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and no aggregation. On the other hand, niosomal IFO (0.01-100 pg/mL) showed high cytotoxicity
against breast cancer (MCF7) and neuroblastoma (SH-SYSY) cells in a concentration-dependent
fashion. IFO-loaded niosomes had lower ICsys in cancerous cell lines than the standard IFO, the
most pronounced being in SH-SY5Y cells (ICsy = 0.184 pg/mL). Intravenous treatments of rats
with niosomal IFO at 0.1 mg/kg body weight (bw) and 0.2 mg/kg bw significantly increased bio-
chemical parameters such as blood urea nitrogen (BUN), creatinine (CR), alanine aminotransferase
(ALT), and aspartate aminotransferase (AST). Moreover, the 0.2 mg/kg bw doses of niosomal IFO
caused obvious changes in the liver tissue. Both 0.1 mg/kg bw and 0.2 mg/kg bw doses of free IFO
caused histopathological lesions and significantly increased biochemical parameters. In silico calcu-
lations revealed the interaction of IFO through its oxygen and nitrogen connected to the phosphor
atom and nitrogen with a head group of Span 60 and tween 60. For the first time, we designed a
well-characterized niosomal formulation for the targeted delivery of IFO. Our formulation exhib-
ited optimum size with desirable anticancer activity and can be considered a suitable carrier with a
high potential for future usage in the controlled release of other chemotherapeutics; however, more
studies are needed to assess its safety towards normal human cells.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Cancer is a condition in which the cells divide and grow uncontrol-
lably, and it is a leading cause of mortality worldwide. In 2020, cancer
was responsible for almost one in six deaths globally, with a total of
nearly 10 million lives lost (Cancer, n.d.; Harati-Sadegh et al., 2021).
Surgery, radiotherapy, and chemotherapy are procedures used for can-
cer management (Lugmani, 2005; Ghaznavi et al., 2021). The pharma-
cokinetic profiles of chemotherapy drugs and their non-specific
distribution among many organs and tissues are poorly controlled,
resulting in severe side effects (Danhier et al., 2010; Barani et al.,
2021). Cancer cell resistance to almost all chemotherapeutic medicines
and targeted drugs is widespread. Around 80 to 90 percent of mortal-
ities in cancer patients are directly or indirectly attributed to drug resis-
tance (Zahreddine and Borden, 2013). The inhibition of tumor growth
induced by chemotherapeutic drugs could be stopped due to a lack of
response due to cell resistance. It might be a cellular response to drug
exposure or inherent in a subpopulation of heterogeneous cancers
(Lugmani, 2005). Several mechanisms are involved in the chemother-
apy resistance of tumors. For instance, the increase in the expression
of membrane transporter, ATP binding cassette (ABC), improves drug
efflux. Several of the 48 ABC transporters in humans have been asso-
ciated with cancer chemoresistance, including P-glycoprotein and Mul-
tidrug resistance-associated protein-1 (Zahreddine and Borden, 2013).
In addition to interfering with the transport of drugs into tumor cells,
they also pump them out of the cancer cells, which contributes to
intrinsic drug resistance. Additionally, cancer cells can acquire specific
genetic or epigenetic abnormalities over time that contribute signifi-
cantly to drug resistance (Nikolaou et al., 2018).

Nanotechnology has various potential applications in medicine,
from drug delivery to imaging and diagnosis (Laraib et al., 2022).
Nanoparticles can be designed to target specific cells or tissues in
the body, which can improve the effectiveness of drug delivery while
reducing side effects (Safaci et al., 2019). Nanoparticles can also be
used in medical imaging, such as magnetic resonance imaging (MRI)
and computed tomography (CT) scans, to provide higher-resolution
images of the body’s internal structures. Additionally, nanotechnol-
ogy can be used to develop biosensors that can detect disease
biomarkers, allowing for earlier and more accurate diagnosis of dis-
eases like cancer (Salarpour et al., 2022; Roostace et al., 2022;
Roostace and Sheikhshoaie, 2022). Overall, the use of nanotechnol-
ogy in medicine has the potential to revolutionize the way we pre-
vent, diagnose, and treat diseases (Roostace et al., 2022).
Administration methods by use of nanotechnology have been effec-
tive in overcoming drug resistance caused by cancer. In cancer treat-
ment, a mixed approach of targeted therapies and nanotechnology is

a promising methodology to overcome drug resistance (Gao et al.,
2015). Nanocarriers are a class of drug delivery vehicles that show
great promise in the field of medicine. They are composed of a vari-
ety of biodegradable materials that are engineered to have a size
of <100 nm (Suri et al., 2007). Liposomes, lipid-based nanoparticles
with high potential in enhancing cancer therapy, can incorporate
and/or associate with several molecules as cancer drugs. Due to
the potential that Liposomes have in the controlled release of anti-
cancer low-molecular-weight medicines, they are considered a popu-
lar platform among all (Gu et al., 2020). Many reports have focused
on phospholipid vesicles and liposomes, but they have several disad-
vantages, including chemical instability. In addition to their cost and
variable purity, natural phospholipids may have other considera-
tions. From a technical perspective, alternative phospholipids may
be interesting (Baillie et al., 1985).

A niosome consists primarily of a nonionic surfactant, additives,
and forming a lipid bilayer with an aqueous center. Drugs in the aque-
ous core are hydrophilic, while those in the lipid bilayer are hydropho-
bic (Bhardwaj et al., 2020). They offer several advantages over
liposomes, including greater chemical stability, enhanced penetration,
and lower costs (Nasr et al., 2008). It is possible to deliver drugs sus-
tainedly, controlled, and targeted using niosomes, which contain
cholesterol-containing surfactants in the vesicular layer, as well as
additives in the niosome preparation (Bhardwaj et al., 2020;
Junyaprasert et al., 2008). As an integral component of the cell mem-
brane, it affects fluidity and permeability. Having a steroidal system (c-
holesterol) enhances the strength of the bilayer. Thus, drug molecules
in this system are protected from inactivation and degradation before
they become mature because of the unwanted immunological and
pharmacological effects (Rajera et al., 2011). Non-ionic surfactants
lacking any polar-head charges are commonly utilized to control drug
delivery’s kinetics, persistence, and location (Moghassemi and
Hadjizadeh, 2014).

