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Abstract

Breast cancer remains to be one of the most prevalent cancers in women, requiring
enhanced treatment approaches. This research improved the formulation of oxaliplatin-
loaded PEGylated niosomes with a Central Composite Design (CCD) focused on par-
ticle size and drug entrapment efficiency (EE). The antitumor efficacy of the improved
niosomes was assessed in vitro utilizing MCF-7 breast cancer cells. Furthermore,
oxidative stress responses were evaluated, including changes in enzymatic antioxi-
dant defense mechanisms (superoxide dismutase and catalase) and indicators of lipid
peroxidation (malondialdehyde and reactive oxygen species levels). The niosomes
demonstrated remarkable stability for 2 months at 4 °C, along with pH-dependent
drug release. Cytotoxicity experiments demonstrated that PEGylated oxaliplatin-loaded
niosomes (PEG-Nio-OXA) exhibited biocompatibility with human foreskin fibroblasts
(HFF) while markedly decreasing MCF-7 cell survival. Gene expression study indicated
that PEG-Nio-OXA and oxaliplatin-loaded niosomes (Nio-OXA) enhanced pro-apoptotic
markers (Bax, caspase-3, caspase-9) while suppressing anti-apoptotic and metastasis-
related indicators (Bcl2, MMP-2, and MMP-9). Furthermore, Nio-OXA administration
increased oxidative stress, as seen by increased malondialdehyde (98 uM) and reactive
oxygen species (ROS) levels while also elevating the enzymatic activity of superoxide
dismutase (90 U/mL) and catalase (90 U/mL). Migration experiments verified reduced
cellular motility post-treatment. The results indicate that PEG-Nio-OXA is a potential
delivery strategy for oxaliplatin in breast cancer treatment.

Keywords: Oxaliplatin, Functionalization, Niosome, Breast cancer, pH-dependent
release

Introduction

Breast cancer is currently one of the most commonly diagnosed malignancies and the
reason for death among women in the world (Babaei et al. 2014; Mansoori-Kermani
et al. 2022). There are different methods to treat breast cancer, such as chemotherapy,
surgery, radiation therapy (RT), targeted therapy, and endocrine (hormone) therapy (ET)
(Moghaddam et al. 2022). Despite the advantages of chemotherapeutic treatment, the
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use of chemotherapeutic approaches has been faced with several restrictions including
their toxicity, gastrointestinal upset, bone marrow suppression, and most importantly,
drug resistance (Lugmani 2005; Triieb 2009). Furthermore, antitumor agents used in the
treatment of breast cancer have some specific problems, such as poor aqueous solubility,
maintenance time in the body and low serum bioavailability, low absorption, and hepatic
eradication due to their hydrophobicity properties, which have limited the development
of drug candidates from the bench to the bedside (Sanchez-Munoz et al. 2008; Williams
et al. 2013). Therefore, new drug delivery systems—such as niosomes—are introduced as
thriving techniques as they proliferate the amount of drug penetration, enhance tumor-
targeting, and minimize drug side effects (Karimifard et al. 2022; Mahdizadeh et al.
2024). Niosomes are nano-sized vesicles comprised of nonionic surfactants and choles-
terol (Amoozegar et al. 2022; Mehrarya et al. 2022; Wiranowska et al. 2020; Dabbagh
Moghaddam et al. 2021). Oxaliplatin (¢rans-L-diamino cyclohexane oxalate platinum),
L-OXA is introduced as the third generation of platinum classic platinum-based antican-
cer drugs after cisplatin and carboplatin. Oxaliplatin as a cisplatin derivative has shown
that it has a wide in vitro and in vivo antitumor effect and can reduce the side effects of
cisplatin, such as peripheral neuropathy, which causes severe pain in hands and feet, and
kidney toxicity (Kidani et al. 1980; Suzuki et al. 2008; Wiseman et al. 1999). Its mecha-
nisms against tumors are like cisplatin when L-OXA inhibits DNA synthesis by form-
ing DNA adducts. It can also inhibit RNA synthesis unlike cisplatin (Kidani et al. 1980;
Riviere et al. 2011). Some investigations have revealed that oxaliplatin is widely used to
treat various cancers, e.g., breast cancer. Despite the above-mentioned benefits, oxalipl-
atin is not without several pharmacokinetic and toxicological challenges (Duncan et al.
2010; André et al. 2009). Therefore, the design of an L-OXA-based drug delivery system
using niosomes could reduce the potential side effects, increase specific target organs,
and improve the therapeutic effects (Allen and Cullis 2013; Maksimenko et al. 2014;
Miyajima et al. 2006; Doi et al. 2019). Niosomes are considered bilayer non-ionic sur-
factant-based vesicles, which have been widely employed to deliver poorly water-soluble
drugs and enhance their dissolution and bioavailability to enhance (Naseroleslami et al.
2022; Bourbour et al. 2022). Niosomes are non-ionic surfactant vesicles with a bilayer
structure, so they are like liposomes structurally, but they have more stability and lower
cost than liposomes. Furthermore, like liposomes, they can incorporate both hydrophilic
and hydrophobic drugs in their core and between the bilayers, respectively (Akbarzadeh
et al. 2020a, 2020b; Moghtaderi et al. 2021). In addition, several niosomal formulations
have been used to carry drugs to cancer cells in ways to minimize side effects on healthy
cells as they are sensitive to pH (Akbarzadeh et al. 2020a, 2020c).

Niosomal vesicles, like other bilayer vesicular drugs, may exhibit stability problems,
including aggregation, drug leakage, and other instability phenomenon during the long-
term preservation process, so coating the surface of niosomes with inert polymeric mol-
ecules causes them to improve their stability (Sahrayi et al. 2021; Yadavar-Nikravesh
et al. 2021). Among these hydrophilic molecules, polyethylene glycol (PEG) polymer is a
successful material, which has been used extensively as a surface modifier to stabilize the
niosomes. PEG is a synthetic polymer that is highly water-soluble, biocompatible, non-
toxic, non-immunogenic, and non-antigenic. Since the modification of niosomes with

polymers can increase pharmacological activities and the improvement of therapeutic
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effects of various insoluble drugs and bioactive molecules (Cheng et al. 2021; Luciani
et al. 2004; Baranei et al. 2021).

This study presents a novel approach to breast cancer treatment by optimizing the
formulation of oxaliplatin-loaded niosomes decorated with polyethylene glycol (PEG).
Unlike previous studies, our research employs a Central Composite Design (CCD) to
achieve optimal particle size and drug loading efficiency, ensuring enhanced stability and
targeted delivery. The innovative PEGylated niosomal system not only demonstrates sig-
nificant cytotoxicity against MCE-7 breast cancer cells but also exhibits pH-dependent
release behavior, superior antioxidant activity, and effective inhibition of cell migration.
These findings underscore the potential of PEG-Nio-OXA as a promising nanocarrier
for improving the therapeutic efficacy of oxaliplatin in breast cancer treatment.

Materials and methods
For detailed methods see SI.

Results and discussion

Fabrication and optimization

Effect of oxaliplatin: lipid and Span 60:Tween 60 on size

The independent variables (low, medium, and high levels) are presented in Table S1.
The vesicle size of oxaliplatin niosomes ranged from 165.5 (F9) to 289.1 nm (F11), as
shown in Table 1. The analysis of variance for particle size is listed in Table 2. The best-
fitted model for particle size was quadratic and significant (p <0.05). The Tween 60 to
Span 60 ratio (B) significantly influences particle size, as seen by the ANOVA data. The
prominent quadratic component (B%) underscores a substantial non-linear effect. None-
theless, the lipid-to-drug ratio (4) and its quadratic effect (4%) do not have a substan-
tial influence on size. The negligible combined effects on particle size are evidenced by

Table 1 Design of experiments using the CCD method to optimize the niosomal formulation of

oxaliplatin

Run Levels of independent variables Dependent variables
Lipid:drug (mol Span 60:Tween 60 Average size PDI Entrapment
ratio) (mol ratio) (nm) efficiency (EE)

(%)

1 0 =1 2706 0315 53.19

2 =1 0 197.5 0317 6142

3 1 1 2317 0.307 72.34

4 0 0 1743 0.229 68.21

5 1 0 200.2 0.220 69.25

6 =1 1 2116 0.284 5849

7 0 1 227.7 0.205 62.35

8 0 0 168.3 0.248 66.45

9 0 0 165.5 0.220 67.09

10 -1 -1 254.2 0.382 53.21

11 1 -1 289.1 0.273 60.49

The table includes the independent variables (lipid-to-drug ratio and Span 60:Tween 60 ratio) and their corresponding
effects on the dependent variables, namely, average particle size (nm), polydispersity index (PDI), and entrapment efficiency
(EE, %)
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Table 2 Analysis of variance for the quadratic polynomial model for particle size

Source p value Evaluation
Model 0.003 Significant
A 0.140

B 0.007

AB 0.606

A? 0.195

8 0.000

This table presents the analysis of variance (ANOVA) results for the quadratic polynomial model, evaluating the effects of
independent variables on the particle size of niosomal formulations

