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o high mortality rate. Since chemotherapy is the conventional method of treatment,

efforts are being made to improve it to help patients function better. Fortunately,

with the use of nanocarriers and their remarkable ability to manage and direct drug
delivery, progress is being made in cancer treatment. In addition, folic acid-coated
nanocarriers offer several advantages in drug delivery, including improved stabil-

ity, bioavailability, targeted delivery and drug solubility. These properties make them
promising tools for improving cancer treatment efficacy. This research focused

on investigating the stability of a specific niosomal formulation (consisting of Span 60
and cholesterol) under different temperature conditions (4 and 25 “C) for 2 months. In
addition, the drug release rate of the formulation was evaluated. The results showed
that the size and polydispersity index increased significantly in the stability studies,

but the entrapment efficiency% decreased dramatically over time. In addition, encap-
sulation of drugs in niosomal formulations resulted in stable and slow drug release. The
cytotoxicity evaluation results of formulations containing doxorubicin and cisplatin
show their significant inhibitory effect on both breast and ovarian cancer cell lines (ICq
for DOX-CIS-Nio@PEG-FA formulation was 6.11 and 17.87 ug/mL for A2780 and MCF-
7, respectively). Niosomes loaded with a combination of two drugs were found

to affect gene expression in the cancer cell lines tested. They decreased the expression
of BCI2, VEGF, CCND1, and HER2 genes while increasing the expression of BAX gene.
Flow cytometry results indicated that niosomes loaded with doxorubicin and cispl-
atin increased the rate of apoptosis in both cell lines compared to a drug mixture.

ROS and cell cycle arrest, confirm the significant inhibition of cancer cells and their
destruction in the presence of the synthesized noisome formulation in comparison

to free drugs and the combination of two drugs. The potential of this novel approach
for delivering drugs to cancer cells lies in the ability to combine treatments and target
multiple cancers simultaneously. Such formulations allow co-delivery of drugs to differ-
ent cancer cells, thereby improving the efficacy of chemotherapy through synergistic
effects between drugs.
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Introduction

Breast and ovarian cancer are common and recognized cancers that pose a signifi-
cant risk to women worldwide. Breast and ovarian cancer are common and recog-
nized cancers that pose a significant risk to women worldwide (Smolarz et al. 2022;
Akbarzadeh et al. 2022a; Lu et al. 2019). On the other hand, while ovarian cancer has
a poor initial 5-year survival rate of 45%, survival tends to stabilize after 10 years of
diagnosis (Kim et al. 2022). Extensive research has shown that factors such as breast-
feeding, smoking and BMI have a significant impact on long-term survival in these
cancers. In addition, chemotherapy is a commonly used treatment strategy; however,
it is associated with multidrug resistance and can lead to adverse effects (Nair 2019;
Galizia et al. 2018).

Therefore, it is imperative to adopt novel therapeutic strategies that target different
mechanisms within cancer cells. However, combination chemotherapy faces several
challenges, including drug antagonism, variable drug solubility, and lack of effective
tumor cell targeting (Guo et al. 2019; Lovelace et al. 2019). Given the expanding appli-
cations of nanotechnology and the need for improved chemotherapeutic approaches,
nanoparticles have emerged as a viable solution. Their ability to deliver drugs with
precision, mitigate the side effects of chemotherapy, and preserve drug integrity has
made them an attractive option (Rizwanullah et al. 2016; Grodzinski et al. 2019; Chen

et al. 2019).
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The use of nanoparticles in drug delivery systems offers remarkable advantages,
including excellent biocompatibility with normal cells and efficient drug uptake by
cancer cells (Ayyanaar et al. 2020; Sahrayi et al. 2021). In addition, nanocarriers can be
designed to specifically target cancer cell surface proteins, allowing for selective drug
delivery and subsequent entry into cancer cells via endocytosis (Akbarzadeh et al. 2020).
They can also be used to control drug release and suppress drug-resistant cells. Research
has shown that the formulation of nanocarriers with a combination of multiple antican-
cer drugs leads to more favorable results in terms of anti-tumor effects compared to the
delivery of single drugs. This approach utilizes multiple mechanisms simultaneously to
effectively eliminate cancer cells (Bhatnagar 2007; Jamshidifar et al. 2021; Hojabri et al.
2023; Navrozoglou et al. 2008).

Most nanoparticles can exhibit cytotoxicity at high concentrations, but the use of nio-
somal formulations can help overcome this problem (Rostami 2020; Akbarzadeh et al.
2021a). Niosomes are vesicular structures with a mono- or bilayer membrane of non-
ionic surfactants and cholesterol, allowing loading of both hydrophilic and hydropho-
bic drugs (Ghafelehbashi et al. 2019; Naseroleslami et al. 2022). Furthermore, the use of
folic acid-coated niosomes has the advantage of targeting cancer cells that overexpress
the folate receptor while minimizing damage to normal cells (Rezaei et al. 2022; Sahrayi
et al. 2021). Folic acid ligands on the surface of cancer cells can facilitate the selective
delivery of drug-loaded niosomes to the tumor site by recognizing and binding to the
folate receptors (Aparajay and Dev 2022; Bourbour et al. 2022; Honarvari et al. 2022).
In addition, PEGylation of niosomes has the advantage of prolonging the circulation
time of the drug in the bloodstream by reducing the clearance by the immune system.
As a result, the accumulation of the drug at the site of the tumor is increased (Haroun
et al. 2022; Megahed et al. 2022). The acidic pH in the vicinity of cancer cells can induce
hydrolysis of surfactant molecules in the structure of the niosomal formulation, allowing
drug release in the tumor microenvironment with minimal side effects on normal cells
(Akbarzadeh et al. 2020; Rezaei et al. 2022). Numerous experiments, both in vitro and
in vivo, have been conducted to evaluate the impact of PEGylated niosomes coated with
folic acid on cell toxicity and their efficacy in fighting tumors. These studies have dem-
onstrated the ability of niosomes to inhibit tumor growth, stimulate programmed cell
death, and enhance the therapeutic response of anticancer drugs. Synergistic effect of
PEGylation, folate targeting and niosome encapsulation maximizes drug accumulation
in cancer cells while minimizing exposure to healthy tissue (Rezaei et al. 2022; Sahrayi
et al. 2021; Bourbour et al. 2022; Honarvari et al. 2022).

Cisplatin (diaminodichloroplatin) (CIS) is a well-known and highly important drug
that is used in the treatment of cancer. It is an inorganic compound that exhibits hydro-
phobic properties and functions similarly to alkylating agents. The central platinum
atom in cisplatin forms covalent bonds with the nitrogen 7 of the guanine and adenine
bases in DNA. This binding triggers the activation of proteins that detect cellular dam-
age, leading to the formation of additional compounds within the cell and the initiation
of an apoptotic signal (Kanaani et al. 2017; Shen et al. 2012). Cisplatin has demonstrated
favorable therapeutic responses in patients undergoing chemotherapy. However, the
development of drug resistance, often caused by epigenetic changes at the molecular and
cellular levels, leads to disease recurrence (Kanaani et al. 2017).
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Doxorubicin (DOX) is another important chemotherapeutic agent used in chemo-
therapy. It is an antibiotic with hydrophilic properties that allow it to bind to DNA and
disrupt the function of topoisomerase II, thereby inhibiting the cell replication process.
Despite its widespread use in the treatment of cancer, doxorubicin lacks specificity in
terms of cell targeting, which can lead to adverse effects on a wide range of cells (Shafei
et al. 2017; Thorn et al. 2011).

