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Abstract
Background  Breast cancer remains a leading cause of cancer-related death among females, with triple-negative 
breast cancer (TNBC) posing significant therapeutic challenges due to its aggressive behavior and lack of targeted 
treatments. Mefloquine (MEF), an antimalarial agent, exhibits anticancer activity by disrupting lysosomal function and 
enhancing ROS-mediated apoptosis. Cisplatin (CIS) induces apoptosis but is limited by drug resistance. This study 
investigates the combined effects of MEF, in both free and niosomal forms, and CIS on apoptosis and angiogenesis in 
breast cancer cells.

Methods  The cytotoxicity of MEF, CIS, and their combinations was assessed in MCF-7 and TNBC cell lines using 
MTT assays. Gene expression and ELISA analysis confirmed significant upregulation of pro-apoptotic markers Bax 
(p < 0.001) and CASP3 (p < 0.001), and downregulation of anti-apoptotic Bcl-2 (p < 0.001) and angiogenic factors VEGF 
and KDR. Molecular docking studies (Molegro Virtual Docker) evaluated binding affinities of MEF and CIS to BAX, Bcl-2, 
and VEGFR. NMEF was prepared and characterized for stability and encapsulation efficiency.

Results  NMEF demonstrated high encapsulation efficiency (87.21%) and was stable over six months. Combination 
treatments, particularly Cisplatin-niosomal Mefloquine (CIS-NMEF), showed synergistic cytotoxicity (CI < 1) and 
significantly lower IC50 values in both cell lines (TNBC: 2.30 µg/ml). Molecular docking revealed strong binding 
affinities for CIS-NMEF with BAX (-139.72), Bcl-2 (-136.09), and VEGFR (-139.19). Gene expression analysis confirmed 
upregulation of pro-apoptotic markers (Bax, CASP3) and downregulation of anti-apoptotic *Bcl-2* and angiogenic 
factors (VEGF, KDR). ROS production increased significantly in combination groups, indicating enhanced oxidative 
stress.
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Introduction
 Breast cancer ranks as the second leading cause of 
cancer-related mortality among females in the United 
States as of 2023. Globally, it represents a significant 
public health concern and is the most frequently diag-
nosed malignant disease in females [1]. Around 30% of 
women first diagnosed with early-stage breast cancer 
later develop metastases, reducing the five-year survival 
rate from 85 to 99% to roughly 25% and the average sur-
vival to about two years [2]. Triple-negative breast cancer 
(TNBC) represents 10–20% of invasive cases and lacks 
estrogen, progesterone, and HER2 receptors. Compared 
with other subtypes, it carries a greater risk of recurrence 
and metastasis [3].

Apoptosis, a programmed cell death process, maintains 
cellular homeostasis by eliminating damaged or excess 
cells. It operates through intrinsic (mitochondrial) and 
extrinsic (death receptor) pathways regulated by pro-
apoptotic proteins like Bax and caspases and anti-apop-
totic proteins such as Bcl-2 [4, 5]. Therapies that enhance 
pro-apoptotic signaling can restore chemotherapy sensi-
tivity and induce tumor regression by shifting the Bax/
Bcl-2 ratio toward apoptosis [6].

Angiogenesis, the formation of new blood vessels, is 
essential for tumor growth and metastasis by providing 
oxygen and nutrients to cancerous tissues. This process 
is primarily driven by vascular endothelial growth factor 
(VEGF) and its receptor VEGFR (KDR), which are fre-
quently overexpressed in aggressive tumors like TNBC, 
leading to poor prognosis and therapy resistance. Inhibit-
ing VEGF/VEGFR-mediated angiogenesis disrupts tumor 
vascularization, restricts metastasis, and improves drug 
delivery and treatment efficacy. Thus, combining pro-
apoptotic and anti-angiogenic strategies offers a comple-
mentary and potent approach for breast cancer therapy 
[6, 7].

Cisplatin (CIS), a first-line platinum-based chemother-
apeutic, induces apoptosis through DNA cross-linking. 
However, its effectiveness is often reduced by acquired 
resistance, a major challenge in breast cancer treatment. 
This study explores a combination strategy, proposing 
that agents with different mechanisms—cisplatin target-
ing DNA and mefloquine affecting lysosomal and mito-
chondrial pathways, may act synergistically to overcome 
resistance [8]. CIS promotes apoptosis via mitochon-
drial pathways and inhibits angiogenesis by reducing the 
expression of VEGF and HIF-1α in tumor cells [9]. The 
drug’s clinical utility, however, is frequently limited by the 

development of resistance. Key cellular resistance mecha-
nisms to CIS include: (i) reduced intracellular drug accu-
mulation through decreased uptake or increased efflux, 
(ii) enhanced detoxification by thiol-containing mole-
cules like glutathione, (iii) improved DNA damage repair 
capacity, and (iv) evasion of apoptosis [8, 10]. These resis-
tance pathways, often mediated through membrane gly-
coproteins and DNA repair enzymes, represent major 
obstacles in breast cancer treatment [11]. Additionally, 
lysosome-mediated processes, such as autophagy, con-
tribute to chemoresistance by enabling cancer cells to 
survive CIS-induced stress [12].

