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Optimized PEGylated cubosomes: a novel
approach for specific delivery of dacomitinib
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Dacomitinib (DM), a newly FDA-approved chemotherapeutic agent, demonstrates remarkable selectivity
in combating non-small cell lung cancer (NSCLC) and hindering its severe metastasis. This study aimed
to engineer pH-triggered drug-release of PEGylated cubosomes for the delivery of DM to improve its
targeting potential with minimal side effects. Eight PEGylated cubosomal dispersions were prepared
using the emulsification method using a 2° full factorial design. The prepared dispersions were
characterized for their particle size, entrapment efficiency, zeta potential, and drug release at pH 7.4 and
5.5. The optimized formula was subjected to further investigations such as XRD, DSC, TEM, FTIR, in vitro
cytotoxicity, cellular uptake, and flow cytometry. The optimum DM-loaded PEGylated cubosomes
displayed a mean particle size of 214.30 + 0.41 nm, PDI of 0.231 + 0.001, and drug entrapment
efficiency of 95.04% + 0.40%. The cumulative % release of DM after 24 h at pH 7.4 and 5.5 was 6.30% +
0.33% and 70.00% + 1.01%, respectively, confirming pH-triggered release. In vitro cytotoxicity study
highlighted the potent cytotoxic effect of DM-loaded PEGylated cubosomes against the H-1975 cell line,
as indicated by a significantly (P < 0.05) reduced ICsq value by approximately 7.70-fold compared with
that of pure DM. The overall cellular uptake of DM-loaded PEGylated cubosomes was immensely
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significant compared with a negligible uptake of the free drug, in addition to causing apoptotic cell
death in the G1/S phase. Results demonstrated that DM-loaded PEGylated cubosomes could be ranked
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1. Introduction

Cancer continues to be a leading health challenge worldwide.
Lung cancer ranks as the second deadliest cancer globally.
Recently published statistics from the American Cancer Society
stated that there were 238340 new lung cancer cases in the
United States in 2023." Nearly 85% of them were diagnosed
with non-small cell lung cancer (NSCLC), which is regarded as
the ubiquitous lung cancer type, with metastatic manifesta-
tions in almost 65% of these cases when firstly diagnosed.**
Tyrosine kinase causes protein phosphorylation in normal
cells, leading to activation of sensors that regulate cell proli-
feration, apoptosis, and angiogenesis. Mutations may evolve
within tyrosine kinases, disrupting signal transmission and
thereby leading to tumor development. Receptors such as
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as an efficiently selective delivery system for transporting DM to a human lung cancer mutant cell line.

epidermal growth factor receptors (EGFRs) have a significant
impact on cancer propagation and vasculogenesis.” Therefore,
inhibiting these receptors can halt signaling pathways, ulti-
mately preventing cancer prognosis. The utilization of small
molecule tyrosine kinase inhibitors (TKIs) can compete with
ATP for binding to proteins’ tyrosine kinase domains to block
protein phosphorylation and inhibit proliferation and carcino-
genic signals.>® This approach is highly significant and is
regarded as the primary first-line therapy for lung cancer cases,
particularly those showing progressive NSCLC with specific
EGFR gene mutations.’

Numerous clinical trials have shown that TKIs are effective in
enhancing progression-free survival (PFS) compared with other
treatment methods.® First-line TKIs targeting the EGFR, such as
erlotinib and gefitinib, initially showed robust efficacy against
these mutations. However, resistance often develops as a result
of mutation in the EGFR kinase domain (T790M). This mutation is
responsible for about 50-60% of acquired resistance, abolishing
the effectiveness of first-generation TKIs by altering the pocket for
ATP-binding, and preventing the binding of EGFR and TKI.
To address this mutation-based resistance, subsequent generation
of irreversible EGFR TKIs have evolved, like afatinib and DM.*°
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FDA approved DM (marketed as VIZIMPRO® tablets in 2018)
is a first-line therapy for patients with metastatic NSCLC that
have EGFR mutations (exon 19 deletion or exon 21 L858R
substitution mutations).'®** DM has exhibited high efficiency
as a remedy for resistant lung cancer. However, its clinical
application is hindered by some adverse reactions such as
severe diarrhea, rash, stomatitis, and decreased appetite due
to oral delivery. Also, DM is known to present a high protein
binding of 98% and it is pH sensitive; therefore, encapsulation
in nanoparticles or lipid-based carriers may potentially reduce
its protein binding and enhance its distribution to target
tissues. Therefore, there is an unmet need for a novel approach
to deliver DM to the cancer zone effectively and minimize
adverse effects."”

Nanoscale drug delivery has been extensively studied in the
battle of cancer treatment with their advantages including the
feasibility to target tumors, low toxicity to healthy cells, and
reduced effective doses. Nanotherapeutics can also guard drugs
against degradation by extracellular enzymes and bypass clear-
ance mechanisms to improve cellular uptake and targeted
delivery to specific sites.”>™> Various types of nanoparticles
were fabricated to respond to stimuli such as pH changes,
reducing agents, light, and enzyme activities and have gained
significant consideration in the cancer therapy field. The pH-
sensitive nanoformulations can be engineered to selectively
release drugs in specific physiological compartments, such as
tumor microenvironments, where pH levels may differ from
normal tissues (6.5 to 6.9 extracellularly and 5.0 to 5.5 intra-
cellularly). Thus, pH-responsive nanoparticles may offer a
promising approach for treating cancer.'® Incorporating bio-
compatible polyethylene glycol (PEG) chains onto the nanopar-
ticle surface is a widely adopted method to enhance drug
efficacy by extending its circulation in the body. PEG prevents
opsonins from binding to the nanoparticles through steric
hindrance, thereby shielding them from phagocytic
elimination.'” Polyethylene glycol 6000 (PEG 6000) is a hydro-
philic polymer that is often incorporated into drug delivery
systems to enhance solubility, stability, and mucoadhesion. In
cubosome formulations, PEG 6000 can stabilize the nano-
particles, prevent aggregation, and potentially prolong systemic
circulation through steric stabilization effects."®"”