Taken together, the research on folic acid-coated PEGylated niosomes underscores
their potential to be an exciting drug delivery system for the targeted treatment of can-
cer. These studies provide insight into the benefits of this approach, such as enhance-
ment of the anti-cancer properties of drugs, improvement of patient outcomes and
reduction of side effects associated with conventional chemotherapy.

To address the challenges of chemotherapy, including drug resistance and disease
recurrence, nanotechnology has emerged as a breakthrough solution with its targeted
approach using nanocarriers. These remarkable nanocarriers interact with the body at
the molecular level and have the potential to revolutionize cancer treatment by deliv-
ering drugs exclusively to the targeted tissues. In this landmark study, we developed a
novel drug combination, doxorubicin and cisplatin, encapsulated in folic acid-coated
PEGylated niosomes, representing a major advance in cancer therapy. This innovative
nanocarrier design not only allows for a reduction in drug dosage, but also maximizes
the therapeutic efficacy of the treatment. By encapsulating both drugs in a single struc-
ture, we have achieved a synergistic effect that holds great promise for fighting breast
and ovarian cancer simultaneously. Furthermore, our study investigates cytotoxic effects
and apoptotic induction on MCF7 and A2780 cancer cells using various advanced meth-
ods. With this groundbreaking research, we are paving the way for a new era in can-
cer treatment by harnessing the power of niosomes to deliver a potent combination of
drugs with unparalleled precision. These results set the stage to continue exploring and
advancing this innovative strategy in oncology.

Experiments

Materials

Doxorubicin and cisplatin were purchased from BIO BASIC (Markham, ON, Canada).
A2780 and MCEF-7 cell lines were obtained from Pasteur Cell Bank, Iran. RPMI-1640
medium, DMEM, FBS, PBS, trypsin—EDTA, trypan blue, MTT, and penicillin/streptomy-
cin 100 x were purchased from Gibco, USA. An annexin V/propidium iodide (PI) assay
kit, commonly referred to as an apoptosis detection kit, was provided by Roche (Munich,
Germany). The DCFDA/H2DCFDA cellular ROS assay kit was purchased from Thermo
Fisher Scientific. Invitrogen (Camarillo, CA, USA) provided the Caspase-3/7 kits. Amicon
(Ultra-15 Membrane, MWCO 30000 Da), 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[folate(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG(2000)—Folate),
DSPE-PEG (2000), chloroform, ethanol, Span 60, DMSO, Cholesterol, and SDS were
purchased from Merck, Germany Dialysis membrane (MWCO 12000 Da). RNA extrac-
tion kit was provided by Cinnagen (Iran). RevertAidTM first-strand cDNA synthesis kit
from Fermentas (Vilnius, Lithuania) was used for cDNA synthesis.
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Fig. 1 Preparation of cisplatin and doxorubicin co-encapsulated in a folic acid-decorated PEGylated noisome
(DOX-CIS-Nio@PEG-FA)

Optimization of the niosomal formulations

Response surface methodology (RSM) using the Box—Behnken method was used to opti-
mize niosomal formulations. In this study, the effects of lipid, sonication time and molar
ratio of surfactant to cholesterol on particle size, polydispersity index (PDI) and entrap-
ment efficiency (EE%) of niosomal formulations were evaluated. Design-Expert software
(version 13, Stat-Ease, Inc., Minneapolis, MN, USA) was used to obtain the polynomial
equation. The optimized indicator was applied to the Box—Behnken design data. The
experimental data were compared with the predicted responses to identify the optimal
formulation for further study on the basis of the point prediction method (Sharafshadeh
et al. 2023).

Synthesis of PEGylated niosomes coated with folic acid

The synthesis of niosomes coated with PEG—folic acid (DOX-CIS—-Nio@PEG-FA)
was performed by thin layer hydration method according to previous studies with few
modifications. Briefly, the components including span 60, cholesterol and DSPE-PEG
(2000)-folate were dissolved in chloroform and evaporated for 30 min using a rotary
evaporator (160 rpm, 60 °C). The resulting thin film was then hydrated with PBS con-
taining 10 mg cisplatin and 10 mg doxorubicin (1 x, 25 °C, 150 rpm, 30 min). To obtain
a uniform size distribution, the prepared samples were sonicated for 5 min. Drug loaded
niosome formulations were prepared by loading drugs during the synthesis process.
Empty niosome constructs without drugs were also synthesized. The schematic synthesis
of the DOX-CIS—Nio@PEG-FA is shown in Fig. 1. The optimal formulation was stored
at 4 °C for further studies. The levels of surfactant/cholesterol ratio, lipids and sonication
time considered are listed in Table 1 (Bourbour et al. 2022; Yeganeh et al. 2022).
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Table 1 Desirability criteria and predicted values for the variable, DOX + CIS

Desirability  Lipid—umoL  Sonication time—min  Surfactant: Cholesterol—molar ratio  Number

0.748 264.7 6.804 1.643 1

Verification of nanoparticle structure

Confirmation of the structure and morphology of the synthesized nanoparticles was
performed using various techniques of SEM, TEM, DLS, XRD, DSC and FTIR. The
most suitable size and morphology of niosomal nanoparticles were investigated by scan-
ning electron microscopy (SEM) (SSX-500, Shimadzu, Japan) and transmission electron
microscopy (TEM) at 80 kV (Netherlands, Philips CM30). Then, the size, particle disper-
sion index (PDI) and charge of the prepared nanoparticles are checked by dynamic light
scattering (DLS) using Malvern Zeta Sizer (Malvern Instruments, UK). X-ray diffraction
(XRD) analysis, a non-destructive method that provides comprehensive information
on the structure and crystalline phase of materials, was performed on dried synthe-
sized samples on a plane glass (Ni filter and Cu radiation, A=0.542 nm, tube voltage of
25-45 kV and tube current of 100-200 mA). In addition, Fourier Transform Infrared
(FT-IR) spectra were used to study chemical bonds, functional groups, and the presence
or absence of a bond, using the BRUKER spectrometer (VERTEX 70). Finally, differential
scanning calorimetric (DSC) analyses were performed using a differential scanning calo-
rimeter (TA-60, Shimadzu, Japan). Briefly, 3 mg of the samples were sealed in the stand-
ard aluminum pans and heated to 300 C at a rate of 5 °C/min under a purge of nitrogen.

Niosome stability and entrapment efficiency

The stability of optimal niosomes was tested at two temperatures of 4 °C and 25 C for
2 months. Subsequently, entrapment efficiency (EE%), size, and polydispersity index
(PDI) were evaluated at specific time intervals (Mansoori-Kermani et al. 2022; Targhi
et al. 2021).

