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ARTICLE INFO ABSTRACT

Keywords: Ovarian cancer stands as a leading cause of cancer-related deaths among women globally. This
Apoptosis malignancy has hindered successful treatment attempts due to its inherent resistance to chemo-
Cisplatin

therapy agents. The utilization of cisplatin and doxorubicin-loaded liposomes emerges as a

ng:rl;‘;eign strategically advantageous approach in the realm of biomedical applications. This strategy holds
Liposome promise for augmenting drug efficacy, mitigating toxicity, refining pharmacokinetics, and facil-

A2780 cell line itating versatile drug delivery while accommodating combination therapies. In pursuit of schol-
arly investigations, the eminent databases, including PubMed/MEDLINE, ScienceDirect, Scopus,
and Google Scholar, were meticulously scrutinized. Within this study, a nano-liposomal formu-
lation was meticulously designed to serve as a co-delivery system. This system was optimized by
varying lipid concentrations, hydration time, and DSPC: cholesterol molar ratios to efficiently
encapsulate and load doxorubicin (DOX) and cisplatin (CIS) to overcome drug resistance prob-
lems. The Lipo (CIS + DOX) formulation underwent rigorous characterization including di-
mensions, entrapment efficiencies and drug release kinetics. Notably, the entrapment efficiency of
cisplatin and doxorubicin loaded liposomal nanoparticles was an impressive 85.29 + 1.45 % and
73.62 + 1.70 %, respectively. Furthermore, Lipo (CIS + DOX) drug release kinetics exhibited pH-
dependent properties, with lower drug release rates at physiological pH (7.4) than acidic (pH
5.4). Subsequent cytotoxicity assays revealed the enhanced biocompatibility of dual-drug lipo-
somes with HFF cells compared to free drug combinations. Impressively, CIS and DOX-loaded
liposomes induced significant cytotoxicity against A2780 in comparison to free drugs and
combinatorial free drugs. Furthermore, the CIS and DOX-loaded liposome showed induced
apoptotic potential and cell cycle arrest in A2780 compared to CIS, DOX, and their combination
(CIS + DOX). Combining CIS and DOX via liposomal nanoparticles introduces a promising
therapeutic avenue for addressing ovarian cancer. These nano-scale carriers hold the potential for
attenuating the untoward effects of singular drugs and their attendant toxicities.
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1. Introduction

Ovarian cancer stands as one of the primary causes of gynecological cancer-associated mortality. Epithelial ovarian cancer
commonly receives diagnosis at an advanced stage. Given its extensive metastasis within the abdominal region, it is the fifth most
prevalent malignancy in women over 40, trailing only breast cancer [1,2]. A range of treatment strategies presently exists to combat
ovarian cancer, encompassing surgical interventions, chemotherapy, and radiation therapy. The selection of the appropriate approach
depends on the treatment stages and the overall behavior of cancerous cells [3-5]. Among these strategies, chemotherapy is a
prominent and noteworthy option compared to alternative treatments. Cancer chemotherapeutic agents can target cancer cells,
inhibiting their growth, division, and further proliferation. Nevertheless, challenges such as adverse effects experienced by patients
and the emergence of drug resistance within tumors have constrained the efficacy of chemotherapy [6-8].

Typically, patients are administered either a single drug or a combination of multiple drugs. However, research has demonstrated
that combination chemotherapy, involving the simultaneous administration of several drugs, frequently leads to enhanced survival
rates among cancer patients when compared to the utilization of single drugs. Consequently, the synergistic effects of multiple drugs
have the potential not only to impede tumor growth through the regulation of diverse signaling pathways but also to mitigate the
development of multidrug resistance (MDR) [9,10].

Cisplatin, an inorganic molecule, is recognized as a widely used and potent agent. It acts by inhibiting cellular transcription and
replication by forming DNA adducts. Cisplatin finds application in the treatment of various solid tumors, including those affecting the
breast, ovaries, bladder, throat and lung [11-13]. On the other hand, doxorubicin (DOX), an anthracycline antibiotic, has potent
antineoplastic properties. It is used in a wide range of malignancies including breast, thyroid, lung, ovarian, bladder, non-Hodgkin’s
lymphoma and acute lymphoblastic leukemia. Doxorubicin has the potential to inhibit tumor cell growth by inhibiting DNA inter-
calation and macromolecular biosynthesis in tumor cells [14,15].

Nevertheless, cisplatin presents several limitations, including bone marrow suppression, nephrotoxicity, and gastrointestinal re-
actions [16]. Furthermore, the retention period within the body poses a central predicament for cancer drugs. Additionally, the hy-
drophobic nature of these drugs leads to hepatic elimination, reduced absorption, and low serum bioavailability. Pioneering the
application of nanoparticles [17], microspheres [18], liposomes [19], and micelles [20] as drug delivery systems for both CIS and DOX
addresses these issues. These advancements mitigate side effects while enhancing safety, efficiency, tolerability, pharmacokinetics,
biodistribution, solubility, stability, controllable release, and targeted drug delivery [21,22].

Based on research involving these drugs, optimal results are attained by implementing vesicular systems, particularly liposomes
and niosomes, as novel therapeutic methodologies. These niosomal and liposomal nano-carriers enable the sustained and controlled
release of encapsulated cargo at the intended site. Furthermore, they facilitate targeted drug delivery, eradicating tumorous cells with
minimal systemic toxicity systemic toxicity [23,24].

Liposomes, small spherical vesicles composed of cholesterol and non-toxic natural phospholipids, serve as artificial carriers. From
0.05 to 5.0 pm in diameter, liposomes are classified as micro-particulate or colloidal carriers [25,26]. The efficacy of liposomes as drug
delivery systems is derived from their biocompatible and biodegradable nature, characterized by one or more phospholipid bilayers.
These vesicles can transport aqueous or lipid-based drugs through their phospholipid bilayer membranes, with the transport mech-
anism varying depending on the type of drug incorporated. Owing to their favorable attributes such as biocompatibility, biode-
gradability, low toxicity, and the capacity to encapsulate hydrophilic and lipophilic drugs, research endeavors have been dedicated to
utilizing liposomal nano-carriers as a means to mitigate drug toxicity and/or target specific cells [27-29].

The realm of widely utilized chemotherapy medications unquestionably encompasses anthracyclines and platinum-based com-
pounds [30]. Several in vitro and in vivo investigations have also explored the coadministration of DOX and CIS to elucidate an
augmentation in pharmacological activity owing to synergism while contrasting the effects of these medications when taken indi-
vidually [31-35].

