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Abstract: Cisplatin (Cis) is an effective cytotoxic agent, but
its administration has been challenged by kidney problems,
reduced immunity system, chronic neurotoxicity, and hem-
orrhage. To address these issues, pH-responsive non-ionic
surfactant vesicles (niosomes) by Span 60 and Tween 60
derivatized by cholesteryl hemisuccinate (CHEMS), a pH-
responsive agent, and Ergosterol (helper lipid), were devel-
oped for the first time to deliver Cis. The drug was encapsu-
lated in the niosomes with a high encapsulation efficiency
of 89%. This system provided a responsive release of Cis in
pH 5.4 and 7.4, thereby improving its targeted anticancer
drug delivery. The noisome bilayer model was studied by
molecular dynamic simulation containing Tween 60, Span
60, Ergosterol, and Cis molecules to understand the inter-
actions between the loaded drug and noisome constituents.
We found that the platinum and chlorine atoms in Cis are
critical factors in distributing the drug between water and
bilayer surface. Finally, the lethal effect of niosomal Cis was
investigated on the MCF7 breast cancer cell line using 3-(4,
5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay. Results from morphology monitoring and cy-
totoxic assessments suggested a better cell-killing effect for
niosomal Cis than standard Cis. Together, the synthesis of
stimuli-responsive niosomes could represent a promising
delivery strategy for anticancer drugs.
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1 Introduction

Although cancer has been discovered for a long time, it is
still considered a multifaceted universal health matter and
one of the indispensable challenges in medicine [1]. Among
the different types of cancers, breast cancer is the most com-
mon cancer type in women [2]. Remarkable advance has
been carried out to improve breast cancer treatment in the
recent decades. However, the current clinical approaches
such as chemotherapy, radiation therapy, and surgery show
some disadvantages; these methods are invasive, have low
specificity, and cause drastic side effects [3-10].

Several drugs have been recently studied as a single
drug agent or in combination with other anti-cancer agents
for targeted cancer therapy [11-14]. Among them, cisplatin
(Cis) or cis-di-amminedicholoroplatinum (II) is considered
a standard chemotherapy drug for the treatment of var-
ious human carcinoma including breast, refractory non-
Hodgkin’s lymphomas, liver, bladder, lung cancers [15, 16].
Its function mode has been related to its ability to link with
purine bases of DNA, leading to DNA damage induction
and, therefore, triggering apoptosis in tumor cells [15]. Due
to several severe side effects of platinum drugs, such as
kidney problems, reduced immunity system, chronic neu-
rotoxicity, and hemorrhage, introducing novel strategies
can benefit cancer patients [15]. Toward overcoming these
side effects, several nanoparticles (NP) as drug carriers have
been employed as drug delivery systems (DDSs) for Cis to
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improve accumulation in tumor cells and reduce side ef-
fects [17-26]. A broad range of delivery systems have been
utilized to deliver Cis into the target tissues, but there are
few more effective tools for therapeutic purposes due to the
drug’s minor hydrophilic and hydrophobic properties [27-
32]. Many polyethylene glycol (PEG)-coated liposomal nano-
formulations, including Aroplatin, Lipoplatin, and SPI-077,
are under clinical trial phases, with the encapsulating of
Cis have been overcome the weak aqueous solubility, drug
resistance, and toxicities [33]. Therefore, nanotechnology
may bring pleasant opportunities to cancer treatment and
diagnosis [34-43].

Niosomes are an effective nanocarrier utilized in drug
delivery systems due to biodegradable, biocompatible, and
non-immunogenic characteristics. They are classified as
non-ionic surfactant vesicles and have the potential to tar-
get therapeutic agents directly to the tumor, improve the
efficacy, and diminish the side effect of chemotherapy by se-
lectively transporting drugs to tumor space [44]. Niosomes
are considered stable bilayer vesicles created by the self-
association process of non-ionic surfactants and lipid such
as cholesterol in an aqueous medium [45]. Hydrophilic and
lipophilic therapeutic agents are loaded into the aqueous
core and membrane bilayer of noisome, respectively [45].
Niosomes can be classified into several groups based on
their bilayers and sizes: 1) small unilamellar vesicles (SUV)
with 10-100 nm, large unilamellar vesicles (LUV) with 100-
3000 nm, and multilamellar vesicles (MLV) with having
several bilayers [4, 45-54].

