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Abstract

Objective: Cervical cancer affects over half a million women
annually. Given the increasing interest in natural compounds as
therapeutic agents, this study investigates the apoptotic and anti-
metastatic effects of Sambucus ebulus extract—a medicinal plant
with antioxidant and cytotoxic properties—encapsulated in
niosomes on Hel a cervical cancer cells. Encapsulation in niosomes
enhances the stability and cellular delivery of the extract, potentially
improving its therapeutic efficacy.

Materials and Methods: Ethanolic extract of S. ebulus was
prepared using Soxhlet extraction, followed by niosome synthesis
and encapsulation of the extract. The physicochemical
characterization of niosomes was performed using FTIR, DLS, and
SEM analysis. Cytotoxicity of free niosomes, free extract, and
loaded niosomes was assessed via MTT assay at 24, 48, and 72 hr.
Cell cycle was analyzed using flow cytometry, while changes in
CASP8, CASP3, MMP2 and MMP9 gene expression were evaluated
through real-time PCR.

Results: The mean size of synthesized niosomes was 366 nm. The
MTT assay revealed that S. ebulus extract-loaded niosomes exerted
the highest cytotoxic effect on HeLa cells, whereas no significant
cytotoxicity was observed in the HOSEpiC normal cell line. Real-
Time PCR showed a significant upregulation of apoptotic genes
(CASP3, p<0.001; CASP8, p<0.01) and a downregulation of
metastatic genes (MMP2, MMP9, p<0.01). Flow cytometry
indicated that treatment with S. ebulus extract-loaded niosomes
induced 50.09% total apoptosis (p<0.01), the highest among the
tested groups. Cell cycle analysis demonstrated GO/G1 phase arrest
at 24 hr treatment. Scratch assay confirmed a significant inhibition
of cancer cell migration.

Conclusion: Encapsulation of S. ebulus within niosomes enhances
the targeted delivery and efficacy of S. ebulus extract. Its apoptotic
and anti-metastatic effects suggest potential for investigation as a
novel therapeutic approach against cervical cancer.
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Introduction

Cervical cancer remains a major global
health burden, with over 500,000 new cases
and high mortality annually (Arbyn et al.
2020). Limitations of chemotherapy and
radiotherapy, including toxicity and drug
resistance, underscore the need for
alternative strategies (Zafar et al. 2025).
Plant-derived bioactive compounds have
emerged as promising agents with pro-
apoptotic and anti-metastatic properties
(Chaudhry et al. 2022).

Oxidative  stress  drives  cancer
progression via DNA damage, chronic
inflammation, and metastasis (Solouki et al.
2021). Antioxidants from medicinal plants
mitigate these effects by reducing oxidative
injury, modulating oncogenic pathways, and
enhancing cellular defenses (Kavousi and
Delfani 2023). Sambucus ebulus, rich in
flavonoids and phenolics, exhibits cytotoxic
and anti-metastatic activities, though poor
bioavailability and rapid metabolism hinder
its clinical use (Bojar Doulaby et al. 2023).

Plant-derived antioxidants, including
quercetin, curcumin, and resveratrol, inhibit
tumor growth and induce apoptosis through
PISK/AKT, MAPK, and NF-kB pathway
modulation (Ebadi et al. 2025; Ding and Yu
2025; Ouyang et al. 2014). Curcumin,
notably, synergizes with chemotherapeutics,
reducing resistance and improving outcomes
in cervical and other cancers (Cacciola et al.
2023).

Nanotechnology enhances
phytochemical therapy by improving
delivery efficiency, stability,

pharmacokinetics, and targeting (Minaei et
al. 2025). Niosomes, a versatile class of non-
ionic surfactant vesicles, offer superior
stability, encapsulation of hydrophilic and
lipophilic drugs, prolonged circulation,
reduced leakage, and scalability compared
with liposomes (Saadh et al. 2024).
Formulations such as EGCG
(Epigallocatechin gallate) and resveratrol in
niosomes demonstrate enhanced uptake and
anticancer efficacy (Li et al. 2022).
Niosomes efficiently improve the
delivery of antioxidant-rich extracts,

enhancing therapeutic outcomes while
reducing toxicity (Minaei et al. 2025). In line
with this strategy, Zargarani et al. (2025)
demonstrated enhanced anticancer and
antimetastatic effects of solanine-loaded
nanoparticles in MCF-7 cells (Zargarani et
al. 2025). This study investigates these
effects in HelLa cells using cytotoxicity
assays, gene expression profiling, and cell
cycle analysis to assess the therapeutic
potential of this nanoformulated extract.

