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Abstract

The present study aimed to engineer a nanoscale lipid-based lymphatic drug delivery system with D-a-Tocopherol polyeth-
ylene glycol 1000 succinate to combat the lymphatic metastasis of lung cancer. The nanoscale lipid-based systems including
GEF-SLN, GEF-NLC, and GEF-LE were prepared and pharmaceutically characterized. In addition, the most stable formula-
tion (GEF-NLC) was subjected to an in vitro release study. Afterward, the optimized GEF-NLC was engineered with TPGS
(GEF-TPGS-NLC) and subjected to in vitro cytotoxicity, and apoptotic studies using the A549 cells line as a surrogate model
for lung cancer. The present results revealed that particle size and polydispersity index of freshly prepared formulations were
ranging from 198 to 280 nm and 0.106 to 0.240, respectively, with negative zeta potential ranging from — 14 to—27.6.mV.
An in vitro release study showed that sustained drug release was attained from GEF-NLC containing a high concentration
of lipid. In addition, GEF-NLC and GEF-TPGS-NLC showed remarkable entrapment efficiency above 89% and exhibited
sustained release profiles. Cytotoxicity showed that ICs, of pure GEF was 11.15 pg/ml which decreased to 7.05 pg/ml for
GEF-TPGS-NLC. The apoptotic study revealed that GEF-TPGS-NLC significantly decreased the number of living cells
from 67 to 58% when compared with pure GEF. The present results revealed that the nanoscale and lipid composition of
the fabricated SLN, NLC, and LE could mediate the lymphatic uptake of GEF to combat the lymphatic tumor metastasis.
Particularly, GEF-TPGS-NLC is a promising LDDS to increase the therapeutic outcomes of GEF during the treatment of
metastatic lung cancer.
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Introduction

In the first decade of this century, scientists reported that
nanoscale particulate systems (20—1000 nm) are transported
through the lymphatic system instead of blood capillaries
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[70]. Therefore, various nanoscale materials including
lipid-based nanoparticles, polymeric micelles, dendrimers,
liposomes, polymeric nanoparticles, and others have been
developed to achieve lymphatic drug delivery (LDD)
[21, 43, 45]. Recently, the nanoscaled lipid-based drug
carriers received great attention as lymphatic drug delivery
systems (LDDS) due to the inherent lymphatic tropism of
these materials in the nanoscale range [21, 38]. During the
COVID-19 pandemic, the developed vaccines were loaded
into lipid-based formulations to enhance the lymphatic
deposition and stimulation of antibody production [38,
44]. In a similar context, LDD could enhance therapeutic
outcomes during the treatment of metastatic cancer as
a result of the escaping tendency of cancer cells within
lymph nodes [53]. Moreover, the escaped cancer cells
are considered a red spot for relapse after completing the
therapeutic protocol. In this regard, the LDD of anticancer
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agents ensures the complete elimination of cancerous cells
from the body [13].

The nanoscaled lipid-based including solid lipid nano-
particles (SLN), nanostructural lipid carriers (NLC), lig-
uid emulsion (LE), and others were recognized as a car-
rier for chemotherapeutic agents [2]. These nanoscaled
lipid-based formulations are lipoprotein-mimicking
nanocarriers to take the same absorption track through
the lymphatic system [14]. The major difference between
SLN, LE, and NLC is the composition of the lipid core
which consist of solid lipid, liquid oil, and mixed solid
and liquid oil, respectively [2]. These nanoscale lipid-
based systems are biodegradable, biocompatible, and fea-
sible for large-scale production [2]. Moreover, the accu-
mulation of nanoscale drug cargo into tumor tissue is
greater than normal due to poor lymphatic drainage and
the enhanced permeability and retention effect [34, 61].

Interestingly, the engineering of nanoscaled lipid-based
formulation plays a crucial role in the therapeutic out-
comes [8]. This resulted from enhanced drug distribu-
tion to its site of action with reduced systemic toxicity
[20]. For example, coating nanoparticles with polyethyl-
ene glycol (PEG) allow them to evade opsonization and
phagocytosis by macrophages. This increases the circula-
tion time of the drug that is loaded within nanoparticles
and increases the chance of distribution to the lymphatic
system and tumor mass [23]. In addition, caveolin and
clathrin receptors are highly expressed on the surface of
cancerous cells [65]. Therefore, negatively charged nano-
particles are susceptible to cancer delivery through caveo-
lin and clathrin-mediated endocytosis [32]. Furthermore,
it was reported that vitamin E-coated nanoparticles are
more susceptible to uptake through receptor-mediated
endocytosis that overexpressed on cancerous cells [29].
In addition, the biodistribution study showed that drug-
loaded lipid-based nanoparticles consisting of stearic acid
were highly distributed to lung cells [64]. Collectively,
engineering nanoscale lipid-based formulation enhances
the LDD of administered chemotherapeutic agents. Fur-
ther studies are required to confirm this topic.