It is better to note that, among the nanocarrier systems
sensitive to stimuli, pH is considered the most usually ap-
plied delivery stimuli. It has been utilized to release the
drug parts under reformed pathological conditions, like
several inflammations like cancer or ischemia with marked
pH changes. The extracellular pH is generally conserved at
around 7.4 in normal tissue and blood. Typical extracellular
pH values usually are acidic because of the more glycolysis
rates in several tumors. Low pH of tumor space can help
drugs to be released into the target sites. pH-responsive
nanocarriers, which can accept or donate H* at pathologi-
cal pH, allow moderate structural changes to happen and
are more commonly utilized for these systems [55]. Cosco
and coworkers were encapsulated 5-FU in bola-niosomes,
which were coated with PEG or were un-coated. They inves-
tigated this formulation on MCF-7 and T47D breast cancer
cell lines. Both the formulations indicated more cytotoxic ef-
fects toward the free drug. In vivo results on MCF-7 xenograft
tumor on the severe combined immunodeficient (SCID)
mouse models indicated more effective antitumor activity
of niosomal drug at a concentration 10 times less (8 mg/kg)
than that of the free solution of the 5-FU (80 mg/kg) af-
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ter a treatment of 1 month [56]. In another study, Gude et
al. loaded Cis into niosome by employing cholesterol and
Span 60, and then they studied the antimetastatic activity
in the metastatic model of BI6F10 melanoma. They reported
that niosomal Cis has the remarkable antimetastatic effect
and decrease adverse effect and toxicity compared to free
Cis [57]. In a study, Yang et al. prepared niosomal Cis formu-
lation and modified the system with cholesterol and Span
40. They reported that the diameter and the encapsulation
efficiency were 7.73 + 1.49 um with a zeta-potential of 0 mV
and 76.93 + 2.67%, respectively. The antitumor efficiency
was investigated in rabbits bearing VX2 sarcoma. The injec-
tion of niosomal Cis to rabbits inhibited tumor growth and
resulted in much lower mortality than the free drug. The
promising anticancer outcomes demonstrated that the nio-
somal Cis might be progressed as a suitable anticancer form
of the drug with low toxicity [58]. Also, there is some related
study about the encapsulation of Cis in liposome nanocarri-
ers. For example, Cis-loaded liposome was combined with
6-amino nicotinamide to overcome drug resistance in ovar-
ian cancer cells was developed. The combination treatment
of liposomal Cis and 6-amino nicotinamide showed promis-
ing cytotoxic activities in drug-resistant cells and prolonged
pharmacokinetics in rats [59]. Another study evaluated two
novel liposomal formulations of Cis as potential therapeu-
tic agents for treating glioma in the F98 rat glioma model. a
variety of dose-dependent neuropathologic changes from
none to severe were seen at 10 or 14 d following their admin-
istration. These findings suggest that further refinements
in the design and formulation of Cis-containing liposomes
will be required before they can be administered i.c. by
convection-enhanced delivery (CED) for the treatment of
brain tumors and that a formulation that may be safe when
given systemically may be highly neurotoxic when admin-
istered directly into the brain [60].

Knowing drug delivery systems, especially the mech-
anism of drug encapsulation and release at the atomistic
level, is required for designing new nanomedicines [48, 61-
66]. A new field has emerged as computational pharma-
ceutics in which degradation, stability, preservation from
the body’s defensive mechanisms, drug release, and tar-
geted distribution are all difficulties that computational
techniques can help with [67]. In this manner, techniques
such as Molecular Dynamics (MD) simulation technique
and Monte Carlo simulations are powerful tools to under-
stand how the atomistic interactions and forces can govern
and develop new drug delivery systems [68].

In this study, Span 60, Tween 60, Ergosterol, and
CHEMS were mixed to obtain pH-responsive niosome for-
mulations loaded with Cis. Morphology, size, zeta potential,
stability, entrapment efficiency (EE), and release behavior
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were evaluated by different methods. Moreover, for simu-
lation assessment, the noisome bilayer was initially con-
structed by Span 60, Tween 60, and Ergosterol using the
CELL microcosmos 2.2 software by fetching the structures
from PUBCHEM and then optimizing geometrically in HF/6-
3G (d,p) level of theory. In the end, experiments were carried
out to investigate the effect of Cis on the growth and metas-
tasis of breast cancer as a free drug or an alkylating agent
loaded in pH-sensitive niosomes.

2 Materials and Methods

2.1 Chemicals and cell line

Cis drug and MTT reagent were procured from Sigma-
Aldrich (St Louis, MO, USA and St. Louis, MI, USA, re-
spectively). Cholesteryl hemisuccinate (CHEMS) was ob-
tained from Avanti Polar Lipids, Inc (Alabaster, Alabama,
USA). Ergosterol, Span 60 and Tween 60 was procured
from Sigma-Aldrich (Steinheim am Albuch, Germany and St
Louis, MO, USA). Fetal bovine serum (FBS) and RPMI1640
culture medium were obtained from Gibco (Grand Is-
land, NY, USA). Trypan blue, 1% penicillin/streptomycin,
dimethyl sulfoxide (DMSO), trypsin-EDTA solution, and
phosphate-buffered saline (PBS) were purchased from IN-
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OCLON (Tehran, Iran). The MCF7 human breast cancer cell
line was provided by the Pasteur Institute of Iran (Tehran,
Iran) and maintained in a culture medium containing 10%
FBS, 1% penicillin/streptomycin mix, at 37°C with 95% hu-
midity and 5% CO,.

