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Abstract

Background and purpose: Due to delivery obstacles, Simvastatin, a potential anticancer agent, faces clinical
limitations. This study aimed to enhance simvastatin delivery and efficacy against triple-negative breast cancer
(TNBC) by developing liposomes modified with sodium oleate (NaOL) to improve endosomal escape.
Experimental  approach:  Simvastatin ~ was  encapsulated in  1,2-dimyristoyl-sn-glycero-3-
phosphocholine/cholesterol liposomes through thin film hydration. Liposomes with poly(lactic-co-glycolic
acid) (PLGA), individually modified with NaOL and PLGA, served as a control endosomal escape enhancer.
Formulations were characterized for size, charge, and encapsulation efficiency. Endosomal escape was
quantified through subcellular colocalization analysis using confocal microscopy, and anticancer activity was
assessed by evaluating cytotoxicity against 4T1 TNBC cells, followed by measurements of intracellular
reactive oxygen species (ROS) and DNA damage.

Findings/Results. Unmodified liposomes had a size of 115.2 + 7.94 nm, a zeta potential of -9.67 + 3.01 mV,
and an encapsulation efficiency of 78.93% + 6.72. NaOL-modified liposomes had a size of 119 £ 9.37 nm, a
zeta potential of -31.05 + 2.38 mV, and an encapsulation efficiency of 84.96% + 2.51. While PLGA-modified
liposomes had a size of 151.1 = 7.35 nm, zeta potential of -18.68 + 1.41 mV, and encapsulation efficiency of
83.63% + 5.56. Importantly, NaOL-liposomes exhibited lower ICso values, improved endosomal escape, and
enhanced anticancer activity compared to unmodified liposomes.

Conclusion and Implications: Surface modification with NaOL is a promising strategy to enhance the
anticancer efficacy of simvastatin liposomes against TNBC through improved endosomal escape. These
encouraging in-vitro findings warrant further in-vivo investigations into the potential for NaOL-modified
liposomes to improve TNBC patient outcomes.
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INTRODUCTION lack of approved targeted therapies, first-line
treatment relies on cytotoxic chemotherapy.
However, TNBC suffers from higher

recurrence and relapse rates compared to other

Triple-negative breast cancer (TNBC),
which lacks expression of estrogen,

progesterone, and human epidermal growth
factor receptor 2 (HER2) receptors, accounts
for 15-20% of breast cancer cases (1). Unlike
receptor-positive subtypes, TNBC does not
respond to endocrine or HER2-targeted
therapies, presenting a major therapeutic
challenge. TNBC is associated with younger
age at diagnosis, higher tumor grade, increased
metastatic risk, and poor prognosis. Due to the
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breast cancer subtypes. This aggressive clinical
behavior, coupled with the lack of tailored
targeted therapies, underscores the urgent need
to identify innovative treatment strategies for
managing TNBC (2).
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Cholesterol-lowering statins have recently
displayed anticancer potential in preclinical
models, including breast cancer. Simvastatin
can induce cell apoptosis by inhibiting HMG-
CoA reductase and the mevalonate pathway.
Simvastatin  depletes cells of essential
isoprenoids that modify and activate pro-
apoptotic proteins such as Rho, Rac, and Cdc42
(3,4). Additionally, simvastatin suppresses
cancer-promoting signaling networks such as
MAPK/ERK, PI3K/Akt, and Wnt/B-catenin,
reducing proliferation, survival, and metastasis
(5). Furthermore, simvastatin  elevates
intracellular reactive oxygen species (ROS),
triggering p38/JNK activation and the apoptosis
pathway (6,7). The multifaceted effects of
simvastatin on tumor growth, survival,
invasion, and oxidative stress highlight its
potential utility as a breast cancer therapy.

However, realizing simvastatin's clinical
potential has been hindered by its
hydrophobicity and the high doses required for
cancer treatment and prevention, which can
lead to unintended side effects (8).
Encapsulating simvastatin into nanocarriers
presents a promising approach to overcoming
these challenges by reducing the necessary
dosage and enhancing targeted delivery,
thereby minimizing toxicity and maximizing
therapeutic efficacy (9). Liposomes have
emerged as ideal carriers for hydrophobic drugs
like simvastatin, improving pharmacokinetics
and tumor accumulation through the enhanced
permeability and retention effect (EPR)
(10,11). Although enhanced penetration into
tumors via the EPR effect is beneficial, the

primary challenge remains to overcome
intracellular  sequestration  within  endo-
lysosomal compartments. Following

internalization into cancer cells, liposomes
often become trapped within endosomes and
are subsequently shuttled to lysosomes, where
encapsulated drugs are degraded by lysosomal
enzymes. This sequestration significantly limits
the cytosolic release of therapeutics at target
sites, drastically reducing their therapeutic
efficacy (12). Therefore, strategies that promote
escape from endo-lysosomal pathways are
crucial for significantly improving drug
delivery by enabling the release of therapeutics
directly into the cytosol. Various approaches

189

Sodium oleate liposomes enhance endosomal escape

have been investigated to enhance endosomal
escape, including cationic polymers, pH-
sensitive lipids, and membrane-disruptive
peptides, but have faced challenges such as
toxicity, instability, and inadequate release
(13). Engineering liposomes with optimized
surfaces to enhance endosomal escape remains
an important goal to elucidate the anticancer
potential of nanomedicines against tumors.
Poly (lactic-co-glycolic acid) (PLGA), a

biodegradable polymer known for its
biocompatibility, biodegradability, and
favorable release kinetics, has garnered

attention as a drug delivery vehicle (14,15).
PLGA nanotechnology revolutionizes delivery
in oncology and other diseases by improving
pharmacokinetics/dynamics, minimizing side
effects, enhancing stability, prolonging release,
and reducing dosing frequency (16).
Importantly, PLGA nanoparticles can achieve
rapid endo-lysosomal escape due to the
selective reversal of their surface charge from
anionic to cationic in acidic endo-lysosomal
environments. This charge switch enables
nanoparticle interaction with endo-lysosomal
membranes, facilitating cytosolic escape where
therapeutics can take effect (17). Therefore, this
study utilized PLGA as a positive control
biodegradable endosome escape enhancer.

