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Abstract: Lung cancer is a dangerous type of cancer in men and the third leading cause of cancer-
related death in women, behind breast and colorectal cancers. Thymoquinone (THQ), a main com-
pound in black seed essential oils, has a variety of beneficial effects, including antiproliferative, anti-
inflammatory, and antioxidant properties. On the other hand, scorpion venom peptides (SV) induce
apoptosis in the cancer cells, making it a promising anticancer agent. THQ, SV, and Phospholipon®
90H (PL) were incorporated in a nano-based delivery platform to assess THQ's cellular uptake and
antiproliferative efficacy against a lung cancer cell line derived from human alveolar epithelial cells
(A549). Several nanovesicles were prepared and optimized using factorial experimental design. The
optimized phytosome formulation contained 79.0 mg of PL and 170.0 mg of SV, with vesicle size
and zeta potential of 209.9 nm and 21.1 mV, respectively. The IC50 values revealed that A549 cells
were significantly more sensitive to the THQ formula than the plain formula and THQ. Cell cycle
analysis revealed that THQ formula treatment resulted in significant cell cycle arrest at the S phase,
increasing cell population in this phase by 22.1%. Furthermore, the THQ formula greatly increased
cell apoptosis (25.17%) when compared to the untreated control (1.76%), plain formula (11.96%), or
THQ alone (13.18%). The results also indicated that treatment with THQ formula significantly in-
creased caspase-3, Bax, Bcl-2, and p53 mRNA expression compared to plain formula and THQ. In
terms of the inflammatory markers, THQ formula significantly reduced the activity of TNF-a and
NF-kB in comparison with the plain formula and THQ only. Overall, the findings from the study
proved that a phytosome formulation of THQ could be a promising therapeutic approach for the
treatment of lung adenocarcinoma.
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1. Introduction

Lung cancer is one of the most serious types of cancer. It is regarded as the greatest
cause of cancer-related morbidity and mortality in men, and the third biggest cause of
cancer-related death in women, trailing only breast and colorectal cancer in this category
[1]. Small-cell carcinoma and non-small-cell carcinoma are the two subtypes. In the United
States, lung adenocarcinoma is the most common type of lung cancer. It is an example of
a non-small-cell lung cancer (NSCLC) with a significant relation to smoking, which con-
tinues to be the leading cause of lung cancer. [2,3]. There are other risk factors that lead to
lung cancer, such as diet, alcohol, and air pollution [4]. There are various types of lung
cancer based on the histology, such as squamous cell carcinoma and bronchioalveolar cell
carcinoma [4]. Patients with lung cancer may receive different therapeutic options accord-
ing to the stage of the disease, including surgery, radiation, chemotherapy, targeted ther-
apy, and immunotherapy. However, current therapeutic interventions have some limita-
tions, such as low safety and tolerability profile. For example, prolonged use of targeted
treatments leads to the development of acquired resistance, and then reducing their effi-
cacy [5].

Black seeds, known scientifically as Nigella sativa from the family Ranunculaceae, are
abundant in beneficial volatile oils. The United States Food and Drug Administration clas-
sifies black seed oil as “Generally Recognized as Safe” [6-8]. Thymoquinone (THQ) is a
monoterpene known as 2-isopropyl-5-methylbenzo-1, 4-quinone, and is one of the major
compounds in the essential oils of Nigella sativa, with other compounds, e.g., p-cymene,
carvacrol, and thymol. THQ has a wide range of beneficial effects, such as antiprolifera-
tive, anti-inflammatory, antioxidant, antimicrobial, anticoagulant, immunomodulatory, and
hepatoprotective effects [6-8]. In terms of cancer treatment, numerous studies have been
undertaken to elucidate the underlying mechanism of action of THQ as an anticancer or
chemopreventive agent in a variety of cancer cell lines and animal models. These studies
revealed that THQ has a variety of important mechanisms of action in cancer treatment,
such as inducing apoptosis in cancer cells by generating reactive oxygen species (ROS),
interfering with DNA structure and synthesis, acting as an immunomodulator, and tar-
geting carcinogenic signaling pathways [9-11]. Nanotechnology-based delivery platforms
have demonstrated promise in the treatment of cancer due to their enhanced permeability
and retention (EPR) properties, which facilitate drug targeting to cancerous cells [12].