2.2 Preparation of pH-responsive Cis loaded
niosomes

Niosomes containing Cis were prepared by a thin-film hy-
dration technique. Briefly, Span 60, Tween 60, Ergosterol
and CHEMS were dissolved in chloroform with an appropri-
ate molar ratio. The solvent was evaporated using a rotary
evaporator (Laboroa 4003, Heidolph, Germany) at 120 rpm
and 60°C. The thin film formed at the bottom of the round
bottom flask was then hydrated by ultrapure water contain-
ing 86 ppm of Cis and stirred until a milky solution was
obtained. Niosomal formulations were centrifuged for 20
min at 15000 rpm (5415D, Eppendorf, Germany), and to pro-
vide smaller and more homogenized particles, they were
sonicated using bath sonication (Thermo Fisher Scientific,
USA) for 5 min. After that, the formulation was filtered 4
times with 0.45 and 0.22 um polycarbonate membrane fil-
ters (Sartorius AG, Go6ttingen, Germany). Blank niosomes
were prepared with the method mentioned above, with-
out the Cis. All the samples were stored at 4°C, protected
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Scheme 1: Schematic representation of pH-responsive Cis-loaded niosomes.
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from the light. A schematic representation of pH-responsive
Cis-loaded niosomes was given in Scheme 1.

2.3 Simulation study

2.3.1 Forcefield setup and parametrization

Due to the permanent role of Cis in the initiation of apop-

totic routes, resistance mechanisms, and delivery of the
drug, it is crucial to characterize these interactions with
lipid membranes. The prerequisite is a simplified model
to facilitate the evaluation of these interactions and to be
accurate enough at the same time.

The parameters for each component of the noisome
bilayer were described by the Lipid 17 force field, which

is a developed version of lipid 14 forcefield for lipids [69].

The structures of span 60, tween 60, and Ergosterol were

optimized in HF/6-3G (d,p) level of theory to obtain the ge-

ometrically most reliable structure and extract each atom’s

atomic partial charge using Restrained Electrostatic Poten-

tial (RESP) charge methodology [70]. Conversion of Assisted
Model Building with Energy Refinement (AMBER) topology

(b)

+0.909

+H.081 ‘

DE GRUYTER

and coordinate file into the GROMACS has been done with
the ACPYPE python tool [71].

Force field parameters for Cis, including bond, angle
and dihedral were obtained using the MCPB.py module [72]
of AmberTools20 [73]. To extract the atomic charge based
on the RESP charge method, the output of geometrically
optimized structure of Cis at the B3LYP/aug-cc-pV5Z-PP
(using effective core potential) level for platinum atom and
6— 311++G** level of theory for other atoms was employed.

2.3.2 Bilayer setup and simulation details

The noisome bilayer was initially constructed by span 60,
tween 60, and Ergosterol using the CELL microcosmos 2.2
software [74] by fetching the structures from PUBCHEM and
then optimizing geometrically in HF/6-3G (d,p) level of the-
ory. The structures of different niosome components are
represented in Figure 1. The number of each molecule with
the 35:35:30 molar ratio for the building of the bilayer were
159,161 and 138 molecules for tween 60, span 60, and Er-
gosterol, respectively. All bilayer components were placed
randomly in a box area of 7.80 nm x 7.80 nm, with the hy-
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Figure 1: The (a) 3D and (b) 2D structure of Cis with atomic charge calculated for each atom.2D structure of (c) Ergosterol (d) span 60 and (e)
tween 60 with the numbering of atoms based on the amber nomenclature.
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Figure 2: The starting structure of the noisome bilayer contains 20
Cis drugs at the top. Spané60, tween60, and Ergosterol molecules
are colored green, purple, and yellow, respectively. The Cis
molecules are represented as the Space-filling model.

drophilic heads and hydrophobic parts placed inversely
towards each other in the box.

As shown in Figure 2, 20 numbers Cis molecules were
inserted in the upper leaflet of the bilayer to investigate the
interactions of these molecules with the noisome bilayer.
The final structure was solvated in an SPC/E water box as
this model can accurately reproduce the water’s surface
tension [75]. The whole system was subjected to energy min-
imization using the steepest descent algorithm to avoid the
unexpected overlap between atoms in the constructed noi-
some bilayer. A short simulation annealing was conducted
in 500 K for 100 ps to remove the remaining clashes among
atoms in the box. The system was subsequently subjected
to NVT simulation run for 500 ps at 298 K to equilibrate the
system’s temperature. The choice of this temperature corre-
sponds to optimal conditions for the formation of niosome
vesicles that show the highest stability [76]. In this step, the
Span 60, tween 60 and Ergosterol, were coupled together
to the v-rescale thermostat with a coupling constant of 0.1
ps while the water and Cis were coupled separately. The
resulting configuration was then subjected to 5 ns of NPT
simulation using Berendsen barostat with semi-isotropic
coupling to keep the temperature and the system’s pres-
sure constant at 298 and 1 bar, respectively. The periodic
boundary conditions were applied in all three directions.
Bond constraints were applied using the Linear Constraint
Solver (LINCS) algorithm [77], and The electrostatic inter-
actions were calculated using the fast Particle Mesh Ewald
method (PME) method [78]. Cut off for the Coulomb, and
van der Waal interactions were assigned to 1.5 nm. The sys-
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tems were simulated for 100 ns production run in Gromacs
2020.1 package.