Both DOX and CIS carry side effects that curtail their usage. However, encapsulating these drugs within liposomes can mitigate
their toxicity and minimize associated side effects. This capability is achievable because liposomes can impede the circulation of drugs
in the bloodstream and their intrusion into healthy cells, thereby decreasing toxicity and increasing efficacy. Through liposomal
encapsulation, it becomes possible to modulate the pharmacokinetics of these drugs to enhance their therapeutic effectiveness. These
strategies extend circulation longevity, enhance accumulation in targeted tissues, and regulate drug release for sustained delivery.
Cisplatin and Doxorubicin can be synergistically combined with other drugs or therapies within liposomes to amplify their efficacy
further and overcome drug resistance [36,37]. Moreover, liposomes can be equipped with ligands, targeting agents, or imaging agents
to enhance drug precision and delivery. Alongside these benefits, liposomal co-delivery technology has effectively eradicated invasive
cancer cells and associated vasculogenic mimicking channels [38-41]. Numerous investigations into the anticancer efficacy of
co-delivering CIS and DOX through liposomal formulation have been conducted in vitro and animal models. However, to our
knowledge, there is a dearth of data concerning the optimization and anticancer activity of these nanocarriers against the A2780
ovarian cancer cell line. The pivotal innovation of the present study lies in optimizing the nanoliposome formulation to augment
cellular toxicity, induce apoptosis, curtail cellular necrosis and drug resistance, and enhance the effectiveness of the drug combination
for ovarian cancer therapy. Hence, this contemporary investigation tailored liposomal nano-carriers that concurrently co-deliver CIS
and DOX chemotherapeutic agents for ovarian cancer treatment.

Therefore, in the current study, liposomal nanocarriers were designed for the precise simultaneous co-delivery of both CIS and DOX
chemotherapeutic drugs for the treatment of ovarian cancer. For this purpose, the potency of nanoliposomes loaded with CIS and DOX
[Lipo (CIS + DOX)] was prepared, then characterization and in vitro environments were evaluated. The effects of variable lipid content,
DSPC: cholesterol molar ratio and hydration time were analyzed in terms of particle size, entrapment efficiency and polydispersity
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index (PDI). The in vitro release behavior was studied at different pHs. The therapeutic effects of Lipo (CIS + DOX) were further
investigated in terms of cytotoxicity of the nanoformulations against cancer and normal cell lines. Further analyses, including flow
cytometry and cell cycle arrest, were also investigated to evaluate the cell apoptosis rate and growth inhibitory effect of the combined
drug-loaded liposomes. For conducting this study, the most reputable databases—PubMed/MEDLINE, ScienceDirect, Scopus, and
Google Scholar—were meticulously scoured to ascertain pertinent literature. The research was executed during the timeframe
spanning 2020 to 2022.

2. Materials and methods
2.1. Materials

Doxorubicin (DOX) and cisplatin (CIS) were procured from Millipore Sigma (Burlington, MA, USA) and utilized without subsequent
purification. Cholesterol and distearoylphos phatidyl choline (DSPC) were also obtained from Millipore Sigma. Chloroform, methanol,
phosphate-buffered saline (PBS), sodium dodecyl sulfate (SDS), dialysis membrane (MWCO 12,000 Da), dimethyl sulfoxide (DMSO),
and Amicon (Ultra-15 Membrane, MWCO 30,000 Da) were sourced from Merck Chemical Co. (Darmstadt, Germany).

The HFF and A2780 cell lines were sourced from the Pasteur Institute Cell Bank (Tehran, Iran). Trypan blue, trypsin-EDTA,
formaldehyde, fetal bovine serum (FBS), phosphate buffer, 100X penicillin/streptomycin (PS), RPMI-1640 medium (Dulbecco’s
Modified Eagle Medium), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were acquired from Gibco,
ThermoFisher Scientific (Waltham, MA, USA). The Annexin V-FITC flow cytometry kit and 1X binding buffer were procured from
Affymetrix Biosciences, ThermoFisher Scientific.

2.2. Optimization of liposomal formulations

The optimization of the liposomal formulation comprising both CIS and DOX (referred to as Lipo (CIS + DOX)) was conducted using
a central composite design (CCD) approach (Design Expert, Version 11, Stat-Ease Inc. Minneapolis, USA). This method involved
manipulating three factors, each with three distinct levels. The independent variables employed in this study are outlined in Table 1,
accompanied by their corresponding levels: low, medium, and high. These levels were systematically varied to gauge the impact on
three critical responses: encapsulation efficiency, size, and the formulation’s Polydispersity Index (PDI).

The Design-Expert software (Version 13, Stat-Ease, Inc., Minneapolis, MN, USA) was employed to establish a polynomial equation
that accurately represented the experimental conditions and outcomes. After optimization, the data derived from the optimal design
configuration were meticulously analyzed. The process entailed a meticulous comparison between the experimental data and the
predicted responses, ultimately selecting the formulation with the highest degree of optimization for further investigation using the
point prediction method.

2.3. Synthesis of liposomal formulations

Liposomes were generated utilizing the thin-film hydration technique [42]. Accurate measurements of cholesterol and surfactant
were weighed and dissolved in 9 mL of chloroform/methanol (2:1; v/v) within a round-bottom flask. The organic solvent was
gradually evaporated at 60 °C and 150 rpm for 30 min under reduced pressure using a rotary flask evaporator, forming a thin dried film
on the interior surface of the round-bottom flask. This thin film was desiccated through continuous flask rotation, with residual sol-
vents eliminated under vacuum conditions overnight.

For the hydration of the desiccated lipid film, 10 mg of PBS (pH 7.4) containing CIS and DOX was employed. After hydrating the
lipid film with the mentioned reactants, the specimens were desiccated at 60 °C and 150 rpm for 30 min to achieve dry samples.
Following this step, the homogenized samples were achieved using an ultrasonic processor (UP50H compact laboratory homogenizer,
Hielscher Ultrasonics, Teltow, Germany), ensuring the optimal size distribution of Lipo (CIS + DOX).

2.4. Physical characterization of liposomal formulations and morphology

The vesicle size and size distribution of the Lipo (CIS + DOX) formulations were determined through benchtop dynamic light
scattering (DLS) employing Malvern Panalytical Ltd., (Malvern, United Kingdom). Prepared samples were diluted in deionized water
to minimize complex scattering effects. Subsequently, the shape and surface characteristics of the liposomal formulation of Lipo (CIS +
DOX) were observed using both Field Emission Scanning Electron Microscopy (FE-SEM) and Transmission Electron Microscopy (TEM).

Table 1
Different levels for variables in the Box—Behnken design optimization.
Level -1 0 +1
A (Lipid, pmolL) 200 250 300
B (Hydration time, min) 30 45 60
C (DSPC: Cholesterol, molar ratio) 75:25 50:50 25:75

Drug concentration: 1 mg/mL, Sonication time:5 min.
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For imaging purposes, FE-SEM was conducted using the NOVA NANOSEM 450 FEI model, operating at an accelerating voltage of 15
kV. During TEM analysis, a drop of Lipo (CIS + DOX) was placed on a carbon-coated copper film and stained with 1 % phosphotungstic
acid. The imaging was carried out at 100 kV using the Zeiss EM900 Transmission Electron Microscope in Jena, Germany.

2.5. Fourier-Transform Infrared Spectroscopy (FT-IR)

Utilizing Fourier-Transform Infrared Spectroscopy (FT-IR) with the Spectrum Two instrument in Waltham, MA, USA, to determine
whether CIS and DOX were physically or chemically loaded into the nanoparticles, polymer samples were blended with KBr. The
resulting mixture was compressed under hydraulic strain to form pellets, and spectral readings were taken within the 400-4000 cm ™!
wavelength range.

