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Abstract: Lung cancer is a formidable challenge in clinical practice owing to its metastatic nature
and resistance to conventional treatments. The codelivery of anticancer agents offers a potential
solution to overcome resistance and minimize systemic toxicity. The encapsulation of these agents
within nanostructured lipid carriers (NLCs) provides a promising strategy to enhance lymphatic
delivery and reduce the risk of relapse. This study aimed to develop an NLC formulation loaded
with Gefitinib and Azacitidine (GEF-AZT-NLC) for the treatment of metastatic-resistant lung cancer.
The physicochemical properties of the formulations were characterized, and in vitro drug release was
evaluated using the dialysis bag method. The cytotoxic activity of the GEF-AZT-NLC formulations
was assessed on a lung cancer cell line, and hemocompatibility was evaluated using suspended
red blood cells. The prepared formulations exhibited nanoscale size (235-272 nm) and negative
zeta potential values (—15 to —31 mV). In vitro study revealed that the GEF-AZT-NLC formulation
retained more than 20% and 60% of GEF and AZT, respectively, at the end of the experiment.
Hemocompatibility study demonstrated the safety of the formulation for therapeutic use, while
cytotoxicity studies suggested that the encapsulation of both anticancer agents within NLCs could
be advantageous in treating resistant cancer cells. In conclusion, the GEF-AZT-NLC formulation
developed in this study holds promise as a potential therapeutic tool for treating metastatic-resistant

lung cancer.
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1. Introduction

Lung cancer is a significant global health concern, ranking as the second most preva-
lent cancer type worldwide [1]. The prolonged use of conventional anticancer drugs has led
to a high degree of resistance against lung cancer [2]. Therefore, various approaches have
emerged to overcome the developed resistance, including photothermal approaches [3], im-
munotherapy [4], and codelivery of chemotherapeutic agents [5]. However, the photother-
mal strategy has various limitations arising from the development of a strong antioxidant
system within cancer cells, and difficulty in sufficient H,O, delivery along with a low rate
of free radical production [3]. On the other hand, the limitations of immunotherapy therapy
result from its negative impact on the immune system as well as its limited effect on the
superficial cancer cells [4]. Interestingly, the codelivery of adjunctive chemotherapeutic
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agents not only enhances cytotoxic activity against resistant cancer cells, but also reduces
the dose of the primary drug, which decreases systemic toxicity [5].

Gefitinib (GEF) is an FDA-approved drug for the treatment of lung cancer due to its
effectiveness [6]. It inhibits epidermal growth factor receptors (EGFRs), which are present
on the surface of normal cells and regulate cell survival. The expression of EGFRs is
triggered in various types of solid tumors, including lung cancer [7]. Numerous types of
chemotherapeutic agents called tyrosine kinase inhibitors bind to the intracellular domain
of EGFRs, which activate downstream protein synthesis and induce cancer cell death [8].
However, the administration of GEF can result in various systemic toxicities that necessitate
reduced dosing with minimal medicinal outcomes. Moreover, the reported resistance to
GEF is a prevalent issue that limits its therapeutic effect [9]. Therefore, the codelivery of
anticancer agents has emerged as a hopeful approach that reduces systemic toxicity and
overcomes resistance [10].

Selected adjunctive therapy with a common downstream intracellular effect and a syn-
ergetic effect achieves the required effect with maximum therapeutic outcomes [10]. Azaci-
tidine (AZT) induces cancer cell death through increased expression of tumor-suppressor
genes following the demethylation of DNA [11]. In addition, AZT has shown promising
outcomes during the treatment of lung cancer [12,13]. In light of this, the codelivery of
GEF and AZT could be a potential approach to overcome the acquired resistance against
the former. However, conventional administration is usually associated with systemic
toxicity [14]. Therefore, the encapsulation of chemotherapeutic agents within nanoparticles
is required to avoid these limitations.

Nanoparticles can be tailored to deliver therapeutic agents directly to tumor cells
based on their inherent permeability through large fenestrations present on blood vessels
around the tumor mass [15], which limits the exposure of healthy organs and tissues to
anticancer agents and reduces systemic toxicities [14]. Therefore, various types of nanocar-
riers have been prepared from polymers [16], metals [17], inorganic materials [18], and
lipid nanoparticles [8] to achieve this purpose. However, encapsulating anticancer agents
within a drug delivery system capable of reaching the lymphatic system and overcoming
resistance offers a promising approach to improve patient outcomes. This is attributed
to the reported cancer relapse, where detached cancer cells are hidden within the lymph
nodes of the lymphatic system [19] and can enter systemic circulation following therapeutic
protocols, leading to the formation of new masses in systemic organs [20].