GEF inhibits cell proliferation by blocking epidermal
growth factor receptor signaling. It is approved by FDA
for the treatment of non-small lung cancer [28]. Moreover,
various researches showed that GEF has cytotoxic activity
against hepatocellular carcinoma [48], colorectal cancer
[30], and breast cancer [36]. Furthermore, GEF exhibits
antiviral activity against various types of viruses includ-
ing SARS-Cov-2 [6, 26]. Many studies suggested that the
nanoscale drug delivery system could improve the therapeu-
tic outcomes of GEF [17, 54]. However, further studies are
still required to develop a GEF-loaded nanoscale lipid-based
formulation as LDDS.
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Therefore, the present study aimed to engineer D-a-
Tocopherol polyethylene glycol 1000 succinate (TPGS)
nanoscale gefitinib-loaded lipid-based as LDDS of GEF to
combat the lymphatic metastasis of lung cancer. GEF solid
lipid nanoparticles (GEF-SLN), GEF nanostructured lipid
carriers (GEF-NLC), and GEF liquid emulsion (GEF-LE)
were prepared and subjected to pharmaceutical characteri-
zation. The best lipid-based nanoparticles were subjected
to in vitro dissolution to select the optimum formulation.
In addition, stability was studied to select the more stable
nanoscale lipid-based carrier. Finally, the optimized formu-
lation NLC was engineered with TPGS (GEF-TPGS-NLC)
and subjected to cytotoxicity and apoptotic studies against
the A549 cells line as surrogate model none small lung
cancer.

Materials and Methods
Materials

Gefitinib (GEF) was purchased from Beijing Mesochem
Technology Co. Ltd. (Beijing, China). Pluronic-F68 (PF-
68) and D-a-Tocopherol polyethylene glycol 1000 succinate
(TPGS) were purchased from Sigma Aldrich, St. Louis, MO,
USA. Stearic acid (SA) was purchased from BDH, Poole,
UK. Oleic acid (OA) was obtained from Avonchem, Chesh-
ire, UK.

Preparation of SLN, NLC, and LE

Lipid-based formulations were prepared as previously
described [19] using the ultrasonic melt-emulsification
method with minor modification. Each formulation was
prepared as described in Table 1. Briefly, an aqueous phase
was prepared by mixing the predetermined amount of sur-
factant and TPGS (in the case of TPGS-NLC) in distilled
water. The lipid phase was prepared by adding the weighted
amount of lipid without (Plain-SLN or Plain-NLC or Plain-
LE) or with GEF (GEF-SLN or GEF-NLC or GEF-LE) in
a cylindrical beaker. During preparation, both beakers are
heated up to 80 °C simultaneously. The beaker containing
liquefied lipid was placed above preheated Magnetic-Stirrer
heater at 80 °C then the hot aqueous phase was added gradu-
ally. The magnetic stir was added then the mixing speed was
increased up to 5000 rpm for 3—5 min to obtain the primary
microemulsion. After that, the lipid-based formulation was
obtained using probe-sonication at 80% voltage efficiency
for 3 min (10 s/cycle followed by resting period of 5 s). The
obtained lipid-based formulation was placed immediately in
the refrigerator till cooling.
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Physicochemical Characterization
Particle Size, Polydispersity Index, and Zeta Potential

Particle size (PS), polydispersity index (PDI), and zeta
potential (ZP) for each formulation was measured using a
Zetasizer Nano ZS (Malvern Instruments, UK). Each formu-
lation was diluted (1: 1000) in distilled water and evaluated
at 25 °C. (Particle size beside PDI) and ZP were measured
using dynamic light scattering and laser doppler velocimetry
mode, respectively. The found values were taken as an aver-
age of three measurements where each value was reported
as an average of six measurements [19].

Differential Scanning Calorimetry

GEF, SA, SA: OA (3:1), PF-68, GEF-SLN, ; and GEF-
NLC, ; were subjected to differential scanning calorim-
etry (DSC) analysis using the DSC — 8000 Perkins Elmer
(Waltham, MA, USA) apparatus in a temperature range
of 25-250 °C at heating rates of 10 °C/ min. The samples
were evaluated with the purge of nitrogen at around 20 mL/
min, and an autosampler and a chiller were installed on this
apparatus. The weight of each sample was 3 mg and fixed
inside the sealed aluminum pan. For the characterization and
evaluation of the samples, a Pyris manager software (Pyris
Elmer, Waltham, MA, USA) was used for the solid-state
characterization [4].

Powder X-ray Diffraction

The powder X-ray diffraction (PXRD) spectra of the GEF,
SA, freshly melted and cooled SA, PF-68, GEF-SLN, ; and
GEF-NLC, ; were performed to evaluate the molecular
state of SA and GEF crystallinity after preparing lipid-based
formulation. The study was conducted using an X-ray dif-
fractometer (Ultima IV, Rigaku Inc. Tokyo, Japan) with a
scanning rate of 0.5/min in the scanning range of 3—180e.
The characteristic peak of each sample was assessed by
collecting the data by monochromatic radiation (Cu Ka” 1,
A=1.54 A), operating at a voltage of 40 kV and current of
40 mA [4].