2.6. Differential Scanning Calorimetry analysis (DSC)

Thermal properties were evaluated using Differential Scanning Calorimetry (DSC) through the Netherlands PerkinElmer PYRIS 6
DSC INTRACOOLER instrument. The free drugs (CIS and DOX), liposomes, and CIS + DOX-loaded liposomes were dried using the
alpha 1-2 1d plus freeze dryer manufactured by Martin Christ GmbH, Germany. Before DSC analysis, the free CIS, DOX, and the
liposomal formulations of the dual drugs were freeze-dried. Approximately 5 mg of the samples were precisely weighed and sealed
within aluminum pans. These pans were maintained at an isothermal condition of 20 °C for 30 min. The liposomal formulations were
examined under a nitrogen atmosphere, employing a heating range from 30 °C to 300 °C, with a scanning rate of 10 °C/min. The
baseline was established using a blank aluminum pan as a reference.

2.7. Entrapment efficacy

The liposomal formulations underwent ultra-filtration utilizing the Eppendorf® 580R centrifuge in Hamburg, Germany. The
Amicon Ultra-15 membrane was used for this purpose, and the centrifugation was carried out at 4000 rpm for 20 min at a temperature
of 4 °C. This process facilitated the separation of drug-carrying liposomes from unencapsulated drugs, enabling the assessment of the
percentage entrapment efficacy (EE%). The concentrations of free drugs were determined spectrophotometrically, with measurements
taken at 480 nm for DOX and 510 nm for CIS, using the UV-visible light spectrophotometer model UV-1700 PharmaSpec manufactured
by Shimadzu in Kyoto, Japan. The calculation of entrapment efficacy (%) was accomplished using Equation (1):

Entrapment Efficacy% = [(A — B) / A] x 100 @™

where (A) signifies the initial CIS or DOX concentration during liposomal preparation, and (B) represents the concentration of non-
entrapped CIS or DOX after centrifugation.

2.8. Invitro drug release and the release kinetics

2.8.1. Evaluation of drug release and release kinetics

In order to conduct a comparative assessment of drug release among the various samples, we placed 2 mL of free drug and Lipo (CIS
+ DOX) within a semipermeable acetate cellulose dialysis bag (MWCO 12 kDa). Subsequently, we submerged this bag in a 50 mL PBS
solution (pH 5.4, 7.4, 1X concentration). The experimental setup underwent gradual agitation at 37 °C with a rotational speed of 50
rpm over 72 h. At designated time intervals, we extracted 1 mL of the release medium and replaced it with an equal volume of fresh
PBS-SDS. We then subjected the withdrawn samples to analysis at 480 nm and 510 nm, with the corresponding concentrations
determined using an ultraviolet light spectrophotometer. We utilized the free drug as a control group throughout the experiment and
replicated this procedure accordingly. Notably, the drug concentration remained consistent inside and outside the dialysis bag.

Firstly, the CIS, DOX, and CIS + DOX release kinetics from the samples were examined utilizing established mathematical models.
These models encompass the zero-order model (Equation (2)) (cumulative % drug release vs. time), first-order model (cumulative %
drug remaining vs. time) (Equation (3)), Higuchi model (cumulative % drug release vs. square root of time) (Equation (4)), and
Korsmeyer-Peppa model (log cumulative % drug release vs. log time) (Equation (5)) [43].

Equation (2): Zero-order Model

Co=Co +Kot (h™") @
In this Equation, C; represents the quantity of drug dissolved at time t, Cp symbolizes the initial amount of drug within the solution, and

Ko signifies the constant for zero-order release.
Equation (3): First-order Model

Log C=Log Cy—Kt/2-303 (h™") 3

Equation (3) captures the first-order release kinetics, with Cq representing the initial drug concentration, K denoting the first-order
release constant, and t signifying time.
Equation (4): Higuchi Model
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Q=Kuvt 4

The Higuchi model, as depicted in Equation (4), correlates the amount of drug released over time t per unit area. Q is the released
drug quantity, and Ky is the Higuchi dissolution constant.
Equation (5): Korsmeyer-Peppas Model

M,/M,, =Kt" (5)

The Korsmeyer-Peppas model, represented by Equation (5), establishes a relationship between the fraction of drug released (M/
M,,) at time t, the release rate constant (K), and the release exponent (n). The value of the exponent (n) provides insights into the
mechanism governing drug release.

2.9. Stability study

A stability study was conducted on the optimized formulations at temperatures of 25 + 1 °C or 4 & 1 °C, with a relative humidity of
60 =+ 5 % over one month. The formulation stability investigation measured the optimum formula’s average encapsulation efficiency
(EE%), particle size, and polydispersity index (PDI).

2.10. Culture of A2780 and HFF cell lines

The A2780 and HFF cell lines were cultured at 37 °C under atmospheric conditions containing 5 % CO». RPMI-1640 fresh medium
supplemented with 10 % fetal bovine serum (FBS), 100 U/mL penicillin, and 100 U/mL streptomycin (comprising the complete growth
medium) was utilized for maintaining the HFF and A2780 cell lines. Upon reaching 80 % confluency, the medium was aspirated, cells
were trypsinized using 0.25 % (w/v) trypsin-EDTA, and subsequent culturing was carried out. Before each experiment, the
enumeration of cell number and viability assessment was performed through the trypan blue dye exclusion test.

2.11. Cell cytotoxicity

The viability assessment of A2780 ovarian cancer cells and normal fibroblast cells (HFF) was conducted using the MTT assay. Cells
were cultured for one and two days in the presence of varying concentrations of Lipo (CIS + DOX), free CIS, free DOX, CIS + DOX, and
unloaded liposomes (Lipo) (ranging from 1.56 to 100 pg/mL). For the A2780 cancer cells, which were seeded into 96-well plates (10*
cells/well), cell incubation was carried out for 24 and 48 h. Similarly, HFF cells were exposed to concentrations of the mentioned
formulations and incubated for 24 h to evaluate their toxicity. Cell proliferation was determined using 0.5 mg/mL of MTT, which
reduced the colorless tetrazolium dye (MTT) to insoluble formazan with a purple color. The ensuing formazan was solubilized in 100
pL of DMSO to quantify cells’ oxidoreductase enzymatic activity. The calculation of cell viability percentage was achieved using the
following formula:

Cell viability (%) = Optical Density 57 treatment/Optical Density 570 control x 100 %

2.12. Analysis of apoptosis

The Annexin V-FITC/PI double staining method was employed to assess the apoptosis of A2780 cells. Apoptosis induction involved
the treatment of cancer cells with unloaded liposomes (Lipo), free CIS, free DOX, CIS + DOX, and Lipo (CIS + DOX) during a 48-h
incubation period. Initially, cells (1 x 10° cells/well) were subjected to two washes with PBS and then suspended in 1X binding
buffer. Subsequently, annexin V-FITC (emitting green fluorescence) and propidium iodide (yielding red fluorescence) were utilized to
differentiate apoptotic and normal cells. A benchtop flow cytometer (FACSCalibur, BD Biosciences, Franklin Lakes, NJ, USA) was
employed to analyze these samples, which were carried out in triplicate. All experiments were executed using the ICs5y concentration.