Tailoring nanoparticles from lipid materials offers an additional advantage in thera-
peutic outcomes. It is well-established that lipid nanoparticles possess innate distribution to
the lymphatic system, which enhances the complete elimination of hidden cancer cells [19].
Additionally, various types of lipid receptors are overexpressed on the surface of cancer
cells, which potentiates the active delivery of anticancer-loaded agents [21,22]. To further
enhance the advantages of selected lipids, stearic acid and oleic acid were chosen due to
their ability to encapsulate weak base drugs containing amino groups [23]. Interestingly,
nanoparticles larger than 200 nm are susceptible to lung accumulation due to reinforced
infiltration and sequestration by pulmonary small capillaries [24].

In this study, the potential therapeutic outcomes of co-delivering GEF and AZT were
investigated following the preparation of various nanostructured lipid carrier (NLC) for-
mulations. The formulations were subjected to physicochemical characterization, including
size, zeta potential, and morphology analyses. Furthermore, the prepared formulations
were evaluated for in vitro drug release, cytotoxicity, and hemocompatibility studies.

2. Materials and Methods
2.1. Materials

Gefitinib was purchased from Beijing Mesochem Technology Co., Ltd. (Beijing, China).
Azacitidine was kindly obtained from Sudairpharma Company (Riyadh, Saudi Arabia).
Poloxamer-188 (P-188) and D-a-Tocopherol polyethylene glycol 1000 succinate (TPGS)
were purchased from Sigma Aldrich, St. Louis, MO, USA. Stearic acid (SA) was pur-
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chased from BDH (Poole, UK). All other chemicals and reagents were of pharmaceutical or
analytical grade.

2.2. Analysis of Gefitinib and Azacitidine in Formulations

In this study, a validated UPLC-MS/MS (UPLC: Waters Acquity, Milford, MA, USA)
was employed to determine the concentration of Gefitinib and Azacitidine (Figure 1) in
tablet formulation. The chromatographic conditions involved the use of a Zorbax Eclipse
Pllus C18 column (50 mm X 2.1 mm, 1.8 um, Agilent Technologies, Santa Clara, CA, USA)
with a mobile phase of acetonitrile and 0.1% formic acid (50: 50 v/v) in an isocratic elution
running at a flow rate of 0.2 mL/min for a total run time of 3 min. The eluted compounds
were detected with tandem mass spectrometry using TQ detector (Waters Corp., Milford,
MA, USA) equipped with an electrospray ionization (ESI) source operating in positive
ionization mode. The instrumentation parameters are displayed in Table 1.

F
O HN cl H.,, ".\OH
O 2N XLOH
| s A TR
Gefitinib Azacitidine

Molecular Weight: 446.91 Da  Molecular Weight: 244.21 Da

Figure 1. Chemical structure of Gefitinib and Azacitidine.

Table 1. Analytical parameters of liquid chromatography and mass detection.

Acquity UPLC (H10UPH) Acquity TQD MS (QBB1203)
50% acetonitrile: 50%, 0.1% formic acid Positive ESI
Isocratic (pH: 3.2) Nitrogen (drying gas; 350 °C) at 100 L/H
mobile phase flow rate
Flow rate: 0.2 mL/min ESI Cone gas: 100 L/H flow rate
Injection volume: 5.0 uL The voltage of extractor: 3.0 (V)
50 mm long The voltage of RF lens: 0.1 (V)
Eclipse 21 mmi.d. Capillary voltage: 4 KV
plus-C18 o . Argon gas (collision gas) at 0.14 mL/min
column 3.5 um particle size Collision cell flow rate
T:220+2.0°C Mode MRM

2.3. Preparation of NLC Formulations

NLC formulations were prepared using the ultrasonic melt-emulsification process,
as previously reported [25]. The actual composition of ingredients used in the prepa-
ration of NLC formulations is shown in Table 2. The aqueous phase was prepared by
dissolving 120 mg of Poloxamer-188 (P-188) and 7.5 mg of D-x-Tocopherol polyethylene
glycol 1000 succinate (TPGS) in water contained in a cylindrical beaker. The lipid phase
was prepared by adding accurately weighed stearic and oleic acid in another cylindrical
beaker. GEF, AZT, and GEF + AZT were added to the lipid phase to prepare GEF-NLC,
AZT-NLC, and GEF-AZT-NLC, respectively. Both aqueous and lipid phases were heated
simultaneously at 80 °C. The hot aqueous phase was gradually added to the hot lipid
phase and stirred for 1 min to obtain a primary emulsion. The primary emulsion was
then subjected to nine cycles of ultrasonication, each one extending for 20 s, followed by a
resting period extending for 10 s. Immediately after preparation, NLC formulations were
kept in the freezer for 10 min to facilitate lipid solidification. Directly after cooling, the NLC
formulation was subjected to centrifugation at 3000 rpm for 3 min to precipitate insoluble



Materials 2023, 16, 5364

40f18

particles. The upper portion of the centrifuged formulation was transferred into a new vial
and kept in the refrigerator for further investigation.

