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A potential new strategy for BC treatment:
NPs containing solanine and evaluation of its
anticancer and antimetastatic properties
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Abstract

Solanine has been shown to inhibit cancer by regulating the expression of apoptosis (Bax, Bcl-2) and metastasis
(CDH-1, MMP2) genes in various cancer cell types. We synthesized optimized niosome NPs (NPs) with high solubility
and capacity for solanine loading. In this study, the cytotoxic, cell cycle inhibitory and apoptotic effects of solanine-
loaded niosome NPs (SN-NPs) on MCF-7 were investigated. Thin-layer hydration was used to generate SN-NPs and
their features were validated. The pH-dependent solanine release pattern was also examined. Synthesized SN-NPs
were evaluated for cytotoxicity against MCF-7 and MCF-10 cell lines using MTT. Primary and secondary apoptosis,
necrosis, and cell cycle arrest were measured using flowcytometry. Lastly, g-PCR was used to assess the expression
of genes. The NPs had an average size between 50 and 70 nm, with a polydispersity index (PDI) of 0.452. Solanine
was effectively incorporated into noisome NPs, as shown by the high encapsulation efficiency of 82.3%+0.24%.
After a quick burst at pH 7 and 5, SN-NPs released slowly and sustainedly. The 1Cq, of solanine-loaded niosomes
against MCF-7 cells decreased from 40 mg/100 mL to 10 mg/100 mL (48 h) and 5 mg/100 mL (72 h). After 72 h,
SN-NPs caused late apoptosis in 30% of MCF-7 cells and necrosis in 5.06% (p<0.01). SN-NPs caused 81% of cells

to arrest in the GO/G1 phase, with only 12% progressing to G2/M (p<0.01). Solanine-loaded NPs significantly
increased Bax and CDH-1 gene expression in malignant cells compared to free niosomes and free solanine

(p <0.0001). Bcl-2 and MMP2 expression significantly decreased in this group compared to free niosomes and free
solanine (p<0.001). Solanine-containing niosomes showed significant anticancer effects on MCF-7 breast cancer
cells, which were supported by apoptosis, cell cycle arrest and regulation of gene expression. The regulated release
and precise delivery of solanine using SN-NPs show considerable translational potential. This improved nanocarrier
technology may increase the bioavailability and efficacy of solanine, potentially leading to improved clinical
outcomes in breast cancer therapy.
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Introduction

Breast cancer (BC) is the leading cause of cancer-related
deaths in women worldwide, with over 30 million new
cases predicted to occur by 2040 [1, 2]. Subtypes such
as ER+, PR+, HER2 +and TNBC respond differently to
treatment [3, 4]. Surgery, radiation and chemotherapy
are conventional therapies; however, recurrence and drug
resistance are significant obstacles [5, 6]. Omics studies
show heterogeneity within and between tumors, necessi-
tating improved diagnostic and treatment approaches [6,
7].

Nanotechnology enables precise drug delivery, bet-
ter solubility and lower toxicity than conventional treat-
ments [8, 9]. Nanocarriers, such as niosomes, protect
drugs from degradation and thus improve their efficacy.
Niosomes are nanoscale vesicles consisting of amphiphi-
lic compounds containing hydrophilic and hydropho-
bic drugs [10, 11]. Their non-ionic properties provide
improved chemical stability and biocompatibility com-
pared to liposomes [12, 13]. Niosomes enable versatile
drug loading, controlled release and precise distribution,
making them effective drug delivery systems for cancer
treatment [14].

The use of natural ingredients in drug development is
steadily growing. Throughout many ages, organic sub-
stances have been applied to prevent and treat various
disorders [15]. A wide range of natural compounds are
often used in clinical studies, particularly for their anti-
bacterial and anticancer properties. In recent years, there
has been a growing inclination toward using conventional
medications and small-molecule anticancer drugs to pre-
vent and treat cancer [16]. Multiple investigations indi-
cate that Gas have the ability to impede the development
of many types of cancer cells. Plants naturally synthesize
these GAs as defensive poisons to safeguard themselves
against adverse conditions, including low temperatures,
herbivore grazing, and assaults from plant pathogens
[17]. GAs are present in various plants and fruits, with
Solanum tuberosum being a prominent source of GAs
[17]. A-solanine is a trisaccharide glycoalkaloid with the
chemical formula C45H73NO15. Solanine, a glycoalka-
loid present in potatoes and other plants, has restricted
water solubility, impeding its therapeutic efficacy. Nev-
ertheless, research has demonstrated its potential anti-
cancer characteristics, notably the capacity to trigger
apoptosis in several types of cancer cells [18]. Research
indicates that solanine elevated the apoptotic rate in Hep
G2 cells to a peak of 32.2%. It inhibited the growth of Hep
G2 cells by arresting the cell cycle in the S stage, resulting
in the lack of the cell population in the G2/M phase, and
suppressing the anti-apoptotic protein Bcl-2 [19]. Addi-
tionally, a-solanine exhibited cytotoxic properties on
SW480, SW620, HT-29 and MCEF-7 cell lines. It inhibited
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their growth, movement, and invasion while promoting
death by arresting the cell cycle [20, 21].

Niosome NPs offer various significant benefits for sola-
nine delivery in comparison to other NP technologies.
The restricted water solubility of solanine, a significant
barrier to its therapeutic application, is substantially
mitigated by the unusual bilayer structure of niosomes,
which facilitates the incorporation of both hydrophilic
and hydrophobic substances, hence improving solanine’s
solubility and bioavailability. Today’s breast cancer thera-
pies often exhibit systemic toxicity and limited drug dis-
tribution at the tumor, resulting in reduced efficacy and
undesirable side effects. Solanine, despite its potential
anti-cancer activity, encounters obstacles due to its insuf-
ficient solubility and rapid degradation, which hinders
its therapeutic use. Niosomes mitigate these significant
shortcomings by: (1) inhibiting solanine degradation in
physiological environments, thereby facilitating transport
to tumor tissue; (2) enabling precise distribution of the
drug, which enhances efficacy while reducing off-target
toxicity; and (3) providing regulated solanine release,
thereby prolonging therapeutic effect and potentially
reducing dosing frequency. The synergistic advantages
of enhanced solubility, protective mechanisms, targeted
delivery, controlled release, biocompatibility and versatil-
ity make solanine-loaded niosomes a viable approach to
address the shortcomings of existing breast cancer thera-
pies and offer a potential avenue for more effective and
less toxic treatment alternatives. The aim of this work
was to develop solanine-loaded niosome NPs (SN-NPs)
based on the recognized anti-cancer and anti-metastatic
properties of solanine. Following synthesis, the antican-
cer and anti-metastatic properties of these SN-NPs were
evaluated against a BC cell line.