2.4 Size and zeta potential Measurement of
niosomes

The size and zeta potential of niosomes were calculated us-
ing Zetasizer (Malvern, Helix, UK). Briefly, niosome formu-
lation was diluted 10 times and assessed by dynamic light
scattering (DLS) instrument at the autocorrelation function
of 90°, laser operating at 658 nm, a light source of 35 mW,
and temperature of 25°C.

2.5 Morphological evaluation of
nanoparticles

Optical microscopy (before size reduction) and transmis-
sion electron microscope (TEM)(After size reduction) was
used to analyze the morphology of niosome formulations.
For TEM, A drop of the formulation was placed onto a
carbon-coated copper grid, then air-dried, and examined
under a transition electron microscope (EM10C, Zeiss, Ger-
many).

2.6 Encapsulation efficiency

To this purpose, a niosome containing Cis was centrifuged
(15000 rpm, 1 hour and 4°C), and the supernatant was ob-
tained. The concentration of Cis in the supernatant was
calculated using a standard curve at 310 nm by spectropho-
tometer, and then the drug loading and encapsulation ef-
ficiency were estimated based on total concertation of Cis
and concentration of Cis in the supernatant.

2.7 Drug release from niosome in different
pHs

To estimate the drug retention capability of the niosome,
sediment of Cis-loaded niosome formulation was obtained
using centrifugation process (15000 rpm, 1 hour, and 4°C).
The sediment of the formulation containing Cis was resus-
pended into fresh ultrapure water and poured into a dialysis
bag (Cut off; 12,000 Da Sigma), immersed into 50 ml PBS
(pH 5.4 and 74), and stirred (100 rpm, 37°C). At the predeter-
mined time intervals, 1 ml of buffer solution was withdrawn
and replaced with a fresh one. The release rate of the drug
was estimated, and the relative curve was plotted.
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2.8 Cytotoxicity and morphology
assessments

Free Cis and niosomal Cis were applied into the culture
medium at increasing concentrations. MCF7 cells were ex-
posed to of 0.469, 0.937, 1.875, 3.750, 7.5, 15 and 30 pg/mL
of both drugs. Cytotoxic effects of free and encapsulated
Cis were examined using the 3-(4, 5-Dimethylthiazol-2-y1)-2,
5-diphenyltetrazolium bromide (MTT colorimetric assay as
described before [79]. Briefly, 5x10> cells were seeded in
every well of a 96-well microplate in a final volume of 100
uL. After 24 h, 100 pL of free and/or niosomal Cis (prepared
as described above) was added to each well and allowed
to grow in the following 24, 48, and 72 hours. Then, the
culture medium was removed, and 200 pL of MTT solution
(0.5 mg/mL in PBS) was added. After 4 h incubation at 37°C,
the supernatant was replaced with 200 pL of DMSO. The
absorbance of sample wells (treated) and control wells (un-
treated) was read at 570 nm using a SpectraMax microplate
reader (Molecular Devices, Sunnyvale, CA) to determine the
number of viable cells that reduced the tetrazolium com-
ponent of MTT to formazan crystals. The experiment was
repeated three independent times. The 50% inhibitory drug
concentrations (IC50s) were assessed by GraphPad Prism
version 7.0 for Windows (GraphPad Software, La Jolla, CA,
USA).

Cell morphology was monitored using an inverted mi-
croscope (Model I1X71, Olympus, Tokyo, Japan) at 40X mag-
nification. For this purpose, cells (2x10* cell/well) were
cultivated in a 24-well cell culture plate and incubated
overnight. Next, cells were treated with escalating concen-
trations of free and niosomal Cis from 0.937 to 15 pg/mL for
48 h. Images were captured using a digital camera.

2.9 Statistics

The data were presented as a mean + standard deviation.
In each group, each value is the average of at least three
separate tests. The student’s t-test was used for statistical
data. To demonstrate a significant difference, a p<0.05 sig-
nificance value was chosen.

DE GRUYTER

3 Results

3.1 Characterization of pH-responsive
Cis-loaded niosomes

The niosome loaded with Cis was successfully prepared by
the TFH method. Determinations were made of the parti-
cle size, size distribution (PDI), and surface charge. The
average niosome size was around 90+ 2 nm, and the uni-
form dispersion of particles (PDI: 0.28 + 0.02) indicated a
homogenous size distribution (Figure 3A). Through the in-
creased permeability and retention (EPR) mechanism, the
size of the niosomes is optimal for tumor-specific accumu-
lation. Furthermore, after 4 months of storage at 4°C, there
was a size increase of less than 15 nm, indicating that Cis-
niosomes remained stable (data not shown). The negative
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Figure 3: Size, Size distribution (A), and Zeta Potential (B) evalua-
tion of pH-responsive Cis-loaded niosome by DLS at 25°C.

Figure 4: Physical appearance (A), Optical micrographs (100X magni-
fication), and TEM image (C) of pH-responsive Cis-Loaded niosome.
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surface charge of —31.2 mV evidenced the stability of the
system (Figure 3B).

