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ABSTRACT

Background: Lung cancer continues to pose a major challenge to global health, with limited
therapeutic options and high mortality rates. One factor that contributes to this is the
overexpression of BCL2, an anti-apoptotic protein that plays a role in tumor progression and
resistance to therapy in lung cancer. To address this challenge, we investigated the potential of
a co-delivery strategy using a sphingosomal formulation to simultaneously deliver BCL2 siRNA
and Dox, a commonly used chemotherapy drug. Materials and Methods: The sphingosomal
formulation was prepared using a combination of sphingomyelin and cholesterol, providing
stability and controlled release properties. BCL2 siRNA and Dox were incorporated into the
sphingosomes within the liposomal core. The formulation was characterized by size, surface
charge and encapsulation efficiency. NTA analysis was performed and TEM was done to check
surface morphology, MTT, SRB, apoptosis and cell cycle assay for anticancer activity. Results: The
formulation SD particle size by Malvern zeta sizer was found to be 165.1 nm. In TEM results also the
range was in 145-205 nm whereas NTA analysis showed the size of the SD formulation as 173.8 nm
hence the particle size of the formulation is in the Nano range of 200 nm. The anti-cancer activity
of SD formulation was confirmed by MTT with IC, of 0.285 um and SRB assay IC,; of 0.357 um
against A 549 cell lines. The formulation SD showed very significant anti-cancer activity against
Dox. Apoptosis and cell cycle analysis showed the formulation SD was much better in efficacy as
compared to Dox. Conclusion: The Sphingosomal formulation (SD) effectively co-delivers BCL2
siRNA and Dox, demonstrating superior anti-cancer activity against A549 cell lines compared to
Dox alone. The formulation's nanoscale size and enhanced efficacy highlight its potential as a
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promising strategy to improve treatment outcomes and address resistance in lung cancer.
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INTRODUCTION

The public's overall health and well-being face a significant threat
from lung cancer, a malignancy that has shown a high incidence
and mortality rate in recent years."? Despite the widespread use
of targeted chemotherapy in clinical settings, its effectiveness is
limited by challenges such as systemic toxicity, lack of tumour
selectivity and the development of Multidrug Resistance (MDR).
Combination therapy, involving the simultaneous administration
of multiple drugs with different mechanisms of action, has
traditionally been the most effective approach to chemotherapy.**
By allowing each drug to be used at its optimal dose without
causing severe side effects, this strategy reduces the likelihood of
cancer cells developing resistance. Therefore, in cancer research
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and treatment, combinations of anticancer drugs like carboplatin
(Carbo), paclitaxel (Tax) and Dox have been commonly utilized.””

The gene known as BCL2 (B-Cell Lymphoma 2) is significant in
controlling both cell survival and apoptosis (programmed cell
death). Abnormal expression of BCL2 has been associated in
various cancers, including lung cancer, where it can contribute
to tumor growth, resistance to therapy and poor prognosis.''*
Induction of apoptosis: Overexpression of BCL2 in cancer cells
can protect them from undergoing apoptosis, allowing them
to survive and proliferate uncontrollably. By using siRNA to
specifically target BCL2 mRNA, it is possible to reduce BCL2
protein levels in cancer cells. This reduction in BCL2 expression

can trigger apoptosis, leading to the death of cancer cells.”>"

Increased sensitivity to chemotherapy and radiation

Overexpression of BCL2 has been linked to resistance to
chemotherapy and radiation therapy in lung cancer. By
suppressing BCL2 expression using siRNA, cancer cells may
become more vulnerable to the cytotoxic effects of these
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treatments. The combination of BCL2 siRNA and conventional
therapies may improve their effectiveness and overcome drug
resistance.'®

Synergistic effects with targeted therapies

BCL2 is involved in the regulation of apoptotic pathways and
can contribute to resistance to targeted therapies in lung cancer.
Combining BCL2 siRNA with targeted therapies, such as EGFR
inhibitors or ALK inhibitors, has shown the potential to enhance
treatment response and overcome resistance mechanisms. This
synergistic approach can improve the effectiveness of targeted
therapies in lung cancer treatment.” Inhibition of tumour
proliferation and spread: BCL2 has been associated with the
growth and metastasis of lung cancer cells. By silencing BCL2
expression using siRNA, it may be possible to inhibit tumour
growth and metastatic spread. This can be achieved by promoting
apoptosis, inhibiting angiogenesis and modulating signalling
pathways involved in cancer cell survival and migration.?**