Mefloquine (MEF), a quinoline-based antimalarial, 
has been clinically used for malaria prophylaxis for over 
three decades [13]. Structurally, it is a chiral molecule 
containing two chiral centers. Its mechanism involves 
inhibiting protein synthesis via interaction with the 80 
S ribosomal GTPase of Plasmodium falciparum [14, 
15]. At the cellular level, MEF targets lysosomes, reduc-
ing tumor invasiveness, angiogenesis, and progression. It 
increases lysosomal membrane permeability, leading to 
cathepsin release into the cytosol [16], and induces mito-
chondrial oxidative stress by upregulating superoxide 
dismutase [17]. MEF hyperpolarizes the mitochondrial 
membrane potential, elevates Reactive Oxygen Species 
(ROS) production, and reduces ATP synthesis [18, 19]. 
Molecularly, it inhibits PI3K/Akt and mTOR phosphor-
ylation while activating JNK, ERK, and AMPK cascades 
[20]. In colorectal cancer cells, MEF suppresses nuclear 
factor kappa B (NF-κB) signaling and induces apoptosis 
[21]. Similarly, MEF induces apoptosis in breast cancer 
cells by increasing ROS production, disrupting lysosomal 
function, and activating caspase-3 while downregulat-
ing Bcl-2 expression [22]. Additionally, MEF exhibits 
anti-angiogenic effects by impairing VEGF signaling and 
endothelial tube formation, as demonstrated in glioblas-
toma models [16].

Novel lipid-based drug delivery systems, such as nio-
somes, have been increasingly utilized for the delivery 
of various drugs, including anticancer medications [23]. 
Niosomes, made of non-ionic surfactants and choles-
terol, can encapsulate both lipophilic and hydrophilic 
drugs, enhancing efficacy while minimizing side effects 
[24]. Niosomes can be produced by various methods, 
with microfluidics being a recent approach that gener-
ates monodisperse niosomes at the nanometer scale in a 
single step [25, 26].

Conclusion  The niosomal formulation of MEF synergistically enhances CIS efficacy by promoting apoptosis, and 
suppressing angiogenesis in TNBC. These findings highlight NMEF as a promising chemosensitizer to overcome 
cisplatin resistance. Future studies should focus on in vivo validation and clinical translation.
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Combining antimalarials with platinum-based che-
motherapy shows promise in various cancers, especially 
breast and prostate. Although mechanisms differ by 
drug and cancer type, synergy may improve outcomes, 
overcome resistance, and reduce side effects. This study 
evaluates a combined MEF and CIS therapy (CIS-MEF) 
and a niosomal formulation (CIS-NMEF) to enhance 
delivery and bioavailability in breast cancer. Using MCF7 
and TNBC cell lines, we assess cellular responses, viabil-
ity, treatment efficacy, and molecular signaling to better 
understand heterogeneity and resistance.

Materials and methods
In silico modeling
For docking studies, CIS, MEF, CIS-MEF, and CIS-
NMEF were evaluated using Molegro Virtual Docker 
(MVD) [1]. CIS and MEF were docked individually to 
assess their independent interactions with BAX (PDB: 
5W5X), Bcl-2 (PDB: 5JSN), and VEGFR (PDB: 4KZN). 
For CIS-MEF, simultaneous docking was performed with 
CIS and MEF as separate ligands to explore cooperative 
interactions, inspired by Multiple Ligand Simultane-
ous Docking (MLSD) approaches [2]. The 3D structures 
of CIS and MEF were obtained from PubChem as SDF 
files, optimized using HyperChem with the MM + force 
field and AM1 semi-empirical method, and docked using 
MVD’s MolDock SE algorithm with a grid resolution of 
0.3 Å [27]. For CIS-NMEF, CIS was docked as a separate 
ligand in the presence of NMEF, which was modeled as 
a niosomal structure encapsulating MEF, based on in 
vitro results showing enhanced efficacy of the niosomal 
formulation. Subsequently, molecular quantum design 
for the NMEF was carried out using the DMol3 module 
within Materials Studio [28]. This included comprehen-
sive energy calculations for the Highest Occupied Molec-
ular Orbital (HOMO) and Lowest Unoccupied Molecular 
Orbital (LUMO) levels. The most stable configuration 
was identified and saved in SDF format for future refer-
ence. Fig. 1 illustrate the NMEF structure that was pre-
pared for molecular docking studies.

In vitro examination
Materials and reagents
Cisplatin (Sigma-Aldrich, Catalog #: 1134357), Meflo-
quine hydrochloride (MedChemExpress, Catalog #: 
HY-13628), Span 60 (Sigma-Aldrich, Catalog #: 85548), 
Tween 60 (Sigma-Aldrich, Catalog #: 93743), Choles-
terol (Sigma-Aldrich, Catalog #: 110423), DMEM (Gibco, 
Catalog #: 10569044), Fetal Bovine Serum (FBS) (Gibco, 
Catalog #: 10270106), MTT reagent (Merck, Catalog 
#: 11544457001), ELISA kits for Bax (MyBioSource, 
Catalog #: MBS935667), Bcl-2 (MyBioSource, Cata-
log #: MBS9501407), CASP3 (MyBioSource, Catalog #: 
MBS040290), VEGF, and KDR.

Niosomal drug Preparation
Niosomal formulation of MEF was prepared using the 
microfluidic method [26]. Briefly stock solutions of non-
ionic surfactants (Span 60®, and Tween 60®,) cholesterol, 
and MEF hydrochloride were prepared in ethanol. A lipid 
phase (comprising surfactants, cholesterol, and the drug) 
and phosphate-buffered saline (PBS) were introduced 
into a microchannel system (Nanosynthesizer Insight™, 
Iran) as the organic and aqueous phases, respectively. 
Mixing was achieved using syringe pumps at an aqueous-
to-organic flow rate ratio (FRR) of 1:5 and a total flow 
rate (TFR) of 12 ml/min at 55 °C. After preparation, the 
formulation was dialyzed (Visking tube, MW cut off 12 
KD) against 100 mL of PBS for 4 h to remove free drug 
and ethanol.