Cubosomes are lipid-based nanoparticles that have har-
vested significant attention for drug transport due to their
exceptional structure and potential for targeted therapy.”®*'
Glyceryl monooleate (GMO) is a biocompatible, amphiphilic
lipid widely used in cubosome formulations due to its ability to
self-assemble into bicontinuous cubic phases in the presence of
water. This unique structural arrangement provides a high
surface area and enhances drug solubilization, making it
suitable for lipophilic and poorly water-soluble drugs.>* Incor-
porating oleic acid (OA) into cubosomes offers a promising
strategy to enhance their selectivity for tumor cells.?*** Oleic
acid (OA) is a long-chain unsaturated fatty acid that serves
multiple functions in lipid-based delivery systems. It enhances
membrane fluidity and drug encapsulation,”® and improves
cellular uptake. Cancer cells generally have an upregulated
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lipid metabolism, partly due to their rapid proliferation rates.
Oleic acid exploits this metabolic difference by targeting the
cancer cells’ lipid uptake pathways, enhancing the selectivity of
the cubosomes for cancer cells and improving targeted delivery
of DM. Incorporating oleic acid into cubosomes can enhance
their responsiveness to the acidic tumor microenvironment,
resulting in more efficient drug release in the slightly acidic pH
of tumor tissues compared with the neutral pH of normal
tissues.?>** Previous studies indicate that oleic acid may pos-
sess antitumor properties, potentially affecting key pathways
involved in cancer cell proliferation and survival.>®>*” This study
aimed to develop a pH-sensitive PEGylated cubosomal formula-
tion incorporating oleic acid to enhance the targeted delivery of
dacomitinib (DM) to the acidic tumor microenvironment of
NSCLC while minimizing systemic exposure and off-target
effects. To achieve this goal, the amounts of glyceryl mono-
oleate (GMO), oleic acid (OA), and PEG 6000 will be optimized
using Design-Expert® statistical estimation. The optimized
formula will be subjected to further investigations such as
XRD, DSC, TEM, FTIR, in vitro cytotoxicity, cellular uptake,
and flow cytometry.

2. Materials and methods

2.1. Materials

Glyceryl monooleate (GMO) was kindly given as a gift by
Gattefosse (Lyon, France). DM, poloxamer 407 (P 407), and
HPLC grade ethanol, acetonitrile, and orthophosphoric acid
were sourced from Sigma Aldrich (Steinheim, Germany). Oleic
acid (OA) and PEG 6000 were obtained from Al-Gomhoria
Company for Medicines and Medical Supplies (Cairo, Egypt).
De-ionized water was acquired from Chemajet (Cairo, Egypt).
All other chemicals used were of HPLC analytical grade.

2.2. Experimental design

A complete 2° factorial design was created by Design-Expert™
software (version 13.0.5.0, Stat-Ease, Inc., Minneapolis, MN,
USA). In Table 1, the experimental setup was detailed showing
the independent factors (formulation parameters), and the
examined dependent factors (four chosen responses). ANOVA

Table 1 Independent factors and responses of the 2° factorial design

Levels
Independent factors Low High
GMO (% w/w)* 2.5 5
GMO: OA molar ratio 2:1 4:1
PEG 6000 (% w/w)” 5 10
Responses Unit Goal
Particle size Nm Minimize
Entrapment efficiency % Maximize
Release at pH 7.4% % Minimize
Release at pH 5.5% % Maximize

“ 9% w/w regarding the total weight of dispersion. % w/w with respect
to the total lipid weight.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Composition of DM-loaded PEGylated cubosomes

Amount (mg)

Formula Total weight
code GMO OA PEG6000 P407 DM of dispersion (g)
F1 500 250 37.50 75.00 20 20

F2 500 125 31.25 62.50 20 20

F3 500 250 75.00 75.00 20 20

F4 500 125 62.50 62.50 20 20

F5 1000 500 75.00 150.00 20 20

Fo6 1000 250 62.50 125.00 20 20

F7 1000 500 150.00 150.00 20 20

F8 1000 250 125.00 125.00 20 20

statistical analysis was employed to evaluate the factors signi-
ficance in the best-fitting factorial model, with statistical
significance set at P < 0.05. Surface response plots were utili-
zed to visualize the interactions of the factors on the responses.
Desirability was computed to aid in selecting the optimized
formula for further evaluation.

2.3. Preparation of DM-loaded PEGylated cubosomes

As illustrated in Table 2, eight formulations of PEGylated
cubosomes were generated using different ratios of GMO and
OA following the procedures described by Nasr et al.>*>° Briefly,
GMO, OA, and PEG 6000 were melted at 60 °C using a magnetic
stirrer (MSH-20D, Korea), then DM and P 407 were dispersed
until a homogeneous mixture was formed. Hot deionized water
(0.5 mL) was added in a dropwise manner while stirring at
500 rpm until homogeneity was achieved. The mixture was left

Total practical amount of drug — Amount of free drug in filtrate
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elution mode at a flow rate of 1 mL min~'. Samples were
injected manually with an injection volume of 30 pL. The
method was evaluated for linearity, accuracy, and precision,
both within a single day (intra-day) and across multiple days
(inter-day).

2.5. In vitro characterization of cubosomal formulations

2.5.1. Particle characteristics. The particle size, polydisper-
sity index (PDI), and zeta potential of all cubosomal nano-
particles were measured using a Malvern Zetasizer (Malvern
Instruments/Worcestershire, UK). A one mL sample from each
nanoformulation was diluted with 29 mL of deionized water
and measurements were performed in triplicate at 25 &+ 0.5 °C.

2.5.2. Entrapment efficiency (% EE). The mean percentage
of DM successfully loaded in each formulation was determined
as the average of three trials.”®**' Entrapment efficiency (% EE)
was assessed by quantifying the total and free (non-entrapped)
DM. To measure the total DM content, 9 mL of ethanol was
added to 1 mL of the prepared cubosomal dispersion, and the
resulting solution was analyzed. To determine the free non-
entrapped DM, an ultrafiltration centrifugation technique was
used, where 3 mL of DM-loaded PEGylated cubosomes were
diluted to 10 mL with deionized water and centrifuged at 5000
rpm using Ultra 3000 Amicon MWCO centrifuge tubes (Milli-
pore, USA). Both total and free DM concentrations were quan-
tified using HPLC at 254 nm, as previously described.
Entrapment efficiency (% EE) was calculated using the follow-
ing equation (per 1 mL sample):

% EE =

x 100

Total practical amount of drug

to equilibrate at room temperature for 48 hours. The weight of
the obtained gel was adjusted to a final weight of 20 g using
deionized water and mixed thoroughly with a vortex mixer for 4
minutes, followed by sonication of the cubosomal dispersions
for another 4 minutes using a probe sonicator (Dr Hielscher,
Germany UP100H).

