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Abstract: A PEGylated niosomal formulation of cyclophosphamide (Nio-Cyclo-PEG) was prepared
using a central composite design and characterized in terms of drug loading, size distribution,
and average size. The stability of formulations was also studied at different conditions. In vitro
cytotoxicity of drug delivery formulations was assessed on gastric cancer cells using MTT assay. The
mechanism of cytotoxicity was studied at the transcriptional level by real-time PCR on Caspase3,
Caspase9, CyclinD, CyclinE, MMP-2, and MMP-9 genes, while apoptosis was investigated with flow
cytometry. The anti-metastatic property was evaluated using the scratch method. Propidium iodide
staining was used to study the cell cycle. The results indicated that the as-designed nanocarrier
exhibited a controlled drug release pattern with improved nanoparticle stability. It was found that
the living cancer cells treated with Nio-Cyclo-PEG showed a significant decrease in number when
compared with the niosomal carrier without PEG (Nio-Cyclo) and free drug (Cyclo). Moreover, the
drug-loaded nanocarrier induced planned death (apoptosis) in the cancer cells through the regulation
of Caspase3, Caspase9, CyclinD, CyclinE, MMP-9, and MMP-2 gene expression, indicating that the
Nio-Cyclo-PEG formulation could significantly inhibit the cell cycle at the sub G1 phase as well as
prevent the migration of cancer cells. In conclusion, Nio-Cyclo-PEG as developed in this study could
serve as an active-targeting drug delivery nanocarriers for gastric cancer therapy with high efficacy
and minimal side effects on healthy tissues/cells.

Keywords: gastric cancer; Cyclophosphamide; Niosome; PEGylation; optimization; drug delivery

1. Introduction

One of the most practical roles of nanotechnology in pharmaceuticals is to improve
the physicochemical properties of drug delivery carriers [1–3]. Conventional formulations
distribute drugs to the whole body nonspecifically, resulting in severe bystander effects.
On the other hand, nanotechnology provides a facility to design smart nanocarriers, which
not only could deliver specific drugs or biomolecules to the target site for disease treatment
(e.g., cancer cells) but also have the benefits of increasing drug solubility, protecting drug
compounds against harmful enzymes, controlling drug release into the circulatory system,
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and so on [4,5]. The biological and physicochemical properties of nanocarriers for drug
delivery can be optimized using different formulations and surface modification, which
allow them to penetrate more easily into the target cells and protect the drug from enzymatic
degradation [4,5]. The shape, size, and composition of nanocarriers [6] also can be tuned
to control the drug entrapment and release profiles, as well as improve their stability and
targeting ability [4,7].

Nanocarriers for drug delivery can be categorized into two main groups: inorganic
and organic. Since inorganic nanocarriers usually contain metal (e.g., metal–organic frame-
works, porous metal oxides), they mostly suffer from low biocompatibility [8,9]. Among
organic nanocarriers, liposomes and niosomes are highly efficient for therapeutic delivery
purposes. About 10 years after Bingham’s discovery of liposomes, it was discovered that
fatty acids and nonionic surfactants can form vesicles called niosomes that are more cost-
effective and stable than liposomal nanocarriers for drug delivery [10,11]. Aside from good
biocompatibility, the niosome nanocarrier is cost-effectiveness and can increase the half-life
of the drug. Currently, niosomes are used as unique carriers for the encapsulation of both
hydrophobic and hydrophilic drugs [12]. As with liposomal systems, surface modifications
can be applied to improve the specificity and efficiency of niosomes. Polyethylene glycol
(PEG), which is a non-ionic and hydrophilic polymer, is one of the most common biocom-
patible polymers for the surface modification of niosomes. PEG-modified niosomes are
indistinguishable from the reticuloendothelial system and therefore enhance the in vivo
half-life of the nanocarrier for drug delivery [13–15]. In addition, the use of biofunction-
alized niosomes in chemotherapy can improve active-targeting delivery of drug to the
tumour site [16–20]. Moreover, they penetrate better into the solid tumours and provide
the needed therapeutic dosage/concentration for the inhibition of tumour growth.

Among the most common cancers in the world, gastric cancer ranks fifth in incidence
and fourth in mortality. Both genetic and environmental factors are involved in this type
of cancer [21,22]. Gastric cancer is associated with an uncontrolled growth of epithelial
cells, and the initial symptoms include heartburn, upper abdominal pain, nausea, and
anorexia [23,24]. One of the most powerful chemotherapeutic drugs is cyclophosphamide,
which inhibits DNA replication as well as cell proliferation and survival [25,26]. Once
cyclophosphamide reaches the body, it will be converted by liver enzymes into active
metabolites, namely, phosphoramide mustard and acrolein. Phosphoramide mustard has
anticancer properties, while acrolein exhibits cytotoxicity-like apoptosis and necrosis. In
general, the mechanism of action of cyclophosphamide is through the irreversible binding
between or within two strands of DNA at the guanine N-7 positions that leads to cell
apoptosis [26]. Although many studies have examined the effects of cyclophosphamide
on gastric cancer and confirmed its function in inhibiting cancer cells, the effect of cy-
clophosphamide loaded on PEGylated niosomes has not yet been evaluated. To the best
of our knowledge, niosome-based drug delivery system has rarely been used to treat
gastric cancer [27]. Therefore, designing a pH-responsive niosomal formulation to deliver
cyclophosphamide into gastric cancer tissues is of great importance.

In this study, a PEGylated niosome-based formulation of cyclophosphamide was
developed using a central composite design (CCD) and was comprehensively characterized
in terms of its drug loading, size distribution, morphology, and release profile. The physical
stability of niosomal formulations was studied under different storage conditions. In
addition, we also carefully examined the biological properties of the formulated niosome
and understood how it works on the gastric cancer cells through various cellular tests.
We also studied the cytotoxicity of drug-loaded niosome on gastric cancer cells and its
mechanism of action at the transcriptional level studied and compared these with free
cyclophosphamide in solution. Finally, the function of this novel formulation on metastasis
and cell cycle was evaluated, which suggested the effectiveness of this nanoengineered
drug delivery system for gastric cancer treatment.
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2. Result and Discussion
2.1. Optimization Studies of Cyclophosphamide-Loaded Niosomes

As shown in Scheme 1, thin-layer hydration was used to prepare and functionalize
the cyclophosphamide-loaded niosomes (Nio-Cyclo). The effects of three independent
variables, the lipid-to-drug molar ratio, surfactant-to-cholesterol molar ratio, and surfac-
tant type, on drug entrapment efficiency (EE), nanoparticle size, and size distribution
(polydispersity index: PDI) were investigated to reach the optimal formulation of PEG
functionalized cyclophosphamide-loaded niosomes (Nio-Cyclo-PEG). Several important
parameters (independent variables) of forming the cyclophosphamide-loaded niosomes
include (1) molar ratios of surfactants to cholesterol and, (2) molar ratios of lipid to drug as
well as (3) type of surfactant such as Span 20 or Span 60. These parameters were investi-
gated carefully to optimize the nanocarriers’ drug delivery responses, such as entrapment
efficiency (%), nanoparticle size, PDI, and loading capacity (%). The observed responses
related to the abovementioned three independent variables (lipid:drug molar ratio, surfac-
tant:cholesterol molar ratio, and surfactant type) were compared with the predicted values
as obtained by the mathematical model (i.e., quadratic polynomial model) in the response
surface methodology (RSM) for formulation optimization. The models were assessed in
term of statistically significant coefficient, and Table 1 shows the response values after the
experiments.
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Table 1. Design of the experiment based on response surface methodology for the optimization of
cyclophosphamide-loaded niosomes and the corresponding results.

Run

Levels of Independent Variables Dependent Variables

Lipid: Drug
(mol Ratio)

Surfactant:
Cholesterol
(mol Ratio)

Surfactant
Type

Average
Particle Size

(nm)

Polydispersity
Index

Entrapment
Efficiency (%)

Loading
Capacity (%)

1 −1 1 Span60 214.8 0.184 88.75 5.24

2 0 0 Span60 155.3 0.162 92.35 2.86

3 0 0 Span60 168.4 0.189 93.79 2.36

4 1 0 Span20 239.8 0.275 84.45 1.96

5 −1 −1 Span20 286.4 0.287 75.42 4.93

6 0 −1 Span20 294.1 0.346 81.08 2.74

7 1 1 Span20 275.3 0.293 92.75 2.19

8 0 0 Span20 193.4 0.189 82.19 2.83

9 0 −1 Span60 249.5 0.255 83.34 2.63

10 1 −1 Span20 326.1 0.329 79.92 1.82

11 1 −1 Span60 243.4 0.346 82.43 1.75

12 0 0 Span20 198.2 0.205 79.78 2.74

13 −1 0 Span60 162.1 0.231 83.79 5.03

14 1 0 Span60 224.2 0.218 95.83 2.00

15 1 1 Span60 286.4 0.315 97.74 2.00

16 0 0 Span60 173.5 0.193 95.14 2.95

17 −1 0 Span20 185.7 0.285 84.61 5.53

18 0 1 Span20 258.6 0.341 85.70 3.00

19 0 0 Span20 192.1 0.211 77.24 2.66

20 0 1 Span60 230.7 0.196 86.49 3.99

21 −1 1 Span20 232.5 0.194 84.63 5.73

22 −1 −1 Span60 279.3 0.307 81.92 5.01

2.1.1. Analysis of Particle Size

The particle sizes of niosomal drug carriers resulting from different formulations are
shown in Table 1. A quadratic model was fitted on particle size data with statistical signifi-
cance set at p value < 0.0001. ANOVA (Table 2) results showed that all three independent
variables affect particle size (p value < 0.05). The summary of results for quadratic polyno-
mial model is given in Table 3. In more detail, the lipid: drug and surfactant: cholesterol
molar ratios possess positive and negative effects, respectively. Important factors in the
formation of bilayer vesicles are the hydrophilic–lipophilic balance (HLB) of non-ionic
surfactants, critical packing parameters and the structure of constituents [28]. With an
increase in the amount of cholesterol, the average diameter of the two layers of the nio-
some structure also increases, and competition between the drug and cholesterol follows.
Therefore, an excessive increase in cholesterol in niosome structures tends to deposit in two
layers of niosomes, which can lead to drug removal from the structure [29].
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Table 2. Analysis of variance of entrapment efficiency (EE), particle size, and PDI for quadratic
polynomial model.