Table 2. Composition of the prepared NLC formulations.

Lipid Phase Aqueous Phase
Formulation Code *
SA OA GEF AZT P-188 TPGS Water
Plain-NLC 450 150 0 0 120 7.5 14,272.5
GEF-NLC 450 150 15 0 120 7.5 14,257.5
AZT-NLC 450 150 0 15 120 7.5 14,257.5
GEF-AZT-NLC 450 150 15 15 120 7.5 14,242.5

* The amount was expressed in mg units. Plain-NLC (drug-free nanostructured lipid carrier), GEF-NLC (Gefitinib-
loaded nanostructured lipid carrier), AZT-NLC (Azacitidine-loaded nanostructured lipid carrier), GEF-AZT-NLC
(Azacitidine-Gefitinib-loaded nanostructured lipid carrier), stearic acid (stearic acid), OA (oleic acid), GEF
(Gefitinib), AZT (Azacitidine), P-188 (poloxamer 188), TPGS (D-x-Tocopherol polyethylene glycol 1000 succinate).

2.4. Physicochemical Characterization
2.4.1. Particle Size, Polydispersity Index, and Zeta Potential Measurements

The physicochemical characteristics of the prepared formulations were assessed uti-
lizing a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). Each formulation was
assessed at 25 °C after being diluted in distilled water (1:10,000). Particle size, polydisper-
sity index, and zeta potential were measured using the Dynamic Light Scattering (DLS)
and Laser Doppler Velocimetry (LDV) modes. Each value was represented as the average
across three separate repetitions [26].

2.4.2. Calculation of Drug Content and Entrapment Efficiency

Drug content was measured to calculate the amount of drug present in a particular
volume of the formulation. Briefly, 1 mL of the formulation was placed in a 25 mL volu-
metric flask and diluted with methanol up to the final volume. It was directly subjected
to sonication for 15 min to dissolve NLC and ensure complete drug extraction from the
formulation. The resulting solution was diluted (1:10) in acetonitrile, and drug concentra-
tion was determined using the developed UPLC method [9]. The following equation was
utilized to calculate the drug content:

The total amount of drug (mg)

Volume of NLC formulation (mL) X100

drug content =

The percentage of GEF and AZT entrapped within the prepared NLC formulation was
determined using an indirect method [27]. The freshly prepared formulation was subjected
to centrifugation at 50,000 rpm for 30 min to precipitate NLC formulation. The supernatant
was filtered to remove any possible residue from NLC formulation and drug concentration
was measured using the developed UPLC method. The following equation was utilized to
calculate the entrapment efficiency:

Entrapment efficiency

__ The total amount of drug (mg)— The amount of drug in the supernatant (mg)

= x 100
The total amount of drug (mg)

2.5. Differential Scanning Calorimetry (DSC)

Thermal analysis was performed to scan thermal behavior of GEF, AZT, stearic acid,
P-188, plain-NLC, AZT-NLC, GEF-NLC, and GEF-AZT-NLC using a DSC 8000 Perkins
Elmer (Waltham, MA, USA) apparatus in the temperature range of 25-250 °C at a heating
rate of 10 °C/min. Pyris management software version 10.1 (Pyris Elmer, Waltham, MA,
USA) was utilized for the solid-state characterization and assessment of the samples [28].
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2.6. Powder X-ray Diffractometer (PXRD)

PXRD was used to investigate the crystalline state of GEF and AZT within the prepared
NLC formulation. This was attained via the detection spectrum of GEF, AZT, stearic acid,
plain-NLC, AZT-NLC, GEF-NLC, and GEF-AZT-NLC. This was performed at a 0.5/min
scanning rate within the theta scanning range 3-180° [26].

2.7. In Vitro Release Study

The dialysis bag method was utilized to evaluate GEF and AZT release from the
prepared formulations [23,29]. About 0.5 mL from each formulation was diluted (1:4)
and placed within a dialysis membrane bag (molecular-weight cut-off: 12-14 kDa). The
sealed bag was placed in a previously heated beaker containing 50 mL of phosphate
buffer (pH 7.4, with 0.5% Tween-80, Loba Chemical Company, Bombay, India). The beaker
was continuously shaken at 100 rpm at 37 £ 1 °C in a thermostat shaker. Samples were
withdrawn at 0.25, 0.50, 1.0, 2.0, 4.0, 8.0, 12.0, and 24.0 h 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 UPLC
method. It should be noted that the effect of the membrane was previously studied in
published data [26].