The encapsulation of drugs (cisplatin and doxorubicin) in nanocarriers was deter-
mined by ultrafiltration of the solution containing free drugs and drug-loaded niosomes.
The solution was ultrafiltered for 20 min with Amicon Ultra-15 membrane (MWCO
30,000 Da), which resulted in the separation of free drugs (passing through the filter)
and drug-loaded niosomes (remaining in the column). Next, the concentration of each
drug, cisplatin and doxorubicin, was estimated at the wavelength of the highest absorb-
ance peak (480 nm and 360 nm for doxorubicin and cisplatin, respectively) using UV—
Vis spectroscopy (JASCO, V-530, Japan). The concentration of the drugs was calculated
based on the standard curve and the provided equation:

Encapsulation Efficiency(%) = [(A — B)/A] x 100. (1)

In this equation, A represents the amount of the primary concentration of cisplatin
and doxorubicin for the niosomal preparation, and B defines the amount of the non-
entrapped drug after centrifugation (Sharafshadeh et al. 2023).
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Release study

The dialysis bag method (MWCO =12 kDa) was used with an appropriate buffer (50 mL,
1 x, pH 7.4) to study drug release from the niosome structure. 10 mL of each sample
was added to the dialysis membrane. The samples were placed on the stirrer at a speed
of 50 rpm and a temperature of 37 °C. Samples were taken from the external PBS buffer
at specified time intervals to determine the rate of drug passage and, finally, to plot the
amount of drug released versus time. Different release kinetic models were used to ana-
lyze the release profile. The release is determined by the model fitting analysis method
(Akbarzadeh et al. 2020).

Cytotoxicity assay

The cytotoxicity of unloaded niosomes, mixed of Doxorubicin/Cisplatin (DOX + CIS),
Doxorubicin/Cisplatin-loaded niosomes (DOX + CIS-Nio), and Doxorubicin/Cisplatin-
loaded PEGylation niosomes functionalized with folic acid (DOX + CIS-Nio@PEG-FA)
was evaluated by calorimetric method using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) for both MCF7 and A2780 cell lines. Cultured cells were
plated (10* cells/well) in 96-well plates with RPMI-1640 (containing 1% penicillin—strep-
tomycin and fetal bovine serum) and then incubated for 24 h at 37 °C under a 5% CO,
atmosphere. Next, defined concentrations (1.25, 2.5, 5, 10, and 20 pg/mL of the samples)
were added to the cells and incubated for 48 and 72 h. The medium of each well was then
replaced with 0.5 mg/mL MTT. After incubation at 37 °C under 5% CO, atmosphere
for 4 h, the supernatant was removed and isopropanol was used to dissolve the formed
formazan. Finally, the cytotoxicity of the samples was calculated by reading the absorb-
ance of the samples at 570 nm and comparing the absorbance in the treated cells and the
control group (untreated cells with the samples) (Sharafshadeh et al. 2023).

ROS assay

The amount of ROS produced in the presence of each sample was checked using the
H2DCFDA (2’,7’-dichlorodihydrofluorescein diacetate) kit. Briefly, cancer cell lines
(A2780 and MCF7) were treated with samples for 48 h (IC,, concentration) and then
washed with PBS buffer. They were then incubated with 80 mL of H2DCFDA at 37 °C for
30 min. Finally, the intensity of fluorescence emission was measured using a microplate
reader for data quantification (Lalami et al. 2022).

Caspase 3/7 activity

The enzymatic activities of caspase 3/7 were evaluated by enzyme-linked immuno-
sorbent assay (ELISA) according to the manufacturer’s guidelines, Roche (Germany).
Assays were performed after treatment of A2780 and MCEF7 cancer cells with various
treatments including control, unloaded niosomes, DOX + CIS, DOX + CIS-Nio, and
DOX + CIS-Nio@PEG-FA (Sharafshadeh et al. 2023).

Detection of apoptosis/necrosis
The apoptosis rate of each cell line (MCF7 and A2780) was evaluated by treating cells
(1 x 10° cells/well) in the presence of formulations at IC,, concentration for 48 h, and
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then the cells were examined by Annexin V/Propidium Iodide (PI) assay. Finally, the
apoptosis rate of treated cells and untreated cells (control) was compared by flow
cytometry (Asghari Lalami et al. 2023).

Profile of gene expression

The expression rate of apoptosis-related genes (BAX, BCL2, VEGE CCNDI and
HER?2) was investigated by qRT-PCR method in MCF7 and A2780 cells (Bioneer, Dae-
jeon, South Korea). RNA from treated and untreated cells with samples was isolated
using an extraction kit (Qiagen, Germantown, MD), and the concentration of RNAs
was measured by photon nanometer (IMPLEN GmbH, Munich, Germany), then
complementary DNA was also synthesized using Revert AidTM First Strand cDNA
Synthesis Kit (Fermentas, Vilnius, Lithuania). In following, a reaction mixture con-
taining buffer (5 x, 5 pL), the extracted RNA (1 pg), a random hexamer primer (0.5
uL), the oligo dT primer (0.5 pL), deoxynucleotide triphosphate mixture (10 mM, 2
uL), RNase enzyme inhibitor (20 units/microliter, 1 uL), reverse transcriptase enzyme
(1 pL), and double-distilled water (up to a final volume of 20 puL) was prepared. The
temperature program was set as follows: 25 °C for 5 min, 42 °C for 60 min, 70 °C for
5 min, and 4 °C for 5 min.

We used the primer sequences from our previous study. The following temperature
program was used for the qRT-PCR reaction: 95 °C for 1 min, 95 °C for 15 s, and 60 °C
for 1 min. Assuming 100% PCR efficiency, the relative gene expression was calculated
using the AACt method (Mohammadi Shivyari at al. 2022) (ICs, concentration is
used) (Asl et al. 2022).

Cell cycle analysis

Cell cycle and proliferation stages were determined by assessing the DNA content
of the cell and staining with propidium iodide (PI), which can bind to cellular DNA.
Briefly, cells (1 x 10° cells/well) cultured in complete medium for 24 h were washed
three times with PBS buffer and treated with samples for 48 h. The cells were then
fixed with cold 70% ethanol (24 h, room temperature) and stained with 500 pL PI
solution (dark, 20 min, room temperature). Finally, they were analyzed by flow cytom-
etry. All experiments were performed with IC;, concentration and three replicates
(Fatemizadeh et al. 2022).