Sodium oleate, a versatile salt of oleic acid,
plays an important role in nanotechnology and
drug delivery. Its affinity to form hydroxyl
bonds with SiO2 nanoparticles makes it a
valuable asset for processes such as polymer
flooding (18). Additionally, sodium oleate has
been utilized to coat magnetic nanoparticles,
thereby creating biocompatible stable colloids
(19). As a surfactant and emulsifier, sodium
oleate helps stabilize emulsions and micelles,
which is valuable for drug encapsulation and
delivery (20). While sodium oleate is known for
enhancing the solubility and permeability of
small molecules, specifically skin permeation,
it has not yet been explored as an endosomal
escape enhancer for nanoformulations.

This study aimed to investigate the potential
of sodium oleate, when integrated into
simvastatin liposomes, to facilitate endosomal
escape safely and effectively following
endocytosis in TNBC model cells in vitro. In
addition, the impact of enhancing endosomal
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escape on the anticancer efficacy of the
therapeutic agents delivered was assessed. This
in vitro study addresses a pivotal challenge in
cancer nanotherapy and establishes a
foundation for improved drug delivery systems
in oncology. Additionally, it is expected to
provide the impetus for subsequent in vivo
investigations.

MATERIALSAND METHODS

Materials

The lipids 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and lipoid sodium
oleate B were purchased from Lipoid GmbH
(Ludwigshafen, Germany). Other materials
obtained were: cholesterol, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), and
PLGA (lactide: glycolide 50:50) polymer from
Sigma-Aldrich (St. Louis, MO, USA);
phosphate-buffered saline (PBS), Dulbecco’s
modified Eagle’s medium (high glucose
DMEM), F12 nutrients, fetal bovine serum
(FBS), penicillin-streptomycin, trypan blue,
0.25% trypsin solution, and trypsin-EDTA
solution acquired from Gibco, Thermo Fisher
Scientific (Waltham, MA, USA); and the
fluorescent dyes LysoSensor Green DND-189
and Hoechst 33342 purchased from Thermo
Fisher Scientific (Waltham, MA, USA).

Preparation of simvastatin-loaded liposomes
In this study, we prepared three types of
liposomal  formulations  that contained
simvastatin: simvastatin-loaded unmodified
liposomes (Sim-Lipo), simvastatin-loaded
PLGA liposome (Sim-PLGA-Lipo), and
sodium oleate modified liposomes loaded with
simvastatin (Sim-NaOL-Lipo). The unmodified
liposomes contained a combination of DMPC
phospholipid and cholesterol in a 9:1 molar
ratio (0.005 mmol total phospholipid). The
Sim-PLGA-Lipo formulation had the DMPC
and cholesterol components but also included
PLGA polymer at a concentration of 0.1% w/v.
The  Sim-NaOL-Lipo formulation was
fabricated with DMPC, cholesterol, and sodium
oleate in a 9:1:1 molar ratio (0.005 mmol total
phospholipid, 10 mol% sodium oleate). All the
liposomal formulations were prepared using the
thin film hydration method as already described
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with modification (21). To briefly explain this
method, the lipid components were dissolved in
a solvent mixture containing chloroform and
methanol in a 2:1 ratio. Simvastatin was then
added to achieve an encapsulated drug
concentration of 200 ug/mL at a drug-to-lipid
molar ratio of 0.1. The organic solvents were
removed under nitrogen flow to form a film,
which was then hydrated using HEPES buffer
(pH 7.2).

The resulting multilamellar liposomes were
downsized by bath sonication at room
temperature for 15 min to form unilamellar
vesicles.

Physical characterization of simvastatin-
loaded liposomes

The final formulation of simvastatin-loaded
liposomes was characterized for its physical
properties, which included size, polydispersity
index, and zeta potential. Dynamic light
scattering (DLS) was performed using a
DelsaTM Nano C particle analyzer (Beckman
Coulter, Brea, CA) to determine the liposome
particle size and polydispersity index . The zeta
potential was measured to evaluate the surface
charge of the liposomes. Stability studies were
conducted to detrmine the physical stability of
the liposomes. All liposomal formulations were
stored at 4 °C for 28 days. During this period,
particle size, zeta potential, and polydispersity
were measured periodically to assess any
changes.
Entrapment  efficiency percentage  of
simvastatin-loaded liposomes

The entrapment efficiency percentage of
simvastatin-loaded liposomes was determined
using the ultracentrifugation method, as
previously described with some modifications
(22). The liposomal dispersion was centrifuged
at 20,000 rpm for 20 min at 4 °C. The
supernatant was then collected, and the amount
of encapsulated simvastatin was measured
using a UV spectrophotometer at 238 nm.

A calibration curve was prepared by
measuring the absorbance of different
concentrations of simvastatin. The

concentration of encapsulated simvastatin was
calculated based on the linear regression
equation of the  calibration curve.



The entrapment efficiency percentage was
calculated using the following equation:

Entrapment efficiency (%) =
Encapsulated simvastatin concentration

X 100

Initial total simvastatin concentration

Morphology investigation

The shape of various prepared simvastatin
liposomes was investigated using transmission
electron microscopy (TEM). A Hitachi HT7700
TEM system (Tokyo, Japan) was used to
conduct the analysis. To prepare the samples,
the nanoparticle solutions were diluted with
deionized water and pipetted directly onto
carbon-coated copper grids before TEM
imaging. TEM examination allowed to evaluate
particle size distribution and morphological
characterization of simvastatin liposome
formulations.

Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR)
spectroscopy was performed to analyze the
chemical  composition and  molecular
interactions of various liposomal formulations
using a Jasco FT/IR-4200 type A spectrometer
(Jasco Corporation, Tokyo, Japan). The
samples, including cholesterol, DMPC, DMPC-
Chol Lipo, Sim-Lipo, NaOL, NaOL Lipo, Sim-
NaOL-Lipo, PLGA, PLGA Lipo, and Sim-
PLGA-Lipo, were mixed with potassium
bromide (KBr) and compressed into pellets.
Spectra were obtained over the range of
4000-400 cm. The spectra were compared
to identify characteristic absorption bands
and analyze changes in functional groups
andS molecular structure across different
formulations.

4T1 cell culture

The 4T1 mouse mammary carcinoma
cells (ATCC® CRL-2359) were obtained
from Dr. Muhammad Hasan Bashari,
Faculty of Medicine, Padjadjaran University,
Indonesia. The cells were cultured in
Dulbecco's modified cagle medium
(DMEM) supplemented with 10% FBS. The
cells were incubated at 37 °C in a humidified
atmosphere with 5% COz. The culture medium
was changed every 2-3 days, and the cells were
passaged when they reached 80-90%
confluency.
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Cdlular uptake

To evaluate the uptake mechanism of the
developed liposomes, confocal laser scanning
microscopy (CLSM) was utilized as described
by Mudhakir et al. (23). Briefly, 2 x 103 of 4T1
breast cancer cells were cultured in glass-
bottom 35 mm confocal dishes with standard
DMEM growth medium. Before liposome
treatment, cells were pretreated with
endocytosis inhibitors, including hypertonic
sucrose solution to inhibit clathrin-mediated
endocytosis, amiloride to block
micropinocytosis, and filipin as a caveolae-
mediated inhibitor. Next, the unmodified,
NaOL-modified, and PLGA liposomes loaded
with the fluorescent marker DiD were
incubated with the pretreated cells for 60 min at
physiological conditions. After PBS washing,
cell nuclei were labeled with Hoechst stain for
visualization. Confocal microscopy was
utilized to capture images and assess the
cellular association of the DiD-liposomes under
inhibitor conditions compared to control.
Additionally, mean fluorescence intensity
analysis using Image J software was conducted
for semi-quantitative measurement of liposome
uptake. This  comprehensive approach,
examining multiple mechanisms, will elucidate
the predominant internalization pathway of the
surface-modified simvastatin liposomes in the
4T1 TNBC cell line.

Assessment of endosome escape efficiency
using subcdlular colocalization analysis
Subcellular colocalization was conducted to
evaluate the intracellular trafficking of different
nanoformulations, as described by Hu et al.
(24) with modification. Unmodified liposomes
(Unmodified Lipo), sodium oleate-modified
liposomes (NaOL Lipo), and PLGA-polymer-
modified liposomes (PLGA Lipo) were
prepared. The fluorescent membrane probe
Vybrant DiD was incorporated into the lipid
bilayers. 4T1 breast cancer cells were plated at
1 x 10° cells/well in glass-bottom 35 mm
confocal dishes and grown for 24 h at 37 °C.
The cells were then incubated with DiD-labeled
liposomes for 1 h and 3 h. Post-incubation,
LysoTracker Green DND-189 (100 nM) was
applied for 30 min to fluorescently label
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lysosomes, followed by Hoechst 33342
(1 pg/mL) for 10 min to stain nuclei. After
washing three times with cold PBS, the cells
were imaged using confocal laser scanning
microscopy (Olympus FV-1200). Pearson’s
correlation coefficient was calculated using
Fiji-Image] software to determine the
colocalization between DiD-liposomes and
LysoTracker in a semi-quantitative way as a
measure of endosomal escape over time.

Cytotoxicity assessment

MTT colorimetric assay was conducted to
evaluate the cytotoxic effects of simvastatin and
its liposomal formulations on 4T 1 mouse breast
cancer cells. 4T1 cells were seeded in 96-well
plates at a density of 5 x 10° cells per well in
100 pL of complete culture medium (DMEM
supplemented with 10% FBS and 1%
penicillin-streptomycin) and incubated
overnight to allow adherence. Simvastatin was
dissolved in methanol at 10 mg/mL and then
diluted in serum-free DMEM to obtain working
concentrations ranging from 0.781 to 100
pg/mL. The final methanol concentration in the
dilutions was maintained below 1% to prevent
potential cytotoxic effects. Empty liposomes
and simvastatin-loaded liposomes (Sim-Lipo,
Sim-NaOL-Lipo, and Sim-PLGA-Lipo) were
diluted in serum-free DMEM to match the
working concentration range of simvastatin
(0.781-100 pg/mL). After 24 and 48 h of
treatment, the medium containing the
treatments was removed, and the cells were
washed three times with PBS. Subsequently,
100 pL of MTT solution (0.5 mg/mL in serum-
free DMEM) was added to each well, and the
plates were incubated for 4 h at 37 °C. The
resulting purple formazan crystals, indicative of
metabolically active cells, were dissolved by
adding 200 pL. DMSO per well and incubating
for 1 h at 37 °C. The absorbance was measured
at 570 nm using a microplate reader. All
experiments were performed in triplicate. The
half-maximal inhibitory concentration (ICso)
values for each treatment were determined
using CompuSyn software.