Encapsulation Efficiency

The encapsulation efficiency (EE%) of the GEF in drug-
loaded NLC was measured by the indirect method. Briefly,
a predetermined amount from the prepared formulation was
centrifuged for 30 min at 50,000 rpm to precipitate loaded
NLC. The amount of the drug in the supernatant was meas-
ured using the developed UV-UPLC method. EE% was
determined using the following equation [5, 41]:

Table 1 Composition of the Prepared Plain-SLN, GEF-SLN, Plain-
NLC, GEF-NLC, GEF-TPGS-NLC, Plain-LE, and GEF-LE

Formulation code Lipid phase Aqueous phase Drug
SA OA PF-68 TPGS GEF

Plain-SLN, 600 200

Plain-SLN, 800 200

Plain-SLN; 1000 200

GEF-SLN;, 600 200 40
GEF-SLN, 800 200 40
GEF-SLN; 1000 200 40
Plain-NLC, 450 150 200

Plain-NLC, 600 200 200

Plain-NLC, 750 250 200

GEF-NLC, 450 150 200 40
GEF-NLC, 600 200 200 40
GEF-NLC; 750 250 200 40
GEF-TPGS-NLC 750 250 200 20 40
Plain-LE,; 600 200

Plain-LE, 800 200

Plain-LE, 1000 200

GEF-LE, 600 200 40
GEF-LE, 800 200 40
GEF-LE; 1000 200 40

The amount was expressed in mg units. The predetermined amount
of surfactant was dissolved in 20 g of distilled water as a continuous
phase in all formulations. Plain-SLN drug free-solid lipid nanopar-
ticle, GEF-SLN gefitinib-loaded solid lipid nanoparticle, Plain-NLC
drug free-nanostructural lipid carrier, GEF-NLC gefitinib-loaded-
nanostructural lipid carrier, GEF-TPGS-NLC gefitinib-loaded
PEGylated nanostructural lipid carrier, Plain-LE drug free-liquid
emulsion, GEF-LE gefitinib-loaded- liquid emulsion, SA stearic acid,
OA oleic acid, PF-68 Pluronic F-68, TPGS D-a-Tocopherol polyeth-
ylene glycol 1000 succinate

TotalamountofGEF (mg) — AmountofGEFinsupernatant(mg)GEF

EE% =
ThetotalamountofGEF (mg)

* 100

Stability of Prepared Formulations

The prepared lipid-based formulations were put within a
20-ml glass vial and placed in a refrigerator at 4 °C. The
stored formulations were characterized in terms of PS, PDI,
and ZP for 3 months.

In Vitro Dissolution

In vitro release of GEF was performed using a previously
described dialysis method with minor modification [54]. An
amount equivalent to drug suspension or formulation con-
taining 0.5 mg of GEF diluted (1:4) in phosphate buffer was
placed inside a dialysis membrane bag (molecular weight
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cut off: 12—-14 kDa) and sealed. This bag was placed in a
beaker containing a preheated 100 ml medium of simulated
intestinal fluid (pH 6.8) containing 0.5% T-80. The beaker
was continuously shaken at 100 rpm at 37 +1 °C in a ther-
mostat shaker. Samples were withdrawn at 5, 10, 15, 30,
30, 60, 120, 240, 480, 720, 960, and 1440 min and an equal
amount of dissolution media was replaced. The withdrawn
samples were centrifuged for 10 min at 10,000 rpm and the
amount of drug in the supernatant was determined using the
developed UV-UPLC method.

Cell Culture

Human non-small-cell lung carcinoma (NSCLC) cell lines
(A549) were obtained from DSMZ Leibniz Institute (Ger-
man Collection of Microorganisms and Cell Cultures Braun-
schweig, Germany). Cells were maintained in the incubator
at 37 °C in a humidified incubator with 5% CO,, in DMEM
culture medium, supplemented with 10%v/v FBS (Gibco;
USA) and 1%v/v penicillin—streptomycin.

In Vitro Cytotoxicity

The cytotoxic evaluation of the selected formulations against
AS549 cell lines was performed by MTT assay as previously
described by [35]. Briefly, cells were plated at 1x 10> cells
per well in 96-well for 24 h. Thereafter, the cells were treated
with different concentrations (2.5-20 pg/ml) of pure GEF
(dissolved in DMSO), Plain-TPGS-NLC, and drug-loaded
formulations (GEF-NLC, and GEF-TPGS-NLC). After 48 h
of incubation, 10 pl of MTT solution (5 mg/ml) was added to
each well and further incubated in the dark for 4 h at 37 °C.
Next, the formazan product was solubilized with acidified
isopropanol and the absorbance was measured at a wave-
length of 570 nm using a microplate reader (Bio-Tek, USA).
The dose-response curves were used to calculate the IC50
(concentration required to inhibit cell growth by 50%). Cell
viability was calculated according to the following equation:
Cell viability (%) = (optical density of the treated sam-
ple)/ (optical density of the untreated sample) X 100%.

Flow Cytometric Analysis of Cells Apoptosis

Flow cytometric analysis was employed to quantify cell
apoptosis using an Annexin-V/FITC/PI staining Kit (Sigma,
USA) according to the manufacturer’s instructions. In brief,
A549 cells were seeded in a 12-well plate at a density of
1 x 10° cells/well, and after overnight incubation, cells were
treated with ICy, of pure GEF (3.5 pg/ml; calculated from
current in vitro cytotoxicity study) as well as the equivalent
concentration of PLAIN-SLN and GEF-C-CSLN. After 48 h
of incubation, treated and untreated cells were collected,
washed with cold PBS (1x), and resuspended in 100 pL of
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binding buffer (1x) with FITC Annexin V (5 uL) and PI (5
pL). After 20 min incubation in the dark, 400 pL of binding
buffer was added and the samples were analyzed by flow
cytometry (Cytomics FC 500; Beckman Coulter, Brea, CA,
USA) [35].