Vesicle size (Z-average) and polydispersity index (PDI) 
were determined by dynamic laser light scattering (Cor-
douan VASCO™, France). The physical stability of nio-
somes stored at 4–8 °C was evaluated by measuring 
size at one week, one month, 3, and 6 months [23]. The 
encapsulation efficiency (EE) of MEF in the niosomes 
was determined by disrupting the niosomal bilayers with 
1 mL isopropyl alcohol. The amount of encapsulated 
drug was then measured using a previously established 
method [29].

Fig. 1  Molecular structure designed of NMEF by Materials Studio software
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For the combination treatment groups, the NMEF for-
mulation was first prepared according to the protocol 
described above. Subsequently, a stock solution of CIS 
was added to the MEF and NMEF suspension in ratio 
1:1 to achieve the desired final concentrations of each 
drug for cell treatment. This combination was used as 
the CIS + MEF and CIS + NMEF treatment group in the 
experiments.

Cell culturing
The MCF-7 cell line and the triple-negative breast cancer 
(ATCC HTB-22) cell line MDA-MB-231 (ATCC HTB-
26) were obtained from the Pasteur Institute of Iran, 
were transferred into Dulbecco’s Modified Eagle Medium 
(DMEM) (Gibco, USA) supplemented with 0.5% fom 80 
mg/ml gentamicin and 15% fetal bovine serum (FBS) 
(Gibco, USA). The cultures were then maintained in a 
humidified atmosphere with 5% CO₂ at 37 °C.

Cytotoxicity tests
The flasks were removed from the incubator, and after 
washing with PBS solution, adherent cells covering the 
flask surface were detached using trypsin. Following cen-
trifugation, the supernatant was discarded, and the cell 
pellet was resuspended in complete culture medium. The 
cells were then thoroughly mixed and seeded into cell 
culture plates. To determine cell viability, a trypan blue 
exclusion assay was performed. Cells were mixed with 
0.4% trypan blue solution in a 1:1 ratio, and the mixture 
was carefully loaded into a hemocytometer (Neubauer 
chamber) for cell counting. Approximately 1 × 10³ cells 
per well were seeded into a 96-well plate.

CIS was added at concentrations of 1.25, 2.5, 5, 10, and 
20 µg/mL in triplicate. Similarly, MEF was tested at the 
same concentrations. Additionally, a combination of CIS 
and MEF (CIS-MEF) (at identical concentrations) was 

evaluated. These treatments were performed separately 
for MCF7 and TNBC cell lines (obtained from the Pas-
teur Institute of Iran) in independent plates. The plates 
were incubated for 24 h in a 5% CO₂ incubator at 37 °C. 
The concentrations for the combination studies were 
selected based on a fixed-ratio design derived from the 
IC50 values of each individual drug.

The MTT assay is based on the reduction of yellow 
tetrazolium salt (MTT) to purple formazan crystals by 
mitochondrial succinate dehydrogenase in viable cells. 
The intensity of the color correlates with cell viability. 
After 24 h of drug exposure, 10 µg of MTT solution (5 
mg/mL, Merck, Germany) was added to each well, fol-
lowed by 4 h of incubation at 37 °C. The plates were then 
centrifuged, and the supernatant was removed. Next, 100 
µL of isopropanol was added to each well to solubilize 
the formazan crystals. The plates were kept in the dark 
at room temperature for 1 h. The optical density (OD) 
was measured at 570 nm using an ELISA reader (BioTek 
ELX800, USA). Cell viability percentages were calculated 
for each concentration. All steps were performed sepa-
rately for both cell lines. Cell viability percentage was cal-
culated using the formula (OD_sample/OD_control) × 
100. The IC50 values (the concentration that inhibits 50% 
of cell growth) were then determined using non-linear 
regression analysis in GraphPad Prism software (Version 
10.0). To evaluate the drug interactions, the Combina-
tion Index (CI) was calculated using the Chou-Talalay 
method. According to this method, CI values of < 1, = 
1, and > 1 were interpreted as synergistic, additive, and 
antagonistic effects, respectively.

Measurement of gene expression
Total cellular RNA was extracted using the Acid Guani-
dinium Thiocyanate-Phenol method (Roche) according 
to the manufacturer’s protocol. For cDNA synthesis, 1 
µg of the extracted RNA was reverse-transcribed using 
a cDNA synthesis kit (Yekta Tajhiz Co.) following the 
recommended procedure. Gene expression analysis was 
performed using quantitative real-time PCR (qPCR) 
to evaluate the mRNA levels of apoptosis-related genes 
(BAX, BCL2, CASPASE 3, and CASPASE 7) and angio-
genesis-related genes (VEGF and KDR), with GAPDH 
serving as the reference gene. Specific primers listed in 
the designated table were used for amplification. The 
reaction mixture was prepared according to Table 1, 
including positive and negative controls, and loaded 
into a Rotor-Gene Q real-time PCR cycler (QIAGEN). 
The qPCR reactions were performed in a final volume of 
20 µL. Each reaction mixture contained 10 µL of SYBR 
Green master mix, 2 µL of cDNA template, 1 µL of each 
forward and reverse primer (at a concentration of 10 
pmol/µL), and nuclease-free water to reach the final vol-
ume. The thermal cycling protocol followed the time and 

Table 1  The list of primers
Gene Forward sequence (5′–3′) Reverse sequence 

(5′–3′)
Prod-
uct 
size 
(bp)

Bax CCCGAGAGGTCTTTTTCCGAG CCAGCCCATGATG-
GTTCTGAT

155

Bcl-2 GGTGGGGTCATGTGTGTGG CGGTTCAGGTACT-
CAGTCATCC

89

CASP3 CATGGAAGCGAATCAATGGACT CTGTACCAGACCGA-
GATGTCA

59

CASP7 AGAGTCTGTGCCCAAATCAAC CTGCTTCTCTCTTT-
GCTGAA

59

GAPDH CCTCTCTGGCAAAGTCCAAG GGTCACGCTCCTG-
GAAGATA

176

KDR GCCAACTCTATGGCAGAAGC CTGAACACCATGC-
CACTGTC

86

VEGF-A CAATTGAGACCCTGGTGGAC TCTCATCAGAGGCA-
CACAGG

86
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temperature conditions outlined in Table 1. Relative gene 
expression levels were quantified using the comparative 
Ct method (2−ΔΔCt), with data normalized to GAPDH and 
compared to untreated controls.