A sonication and filtration procedure was carried out to
manufacture small niosomes with homogeneous size and
dispersity and to reduce aggregation. The hydrated medium
containing niosomal Cis is shown in Figure 4A. It has a
milky white appearance without any aggregation. Optical
microscopy characterized the synthesized niosomes in var-
ious spherical shapes, and the formed niosomes were typi-

cally circular MLVs morphologically, as seen in Figure 4B.

This was expected, as MLVs are typically produced via the
film hydration approach. The pH-responsive Cis-loaded nio-
somes displayed homogenous spherical forms and smooth
surfaces without any aggregated particles, as shown by
TEM images (Figure 4C). The diameters of the niosomes

lowered as the sonication and filtration process were used.

The difference between the free Cis (nonencapsulated)
and total Cis was used to calculate the encapsulation effi-
ciency percentage of the developed formulation. The ab-
sorbance reads were converted to concentration using a
calibration curve, prepared for Cis. Our prepared niosome
formulation had an encapsulation efficiency of 89% that is
remarkably high; thus, we recommend encapsulating Cis
with the thin-film hydration method.

3.2 In-vitro Cis release in pH 5.4 and 7.4

In drug release behavior, the type of entrapped agent,
vesicle lamellarity, and existence or absence of the pH-
responsive agent must all be taken into account in niosomal
formulations and other drug delivery systems. Drug trans-
port from vesicles is also influenced by the chemical com-
position of the noisome bilayer. The biphasic drug release
profile of niosomal systems indicates fast desorption and
slower diffusion of the entrapped drug via bilayer phases. A
similar biphasic release was observed in the present study
for pH-responsive niosome at pH 5.4 (Figures 5). The rapid
initial phase may be related to the effect of CHEMS as a pH-
responsive agent (about 83% release after 24 hours). For
pH 74, a slower Cis release was observed during 24 hours
which was due to diffusion of Cis from the lipid bilayer
(about 46% after 24 hours). Based on results, Cis-loaded
formulation showed a sustained release comparison to free
Cis that released about 95% after 5 hours.

pH-responsive cisplatin-loaded niosomes = 7
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Figure 5: The profile of Cis release from pH-responsive Cis-Loaded
niosome in pH 5.4 and 7.4 compared to the standard drug in phos-
phate buffer at 37°C (mean +SD, n=3).

3.3 Simulation study
3.3.1 Bilayer structure

One of the main properties related to membrane bilayer is
area per lipid (APL), by which one can evaluate the phase
transition of the lipid bilayer as well validation of the force-
field. However, we calculated the APL using the xy-surface
area of the simulation box divided by the number of span
60, tween 60, and Ergosterol in on leaflet. Table 1 compares
the structural properties, APL, and bilayer thickness of the
noisome bilayer component used in this work at the be-
ginning and the end of simulation time. The span60 has
an average APL of 26.69 + 0.1 A2 at the beginning of MD
simulation, while this value diminished to 24.26x 0.1 A2 at
the end which has a fair consistency with the experimental
value (22 A?) [80]. Insertion of tween60 and Ergosterol to
the span60 bilayer, which is closely packed with high order
orientation, do not expand the bilayer at all. Tween 60 and
Ergosterol possessed an average APL of 24.82+ 0.1 and 28.08
+ 0.1 A? after 40 ns MD simulation.

The bilayer thickness is another structural property of
the bilayer system, which is defined as the center of mass
of the headgroup of every bilayer component, i.e., span60,
tween60, and Ergosterol. The calculated thicknesses at the
beginning and the end of the simulation for each compo-
nent are represented in Table 1. It is seen that the bilayer
thickness for span60, tween60 and Ergosterol, were 7.92 +
0.001, 8.95 + 0.001, and 4.85 + 0.001 at the end of the simu-
lation. The GridMAT-MD script [81] was utilized to calculate
APL and thickness of each lipid in the noisome bilayer.
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Table 1: Comparison of the structural properties of Span60, Tween60, and Ergosterol bilayers in 35:35:30 %mol at the beginning and the

end of the MD simulation.

lipid Span60 Tween60 ergosterol

time Ons 100 ns Ons 100 ns 0Ons 100 ns
Area per lipid (A%) 26.69+0.1 24.26+ 0.1 28.31+0.1 24.82+0.1 30.92+0.1 28.08+0.1
Thickness (nm) 7.78+0.001 7.92+0.001 8.03+0.001 8.95+0.001 4.75+0.001 4.85+0.001

3.3.2 Hydrogen bonding between membrane and Cis

To identify the number and/or duration of hydrogen bonds
formed between three components of noisome bilayer-
span60, tween60, and Ergosterol with Cis, we utilized the
hydrogen bond analysis during the 100 ns of trajectory pe-
riod. Hydrogen bond profiles between the Cis and the lipids
were calculated using the H-bond utility of Gromacs 2020.2.
The threshold for H-bond forming was 3.5 A with an angle
of 30. Figure 6a illustrates the average position of the Cis
on one side of the bilayer during the 100 ns MD simulation.
According to this figure and other snapshots from MD sim-
ulation, we realized that Cis intends to interact with water
molecules and resides in MLV space in niosome. Our visual
inspection from MD simulation snapshots revealed the in-
teraction of Cis with the Tween 60 headgroup. Figure 6b

(2)
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Span60 o \ k o hi

represents such an interaction in detail. In this figure, the
ammoniumyl groups in Cis make H-bonds with O8 atom
of tween 60 headgroup. Due to the high electrophilicity
of hydrogens in ammoniumyl groups in Cis, we would ex-
pect this interaction as well as hydration of Cis with water
molecules during the simulation.