Evaluation of intracellular ROS production
using DCF fluorescence

The non-fluorescent compound 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-
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DA) can permeate cell membranes. Inside the
cell, DCFH-DA is hydrolyzed by esterases into
2',7'-dichlorodihydrofluorescein (DCFH,)
which is subsequently oxidized by ROS in the
cell to generate the fluorescent molecule 2',7'-
dichlorofluorescein (DCF). The fluorescence
intensity of DCF is proportional to the
intracellular ROS levels, allowing DCF to be
utilized for evaluating ROS generation. To
assess this, 4T1 cells were seeded in glass-
bottom 35 mm confocal dishes at a density of 1
x 103 cells per well in 2 mL of complete
medium. The cells were incubated overnight
under humidified conditions at 37 °C with 5%
COz. The 4T1 cells were treated with Sim-Lipo,
Sim-NaOL-Lipo, and Sim-PLGA-Lipo at a
concentration of 4 ug/mL in serum-free DMEM
for 3 h. One confocal plate was left untreated
(untreated cells) as a control. After washing
twice with PBS to eliminate excess liposomes,
the cells were incubated with 10 uyM DCFH-DA
for 40 min at 37 °C. The cells were washed
twice more with PBS to remove any remaining
fluorescence. Nuclei were stained with 1 pg/mL
Hoechst 33342 for 10 min. Finally, the cells
were visualized under a confocal laser scanning
microscope  (Olympus  FV-1200). The
intracellular ROS levels were assessed in a
semi-quantitative way by calculating the mean
fluorescence intensity for each sample utilizing
ImageJ software.

Assessment of DNA single-strand breaks by
fast halo assay

To evaluate DNA single-strand breaks
(SSBs), the fast halo assay (FHA) was utilized.
4T1 cells were seeded at a density of 4.0 x 103
cells per well and allowed to incubate for 24 h
at 37 °C in a 5% CO2 atmosphere. Post
incubation, the cells were exposed to 4 pg/mL
of Sim-Lipo, Sim-NaOL-Lipo, and Sim-
PLGA-Lipo for 2 h. Untreated cells were
maintained as a negative control. After the
treatments, cells were collected under dim light
conditions to prevent DNA damage from light
exposure. The cells were washed with cold PBS
containing 5 mM EDTA and resuspended at 4.0
x 10* cells/100 pL in the same buffer. The cell
suspension was mixed with an equal volume of
prewarmed 2% low melting point agarose
and then pipetted onto slides pre-coated with



1% normal melting point agarose. The slides
were then placed on ice for at least 20 min to
allow the agarose to solidify. Once solidified, the
coverslips were gently removed, and the slides
were incubated in the dark for 15 min in a solution
of 300 mM NaOH. During the final 5 min of this
incubation, 10 pg/mL ethidium bromide was
added to stain the DNA. After incubation, the
slides were rinsed with distilled water for 5 min
to remove excess staining and buffer components.
The slides were immediately analyzed under an
inverted fluorescence microscope (Olympus
IX73). For the assessment of DNA breakage, 50
cells per slide were examined, and nuclear
diffusion factor (NDF) values were determined
using HaloJ software (25).

Statistical analysis

All quantitative data were expressed as the
mean =+ SEM or SD. Each experiment was
performed in duplicate or triplicate as stated.
Statistical analyses were conducted using
GraphPad Prism software version 8. Data
distribution normality was confirmed with the
Shapiro-Wilk test. Differences between groups
were evaluated using one-way analysis of
variance (ANOVA) followed by appropriate
post-hoc analyses for multiple comparisons.
Tukey’s test was utilized for data sets with
equal variances. For data sets with unequal
variances, Kruskal-Wallis  non-parametric
testing was performed, accompanied by Dunn’s
post-test. P values less than 0.05 were
considered statistically significant.

RESULTS

Characterization of simvastatin-loaded
liposomes

According to the results, Sim-Lipo, Sim-

Sodium oleate liposomes enhance endosomal escape

NaOL-Lipo, and Sim-PLGA-Lipo were
successfully formulated at a 200 pg/mL
simvastatin concentration (Table 1). The
polydispersity index (PDI) was under 0.5 for all
formulations, denoting narrow size
distributions without aggregation. The highly
negative zeta potentials of Sim-NaOL-Lipo and
Sim-PLGA-Lipo can be attributed to surface
modification of the liposomes with anionic
sodium oleate and PLGA polymer at
physiological pH 7.2 (26,27). Liposomes are
colloidal particles that form a stable dispersion
in water with a small size. Therefore, when
subjected to a centrifugal force, they remain in
the supernatant. The free (unencapsulated)
simvastatin, which has a larger size and density,
precipitates at the bottom of the tube. A
calibration curve was established for
simvastatin at a wavelength of 238 nm. The
equation of the line was y = 0.005x — 0.0763
(R? = 0.9953). Our results revealed good
entrapment efficiency for all formulations.
TEM further verified the spherical morphology
and nanoscale dimensions of the liposomes
(Fig. 1A). TEM micrographs revealed vesicular
structures for all formulations with well-
defined membranes and interior aqueous cores.
Average sizes by TEM imaging aligned closely
with DLS measurements. Stability studies
conducted over 28 days highlighted the superior
stability of Sim-NaOL-Lipo compared to the
other formulations (Fig. 1B). Specifically, Sim-
NaOL-Lipo maintained a stable particle size,
starting at 119.0 = 9.37 nm on day 1 and
remaining consistent at 112.9 & 6.54 nm on day
28, with a consistent PDI of about 0.25, and a
slight decrease in zeta potential from -31.1 £2.4
mV to -23.6 = 3.1 mV, reflecting excellent
colloidal stability.

Table 1. Particle size, PDI, zeta potential, and entrapment efficiency of different simvastatin-loaded liposomes. Data

are presented as mean + SD, n=3.

Groups Particle size (nm) PDI Zeta potential (mV) Entrapment efficiency (%)
Sim-Lipo 1152+7.9 0.201 +0.037 -9.67 +3.01 78.93% + 6.72
Sim-NaOL-Lipo 119 +£9.37 0.206 +0.011 -31.05+£2.38 84.96% + 2.51
Sim-PLGA-Lipo 151.1+7.35 0.245 +0.026 -18.68 £1.41 83.63% £ 5.56

PDI, Polydispersity index; Sim-Lipo, simvastatin-loaded unmodified liposomes; Sim-NaOL-Lipo, simvastatin-loaded sodium oleate modified
liposomes; Sim-PLGA-Lipo, simvastatin-loaded poly(dl-lactide-co-glycolide) modified liposomes.
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Fig. 1. (A) Transmission electron microscopy images. Scale bar: 200 nm. (B1-B3) Stability studies over 28 days. Sim-
Lipo, simvastatin-loaded unmodified liposomes; Sim-NaOL-Lipo, simvastatin-loaded sodium oleate modified liposomes;
Sim-PLGA-Lipo, simvastatin-loaded poly(dl-lactide-co-glycolide) modified liposomes.