2.4. HPLC assay for quantification of DM

As DM was very recently approved by the FDA, few methods
were reported for its analytical quantification. An accurate
HPLC method for the determination of the drug in both
formulation and dissolution media was reported by Kumari
et al.*® DM analysis via HPLC was performed using an Alliance
system (e2695) from Waters, USA, equipped with a Waters UV/
visible detector. A C18 stationary column (5 pm, 4.6 x 250 mm,
Waters Corporation, Milford, MA, USA) was utilized and main-
tained at 35 °C where a mixture of acetonitrile and a buffer
(75:25 ratio) was used as the mobile phase. The buffer was
prepared by dissolving five mL of triethylamine in one liter of
deionized water, adjusted to pH 3.20 £ 0.10 by orthopho-
sphoric acid followed by micropore filtration through a
0.22 pm membrane filter and degassing by sonication. Data
acquisition was managed using Empower 2 software. Chroma-
tographic examination at 254 nm was performed in isocratic

© 2025 The Author(s). Published by the Royal Society of Chemistry

2.5.3. Invitro drug release study. The dialysis method was
applied to investigate in vitro drug release from the prepared
cubosomes.**** Cellulose membrane dialysis tubing (20.4 mm
x 32 mm, molecular weight cutoff 12000-14 000 Da, Sigma-
Aldrich, St. Louis, MO) was pre-soaked in deionized water
overnight prior to the experiment. The drug release study was
conducted over 24 hours in two different media. The first
medium was phosphate buffer pH 7.4 to mimic blood condi-
tions, and the second medium was adjusted to pH 5.5 to
represent the tumor environment, as previously described.**
Tween 80 (0.1%) was added to both buffers to conserve sink
conditions. The cellulose tubing was filled with either 1 mg of
DM dispersion at phosphate buffer or a volume of cubosomal
dispersion equivalent to 1 mg of DM. The securely sealed
cellulose tubes were immersed in the release media and stirred
at 100 rpm and 37 °C. At stated time intervals (1, 2, 4, 6, 8, 12,
and 24 hours), a known volume of the sample was withdrawn
and instantly restored with a fresh medium. Samples were
filtered through a syringe filter (0.45 pm) before HPLC analysis.
The release behavior was studied in triplicate, and the resulting
data was expressed as % cumulative drug released against time.
The in vitro release profiles were analyzed using different
models of kinetics, including zero order, first order, and
Higuchi’s model. The correlation coefficient (R*) was calculated

Mater. Adv,, 2025, 6, 3903-3917 | 3905
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for all models, and that with the highest R* value was chosen as
the best-fitting model.

2.5.4. Optimized formulation prediction. The optimum
DM-loaded PEGylated cubosomal preparation was anticipated
based on data statistical analysis and various response optimi-
zations deducted from the Design-Expert® program. The pre-
dicted formulation was elaborated and characterized for its
particle size, efficiency of entrapment, and release after 24 h at
PH 7.4 and pH 5.5. Moreover, the optimum DM-loaded PEGy-
lated cubosomal formulation was subjected to the following
characterizations.

2.5.5. X-Ray diffraction (XRD) studies. XRD analysis of the
optimized cubosomes, blank cubosomes, and pure DM were
performed using a Philips® X’pert multipurpose diffractometer
(PANalytical, Netherlands). Cu was used as the tube anode, and
diffractograms were recorded under 40 kV voltage, 30 mA
current, and 0.02° step size with counting rate of 1 s per step
at room temperature. The resulting values were collected over a
scattering angle (26) range of 10-50°.

2.5.6. Differential scanning calorimetry (DSC). DSC analy-
sis was conducted using a thermal analysis system (DSC-60,
Shimadzu, Japan) to investigate potential physical changes in
the DM within cubosome dispersions. Pure DM powder, blank
cubosomes, and prepared cubosomal dispersions were analyzed.
In an aluminum pan, approximately 5 mg of samples were exposed
to a constant rate of heat (10 °C min™~" from 25 °C to 250 °C) under
a nitrogen gas flow to prevent sample oxidation. An empty pan
served as the reference during the analysis under a nitrogen
atmosphere.*

2.5.7. Fourier-transform infrared (FTIR) spectroscopy. The
physicochemical interaction of DM with cubosomal compo-
nents was examined by recording the FTIR spectra of pure DM,
blank cubosomes, and the optimized cubosomal formulation
using an FTIR Shimadzu 8400S spectrophotometer, Lab
Wrench, Japan. Each sample, weighing approximately 2-3 mg,
was pressed into a disc by blending with dry potassium bromide
followed by scanning across the range of 400-4000 cm™*.*°

2.5.8. Transmission electron microscopy (TEM). The mor-
phology of the optimized DM-PEGylated cubosomal dispersion
was analyzed using transmission electron microscopy (TEM)
equipped with super twin lenses. A drop of a recently formu-
lated sample diluted with deionized water was mounted on a
copper mesh coated with copper, and allowed to dry out and
adhere to the carbon coat. Subsequently, the sample was
pigmented with 1% w/v phosphotungstic acid dye, then air-
dried for 15 minutes at 25 °C. Then, the pigmented sample was
examined and photographed using TEM (JEOL JEM-1400,
Japan) at suitable amplifications.

2.6. In vitro pharmacological evaluations

2.6.1. Hemolysis test. Since the cubosomes were designed
for intravenous administration, their impact on erythrocytes
was studied.?”*® The red blood cells were isolated from blood
by centrifugation at 2000 rpm for 10 minutes at 4 °C and then
dispersed in PBS to achieve a 2% (v/v) concentration. Next,
500 pL of the erythrocyte suspension was mixed with 500 pL of
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cubosomal dispersion equivalent to different concentrations of
DM (50, 100, 150, 200, and 500 ug mL™'). After 2 h at body
temperature, the supernatant was centrifuged at 5000 rpm for
5 minutes, and the supernatant was spectrophotometrically
examined at a wavelength of 570 nm. Deionized water and
buffer solution served as the positive and negative control,
respectively. In conclusion, the relative hemolysis rate
(RHR%) was calculated using the provided equation:

RHR% = [(4; — Ao)/(As — Ao)] x 100

where A4,: the absorbance of the group treated with buffer; A;:
the absorbance of the group treated with an optimum cuboso-
mal formulation; A4,: the absorbance of the group treated with
deionized water.