Materials and methods

Fabrication of niosomes/solanine NPs

Niosome NPs were synthesized using the thin-layer
hydration approach [22]. Briefly, a solution of chloroform
and methanol was prepared in a ratio of 2:1 to a volume
of 50 mL (solution 1). Then span60 (0.5 mL), Tween 60
(0.5 mL) and cholesterol (0.5 g) were added in a ratio of
1:1:1 to a volume of 50 mL (solution 2). In the next step,
solution 1 (20mL) and solution 2 (20mL) were mixed
together in a ratio of 1:1 to a total volume of 40 mL. Then
it was placed at a temperature of 90 °C and 150 rpm until
the complete evaporation of the solvent (20-30 min)
and the creation of a thin lipid layer. After this cycle, a
lipid layer forms as a thin coating on the surface of the
balloon. In the next step, 90 mL of PBS with pH 7.4 was
prepared and added to the container containing the
lipid layer (hydration step) and homogenized by a mag-
netic stirrer for 30 min at 70 °C (solution 3). Then 40 mg
of solanine was added to distilled water and stirred for
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10 min (solution 4). Solution 4 was then added dropwise
to solution 3 for 24 h at 150 rpm and 60 °C using an infu-
sion set. Solanine-loaded Niosome NPs were synthesized.
After hydration, the plates were sonicated for 15 min at
80% power to reduce particle size.

Characterization of SN-NPs

The SEM (ZEISS LEO-1430 VP, Germany) was applied
to analyze the morphological features of the produced
noisome-loaded solanine NPs. Additionally, dynamic
light scattering (DLS, K-ONE Inc., Korea) was employed
to ascertain the size of NPs. The suspension was diluted
with deionized water to achieve the desired volume,
and subsequently, the analysis was conducted at a tem-
perature of 25 °C. The average particle size of the NPs,
PDI and zeta potential were measured using a zeta sizer
instrument at a wavelength of 633 nm and a tempera-
ture of 25 °C. The measurements were based on DLS.
To investigate the relationship between different com-
ponents of niosome NPs and solanine, we used FTIR
using Spectrum Two, Perkin Elmer, USA and the KBr
disk method. Scanning was performed on the samples
between 4000 and 400 cm™ ! [23].

Encapsulation efficiency (EE)

The effectiveness of encapsulation was evaluated using
spectroscopic techniques. The concentration of solanine
encapsulated in the noisome NPs was determined using
a UV spectrophotometer (Shimadzu, Japan). In this assay,
the amount of drug initially added was 40 mg/10 mL, and
the OD averaged 2.29 from 3 replicates. Similarly, the OD
of the free “unentrapped drug” averaged approximately
0.405 from 3 replicates (Supplementary Material 1). The
entrapment efficiency was determined using the follow-
ing equation [24]:

Encapsulation Efficiency (%)

(Drugadded — Freenentrapped drug)
= x 100
Drugadded

In vitro release study

Two sealed dialysis bags (10 K MWCO, Gibco, USA)
containing 1 mL of SN-NPs, free niosomes, and free sola-
nine were immersed in two beakers containing 100 mL
of PBS buffer with pH values of 5.2 and 7.4. The buffer
was agitated at a constant speed of 150 rpm at a tem-
perature of 37 °C. At certain intervals, 1 mL of the solu-
tion was eliminated and substituted with a new buffer.
The discharge percentage indicates the proportion of
the medication released in the buffer medium. The rate
of medication released was determined by measuring the
ratio of the quantity of formulations released in a dialysis
bag to the total amount of drug, utilizing UV measure-
ments at 760 nm [25].
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Cell culture

The MCF-7 cell line (HTB-22), obtained from the Pas-
teur Institute of Iran, is characterized by being estrogen
receptor (ER) positive, progesterone receptor positive,
and HER?2 negative. The human breast epithelial cell line
MCF10A, the most common natural breast cell model,
was obtained from Pasteur Institute of Iran, with access
code CRL-10,317. The cells were grown in DMEM/F12
high glucose medium (DACell, Iran) supplemented with
10% fetal bovine serum (FBS, Gibco), 100 IU/mL penicil-
lin, and 100 pg/mL streptomycin (Sigma-Aldrich). The
culture was maintained in a 5% CO, atmosphere at 37 °C.
The cells were collected by treating them with a solution
of 0.25% trypsin-EDTA (DACell, Iran). After centrifuga-
tion, the cells were counted and then submerged in PBS
for the subsequent experiment.

MTT assay

MCEF-7 and MCF-10 cells were cultivated and then
placed in 96-well plates at a density of 10* cells per well.
The plates were filled with a mixture of DMEM/F12,
which included 1% penicillin-streptomycin and 10%
FBS. The cells were then incubated in an environment
with 5% CO,. Various quantities of niosomee, solanine,
and solanine-loaded niosomees (ranging from 40 to
0.3122 mg/100mL) were applied to 96-well plates in 3
duplicates. The highest concentration of the synthesized
compound was used in this study for the upper threshold
(40 mg). It was then diluted in a fixed ratio up to 8-fold
by serial dilution. A fixed dilution factor (a two-fold loga-
rithmic progression) ensures a balanced distribution of
data points across different concentrations. It increases
the likelihood of obtaining the full range of biological
activity from minimal to maximal effects.

The plates were then incubated for 24, 48 and 72 h at
37 °C in an incubator with 5% CO,. The time intervals
chosen were to allow for both immediate and delayed
cytotoxic effects. The 24-hour interval facilitated the
assessment of immediate cellular responses, while the 48-
and 72-hour intervals showed the prolonged effects of
SN-NPs on cell survival and proliferation. The prolonged
observation time was essential to understand the lasting
consequences of solanine release from niosomes and the
cumulative impact on cell viability. Following the incuba-
tion period, 100 puL of MTT solution (0.5 mg/mL in PBS)
was introduced into the wells and left to incubate for 4 h
at 37 °C in a 5% CO, incubator. The liquid portion was
extracted and 100 pL of DMSO was introduced to dis-
solve the formazan crystals produced by the viable cells.
Ultimately, the ELISA Reader (ChroMate, Netherlands)
was used to determine the absorbance of the specimens
at a wavelength of 570 nm. The rate of cytotoxicity was
determined by comparing the absorbance of the treated
cells with that of the control cells. MCF-10 is considered
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a normal cell line. Tamoxifen drug was considered a posi-
tive control. Tamoxifen is a recognized and extensively
used positive control in BC research, especially with
MCE-7 cells. This enables us to compare the efficacy of
our new SN-NPs with a recognized and therapeutically
relevant anti-cancer drug [26].

(A treatment — A blank)
(A control — A blank)

Viability (%) = x 100

Investigation of apoptosis

The Annexin V-FITC/PI double staining method was
used to evaluate cell apoptosis after sample application.
Before treatment, MCEF-7 cells (5x10° cells/well) were
incubated overnight in 6-well plates and exposed to ICs,
doses of nisome/solanine NPs, free solanine, and free
nisome for 72 h. Following two washes with cold, sterile
PBS (pH 7.4), 5x 10° cells were suspended per well in a
6-well plate using the 1X binding buffer supplied by the
reagent. The cells were treated as directed by the manu-
facturer by adding specific quantities of annexin V-FITC
(green fluorescence) and propidium iodide (red fluores-
cence) (Affymetrix, eBioscience, USA). The incubation
period was 10 min at ambient temperature. The cell sam-
ples were transferred to a flow cytometric tube and ana-
lyzed via flow cytometry in the last phase.