Materials and Methods
Extraction of S. ebulus leaf extract

S. ebulus leaves were obtained from the
National Gene Bank of Iran. After air-drying
in a dark, moisture-free environment, 20 g of
powdered leaves was mixed with 100 ml of
70% ethanol and subjected to Soxhlet
extraction for 12 hr. The resulting extract
was filtered, concentrated using a rotary
evaporator, and reconstituted in double-
distilled water to achieve a final
concentration of 1500 pg/ml. The prepared
extract was stored at 4°C until further
analysis.

Preparation and characterization of
Niosomes

Niosome nanoparticles (NPs) were
prepared using the thin-film hydration
method. Tween 80 (2 ml), Span 80 (1 ml;
Merck, Germany), and cholesterol (1 mg)
were dissolved in 20 ml of a chloroform:
methanol mixture (2:1 v/v) to achieve the
desired lipid composition, corresponding to
a molar ratio of Tween 80:Span
80:Cholesterol of approximately 1:1.5:0.002
and a total lipid concentration of 159 mg/ml.
Cholesterol comprised approximately 0.03%
of the total lipid content.

The mixture was evaporated under
reduced pressure using a rotary evaporator
(Heidolph, Germany) at 60°C and 150 rpm
for 30 min to form a thin lipid film.
Hydration was performed with a hydro-
alcoholic solution prepared by dissolving 40
mg of S. ebulus dried extract in 1-2 ml
ethanol and adding it dropwise to 10 ml of
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phosphate-buffered saline (PBS; pH 7.4)
under stirring, resulting in a final extract
concentration of 40 mg/100 ml. The lipid
film was hydrated at 60°C for 30 min under
rotation.

The hydrated suspension was sonicated
for 15 min (Model 150 UPS, Iranian
Technology Company Research Nasir,
Iran) to reduce particle size. The resulting
niosomes were stored at 4°C until further
use. Characterization was performed using
dynamic light scattering (DLS) for size
distribution, X-ray diffraction (XRD) for
crystallinity, scanning electron microscopy
(SEM) for morphology, and Fourier-
transform infrared spectroscopy (FTIR) for
functional group analysis.

Evaluation  of
polydispersity index

The surface morphology of the S.
ebulus extract-loaded niosomes was
observed wusing a scanning electron
microscope (SEM, Hitachi Model 3400N,
Japan). Here, 15 ul sample of the niosomal
suspension was placed on a glass slide and
air dried at ambient temperature. Before
scanning the samples in the SEM, they were
fixed on a die and coated with a layer of
gold to exclude charging effects. The SEM
was operated with an accelerating voltage
of 20 KV. The S. ebulus extract-loaded
niosomes were diluted with distilled water
at a ratio of 1:100. The droplet size and
polydispersity index were measured using
the Zeta Sizer instrument (Malvern
Instruments, U.K). The measurements were
performed at a light scattering angle of 90
degrees. Standard deviation against particle
size and Zeta potential by Zetasizer was
Zeta: 33.9+0.0002 and SEM: 4.438+500
nm.

morphology  and

Fourier transform infrared spectrum
(FTIR)

FTIR (ALPHA I, Bruker, Germany)
was performed to determine the interaction
between drug and excipient and to
investigate possible interactions between
the substances used in the formulation.

FTIR was used to measure the absorption
peaks of both free niosomes and S. ebulus
extract-loaded niosomes. The samples were
prepared as KBr disks with a ratio of 2 mg
S. ebulus extract-loaded niosomes to 200
mg KBr. The preparation was carried out
using a hydrostatic press with a force of
275790.292 Pa for 5 min. The resulting
spectra were obtained over the entire
wavelength range from 4000 to 400 cm™.