Size (nm)

Design Points:

@ Above Surface
© Below Surface

165.5 [ 289.1

X1 =A: Lipid/Drug
X2 =B: Tween 60: Span 60

2

Size (nm)

Tween 60: Span 60

11 Lipid/Drug
Fig. 1 CCD response surface plot for particle size as a function of lipid-to-drug and Tween 60:Span 60
ratios. This 3D response surface plot, generated using Design-Expert® software, illustrates the effects of the
lipid-to-drug ratio (X1) and Tween 60:Span 60 ratios (X2) on the particle size (hm) of niosomal formulations.
The plot visualizes how these independent variables influence the size of the particles, with size values
represented by a color gradient ranging from 165.5 nm (blue) to 289.1 nm (red)

the non-significant interaction between A and B (AB). The particle size equation dem-
onstrates the impact of the lipid-to-drug ratio (A) and the Span 60:Tween 60 ratio (B)
on niosomal formulation size, encompassing their interaction and quadratic effects.
An elevated lipid-to-drug ratio results in a marginal rise in particle size, as seen by A’s
positive coefficient, whereas B’s negative coefficient indicates that augmenting the Span
60:Tween 60 ratio diminishes particle size. The interaction term AB (Table S2) indicates
a negligible joint influence of A and B on size. The resulting equations in terms of coded
value were as follows:

Size = +176.10 + 9.62 % A —23.82% B —3.70 * AB+ 12.65 % A%+ 62.95 % B>

3D contour plots (Fig. 1) have been used to illustrate how independent variables affect
size. The size of niosomes increases as lipid:drug concentration (A) rises. The response
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surface figure highlights important patterns in the connection between the lipid-to-
drug ratio (X1) and the Tween 60:Span 60 ratios (X2), showing how these factors affect
the particle size of niosomal formulations. The best lipid-to-drug and Tween 60:Span
60 ratio combinations result in the lowest particle sizes (~165.5 nm, blue regions). By
stabilizing the bilayer structure, increasing the lipid-to-drug ratio first decreases parti-
cle size (Daeihamed et al. 2017); however, too much lipid causes aggregation and higher
particle sizes (~289.1 nm, red regions). By supplying enough lipid material to create sta-
ble bilayers, a moderate lipid-to-drug ratio encourages smaller particle sizes. However,
aggregation and the creation of multi-lamellar vesicles take place when the lipid content
surpasses the ideal threshold, leading to an increase in particle size. Like this, an ideal
Tween 60:Span 60 ratio reduces particle size by preserving a balanced hydrophilic—lipo-
philic profile, whereas larger and less stable particles are the consequence of surfactant
composition imbalances (Durak et al. 2020). The way these factors interact shows that
exact optimization is crucial to achieving the smallest particle sizes. The hydrophilic—
lipophilic balance of the surfactants is modulated by the Tween 60:Span 60 ratio, which
has a considerable impact on particle size. While deviations from this equilibrium
result in structural instability and greater particle sizes, a balanced ratio stabilizes the
bilayer and reduces particle size. The findings demonstrate that lowering particle size
and improving the homogeneity of niosomal formulations require maintaining an ideal
Tween 60:Span60 ratio. An increase in the amount of lipid concentration has a linear
relation with the vesicle size. However, the particle size of niosomes reduces with the
increase in the Span 60:Tween 60 ratio. The increase in span 60 concentration results in
the higher solubility of oxaliplatin, which may lead to a decrease in the size of the vesicle
(Mohanty et al. 2020). Lipids can enter the lipid bilayer by their hydrophobicity charac-
ter. As a result, the vesicular membrane becomes disordered, and the structure becomes
more thermodynamically stable as the radius of the molecules increases (Essa 2010).

The ratios of Tween 60 to Span 60 and lipid-to-drug are essential in defining niosome
size, since they influence bilayer stability, packing efficiency, and membrane fluidity. In
addition to Tween 60 to Span 60 produces bigger niosomes, since the hydrophilic char-
acteristics of Tween 60 interfere with the dense arrangement of Span 60, hence improv-
ing membrane fluidity and steric hindrance (Bnyan et al. 2018). Tween 60 about Span 60
produces bigger niosomes, since the hydrophilic characteristics of Tween 60 interfere
with the dense arrangement of Span 60, hence improving membrane fluidity and steric
hindrance (Pando Rodriguez 2014). This results in bilayer expansion and water infiltra-
tion, leading to vesicle swelling. In contrast, an elevated Span 60 concentration yields
smaller, more rigid vesicles owing to its reduced HLB value, hence enhancing bilayer
stability (Basiri et al. 2017). The lipid-to-drug ratio strongly influences vesicle size. An
increased lipid-to-drug ratio enhances bilayer stability, diminishes vesicle fusion, and
inhibits excessive swelling, leading to smaller, more stable vesicles (Bulbake et al. 2017;
Tang et al. 2023). A diminished lipid-to-drug ratio may destabilize the bilayer due to
drug-induced perturbations, resulting in bigger vesicles.

Effect of oxaliplatin: lipid and Span 60:Tween 60 on polydispersity index (PDI)
The PDI of all niosome formulations obtained by central composite design (CCD)
ranged from 0. 205 to 0.382 (Table 1). In the model fit for the polydispersity index
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of niosomes, the sequential p value of the linear model was estimated to be 0.023.
The ANOVA findings for the p values show that the Tween 60:Span 60 ratio (B) and
the lipid-to-drug ratio (A) have a substantial impact on the formulations’ PDI, under-
scoring their crucial roles in maintaining particle size uniformity. However, are not
statistically significant, indicating that their combined and non-linear effects do not
affect the PDI (Table 3). Based on Table 3, all independent variables except AB and
B? models have a significant effect on PDI (p <0.05). The influence of formulation fac-
tors on size uniformity is demonstrated by the polydispersity index (PDI) equation.
A negative coefficient for A signifies that size homogeneity is enhanced by reducing
PDI via an elevation in the lipid-to-drug ratio. Similarly, B reduces PDI, emphasizing
the need of optimal Span 60:Tween 60 ratios. The interaction term AB, when A and B
are coupled, results in a little rise in PDI, indicating potential variability. The relation-
ship between PDI and independent variables is presented by the following regression
equation:

PDI = +0.23 — 0.031 * A — 0.029 * B+ 0.033 * AB + 0.044 x A% + 0.036 * B>

According to Table S3 for the regression and Fig. 2, the Tween 60:Span 60 ratios
(X2) and the lipid-to-drug ratio (X1) affect the polydispersity index (PDI) of niosomal
formulations, emphasizing how important these factors are for particle size uniform-
ity. The most uniform particle sizes are represented by PDI values of about 0.205 in
the yellow regions, while larger variability is shown by PDI values of 0.382 in the blue
regions. Since increasing the amount of Span 60 results in a decrease in particle size,
the accumulation of smaller niosomes that were present during the dispersion has
led to a decrease in the PDI (Basiri et al. 2017). According to previous studies, the
addition of lipids leads to produce rigid, stable, and intact niosomal structures that
show low PDI value. However, niosomes have a gel-like structure in the absence of
lipids (Khan et al. 2019). The niosomal bilayer’s stability is greatly aided by the Tween
60:Span 60 ratio. A stable bilayer structure that minimizes PDI and decreases size
fluctuation is produced by striking an ideal balance between hydrophilic and lipo-
philic characteristics. The integrity of the bilayer is compromised by imbalances in
this ratio, on the other hand, which results in increased particle size heterogeneity.
When the Tween 60:Span 60 ratio and the lipid-to-drug ratio are tuned within certain
limits, the lowest PDI values (~ 0.205) are obtained.

Table 3 Analysis of variance for the quadratic polynomial model for Polydispersity Index (PDI)

Source p value Evaluation
Model 0.024 Significant
A 0.038

B 0.045

AB 0.056

A? 0.046

B 0.086

This table presents the analysis of variance (ANOVA) results for the quadratic polynomial model used to evaluate the effects
of independent variables on the polydispersity index (PDI) of niosomal formulations
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PDI

Design Points:

@ Above Surface
O Below Surface

0.205 [N 0.382

X1 =A: Lipid/Drug
X2 =B: Tween 60: Span 60

PDI

Fig. 2 CCD response surface plot for PDI as a function of lipid-to-drug and Tween 60:Span 60 ratios. This

3D response surface plot illustrates the effects of two independent variables—lipid-to-drug ratio (X1) and
Tween 60:Span 60 ratio (X2)—on the polydispersity index (PDI) of niosomal formulations, as predicted by the
Central Composite Design (CCD) model. The PDI values, which reflect the size uniformity of the particles, are
represented by a color gradient ranging from yellow (lowest PDI~0.205) to blue (highest PDI~0.382)

Table 4 Analysis of variance for the quadratic polynomial model for EE

Source p value Evaluation
Model 0.003 Significant
A 0.002

B 0.003

AB 0.176

A2 0.539

B’ 0.003

This table presents the analysis of variance (ANOVA) results for the quadratic polynomial model used to evaluate the effects
of independent variables on the EE of niosomal formulations