Nanovesicles are highly promising systems for the delivery and/or targeting of drugs
that can help overcome poor absorption and bioavailability of phytochemicals by boosting
the penetration through biological barriers [13]. Examples of this include liposome [13],
phytosome [14], and nanostructured lipid carrier (NLC) [15], etc. Nanocarriers have a cru-
cial role in preserving bioactive phytochemicals from oxidation and degradation com-
pared to typical phytochemical delivery, and therefore maintaining and increasing their
long-term benefits and stability [16,17]. The large surface area of nanoparticles aids in the
effective delivery of active substances [18]. The phyto-phospholipid nanovesicle (i.e., phy-
tosome) is composed of plant extract incorporated into phospholipids. In nonpolar sol-
vents, the bioactive herbal extracts’ moiety interacts via H-bonding with the phosphate
group of the phospholipid matrix to form lipid vesicles [19]. The phospholipid moiety of
the phytosomal nanovesicle is similar in structure to the phospholipids that form the cell
membrane (i.e., biological barrier), which can enhance passage through the cell membrane
and increase cellular uptake [20]. The incorporation of poorly soluble phytochemicals into
the phytosomal delivery system has an important effect on the improvement of their ab-
sorption, leading to enhanced penetration and absorption across the biological membrane
and better bioavailability [13,21].
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Scorpion venom (SV) can lead to life-threatening medical issues and even death if
injected into the human body [22]. Public health data state that around 1.5 million scor-
pion envenoming incidents result in 2000-3000 fatalities annually [22,23]. In terms of poi-
sonous scorpions that are dangerous to humans, there are few families that are considered
as harmful, such as the Buthidae family, Scorpionidae family, and Hemiscorpiidae family
[24-26]. Researchers have made significant progress in the creation of more efficient ther-
apies for scorpion envenoming, as well as the identification of a number of SV peptides
with promising therapeutic benefits. Hence, SV may be a rich source of bioactive chemi-
cals that might be used to generate new treatment options for various medical conditions
[27]. SV contains a mixture of compounds that are extremely diverse and heterogeneous.
The most investigated compounds are small SV peptides that gain importance due to their
bioactivity. There are various therapeutic prospects for SV-derived peptides, such as an-
timicrobial activity, anticancer activity, and anti-inflammatory activity [28-30]. Addition-
ally, SV has the potential to be a good cancer treatment agent due to the damage it exerts
on cancer cells by interfering with the cell cycle, serving as a proliferative inhibitor. By
increasing nitric oxide production and caspase-3, as well as depolarizing the mitochon-
drial membrane, it induces apoptosis and aggravates cancer cells [31,32].

In this work, we investigated the effect of using nanovesicles (i.e., phytosomes) as a
delivery platform for THQ and SV in enhancing the cellular uptake and efficacy of THQ
as an antiproliferative against a lung cancer cell line model derived from human alveolar
epithelial cells (A549).

2. Materials and Methods
2.1. Materials

THQ and SV were obtained from Sigma-Aldrich Inc. (St. Louis, MO, USA). Phospho-
lipon® 90H (hydrogenated phosphatidylcholine from soybean origin, content 90%) was
obtained as a gift sample from Lipoid GmbH (Ludwigshafen, Germany). The human tu-
mor cell line adenocarcinomic human alveolar basal epithelial cells (A549) used in this
study were obtained from the VACSERA (Giza, Egypt) cell culture unit, which were orig-
inally acquired from ATCC (Manassas, VA, USA).