Investigation of cell cycle arrest

The proliferation of cells was assessed by PI staining.
The level of DNA is utilized to identify the stage of the
cell cycle, with the binding of PI to DNA being directly
proportionate to the amount of DNA present. The cells
were placed in complete media in 6-well plates with a
density of 1x10° cells per well. Following an overnight
incubation and three rounds of washing with PBS, cells
were exposed to free solanine, free niosomees, and SN-
NPs for 72 h in a complete medium. Subsequently, the
cells were gathered and preserved in 70% cold ethanol
for one night at a temperature of 4 °C. Following this, the
cells were treated with 450 pL of PI solution (including

Table 1 Primer sequences designed for gPCR

Genes Sequence Tm CG%

MMP2 F-AGTGGATGATGCCTTTGCTC 60 °C 50.0%
R- GAGTCCGTCCTTACCGTCAA 55.0%

CDH-1 F-CAGCACGTACACAGCCCTAA 59.9°C 55.0%
R- ACCTGAGGCTTTGGATTCCT 60.1°C

Bax F- GACGGCCTCCTCTCCTACTT 59.8°C 60.0%
R- CTCAGCCCATCTTCTTCCAG 59.9°C 55.0%

Bcl-2 F-GGATTGTGGCCTTCTTTGAG 59.7°C 50.0%
R- GCCGGTTCAGGTACTCAGTC 60.0%

GAPDH F-CGAGATCCCTCCAAAATCAA 60.0 °C 45.0%
R- TTCACACCCATGACGAACAT 59.8°C 45.0%
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RNase) in the absence of light for a period of 20 min at
room temperature. Finally, the cells were examined using
flow cytometry. The experiments were replicated thrice.
Tamoxifen drug was considered a positive control [27].

Evaluation of gene expression by qRT-PCR

The suppressive impact of medications may be attrib-
uted to the modulation of gene expression. The levels
of MMP2, CDH-1, Bax, Bcl2, and GAPDH genes were
quantified using real-time polymerase chain reaction
(Ausdiagnostic, Australia) in the presence of various con-
centrations (IC5, concentration) of free solanine, free nio-
somee, NS-NPs and Tamoxifen as positive control. The
TriPure isolation reagent (Roche Applied Science, Ger-
many) was used to collect total RNA from MCE-7 cells
according to the manufacturer’s directions. Nanodrops
(IMPLEN, Germany) and agarose gel were used to ensure
the quantity and quality of extracted RNA. The cDNAs
were generated from 2 ug of the entire RNA using reverse
transcriptase with oligodT primers (Parstous, Iran) in a
final reaction volume of 20puL, following the manufactur-
er’s instructions. The temperature schedule was config-
ured as follows: 25 °C (5 min for primer annealing); 42 °C
(60 min); 85 °C (5 min); 4 °C (5 min). The primers were
constructed based on National Center for Biotechnology
Information database information. The primer sequences
for the genes indicated above are provided in Table 1 for
the forward and reverse directions. The qRT-PCR was
performed using the sense and antisense primers on
real-time PCR system. The 272*CT technique was used
to calculate fold changes in the control group. The tests
were performed three times [28]. Gene expression values
were standardized to the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene. GAPDH was chosen as
an endogenous control because it is uniformLy expressed
across different experimental conditions and cell types,
including MCE-7 cells. This normalization step was criti-
cal to compensate for discrepancies in RNA input and
qRT-PCR efficiency, thus enabling accurate measurement
of target gene expression.

Statistical analysis

The tests in this research were replicated three times,
and the outcomes were examined using GraphPad Prism
version 8.0.2 software, which utilized a one-way analysis
of variance. A significance level of p<0.05 was deemed
significant.

Results

Characterization of SN-NPs

Table 2 shows the size of NPs containing solanine. The
average particle size and PDI of NPs are 50-70 nm and
0.452, respectively, as shown in Table 2. A PDI value of
0.452 for solanine-loaded niosome NPs is often regarded
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Table 2 Analysis of niosome NPs containing solanine. Determination of hydrodynamic diameter of niosome-solanine NPs by DLS and
zeta potential of nisome-solanine NPs with zetasizer

Row Test Analysis Treshold Results
1 Polydispersity 0452 0.1 to 0.25 most acceptable ac-
index (PDI) 0.25 to 0.5 acceptable cept-
0.5to 0.75 poor acceptable able
0.75 to 1.00 not acceptable
2 Surface charge 60.7 mV *The general dividing line between stable and unstable suspensions is generally taken at either stable
(mV) +30 or -30 mV. Particles with zeta potentials more positive than +30 mV or more negative than
—30 mV are normally considered stable.
3 FeSEM (nm) 26 nm **Typically, they have a size between 1 and 100 nm that permits a longer circulation half-life in Good
4 DLS (nm) 50-70 nm vivo. Good

*https://www.research.colostate.edu/wp-content/uploads/2018/11/ZetaPotential-Introduction-in-30min-Malvern.pdf

**Adamo G, Campora S, Ghersi G. Functionalization of NPs in specific targeting and mechanism release. InNanostructures for novel therapy 2017 Jan 1 (pp. 57-80).
Elsevier
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Fig. 1 Analysis of niosome NPs containing solanine. (A) Morphological analysis of solanine-nisome NPs using SEM. SEM imaging results indicate that
SN-NPs possess advantageous characteristics for the cellular transport of solanine. The diminutive size, spherical morphology, and smooth surface all
suggest a meticulously engineered nanoparticle delivery mechanism. (B) Release pattern of free solanine and nisome NPs containing solanine at pH 5.2
and 7.4 after 120 h. The research revealed a considerably quicker release of solanine from the niosomes at pH 5.2 compared to pH 7.4. This shows that the
niosomes are more likely to discharge their cargo in a more acidic environment

as acceptable, however indicative of a more wider size
dispersion. Lower PDI values signify a more homoge-
neous size distribution, whilst elevated values imply a
broader spectrum of particle sizes. A PDI under 0.5 indi-
cates that the majority of solanine-containing nisome
NPs fall within an acceptable size range. SEM was used
to evaluate the morphological characteristics of the
most favorable SN-NPs. Figure 1A shows a SEM image
of the improved formulation. This image shows a stable
spherical shape and smooth surface, with an average size
of less than 26 nm and no visible bulk component. As
previously mentioned, we quantified the zeta potential
of SN-NPs using a Zeta Sizer. Table 2 displays the zeta
potential of niosome NPs containing solanine, which is
measured to be 60.7 mV. The results corroborated the
existing nanosystem’s accurate size distribution and zeta
potentials. Positively charged NPs may adhere to the neg-
atively charged surfaces of cancer cells via electrostatic

interactions, possibly facilitating increased cellular
absorption and tailored medication administration. The
long-term stability of SN-NPs was assessed by moni-
toring particle size, polydispersity index (PDI) and zeta
potential during 120 h. The results showed little change
in particle size and PD], indicating robust physical stabil-
ity. The zeta potential was consistently high [+60 mV],
indicating that the electrostatic stability of the SN-NPs
was maintained throughout the time. The prolonged sta-
bility is essential for ensuring the efficacy and durability
of SN-NPs in future clinical applications.

