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ABSTRACT

This study aimed to formulate targeted nanoliposomes for cancer
cell delivery. Liposomes were prepared using the thin-film hydration
method, with optimization achieved through a Plackett-Burman design
of experiments. Folic acid (FA) was employed as a ligand for targeted
delivery. The independent variables included DSP weight, cholesterol
weight, solvent volume, solubilization temperature, evaporation speed,
rehydration temperature, rehydration rotation speed, extrusion number,
and freeze-thaw cycles. The dependent variables (responses) were particle
size, polydispersity index (PDI), entrapment efficiency (EE), and loading
capacity (LC). The particle sizes of all formulations ranged from 99.1 to
250 nm, and the entrapment efficiencies ranged from 56.1% to 88.7%. The
optimized formulations were characterized using FESEM, which revealed
spherical liposomes without aggregation. DSC and FTIR analyses indicated
the drug’s transformation to an amorphous state. MTT assays on SW480
cell lines confirmed the formulations’ safety. Cytotoxicity assays on SW480
cells demonstrated time- and concentration-dependent cytotoxicity. The
IC50 values were: pure etodolac (713.72 + 4.85 pg/mL at 24 hours, 536.98
+ 6.23 pg/mL at 48 hours), non-targeted liposomes (F1: 602.03 + 2.8 pg/
mL at 24 hours, 419.33 + 3.55 pg/mL at 48 hours), and targeted liposomes
(F2: 554.6 + 9.12 pg/mL at 24 hours, 128.88 + 5.26 ug/mL at 48 hours).
Cellular etodolac uptake was measured as 12.54 + 0.078 pg per 104 cells
for pure etodolac, 20.48 £ 0.19 ug per 1074 cells for F1, and 26.31 £ 0.11 ug
per 1074 cells for F2. The optimized formulations exhibited good stability
over two months.
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INTRODUCTION

Nanoparticles, generally measuring 1-100
nanometers, possess unique

physical and

new and improved drug delivery systems [1].
We’ve seen lots of progress in nanotechnology for

chemical properties due to their tiny size. These
properties, such as quick dissolving and extended
time in the body, make them attractive for creating
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drug delivery, and lipid-based nanoparticles are
a real standout. Things like micelles, solid lipid
nanoparticles (SLNs) [2], and nanostructured lipid
carriers (NLCs) have proven really effective.
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Liposomes, a specific type of lipid-based
nanoparticle, are especially popular. They’re
used a lot because they can improve how well
drugs dissolve, how precisely they target the
right cells, how long they stay in the body, and
how effectively they reach their target [3] [4].
The liposomes can be defined as tiny spherical
bubbles made of lipids. They have a water-loving
inside and a water-fearing outside, which means
they can hold drugs inside [5]. Plus, their outer
layer can merge with cell membranes, which helps
the drug get where it needs to go and prevents
it from being eliminated too quickly. That’s why
they’re such a go-to choice for drug delivery.
Conventional liposomes are usually made with
natural phospholipids and cholesterol [5]. The
problem is, these natural phospholipids tend to
break down through oxidation and hydrolysis,
which makes the liposomes less stable. Even so,
phosphatidylcholine (PC), a neutral phospholipid,
is the most common ingredient when making
liposomes [6].

The main challenge with liposomes is that
they tend to get snatched up by cells in the
mononuclear phagocyte system (MPS), mostly in
the liver and spleen. This means they’re cleared
from the bloodstream pretty quickly. So, unless
you’re targeting a disease specifically within
the MPS, this rapid clearance really limits how
well the drug can reach other parts of the body.
Scientists believe that this quick removal happens
because serum proteins glom onto the liposomes,
a process called opsonization, which then flags
them for pickup by the liver and spleen [7].

However, to solve these problems of liposomes
by modify their surface. Back in the early 1990,
some researchers figured out that adding
polyethylene glycol (PEG) to the surface of
liposomes makes them more stable and helps them
stick around in the body longer. PEG is super water-
loving, and when it’s attached to the liposome,
it creates a stable layer of water around it. This
watery shield helps prevent the liposomes from
interacting with proteins and cells in the blood,
which is important because these interactions
can lead to the liposomes being recognized and
cleared from the body too quickly [8]. Basically,
the PEG coating stops proteins from sticking to
the liposomes, which keeps them circulating for
longer. So, to precise with drug delivery, you can
add a “homing device” to the liposome’s surface
[9]. This is called targeted delivery, and it basically

] Nanostruct 16(1): 198-213, Winter 2026
[@)er |

involves attaching a targeting ligand — think of it
like a key — to the liposome so it can unlock and
deliver its payload specifically to the right cells [8].

There are many types of these “keys” you can
use, like antibodies, bits of DNA or RNA called
aptamers, peptides (short chains of amino acids),
proteins like transferrin, or even small molecules
like vitamins, like folic acid [10]. There are many
considerations to choose the right “key,” like: how
much of the target it’s designed to find is actually
on the cell you’re aiming for, how well the cell
takes up the liposome once the “key” fits, and how
much of the target molecule the “key” actually
covers up [11,12].

Colorectal cancer (CRC) stands as a prevalent
and preventable malignancy, ranking as the third
most commonly diagnosed cancer among both
sexes in the United States [13]. The widespread
adoption of colonoscopy has led to increased
detection rates, often at early or advanced stages.
Globally, CRC constituted a significant health
burden, with millions of new cases and hundreds
of thousands of fatalities reported in 2018 alone
[14]. While incidence and mortality rates have
exhibited a declining trend in recent years, CRC
remains a substantial public health concern.
NSAIDs have been one of the most promising
agents in the chemoprevention of colorectal
cancer [15]. The main anticancer activity of NSAIDs
is thought to be a suppression of prostaglandin
E2 synthesis via COX-2 inhibition, which causes a
decrease in tumor cell proliferation, angiogenesis,
and increases apoptosis [16,17].