2.2. Experimental Design and Optimization of THQ—-PL-SV Phytosomes

32Factorial experimental design was implemented to formulate and optimize THQ-
PL-SV nanovesicles. PL concentration (mg, X1) and SV concentration (mg, X2) were con-
sidered as independent variables, while vesicle size (nm, Y1) and zeta potential (mV, Y2)
were investigated as response parameters. The coded levels of each factor, nominated as
(-1, 0, +1), and their actual values are listed in Table 1. The design yielded 18 formulations,
where the combinations of variables’ levels in each formulation are compiled in Table 2.
Statgraphics software (Statgraphics Technologies, Inc., Warrenton, VA, USA) was used to
statistically analyze the responses data. Model fit statistics were applied for the selection
of the best fitting sequential model (amongst linear, two-factor interaction, or quadratic)
for each response based on the predicted and adjusted determination coefficients (R2). The
equations representing the selected optimal model for both responses were generated.
Analysis of variance (ANOVA) was applied to estimate the significance of the studied
variables on the measured responses and the possible interaction between them at p <0.05.
Three-dimensional and interaction plots were produced to explore the interaction be-
tween the investigated variables.
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Table 1. Independent variable levels and response constraints utilized in the 32 factorial design for

the optimization of THQ-PL-SV phytosomes.

Level
Independent Variables = (e(;;e > 1)
X1: PL concentration (mg) 79 237 395
X2: SV concentration (mg) 34 102 170
Responses Desirability constraint
Y1: Particle size (nm) Minimize
Y2: Zeta potential (mV) Maximize

Abbreviations: THQ, thymoquinone; PL, Phospholipon® 90H; SV, scorpion venom peptide.

Table 2. Combination of independent variables in THQ-PL-SV phytosomes experimental runs, pre-
pared according to 3?2 factorial design, and their corresponding responses.

X1

X2

Y1

Y2

SV Concen- Vesicle Size * Zeta Potential *

Run PL Concentration tration +SD +SD
(mg) (mg) (nm) (mV)
1 79.0 170.0 198.8 +9.8 26.8+74
2 395.0 34.0 388.0+13.6 2.7+4.1
3 395.0 102.0 4124 +24.1 17.7 £ 8.7
4 395.0 170.0 435.6 £19.3 11.8+£4.6
5 79.0 34.0 143.7 + 14.6 44+39
6 79.0 102.0 176.6 £+ 17.9 6.7 +3.7
7 237.0 34.0 212.5+13.5 3.8+4.7
8 237.0 170.0 298.8 +23.3 9.8+5.2
9 237.0 102.0 2745+19.9 79+6.7
10 79.0 170.0 199.7 £ 21.1 27.1+54
11 395.0 34.0 389.7 £ 26.4 29+73
12 395.0 102.0 410.3 +28.7 18.9+5.7
13 395.0 170.0 430.5 +£23.1 11.8+3.4
14 79.0 34.0 145.8 +12.5 41+5.3
15 79.0 102.0 174.6 + 23.8 6.6 +4.3
16 237.0 34.0 214.7 +18.9 3.8+47
17 237.0 170.0 298.4 £22.2 99+5.1
18 237.0 102.0 276.8 +24.3 7.8+3.6

Abbreviations: THQ, thymoquinone; PL, Phospholipon® 90H; SV, scorpion venom peptide; SD,

standard deviation. * Results are presented as mean + SD, n =3.

2.3. Preparation of THQ—-PL-SV Nanovesicles

THQ-PL-SV nanovesicles were prepared using reflux, followed by antisolvent pre-
cipitation, as described before with some modification [33]. Briefly, weighed amounts of
THQ (25 mg) and Phospholipon® 90H in the specified weight (according to the design)
were dissolved in dichloromethane (20 mL). The solution was refluxed at 60 °C, and then
evaporated to obtain a concentrate of about 5 mL. The concentrate was lyophilized for 72
h to obtain the THQ-PL. SV was dissolved in distilled water, utilizing the SV amounts
specified in the design. The SV aqueous solution was used as the hydration medium for
the dried THQ-PL to prepare the THQ-PL-SV nanovesicles that were then stored in air-
tight amber-colored glass containers at 4 °C until further use [34].
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2.3.1. Vesicle Size and Zeta Potential Determination

THQ-PL-SV size and zeta potential were determined by appropriate dilution in dou-
ble-distilled water using a Zetasizer Nano ZSP particle size analyzer instrument (Malvern,
UK). The results were expressed as the average of five determinations. The parameters
were as follows: laser wavelength of 633 nm, scattering angle of 173, temperature of 25 °C,
medium viscosity of 0.8872 cP, and medium refractive index of 1.33.