Investigation of FT-IR results

An FTIR examination was conducted to verify the pres-
ence of solanine in the nano-niosome formulation.
Table 3 displays the FTIR spectra of the unbound nioso-
mee and SN-NPs. The FTIR spectrum of the blank nio-
some (Table 3) exhibits distinct peaks corresponding to
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Table 3 Fourier-transform infrared (FTIR) spectra of blank niosome and niosome containing solanine
Nanoparticle Wavelength Conection bonds Results
Blank niosomee 3553.84 cm™ O-H bonds cholesterol
N-H bonds Tween-60
189242 cm™! C-0 bonds Tween-60 or span60
3013.13cm™! -OH bonds span 60
2929.70 cm™! C-H bonds span 60
163801 cm™! -COO bonds span 60
Niosome containing solanine 354873 cm™! -OH bonds cholesterol
2923.76 cm™! C-H bonds span60
1637.72cm™! -COO bonds Tween-60 or span60
1600 cm™! -OH bonds solanine
1093.91-618.86 cm™! C-H, C-0, C-N bonds solanine

span 60, Tween-60, and cholesterol in the wavelength
region of 3553-475 cm™'. The band seen at 3553.84 cm™!
was attributed to the presence of cholesterol and Tween-
60, explicitly indicating the stretching of O—H bonds in
phenols and N-H bonds in secondary amines. The pres-
ence of the carbonyl group in Tween-60 and span60
is characterized by a prominent absorption band at
1892.42 cm™!, which arises from the stretching vibra-
tion of the C—O bond. The peaks of 3013.13, 2929.70 and
1638.01 cm™ Y, related to the presence of -OH, C-H and
-COO groups, respectively, indicate span 60 in nisome
compound. The solanine-niosome NPs exhibited peaks at
waves 3548.73, 2923.76, and 1637.72 cm™ !, indicating the
presence of -OH, C-H, and -COO groups, respectively
(Fig. 2B). The SN-NPs exhibit a more distinct and intense
band in the 1600 cm™! area and larger bands in 1093.91—
618.86 cm™! regions, as compared to the blank noisome.
The SN-NP spectrum exhibited a more pronounced
and intense band in the 1600 cm™! region compared to
the blank niosome. This region is often associated with
C=C stretching vibrations, which could be present in the
solanine structure. The SN-NP spectrum showed more
prominent bands in the 1093.91-618.86 cm™! region.
This region is complex and can contain contributions
from various functional groups, including C-O stretch-
ing, C-N stretching, and C-H bending. Solanine, being
a complex molecule, likely possesses such functional
groups. The increased prominence of these bands in the
SN-NPs spectrum, compared to the blank niosome, sug-
gests the presence of additional functional groups con-
tributed by solanine.

Entrapment efficiency and release profiles

Encapsulation effectiveness is a crucial physicochemi-
cal metric in noisome formulations. Prior studies
have shown that niosomes created using the thin film
approach had a greater encapsulation efficiency than
those produced using other methods. The drug’s accessi-
bility is guaranteed by the superior entrapment efficiency,
resulting in an enhanced quantity of solanine inside the

particle at more excellent EE. The encapsulation effi-
ciency for solanine was 82.3%+0.24% (Supplementary
materials 1), demonstrating the effective incorporation
of solanine into noisome NPs. The drug release inves-
tigation was performed at two pH levels, 7.4 and 5.2, to
replicate physiological circumstances and the tumor
microenvironment, respectively (Fig. 1B). A pH of 7.4
denotes the physiological pH of blood and healthy tis-
sues, establishing a standard for medication release
under typical settings. It is essential to evaluate prema-
ture medication leakage throughout circulation prior to
reaching the target location. A pH of 5.2 replicates the
acidic conditions typical of the tumor microenviron-
ment, such as the extracellular space around MCF-7
tumor cells and the endolysosomal compartments inside
the cells. A double-stage release of solanine was seen in
both laden formulations, consisting of a relatively fast
release of medication accompanied by a steady plateau
or a delayed release phase. A release profile indicates
that the noisome formulation exhibited a notably moni-
tored release of solanine for several hours, whereas 63%
of the free solanine was released after 1 h (pH="7.4). At
a physiological pH, the solanine NPs exhibited an initial
rapid release of 35% of solanine after 1 h. Subsequently,
about 51% and 90% of solanine were released after 12 and
120 h, respectively. The key finding is that the niosomes
control the release of solanine. While free solanine shows
a rapid release (63% in 1 h at pH 7.4), the niosome-encap-
sulated solanine releases much more slowly (35% in 1 h
at pH 7.4). This sustained release is beneficial for main-
taining therapeutic drug levels over a longer period and
reducing the frequency of administration. On the other
hand, the medication was released more rapidly at pH
5.4. Around 45% of the solanine was released from the
NPs after 1 h, and the complete release of the drug was
achieved in only 72 h. The study observed a significantly
faster release of solanine from the niosomes at pH 5.2
compared to pH 7.4. This indicates that the niosomes are
more likely to release their payload in a more acidic envi-
ronment. The faster release at pH 5.2 (complete release in
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MCF-7 cell line treatment (24h)
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MCEF-10 cell line treatment (24h)
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Fig. 2 The cytotoxic effect of free solanine, free niosome and solanine-loaded niosome NPs on MCF-7 and MCF-10 cell lines The results of the MTT assay
show that the toxicity of solanine-loaded niosome NPs is time- and dose-dependent and that with increasing time from 24 to 72 h, cell viability decreases
in the group treated with solanine-loaded niosome NPs. The data are expressed as a percentage of cell viability, with the standard deviation (SD, (n=3)).

*p < 0,05, **p <001, **p <0001

72 h) compared to pH 7.4 (90% release in 120 h) suggests
that the niosomes might be designed to release their pay-
load in response to changes in pH. The released research
aimed to illustrate the pH-responsive characteristics of
the solanine-loaded niosomes, validating their capacity
to release solanine in the acidic tumour microenviron-
ment selectively. The noted discrepancies in pH 7.4 and
5.2 release profiles provide enough data to substantiate
this assertion. The markedly accelerated release at pH
5.2, reflecting the tumour’s acidic environment, substan-
tiates the niosomes’ capability for tailored drug delivery.
Due to the evident and significant disparities in release
kinetics at the two pH values, further kinetic modelling
was considered superfluous for the objectives of this
investigation.