Etodolac (ETD), a selective COX-ll inhibitor
NSAID, is used to treat rheumatoid arthritis (RA)
and has shown promise in cancer treatment due to
its antiproliferative and antimetastatic effects [18].
ETD’s half-life is only around 7 hours; it needs to
be taken frequently, typically, at a dose of 200mg
twice a day [19,20]. Research also suggests it has
anti-tumor properties against various cancer cells.
As a selective COX-2 inhibitor (ten times more
selective for COX-2 than COX-1) [18,21], etodolac
can reduce inflammation without the common
gastrointestinal side effects like irritation, ulcers,
or bleeding often seen with other NSAIDs. This is
because COX-2 inhibitors don’t interfere as much
with the prostaglandins that protect the stomach
lining and regulate kidney blood flow.

The aim of study to formulated target
nanoliposome loaded etodolac toward colon
cancer cell to improve their target efficacy by
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enhance cellular uptake and improve accumulation
of drug at site of action and reduce side effect.

MATERIAL AND METHOD
Material

DSPC, DSPE-PEG2000, and 25 mm diameter
polycarbonate filters, with pore sizes of 0.1, and
0.2 micrometers were suppliers from Avantis ©
Polar lipids, Merck, USA. Etodolac and cholesterol
99%, were purchased from Shanghai Macklin
Biochemical Co.Ltd / China. Acetonitrile 99%,
methanol 99.8%, chloroform 99.8%, and water
100% are HPLC grade purchased from HiMedia
Laboratories Pvt. Ltd. in India. The used vials were
purchased from CKlab in China. Phosphate buffer
tablet saline from Fischer Scientific, UK.

Method
Preparation and characterization of liposomes
loaded etodolac
Optimization of the factors using Plackett Burman
design

Optimizing the factors influencing liposome
preparation is crucial for establishing a reliable
and successful production procedure. The
independent variables considered were: DSPC
weight (X1), cholesterol weight (X2), solvent
volume (X3), solubilization temperature (X4),
evaporation speed (X5), rehydration temperature
(X6), rehydration rotation speed (X7), extrusion
number (X8), and freeze-thaw cycles (X9). The
dependent variables (responses) were particle size
(Y1), polydispersity index (PDI, Y2), entrapment
efficiency (EE, Y3), and loading capacity (LC, Y4),

as detailed in Table 1. An 11-run Plackett-Burman
design was employed using Design-Expert software
version 13, which facilitated the generation of
figures and ANOVA analysis. Based on preliminary
studies, appropriate low and high levels for each
factor were selected [6]. To assess the normality of
the unselected factors’ distribution, the Shapiro-
Wilk test was conducted. A p-value greater than
0.1 was required to consider the factors as having
a significant effect and to justify their inclusion in
the model

Preparation of liposome using thin film hydration
method

Liposomes were prepared using the thin-
film hydration method [4]. According to the
experimental design, DSPC (10 or 20 mg),
cholesterol (5 or 10 mg), and etodolac (8 mg/
mL) were mixed and dissolved in 2 or 4 mL of a
methanol-chloroform solvent mixture within a
1000 mL round-bottom flask. The resulting clear
solution was then subjected to rotary evaporation
(Heidolph Instruments GmbH & Co. KG, Germany).
The rotary evaporator was set to a temperature
of 60 or 65 °C and a rotation speed of 75 or 100
rom. The solvent was allowed to evaporate,
leaving a thin lipid film. This film was further dried
under vacuum for 15 minutes to ensure complete
solvent removal. Subsequently, the thin film was
hydrated with 10 mL of phosphate buffer (pH 7.4)
and returned to the rotary evaporator for 10-
15 minutes at 65 °C and 100 rpm. The resulting
liposomal suspension was visually inspected to
confirm complete detachment of the lipid film from

Table 1. Dependent and independent parameters for the Plackett Burman design.

Level
Independent parameters low center high Dependent parameters
Weight of DSPC mg 10 15 20 Particles size
Weight of CHO mg 5 7.5 10 PDI
Solvent volume ml 2 3 4 Encapsulation efficiency
Solublllzmgotcemperature 60 63 65 Loading capacity
Evaporation speed rpm 75 88 100
Rehydrat|on°éemperature 60 63 65
Rehydration rotation 7 88 100
speed rpm
Extrusion number cycle 5 8 10
Freezing/Thawing cycle 3 4 5
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the flask walls. The formed suspension, containing
multilamellar vesicles, underwent 3 or 5 freeze-
thaw cycles, followed by extrusion through a 0.2
um polycarbonate membrane (Avanti Polar Lipids
Inc.), repeated 5 or 10 times. The polycarbonate
filter was pre-soaked in phosphate buffer before
use in the extruder. The extrusion process was
then repeated using a 0.1 um polycarbonate
membrane. The final liposome suspension was
clear and transparent in appearance.

Physiochemical characterization of liposome
Particle size PZ, polydisperse index PDI and Zeta
potential Evaluation

Particle size (PZ) and polydispersity index
(PDI) were determined using correlation photon
correlation spectroscopy (PCS) via a nanosizer
(ABT-9000 NANO, Laser particle size analyzer)
at 25°C and a 90° scattering angle [22]. For each
measurement, 3 mL of undiluted liposome
suspension was placed into the instrument’s
glass cell, and each sample was analyzed in
triplicate. Zeta potential measurements were
similarly performed using a ZetaSizer (Malvern
Ltd., Worcestershire, UK) at 25°C, with 3 mL of
undiluted liposome suspension per measurement,
also conducted in triplicate.