FTIR Characterization

The FTIR spectra for the various liposomal
formulations,  highlighting  characteristic
absorption bands and molecular interactions,
are presented in Fig. 2. As shown in Fig. 2A,
the FTIR spectrum of DMPC-Chol Lipo
displays characteristic absorption bands at 2954
cm™! and 2870 cm™!, attributed to the
asymmetric and  symmetric  stretching
vibrations of the CH: groups, respectively,
indicative of lipid acyl chains (28). The
absorption band at 1740 cm™ corresponds to
the C=O0 stretching vibration of ester carbonyl
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groups in the phospholipids. Bands at 1230
cm™'and 1080 cm™ are assigned to P=0O and C-
O stretching vibrations, respectively, typical for
phospholipid bilayers (29). The FTIR spectrum
of cholesterol exhibits a distinct peak at 1465
cm™!, corresponding to CHz bending vibrations.
This feature is consistent with the characteristic
structure of cholesterol (30). The FTIR
spectrum of Sim-Lipo (Fig. 2B) shows peaks at
2954 cm™ and 2870 cm™, corresponding to
CH: stretching vibrations, consistent with the
lipid components seen in DMPC-Chol Lipo.
The C=0 stretching vibration of simvastatin



appears at around 1710 cm™, with no major or
significant shift from its position in pure
simvastatin. This minimal shift indicates that
there are only minor interactions between
simvastatin and the liposomal components,
suggesting successful encapsulation. The bands
at 1460 cm™! and 1088 cm™ correspond to CHz
bending and C-O stretching vibrations,
confirming the structural integrity of the
liposomal formulation (31).

Figure 2C shows the spectrum of NaOL-
Lipo, which exhibits characteristic peaks at
2925 cm™! and 2855 cm™, attributed to CH2
stretching vibrations. The band at 1560 cm™
corresponds to the COO-asymmetric stretching
vibration, indicating the presence of sodium
oleate. The absorption band at 1420 cm™ is
assigned to the COO-symmetric stretching
vibration. These peaks are consistent with the
spectrum  of  NaOL, confirming its
incorporation into the liposomal formulation
(32). The DMPC-Chol Lipo spectrum remains

consistent with its characteristic peaks,
indicating successful modification of the
liposomes with NaOL.

The FTIR spectrum of Sim-NaOL-Lipo
(Fig. 2D) demonstrates notable peaks at 2954
cm™ and 2870 cm™', corresponding to CH:
stretching vibrations. The C=O stretching
vibration of simvastatin appears at around 1710
cm™, with no major or significant shift
compared to its position in pure simvastatin.
This minimal shift indicates only minor
interactions between simvastatin and the
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NaOL-modified  liposomal  components,
suggesting successful encapsulation. The bands
at 1460 cm™ and 1088 cm™ correspond to CH2
bending and C-O stretching vibrations,
confirming the structural integrity of the NaOL
liposomes.

In Fig. 2E, the spectrum of PLGA Lipo
displays characteristic peaks at 1750 cm™,
attributed to the C=0 stretching vibration of
PLGA (33). Bands at 2935 cm™ and 2850 cm™
correspond to CH: stretching vibrations. The
presence of PLGA in the liposomal formulation
was confirmed by the absorption bands at
1460 cm™ and 1088 cm™!, assigned to CH:
bending and C-O stretching vibrations,
respectively. The FTIR spectrum of Sim-
PLGA-Lipo (Fig. 2F) shows peaks at 2954 cm™
and 2850 cm™, -corresponding to CHz
stretching vibrations. The C=O stretching
vibration of simvastatin appeared at around
1710 cm™, confirming the successful
encapsulation of simvastatin into the PLGA-
modified liposomal components (34). The
FTIR analysis confirmed the successful
encapsulation and interaction of simvastatin
with various liposomal components, indicating
the effectiveness of the formulations in
incorporating the drug. The presence of sodium
oleate and PLGA modifications in the
liposomal structures was validated through
characteristic peak shifts and additional
absorption bands, demonstrating the structural
and compositional integrity of the modified
liposomes.
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Fig. 2. FTIR spectra of various liposomal formulations and their components. Overlays are shown for (A) DMPC,
cholesterol, and DMPC-Chol Lipo; (B) simvastatin, DMPC-Chol Lipo, and Sim-Lipo; (C) NaOL, DMPC-Chol Lipo, and
NaOL-Lipo; (D) simvastatin, NaOL-Lipo, and Sim-NaOL-Lipo; (E) PLGA, DMPC-Chol Lipo, and PLGA-Lipo; (F)
simvastatin, PLGA-Lipo, and Sim-PLGA-Lipo. DMPC, 1,2-Dimyristoyl-sn-glycero-3-phosphocholine; Sim-Lipo,
simvastatin-loaded unmodified liposomes; Sim-NaOL-Lipo, simvastatin-loaded sodium oleate modified liposomes; Sim-
PLGA-Lipo, simvastatin-loaded poly(lactide-co-glycolide) modified liposomes; Chol Lipo; cholesterol liposomes.

