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Abstract

Background: Oral squamous cell carcinoma (OSCC) remains one of the most prevalent malignancies worldwide,
with cisplatin-based chemotherapy limited by systemic toxicity and drug resistance. The present study aimed
to enhance cisplatin efficacy through nanoliposomal co-delivery with natural antioxidants curcumin (Cur) and
green tea extract (epigallocatechin gallate, EGCG). Methods: Nanoliposomes were prepared via the thin-film
hydration technique followed by sonication and extrusion, generating six formulations: cisplatin-loaded (L-Cis),
curcumin-loaded (L-Cur), green tea extract-loaded (L-EGCG), cisplatin + curcumin (L-Cis/Cur), cisplatin +
green tea extract (L-Cis/EGCQ), and triple co-loaded nanoliposomes containing cisplatin, curcumin, and EGCG
(L-Cis/Cutr/EGCQ) prepared according to a 1:6:6 molar ratio. Results: Physicochemical characterization revealed
nanoscale particle size (212—279 nm), uniform distribution (PDI < 0.3), negative zeta potential (—19 to —23 mV),
and high encapsulation efficiencies (69-84%). Scanning electron microscopy confirmed spherical morphology with
smooth, homogeneous surfaces. The MTT assay demonstrated that co-loaded and triple-loaded liposomes exhibited
significantly higher cytotoxicity than single-drug formulations (p < 0.001). While L-Cis reduced cell viability
to approximately 50%, L-Cur and L-EGCG showed moderate effects (~65—-70% viability). Co-formulations
(L-Cis/Cur and L-Cis/EGCG) further decreased viability to 25-30%, and the triple co-loaded L-Cis/Cur/EGCG
(1:6:6) formulation induced the strongest cytotoxic response, consistent with synergistic drug interaction. Live/
Dead fluorescence imaging corroborated these findings, showing an elevated proportion of PI-positive apoptotic
cells in the co-delivery groups, particularly in the triple-loaded system. Conclusion: Collectively, these results
demonstrate that nanoliposomal co-encapsulation of cisplatin with curcumin and green tea extract enhances
cytotoxic efficacy and apoptotic activity in OSCC cells compared to single-agent systems. The optimized
L-Cis/Cur/EGCG (1:6:6) formulation exhibited the most favorable physicochemical properties and biological
performance, highlighting its potential as a synergistic nanocarrier platform for oral cancer therapy with improved
efficacy and reduced systemic toxicity.
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Introduction

Oral squamous cell carcinoma (OSCC) is one of the
most common malignancies of the oral cavity, accounting
for over 90% of oral cancers worldwide [1]. Despite
advances in surgical and chemotherapeutic strategies, the
prognosis of OSCC remains poor, with high recurrence
rates and significant treatment-related morbidity [1, 2].
Cisplatin, a platinum-based chemotherapeutic drug, is
widely used as the first-line agent in OSCC treatment
due to its strong cytotoxic activity [1, 3]. However,
its clinical efficacy is often limited by severe systemic
toxicity, drug resistance, and dose-dependent side
effects, including nephrotoxicity and neurotoxicity [3,
4]. These limitations highlight the urgent need for novel
therapeutic strategies that can enhance efficacy while
reducing toxicity. Natural compounds with anticancer
properties, such as curcumin (derived from Curcuma
longa) and epigallocatechin-3-gallate (EGCG, the major
catechin in green tea), have gained increasing attention as
adjuvant agents in cancer therapy [5, 6]. Both compounds
exhibit anti-proliferative, pro-apoptotic, and antioxidant
properties, and several studies suggest their potential to
sensitize tumor cells to chemotherapeutic agents, thereby
reducing the required dose of cytotoxic drugs [7, 8].
However, their clinical application is hampered by poor
solubility, instability in physiological conditions, and
limited bioavailability [9, 10]. Nanotechnology-based
drug delivery systems, particularly nanoliposomes,
provide a promising platform to overcome these
challenges. Liposomes are biocompatible, biodegradable
vesicles capable of encapsulating both hydrophilic and
hydrophobic drugs, protecting them from degradation,
and facilitating controlled release at the tumor site [11].
Furthermore, co-encapsulation of chemotherapeutic
drugs with natural compounds in liposomal carriers
offers the potential for synergistic effects, enhanced
tumor selectivity, and reduced systemic toxicity [12].
Given the growing physical and psychological challenges
faced by modern societies, the importance of health
and its crucial role in overall social well-being have
become increasingly prominent [13-17]. Accordingly,
there is a pressing need for experimental research at the
laboratory level focusing on cancer and advanced drug
delivery systems to develop more effective and safer
therapeutic strategies [18-21]. In this study, we aimed
to develop and characterize nanoliposomal formulations
encapsulating cisplatin, curcumin, green tea extract, and
their combinations. The physicochemical properties of the
nanoliposomes were systematically analyzed by dynamic
light scattering (DLS), zeta potential measurements, and
scanning electron microscopy (SEM). Their cytotoxic and
pro-apoptotic effects against OSCC cells were assessed
using the MTT assay and Live/Dead fluorescence staining.
We hypothesized that nanoliposomal co-delivery of
cisplatin with natural extracts would enhance anticancer
efficacy while reducing the effective dose of cisplatin,
offering a more efficient and safer therapeutic strategy
for OSCC.
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Materials and Methods