Statistical Analysis

The data were statistically evaluated using SPSS software,
Version 26. The results were compared using an independ-
ent t-test (for data with two sets). Data were expressed as
mean + SD. P-value <0.05 was used as the criterion for
significance.

Results and Discussion
Physicochemical Properties of SLN, NLC, and LE

The particle size of Plain (blue color) and GEF-loaded
(orange color) SLN, NLC, and LE formulations are shown
in Fig. 1 (A, B, and C). Generally, the increase in the particle
size following increasing lipid content could be attributed
to a decreased ratio of surfactant: total lipid used during
the production of lipid-based nanoparticles. The obtained
results are in alignment with the observation reported during
the production of different lipid-based nanoparticles [24, 31,
47]. Moreover, Plain lipid-based nanoparticles had a smaller
particle size compared to corresponding GEF-loaded lipid-
based nanoparticles. The observed increase in the particle
size of lipid-based nanoparticles following the incorporation
of GEF could attribute to the increased content of the lipid
core. This is in alignment with various studies that showed
that Plain lipid-based nanoparticles were smaller than cor-
responding drug-loaded SLN [40, 60], NLC [18, 50], and LE
[1, 16]. In contrast to high lipid concentration (4.72%), the
particle size of lipid-based nanoparticles at each concentra-
tion was arranged as follows: Plain-LE < GEF-LE < Plain-
NLC < GEF-NLC < Plain-SLN < GEF-SLN. The reduction
in particle size of SLN after partial or complete replace-
ment of solid lipid with liquid oil in NLC or LE, respec-
tively, could be attributed to a reduction in the viscosity of
lipid core during sonication. Herein, the measured melting
point of SA, SA: OA (3:1), and OA is 71.1, 53.8, and 13 °C,
respectively. Therefore, it is expected to obtain higher vis-
cosity of media during the production of SLN. In this con-
text, Zardini et al. stated that using lipid with a low melting
point resulted in the production of smaller particles [68].
Moreover, a linear relationship between the concentration
of lipid and particle size of Plain or GEF-loaded lipid-based
formulation was observed with exception of GEF-SLN for-
mulations. This could be attributed to a pronounced disrup-
tion in SA crystallinity in GEF-SLN; which contain a high
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drug: lipid ratio. On contrary, GEF-SLN; showed a smaller
particle size even with the presence of a high concentra-
tion of lipid. This is attributed to the presence of GEF in
low drug: lipid ratio in GEF-SLN; where its effect is very
diluted. This allowed the packing of SA in the SLN core in
minimal space. This observation by Dantas et al. stated that
the presence of the lipophilic drug in beeswax (solid lipid)
resulted in a loss of lipid crystallinity [12].

PDI values of SLN, NLC, and LE formulations are shown
in Fig. 1 (D, E, and F). An analogous trend was observed
with Plain (blue color) and GEF-loaded (orange color) SLN,
and LE formulations. The importance of PDI value from its
reflection on the homogenous distribution of nanoparticles
in the prepared formulation. This ensures the stability of
formulation and reproducibility of therapeutic outcomes [10,
67]. Therefore, nanoformulations with PDI values less than
0.3 are considered homogenous [57]. Herein, the prepared
lipid-based nanoformulations were homogeneously distrib-
uted in the measured nano-size range with a PDI value of
less than 0.3.

Zeta potential values of Plain (blue color) and GEF-
loaded (orange color) SLN, NLC, and LE are shown in
Fig. 1 (G, H, and I). Zeta potential value for nanoparticles
is an important factor during the expectation of formula-
tion stability. Therefore, increasing the zeta potential value
either on the negative or positive side is expected to enhance
stability and prevent particle aggregation as a result of the
repulsion effect [68]. Additionally, negative nanoparticles
are less susceptible to the opsonization process which extent
their circulation time [33]. The prepared formulations had a
negative zeta potential value which is expected to enhance
stability and therapeutic outcome.

DSC

DSC graph of GEF, PF-68, freshly melted then cooled SA,
GEF-SLN,, and GEF-SLN; are shown in Fig. 2, A. Moreo-
ver, Fig. 2 B shows the DSC graph of GEF, PF-68, freshly
melted then cooled SA: SA (3:1), GEF-NLC,, and GEF-
NLC;. The detected melting point of GEF and PF-68 was
195.7 and 53.8 °C, respectively, that almost equivalent to
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Fig.1 A, B, C Particle size, D, E, F PDI, and G, H, I zeta potential values of prepared both drug-free and drug-loaded SLN, NLC, and LE
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previously reported [4, 15]. The DSC scanning for freshly
melted then cooled SA and SA: SA (3:1) was performed to
observe the influence of the process on the melting point.
The observed melting point was 71.1 and 65.3 °C, respec-
tively. The slight shifting and broadening of the SA peak
could be attributed to the presence of OA which reduce the
melting point and crystallinity of SA, respectively. This
agreed with Yang et al. who stated that the presence of
different types of liquid oils reduced the melting point of
solid lipid [66].