2.6.2. In vitro cell culture studies. RPE-1 epithelial cells
(normal cell line), A549 adenocarcinoma lung cells (no EGFR-
TK mutations) and the human lung cancer EGFR mutant
NSCLC cell line (H-1975) were obtained from the American
Type Culture Collection. H-1975 was selected for the current
in vitro study as it harbors both types of gene mutations, one
that is sensitive to the drug (L858R), while the other coded
T790M represented the resistant mutations of EGFR.”® Cells
were cultured using DMEM (Invitrogen/Life Technologies) sup-
plemented with 10% FBS (Hyclone), 10 pg mL ™' of insulin
(Sigma), and 1% penicillin-streptomycin, all stored at 37 °C/5%
CO,. The DM solutions were dissolved using DMSO. For
accuracy, all experiments were performed three times.

2.6.2.1. Invitro assessment of cytotoxic potential. The in vitro
cytotoxic potential of pure DM, DM-loaded PEGylated cubo-
somes, and blank PEGylated cubosomes was measured in RPE-
1, A-549, and H-1975 cell lines using the MTT assay.*’ In 96-well
plates, the different cell lines were seeded at a density of 1.2-1.8
x 10" cells per well in 100 pL of complete growth medium and
incubated at 37 °C for 24 h to allow attachment. The cells were
incubated for 48 h with 100 pL of different concentrations
(0.39, 1.56, 6.25, 25, and 100 ug mL ") of either DM solution,
DM-loaded PEGylated cubosomes, or blank PEGylated cubo-
somes. MTT solution was added to each well at 10% of the
culture medium volume. Following a further 4 hours of incuba-
tion, MTT solubilization solution was put in a volume equiva-
lent to the original culture medium volume to dissolve the
resulting formazan crystals. Background absorbance was
detected at 690 nm, then subtracted from the values recorded
at 450 nm using a microplate reader (Robonik P2000 Eia
reader). The IC;, values were determined for each cell line by
interpolation from the fitted sigmoidal curve. The selective
index (SI) is a parameter commonly used in cytotoxic tests to
assess the relative toxicity of a compound to target cells
compared with non-target cells. Higher SI values indicate
greater potential for selectivity.*!

SI = IC5, of the normal cells/IC5, of tumor cells

2.6.2.2. Cellular uptake of drug in H-1975 mutant lung cancer
cell line. The internalization of the optimized formulation was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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studied in vitro using H-1975 mutant lung cancer cell (L858R/
T790M) monolayer cultures. At an estimated density of
5000 cells per well and 100 pL volume of medium, the H-1975
mutant lung cancer cells were sown in 96-well plates and allowed
to adhere for 24 h before the experiment. The study was imple-
mented on three distinctive cell line groups: the first one was
treated with a concentration equivalent to ICs, of free DM, whereas
the second one was treated with a similar concentration of the
optimized DM-loaded PEGylated cubosomes.** Cells without any
DM served as a blank control (group 3). After incubation for
12 hours, the growth media were collected, and the cells were
washed thrice with PBS. DM concentrations in the collected media
and PBS washes were analyzed using HPLC. The % cumulative
intracellular DM was calculated based on the following equation:

% cumulative intracellular DM = [(Cy — Cexar)/Co] X 100,

where C, is the initial concentration of DM added to cells and
Cexa: 1S the extracellular concentration of DM at time = ¢.

2.6.2.3. Cell cycle analysis by flow cytometry. This assay is
designed for the quantitative analysis of DNA content in tissue
culture cells using propidium iodide (PI) for nucleic acid
staining followed by flow cytometry analysis. H1975 cells (3 x
10° cells per well) were added in six-well plates. After one day of
incubation at 37 °C in a 5% CO, atmosphere, the culture
medium was substituted with freshly prepared medium includ-
ing either free DM or the optimized DM-loaded PEGylated
cubosomes at ICs, concentrations, followed by the incubation
of cultured cells for another 24 hours. At the end of the
incubation period, treated cell pellets were harvested and
washed twice with PBS after centrifugation and the supernatant
was discarded. The cell pellets were then resuspended in a
mixture of PBS and fixed in 70% ethanol for 2 hours at 4 °C.
A second centrifugation cycle was performed at 1000 rpm for
5 minutes, the supernatant was removed, and the cells were
rehydrated with PBS. The produced cellular pellets were then
kept within a mixture of propidium iodide and ribonuclease for
30 minutes before investigation. Data were presented as %
relative to the untreated cell population.®”

2.6.2.4. Cell apoptosis study by flow cytometry. The quantifi-
cation of apoptotic cells was performed using a kit containing
annexin V fluorescein isothiocyanate (V-FITC) and propidium
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iodide. Initially, H-1975 cells were seeded at a density of 4 X
10° cells per well in six-well plates overnight. They were then
treated with fresh medium containing either free DM or the
optimized DM-loaded PEGylated cubosomes for 24 hours. Sub-
sequently, the cells were harvested by centrifugation (1000 rpm,
5 minutes), resuspended in a buffer solution, and stained with
V-FITC and PI following the kit’s protocol. The stained cells
were incubated at room temperature for 5 minutes in the dark,
and apoptotic cells were quantified using flow cytometry. Living
cells, early apoptotic cells, late apoptotic cells, and necrotic
cells were identified as Q1, Q2, Q3, and Q4, respectively.

3. Results and discussion
3.1. HPLC assay of DM

The HPLC assay demonstrated excellent linearity for DM concen-
trations ranging from 0.5 to 20 pg mL ', with a regression
coefficient (R*) of 0.999. The mean percentage recovery varied
between 99.87% and 99.6%, demonstrating the assay’s high
accuracy. The interday and intraday precision ranged from
100.28% and 98.5%. Additionally, the relative standard deviation
(RSD) for all was below 2%, indicating a high level for the assay.

3.2. Factorial design data analysis

A 2° complete factorial designed study was implemented to
examine the impacts of three independent factors: GMO% (X1),
OA % (X2), and PEG 6000 (X3) at two levels on particle size (Y1),
EE % (Y2), % release after 24 h at pH 7.4 (Y3) and 5.5 (Y4). The
results for every response were analyzed using Design Expert®
software, with ANOVA used to assess the influence of the
independent variables on the responses, considering P <
0.05 for statistical significance. The software identified the best
fitting model (linear, 2F1, and/or quadratic) for every response
depending on the predicted and adjusted R> values.