Phosphatidylcholine (PC; Avanti Polar Lipids,
USA), cholesterol (CHOL; Sigma-Aldrich, Germany),
PEG-DSPE (Avanti Polar Lipids, USA), chloroform
(Merck, Germany), methanol (Merck, Germany), cisplatin
(Sigma-Aldrich, Germany), curcumin (Sigma-Aldrich,
Germany), green tea extract standardized to EGCG
(Cayman Chemical, USA), Dulbecco’s Modified Eagle
Medium (DMEM; Gibco, Thermo Fisher Scientific, USA),
fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific,
USA), penicillin—streptomycin (Gibco, Thermo Fisher
Scientific, USA), MTT reagent (Sigma-Aldrich, Germany),
dimethyl sulfoxide (DMSO; Merck, Germany), acridine
orange (AO; Sigma-Aldrich, Germany), propidium iodide
(PI; Sigma-Aldrich, Germany), phosphate-buffered
saline (PBS; Sigma-Aldrich, Germany), polycarbonate
membranes (Whatman, UK).

Optimization of Cisplatin—Curcumin—Green Tea Extract
Combination Ratio

The synergistic cytotoxic effect of cisplatin (Cis),
curcumin (CUR), and epigallocatechin gallate (EGCQ)
on CAL-27 oral squamous carcinoma cells was evaluated
using a cytotoxicity (MTT) assay. CAL-27 cells were
seeded in 96-well plates at a density of 1x10* cells per
well in 100 puL of complete medium and incubated for
24 hours at 37 °C in a 5% CO: incubator. After cell
attachment, combinations of Cis, CUR, and EGCG at
different molar ratios (1:3:3, 1:6:6, and 1:9:9) were added
to the wells and incubated for 48 hours. Cell viability
was then assessed by the MTT assay, and absorbance
was measured at 570 nm using a microplate reader. For
each cisplatin concentration, CUR and EGCG doses
were scaled proportionally to maintain the specified
Cis:CUR:EGCQG ratios. To determine whether the drug
interactions were synergistic, additive, or antagonistic,
the median-effect (Chou-Talalay) method was applied.
The results were analyzed by plotting the Combination
Index (CI) against the fraction affected (Fa), where CI <
1 indicates synergy, CI = | denotes additivity, and CI > 1
indicates antagonism.

Preparation of Drug-Loaded Nanoliposomes
Nanoliposomes were prepared using the thin-film
hydration method followed by probe sonication and
extrusion to obtain nanosized unilamellar vesicles. A lipid
mixture of phosphatidylcholine (PC), cholesterol (CHOL),
and PEG-DSPE in a molar ratio of 65:30:5 was dissolved
in chloroform—methanol (1:2, v/v), and the organic solvent
was evaporated under reduced pressure at 40 °C using
a rotary evaporator (Biichi, Switzerland) to form a thin
lipid film. The film was further dried under vacuum for
2 h to ensure complete removal of residual solvent. For
drug loading, the dried film was hydrated with phosphate-
buffered saline (PBS, pH 7.4) containing the therapeutic
agents according to the target formulation, resulting in
six distinct liposomal systems: L-Cis (cisplatin-loaded),
L-Cur (curcumin-loaded), L-EGCG (green tea extract-
loaded, standardized to EGCG content), L-Cis/Cur
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(cisplatin + curcumin), L-Cis/EGCG (cisplatin + green
tea extract), and L-Cis/Cur/EGCG (triple co-loaded).
For the co-loaded and triple-loaded formulations, drug
concentrations were adjusted based on a 1:6:6 molar ratio
of cisplatin:curcumin:EGCG to ensure synergistic balance
in drug loading. Hydration was performed at 60 °C for 30
min with gentle agitation to form multilamellar vesicles,
which were downsized by probe sonication (Qsonica,
USA) for 5 min (30 s on/off cycles) and extruded through
200 nm polycarbonate membranes (Avanti Polar Lipids,
USA) to obtain uniform nanoliposomes.