Dox is widely recognized for its ability to combat cancer. It is
frequently administered in medical settings to treat different
forms of cancer in both adults and children.”>* A variety of
investigations have associated the anticancer properties of
Dox with its ability to insert itself between the DNA molecules
within tumor cells, creating DNA cross-links and interacting
with proteins convoluted in DNA repetition and transcription,
such as topoisomerase II. Moreover, Dox has been observed
to produce reactive oxygen species, thereby enhancing its
anticancer properties.?** The administration of Dox is hindered
by its detrimental impact on the heart, leading to cardiovascular
toxicity.” Although Dox can affect various organs such as
the brain, liver and kidney, it appears that heart is particularly
vulnerable its toxic effects.”” Specifically, acute cardiovascular
toxicity is found in approximately 11% of patients are given Dox,?
whereas chronic myopathy is less common, occurring in roughly
1.7% of cases.” Even after significant research efforts over time,
the exact mechanism responsible for the cardiovascular toxicity
induced by Dox remains uncertain. Various theories have been
suggested to elucidate this toxicity, with topoisomerase I1, a target
affected by Dox, being recognized as a potential contributor
to cardiovascular toxicity.***! Dox facilitates oxidative stress
through enzymatic pathways and induces the production of
hydroxyl radicals. These radicals are responsible for protein
alterations, DNA damage, lipid peroxidation and ultimately
cell death through or necrosis or apoptosis. This process is the
primary cause of Dox-induced cardiovascular toxicity. Regarding
cardiovascular toxicity, existing literature suggests that Dox
disrupts calcium ions and activates p53-dependent pathways.*
(Ca**) handling® and triggers cytochrome c-mediated apoptosis
by activating caspase 3 and 9.

The literature also highlights that the cardiotoxicity induced
by Dox is associated with its interaction with various proteins.
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Therefore, a potential strategy to reduce the toxic side effects
of Dox is to attach it to a large molecule that can prevent the
protein-Dox interactions required for triggering Dox toxicity.
This conjugate would accumulate in cancer cells and release Dox,
enabling it to exert its cytotoxic effects.

The formulation was designed by encapsulating siRNA and
Dox within sphingosomal nanoparticles. This approach aims to
reduce Dox-induced cardiotoxicity and lower its required dosage,
specifically targeting multidrug-resistant cancers.

MATERIALS AND METHODS

Materials

Dox (Yarrow Chemical, Mumbai), Cholesterol (HI media,
Mumbai), Sphingomyelin (Sigma Aldrich, Bangalore), siRNA
(Takara bio-India Limited, Bangalore). DMEM and Fetal Bovine
Serum (HI media, Mumbai).

The formulation of Dox and sphingosomes was designed using
the Design of Experiments (DoE) approach. The selection of the
Dox and lipid concentrations for the formulation was based on a
review of existing literature and optimization was planned using
DoE software. 3? factorial design was used for the formulation,
Table 1 contains the experimental setup and actual values for the
independent variables.

Preparation of sphingosome

Sphingosomes containing Dox, soya lecithin and cholesterol were
prepared using the thin film hydration method. The components
were dissolved in a mixture of chloroform and methanol (9:1
ratio) with specific concentrations mentioned in Table 2. The
solution was poured into a round-bottom flask of a rotary flash
evaporator and the organic solvent was evaporated at 60°C for 15
min with a rotation speed of 90 rpm. The thin layers formed on
the inner surface of the flask were dried overnight in a vacuum
oven.

Next, the dried lipid layer was rehydrated with Phosphate-Buffered
Saline (PBS) at pH 7.4. The suspension was vortexed for 10 min
and then hydrated for 1 hr at 70°C and 90 rpm. The liposomal
suspension was then subjected to ultra-centrifugation at 3000
rpm for 30 min. The final formulation was prepared by taking the
specified drug ratio and sonicating it for 15 min.

The optimized formulation was analyzed for particle size,
Polydispersity Index (PDI) and zeta potential to evaluate its
properties.