The application of niosome, a vesicle produced from nonionic sur-
factants, is being studied as a potential new drug delivery platform.
The molecular structure of surfactants is such that they tend to self-
organize into a bilayer. Hydrophilic surfactant ends tend to cluster
together on the outside of the structure, while hydrophobic ends clus-
ter together on the inside. Due to their lamellar architecture, these car-
riers can simultaneously entrap two distinct types of pharmaceuticals
(Khoee and Yaghoobian, 2017). Tavano et al. prepared pH-sensitive
niosomes to deliver drugs to hepatoblastoma cells with conjugated
Pluronic doxorubicin (Dox) niosomes. With surface modification, hep-
atoblastoma cells were targeted without pH-sensitive molecules. Upon
penetration, amino groups on the niosomes are protonated, releasing
their cargo (Tavano et al., 2013; Masotti, 2013).
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First developed by Asta-Werke, Ifosfamide (IFO, 3-(2-chloroe
thyl)-2-[(2-chloroethyl) amino] tetrahydro-2H-1,3,2-
oxazaphosphorine-2-oxide) is an alkylating agent related to oxaza-
phosphorine. As a result of its biotransformation to form highly reac-
tive metabolites like acrolein and chloroacetaldehyde, IFO exhibits
antitumor and immunomodulatory properties but has dose-limiting
toxicity. Since chemotherapy drugs cause systemic toxicity in patients,
rapid cell division can lead to targeted sites for chemotherapy drugs.
On the other hand, high doses of this drug are associated with car-
diotoxicity, encephalopathy, urotoxicity, nephrotoxicity, and neuro-
toxicity (Giraud et al., 2010). IFO is a white crystalline hygroscopic
powder with water solubility of about 100 mg/ml and a melting point
of 40 °C. It is used to treat several solid tumors such as the endome-
trium, cervix, ovary, testes, lung, and thymus as well as sarcoma and
Burkitt’s lymphoma. In acidic media, IFO undergoes hydrolytic degra-
dation at a definite rate depending on the pH of the solution
(Alexander et al., 1993). The stability, uptake, and permeability of
IFO have been enhanced in several previous studies by incorporating
it into different nanocarriers. As a part of the formulation, IFO was
integrated into the following formulations: self-micro emulsifying drug
delivery systems, solid-lipid nanoparticles, self-assembled polymeric
nanoparticles, span 80 nanovesicles, and nanostructured lipid
nanoparticles (Velmurugan and Selvamuthukumar, 2016; Chen et al.,
2015; Pandit and Dash, 2011; Ujhelyi et al., 2015).

To improve drug delivery while minimizing undesirable side effects,
we developed a novel niosomal formulation with Span 60 and Tween
60 as the drug carrier in this study. We hypothesized that IFO encap-
sulation in the niosome would enhance its therapeutic effect due to
nanometric size and enhanced cellular uptake. The dynamic light scat-
tering, morphology, and encapsulation efficiency analyses were carried
out to characterize the formulations. The in vitro and in vivo toxicity of
the developed formulation was examined, and finally, the atomic inter-
actions of the IFO molecule and lipid bilayer were modeled by
dynamic simulations.

2. Material and method

2.1. Chemicals and cell lines

Phosphate-buffered saline (PBS), antibiotic—antimycotic solu-
tion, and trypsin- ethylenediaminetetraacetic acid (EDTA)
solution were obtained from INOCLON (Tehran, Iran). Dul-
becco’s modified eagle medium (DMEM) and fetal bovine
serum (FBS) were purchased from Biochrome (Berlin, Ger-
many). IFO, Span 60, Tween 60, cholesterol (Chol), dimethyl
sulfoxide (DMSO), and methyl-thiazolyl-tetrazolium (MTT)
were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). All plastic materials were procured from Sorfa
(Zhejiang, China).

Cancerous [human breast cancer (MCF-7) and Human
neuroblastoma (SH-SY5Y)] and non-cancerous [human
umbilical vein endothelial cells (HUVECs)] cell lines were
obtained from the cell repository of the Pasteur Institute of
Iran (Tehran, Iran), cultivated in DMEM medium supple-
mented with antibiotic—antimycotic solution [penicillin (100
units/mL)/streptomycin (100  pg/mL)/amphotericin B
(250 pg/mL)] and 10% heat-deactivated FBS. Cells were
grown in standard conditions as previously described
(Saravani et al., 2020).

2.2. Preparation of niosomal formulation

Niosomal formulations were synthesized using Chol, Tween
60, and Span 60 at molar concentrations of 0.30:0.35:0.35

and a total lipid concentration of 200 uM. Span 60, Tween
60, and Chol were dissolved in chloroform, and a thin dry film
was formed after the organic solvent was evaporated using a
rotary evaporator (VR 4, Varghatajhiz, Tehran, Iran). The
setup parameters of the rotary evaporator were 180 rpm,
60 °C temperature, and vacuum. Thin layer films were
hydrated with IFO solution and evaporated at 60 °C for
30 min. To assess encapsulation efficiency (EE%), the pre-
pared niosomal IFO were centrifuged at speed of 15000 rpm
for 30 min. A UV-Vis spectrophotometer (Cary 100, Agilent,
USA) operating at a wavelength of 230 nm was then used to
measure the absorbance of the supernatant.

2.3. Analysis of the particle size and size distribution

Using a Zetasizer Nano-S90 (Malvern Instruments, Malvern,
UK) and a 633 nm He-Ne laser beam at a fixed scattering
angle of 90°, the average particle size and size distribution
analyses were conducted. To measure the particle size, nioso-
mal IFO was diluted in a solution. The tests were carried out
in triplicate.

2.4. Transmission electron microscopy

A transmission electron microscope was used to analyze the
morphology of the niosomal IFO (TEM, Philips, EM 208S,
Eindhoven, Netherlands). The niosome dispersion was diluted
several times with ultra-pure water before further examina-
tions. The carbon-coated copper grid was dyed with 2% phos-
photungstic acid after applying the aqueous solution. The
samples were observed under TEM after being dried using
infrared light.