More detailed analyses of hydrogen bonds between Cis
and Span60, Tween60, and Ergosterol have been shown in
Table 2.

Based on the data reported in Table 2, the average H-
bonds between Cis and span 60 and tween 60 is 0.004 and
0.045 during MD simulation. This is in line with our visual
inspection of drug-bilayer interactions, which states that
most of H-bond between Cis form through the tween 60
headgroup while the span 60 associated in minority and
Ergosterol showed none contacts with Cis at all. The oc-

(b)

Cisplatin

water

tween 60

Figure 6: (a) Molecular representative structure of Cis in contact with niosome bilayer as facial representation and (b) the close-up represen-
tation of Cis at the surface of bilayer and the most probable hydrogen bonds between it and bilayer components. Carbon atoms in Span 60,
tween 60 are colored green and grey, respectively. The Cis and chloride ions are represented as ball and stick. The platinum chlorine atoms
in Cis and chloride ions in balk water are colored orange, green, and yellow, respectively.
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Table 2: Average and detailed hydrogen bond analysis of Cis with span60, tween60, and Ergosterol in this study.

Hydrogen Bonds

Cis-Span60 Cis-Tween60 Cis-Ergosterol

Average 0.004 0.045 0.0
H-Bond
number

Donor-Acceptor Occupancy Donor-Acceptor Occupancy Donor-Acceptor  Occupancy
Detailed Cis@N4-SPA@O1 0.28 TWE@O8-Cis@N4 1.83
hydrogen SPA@N3-Cis@01 0.10 TWE@OS-Ci:s@NB 1.87
bonds SPA@N3-Cis@04 0.02 TWE@010-Cis@N4 0.50

Cis@N4-SPA@O4 0.01 TWE@010-Cis@N3 0.19
SPA: span60 TWE: tween60 ERG: Ergosterol Cis: Cisplatin

cupancy numbers are related to the lifetime of hydrogen
bond between O1 and O4 atoms of span60 with nitrogen
atoms of ammoniumyl group in Cis. The occupancy num-
bers for span 60 are smaller than those related to tween
60, and it also reveals that the O8 atom in tween 60 has
maximum occupancy due to its higher exposure to Cis and
water phase.

3.3.3 Radial distribution function analysis

The conventional definition of hydrogen bonds and inel-
igibility of many software to measure unconventional h-
bonds leads us to investigate the interaction of other atoms
in Cis with niosome bilayer components. The interactions
involved other Cis atoms in the Cis-niosome system forma-
tions can give us additional structural insight and can be as-
sessed by average radial distribution functions (RDF) plots
of the Cis, span60, tween60, and the Ergosterol. Figure 7

(a)

— O01-PT
— 04-PT
— 01-C1

a3-cl
— 0a-Cl

0.25 -

0.20 -

alr)

0.15
0.10
0.05 - ’_\\
P

T
3 4

2
r(A)

shows such RDF plots for these systems. For evaluating
the interaction of platinum and chlorine atoms in Cis, we
performed RDF calculations towards headgroups atoms of
span60 (01, 04) and tween 60 (08 and O7).

The hydrogen bond analysis persuades us to think that
the ammoniumyl groups in Cis have predominant inter-
action between Cis and niosome components. As demon-
strated in Figure 7a, and based on RDF calculation for
all pair atoms, we can see that it is a platinum atom that
strongly interacts with a span 60 headgroup including O1
and 04 atoms. These strong interactions are happening
in distances lower than 1 A. The lack of interaction with
tween 60 headgroup states that Cis is strongly interacting
with span 60 headgroup through its platinum and chlorine
atoms. Figure 7b shows the RDF plots regarding atom O8
in tween 60 headgroup interacting strongly with chlorine
atom in Cis, which makes speculation about interacting of
tween 60 with chlorine atom in Cis.