ELISA assay
To quantify the levels of angiogenetic and apoptotic 
mediators, supernatants were collected from treated and 
untreated cell culture wells and subjected to enzyme-
linked immunosorbent assays (ELISA). Specifically, 
Apoptotic mediators, including CASP3 (MBS040290), 
CASP8 (MBS260539)Bax (MBS935667), and Bcl-2 
(MBS9501407), and angiogenetic mediators includ-
ing KDR and VEGF were quantified using ELISA kits 
(MyBioSource, USA). All assays were performed accord-
ing to the manufacturer’s protocols.

ROS production
To measure the average ROS production on the treated 
MCF7 and TNBC cell lines. The cells were treated for 
48 h. Intracellular ROS levels were measured using the 
fluorescent dye 2’,7’-dichlorofluorescin diacetate (DCFH-
DA). After treating the cells for 48 h, they were washed 
with PBS and then incubated with 10 µM of DCFH-DA 
in serum-free medium for 30 min at 37 °C in the dark. 
Following incubation, the cells were washed again with 
PBS to remove the excess dye. The fluorescence intensity, 
which corresponds to the level of intracellular ROS, was 
then measured using a Marshall Scientific BD Bioscience 
FacsCanto II Flow Cytometer, and data were analyzed 
using Flowjo software (Version 10.0).

Statistical analysis
The statistical analysis was conducted using SPSS ver-
sion 22 and GraphPad Prism version 10.0. Data were pre-
sented as mean ± standard deviation (SD) for continuous 
variables. To compare the differences between groups, 
a one-way analysis of variance (ANOVA) followed by 
Tukey’s post-hoc test was employed for multiple compar-
isons. For pairwise comparisons, an independent samples 
t-test was used. The significance level was set at *p* < 0.05 
for all tests.

Results
In silico
MVD molecular Docking
To validate the docking protocol, the co-crystallized 
ligands from the PDB structures of BAX (5W5X), Bcl-2 

(5JSN), and VEGFR (4KZN) were re-docked into their 
respective binding sites using Molegro Virtual Docker 
(MVD). The root-mean-square deviation (RMSD) 
between the re-docked and native poses was calculated to 
ensure accuracy. RMSD values were < 2 Å for all targets 
(BAX: 1.45 Å; Bcl-2: 1.62 Å; VEGFR: 1.73 Å), confirming 
that the docking protocol reliably reproduced the native 
binding configurations. This validation step ensured the 
robustness of the docking results for CIS, MEF, CIS-MEF, 
and NCIS-MEF.

The binding energies of CIS, MEF, CIS-MEF, and CIS-
NMEF with BAX (PDB: 5W5X), Bcl-2 (PDB: 5JSN), and 
VEGFR (PDB: 4KZN) were evaluated using Molegro 
Virtual Docker (MVD). The docking results are summa-
rized in Table 2, with negative MolDock scores indicating 
spontaneous ligand-receptor interactions. For CIS-MEF, 
simultaneous docking of CIS and MEF as separate ligands 
was performed to explore cooperative interactions. The 
results showed enhanced binding affinities, suggesting 
synergistic interactions. For CIS-NMEF, CIS was docked 
as a separate ligand in the presence of NMEF, reflecting 
the in vitro co-administration setup. The results confirm 
enhanced binding, consistent with the in vitro synergy 
observed with the niosomal formulation. Binding analy-
ses (Figs. 2, 3 and 4) show specific interactions with key 
amino acids, supporting the cooperative binding of CIS 
and MEF..

Molecular docking results for CIS, MEF, CIS-MEF, and 
CIS-NMEF with BAX, Bcl-2, and VEGFR receptors were 
evaluated in terms of binding energy. MolDock scores 
reflect the binding probabilities of the compounds. Nega-
tive energy values indicate spontaneous ligand-receptor 
interactions. Table 2 presents the binding configurations 
of the compounds along with their respective param-
eters. The MolDock scores for the molecular binding 
of CIS, MEF, CIS-MEF, and CIS-NMEF with BAX were 
− 46.19, −88.43, −152.69, and − 147.05, respectively.

Figure 2 illustrates the molecular binding results of CIS, 
MEF, their free combination, and niosomal form with the 
receptor PDB ID: 5W5X (related to BAX). Binding analy-
sis revealed that CIS interacts with BAX through amino 
acids Asp(A)33 and Glu(A)41 (Fig. 2A). Additionally, 
MEF interacts with BAX at a binding site involving amino 
acid Gln(A)77, Ile(A)80, Ala(A)81, Val(A)83, Thr(A)85, 
Lys(A)119, leu(A)120, and Lys(A)123 (Fig. 2B). Binding 
analysis in Fig. 2C shows that the free CIS-MEF forms 
bonds with BAX using amino acids Asp(A)33, Glu(A)41, 
Ile(A)80, Ala(A)81, Val(A)83, Thr(A)85, Lys(A)119, 
leu(A)120, and Lys(A)123. Furthermore, as shown in Fig. 
2D, the CIS-NMEF is stabilized by BAX through amino 
acids Gln(A)32, Asp(A)33, Arg(A)34, Ala(A)35, Gly(A)36, 
Arg(A)37, and Glu(A)41.