2.5. Simulation studies

2.5.1. Setup and parametrization of the forcefield

It is critical to define specific interactions with niosome sub-
stances in order to understand the solubility and loading of
IFO in systems containing the medication. To enable the capa-
bility of evaluating such interactions with great precision, a
basic model is required. The Lipid17 force field, a developed
version of the lipid 14 force field for lipids, specified the char-
acteristics of every component of the noisome bilayer (Dickson
et al., 2014). The HF/6-3G (d,p) level of theory was used to
optimize the structures of tween 60, Span 60, and cholesterol.
However, the RESP methodology is used to get the geometri-
cally most reliable structure and obtain the atomic partial
charge of each atom (Vanquelef et al., 2011). Using the
ACPYPE Python tool, AMBER coordinate, and topology files
have been transformed towards GROMACS-acceptable for-
mats (Sousa da Silva and Vranken, 2012).

Employing GAFF forcefield of AmberTools20, force filed
parameters for IFO (Case et al., 2018). At the B3LYP/ 6—
311+ +G** level of theory, the RESP charge method was
employed to extract the atomic charge from the result of the
geometrically optimized structure of IFO.

2.5.2. Details of the bilayer setup and simulation

By collecting the PubChem structures, then afterward optimiz-
ing geometrically in HF/6-311G (d,p) level of theory, the noi-
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some bilayer was first created by cholesterol, Span 60, and
between 60 using the CELL microcosmos 2.2 tool (Sommer
et al., 2011). For the construction of the bilayer, there were
78, 78, and 156 molecules of each molecule with a
25:25:50 M ratio for cholesterol, tween 60, and Span 60,
respectively. Each bilayer component was distributed at prob-
ability sampling within a 5.90 nm box, with the hydrophilic
heads and hydrophobic portions arranged in opposition to
each other.

According to Figs. 1, 10 IFO molecules were introduced
into the bilayer’s topmost layer to investigate how these mole-
cules can interact with the noisy bilayer. In order to further
closely duplicate the water’s surface tension, in an SPC/E
water box, the generated structure was subsequently solvated
(Chen and Smith, 2007). The generated noisy bilayer was sub-
jected to energy minimization and then the steepest descent
algorithm was used to prevent unexpected atom overlap. To
eliminate any leftover collisions between atoms in the box, a
quick simulation annealing process lasting 100 ps was carried
out at 500 K. After that, the industry underwent an NVT sim-
ulation run for 500 ps at 298 K to acclimate the system’s tem-
perature. This temperature was chosen because it creates the
best circumstances for creating the most stable niosome vesi-
cles (Nasseri, 2005). In this procedure, the water and IFO were
linked independently from the Span 60, tween 60, and choles-
terol, which used to have a coupling constant of 0.1 ps and
were connected to the v-rescale thermostat. The resulting
arrangement was then put through a 5-ns NPT simulation uti-
lizing a semi-isotropic Berendsen barostat (Berendsen et al.,
1984) to maintain the system’s temperature and pressure at
298 and 1 bar, respectively. All three orientations were sub-
jected to periodic boundary conditions. The LINCS algorithm
was used to apply bond constraints, and the Fast Particle
Mesh Ewald (PME) approach was employed to calculate elec-
trostatic interactions (Berendsen et al., 1995). Then, 1.5 nm has
been selected as the cutoff for the Coulomb and van der Waal

IFO

Tween 60

Span 60

Fig. 1

interactions. In Gromacs 2020.1 package, the systems were
modeled for quite a 100 ns production run.

2.6. In vitro cytotoxicity assessments

We used MTT colorimetric assay to measure cells’ metabolic
activity following exposure to standard IFO, niosomal IFO,
and unloaded niosomes in cancerous cells and HUVECs
(Twentyman and Luscombe, 1987). This assay is based on
the ability of viable cells to reduce the water-soluble yellow-
colored MTT dye to purple-colored formazan crystals that
cannot be dissolved in water. For this purpose, cells were incu-
bated with high glucose-DMEM media, seeded in 96-well
plates (180 pL of cell suspension containing 5000-6000 cells/
well), and maintained in an incubator at 37 °C. The next
day, escalating concentrations of the three agents (0.01 to
100 pg/mL) were added to the plates and incubated for 48 h.
Then, 20 pL of MTT solution (5 mg/mL in PBS) was added
to each well. After 4 h of incubation, the cell’s supernatant
was replaced with 200 pL of DMSO solution, and the plates
were placed on a shaker to enhance the dissolution of for-
mazan crystals. Finally, the color density was measured at
570 nm via a spectrophotometer. Cell viability was determined
as previously described (Sargazi et al., 2019) and reported as a
percentage. The ICsy value was calculated by using a linear
regression equation from the viability graph. Morphological
alterations in MCF7 breast cancer cells treated with 1-10 ug/
mL of standard and niosomal IFO were monitored after
48 h treatment, and images were captured via an inverted opti-
cal microscope (OLYMPUS 1X71, Olympus, Tokyo, Japan).

2.7. In vivo assessments

2.7.1. Animal handling and experimental procedure

Male Wistar rats (271-302 g; 80 days old) were housed in poly-
carbonate cages under standard room temperature (20 to

Water

> Cholesterol

Schematic of studied compounds after molecular dynamics simulation. The beginning of a noisy bilayer with ten IFO medicines

at the top. The molecules of Span 60, Tween 60, and cholesterol are depicted as orange, red, and green, respectively. Water molecules are
shown as surfaces along with IFO molecules, like the VDW drawing method.
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22 °C) and naturallight—dark circle. Rats were obtained from
our breeding colony. Rats were housed in a well-ventilated col-
ony room and given ad-lib access to chow and tap water for
the experiments. Animals were randomized into five groups
(n = eight rats in each group): (1) control group received an
intravenous infusion of normal saline (0.9% sodium chloride
in 5% dextrose) and served as a placebo. The other four
groups were designed as treatment groups and were treated
intravenously with bulk IFO and niosomal IFO at 0.1 mg/kg
and 0.2 mg/kg doses three times at 72 h intervals (every 2 weeks
for a total of five treatment courses). After completing the
injection procedure, blood samples were collected from the
retro-orbital sinus. For histopathological analysis, rats were
subjected to CO2 euthanasia followed by guillotine amputa-
tion. Finally, liver and kidney samples were routinely pro-
cessed, embedded in 10% neutral buffered formalin,
sectioned at a thickness of 5 pm, and stained with
hematoxylin-eosin (H&E) and Masson’s trichrome staining.