Assessment of cytotoxicity

Figure 2 shows the survival rate of MCF-7 and MCE-10
cell lines after exposure to free solanine, free niosomee,
solanine loaded in niosomee NPs and positive control
(Tamoxifen) for 24, 48 and 72 h with different concentra-
tions. Compared with control cells, the viability of MCE-7
cells was significantly decreased by niosome-loaded
solanine in a time and concentration-dependent man-
ner (***p<0.001). ICy, values for MCEF-7 cells exposed
to solanine loaded in nisome NPs were 40 mg/100 mL.
However, these values decreased to 10 mg/100 mL after
48 h and 5 mg/100 mL after 72 h. Tamoxifen, used as a
positive control, exhibited IC;, values of 5 mg/100 mL
at 24 h, 2.5 mg/100mL at 48 h, and 0.625 mg/100mL
after 72 h of treatment. Compared to solanine loaded in
Nisome NPs and tamoxifen, free Nisome NPs showed no
significant effect on MCEF-7 cell survival. The free sola-
nine extract at a concentration of 40 and 20 mg/100mL
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showed minimal toxicity after 24 h. However, after 48 h,
these concentrations significantly reduced the survival
rate of MCEF-7 cells. The data clearly show that solanine
in niosomes exhibits significant cytotoxicity compared
to free solanine at an earlier time point (24 h). The IC,
values for the niosome formulation decrease over time,
indicating increasing efficacy. Free solanine, on the other
hand, shows minimal toxicity after 24 h (Fig. 2). Nio-
some-encapsulated solanine was less toxic to the nor-
mal cell line MCF-10 than free solanine. Free niosome
NPs showed no significant toxic effect on the normal cell
line. However, the survival rate of MCF-10 cells treated
with solanine-loaded NPs was 78% and 80% after 24 h at
concentrations of 40 and 20 mg/100mL, respectively. In
addition, the survival rate of MCF-10 cells treated with
NPs containing solanine in these concentrations showed
a significant decrease with increasing time. Furthermore,
the toxicity findings of unbound niosomee on MCE-7
and MCF-10 normal cell lines indicate that it has no
noteworthy negative impacts on the cell lines, thus dem-
onstrating its biocompatibility.

Apoptosis assay

We used an apoptosis detection kit to determine the
manner of cell death produced by solanine, free nio-
somes, and solanine-loaded niosome nanoparticles
(SN-NPs) in MCEF-7 cells. Cells were subjected to each
treatment at their corresponding IC, concentrations
for 72 h, after which apoptotic levels were assessed using
flow cytometry. The data obtained was examined via
a four-Q gating strategy: Q; denoting necrotic cells, Q,
indicating late apoptotic cells, Q, signifying early apop-
totic cells, and Q, representing viable cells. This test uti-
lizes Annexin V’s strong affinity for phosphatidylserine,
an early marker of apoptosis, which was identified using
FITC. Propidium iodide (PI), a DNA-binding dye, was
used to differentiate necrotic cells from apoptotic cells,
since it can penetrate only those cells with damaged
membranes. Figure 3 demonstrates the prompt occur-
rence of apoptotic effect (Q,+Q3) in MCE-7 cells upon
exposure to niosome NPs containing solanine. The most
striking difference is the significantly lower percentage of
live cells in the SN-NPs group (46.80%) compared to the
free solanine group (83.70%). This suggests that the sola-
nine-loaded NPs have a much stronger effect on reduc-
ing cell viability. This study found that nisome and blank
solanine extract, at a concentration known as IC;,, did
not significantly affect the survival rate of MCF-7 cells
compared to the control group. A survival rate of 98.6%
was observed in MCF-7 cells treated with nisome at the
ICy, concentration. The highest primary and secondary
apoptosis rates of 15.33% and 33.10%, respectively, were
observed in MCF-7 cells treated with niosome NPs con-
taining solanine, which showed a significant difference
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with free solanine and free nisome (p<0.01). Follow-
ing a 72-hour treatment with niosomes containing sola-
nine, over 30% of MCEF-7 cells were shown to be in the
late apoptotic stage, while 5.06% were found to be at the
necrosis phase. The SN-NPs demonstrate superior effi-
cacy as a delivery method for solanine, facilitating both
early and late-stage apoptosis, hence diminishing cell
viability (p<0.01). In our flow cytometry analysis, pri-
mary apoptosis (Annexin V+/PI-) indicates early apop-
tosis, while secondary apoptosis (Annexin V+/PI+)
signifies late apoptosis and maybe early necrosis. SN-NPs
enhanced both, suggesting their pro-apoptotic influence
on MCEF-7 cells. The lowest survival rate (16.40%) and the
highest secondary apoptosis rate (64.40%) of MCE-7 cells
were observed in the group treated with tamoxifen (posi-
tive control), which showed a significant difference com-
pared to other groups (p<0.01). These data indicate that
SN-NPs promote apoptosis in MCEF-7 cells by different
pathways. Annexin V staining indicates activation of the
extrinsic apoptosis pathway, which involves death recep-
tor signalling. The late apoptosis and necrosis observed
could be due to the intrinsic apoptosis pathway facilitated
by mitochondrial dysfunction. Further studies are needed
to clarify the exact molecular pathways, including analy-
sis of Bcl-2 family proteins. Evaluation of the expres-
sion of Bcl-2 family proteins (Bax, Bcl-2) to determine
changes in mitochondrial membrane potential and the
role of the intrinsic pathway. We used the real-time PCR
method for the (Bax, Bcl-2) measurement.

Investigation of cell cycle modifications

Flow cytometry was used to assess cell cycle alterations
in MCEF-7 cells after treatment with IC50 doses of free
nisome, free solanine, nisome NPs loaded with solanine,
and tamoxifen (Fig. 4). Both SN-NPs and tamoxifen, a
well-known anti-cancer medication, caused cell cycle
arrest in the GO/G1 phase while decreasing the fraction
of cells in the G2/M phase. This shows that SN-NPs may
have similar anti-cancer properties as tamoxifen. In the
treatment group with NPs loaded with solanine, 81% of
the cells stopped in the GO/G1 phase and only 12% of
the cells managed to enter the G2/M phase (p<0.01).
Persistent arrest in GO/G1 may induce apoptosis, or pro-
grammed cell death, in MCE-7 cells. This consequence is
advantageous in cancer treatment, since it results in the
eradication of malignant cells. The results showed that
the encapsulation of solanine in niosomes significantly
increases its ability to induce apoptosis and stop the cell
cycle in the GO/G1 phase of MCF-7 cells compared to
free solanine.