Source f -Value p-Value
Prob > f

Particle Size (nm)

Model 20.00 <0.0001

A 16.22 0.0014

B 9.62 0.0084

C 11.17 0.0053

AB 5.42 0.0368

AC 0.017 0.8981

BC 2.95 0.1098

Aˆ2 4.57 0.0521

Bˆ2 91.05 <0.0001

PDI

Model 3.57 0.0206

A 3.63 0.0792

B 5.27 0.0390

C 3.07 0.1031

AB 1.46 0.2490

AC 0.030 0.8661

BC 0.27 0.6101

Aˆ2 2.00 0.1812

Bˆ2 9.46 0.0089

EE (%)

Model 4.90 0.0058

A 6.11 0.0280

B 14.27 0.0023

C 15.70 0.0016

AB 1.16 0.3009

AC 0.44 0.5207

BC 9.921 × 10−3 0.9222

Aˆ2 0.25 0.6262

Bˆ2 1.47 0.2472

The 3D plots in Figure 1A,B illustrate the simultaneous effects of independent vari-
ables on the particle size response and the effects of two individual variables (i.e., surfac-
tant:cholesterol and lipid:drug molar ratios for both surfactants) on the response one at a
time. These results show that the lipid:drug molar ratio has a positive effect on particle
size. However, the particle size decreases with increasing the surfactant: cholesterol molar
ratio. This phenomenon was also observed for the niosomes formulated using two different
surfactants, i.e., Span 20 (Figure 1A) and Span 60 (Figure 1B).
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Table 3. Regression analysis results for particle entrapment efficiency, particle size, and polydispersity
index (PDI) for the quadratic model.

Models

Particle Size (Span20) = +194.86 + 20.17 × A − 23.37 × B + 13.83 × A × B + 15.96 × A2 + 71.23 × B2
Particle Size (Span60) = +170.91 + 18.90 × A − 6.72 × B +13.82 × A × B + 15.96 × A2+ 71.23 × B2

PDI (Span20) = +0.221 + 0.022 × A − 0.022 × B + 0.019 × A × B + 0.027 × A2 + 0.060 × B2
PDI (Span60) = +0.189 + 0.026 × A − 0.035 × B + 0.019 × A × B + 0.027 × A2 + 0.060 × B2

EE (Span20) = +83.21 + 2.08 × A + 4.44 × B + 1.51 × A × B + 0.88 × A2 − 2.14 × B2
EE (Span60) = +89.92 + 3.59 × A + 4.22 × B + 1.51 × A × B +0.88 × A2 − 2.14 × B2
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2.1.2. Polydispersity Index Analysis

According to Table 2, only independent variable B (i.e., surfactant: cholesterol molar
ratio) had a significant effect on PDI, with a p value < 0.05. A quadratic model was fitted
to the response data. Table 3 presents the regression equation for PDI. As can be seen in
Figure 1C,D, independent variable B has a negative effect on PDI, meaning that for both
niosomes, containing Span 20 and Span 60, PDI decreases as B increases.

2.1.3. Entrapment Efficiency (EE%) Analysis

As shown in Table 2, all three independent variables (A–C) have significant effects
on EE% (p value < 0.05). The minimum and maximum entrapment efficiency were 75.42%
and 97.74% for the F5 and F15 formulations, respectively (Table 1). The fitted model was
statistically significant (p value < 0.05). Table 3 also displays the regression equation for
EE%. It can be concluded that entrapment efficiency is proportional to the independent
variables A and B as revealed by the equation. In other words, the entrapment efficiency
increases with an increase in each variable (Figure 1E,F). For HLB > 6, cholesterol must
be added to the surfactant until a bilayer vesicle form. The presence of cholesterol in the
structure of nano-sized niosomes is essential because it can inhibit the accumulation of
surfactants, reduce drug leakage, and reduce particle size 28.

2.1.4. Accuracy and Validity of the Model

Table 4 shows the regression analysis results for EE, particle size, and PDI. There is a
reasonable agreement between R2 and adjusted R2 that represents the validity of model to
predict the responses. In addition, adequate precision for all responses is greater than 4,
indicating an adequate signal-to-noise ratio. Therefore, this ratio implies the suitability of
the model to navigate the design space [30].

Table 4. Results of regression analysis for three responses.

Response R-Squared Adj R-Squared Adeq Precision Lack of Fit

Particle size 0.9249 0.8786 13.378 0.0314

PDI 0.6872 0.4946 5.201 0.0128

EE (%) 0.7509 0.5976 8.407 0.0637

2.1.5. Data Optimization

After applying the limits on particle size and entrapment efficiency percentage, this
optimization study proposed an optimal formulation with a good desirability index. This
index is a kind of multi-criterion optimization and is used when one response must be
at the minimum and the other must be at the maximum to have the optimal formula-
tion [31]. Given the minimum particle size, narrow polydispersity, and maximum en-
trapment efficiency, the optimal condition was determined. A good desirability index
(desirability = 0.978) was achieved for the optimized formulation make up of lipid:drug
molar ratio of 18.4 and surfactant (Span 60): cholesterol molar ratio of 1.288. The predicted
values for particle size, PDI, and EE of the optimized formulation was 171.65 nm, 0.18 and
90.33%, respectively, which were very close to the experimentally observed values (i.e.,
particle size: 188.1 nm, PDI: 0.17, and entrapment efficiency: 92.58%). Table 5 indicates
the correlations between the experimental data and the predicted values for the three
responses for different samples. There are good agreements between the observed and
predicted values that confirm that the experimental data are well described by the selected
quadratic model.
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Table 5. The optimized values for the three responses obtained by RSM and the experimental
responses under optimum condition.

Parameter Predicted by RSM Experimental Data
(Nio-Cyclo) Nio-Cyclo-PEG Niosome

(Nio)

Average size (nm) 171.656 188.100 ± 9.200 170.600 ± 5.530 145.540 ± 6.200

polydispersity index (PDI) 0.179 0.170 ± 0.014 0.145 ± 0.007 0.191 ± 0.012

Entrapment efficiency (EE) (%) 90.337 92.580 ± 1.120 94.870 ± 0.720 -

In the current study, 5% weight to volume (w/v) of PEG 2000 was added to the opti-
mized formulation to achieve smaller niosomes with improved stability, less aggregation,
and higher entrapment efficiency (Table 5). According to the results, the optimum nio-
somal formula modified with PEG (Nio-Cyclo-PEG) exhibited a higher drug entrapment
(94.87%), smaller diameter (170.6 nm), smaller PDI (0.145), and lower drug release than
the optimum formulation without PEG (Nio-Cyclo). Similar results were also observed
in previous works [13,32], where PEGylation provides in vivo and in vitro stability to the
drug nanocarriers formulations [13,33]. It was also reported that the use of PEGylation in
niosome structures lead to the improved stability, increased drug encapsulation, reduced
particle size , and controlled drug release [13].

2.2. Size Distribution and Morphological Characterization

Size distribution and morphological studies of the best formulation were investigated
using scanning electron microscopy (SEM), dynamic light scattering (DLS), and trans-
mission electron microscopy (TEM). As shown in the SEM image (Figure 2B), Nio-Cyclo
has a uniform semi-spherical shape with smooth surface characteristics. SEM confirmed
that the niosomes have uniform spherical morphology. The diameter of the Nio-Cyclo
particles as observed on SEM was smaller than that obtained by DLS (Figure 2A). This
difference might be due to the drying of samples prepared for SEM imaging. Typically,
SEM images provide the morphological information of nanoparticles in a dried form
(measuring the exact diameter of each nanoparticle), while DLS shows the hydrodynamic
diameter that includes the size of core and all the adsorbed molecules (water and ions) on
the surface [34]. The transmission electron microscopy (TEM) images in Figure 2C show
that the optimized Nio-Cyclo are spherical in shape with structurally rigid boundaries.
Additionally, the zeta potential of Nio-Cyclo (Figure S1A, Supplementary Materials) and
Nio-Cyclo-PEG (Figure S1B, Supplementary Materials ) were found to be −24.7 mV, and
−15.0 mV, respectively.

2.3. Fourier Transform Infrared Spectroscopy (FTIR) Spectroscopy Analysis

FTIR analysis was performed to confirm the presence of cyclophosphamide in the
niosomal formulations for drug delivery. The FTIR spectrum of Span 60 in Figure 2D(a)
shows several specific peaks that include O–H stretching at 3452 cm−1, C–O stretching
at 1125 cm−1, and the C–H stretching in the region of 2800–3000 cm−1. Figure 2D(b)
shows the FTIR spectrum of cholesterol where the spectrum’s bands can be assigned to
the C=O stretching at 1747 cm−1, C–C stretching in the aromatic ring at 1506 cm−1, OH
stretching at 3452 cm−1, C=C stretching at 1674 cm−1, C–H stretching in the region of
2800–3000 cm−1, and CH2 bending and CH2 deformation in the region of 1035–1378 cm−1.
The FTIR pattern for blank niosome (Figure 2D(c) displays various characteristic peaks of
components in the range of 3400–1125 cm−1. The band observed at 3452 cm−1 was assigned
to cholesterol and Span 60 (OH stretching), while CH stretch that occurred in the region of
2800–3000 cm−1 belonged to cholesterol and Span 60. Figure 2D displays the FTIR spectrum
of cyclophosphamide that can be assigned to N–H stretching at 3400 cm−1, C=P–OH bond
in 2300 cm−1, C-CL bond in 540–785 cm−1, and C–N in the region of 1000–1036 cm−1.
The C=C stretching (at 1674 cm−1) bands of cholesterol vanished in the case of niosomes,
confirming its entrapment in the lipid bilayer of the structure. As shown in Figure 2D(c) the
C–H stretching peak (1460 cm−1) and C–O stretching peak (1125 cm−1) in the cholesterol
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and drugs shifted to the 1464 cm−1 and 1169 cm−1, respectively. The FTIR spectra of the
niosomes, which could be due to the changes in forces after interaction of molecules of
drug with cholesterol and span 60, further confirm the presence of drug molecules and
cholesterol inside the shell (lipid bilayer) of the drug-loaded niosomes. These prominent
peaks of drug molecule do not exist in the drug-loaded niosomes, which indicates the
successful entrapment of drug by the niosomal nanocarriers. As cyclophosphamide became
trapped in the niosome, a peak appeared at 2196 cm−1 that was related to the C=P–OH
(Figure 2D(e). Additionally, the FTIR spectrum obtained from the PEGylated niosomal
cyclophosphamide (Nio-Cyclo-PEG) depicted a tiny peak that was related to the CH2 of
PEG’s chain, indicating the presence of PEG in the formulation (Figure 2D(f).
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2.4. Drug Release and Kinetic Modelling