3.2.1. Effect on particle size. The mathematical mean
particle size of the formulated cubosomal dispersions ranged
between 201.30 £+ 1.22 and 221.20 + 0.7 nm as detailed in
Table 3. The linear regression model was identified as signifi-
cant for representing the particle size response (Y1). ANOVA
statistical analysis revealed that GMO% (X1) had a statistically
significant effect on particle size (P < 0.05), whereas OA (X2)
and PEG 6000 (X3) did not show significant effects (Fig. 1(A)).

Table 3 Particle size, PDI, zeta potential, % EE, % DM release of DM-loaded PEGylated cubosomal formulations after 24 h at pH 7.4 and 5.5

Mean + SD
% cumulative release after 24 h.

Particle size (nm) PDI Zeta potential (mV) EE (%) pH 7.4 pH 5.5
F1 203.40 £ 1.63 0.255 £+ 0.01 —34.80 £ 1.06 85.6 = 0.90 8.79 + 0.41 98.60 £+ 1.63
F2 205.40 £ 1.31 0.174 £+ 0.02 —33.20 £ 0.24 80.3 + 1.06 8.85 + 0.49 85.00 £ 1.63
F3 209.90 £ 1.22 0.247 + 0.02 —33.70 £ 0.33 81.38 £ 0.73 8.67 £ 0.57 90.24 + 2.45
F4 201.30 £ 1.22 0.266 £ 0.02 —32.40 £ 0.65 82.10 £+ 1.64 9.4 £ 0.82 80.00 £ 2.00
F5 214.30 £ 0.41 0.231 £ 0.001 —33.00 £ 0.16 95.04 + 0.41 6.3 £ 0.33 70.00 £+ 1.01
F6 221.20 £ 0.73 0.238 + 0.10 —33.70 £ 0.41 90.08 + 0.24 7.1 +£0.73 55.10 £+ 1.31
F7 218.30 £ 0.90 0.249 £ 0.05 —31.20 £ 0.73 93.07 £+ 0.49 6.8 £ 0.65 60.00 + 0.82
F8 220.00 £ 1.14 0.312 + 0.17 —34.90 £ 0.49 92.60 + 0.33 7.1 £ 0.98 53.20 £ 1.14

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The 3-D response surface plots for the influence of the independent factors on (A) the particle size, (B) % EE, and (C) % release after 24 hat pH 7.4

and (D) at pH 5.5.

An increase in the concentration of GMO from 2.5% to 5%
caused an increase in the particle size. The increased lipid
content results in larger cubosomes as more material is avail-
able to form the bilayers and internal structure.”® PEG chains
provide steric stabilization by forming a hydrophilic layer
around the cubosomes, which prevents aggregation and may
cause an increase in particle size.*> OA can physically insert
itself between the lipid molecules in the bilayer, leading to a
more loosely packed structure. This can enhance the flexibility
and curvature of the bilayers, facilitating the formation of
smaller particles.** The numerical values of PDI ranged from
0.174 + 0.02 to 0.312 + 0.17, as shown in Table 3, which is
considered satisfactory for lipid-based delivery systems, indi-
cating nanoparticulate size uniformity in the generated disper-
sions with minimal cluster formation.*> The polynomial
equation to estimate the mean particle size is described below:

Particle size = 211.77 + 6.98X; — 1.99X, + 1.70X;

The zeta potential was measured to determine the surface
charge of cubosomal nanoparticles, which is crucial for predicting
long-term stability. The zeta potential results indicated that DM
cubosomes had a negative charge, with mean values ranging from

3908 | Mater. Adv., 2025, 6, 3903-3917

—31.20 + 0.73 to —34.90 +£ 0.49, as shown in Table 3. The negative
surface charge on DM-loaded PEGylated cubosomes may be due to
the ionization of the carboxylic group of the OA included in the
formulation or the natural negative charge in GMO, or the
presence of a polarized water layer surrounding the outer surface
of the cubosomes.*® The presence of P 407 as a stabilizer provided
strong steric stability by preventing aggregation through steric
hindrance.

3.2.2. Effect on the entrapment efficiency. The % EE
ranged from 80.3 £ 1.06 to 95.04 £ 0.41, as indicated in
Table 3. Derived from ANOVA statistical analysis, the linear
model was the most suitable for predicting % EE. The results
revealed that X1 (GMO%) significantly impacted % EE, whereas
X2 (OA) and X3 (PEG 6000) were statistically insignificant, as
depicted in the 3D response surface graphs (Fig. 1(B)). It was
proposed that DM was ‘grabbed’ into the cubosomal nano-
particle’s structure due to the high affinity of DM to the
hydrophobic matrix of cubosomal nanoparticles. The high drug
entrapment efficiency is advantageous for providing a thera-
peutic effect with a lesser volume.***® The polynomial equation
representing the % EE is shown as follows:

% EE = 87.82 + 4.16X, + 2.42X, — 0.4597X,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2.3. Effect on DM release at pH 7.4 and 5.5. The statis-
tical analysis showed that the linear model was the most fitted
model for predicting % release of DM at pH 7.4 while the model
known as two-factor interaction (2FI) was chosen for evaluating
the release at pH 5.5. The results were further analyzed by the
3-D response graph (Fig. 1(C) and (D)) and ANOVA statistical
analysis. It was estimated that all the model terms and their
interactions had a significant impact on the drug release. It
could be concluded that increasing the concentration of either
GMO or OA significantly lowered DM release from cubosomal
nanoparticles due to an increase in matrix viscosity which
delayed diffusion of the drug from the lipidic bilayer to the
release medium.*” The polynomial equations to estimate the
release at pH 7.4 and pH 5.5 are described below:

Release at pH 7.4 = 7.85 — 0.9060X; — 0.5077X, + 0.2501X;
Release at pH 5.5 = 75.19 — 17.64X; +13.99X, — 8.91X;
— 3.61X, X, + 5.53X,X3 — 4.57X,X;