2.3.2. Optimization of THQ-PL-SV Nanovesicles

To predict the optimized levels of the investigated factors, the desirability function
that amalgamates both responses was calculated. The desired goals were minimizing the
vesicle size and maximizing the absolute zeta potential (Table 1). Nonetheless, the pre-
dicted optimized THQ-PL-SV nanovesicles were prepared for further characterization.

2.4. Fourier-Transform Infrared characterization of the optimized THQ—-PL-SV nanovesicles

The optimized THQ-PL-SV nanovesicles and their formula components, THQ, PL,
and SV spectra, were measured in the range of 4000-400 cm™ using a Fourier-transform
infrared (FTIR) spectrometer (Tensor 37, Bruker, Fremont, CA, USA).

2.5. Cytotoxicity of Optimized THQ-PL-SV

The cytotoxicity efficacy of optimized THQ-PL-SV (THQ Formula) was performed
on the A549 cell line using MTT assay. For this experiment, selected cells were grown in
96-well plates at the density of 5 x 10° cells per well and incubated overnight. After stabi-
lization, cells were treated with Plain PL-SV (Plain Formula), THQ raw (THQ), and THQ-
PL-SV (THQ Formula) and incubated for 24 h. Then, previously treated cells were further
treated with 5.0 mg/mL MTT solution (10 pL), then incubated for 4 h at 37 °C. Addition-
ally, the collected supernatant was dispersed in 100 mL of DMSO to solubilize the forma-
zan crystal. Samples were analyzed employing a microplate reader at 570 nm. Studies
were carried out in triplicate [35].

2.5.1. Cell Cycle Analysis

To analyze the effects of samples on the cell cycle, the flow cytometry method was
utilized. The cells were treated with various sample formulations: PL-SV (Plain Formula),
THQ raw (THQ), and THQ-PL-SV (THQ Formula), and incubated for 24 h. After comple-
tion of incubation, cells were separated by centrifugation and fixed with 70% cold ethanol.
Prior to washing of samples with PBS, samples were again separated by centrifugation.
Separated cells were further stained with propidium iodide and RNAse before starting
flow cytometry analysis [36-38].

2.5.2. Analysis of Apoptosis by Annexin V Staining

In order to analyze the comparative apoptotic activity of PL-SV (Plain Formula),
THQ raw (THQ), and THQ-PL-SV (THQ Formula), the Annexin V method was imple-
mented. For this purpose, selected cells were grown in 6-well plates at the density of 1 x
105 cells per well, then incubated overnight with IC50 concentration of samples for 24 h at
37 °C. All samples were then centrifuged at 200x g for 5 min, and collected cells were
resuspended in PBS at room temperature after dual washing. Further, 10 L. Annexin V
and 5 pL propidium iodide solution supernatant was dispersed in the previously pre-
pared samples and incubated at 25 °C for 5 min. Final samples were analyzed using a flow
cytometer (FACS Calibur, BD Bioscience, California, CA, USA) in triplicate [33,39].

2.5.3. Real-Time Polymerase Chain Reaction (RT-PCR) for Estimation of Bcl-2, Bax, P53,
Caspase 3, and TNF-a

The expression of Bcl-2, Bax, p53, caspase 3, and TNF-a was determined by using RT-
PCR. The PANCI cells were treated with TQ alone, plain formula alone, and TQ formula
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and incubated for the specified period of time. The cell fraction was used for the extraction
of RNA and proceeded for the synthesis of cDNA. Primer for the Bcl-2, Bax, p53, caspase
3, and TNF-a was designed by using Gene Runner software. The prepared samples were
estimated for the expression in triplicate, and the samples were normalized with the help
of B actin [37,40].