An essential property of a delivery system is the control release ability of drug at
the tumour site. In this study, the drug release profile of Nio-Cyclo and Nio-Cyclo-PEG
was investigated for 72 h in PBS-SDS medium under a controlled condition with constant
stirring at 37 ◦C. The release of cyclophosphamide from Nio-Cyclo and Nio-Cyclo-PEG
nanocarriers were further investigated at physiological (~7.4), pathological cancerous (~5.4)
pH conditions and gastric fluid pH condition (~1.2). As shown in Figure 3A, the drug
release was pH dependent. A slow release of drug at physiological pH 7.4 was observed
within 72 h, while the release profile at acidic pH (5.4) was faster, which is one of the
prerequisites for the transport of anticancer drugs like cyclophosphamide to the acidic
surroundings of cancerous tissues. However, according to the observed results, the fastest
drug release is present at pH 1.2, which is associated with the pH of gastric fluid.
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Figure 3. (A) In vitro drug release profile of cyclophosphamide from the Nio-Cyclo and Nio-Cyclo-
PEG nanocarriers at 37◦C. (a) Free Cyclophosphamide (Cyclo), (b) Nio-Cyclo at pH 1.2, (c) Nio-Cyclo
at pH 5.4, (d) Nio-Cyclo-PEG at pH 1.2, (e) Nio-Cyclo-PEG at pH 5.4, (f) Nio-Cyclo at pH 7.4, and
(e) Nio-Cyclo-PEG at pH 7.4; (B–D) Stability of optimum Nio-Cyclo and Nio-Cyclo-PEG formulations
after 2 months of storage at 4 and 25 ◦C. Data are represented as Mean ± SD from three independent
experiments (*: p < 0.05, **: p < 0.01 and ***: p < 0.001).

These results clearly demonstrate the considerable role of niosomal formulation in
preventing the burst release of drug at pH of 7.4 (physiological condition) [35]. Moreover,
an electrostatic interaction between the drug and the surfactant is necessary in cases
where the drug is in its ionization state under physiological pH [36]. Nio-Cyclo and Nio-
Cyclo-PEG formulations showed a biphasic release profile with an initial burst release
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in the first 8 h, which can be attributed to the drug’s diffusion from the outer layers of
niosomes [37]. Following the burst release, gradual releases were observed of 35% and
25% for the Nio-Cyclo and Nio-Cyclo-PEG nanocarriers, respectively. When the drug was
released within 72 h, a stationary phase was observed for all conditions. This phenomenon
can be explained by the barriers in the hydrophobic drug’ passing through the hydrophobic
vesicular membrane, which causes a slower release [37]. Decreasing the pH resulted in
a remarkable release of cyclophosphamide within 72 h (i.e., 82% and 71% for Nio-Cyclo
and Nio-Cyclo-PEG, respectively). This could be attributed to the swelling of niosomes
at acidic pH, and in turn their breaking, which is a normal behaviour of the niosomes
under such conditions [38,39]. Another possible mechanism for this behaviour could
be the faster hydrolysis of surfactants at acidic pH, leading to a burst release of drug
molecules at lower pH [40]. Moreover, the rapid release of drugs at acidic pH or higher
temperature can be due to the solubilization of aggregated drugs and the loosening of the
Nio and/or Nio-PEG membranes [41]. While 92% of free drug was released within the
first 8 h from the dialysis bag, Nio-Cyclo-PEG exhibited a slower release profile than the
Nio-Cyclo nanocarriers, showing its potential application for the controlled release delivery
of cyclophosphamide to the solid tumours [42]. In short, this drug release study clearly
illustrated that the Nio-Cyclo-PEG formulation can improve the availability of drug in a
more extended period, while the cytotoxicity effects are reduced, which results were in
agreement with the previous studies [43].

The release kinetics of cyclophosphamide drug from the Nio-Cyclo and Nio-Cyclo-
PEG nanocarriers are presented in Table 6. The free cyclophosphamide (Cyclo) follows
the first-order kinetic model. According to this first-order model, the drug release rate
depends on its concentration. The best-fitted release kinetic model for cyclophosphamide
from the Nio-Cyclo and Nio-Cyclo-PEG nanocarriers were determined from the correlation
coefficients of the highest values. According to the results, the Korsmeyer–Peppa model
could reliably estimate the drug release behaviour of nanocarriers near the physiological
and cancerous pH conditions. The obtained n values for each sample at different pH
(0.43 < n < 0.85) indicate the anomalous transport mechanism (i.e., the combination of Fick-
ian diffusion and erosion) for the release of the drug from the niosomal formulations [44].
The diffusion coefficient of Korsmeyer–Peppa’s model was found to be decreased when
the Nio-Cyclo and Nio-Cyclo-PEG nanocarriers were made in contact with cancerous cells
under acidic pH instead of the physiological pH. In fact, with a decreased drug release rate,
it became less controlled by Fick’s law. In addition, the percentages of release at pH 1.2
for empty niosomes were calculated as 69.4%, 89%, and 99.3% in the time intervals of 8,
24, and 72 h, respectively. On the other hand, lower percentages of drug release were
observed for the PEGylated niosomes under the same period of time, i.e., 8 h (46.7%),
24 h (62.3%) and 72 h (77.2%). It should be noted that the obtained kinetics for the empty
niosome and PEGylated niosome follow the first-order kinetic and Korsmeyer–Peppas
models, respectively.

2.5. Physical Stability Examination

A stable niosomal formulation must exhibit uniform nanoparticle size and a constant
level of entrapped drugs with no precipitation [45]. Thus, the particle size, PDI, and
percentage of cyclophosphamide remaining in the optimized Nio-Cyclo and Nio-Cyclo-
PEG formulations were measured for 60 days under the storage conditions of 4 ± 2 ◦C and
25 ± 2 ◦C, respectively. The comparisons of the experimental data in Figure 3 indicated
that the particle size (Figure 3B), PDI (Figure 3C), and entrapment efficiency (Figure 3D)
of Nio-Cyclo-PEG formulation stored at both temperatures were more stable than the
Nio-Cyclo formulation. A significant difference (p < 0.05) was observed between the Nio-
Cyclo and Nio-Cyclo-PEG formulations stored at 4 and 25 ◦C in terms of their particle size,
PDI, and EE%. The presence of PEG in the formulation exhibited promising effects on the
encapsulation efficiency, particle size, and PDI after 60 days of storage. This indicates that
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the PEGylation of niosomal formulations could minimize the drawbacks associated with
niosomal instability including fusion, aggregation, and drug leakage [41].

Table 6. The kinetic release models and their parameters for different niosomal formulations.

Kinetic Model

Zero-Order First-Order Higuchi Korsmeyer–Peppas

Ct = C0 + K0t LogC = LogC0 + Kt/2.303 Q = KH
√

t Mt/Moo = Kt.tn

r2 r2 r2 r2 n *

Free Cyclophosphamide
(Cyclo) pH 7.4 0.4854 0.9305 0.6586 0.7666 0.5135

Nio-Cyclo

pH 7.4 0.8508 0.9133 0.9599 0.9679 0.5384

pH 5.4 0.8306 0.9467 0.9468 0.9556 0.4829

pH 1.2 0.6929 0.9588 0.8476 0.9058 0.3996

Nio-Cyclo-PEG

pH 7.4 0.8609 0.9082 0.9639 0.9730 0.6304

pH 5.4 0.8644 0.9393 0.9666 0.9682 0.5519

pH 1.2 0.7809 0.8991 0.9133 0.9353 0.4288

* Diffusion or release exponent.

Despite the physical stability of Nio-Cyclo and Nio-Cyclo-PEG nanocarriers during
the storage period, it was observed that the entrapped drug leaked gradually from the
niosomal formulations, especially at 25 ◦C storage conditions (Figure S2E,F, Supplementary
Materials). As a result, after two months of storage, a significant difference was detected in
the entrapment efficiency of niosomal formulations at both storage temperatures (p < 0.05).
There was a direct relationship between the entrapment efficiency and the storage time.
Increasing the temperature also resulted in a higher rate of leakage. The greater leakage at
higher temperatures for both samples (Nio-Cyclo and Nio-Cyclo-PEG formulations) can
be assigned to the high fluidity of the lipid bilayer at these temperatures [46]. This high
fluidity facilitates the nanocarrier fusion. During fusion, some unstable and large niosomal
nanocarriers rupture, leading to drug leakage. Additionally, the fatty acid chain of the
used surfactants adopts an irregular configuration at high temperatures. Thus, the rate
of diffusion across the bilayer membrane increases with decreasing bilayer thickness [47].
Moreover, due to the fusion and aggregation of niosomal nanocarriers [48], the mean
particle size and PDI may increase upon storage. The PDI and particle size enlargement
was greater at 25 ◦C (Figure S2A–D) than the 4 ◦C. This effect may be attributed to a lower
permeability and mobility of niosomal nanocarriers at 4 ◦C [49], whereas niosomes stored
at 25 ◦C tend to fuse and form larger vesicles [14]. These results indicated that both the
Nio-Cyclo and Nio-Cyclo-PEG formulations are more stable to be stored at 4 ◦C than that
at 25 ◦C.