Determination of drug entrapment efficiency (EE)
and loading capacity (LC)

Entrapment efficiency (EE) refers to the amount
of drug encapsulated within the liposomes,
expressed as a percentage of the total drug used in
the formulation. ! Loading capacity (LC) represents
the amount of drug encapsulated relative to
the total lipid content of the formulation [13].
To determine EE and LC, 5 mL of the drug-
loaded liposomal formulation was transferred
to an Amicon Ultra-15 mL centrifugal filter tube
(MWCO 10 kDa, Sigma-Aldrich International
GmbH, Germany) and centrifuged at 5000 rpm
for 30 minutes at 4 °C. Following centrifugation,
the supernatant in the lower chamber was
removed. The upper chamber, containing the
drug-encapsulated liposomes, was then washed
three times with deionized water, repeating the
centrifugation process with the same parameters
[15,16,12]. Subsequently, 1 mL of the resulting
liposomal suspension was diluted to 10 mL with
methanol and analyzed by HPLC (Knauer AZURA).
Chromatographic separation was performed using
a C18 column, with a mobile phase consisting of

] Nanostruct 16(1): 198-213, Winter 2026
[@)er |

methanol, acetonitrile, and water in a ratio of
60:30:10, delivered at a flow rate of 1 mL/min.
Detection was carried out at a wavelength of 225
nm. EE and LC were calculated using the following
equations:

encapsulated drug
%EE = * 100
total drug

encapsulated drug
%LC = - * 100
total formula of liposome

Characterization of optimized formula of liposome
loaded Etodolac
Morphology of liposome loaded etodolac

Field Emission Scanning Electron Microscopy
(FESEM) was employed to determine the surface
morphology of the optimized etodolac-loaded
liposomes. Imaging was performed using an
InspectTM F50 FEl electron microscope. A few
drops of the liposomal suspension were deposited
onto a carbon-coated copper grid and allowed
to dry at room temperature. The samples were
then observed at various magnifications at 25°C
without staining [16,17].

Differential Scanning Calorimetry DSC

The thermal behavior and melting point of the
drug were determined using differential scanning
calorimetry (DSC) [23]. DSC analysis was performed
for etodolac, DSPC, cholesterol, and etodolac-
loaded liposomes using a DSC 60 instrument
(Shimadzu, Japan). Prior to analysis, the liposome
samples were lyophilized. This involved freezing
the samples at -55 °C for one hour, followed by
drying in a freeze dryer (Labconco, USA) at -20 °C
and 0.01 bar for 24 hours. The lyophilized powder
was stored in vials at -20 °C until use. For each
sample, 5 mg was accurately weighed and placed
in an aluminum pan, which was then sealed with
an aluminum lid using a crimper. The samples
were heated from 0 to 300 °C at a rate of 10 °C/
min. An empty aluminum crucible with a lid was
used as a reference. [12,18].

Fourier transform infrared spectroscopy FTIR

Fourier-transform infrared spectroscopy
(FTIR) was employed to determine any potential
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interactions between the drug and the excipients
used in the liposomal formulation [4], [24]. FTIR
spectra were acquired for pure etodolac, DSPC,
cholesterol, and etodolac-loaded liposomes using
an FTIR spectrometer (Shimadzu, Japan). ! Each
sample was individually mixed with infrared-
grade potassium bromide (KBr) and subsequently
compressed into pellets using a hydraulic press.
These pellets were then analyzed within the
wavenumber range of 4000 to 400 cm™ [11,22].

In vitro drug release

Etodolac release from the liposomes was
measured using a modified dialysis membrane
diffusion method [25]. Samples of 2 mL, including
pure etodolac and etodolac-loaded liposomes,
were placed into dialysis bags with a molecular
weight cut-off of 12,000-14,000 Da. The dialysis
membranes were soaked overnight in the
dissolution media prior to use. Subsequently, the
dialysis bags were immersed in 250 mL of either
phosphate-buffered saline (PBS) atpH7.4and 37°C,
or acetate buffer at pH 5.5 and 39°C, maintained at
100 rpm. These conditions simulated plasma and
the colon cancer microenvironment, respectively.
At predetermined time intervals, 3 mL aliquots
were withdrawn and replaced with fresh media
to maintain a constant volume. The amount of
etodolac released was quantified by HPLC, and
the cumulative percentage of drug release was
recorded [12].

Kinetic release analyses

Data obtained from in vitro drug release studies
of pure etodolac and etodolac-loaded liposomes
were utilized to investigate the release kinetics
of the formulations. Mathematical models,
including zero-order (cumulative percentage of
drug release versus time), first-order (logarithm
of the cumulative percentage of drug release
versus time), Korsmeyer-Peppas (logarithm of
the cumulative percentage of drug release versus
logarithm of time), and Higuchi (cumulative
percentage of drug release versus the square root
of time), were applied to determine the dissolution
model and elucidate the drug release mechanism
from the nanocarrier core [26,27,28,19]. The
DDsolver software program, a Microsoft Excel add-
in designed for the simulation and comparison of
drug dissolution profiles, facilitated the application
of these models [12].

202

Cytotoxicity

The cytotoxicity of various liposomal
formulations on SW480 colon cancer cells was
evaluated using an MTT colorimetric assay
[29,30,31]. SwW480 cells, in their logarithmic
growth phase, were seeded into 96-well plates
and incubated for 24 hours. Subsequently, cells
were treated with different concentrations
(31.25-1000 pg/mL) of pure etodolac (ETO), blank
liposomes (without ETO), and optimized ETO-
loaded liposomal formulations for 24 and 48 hours
at 37°C. Following these incubations, MTT solution
was added, and after a 4-hour incubation at 37°C,
the resulting formazan crystals were dissolved in
100 pL of DMSO. Absorbance was measured at
570 nm using a microplate reader (Synergy, FL,
USA). Cell viability was then calculated using the
following equation:

ODexp — ODblank

ODcontrol — ODblank * 100

Cell viability% =

The OD blank represents the optical density
of wells containing only cell culture medium. The
OD experiment represents the optical density of
wells containing the experimental formulation.
OD control represents the optical density of wells
containing control cells.

Invitro cellular uptake of etodolac

For the cellular drug uptake study, SW480
cells, a colon cancer cell line obtained from the
European Collection of Cell Cultures, were utilized.
These cells were cultured in T-flasks using McCoy'’s
5a medium supplemented with 10% fetal bovine
serum (FBS) and maintained in a controlled
environment at 37°C, 95% humidity, and 5%
CO2. The culture medium was replenished twice
weekly, and cells were harvested weekly using
TrypLE Express.