The melting points of GEF-SLN formulations were
almost equal to the melting point of SA. It was 69.4 and
70.1°C for SLN,, and GEF-SLN; formulations, respectively.
A similar observation was obtained with GEF-NLC formula-
tions where the melting point of GEF-NLC, and GEF-NLC,
were 64.4 and 66.4 °C, respectively. However, both GEF-
SLN and GEF-NLC did not show a melting point for GEF
that indicate either the homogenous distribution of GEF
in the lipid core or the presence of the drug in the amor-
phous state. In agreement with the obtained results, different
researchers showed that the incorporation of the lipophilic
drug in SLN [3, 52] and NLC [46, 55] resulted in the disap-
pearance of the drug peak. This confirmed presence of the
drug in an amorphous state or homogenous distribution in
the lipid phase.

PXRD

The crystalline diffraction patterns of GEF, freshly melted
and cooled SA, GEF-SLN,, and GEF-SLNj; are shown in
Fig. 3, A. Moreover, Fig. 3 B shows the DSC graph of GEF,
freshly melted and cooled SA: SA (3:1), GEF-NLC,, and
GEF-NLC;. PXRD graph of GEF shows high-intensity
peaks at 38.1° and 44.3¢ in addition to multiple peaks with
moderate intensity at 19.4, 24.2, 26.4, and 77.5¢. Further-
more, freshly melted, and cooled SA showed high-intensity
diffraction peaks at 6.7, 11.1,21.7 24.3, 38.1, and 44.3". The
diffraction pattern of freshly melted and cooled SA: SA (3:1)
was different from SA in a reduction in peaks at 21.7, 24.3,
38.1, and 44.3". Finally, the PXRD pattern of GEF-SLN and
GEF-NLC formulations shows a pronounced reduction in
6.7, and 11.1 peaks with the disappearance of two predomi-
nant peaks of SA and GEF at 38.1¢ and 44.3¢.

The diffraction pattern of SA showed multiple peaks
with high intensity that reflected a high degree of crystal-
linity. Moreover, the reduction in SA crystallinity after
the incorporation of OA is attributed to the fluidization
effect produced by liquid oil. Furthermore, PXRD was
performed for formulations containing the highest and
lowest solid lipid: drug ratio. PXRD pattern showed the
disappearance of the predominant peak of GEF indi-
cating the presence of the drug in an amorphous state.
Moreover, the reduction in SA peaks could be attributed
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to the disorientation of crystals packing in presence of
GEF. In agreement with the obtained results, Pawar et al.
found that the presence of GEF in the lipid matrix of
SA resulted in a significant reduction in its crystallinity
[42]. In addition, Dantas et al. found that the presence
of the lipophilic drug in SLN resulted in a significant
reduction in lipid crystallinity [12]. Regarding NLC, Li
et al. found that the incorporation of the lipophilic drug
in NLC resulted in a significant reduction in drug crystal-
linity [27]. Taken all these together, the incorporation of
lipophilic drugs in the lipid core during the production of
lipid-based nanoparticles resulted in a significant reduc-
tion in drug crystallinity.

Stability of Prepared Formulations

Physicochemical properties of GEF-NLC formulations
during the stability study are shown in Fig. 4. All for-
mulations were stored in a refrigerator for 3 months and
they were subjected to physicochemical characterization
for the stability study. Both Plain-LE and GEF-LE for-
mulations showed gelling formulation after 1-2 days of
storage. Even though Plain-SLN showed a high degree of
stability, GEF-SLN was unstable and particle aggregation
was observed after 3 months. This could be attributed to
the expulsion of the drug from the lipid core towards the
nanoparticle coat. This resulted in a significant altera-
tion in surface properties and particle aggregation was
detected. Therefore, aggregated particles at bottom of the
bottle from the high and low drug: lipid ratio (GEF-SLN;,
and GEF-SLN;, respectively) were collected. They were
subjected to DSC and PXRD characterization as shown in
Fig. 5 (A and B, respectively). Thermo-scanning showed
additional endothermic peaks between 90 and 140 °C
which could be attributed to GEF. These peaks are more
pronounced in the case of GEF-SLN, precipitate than
GEF-SLN;. Moreover, PXRD for aggregated particles
showed the appearance of crystalline peaks of GEF. In
addition, PXRD shows peaks at 38.1 and 44.3° and it is
also more pronounced in the case of GEF-SLN, precipi-
tate. Taken all these together, explain of GEF from core
to coated resulted in particle aggregation.

Regarding GEF-NLC, the prepared formulations were
stable, and no particle aggregation was not observed. This
could be attributed to the solubilization of GEF in liquid oil
(oleic acid). Therefore, using liquid oil beside solid lipid
ensures formulation stability. However, the instability of
GEF-LE could be attributed to the presence of oleic acid in
a higher amount that alters the surface properties of nano-
particles. This could the reason for instability and observed
particle aggregation. Table 2 summarizes the physicochemi-
cal properties and stability of prepared lipid-based nanopar-
ticles (SLN, NLC, and LE).
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Physicochemical Properties of GEF-TPGS-NLC
Formulation

The impact of TPGS on the physicochemical properties of
GEF-NLC is shown in Fig. 6. The particle size of GEF-NLC
was increased from 260.6 to 288.1 nm after the incorpora-
tion of TPGS. Furthermore, the zeta potential value was
increased from —28.8 to —26.5 with no significant difference.
Finally, both formulations showed a remarkable entrapment
efficiency (above 92%) was no significant difference between
both formulations.