Statistical analysis

Data from cellular and molecular studies were analyzed using Graphpad Prism ver-
sion 6.01 software (Graphpad, Inc. La Jolla, CA, 92037, USA). In addition, the com-
parison between the treatment group and the control group was evaluated using
one-way ANOVA and T test methods, and the minimum significant level was calcu-
lated based on P<0.05.
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Fig.2 A FE-SEM of DOX-CIS-Nio@PEG-FA, B TEM of DOX-CIS-Nio@PEG-FA, C FT-IR spectra of different
components used for the formation of niosomal formulation, a: span60, b: Cholesterol, c: Niosome, d:

DOX, e: CIS, f: DOX-Nio, g: CIS-Nio, h: DOX + CIS-Nio, i: DOX-CIS-Nio@PEG—FA, j: DSPE-PEG2000-PEG-FA,

D XRD patterns of different samples, a: Niosome, b: DOX, c: CIS, d: DOX-Nio, e: CIS-Nio, f: DOX-CIS-Nio,

g: DOX-CIS-Nio@PEG-FA, E Differential Scanning Calorimetry (DSC), a: DOX-Nio, b: DOX, c¢: Niosome, d:
CIS-Nio, e: DOX 4 CIS-Nio, f: DOX~CIS-Nio@PEG-FA, F DLS, G In vitro release of CIS, a: free CIS, b: CIS-Nio, ¢
CIS 4 DOX-Nio, d: DOX-CIS-Nio@PEG-FA, H In vitro release of DOX a: free DOX, b: DOX-Nio, c: DOX 4 CIS-Nio,
and d: DOX-CIS-Nio@PEG-FA

Table 2 Optimized responses obtained by Box-Behnken method and the experimental data for the
same responses under the optimum conditions

Parameter Predicted by Box- DOX-CIS-Nio  DOX-CIS-Nio@PEG-FA  Empty Niosome (Nio)
Behnken method

Average size (nm) 21873 248.7+7.37 214.6+850 14304547

PDI® 0.246 0.214£0.01 0.177£0.009 0.201£0.012

EE® (DOX; %) 71.09 80.65+1.80 83.29+1.38 -

EEP (CIS; %) 67.27 65.5441.25 72.73+£1.86 -

2 Polydispersity index
® Entrapment Efficiency

Results and discussion

Physicochemical and morphological properties

According to SEM and TEM micrographs, DOX-CIS-Nio@PEG-FA formulation
showed spherical and uniform structures (Fig. 2A, B).

Table 2 shows various characteristics of the samples investigated in this study. Con-
sidering the minimum particle size, narrow PDI and maximum entrapment efficiency
(Table 2), the average size of the optimal samples, empty niosomes (N), doxorubicin/cis-
platin-loaded niosomes (DOX + CIS-Nio) and doxorubicin/cisplatin-loaded PEGylation
niosomes functionalized with folic acid (DOX-CIS—Nio@PEG-FA) were 143.0+5.47,
248.7+7.37 and 214.6£8.50 nm, respectively. Similarly, the DOX EE% results for
DOX + CIS-Nio and DOX-CIS-Nio@PEG-FA were 80.65+1.79 and 83.29+1.38 and
the CIS EE% was 65.54+1.25 and 72.73 £ 1.86, respectively. The PDI results show values
of 0.201+0.012, 0.21440.012 and 0.177 £0.009 for empty niosomes, DOX + CIS-Nio
and DOX-CIS-Nio@PEG-FA, respectively.
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Studies report that the size of nanoparticles is directly related to the amount of lipid
used in them, so that more lipid leads to larger size. At the same time, the low concentra-
tion of cholesterol leads to the compaction of the structure and the reduction of the size
of the nanocarriers (Ghafelehbashi et al. 2019; AgSeleci et al. 2016).

PEGylation, the addition of polyethylene glycol (PEG) chains to niosomes, non-ionic
surfactant vesicles used for drug delivery, can affect their size. PEGylation can lead to
an increase in the size of the niosome due to the formation of a PEG corona, which cre-
ates a steric hindrance and hydration around the particles. This swelling can be benefi-
cial for prolonged circulation and increased drug encapsulation capacity. However, in
some cases, PEGylation may have minimal effect on niosome size if the PEG chains are
short or do not significantly affect the packing arrangement of the niosome components.
The specific formulation parameters, including choice of surfactant, lipid composition
and PEG chain length, influence the size response. Overall, PEGylation offers advan-
tages, such as improved stability and circulation time, with size changes dependent on
formulation factors (Afereydoon et al. 2022; Elliott 2009; Khodabakhsh et al. 2022). The
loading of DOX and CIS in the optimal niosome formulation and the functionalization
(PEG and FA) of the niosomes lead to an increase in size, based on the data presented in
Table 1. Meanwhile, the functionalization is associated with an increase in the encapsu-
lation of both drugs.

The Dox—CIS-Nio@PEG-FA formulation had higher EE% than Dox—CIS-Nio. This
result shows that PEGylation of niosomal formulations is important to minimize prob-
lems related to niosomal instability, such as drug leakage (Naderinezhad et al. 2017). In
addition, polyethylene glycol is hydrophilic and this property renders the surface of the
niosomes hydrophilic. As a result, the EE% increased. The results showed that the size of
Dox—CIS-Nio@PEG-FA was smaller than Dox—CIS-Nio. A decrease in particle size of
Dox—CIS-Nio formulations after PEG modification can be attributed to providing aque-
ous layer on niosome surfaces by adding PEG (Shehata et al. 2016). This reduction in
aggregation would have resulted in the formation of niosomal formulations that were
smaller in size than uncoated formulations. These results were supported by other stud-
ies in which PEGylation of nanoniosomes improved their stability, increased the entrap-
ment efficiency and reduced the size of the niosomal formulations (Alemi et al. 2018;
Moammeri et al. 2022; Haghiralsadat et al. 2017; Hemati et al. 2019; Hemati et al. 2019b).

Figure 2C and Table 3 show the FT-IR spectra for the different components of the
niosomal formulation. Part G in the FT-IR diagram shows that when CIS enters the
niosome structure, the stretching amine bond has appeared in the 3284 region, which
can confirm the proper loading of CIS into the niosome structure. Part F is related to
the entry of DOX into the niosome, all the bands related to the niosome were accom-
panied by a shift to shorter wavelengths, which may be due to the formation of a bond
between the DOX and the niosome. In addition, the absorption bands related to the
stretching C—O bond of DOX appeared in the 1180 and 1043 regions, which can con-
firm the successful loading of DOX into the niosome. In addition, the band related to
the out-of-plane bending H-O bond appeared in the 780 region, which again can be
a reason for the introduction of DOX into the niosome structure. When both drugs
enter the niosome structure at the same time (band H), in addition to the DOX bands
in the 1178 region, the C—O bond in the 1040 region, and the O-H bond band in
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Table 3 Main characteristic peaks for FT-IR spectra of different samples/chemicals