Cellular uptake

To quantify cellular drug uptake, SW480
cells were seeded in a 12-well plate at a density
of 10,000 cells per well and incubated for 24
hours. Subsequently, cells were treated with
either pure etodolac (ETO) or the optimized ETO-
loaded liposomal formulation, ensuring each well
received an equivalent of 500 pg of ETO. The
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plates were incubated at 37°C for the designated
period. Following incubation, cells were washed
three times with ice-cold phosphate-buffered
saline (PBS) to remove any unbound drug. The
cells were lysed with a 0.5% Triton X-100 solution
in PBS [29,30,31], and the resulting mixture was
vortexed for 3 minutes. Cellular debris was then
removed by centrifugation. The concentration of
intracellular ETO in the supernatant (cell lysate)
was determined using high-performance liquid
chromatography (HPLC) at a wavelength of 225
nm.

Stability of prepared liposome

To evaluate potential physical or chemical
changes, the etodolac (ETO)-loaded liposomes
underwent a stability study. The optimized
formulations were stored under two conditions:
room temperature (25°C = 2°C) and refrigerated
(4°C = 2°C), both with a relative humidity of
60% = 5%, for 60 days. The study examined the
effect of storage temperature on particle size
(Pz), polydispersity index (PDI), and entrapment
efficiency (%EE). Samples were withdrawn from
each formulation every two weeks, and PZ, PDI,
and %EE were measured [19].

+
+

RESULTS AND DISCUSSION
Etodolac loaded liposomes for optimization the
liposome composition

The thin-film hydration method was successfully
employed to prepare a series of etodolac (ETO)-
loaded liposomal formulations. To optimize the
composition of these liposomes, a design of
experiments was utilized, varying independent

factors such as DSPC weight (X1), cholesterol
weight (X2), solvent volume (X3), solubilization
temperature (X4), evaporation speed (X5),
rehydration temperature (X6), rehydration
rotation speed (X7), extrusion number (X8), and
freeze-thaw cycles (X9). The dependent responses
measured were particle size (Y1), polydispersity
index (Y2), entrapment efficiency (Y3), and loading
capacity (Y4).

Optimization the factors for preparation of
liposome by using Plackett Burman Design
Screening designs are employed to identify
crucial factors during method optimization. These
designs enable the evaluation of a substantial
number of factors with a comparatively small and
manageable set of experiments [2,25,30]. In this
study, a Plackett-Burman design of experiments
was utilized to optimize nine factors potentially
influencing liposome preparation. The results
obtained are presented in Table 2. Pareto charts
were generated to visualize the significant factors
affecting liposome preparation and to optimize
the liposome composition. The t-value line on
each chart served as a reference threshold; any
factor exceeding this line indicated a statistically
significant effect (p < 0.05). All figures were
generated using Design-Expert® software.

Statistical analysis revealed that DSPC and
evaporation speed (ES) significantly influenced
particle size (PZ) (P < 0.05), as illustrated in Fig.
1A. Solvent volume (SV) significantly affected both
loading capacity (LC) and entrapment efficiency
(EE) (P < 0.05), as shown in Figs. 1B and 1C,

Table 2. Composition of Etodolac-Loaded Liposomes and Their Characterization Measurements.

Independent parameters

Dependent parameters

Pz
Run X1 X2 X3 X4 X5 X6 X7 X8. X9 nm PDI %EE %LC

Vi Y2 Y3 Y4
L1 -1 -1 +1 -1 +1 +1 -1 +1 -1 125 0.01 63.7 53.6
L2 +1 +1 -1 -1 -1 +1 -1 +1 +1 199 0.018 65.1 47.3
L3 -1 -1 -1 -1 -1 -1 -1 -1 -1 223 0.011 82.7 69.6
L4 -1 -1 +1 +1 -1 +1 +1 +1 +1 250 0.012 65.3 55
L5 +1 -1 +1 +1 +1 -1 -1 -1 +1 99.1 0.012 64.2 48.9
L6 +1 -1 -1 +1 -1 +1 +1 -1 -1 99.6 0.13 86.2 65.7
L7 -1 +1 +1 -1 -1 -1 +1 -1 +1 177 0.023 56.1 44.9
L8 +1 -1 -1 -1 +1 -1 +1 +1 +1 111 0.027 83.1 63.3
L9 -1 +1 -1 +1 +1 +1 -1 -1 +1 125 0.138 66.6 53.3
L10 +1 +1 +1 +1 -1 -1 -1 +1 -1 111 0.125 57.9 42.1
L11 -1 +1 -1 +1 +1 -1 +1 +1 -1 177 0.01 88.7 71
L12 +1 +1 +1 -1 +1 +1 +1 -1 -1 99.3 0.075 87.5 63.6
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respectively. However, none of the selected factors
significantly impacted the polydispersity index
(PDI) (P > 0.05), as depicted in Fig. 1D. In these
charts, the t-value line represents the reference for
statistical significance; factors exceeding this line
indicate a significant effect (P < 0.05). All figures
were generated using Design-Expert® software, as
presented in Fig. 1.

The formulations all exhibited nanosized
particles, with particle sizes (PZ) ranging from 99.1
to 250 nm and polydispersity indices (PDI) ranging
from 0.011 to 0.138. The low PDI values indicate
a homogeneous nanoparticle distribution [30,31].
PDI is a critical parameter for assessing storage
stability. A narrow size distribution minimizes
nanoparticle aggregation, and particles with such
a distribution are less susceptible to Ostwald
ripening, a process where smaller particles
dissolve and larger particles grow, leading to
changes in size distribution over time [32].