2.8. In Vitro Cytotoxicity Study

As a lung cancer model, the Human non-small-cell lung cell line (A549) was obtained
from DSMZ Leibniz Institute (German Collection of Microorganisms and Cell Cultures
Braunschweig, Germany) and used to examine the cytotoxicity of the prepared NLC
formulations. Cells were grown in DMEM culture media (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) and kept at 37 °C in an incubator. Furthermore, 1% v/v penicillin-
streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 10% v/v FBS
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) with 5% CO, were added to the cells
during incubation. Then, a 96-well plate with 1 x 10° cells per well was allowed to develop
for 24 h. After treatment with NLC formulations at four different doses (2.5-10 pg/mL),
the growing cells were incubated for 24 h. After that, each well was treated with 10 pL
of the MTT solution (5 nug/ mL, Invitrogen, Waltham, MA, USA) before being placed in
an incubator at 37 °C for 4 h in the dark. After being dissolved in acidified isopropanol
(Sigma-Aldrich, St. Louis, MO, USA), the formazan product’s absorbance was determined
using a microplate reader at 570 nm. The concentration needed to prevent cell growth
by 50% (ICsp) was calculated via a dose-response curve. Cell viability was calculated
according to the following equation [30].

Cell Viability (%) = (optical density of the treated sample)/(optical density of the
untreated sample) x 100%.

2.9. Hemocompatibility Study

To evaluate the hemocompatibility of the GEF-AZT-NLC formulation, a blood sample
(Experimental Animal Care Center, King Saud University, Riyadh, Saudi Arabia) was
utilized [9]. To create a 2% erythrocyte suspension, red blood cells were diluted with a
physiological saline solution (Pharmaceutical Solutions Industry, Jeddah, Saudi Arabia).
The GEF-AZT-NLC formulation was incubated with the suspended red blood cells at vari-
ous concentrations (2.5, 5.0, and 10.0 g/mL) equivalent to the cytotoxicity study. To prepare
the negative and positive controls, erythrocyte suspension was treated with physiological
saline solution and ultra-pure water, respectively. The suspended red blood cells were
vortexed and maintained in the incubator at 37 °C for one hour. The incubated erythrocyte
cells were centrifuged at 14,000 rpm for 10 min directly after incubation. Each formula-
tion’s concentration was evaluated three times. We used a UV-Vis spectrophotometer to
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calculate the absorbance at 570 nm. The following equation was utilized to estimate the
hemolysis ratio.

Absorbance sample — absorbance negative control

Hemolysis = x 100

absorbance positive control — absorbance negative control

2.10. Statistical Analysis

All data analyses were performed using SPSS software, v26. The results were com-
pared using a t-test and a one-way analysis of variance (ANOVA) followed by Tukey’s test
to compare three or more data sets. Data were expressed as mean & SD. p-value < 0.05 was
used as the criterion for significance.

3. Results and Discussion
3.1. Method Performance and Assay Validation

The quantification was performed with multiple reaction monitoring (MRM) mode.
The selection of ionization pairs (11/z) was shown as follows: Gefitinib—447.12 — 128.06
(cone voltage 40 V, collision energy 26 V) and 447.12 — 99.97 (cone voltage 40 V, collision
energy 52 V), Azacitidine—245.05 — 112.93 (cone voltage 16 V, collision energy 8 V) and
245.05 — 112.93 (cone voltage 16 V, collision energy 8 V). MRM mass transitions are
displayed in Scheme 1 and Figure 2.

Several combinations of acetonitrile and 0.1% formic acid were evaluated as possible
mobile phases. It was determined that the combination of acetonitrile and 0.1% formic acid
in an isocratic elution program (50: 50 v/v) was found to be the most suitable for separating
Gefitinib and Azacitidine, as shown in Figure 3. Under the described chromatographic
conditions, the retention time was about 0.56 and 0.78 min for Azacitidine and Gefitinib,
respectively (Figure 3).

Good linearity (r2 > 0.997) was observed over the range of 0.1-5 pg/mL and for Gefitinib
and Azacitidine and could be described by the regression equations: Y =247 X — 24,431
(Gefitinib) and Y = 388.18 X — 38,392 (Azacitidine), in which Y is the peak area of the drug
and X is the analyte concentration in pug/mL in the samples.

(4) P
H, /{"OBH
’ AN
o D e
+ NS
HN" N0 HINT NSO miz: 45
Azacitidine /7 113
miz: 245 '

(B) F
oY HN /©[CI

L_NH_~_o0 N MRM _ 0 oY
~ N/) ‘\/N\/\+ I\/N\+

(@)
Gefitinib
m/z: 447

m/z: 128 m/z: 100

Scheme 1. MRM mass transitions for (A) Azacitidine and (B) Gefitinib.
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AZT3 C6
100, (A) 112,93
=
44.98
T T T T T T T T T T T T T T m/z
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GFT 2A4
100- (B) 128.05
99.97
°\°_
0 —T — T T T T T —T 1 m/z
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Figure 2. MRM mass spectrum of (A) Azacitidine and (B) Gefitinib.
AZT21S MRM of 2 Channels ES+
100- A 0.56 TIC (AZT)
( ) 7.94 x 10°
BE..
= Time
0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80
GFT2 B6
MRM of 2 Channels ES+
100- B) 078 TIC (GEF POSITIVE 2)
0.79 3.26 x 10°

Time

020 040 060 080 100 120 140 160  1.80

Figure 3. MRM chromatogram of (A) Azacitidine and (B) Gefitinib.