2.13. Cell cycle arrest

Cell proliferation and cell cycle progression were assessed through propidium iodide (PI) staining. Cells (1 x 10° cells/well) were
seeded in 6-well plates and incubated overnight. Following treatment with unloaded liposomes (Lipo), free CIS, free DOX, CIS + DOX,
and Lipo (CIS + DOX) for 48 h in a complete medium, cells were harvested and fixed overnight at 4 °C using 70 % cold ethanol.
Subsequent washing with PBS was carried out, followed by staining with 500 pL of PI solution containing RNase in the dark for 20 min
at room temperature. This process was repeated three times, and the analysis was conducted using flow cytometry.

2.14. Statistical analysis

Values are presented as the mean =+ standard deviation (SD) and calculated using GraphPad Prism version 8 (GraphPad Software,
Inc., San Diego, CA, USA). Differences were assessed using the ANOVA test, and a P < 0.05 was deemed statistically significant.
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3. Results & discussion
3.1. Characterization of nano-carriers

3.1.1. Particle size

Cisplatin and doxorubicin-loaded liposomes, denoted as Lipo (CIS + DOX), were optimized using a three-factor, three-level
Box-Behnken statistical design. Before designing Lipo (CIS + DOX), calibration curves were constructed for each drug separately.
Validation of DOX and CIS was established at 480 nm and 510 nm, respectively, displaying linear regression for each sample with
correlation coefficients of 0.9977 for DOX and 0.9906 for CIS (Fig. S1). Post-validation, three independent variables were evaluated:
lipid concentration, hydration time, and DSPC: cholesterol ratio. Encapsulation efficiency (EE%), particle size, and PDI were chosen as
the dependent variables. A comparison was made between the experimental response values and the predicted values generated by the
model equations. The data from the regression plot exhibited a linear relationship between actual and predicted response values.
Significant coefficients and R? values were used to assess the models. Ultimately, an optimal formulation was selected through the
point prediction method for further investigation. The outcomes of the Box-Behnken trials are outlined in (Table 2).

The particle size range for Lipo (CIS + DOX) formulations fell between 153.4 nm and 289.9 nm (Table 2). According to Table S1, the
best-fitted model for particle size was quadratic and exhibited significance (P < 0.03). Lipid concentration and hydration time
significantly influenced particle size. However, the P-value for DSPC: cholesterol ratio exceeded 0.05, indicating its negligible impact
on particle size. Fig. 1A, B and 1C depict the response surface illustrating the effects of lipid concentration, hydration time, and DSPC:
cholesterol ratio on particle size.

The regression equation below elucidates that higher lipid concentration led to the formation of larger vesicles, as shown by the
following Equation (Table S2):

Size = +154.37 + 20.45* A —27.36* B —12.96* C +0.025* AB +10.18* AC +16.00* BC +39.74* A2 +19.27* B2 +40.27* C2

One possible explanation is that an increase in lipid amount from 200 to 300 pmoL results in more excellent area coverage by lipid
molecules, leading to increased membrane fluidity and observed liposome size growth. Furthermore, higher lipid concentration in-
creases membrane rigidity, which enhances resistance to sonication and leads to the formation of more giant vesicles. In contrast,
liposome size decreases with prolonged hydration time. Longer hydration times disrupt the vesicular structure, potentially causing
drug leakage and size reduction [44,45]. Additionally, including cholesterol in DSPC (reducing the DSPC: cholesterol ratio from 75/25
to 25/75) amplifies the average vesicle size. This phenomenon can be attributed to the increased hydrophobicity of the lipid bilayer as
the hydrophilic head of cholesterol penetrates the bilayer, inducing membrane disorder and increasing vesicle size [46].

3.1.2. Polydispersity index (PDI)

In the model fitting of the Polydispersity Index for liposomes, the sequential P-value of the linear model was estimated to be 0.01.
All formulations exhibited PDI values of less than 0.9, indicating a narrow size distribution and excellent homogeneity (Table 2). P-
values of PDI for all independent variables, except A, AB, AC, and BC models in Table S3, were below 0.05. As per Table S3, lipid
concentration, hydration time, and the DSPC: cholesterol ratio significantly affected the PDI value (P < 0.05). The following regression
equation describes the relationship between PDI and the independent variables:

PDI = 4+0.19 + 0.019 *A —0.036 *B —0.028 *C —0.023 *AB +0.015 *AC +2.500E-004 *BC + 0.072 *A2 +0.056 B2 +0.041 * C2

Fig. 1D, E, and 1F depict 3D contour plots illustrating the effects of DSPC: cholesterol ratio, hydration time, and lipid concentration
on the PDI value. The data for the regression equation concerning PDI are presented in Table S4. The regression analysis for the PDI
responses indicates that lipid concentration positively influences the PDI value. However, hydration time and the DSPC: cholesterol
ratio negatively affects the PDI value. The increase in PDI value with higher lipid concentration is the presence of more liquid mol-
ecules in liposomes, which reduces the negative charge and enhances the aggregation tendency of nanoparticles [47].

Table 2

Design of experiments using Box-Behnken method to optimize the liposomal formulation of CIS + DOX.
Run Levels of independent variables Dependent variables

A B C Average size (nm) PDI Entrapment Efficiency (EE) (DOX, %) Entrapment Efficiency (EE)(CIS, %)

1 0 -1 1 203.3 0.294 71.25 66.42
2 -1 0 1 198.7 0.245 77.39 74.37
3 -1 0 -1 216.3 0.348 72.49 68.21
4 0 0 0 153.4 0.192 75.21 76.83
5 1 0 -1 249.7 0.333 73.33 70.94
6 1 1 0 205.4 0.279 75.41 73.82
7 0 0 0 162.5 0.201 76.82 74.49
8 -1 -1 0 221.4 0.312 65.22 63.39
9 1 0 1 272.8 0.289 83.92 77.25
10 0 -1 -1 289.9 0.331 62.42 57.32
11 -1 1 0 177.3 0.263 68.83 70.25
12 0 1 1 169.9 0.246 78.37 76.12
13 0 0 0 147.2 0.178 77.04 75.41
14 0 1 -1 192.5 0.282 61.34 69.32
15 1 -1 0 249.4 0.421 80.36 73.39
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Fig. 1. Box-Behnken method for size (A-B-C) and Polydispersity Index (D-E-F) as a function of the independent parameters.

Although the results of the regression equation demonstrate a linear decline in liposomal polydispersity index values with
increasing hydration time, the increase in hydration time can lead to drug leakage from vesicles, resulting in smaller particle sizes, a
decrease in PDI and, consequently, a more homogeneous distribution. Additionally, the inverse relationship between PDI and the
DSPC: cholesterol ratio may be attributed to differences in lipid tail length, molecular shape, and membrane fluidity [48,49].