Cell culture

HelLa cervical cancer cells were
obtained from the Pasteur Institute Cell
Bank (Iran) and cultured in RPMI 1640
medium, with HOSEpiC epithelial cells
serving as the normal control. The cells
were washed with PBS, treated with trypsin
to facilitate detachment, and centrifuged at
1500 rpm for 7 min at 4°C. The resulting
pellet was resuspended in complete RPMI
1640 medium supplemented with FBS and
antibiotics, then transferred to a 75-ml flask
and incubated at 37°C with 5% CO: and
95% relative humidity to ensure optimal
cell viability and proliferation.

Cytotoxicity assessment

The cytotoxic effects of synthesized
niosome nanoparticles were evaluated
using the MTT assay. HelLa cervical cancer
cells were seeded in 96-well plates at a
density of 1 x 10* cells/well in RPMI 1640
medium supplemented with 10% fetal
bovine serum (FBS) and incubated at 37°C
in a humidified atmosphere containing 5%
COs: for 24 hr to allow cell attachment. Cells
were then treated with a range of
concentrations (0.468-60 pg/ml) of free
niosomes, free S. ebulus extract, and
extract-loaded niosomes.

Following incubation for 24, 48, and 72
hr, 20 pl of MTT solution (5 mg/ml in PBS)
was added to each well and incubated for an
additional 4 hr under standard culture
conditions. Formazan crystals formed by
viable cells were dissolved in 150 ul
dimethyl  sulfoxide @ (DMSO), and
absorbance was measured at 570 nm using
an ELISA microplate reader (ChroMate,
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The Netherlands). Relative cell viability
(%) was calculated by comparing the
absorbance of treated wells with that of the
untreated control group. All experiments
were performed in triplicate.

Due to technical limitations,
representative well images could not be
captured. Nonetheless, quantitative data
from the MTT assay are comprehensively
presented as dose—response curves in the
Results section to clearly demonstrate
cytotoxic  effects  while  ensuring
methodological transparency and scientific
rigor.

Real- time PCR

To investigate the effects of niosome-
encapsulated S. ebulus extract on apoptotic
and metastatic pathways, total RNA was
extracted from HeLa cells treated with the
72-hr ICso dose using the RNX-Plus Kit,
following standard protocols. cDNA
synthesis was performed with the Easy™
cDNA Synthesis Kit to ensure high-fidelity
reverse transcription. Gene expression
analysis was carried out using SYBR Green

Table 1. Primers list

gPCR Master Mix to quantify transcript
levels of apoptotic (CASP3 and CASPS8)
and metastatic (MMP2 and MMP9)
markers, with GAPDH as the housekeeping
gene.

Primers were designed by retrieving
target gene sequences from NCBI and
selecting exon-spanning regions using
Primer3Plus. Primer properties were
validated using OligoAnalyzer, and
specificity was confirmed with NCBI
Primer-BLAST. Synthesized primers were
purchased from Metabion (Germany) and
delivered in lyophilized form. Primer
sequences used in this study are listed in
Table 1.

The annealing temperatures for each
primer pair were determined based on their
calculated melting temperature (Tm),
obtained using Primer-BLAST (NCBI) and
OligoAnalyzer (IDT). Gradient PCR was
then performed to empirically optimize the
annealing conditions, and final
temperatures were set at approximately 3—
5°C below the predicted Tm, where specific
and consistent amplification was observed.

Gene Sequence Tm (°C) Product size (bp)