3.2. Physicochemical Properties of Prepared NLCs

Table 3 displays the physicochemical properties of the successfully prepared NLC
formulations. The prepared formulations were found to be in the nano-size range with a
high degree of homogeneity, as indicated by a polydispersity index value of <0.2. It is clear
from the results that the particle sizes of all formulations were almost the same. Interestingly,
the prepared formulations were in the nano-size range of 200 to 300 nm, indicating their
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suitability for lung drug delivery [24]. The zeta potential value of the prepared plain-NLC
was negatively charged and measured to be less than —30 mV, which can be attributed to
the incorporation of stearic acid, in agreement with published studies [28,31]. The addition
of GEF and AZT was found to increase the zeta potential value, which could be attributed
to the neutralization effect produced by the free amino group of GEF and AZT [26,32].
Furthermore, the neutralization effect was predominant in the case of AZT-NLC. This could
be attributed to the partial presence of AZT on the surface of nanoparticles owing to its
hydrophilicity [33].

Table 3. Physicochemical properties of prepared NLC formulations.

Measured Parameter * Plain-NLC GEF-NLC AZT-NLC GEF-AZT-NLC

Particle size (nm) 25804112 27214213 2351+118 268.9 + 23.6

Polydispersity index 0.171£0.01  0.1294+0.09 0.149 + 0.05 0.204 + 0.08

Zeta potential (mV) —311433 —239+12 —17.0+20 ~153+12
Drug content GEF 1.01 +£0.2 1.04 + 0.3
(mg/mL) AZT 1.03 £ 0.5 0.98 + 0.5
Entrapment GEF 972+ 0.8 96.7 + 0.6
efficiency (%) AZT 96.8 + 1.1 98.3 + 0.9

* Data are expressed as the mean + SD, N = 3.

The prepared formulations showed a drug content ranging from 0.98 to 1.04 mg/mL
with an incredible entrapment efficiency of above 95% for both drugs. This can be attributed
to the selection of long-chain fatty acids that were able to solubilize both drugs within the
lipid core of the NLC formulation [23]. The obtained results are in harmony with previously
published data by Fernandes et al., who prepared NLCs consisting of oleic acid loaded
with a hydrophilic drug with a free amino group. The optimized formulation showed
remarkable entrapment efficiency (97%), and the author attributed this to the ion-pair
formation between the free carboxylic acid of oil and the free amino group of the drug [34].
Moreover, various studies showed a positive correlation between the solubility of loaded
hydrophilic drugs in different types of lipids and the obtained entrapment efficiency [35,36].
The impact of the concentration of lipids on the entrapment efficiency of a hydrophilic
drug was reported by Yanga et al. It was found that doubling the concentration of the
lipid and drug, while keeping the concentration of the aqueous phase constant, resulted in
increasing the entrapment efficiency from 86 to 97% [37]. In the present study, the incredible
entrapment efficiency could be attributed to the selection of lipids with high drug solubility
at high concentrations (5%).

3.3. DSC

Figure 4 displays the DSC profiles of the pure APIs, pure excipients, and the prepared
NLC formulations. The curves showed an endothermic peak of the pure GEF and AZT at
196 and 240 °C, respectively, which is consistent with previously reported studies [26,38].
Additionally, the observed melting point of stearic acid and poloxamer-188 were at 71.0 and
53.8 °C, respectively. All NLC formulations displayed two endothermic peaks, which could
represent stearic acid and poloxamer 188. The observed right shift and broadening in
peaks compared with pure excipients can be attributed to the presence of oleic acid [28,39].
The melting peaks of GEF and AZT disappeared in all loaded formulations owing to the
dilution effect produced by the formulation or the conversion of the APIs from a crystalline
to the amorphous form [38,40]. Thus, the prepared formulations were subjected to PXRD
analysis for more investigation.
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Figure 4. DSC of Gefitinib, Azacitidine, stearic acid, poloxamer 188, plain-NLC, GEF-NLC, AZT-NLC,
and GEF-AZT-NLC.

3.4. PXRD

X-rays are commonly used to investigate the crystalline state of APIs and excipients
in prepared nanoparticle formulations. However, it was necessary to study the crystalline
state of pure APIs and excipients initially to compare the PXRD spectrum with that of the
NLC formulations. Figure 5 illustrates the PXRD spectrum of pure GEF and AZT. The
PXRD spectrum of GEF displayed two predominant peaks at 38.1 and 44.3 °C, in addition
to moderate peaks at 19.4 and 77.5 °C, which is consistent with the reported spectrum by
Alshehri et al. [41]. The spectrum shows that AZT had multiple peaks between 12.2 and
29.3 °C, with an additional peak at 38.0 °C, in agreement with previously reported studies
by Kesharwani et al. [29].