Evaluation of gene expression
Analysis of MCE-7 cells treated with solanine-nisome
NPs and the positive control using quantitative real-time
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RT-PCR revealed increased levels of Bax and CDH-1.
This indicates that these specific genes are important
in apoptosis and metastasis. The transcription levels
of Bax, Bcl-2, CDH-1, and MMP2 genes were analyzed

using qPCR, with GAPDH as a reference control gene
(housekeeping gene) (Fig. 5). All potential genes among
different treatment groups observed a significant varia-
tion in expression. After treatment with NPs containing
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solanine, the level of Bax and CDH-1 gene expression in
malignant cells was significantly higher compared to free
niosomes and free solanine (**** p <0.0001). It is accepted
that Bax acts as a protein that suppresses tumor growth.
Our investigation found that the CDH-1 gene was con-
siderably increased in expression in solanine-niosomee
and positive control treatment groups, compared to
the free noisome, free solanine and control group (***
p<0.001). Conversely, the increase in CDH-1 expression
was noticeable in cell lines treated with tamoxifen. Our
findings showed that Bcl-2 exhibited significant changes
in MCE-7 cells treated with solanine-loaded NPs, as dem-
onstrated by qRT-PCR analysis. The expression of Bcl-2
in this group showed a significant decrease compared to
niosome and free solanine (***p<0.001). The results of
our study indicate that the expression of the MAMP2 gene
in cancer cells treated with solanine-containing NPs is
markedly decreased compared to those treated with sola-
nine alone or niosome. This suggests the medicine has
been successfully administered to the specific cancer cells
(*p<0.01).

We performed pathway analysis to gain more insight
into the biological processes affected by SN-NPs. This
investigation revealed that the changes in the expression
of Bax, Bcl-2, CDH-1 & MMP2 are associated with many
critical signaling pathways, including: The increase in
Bax and down-regulation of Bcl-2 indicate activation of
the intrinsic apoptotic pathway, likely due to disruption
of mitochondrial membrane potential. The overexpres-
sion of CDH-1 indicates a possible reversal of epithe-
lial-mesenchymal transition (EMT), a critical process
in the spread of cancer. The down-regulation of MMP2
indicates the suppression of ECM degradation, a criti-
cal factor for tumor invasion and metastasis. The PI3K/
Akt/mTOR signaling pathway is prevalent in several
malignancies, and alterations in apoptosis-related genes
and MMP2 may indicate alterations in this pathway. The
MAPK pathway is prevalent in several malignancies, and
alterations in apoptosis-related genes and MMP2 may
indicate alterations in this pathway.

Discussion

Cancer continues to represent a significant global health
burden, with mortality rates persisting despite therapeu-
tic breakthroughs. This underscores the need for new
therapeutic approaches [26]. Natural chemicals, includ-
ing solanine, have emerged as potential anticancer drugs
and have shown antitumor activity in various cancers
[27]. Solanine, a glycoalkaloid, has shown potential anti-
cancer properties by inhibiting the development and
proliferation of malignant cells [29]. Research has shown
that solanine induces apoptosis in hepatocarcinoma cells,
highlighting its potential as an economical cancer ther-
apy. However, its insufficient water solubility limits its
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bioavailability and therapeutic efficacy. We investigated
niosomes as nanocarriers for the delivery of solanine to
MCE-7 breast cancer cells [28]. This work involved the
synthesis of new solanine-loaded niosome nanoparticles
(SN-NPs) using Span 60, Tween 60 and cholesterol, fol-
lowed by an evaluation of their cytotoxic effect on MCF-7
and MCEF-10 cells by MTT assays. Characterization tests
confirmed the effective production of nanoparticles and
showed size distributions suitable for extensive circula-
tion in the bloodstream [30]. The type of surfactant and
the lipid mixture significantly influence the effectiveness
of encapsulation and particle size [31]. SEM examination
confirmed the spherical shape of SN-NP. The deviations
between the particle size measurements with DLS and
SEM are probably due to the different measurement prin-
ciples. Scanning electron microscopy (SEM), an imaging
technique for dry samples, provides direct measurements
of the nanoparticle radius. DLS, an indirect technique,
quantifies the hydrodynamic radius via particle motion,
which can be influenced by dynamic accumulation and
aggregation [32]. Our investigation revealed that the NP
sizes measured in the SEM were below 30 nm, while the
sizes measured in the DLS varied between 50 and 70 nm.

We investigated the physicochemical properties of
solanine NPs, drug entrapment efficiency and drug
release pattern. The encapsulation efficiency of solanine
was 82.3%+0.24%. The release pattern of solanine from
the niosome NPs was investigated by dialysis at pH 7.4
and 5.2. The results showed that the release of solanine
from the NPs follows a two-stage pattern. The first stage
shows a rapid increase in release within one hour at pH
7.4, followed by a slow and sustained release over 120 h,
resulting in a solanine release of about 90%. The release
of solanine at a pH value of 5.2, which is similar to the
acidic environment of the lysosomes, is significantly
faster than at a pH value of 7.4, with the entire solanine
content being released within 72 h. The prolonged drug
release of solanine niosome NPs means that these NPs
can be used as an effective carrier for solanine delivery.
Solanine release from niosome NPs is a pH-sensitive
technique that aims to improve drug delivery to target
areas such as the tumor microenvironment and lyso-
somes, which have lower pH values. At physiological
pH (7.4), niosomes release solanine slowly and steadily,
reducing premature drug loss in circulation. However,
when exposed to the acidic environment (pH 5.2) found
in the tumor microenvironment and lysosomes, the nio-
some structure alters, allowing for fast solanine release.
This instability may include protonation of niosome com-
ponents, resulting in changes to the bilayer structure and
enhanced permeability. At pH 5.2, solanine is released
more quickly and completely, ensuring that the thera-
peutic substance is efficiently supplied to cancer cells
and maximizes its deadly impact. This tailored release
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mechanism reduces off-target effects while increasing
the therapeutic effectiveness of solanine. The cellular
communication and absorption of NPs are significantly
influenced by their surface charge [29]. SN-NPs showed
a zeta potential of +60.07 mV, indicating the stability of
the colloidal suspension of niosomes. Niosome NPs with
zeta potentials above +30 mV or below - 30 mV exhibit
sufficient stability [30]. The polydispersity index quanti-
fies the degree of homogeneity of particle size and mea-
sures the width of size dispersion. The PDI ranges from 0
to 1, with a lower value indicating a more homogeneous
mixture. The homogeneous particles have a limited size
range and show a low tendency to aggregate [31]. Our
results show that probe sonication reduces the particle
size of niosomes and thereby improves the efficiency of
drug entrapment.

Liposomes, a widely used drug delivery method, are
similar to niosomes in terms of bilayer architecture and
drug encapsulation. However, niosomes have several
advantages, including stability, cost-effectiveness, ver-
satility, pH sensitivity and improved drug entrapment.
Niosomes made from non-ionic surfactants have higher
chemical stability than liposomes made from phospho-
lipids, which are susceptible to hydrolysis and oxidation.
This improved stability results in a longer shelf life and
less drug leakage during storage and distribution. Nio-
somes are often less expensive than liposomes, mak-
ing them a more economical choice for large-scale drug
delivery. Niosomes offer more flexibility in surfactant
selection and formulation, which facilitates optimization
of drug release kinetics and targeted delivery. Niosomes
can be synthesized from a wider range of materials.
Although liposomes can be designed for pH-dependent
release, as shown in our work, niosomes have inherently
pH-dependent release characteristics due to the prop-
erties of nonionic surfactants. Sonication of the probe
enabled high efficiency of drug entrapment in the nio-
somes [29-32].