Characterization of Nanoliposomes

The physicochemical properties of the prepared
nanoliposomes were characterized by multiple analytical
techniques. Particle size distribution, polydispersity
index (PDI), and zeta potential were measured using
dynamic light scattering (DLS; Malvern Zetasizer Nano
7590, UK) to assess colloidal stability. Morphological
analysis of the vesicles was performed by scanning
electron microscopy (SEM; JEOL JSM-IT300, Japan)
to confirm the spherical shape and nanoscale structure.
The encapsulation efficiency (EE%) and loading capacity
(LC%) were determined for each drug. For curcumin and
green tea extract (EGCG), quantification was performed
using UV—Vis spectrophotometry (Shimadzu UV-1800,
Japan) at their respective absorption maxima (425 nm
for curcumin, 272 nm for EGCG). Cisplatin content was
measured using high-performance liquid chromatography
(HPLC; Agilent 1200 series, USA) equipped with a C18
reverse-phase column and UV detection at 254 nm. EE%
and LC% were calculated using the following equations:

EE (%) = (W_Encapsulated / W_Total) x100

LC (%) = (W_Encapsulated / (W_Lipid + W_
Encapsulated) x100

where encapsulated W represents the weight of drug
successfully entrapped in the nanoliposomes, total W is
the initial drug weight, and lipid W is the weight of lipids
used in the formulation.

In Vitro Drug Release Study

The in vitro drug release behavior of the nanoliposomal
formulations was evaluated using the dialysis bag method
under physiological conditions (pH 7.4). Each formulation
was dispersed in phosphate-buffered saline (PBS, pH 7.4)
containing 0.5% Tween-80 to maintain sink conditions
for hydrophobic components. Two milliliters of each
liposomal suspension were transferred into pre-soaked
dialysis bags (MWCO 12-14 kDa; Sigma) and immersed
in 50 mL of release medium maintained at 37 °C
with continuous stirring (100 rpm). At predetermined
intervals (0, 1, 2, 4, 8, 12, 24, 36, 48, and 52 h), | mL
aliquots were withdrawn and replaced with an equal
volume of fresh PBS to maintain constant volume.
The released curcumin and EGCG concentrations were
determined spectrophotometrically at 425 nm and 272
nm, respectively, while cisplatin release was quantified by
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HPLC at 254 nm. The cumulative percentage of released
drug was calculated using the equation:

Cumulative Release (%) = (W _t/W_0) x 100

where Wt is the amount of drug released at time t, and
WO is the initial amount of drug encapsulated.

MTT Cell Viability Assay for CAL-27 Cells

The cytotoxic effects of free and liposomal formulations
containing cisplatin (Cis), curcumin (CUR), and green
tea extract (EGCG) were evaluated on CAL-27 oral
squamous carcinoma cells using the MTT assay. CAL-
27 cells were seeded in 96-well plates at a density of 1
x 10* cells per well and incubated for 24 hours under
standard conditions (37 °C, 5% CO2, 95% humidity).
After cell stabilization, cells were treated with various
formulations, including single-agent liposomes, free
drugs, and combination nanoliposomes containing Cis
+ Cur + EGCG (1:6:6). Treatments were applied for
48 hours. Following treatment, 20 pL of MTT reagent
(5 mg/mL in PBS; Sigma) was added to each well and
incubated for 4 hours at 37 °C to form formazan crystals.
The supernatant was removed, and 150 pL of dimethyl
sulfoxide (DMSO) was added to dissolve the crystals.
Absorbance was recorded at 570 nm using a microplate
reader (BioTek, USA). Cell viability (%) was calculated
relative to untreated control cells.