Observing the crystalline state of the nanoparticle core with SEM is challenging.
Therefore, the lipids used (oleic and stearic acids) were mixed in a 10 mL cylindrical
beaker and heated to melt the lipids, then left to cool. Additionally, stearic acid alone
underwent a similar process to observe its normal crystalline state without oleic acid.
Figure 6A E demonstrate that stearic acid and mixed lipids (oleic and stearic acids) had a
crystalline arrangement, with the former showing a more pronounced effect. Furthermore,
the processed lipids were crushed in a mortar and subjected to SEM to precisely observe
the crystalline state. Figure 6B,C display an image of crushed processed stearic acid with
low and high magnification power, respectively. The low magnification power (Figure 6B)
showed that stearic acid has a highly organized crystalline structure following heating and
cooling. Moreover, Figure 6C revealed that the surface of processed stearic acid is solid
and impactful.
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Figure 6. (A) Morphological appearance, (B,C) crushed crystal SEM images with low and high
magnification power, (D) crushed crystal PXRD pattern of stearic acid. (E) Morphological appearance,
(F,G) crushed crystal SEM images with low and high magnification power, (H) crushed crystal PXRD
pattern of stearic acid and oleic acid. The lipid (s) was melted and mixed to acquire homogenous
mixture, then left to cool.
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Crushes of mixed lipids (oleic and stearic acids) are also shown in Figure 6FG, with
low and high magnification power, respectively. The addition of oleic acid resulted in a
significant reduction in stearic acid crystallinity. The crushes underwent PXRD examination
to observe the impact of oleic acid on the crystalline pattern of stearic acid. Figure 6D
shows that stearic acid had multiple peaks at 6.7, 21.7, 24.4, and 38.1 °C, with high intensity,
in addition to multiple peaks at 11.1 and 44.3 °C, with moderate intensity. It is evident from
Figure 6H that the addition of oleic acid during the processing of stearic acid resulted in a
reduction in peak intensities. This reduction could be attributed to the liquid state of oleic
acid, which prevents proper packing of stearic acid molecules during the cooling process.
This was confirmed with DSC, which demonstrated a right shift and broadening in the
endothermic peak of the lipid mixture (oleic and stearic acids) compared with stearic acid
alone. These findings are consistent with previously reported studies, which indicated that
the addition of liquid oil to a solid lipid results in decreased lipid crystallinity [42,43].

To examine the impact of loaded drugs on the crystalline state of the lipid core, the
prepared NLC formulations underwent PXRD scanning (Figure 7). The PXRD spectrum of
plain-NLC displayed multiple peaks at two theta degrees, similar to the crushes obtained
from the lipid mixture (oleic and stearic acids), indicating the reliability of this method to
predict the crystalline lipid core of nanoparticles. It was discovered that the incorporation
of GEF and AZT within the prepared NLCs resulted in the disappearance of peaks at 38.0,
442, and 77.6°, along with a reduction in peak intensity at 6.7°. This reduction could be
attributed to the disruption of the lipid core crystallinity produced by the encapsulated
drug(s), which is consistent with previously reported studies [44,45]. Furthermore, this
indicates the successful loading of the incorporated drug during preparation within the
NLC formulations.

T T T T T T T T
AJ_/\M Plain-NLC
S
M(_ GEF-NLC
JL_ AZT-NLC
.‘)\___JJM_ GEF-AZT-NLC
0 20.00 40.00 60.00 100.00 120.00 140.00

80.00
2theta (deg.)
Figure 7. PXRD of plain-NLC, GEF-NLC, AZT-NLC, and GEF-AZT-NLC formulations.

3.5. In Vitro Release Study

The conventional administration of anticancer drugs is often associated with systemic
toxicity and minimal therapeutic outcomes [14]. Therefore, drug-loaded nanoparticles have
emerged as a means to enhance drug distribution to tumor tissues, decreasing systemic side
effects and increasing therapeutic outcomes [46]. Drug-loaded nanoparticles are distributed
to tissues through the large fenestrations present in the blood vessels of tumor tissues [47].
However, nanoparticles that can retain drugs until they reach the tumor mass are required.
In light of this, an in vitro release study was conducted to predict drug release from the
prepared NLC formulations in vivo.