The assessment of the optimized formulation included the
determination of particle size, Polydispersity Index (PDI)
and zeta potential parameters using the Zeta Sizer (Malvern,
India), UK. The particle size was measured using dynamic light
scattering, while the zeta potential was determined using the
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same instrument. The measurements were carried out in folded
capillary cells and the results were recorded for further analysis.**

Entrapment Efficiency (EE)

To calculate the Entrapment Efficiency (EE) of the formulation,
a spectrophotometric method was utilized. A specific quantity of
Nanoparticulate dispersion was centrifuged at 10,000 RPM for
15 min using a REMI centrifuge (BL-135R). The concentration
of the free drug in the supernatant was determined using a
spectrophotometer. The EE was then determined by applying
the following formula: EE=(Total drug-free drugin EE)/Total
drugx100%.%

Or, alternatively: Entrapment Efficiency (EE)=(weight of drug
added in the formulation - weight of freed drug in EE)/(weight of
drug added in the formulation)x100 (Equation 1)

Transmission Electron Microscopy (TEM)

To examine the sample using Transmission Electron Microscopy
(TEM), the sample was first diluted with deionized water at a
ratio of 1:20 and then subjected to sonication for 3 min before
analysis. A carbon-coated copper grid was used to hold a drop
of the diluted solution of CLCAE and CLAA separately, forming
a liquid film. To negatively stain the film, a drop of ammonium
molybdate (2% w/w) in 2% w/v ammonium acetate buffer
with a pH of 6.8 was added. After removing excess stain with
filter paper, the dried and stained film was observed under a
transmission electron microscope to analyze and compare the
surface morphology.*

Nanoparticle Tracking Analysis (NTA)

NTA was employed to determine the size, concentration and
number of particles present in the dispersion. NTA is a real-time,
number-based particle-tracking technology that utilizes the
principles of both Brownian motion and light scattering to provide
information on the concentration of dispersed nanoparticles. The
diffusion coefficient of individual particles is measured through
NTA, based on the movements of particles captured in successive
optical video images. The NTA analysis was conducted using the
Malvern NanoSight instrument.

In summary, the liposome samples were appropriately diluted to
achieve a particle count of 30 to 60 particles per image frame.
The samples were then injected into the sample chamber, where
sequential images were captured and measurements were taken
in triplicates. These images were subsequently analyzed using the
NTA 3.4 software.”

Procurement of cell lines and their maintenance

The A549 lung cancer cell lines were obtained from the National
Centre for Cell Sciences (NCCS) in Pune. These cells were grown
in Dulbecco's Modified Eagle's Medium (DMEM) supplemented
with 10% Fetal Bovine Serum (FBS), 20 ug/mL penicillin (100 U)
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and 100 pg/mL streptomycin. They were regularly sub-cultured
and maintained in T25 flasks at 37°C with 5% CO, in a humidified
incubator until they reached 70% confluence.

To prepare the test samples, a stock concentration of the SD
formulation, DXOX and sphingosomes was initially established at
a concentration of 10 mg/mL in 5% Dimethyl Sulfoxide (DMSO)
in sterile water. This stock solution underwent filtration using a
0.22 pm syringe filter. Various concentrations ranging from 5 to
160 pg/mL were derived from this stock solution for the MTT
assay. All experiments were conducted in triplicate to ensure the
reliability and reproducibility of the results.

MTT assay

The MTT staining procedure, originally described by and slightly
adapted, involved the following steps: Each well of the plate was
treated with 20 uL of a 5 mg/mL MTT reagent and then incubated
for 24 or 72 hr. Subsequently, the samples were incubated for 4 hr
at 37°C. The medium was aspirated and the wells were washed
with PBS. Following a drying period of approximately 2 hr, 200
uL of Dimethyl Sulfoxide (DMSO) was added to each well. The
microtiter plate was agitated to dissolve the formazan crystals.
Measurements were recorded at 570 nm using an ELX800
UV universal microplate reader manufactured by Bio-Tek
Instruments Inc. in Vermont, USA, with a reference wavelength
set at 630 nm.***

ODtreat - ODblank

Cell viability(%) = X 100%

ODcontrol - ODblank
Sulforhodamine B assay (SRB)

The cells were fixed by adding trichloroacetic acid to achieve a
final concentration of 10%."** The plate was then placed in the
refrigerator at 4°C for 24 hr. Subsequently, the plate was rinsed
with tap water and air-dried for approximately 1 hr. The wells
were stained with SRB stain (0.057% in 1% acetic acid) for 30
min. After staining, the plate was washed with 1% acetic acid to
remove any excess stain and allowed to dry for around 30 min.
To extract the stain, 200 pL of TRIS buffer (10 mM, pH 10.5) was
added to each well and the plate was shaken for approximately
30 min. The absorbance was then measured at 540 nm using an
ELX800 UV universal microplate reader (Bio-Tek Instruments
Inc., Vermont, USA) with a reference wavelength of 630 nm.