CASP3 F:5-TTTTTCAGAGGGGATCGTTG-3" 60 151
R: 5- CGGCCTCCACTGGTATTTTA-3’ 60

CASP8 F: 5- TATGGCACTGATGGACAGGA-3’ 60.1 232
R: 5"- GCAGAAAGTCAGCCTCATCC-3" 60

MMP2 F: 5"-AGTGGATGATGCCTTTGCTC-3" 60.2 154
R: 5"-GAGTCCGTCCTTACCGTCAA-3’ 60.1

MMP9 F: 5-TTGACAGCGACAAGAAGTGG-3" 60 174
R:5- TCACGTCGTCCTTATGCAAG- 3’ 59.9

GAPDH F: 5'- CGAGATCCCTCCAAAATCAA -3’ 60 170
R: 5- TTCACACCCATGACGAACAT-3’ 59.8

Apoptosis assessment via flow cytometry

To evaluate apoptosis induced by
niosome-encapsulated S. ebulus extract,
HeLa cells were seeded in 24-well plates at
a density of 1 x 10° cells/well and incubated
for 24, 48, and 72 hr. Cells were treated
with the corresponding ICso concentrations
determined for each time point. After
treatment, cells were harvested by gentle
trypsinization, washed twice with cold
PBS, and centrifuged at 1500 rpm for 5 min.
The pellet was resuspended in 100 ul of 1X
binding buffer and stained with 5 pl

Annexin V-FITC and 5 pl propidium iodide
(P (Annexin V-FITC Apoptosis Detection
Kit, BD Biosciences) for 15 min at room
temperature in the dark.

Samples were immediately analyzed
using a BD FACSCalibur flow cytometer
equipped with 488 nm excitation and
530/575 nm emission filters. Compensation
controls were applied to correct spectral
overlap between FITC and PI. Forward
scatter (FSC) and side scatter (SSC) were
used to exclude debris, and doublets were
discriminated using FSC-A/FSC-H gating.
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Data were collected for at least 10,000
events per sample and analyzed with
FlowJo software (version X).

The percentages of viable, early
apoptotic, late apoptotic, and necrotic cells
were quantified. Each experiment was
performed in triplicate, and representative
dot plots as well as plate images before cell
harvesting are  provided in the
supplementary material for clarity.

Cell migration assay

To assess the anti-metastatic effects of
the synthesized niosomes, HeLa cells were
subjected to a wound healing assay
following 72-hr ICso treatment. Cells were
seeded into gelatin-coated 6-well plates at a
density of 10° cells per well, reaching 80%
confluency before a uniform scratch was
created using a pipette tip. Treated groups
received ICso concentrations of free extract,
free  niosomes, and  extract-loaded
niosomes. After 24 hr, migration was
qualitatively assessed via microscopy by
comparing scratch closure between control
and treated groups.

Data analysis

Quantitative analysis was performed
using GraphPad Prism 5, applying one-way
ANOVA followed by the Tukey-Kramer
post hoc test at a 95% confidence level to
determine statistically significant
differences.

Results
Characterization of the synthesized
niosomes
FTIR analysis of S. ebulus extract-loaded
niosomes

Fourier-transform infrared
spectroscopy (FTIR) was utilized to
characterize both free niosomes and S.

ebulus-loaded niosomes, ensuring
successful incorporation of the extract into
the carrier system. Spectral data were
analyzed using IRPal v.2.0 software.

For plain niosomes, characteristic peaks
were observed at 3548 cm!' (O-H
stretching), 2923 cm™ (CH: group), 1637
cm™ (C=C stretching), 1617 cm™ (NH:
group), 1384 cm™ (CHs group), 1093 cm™
(C-N stretching), 895 cm™ (=CH group),
and 618 cm™ (C-H bond).

In contrast, niosomes loaded with S.
ebulus extract exhibited similar peaks with
minor shifts, alongside two additional
peaks at 3013 cm™! (O-H dimer formation)
and 475 cm™! (C-Br bond). The appearance
of these new peaks indicates interactions
between the extract and the niosomal
components, confirming successful loading
and potential structural modifications that
may influence biological activity (Figure
1).

DLS analysis of S. ebulus extract-loaded
niosomes

The zeta potential spectrum, presented
in Figure 2-A, illustrates the electrokinetic
stability of the synthesized niosome. The
measured zeta potential for S. ebulus
extract-loaded niosomes was 39.1 mV,
indicating a strong colloidal stability. This
value suggests that the formulated niosome
exhibits adequate repulsion between
particles, minimizing aggregation and
enhancing its structural integrity for
potential biomedical applications. Also,
Dynamic Light Scattering was utilized to
determine the particle size of the
synthesized niosome. As illustrated in
Figure 2-B, the average particle size of
extract-loaded niosomes was measured at
366 nm, reflecting a well-dispersed and
stable nanoscale formulation, which is
crucial for biomedical applications.
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Figure 1. FTIR spectra for A) free niosomes and B) S. ebulus extract-loaded niosomes
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SEM analysis of S. ebulus extract-loaded
niosomes