The enlargement in the NLC size could be attributed to
the coating effect produced by the PEG portion of TPGS. In
alignment with the obtained results, Banerjee et al. found that
particle size and PDI of drug-loaded NLC were increased after
the incorporation of TPGS [7]. Likewise, Zhao et al. found
that TPGS-free NLC was smaller and more homogenous when
compared with coated NLC [72]. In addition, the incorpora-
tion of TPGS did not produce a significant difference in EE
of loaded drugs. On contrary, Banerjee et al. stated that the
incorporation of TPGS led to a decrease in the zeta potential
value of prepared lipid-based nanoparticles [7].

In Vitro Release

The dissolution profile of GEF-NLC,, GEF-NLC,, GEF-
NLC;, and GEF-TPGS-NLC is shown in Fig. 7. It is clear
from the figure that all formulations showed burst drug
release up to 2 h and follow zero-order behavior. Moreo-
ver, sustained drug release was observed until 8—12 h with
no notable drug release until the end of the experiment.
Comparing GEF-NLC formulation, GEF-NLC, exhibited
faster drug release compared to the other formulations.
This could be attributed to the solubilization of the drug
within a minimal amount of lipid compared to other for-
mulations. Therefore, the residence of the drug within
lipid nanoparticles until permeation through the intestinal
membrane ensures lymphatic delivery of the administered
therapeutic agent. GEF-NLC; was selected as the optimum
formulation and subjected to a dissolution study to study
the effect of TPGS on drug release. It is clear from the
figure that TPGS did not show any significant difference
in drug release.

In harmony with the obtained results, Banerjee et al
found that TPGS coated GEF-NLC produces more

Fig.4 A Part}cle size, PDI, and 400 0.50
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Fig.5 A DSC and B PXRD of GEF-SLN formulations

sustained drug release compared to uncoated NLC which
could be attributed to the increased thickness of the diffu-
sion layer [7]. Additionally, Zhao et al. found that loaded
drug was faster released from unmodified NLC compared
to TPGS coated NLC [72]. In addition, Vaidya et al found
that PEGylated SLN showed a slower drug release com-
pared to un-PEGylated one [59]. However, Cho et al.
developed two lipid-based formulations coated either
with TPGS or Tween-80. The in vitro dissolution study
showed that both formulations exhibit similar release pat-
terns with no significant difference [9].

247,

Precipitation obtained from GEF-
L SLN; stored for 3 month L

L.

M|

Precipitation obtained from GEF-
SLNj;stored for 3 month

[

40.00 60.00

1
80.00
Otheta (deg.)
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In Vitro Cytotoxicity

The nanoscale pharmaceutical formulations are postulated
to enhance the cytotoxicity of chemotherapeutic agents. In
this study, the optimized GEF-NLC; and GEF-TPGS-NLC
were selected to achieve the in vitro cytotoxicity study due
to their ability to retain the drug and this might increase
their susceptibility to lymphatic delivery. The inhibitory
effects of pure GEF, Plain-TPGS-NLC, GEF-NLC, and
GEF-TPGS-NLC on the growth of A549 cells were studied
using an MTT assay. Figure 8 (A and B) showed the effect

Table 2 Physicochemical Properties and Stability of the Prepared Nanoscale Lipid-Based Nanoparticles

Formulation type SLN NLC LE

Plain-SLN GEF-SLN Plain-NLC GEF-NLC Plain-LE GEF-LE
Lipid core composition Solid lipid Solid lipid beside liquid oil Liquid oil
Particle size 220—252 3831325 175 -253 198 — 261 148—195 172 -215
PDI 0.068—0.139 0.139-0.217 0.174 - 0.198 0.105-0.155 0.102 -0.160 0.155-0.236
Zeta potential (-22) - (24-) - (-31) - (-29) - (-26) — (-20) -

(-14) (-21) (-28) (-19) (-22) (-13)
Stability Stable for 3 months Stable for 1 month Stable for 3 months Unstable for more than

1—2 days

Decision — Excluded Selected Excluded
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of formulations at four different concentrations (2.5, 5, 10,
and 20 pg/ml) on the cell viability following 24 and 48 h
incubation time. Regarding Plain-TPGS-NLC, an equivalent
volume similar to GEF-TPGS-NLC at each concentration
was incubated to study the toxicity of drug-free formulation.
All formulations inhibited the growth of A549 cells in a con-
centration-dependent manner. The results revealed that more
than 75% of the cell were able to survive following incuba-
tion for 24 h with Plain-TPGS-NLC at a higher concentra-
tion (20.0 pg/ml). In addition, Plain-TPGS-NLC showed
a significantly lower cytotoxic activity following incuba-
tion for 48 h compared with other formulations. Moreover,
GEF-TPGS-NLC was able to produce a significant cytotoxic
activity at all concentrations except 20 pug/ml following incu-
bation for 24 h. However, there is no significant difference in
cytotoxic activity between GEF-TPGS-NLC, Pure GEF, and

350 024
OPS OEE @ZP PDI|
300
En 020
-
: 250
=% 0.16
ESE 200
&§=
82 E .
25 5 150 0.123
s E§ 100
SN 0.08
5 50
5 0.04
L] L]
-50 0.00
GEF-NLC3 GEF-TPGS-NLC