Predicting the main effects of independent
variables on dependent variables is crucial for
liposomal development [33], a goal achieved in
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approach aligns with the findings of Hassan et al.
(2015), who demonstrated the design’s reliability
in optimizing rhamnolipid production from
biodegrading bacterial isolates [34]. Employing
the Plackett-Burman design significantly reduced
the number of experimental trials, consistent
with Harshal Ashok et al. (2016), who highlighted
its efficacy as a screening method for identifying
key independent factors and their influence on
dependent variables with minimal runs [35,36].
The study revealed that particle size (PZ) was
significantlyinfluenced by both DSPCconcentration
and evaporation speed (ES). This can be attributed
to the increased lipid amount (10-20 mg), which
enhances lipid molecule coverage, leading to
greater membrane fluidity and larger liposome
sizes. Furthermore, higher lipid concentrations
can increase membrane rigidity, hindering size
reduction during extrusion and resulting in larger
vesicles. These findings corroborate those of Anil
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Fig. 1. Pareto chart ranking the standardized effect of selected factors: A: Effect of DSPC on PZ, B: Effect of SV on %LC, C: Effect
of SV on %EE, D: Effect of factors on PDI.
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liposome size [33] and Somayeh et al. (2018), who
also observed a significant effect of phospholipid
amount on PZ [37].

Cholesterol concentration also significantly
affected PZ (negatively). Increased cholesterol
content enhances the hydrophobicity of the
bilayer membrane, leading to larger vesicle radii
for greater thermodynamic stability. The resulting
rigid bilayer structure resists size reduction during
sonication, producing larger vesicles [38], a result
consistent with the findings of Gyati Shilakari et al.
(2016) [39]

The polydispersity index (PDI) was not
significantly affected by any of the tested factors,
which contradicts the findings of Mahdi Bahrami
et al. (2023), who reported a significant influence
of phospholipid concentration and hydration time
on liposome PDI [12].

Entrapment efficiency (%EE) was significantly
affected (p < 0.05) by solvent volume (SV) but
not by other factors such as DSPC concentration.
The %EE ranged from 56.1% to 88.7%, and the
loading capacity (%LC) ranged from 42.1% to
71%. These results align with Navneet et al.
(2016), who observed that an increased organic
solvent volume, leading to higher system viscosity,
significantly impacts %EE [40].

Optimization the ETO loaded liposome composition
by using Plackett Burman Design

Optimized formulations, chosen for their small
particle size, low polydispersity index (PDI), high
entrapment efficiency (%EE), and high loading
capacity (%LC), were prepared using the previously
described thin-film hydration method. The optimal
composition for the conventional etodolac (ETO)-
loaded liposomes (F1) was a lipid mixture of DSPC
and cholesterol (CHO) at a ratio of 12.7:5 (mg), as
determined by the Plackett-Burman design. The
targeted liposomes (F2) included a lipid mixture of
DSPC, CHO, DSPE-PEG2000, and DSPE-PEG2000-FA
at a ratio of 12.7:5:1:0.1 (mg). Both formulations
(F1 and F2) were then subjected to further
characterization, including particle size (PZ),
PDI, EE, differential scanning calorimetry (DSC),
Fourier-transform infrared spectroscopy (FTIR), in
vitro release, and cellular uptake studies.
Physiochemical characterization
liposome

Particle size and size distribution are critical
characteristics  of  liposomes,  significantly

of optimize
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influencing their suitability for inhalation and
parenteral administration [4]. These factors also
determine the circulation half-life, biodistribution,
and targetability of liposomes, with smaller
liposomes exhibiting prolonged circulation
compared to larger ones. For drug delivery
applications, an average liposome size ranging from
50 to 200 nm is generally considered optimal. The
optimized formulations, F1 and F2, demonstrated
the following characteristics: F1 (particle size:
111.7 £ 0.11 nm, polydispersity index (PDI): 0.001,
entrapment efficiency (%EE): 89.7 + 0.002%) and
F2 (particle size: 125.5 £ 0.01 nm, PDI: 0.027, %EE:
88.6 £ 0.017%)

Furthermore, zeta potential is another
essential parameter, reflecting the stability of
colloidal systems such as liposomal nanocarriers
in suspension [5,41]. It represents the overall
net charge on the particle surface, governing
the electrostatic interactions between particles.
The zeta potential values were -3.20 mV, -10.2
mV, and -13.6 mV for pure etodolac, F1, and F2,
respectively.

Surface Morphology Analysis using Field Emission
Scanning Electron Microscopy (FESEM)

The surface morphology of the liposomes for
formulations F1 and F2 was examined using Field
Emission Scanning Electron Microscopy (FESEM).
The FESEM images obtained for both formulations
revealed spherical nanoparticles with no evidence
of aggregation, as depicted in Fig. 2A and B,
respectively. The optimized F1and F2 nanoparticles
exhibited sizes of 111.7 £ 0.11 nm and 125.5 £ 1.99
nm, respectively. These FESEM measurements
corroborate the particle size analysis obtained
through dynamic light scattering.

FTIR

Fourier-transform infrared (FTIR) spectroscopy
was employed to determine the chemical
composition of the materials used in the etodolac
(ETO) liposome formulations. FTIR spectra were
obtained for pure ETO, DSPC, cholesterol (CHO),
formulation F1, and formulation F2, as depicted in
Fig. 2. The characteristic peaks observedin the pure
ETO spectrum were also present in the liposomal
formulations F1 and F2. These included a strong
peak at 1413.82 cm™ (C-H bending), a strong peak
at 1741.72 cm™ (carbonyl C=0 vibration), a strong
peak at 3346.5 cm™ (N-H stretching vibration),
a C-H ring vibration peak at 3053.32 cm™, and
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aromatic C-Cstretching vibration bands at 1622.13,
1467.5, 1413.82, and 1365.60 cm™, along with a
C-N stretch peak at 1031.92 cm™ (Fig. 2C). [42,43].
These characteristic ETO peaks were consistently
observed in the liposomal formulations F1 and
F2 without significant deviation (Fig. 2C). The
absence of new peaks and the retention of existing
peaks in the spectra confirmed the physical and
chemical compatibility between the excipients
and etodolac, facilitating the development of
stable formulations [44].