All cubosomal formulations showed a biphasic pattern at
both pH 7.4 and 5.5 as shown in Fig. 2(A) and (B). An initial
burst release occurs within the first 2 h, followed by steady
release throughout 24 h, which is consistent with previously
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Fig. 2 In vitro release profiles of DM-loaded PEGylated cubosomal for-
mulations (F1)—(F8) in PBS pH 7.4 (A) and pH 5.5 (B) at 37 £ 0.5°C (n = 3;
the values are stated as the mean + SD).
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reported data.>>*® This biphasic release is clinically significant,
as the first burst release results in a speedy onset of action,
but the sustained steady drug release allows for reduced dose
frequency. The early burst impact may be due to the drug
allocated onto the cubosomal nanoparticle’s surface, whereas
the following sustained release pattern may be related to the
drug integrated into the cubosomal core and its dissemination
through the pathways and channels formed within the cubic
shaped nanoparticles.*’

The findings presented in Table 3 and Fig. 2(A) and (B)
showed that the cumulative release was significantly decreased
at normal physiological pH 7.4, reaching less than 9% of encap-
sulated DM in all formulations, which is ten times lower than
the % of DM released at pH 5.5. This observation could have
two different rationales. First, the higher dissolution of DM in
acidic pH compared with normal biological pH may have
played a role. Secondly, phase inversion and destabilization
of cubosomes might have occurred, resulting in drug leakage
from the nanoparticles. All formulas contain OA, which con-
tains sufficient unsaturated fatty acid conjugated with the same
acyl chain as GMO are considered beneficial for the fabrication
of pH-responsive nanomedicines where the studies discovered
that drug release of the diffusion-dependence nature is highly
affected by the mesophase structure and the capacity of the water
channels available inside the cubosomal nanoparticle.’*>> The
impact of OA on the phase behavior of hydrated GMO/OA mixtures
is influenced by pH and salt concentration, as OA can alter its
protonation state at different pH levels.>>”* As a result, changes
at pH can alter the structures of cubosomes, resulting in an
increased release of DM in the acidic tumor microenvironment,
while the drug release speed would be reduced at normal
physiological pH.>*

The in vitro release data were analyzed using various kinetic
models and found to best fit the Higuchi model. This result
suggests that DM release from cubosomes occurs via a diffu-
sion mechanism, as indicated by the high regression coeffi-
cients (R?). The adherence to the Higuchi model could be
attributed to the structural characteristics of cubosomes, which
possess a mesoporous structure with interconnected aqueous
channels. In this configuration, the drug is typically dispersed
within the lipid matrix, and its release and diffusion are driven
by the concentration gradient through the cubic phase.?”*

3.3. Optimization of DM-loaded cubosomal dispersion

Numerical optimization using a desirability approach was con-
ducted to optimize the formulation. Based upon the constraints
listed in Table 4, the software Design-Expert®™ identified F5 as
an optimal formulation, achieving the highest desirability value
of 0.754, as illustrated in Table 4. Accordingly, F5 underwent
further evaluation.

3.4. Transmission electron microscopy (TEM)

The photomicrograph of DM-loaded PEGylated cubosomal
nanoparticles (F5) depicts cubic particles exhibiting the char-
acteristic structure typical of cubosomes (Fig. 3). Moreover,

Mater. Adv,, 2025, 6, 3903-3917 | 3909
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Table 4 The desirability grades of the developed formulations

Formula Desirability
F1 0.301
F2 0.169
F3 0.253
F4 0.130
F5 0.754
F6 0.429
F7 0.594
F8 0.187

6.tif
Print Mag: 24700x @ 211 mm
TEM Modo: Imaging

500 nm
HV=80.0kV
Direct Mag: 10000x

Fig. 3 TEM photomicrograph of DM-loaded PEGylated cubosomal nano-
particles (F5).

DM-loaded PEGylated cubosomal nanoparticles are observed to
be well-separated from each other, indicating their stability.

3.5. X-ray diffraction (XRD)

XRD patterns of pure drug, plain cubosomes, and the opti-
mized formula (F5) are illustrated in Fig. 4. The diffractogram
of pure DM exhibited small peaks with low intensity, reflecting
its low degree of crystallinity or amorphous state. This finding
aligns well with the results reported by Druvasarika et al.>® The
diffractogram of blank cubosomes showed peaks that can be
attributed to partially ordered components. This confirms that
DM has been successfully encapsulated within the cubosomal

£

=

=
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£

g \__ﬁ'/‘\\\
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Fig. 4 XRD diffractograms of DM (A), plain (B), and DM-loaded PEGylated
cubosomes (C).
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matrix, likely existing in a molecularly dispersed or amorphous
state within the lipid-based system.

3.6. Differential scanning calorimetry (DSC)

The differential scanning calorimetry (DSC) results align with
the XRD findings. Fig. 5 displays DSC thermograms of DM,
plain cubosomes, and DM PEGylated cubosomes (F5). The
thermogram of pure DM displayed an endothermic peak at
182 °C, representing its melting temperature.”® In contrast, this
peak was absent in the DSC thermogram of F5, suggesting that
DM may be dispersed in a molecular dimension within the
cubosomal nanoparticles or due to in amorphous state®> The
thermogram of blank cubosomes exhibits broad endothermic
transitions due to the lipid components, further supporting the
structural integrity of the formulation.

3.7. Fourier transform infrared spectroscopy (FTIR)

The potential interactions between DM and the cubosomes
were investigated using FTIR (Fig. 6). The FTIR spectrum of DM
exhibits characteristic peaks, including N-H stretching (around
3300-3500 cm™ ') indicative of primary and secondary amine
bonds and aromatic C—=C stretching (1450-1600 cm ') typical
of aromatic ring systems. Some characteristic peaks of DM were
observed in regions overlapping with the cubosomal compo-
nents, possibly due to the drug’s encapsulation within the
cubosomal layers.”” The reduction in the intensity of certain
characteristic peaks is attributed to the dilution effect during

——

A e

0 50 100 150 200 250

Temperature °C

Fig. 5 DSC thermograms of DM (A), blank PEGylated cubosomes (B), and the
optimized formula of DM-loaded PEGylated cubosomal nanoparticles (C).
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>
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1

2500 2000 1000 500
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Fig. 6 FTIR spectra of DM (A), blank PEGylated cubosomes (B), and

optimized formula of DM-loaded PEGylated cubosomal nanoparticles (C).
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the formulation of DM-PEGylated cubosomes. This suggests
the absence of significant chemical interactions.??