In a study conducted with doxorubicin-loaded lipo-
somes, it was found that the drug-loaded liposomes
had a hydrodynamic size between 120 and 170 nm with
a narrow distribution (PDI © 0.2) and covered a range
of surface charges (-10.2 mV to +17.6 mV) [31]. These
results were in agreement with the results of our study.
However, our study showed that niosomes can generate
smaller particles in terms of particle size. Moreover, the
release of Dox from liposomes was lowest at pH 7.4 com-
pared to acidic pH values [31]. Like the previous study,
our study also showed that the release of the drug encap-
sulated in niosomes was better at acidic pH values. The
MTT test was performed to determine the cytotoxicity
of free niosomes, free solanine, and SN-NPs in MCF-7
cells. Free niosomes had no significant effect on MCF-7
cell viability compared to the control, showing that they
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are biocompatible. After 24 h of incubation, free solanine
at concentrations of 40 and 20 mg/100mL was found to
be somewhat safe. However, after 48 h, these doses dras-
tically decreased MCF-7 cell viability. Notably, SN-NPs
showed considerable cytotoxicity at an earlier time point
(24 h) than free solanine, suggesting improved transport
and a faster commencement of action (Fig. 2).

The results of the study showed that in MCEF-7 cells
treated with Solanum pseudo-capsicum extract, the
expression levels of Bcl-2 and Bax genes decreased by
0.8-fold (p<0.05) and 1.7-fold (p<0.01), respectively.
The overall apoptosis rate in this study was also 35.35%
[21]. The results of the present study were consistent with
the results of the previous study. However, the SN-NPs
were able to alter the expression levels of the apoptotic
gene Bax and the anti-apoptotic gene Bcl-2 much more
effectively.

When investigating the effects of a-solanine on cell via-
bility, most studies have focused on different cell culture
lines and confirmed our results [40, 41]. The IC;, concen-
trations of a-solanine in HepG2, SGC-7901 and LS-174
cells were 14.47, >50 and >50 pg/mL, respectively.
HepG2 cells showed higher sensitivity to a-solanine [32].
The present study’s findings on the anti-cancer activity
of SN-NPs align and diverge in several ways with previ-
ous work on solanine-loaded chitosan NPs in MCF-7
cells. The isolated compound, solanine, and the chitosan-
loaded solanine exhibited significant inhibitory activity
against both MCF-7 and HMVII cancer cell lines. The
determined ICy, values were 8.52 pg/mL for solanine,
0.82 pg/mL for the chitosan-loaded solanine, against
MCE-7 cells. This study reported that solanine chitosan
NPs induced both early and late apoptosis in MCF-7
cells [33]. Our results demonstrated that SN-NPs also
induced both early and late apoptosis in MCF-7 cells.
The cytotoxicity of Solanum nigrum extract was investi-
gated in a separate study after 72 h of treatment against
the MCF-12 A cell line and the luminal BC subtype A
cell line MCF-7. The study demonstrated that the aque-
ous extract of S. nigrum L exhibited no cytotoxicity for
normal breast MCF12A cells at concentrations of 5 g/L
or 10 g/L. Conversely, it induced toxicity of 8% (p>0.05)
at 5 g/L and 43% (p<0.05) at 10 g/L in BC MCF?7 cells
[34]. Niosome NPs have several potential benefits for the
delivery of solanine in comparison to other NPs tech-
nologies. Their non-ionic characteristics often result in
less toxicity and enhanced biocompatibility relative to
charged nanoparticles, possibly mitigating the detrimen-
tal effects of solanine on healthy cells. Niosomes provide
superior drug encapsulation efficiency and diverse drug
loading capabilities, accommodating both hydrophilic
and hydrophobic substances such as solanine. Moreover,
their adjustable dimensions and surface characteristics
provide regulated drug release and possible targeting
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alterations, in contrast to some other nanoparticle vari-
eties. Although free solanine may demonstrate consider-
able cytotoxicity against cancer cells, it also endangers
normal cells, resulting in sensory discomfort and other
harmful consequences. Niosome encapsulation seeks
to reduce off-target effects by protecting solanine dur-
ing transport and facilitating its release exclusively at
the tumor site, hence possibly enhancing its therapeutic
index. The remarkable anti-cancer activity of SN-NPs
against MCE-7 cells and their lower toxicity to normal
cells suggest a promising therapeutic potential for breast
cancer therapy. The pH-sensitive release of solanine
from niosomes in the acidic tumor microenvironment
improves targeted drug delivery, reduces systemic toxic-
ity and optimizes efficacy at the tumor site. The improved
stability, biocompatibility and controlled release of SN-
NPs offer a significant advantage over free solanine and
other nanoparticle formulations. This improved nano-
carrier technology can promote solanine bioavailability,
minimize off-target effects and improve therapeutic out-
comes for breast cancer patients.

The flow cytometric data showed that the cytotoxic-
ity of solanine-loaded niosomes on MCE-7 cells was
achieved by inducing apoptosis. Significantly, SN-NPs
treatment decreased cell viability to 46.80%, in contrast
to free solanine, which maintained a vitality of 83.70%.
Neither free niosomes (98.6% viability at IC;;) nor free
solanine had a significant impact on cell survival relative
to the control. SN-NPs elicited the greatest rates of early
(15.33%) and late (33.10%) apoptosis, greatly above those
of free solanine and free niosomes (p <0.01). This work
presents solid evidence for the significant anti-cancer
efficacy of SN-NPs against MCF-7 BC cells. Our results
indicate that SN-NPs therapy successfully initiates apop-
tosis, a programmed cell death mechanism essential for
the eradication of malignant cells, while concurrently
inducing a substantial GO/G1 cell cycle halt. The noted
rise in early and late apoptotic populations, together with
the significant buildup of cells in the GO/G1 phase, high-
lights the dual effect of SN-NPs on MCE-7 cell viability.
The substantial decrease in viable cell counts after SN-
NPs therapy further substantiates the effectiveness of this
therapeutic method.