Notably, the intensity of the ETO characteristic
absorption bands was reduced in the liposomal
formulations. The N-H stretch of ETO, in particular,
showed decreased intensity. This observed change
in the ETO peaks, particularly the decreased
intensity of the N-H stretch, suggests a structural
transformation such as amorphization or

complexation, as documented in previous studies
[45]. In the context of this study, this reduction
in intensity is consistent with the efficient
encapsulation of etodolac within the phospholipid
bilayers.

The FTIR spectrum of the targeted formulation
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F2 exhibited additional peaks at 2854.6 cm™ and
2924.09 cm™, corresponding to the C-H stretching
band, which indicates the aliphatic nature of PEG,
FA, and DSPE [37], as depicted in Fig. 2C. The
infrared spectrum of DSPC showed characteristic
vibrational modes consistent with its molecular
structure. Notably, strong signals were observed
at 1090 cm™, attributable to the symmetric
stretching of the phosphate (PO,~) moiety. Further
analysis of the spectrum revealed bands indicative
of CH, bending (1469.7 cm™), carbonyl (C=0)
stretching (1734.01 cm™), hydroxyl (OH) bending
(1640 cm™), and CH, stretching within the acyl
chains (2850.76 and 2920.23 cm™), as illustrated in
Fig. 2C. These spectral assignments are consistent
with established literature values for DSPC [46].

DSC

Differential  scanning  calorimetry  (DSC)
was performed to investigate the crystalline
transformation of the optimal formulations
[5]. DSC thermograms were obtained for pure
etodolac (ETO), cholesterol, DSPC, and liposomal
formulations F1 and F2, as depicted in Fig. 2D.
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Fig. 2. FESEM images illustrating the morphology of etodolac (ETO)-loaded liposomes for: A: Formulation F1, B: Formulation
F2. C: FTIR spectrum of ETO, DSPC, cholesterol, F1, and F2. D: Differential Scanning Calorimetry (DSC) thermograms of etodolac
(ETO), DSPC, cholesterol, and Formulations F1 and F2.
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Pure ETO exhibited a sharp endothermic peak
at 155 °C, indicative of its crystalline nature
[47,48]. The DSC thermogram of DSPC showed
two prominent endothermic transitions at 127
°C and 182 °C, along with two minor transitions
in the 85-100 °C range (Fig. 2D). These multiple
endothermic transitions are consistent with prior
research, which has documented the complex
thermal behavior of phospholipids upon heating,
rather than a simple solid-to-liquid transition. As
highlighted by Taylor and Morris (1995), water
content significantly influences phospholipid
structure, leading to the formation of mesophasic
or liquid-crystalline states. Cholesterol showed a
sharp endothermic transition at 150 °C.

For the ETO-loaded liposomes (F1), no distinct
peak was observed (Fig. 3C). This absence of
discernible phospholipid transitions suggests
the incorporated drug’s amorphous state. The
observed shift and broadening of the phospholipid
transition within the nanoparticles indicate strong
interactions among the liposomal components.
This observation aligns with previous findings,
such as those reported by Abeer Aleskndrany
and lIpek Sahin (2020), who demonstrated a
significant decrease in the transition temperature
of DPPC lipid in liposomes upon interaction with
levothyroxine [49].

In ETO-loaded liposomes F1 and F2, broad
endothermic peaks were observed at 126 °C

Commulative % ETO Recelease
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and 131 °C, respectively, potentially reflecting
the altered thermal behavior of DSPC due to
interactions with other liposomal components,
including ETO. Notably, in the optimized
formulations, the crystalline peak of ETO was
absent (Fig. 3D, E). This finding is consistent with
the observations of Mahdi Bahrami et al. (2023),
who reported the absence of a doxorubicin
peak, suggesting a transition from crystalline to
amorphous state [50].

Analyses release of ETO from liposome

To evaluate the drug release profiles, in vitro
release studies for free etodolac (ETO), formulation
F1, and formulation F2 were conducted at pH 7.4
and 37°C, as well as at pH 5.4 and 39°C. The release
profiles, expressed as cumulative percentage
release over time, are presented in Fig. 3. At pH
7.4, free ETO exhibited a gradual release, reaching
31.3% * standard deviation at 4 hours and 49.4%
+ standard deviation at 24 hours (Fig. 3 A). In
contrast, both liposomal formulations (F1 and F2)
displayed a burst release at 4 hours, with 51.1%
+ 0.05 and 72.3% +* 0.208 release, respectively.
This was followed by a sustained release, reaching
89.9% + 0.04 (F1) and 96.1% + 0.055 (F2) at 24
hours (Fig. 3A). Similarly, at pH 5.4, a burst release
was observed for F1 and F2 at 4 hours (53.1% +
0.005 and 73.1% * 0.036, respectively), followed
by sustained release reaching 90.7% + 0.045 (F1)

20 “=pure ET0  ==F1  —o-F2

10

0 2 4 6 8§ 10 12 14 16 18 20 22 A

Time in Hour

Fig. 3. Cumulative release profile of free ETO, conventional liposome (DSPC: CHOL), PEGylated lip liposome (DSPC: CHOL: DSPE-
PEG2000), and target liposome (DSPC: CHOL: DSPE-PEG2000- DSPE-PEG2000-FA) at (A): pH 7.4 pH 7.4 and 37°C, and (B): pH 5.4
pH 7.4 and 39 °C.
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and 97.1% + 0.043 (F2) at 24 hours (Fig. 3B).

This biphasic release behavior of ETO from
the liposomal formulations is characteristic of
sustained-release systems, indicating an initial
rapid release followed by a prolonged release
phase. This sustained release is contingent
upon the gradual diffusion of the drug from the
liposomal membrane [51,52]. While the initial
rapid release is likely attributed to the presence of
drug loosely associated with the outer liposomal
membrane or its high accessibility to the
external environment, facilitating easy release.
Furthermore, the release of ETO from liposomes
under physiological conditions (pH 7.4) was lower
than that observed under cancerous conditions
(pH 5.4). This enhanced release at acidic pH may
be attributed to liposomal swelling, disruption,
and rupture, whereas the liposomes exhibited
better drug retention under physiological pH.