The morphological characteristics of
the synthesized niosomes were examined
using electron microscopy, with the results
presented in Figure 3. As observed, the
niosomes exhibit a homogeneous and
polygonal structure, indicating a well-
defined and stable formulation. This
structural uniformity suggests controlled
synthesis parameters, which contribute to
the overall stability and potential
functionality of the niosomes in biomedical
applications.

"

SEM MAG: 5.00 kx Det: InBeam
BI: 7.00
View field: 41.5 ym |Date(m/dly):

Figure 3. Morphological characterization of
optimized S. ebulus extract-loaded niosomes using
scanning electron microscope.

Cell viability assessment of HelLa and
HOSEpIC normal cells

The results demonstrated a time-
dependent decrease in HelLa cell viability,
with increasing cytotoxic effects observed
over 24, 48, and 72 hr (Figure 4; Tables S2—
S4). The 1Cso values progressively
declined, indicating enhanced extract
potency over time (Table S1). Notably, the
S. ebulus extract-loaded niosome group
exhibited significantly greater cytotoxicity
against cancer cells compared to the free
extract (p < 0.05) and free niosomes (p <
0.001), particularly at 72 hr. This effect is
likely attributed to the acidic
microenvironment of cancer cells, which
enhances niosome dissolution and targeted
delivery. In contrast, normal cells showed
higher viability in the S. ebulus extract-

loaded niosome group than in the free S.
ebulus extract group, confirming the
selective cytotoxicity of the encapsulated
extract against HelLa cells while sparing
healthy cells (Figure 4; Tables S5-S7).
These findings highlight the potential
therapeutic  advantage of  niosomal
encapsulation in optimizing S. ebulus
extract efficacy for cancer treatment.

Gene expression analysis

CASP3 expression exhibited a time-
dependent increase in both treatment
groups compared to the control. In the free
S. ebulus extract-treated group, CASP3
expression was elevated by 1.10 fold at 24
hr (p = 0.05), 1.18 fold at 48 hr (p = 0.05),
and 1.25 fold at 72 hr (p = 0.05). No
significant change was observed in the free
niosome group at any time point (p > 0.05,
NS). In contrast, the S. ebulus extract-
loaded niosome group showed significantly
higher CASP3 expression, with 1.40 fold at
24 hr (p < 0.01), 1.73 fold at 48 hr (p <
0.01), and 1.78 fold at 72 hr (p < 0.01)
relative to control. These findings indicate
that encapsulation of S. ebulus extract
within  niosomes markedly enhances
CASP3 expression over time, thereby
potentiating apoptotic activity (Figure 5).

CASP8 expression showed a significant
and time-dependent increase in both
treatment groups compared to the control.
In the free S. ebulus extract-treated group,
CASP8 expression increased by 1.20 fold at
24 hr (p<0.05), 1.47 fold at 48 h (p < 0.05),
and 1.58 fold at 72 hr (p < 0.05). In the free
niosome group, no significant changes were
observed at any time point (p > 0.05, NS).
Conversely, the S. ebulus extract-loaded
niosome group exhibited markedly higher
CASP8 expression, with 1.24 fold at 24 hr
(p <0.01), 1.46 fold at 48 h (p < 0.01), and
1.76 fold at 72 hr (p < 0.01) relative to
control. These results suggest that
encapsulation of S. ebulus extract within
niosomes significantly enhances CASP8
expression  over  time, indicating
potentiation  of  apoptotic  signaling
pathways (Figure 5).
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MMP?2 expression showed a significant
and time-dependent decrease in both
treatment groups compared to the control.
In the free S. ebulus extract-treated group,
MMP2 expression decreased by 0.60 fold at
24 hr (p<0.05), 0.68 fold at 48 hr (p<0.05),
and 0.72 fold at 72 hr (p<0.05). No
significant change was observed in the free
niosome group at any time point (p>0.05,
NS). In contrast, the S. ebulus extract-
loaded niosome group exhibited a markedly
greater  downregulation of MMP2
expression, with 0.50 fold at 24 hr (p<0.01),
0.40 fold at 48 hr (p<0.01), and 0.32 fold at
72 hr (p<0.01) relative to control. These
results suggest that encapsulation of S.
ebulus extract within niosomes
significantly enhances the inhibitory effect
on MMP2 expression over time, indicating
a potent anti-metastatic potential (Figure 5).