The ratio between the levels of Bcl-2 and Bax proteins
controls how cells respond to cell death-inducing signals
by influencing the formation of pores in the mitochon-
drial membrane called the mitochondrial MTP hole [35].
The Bax/Bcl-2 ratio indicates the equilibrium between
pro-apoptotic Bax and anti-apoptotic Bcl-2 proteins,
which regulate mitochondrial outer membrane permea-
bilization and cytochrome c release, a crucial phase in
apoptosis. An elevated Bax/Bcl-2 ratio signifies a transi-
tion towards apoptosis, as Bax’s pore-forming function
surpasses Bcl-2’s inhibitory influence on cytochrome ¢
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release [36]. CDH-1, or E-cadherin, is a transmembrane
protein whose function depends on calcium and plays
a critical role in the formation of certain intercellular
junctions necessary for epithelial cell attachment [37].
CDH-1 is a gene that plays an important role in the devel-
opment of sporadic BC. CDH-1 mutations are common
in BC, especially in lobular breast tumors [38]. MMPs
are a class of endopeptidases that are dependent on zinc
for their activity. They have a crucial function in tissue
remodeling by degrading components of the extracellu-
lar matrix, thus creating a favorable environment for cell
development. Nevertheless, several MMPs are overpro-
duced in various cancers to promote tumor cell growth
and proliferation [39]. Consistent with previous research,
our study confirms that the use of solanine loaded in
niosome NPs has anticancer properties and effectively
inhibits cell migration in MCEF-7 BC cells. Further-
more, administration of solanine-containing NPs at ICq,
concentration resulted in more than 3.5- and 2.5-fold
upregulation of Bax and CDH-1 genes in MCEF-7 cells
(p* 0.001), respectivly. The expression of genes involved
in cell migration and anti-apoptosis, such as Bcl-2 and
MMP2, was reduced in MCF-7 by 0.5-fold and 0.7-fold,
respectively (p0.001). Our gene expression results cor-
respond with recognized BC pathways: The upregulation
of Bax and CDH-1, together the downregulation of Bcl-2
and MMP2, signifies a transition towards apoptosis and
diminished cell migration, which are critical therapeutic
targets in breast cancer. These alterations indicate that
SN-NPs stimulate pro-apoptotic pathways while inhibit-
ing those that facilitate cell survival and metastasis, align-
ing with the intended effects of anti-cancer medicines.
Modulating these genes is an established approach for
addressing BC development. Previously, a-solanine had
shown the ability to prevent the spread, movement and
migration of human melanoma cells (A2058) by sup-
pressing JNK, PI3K and Akt phosphorylation and NF-xB
activation and reducing the activity and expression of
MMP2/9. The results of this study showed that the activi-
ties of pro MMP9 and pro MMP2 decreased significantly
(p°0.01) after treatment with a-solanine at concentra-
tions of 13.8 and 18.4 mM for 24 h [40]. In a separate
study, a-solanine reduced the production of oncogenic
microRNA-21 by decreasing the expression of MMP2/9
with a 1-fold change (p“0.01) via the ERK and PI3K/Akt
signaling pathways, thereby suppressing the invasion of
human prostate cancer cells (PC-3) and increasing the
expression of the tumor suppressor microRNA-138 [41].
SN-NPs has considerable clinical promise for cancer
treatment owing to their improved delivery and targeted
release functionalities. The observed enhancements
in cellular absorption and cytotoxicity relative to free
solanine indicate that SN-NPs may result in enhanced
therapeutic effectiveness in vivo, possibly facilitating
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superior tumor management and less systemic toxicity.
The pH-sensitive release mechanism of SN-NPs facili-
tates tailored drug administration to the acidic tumor
microenvironment, reducing off-target effects and
enhancing the medication’s efficacy on cancer cells while
preserving healthy tissues. Moreover, the capacity of SN-
NPs to cause apoptosis and cell cycle arrest underscores
their potential as a significant element in combination
cancer therapy, possibly enhancing the efficacy of current
chemotherapeutics or other targeted strategies. Despite
the encouraging preclinical outcomes, several difficul-
ties remain before SN-NPs may be converted into thera-
peutic applications. Increasing the synthesis of niosome
nanoparticles for large-scale production while ensuring
uniformity in size, shape, and drug encapsulation is a
considerable challenge. Maintaining the long-term sta-
bility of nanoparticles during storage is essential, since
aggregation, drug leaking, or alters in particle size might
impact their effectiveness and safety. The absence of in
vivo investigations is a significant constraint. Although
our in vitro results are promising, it is crucial to investi-
gate the activity of SN-NPs in animal models to evaluate
their effectiveness, biodistribution, and possible toxicity
in vivo. These investigations will be essential for estab-
lishing the best dose, delivery method, and long-term
effects of SN-NPs, hence facilitating clinical trials and
their prospective use in human cancer therapy.

Although our in vitro results suggest promising anti-
cancer efficacy of SN-NPs, several limitations must be
acknowledged, particularly regarding in vivo transla-
tion, complexity of in vitro and in vivo studies, pharma-
cokinetics and biodistribution, in vivo toxicity, tumor
heterogeneity and drug resistance, scalability and manu-
facturing, and interactions with the immune system. Our
study focused on MCEF-7 cell lines, which may not fully
mimic the complicated tumor microenvironment and
heterogeneity in vivo. In vivo studies are critical to evalu-
ate the efficacy and toxicity of SN-NPs in a more physi-
ologically relevant context. The in vivo pharmacokinetics
and biodistribution of SN-NPs are not yet known. Factors
such as blood circulation, tissue penetration and in vivo
drug release can influence therapeutic efficacy. Evalua-
tion of nanoparticle accumulation in tumor tissue com-
pared to healthy tissue is critical. Although the SN-NPs
exhibited little toxicity in normal MCEF-10 cells, in vivo
toxicity studies are essential to determine potential sys-
temic toxicity and off-target effects. The long-term con-
sequences of NPs and solanine need to be investigated.
Breast cancer exhibits considerable tumor heterogeneity,
leading to possible resistance to therapy. In vivo research
needs to investigate the efficacy of SN-NPs in different
breast cancer subtypes and explore possible causes of
drug resistance. The scalability and production of SN-
NPs for clinical applications pose significant obstacles.
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Improving the formulation and production process is
critical to ensure consistent quality and efficacy. Research
has not evaluated the interaction of nanoparticles with
the immune system, which is an essential element of any
in vivo application. Mitigating these limitations is essen-
tial for converting our in vitro discoveries into commer-
cially applicable drugs. Future research should focus on
in vivo efficacy and toxicity evaluations, pharmacokinetic
and biodistribution studies, and optimization of SN-NP
formulations for clinical use.

Conclusion

In this research, a novel niosomal delivery system for
solanine, a phytochemical with potential anticancer
activity, was developed and analyzed. The improved nio-
some formulation showed advantageous properties such
as smaller size, higher entrapment efficiency and uni-
form, regulated drug release. In vitro studies with MCF-7
breast cancer cells showed that solanine-loaded niosomes
significantly enhanced the anti-cancer effect of solanine
compared to free solanine. Significantly, solanine-coated
niosome nanoparticles induced apoptosis in MCF-7 cells
equivalent to that of tamoxifen, a conventional breast
cancer therapy. This enhanced activity was associated
with the regulation of key genes involved in apoptosis
and metastasis, resulting in increased cell mortality and
reduced cancer spread. The results suggest that solanine-
loaded niosomes may be a viable treatment approach
for breast cancer. Future studies investigating solanine-
loaded niosomes hold promise for the treatment of breast
cancer, as they could potentially enhance drug delivery
to tumor sites, improve cellular uptake of solanine, and
reduce systemic toxicity compared to free solanine. This
targeted approach could lead to more effective and less
harmful therapeutic interventions. To realize this poten-
tial, further research is needed to optimize the niosome
formulation and validate efficacy in preclinical and clini-
cal settings.
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