1

Sample, chemicals Peak cm™ Description
Span 60 1125 C-0O stretching
2800-3000 C-H stretching
3452 OH stretching
Cholesterol 1747 C=0 stretching
2800-3000 C—H stretching
3452 OH stretching
1035-1378 CH, bending and CH, deformation
1506 C-C stretching in aromatic ring
1674 C=C stretching
Niosome 1125 C-0 stretching
1747 C=0 stretching
2800-3000 C-H stretching
3452 OH stretching
Cisplatin 3285 Amin stretching
1303 Symmetric amine bending
794 Chlorides stretching
Noisome—cisplatin 3284 Amin stretching
DOX 705-868 Out of plane O-H bending
1000-1280 C-0 stretching of alcohol
3518 N-H stretching
1405 CH; bending
1530-1618 Aromatic
1630 c=0
1723 Carboxylic acid
2893 Alkane
3293 OH
DSPE-PEG2000-folic acid 842 P-O
961 =C-H out-of-plane bending alkenes
1060 C-0 stretching
1149 and 1342 C-N stretching
1242-1281 P=0
1360 CH, Itis common in all components
1468 representing aromatic rings
1736 C=0 Ester
2889 C=0 Aldehyde
3421 OH

the 778 region, the CIS band also appears in the 3280 region, which is related to the
stretching amine bond. All these bonds, while maintaining the niosome structure,
may be the reason for the successful loading of both drugs into the niosome at the
same time. In addition, when the PEG—folic acid sample was added to the niosomes
containing DOX and CIS (lane i), the band related to the C—H bond (PEG) appeared
in the 1313 region and the band related to the C—N bond of folic acid appeared in
the 1209 region. The changes in the FTIR spectrum can confirm the correct coverage
of the niosome containing both drugs simultaneously by DSPE-PEG2000—folic acid
(Akbarzadeh et al. 2020; Khodabakhsh et al. 2022).
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Figure 2D shows the XRD pattern for the samples tested. Niosome peaks appeared at
21.74, 27.57, 31.88, 45.83, 56.74, 66.63, 75.51° and DOX peaks appeared at 11.67, 12.94,
14.97, 16.75, 18.52, 19.28, 20.55, 22.1, 23.54, 1.36, 1.35 30.19, 31.46, 33.23, 34.25, 35.51,
36.53, 38.30, 39.32, 40.33, 42.36, 44.64° appeared. In addition, when DOX entered the
niosome structure, some of the niosome peaks containing DOX became slightly shorter
than the niosome and were accompanied by some shift to smaller angles, such that the
peaks of the niosome containing DOX appeared at 21.72, 27.51, 31.87, 45.81, 56.72,
66.61, 75.74°, that this change may be due to the presence of the drug in the niosome
structure or the reaction of water molecules between the niosome layers. Therefore,
since there is no change in the structure of the peaks, it shows that the final formulation
has maintained its structure. On the other hand, peaks related to CIS were also formed
at 27.32, 31.63, 45.58, 55.49, 66.38 and 75.51°. By adding CIS in the niosome structure,
the peaks related to niosome are accompanied by some shift towards smaller angles
so that they can be seen at 21.73, 27.55, 31.86, 45.66, 54.03, 56.56, 66.46, 75.59 and the
peak 54.03 can be related to CIS drug. Furthermore, by adding both drugs DOX and CIS
in the niosome, the peaks related to the niosome were shifted to smaller angles, peaks
21.72, 27.51, 31.30, 40.43, 51.07, 54.78, 66.55, 73.91, it was revealed that the peak 51.07
can be the reason for the presence of CIS in the structure. Finally, the niosome structure
containing DOX and CIS was covered by PEG and folic acid, all peaks related to nio-
some were accompanied by some shift towards smaller degrees of 21.58, 27.43, 30.97,
44.41, 56.32, 66.47, 73.58 and on the other hand with the appearance of peaks at 23.61,
40.61, 46.44, 51.24 in the final formulation can be attributed to the presence of PEG and
folic acid as a successful coating of the niosome structure (Bourbour et al. 2022; Lalami
et al. 2022).

Differential scanning calorimetry analysis

Differential scanning calorimetry (DSC), a thermal technique that measures the differ-
ence in the amount of heat required to raise the temperature of a sample and a reference,
is shown in Fig. 2E. For DOX, the observed endothermic points are in the regions of
196.85, 208.89, 227.68, 254.92. With the addition of DOX to niosome, the melting tem-
perature of niosome containing DOX has increased to 33.54, 40.90, 113.65 and 225.88
compared to niosome 33.19, 39.90, 87.89, 113.57, 213.21. According to these findings,
DOX can interact with the niosome structure through free hydroxyl functional groups
and establish a hydrogen bond, which leads to change the thermal properties of niosome
and its higher stability (Afereydoon et al. 2022; Khodabakhsh et al. 2022).

Furthermore, the increase in melting temperature of niosome containing DOX indi-
cates an increase in crystal size and order compared to noisome. On the other hand, the
absence of drug melting point in drug-containing niosome is due to the fact that these
two compounds have crystallized together and had a good compatibility that they could
be encapsulated in the lipid layers of niosome and finally form a new phase (Akbarza-
deh et al. 2020; Akbarzadeh et al. 2022b). By adding CIS to niosome, the endothermic
points of CIS have melted in the areas of 79, 180, 250, 270 and 280 ‘C and some niosome
structure has been changed due to the formation of hydrogen bond between CIS and
niosome. Thus, endothermic points have appeared in the areas of 59.11, 75.20, 91.40 °C,
which may be due to the change of thermal properties of niosome and the increase of
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its stability. On the other hand, the absence of melting points of CIS in niosome may
be due to the appropriate compatibility of drug with niosome and encapsulation of CIS
by niosome. Then, by adding both drugs simultaneously in the niosome structure, the
melting points of the niosome in the areas of 29.16, 44.38, 68.47, 110.32, 200.36, was
accompanied by a decrease in melting point, which could be due to the reaction between
the structure of drugs with the niosome and the formation of a new structure, which
is associated with a decrease in size. In the final stage, by covering the niosome struc-
ture containing two drugs (CIS and DOX) by PEG, FA, endothermic points related to
niosome appeared in the areas of 29.16, 44.38, 68.48, 110.33, 19.31, 200.37. The melting
point of the drugs did not appear due to the complete encapsulation of the drugs by
the lipid layers of niosome and then by PEG and FA, but the melting point of niosome
in the mentioned areas was associated due to the formation of bonds with PEG and FA
and entering the new phase with slight increase in temperature, which could be the rea-
son for the successful presence of PEG-FA coating and the connection between them
with drug-containing niosomes. On the other hand, the melting point of 190.31 °C that
appeared in the final formulation may be due to the presence of PEG-FA coating and the
formation of a bond between the drug-containing niosomes and the coating.

Drug release

The release profile of CIS and DOX from the dialysis bag containing the combination
of two free drugs and drugs co-loaded in niosomes and niosomes functionalized with
PEG and folic acid is shown in Fig. 2. The results of the release study show that nio-
somal formulations control drug release and result in prevention of burst release at
physiological condition (pH7.4). As can be seen in Fig. 2G, H, the release of free drugs
(both CIS and DOX) quickly reaches its maximum, while the placement of drugs in nio-
somal structures leads to a controlled and stable release (Rinaldi et al. 2017; Tila et al.