Kinetic of release

As shown in Table 3, the Korsmeyer-Peppas
model is the best-fit model for the optimal
liposomal formulations at pH 7.4 and 5.4. Also
shown in Table 3, the obtained (n) values in the
Korsmeyer-Peppas kinetic model, which ranged
from 0.243 to 0.34 for all samples, indicated the
presence of an anomalous transport mechanism
controlling the release of ETO from the prepared
formulations. This suggests that the release of ETO
from the liposome formulations occurs through
a combination of diffusion through the lipid
bilayers and erosion of the liposome matrix. These
results are consistent with the findings of Anna
Czajkowska et al. (2021), who mentioned that the
release of ETO from nanostructured lipid carriers
follows the Korsmeyer-Peppas model [53], and

also consistent with the findings of Samet et al.
(2023), who reported that the release of ETO from
nanoemulsions follows the Korsmeyer-Peppas
model [54,48].

Cytotoxicity

The cytotoxicity of blank and etodolac (ETO)-
loaded liposomes on SW480 cells was evaluated
using an MTT assay [29,30,31]. Blank liposomes
(without ETO) showed minimal toxicity even
at high concentrations (cell viability > 90%),
indicating good biocompatibility, as shown in Fig.
4 A and B. Both etodolac (ETO) and ETO-loaded
liposomes demonstrated concentration- and time-
dependent cytotoxicity. Free ETO showed toxicity
at higher concentrations (500-1000 pg/ml),
while the liposomal formulations (F1, F2) were
effective across the tested concentrations (128—
1000 pg/ml), as listed in Table 4. The maximum
cytotoxic effect for F1 and F2 was observed after
48 hours. ETO-loaded liposomes (F1 and F2) and
pure ETO were tested at varying concentrations,
revealing that F2, which contained (DSPC: CH:
DSPE-PEG2000: DSPE-PEG2000-FA), exhibited
significantly higher cytotoxicity (lower 1C50) of
554.6 + 9.12 and 128.88 + 5.26 ug/ml at 24 and
48 hours, respectively. In contrast, F1, which
contained (DSPC: CH), had IC50 values of 602.03 +
2.8and 419.33+3.55 ug/mlat24 and 48 hours. The
IC50 for pure ETO was 713.72 + 4.85 and 536.98 =
6.23 pg/ml at 24 and 48 hours, respectively.

There were significant differences between
the IC50 values of the different formulations and
pure ETO (p < 0.05). The higher toxicity of the
ETO-loaded liposome formulations compared
to pure ETO is likely due to the high affinity of
liposomes for the cell membrane. This result is

Table 3. Release kinetic models for Free ETO, F1, and F2 in buffer saline (pH 7.4) and in acetate buffer (pH 5.5).

Release kinetic models in buffer saline pH 7.4

Free ETO F1 F2
Zero order 0.820 0.866 0.77
First order 0.8922 0.982 0.980
Higuchi 0.948 0.977 0.927
Korsmeyer-Peppas 0.989 0.995 0.983
n-exponent 0.275 0.34 0.216

Release kinetic models in Acetate buffer pH 5.5

Free ETO F1 F2
Zero order 0.832 0.849 0.756
First order 0.897 0.979 0.979
Higuchi 0.955 0.969 0.918
Korsmeyer-Peppas 0.988 0.992 0.985
n-exponent 0.299 0.327 0.243




also consistent with the findings of Sang Min Lee
et al. (2025), who reported that liposome-loaded
DOX exhibited greater cytotoxicity than free DOX
solution [40]. The enhanced cytotoxicity of F2
compared to F1 is likely due to the extended-
release components of the ETO-loaded liposomes,
leading to prolonged drug metabolism within
cells and increased drug accumulation in tumor
cells. This, combined with the specific targeting
of folate receptors on SW480 cells, facilitated
rapid internalization and prolonged drug action,
resulting in a significantly enhanced antitumor
effect. These results are consistent with Bing Han
et al. (2020), who mentioned that targeted PTX
liposomes showed higher cytotoxicity than non-
targeted PTX liposomes due to a higher affinity
toward estrogen receptors on MCF-7 cells [55].
The enhanced cytotoxicity of F2 compared to F1
is likely due to the extended-release components
of the ETO-loaded liposomes, leading to prolonged
drug metabolism within cells and increased drug
accumulation in tumor cells. This, combined with
the specific targeting of folate receptors on SW480
cells, facilitated rapid internalization and prolonged
drug action, resulting in a significantly enhanced
antitumor effect. These results are consistent
with Bing Han et al. (2020), who reported higher
cytotoxicity for targeted PTX liposomes compared
to non-targeted PTX liposomes due to a higher
affinity toward estrogen receptors on MCF-7 cells
[56]. Improved cellular uptake is further supported
by the negligible toxicity observed with the blank
formulations, as shown in Fig. 4A and B.

Cellular uptake

To evaluate the efficacy of the optimized ETO
liposome formulation in enhancing ETO uptake
and internalization, SW480 human colorectal
adenocarcinoma cells were selected as the target
cell line. Due to ETO’s poor aqueous solubility, a
reference solution of pure ETO was prepared in
a 1.4% v/v DMSO aqueous solution. As depicted
in Fig. 4C, SW480 cell uptake was assessed after
a 2-hour incubation with an equivalent amount
of ETO (500 ug) delivered either as the pure ETO

solution or within the optimized ETO liposome
formulation. The cellular ETO uptake was
measured at 12.54 £ 0.078 pg per 104 cells for the
pure ETO in solution and 20.48 £ 0.19, and 26.31
+ 0.11 pg per 104 cells for the optimized F1 and
F2 formulations, respectively. This demonstrates a
statistically significant improvement in ETO uptake
by SW480 cells when delivered via the optimized
ETO formulation compared with the pure ETO
reference solution (P=0.008197). Also, the result
shows the targeted liposome F2 a higher cellular
uptake compared with non-targeted liposome
F1 loaded ETO (P=0.0051). Studies indicate that
nanoparticles measuring 100 to 200 nm are
optimal for tumor accumulation via the enhanced
permeability and retention (EPR) effect, as they
are large enough to avoid blood leakage but small
enough to evade immune clearance [57].