2.5.4. Determination of Mitochondrial Membrane Potential (MMP)

ABCAM assay kit (Abcam ,Cambridge, UK) was used for the estimation of MMP. In
a 96-well plate with A549 cell density, 5 x 10° was incubated for 24 h in TQ alone, plain
formula alone, as well as TQ formula being added into the well separately. The resultant
cell mixture was kept in the dark, probe solution (tetramethylrhodamine, methyl ester)

was replaced, and MMP was observed using FACS Caliber, BD Bioscience flow cytometer
[41,42].

2.6. Statistical Analysis

The value was expressed as mean * standard deviation (SD). One-way ANOVA, fol-
lowed by Tukey’s multiple comparison test, was used for statistical analysis, where p-
value < 0.05 was considered as significant.

3. Results
3.1. Experimental Design

In this study, the measured vesicle size and zeta potential data were fitted to the ap-
propriate model. For each response, the predicted R? of the fitting model coincides rea-
sonably with the corresponding adjusted R?, see Table 3. Moreover, the R? for both varia-
bles indicates that the model, as fitted, explains 99.3799% and 66.8896% of the variability
in size and zeta potential, respectively [43,44].

Table 3. Model summary statistics of THQ-PL-SV phytosome responses.

Adjusted R? Standard Error Significant
2 (O
Responses R2 (%) %) of Est. PRESS Terms
Yi: Vesicle size (nm) 99.3799  99.1216 10.2385 102.10 Xi, X2, X2
Y2 ial
’ Zet(;f;f)tema 66.8896  53.0935 5.47816 3.46 e

Abbreviations: THQ, thymoquinone; PL, Phospholipon® 90H; SV, scorpion venom peptide;
PRESS, predicted residual error sum of squares.

3.1.1. Effect of variables on vesicle size (Y1)

The prepared THQ-PL-SV phytosomes showed acceptable vesicle sizes, ranging
from 143.7 to 435.6 nm (Table 2). The vesicle size of the proposed THQ-PL-SV phytosomal
formulation was optimized to minimized value. The model relating the vesicle size to the
studied independent variables indicated the significance of the main effects and the inter-
actions between variables, see Table 3. The equation representing the model for the vesicle
size in terms of coded factors was computed (Equation (1)). Analysis of variance
(ANOVA) revealed that both PL (X1) and SV (X2) amounts exhibited a significant effect on
vesicle size (p <0.0001), see Table 4. In addition, the interaction term (X1X1) was statistically
significant on p value 0.0001; detailed analysis is provided in Table 4. The standardized
pareto chart (Figure 1A), main effects (Figure 1B), 2D contour (Figure 1C), and response
3D-surface (Figure 1D) plots show the influence of PL and SV amounts on the vesicle size.
It was evident that increasing both factors led to an increase in the vesicle size. This ob-
servation is supported by the positive sign of both terms X1 and X2 in the previously
mentioned equation. The results revealed the increase in THQ-PL-SV phytosome vesicle
size with increasing both PL and SV amounts.
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THQ-PL-SV phytosomes vesicle size = 86.4819 + 0.216772 x X1 + 0.853382 x M
X2 +0.0011824 x X172 —0.000239203 x X1 x X2 - 0.00169875 x X2"2

Table 4. Analysis of variance for the vesicle size of THQ-PL-SV phytosomes.