ODtreat - ODblank

Cell viability(%) =
Y ODcontrol - ODblale

X 100%

Flow cytometry

Cell apoptosis was assessed using an Annexin V-FITC/PI
apoptosis analysis kit. A549 cells were plated in 6-well plates
upon reaching 80% confluence and treated with Dox and
the SD formulation. After 72 hr, the cells were harvested by
trypsinization, centrifuged, washed with PBS and resuspended
in 100 pL of binding buffer. Subsequently, the cells were stained
with Annexin V-FITC and Propidium Iodide (PI) and incubated
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in the dark for 15 min. Apoptotic cells were then analyzed using a
flow cytometer (BD Biosciences, USA).

Cell Cycle Assay

A549 cells were cultured for 24 hr with 1x10° cells per well in a
6-well plate. After 24 hr, when attached cells were formed in each
well, the medium was replaced with a solution containing the IC_|
concentration of Dox and SD. Subsequently, cells were harvested
from each well, washed twice with PBS and suspended in 300 pL
of PBS. Then, 0.7 mL of 100% ethanol was gradually added to the

suspension.

The tubes containing the cell suspension were stored at -4°C for at
least 1 hr. Following centrifugation, the pelleted cells were treated
with 250 pL of 50 mg/mL PI solution and 100 pL of PBS. The
tubes were kept in the dark for 1 hr as PI has the capability to
bind to DNA and stain cells at different stages of the cell cycle.
The labelled cells were then analyzed using a flow cytometer to
determine the percentage of cells in each phase of the cell cycle
(Applied Bio-system, USA).

RESULTS AND DISCUSSION

Formulation was optimized by DOE software and prepared by
thin film hydration method quantity of the optimized formulation
used is given in Table 1 the optimized formulation was called SD
formulation, The formulation, with a drug-to-lipid ratio of 1:6,
was subjected to characterization, including particle size analysis,

Polydispersity Index (PDI) and zeta potential measurement.

The particle size of the formulation from Figure 1 was found to
be 165.1+2.56 nm, The PDI of the formulation SD was found to
be 0.255, Result quality of the formulation was found to be good.

From Table 3 and Figure 2 the zeta potential was -33.4 mV of the
SD formulation.

Entrapment Efficiency

The formulation SD exhibited an entrapment efficiency of
75.86%. The free drug/untrapped drug which was collected after
centrifugation and UltraViolet absorbance was taken and was
substituted from the equation of y= 0.0118x-0.003 which was
obtained from the calibration curve of dox. The concentration
found was the concentration of the free drug which was
substituted in the equation and the final value of the EE of SD
formulation was found to be 75.86%.

Transmission electron microscopy (TEM)

Figure 3 illustrates the Transmission Electron Microscopy
(TEM) image, showing that the particles in the formulation
demonstrated variability in size and were mainly spherical in
shape and had smooth surfaced texture. The particle size analysis
of the SD formulation indicates that the particles ranged in size
from approximately 145-205 nm.

Nanoparticle Tracking Analysis (NTA)

From the results shown in Figure 4 the mean particle size was
found to be 173.8 nm D10 was 132.2 nm, D50 was found to be
165.7 nm and D90 was 237.0 nm.

Table 1: 32 factorial designs for sphingosome formulations of Dox HCl: coded levels and actual values for each factor.

Factors

Independent variables

A=Dox HCI: sphingosomes (W:W)
B = Sonication time (min)
Dependent variables

R1=Particle Size (nm) (R1)
R2=PDI

R3=Entrapment efficiency (%) (R2)

Levels, actual (coded)

-1 0 +1
(Low) (Medium) (High)
1:1 1:2 1:3
10 15 20

Table 2: Formulation of SD formulation.

SI. Ingredients Quantity Uses
No.
1 Dox 0.01 gm Anti-cancer drug
2 siRNA 10 uL Gene silencing
3 Sphingosomes 0.06 g Lipid bilayer
4 Cholesterol 0.02g Stabilizers
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Parameters
Zeta Potential (mV):
Zeta Deviation (mV):

Conductivity (mS/cm):

Results

Table 3: Zeta potential of formulation SD.