Live/Dead Assay for Nanoliposomal Formulations

The cytotoxic and apoptotic effects of nanoliposome-
encapsulated drug formulations were assessed in CAL-27
oral squamous carcinoma cells using a Live/Dead
fluorescence assay based on acridine orange (AO; Sigma,
A9231) and propidium iodide (PI; Sigma, P4864) staining.
CAL-27 cells were seeded in 24-well plates at a density
of 5 x 10* cells per well and incubated for 24 hours under
standard culture conditions (37 °C, 5% COz) to allow
cell attachment. Cells were subsequently treated with six
nanoliposomal formulations: L-Cis, L-Cur, L-EGCG,
L-Cis/Cur (cisplatin + curcumin), L-Cis/EGCG (cisplatin
+ green tea extract), and L-Cis/Cur/EGCG, the triple
co-loaded formulation prepared according to a 1:6:6 molar
ratio of cisplatin: curcumin: EGCG to achieve synergistic
drug balance. After 48 hours of incubation, the cells were
washed three times with PBS and stained with AO (5
pg/mL) and PI (10 pg/mL) for 15 minutes in the dark at
room temperature. Viable cells emitted green fluorescence
(AO uptake), whereas apoptotic or necrotic cells with
compromised membranes displayed yellow-orange to
red fluorescence (PI uptake). Fluorescence images were
captured using an Olympus BX51 inverted fluorescence
microscope equipped with appropriate filter sets at
20x magnification.

Statistical Analysis

Statistics were revised to reflect the actual analyses:
one-way ANOVA with Tukey’s post hoc test for MTT
and two-way ANOVA with Tukey’s post hoc test for
release profiles; normality and variance assumptions
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Figure 1. Different Combination Ratios of Cisplatin,
Curcumin, and Green Tea Extract Exhibit Varying Levels
of Cell Viability (%) in CAL-27 Cells (A) Lower Bars
Indicate Greater Growth Inhibition. The Combination
Index (CI) plot (B) demonstrates the synergistic
interaction among cisplatin, curcumin, and green
tea extract, with the 1:6:6 ratio showing the greatest
reduction in cell viability and the strongest synergistic
effect

were checked, exact p values are reported, and data are
presented as mean + SD from at least three independent
experiments with technical replicates.

Results

Optimization of Combination Ratio

As illustrated in Figure 1, synergistic effects were
observed at higher levels of growth inhibition for the
Cis:CUR:EGCG ratios of 1:3:3 and 1:6:6. However,
the 1:9:9 ratio exhibited antagonistic behavior (CI > 1).
Notably, the 1:6:6 formulation demonstrated a significant
synergistic effect at an inhibition threshold above 30%
(Fa=0.3), which became even more pronounced at higher
inhibition levels (Fa = 0.9). Therefore, the 1:6:6 ratio
was identified as the optimal formulation and selected
for subsequent studies involving the development of co-
loaded nanoliposomes (Figure 1).

Morphological and Physicochemical Characterization
Scanning electron microscopy (SEM) revealed that all
nanoliposomal formulations exhibited a predominantly
spherical morphology with smooth and uniform surfaces,
confirming successful vesicle formation (Figure 2).
The particle size increased progressively with drug
incorporation, indicating the effect of encapsulated
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agents on lipid packing and vesicle curvature. Among
the single-drug formulations, L-Cis, L-Cur, and L-EGCG
displayed mean diameters of 212.3 + 3.8 nm, 229.5 +
4.5 nm, and 238.2 £+ 5.0 nm, respectively. The co-loaded
systems, L-Cis/Cur and L-Cis/EGCG, showed slightly
larger sizes (258.7 £4.9 nm and 266.4 + 5.1 nm), reflecting
the combined incorporation of multiple bioactives within
the lipid bilayer. The triple co-loaded formulation, L-Cis/
Cur/EGCG (1:6:6), exhibited the largest particle size
(278.9 £ 5.3 nm), consistent with its higher drug content
and more complex internal structure.All formulations
demonstrated narrow size distributions (PDI < 0.3),
indicating homogeneity and effective size control after
sonication and extrusion. The zeta potential values ranged
from—19.6 mV to—23.1 mV, confirming the formation of
stable, negatively charged vesicles due to the presence of
phosphatidylcholine and PEG-DSPE. Drug encapsulation
efficiency (EE%) varied between 68.7% and 83.5%,
while the loading capacity (LC%) ranged from 10.4%
to 14.1%. The highest EE% and LC% were observed
in the L-Cis/Cur/EGCG (1:6:6) formulation, indicating
favorable drug—lipid interactions and enhanced retention
within the vesicle matrix. Overall, these findings confirm
the successful fabrication of nanosized, monodisperse,
and stable liposomal systems capable of efficiently
co-encapsulating cisplatin, curcumin, and green tea
extract for potential synergistic anticancer therapy
(Figure 2 and Table 1).