Figure 8A,B display the in vitro release profile of AZT and GEF from the prepared
NLC formulations. It is evident from Figure 8B that GEF was sustainably released from the
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GEF-NLC and GEF-AZT-NLC formulations. This could be attributed to the encapsulation
of GEF within the lipid core and its low solubility. These results are consistent with
previously reported studies [40,48]. Figure 8A shows that AZT release from the AZT-NLC
and GEF-AZT-NLC formulations exhibited burst drug release followed by sustained drug
release. The burst drug release could be attributed to the notable amount of drug present
on the surface of the prepared NLC formulation due to its hydrophilic nature. On the other
hand, sustained drug release could be attributed to the acidic microenvironment created
by free fatty acids, facilitating the ionization and retention of AZT. These results are in
agreement with previously reported studies that showed burst drug release from NLCs
loaded with hydrophilic drugs. Moreover, the in vitro release study showed the ability
of a loaded system with ion-pair phenomena to retain loaded hydrophilic drugs [36,49].
Additionally, Kesharwani et al. and Kashyap et al. found that AZT was released faster
from nanoparticles in slightly acidic media compared with neutralized media [29,50]. This
is expected to be beneficial in vivo, whereas loaded drugs could be released in acidic tumor
microenvironments based on previous reported studies [51]. This will reduce systemic
toxicity compared with the conventional administration of chemotherapeutic agents [19],
which is in harmony with previous published data [52-54]. However, future in vivo studies
are required to examine the impact of NLCs on drug distribution and determine the
optimum drug loading and administrated doses.
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Figure 8. In vitro (A) AZT and (B) GEF release from the prepared NLC formulations. Data are
expressed as the mean + SD, N = 3.

3.6. In Vitro Cytotoxicity against Lung Cancer Cell Line

In this study, the MTT assay was utilized for two purposes. The first purpose was to
investigate and compare the benefits of co-treating lung cancer cells with GEF and AZT
compared with each drug alone. Therefore, three groups of cell lines were treated with GEF
alone, AZT alone, and GEF + AZT. The second purpose was to investigate the impact of the
prepared NLC formulations on the cellular uptake of anticancer agents. Thus, an additional
three groups were treated with the prepared NLC formulations (GEF-NLC, AZT-NLC, and
GEF-AZT-NLC). Finally, the A549 cell line was treated with the plain-NLC formulation;
an equivalent volume from each formulation corresponding to the drug concentration
was incubated to ensure the safety of the prepared formulation. Figure 9 displays the cell
viability results of the lung cancer cell line treated with the aforementioned seven groups. It
was discovered that all tested groups exhibited a concentration-dependent cytotoxic effect
after 24 h of incubation time.
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Figure 9. Effect of GFT, SIM, hybrid GFT + SIM, and GFT/SIM-NLC on A549 cell viability following
24 h incubation time. Data are expressed as mean £ SD, N = 3, p-value significant at * 0.05, ** 0.01,
and *** 0.001.

3.6.1. Effect of Anticancer Agents’ Codelivery

To investigate the potential benefits of co-delivering GEF and AZT, a lung cancer
cell line was treated with GEF alone, AZT alone, and GEF + AZT. The cell viability re-
sults (Figure 10) indicate that GEF exhibits low cytotoxic activity at lower concentrations
(2.5 and 5 pg/mL), which could be attributed to its reported higher susceptibility to efflux
transporters [55]. Conversely, GEF exhibits significantly extreme cytotoxic activity at high
concentrations (10 ug/mL), which could be attributed to its abundance and surpassing
the capacity of efflux transporters. This finding is consistent with the previously reported
development of lung cancer resistance against GEF [56,57]. Therefore, there is a need
for adjunctive anticancer molecules to overcome this resistance. It was found that AZT
had incredible cytotoxic activity at the lowest concentration (2.5 pg/mlL) that significantly
increased at higher concentrations (5 and 10 ng/mL). Moreover, it was observed that the
AZT-treated group exhibited a lower ICsy value compared with the GEF-treated group.
Likewise, codelivery of both agents resulted in notable cytotoxic activity at the lowest
concentration (2.5 ug/mL) which significantly increased at higher concentrations (5 and
10 pg/mL). Furthermore, co-delivering GEF + AZT resulted in a reduction in the ICsg
value (4.31 £ 0.10 ug/mL) compared with each drug alone (Table 4). This suggests that the
proposed codelivery approach could be beneficial for use in a clinical setting.

Table 4. IC5j of GEF, AZT, and GEF + AZT on cell viability of lung cancer cell line after 24 h.

Anticancer Agent ICsp (ng/mlL) *
GEF 11.14 £ 044
AZT 4.89 +0.22
GEF + AZT 431 £0.10

* Data are expressed as the mean + SD, N = 3.
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Figure 10. IC5y of GEF, GEF-NLC, AZT, AZT-NLC, GEF + AZT, and GEF-AZT-NLC following 24 h
incubation time with lung cancer cell line. Data are expressed as mean =+ SD, N = 3, p-value significant
at*0.05, ** 0.01, and *** 0.001.