Sumof  Degrees of

Source Mean Square F-Value P-Value
Squares Freedom
A:X1 169782 1 169782. 1619.63 <0.0001
B:X2 11243.7 1 11243.7 107.26 <0.0001
AA 3485.13 1 3485.13 33.25 0.0001
AB 52.8392 1 52.8392 0.50 0.4925
BB 246.804 1 246.804 2.35 0.1532
blocks 0.0102722 1 0.0102722 0.00 0.9923
Total error 1153.1 11 104.828
Total (corr.) 185964. 17
A B
e T a20 | ]
A1 !
370
B:X2
E 320 t ‘1
aa a 270 | 1
BB | 220 EA E
=+
AB I = - 170 | !
.......................... 79 395 34 170
0 10 20 30 a0 50 x1 X2
Standardized effect
C
180 | ' ' -1 size(nm)
150 - ] 100.0
| ) 150.0
120 | 200.0
i ! 250.0
£ o0 300.0
. ] 350.0
60 | 400.0
.
] R ). I, T, P B
0 100 200 300 400
X1

Figure 1. Standardized pareto chart (A), main effects plot (B), contour 2D plot (C), and response 3D plot (D) showing the
effects and interaction between PL and SV amounts on the vesicle size of THQ-PL-SV phytosomes. Abbreviations: THQ,
thymoquinone; PL, Phospholipon® 90H; SV, scorpion venom peptide.

3.1.2. Effect of Variables on Zeta Potential (Y2)

Zeta potential results showed that the prepared THQ-PL-SV phytosomes revealed
positive surface charge ranging from 2.9 + 0.1 to 26.9 + 1.2 mV. The equation representing
the zeta potential in terms of coded factors was computed (Equation (2)). Analysis of var-
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iance (ANOVA) revealed only SV (X2) amounts exhibited a significant effect on zeta po-
tential (p value 0.0022), see Table 5. The effect of SV amount was pronounced as evidenced
by the high coefficient of its linear term (X2) and lowest p-value. Detailed analysis is pro-
vided in Table 5. The standardized pareto chart (Figure 2A), main effects (Figure 2B), 2D
contour (Figure 2C), and response 3D-surface (Figure 2D) plots show the influence of PL
and SV amounts on the zeta potential. The zeta potential increases at higher SV amounts.
This observation is supported by the corresponding positive sign of the term X2 in the
coded equation.

THQ-PL-SV phytosomes zeta potential = 0.04375 — 0.0605222 x X1 +
0.213297 x X2 +0.000185267 x X172 — 0.000318783 x X1 x X2 - 0.00022167 x  (2)
X272

Table 5. Analysis of variance for the zeta potential of THQ-PL-SV phytosomes.

S f D f
Source umo egrees o Mean Square F-Value  P-Value
Squares Freedom
A:X1 8.1675 1 8.1675 0.27 0.6122
B:X2 475.021 1 475.021 15.83 0.0022
AA 85.5625 1 85.5625 2.85 0.1194
AB 93.845 1 93.845 3.13 0.1047
BB 4.2025 1 4.2025 0.14 0.7154
blocks 0.0938889 1 0.0938889 0.00 0.9564
Total error 330.113 11 30.0103
Total (corr.) 997.005 17
A B
’ i y 15 F B
B:X2 | ‘ o d
LI .
é 6 |- / —
A:X1 - g
= + sk i
- >
. 0 — 4 —
0 1 2 3 4 79 395 34 170
Standardized effect X1 X2
C D
1R N s Ty T T O aeiavmtl |I‘Y‘-\I;
] — 50 35
150 | -1.0
1201— ] :z s 2
t 1 E
% sof i E 15}
== )
wl‘: 1 270 &
[ 5
R R T

Figure 2. Standardized pareto chart (A), main effects plot (B), contour 2D plot (C) and response 3D plot (D) showing the
effects and interaction between PL and SV amounts on the zeta potential of THQ-PL-SV phytosomes. Abbreviations:
THQ, thymoquinone; PL, Phospholipon® 90H; SV, scorpion venom peptide.
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Analysis of variance (ANOVA), using sum of squares Type III partial, revealed that
both PL (X1) and SV (X2) amounts exhibited a significant effect on zeta potential, see Table
5. The effect of SV amount was more pronounced than that of PL. amount, as evidenced
by the higher coefficient of its linear term (X2) and lowest p-value.