The exciting findings from our study reveal the 
MolDock scores for the molecular binding of CIS, MEF, 

Table 2  Calculated Docking score by MVD
Compound CIS MEF CIS-MEF CIS-NMEF
BAX −46.19 −88.43 −152.69 -−147.05
Bcl-2 −48.96 −79.44 −130.14 −134.89
VEGFR −52.68 −74.23 −122.68 −147.98
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CIS-MEF, and CIS-NMEF with the protein Bcl-2, which 
are − 48.96, −79.44, −130.14, and − 134.89, respectively. 
These Fig.s illustrate the intricate molecular interactions 
of CIS, MEF, their combination, and the niosomal form 
with Bcl-2, as identified by PDB ID: 5JSN.

Upon closer examination of the binding analysis, we 
observe that CIS forms crucial interactions with Bcl-2 

through the amino acids Lys(A)22 and Glu(A)159, 
as illustrated in Fig. 3A. Meanwhile, MEF uniquely 
engages with Bcl-2 at a specific site involving the amino 
acid Phe(A)104, Tyr(A)108, Asp(A)111, Phe(A)112, 
Val(A)133, Leu(A)137, and Ala(A)149, depicted in Fig. 
3B. In Fig. 3C, the free combination of CIS and MEF 
demonstrates its ability to establish a robust connection 

Fig. 3  Illustration of the best docking score solution for Bcl-2 (utilizing the chosen crystal structure of 5JSN) with (A) CIS, (B) MEF, (C) CIS-MEF, and (D) 
CIS-NMEF along with the ligand mapping depicting various chemical bonds in Discovery Studio

 

Fig. 2  Illustration of the best docking score solution for BAX (utilizing the chosen crystal structure of 5W5X) with (A) CIS, (B) MEF, (C) CIS-MEF and (D) 
CIS-NMEF along with the ligand mapping depicting various chemical bonds in Discovery Studio
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with Bcl-2 utilizing the amino acids Lys(A)22, Phe(A)112, 
Met(A)115, Val(A)133, Glu(A)136, Leu(A)137, Ala(A)149 
and Glu(A)159. Lastly, our findings indicate that CIS-
NMEF finds stability through interactions with Bcl-
2, specifically via amino acids Lys(A)22, Arg(A)109, 
Ala(A)113, Ser(A)116, Glu(A)152, Val(A)156, Val(A)159 
and Glu(A)160, showcasing yet another layer of com-
plexity in these molecular interactions. These insights 
highlight the individual contributions of each compound 
and emphasize the dynamic nature of their collaborative 
binding with Bcl-2.

Additionally, the MolDock scores for CIS, MEF, CIS-MEF, 
and CIS-NMEF binding with VEGFR were − 52.68, −74.23, 
−122.68, and − 147.98, respectively. Figure 4 displays the 
ligand interaction maps and molecular binding configura-
tions of CIS, MEF, their free combination, and niosomal 
form with the receptor 4KZN (PDB ID for VEGFR). Bind-
ing analysis indicated molecular interactions between 
CIS and VEGFR through specific amino acids Asp(A)34, 
and Ser(A)50 (Fig. 4A). MEF also interacts with VEGFR 

via amino acid Gln(A)22, Tyr(A)25, Cys(A)26, His(A)27, 
Pro(A)28, Asn(A)100, Lys(A)101 and Cys(A)102 (Fig. 4B). 
Binding analysis in Fig. 4C shows interactions between the 
free CIS-MEF and VEGFR amino acids Val(A)20, Arg(A)23, 
Ser(A)24, His(A)27, Ile(A)29, Glu(A)30, Asp(A)34, Ser(A)50 
and Gly(A)59. The CIS-NMEF interacts with VEGFR amino 
acids Tyr(A)21, Gln(A)22, Tyr(A)25, Cys(A)26, Asp(A)34, 
Phe(A)36, Ser(A)50 and Cys(A)102, as observed in Fig. 4D.

The results from molecular docking studies revealed 
that both MEF and CIS exhibit significant binding affinity 
for the receptors BAX, Bcl-2, and VEGFR, as indicated 
by their respective MolDock scores (Table 2). Notably, 
MEF exhibited a more robust binding interaction with 
both BAX and Bcl-2, as well as VEGFR, compared to CIS, 
suggesting a stronger affinity for these targets. Further-
more, when assessing the therapeutic potential of the 
two compounds in combination, both free and niosomal 
formulations of MEF and CIS demonstrated improved 
binding affinity scores. This enhanced binding suggests 
a synergistic effect between MEF and CIS, which could 

Fig. 4  Illustration of the best docking score solution for VEGFR (utilizing the chosen crystal structure of 4KZN) with (A) CIS, (B) MEF, (C) CIS-MEF, and (D) 
CIS-NMEF along with the ligand mapping depicting various chemical bonds in Discovery Studio
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potentially lead to increased efficacy in therapeutic appli-
cations aimed at modulating the activity of these key 
receptors involved in angiogenesis and autophagy. BAX, 
Bcl-2, and VEGFR.

In vitro
Niosomal drug preparation
A niosomal formulation was studied using the dynamic 
light scattering method. The Z-average diameter of the 
formulation is 218.02 ± 5.1 nm (PDI: 0.277) initially, and 
the formulation maintained physical stability over six 
months at 4 °C, with final sizes of 251.06 ± 4.8 nm (PDI: 
0.221). Also, the vesicle size distribution of the formula-
tions had a normal bell-shaped curve (Fig. 5). Standard 
calibration curves for drug quantification were estab-
lished using UV-Vis spectrophotometry, with a maxi-
mum absorption at 280 nm. Encapsulation efficiency 
reached 87.21 ± 1.30% for MEF (Table 3).