2.7.2. Serum biochemical parameters

Blood samples were centrifuged at 5000 x g for ten min to
obtain serum. Collected serum samples were stored
at — 20 °C until biochemical analysis. Serum biochemical
parameters were determined by the Selectra Pro M auto-
analyzer. (Vital Scientific, SpanNeren, Netherlands). Commer-
cial kits from Pars Azmoon biochemical company (Tehran,
Iran) were used to determine blood urea nitrogen (BUN), cre-
atinine (CR), alanine aminotransferase (ALT), and aspartate
aminotransferase (AST). Hepatic malondialdehyde (MDA)
concentrations were measured by the method of Ohkawa
et al. (Ohkawa et al., 1979).

2.8. Statistical analysis

All in vitro and in vivo experiments were repeated in triplicates.
Data were analyzed using SPSS Software (version 20). Differ-
ences between data sets were tested using analysis of variance
(ANOVA), followed by Tukey’s post hoc test. In contrast,
non-parametric ANOVA was used to compare the cytotoxic
activity of the standard drug, unloaded nanocarrier, and nio-
somal IFO. A P-value < 0.05 was considered statistically
significant.

40

Number (%)
S

0.1 1 10 100 1000 10000

Size (d.nm)

3. Results

3.1. Physicochemical properties of niosomal IFO

The dynamic light scattering (DLS) method was used to exam-
ine the particle size and size distribution of niosomal IFO. Nio-
somal IFO was found to have a particle size of 97 + 3.45 nm
and a good dispersity index (PDI) of 0.214 (Fig. 2A). TEM
imaging provided additional confirmation of the particle size
of niosomal TFO. As can be observed in Fig. 2B, the particles
appeared as small, white spherically shapes, with a diameter of
approximately 80 to 100 nm. The particles showed no clear
signs of agglomeration. The niosomal IFO further demon-
strated high entrapment efficiency of 83.25 + 2.54%.

3.2. Simulation results

3.2.1. Bilayer structure

A bilayer’s area per lipid (APL) provides significant informa-
tion about a bilayer or membrane due to its strong awareness
of hydrophilic affinity amongst head groups and hydrophobic
repulsion between non-polar hydrocarbon terminals. APL is
also influenced by how head groups deal with water sources
or aqueous solutions. Precise simulation estimation of addi-
tional structural characteristics, including lipid tail order
parameters, bilayer thickness, electron density profiles, and
general specific combination, follow naturally from accurate
simulation prediction of the APL, which essentially means that

Table 1 The structural characteristics of Span 60, Tween 60,
and cholesterol are compared before and after the MD
simulation.

Lipid Time Area per lipid (1&2)
Span 60 0 ns 74.0.1 £ 0.1

140 ns 72.0 £ 0.1
Tween 60 0 ns 75.8 £ 0.1

140 ns 74.1 £ 0.1
Cholesterol 0 ns 85.2 £ 0.1

140 ns 834 + 0.1

Fig. 2 A) Particle size distribution measured by DLS; B) TEM image of niosomal IFO.
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Fig.3 Important interactions between IFO and Span 60/Tween 60 have been observed after MD simulation. (a) It is shown in the figure
that significant interaction between nitrogen and oxygen atoms of IFO and Span 60 has been established. (b) Interactions have been
observed between the structure of IFO and Tween 60. One of the most important of them is between the nitrogen atom of IFO and Tween

60.
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Fig. 4 Mass density profiles of cholesterol, span60, and tween60 in relation to z = 0.

the simulation’s forecast of an exact 2-D density in the bilayer
plane was true. Because lipids as well as self-assembling struc-
tures that resemble lipids mostly in bilayer regions, have slow-
down conformational dynamics, precise estimation of an APL

using MD simulations is computationally very expensive
(Chaban and Prezhdo, 2014). Moreover, we multiplied the
XY-surface area of the simulated box through the total choles-
terol, Tween 60, and Span 60 in one leaflet to calculate the
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Hydrogen bond- Span60

= CHL80-Side-O1*IFA277-Cl1

CHL80-Side-O1*IFA277-C6

= [FA277-Side-C6*CHL80-O1

= CHL50-Side-O1*IFA278-CI2

= TWE201-Side-O5*IFA269-02
= [FA270-Side-N2*TWE173-010
= IFA278-Side-N2*TWE229-010
IFA270-Side-C3*TWE189-06
= [FA279-Side-C7T*TWE219-06
= [FA270-Side-C1*TWE189-09
= [FA278-Side-C1*TWE229-010
= TWE241-Side-C19*IFA267-N2
= TWE200-Side-C27*IFA270-0O1

= SPA147-Side-O1*IFA267-02

= SPA119-Side-O1*IFA268-02

= SPA138-Side-O1*IFA279-02

SPA112-Side-O1*IFA271-02

= SPA122-Side-O1*IFA282-02

= SPA99-Side-O1*IFA270--02

= SPA154-Side-O1*IFA281-02

= SPA169-Side-O1*IFA264-02

Fig. 5 Typical and comprehensive hydrogen bond analysis
formed by the substances IFO and Span 60, Tween 60, and
cholesterol.

APL. The noisome bilayer component used in this work’s
structural characteristics, APL is compared in Table 1 for both
the beginning and end of the simulation time.

In our niosomal model, the average APL for the span60
decreased at the start to the end of the MD simulation. When
Tween 60 and cholesterol are added to tightly packed, high-
order-oriented Span 60 bilayers, the bilayer does not grow at
all. Important interactions between IFO and Span 60/Tween
60 have been observed after MD simulation, are shown in
Fig. 3.

3.2.2. Mass density profiles

To explain the position and distribution of the span60,
tween60, cholesterol, and IFO molecules in terms of the nio-
some bilayer molecules, we have calculated the mass density

profiles. Each component’s mass density profile concerning
z = 0is shown in Fig. 4. It shows that the bilayer equilibrated
throughout the course if simulated, as evidenced by the sym-
metrical shape of the mass density profile along the z-axis.
IFO’s broad peak and low density demonstrate this molecule’s
propensity to remain at the interface of the water and span60
or tween60 headgroups. The absence of interaction between
IFO and cholesterol is evident in this graph.

3.2.3. Order parameters

The order parameter is a measurement that can be made by
experimentation using deuterium NMR. The formula for cal-
culating SCD is given below, where yCD is the time-
dependent angle between a C—H bond along an alkyl or acyl
chain and the membrane normal (z-axis), and the brackets sig-
nify the average for both time and the entire ensemble.