3.6.2. Effect of NLC Formulations

It is clear from the results that the prepared formulation was safe and that the ICs
value cannot be calculated, which is in aliment with previous studies [58,59]. Figure 10 dis-
plays the ICs( value after 24 h of incubation of GEF, GEF-NLC, AZT, AZT-NLC, GEF + AZT,
and GEF-AZT-NLC. It was discovered that incorporating the anticancer agents within the
prepared NLC formulation significantly reduced the ICsy value compared with the free
drugs. Specifically, GEF-NLC, AZT-NLC, and GEF-AZT-NLC reduced the ICsy value by
2.11-, 1.17-, and 1.61-fold, respectively, compared with the corresponding free drugs. Even
though the NLCs had a certain dose-dependent decrease in cell viability, the observed
enhancement in the cytotoxic activity of drug-loaded NLC groups could be attributed to
the following reasons. At the lowest concentration (2.5 pg/mL), there was a significant
difference between the cell viability of both groups (GEF + AZT and GEF-AZT-NLC).
This could be attributed to the susceptibility of free chemotherapeutic agents to the efflux
transporter, whereas the group treated with GEF-AZT-NLC showed enhancement in cell
death activity [26]. These results are consistent with previous studies that have reported en-
hanced cellular uptake of anticancer agents when incorporated within nanoparticles [8,40].
Additionally, lipid nanoparticles have a high affinity for active delivery through fatty
acid-binding protein receptors that are overexpressed on the surface of cancer cells [21,22].
Following cellular uptake, the presence of Poloxamer-188 and TPGS prevents drug efflux
to the extracellular space through their reported efflux inhibitory activity [60,61]. On the
contrary, at high concentrations (5.0 and 10.0 ug/mL), the absence of difference could be
attributed to the reported overcoming of the capacity of efflux transporters’ capacity [26].

3.7. Hemocompatibility Study

The current study aimed to investigate the influence of the prepared GEF-AZT-NLC
formulation on red blood cells. Red blood cells were also incubated with free drugs
(GEF + AZT) to compare their effects with those of the drugs loaded in the NLC formulation.
Figure 11A displays the effects of the GEF-AZT-NLC formulation and the GEF + AZT
solution on the integrity of red blood cells at three different concentrations (2.5, 5.0, and
10.0 pg/mL). Figure 11B shows the histogram of the hemolysis ratio of red blood cells
following incubation with the GEF-AZT-NLC formulation and GEF + AZT solution. As
shown in the figure, all red blood cells were completely ruptured following incubation
with hypotonic water, which represented the positive control. Conversely, the integrity
of red blood cells was retained following incubation with physiological saline solution,
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which indicates its validity as a diluent with no influence on cell integrity. The findings
demonstrate that the GEF + AZT solution has no influence on the integrity of red blood cells.
Similar observations were made with red blood cells incubated with the GEF-AZT-NLC
formulation at lower concentrations (2.5 and 5.0 ug/mL). However, the hemolysis ratio
increased to 28% following incubation with the GEF-AZT-NLC formulation at a higher
concentration (10.0 pg/mL).

00
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= 60
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Figure 11. (A) Morphological appearance and (B) histogram of hemolysis ratio obtained from
suspended red blood cells incubated with GEF-AZT-NLC formulation at three different concentrations
(2.5, 5.0, and 10.0 pg/mL) along with positive and negative control. Data are expressed as the
mean + SD, N = 3.

The results suggest that the GEF-AZT-NLC formulation may be acceptable at concentra-
tions lower than 5 pg/mlL. The observed hemolysis at the high concentration (10.0 pug/mL)
could be attributed to the presence of oleic acid. This could be linked to its liquid nature
and negative charge, which alters the surface properties of red blood cells (41). The current
findings are consistent with previous studies, which have revealed a connection between
red blood cell hemolysis and the inclusion of free fatty acids [62-64]. Our previous study
showed that conventional administration of GEF at the recommended dose produces a
serum level below 2 ug/mlL. Additionally, normal blood samples were collected following
the administration of the NLC formulation, and the rats survived until the end of the
experiment [28]. Therefore, the prepared GEF-AZT-NLC formulation could be acceptable
after in vivo administration.

4. Conclusions

The present study focused on preparing the GEF-AZT-NLC formulation in the nano-
size range, which holds promise for treating metastatic-resistant lung cancer. The prepared
formulation was able to encapsulate both drugs with incredible encapsulation efficiency,
and in vitro release studies revealed that the NLC was able to retain the drugs. In vitro
cytotoxicity studies demonstrated that the codelivery of AZT with GEF significantly en-
hanced its cytotoxic activity. Moreover, the encapsulation of both drugs in the NLC was
able to enhance their internalization and cytotoxic activity. However, additional in vivo
studies and clinical trials are still required to confirm the current achievements in animals
and humans.
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