Fig.6 Particle size, PDI, zeta potential, and entrapment efficiency of

GEF-NLC and GEFTPGS-NLC

GEF-NLC following 48 h incubation. Furthermore, Table 3
showed the ICs, for Pure GEF, GEF-NLC, and GEF-TPGS-
NLC at 24 and 48 h. ICy, following 24 h incubation for pure
GEF, GEF-NLC, and GEF-TPGS-NLC was 11.16, 15.05,
and 7.01 pg/ml, respectively. However, I1Cs, of pure GEF,
GEF-NLC, and GEF-TPGS-NLC decreased to 3.54, 4.35,
and 3.60 pg/ml, respectively, following 48 h incubation. It
should be noted that IC, for Plain-TPGS-NLC cannot cal-
culate at both incubation times.

It was found that GEF-TPGS-NLC was able to produce
significant cytotoxic activity compared to pure GEF. How-
ever, Pure GEF was able to produce pronounced cytotoxic
activity compared to the GEF-NLC formulation. This could
be attributed to the properties of surfactants used during
the production of drug-loaded NLC. Pluronic is tri-block
polymers composed of hydrophobic polypropylene oxide
attached from both sides to hydrophilic polyethylene oxide
[69]. Therefore, it is expected to align the hydrophilic poly-
propylene oxide outside NLC to form a coat. This will
prevent the binding and internalization of nanoparticles
inside cells [11]. This is following Tsai et al. findings which
developed polypropylene glycol coated nanoparticles that
exhibited low cellular internalization. This could attribute to
the shielding effect produced by hydrophilic coat [58]. The
cytotoxic activity of GEF-TPGS-NLC could be attributed
to the presence of TPGS. TPGS is a nonionic surfactant
consisting of PEG polymer covalently connected to vitamin
E. The former reduces particle clearance while the latter
enhances permeation and uptake through vitamin E recep-
tors [29]. In this context, Tsai et al. found that TPGS-coated
nanoparticles showed a high internalization compared to
PEG-coated nanoparticles which attributed to the presence
of efflux transporter inhibitors [58]. On the other hand, cyto-
toxicity for studied formulations following 48 h incubation

55
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Fig.7 In vitro release profile of GEF-NLC1-3 and GEF-TPGS-NLC in phosphate buffer containing 0.5% T-80. Data were expressed as the

mean+ SD, N=3
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did not show any significant difference. This could be attrib-
uted to the incubation of the tested formulations’ insufficient
time to produce cytotoxic activity.

The obtained results agreed with Zhang et al. who studied
cellular uptake of drug-loaded NLC and polymeric nanopar-
ticles. The results revealed that NLC was able to enhance
cellular uptake more than polymeric nanoparticles which
could be attributed to adherence tendency to lipid surface
[71]. Furthermore, Banerjee et al. found that free cytotoxic
drug and drug-loaded NLC had high IC, than drug-loaded
TPGS-NLC. Moreover, a cellular uptake study was per-
formed using a confocal microscope and drug-loaded TPGS-
NLC produces higher intensity than drug-loaded NLC. The
authors refer to this as the solubilization and penetration
enhancement effect produced by the PEG portion of TPGS.
In addition, TPGS inhibits efflux transporter with increas-
ing accumulation of drugs inside cancer cells [7]. Likewise,
Shirazi et al. found that incorporation of TPGS within NLC
formulation reduces ICs, of a cytotoxic agent by fourfold
compared to drug solution [51]. It was found that drug-
loaded SLN was more cytotoxic compared to a pure drug
following 24 h incubation. However, there was no significant
difference between pure drug and drug-loaded NLC after 48
and 72 h incubation [60]. The incorporation of the cytotoxic
agent within smaller nanoparticles enhances cellular inter-
nalization and escaped efficiently from phagocytosis [25].

Apoptotic Study

Elimination and removal of unwanted cells are ensured
through a complex physiological process known as apopto-
sis. Therefore, this study is conducted to sort and quantify
the cells’ population following their treatment with chem-
otherapeutic agents [62]. Annexin V/PI double staining
was utilized in the current study to stain A549 cells treat-
ment with pure GEF, Plain-TPGS-NLC, GEF-NLC, and

100 s
: 80 | N T T 3
I
= 60
G W N
= , ~#. 7
Z 40 || -+-Plain-TPGS-NLC X
Q
Q —&-Pure GEF
20 || ——GEF-NLC !
—u—GEF-TPGS-NLC
0
0 5 10 15 20

Concentration (mg/ml)

GEF-TPGS-NLC for 24 h. The incubation time was selected
to observe the difference between pure GEF and GEF- TPGS
-NLC based on the MTT assay. The cells were treated with
11.15 pg/ml from all formulations that were equivalent to
ICs, of pure GEF. As shown in Fig. 9, pure GEF exposure
at 11.15 pg/ml concentration led to an increase in early
apoptotic, late apoptotic, and necrotic cells population
(11.17 £2.25,12.97 +£2.98, and 5.90 + 1.48%, respectively)
compared to untreated cells (2.40 +1.30, 3.57 +0.25, and
4.33 +£0.96%, respectively). Interestingly, there are a signifi-
cant reduction in cell viability from 69.9+3.5to 58.4+2.2%
after cell treatment with pure GEF and GEF- TPGS -SLN,
respectively. Moreover, the early apoptotic, late apoptotic,
and necrotic cells population following treatment with GEF-
TPGS -NLC were 9.7+1.0, 12.4+ 1.4, and 19.5+0.6%,
respectively.