3.8. Hemolysis test

To assess the biosafety and biocompatibility of the formulated
cubosomes, an in vitro hemolysis test was conducted using
different concentrations of the optimized formulation (F5)
compared with blank PEGylated cubosomes. Fig. 7 demon-
strates negligible hemolysis across varying concentrations, with
the relative hemolysis rate remaining below 2% even at a
concentration of 500 ug mL~". These results indicate that the
cubosomal dispersion formulation exerts minimal impact on
erythrocytes and is suitable for injection. Previous studies have
documented comparable outcomes.*®*®*° The parenteral
administration of DM is significantly more advantageous com-
pared with the oral route.®® This preference is primarily due to
the skin and gastrointestinal toxicities associated with the
newly developed generation of EGFR TKIs, which often neces-
sitate dose modification and discontinuation when adminis-
tered orally.®' Also, the cubosomal surface was covered with
PEGylation, which may eliminate any potential expected hemo-
lytic effect and prevent the interaction with the membranes of
RBCs.%” Moreover, cubosomes stabilized by P 407 are less likely
to disrupt the RBC’s cell membrane.®

3.9. Invitro cell culture studies

3.9.1. In vitro cytotoxicity assay. To confirm the efficacy
and selectivity of the optimized formulation (F5), three differ-
ent cell lines were exposed to various concentrations (0.39, 1.56,
6.25, 25 and 100 pg mL ") of DM solution, DM-loaded PEGy-
lated cubosomal dispersion, and equivalent concentrations of
blank cubosomal dispersion, including normal epithelial cells
(RPE1), human lung cancer cells (A-549), and mutant cell line
(H-1975). The cell viability was then tracked using the MTT
assay. All the results of ICs, values presented in Table 5 were

Relative hemolysis rate (%)

I
200
Concentration (pg/ml)

-
=

DM-PEGylated cubosomes Blank
PEGylated cubosomes

Fig. 7 Relative hemolytic rate of DM-loaded PEGylated cubosomes com-
pared with blank PEGylated cubosomes.
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statistically significant (P < 0.05) and indicated that blank
cubosomes exhibited minimal toxicity for all tested cell lines,
affirming the safety of these carriers. GMO lipid is extensively
used in the food industry and is generally recognized as safe
(GRAS), known for its relatively safe profile and reduced
cytotoxicity.> On the other hand, DM-loaded PEGylated cubo-
somes and free DM demonstrated strong cytotoxic effects
against both A-549 and H-1975 cancer cell lines.

However, the ICs, value of free DM in the A-549 cell line was
found to be 2-fold higher than that exhibited by DM-loaded
PEGylated cubosomes (20.40 and 10.2 pug mL™", respectively).
Moreover, in the case of H-1975 cells, the IC5, values were 16.29
and 2.11 ug mL ™", respectively with almost a 7.7-fold decrease
in the mean ICs, value of DM-loaded PEGylated cubosomes
compared with free DM. The previous results highlighted the
active targeting ability mediated by the cubosomes based on
their lipidic and cell-penetrating nature. It could also be
observed that the IC;, of DM-loaded cubosomes in the H-
1975 cell line is significantly lower compared with its ICs, in
the case of human lung cancer cells (A-549). This could be
attributed to the direct action of DM on non-small cell lung
cancer mutated cells.®* In contrast, the IC5, of free DM was
31.30 + 1.50 pg mL~ " in RPE1 normal epithelial cells, while the
mean IC5, was significantly increased to 163.30 #+ 3.70 ug mL~"
(P < 0.05) after its incorporation into cubosomal nanoparticles.
These results reflect the selectivity and targeting ability of DM-
loaded cubosomes towards cancerous cells compared with
normal cells. These findings correlated well with the results
of in vitro DM release studies. Meanwhile, the cumulative drug
release after 24 h was 6.30 £ 0.33% in normal physiological pH
conditions, which is significantly lower than the 70.00 & 1.01%
in the acidic microenvironment (pH 5.5). Moreover, the calcu-
lated SI of DM-loaded PEGylated cubosomes to H-1975 cells
compared with normal cells was found to be 77.39 (Table 5),
indicating the highly potent cytotoxic effect of the optimized F5
against the metastatic NSCLC harboring EGFR mutations.
Collectively, the results confirmed the efficient selectivity and
targeting potential of the formulated DM-loaded PEGylated
cubosomes.

The morphological changes in cell lines were visualized by
an inverted microscope (magnification = 400x) after 48 h
incubation with the different concentrations of DM-loaded
cubosomes as shown in Fig. 8. The optical images of control
samples showed that the cells in all three cell lines were intact
with clear outlines. On the contrary, after the addition of the
least concentration of DM-loaded cubosomes on H-1975 cell
lines, the cells lost their normal sheet-like growth and most of
the remaining few cells appeared degenerated. The same effect
appeared at higher concentrations in the A-549 cell line
while cell death and degeneration only started to appear at
100 pg mL~" in RPE 1 normal cells.

3.9.2.
internalization of nanomedicine is dependent on several fac-

Cellular uptake and drug accumulation. The cellular

tors such as size, stiffness, structure, and surface charge.®® The
cellular uptake study was performed in the H-1975 cell line due
to its prominent results in cytotoxicity. The mutant lung cancer

Mater. Adv., 2025, 6, 3903-3917 | 3911
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Table 5 ICso and selective index (SI) of DM solution, DM-loaded PEGylated cubosomes, and blank PEGylated cubosomes on RPE1, A549, and H-1975
cell lines

ICso (ug mL ™", mean + SD, n = 3)

RPE 1 A-549 H-1975 Selective index (SI)
DM 31.30 + 1.50 20.40 + 1.10 16.29 + 0.64 1.92
DM-loaded PEGylated cubosomes 163.30 + 3.70 10.20 + 0.15 2.11 £ 0.08 77.39
PEGylated cubosomes 700.00 £ 20 500.00 =+ 30.00 694.28 + 27.40 1.00

DM concentration H-1975 RPE 1

Control

0.39 pg/mL

1.56 pg/mL

6.25 pg/mL

25 pg/mL

100 pg/mL

Fig. 8 Morphological changes in RPE1, A-549, and H-1975 cell lines after 48 h incubation with different concentrations of F5 for 48 h.

cell line showed a huge statistically significant difference
(P < 0.0001) between the free DM (less than 1% cellular
internalization) and DM-loaded PEGylated cubosomes which
achieved a cellular uptake of 83.50%, indicating a highly
favorable outcome for the efficient targeting of DM into NSCLC
highly resistant cells.