Effect of oxaliplatin: lipid and Span 60:Tween 60 on entrapment efficiency (EE%)

Table 1 shows the summary of EE% of oxaliplatin from niosomes. High entrapment
efficiency is the percentage fraction of total oxaliplatin entrapped into the nanocar-
riers. The maximum entrapment efficacy obtained for oxaliplatin was 72.34%. These
results show that both elements independently contribute significantly to increas-
ing EE%, with the Tween 60:Span 60 ratio improving bilayer stability through a bal-
anced hydrophilic-lipophilic interaction and the ideal lipid-to-drug ratio providing
adequate bilayer volume for drug encapsulation. Furthermore, the Tween 60:Span
60 ratio (B2) quadratic effect was statistically significant, indicating that optimizing
EE% requires precise surfactant composition (Table 4). However, the quadratic effect
of the lipid-to-drug ratio and the interaction between A and B were not significant,
suggesting that their combined or non-linear effects do not significantly add to the
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model. The regression equations of EE% for oxaliplatin are presented in Table S4.
The effect of formulation variables on drug encapsulation is reflected in the entrap-
ment efficiency (EE) equation. A and B have positive coefficients, suggesting that EE
is enhanced by greater lipid-to-drug and Span 60:Tween 60 ratios. Combining these
variables further enhances encapsulation, albeit to a lesser degree, as indicated by the

interaction term AB:
EE = +66.14 +4.83% A+4.38% B+ 1.64% AB+ 086 A2 —6.70 % B>

The effects of the Tween 60:Span 60 ratio (X2) and the lipid-to-drug ratio (X1) on the
entrapment efficiency (EE%) of niosomal formulations are depicted in the 3D response
surface plot (Fig. 3). The crucial impact of these formulation factors is demonstrated by
the EE% values, which range from roughly 53.19% in the blue regions to a maximum of
72.34% in the red regions. By supplying more lipid bilayer material to encapsulate the
drug, a rise in the lipid-to-drug ratio raises the EE%. However, there comes a point at
which further increases in the lipid ratio cause a plateau or minor decrease in efficiency
because of a saturation effect. Likewise, the niosomal bilayer is stabilized and drug
retention is enhanced by the Tween 60:Span 60 ratio. By improving the hydrophilic—
lipophilic balance, higher Tween 60:Span 60 ratios improve encapsulation; however, too
high ratios can weaken stability and jeopardize bilayer integrity. The maximum EE% is
seen at intermediate values of both the lipid/drug ratio and the Tween 60:Span 60 ratio,
indicating a synergistic impact between the two factors. Overall, the findings show that
the best Tween 60:Span 60 and lipid/drug ratio combination produces a maximum EE%
of roughly 72.34%.

EE (%)
Design Points:

@ Above Surface
O Below Surface

53.19 [ 72.34

X1 =A: Lipid/Drug
X2 =B: Tween 60: Span 60

EE (%)

Lipid/Drug

Fig. 3 3D response surface plot for entrapment efficiency (EE%). This 3D surface plot, generated using
Design—Expert® software, illustrates the effects of two independent variables—lipid-to-drug ratio (X1) and
Tween 60:Span 60 ratio (X2)—on the entrapment efficiency (EE%) of niosomal formulations. The predicted
EE% values are displayed as a function of these variables, with the color gradient representing the range of
EE% values
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The concentration drug: lipid and the ratio Span 60:Tween 60 have a positive effect
on EE%. As the concentration of Span 60 increases, % EE also increases. The niosomal
membrane became less permeable with increasing the concentration of Span 60. As a
result, the percent encapsulation efficiency was promoted along with Increasing Span
60 concentration (Balakrishnan et al. 2009). In addition, the increase of the L/D molar
ratio can result in a rise in the concentration of materials used to create bilayers and
lead to the expansion of vesicles in a given volume so a rise in the amount of oxaliplatin
entrapped in the vesicles is observed (Arzani et al. 2015). Higher lipid-to-drug ratio sta-
bilizes the bilayer, reducing drug leakage and increasing EE%, particularly for lipophilic
drugs. Conversely, a low lipid-to-drug ratio results in poor bilayer integrity, increasing
permeability and reducing EE%.

Validity of the central composite design (CCD)

Predicted R? is measured to show how good response value is predicted. Accordant to
the previous study, Adjusted R is in reasonable agreement with predicted R* as the ratio
of predicted R? to adjusted R is less than 0.2. The data of related regression analysis for
different responses are presented in Tables S2—4 indicating that there is a reasonable
agreement between R” and adjusted R Furthermore, the signal-to-noise ratio is calcu-
lated by adequate precision noise, which shows all responses are greater than 4 so design
space can be navigated using the model.

Data optimization

By comparing the expected values from Central Composite Design (CCD) with actual
data under ideal circumstances, the results shown in Table 5 illustrate the optimized
responses for Nio-OXA, Nio-OXA-PEG, and pure niosomes. The CCD model’s accu-
racy was demonstrated by the projected average particle size of 184.6 nm for Nio-OXA,
which nearly matched the experimental measurement of 183.1 +6.7 nm. As seen in Nio-
OXA-PEG (166.4 +5.3 nm), PEGylation dramatically decreased the particle size in com-
parison with Nio-OXA. This was probably caused by the PEG layer’s stabilizing effect,
which compacted the niosomal structure (Alemi et al. 2018). Since encapsulating oxali-
platin and PEG surface modification were absent, pristine niosomes had the shortest size
(135.5+4.3 nm). CCD anticipated that Nio-OXA’s polydispersity index (PDI) would be
0.228, while the experimental result was 0.202+0.010, indicating better-than-expected
size uniformity. PEGylation highlighted the stabilizing impact of PEG by further improv-
ing the PDI to 0.194+0.011 in Nio-OXA-PEG. Due to their simpler composition

Table 5 Optimized responses predicted by CCD and experimental data for niosomal formulations

Parameter Predicted by Experimental Data Nio-OXA-PEG Niosome (Nio)
ccb (Nio-OXA)

Average size (nm) 184.6 183.1+6.7 1664+5.3 1355+43

PDI 0.228 0.202+0.010 0.194+0.011 0.172+0.008

Entrapment Efficiency (EE) (%) 7048 6541+1.24 7031+1.62 -

This table presents the optimized responses predicted by the Central Composite Design (CCD) method compared to the
experimental data obtained for Nio-OXA and Nio-OXA-PEG formulations under optimum conditions. The parameters
analyzed include average particle size, polydispersity index (PDI), and entrapment efficiency (EE%), providing insights into
the accuracy of the predictions and the performance of the formulations
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without drug encapsulation or surface modification, pristine niosomes had the lowest
PDI (0.172+0.008), indicating the maximum consistency. The experimental result for
entrapment efficiency (EE%) was 65.41 +1.24%, which was within an acceptable range,
but CCD predicted a value of 70.48% for Nio-OXA. PEGylation in Nio-OXA-PEG
increased EE% to 70.31 +1.62%, which was in good agreement with the expected value
and validated PEG’s contribution to better drug retention (Alemi et al. 2018). PEGylation
in Nio-OXA-PEG continuously enhanced performance indicators when comparing the
groupings. A decrease in the size of niosomes coated with PEG can be attributed to the
affinity between PEG and the bilayer of niosomes. Physical bonding, such as hydrogen
bonding between PEG and niosomes, increases the cohesion of niosomes, which leads to

a decrease in particle size (Cheng et al. 2021).

Morphological survey of the optimized oxaliplatin-loaded PEGylated niosomes
(PEG-Nio-OXA)

The hydrodynamic diameters of the formulations show a gradual rise in size with oxali-
platin loading and PEGylation, according to the DLS analysis (Fig. 4A). The particle size
of Nio-OXA grew to 140 nm, indicating the inclusion of oxaliplatin into the niosomal
bilayer, whereas that of Pristine Nio was around 120 nm. The size was further enhanced
by PEGylation to roughly 150 nm, indicating that the PEG layer had successfully adhered
to the niosomal surface. For reproducibility and stability in biological settings, homo-
geneous particle preparation is indicated by the narrow size distribution for all formu-
lations. The inclusion of the hydration layer and any surface-bound molecules in the
hydrodynamic diameter is responsible for the larger size seen in DLS measurements as
opposed to scanning electron microscopy (SEM) or transmission electron microscopy
(TEM) observations. This highlights the use of DLS in evaluating particle behavior in
aqueous systems. SEM image of the optimized formulation which has a spherical mor-
phology with a good size distribution below 100 nm with no bulk component (Fig. 4B).
The inherent morphological features of PEG-Nio-OXA are shown in Fig. 4C, which was
examined by TEM assessment. The results of TEM showed that the PEG-Nio loaded
with OXA had a spherical shape and was discrete without any aggregation or agglomera-
tion. The particle size of samples obtained by SEM/TEM microscopy was smaller than
that examined via DLS. Since nanoparticle sizes were determined on hydrated vesicles
using the DLS method, measuring the size of samples was carried out in the presence of
water, which caused samples to show larger sizes compared to the dry vesicles in SEM/
TEM microscopy (Akbarzadeh et al. 2020b, 2021).