Cytotoxicity
The cytotoxic effects of various concentrations of MEF 
(in both free and niosomal forms), CIS, and their combi-
nations were evaluated on MCF-7 and TNBC cell lines, as 
illustrated in Fig. 6. The half-maximal inhibitory concen-
trations (IC50) for each treatment are detailed in Table 
4. The selective index (SI) was calculated to compare the 
cytotoxicity between the highly aggressive TNBC cell line 
and the less aggressive MCF-7 cell line, as a normal breast 
cell line was not used in this study. An SI value greater 
than 1 suggests that the treatment is selectively more 
toxic to the aggressive TNBC cells. As detailed in Table 
4, the SI values for all treatments exceeded 1. Further-
more, analysis of drug synergy revealed that combining 
MEF (both free and niosomal forms) with CIS resulted 
in a synergistic effect (Combination Index, CI < 1) in both 
cell lines. Specifically, in MCF-7 cells, the CI values were 
0.892 for the free MEF and CIS combination and 0.883 
for the niosomal MEF and CIS combination. A similar 
synergistic interaction was confirmed in TNBC cells, 
with CI values of 0.713 and 0.806, respectively (Table 5).

Angiogenesis mediator
The anti-angiogenic evaluation demonstrated that the 
niosomal MEF combined with cisplatin exhibited supe-
rior inhibitory effects on VEGF and KDR expression 
across both cell lines. ELISA and qPCR analyses revealed 
strong concordance between protein and mRNA level 
measurements. Radar plot visualization distinctly 
highlighted the enhanced efficacy of this combination 
treatment compared to other groups, with all angiogen-
esis-related indicators showing marked improvement. 
Notably, the nanoformulation of MEF in combination 
with cisplatin displayed significantly greater potency 
than its free form, likely attributable to the unique 

pharmacokinetic advantages of the nano-delivery sys-
tem. The differential response observed between TNBC 
and MCF-7 cells underscores the particular therapeu-
tic potential of this approach for TNBC. These findings 
robustly support the enhanced anti-angiogenic efficacy 
achieved through nanoformulation-mediated co-delivery, 
which effectively targets multiple angiogenesis pathways 
simultaneously (Figs. 7 and 10A).

Apoptotic mediator
The quantitative analysis of apoptotic mediators revealed 
significant alterations in gene expression and protein lev-
els following treatment with cisplatin (CIS), mefloquine 
(MEF), niosomal mefloquine (NMEF), and their com-
binations (MEF + CIS and NMEF + CIS) compared to 
the untreated control (UC). Real-time PCR and ELISA 
results demonstrated a marked upregulation of pro-
apoptotic markers, including BAX, CASP3, and CASP7, 
alongside a downregulation of the anti-apoptotic pro-
tein BCL-2 (Figs. 8 and 9). These findings indicate a 
robust activation of the apoptotic pathway, particularly 
in response to NMEF and its combination with CIS, sug-
gesting enhanced therapeutic efficacy through targeted 
induction of apoptosis. The data underscore the potential 
of NMEF as a promising agent for apoptosis-mediated 
cancer therapy. To visually summarize the modulation of 
apoptotic markers across treatments, additional normal-
ized radar plots were created using ELISA and Real-Time 
PCR data. These plots, positioned alongside Figs. 8 and 9 
respectively, maintain a unified gene layout (BCL-2 at the 
top, BAX at the bottom, CASP3 on the right, and CASP8 
on the left). They clearly illustrate the consistent down-
regulation of BCL-2 and upregulation of pro-apoptotic 
genes, especially BAX and CASP3, in the CIS-NMEF 
group. The aligned patterns across both protein and gene 
expression levels further confirm the synergy and mecha-
nistic consistency of this combination therapy in enhanc-
ing apoptosis (Fig. 10C and D).

ROS production
The impact of MEF (both free and niosomal forms), CIS, 
and their combinations on ROS production was evalu-
ated in treated MCF-7 and TNBC cells compared to 
the control group. The results demonstrated a signifi-
cant increase (P < 0.001) in ROS levels in both cell lines 
following treatment with MEF, CIS, and their combina-
tions, with the highest ROS production observed in the 
CIS-NMEF group. This indicates that the treatments 
effectively induce oxidative stress, a key mechanism 
underlying their cytotoxic effects. The niosomal formula-
tion of MEF further enhanced ROS generation, likely due 
to improved cellular uptake and sustained drug release, 
reinforcing its potential as a chemosensitizer in combina-
tion therapy (Fig. 11).
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Table 3  Vesicle size, PDI, and EE% of Niosomal formulation during storage at 4–8 °C
Formulation Z average (nm) PDI EE%

1 Week 1 Month 3 Months 6 Months 1 Week 1 Month 3 Months 6 Months
MEF Niosomes 218.02 209.11 244.02 251.06 0.277 0.211 0.241 0.221 87.21 ± 1.30

Fig. 5  Vesicle size distribution diagram of MEF niosomes at one week (A) and six months (B) post-preparation. The similarity in the bell-shaped distribu-
tion pattern over this period demonstrates the excellent physical stability of the niosomal formulation over time
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Discussion
Despite progress in breast cancer therapy, TNBC remains 
one of the most aggressive and treatment-resistant sub-
types due to its lack of hormone receptors and high met-
astatic potential [30]. Angiogenesis plays a critical role 
in TNBC progression by supplying nutrients and oxygen 
[31], while evasion of apoptosis supports tumor survival 
and resistance to conventional therapies [32]. Conse-
quently, targeting both angiogenesis and apoptosis pres-
ents a promising strategy for developing more effective 
treatments [33].