The explanation for the outstanding results is the structure
of the formulated PEGylated cubosomes which may enhance
cellular uptake by two mechanisms. The first typically involves

3912 | Mater. Adv, 2025, 6, 3903-3917

internalization through rapid non-specific phagocytosis and
enhanced dug endocytosis due to the presence of PEG 6000
chains that can facilitate the interaction of cubosomes with the
cell membrane, promoting endocytosis. The other mechanism
is that GMO may cause membrane fusion between cells and
cubosomes owing to known cellular interactions with lipid
nanoparticles possessing different internal nanostructures such
as liposomes, hexosomes, and cubosomes.®® Also, oleic acid
facilitates the fusion of cubosomes with cancer cell membranes,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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particularly in cells with higher fatty acid uptake mechanisms.
Cancer cells often have an altered lipid metabolism and are
more likely to absorb oleic acid, making cubosomes with OA
more likely to be taken up by cancer cells compared with normal
cells.®”

3.9.3. Cell cycle analysis. Flow cytometry analysis was
utilized to assess the impact of DM-loaded PEGylated cubo-
somes on the cell cycle progression of H-1975 mutant lung
cancer cells compared with free DM solution. As illustrated in
Fig. 9 DM-loaded PEGylated cubosomes significantly inhibited
the proliferation of H-1975 cells by inducing G1/S phase
arrest.®® Furthermore, the relative % of cells arrested in the
cell cycle was significantly higher compared with control
untreated cells. DM-loaded PEGylated cubosomes exhibited a
substantial increase in the proportion of cells in the G0/G1
phase, exceeding the effect observed with free DM. This G0/G1
phase cell cycle arrest was accompanied by a simultaneous
decrease in the % of cells in the S and G2/M phases following
treatment with DM-loaded PEGylated cubosomes (Tables 6 and 7).
These findings indicate that cubosomal nanoparticle treatment
hindered the cell cycle progression of lung cancer cells, leading to
accumulation in the G0/G1 phase. Comparable outcomes were
previously reported.*"*

View Article Online
Paper
Table 6 The effect of free DM and DM PEGylated cubosomes (F5) on the

redistribution of growth-arrested H-1975 cells in the different phases of
the cell cycle

DNA content

% G1 % G2/M S
Control cells 46.82 24.05 29.13
Free DM 49.95 16.09 33.16
DM-loaded PEGylated cubosomes (F5) 51.07 14.91 34.02

Table 7 Summary of the percentage of cell apoptosis

Apoptosis %

Total Early Late Necrosis
Control cells 2.61 0.67 0.13 1.81
Free DM 24.96 8.45 13.88 2.63
DM-loaded PEGylated cubosomes 29.77  16.12 9.56  4.09

3.9.4. Cell apoptosis study by flow cytometry. As illustrated
in Fig. 10, the top left quadrant (Q1) represents cells undergoing
necrosis, the top right quadrant (Q2) depicts cells in late apoptosis
and necrosis, the bottom left quadrant (Q3) indicates healthy
cells, and the bottom right quadrant (Q4) shows cells in early
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Fig. 9 Flow cytometry cell cycle quantitative analysis of control (A), free DM solution (B), and DM-loaded PEGylated cubosomes (C).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2025, 6, 3903-3917

| 3913


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01232a

Open Access Article. Published on 28 April 2025. Downloaded on 6/23/2026 4:35:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Control

View Article Online

Materials Advances

Free DM DM-loaded PEGylated

1 2 3 4 5

10 10 10 10 10 10
Annexin V-FITC

10 10 10
Annexin V-FITC

5
0

1

4
10

71 PR TTTT R TTIT M|

4.09% 9.56%

10

PI

10

10

10 10 10 10 10 10 10 10 10
Annexin V-FITC

Fig. 10 Cellular apoptosis of H1975 lung cancer cells evaluated via flow cytometry using annexin V-FITC staining.

apoptosis. The findings revealed an increase in the total apoptosis
rate from 2.61% in the control group to 29.77% in the DM-loaded
PEGylated cubosomes group. Importantly, encapsulating DM in
cubosomes did not diminish its cytotoxic effect; rather, it enhanced
cytotoxicity by a factor of 1.2°>7° and it could be expected to show
greater cytotoxicity than that of the free DM, following prolonged
treatments.®” Flow cytometry analysis results indicated a correla-
tion between apoptosis initiation and changes in cell cycle progres-
sion. Increasing evidence suggests that alterations in the cell cycle
can either inhibit or promote apoptosis and/or necrosis.”* This
study demonstrated that cell cycle arrest at the G1/S phase led to
apoptosis rather than necrosis. Recent reports have highlighted
that inhibition of EGFR signaling can induce elevated intracellular
ROS levels in cancer cells, thereby triggering apoptosis.®®

4. Conclusion

pH-sensitive PEGylated cubosomal nanoparticles loaded with
DM were successfully formulated utilizing the pH-dependent
ionization state of OA. The optimized formulation (F5) demon-
strated a small particle size with low polydispersity and high
stability. In vitro drug release studies revealed a biphasic release
profile, with pH-triggered properties as the drug was extensively
released in an acidic medium compared with minimal release at
normal physiological pH. A prominent cytotoxic efficacy against
the H-1975 mutant cell line with a diminished effect on normal
epithelial cells proved the high targeting efficiency with minimal
hazards. Furthermore, cell cycle analysis confirmed that the anti-
tumor activity primarily involves arresting cells in the G0/G1
phase, followed by the induction of cellular apoptosis.

Overall, the DM-loaded cubosomal dispersion is anticipated
to effectively inhibit tumor progression at lower doses than
conventional DM, potentially minimizing treatment-related
side effects. Nonetheless, further investigations are urgently
required to substantiate these findings regarding the anti-
tumor potential of cubosomal nanoparticles in vivo.

Future perspectives

Additional preclinical studies, including pharmacokinetic
and pharmacodynamic evaluations using appropriate animal

3914 | Mater. Adv., 2025, 6, 3903-3917

models, are planned. These results will guide future efforts to
conduct comprehensive clinical investigations for this patient
population.
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