Analysis of Fourier transform infrared (FTIR)

Figure 4D shows the chemical structure of Tween 60, span60, cholesterol, naked Nio-
some, pure Oxaliplatin, Niosome—Oxaliplatin, and PEGylate—Niosome—Oxaliplatin.
FTIR spectra for Tween-60 (Fig. 4D-a) show that the band observed at 3435 cm™! sub-
stantiated the existence of N—H stretching in 2°-amines. The band seen at 3435 cm™
was attributed to cholesterol and Tween-60 (N-H stretching in 2°-amines vs. O—H
Stretching in phenols) and the peak at 1148 cm-1 is related to C—O stretching in Tween-
60. C-N and C-O stretching is present at 1148 cm™, which belongs to the Tween-60

range. C—N stretch and C-O stretching occur at 1148 cm-1 belonging to Tween-60.
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Fig.4 A Dynamic light scattering (DLS); the size distribution of pristine Nio, Nio-OXA, and Nio-OXA-PEG
formulations measured in their hydrated state. The hydrodynamic diameters are centered at approximately
120 nm for pristine Nio, 140 nm for Nio-OXA, and 150 nm for Nio-OXA-PEG. B Scanning electron microscopy
(SEM); the Nio-OXA-PEG appears spherical and smooth, with an average size of 100-120 nm. Slight
aggregation is visible due to the drying process during SEM sample preparation. C Transmission electron
microscopy (TEM); the niosomes exhibit a well-defined core—shell structure, with darker cores indicating
oxaliplatin encapsulation and lighter layers representing the PEG coating. The observed size ranges from
100-120 nm, consistent with SEM measurements but smaller than DLS results due to the absence of the
hydration layer. D Fourier transform infrared (FTIR) Spectroscopy; Spectral analysis of various components and
formulations, including a: Tween 60, b: span 60, ¢: cholesterol, d: noisome, e: oxaliplatin, f: niosome-oxaliplatin,
g: nio-Oxaliplatin-PEG, h: PEG

According to Fig. 4D-b for Span 60, the peaks at 2916.75 cm™, and 2849.58 cm™" were
related to OH stretch, broad, and OH stretch, broad, as well as a cyclic 5-membered
ring peak at 1734.65 cm™! and small peaks between 1000 and 1200 cm™ was attributed
aliphatic groups. The FTIR pattern for cholesterol shows that the wave number of O-H
stretching at 3392 cm™!, C-H stretching at 2931cm™}, C=C stretching at 1458 cm™},
and C-O bending vibrations 1070cm™" are all depicted in Fig. 4D-c. According to the
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Naked niosomes (Fig. 4D-d) showed the characteristic band peak at 1736 cm™ due to
C=O0 stretching vibration. A typical broad peak at 3406 cm™ (O-H stretching) peaks
at 1000 to 1292 due to aliphatic C—N stretching. Oxaliplatin as a pure drug showed the
characteristic band peak at 1674 and 1713 cm™ due to the C=0 stretching vibration,
3087 cm™! due to N—H stretching, and 813 cm™ due to N-H bending band (Fig. 4D-
e). The FTIR pattern for Nio-OXA (Fig. 4D-f) shows that the peak of the C=0 group is
related to free OXA shifts and observed at 1695 cm™". In addition, the CH, appears at
lower wavelengths, which confirms loading Oxaliplatin in niosomes. According to the
FTIR spectra of Nio-OXA coated with PEGylate (Fig. 4D-g), C—H bonding and stretch-
ing vibrations of carboxylate in PEG shifted to lower wavelengths 1589 and 1316 cm™,
respectively, compared to pristine PEG (Fig. 4D-h) because of chemical bonding
between the groups of carboxylate PEG and the Nio-OXA structure.

Drug release and modeling kinetic

The in vitro drug release profile showed free oxaliplatin (OXA) rapid and complete
release within 12 h, while Nio-OXA and Nio-OXA-PEG showed sustained release
over 72 h, with slower release at pH 5.4 compared to pH 7.4 (Fig. 5A). This pH-sensi-
tive release behavior is especially pronounced for Nio-OXA-PEG, which released less
drug at acidic pH, suggesting its potential for targeted delivery in the acidic tumor
microenvironment (Safari Sharafshadeh et al. 2024). The sustained release of Nio-
OXA and Nio-OXA-PEG, especially at physiological pH, highlights their ability to
provide controlled drug delivery, potentially improving therapeutic outcomes while
minimizing systemic side effects. These findings are consistent with earlier research
that reported slower drug release in pH-responsive systems, enhancing tumor-spe-
cific delivery. Free oxaliplatin’s (OXA) cumulative drug release was quick, reaching
almost 90% in just 8 h, almost 100% in 24 h, and stable for 72 h. Nio-OXA (pH 7.4),
on the other hand, released the medication significantly more slowly, with just 21%
released at 4 h, 31% at 8 h, and 64% at 72 h. An even slower release profile was also
displayed by Nio-OXA-PEG (pH 7.4), which was 15% at 4 h, 25% at 8 h, and 50% at
72 h. A slower release was noted for formulations evaluated at pH 5.4 as opposed to
pH 7.4. About 31% of Nio-OXA (pH 5.4) was released at 4 h, 47% after 8, and roughly
80% after 72 h. These findings unequivocally demonstrate the Nio-OXA and Nio-
OXA-PEG formulations controlled and sustained release behavior, especially in acidic
environments (pH 5.4), which may be useful for addressing the acidic tumor microen-
vironment. The encapsulation of oxaliplatin within the niosome structure is respon-
sible for the sustained release seen in the Nio-OXA and Nio-OXA-PEG formulations.
Drug diffusion is inhibited by niosomes, which are bilayer vesicles made of choles-
terol and non-ionic surfactants. The encapsulated medicine can be released gradually
over time thanks to this structure, which slows down its release. One of the main ben-
efits of chemotherapy medications is sustained release, which lowers systemic tox-
icity, decreases the frequency of administration, and helps sustain therapeutic drug
levels for a longer period. The drug release profile revealed that release rates were
slower at pH 5.4 compared to pH 7.4. This difference can be explained by the stability
of the niosome structure in acidic conditions. At acidic pH (5.4), typical of the tumor
microenvironment, the bilayer vesicles may experience less swelling or disruption,
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Fig.5 A In vitro drug release profiles: cumulative release of oxaliplatin (OXA) from free OXA, Nio-OXA, and
Nio-OXA-PEG formulations under different pH conditions (pH 7.4 and pH 5.4) over 72 h. B, C Changes in
particle size of Nio-OXA-PEG (B) and Nio-OXA (C) stored at 4 °C and 25 °C over 60 days. D, E Stability of
Nio-OXA-PEG (D) and Nio-OXA (E) was assessed through changes in PDI over 60 days. F, G Retention of OXA
in Nio-OXA-PEG (F) and Nio-OXA (G) over time at 4 °C and 25 °C. For all charts, ***: p<0.001; **: p<0.01; *:
p<0.05(Mean+SD,n=3)

resulting in slower drug diffusion. In comparison with non-PEGylated Nio-OXA, the
drug release is further slowed by the addition of polyethylene glycol (PEG) to the Nio-
OXA-PEG formulation. In addition to improving stability, PEGylation creates a steric
barrier on the niosome surface that lowers the vesicle membrane’s permeability and
limits the release of encapsulated oxaliplatin. To reduce interactions with surrounding
fluids and further restrict premature drug release, PEG chains also form a hydration
shell around the niosome. PEGylated formulations extended-release behavior is espe-
cially beneficial for the treatment of cancer, since it guarantees longer-lasting medica-

tion availability and improved tumor site targeting. Furthermore, by lengthening the

Page 13 of 30
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formulation’s bloodstream circulation time and decreasing reticuloendothelial sys-
tem clearance, PEGylation enhances the formulation’s pharmacokinetics. The rapid
initial release seen in the early hours of the study is likely attributable to these sur-
face-associated drug molecules. The gradual diffusion of the medication from inside
the niosomal structure accounts for the ensuing extended-release period. This aligns
with the expected behavior of niosomes, wherein the surfactant bilayer serves as a
controlled release barrier. The heightened bilayer permeability or diminished stability
under acidic conditions indicates a more rapid release, perhaps mimicking the tumor
microenvironment and enhancing medication release at the necessary site. Gener-
ally, the result clearly shows that all formulations showed the second phase of slower
release up to 72 h after the initial burst release, which was attributed to OXA diffu-
sion from the outer layer of the niosomes (Rajalakshmi et al. 2018). The encapsulation
of oxaliplatin in the niosome could prevent burst release. Moreover, coating oxalipl-
atin-loaded niosomes with PEG results in a significant reduction in burst release at
physiological pH (7.4) (Akbarzadeh et al. 2020a). This trend could be due to being
provided a barrier layer for drug diffusion after coating niosomes (Cosco et al. 2009).
The accelerated drug release at acidic pH, as opposed to physiological pH, is primar-
ily due to membrane instability, lipid hydrolysis, increased drug solubility, and elec-
trostatic repulsion. Under acidic circumstances, the protonation of surfactant head
groups disturbs bilayer structure, hence enhancing membrane fluidity and perme-
ability. Lipid hydrolysis undermines vesicular integrity, resulting in medication leak-
age. Weakly basic medicines demonstrate heightened ionization in acidic conditions,
hence improving their solubility and diffusion from the vesicle (Alemi et al. 2018;
Rezaei et al. 2022; Shalviri et al. 2013).