Cdlular uptake
Cellular  uptake studies  employing
endocytosis  inhibitors  elucidated  the

predominant internalization mechanisms of
unmodified and surface-modified liposomes in
4T1 TNBC cells through confocal imaging.
Uptake was quantified by mean fluorescence
intensity calculations in a semi-quantitative
manner using Imagel software. Unmodified
liposomes displayed significant uptake via both
clathrin-mediated endocytosis (73% reduction
by hypertonic sucrose) and caveolae-mediated
endocytosis (55% reduction by filipin), and
non-significant ~ macropinocytosis (11%
reduction by amiloride, P = 0.115) as shown in
Fig. 3A. In contrast, sodium oleate
incorporation into liposomes significantly
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promoted a major dependence on caveolae-
mediated trafficking (74% reduction by filipin)
and macropinocytosis (49% reduction by
amiloride). Hypertonic sucrose pre-treatment
did not significantly reduce NaOL liposome
uptake (13.5% reduction by hypertonic
sucrose, P 0.745), indicating minimal
involvement of the clathrin route (Fig. 3B). In
contrast, PLGA  liposomes  displayed
predominant uptake through clathrin-mediated
endocytosis (66% reduction by hypertonic
sucrose), as well as macropinocytosis (21%
reduction by amiloride, P 0.018). Non-
significant reduction was observed with filipin
(13% reduction by filipin, with a P-value of
0.581), denoting minimal contribution of the
caveolae pathway (Fig. 3C).
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Endosomal escape efficiency

The efficiency of endosomal escape for
various liposome formulations was investigated
using semiquantitative subcellular
colocalization analysis. This analysis compared
the escape capabilities of NaOL Lipo and
PLGA Lipo against unmodified Lipo controls.
Representative  images  of  subcellular
localization are shown in Fig. 4A. Remarkably,
after just 1 h of incubation, the NaOL Lipo and
PLGA Lipo formulations exhibited statistically
significantly enhanced escape from the
endolysosomal compartment compared to
unmodified liposomes, as evidenced by lower
Pearson’s  correlation coefficient values
indicating reduced colocalization of the
modified liposomes with lysosomes (Fig. 4B).
Moreover, analysis at 3 hours post-incubation
revealed persistently and profoundly improved
escape for both NaOL Lipo and PLGA Lipo
formulations relative to unmodified liposomes.
Representative images at 3 h illustrate this
effect (Fig. 4C), highlighting the continued
cytosolic presence of modified liposomes. This
observation is further supported by Pearson’s
correlation coefficient values, which reflect the
decreased colocalization of NaOL Lipo and
PLGA Lipo with lysosomes (Fig. 4D). The
remarkable persistence of this effect across both
early and late time points underscores the
robust, sustained nature of the cytosolic access
unlocked by our nanoparticle surface
modifications.
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Cytotoxic effects against 4T1 breast cancer
cells

Our cytotoxicity data revealed a promising
anticancer potential for liposome-formulated
simvastatin against metastatic 4T1 TNBC cells.
Both free simvastatin and nano-encapsulated
simvastatin reduced cell viability in a
concentration-dependent manner after 24 h of
treatment, as shown in Fig. 5A. However, the
liposomal preparations demonstrated markedly
enhanced potency compared to the free
simvastatin solution. Notably, the ICso value of
standard liposomal simvastatin (Sim-Lipo) at
26.9 £ 8.05 pg/mL was nearly 1.4 times lower
than free simvastatin at 37.7 + 3.81 pg/mL.
Surface modification with sodium oleate
(Sim-NaOL-Lipo) further reduced the ICso over
2.9-fold to 9.1 £ 4.58 pg/mL compared to
conventional liposomes. Furthermore,
modification with a PLGA coating (Sim-
PLGA-Lipo) enhanced cytotoxicity relative to
standard liposomes with an ICso of 12.9 + 4
png/mL. Importantly, blank liposomes showed
high cell wviability across the tested
concentration range (Fig.5B). This confirms the
cytocompatibility of the nanocarriers and
demonstrates that the observed cytotoxic
effects of the simvastatin formulations can be
attributed to the drug itself.

Extending the incubation period to 48 h
provided further insights into the cytotoxicity
profiles of the formulations (Fig. 5C).
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Fig. 4. Assessment of endosomal escape efficiency by subcellular colocalization analysis. 4T1 cells were incubated with
DiD-labeled unmodified liposomes, NaOL-Lipo, and PLGA-Lipo for (A and B) 1 and (C and D) 3 h. Confocal microscopy
images show intracellular trafficking of DiD-labeled liposomes (red fluorescence) relative to LysoTracker-stained
endosomes/lysosomes (green fluorescence) and Hoechst 33342-counterstained nuclei (blue fluorescence). The bar
indicates 100 um. Quantitative colocalization analysis between the red (liposomes) and green (lysosomes) channels was
performed using Pearson’s correlation coefficients in Fiji-Image] software. Data are expressed as mean = SEM of three
independent experiments. ***P < 0.001 indicates significant differences in comparison with unmodified liposomes.

The ICso values after 48 h of treatment were
calculated as follows: simvastatin at 34.21 +
2.45 pg/mL, Sim-NaOL Lipo at 8.7 £1.81
pg/mL, Sim-PLGA Lipo at 11.70 + 3.28
pug/mL, and Sim-Lipo at 21.91+ 5.03 pg/mL.
These results indicate a general trend of
increased potency with extended exposure,
highlighting the enhanced cytotoxic effects
over a longer period. The moderate decrease in
ICso values from 24 to 48 h suggests a
consistent and sustained cytotoxic activity,
reflecting the effective anticancer activity of the
formulations over time. Additionally, blank
liposomes showed high cell viability across the
tested concentration range after 48 h (Fig. 5D),
confirming the cytocompatibility of the
nanocarriers. Overall, these results demonstrate
that modifying simvastatin liposomes with
sodium oleate significantly enhanced the
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cytotoxic efficacy of simvastatin, with
sustained effects over longer incubation
periods. This highlights the potential of surface
modifications in improving drug delivery and
therapeutic outcomes in cancer treatment.