2.6. Cytotoxicity Study

Cytotoxicity study was carried out on the Cyclo, Nio-Cyclo and Nio-Cyclo-PEG on
the HFF and AGS cell lines. The results of MTT assay indicated that with increasing
concentration of drug loaded nanocarriers, the viability of treated HFF cells with Nio-
Cyclo and Nio-Cyclo-PEG decreases (Figure 4A). In particular, a significant decrease in
cell viability was observed under two tested concentrations, i.e., 125 and 250 µg/mL, for
the Nio-Cyclo and Nio-Cyclo-PEG nanocarriers, respectively. However, increasing the
concentration of drug-free niosomes did not have any significant effect on the viability
of HFF cells, which confirms the non-toxicity of empty niosomes on the cells. Figure 4B
shows the effect of incubation time of drug-loaded nanocarriers with AGS cells on IC50. As
can be seen in Figure 4B, IC50 in all three samples (Cyclo, Nio-Cyclo and Nio-Cyclo-PEG)
decreases significantly with increasing time from 48 h to 72 h on AGS cells. The IC50
values on AGS cells at 48 h were 222.26 ± 1.26%, 110.08 ± 1.89%, and 92.55 ± 2.41% for
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the Cyclo, Nio-Cyclo, and Nio-Cyclo-PEG, respectively; IC50 values obtained at 72 h of
incubation with AGS cells showed similar trends for the respective drug formulations (i.e.,
111.04 ± 1.49% (Cyclo), 79.50 ± 0.92% (Nio-Cyclo), and 59.25 ± 1.82 (Nio-Cyclo-PEG).
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In addition, as shown in Figure 4C, IC50 for the drug-containing niosomes (Nio-Cyclo)
was significantly reduced compared with the free drug (Cyclo) at both drug treatment
durations (48 h and 72 h) on AGS cells. In particular, Nio-Cyclo-PEG shows a significant
reduction in IC50 compared with the other samples (Cyclo, Nio-Cyclo), indicating that a low
concentration of drug is effective and thus will have lower toxicity when administered to
the patient. In general, Figure 4C shows that over time, Nio-Cyclo-PEG exhibited lower IC50
than Nio-Cyclo or Cyclo on AGS cells. Studies have shown that niosome could effectively
deliver chemotherapy drugs to a variety of cancer cells [50,51], and a niosomal structure
with PEG did not cause cell toxicity [52,53].
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2.7. Gene Expression Analysis

Due to the key role of caspase 3 and caspase 9 in apoptosis, cyclin D and cyclin E in
the cell cycle assay, and MMP-2, and MMP-9 in the migration, the expression patterns
were investigated in the treated cancerous cells. Figure 5 shows the changes in expression
of caspase 3, caspase 9, cyclin D, cyclin E, MMP-2 and MMP-9 in the presence of Cyclo,
Nio-Cyclo and Nio-Cyclo-PEG, respectively. Caspase genes are protease enzymes that
involved in regulating programmed cell death. Studies showed that Caspases 3 and 9 are
both involved in the apoptosis pathway and have been reported to act as the initiators
and executors, respectively [54,55]. Therefore, by activating the Caspase gene, a cascade of
destructive pathways is launched and the cell death with the least effect on lateral cells
occurs [54,56]. According to our results, Nio-Cyclo significantly increases Caspase 3 and 9
expressions as compared to the free drug Cyclo (p < 0.001). However, the highest increase
in the expression of Caspase 3 and 9 genes was reported for the drug loaded nanocarrier,
i.e., Nio-Cyclo-PEG (p < 0.001) (Figure 5A,B). As such, Nio-Cyclo-PEG can be a strong
death stimulant for gastric cancer cells via apoptosis [56,57]. The results also showed a
significant reduction in the expression of Cyclin D, Cyclin E, MMP-2 and MMP-9 genes
in the presence of Nio-Cyclo as compared to Cyclo (p < 0.001). In AGS cells, the greatest
reduction in the expression was observed for the Nio-Cyclo-PEG (p < 0.001) (Figure 5C–F).
Therefore, Nio-Cyclo-PEG formulation can play a key role in the healing process of cancer
treatment. Cyclins are proteins that activate cyclin-dependent kinases and thus regulate
the cell progression through the cell cycle. Studies have shown that there is a relationship
between the cyclin overexpression and gastric cancer [58]. Among the cyclin family, isoform
D1 has been shown to be significantly associated with gastric cancer, and its overexpression
leads to cancerous responses and weakness in patients [59]. Studies have also shown that
this overexpression is necessary because it regulates the onset of replication at the end of
G1 [60]. In addition, studies have shown that the overexpression of MMP-2 and MMP-9
is an important factor in the destruction of the external matrix of cancer cells. With the
destruction of the extracellular matrix of cancer cells, cell connections are reduced, and the
possibility of migration and metastasis is increased [61,62].

2.8. Apoptosis Analysis

The apoptosis rates (%) of the AGS cells after treatment with Cyclo, Nio-Cyclo, Nio-
Cyclo-PEG, and control were 10.28, 22.95, 37.81, and 1.14, respectively (Figure 6A). This
increase was significantly higher in the Nio-Cyclo-PEG than the Cyclo and Nio-Cyclo for-
mulations. These data confirmed that nanocarriers promote active-targeting drug delivery
to the cancer cells. The results in Figure 6B–E show the effects of the different formulations
on gastric cancer cells. In this figure, Q1, Q2, Q3, and Q4 represent necrosis, primary apop-
tosis, viable cell, and secondary apoptosis, respectively. In addition, the flow cytometry
results show that the highest rate of apoptosis occurred in the presence of Nio-Cyclo-PEG
(31.59% for primary apoptosis and 3.28% for secondary apoptosis. The as-obtained apopto-
sis rates (Q2 + Q4) for Cyclo, Nio-Cyclo, Nio-Cyclo-PEG, and control were 9.95%, 20.66%,
34.87%, and 1.14%, respectively. As shown in Figure 6B–E, the increased apoptosis rate is
associated with a decrease in the number of living cells (Q3). It should be noted that the rate
of apoptosis varies with the rate of cell necrosis. Apoptosis is a type of programmed cell
death that is controlled by activating the intracellular signal pathways. It can also activate
the immune system. On the other hand, necrosis can be induced by external factors [63,64].
Figure 6B–E show that the rate of necrosis (Q1) also increases in the presence of Cyclo,
Nio-Cyclo, and Nio-Cyclo-PEG. Overall, gene expression analysis in this study indicates
the activation of intracellular signalling pathways under the influence of drug nanocarriers
like Nio-Cyclo-PEG.
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Figure 6. (A) The quantitative apoptosis rate analysis of AGS cancer cells after the treatment with
different drug samples. The flow cytometry of AGS cells after treatment with (B) control (no drug),
(C) Cyclo (free drug), (D) Nio-Cyclo and (E) Nio-Cyclo-PEG, where Q1: percentage of necrotic
cells; Q2: percentage of late apoptotic cells, Q3: percentage of live cells and Q4: percentage of
early apoptotic cells. All data are represented as Mean ± SD from three independent experiments
***: p < 0.001).
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2.9. Cell Cycle

The results presented in Figure 7A revealed that the highest DNA content was detected
in the presence of the Nio-Cyclo-PEG formulation. This indicates that the subG1 phase
is associated with the presence of cells in the apoptosis phase. It was observed that the
Nio-Cyclo-PEG formulation could enhance the rate of apoptosis much more than the Cyclo
and Nio-Cyclo formulations. As can be seen, the number of cells in the subG1 phase
increases with the placement of drug in the niosomes, and finally this value reaches its
maximum with PEGylation. The results for the cell cycle are given in Figure 7B–E.
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2.10. Scratch Assay

The effect of each drug formulation on cell metastasis was investigated using the
wound scratch method. According to Figure 8A, the migration of AGS cells in the presence
of Cyclo and Nio-Cyclo and Nio-Cyclo-PEG samples decreased. The measured widths
were 42.37, 61.29, and 73.64 nm for the Cyclo, Nio-Cyclo, and Nio-Cyclo-PEG, respectively.
The comparison of results in Figure 8B showed that the Nio-Cyclo-PEG exhibited the most
inhibitory effect on the cell migration among other tested samples.
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3. Conclusions

In this study, PEGylated niosomes loaded with cyclophosphamide were successfully
designed for pH-responsive drug delivery to gastric cancer cells. The niosomal nanocarrier
formulations were comprehensively investigated and optimized in terms of their size, PDI,
and drug loading by the response surface methodology. Based on the results, the optimal
formulation for niosomal nanocarriers showed controlled drug release with improved
stability over the studied storage time. Moreover, the release profile of drug was improved
in the pathological cancerous environment, where the acidic pH of cancer tissue preferen-
tially triggering the drug release, thereby accelerating the treatment process. Additionally,
cell viability studies show that the cancer cells treated with Nio-Cyclo-PEG exhibited a
significant reduction in number compared with other tested formulations. It also caused
apoptosis in cancer cells by regulating the expression of Caspase 3, Caspase 9, Cyclin D,
Cyclin E, MMP-2 and MMP-9 genes. Interestingly, the PEGylated formulation was found to
have improved cytotoxicity against cancer cells. This result shows that the Nio-Cyclo-PEG
drug formulation is effective even at low dosage, leading to lower systemic toxicity when
administered to the patient. In addition, these drug-loaded nanocarriers reduced the migra-
tion of cancer cells, which is advantageous for preventing the metastasis. In conclusion, we
have developed an effective drug-delivery nanocarrier for the targeted treatment of gastric
cancer that has minimal effects on non-cancerous tissues.

4. Experimental Section
4.1. Chemicals

Cyclophosphamide (C7H15Cl2N2O2P, purity >99%) was obtained from BAXTER Com-
pany (Illinois, United States). Span 60 (sorbitan monostearate, C24H46O6, purity >99%),
Span 20 (Sorbitan monolaurate, C18H34O6, purity >99%), and cholesterol were bought
from Sigma-Aldrich Chemical Co. (St. Louis, USA). Chloroform (CHCl3, purity >99.9%),
polyethylene glycol 2000 (PEG 2000, H(OCH2CH2)Noh, purity >99.9%), dimethyl sulfox-
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ide (DMSO, (CH3)2SO, purity >98%), dialysis membrane (MWCO 12000 Da), phosphate-
buffered saline (PBS), sodium dodecyl sulfate (SDS, NaC12H25SO4, purity >99%), Amicon
(Ultra-15-Membrane, MWCO 30000 Da), and methanol (CH3OH, purity >99%) were sup-
plied from Merck Chemical Co. (Darmstadt, Germany). The AGS cell line (C131) and HFF
cell line (C163) were obtained from Pasteur Institute of Iran. Dulbecco’s modified Eagle’s
medium (DMEM, purity >99.9%), trypan blue (C34H28N6O14S4, purity >99.9%), trypsin-
EDTA (purity >99%), RPMI-1640, MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, purity >99.9%), and Penicillin/Streptomycin (PS, C39H61N9O16S, purity >99%)
100X and fetal bovine serum (FBS, purity >99%) were procured from Gibco (Life Technolo-
gies). Annexin V/propidium iodide (PI) (Apoptosis detection kit) was received from Roche
(Germany). RNA extraction kit was purchased from Qiagen (USA). Revert AidTM First
Strand cDNA Synthesis Kit (Fermentas, Vilnius, Lithuania) was used to synthesize the
cDNA. The other reagents and solutions were analytical grade. MilliQ water was used to
prepare the aqueous solutions.