Table 4 Kinetic release models and the parameters obtained for optimum niosomal formulation

Kinetic model Zero-order First-order Higuchi Korsmeyer—
Peppas
C=Co+ Kyt LogC=LogC0+K,/2.303 Q=K MJ/M=K.t"
P s s P n
DOX (aq) pH 74 04530 09167 0.6250 0.7474 0.4643
clS (aqg) pH 7.4 0.4565 0.8475 0.6284 0.7702 04543
DOX-CIS-Nio
DOX pH 7.4 0.7529 0.8159 0.8967 09163 0.6436
cls pH 7.4 0.8445 0.8987 0.9532 0.9522 0.6922
DOX-CIS-Nio@PEG-FA
DOX pH 7.4 0.7701 0.8694 0.9089 0.9287 04951
cIs pH 7.4 0.8445 0.8987 0.9532 0.9522 0.6922

Zero-order model: where C, is the drug amount released in time t, C; is the initial drug amount in the solution and K|, is the
zero-orderkinetic model constant

First-order model: where C, is the initial drug concentration, K; is the rate constant, and t is the time
Higuchi model: Q is the drug amount released in time t, and K, is the kinetic model constant

Korsmeyer-Peppa’s model: where M/M =K_.t" is a drug released fraction at time t, n is the release exponent, and K is the
release rateconstant

r%: The regression coefficient



Safari Sharafshadeh et al. Cancer Nanotechnology

2015). Different models have been used to study the release kinetics. Thus, according to
Table 4, the release of free DOX and free CIS at pH7.4 both follow the first-order model,
while the release of CIS at the pH 7.4 from co-loaded drugs in niosome structure fol-
lows the Higuchi model. However, the Korsmeyer—Peppas model was followed for the
release of DOX from the niosome structure containing two drugs at pH 7.4. In addition,
the release of DOX and CIS from PEG- and folic acid-functionalized niosomal formula-
tions was investigated for DOX and CIS at pH 7.4, according to the Korsmeyer—Peppas
model. The models determined for each of the formulations are based on the r? values

(2024) 15:14

reported in Table 4; Rinaldi et al. 2017; Tila et al. 2015.
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Stability study

Since temperature has a significant effect on the half-life of niosomal structures, to study
the stability of the synthesized formulations, the effect of two temperatures (4 ‘C and
25 °C) on the size, PDI and EE% of optimal niosomes (niosomal formulations with CIS
and DOX and PEGylated niosomal formulations with both drugs) was evaluated at dif-
ferent time intervals (0, 30 and 60 days). Over time, the size of niosomal vesicles and
PDI increased for both temperatures. Meanwhile, the percentage of encapsulation effi-
ciency of two drugs, CIS and DOX, decreased significantly. As a result, the optimal time
to store niosome formulations is within a period of 1 month, so that the least changes in
size and content occur (Fig. 3). In addition, at a temperature of 4 ‘C compared to 25 C,
little changes were observed due to the minimal movement of the bilayer in the niosome
membrane; therefore, to observe more stability in the niosome structure, the tempera-
ture and shorter storage time are of great importance (Chen et al. 2019; Ghafelehbashi
et al. 2019; Yinhua et al. 2020).
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Fig. 4 A In vitro cytotoxic effects of empty niosomes (N), DOX 4 CIS, DOX + CIS-Nio, and DOX + CIS-Nio@
PEG-FA in A2780 cell line; B in vitro cytotoxic effects of empty niosomes (N), DOX + CIS, DOX + CIS-Nio, and
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In vitro cytotoxicity analysis

The toxicity effect of designed formulations including empty niosome, combination of
CIS and DOX, niosome containing two drugs and FA-PEGylated niosome containing
both drugs on A2780 and MCEF?7 cell lines was evaluated by MTT assay. The effect of the
investigated samples on both cell lines was evaluated in two time periods of 48 and 72 h.
In addition, a range of concentrations (1.25, 2.5, 5, 10, 20 ug/mL) was used for the cal-
culation of the percentage of cell viability in the presence of our samples. Figures 4A-D
shows that the use of different formulations, especially niosomes functionalized with
folic acid and PEG (DOX-CIS-Nio@PEG-FA), resulted in a significant decrease in both
MCF7 and A2780 cancer cell viability and IC,, values. The IC,, values of the DOX-CIS-
Nio@PEG-FA formulation were determined to be 15.26 and 35.60 pg/mL for the A2780
and MCEF-7 cell lines, respectively, after 48 h of exposure. As shown in Fig. 4C, D, IC,,
of DOX-CIS-Nio@PEG-FA was estimated to be 6.11 and 17.87 pg/mL, respectively,
against A2780 and MCF7, respectively, after 72 h of exposure. This indicates a significant
decrease compared to DOX-CIS-Nio and DOX-CIS. As expected, the inhibitory effect
of the samples on the two cancer cell types increased with increasing concentration and
time.

Engineered niosome formulations exhibit enhanced inhibitory effects on cancer cells
compared to free drugs. These formulations effectively penetrate the cell membrane and
facilitate drug entry into cancer cells. Folic acid, due to its affinity for folate receptors
overexpressed on cancer cells, enhances targeted drug delivery to cancer cells, resulting
in lower IC; values. This targeted approach increases drug efficacy and reduces toxicity
to normal cells. Consequently, nanocarriers containing CIS and DOX are internalized
through the interaction between folic acid molecules on the surface of niosome struc-
tures and the corresponding receptors on cancer cells (Akbarzadeh et al. 2020; Bour-
bour et al. 2022). On the other hand, the process of PEGylation, in which polyethylene
glycol (PEG) chains are attached to the surface of niosomes, offers numerous advan-
tages. PEGylation increases the stability and durability of niosomes in the bloodstream,
resulting in prolonged circulation time and enhanced drug accumulation specifically at
the tumor site. This ultimately results in increased therapeutic efficacy and decreased
IC,, values for cancer cells (Aparajay and Dev 2022; Megahed et al. 2022). The results
obtained from the cytotoxicity assay of the samples also support this hypothesisbecause,
as shown in Fig. 4A-D, the inhibitory effect of the niosome formulations is much higher
compared to the free drug, and niosomes functionalized with PEG and folic acid (DOX-
CIS-Nio@PEG-FA) were significantly effective in killing cancer cells and reducing IC,
values. According to the results shown in Fig. 4A-D, the combination of CIS and DOX
(DOX+CIS) showed an effective synergistic effect compared to the control group.
However, the use of nanocarriers containing two drugs played a significant role. Accord-
ing to the results, the observed anti-cancer effect was significant for both cell lines over
the duration of the study. However, A2780 cells showed higher sensitivity to treatment
compared to MCF7 cells. Overall, the incorporation of folic acid and PEGylation into
niosome-based drug delivery systems synergistically improves the targeting ability and
the therapeutic efficacy, which leads to lower IC;, values for cancer cells. According
to the IC;, value, DOX-CIS-Nio@PEG-FA showed high biocompatibility towards the
healthy HFF cells (Fig. 4E, F). (Wiranowska et al. 2020).
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ROS generation and caspase 3/7 activity