The drug release kinetics of free OXA, naked Nio, Nio-OXA, and PEG-Nio-OXA
at different pH were investigated using various kinetic models (Table 6). The value of
R2 verified the best model for each formulation. The sample with the highest value of
R2 was chosen as the appropriate model for the release mechanism. As can be seen in
Table 6, the best-fitting model for pure OXA was the first-order model. However, the

Table 6 Kinetic release models and parameters for niosomal formulations

Release Equation R?
model
Nio-OXA  Nio-OXA  Nio- Nio- Free
(pH=7.4- (pH=5.4- OXA-PEG OXA-PEG Oxaliplatin
37°C) 37°C) (pH=7.4-  (pH=5.4- (OXA)
37°Q) 37°C) (pH=7.4-
37°C)
Zero-order Co=Co+Kyt R?=080  R’=074 R?=0.77 R?=0.77 R?=0.63
First-order LogC=LogC0+K/2.303 R?=0.86 R*=0.84 R?=081 R?=0.83 R’=097
Higuchi Q=K,/t ~ R=093 R?=0.88 R?=0.90 R?=091 R?=0.79
Korsmeyer- M/My=K" R*=095 R?=094 R?=094 R?=095 R?=085
Peppas n=0.50 n=042 n=054 n=047 n=0.75

This table presents the release kinetics and parameters for free oxaliplatin (OXA), Nio-OXA, and Nio-OXA-PEG formulations
under different conditions of pH (7.4 and 5.4) at 37 °C. Various mathematical models were applied to describe the drug
release behavior and identify the dominant release mechanisms

* n = Diffusion or release exponent
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best model for optimized Nio-OXA and PEG-Nio-OXA formulations at pH=7.4 and
pH=5.4 was the Korsmeyer—Peppas model.

Stability

Significant variations between storage conditions (4 °C vs. 25 °C) over time (0, 30, and
60 days) are revealed by the statistical analysis of stability characteristics (Fig. 5B—G).
Both Nio-OXA and Nio-OXA-PEG demonstrated a notable increase in vesicle size at
25 °C as opposed to 4 °C, especially at 60 days. Nio-OXA-PEG displayed diameters of
250.9 and 289.3 nm at 4 °C and 25 °C, respectively (p <0.001), whereas Nio-OXA held
at 4 °C had an average size of 275.1 nm compared to 324.4 nm at 25 °C (p<0.001).
These findings imply that PEGylation offers somewhat improved stability, while
higher temperatures encourage vesicle enlargement or aggregation. A lack of regular-
ity in the vesicle size distribution was also shown by the polydispersity index (PDI),
which rose noticeably over time and reached greater values at 25 °C. At 60 days, Nio-
OXA’s PDI was 0.291 at 4 °C and 0.392 at 25 °C (p<0.01), whereas Nio-OXA-PEG’s
values were 0.266 and 0.315 at 4 °C and 25 °C, respectively (p<0.01). These results
emphasize how crucial cold storage is for preserving structural integrity, and PEGyla-
tion also improves the stability of the size distribution. The encapsulation efficiency
(EE) also declined significantly over time, particularly at 25 °C. At 60 days, Nio-OXA
stored at 4 °C retained an EE of 53.21%, while at 25 °C, it dropped to 42.48% (p < 0.01).
For Nio-OXA-PEG, EE was 61.49% at 4 °C and 54.35% at 25 °C (p <0.001), demonstrat-
ing that PEGylation enhances drug retention. Niosomal drug delivery systems can be
extended in shelf life and usability through cold storage and PEGylation. Tempera-
ture has a major impact on the stability of Nio-OXA and Nio-OXA-PEG formulations
due to the niosomes’ molecular dynamics and structural integrity. At higher temper-
atures (25 °C), increased thermal energy promotes molecular mobility, resulting in
greater membrane fluidity and instability. This causes vesicle swelling, aggregation,
and ultimately drug leakage, as seen by increased vesicle size, increased polydispersity
index (PDI), and lower encapsulation efficiency (EE) over time. Furthermore, higher
temperatures promote oxidative destruction and hydrolysis of niosomal components
including surfactants and cholesterol, jeopardizing structural integrity. At lower tem-
peratures (4 °C), molecular mobility is reduced, minimizing vesicle disruption and
preserving the niosome’s structural integrity. This explains the much higher stability
at 4 °C. Because of its particular features, the addition of polyethylene glycol (PEG) to
the niosome formulation improves stability greatly. PEGylation forms a hydrophilic
steric barrier on the surface of niosomes, reducing vesicle aggregation and fusion by
limiting contacts between nearby vesicles. This steric hindrance serves to maintain
uniform vesicle size and slows the rate of size expansion and PDI over time, even at
high temperatures. Furthermore, the hydration shell created by PEG lowers the per-
meability of the vesicle membrane, reducing drug leakage and increasing encapsu-
lation efficiency. PEGylation also improves the vesicles’ tolerance to environmental
stress, such as temperature-induced membrane breakdown, by stabilizing the lipid
bilayer. These effects collectively explain why Nio-OXA-PEG displayed higher stabil-
ity as compared to Nio-OXA, with a smaller size (Alemi et al. 2018; Safari Sharafsha-
deh et al. 2024; Mirzaie et al. 2020).
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Cytotoxicity

The MTT assay findings indicated that MCF-7 cells treated with pure Nio, free OXA,
Nio-OXA, and PEG-Nio-OXA exhibited reduced cell viability in a dose- and time-
dependent pattern. Compared to the control group, free OXA significantly decreased
cell viability at 24 h, with levels decreasing to 67% at 50 pg/mL (p <0.001). PEG-Nio-
OXA exhibited greater cytotoxicity, reducing cell viability to around 50% (p <0.001),
whereas Nio-OXA demonstrated moderate cytotoxicity, decreasing vitality to
approximately 60 (p <0.001). Like the untreated control, Pristine Nio exhibited mini-
mal cytotoxicity and kept cell viability above 80%. The cytotoxic effects of all drugs
intensified after 48 h. At a concentration of 50 pug/mL, PEG-Nio-OXA exhibited the
most significant impact, reducing cell viability to 31%, higher than that of Nio-OXA
(about 45%) and free OXA (approximately 62%) (p <0.001). PEG-Nio-OXA surpassed
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Fig. 6 Cytotoxic effects of control, pristine Nio, free OXA, Nio-OXA, and PEG-Nio-OXA formulations on MCF-7
and HFF cells at different concentrations (50, 25, 10, and 5 pug/mL) over time: A Cytotoxicity in MCF-7 cells
after 24 h, B cytotoxicity in MCF-7 cells after 48 h, C cytotoxicity in MCF-7 cells after 72 h, D cytotoxicity in
HFF cells after 24 h, E cytotoxicity in HFF cells after 48 h, and F cytotoxicity in HFF cells after 72 h. A dose- and
time-dependent decrease in cell viability was observed. Compared to MCF-7 cells, all formulations exhibited
lower cytotoxicity in HFF cells. Results are presented as mean +SD (**p <0.05, ***p <0.001 compared to the
control)
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all other formulations in decreasing cell viability to below 15% within 72 h (p <0.001).
These data illustrate the superior sustained cytotoxicity of PEG-Nio-OXA relative to
the control and other formulations (Fig. 6A-C).

HFF cells performed the MTT test to assess off-target toxicity. In comparison with
MCE-7 cells, all formulations exhibited significantly reduced cytotoxicity in HFF cells.
Cell viability for the control, pure Nio, Nio-OXA, and PEG-Nio-OXA groups remained
above 85% after 24 h. At a concentration of 50 pg/mL, free OXA marginally reduced via-
bility to about 76%. The administration of Free OXA reduced vitality to around 70% after
48 h, but Nio-OXA and PEG-Nio-OXA maintained viability levels of over 83%. At 72 h,
PEG-Nio-OXA exhibited superior biocompatibility, with vitality exceeding 83%, whereas
free OXA had the highest off-target toxicity, reducing viability to around 57%. Free OXA
exhibited moderate toxicity in HFF cells but rapid cytotoxicity in MCEF-7 cells, sug-
gesting non-specific effects. Nio-OXA demonstrated the benefits of encapsulation and
controlled release by exhibiting longer cytotoxic effects in MCF-7 cells while exhibiting
reduced toxicity in HFF cells. Over all time intervals, PEG-Nio-OXA exhibited the most
significant cytotoxic effects on MCE-7 cells, reducing cell viability to below 15% after 72
h. Significantly, it preserved over 85% vitality in HFF cells with few off-target effects. In
comparison with the control, PEG-Nio-OXA consistently exhibited the strongest selec-
tive cytotoxicity, affirming its promise as a targeted cancer treatment (Fig. 6D-F).