3.1.3. Entrapment efficacy (EE%)

Table 2 presents a summary of the EE% of CIS + DOX encapsulated in liposomes. High entrapment efficiency refers to the per-
centage of the total drug (CIS + DOX) encapsulated within the nano-carriers. The maximum entrapment efficacy achieved for CIS and
DOX was 77.25 % and 83.92 %, respectively. Notably, a significant synergistic effect of lipid concentration, hydration time, and the
DSPC:cholesterol ratio was observed on the percent encapsulation efficacy of DOX (EE%; P < 0.05) (Table S5). Additionally, for CIS,
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three independent variables positively influenced entrapment efficacy (Table S6). The regression equations for EE% of DOX and CIS
are provided in Tables S7 and S8. The resulting equations, in terms of coded values, are as follows:

EE%-DOX = +76.36 + 3.64 *A +0.59 * B +5.17 * C —2.14 * AB +1.42 * AC +2.05 * BC 4+2.27 * A2 -6.17 * B> -1.84 * C?

EE%-CIS = +75.58 + 2.40 *A +3.62 * B +5.17 * C —2.14 * AB +1.42 * AC 4+2.05 * BC +2.27 * A% -6.17 * B2 -1.84 * C>

The effects of the DSPC: cholesterol ratio, hydration time, and lipid value on EE% for DOX and CIS drugs, represented as 3D contour
plots, are depicted in Fig. 2A, B, and 2C. Furthermore, the effects of the three independent variables on EE% for CIS illustrated as 3D
contour plots, are displayed in Fig. 2D, E, and 2F. The observed increase in EE% with extended hydration time can be attributed to the
enhanced drug encapsulation within the bilayer and aqueous compartments of the vesicles. The lipid compartment and aqueous phase
became saturated with the drug as hydration time increased [50]. Furthermore, elevating the DSPC: cholesterol ratio led to a less
permeable liposomal membrane, thereby increasing the percentage of encapsulation efficiency [51].

3.1.4. Validity of the central composite design

Adjusted R? demonstrates reasonable concurrence with predicted R when the two values are within 0.20 of each other [52]. Upon
examining the data from the regression analysis for various responses presented in Tables S2, S4, S7, and S8, a substantial alignment
between R? and adjusted R? becomes apparent. Additionally, the adequate precision assesses the signal-to-noise ratio. Given that all
responses exceed 4, the model can effectively guide the design process.

3.1.5. Data optimization

The optimized Lipo (CIS + DOX) formulation was selected based on achieving a narrow particle size, minimal polydispersity, and a
maximal entrapment efficiency percentage. The central composite design technique was employed to predict the optimal formulation.
Remarkably, a high desirability index (desirability = 0.802) was attained when the DSPC: cholesterol ratio stood at 60:40, the lipid
value was 272.2 pmolL, and the hydration time reached 43.395 min (Table S9). The projected particle size, polydispersity index, and
entrapment efficacy of DOX and CIS within the Lipo (CIS + DOX) formulations were 176.66 nm, 0.217, 80.31 %, and 77.25 %,
respectively. The resultant formulation was formulated and assessed, and the collected data revealed that the variance between
predicted and experimental responses was insignificant, affirming the validity of the optimization process. The values for the opti-
mized formula are outlined in Table 3.

The size of liposomes increased from 129.5 + 3.96 to 173.8 + 6.28 nm upon loading with CIS-DOX. This size augmentation can be
attributed to the encapsulation of CIS and DOX within the liposomal structure. Moreover, the size increment in liposomes loaded with
CIS + DOX, compared to pristine liposomes, can be linked to the more significant amount of enclosed CIS-DOX within the vesicles [52].
The optimized unloaded liposomes exhibited a smaller PDI value (0.168 + 0.007) compared to the optimized liposomal formulations
loaded with CIS-DOX (0.231 + 0.013), potentially resulting from alterations in vesicle size during the loading process. Furthermore,
the EE% of DOX and CIS in the liposomal formulations was 85.29 + 1.45 % and 73.62 + 1.70 %, respectively. This discrepancy in EE%
suggests that DOX achieves superior loading in liposome structures via electrostatic interactions and the formation of amide and
hydrogen bonds compared to CIS [53].

The zeta potential of liposomes containing CIS, DOX, and pristine liposomes is presented in Table 3. Following the loading of li-
posomes with CIS + DOX, the zeta potential decreased from —28.7 + 1.25 mV to —22.9 + 1.53 mV. These repulsive forces play a
crucial role in maintaining the colloidal stability of nanoparticles that bear positive or negative charges within low ionic strength
aqueous solutions [54]. Considering the positive charge of cisplatin, CIS + DOX-loaded liposomal nanoparticles exhibited a more
positive zeta potential in contrast to pristine liposomes [55].

3.2. Size distribution and morphology of the nano-formulations

The morphology and size of nanoparticles are critical parameters in liposomal drug delivery. Small nanoparticles exhibit higher
cellular uptake and transfection efficiency than larger ones, facilitating the targeted delivery of particles to specific cells for phar-
maceutical functionality [56]. The structure and surface morphology of Lipo (CIS + DOX) were investigated using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The FE-SEM images of the optimized Lipo (CIS + DOX) formulation
are presented in Fig. 3A, revealing that Lipo (CIS + DOX) exhibits a uniform globular morphology with a smooth surface. The particle

Table 3
The optimized responses obtained by Box-Behnken method and the experimental data for the same responses under the optimum conditions, CIS +
DOX.

Parameter Predicted by Box-Behnken method Lipo (CIS + DOX) unloaded liposome (Lipo)
Average size (nm) 176.661 173.8 + 6.28 129.5 4+ 3.96

PDI* 0.217 0.231 + 0.013 0.168 + 0.007

EE%" (DOX) 80.313 85.29 + 1.45 -

EE%" (CIS) 77.250 73.62 £+ 1.70 -

Zeta Potential (mV) - —22.9 +£1.53 —28.7 £1.25

@ Polydispersity Index.
b Entrapment Efficiency%.



M. Bahrami Parsa et al. Heliyon 9 (2023) e20657

9]
TEM EEIR.
o e
A R Y i
L 4
[T
H Rt
g | e
g a\/“/ " WY
TN e
DN VT
:
Wavenumber(cm™)
D) E) F)
DLS Release study Release study
— Tipo - ~cs ~DoX
Z Lipo(CIS+DOX) £ .0 - :pro(( 1S+DOX ), 7.4 = = Lipo(CIS+DOX), 7.4
16 3 ~ Lipo(CIS+DOX), 5.4 g ~ Lipo(CIS+DOX), 5.4
= . g o0 % 80 #
g e e o I
£ £ wff o £ w
4 g 20 g 20
P A R P R S P A
10 100 1000 Time (h) Time (h)

size (d.nm)
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DOX, Lipo (CIS + DOX) at pH 7.4, and Lipo (CIS + DOX) at pH 5.4.

size was below 300 nm, enabling efficient cellular entry. The results from TEM confirmed the formation of solid, spherical, mono-
dispersed CIS-DOX-loaded liposomal nanoparticles (Fig. 3B). For the determination of size distribution, dynamic light scattering (DLS)
analysis was conducted using a particle size analyzer, comparing the size distribution of unloaded liposomes and Lipo (CIS + DOX)
nanoparticles (Fig. 3D). Notably, DLS assesses nanoparticle size based on hydrated vesicles, while TEM analyzes nanoparticle size in a
dehydrated state (measuring the precise diameter of each particle). It is important to note that, due to the absence of water in dried
vesicles despite water being present in the diluted dispersion, the vesicle size measured via TEM is smaller than that from DLS [57].