Practically, conventional administration of GEF resulted
in poor therapeutic outcomes when used at lower concentra-
tions [63]. This is attributed to low drug distribution and sus-
ceptibility to resistance mechanisms such as efflux transport-
ers [30]. For this purpose, high doses of chemotherapeutic
agents are administered to patients which causes high sys-
temic toxicity. Therefore, enhancing the cytotoxic effect of
administered chemotherapeutic agent decreases the required

Table 3 ICs, of Pure GEF, GEF-NLC, and GEF-TPGS-NLC on Cell
Viability of A549 Cell Line Using MTT Assay After 24 h and 48 h

Duration Pure GEF GEF-NLC GEF-
TPGS-
NLC

24 h 11.16 15.05 7.01

48 h 3.54 4.35 3.60

GEF gefitinib, GEF-NLC gefitinib-loaded- nanostructural lipid car-
rier, GEF-TPGS-NLC gefitinib-loaded PEGylated nanostructural lipid
carrier

100 4. ~+—Plain-TPGS-NLC
e -+-Pure GEF
< 80 Sy ——GEF-NLC
= ~a-GEF-TPGS-NLC
= 60 3
O
s
Z 40
Q
Q
20
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Concentration (mg/ml)

Fig.8 Effect of pure GEF, Plain-TPGS-NLC, GEF-NLC, and GEF-TPGS-NLC on cell viability of A549 cell line using MTT assay treated with
different concentrations (2.5, 5, 10, and 20 pg/mL) after A 24 h and B 48 h. Data were expressed as the mean+SD, N=3
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Fig.9 Flow cytometric analysis
of A549 cell line treated with

A control, B Plain-TPGSNLC,
C pure GEF, and D GEF-
TPGS-NLC at 11.15 pg/ml
concentration. (Al, A2, A3, and
A4) Necrotic, late apoptotic,
early apoptotic, and viable cells
are shown in the upper left
quadrant, upper right quadrant,
lower right quadrant, and lower
left quadrant, respectively.

E Bar chart shows the percent-
age of live, early apoptosis, late
apoptosis, and necrotic cells that
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therapeutic response besides low side effects [37]. Along
with, encapsulation of therapeutic agents within an appro-
priate lipoprotein mimic carrier enhances cellular uptake
and lung biodistribution [64]. This prevents GEF from bind-
ing to plasma proteins which increase the percentage of a
free drug for biodistribution [30]. Therefore, the developed
GEF- TPGS-NLC enhances the cytotoxic activity of GEF
at lower concentrations. This might improve the therapeutic
outcomes of GEF during in vivo administration.

In agreement with the obtained results, Hu et al. found
that GEF-loaded lipid-based nanoformulation was able to
enhance the apoptotic activity of GEF. The results revealed
that the GEF-loaded formulation was able to increase the
apoptotic cells population of A549 when compared with

@ Springer

Early apoptosis Late apoptosis Necrosis

pure GEF [22]. In addition, Pang et al. developed GEF-
loaded albumin nanoparticles which it was able to induce
apoptosis in treated cells when compared with pure GEF
[39]. Furthermore, Wang et al. prepared SLN consisting
of SA for the treatment of lung cancer. The biodistribution
study showed that higher drug concentration was detected
in lung tissue [64]. In addition, the presence of TPGS in the
case of GEF-TPGS-NLC resulted in a significant enhance-
ment in the bioactivity of GEF. This is achieved through
drug internalization and efflux inhibitory effect [56]. This
ensured the presence of a cytotoxic agent inside the cell
instead outside. Therefore, it could be concluded that GEF-
P-NLC produces cytotoxic activity through the aforemen-
tioned mechanism. This not only increases the efficacy of
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therapeutic outcomes but also decreases the toxicity of GEF
by decreasing the required dose [49]. Taken all together,
TPGS engineered nanoscale lipid-based LDDS is expected
to increase the therapeutic outcomes of GEF during the
treatment of metastatic lung cancer.

Conclusion

In the present study, the nanoscale lipid-based formula-
tions GEF-SLN, GEF-NLC, and GEF-LE were success-
fully prepared and physicochemically characterized. The
plain formulations were smaller than GEF-loaded formula-
tions. However, increasing lipid concentration resulted in
decreased particle size of GEF-loaded formulation. GEF-
NLC contained a high amount of lipid and showed a sus-
tained drug release. The optimized GEF-NLC formulation
was coated with TPGS and showed a slight increase in the
particle size with a slight reduction in drug release. Cyto-
toxicity showed that ICs, of pure GEF was 11.15 pg/ml
which decreased to 7.05 for GEF-TPGS-NLC. Moreover,
the cytotoxicity studies revealed that TPGS engineered
NLC decreased the number of living cells compared to
pure GEF. The obtained results indicated that TPGS engi-
neered NLC are pretended to improve the therapeutic
impact of GEF in the treatment of metastatic lung cancer.
Further in vivo studies are required to address this issue.
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