At lower concentrations (e.g., 5 and 10 pg/mL), Nio-OXA-PEG consistently reduced
cell viability more than Nio-OXA and free OXA. This suggests that PEGylation improves
drug transport efficiency and potency, even at inadequate dosages. All formulations
showed significantly less cytotoxicity for the HFF cell line, which represents normal
fibroblasts than for MCF-7 cells. Nio-OXA-PEG consistently showed the best balance
between potent effects on MCF-7 cells and minimal impact on HFF cells, confirming
its enhanced selectivity for cancer cells. The inclusion of PEG, which increases stability,
lengthens circulation time, and promotes cellular uptake of the medication, is respon-
sible for the increased effects of Nio-OXA-PEG on MCEF-7 cells. Increased cytotoxic-
ity results from the hydrophilic PEG layer’s reduction of aggregation, improved contact
with the cancer cell membrane, and facilitation of drug internalization. Furthermore, the
PEGylated formulation’s sustained release characteristic guarantees extended drug avail-
ability in the tumor microenvironment, optimizing its therapeutic efficacy while low-
ering systemic toxicity. These findings demonstrate how PEGylation can enhance the
effectiveness and selectivity of niosomal drug delivery systems (Safari Sharafshadeh et al.
2024). A possible explanation is that the internalization of Oxaliplatin niosome nanopar-
ticles is enhanced by an endocytosis mechanism of oxaliplatin into cancer cells (Paskeh
et al. 2022). These data for HFF indicate that OXA-Nio-PEG cytotoxicity is because of
the release of OXA inside the cells, and it is not related to the release of components
from empty niosomal formulation (Wiranowska et al. 2020).

Cell cycle

Significant differences between the investigated formulations (Control, pristine Nio, free
OXA, OXA-Nio, and PEG-Nio-OXA) on MCE-7 cells over 24, 48, and 72 h are shown by
the findings of the cell cycle distribution (Fig. 7A—C). In terms of cell cycle distribution,
free OXA considerably raised the sub-G1 population to almost 8% after 24 h, while the
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Fig. 7 Effects of control, pristine Nio, free OXA, Nio-OXA, and PEG-Nio-OXA formulations on cell cycle
distribution and apoptosis/necrosis in MCF-7 cells: A cell cycle distribution after 24 h, B cell cycle distribution
after 48 h, C cell cycle distribution after 72 h, D apoptosis and necrosis distribution after 24 h, E apoptosis
and necrosis distribution after 48 h, and F apoptosis and necrosis distribution after 72 h. Data represent

the percentage of cells in each phase or apoptotic/necrotic category. Statistical significance is indicated as
**p<0.05, *p<0.01,**p<0.001 compared to the control and Data represent means + standard deviations

(n=3), For all graphs

control group’s sub-G1 population stayed below 2% (p<0.05). In addition, the sub-G1
population increased significantly to approximately 10% and 18%, respectively, for Nio-
OXA and Nio-OXA-PEG (p<0.01). For both formulations, the sub-G1 population grew
even more at 48 h, with Nio-OXA-PEG outperforming Nio-OXA with ~35% compared
to ~23% and free OXA reaching~17% (p<0.001). Free OXA had the smallest sub-G1
population by 72 h (~28%), followed by Nio-OXA-PEG (~50%) and Nio-OXA (~33%).
All of these groups were significantly larger than the control group (p <0.001). According

to these results, Nio-OXA’s cytotoxic capability is increased by PEGylation, which allows

it to eventually provide long-lasting apoptotic effects that are on par with or superior to

those of free OXA.
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Particularly for free OXA, Nio-OXA, and Nio-OXA-PEG, the observed rise in the
sub-G1 population suggests severe DNA damage and cell cycle arrest, which results in
apoptosis. Because of its immediate drug diffusion and direct contact with DNA, which
led to substantial DNA cross-linking and replication inhibition, free OXA induced the
fastest increase in the sub-G1 population. On the other hand, the sub-G1 population
increased more gradually but steadily over time with the encapsulated formulations,
especially Nio-OXA-PEG. This is explained by the niosomal carriers’ regulated release of
oxaliplatin, which increases drug availability and guarantees long-term cytotoxic action.
By increasing the formulation’s stability and circulation duration, PEGylation amplifies
this effect even more, enabling effective cellular uptake and sustained action. Oxalipl-
atin’s cumulative effects on cell cycle disruption and apoptosis induction are highlighted
by the time-dependent rise in the sub-G1 population and apoptotic cells observed in all
formulations. Because it was unencapsulated, free OXA had quick cytotoxic effects at
earlier timepoints (24 h), but Nio-OXA and Nio-OXA-PEG had longer effects because of

their prolonged release patterns.

Flow cytometry
Anticancer medications are essential, because the apoptosis process is responsible for
the death of dividing cells. In a current study for further investigation on the antiprolif-
erative effect of free OXA, OXA-Nio, and PEG-Nio-OXA in breast tumor cells, apopto-
sis was evaluated in MCEF-7 cells at 24, 48, and 72 h after treatment by flow cytometry. In
addition, we used control samples and untreated cell lines to evaluate them (Fig. 7D-F).
In contrast to the control group, which experienced both apoptosis and necrosis at less
than 1% (p<0.01), free OXA caused around 4% early apoptosis and 5% necrosis at 24 h.
With minimal necrosis, Nio-OXA and Nio-OXA-PEG caused around 1.5% and 3% early
apoptosis, respectively, demonstrating that PEGylation increases early apoptotic activ-
ity (p<0.01). For free OXA, necrosis stayed below 25% after 48 h, but early apoptosis
rose to around 3% and late apoptosis to about 5% (p<0.001). The early apoptosis rates
for Nio-OXA and Nio-OXA-PEG were around 14% and 16%, respectively, while the late
apoptosis rates were approximately 21% and 10% (p <0.01). Early apoptosis for free OXA
peaked at around 2% after 72 h, while necrosis and late apoptosis reached about 11%
and 7%, respectively (p <0.001). Among the encapsulated formulations, Nio-OXA-PEG
exhibited the highest early apoptosis (~10%), followed by ~ 30% late apoptosis and ~2%
necrosis. These results were comparable to or greater than those of free OXA (p <0.001).
The progressive release of the medication from the niosomal formulations is reflected
in this time-dependent behavior, which ensures extended exposure to cancer cells and
reduces the possibility of immediate systemic toxicity. The notable increases in early
and late apoptosis, especially with Nio-OXA-PEG, demonstrate the apoptotic pathways
that the formulations trigger. Through improved contact with the cancer cell mem-
brane, PEGylation increases cellular absorption and facilitates more effective medication
internalization. Oxaliplatin interacts with DNA after internalization, initiating apop-
totic processes. When compared to free OXA, Nio-OXA-PEG exhibited higher levels
of early apoptosis, indicating that PEGylation encourages a better-regulated apoptotic
response and lowers the risk of necrotic cell death, which is frequently linked to inflam-
matory responses. The highest levels of early apoptosis were seen by 72 h, suggesting
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that Nio-OXA-PEG is a safer and more effective treatment alternative due to its greater
capacity to begin programmed cell death while limiting necrosis. In comparison with
Nio-OXA, PEGylation was essential in improving the performance of Nio-OXA-PEG.
By enclosing the niosomes in a hydrophilic barrier, the PEG coating increases their dura-
bility in biological settings and delays the onset of drug leakage. This increases the thera-
peutic efficacy of oxaliplatin by guaranteeing a longer and sustained release of the drug.
PEG’s steric hindrance also increases blood circulation time and decreases nonspe-
cific interactions with healthy cells, enabling more effective accumulation in the tumor
microenvironment. This explains why Nio-OXA-PEG showed higher levels of apoptosis
and sub-G1 arrest than non-PEGylated formulations, particularly at later time periods
(Raymond et al. 2002; Urbanska et al. 2012).

Gene expression

The efficacy of pristine Nio, free OXA, Nio-OXA, and PEG-Nio-OXA to trigger apop-
tosis and prevent metastasis varies significantly, according to the expression analysis of
pro-apoptotic, anti-apoptotic, and metastasis-related genes in MCEF-7 cells treated with
these formulations (Fig. 8A—-C). PEG-Nio-OXA continuously showed the greatest eleva-
tion of BAX, Caspase-3, and Caspase-9 for pro-apoptotic markers at all periods. PEG-
Nio-OXA raised BAX expression by around 3.5 times (p <0.001) after 24 h, followed by
Nio-OXA at 3.0 times (p<0.01) and free OXA at 2.7 times (p <0.01). In comparison with
Nio-OXA (3.2-fold) and free OXA (2.4-fold), PEG-Nio-OXA caused a 4.0-fold increase
in BAX (p<0.001) after 48 h, and this trend peaked at 5.5-fold at 72 h (p<0.001). Like-
wise, Caspase-3 and Caspase-9 exhibited maximal expression with PEG-Nio-OXA at all
timepoints, peaking at 4.6 and 5.3 at 72 h (p<0.001), with fold changes of 3.3 and 3.0 at
24 h, 3.8 and 3.4 at 48 h. Based on these findings, PEG-Nio-OXA is more efficient than
both Nio-OXA and free OXA at triggering apoptotic pathways. On the other hand, PEG-
Nio-OXA effectively suppressed survival pathways by significantly downregulating the
anti-apoptotic marker BCL2 at all periods, with a fold change of approximately 0.5 at
72 h (p<0.01). In Nio-OXA (~0.6-fold, p<0.01) and free OXA (~0.7-fold, p <0.05), this
downregulation was marginally less noticeable. The potential of PEG-Nio-OXA to cause
strong and long-lasting apoptosis in cancer cells is highlighted by its capacity to con-
currently upregulate pro-apoptotic genes and downregulate anti-apoptotic genes (Safari
Sharafshadeh et al. 2024).