Values
-33.4+2.37
10.2
0.0219

Z-Average (d.nm): 165.1

Result quality :

Intensity (Percent)

Pdl: 0.255

Intercept: 0.934

Good

Peak

Peak 1:
Peak 2:
Peak 3:

Peak 1:
Peak 2:
Peak 3:

Mean (mV)
-31.9

-57.1

0.00

Size (d.nm):
242.0

60.89
0.000

Size Distribution by Intensity

Area (%)
93.0

7.0
0.0

% Intensity:
87.9

12.1

0.0

St Dev (d.n...
105.7
12.18
0.000

Width (mV)
8.40
4.24
0.00

0 +
01 1 10 100 1000 10000
Size (d.nm)
Record 6: BLANK LIPOSOMES 2
Figure 1: Particle Size, Polydispersity Index (PDI).
Results
Mean (mV) Area (%) Width (mV)
Zeta Potential (mV): -33.4 Peak 1: -31.9 93.0 8.40
Zeta Deviation (mV): 10.2 Peak 2: -57.1 7.0 4.24
Conductivity (mS/cm): 0.0219 Peak 3: 0.00 0.0 0.00
Result quality : Good
Zeta Potential Distribution
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B
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Figure 2: Zeta potential of the formulation SD.
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The results is in with the correlation with TEM (145-205 nm),
particle size analysis results (165.1 nm) and NTA was 173.8 nm
so the results don’t show much deviation in particle size of the SD
formulation.

MTT assay

As sown in Figure 5 In the MTT assay IC,  of the sphingosomes is
found to be 2.407 um Dox is found to be 0.621 pm and formulation
SD is found to be 0.285 pm. From this data, the formulation is
twice as effective as compared to Dox solution.

Sulforhodamine B assay (SRB)

In the case of SRB assay IC_ of the sphingosomes is found to be
2.807 pm and Dox is found to be 0.721 um and formulation SD is
found to be 0.357 um. From this data the formulation is twice as
effective as compared to Dox solution.

Apoptosis analysis

As shown in Figure 6 A and B Dox was found to be 85.49% and
in formulation it was found to be 90.88% this show in quadrant 3
formulation of siRNA and Dox sphingosomes were more effective
as compared to Dox alone.

Cell Cycle Assay

As show in Figure 7A Dox showed RN1(G1) is 16.86%, RN2
(G1/G0) is 33%, RN3 (S) is 10.05% and RN4 (G2/M) is 7.40%
respectively. Where as in formulation SD Figure 7B RN1(G1) is
12.746%, RN2 (G1/GO0) is 43.30%, RN3 (S) is 12.04% and RN4
(G2/M) is 9.44% respectively. Dox arrested the cells in G1/G0 33
percentage whereas formulation SD proved better activity in G1/
GO phase with a percentage of 43.30. This shows formulation has
better efficacy as compared to Dox.

DISCUSSION

Initially, the unique physicochemical properties of Dox and
siRNA were harnessed to create sphingosomes by thin film
hydration procedure. This method involved enclosing the drug
within lipid bilayers, with siRNA being incorporated during the
lipid membrane hydration process. Due to Dox's weakly basic
nature, it entered the inner aqueous phase of the liposomes via
active pH-gradient encapsulation, guaranteeing a high payload of
the drug. The distribution of weak bases across lipid membranes
was notably influenced by transmembrane pH gradients (ApH),
underscoring the importance of precise pH control in the
liposomal environment for optimal encapsulation efficacy.*

To achieve successful co-encapsulation, siRNA was initially
actively encapsulated, followed by Dox loading. The entrapment
efficiency of the sphingosomes exceeded 75.86%, as detailed in
Table 1, validating the effectiveness of the adjustments made in
sphingosome preparation.
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In addition to achieving high entrapment efficiency, ideal
liposomes should also display favorable attributes such as a small
uniform size distribution, particle size and specific zeta potential.
Among these characteristics, particle size plays a crucial role in
determining the biological behavior of carriers. Larger particle
sizes tend to reduce cell permeability and uptake, altering tissue
distribution and making them more prone to immune system
recognition and clearance, thus hindering passive targeting.*
However, for sphingosomes encapsulating Dox and siRNA,
their formulation tends to exhibit high delivery efficiency and
accumulation in tumor tissues via the Permeability and Retention
(EPR) effect.**® The findings suggest that liposomes prepared
using thin film hydration method demonstrated a desirable size
of 165.1 nm.”*