4.2. Optimization of Niosomal Formulations Using Response Surface Methodology

Response surface methodology (RSM) was used for the optimization of the niosomal
formulations. In this study, central composite design (CCD) with three levels for two nu-
merical variables and one categorical variable was used to optimize different formulations.
Two numerical factors (surfactant: cholesterol molar ratio and lipid: drug molar ratio) and
one categorical factor (type of surfactant) were specified to investigate their impacts on nio-
somal particle size (nm), polydispersity index (PDI), and entrapment efficiency percentage
(EE%). The nonlinear quadratic equation for the responses was generated using the Design
Expert software (Version 10, State-Ease Inc., Minneapolis, MN, USA). The surfactant type
and the molar ratio ranges of independent variables along with their low, medium and
high levels are shown in Tables S1 and S2. The formulation with the smallest particle size,
narrow polydispersity index. and high entrapment efficiency (%) was considered the best
formulation and used for further investigations.

4.3. Synthesis of Cyclophosphamide-Loaded Niosomes and PEGylated-Nio-Cyclo

Cyclophosphamide-loaded niosomes (Nio-Cyclo) were prepared using thin-film hy-
dration as reported previously with small modifications [65]. Briefly, molar ratios of
Span20:Span60 and cholesterol (0.5, 1 and 2) were dissolved in 9 mL of chloroform/methanol
(2:1; v/v) (as organic solvent) containing 10 mg of drug, and were mixed in a 50 mL round
bottom flask. The solvents were evaporated in a round-bottom flask under constant rotation
in a rotary evaporator (Totary evaporator, Heidolph Instrument, Schwalbach, Germany)
at 60 ◦C and 150 rpm to form a thin lipid film. Then, the dried thin films were hydrated
using 1X PBS concentration (10 mL, pH 7.4) at 60 ◦C (150 rpm, 30 min). Finally, the samples
were sonicated for 7 min using a probe sonicator (UP50H compact laboratory homogenizer,
Hielscher Ultrasonic, Teltow, Germany) to achieve the cyclophosphamide-loaded niosomes
with a uniform size distribution. The samples were stored in a refrigerator (4 ◦C) for further
analysis. The optimized PEGylated niosome was made by adding 0.5 mg PEG 2000 and
placed in a sonicator for 15 min (Scheme 1). Finally, it was homogenized for 10 min at
12,000 rpm. The combination of different niosomal formulations can be found in Table 1.

4.4. Characterizations of Niosomal Formulation

The particle size, polydispersity index (PDI), and zeta potential were measured using
a zeta sizer (Malvern Panalytical, Malvern, UK) at 25 ◦C. A scanning electron microscope
(NOVA NANOSEM 450, FEI Company, Hillsboro, OR, USA) was utilized to analyse the
morphologies of the prepared niosomes. A diluted sample (1:100) was located on the
SEM holder and coated with a layer of 100 Å gold for 3 min under argon at a pressure
of 0.2 atm. Additionally, the best niosomal formulation’s shape and morphology were
analysed with transmission electron microscopy (TEM). For this, a small amount of sample
was placed on a carbon film-covered copper grid and stained with a 1% phosphotungstic
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acid. Finally, the sample was imaged using TEM at 100 kV (Zeiss EM900 Transmission
Electron Microscope, Carl Zeiss AG, Oberkochen, Germany) [66]. The FTIR spectra of
cyclophosphamide, Span 60, PEG 2000, cholesterol, cyclophosphamide-loaded niosome
(Nio-Cyclo), and PEGylated cyclophosphamide-loaded niosome (Nio-Cyclo-PEG) were
investigated in KBr discs using a PerkinElmer FTIR spectrophotometer (spectrum Two,
USA). FTIR analysis were conducted in a scanning range of 4000 to 400 cm−1 in a fixed
resolution of 4 cm−1 at room temperature.

4.5. Analysis of Entrapment Efficiency

Entrapment efficiency was measured indirectly by quantifying free cyclophosphamide
after centrifugation (Eppendorf® 580R centrifuge, Germany) of best niosomal formulation
with an Amicon Ultra-15-membrane at 4000 rpm for 20 min at 4◦C. The drug-containing
niosomes were maintained in the upper chamber during filtration, and free drugs moved
through the membrane. The free drug concentration was then measured at a wavelength of
210 nm using UV-Vis spectrophotometer (Shimadzu UV-1700 Pharma spec, Japan). The
percentage of entrapment efficiency was calculated using the following equation [67].

Entrapment efficiency % = [(A− B)/A]× 100 (1)

where A is the initial cyclophosphamide concentration for niosomal preparation and B is
the concentration of unentrapped cyclophosphamide after centrifugation.

4.6. In Vitro Drug Release Study

Two millilitres of Nio-Cyclo and Nio-Cyclo-PEG was mixed in a semipermeable-
acetate cellulose membrane dialysis bag and then immersed in 50 mL release medium
containing PBS-SDS (0.5% w/v) under slow stirring (50 rpm) at 37 ◦C for 72 h in three
different pHs (7.4, 5.4 and 1.2). At specific time intervals (1, 2, 4, 8, 24, 48, and 72 h), 1 mL of
released medium was sampled and replaced with an equal volume of fresh release medium
to maintain the sink condition [68]. The released quantity was measured at 210 nm using
UV-visible spectroscopy. The test was also conducted for free drug as control, where the
drug concentration was equivalent in dialysis bag.

4.7. Release Kinetic Modelling

The release data were linearly fitted (linear regression (R) analysis) to the different
mathematical models including Korsmeyer–Peppas (log cumulative % drug release vs. log
time), Higuchi (cumulative % drug release vs. square root of time), first-order (cumulative
% drug remaining vs. time), and zero order (cumulative % drug release vs. time) to
determine the release kinetic [44]. The zero-order model is associated with drug dissolution,
which is concentration-independent. The first-order model describes the drug release in
a concentration-dependent manner [44]. The simplified Higuchi and Korsmeyer–Peppas
models define the release of drug from the matrix and polymeric systems [69]. The initial
60% release is ordinarily sufficient to ascertain the most suited model for drug release [70].

4.8. Stability Study

Nio-Cyclo and Nio-Cyclo-PEG were kept in two different conditions (25 ± 1 ◦C and
4 ± 1 ◦C/60% RH ± 5% RH) for two months, and the changes in particle size, PDI, and
amount of drug in niosomal formulations were evaluated at specific time intervals (14, 30,
and 60 days).

4.9. Cytotoxicity Study

The proportion of living human foreskin skin fibroblasts (HFF) and AGS cells af-
ter treatment with niosomal formulations was evaluated by MTT assay. The cells were
seeded at a density of 1 × 104 cells/well in RPMI-1640 supplemented with 1x penicillin-
streptomycin and 10% FBS. After 24 h incubation, the cells were treated with different
concentrations of Cyclo, Nio-Cyclo, and Nio-Cyclo-PEG (0, 15.63, 31.25, 62.5, 125, and
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250 µg/mL). After 48 and 72 h, 20 µL MTT (5 mg/mL) was added to each well and the
plates were then incubated for 4 h at 37 ◦C under 5% CO2. The viability of cells was calcu-
lated by measuring the absorbance at a wavelength of 570 nm using ELISA micro-reader
(Organon Teknika, Oss, The Netherlands) and following equation [71].

Cell viability % = (OD570 sample/OD570 control) × 100 (2)

4.10. Apoptotic Gene Expression Analysis

In order to evaluate the expression of apoptosis-related genes including MMP-2,
MMP-9, caspase 3, caspase 9, cyclin D and cyclin E, and ß-actin (as internal control), total RNA
was extracted from the treated cells according to the kit instructions (RNA extraction kit,
Qiagen, Germantown, MD). cDNA synthesis Kit (Fermentas, Vilnius, Lithuania) was used
to create cDNA from RNAs. The mixture contained buffer (5 µL, 5X), total RNA (1 µg),
random hexamer primer (0.5 µL), oligo dT primer (0.5 µL), deoxynucleotide triphosphate
mixture (2 µL, 10 mM), RNase enzyme inhibitor (1 µL, 20 units/microliter), opposite
transcriptase enzyme (1 µL), and double-distilled water (up to a final volume of 20 µL).
The PCR program was set as follows; 25 ◦C (5 min), 42 ◦C (60 min), 70 ◦C (5 min), and
4 ◦C (5 min). The primers used for the studied genes are listed in Table S3. The last cycle
was applied to conduct the real-time PCR reaction as follow, 95 ◦C (1 min) 95 ◦C for 15 s
and 60 ◦C (1 min). All analysis were performed based on IC50 values obtained from the
previous step. Finally, Delta-Delta Ct (2−∆∆CT) method was used to calculate the fold
change expression of genes.

4.11. Apoptosis Analysis

To check apoptosis, double-staining with Annexin V-FITC/PI (Roche, Mannheim,
Germany) was used. In this method, AGS cells were treated with IC50 concentration of
Cyclo, Nio-Cyclo and Nio-Cyclo-PEG for 72 h at 37 ◦C. Then, cells were detached using
Trypsin-EDTA, washed with PBS, and centrifuged for 5 min at 1500 rpm. The resulting cell
mass was resuspended in 500 µL binding buffer and stained with 3 µL Annexin V-FITC
for 5 min in a dark condition. The cells were then washed with PBS and after adding the
binding buffer, they were stained with 5 µL propidium iodide (PI) solution [63,64]. Cells
without receiving drug treatment served as control. Eventually, the samples were examined
using flow cytometry in 488 nm and the data were processed using FlowJoTM software
(Tree Star, Ashland, OR, USA).