MMP9  expression  demonstrated
differential regulation in the two treatment
groups over time. In the free S. ebulus
extract-treated group, MMP9 expression
exhibited a non-significant decrease, with
fold changes of 0.57 at 24 hr (p > 0.05), 0.58

Time of Treatment (h)

at 48 hr (p>0.05), and 0.60 at 72 hr
(p>0.05), indicating no statistically
significant modulation. In contrast, the S.
ebulus extract-loaded niosome group
showed a significant, time-dependent
downregulation of MMP9 expression.
Specifically, MMP9 expression decreased
by 0.51 fold at 24 hr (p<0.01), 0.47 fold at
48 hr (p<0.01), and 0.28 fold at 72 hr
(p<0.01) compared to the control. These
findings suggest that encapsulation of S.
ebulus extract within niosomes markedly
enhances the inhibitory effect on MMP9
expression, highlighting its potential role in
suppressing metastatic activity.

Flow cytometry analysis

Flow cytometry analysis using Annexin
V-FITC/PI  staining demonstrated a
significant increase in total apoptosis (early
and late stages) in HeLa cells treated with
niosome-encapsulated S. ebulus extract
compared to those treated with free extract
or free niosomes (p < 0.01). The dot plots
were divided into four quadrants, each
representing a distinct cell population: Q1
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(Annexin V7/PI* — necrotic cells), Q2
(Annexin V*/PI" — late apoptotic cells), Q3
(Annexin V*/PI- — early apoptotic cells),
and Qs (Annexin V/PI" — viable cells). In
the extract-loaded niosome group, a marked
elevation was observed in both Q2 and Qs
quadrants, indicating enhanced apoptotic
induction. Notably, the proportion of early
apoptotic cells (Q3) was significantly higher

at 72 hr, suggesting that the
nanoformulation initiates apoptosis
effectively before progression to late

stages. In contrast, the free extract and free
niosome groups showed minimal changes
in apoptotic quadrants and retained high
percentages in Qa, reflecting limited
cytotoxicity. These results highlight the
superior efficacy of niosomal encapsulation
in promoting apoptosis, likely due to
improved cellular uptake and sustained
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release of bioactive compounds. The
reduction in viable cells (Qs) and
concurrent  increase  in  apoptotic

populations (Q2 and Qs) underscore the
potential of this nanoformulation as a
targeted therapeutic strategy against
cervical cancer (Figures 6 and 7).

HeL a cells invasion analysis

The scratch assay revealed significant
differences in cell migration among the
experimental groups. The control and free
niosome groups exhibited the highest
migration  ability, indicating minimal
inhibitory effects. In contrast, the free
extract-treated group displayed a moderate
reduction in migration compared to the
control and free niosome groups,
suggesting partial suppression of cellular
motility (Figure 8).
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Figure 6. Flowcytometry analysis of HeLa Cells in A) non- treated, B) free S. ebulus extract, C) free niosome and

D) S. ebulus extract-loaded niosomes.
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Figure 7. Comparison of cell death induction in the studied cells treated
with free niosomes, free S. ebulus extract and S. ebulus extract-loaded
niosomes (**p<0.01 and ***p<0.001; statistical analysis performed
using one-way ANOVA followed by Tukey’s post hoc test)
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Figure 8. Scratch test for free S. ebulus extract, free niosome and S. ebulus
extract-loaded niosomes 0 and 24 hr after treatment.
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Discussion

The encapsulation of S. ebulus extract
within niosomes represents a sophisticated
approach in cancer therapy, merging
nanotechnology with bioactive compounds
to enhance therapeutic efficacy (Saadh et al.
2024; Manzari-Tavakoli et al. 2024; Mestre
2021). This study underscores the ability of
extract-loaded niosomes to  induce
apoptosis and suppress metastasis more
effectively than both free extract and free
niosomes, highlighting the  synergy
between natural compounds and advanced
drug delivery systems.