3.3. Analysis of Fourier Transform Infrared (FT-IR)

Samples including DSPC, cholesterol, unloaded liposomes, free DOX and CIS, DOX-loaded liposomes (Lipo-DOX), CIS-loaded li-
posomes (Lipo-CIS), and DOX-CIS-loaded liposomes [Lipo (CIS + DOX)] were subjected to characterization using FT-IR spectro-
photometry (Fig. 3C). Changes influence the biological activity of therapeutic compounds in their chemical structures. The FT-IR
spectrum of the cholesterol formulation (Fig. 3C-a) reveals peaks in the range of 1036-1389 cm™!, indicative of the C-H: bending
band, while the C-C stretching aromatic peak appears at 1517 cm-. Furthermore, peaks at 1674 and 1728 cm™! are attributed to C=C
and C=O0 stretching in cholesterol. The FT-IR spectrum of DSPC (Fig. 3C-b) shows peaks related to P-O at 722 cm™! and 826 cm™
frequencies, P—O stretching at 1243 cm™!, and a broadband representing C-N in the range of 1000-1350 cm-'. The characteristic
peaks of blank liposomes (Fig. 3C—c) are observed at 1045 cm™" due to P—0 symmetric, 1214 cm~' due to P—0 symmetric stretching
vibration, 1749 cm™! due to C=0 group, and 1645 cm™ and 3478 cm™' due to O-H bending and stretching, respectively.

In its pure form, DOX exhibits characteristic band peaks at 1630 cm~' due to the C=0 group, 1723 cm™! due to the carboxylic acid
group, and 3518 cm™! due to N-H stretching (Fig. 3C—f). The FT-IR pattern for Lipo-DOX (Fig. 3C-g) peaks at 3284 cm™!, indicating
DOX’s successful incorporation into liposomes.

Fig. 3C-g demonstrates that all characteristic liposome peaks have shifted to different wavenumbers, signifying intermolecular
forces between Doxorubicin and liposomes. Additionally, the C=0 stretching of DOX appears at a lower wavelength (1604 cm™),
affirming the successful encapsulation of DOX in liposomes. The FT-IR spectrum of Lipo-CIS exhibits peaks at 3187 cm™!, confirming
the presence of N-H stretching in Cisplatin and validating its encapsulation within liposomes (Fig. 3C-e). Finally, the FT-IR spectra of
the Lipo (CIS + DOX) formulation (Fig. 3C-h) demonstrate that the shifts in characteristic peaks of unloaded liposomes, DOX, and CIS
indicate the successful encapsulation of both DOX and CIS drugs within the liposome formulation.

3.4. Drug release and modeling kinetic

The drug release profiles of pure CIS and pure DOX were examined under physiological pH (7.4) and cancerous pH (~5.4) con-
ditions in phosphate-buffered saline-sodium dodecyl sulfate for 72 h (Fig. 3E and F). Generally, an initial burst release of CIS occurred
from both pure CIS and CIS + DOX liposomal formulations within the initial 12 h under physiological pH (7.4). The initial burst release
of pure CIS at pH 7.4 reached nearly 100 % after 12 h. However, the release of CIS from the liposomal formulation was approximately
50 % (Fig. 3E). Similar outcomes were also observed for DOX (Fig. 3F).

CIS and DOX release rates from liposomal nanoparticles at physiological pH were significantly lower than those of formulations at
cancerous pH. Specifically, DOX release rates were 58.01 % and 70.65 %, while CIS release rates were 51.55 % and 57.67 % after 24 h.
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This behavior can be attributed to the distinct response of liposomes under different conditions. Liposome nanoparticles tend to swell
and rupture in acidic environments but effectively retain drugs under physiological conditions. Furthermore, electrostatic interactions
between the drug and the surfactant and the ionization state at physiological pH lead to reduced release at pH 7.4 [58,59]. The release
rates of CIS from Lipo (CIS + DOX) under physiological pH were lower than those of DOX from Lipo (CIS + DOX), resulting in cu-
mulative releases of 58.52 % (CIS) and 66.47 % (DOX) over 72 h. The interactions between the drugs and liposomal nanoparticles can
explain this discrepancy. DOX molecules can become entrapped between the liposome chains through hydrogen bonding and terminal
attachment. In contrast, CIS primarily entraps liposomes through terminal attachment [60].

The release kinetics of pure CIS, DOX, and Lipo (CIS + DOX) formulations at various pH levels were assessed using different kinetic
models (Table 4). The selection of the most suitable model for each formulation was determined based on the highest R? value,
reflecting the goodness of fit. The data in Table 4 shows that the first-order model best fits pure DOX and pure CIS. However, the
optimized Lipo-(DOX + CIS) formulation at pH 7.4 and 5.4 adheres to the Korsmeyer-Peppas model. The obtained n values in the
Korsmeyer-Peppas kinetic model for all samples ranged from 0.43 to 0.85, indicating the presence of an anomalous transport
mechanism governing the release of DOX and CIS molecules from the prepared formulations.

3.5. Differential Scanning Calorimetry

DSC analyses were performed on the unloaded liposome, DOX, CIS, and Lipo (CIS 4+ DOX) formulations. The liposome, consisting of
phospholipids and cholesterol, exhibited a slight broad exothermic peak at 47 °C and additional minor exothermic peaks spanning
from 90 °C to 110 °C. These features suggest interactions between lipid components during the formation of phospholipids (Fig. 4A). In
the DSC traces, DOX displayed a melting endotherm at 196.85 °C, accompanied by exothermic peaks at 208.89 °C, 227.68 °C, and
254.92 °C (Fig. 4B). The appearance of an endothermic peak at 49.62 °C in the thermogram of pure CIS and the physical mixture
indicated drug melting (Fig. 4C).

Upon concurrent loading of CIS and DOX drugs into liposomes, the characteristic endothermic peaks of liposomes and drugs shifted
to higher temperatures. This shift confirms the existence of hydrogen bonding between the —OH group in liposomes and drugs,
resulting in enhanced stability and rigidity of the niosome structure [61] (Fig. 4D). Upon drug incorporation into liposomes, the
characteristic endothermic peaks of DOX at 196.85 °C and CIS at 49.62 °C disappeared, indicating the presence of drugs in a molecular
dispersion state within the polymeric system. The absence of distinct CIS and DOX peaks in liposomes suggests that the drugs within
the liposomes adopted an amorphous state.