4.12. Cell Cycle

Propidium iodide (PI) staining was used to assess the cell cycle. In this method, the
genomic DNA content of cells is attached to PI and allows the identification of the cell cycle
stage. The cells were seeded in 6-well plates at a density of 1× 106 cells/well and incubated
overnight. The cells were washed 3 times with PBS and then placed in complete medium
for 72 h. After incubation, the cells were exposed to 70% cold ethanol overnight in 4 sets
and stained with 500 µL PI solution (containing RNase) for 20 min at room temperature
in dark. Finally, the samples were evaluated using flow cytometry. All experiments were
performed on IC50 concentration in triplicate.

4.13. Scratch Assay

The anti-metastatic property of each formulation was evaluated using scratch method.
After culturing the cells in a 6-well plate, they are gently scratched by a 200 µL pipette tip.
The cells were then washed twice with PBS and incubated with 5% CO2 at 37 ◦C by adding
fresh culture medium. Finally, the plate was evaluated with a fluorescence microscope
(Nikon Eclipse Ti, Nikon Instruments Inc, Melville, NY, USA) to determine the rate of
cell migration.
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4.14. Statistical Analysis and Curve Fitting

Statistical analysis and curve fitting were carried out using GraphPad Prism software
(version 8, Dotmatics Inc., Boston, MA, USA). All data were reported as mean ± SD from
three independent experiments. One-way and two-way analysis of variance (ANOVA)
were used to measure the significance level (p value < 0.05) of difference between groups.
Central composite design (CCD) was performed using Design-Expert software version 10
(Stat-Ease Inc., Minneapolis, MN, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27175418/s1, Figure S1: Zeta potential for samples;
Figure S2: Stability data at different temperatures; Table S1: Different levels of independent variables
used by Central Composite design; Table S2: Two types of categorical variables used by Central
Composite design, Table S3: The primers used in PCR.

Author Contributions: Conceptualization, F.K., H.B. and R.A.C.; Formal analysis, M.B. and M.T.Y.;
Investigation, S.B.; Supervision, Y.N.T.; Writing—original draft, M.B. and M.T.Y.; Writing—review &
editing, Y.N.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to acknowledge the Pasteur Institute for providing the
necessary laboratory facilities for this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for

drug delivery. Nat. Rev. Drug Discov. 2020, 20, 101–124. [CrossRef] [PubMed]
2. Li, W.; Tang, J.; Lee, D.; Tice, T.R.; Schwendeman, S.P.; Prausnitz, M.R. Clinical translation of long-acting drug delivery

formulations. Nat. Rev. Mater. 2022, 7, 406–420. [CrossRef]
3. Shukla, M.K.; Dubey, A.; Pandey, S.; Singh, S.K.; Gupta, G.; Prasher, P.; Chellappan, D.K.; Oliver, B.G.; Kumar, D.; Dua, K.

Managing Apoptosis in Lung Diseases Using Nano-Assisted Drug Delivery System. Curr. Pharm. Des. 2022. Epub ahead of print.
[CrossRef] [PubMed]

4. Yu, H.-j.; De Geest, B.G. Nanomedicine and Cancer Immunotherapy; Nature Publishing Group: Berlin, Germany, 2020.
5. Zhang, R.X.; Li, J.; Zhang, T.; Amini, M.A.; He, C.; Lu, B.; Ahmed, T.; Lip, H.; Rauth, A.M.; Wu, X.Y. Importance of integrating

nanotechnology with pharmacology and physiology for innovative drug delivery and therapy–an illustration with firsthand
examples. Acta Pharmacol. Sin. 2018, 39, 825–844. [CrossRef]

6. Ma, X.; Feng, H.; Liang, C.; Liu, X.; Zeng, F.; Wang, Y.J.J. Mesoporous silica as micro/nano-carrier: From passive to active cargo
delivery, a mini review. J. Mater. Sci. Technol. 2017, 33, 1067–1074. [CrossRef]

7. Akbarzadeh, I.; Tavakkoli Yaraki, M.; Ahmadi, S.; Chiani, M.; Nourouzian, D. Folic acid-functionalized niosomal nanoparticles
for selective dual-drug delivery into breast cancer cells: An in-vitro investigation. Adv. Powder Technol. 2020, 31, 4064–4071.
[CrossRef]

8. Fernandes, N.; Rodrigues, C.F.; Moreira, A.F.; Correia, I.J. Overview of the application of inorganic nanomaterials in cancer
photothermal therapy. Biomater. Sci. 2020, 8, 2990–3020. [CrossRef]

9. Jiang, C.-C.; Cao, Y.-K.; Xiao, G.-Y.; Zhu, R.-F.; Lu, Y.-P. A review on the application of inorganic nanoparticles in chemical surface
coatings on metallic substrates. RSC Adv. 2017, 7, 7531–7539. [CrossRef]

10. Barani, M.; Mirzaei, M.; Torkzadeh-Mahani, M.; Lohrasbi-Nejad, A.; Nematollahi, M.H. A new formulation of hydrophobin-coated
niosome as a drug carrier to cancer cells. Mater. Sci. Eng. C 2020, 113, 110975. [CrossRef]

11. Shukla, M.K.; Singh, S.K.; Pandey, S.; Gupta, P.K.; Choudhary, A.; Jindal, D.K.; Dua, K.; Kumar, D. Potential Immunomodulatory
Activities of Plant Products. South Afr. J. Bot. 2022, in press. [CrossRef]

12. Yadavar-Nikravesh, M.-S.; Ahmadi, S.; Milani, A.; Akbarzadeh, I.; Khoobi, M.; Vahabpour, R.; Bolhassani, A.; Bakhshandeh, H.
Construction and characterization of a novel Tenofovir-loaded PEGylated niosome conjugated with TAT peptide for evaluation
of its cytotoxicity and anti-HIV effects. Adv. Powder Technol. 2021, 32, 3161–3173. [CrossRef]

13. Kim, J.-Y.; Kim, J.-K.; Park, J.-S.; Byun, Y.; Kim, C.-K. The use of PEGylated liposomes to prolong circulation lifetimes of tissue
plasminogen activator. Biomaterials 2009, 30, 5751–5756. [CrossRef]

14. Lawrence, M.; Chauhan, S.; Lawrence, S.; Barlow, D. The formation, characterization and stability of non-ionic surfactant vesicles.
STP Pharma Sci. 1996, 6, 49–60.

15. Li, Y.-P.; Pei, Y.-Y.; Zhang, X.-Y.; Gu, Z.-H.; Zhou, Z.-H.; Yuan, W.-F.; Zhou, J.-J.; Zhu, J.-H.; Gao, X.-J. PEGylated PLGA
nanoparticles as protein carriers: Synthesis, preparation and biodistribution in rats. J. Control. Release 2001, 71, 203–211. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules27175418/s1
https://www.mdpi.com/article/10.3390/molecules27175418/s1
http://doi.org/10.1038/s41573-020-0090-8
http://www.ncbi.nlm.nih.gov/pubmed/33277608
http://doi.org/10.1038/s41578-021-00405-w
http://doi.org/10.2174/1381612828666220413103831
http://www.ncbi.nlm.nih.gov/pubmed/35422206
http://doi.org/10.1038/aps.2018.33
http://doi.org/10.1016/j.jmst.2017.06.007
http://doi.org/10.1016/j.apt.2020.08.011
http://doi.org/10.1039/D0BM00222D
http://doi.org/10.1039/C6RA25841G
http://doi.org/10.1016/j.msec.2020.110975
http://doi.org/10.1016/j.sajb.2022.04.055
http://doi.org/10.1016/j.apt.2021.05.047
http://doi.org/10.1016/j.biomaterials.2009.07.021
http://doi.org/10.1016/S0168-3659(01)00218-8


Molecules 2022, 27, 5418 23 of 25

16. Akbarzadeh, I.; Shayan, M.; Bourbour, M.; Moghtaderi, M.; Noorbazargan, H.; Eshrati Yeganeh, F.; Saffar, S.; Tahriri, M.
Preparation, Optimization and In-Vitro Evaluation of Curcumin-Loaded Niosome@ calcium Alginate Nanocarrier as a New
Approach for Breast Cancer Treatment. Biology 2021, 10, 173. [CrossRef]

17. Karimifard, S.; Rezaei, N.; Jamshidifar, E.; Moradi Falah Langeroodi, S.; Abdihaji, M.; Mansouri, A.; Hosseini, M.; Ahmadkhani,
N.; Rahmati, Z.; Heydari, M.J.A.A.N.M. pH-Responsive Chitosan-Adorned Niosome Nanocarriers for Co-Delivery of Drugs for
Breast Cancer Therapy. ACS Appl. Nano Mater. 2022, 5, 8811–8825. [CrossRef]

18. Rezaei, T.; Rezaei, M.; Karimifard, S.; Beram, F.M.; Dakkali, M.S.; Heydari, M.; Afshari-Behbahanizadeh, S.; Mostafavi, E.; Bokov,
D.O.; Ansari, M.J.J.F. Folic Acid-Decorated pH-Responsive Nanoniosomes With Enhanced Endocytosis for Breast Cancer Therapy:
In Vitro Studies. Front. Pharmacol. 2022, 13, 851242.

19. Bourbour, M.; Khayam, N.; Noorbazargan, H.; Yaraki, M.T.; Lalami, Z.A.; Akbarzadeh, I.; Yeganeh, F.E.; Dolatabadi, A.; Rad, F.M.;
Tan, Y.N.J.M.S.D.; et al. Evaluation of Anti-Cancer and Anti-Metastatic Effects of Folate-PEGylated Niosome for Co-Delivery of
Letrozole and Ascorbic Acid on Breast Cancer Cells. Mol. Syst. Des. Eng. 2022. Advance Article. [CrossRef]

20. Sahrayi, H.; Hosseini, E.; Karimifard, S.; Khayam, N.; Meybodi, S.M.; Amiri, S.; Bourbour, M.; Farasati Far, B.; Akbarzadeh, I.;
Bhia, M.J.P. Co-Delivery of Letrozole and Cyclophosphamide via Folic Acid-Decorated Nanoniosomes for Breast Cancer Therapy:
Synergic Effect, Augmentation of Cytotoxicity, and Apoptosis Gene Expression. Pharmaceuticals 2021, 15, 6. [CrossRef]

21. Baj, J.; Korona-Głowniak, I.; Forma, A.; Maani, A.; Sitarz, E.; Rahnama-Hezavah, M.; Radzikowska, E.; Portincasa, P. Mechanisms
of the Epithelial–Mesenchymal Transition and Tumor Microenvironment in Helicobacter pylori-Induced Gastric Cancer. Cells
2020, 9, 1055. [CrossRef]

22. Yusefi, A.R.; Lankarani, K.B.; Bastani, P.; Radinmanesh, M.; Kavosi, Z. Risk factors for gastric cancer: A systematic review. Asian
Pac. J. Cancer Prev. APJCP 2018, 19, 591.