In Vitro Drug Release Profiles

The cumulative release curves of all nanoliposomal
formulations are presented in Figure 3. The blank
liposomes exhibited negligible release (< 5%), confirming
the stability of the lipid matrix and the absence of
encapsulated drug. In contrast, drug-loaded systems
displayed clearly distinct kinetic profiles, indicating
differences in diffusion mechanisms and lipid—drug
interactions. Single-drug liposomes showed faster
release rates, with L-Cis, L-Cur, and L-EGCG reaching
approximately 90%, 88%, and 83% cumulative release,
respectively, after 52 hours. Dual co-loaded systems
(L-Cis/Cur and L-Cis/EGCQ) exhibited moderately
sustained release (= 70-75%), while the triple co-loaded
formulation (L-Cis/Cur/EGCG) demonstrated the most
controlled and prolonged release, achieving only about
55% total release within 52 hours.These findings confirm
that co-encapsulation of cisplatin with natural antioxidants
(curcumin and EGCQ) not only modifies the lipid—drug
interactions but also results in more controlled release

Table 1. Physicochemical Characteristics of Drug-loaded Liposomal Formulations

Formulation Particle Size (nm) PDI Zeta Potential (mV) EE% LC%

L-Cis 212.3+3.8 0.23+0.01 -22.6+0.7 79.1+1.4 123+0.5
L-Cur 229.5+4.5 0.24 +0.07 -23.1+0.6 73.4+1.6 11.6 0.6
L-EGCG 238.2+5.0 0.25+0.02 -21.9+0.9 68.7+1.8 10.4+0.5
L-Cis/Cur 258.7+4.9 0.26 +0.05 -20.8+0.8 77.8+1.5 13.0+£0.7
L-Cis/EGCG 266.4+5.1 0.25 +0.06 -203+0.7 81.2+1.7 13.5+0.6
L-Cis/Cur/EGCG (1:6:6) 2789 +53 0.27+0.02 -19.6+0.8 835+1.8 14.1+0.8
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(SEM) Images of Nanoliposomal Formulations: (A)
cisplatin-loaded liposomes (L-Cis), (B) curcumin-loaded

liposomes (L-Cur), (C) green tea extract-loaded
liposomes (L-EGCG), (D) cisplatin + curcumin
co-loaded liposomes (L-Cis/Cur), (E) cisplatin + green
tea extract co-loaded liposomes (L-Cis/EGCG), and
(F) triple co-loaded liposomes containing cisplatin,
curcumin, and green tea extract (L-Cis/Cur/EGCG,
1:6:6).

kinetics, providing a mechanistic basis for enhanced
therapeutic synergy in subsequent cytotoxicity studies
(Figure 3).

Cytotoxicity of Drug-Loaded Nanoliposomes in CAL-27
Cells

The MTT results demonstrated that blank liposomes
exhibited negligible cytotoxicity, maintaining nearly
100% cell viability. Free cisplatin induced a substantial
reduction in viability (~45%), while free curcumin and free
EGCG displayed moderate effects (~65-70% viability).
Liposomal single-agent formulations further enhanced
cytotoxicity compared with their free counterparts,
confirming improved intracellular delivery. Notably,
the co-loaded nanoliposome containing Cis + Cur +
EGCQG (1:6:6) exhibited the most potent cytotoxic effect,
reducing cell viability to below 25% after 48 hours
(p < 0.001). This combined formulation demonstrated
a clear synergistic interaction, significantly enhancing
CAL-27 cell death compared with individual or
dual-agent liposomes (p < 0.05). These findings confirm
that co-delivery of cisplatin with natural antioxidants
(CUR and EGCG) within a liposomal carrier greatly
enhances cytotoxic efficacy while potentially minimizing
the required cisplatin dose. The observed synergy
supports the selection of this optimized combination
(1:6:6) for subsequent nanoliposomal development and
characterization (Figure 4).