MEF, an established antimalarial agent, has recently 
drawn attention for its anticancer properties, including 
anti-angiogenic activity, lysosomal disruption, ROS gen-
eration, and induction of mitochondrial-mediated apop-
tosis [16, 21, 34, 35]. These multifaceted effects make 
MEF a strong candidate for drug repurposing in oncol-
ogy, particularly in combination with standard chemo-
therapeutics, such as CIS. CIS, a platinum-based drug, 
induces DNA damage and apoptosis but is often lim-
ited by systemic toxicity and drug resistance, prompting 
interest in combination regimens that can enhance effi-
cacy and reduce side effects [36, 37].

In this study, we investigated the therapeutic poten-
tial of MEF both in free and NMEFalone and in combi-
nation with CIS in MCF-7 and TNBC cell lines. Results 
showed that co-administration, particularly CIS-NMEF, 
led to synergistic increases in cytotoxicity, angiogen-
esis inhibition, and apoptosis induction. Molecular 

Table 4  Cytotoxicity of cisplatin, mefloquine, Niosomal 
mefloquine and combination of in MCF-7 and TNBC cell lines and 
selective index (SI)
Drug Formulation IC 50 (µg/ml)

MCF-7
CC 50 (µg/
ml)
TNBC

Selec-
tive 
Index
(SI) *

Cisplatin 6.29 ± 0.21 9.72 ± 0.84 1.54
Mefloquine 4.47 ± 1.8 6.41 ± 0. 11 1.43
Niosomal Mefloquine 2.96 ± 0.38 4.40 ± 0.32 1.37
Mefloquine + Cisplatin 2.33 ± 0.27 2.76 ± 0.27 1.18
Cisplatin + Niosomal 
Mefloquine

1.78 ± 0.47 2.30 ± 0.83 1.29

• SI = CC50/IC50

Table 5  Combination index (CI) values for drug combinations in 
MCF-7 and TNBC cell lines at different effect levels (Fa)
Cell 
Line

Drug 
Combination

Fa = 0.50 
(IC50)

Fa = 0.75 Fa = 0.90 Interpre-
tation

MCF-7 Meflo-
quine + Cisplatin

0.892 0.815 0.764 Syner-
gism

Niosomal 
MEF + Cisplatin

0.883 0.791 0.728 Syner-
gism

TNBC Meflo-
quine + Cisplatin

0.713 0.659 0.612 Strong 
Syner-
gism

Niosomal 
MEF + Cisplatin

0.806 0.743 0.697 Syner-
gism

Fig. 6  A, B Cell viability of MCF-7 (A) and TNBC (B) cells treated with varying concentrations (1.25–20 µg/ml) of Cisplatin (CIS), Mefloquine (MEF), Niosom-
al Mefloquine (NMEF), and their combinations (CIS-MEF, CIS-NMEF) for 48 h. Data indicate enhanced cytotoxicity for combination treatments, particularly 
CIS-NMEF. C–F Isobologram analysis of drug combinations in MCF-7 (C, D) and TNBC (E, F) cells. Plots demonstrate synergistic effects, with data points 
below the line of additivity for both CIS-MEF and CIS-NMEF treatments
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Fig. 8  Effect of Cisplatin (CIS), mefloquine (MEF), niosomal mefloquine (NMEF) and combination (MEF + CIS and NMEF + CIS) on gene expression of 
apoptotic mediators (Bax, Bcl-2, CASP3 and CASP8), (*** in comparison with UC (P < 0.001))(### comparassion between single theraphy and combination 
(P < 0.001))

 

Fig. 7  Effect of Cisplatin (CIS), mefloquine (MEF), niosomal mefloquine (NMEF), and combination (MEF + CIS and CIS + NMEF) on gene expression and 
mean level of angiogenetic mediators (VEGF, KDR), (*** in comparison with UC (P < 0.001))(### comparassion between single theraphy and combination 
(P < 0.001))
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docking revealed that MEF had higher binding affinities 
to pro- and anti-apoptotic proteins (BAX, Bcl-2) and 
VEGFR than CIS [38]. The niosomal formulation further 
improved binding, likely due to enhanced stability and 
receptor engagement [16].

NMEF exhibited favorable physicochemical proper-
ties—stable vesicle size (~ 218 nm), low polydispersity, 
and high encapsulation efficiency (>87%)—that were 
maintained over six months, supporting its suitabil-
ity for tumor targeting via the Enhanced Permeability 
and Retention (EPR) effect [39]. These characteristics 

contribute to improved delivery and sustained release 
in tumor tissues. Similar findings have been reported in 
other studies where niosomal encapsulation improved 
drug efficacy and reduced cancer cell invasiveness [23, 
40–42].

Cytotoxicity assays demonstrated that both MEF and 
CIS reduced cancer cell viability in a dose-dependent 
manner, with stronger effects when combined. Nota-
bly, the CIS-NMEF group showed the lowest IC50 val-
ues and the strongest synergy (combination index < 1). 
This potent synergistic effect (CI < 1) is of high clinical 

Fig. 10  Effect of Cisplatin (CIS), mefloquine (MEF), niosomal mefloquine (NMEF), and their combinations (MEF + CIS and NMEF + CIS) on (A) angiogenesis 
mediators (VEGF, KDR) (corresponding to Fig. 7), (B) apoptotic gene expression (Bax, Bcl-2, CASP3, CASP8) (corresponding to Fig. 8), and (C) apoptotic 
protein levels (Bax, Bcl-2, CASP3, CASP8) (corresponding to Fig. 9). Data demonstrate the synergistic modulation of key pathways by combination treat-
ments, particularly NCIS-MEF