3.2.4. Hydrogen bonding between noisome components and 1FO

We used the hydrogen bond analysis throughout the 100 ns of
trajectory to determine the quantity and/or length of hydrogen
bonds created among three components of noisy bilayer-
span60, Tween 60, and cholesterol with IFO. Using Gromacs
2020’s H-bond tool, hydrogen bond patterns between the
IFO and the lipids were determined. The H-bond formation
threshold was 3.5 with a 30 angle.

Fig. 5 provides more information on the hydrogen bonding
between IFO and span60, Tween 60, and cholesterol. In addi-
tion, the average number of hydrogen bonds is provided in
Fig. 6. The results obtained from the hydrogen bond analysis
show that the least effective interaction is between cholesterol
and IFO, and the most interaction from the O1 atom side of
cholesterol with the C atom of IFO. And further, as shown
in Fig. 5, Span 60 has shown a greater tendency to have a
hydrogen bond with IFO during MD simulation than with
cholesterol. The results show that the role of the Ol atom
related to Span 60 was high. Finally, the most tendency to cre-
ate a hydrogen bond with IFO was related to Tween 60, where
various parts of this structure were involved with a high con-
tribution. In this type of interaction, the oxygen atoms of
Tween 60 tend to bond with different parts of IFO, including
the C and N atoms. As shown in Fig. 4, the O5 atom of Tween
60 and the N2 atom of IFO greatly contribute to creating
hydrogen interaction. In addition, in the continuation of this
analysis, it is shown in Fig. 6 belongs to the average hydrogen
band, and the largest contribution is related to the hydrogen
bond related to the Tween60 structure, which is shown in
red color.

3.3. In vitro toxicity results

Both free and niosomal IFO exerted concentration-dependent
cytotoxicity against the malignant cells, MCF7 and SH-SYS5Y,
after 48 h of exposure (Fig. 7). The standard IFO had an ICs,
value of 4.483, 4.385, and 7.841u g/mL in MCF7, SH-SYS5Y,
and HUVEC cells, correspondingly, indicating that the normal
human cells derived from human umbilical veins were more
resistant to IFO alone. Interestingly, niosomal IFO exhibited
greater anticancer activity than standard IFO against malig-
nant cells within the same incubation period (ICsq = 0.410
for MCF7 and 0.184p g/mL for SH-SYSY cells). Compared
to untreated cells, both free and encapsulated drugs signifi-
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cantly decreased the viability of HUVEC cells, with niosomal
formulation being more toxic to them (7.841 vs. 3.724u g/mL
for standard and niosomal IFO, respectively). Niosomes that
were not loaded with IFO had no toxic effects on the examined
cell lines at concentrations below 1 pg/mL.

Compared with standard IFO, niosomal IFO has also
induced more apparent morphological changes in MCF7 can-
cer cells, as can be seen in Fig. 8. Treatment of MCF7 cells
with 1 pg/mL of free IFO, reduced the number of viable cells,
while niosomal IFO caused the formation of apoptotic bodies
when breast cancer cells were exposed to them at the same con-
centrations. Detached and rounded cells were abundantly
observed in MCF cells exposed to 1 pg/mL of niosomal IFO.

3.4. In vivo findings

3.4.1. Biochemical results

In the present experiment, intravenous treatment with bulk
IFO at (0.1 mg/kg) did not significantly change hepatic
MDA content (P > 0.05), while significantly increased crea-
tinine (P < 0.05), serum BUN (P < 0.001), serum ALT
(P < 0.001) and serum AST levels (P < 0.01). Intravenous
treatment with 0.2 mg/kg of bulk IFO significantly increased
all serum parameters and lipid peroxidation (P < 0.001).
Intravenous therapy with a low dose of niosomal IFO signifi-
cantly increased serum parameters and liver MDA. Statistical
analysis revealed a significant elevation of serum liver enzymes,
kidney function markers, and hepatic MDA in rats treated
with 0.2 mg/kg dose of niosomal IFO (P < 0.05, for all)
(Table 2).

3.4.2. Histopathological examinations

The liver sections of the control group showed normal histo-
logical hepatic architecture, including well-preserved cyto-
plasm, prominent nucleus, and normal sinusoids (Fig. 9A).
The liver section of rats treated with bulk IFO 0.1 mg/kg
showed hepatocytes with a condensed nucleus, pyknotic hepa-
tocytes, and dilated sinusoids (Fig. 9B). In rats treated with
bulk IFO (0. 2 mg/kg), necrosis of hepatocytes and sinusoidal
dilation were evident (Fig. 9C). Liver pathology images of the
group receiving niosomal IFO (0.1) mg/kg showed normal
sinusoids (Fig. 9D). In rats treated with (niosomal IFO
0.2 mg/kg), sinusoidal disarrangement (Fig. 9E) and hepato-
cytes necrosis of (Fig. 9F) with marked loss of architecture
were observed.

Masson’s trichrome-stained sections of the kidney cortex of
normal control rats showed normal renal architecture, normal
corpuscles, and renal tubules (Fig. 10A). In the renal cortex of
the group receiving bulk IFO (0.1 mg/kg bw), signs of renal
injury, including pyknotic hepatocytes, tubular atrophy, and
tubular dilation, were present (Fig. 10B). Renal micrographs
of rats receiving bulk IFO (0.2 mg/kg bw) showed collagen
deposition and tubular atrophy (Fig. 10C). Kidney pathology
images of the group receiving niosomal IFO (0.1) mg/kg bw
showed congestion and decreased proximal tubule diameter
(Fig. 10D). In kidney sections of the group treated with nioso-
mal IFO (0.2 mg/kg bw), fibrosis, inflammatory cell infiltration
(Fig. 10E), and extracellular matrix accumulation were the
main histopathological lesions (Fig. 10F).