PEG-Nio-OXA significantly decreased MMP9 expression (~0.53-fold at 72 h,
p<0.01), although free OXA and Nio-OXA showed modest suppression (~0.75-fold
and ~0.6-fold, respectively, p<0.05), according to the study of metastasis-related
markers, MMP2 and MMP9. Although less impacted, PEG-Nio-OXA neverthe-
less somewhat decreased MMP2 expression (~0.5-fold, p <0.05), indicating that the
PEGylated formulation may be able to prevent tumor invasion and the possibility of
metastasis. According to these results, PEG-Nio-OXA inhibits MCF-7 cells’ ability to
spread by inducing apoptosis. Because PEG-Nio-OXA is PEGylated, which increases
stability, prolongs drug release, and promotes cellular uptake, it showed better and
longer-lasting effects than free OXA. Although Nio-OXA also showed notable effects,
its PEGylated cousin was more successful, demonstrating the crucial role PEG plays in
enhancing therapeutic efficacy (Safari Sharafshadeh et al. 2024). The biocompatibility
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and non-toxicity of the control and pristine Nio formulations were confirmed by the
little changes in gene expression they displayed. The most effective formulation, PEG-
Nio-OXA, suppresses anti-apoptotic (BCL2) and metastatic (MMP9) markers while
upregulating BAX, Caspase-3, and Caspase-9 to provide strong and prolonged apop-
totic activity. These findings highlight its potential as an excellent therapeutic agent
for the treatment of cancer, necessitating additional preclinical and clinical testing to
verify its safety and effectiveness. Bax is a pro-apoptotic marker that promotes cell
death by inducing cytochrome c release from mitochondria (Lindenboim et al. 2024).
In this study, both the Nio-OXA and Nio-OXA-PEG significantly upregulated Bax
in MCEF-7 breast cancer cells. This indicates that the formulations induce apoptosis
effectively, contributing to their anticancer activity. While Nio-OXA-PEG showed a
higher level of Bax upregulation than Nio-OXA in cancer cells, thus indicating greater
pro-apoptotic activity, the improvement in cellular uptake and stability, in addition
to their apoptotic activity, is orchestrated according to the latter upregulation on
cellular Bax (Nandi et al. 2024). Caspase-3 is a central executioner of apoptosis, in
charge of cleaving various substrates within the cell. Nio-OXA and Nio-OXA-PEG
induced a significantly higher expression of caspase-3 (Pandey et al. 2024). This eleva-
tion indicates the triggering of the apoptotic mechanism, which brings about apopto-
sis. PEGylated niosomes had a more significant effect, amplifying their efficiency in
eradicating cancer cells. In the apoptotic cascade, the initiator caspase that activates
downstream caspases, including caspase-3, is caspase-9. Nio-OXA and Nio-OXA-
PEG treatments kicked off significantly increased levels of caspase-9 expression. It
confirms that both formulations effectively switch on the intrinsic apoptotic pathway
(Safari Sharafshadeh et al. 2024; Gupta et al. 2023). The synergistic effect seen in Nio-
OXA-PEG indicates that PEGylation may improve oxaliplatin delivery and efficacy in
triggering apoptosis. The protein Bcl-2 is an anti-apoptotic marker, and its expression
is inhibited by the release of cytochrome c into the cytoplasm (Safari Sharafshadeh
et al. 2024; Belka and Budach 2002). The study shows significant downregulation of
the expression of Bcl-2 in Nio-OXA and Nio-OXA-PEG-treated cells. The downregu-
lation of Bcl-2 would result in the potentiation of apoptosis and improve the thera-
peutic effect. The PEGylated niosomes exhibited greater downregulated expressions
of Bcl-2, thus indicating that they provoke better apoptotic induction (Safari Sharaf-
shadeh et al. 2024; Salmani-Javan et al. 2023). MMP-2 would degrade the remodeling
of the extracellular matrix, promoting cancer cell invasion and ultimately metastasis.
MMP-2 was reduced with Nio-OXA treatment and with Nio-OXA-PEG treatment,
probably decreasing its metastatic potential. The PEGylated formulation presented
a more elaborated reduction of MMP-2 and to some degree would account for its
enhanced anticancer properties by restricting cancer cell migration and invasion.
In addition to MMP-2, MMP-9 participates in extracellular matrix degradation and
the metastasis of cancer. Downregulation of expression of MMP-9 was revealed by
the cells treated with the Nio-OXA and Nio-OXA-PEG, suggesting that both formu-
lations could inhibit the invasion of cancer cells. Nio-OXA-PEG was shown to have
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Fig. 9 Analysis of oxidative stress markers, lipid peroxidation, and cell migration in MCF-7 cells treated

with control, pristine Nio, free OXA, Nio-OXA, and PEG-Nio-OXA: A reactive oxygen species (ROS) levels
measured as RFU (Ex/Em: 485/529 nm). ROS levels significantly increased in all treated groups, B superoxide
dismutase (SOD) activity. SOD activity increased as a defensive response to oxidative stress, C catalase
activity. The sustained oxidative stress overwhelmed the antioxidant defenses, contributing to apoptosis,

D malondialdehyde (MDA) levels indicating lipid peroxidation and severe membrane damage, further
contributing to cell death, and E cell migration inhibition. Results are presented as mean + SD, with statistical
significance indicated as **p < 0.01, ***p <0.001 compared to the control

enhanced activity than Nio-OXA, indicating the advantage that PEGylation would
impart towards therapy using niosomal formulations (Safari Sharafshadeh et al. 2024;
Chakrabarti and Patel 2005).
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Reactive oxygen species

It seems that one of the most vital features of cell growth is to possess the basic levels of
reactive oxygen species (ROS), because extreme levels of ROS stimulate cell death (Gu
et al. 2019). In comparison with the control and pure Nio, all treated groups exhibited
a considerable increase in reactive oxygen species (ROS) generation (Fig. 9A). Because
free OXA can disrupt DNA replication and mitochondrial activity, it caused a significant
increase in ROS levels (~ 2400 RFU, p<0.001). Because of the delayed release of oxalipl-
atin, which prolonged oxidative stress in cancer cells, Nio-OXA displayed a significantly
higher ROS level (~ 3400 RFU, p <0.001). PEG-Nio-OXA demonstrated the greatest ROS
levels (~3700 RFU, p<0.001), highlighting the PEGylated formulation’s longer engage-
ment with cancer cells and improved cellular absorption. The higher ROS levels are
essential for oxidative damage induction and apoptosis, underscoring PEG-Nio-OXA’s
enhanced effectiveness in oxidative stress-induced cancer cell death. Significant oxida-
tive stress in MCF-7 cells is indicated by the rise in reactive oxygen species (ROS) levels
observed in all treatment groups. The highest ROS levels were elicited by PEG-Nio-OXA
(~3700 RFU, p<0.001), which is indicative of the PEGylated formulation’s improved
cellular absorption and extended retention. The increased ROS levels are essential for
initiating apoptotic pathways, rupturing mitochondrial membranes, and causing oxida-
tive damage. PEG-Nio-OXA’s enhanced therapeutic efficacy can be seen by its ability
to induce constant oxidative stress, rendering it a potent carcinogen. ROS can promote
apoptosis or necrosis by damaging the DNA, proteins, and lipids of cancer cells. There-
fore, the presence of high amounts of ROS leads to cell death. In addition, cancer cells
produce more ROS than healthy cells, because they alter oncogene activation, tumor
suppressor gene loss, and nuclear and mitochondrial gene expression. As a result, when
the level of ROS is low to moderate, it helps cell proliferation, differentiation, and sur-
vival. However, the excessive levels of ROS cause cells to die (Joo 2010; Zeng et al. 2016;
Yang et al. 2014). Increased ROS levels damage mitochondrial activity, resulting in the
release of cytochrome c and the activation of caspase-dependent apoptotic pathways.
Furthermore, reactive oxygen species (ROS) interact with lipids, proteins, and nucleic
acids, resulting in irreversible damage to cancer cells. PEG-Nio-OXA’s capacity to main-
tain elevated ROS levels indicates persistent oxidative stress, which surpasses the antiox-
idant defenses of cancer cells, finally resulting in death. In this study, OXA can augment
ROS production, and this can produce higher ROS levels in OXA and OXA-Nio treat-
ments (Zhang et al. 2018, 2019; Sundaramoorthy et al. 2016).