The liposomes in this study, with a mean
size of 125.5 nm, fall within this ideal range,
supporting their potential for targeted cancer cell
internalization. This aligns with previous research,
such as lJin et al. (2016), which demonstrated
effective cancer targeting with nanoparticles
in the same size range [58]. In addition to
that, the SW480 colon cancer cells have an
overexpression of folate receptor [59], so folate-
modified liposomes enable them to specifically
target tumor cells by binding to folate receptors
on the cell surface, which leads to enhanced
cellular uptake and drug delivery of the targeted
liposome. The receptor-ligand complex formation
can trigger endocytic internalization, a mechanism
with potential to augment nanoparticle cellular
uptake and thereby enhance drug delivery efficacy
[60]. This observation is corroborated by Yan Tie
et al. (2020), who demonstrated the targeting of
folate receptors of lung cancer cells by liposomes
loaded with BIM-S plasmid modified with folate
[61]. This observation is also corroborated by
Suraj Baskararaj et al. (2020), who demonstrated
that targeting of folate receptors (FRs) on a breast
cancer cell model resulted in significantly increased
liposome uptake via FR-mediated endocytosis,
leading to heightened cytotoxicity [62]. These

Table 4. In Vitro Cytotoxicity (IC50 pg/ml) of Pure ETO, F1, and F2 at 24 and 48 Hours * SD (n=3).

1C50 pg/ml at 24hr.

1C50 pg/ml at 48hr.

Pure ETO 713.72+ 4.85 536.9816.23
F1 602.03+2.8 419.33+£3.55
F2 554.649.12 128.8845.26
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Fig. 4. SW480 cell survival after treatment with pure ETO and ETO-loaded liposomes using a concentration range of
31.25-1000 pg/ml for (A) 24 hours and (B) 48 hours. (C) In vitro cellular uptake of Etodolac from pure drug and optimized
liposome formulations F1 and F2 in SW480 colon cancer cells.

Table 5. Stability Study of ETO-Loaded Liposomes F1 and F2 at 4°C and 25°C (n=3, = SD).

Time day F1 F2

At 25°C PZ nm PDI % EE PZ nm PDI % EE

Initial 111.7+0.11 0.001 89.7%10.002 125.5+0.01 0.027 88.6%10.017

15 119.940.01 0.04 87.610.02 129.3+0.007 0.001 88.10.1

30 125.440,06 0.08 85.910.3 130.7+0.06 0.003 87.810.25

45 130.610.14 0..04 83.910.93 131.740.03 0.02 85.1+0.05

60 131.5+0.022 0.07 83.8+1.3 133.8+0.07 0.025 84.7+0.16
At 4°C

Initial 111.740.11 0.001 89.7%10.002 125.5+1.99 0.027 88.6%+0.017

15 114.77+ 0.008 88.740.05 126.8 0.056 87.840.17

30 119.76% 0.004 88.2+0.19 129.4 0.08 87.1+0.13

45 122.61+ 0.07 87.8+1.2 130.3 0.06 85.5+1.7

60 123.22+ 0.09 86.2+1.6 132.6 0.1 84.8+1.34

findings underscore the importance of receptor-
mediated endocytosis as a key mechanism for
targeted nanoparticle delivery.

Stability of liposome

Liposome stability, crucial for safe and
effective use, is influenced by formulation and
manufacturing. Monitoring particle size and
polydispersity revealed that liposomes loaded
with ETO maintained a consistent size over two
months. The stability of the optimized ETO-loaded
liposome formulations was assessed by storing
them for 60 days at both room temperature
(25°C) and 4°C, as detailed in Table 5. Particle size,
polydispersity index (PDI), and %EE were measured
every two weeks. The consistent particle size, low
PDI, and good %EE values observed throughout

the storage period demonstrate the excellent
long-term stability of all liposome formulations.
This result is consistent with the findings of Rais V
et al. (2020), who reported the stability of cationic
liposomes for two months [63], and also consistent
with the findings of Matbou Riahi M et al. (2018),
who reported the stability of celecoxib liposomes
for 12 months at [64].

CONCLUSION

Folic acid-functionalized liposomes, optimized
using a Plackett-Burman experimental design and
composed of DSPC and cholesterol, were efficiently
developed for the delivery of Etodolac using the
thin-film hydration method. Key factors (DSPC and
sonication variables (SV)) influencing liposome
properties (particle size (PZ), polydispersity



index (PDI), lipid content (LC), and encapsulation
efficiency (EE)) were identified. The optimal
formulation, determined through optimization,
consisted of 12.7 mg DSPC, 5 mg cholesterol,
and 8 mg/ml Etodolac. This formulation yielded
nanoliposomes with the following characteristics:
for the optimum formula, (111.7 + 0.11 nm,
0.001, 89.7% + 0.002) for (PZ, PDI, and %EE) for
formulation F1,and (125.5+0.01 nm, 0.027, 88.6%
+0.017) for formulation F2, respectively. The drug
release was over 96.1% and 97.1% after 24 hours
for F1 and F2, respectively. These experimental
results closely matched the predictions from the
Plackett-Burman experimental design. Differential
scanning calorimetry (DSC) confirmed that
Etodolac was dispersed within the nanoparticles
in an amorphous or disordered-crystalline state.
Fourier transform infrared spectroscopy (FT-IR)
indicated no significant chemical interactions
between Etodolac (ETO) and DSPC. Field scanning
electron microscopy (FSEM) images showed
that the ETO-loaded liposomes were well-
dispersed, spherical, and exhibited a uniform size
distribution. The optimized ETO-loaded liposomes
demonstrated favorable properties, including
small particle size, sustained drug release, long-
term stability, and significantly enhanced cellular
uptake in SW480 colon cancer cells compared
to free Etodolac. These findings suggest a strong
potential as a foundation for developing an
effective colon-targeted drug delivery system.
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