3.6. Stability

The investigation into the physical stability of Lipo (CIS + DOX) formulations encompassed two distinct temperatures—25 °C,
denoting room temperature, and 4 °C, representing refrigerator storage conditions. This inquiry spanned 60 days, during which the
samples’ size, polydispersity index, and encapsulation efficiency were meticulously evaluated (Fig. 5A, B, and 5C).

Fig. 5A, B and 5C underscore that the Lipo-(DOX + CIS) compositions stored at 4 °C for up to 30 days exhibited negligible size and
encapsulation efficiency alterations. This phenomenon can be attributed to the heightened stability exhibited by hydrophobic lipo-
somes at lower temperatures, juxtaposed with the tendency of liposomal formulations to swell and rupture when stored at elevated
temperatures. Consequently, the storage condition engenders a conspicuous expansion in liposome size and polydispersity index (PDI),
concomitant with a reduction in encapsulation efficiency [62].

An evaluation of vesicle size for drug-loaded liposomes conducted at 25 °C revealed a dimension of 300 nm, surpassing the di-
mensions of drug-loaded liposomes preserved at 4 °C, which measured 260 nm, following a 60-day timeframe. Also, the EE% of CIS
released from the liposomal formulation at 4 °C and 25 °C after 60 days was 63.29 % and 55.37 %, respectively. For DOX, the EE% was
70.37 % at 25 °C and 76.69 % at 4 °C (Figur 5C). The results show that the percentage of entrapment efficiency for DOX was higher
than that of CIS. The results clearly show that the percentage of entrapment efficiency for DOX exceeded that of CIS. This variance can
be attributed to the electrostatic interactions between DOX and liposomes and the formation of amide and hydrogen bonds with li-
posomes, in contrast to CIS.

PDI increased with storage time due to the drug leakage out of the liposomal formulations (Fig. 5B).

Table 4
The kinetic release models and the parameters obtained for optimum liposomal formulation.
Kinetic Model Zero-Order First-Order Higuchi Korsmeyer-Peppas
C; = Co+Kot LogC = LogC0+K,/2.303 Q =Ky i M¢/Mg = Ket"
1'2 r2 r2 1'2 n®
DOX (aq) 0.4530 0.9167 0.6250 0.744 0.463
CIS (aq) 0.4565 0.8475 0.6284 0.772 0.453
DOX + CIS@Liposome-7.4 DOX 0.7435 0.8242 0.8895 0.921 0.492
CIS 0.7552 0.8154 0.8974 0.924 0.527
DOX + CIS@Liposome-5.4 DOX 0.8076 0.9334 0.9344 0.953 0.475
CIS 0.7640 0.8452 0.9041 0.9229 0.484

@ Diffusion or release exponent.
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3.7. Cytotoxicity studies

The field of biomedicine is advancing at an accelerated pace compared to the past. Consequently, a category of entities known as
nano-scale compounds, encompassing organic and inorganic nanoparticles, has emerged within biomedical applications, displaying
diverse configurations, surface attributes, and dimensions [63]. Liposomes, which are hydrophilic, spherical bilayer vesicles composed
of phospholipids, have gained prominence. Their capability to encapsulate hydrophilic and lipophilic drugs makes them among the
most preferred nano-carriers. Noteworthy features of liposomes encompass their cell-membrane resemblance, safeguarding of active
groups, minimal immunogenicity, safety, biocompatibility, and efficacy [64]. This study underscores the excellent biocompatibility of
the Lipo (CIS + DOX) formulation with the HFF cell line. Furthermore, it is noteworthy that empty liposomes demonstrated no toxicity
toward the HFF cell line (Fig. 6A).

The analysis of cytotoxic effects on A2780 cells, using varying concentrations of empty liposomes (Lipo), CIS, DOX, CIS + DOX, and
Lipo (CIS + DOX), was conducted over 24 and 48 h (Fig. 6B and C). All samples’ cell viability significantly declined (P < 0.001) in
correlation with increasing concentrations. As depicted in Fig. 6D, the ICsq values for the CIS + DOX formulation demonstrated a

11
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notable reduction (P < 0.001) compared to free CIS and DOX after 24 and 48 h. Moreover, the reduction in ICs for Lipo (CIS + DOX)
surpassed that of CIS + DOX. Additionally, considerable reductions (P < 0.001) in ICsq values were evident for CIS, DOX, CIS + DOX,
and Lipo (CIS + DOX) after 48 h when compared to the 24-h treatment (Fig. 6D).

Given the heightened efficacy of dual chemotherapy agents over single agents, combining chemotherapy drugs has become integral
to chemotherapeutic strategies [65]. This approach mitigates drug-related toxic side effects and enhances treatment effectiveness by
optimizing the concentrations required to elicit desired outcomes [66]. The amalgamation of CIS and DOX in an anticancer drug
system holds promise, as it facilitates lower drug dosages and mitigates cardiotoxicity concerns [67].

The efficacy of many chemotherapeutic agents may be compromised due to rapid metabolism, adverse reactions, and the emer-
gence of drug resistance. Nano-carriers, such as liposomes, have been harnessed to enhance the therapeutic efficacy of several
chemotherapeutic agents, circumventing these limitations. Liposomes leverage the enhanced permeability and retention (EPR)
mechanism, enabling passive targeting and accumulation in tumors and inflammatory sites, along with improved pharmacokinetic
attributes of the enclosed medication. They concurrently reduce the systemic toxicity of the free drug. Additionally, liposomes enhance
drug solubility and provide a controlled, sustained release of encapsulated molecules.

Nevertheless, it is imperative to acknowledge that nanoparticles, particularly liposomes, still entail some toxicity risk and lack
precise targeting and distribution, notwithstanding their efficacy in treating diverse malignancies [68]. The augmentation of
anti-tumor effects and the mitigation of systemic toxicity via nano liposomal formulations assume significance through sustained drug
release, in contrast to free drugs [69]. Our findings indicate that the controlled release of nano liposomal drugs exhibited substantial
toxicity against A2780 cancer cells over 24 and 48 h while exerting minimal effects on the HFF healthy cell line. The biocompatibility
of the Lipo (CIS + DOX) formulation with the HFF cell line was pronounced. Cytotoxicity data for Lipo (CIS 4+ DOX) suggests that CIS
and DOX release within cells govern cytotoxicity rather than being governed by components of the liposomal formulation [70].

