targeted breast cancer therapeutics.
Molecular docking and molecular dynamics simulations warrant a better understanding of the interaction between
hinokitiol at the molecular level. Additionally, 3D-printed tablets containing both pure drug and drug-loaded phytosomes
have been developed, and their quality control tests, along with in vivo performance evaluations, have been completed.
The detailed findings from these studies will be submitted as a separate work, offering further insights into the

formulation’s performance and therapeutic potential.
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