4. Discussion

In order to improve drug delivery while minimizing undesir-
able side effects, we developed a novel niosomal formulation
with Span 60 and Tween 60 as the IFO carrier in this study.
To the best of our knowledge, this is the first report attempting
to design IFO-loaded niosomes and evaluate their biological
effects through different in vitro, in vivo, and in silico assess-
ments. Span 60 and Tween 60 are commonly used surfactants
in niosome preparation due to their amphiphilic nature and
biocompatibility. These surfactants have a hydrophilic head
and a hydrophobic tail, which allows them to form stable
bilayer structures in water. The choice of these surfactants is
based on several factors, including their ability to form stable
niosomes, their biocompatibility, and their low toxicity. Span
60 has a high HLB (Hydrophilic-Lipophilic Balance) value,
which makes it suitable for forming niosomes with a high ratio
of hydrophilic to lipophilic components. Tween 60, on the
other hand, has a lower HLB value, which makes it suitable
for forming niosomes with a higher ratio of lipophilic to
hydrophilic components (Junyaprasert et al., 2012; Basiri
et al., 2017). Using the DLS method, niosomal IFO was found
to have particles that were 97 + 3.45 nm in size and had an
outstanding PDI of 0.214. (Fig. 2A). It has frequently been
observed that the increased permeability and retention (EPR)
effect can cause tiny particle sizes of <200 nm to concentrate
preferentially in tumor tissues. Aside from this, tiny particles
might successfully bypass the blood circulation’s RES-based
clearing mechanism (Chen et al., 2015). As seen in Fig. 2B
and based on TEM images, diameter of loaded formulation
was in the range of 80-100 nm. However, the TEM image is
not clear enough to determine the exact shape of the particles,
and it is difficult to distinguish individual particles from each
other. It must be noticed that the TEM particle size was smal-
ler than the DLS analysis particle size. The distinction in par-
ticle size between the hydrated state (from DLS) and dry state
(from TEM) of the particles may be the cause. The Niosomal
IFO further demonstrated a high entrapment efficacy of 83.2
5 = 2.54%. Based on a nanoparticle delivery system’s encap-
sulation efficiency (EE) values, its potential may be forecasted
(Garcia-Manrique et al., 2020). IFO has been reported to be
enclosed in a variety of nanocarriers by several writers. To
increase the antitumor effectiveness in osteosarcoma, for
instance, IFO-loaded poly (lactic-co-glycolic acid) PLGA-
dextran polymeric nanoparticles were created with an EE of
89% (Chen et al., 2015). Additionally, it has been observed
that IFO-loaded lipid-core nanocapsules with an EE of
93.25% improved the anticancer activity in MG63 osteosar-
coma cells. The size and structure of the nanocarriers deter-
mine the variations in EE% between various nanocarriers
(Wang et al., 2018).

In the in-silico part of this study, the APL of Span 60,
Tween 60, and cholesterol were examined through the MD
course. According to our results, this value reached
72.0 + 0.1, 74.0 £ 0.1, and 83.0 + 0.1 A% after 140 ns MD
simulation. The mass density profile of IFO molecules
immersed in water at the top and bottom of the bilayer showed
that they tried to reside at the interface of water/Tween60 and
water /Span60 rather than penetration into the bilayer by
strong interaction with their headgroups. In addition, we have
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niosomal IFO |::>

Fig. 8 Microscopic images of MCF7 cells treated with 1 and 10 pg/mL of standard and niosomal IFO for 48 h.

Table 2 Serum AST, ALT, BUN, creatinine, and liver MDA of the groups.

Parameter Control Bulk IFO 0.1 mg/kg Bulk IFO 0.2 mg/kg Niosomal IFO 0.1 mg/kg Niosomal IFO 0.2 mg/kg
Creatinine (mg/dL) 0.7 £ 0.14 1.18%+£0.21 2%%* +(.38 1.0* £0.19 1.8%%* +0.36

BUN (mg/dL) 73 £ 2.1 1725554 5,11 17.5%%%+2.1 11.8%+1.9 16.1%%*%+3.0

ALT (U/L) 37.6 £ 3.6 82.3***£16.5 137.5%** £29.0 69.8 *+19.9 148.1%** £16.7

MDA (nmol/mg protein) 37.7 £ 9 412 = 7.7 92.7*** £ 14.4 66.1*+£4.8 100.6*** +16.6

AST (U/L) 38.0 £ 9.4 64.2%*+ 18.2 134.5%** £+ 18.3 70.6* +10.4 144.2%** +16.8

* Significantly different as compared with the control group, (p < 0.05).
** Significantly different as compared with the control group, (p < 0.01).
*** Significantly different as compared with the control group, (p < 0.001).

not seen any contact between the drug and the cholesterol
molecules. We also investigate the stability of IFO molecules
in the vicinity of the lipid bilayer. According to this investiga-
tion, this stability stems from the strong hydrogen bonds
between nitrogen and oxygen atoms connected to phosphor
in IFO with Span 60 and Tween 60 headgroups.

There have been many studies on the co-delivery of IFO
and other anticancer agents to treat cancer. For example,
Saimi et al. developed a niosomal formulation for the co-
entrapment of IFO and cisplatin for lung cancer treatment
(Mohamad Saimi et al., 2021). Similarly, Cosco and colleagues

encapsulated TFO and tamoxifen within liposomes, as mul-
tidrug carriers and investigated their antitumor efficacy against
breast cancer cells (Cosco et al., 2012). In vitro cytotoxicity
results suggested that niosomes could be useful nanotools for
carrying IFO to cancer cells; nevertheless, the safety of such
formulations concerning non-cancerous cells and tissues must
be investigated further. It has been established that IFO has
an average half-life of 20 h, corresponding to pH values of 4
and 9. Even though IFO degradation is relatively independent
of pH, proton or hydroxyl catalysis occurs at extreme pH val-
ues (Kaijser et al., 1991). IFO metabolization primarily occurs
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Fig. 9 H&E staining pathology images of rat liver tissues (x40). The scale bar represents 20 um. (A): hepatic section of a rat from
control, with normal liver tissue and normal sinusoids (S); (B): hepatic micrograph of a rat received bulk IFO 0.1 mg/Kg, with pyknotic
hepatocytes (arrow) and dilated sinusoids (arrowhead) without fibrosis; (C): hepatic section of a rat treated with bulk IFO 0.2 mg/kg. The
arrow shows sinusoidal dilation; (D): Liver pathology images of a rat that received niosomal IFO (0.1 mg/kg showing normal sinusoids
(arrowhead); (E): sinusoidal disarrangement in rats treated with niosomal IFO 0.2 mg/kg. (E&F: liver sections of rats treated with
niosomal IFO 0.2 mg/kg) (F): necrosis of hepatocytes (arrowhead) and cytoplasmic condensation in rats treated with niosomal IFO

0.2 mg/kg.