Research indicates that a specific level of reactive oxygen species (ROS) promotes cel-
lular growth, whereas an excessive accumulation of ROS in cells leads to cell death
(Aggarwal et al. 2019; Cho et al. 2014). Furthermore, oxidative stress plays a crucial
role in the development and progression of cancer (Circu and Aw 2010; Ryter et al.
2007). CIS and DOX can promote apoptosis through the generation of ROS to attack
the DNA, proteins, and membrane lipids of the cancer cell (Carvalho et al. 2009;
Yani et al. 2020; Sadri et al. 2020). In this study, the process of apoptosis in two types
of breast and ovarian cancer cells (A2780 and MCF7) with the presence of samples
was evaluated by the level of ROS and estimating the oxidation of non-fluorescent
DCFH-DA to its elevated fluorescent derivative DCF. Based on the results presented,
DOX-CIS, DOX-CIS-Nio, and DOX-CIS-Nio@PEG-FA induced ROS generation
in both cell lines compared to control (P<0.0001) (Fig. 5A). However, empty nioso-
mal structures do not induce significant changes in cellular ROS. The designed for-
mulations lead to disruption of mitochondrial function and cell destruction by ROS.
Lalami et al. also showed that the activity of ROS was significantly increased in the
presence of niosomal nanocarriers on breast cancer cells (Circu and Aw 2010; Ryter
et al. 2007).

One of the ways to induce apoptosis is to activate the AKT pathway and alter the
regulation of BAX and BCL2, leading to caspase-dependent apoptosis. Caspase-
dependent apoptosis, an important form of programmed cell death, is important
in the treatment of cancer. This pathway involves the release of cytochrome c from
mitochondria, leading to a reduction in mitochondrial membrane potential and sub-
sequent activation of caspase 3/7 (Burz et al. 2009; Fulda and Debatin 2006).

Caspase-3 serves as the primary mediator of apoptotic cell death, taking on the
critical role of executing the process. Conversely, caspase-7 plays a supporting role
during the execution phase of apoptosis. The results shown in Fig. 5B also indicate
that the activity of caspase-3/7 was significantly increased in the presence of DOX-
CIS, DOX-CIS-Nio, and DOX-CIS-Nio@PEG-FA (P<0.0001). Caspase-3/7 activity
was significantly higher in MCF7 and A2780 cancer cells exposed to DOX-CIS-Nio@
PEG-FA compared to DOX-CIS-Nio (P<0.01). Intracellular calcium can be toxic to
cells and lead to cell death. DOX-CIS-Nio@PEG-FA niosomal formulations showed
higher caspase activity than other samples because increased intracellular calcium
leads to increased BAX gene expression and decreased BCL2 gene expression, which
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leads to increased caspase expression (Dabbagh Moghaddam et al. 2021; Ho et al.
2016).

Recent reports indicate that the incorporation of drugs into niosomal structures
results in a significant increase in caspase 3/7 activity within cancer cells, ultimately
leading to apoptosis or programmed cell death (Akbarzadeh et al. 2020; Akbarzadeh
et al. 2022b). Furthermore, increased levels of caspase-3 activity are generally consid-
ered to be a reliable indicator of apoptosis and serve as a positive marker of cancer
treatment efficacy. Recent studies have shown that caspase-3 also plays a role in pro-
moting the growth of cancer cells under stress, as well as facilitating cell migration,
invasiveness, and the development of new blood vessels in tumors (Boice and Bouch-
ier-Hayes 2020; Zhou et al. 2018).

Apoptosis/necrosis detection

Apoptosis, a process of cell death, was evaluated in MCF7 and A2780 cancer cells using
staining techniques. The investigation aimed to determine the induction of apoptosis
in breast and ovarian cancer cells when treated with different samples, including blank
niosomes, DOX-CIS, DOX-CIS-Nio, and DOX-CIS-Nio@PEG-FA, all at the ICs,
concentration. The study focused on exploring how nanocarriers can potentially trig-
ger cancer cell death through the mechanism of apoptosis. The process of identifying
apoptotic cells involves the exposure of a specific phospholipid called phosphatidylser-
ine on the cell membrane. This phospholipid can be detected using a sensitive dye called
Annexin V. Additionally, dead cells can be distinguished by their interaction with a dye
called PI, which binds to DNA but cannot penetrate living cells. Therefore, the amount
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of apoptotic activity and the differentiation of healthy, apoptotic and necrotic cells were
checked by flow cytometry (Fig. 6A, B). Examination of samples at the early stage of
apoptosis in MCF7 and A2780 cells revealed a greater effect on A2780 cells compared to
MCEF7 cells (i.e., A2780 cells: 16% for DOX~-CIS-Nio and 31% for DOX-CIS-Nio@PEG-
FA; MCF-7 cells: 5% for DOX~-CIS-Nio and 8% for DOX-CIS-Nio@PEG-FA). However,
during the late phase of apoptosis, the percentage of apoptotic cells increased signifi-
cantly for DOX-CIS-Nio and DOX-CIS-Nio@PEG-FA nanoformulations in both cell
lines (i.e., A2780 cells: 17% for DOX-CIS-Nio and 30% for DOX-CIS-Nio@PEG-FA;
MCE-7 cells: 25% for DOX-CIS-Nio and 30% for DOX-CIS-Nio@PEG-FA). Further-
more, the presence of CIS and DOX combination significantly increased the percentage
of cells undergoing necrosis in both A2780 and MCF?7 cell lines (27% and 17%, respec-
tively) (P<0.0001). Figure 6A indicates that the presence of DOX-CIS-Nio@PEG-
FA resulted in a greater reduction in the percentage of viable cells in the A2780 cells
compared to the MCEF7 cells. However, both cell lines exhibited a significant increase
in the percentage of apoptotic cells when exposed to two designed nanoformulations
(P<0.0001): (i.e., MCEF-7 cells: 30% for DOX-CIS-Nio and 40% for DOX-CIS-Nio@
PEG-FA; A2780 cells: 37% for DOX~CIS-Nio and 60% for DOX-CIS-Nio@PEG-FA).
DOX-CIS-Nio@PEG-FA showed the most significant effect in all cases examined
based on the results shown in Fig. 6. The data revealed that the DOX-CIS-Nio@PEG-
FA formulation significantly enhanced the induction of apoptosis in both A2780 and
MCF7 cancer cells compared to the DOX—CIS-Nio formulation (P<0.0001 and P<0.01,
respectively).

In summary, doxorubicin and cisplatin have different mechanisms of action. Doxoru-
bicin disrupts DNA replication and transcription processes, while cisplatin forms DNA
adducts and causes DNA cross-linking. Both drugs induce DNA damage and activate
pathways leading to cell cycle arrest and apoptosis in cancer cells (Abadi et al. 2022; Ji
et al. 2022; Nicoletto and Ofner 2022; Song et al. 2022). However, their non-specific
targeting can result in adverse effects on healthy cells. While, the folic acid receptors
on PEGylated niosomes can facilitate cellular uptake of the nanoparticles by interact-
ing with the receptors on cancer cells. Once internalized, the niosomes can release their
payload, such as anticancer drugs or therapeutic agents, directly into the cancer cells,
increasing the local concentration of the therapeutic agent at the tumor site. Thus, the
use of PEGylated niosomes with folic acid receptors in cancer cell targeting offers several
advantages. It improves drug delivery efficiency, reduces systemic toxicity, and enhances
the therapeutic efficacy of anticancer agents. Additionally, the ability to actively target
cancer cells via folic acid receptors allows for more precise and personalized cancer
treatment approaches (Aparajay and Dev 2022; Bourbour et al. 2022; Haroun et al. 2022).
In conclusion, the results show that niosomes functionalized with folic acid and PEG
played a significant role in inducing apoptosis of the studied cancer cells. The results
obtained are consistent with the cytotoxicity results obtained using the MTT assay.