(b)

— os-cl
— O7-Cl

2
r{&)

Figure 7: The atom-atom RDFs of (a) the span 60 and (b) tween 60 headgroup atoms with atoms in Cis molecules. The most probable

interactions are represented here.
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3.4 Lethal effects of niosomal cis

Figure 8 shows the results of the MTT assay of free and
niosomal Cis. Compared to untreated cells, both agents
significantly decreased the number of viable MCF7 cells
(P < 0.05) following time- and dose-dependent fashions.
We found that niosomal Cis was more cytotoxic than free
Cis. In other words, IC50s were less in encapsulated Cis
than in its free form. After 48 h treatment, the percentage
of viable MCF7 cells treated with 0.469, 0.937, 1.875, 3.750,
7.5, 15 and 30 pg/mL of niosomal Cis was 65.7, 36.1, 29.7,
14.3, 6.4, 4.3, and 2.2%, respectively. Following 24, 48, and
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72 h treatment, the IC50 values for exposing MCF7 cells
to free Cis were 10.54, 6.80, and 4.38 pug/mL, while these
values were 1.02, 0.70, and 0.38 pg/mL for cells exposed to
niosomal Cis, respectively.

Microscopic evaluation of cell morphology revealed
that untreated MCF7 cells had normal morphology and
were attached to the culture flask. Treatment with 0.937 to
15 pg/mL of free Cis did not induce noticeable morphologi-
cal change, except for a moderate decrease in the number
of viable cells. In contrast, niosomal Cis-treated cells were
undergone evident morphological changes after 48 h. In
this regard, exposing MCF?7 cells to 0.937 ug/mL of niosomal

24 hours
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Figure 8: Lethal effects of free- and niosomal Cis on MCF7 breast cancer cells assessed via MTT test. Results were expressed as the average
of three independent (mean+SD) (**P < 0.05 compared with untreated cells).

o O A 0 2

15 pg/mL

0.937 ug/mL 1.875 ug/mL 7.5 ug/mL

S V.

3.75 pg/mL

Figure 9: Morphology of MCF7 cells treated with 0.937-15 pg/mL of free and niosomal Cis for 48 h.
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Cis induced the formation of apoptotic bodies. By increas-
ing concentrations to 1.875 pg/mL, cells were rounded and
shrunk. At higher concentrations of niosomal Cis (3.75 >
pg/mL), cells were mainly detached from the culture dish,
and many dead cells were floating in the culture media.
This was not observed when cells were exposed to free Cis
at given concentrations (Figure 9).

4 Discussion

Chemotherapy is a mainstay to treating various cancers.
However, it has suffered many challenges, such as poor
tumor selectivity and multidrug resistance (MDR). Targeted
drug delivery via nanotechnology materials has afforded a
new approach to solve the shortcomings. Niosomes are a
promising drug delivery system since they can act as a reser-
voir for drugs and control drug release by changing their
compositions [3, 28, 82-87]. There are various formulations
of niosome containing chemotherapeutics in the literature.
For example, Dabbagh Moghaddam et al. used melittin, as
a peptide part of honey bee venom, which is considered a
natural substance for cancer therapy. They loaded melit-
tin into niosome and investigated the anticancer activity
on 4T1 and SKBR3 breast cancer cell lines in vitro and in
vivo. The formulation had been injected into BALB/C inbred
mice. Several biological processes such as hemolysis, apop-
tosis, and cell cytotoxicity were investigated on 4T1 and
SKBR3 cell lines by utilizing hemolytic activity assay, flow
cytometry, MTT assay. The niosomal melittin can affect the
expression of genes, down-regulates the expression of B-
cell lymphoma (BCL2), Matrix metalloproteinases 2 (MMP2),
and MMP9 genes. They have also increased the apoptosis
level and prevented cell migration, invasion in both 4T1
and SKBR3 cell lines compared to the melittin samples.
Results of histopathology showed reduce mitosis index,
invasion, and pleomorphism in melittin-loaded niosome.
The study effectively states that niosomal melittin had more
antitumor activities than melittin alone. This research has
indicated that niosomes can be effective nanocarriers for
melittin compared to the free form [88]. In another inves-
tigation, Mandriota et al. prepared a good nanostructure
by using magnetic nanocrystal clusters (MNCs) as a super-
paramagnetic nanocluster. The size and density of nan-
oclusters and magnetic cores were investigated, respec-
tively. After that, MNCs were modified with a polydopamine
film (MNC@PDO) to increase their stability in an aqueous
environment. Furthermore, they used polydopamine to en-
hance functional groups’ density and get an appropriate
nanosystem to drug-controlled release. As the final sec-