According to the results obtained, CIS and DOX liposomal systems exhibit heightened cytotoxicity compared to single-loaded
liposomal formulations presented in prior studies. Furthermore, the ICsy values for Lipo (CIS + DOX) were notably lower than
those for CIS-Lipo and DOX-Lipo [71,72]. Additionally, the ICsq values for Lipo (CIS + DOX) against A2780 cancer cells after 48 h were
6.22 ug/mL, demonstrating a reduction compared to (CIS + DOX) liposomal systems employed against other cancer cell types [73,74].
The synergistic effect of Lipo (CIS + DOX) cytotoxicity against A2780 cancer cells surpassed that of other single or dual drug-loaded
liposomes [75,76]. Maswadeh et al. reported that Doxorubicin loaded into thermosensitive liposomes exhibited a 20-fold reduction in
ICsp at 42 °C compared to 37 °C. The findings also demonstrated a 35-fold and 12-fold decrease in ICs for cisplatin thermosensitive
liposomes at 42 °C, relative to free cisplatin and cisplatin-thermosensitive liposomes at any temperature, respectively [77].
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3.8. Detection of apoptosis and necrosis

In order to assess the rate of cellular apoptosis, the double staining technique employing FITC-Annexin V and propidium iodide (PI)
was employed to incubate the cancer cells. According to the data presented in Fig. 7, the apoptosis rate for the A2780 cell line was
found to be 65.6 + 1.13 % for CIS, 65.15 + 1.48 % for DOX, 69.8 + 0.85 % for CIS + DOX, 90.15 + 0.78 % for Lipo (CIS + DOX), and
2.10 £ 0.34 % for unloaded liposomes (Lipo). All formulations exhibited a significant increase in apoptosis rates compared to the
control group (P < 0.001). Moreover, the results indicated a notable increase in apoptosis rates when combining CIS + DOX instead of
using CIS or DOX individually (P < 0.05). Furthermore, the apoptotic rate of A2780 cells was significantly higher when treated with
Lipo (CIS + DOX) compared to CIS + DOX alone (P < 0.001). The combination of CIS and DOX demonstrated synergistic effects,
enhancing their efficacy in eradicating ovarian cancer cells due to their mutually reinforcing inhibitory impact. Additionally, the
encapsulation of potent drugs within nano-carriers considerably amplifies their effectiveness in inducing apoptosis in ovarian cancer
cells [78].

Furthermore, DOX, an anthracycline antibiotic, can impede DNA remodeling through intercalation within DNA nucleotides and
inhibition of topoisomerase II activity. CIS, on the other hand, acts as a potent DNA chelating agent that forms DNA adducts. CIS
induces apoptosis in cancer cells by creating covalent bonds with DNA purine bases. Consequently, it hinders cellular transcription and
replication processes, thus disrupting cellular repair mechanisms [79,80].

The Lipo (CIS + DOX) formulation notably augments the apoptotic rate in cancer cells compared to other formulations. Liposomes
initiate apoptosis by activating procaspase outside the cell, leading to swift cascade cleavage and a subsequent elevation in death
signals [81]. In the study conducted by Maswadeh et al. treatment with doxorubicin-loaded thermosensitive liposomes resulted in over
25 % apoptotic cells in tumor cells, as determined by flow cytometry. The result underscores the superior efficacy of thermosensitive
liposomal treatment loaded with doxorubicin and cisplatin under hyperthermic conditions [77]. Similarly, a study on liposome-coated
nano-doxorubicin demonstrated a more significant apoptotic influence on oral squamous cell carcinoma CAL-27 cells than DOX alone.
These findings were corroborated by elevated caspase-3 expression and reduced C-Myc expression [82].

In another investigation, Singh et al. demonstrated that liposomes carrying a combination of DOX and celecoxib exhibited sig-
nificant anticancer effects, yielding a cancer cell viability reduction of over 99 %, even at lower concentrations than free drugs. This
effect might be attributed to synergistic inhibition of the AKT and COX-2 pathways, ultimately leading to cellular apoptosis [83].
Conversely, contrasting the study by Novais et al. an evaluation of cell cycle and death pathways revealed that liposomes
co-encapsulating doxorubicin and a glucoevatromonoside derivative prompted apoptosis and necrosis in breast cancer cell lines [84].
Strikingly, in contrast to Novais et al. study, our necrotic results showed the significant reduction in the necrotic rate in ovarian cells
treated with Lipo (CIS + DOX) compared to (CIS + DOX) or single drugs, which could be the new findings in the field of cancer therapy.

3.9. Cell cycle arrest analysis

Cell cycle alterations were evaluated to elucidate the growth-inhibitory effect of liposomes further. Flow cytometry was employed
to investigate the impact of different formulations, including empty liposomes (Lipo), free CIS, free DOX, CIS + DOX, and liposomes
encapsulating CIS + DOX, on the cell cycle progression of cancerous cells (Fig. 8). Research indicates that the CIS + DOX and liposomal
CIS + DOX formulations induce cell cycle arrest in A2780 cells during the sub-G1 phase (29.72 + 0.18 % for liposomal CIS + DOX and
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Fig. 7. Flow cytometric plots for evaluating apoptosis of A2780 cells after treatment with ICso concentration of unloaded liposomes (Lipo), free CIS,
free DOX, CIS + DOX, and Lipo (CIS + DOX) formulations. The upper left square (Q1) shows the percentage of necrotic cells and the upper right
square (Q2) exhibits the percentage of late apoptotic cells, (Q3) exhibits the percentage of early apoptotic cells, and (Q4) shows the percentage of
live cells (A). Comparison of the apoptosis induction in the A2780 cancer cells after the treatment with the different formulations (B). Data presented
means standard deviation (n = 3). For all graphs, ****: P < 0.0001; *: P < 0.05.
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Fig. 8. Flow cytometry plots of cell cycle arrest in A2780 cancer cells following treatment with ICso concentration of unloaded liposome (Lipo), free
CIS, free DOX, CIS + DOX, and Lipo (CIS + DOX) formulation (A). Cell cycle distribution analysis for A2780 cancer cells after treatment with
different formulations (B). Data presented means standard deviation (n = 3). For all graphs, ****: P < 0.0001; **: P < 0.01.

14.37 + 0.56 % for CIS + DOX). As depicted in Fig. 8, the cell population of the samples exhibited significant enhancement compared
to the controls following incubation with ICs¢ concentrations. The combination of CIS and DOX acts on multiple targets during distinct
cell cycle phases, allowing for a reduction in the required dosage when administered together. DOX arrests the cell cycle at G2/M,
while CIS inhibits the cell cycle at the G2 phase [85,86]. According to a study by Novais et al. it was confirmed that liposomes
co-encapsulating doxorubicin and a glucoevatromonoside derivative could arrest the cell cycle in the G2/M phase, leading to apoptosis
in breast cancer cell lines [84].

4. Conclusion

Liposome-based nano-carriers were prepared using a thin-film layer to simultaneously deliver CIS and DOX, aiming to enhance the
chemotherapeutic effect on ovarian cancer. The results demonstrate that liposomal CIS + DOX (Lipo) exhibits higher stability in
physiological pH compared to free drugs. At the cellular level, liposomal CIS + DOX (Lipo) significantly reduces the ICsy concen-
trations against A2780 and HFF cell lines, outperforming the free drug combination, individual free drugs, and empty liposomal
formulation. Furthermore, liposomal CIS + DOX (Lipo) induces substantial apoptosis in the tested ovarian cancer cells. Consequently,
these liposomal nano-carriers loaded with dual drugs have the potential to act as synergistic compounds for the treatment of ovarian
cancer. Further in vivo experiments can elucidate the potential of the liposomal formulation of cisplatin and doxorubicin to be used as a
drug for cancer treatment.
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