Gene expression analysis

Drugs used to inhibit cancer cells alter the mechanism inside the cell through regula-
tion of gene expression (Joo et al. 2015; Kuwana et al. 2020). The BAX gene has a criti-
cal function in inducing cell death (apoptosis) by interfering with the mitochondrial
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Fig. 7 Comparison of the effect of examined samples on the expression level of BAX, BCL2, VEGF, CCND1
and HER2 genes in two cell lines A2780 (A) and MCF7 (B) cells. Data represent means =+ standard deviations
(n=3), For all graphs, “"P<0.0001, **P<0.01, *P< 0.05. The control sample refers to the cells without
treatment

membrane. Consequently, the presence of DOX—CIS-Nio and DOX-CIS-Nio@PEG-FA
in breast and ovarian cancer cell lines has resulted in a notable increase in the expression
of the BAX gene (Fig. 7) (Alam et al. 2022; Lopez et al. 2022). While the BCL2 gene is
an anti-apoptotic gene, the reduction in expression of this gene results in the release of
cytochrome ¢ from the mitochondria, which activates caspase genes and induces apop-
tosis. The results show a decrease in BCL2 expression in both cell lines, but a significant
decrease can be seen in MCF7 (Alam et al. 2022; Zhang et al. 2022). In addition, the
VEGF gene is associated with cancer and plays a key role in promoting angiogenesis,
the formation of new blood vessels. Overexpression of VEGF promotes tumor growth,
metastasis, and increased vascular permeability. Targeting VEGF and its signaling path-
way is an important therapeutic approach in cancer treatment (Ghalehbandi et al. 2023;
Patel et al. 2023). Figure 7 shows that treatment of the cancer cells studied with the sam-
ples decreased its expression in both cell lines. HER2 activation also leads to the growth
of cancer cells and the activation of anti-apoptotic signals. The human epidermal growth
factor receptor 2 (HER2) gene plays a critical role in the development of cancer by pro-
moting uncontrolled cell growth and proliferation. In some cancers, particularly breast
cancer, the HER2 gene is amplified, resulting in overexpression of the HER2 protein on
the cell surface. Overexpression of HER2 leads to increased signaling pathways that pro-
mote cell division and survival. This, in turn, contributes to the aggressive growth and
progression of HER2-positive cancers. The HER2 protein also plays a role in angiogen-
esis, invasion, metastasis, and further exacerbating the malignancy of the cancer (Muso-
lino et al. 2022; Damodaran and Olson 2012; Abgarmi, et al. 2021; Swain et al. 2023).
Based on the information presented in Fig. 7, the presence of DOX-CIS-Nio and DOX-
CIS-Nio@PEG-FA leads to a significant upregulation of the BAX gene in both cell
lines. However, a downregulation of the BCL2, VEGF, and CCNDI genes was observed
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Fig. 8 A Impacts of empty niosomes, DOX + CIS, DOX + CIS-Nio, and DOX + CIS-Nio@PEG-FA on cell cycle
arrest after 48 h of treatment on A2780 cancer cells. B Impacts of empty niosomes, DOX + CIS, DOX + CIS-Nio,
and DOX + CIS-Nio@PEG-FA on cell cycle arrest after 48 h of treatment on MCF7 cells; Data represent

means =+ standard deviations (n=3), For all graphs, ****P<0.0001, ***P<0.001, **P<0.01, *P < 0.05. The
control sample refers to the cells without treatment

in MCF7 cells after treatment with two nanoformulations of niosomes. In general, the
results presented in Fig. 7 indicate that drugs encapsulated in the structure of niosomes
facilitate their uptake into the cell and their effect on gene expression (Circu and Aw
2010; Joo et al. 2015; Kuwana et al. 2020; Pilco-Ferreto and Calaf 2016). Other research
studies have also examined the regulation of the genes under investigation and have doc-
umented analogous findings (Akbarzadeh et al. 2022a; Ghafelehbashi et al. 2019; Bour-
bour et al. 2022; Kasravi et al. 2023).

Cell cycle arrest

The effect of treatment of breast and ovarian cancer cells with the samples on their cell
cycle progression was investigated by flow cytometry. As shown in Fig. 8A, B, the com-
bined administration of CIS and DOX, CIS-DOX-Nio and DOX-CIS-Nio@PEG-FA
resulted in a shift towards the sub-G1 phase of the cell cycle in both breast and ovar-
ian cancer cell lines studied (Fig. 8A, B). This indicates a synergistic effect of the drugs
and their enhanced efficacy in inducing cell cycle arrest and potential apoptosis (i.e.,
MCF7 cells: 19.37% for mixture of CIS and DOX, 29.30% for CIS-DOX-Nio and 48%
for DOX-CIS-Nio@PEG-FA; A2780 cells: 28.46% for mixture of CIS and DOX, 29.18%
for CIS-DOX-Nio and 55.87% for DOX-CIS-Nio@PEG-FA). These results confirm the
increased trend of apoptosis observed in other assays for A2780 and MCF?7 cell lines.
Furthermore, the studies showed that the percentage of cell cycle arrest varied depend-
ing on the specific cancer cell line and the formulation used. The PEGylated niosomes
with folate receptors demonstrated higher percentages of cell cycle arrest compared to
other formulations, suggesting an enhanced therapeutic effect (Akbarzadeh et al. 2020;
Sahrayi et al. 2021; Karimifard et al. 2022). In addition, comparable results regarding the
efficacy of drug nanocarriers on the cell cycle of cancer cells have been reported in other
studies (Khodabakhsh et al. 2022; Akbarzadeh et al. 2021b).

Conclusion

The most appropriate composition of niosomes, consisting of span 60 and cholesterol,
was selected based on size and encapsulation efficiency. To improve their efficiency,
the niosomes were modified with PEG and folic acid. Various characteristics of the
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synthesized nanocarriers were then evaluated, including size, composition, interactions,
and morphology. The release of both the free drug and the formulated niosomes was
measured under pH conditions of 7.4. The toxicity of the synthesized formulations was
evaluated along with their effect on the apoptosis rate of breast and ovarian cancer cells.
The expression of genes associated with apoptosis was also observed in the treated cell
lines. The results confirmed that formulating drugs in niosomes not only allows for con-
trolled drug release, but also facilitates drug penetration into the cells. Furthermore, this
approach improves the drug performance and significantly increases apoptosis in the
treated cancer cells. The excellent in vitro results encourage us to continue future in vivo
studies of CIS and DOX encapsulation in folic acid functionalized PEGylated niosomes.
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