One of the greatest challenges in cancer
treatment is the lack of specificity of
conventional therapeutics, which often
indiscriminately damage both healthy and
malignant cells (Kaur et al. 2023).
Niosomal encapsulation offers several
advantages that directly address these
limitations (Yasamineh et al. 2022). The
structure of niosomes provides enhanced
protection for bioactive  molecules,
preventing premature degradation while
facilitating targeted intracellular release
(Yasamineh et al. 2022). This controlled
delivery mechanism not only increases drug
efficacy but also improves patient outcomes
by minimizing toxic side effects (Odiba et
al. 2016).

The choice of a plant-derived
therapeutic agent further strengthens this
approach. Natural compounds possess
intrinsic multifunctional properties,
modulating multiple oncogenic pathways
simultaneously, unlike synthetic agents that
typically have a singular mode of action
(Dehelean et al. 2021; Yang et al. 2025). S.
ebulus extract is known for its rich
composition of polyphenols, flavonoids,
and alkaloids, which collectively exhibit
anti-proliferative, pro-apoptotic, and anti-
metastatic effects (Cvetanovi¢ 2020).
However, its full potential is often limited
by poor bioavailability.  Niosomal
encapsulation circumvents this issue by
stabilizing the extract and ensuring
sustained  cellular  uptake, thereby

maximizing its therapeutic benefits (Saadh
et al. 2024).

Cancer cells evade apoptosis, allowing
uncontrolled proliferation and survival
(Wang et al. 2013). This study
demonstrates significant activation of
apoptotic pathways upon treatment with
extract-loaded niosomes. CASP3
expression was markedly upregulated (1.75
fold, p<0.001), confirming the involvement
of execution-phase apoptosis. Similarly,
CASP8, a crucial initiator of extrinsic
apoptosis, showed a 1.76 fold increase
(p<0.01), reinforcing the role of the extract-
loaded niosomes in promoting cell death.
Flow cytometry analysis revealed a notable
increase in total apoptosis (50.09%,
p<0.01), surpassing the effects observed in
free extract and free niosomes. The ability
to induce cell cycle arrest at GO/G1 phase
further supports the therapeutic impact of
the encapsulated extract, disrupting the cell
cycle and reducing cancer cell replication
rates.

Beyond apoptosis, cancer metastasis
remains a critical challenge, leading to
aggressive tumor progression and poor
prognosis (Guan 2015). The findings of this
study highlight the strong anti-metastatic
effects of S. ebulus extract when delivered
through niosomes. MMP2 and MMP9, key
matrix metalloproteinases responsible for
extracellular matrix degradation and tumor
invasion, were significantly suppressed.
MMP2 expression decreased 0.32 fold,
while MMP9 levels dropped 0.28 fold,
effectively limiting invasive behavior. The
scratch assay further confirmed that extract-
loaded niosomes drastically reduced cell
migration, reinforcing their therapeutic

potential in preventing tumor
dissemination.
A  crucial distinction between

traditional chemotherapeutics and niosomal
systems is their impact on normal cells
(Kratz and Warnecke 2012). Many existing
treatments exert significant cytotoxicity on
healthy tissues, leading to debilitating side
effects (Corrie 2008). The data from this
study  demonstrate  that  niosome-
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encapsulated S. ebulus extract exhibits
selective cytotoxicity, targeting HeLa cells
while sparing normal HOSEpIC cells. This
effect is likely attributed to the pH-
responsive behavior of niosomes, which
preferentially dissolve in the acidic
microenvironment of cancer cells, ensuring
localized drug delivery and reducing
systemic toxicity. This selectivity is
paramount in improving patient quality of
life and overcoming the major challenge of
chemotherapy-associated side effects (Mao
et al. 2024).