23. Mehta, S. Anti-cancer drugs targeting using nanocarrier niosomes-a review. TMR Cancer 2020, 3, 169–174.
24. Wang, W.; Sang, L.; Zhao, Y.; Wei, Z.; Qi, M.; Li, Y.J.J. Inherently radiopaque polyurethane beads as potential multifunctional

embolic agent in hepatocellular carcinoma therapy. J. Mater. Sci. Technol. 2021, 63, 106–114. [CrossRef]
25. Jensen, M.-B.; Lænkholm, A.-V.; Nielsen, T.O.; Eriksen, J.O.; Wehn, P.; Hood, T.; Ram, N.; Buckingham, W.; Ferree, S.; Ejlertsen, B.

The Prosigna gene expression assay and responsiveness to adjuvant cyclophosphamide-based chemotherapy in premenopausal
high-risk patients with breast cancer. Breast Cancer Res. 2018, 20, 79. [CrossRef]

26. Sucic, M.; Luetic, K.; Jandric, I.; Drmic, D.; Sever, A.Z.; Vuletic, L.B.; Halle, Z.B.; Strinic, D.; Kokot, A.; Seiwerth, R.S. Therapy of
the rat hemorrhagic cystitis induced by cyclophosphamide. Stable gastric pentadecapeptide BPC 157, L-arginine, L-NAME. Eur. J.
Pharmacol. 2019, 861, 172593. [CrossRef] [PubMed]

27. Hemati, M.; Haghiralsadat, F.; Jafary, F.; Moosavizadeh, S.; Moradi, A. Targeting cell cycle protein in gastric cancer with
CDC20siRNA and anticancer drugs (doxorubicin and quercetin) co-loaded cationic PEGylated nanoniosomes. Int. J. Nanomed.
2019, 14, 6575. [CrossRef]

28. Alemi, A.; Zavar Reza, J.; Haghiralsadat, F.; Zarei Jaliani, H.; Haghi Karamallah, M.; Hosseini, S.A.; Haghi Karamallah, S.
Paclitaxel and curcumin coadministration in novel cationic PEGylated niosomal formulations exhibit enhanced synergistic
antitumor efficacy. J. Nanobiotechnol. 2018, 16, 28. [CrossRef]

29. Tavano, L.; Aiello, R.; Ioele, G.; Picci, N.; Muzzalupo, R.J.C.; Biointerfaces, S.B. Niosomes from glucuronic acid-based surfactant
as new carriers for cancer therapy: Preparation, characterization and biological properties. Colloids Surf B Biointerfaces 2014, 118,
7–13. [CrossRef]

30. Abdelbary, A.A.; AbouGhaly, M.H. Design and optimization of topical methotrexate loaded niosomes for enhanced management
of psoriasis: Application of Box–Behnken design, in-vitro evaluation and in-vivo skin deposition study. Int. J. Pharm. 2015, 485,
235–243. [CrossRef]

31. Zidan, A.S.; Mokhtar Ibrahim, M.; Megrab, N.A.E. Optimization of methotrexate loaded niosomes by Box–Behnken design: An
understanding of solvent effect and formulation variability. Drug Dev. Ind. Pharm. 2017, 43, 1450–1459. [CrossRef]

32. Gabizon, A.; Shmeeda, H.; Grenader, T. Pharmacological basis of pegylated liposomal doxorubicin: Impact on cancer therapy.
Eur. J. Pharm. Sci. 2012, 45, 388–398. [CrossRef] [PubMed]

33. Haghiralsadat, F.; Amoabediny, G.; Helder, M.N.; Naderinezhad, S.; Sheikhha, M.H.; Forouzanfar, T.; Zandieh-doulabi, B. A
comprehensive mathematical model of drug release kinetics from nano-liposomes, derived from optimization studies of cationic
PEGylated liposomal doxorubicin formulations for drug-gene delivery. Artif. Cells Nanomed. Biotechnol. 2018, 46, 169–177.
[CrossRef] [PubMed]

34. Hajizadeh, M.R.; Maleki, H.; Barani, M.; Fahmidehkar, M.A.; Mahmoodi, M.; Torkzadeh-Mahani, M. In vitro cytotoxicity assay of
D-limonene niosomes: An efficient nano-carrier for enhancing solubility of plant-extracted agents. Res. Pharm. Sci. 2019, 14, 448.

35. Shad, P.M.; Karizi, S.Z.; Javan, R.S.; Mirzaie, A.; Noorbazargan, H.; Akbarzadeh, I.; Rezaie, H. Folate conjugated hyaluronic acid
coated alginate nanogels encapsulated oxaliplatin enhance antitumor and apoptosis efficacy on colorectal cancer cells (HT29 cell
line). Toxicol. Vitr. 2020, 65, 104756. [CrossRef]

36. De Silva, L.; Fu, J.-Y.; Htar, T.T.; Muniyandy, S.; Kasbollah, A.; Kamal, W.H.B.W.; Chuah, L.-H. Characterization, optimization,
and in vitro evaluation of Technetium-99m-labeled niosomes. Int. J. Nanomed. 2019, 14, 1101. [CrossRef]

37. Shaker, D.S.; Shaker, M.A.; Hanafy, M.S. Cellular uptake, cytotoxicity and in-vivo evaluation of Tamoxifen citrate loaded niosomes.
Int. J. Pharm. 2015, 493, 285–294. [CrossRef]

http://doi.org/10.3390/biology10030173
http://doi.org/10.1021/acsanm.2c00861
http://doi.org/10.1039/D2ME00024E
http://doi.org/10.3390/ph15010006
http://doi.org/10.3390/cells9041055
http://doi.org/10.1016/j.jmst.2019.12.029
http://doi.org/10.1186/s13058-018-1012-0
http://doi.org/10.1016/j.ejphar.2019.172593
http://www.ncbi.nlm.nih.gov/pubmed/31401154
http://doi.org/10.2147/IJN.S211844
http://doi.org/10.1186/s12951-018-0351-4
http://doi.org/10.1016/j.colsurfb.2014.03.016
http://doi.org/10.1016/j.ijpharm.2015.03.020
http://doi.org/10.1080/03639045.2017.1318907
http://doi.org/10.1016/j.ejps.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21933707
http://doi.org/10.1080/21691401.2017.1304403
http://www.ncbi.nlm.nih.gov/pubmed/28376641
http://doi.org/10.1016/j.tiv.2019.104756
http://doi.org/10.2147/IJN.S184912
http://doi.org/10.1016/j.ijpharm.2015.07.041


Molecules 2022, 27, 5418 24 of 25

38. Rinaldi, F.; Del Favero, E.; Rondelli, V.; Pieretti, S.; Bogni, A.; Ponti, J.; Rossi, F.; Di Marzio, L.; Paolino, D.; Marianecci, C.
pH-sensitive niosomes: Effects on cytotoxicity and on inflammation and pain in murine models. J. Enzym. Inhib. Med. Chem. 2017,
32, 538–546. [CrossRef]

39. Tila, D.; Yazdani-Arazi, S.N.; Ghanbarzadeh, S.; Arami, S.; Pourmoazzen, Z. pH-sensitive, polymer modified, plasma stable
niosomes: Promising carriers for anti-cancer drugs. EXCLI J. 2015, 14, 21.

40. Kishore, R.S.; Pappenberger, A.; Dauphin, I.B.; Ross, A.; Buergi, B.; Staempfli, A.; Mahler, H.-C. Degradation of polysorbates 20
and 80: Studies on thermal autoxidation and hydrolysis. J. Pharm. Sci. 2011, 100, 721–731. [CrossRef]

41. Naderinezhad, S.; Amoabediny, G.; Haghiralsadat, F. Co-delivery of hydrophilic and hydrophobic anticancer drugs using
biocompatible pH-sensitive lipid-based nano-carriers for multidrug-resistant cancers. RSC Adv. 2017, 7, 30008–30019. [CrossRef]

42. Davarpanah, F.; Yazdi, A.K.; Barani, M.; Mirzaei, M.; Torkzadeh-Mahani, M. Magnetic delivery of antitumor carboplatin by using
PEGylated-Niosomes. DARU J. Pharm. Sci. 2018, 26, 57–64. [CrossRef]

43. Cortesi, R.; Ravani, L.; Rinaldi, F.; Marconi, P.; Drechsler, M.; Manservigi, M.; Argnani, R.; Menegatti, E.; Esposito, E.; Manservigi,
R. Intranasal immunization in mice with non-ionic surfactants vesicles containing HSV immunogens: A preliminary study as
possible vaccine against genital herpes. Int. J. Pharm. 2013, 440, 229–237. [CrossRef]

44. Dash, S.; Murthy, P.N.; Nath, L.; Chowdhury, P. Kinetic modeling on drug release from controlled drug delivery systems. Acta Pol.
Pharm. 2010, 67, 217–223.