Zeta potential serves as another critical factor influencing the
biological destiny of particles, impacting cellular adhesion/uptake
and drug delivery. Typically, liposomes containing cationic
lipids demonstrate heightened cell binding in comparison to
those with anionic lipids due to electrostatic interaction with
negatively charged cell membranes.”” Given that DOX carries
a positive charge, it was encapsulated within the internal phase
of the liposomes, leaving the zeta potential of the sphingosomes
unaffected, measured at -33.4 mV. The Polydispersity Index (PDI)
of the formulation was determined to be 0.255, indicating good
result quality. The augmented electrostatic repulsion between
particles contributes to the stability of sphingosomes during
storage and clinical application.*

Nanoparticle Tracking Analysis (NTA) determines particle size
in a sample by analyzing the velocity of individual particles
undergoing Brownian motion.> In traditional NTA, each
particle's path is tracked across multiple images in a video
generated by light scattering from the particles' movement over

Figure 3: TEM image of the formulation SD.
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Figure 4: FTLA concentration/size graph for the formulation.

time. By assessing the mean squared distance traveled by a
particle within a specific timeframe, the individual particle size
is calculated. Nano Sight employs conventional NTA, utilizing a
single laser to illuminate the sample volume and detecting the
scattered light from freely diffusing particles. This technology has
been effectively utilized for measuring particle size distribution
ranging from 30 to 1000 nm.* For NTA analysis, Poly (Styrene)
Latex (PSL) beads of sizes 70, 200, 600 and 1300 nm were utilized.
Accurate particle size detection was achieved for individual PSLs
and PSL mixtures up to 600 nm. Results presented in Figure 4
indicate a mean particle size of 173.8 nm, with D10, D50 and D90
values of 132.2 nm, 165.7 nm and 237.0 nm, respectively.

A decrease in the levels of the anti-apoptotic BCL2 protein
triggers an increase in free pro-apoptotic Bax protein levels in
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the cytoplasm. This process facilitates the release of cytochrome
C from the mitochondria, initiating the intrinsic pathway of
apoptosis. The formulation lacking siRNA showed no toxicity to
normal or cancerous cells. However, treatment with the siRNA
Nano formulation resulted in decreased cell viability.

In our investigation using the MTT assay, free Dox exhibited an
IC,, value of 0.621 um, notably lower than that of sphingosomes,
suggesting that Dox alone possesses high potency in inhibiting
cell proliferation. Nonetheless, it's crucial to acknowledge that
while free Dox may be more potent in vitro, its clinical utility can
be limited by severe side effects, particularly cardiotoxicity. The
higher IC, of sphingosomes, though still effective, may reflect a
more controlled and targeted delivery of Dox, potentially reducing
off-target effects. The most intriguing aspect of our findings is the
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Figure 6: Apoptosis assay of A (Dox) and B (SD).
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Figure 7: (A and B) Cell cycle analysis of Dox and SD formulation.

IC,, value of formulation SD, determined to be 0.285 um. This
result indicates that the Dox formulation SD is approximately
twice as effective in inhibiting cell proliferation compared to free
Dox. This observation underscores the crucial role of formulation
in optimizing drug delivery. The finding that formulation SD is
twice as effective as free Dox has significant clinical implications.
By enhancing the drug's efficacy, formulation SD may allow for
lower dosages of Dox, potentially reducing the risk of adverse side
effects while maintaining therapeutic benefits. This is particularly
important in cancer treatment, where balancing efficacy and
safety is a constant challenge.

SRB assay results support the potential of sphingosomes as
an effective drug delivery method for Dox, with controlled
cytotoxicity compared to free Dox. Remarkably, formulation SD
demonstrates remarkable efficacy, being twice as effective as free
Dox in inhibiting cell proliferation. This finding holds promise for
optimizing Dox delivery, potentially improving cancer treatment
outcomes and reducing associated side effects.

The flow cytometry results depicted in Figure 6 A and B
provide compelling evidence of the enhanced cellular uptake
of Dox when formulated into sphingosomes, particularly in the
presence of siRNA. In quadrant 3 of the scatter plot, where the
fluorescence intensity of Dox is plotted against forward scatter, a
distinct increase in Dox uptake is observed in the sphingosome
formulation compared to Dox alone. Specifically, the percentage
of cells exhibiting Dox uptake was found to be 85.49% in its
standalone form, whereas in the formulation, it significantly
escalated to 90.88%.