Intracellular ROS levels

Our analysis of reactive oxygen species
production revealed valuable insights into the
intracellular delivery capabilities of the
nanoformulations. Sim-NaOL-Lipo  and
PLGA-Lipo stimulated markedly elevated DCF
fluorescence intensity relative to the untreated
control cells and standard unmodified Sim-
Lipo, indicative of heightened ROS generation.
In contrast, the unmodified liposomes failed to
provoke ROS activity beyond baseline
untreated levels (P = 0.475), as shown in Fig.
6A and B.
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Fig. 6. Intracellular reactive oxygen species levels in 4T1 cells after treatment with simvastatin-loaded liposomes. (A) Confocal
images showing DCF fluorescence (green) and Hoechst nuclear staining (blue) in untreated 4T1 cells as well as cells treated for
3 h with Sim-Lipo, Sim-NaOL-Lipo, and Sim-PLGA-Lipo at 4 pg/mL. The bar indicates 50 pm. (B) Histogram of upregulation
of DCF fluorescence. The results are shown as mean + SEM of two separate studies, n = 20. ***P < 0.001 indicates significant
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loaded poly(lactide-co-glycolide) modified liposomes.
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Fig. 7. DNA single-strand break analysis in 4T1 cells by fast halo assay. Representative fluorescence microscopy images
of 4T1 cells treated with simvastatin-loaded liposomes and analyzed using an inverted microscope Olympus 1X73. (A)
Untreated cells (control). (B) Cells treated with 4 pug/mL Sim-Lipo. (C) Cells treated with 4 ng/mL Sim-NaOL-Lipo. (D)
Cells treated with 4 pg/mL Sim-PLGA-Lipo. Single-stranded DNA was stained with ethidium bromide. Scale bar = 10
pm. (E) Histogram showing DNA damage level as quantified by nuclear diffusion factor from several randomly selected
microscope images. Results are presented as mean = SEM of three independent experiments, n = 50. ***P < 0.001
indicates significant differences in comparison with the control group (untreated cells); **P < 0.001 versus unmodified
Sim-Lipo. Sim-Lipo, simvastatin-loaded unmodified liposomes; Sim-NaOL-Lipo, simvastatin-loaded sodium oleate
modified liposomes; Sim-PLGA-Lipo, simvastatin-loaded poly(lactide-co-glycolide) modified liposomes.

Assessment of DNA damage

The FHA determines DNA SSBs through
semi-quantitative fluorescence analysis, with
higher NDF values indicating greater DNA
fragmentation. Without exposure, 4T1 breast
cancer cells displayed limited basal DNA
disruption (low control NDF). Incubation with
unmodified Sim-Lipo did not significantly alter
this baseline genomic stability profile (P> 0.99
vs. control). Conversely, surface-engineered
liposomes Sim-NaoL-Lipo provoked
considerably amplified DNA strand severing
compared to untreated cells and native
liposome formulations based on elevated NDF
metrics from halo plots (Fig. 7A-D). Similarly,
modified liposomes with PLGA polymer (Sim-
PLGA-Lipo) elicited marked genomic
fracturing compared to the control and
unmodified  counterparts  according to
heightened fragmentation indices (Fig. 7E)

DISCUSSION

This study demonstrated the promising
potential of engineered simvastatin liposomes
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as an innovative therapeutic strategy against
metastatic TNBC. Surface modification with
NaOL enhanced the anticancer efficacy of
liposome-encapsulated simvastatin against 4T'1
cells by promoting endosomal escape and
augmenting intracellular delivery. Notably, this
represents the first application of NaOL as a
safe biosurfactant capable of enhancing the
endosomal release of therapeutic nanoparticles,
thereby improving anticancer efficacy.
Mechanistic studies provided insights into
how the formulations differed in cellular
trafficking. Unmodified DMPC: Cholesterol
liposomes displayed uptake via clathrin-
mediated endocytosis and caveolae pathways.
This aligns with evidence that under normal
conditions, clathrin-mediated endocytosis
facilitates the uptake of DMPC: DMPG (7:3
molar ratio) liposomes by human coronary
artery endothelial cells. However, under
inflammatory conditions resembling the tumor
microenvironment, uptake can increase through
clathrin-mediated routes (35). In contrast,
the integration of sodium oleate markedly
shifted dependence toward caveolac and



macropinocytosis pathways. This agrees with
the findings that oleate modulates membrane
properties, including lipid rafts and fluidity.
Previous work revealed cellular uptake of
sodium oleate nanoemulsions in MDCKII cells,
controlled by specific caveolae-dependent
endocytosis (36). PLGA promotion of uptake
mainly through clathrin-mediated endocytosis
and partial macropinocytosis is consistent with
known cellular entry mechanisms for PLGA
nanoparticles. Previous research revealed
clathrin-mediated endocytosis as the primary
pathway for PLGA nanoparticle internalization
into human glioblastoma cells (37). Critically,
sodium oleate and PLGA enabled statistically
significant, sustained endosomal escape over 3
h versus unmodified liposomes. This
establishes the value of surface engineering
with sodium oleate for unlocking cytosolic drug
release to engage intracellular targets rather
than lysosomal degradation.

Building on the enhanced intracellular
access, our cytotoxicity data then revealed
markedly  greater  potency  for  the
nanoformulations over free drugs, consistent
with previous evidence that liposomal carriers
can increase the bioavailability and antitumor
effects of hydrophobic agents like simvastatin
(38,39). Importantly, blank liposomes showed
no toxicity, confirming the cytocompatibility of
the phospholipid, cholesterol, PLGA, and
sodium oleate nanocarriers (40-42). This
suggests the cytotoxic effects resulted from the
drug, not the delivery system. Notably, sodium
oleate and PLGA integration further enhanced
cytotoxicity compared to standard liposomes.
Moreover, previous work has validated
specialized endosomolytic nanoparticles that
facilitate timely endolysosomal escape to
trigger amplified therapeutic effects by evading
clearance and allowing cargo diffusion into
deeper cellular compartments (43). This
signifies that surface engineering strategies can
build on the inherent advantages of nano-
encapsulation to further optimize therapeutic
outcomes.