Effects on antioxidant status

As compared to the control, the antioxidant enzyme superoxide dismutase (SOD) was
markedly elevated in the treated groups (Fig. 9B). Free OXA caused oxidative stress,
which raised SOD activity (~65 U/mL, p<0.001). Nio-OXA maintained prolonged oxi-
dative stress through sustained drug release, which further increased SOD levels (~ 87 U/
mL, p<0.001). With the highest SOD activity (~100 U/mL, p<0.001), PEG-Nio-OXA
demonstrated the formulation’s capacity to produce long-lasting oxidative stress, which
forces the cancer cells to strengthen their antioxidant defenses. This finding emphasizes
how PEG-Nio-OXA overpowers the antioxidant potential of cells, which in turn encour-
ages oxidative damage. The cells’ defensive reaction to increased oxidative stress was
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reflected in the considerable increase in superoxide dismutase (SOD) activity observed
in all treated groups. Tumor cell proliferation can be affected by SOD enzymes, because
they can affect peroxide levels. When the level of SOD overexpresses in human cancer
cell lines, the production of H202 increases and tumor growth reduces in the absence
of anticancer agents (Alexandre et al. 2006). The obtained results were in line with the
other literature. The level of SOD reduction after UV irradiation is related to the produc-
tion of many free radicals that surpassed the antioxidant enzymes’ scavenging capacity.
Moreover, the decrease in enzymatic activity may be attributed to enzyme inactivation
brought about by ROS damage to DNA (Ahsanuddin et al. 2016). It has been shown that
treatment with drug-loaded niosomes increased the Nrf2 antioxidant signaling pathway
(Fadaei et al. 2024).

Catalase activity

Another important antioxidant enzyme, catalase, was markedly elevated in the treated
groups (Fig. 9C). The effects of prolonged oxidative stress were reflected in the moderate
increase in catalase activity that free OXA caused (~ 60 U/mL, p<0.001) and the greater
levels that Nio-OXA produced (~85 U/mL, p<0.001). Catalase activity was highest in
PEG-Nio-OXA (~100 U/mL, p<0.001), which is consistent with its protracted develop-
ment of oxidative stress. The cancer cells’ attempt to detoxify hydrogen peroxide pro-
duced during oxidative stress is reflected in the elevated catalase activity. However, this
defense mechanism was probably overpowered by PEG-Nio-OXA’s continuous ROS
generation, which resulted in apoptosis. In treated groups, catalase activity—a gauge of
the cell’s capacity to detoxify hydrogen peroxide—was noticeably higher. Even if catalase
is upregulated, the persistent ROS levels brought on by PEG-Nio-OXA probably surpass
the detoxification capacity, which causes oxidative damage and apoptosis to build up.
These findings highlight PEGylated formulations’ improved capacity to induce oxidative
stress, which adds to their higher therapeutic efficacy. The most significant antioxidant
defense enzyme in mammalian H202 detoxifying peroxisomes is catalase. In addition, it
can protect cells by controlling hydrogen peroxide (H,0,) concentrations (Vetrano et al.
2005; Sedlak and Musatov 2017). Due to mitochondrial defects and a decreased expres-
sion of antioxidant enzymes like catalase, tumor cells can produce large amounts of reac-
tive oxygen species (Hu et al. 2005). A possible explanation is that oxaliplatin increased
the level of H,0, and the use of catalase decreased the intracellular levels of H,O,, which
confirms oxaliplatin increases the level of H,O, (Dahan et al. 2009). In addition, CAT
activity for the Nio-OXA-PEG was 110 and 60 U/mL.

Malondialdehyde (MDA) determination

A measure of lipid peroxidation, malondialdehyde (MDA), was markedly higher in all
treatment groups than in the control (Fig. 9D). While Nio-OXA caused greater levels
(~72 uM, p<0.001) because of extended oxidative stress, free OXA displayed intermedi-
ate MDA levels (~47 pM, p<0.001). The greatest MDA levels (~ 100 uM, p <0.001) were
seen in PEG-Nio-OXA, suggesting significant oxidative damage to cellular membranes.
This finding emphasizes how PEG-Nio-OXA’s cytotoxic mechanism includes the induc-
tion of lipid peroxidation, which aids in membrane instability and apoptosis.
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PEG-Nio-OXA causes widespread lipid peroxidation, which weakens membrane
integrity and causes cell death and apoptosis. These results demonstrate that one of the
main mechanisms of PEG-Nio-OXA’s cytotoxic effects is its capacity to cause oxidative
damage.

Elevated MDA levels indicate significant oxidation of lipids, resulting in impaired
membrane integrity, diminished membrane potential, and increased permeability.
These effects interfere with essential cellular functions, such as ion transport and energy
metabolism, accelerating cell death. MDA-induced membrane disruption leads to mito-
chondrial an issue, a critical occurrence in the basic apoptotic cascade. The raised MDA
levels associated with PEG-Nio-OXA correspond with increased expression of apoptotic
markers, including BAX, Caspase-3, and Caspase-9, indicating that lipid peroxidation
plays a crucial role in the formulation’s lethal effects. Although free OXA and Nio-OXA
elevated ROS and MDA levels, their impact was considerably less substantial than that
of PEG-Nio-OXA. Free OXA demonstrated fast although temporary oxidative effects,
resulting in small quantities of ROS and MDA. Nio-OXA induced prolonged oxidative
stress but did not exhibit the improved cellular absorption and extended circulation
duration characteristic of PEGylated formulations. The remarkable efficacy of PEG-Nio-
OXA is due to its capacity to produce prolonged oxidative stress and enhance lipid per-
oxidation, leading to more efficient apoptosis induction. These results show that OXA
co-loaded niosomes have a strong oxidative effect on MCF-7 cell lines. Malondialdehyde
(MDA) is considered the main product of lipid peroxidation, and it manifests the level of
cell damage under oxidation. Therefore, oxaliplatin administration increases nitro-tyros-
ine, which has been identified as a biomarker of oxidative stress. As a result, the level of
MDA increases after treatment with oxaliplatin (Azevedo et al. 2013; Kim et al. 2015).

Cell migration assay

All formulations considerably reduced cell migration (Fig. 9E), a critical component
of cancer metastasis, in comparison with the control. Free OXA decreased the migra-
tion rate to almost 115% (p<0.001), and Nio-OXA further decreased it to around 75%
(p<0.001). The greatest suppression (~40%, p <0.001) was demonstrated by PEG-Nio-
OXA, demonstrating its capacity to alter cytoskeletal dynamics and inhibit pathways
linked to metastasis. As previously noted, PEG-Nio-OXA’s extended release and interac-
tion with metastatic indicators such as MMP9 are responsible for its greater inhibitory
effect on cell migration. PEG-Nio-OXA has been shown to downregulate metastasis-
related markers, such as MMP9, which is consistent with its increased prevention of
migration. These findings imply that PEG-Nio-OXA is a viable anti-cancer agent, since
it not only produces cytotoxic effects but also successfully inhibits the potential for

metastasis.

Conclusion

For the OXA codelivery, PEGylated Niosome-Based Nanocarriers were successfully
designed in this work. Niosomes containing pH-sensitive components, including
PEG and Tween, which protonate at lower pH. The prepared functionalized nioso-
mal nanocarriers demonstrated increased stability for 2 months and sustained release
at physiological pH. The cytotoxicity of samples enhanced in niosomal formulation
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loaded with the drug compared to samples without the drug. In addition, function-
alized niosomes resulted in enhancing the cytotoxicity of breast cancer cells. The
in vitro tests indicated that the oxaliplatin-loaded PEGylate-coated niosomes had
noticeable apoptosis in the tested breast cancer cells. The reason why the apoptosis
rate increase was due to up/downregulation of the expression of different genes (i.e.,
Bax, Caspase9, Caspase9, Bcl-2, Bcl2, MMP-2, and MMP-9). The antioxidant barrier
systems including SOD and catalase, and lipid peroxidation in MCEF-7 cell lines raised.
Generally, as-designed functionalized niosomal nanocarrier exhibited considerable
potential for breast cancer therapy. Particle size, encapsulation efficiency (EE%), sta-
bility, and drug-loading capacity are essential formulation factors that must be kept
throughout the large-scale production of Oxaliplatin-loaded PEGylated niosomes.
The transition of niosomal formulations from laboratory size to bigger batches neces-
sitates careful monitoring of many crucial parameters that may influence product
quality characteristics. With suitable changes to process parameters and careful qual-
ity control, the shift from small-scale to large-scale manufacturing does not nega-
tively affect EE%, stability, or drug-loading capacity. In addition, Future research must
focus on in vivo investigations to confirm these findings and develop the significance
of this work. Furthermore, investigating long-term impacts and potential therapeutic
applications could provide significant findings. These steps will facilitate the connec-
tion between experimental findings and practical application.
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