in the liver (Hill et al., 1973). Oral and intravenous administra-
tion have different preferential metabolic pathways. The pro-
drug is transformed by cytochromes into an intermediate
derivative known as 4-OH-IFO, which is in equilibrium with
its tautomeric form. As a result of the release of urotoxic acro-
lein, aldoifosfamide spontaneously breaks down to IFO
(Verdeguer et al., 1989). According to Aleksa et al. observa-
tion, liver injury, oxidative stress, and inflammation resulted
from IFO injection (Aleksa et al., 2005). In a new study, male
rats receiving IFO showed severe hepatic dysfunction and
increased aminotransferases (Ozdemir et al., 2022). Our results
showed that treatment with free IFO and niosomal IFO signif-
icantly increased hepatic aminotransferases and induced hepa-
tocyte necrosis. The current study showed mild elevation of
serum liver enzymes which can be considered an adverse effect
of IFO. In our current work, ALT to AST ratio was nearly
equal to one, which is a sign of drug-related liver damage.
Histopathological findings showed necrosis in the liver and
kidney of rats. The current results were in-line with the find-
ings of Cheung et al. (Cheung et al., 2011). Moreover, our
observations were in line with biochemical results. In severe
cases, IFO neurotoxicity can cause comas and death due to
its psychiatric and neurological effects (Kerbusch et al.,
2001). A previous study conducted by Vakiti et al. reported
metabolic encephalopathy in two patients with cutaneous T-

Cell lymphoma. Chloroacetaldehyde levels in plasma cause
acetyl-CoA dehydrogenase to become inactive, inhibiting
mitochondrial oxidative phosphorylation and brain glu-
tathione levels (Vakiti et al., 2018).

Chemotherapeutic agents, including IFO, might lead to
hepatotoxicity symptoms. It is usually possible to manage
chemotherapy-induced liver injury by closely monitoring liver
function tests for signs of liver injury and by reducing the dose
of the anticancer agent (Barani et al., 2023). Nanocarriers have
been designed to overcome this therapeutic hurdle to improve
anticancer agents’ delivery, such as IFO, to tumor cells. In our
work, we have loaded IFO within a nanoniosomal formulation
made of span 60 and tween 80. Span 60 is a common, nonirri-
tant, safe, and available nonionic surfactant (Arellano et al.,
1998). The chemical is documented to be non-hazardous and
has been proven safe for external application to the eye
(Basha et al., 2013). On the other hand, Tween 80, a synthetic
nonionic surfactant, is widely used as an excipient in drug for-
mulation (Schwartzberg and Navari, 2018). This chemical was
found to be safe for use in intravenous and inhaled medica-
tions (Kopec et al., 2008). In order to assess possible undesir-
able effects of our formulation, normal human umbilical vein
endothelial cells (HUVECs) were exposed to an escalating con-
centration of unloaded nanoniosome dispersions, and found
that the unloaded niosomes did not induce any toxic effects
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Fig. 10 Masson’s trichrome-stained sections of rat kidney cortex (x40). The scale bar represents 100 um. (A) A representative kidney
section from a normal control rat’s cortex shows normal renal architecture, normal corpuscles (G), and renal tubules. (B) Renal cortex of a
rat received bulk IFO (0.1 mg/kg bw) with normal glumerole. (C) Kidney section of a rat treated with bulk IFO (0.2 mg/kg bw). The
arrowhead shows kidney collagen deposition, and the arrowhead shows tubular atrophy. (D) Kidney pathology images of a rat that
received niosomal IFO (0.1 mg/kg bw) showing congestion (arrow) and decreasing the proximal tubule diameter (arrowhead). (E&F,
kidney sections of rats treated with niosomal IFO (0.2 mg/kg bw) (E) Fibrosis (arrow) and inflammatory cells infiltration (IF) in rats
treated with niosomal IFO (0.2 mg/kg bw). (F) Kidney section of a rat treated with niosomal IFO (0.2 mg/kg bw). The arrow shows

extracellular matrix accumulation.

against these cells. However, the safety profile of the developed
formulation should be further studied in other non-cancerous
human tissues as well.

In vivo experiments were reported to show the potential
side effects of IFO, including neurotoxicity, nephrotoxicity,
and hepatotoxicity (Banh et al., 2022). Such experiments are
required to monitor, understand, and predict the pharmacoki-
netics and potential toxicity of IFO as a chemotherapy agent.
Most of the in vivo studies used mice (AlMotwaa et al., 2020)
and rats (Celik et al., 2020), and a few studies used rabbits
(Mousa et al., 2022) as experimental animals. Renal dysfunc-
tion is also another risk factor due to the accumulation of
IFO during renal insufficiency (Dollery, 1999). Renal toxicity
is one of the main side effects of IFO. A study by Burk et al.
reported that treatment with IFO has led to renal tubular Fan-
coni syndrome in five patients with Wilms tumor (Burk et al.,
1990). In our histopathological work, rats treated with IFO
showed severe histological lesions, including congestion, colla-
gen deposition, and inflammatory cell infiltration, which was
in line with the results of springate et al. (Springate and Van
Liew, 1995). Nakata et al. showed that using Span 80 vesicles
for the drug delivery system can reduce kidney damage caused
by IFO (Nakata et al., 2015). Further confirmation was
achieved by Velmurugan et al., who used a nephrotoxicity
model of IFO in animal life to evaluate the protective effects
of IFO-loaded NLC. The administration of IFO_NCL reduces

the risk of kidney disorders or side effects caused by IFO
because it prevents serum creatinine levels (47.82 + 2.25 vs.
32.64 = 1.28 mmol 1 — 1) from increasing and reduces
microglobulin B2 (25.54 £+ 122 vs. 19.86 = 1.22 nmol I — 1)
and magnesium excretion (19.62 + 1.56 vs. 16.12 £ 1.22 mm
ol 1 — 1) (Velmurugan and Nair, 2018).