Live/Dead Assay Outcomes

Representative fluorescence microscopy images
of CAL-27 cells treated with different nanoliposomal
formulations are presented in Figure 4. The single-drug
liposomes (L-Cis, L-Cur, and L-EGCG) displayed distinct
cytotoxicity levels consistent with their individual potency.
L-Cis caused substantial cell death, with approximately
50% of cells exhibiting red/orange propidium iodide
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(PI) fluorescence, indicative of apoptosis and necrosis.
In contrast, L-Cur and L-EGCG demonstrated moderate
cytotoxicity, with about 30-35% loss in viability
relative to untreated controls, confirming their mild but
measurable pro-apoptotic effects. The co-loaded systems,
L-Cis/Cur and L-Cis/EGCG, produced enhanced cytotoxic
responses, reducing viability to roughly 25-30%, with
dense PI-positive staining across the cell monolayer.
Notably, the triple co-loaded formulation L-Cis/Cur/
EGCG (1:6:6) (Figure 5F) exhibited the most pronounced
cytotoxic and pro-apoptotic activity, showing the lowest
number of viable (green-fluorescent) cells and the highest
intensity of red/orange fluorescence. This observation
confirms that the simultaneous delivery of cisplatin,
curcumin, and green tea extract produces a synergistic
enhancement of cytotoxicity in CAL-27 oral cancer cells.
These findings are in strong agreement with the MTT
assay results, further validating the superior therapeutic
potential of the L-Cis/Cur/EGCG formulation (p <0.001).

Discussion

In this study, six nanoliposomal formulations were
successfully developed to evaluate the synergistic
cytotoxic potential of cisplatin combined with natural
bioactives curcumin and green tea extract (EGCGQG) against
oral squamous cell carcinoma (CAL-27) cells. The results
revealed that co-encapsulation of cisplatin with curcumin
(L-Cis/Cur), cisplatin with EGCG (L-Cis/EGCG),
and particularly the triple co-loaded formulation
(L-Cis/Cur/EGCG, 1:6:6) markedly enhanced cytotoxicity
and apoptotic activity compared with single-agent
formulations (L-Cis, L-Cur, and L-EGCG). Among
these, the L-Cis/Cur/EGCG (1:6:6) system demonstrated
the most potent effect, reducing CAL-27 cell viability to
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Figure 3. In Vitro Cumulative Drug Release Profiles of Six
Liposomal Formulations at Physiological pH (7.4) Over
52 Hours. Distinct kinetic patterns were observed among
the formulations, indicating differences in diffusion
and membrane permeability. Single-drug liposomes
(L-Cis, L-Cur, and L-EGCG) exhibited a biphasic
release behavior with an initial burst phase followed by
a diffusion-controlled phase. Dual co-loaded systems
(L-Cis/Cur and L-Cis/EGCG) showed moderated
and more sustained release profiles, while the triple
co-loaded formulation (L-Cis/Cur/EGCG) demonstrated
the slowest and most controlled drug release, reaching
approximately 55% cumulative release after 52 hours.
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Figure 4. MTT Assay Results Showing the Cytotoxic
Effects of Free Drugs and Liposomal Formulations
on CAL-27 Oral Squamous Carcinoma Cells after 48
Hours of Treatment. Blank liposomes maintained nearly
complete cell viability, confirming biocompatibility.
Free cisplatin, curcumin, and green tea extract
(EGCQG) displayed moderate cytotoxicity, while their
liposomal counterparts demonstrated enhanced efficacy.
The co-loaded liposomal formulation containing CIS +
CUR + EGCG (1:6:6) exhibited the greatest reduction
in cell viability (<25%), indicating a strong synergistic
effect and improved intracellular delivery compared with
single or dual-agent formulations.

Figure 5. Representative Live/Dead Fluorescence
Microscopy Images of CAL-27 Cells after 48-hour
Treatment with Nanoliposomal Formulations: (A))
curcumin-loaded liposomes (L-Cur) (B) cisplatin-loaded
liposomes (L-Cis, (C) green tea extract-loaded liposomes
(L-EGCG), (D) cisplatin + curcumin co-loaded
liposomes (L-Cis/Cur), (E) cisplatin + green tea extract
co-loaded liposomes (L-Cis/EGCG), and (F) triple
co-loaded liposomes containing cisplatin, curcumin,
and green tea extract (L-Cis/Cur/EGCG, 1:6:6). Green
fluorescence (AO) represents viable cells, whereas red/
orange fluorescence (PI) indicates apoptotic or necrotic
cells. The co-loaded and triple-loaded formulations
exhibited markedly higher cytotoxicity, as evidenced
by the increased proportion of red/orange fluorescence,
which is consistent with the MTT assay results