45. Uchegbu, I.F.; Vyas, S.P. Non-ionic surfactant based vesicles (niosomes) in drug delivery. Int. J. Pharm. 1998, 172, 33–70. [CrossRef]
46. Hofland, H.; Bouwstra, J.; Verhoef, J.; Buckton, G.; Chowdry, B.; Ponec, M.; Junginger, H. Safety aspects of non-ionic surfactant

vesicles: A toxicity study related to the physicochemical characteristics of non-ionic surfactants. J. Pharm. Pharmacol. 1992, 44,
287–294. [CrossRef]

47. Akbarzadeh, I.; Saremi Poor, A.; Yaghmaei, S.; Norouzian, D.; Noorbazargan, H.; Saffar, S.; Ahangari Cohan, R.; Bakhshandeh, H.
Niosomal delivery of simvastatin to MDA-MB-231 cancer cells. Drug Dev. Ind. Pharm. 2020, 46, 1535–1549. [CrossRef]

48. Moazeni, E.; Gilani, K.; Sotoudegan, F.; Pardakhty, A.; Najafabadi, A.R.; Ghalandari, R.; Fazeli, M.R.; Jamalifar, H. Formulation and
in vitro evaluation of ciprofloxacin containing niosomes for pulmonary delivery. J. Microencapsul. 2010, 27, 618–627. [CrossRef]

49. Balasubramaniam, A.; Anil Kumar, V.; Sadasivan Pillai, K. Formulation and in vivo evaluation of niosome-encapsulated
daunorubicin hydrochloride. Drug Dev. Ind. Pharm. 2002, 28, 1181–1193. [CrossRef]

50. Eskandari, Z.; Bahadori, F.; Celik, B.; Onyuksel, H. Targeted nanomedicines for cancer therapy, from basics to clinical trials. J.
Pharm. Pharm. Sci. 2020, 23, 132–157. [CrossRef]

51. Rajpoot, K. Lipid-based nanoplatforms in cancer therapy: Recent advances and applications. Curr. Cancer Drug Targets 2020, 20,
271–287. [CrossRef]

52. Fasehee, H.; Dinarvand, R.; Ghavamzadeh, A.; Esfandyari-Manesh, M.; Moradian, H.; Faghihi, S.; Ghaffari, S.H. Delivery of
disulfiram into breast cancer cells using folate-receptor-targeted PLGA-PEG nanoparticles: In vitro and in vivo investigations. J.
Nanobiotechnol. 2016, 14, 32. [CrossRef] [PubMed]

53. Acharya, S.; Sahoo, S.K. PLGA nanoparticles containing various anticancer agents and tumour delivery by EPR effect. Adv. Drug
Deliv. Rev. 2011, 63, 170–183. [CrossRef]

54. Li, J.; Yuan, J. Caspases in apoptosis and beyond. Oncogene 2008, 27, 6194–6206. [CrossRef]
55. Pfeffer, C.M.; Singh, A.T. Apoptosis: A target for anticancer therapy. Int. J. Mol. Sci. 2018, 19, 448. [CrossRef]
56. Boice, A.; Bouchier-Hayes, L. Targeting apoptotic caspases in cancer. Biochim. Et Biophys. Acta (BBA)-Mol. Cell Res. 2020,

1867, 118688. [CrossRef]
57. Nisha, R.; Kumar, P.; Gautam, A.K.; Bera, H.; Bhattacharya, B.; Parashar, P.; Saraf, S.A.; Saha, S. Assessments of in vitro and

in vivo antineoplastic potentials of β-sitosterol-loaded PEGylated niosomes against hepatocellular carcinoma. J. Liposome Res.
2020, 31, 1–12. [CrossRef]

58. Zhang, H.-P.; Li, S.-Y.; Wang, J.-P.; Lin, J. Clinical significance and biological roles of cyclins in gastric cancer. OncoTargets Ther.
2018, 11, 6673. [CrossRef]

59. Musgrove, E.A.; Caldon, C.E.; Barraclough, J.; Stone, A.; Sutherland, R.L. Cyclin D as a therapeutic target in cancer. Nat. Rev.
Cancer 2011, 11, 558–572. [CrossRef]

60. Huang, L.; Ren, F.; Tang, R.; Feng, Z.; Chen, G. Prognostic value of expression of cyclin E in gastrointestinal cancer: A systematic
review and meta-analysis. Technol. Cancer Res. Treat. 2016, 15, 12–19. [CrossRef]

61. Li, H.; Qiu, Z.; Li, F.; Wang, C. The relationship between MMP-2 and MMP-9 expression levels with breast cancer incidence and
prognosis. Oncol. Lett. 2017, 14, 5865–5870. [CrossRef] [PubMed]

62. Yao, Z.; Yuan, T.; Wang, H.; Yao, S.; Zhao, Y.; Liu, Y.; Jin, S.; Chu, J.; Xu, Y.; Zhou, W. MMP-2 together with MMP-9 overexpression
correlated with lymph node metastasis and poor prognosis in early gastric carcinoma. Tumor Biol. 2017, 39, 1010428317700411.
[CrossRef] [PubMed]

63. Anilkumar, U.; Weisova, P.; Schmid, J.; Bernas, T.; Huber, H.J.; Düssmann, H.; Connolly, N.M.; Prehn, J.H. Defining external
factors that determine neuronal survival, apoptosis and necrosis during excitotoxic injury using a high content screening imaging
platform. PLoS ONE 2017, 12, e0188343. [CrossRef] [PubMed]

64. Chu, W.-M. Tumor necrosis factor. Cancer Lett. 2013, 328, 222–225. [CrossRef] [PubMed]

http://doi.org/10.1080/14756366.2016.1268607
http://doi.org/10.1002/jps.22290
http://doi.org/10.1039/C7RA01736G
http://doi.org/10.1007/s40199-018-0215-3
http://doi.org/10.1016/j.ijpharm.2012.06.042
http://doi.org/10.1016/S0378-5173(98)00169-0
http://doi.org/10.1111/j.2042-7158.1992.tb03608.x
http://doi.org/10.1080/03639045.2020.1810269
http://doi.org/10.3109/02652048.2010.506579
http://doi.org/10.1081/DDC-120015351
http://doi.org/10.18433/jpps30583
http://doi.org/10.2174/1568009620666200115160805
http://doi.org/10.1186/s12951-016-0183-z
http://www.ncbi.nlm.nih.gov/pubmed/27102110
http://doi.org/10.1016/j.addr.2010.10.008
http://doi.org/10.1038/onc.2008.297
http://doi.org/10.3390/ijms19020448
http://doi.org/10.1016/j.bbamcr.2020.118688
http://doi.org/10.1080/08982104.2020.1820520
http://doi.org/10.2147/OTT.S171716
http://doi.org/10.1038/nrc3090
http://doi.org/10.1177/1533034614568098
http://doi.org/10.3892/ol.2017.6924
http://www.ncbi.nlm.nih.gov/pubmed/29113219
http://doi.org/10.1177/1010428317700411
http://www.ncbi.nlm.nih.gov/pubmed/28621235
http://doi.org/10.1371/journal.pone.0188343
http://www.ncbi.nlm.nih.gov/pubmed/29145487
http://doi.org/10.1016/j.canlet.2012.10.014
http://www.ncbi.nlm.nih.gov/pubmed/23085193


Molecules 2022, 27, 5418 25 of 25

65. Akbarzadeh, I.; Keramati, M.; Azadi, A.; Afzali, E.; Shahbazi, R.; Norouzian, D.; Bakhshandeh, H. Optimization, physicochemical
characterization, and antimicrobial activity of a novel simvastatin nano-niosomal gel against E. coli and S. aureus. Chem. Phys.
Lipids 2021, 234, 105019. [CrossRef]

66. Muzzalupo, R.; Trombino, S.; Iemma, F.; Puoci, F.; La Mesa, C.; Picci, N. Preparation and characterization of bolaform surfactant
vesicles. Colloids Surf. B: Biointerfaces 2005, 46, 78–83. [CrossRef]

67. Rochani, A.K.; Balasubramanian, S.; Girija, A.R.; Raveendran, S.; Borah, A.; Nagaoka, Y.; Nakajima, Y.; Maekawa, T.; Kumar, D.S.
Dual mode of cancer cell destruction for pancreatic cancer therapy using Hsp90 inhibitor loaded polymeric nano magnetic
formulation. Int. J. Pharm. 2016, 511, 648–658. [CrossRef]

68. Akbari, J.; Saeedi, M.; Enayatifard, R.; Morteza-Semnani, K.; Hashemi, S.M.H.; Babaei, A.; Rahimnia, S.M.; Rostamkalaei, S.S.;
Nokhodchi, A. Curcumin Niosomes (curcusomes) as an alternative to conventional vehicles: A potential for efficient dermal
delivery. J. Drug Deliv. Sci. Technol. 2020, 60, 102035. [CrossRef]

69. Korsmeyer, R.W.; Gurny, R.; Doelker, E.; Buri, P.; Peppas, N.A. Mechanisms of solute release from porous hydrophilic polymers.
Int. J. Pharm. 1983, 15, 25–35. [CrossRef]

70. Bettini, R.; Catellani, P.; Santi, P.; Massimo, G.; Peppas, N.; Colombo, P. Translocation of drug particles in HPMC matrix gel layer:
Effect of drug solubility and influence on release rate. J. Control. Release 2001, 70, 383–391. [CrossRef]

71. Lee, E.; Jeon, H.; Lee, M.; Ryu, J.; Kang, C.; Kim, S.; Jung, J.; Kwon, Y. Molecular origin of AuNPs-induced cytotoxicity and
mechanistic study. Sci. Rep. 2019, 9, 2494. [CrossRef]

http://doi.org/10.1016/j.chemphyslip.2020.105019
http://doi.org/10.1016/j.colsurfb.2005.09.003
http://doi.org/10.1016/j.ijpharm.2016.07.048
http://doi.org/10.1016/j.jddst.2020.102035
http://doi.org/10.1016/0378-5173(83)90064-9
http://doi.org/10.1016/S0168-3659(00)00366-7
http://doi.org/10.1038/s41598-019-39579-3

	Introduction 
	Result and Discussion 
	Optimization Studies of Cyclophosphamide-Loaded Niosomes 
	Analysis of Particle Size 
	Polydispersity Index Analysis 
	Entrapment Efficiency (EE%) Analysis 
	Accuracy and Validity of the Model 
	Data Optimization 

	Size Distribution and Morphological Characterization 
	Fourier Transform Infrared Spectroscopy (FTIR) Spectroscopy Analysis 
	Drug Release and Kinetic Modelling 
	Physical Stability Examination 
	Cytotoxicity Study 
	Gene Expression Analysis 
	Apoptosis Analysis 
	Cell Cycle 
	Scratch Assay 

	Conclusions 
	Experimental Section 
	Chemicals 
	Optimization of Niosomal Formulations Using Response Surface Methodology 
	Synthesis of Cyclophosphamide-Loaded Niosomes and PEGylated-Nio-Cyclo 
	Characterizations of Niosomal Formulation 
	Analysis of Entrapment Efficiency 
	In Vitro Drug Release Study 
	Release Kinetic Modelling 
	Stability Study 
	Cytotoxicity Study 
	Apoptotic Gene Expression Analysis 
	Apoptosis Analysis 
	Cell Cycle 
	Scratch Assay 
	Statistical Analysis and Curve Fitting 

	References