To assess downstream anticancer effects
following endosomal escape, we examined
validated mechanisms of simvastatin-induced
apoptosis, including ROS generation and DNA
damage (44,45). Simvastatin can stimulate
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apoptosis by Akt and NF-kB downregulation
coupled with upregulating nitric oxide and ROS
levels, causing eventual DNA fragmentation
(46,47). Accordingly, the sodium oleate and
PLGA-modified liposomes stimulated
substantially increased ROS  generation
compared to native liposomes, confirming
successful endosomal escape-enabled
intracellular simvastatin bioactivity. Similarly,
only the modified liposomes created marked
DNA damage, evidencing enhanced nuclear
delivery of simvastatin to destabilize cancer cell

genomes through these known apoptosis
pathways. In contrast, the unmodified
formulation failed to impact genomic

dysfunction or ROS levels.

As depicted in Fig. 8 we propose a model in
which sodium oleate enhances endosomal
escape through a pH-triggered mechanism
involving targeted membrane fusion and
integration events. Sodium oleate, an anionic
biosurfactant, has an amphiphilic structure with
a hydrophobic oleic acid tail and a hydrophilic
carboxylate headgroup, which facilitates its
incorporation into lipid membranes. Under
acidic endosomal conditions (pH around 5), the
carboxylate group of sodium oleate protonates,
converting it into neutral oleic acid. This
protonation  increases  the  molecule's
hydrophobicity, enhancing its insertion into
lipid bilayers. Previous reports have suggested
that an 18-carbon monounsaturated acyl chain
with a central cis double bond, as found in oleic
acid, elicits potent reorganizing and
destabilizing effects on lipid bilayers (48). This
membrane destabilization capacity relates to
the distinct kinked molecular geometry of oleic
acid conferred by its cis double bond, which
drives increased fluidity and reduced order
within the inserted bilayer (49,50). As
previously demonstrated, oleic acid readily
integrates into lipid bilayers, wherein it acts as
a potent fusogen through mechanisms including
classical  stalk-mediated  merging and
stabilization of non-lamellar phases (51-53). In
our proposed mechanism, upon entry into the
acidic environment of the endosome, sodium
oleate undergoes protonation, transforming into
neutral oleic acid. This transformation
significantly ~ increases  the  molecule's
hydrophobicity, enabling the oleic acid to
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integrate seamlessly into the endosomal
membrane. The hydrophobic tail of oleic acid
embeds itself deeply within the lipid bilayer
core, while the hydrophilic carboxyl moiety
aligns at the aqueous interface. This strategic
positioning not only induces membrane
curvature but also increases the membrane's
fluidity, a critical factor in destabilizing the
bilayer structure.

The heightened fluidity, combined with the
unique kinked structure of oleic acid, disrupts
the orderly arrangement of lipid molecules,
thereby facilitating the formation of a stalk-like
intermediate. This stalk formation represents a
crucial initial step in the fusion process between
the liposomal and endolysosomal membranes.
As the process progresses, the stalk evolves into
an early fusion pore, which expands into a more
mature late pore. This late pore serves as a
gateway, enabling the efficient release of
encapsulated liposomal cargo directly into the
cytoplasm.

Endocytosis

—

W | i =

Endosome
membrane

i

Late fusion pore

Liposome modified sodium
oleate entrapped in endosome

Membrane bending

Supporting studies by Torchilin et al. have
shown that pH-sensitive liposomes containing
phosphatidylethanolamine, oleic acid, and
cholesterol can fuse with standard liposomes
under acidic conditions, leading to cargo
mixing and enhanced permeability (54). This
demonstrates oleic acid's inherent ability to
promote membrane fusion and cargo release
when included in an optimized lipid
formulation. Consequently, sodium oleate is
suggested to achieve pH-triggered, targeted
endosomal escape through oleic acid-mediated
membrane fusion and surfactant integration,
leveraging its amphiphilic nature.

The increased hydrophobicity and fluidity of
oleic acid wunder acidic  conditions

contribute  significantly to this process.
However, the full elucidation of this
mechanism might require further
investigation, particularly to understand the
molecular  interactions and  dynamics
involved.
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Fig. 8. Proposed mechanism of potential endosomal escape facilitated by surface modification with sodium oleate.



Despite our robust in-vitro results, providing
a strong foundation for understanding the
benefits of NaOL-modified liposomes, these
findings highlight the substantial therapeutic
gains  achievable through this novel
modification. To further build upon these
encouraging  results, additional in-vivo
investigations are imperative. Such studies will
yield critical insights into the efficacy and
potential toxicity of these formulations within a
more complex biological context. Furthermore,
invivo studies are essential for a comprehensive
evaluation of  pharmacokinetics and
biodistribution profiles, which are crucial for
the clinical translation of these promising
formulations. Future investigations should aim
to elucidate the specific pathways and
molecular interactions that facilitate the
enhanced endosomal escape and intracellular
delivery observed with NaOL-modified
simvastatin liposomes. A deeper understanding
of these mechanisms will be pivotal in
optimizing the formulation for maximal
therapeutic benefit. By conducting these
additional in-vivo studies, we can effectively
translate our promising in-vitro findings into
clinical applications. This could significantly
advance the development of NaOL-modified
liposomes as a viable therapeutic option for
TNBC.  Furthermore, the modification
technique using sodium oleate holds potential
for broader application, enhancing anticancer
activity against other malignancies and
representing a significant advancement in
nanotechnology-based drug delivery.

CONCLUSION

In summary, this study indicated that sodium
oleate-modified simvastatin liposomes
significantly enhance the delivery and
anticancer efficacy of simvastatin in treating
metastatic TNBC. The modifications improved
endosomal escape and intracellular release of
simvastatin, leading to increased cytotoxicity,
ROS generation, and DNA damage in TNBC
cells compared to unmodified liposomes. These
promising in-vitro findings lay a solid
foundation for the future development and
clinical translation of sodium oleate-modified
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nanocarriers, potentially offering a more
effective treatment option for TNBC.
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