A formulation for oral delivery of IFO was also developed
by Velmurugan et al. It was made by coating nanostructured
lipid carriers (NLCs) with hydrophobic polymers (sodium algi-
nate and chitosan). A ratio of drug to lipid of 1:3, a ratio of
organic to the aqueous phase of 1:10, and 1 % w/v surfactant
were found to be the optimal formulation. Under optimized
conditions, the IFO nanostructured lipid carrier had a 77 %
entrapment efficiency, 6.14 % drug loading, a diameter of
223 nm, and a —25 mV zeta potential. It was determined that
the delivery system released IFO over a period of 72 h with
improved stability, high entrapment efficiency, and sustained
release from this nanostructured lipid carrier (Velmurugan
and Selvamuthukumar, 2016). Similarly, in a study, IFO-
NLCs were made by crosslinking chitosan with sodium algi-
nate using solvent diffusion and were shown to be effective
against Dalton’s ascitic lymphoma (DAL). Compared with
IFO suspension, IFO from NLC showed a sixfold higher rela-
tive bioavailability, which resulted in a 35 % increase in sur-
vival time after IFO-NLC administration. Additionally, IFO-
NLC has a bioavailability of 632.86 % (Velmurugan and
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Selvamuthukumar, 2014). Panit et al. developed solid lipid
nanoparticles (SLNs) modified on the surface to improve the
stability and sustainability of IFO release. Chitosan and
GMO SLNs were prepared using the double emulsion method
and crosslinked with sodium tripolyphosphate before
lyophilization under different vacuum pressures. Experimen-
tally, we found that the particles loaded drugs at 98.37 + 10.
9% (n = 3). After 24 h, approximately 70% of the drug
released from the delivery systems had been released. SLNs
demonstrated high IFO uptake and permeability for Caco-2
cells and enhanced stability and sustained release (Pandit
and Dash, 2011).

Our newly designed nanovehicle was not functionalized;
however, our findings showed that it could deliver IFO to can-
cer cells in an efficient manner; hence, it might be safe to say
that IFO-loaded niosomes efficiently targeted cancer cells. This
is evidenced by the results of the MTT assay, where it was
found that both free and niosomal IFO resulted in significant
cell death in cancerous cells MCF7 and SH-SYSY. Our formu-
lation exerted greater cell-killing effects than standard IFO
(indicated by lower ICsys) than standard IFO. We believe that
encapsulating IFO in niosomal structures enhances the drug’s
cell growth inhibition effects and controls its release in proxim-
ity to the tumor. A higher tumor uptake was seen after 48 h of
treatment, possibly due to IFO’s enhanced permeability and
retention (EPR) effect, thereby substantially enhancing its
anticancer activity. Because of the EPR properties of
nanoparticle-based delivery systems, cancer therapy can be sig-
nificantly impacted by the passive accumulation properties of
nanoparticle-based delivery systems (Zhao et al., 2018).
Accordingly, the nanosized niosomal formulation is believed
to be more effective at diffusing into tumor cells via the EPR
effect (Fang, 2022). Targeted delivery of IFO has significantly
increased IFO accumulation in breast and brain cancer cells.
Therefore, the lower ICsy value of niosomal IFO compared
to the standard drug is explained by the fact that a lower con-
centration of IFO is required to exert the same toxicity.

Since most of the drugs are lipophilic, the drug’s solubility
and biocompatibility with lipids are among the most important
aspects of formulation as NLCs and SLCs. Due to partitioning
effects, this nanocarrier has a low drug-loading capacity (Salvi
and Pawar, 2019; Kaul et al., 2018). Therefore, oral delivery of
hydrophilic drugs is done using hydrophilic polymers, such as
alginate and chitosan. Because the drug diffuses rapidly into
the external aqueous phase and has a low entrapment effi-
ciency, formulation scientists find it challenging to prepare
nanoparticles for hydrophilic drugs (Liu et al., 2010). IFO is
a highly hydrophilic drug, so preparing a nanoformulation
with high drug loading efficiency based solely on the lipid
phase alone is extremely difficult. In this context, Sharma
et al.’s study showed that niosomes could be used to deliver
both hydrophilic (Dox) and hydrophobic (curcumin) drugs,
demonstrating their potential to be used in anticancer treat-
ments. It has been estimated that curcumin and Dox encapsu-
late about 90% and 25% of their encapsulation efficiency,
respectively, in the aqueous lipid bilayer cores and outer lipid
bilayer shells, respectively, where they accumulate (Sharma
et al., 2015). Therefore, niosomes with a hydrophilic compart-
ment can be considered effective IFO drug carrier without a
hydrophilic polymer coating.

Some limitations, including physical instabilities, aggrega-
tion, fusion, leaking of the entrapped drug, its rapid degrada-

tion, and lack of human safety data, might restrict the
application niosomes for effective IFO delivery. Despite these
disadvantages, niosomes have several benefits over liposomes,
including lower synthesis costs, greater stability, and more.
Additionally, niosomes can entrap many cargo types within
their multi-environmental structure, demonstrating their appli-
cability in treating a wide variety of diseases through various
routes of drug delivery. In our study, entrapping IFO in
well-characterized niosomes showed promise in our study for
future application in drug delivery. Unfortunately, there were
several drawbacks to our study. First, we were unable to iden-
tify the mechanism by which niosomal IFO inhibits tumor
growth. The second issue is that the in vivo and in vitro toxicity
tests were only conducted on a small sample of tissues and cell
types. Finally yet importantly, the novel formulation needs to
be evaluated for its potential to inhibit the development of cer-
tain cancers.

5. Conclusion

In the present study, we designed niosomal IFO, characterized the for-
mulation, and investigated its anticancer activity against cancerous cell
lines. The drug-loaded formulation was characterized in terms of size
distribution, morphology, drug loading, dynamic simulation, cytotox-
icity assay, and in vivo analysis. The niosomal IFO showed a nanomet-
ric size range with a high drug-loading capacity. This property is
important for all biomedical applications, including cancer chemother-
apy. Biochemical and histopathological examination showed dose-
dependent toxicity of niosomal IFO and free IFO. Moreover, the
ALT/AST ratio examination showed drug-induced toxicity, confirmed
by histopathological findings. The theoretical examination illustrated
that the main interaction of IFO immersed into the niosome is due
to its nitrogen and oxygen atoms connected to phosphor with Span60
and Tween60 headgroups.

Our formulation exhibited optimum size, with desirable anticancer
activity, and can be considered a promising carrier with a high poten-
tial for future usage; however, more studies are needed to assess its
safety towards normal human cells. Our study provides a scientific
basis for additional studies into noisome entrapment efficiency as a
potentially useful carrier of chemotherapeutic drugs for overcoming
pharmacokinetic limitations.
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