pH-responsive cisplatin-loaded niosomes = 11

tion of their research, Cis was attached to the surface of
MNC@PDO to use the platform as a magnetic field-guided
antitumor delivery system. The cytotoxic effects and the
biocompatibility of MNC@PDO and MNC@PDO-Cis com-
plexes were tested against both human cervical carcinoma
(HeLa) and human breast adenocarcinoma (MCF-7) cells.
In vitro investigations indicated that the MNC@PDO-Cis
complexes prevented cellular growth by a dose-dependent
effect. So, by using an external magnetic field, the drugs can
release on a specific target zone. In summary, the nanosys-
tem of MNC@PDO can be considered a valuable and poten-
tial nanocarrier for the delivery of several drugs to target
sites [89]. Gude et al. designed niosomal formulations of
Cis utilizing span 60 as excipient and cholesterol. Then,
they studied the antimetastatic effect in an experimental
metastatic model of B16F10 melanoma. They have also in-
vestigated theophylline and its combination outcome with
free Cis and niosomal in the same model. As a result, treat-
ment with niosomal Cis and combination of the same with
theophylline exhibited a remarkable decrease in the nod-
ules of the lung as compared to untreated control as well
as with Cis alone. Furthermore, they treated with activated
macrophages, which were activated using Muramyl dipep-
tide, significantly prevented more proliferation of tumours
in the lung. Niosomal Cis indicated a major safety against
weight loss and the effect of toxicity in bone marrow as com-
pared to free Cis. These results can prove that Cis loaded in
niosomes has a remarkable antimetastatic effect and dimin-
ished toxicities than Cis alone. However, theophylline did
not show antimetastatic activity alone or combined with
Cis or activated macrophages [57]. In another research, Doi-
jad et al. intended to improve the efficacy, decrease toxicity
and increase the therapeutic efficiency of niosomal Cis. At
first, they were prepared niosomes by applying spans and
tweens as excipients. Then, the formulations were charac-
terized with a size distribution, entrapment efficiency, and
in-vitro and in-vivo studies. The entrapment efficiency of
the noisomes was obtained to be 66.66%, 54.16%, 60.80%,
and 50.83% for span-60, span-80, tween-60, and tween-20,
respectively. Furthermore, maximum cumulative percent
drug release was reported with span-60 (96.87%) and the
minor with tween-20 (70.49%) in 12 hours. The in-vivo result
shown that the drug is especially targeting to liver followed
by the spleen and lungs [90].

Nanometric size range, negative zeta potential, and
high EE were obtained for niosome formulation. However,
further studies are needed to produce better Cis-containing
niosomes with maximum loading and efficiency to be used
as a better candidate in the treatment of several cancers.
To study the pattern of drug release, the dialysis tubing
method was used. The release process of Cis-containing
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niosome showed a sustained and pH-responsive release.
According to the obtained results, it can be suggested that
most of the drug release occurred at the first 4 hours at pH
5.4, but for pH 7.4, it was prolonged.

Based on in vitro cytotoxicity assay, we found that
niosomal Cis exhibited better cytotoxic effects than free
Cis (lower IC50s). Furthermore, encapsulated Cis induced
marked morphological alterations in MCF7 cells that are
hallmarks of apoptotic cell death. However, more in vitro
studies are needed to determine the main mechanism of cell
death activated by our newly prepared niosomal Cis. Cis has
been shown to trigger apoptotic cell death via the endoplas-
mic reticulum-mediated pathway in breast cancer cells [91].
As biocompatible/biodegradable nanoparticle drug carri-
ers, niosomes can transport drugs to desired tissues in the
body [92]. Kanaani et al. examined the in vitro efficacy of
nanoniosomated Cis on BT-20 human breast cancer cells
and found nanoniosomated Cis exhibited a 1.5 fold greater
cytotoxicity than standard Cis [93]. In 2012, Yang and col-
leagues loaded Cis into niosomes and modified the system
with cholesterol and Span 40. Their findings indicated that
niosomal Cis exerted much lower mortality and significant
tumor growth inhibition in sarcoma-bearing rabbits [94].

On the other hand, the use of Cis is limited due to
its side effects [95]. Gude et al. showed that niosomal Cis
enhanced the lethal effects of theophylline in the murine
B16F10 melanoma model [96]. MTT results of the present
study were in agreement with these findings. Therefore,
encapsulating Cis in niosomal formulation might be a de-
sirable strategy to reduce the toxicity of standard Cis.

Based on our previous studies, the pH-sensitive nio-
some has a good in-vivo function. For better understand-
ing of the efficacy of Cis-loaded niosomes, performing the
in-vivo toxicity studies are encouraged. Despite numerous
studies and concerning the fact that niosomes have a long
way to go to pass the stage of clinical reality, there are
still multiple challenges regarding the niosomes. For sev-
eral reasons (stability, cost, etc.), niosomes are better than
liposomes for drug delivery [97]. Surfactants as building
components of niosomes have the most crucial role in the
formation and properties of these carriers; thus, any de-
velopments in the synthesis of new surfactants that are
nontoxic, low-cost, biocompatible, and biodegradable will
increase the efficiency of niosomes. Therefore, it can be
hoped that the special structures of the niosomes will arise
in the coming years [98].
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5 Conclusion

In the current study, a new pH-responsive Cis-loaded nio-
some formulation was developed to responsively and effec-
tively deliver Cis for breast cancer treatment. It was demon-
strated that niosomes provided a nanometric range, high
stable formulation, and excellent entrapment efficiency of
Cis. Moreover, the developed formulation showed a pH-
responsive release at pH 5.4 and 7.4. The MD simulation re-
sults also showed that the interactions between Cis and noi-
some are mainly through its platinum and chlorine atoms
with noisome components, especially tween 60 and span
60 headgroups. The prepared niosomes loaded with Cis
exhibited better cytotoxic effects than standard Cis against
breast cancer cells. Taken together, Cis-niosomes are po-
tential delivery formulations for the treatment of breast
cancer.
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