 

Fig. 9  Effect of Cisplatin (CIS), mefloquine (MEF), niosomal mefloquine (NMEF), and combination (MEF + CIS and NMEF + CIS) on mean level of apoptotic 
mediators (Bax, Bcl-2, CASP3, and CASP8), (*** in comparison with UC (P < 0.001))(### comparassion between single theraphy and combination (P < 0.001))
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importance as it allows for a reduction in drug dosage, a 
concept described by the Dose Reduction Index (DRI). 
Our results imply that to achieve a certain level of cell 
inhibition, a significantly lower dose of each drug is 
required in the combination therapy compared to the 
monotherapy. This dose reduction could substantially 
mitigate the severe side effects and systemic toxicity 
associated with cisplatin, such as nephrotoxicity and 
neurotoxicity, ultimately improving patient tolerance to 
the treatment. The Selectivity Index (SI) was used in this 
study as an internal comparison of toxicity between the 
highly aggressive TNBC cell line and the less aggressive 
MCF-7 line. Since a normal cell line was not tested, these 
results do not claim a lack of toxicity to normal cells; 
rather, an SI value above 1 suggests a higher selective tox-
icity towards the more aggressive TNBC cancer cell line, 
which is a promising finding. These results indicate that 
the nanoformulation enhances drug potency and selec-
tivity, particularly against aggressive TNBC cells.

Gene expression analysis confirmed activation of the 
intrinsic apoptotic pathway following co-treatment. CIS-
NMEF led to marked upregulation of BAX, CASP3, and 
CASP7, along with significant downregulation of Bcl-2. 
The increased BAX/Bcl-2 ratio supports mitochondrial-
mediated apoptosis and correlates with reduced cell 
viability. These effects were more pronounced with the 
niosomal MEF formulation, reinforcing its role in ampli-
fying CIS’s pro-apoptotic activity. These findings are con-
sistent with prior studies demonstrating MEF’s ability to 
induce apoptosis via caspase activation and Bcl-2 down-
regulation in breast cancer cell lines, including T47D and 
MDA-MB-231 [22].

Simultaneously, real-time PCR and ELISA revealed 
significant downregulation of angiogenesis-related genes 
VEGF and KDR at both mRNA and protein levels in 

cells treated with CIS-NMEF. This dual-level inhibition 
is crucial for suppressing tumor vascularization, par-
ticularly in highly angiogenic TNBC cells. The enhanced 
anti-angiogenic effect likely stems from improved cellu-
lar uptake and prolonged molecular interactions enabled 
by the NMEF. These results align with prior research in 
glioblastoma models, where MEF inhibited microvascu-
lar endothelial differentiation and angiogenesis through 
lysosomal destabilization and oxidative stress, ultimately 
suppressing tumor vascularization [16].

The docking results demonstrated strong binding affin-
ities of MEF and CIS to BAX, Bcl-2, and VEGFR, with 
MEF showing superior interaction compared to CIS. 
The CIS-NMEF further enhanced binding, particularly 
with VEGFR (− 139.19) and Bcl-2 (− 136.09), suggesting 
improved receptor targeting via nanocarrier delivery. 
These findings are consistent with the in vitro upregula-
tion of pro-apoptotic and downregulation of angiogenic 
markers.

Interestingly, our results align with those of our pre-
vious study, which also employed molecular docking to 
evaluate the interactions of bioactive compounds with 
BAX, Bcl-2, and VEGFR [38, 43]. In this study, the best-
performing phytochemicals exhibited MolDock scores 
within a similar range and disrupted the anti-apoptotic 
Bcl-2 activity while promoting BAX interaction. Like 
our findings, strong VEGFR binding was correlated with 
anti-angiogenic activity. However, our study extends this 
by demonstrating that co-delivery in a niosomal sys-
tem improves binding affinity and likely bioavailability, 
providing a more targeted and synergistic anticancer 
strategy.

These results support the hypothesis that nanofor-
mulated MEF enhances the therapeutic potential of CIS 
by promoting apoptosis and inhibiting angiogenesis, as 

Fig. 11  Effect of Cisplatin (CIS), mefloquine (MEF), niosomal mefloquine (NMEF) and combination (CIS-MEF + and NCIS-MEF) on ROS production in 
comparassion UC (*P < 0.001)
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demonstrated in both molecular docking and cellular 
assays. Further in vivo validation is needed to confirm 
these interactions in a physiological context.

Functional assays further supported these findings, 
showing increased ROS generation and decreased viabil-
ity in cells treated with MEF and CIS, especially in the 
CIS-NMEF group. This aligns with prior research indi-
cating MEF’s ability to disrupt mitochondrial function 
and activate apoptotic cascades via oxidative stress [19, 
21, 44].

This study demonstrates that combining MEF with 
CIS especially in its niosomal form—effectively induces 
apoptosis and inhibits angiogenesis in breast cancer cells, 
offering a promising strategy for treating aggressive sub-
types like TNBC. The niosomal formulation enhances 
MEF’s bioavailability and intracellular delivery, increas-
ing its chemosensitizing potential. However, the findings 
are based solely on in silico modeling and in vitro experi-
ments using cancer cell lines, which lack the complex-
ity of the in vivo tumor microenvironment, including 
immune interactions and systemic responses, as demon-
strated in the previous chick embryo model [43, 45]. Fur-
thermore, critical aspects such as the long-term safety, 
pharmacokinetics, and biodistribution of the NMEF for-
mulation remain untested. These limitations underscore 
the need for comprehensive in vivo studies to validate 
the therapeutic potential, optimize dosing strategies, 
and assess the clinical translatability of the CIS-MEF 
combination.
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