Quadrant 3, which represents cells with elevated Dox fluorescence
intensity and forward scatter, corresponds to those with
increased intracellular accumulation of the drug. The greater

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 4, Oct-Dec, 2025

proportion of cells falling into this quadrant upon treatment
with siRNA and Dox sphingosomes compared to Dox alone
indicates more efficient uptake and retention of the drug within
the tumor cells. This heightened cellular uptake can be attributed
to the distinctive properties of sphingosomes, including their
lipid-based composition and capacity to encapsulate drugs,
thereby facilitating their effective delivery into cells.

Notably, controlling cell cycle progression in cancer cells is
considered a potentially effective strategy for managing tumor
growth.® Molecular analyses of human cancers have revealed
frequent mutations in cell cycle regulators in most common
malignancies.” Our data indicate that treating A549 cells with
Dox and the SD formulation leads to significant G1-phase arrest
of cell cycle progression, suggesting that one of the mechanisms
by which they may inhibit cancer cell proliferation is by impeding
cell cycle advancement.

The increased expression of G1 cyclins in cancer cells provides
an unchecked growth advantage, as many of these cells either
lack Cdk inhibitors or have insufficient levels of Cdk inhibitors
to regulate Cdk-cyclin activity. Gl-phase arrest of cell cycle
progression offers cells an opportunity to undergo repair
mechanisms or enter the apoptotic pathway.

CONCLUSION

In this work, an innovative co-delivery strategy using a
sphingosomal formulation for lung cancer treatment was
investigated. The formulation, termed SD formulation, was
designed to simultaneously deliver BCL2 siRNA and Dox, a
potent chemotherapy drug, to address the challenges of lung
cancer treatment. Several key findings and conclusions can be
drawn from this study:
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Formulation Development

The sphingosomal formulation was meticulously developed using
a combination of sphingomyelin and cholesterol, which provided
stability and controlled release properties. This formulation
allowed for the encapsulation of BCL2 siRNA and Dox within
the lipid bilayer.

Characterization

The SD formulation exhibited favourable characteristics,
including a small particle size (165.1 nm), a low polydispersity
index (PDI) and a significant negative zeta potential (-33.4 mV).
These attributes are crucial for efficient drug delivery systems.

Entrapment Efficiency

The formulation demonstrated high entrapment efficiency, with
an impressive rate of 75.86%. This indicates that the encapsulation
process for both BCL2 siRNA and Dox was successful.

Cytotoxicity Assays (MTT and SRB)

The study evaluated the cytotoxicity of the formulation against
A549 lung cancer cells. In both MTT and SRB assays, the IC_|
value for the SD formulation was significantly lower (0.285 pm in
MTT and 0.357 um in SRB) compared to free Dox (0.621 um in
MTT and 0.721 um in SRB). This suggests that the SD formulation
is approximately twice as effective in inhibiting cell proliferation
compared to free Dox.

Flow cytometry results show the formulation is more effective
compared to Dox alone which proves the formulation can be
more effective in treatment of lung cancer with targeted delivery
and minimizing side effects.

Based on the results presented in Figures 7A and 7B, it is evident
that both Dox and the formulated SD exhibited significant
effects on cell cycle progression. Specifically, Dox arrested
cells predominantly in the G1/GO phase at 33%, whereas the
formulated SD demonstrated an even greater impact, with a
higher percentage of 43.30% in the same phase. This suggests
that the formulation SD has superior efficacy compared to Dox
inducing cell cycle arrest, particularly in the G1/GO phase.
These findings highlight the potential of the formulated SD as a
promising candidate for further development in cancer treatment
strategies.

This finding represents a promising development in lung cancer
treatment, addressing the delicate balance between treatment
efficacy and patient safety.

CONCLUSION

In conclusion, the co-delivery strategy utilizing the sphingosomal
formulation SD, carrying both BCL2 siRNA and Dox, shows
remarkable potential for enhancing lung cancer treatment. The
formulation’s-controlled release properties, small particle size and
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significant cytotoxicity against cancer cells make it a promising
candidate for further development. This study represents a
significant step towards improving the effectiveness of lung
cancer therapy while mitigating the associated side effects.
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SUMMARY

The SD formulation, co-delivering BCL2 siRNA and Dox,
shows considerable promise for lung cancer treatment. With
controlled release, favorable particle characteristics and increased
cytotoxicity, it presents itself as a strong candidate for further
development. This co-delivery approach marks a significant
step forward in enhancing the efficacy and safety of lung cancer
therapies.
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