The implications of these findings
suggest that S. ebulus-loaded niosomes not
only induce apoptosis but actively prevent
metastasis, marking a  significant
advancement in  nanotechnology-based
cancer treatment. Their dual-action
mechanism, combined with high selectivity
for cancer cells, underscores the therapeutic
potential of bioengineered nanocarriers in
precision oncology. Further studies,
including in vivo and clinical trials, are
essential to validate their efficacy, refine
their ~ formulation, and establish
standardized dosing strategies for future
applications in personalized cancer therapy.
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Supplementary Table 1. Supplementary materials 1

Free extract

Extract + Niosomes

Tre/ Cell Line

24/ Normal cells 81 30526
48/Normal cells 72 15260
72/Normal cells 60 7681
24/ HeLa cells 86 54
48/HelLa cells 73 22
72/HeLa cells 60 17

Supplementary Table 2. HelLa cells, 24 hr after treatment

Treatments Free Niosome
Concentration(ug

Free Extract

Extract + Niosome

60

30

15

7.5
3.75
1.875
0.9375
0.468

82+1
87 +0.53
89+1.41
91+1
94+1
94+1
95+0.5
97 +1

575+25
69+1
75+2
8l1+1
86+0.5
91+1

94 +1.5
95+1

48+1
60 +2
61+1
67+2
T7£2
78.5+ 0.5
85+1
871

Supplementary Table 3. HelLa cells. 48 hr after treatment

reatments Free Niosomes
Concentration(ng/mi

Free Extract

Eextract + Niosomes

60

30

15

7.5
3.75
1.875
0.9375
0.468

87x1
89+0.5
91+1
93+£0.5
94+1.5
94 +1
95+2.5
97+1

55+3
61+1
67+2
78 £1
83.5+1.5
85.5+1.5
87.5+1.5
91+1

33+1
40«1

52 £1.52
60 £2.5
67+1
70+1
75515
78.5+0.5

Supplementary Table 4. HeLa cells, 72 hr after treatment

Tratment .
X Free Niosomes
Concentration (ug

Free Extract

Extract + Niosomes

60

30

15

7.5
3.75
1.875
0.9375
0.468

85«1
87+0.5
89+1
91+1.5
93+23
94+ 1
94+0.5
95+ 1

535+1.5
59«1

64 +1

76 £0.5
81+1
83+1
85+1.5
89+1.8

23.5%£1.5
363
S1+1
59+1
65+1
68.5+0.5
74.5+0.5
76.5+1.5

Supplementary Table 5. Normal cells, 24 hr after treatment

atments
Concentration(ug/m

Free Niosomes

Free Extract

Extract + Niosomes

60

30

15

7.5
3.75
1.875
0.9375
0.468

84+1
86.5+0.5
89.5+0.5
91+1
93.5+0.5
94 +1
95+1
96.5+0.5

55.5+0.5
64.5£3.5
70.5+£2.5
79+1
86+ 1
91+1
92.5+0.5
95.5+0.5

75+2
81+1
86+ 1
91+£145
94+1
95+£0.5
94+1
95+ 1
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Supplementary Table 6. Normal cells, 48 hr after treatment

reatments Free Niosomes
Concentration (.,

Free Extract

Extract + Niosomes

60 811

30 84+1.2
15 86.5+0.5
7.5 89.5+0.5
3.75 91+1
1.875 93.5+0.5
0.9375 94 +1
0.468 95+1

53.5+40.5
55.5+40.5
64.5+3.5
70.5+£2.5
79+1
86+ 1
91=+1
92.5+0.5

67 £1
75+2
811
86+1.3
91+0.5
94 +1
95+1
94 +1

Supplementary Table 7. Normal cells, 72 hr after treatment

reatments Free Niosomes
Concentration(png

Free Extract

Extract + Niosomes

60 79+1
30 81«1
15 84 £1
7.5 86.5+0.5
3.75 89.5+0.5
1.875 91+1
0.9375 93.5+£0.5
0.468 94 +1

51.5+1.5
53.5+0.5
61+2
64.5+3.5
70.5+£2.5
79=+1
86+1
91+1

65+1
67+1
75+2
81+3.39
86+ 1
91+1.23
94 +1
95+1.5
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