approximately 20-25%, consistent with strong synergistic
interactions among the three compounds. These findings
are consistent with previous studies reporting enhanced
anticancer efficacy through co-delivery of cisplatin with
natural antioxidants. Cheng et al. (2018) demonstrated
that curcumin—cisplatin co-loaded liposomes exerted
synergistic cytotoxic effects in HepG2 hepatocellular
carcinoma cells while reducing systemic toxicity [22].
Similarly, Hu et al. (2015) showed that EGCG sensitized
colorectal cancer cells to cisplatin via autophagy-mediated
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apoptosis, underscoring the potential of natural compounds
to modulate cellular stress pathways and improve
chemotherapy outcomes [23]. In the context of oral cancer,
Saeidi et al. (2024) reported that cisplatin—curcumin
nanoliposomes significantly enhanced cytotoxicity in
CAL-27 cells and exhibited sustained release behavior,
supporting the rationale for combination nanocarrier
therapy [24]. From a physicochemical standpoint, all six
formulations exhibited nanoscale particle size (212-279
nm), negative zeta potential, and high encapsulation
efficiency (> 68%), confirming the stability and suitability
of these vesicles for drug delivery [25]. The gradual
increase in particle size from single- to multi-drug systems
suggested successful co-encapsulation and increased
lipid bilayer packing complexity [26]. Compared with
prior formulations such as Cheng’s (~294 nm vesicles),
the smaller and more uniform liposomes developed
in this study may offer improved tissue penetration
and pharmacokinetic behavior [22]. Scanning electron
microscopy (SEM) analysis confirmed the successful
preparation of spherical, nanosized liposomes across
all formulations, with smooth surfaces and uniform
morphology. The absence of aggregation and structural
irregularities suggested effective encapsulation and strong
lipid bilayer integrity [27]. Notably, the triple co-loaded
formulation (L-Cis/Cur/EGCG, 1:6:6) exhibited the most
compact and homogeneous surface among all samples,
which may contribute to its enhanced colloidal stability
and controlled drug release behavior [28]. The in vitro
release profiles revealed distinct kinetic patterns for
each formulation at physiological pH 7.4. Single-drug
liposomes (L-Cis, L-Cur, L-EGCG) demonstrated
moderate sustained release, whereas co-loaded
formulations displayed slower and more regulated release
patterns, indicating strong drug—lipid interactions within
the bilayer. Among them, the L-Cis/Cur/EGCG (1:6:6)
system exhibited the slowest cumulative release (~54%
at 52 h), supporting the notion that multiple hydrophobic
and hydrophilic drug interactions contribute to matrix
densification and diffusion-controlled kinetics. These
results are consistent with previous reports describing
reduced burst release and prolonged diffusion for multi-
drug nanocarriers [29-31]. The MTT cytotoxicity assay
further demonstrated that the liposomal encapsulation
of cisplatin in combination with natural antioxidants
(curcumin or EGCQG) significantly enhanced the anticancer
efficacy against CAL-27 cells. Free drug formulations
showed relatively high ICso values (20-60 uM), whereas
nanoliposomal systems markedly reduced these values to
below 10 uM. The L-Cis/Cur/EGCG (1:6:6) formulation
achieved the lowest ICso (= 5 uM), reflecting a synergistic
enhancement of cytotoxicity through co-encapsulation.
These findings align with the synergistic effects previously
reported for cisplatin—curcumin [22] and cisplatin~-EGCG
combinations [23]. Fluorescence Live/Dead imaging
visually corroborated the MTT results. A predominance
of green fluorescence was observed in untreated controls,
confirming healthy viable cells, while red/orange
fluorescence increased markedly following treatment with
drug-loaded liposomes. The L-Cis/Cur/EGCG (1:6:6)
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group exhibited the most intense PI-positive staining,
indicating extensive apoptosis and necrosis. This visual
evidence supports the conclusion that triple co-delivery
significantly enhances apoptotic cell death compared to
single-drug or dual-drug formulations [32]. Overall, our
findings demonstrate that nanoliposomal co-delivery
of cisplatin with curcumin and EGCG particularly
the optimized L-Cis/Cur/EGCG (1:6:6) formulation
represents a promising therapeutic approach for oral
cancer. This strategy offers synergistic anticancer activity,
improved apoptosis induction, and potential reduction in
cisplatin-associated toxicity, positioning it as a rational
design for next-generation combination chemotherapy
systems.
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