3.1.3. Optimization of THQ-PL-SV Phytosome Formulation

The optimized levels of PL and SV amounts that could achieve the set goals of mini-
mizing vesicle size and maximizing zeta potential were predicted by a numerical optimi-
zation technique. The multiple response optimization was executed and the optimized
levels of 79.0 mg and 170.0 mg for PL and SV amounts, respectively, are supposed to
achieve the goals upon combination. The measured vesicle size and zeta potential values
of 209.9 nm and 21.1 mV were in good harmony with the predicted values of 203.75 nm
and 20.38 mV. The relatively low percentage error of less than 5% for both responses con-
firm the design suitability and the validity of the optimization technique.

3.2. (FTIR) Characterization of the Optimized THQ-PL-SV Nanovesicles

FTIR data were utilized to investigate the interaction among components of the op-
timized THQ-PL-SV nanovesicles. Results (Figure 3) revealed that FTIR spectrum of THQ
revealed a characteristic absorption band at 3000—2800 cm corresponding to aliphatic C—-
H stretching of the isopropyl and CH3 groups. Moreover, it has an intense band at = 1715
cm! for C=0O stretching. PL spectrum assigned a characteristic C-H stretching signal pre-
sent in the long fatty acid chain at 2925 and 2855 cm™. In addition, a C=O stretching band
at 1738 cm™ in the fatty acid ester, and an ester C-O stretching band at 1245 cm™, a P=O
stretching band at 1236 cm™, a P-O-C stretching band at 1091 cm™, and a -N+(CH3)3
stretching at 970 cm™ were also observed in the spectrum. SV spectra showed a very clear
characteristic band at 3400-3300 cm™', which was attributed to the amino group of amino
acids, and 1620 cm™ due to the amidic C=O group of the peptide backbone. In the spec-
trum of THQ-PL-SV, the tip of the peak around 3400 cm™ has a shift to 3300 cm™ and
becomes wider with increased relative intensity, indicating an enhancement of hydrogen
bonding interactions. Moreover, in THQ-PL-SV spectra, the peaks for N-H bending vi-
bration of amino group at 1600 cm™ and the amide carbonyl stretch at 1650 cm™ dimin-
ished the C=0 peaks of THQ and PL, which indicates involvement of these groups in the
interaction with SV amino and amide groups. Moreover, both bands of THQ and PL be-
fore 3000 cm™ were found to have almost disappeared, indicating a possibility of hydro-
phobic interactions of the two compounds through these aliphatic parts.
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Figure 3. FTIR spectra of THQ, PL, SV, and optimized THQ-PL-SV. Abbreviations: THQ, thymo-
quinone; PL, Phospholipon® 90H; SV, scorpion venom peptide.

3.3. Determination of ICso Values

The cytotoxic activity of the THQ formula was determined by the cell-killing perfor-
mance in the MTT assay on the A549 cell line. As can be seen from Figure 4, the THQ
formula was highly effective in inducing cell death, with an IC50 value of 21.99 pg/mL.
A549 cells were significantly more sensitive to the THQ formula compared to the plain
formula and THQ, as indicated by their IC50 values of 62.74 ug/mL and 124.2 ug/mL,

respectively.
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Figure 4. Representation of the IC50 values of plain formula, THQ, and THQ formula in A549 cells.
# Significantly different from plain formula at p <0.05. $ Significantly different from THQ at p <0.05.
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3.4. Cell Cycle Analysis

Cell cycle distribution analysis was carried out to investigate the potential of the THQ
formulation in hindering the cell cycle progression of A549 cells. As demonstrated in Fig-
ure 5, significant and differential alterations in cell cycle phases were detected when the
cells were treated with the plain formula, THQ, and the THQ formula. In A549 cells, plain
formula significantly increased cell population in GO/G1 phase by 8.2%, while THQ treat-
ment significantly increased the cell population in G2/M phase by 59.4% (Figure 5). Treat-
ment with THQ formula induced significant cell cycle arrest at the S phase, increasing cell
population in this phase by 22.1%. The induced S cell phase arrest was accompanied by a
reciprocal decrease in the cell population in the G2/M phase by 48.9% (Figure 5). Relative
to the control values, exposure of A549 cells to the THQ formula resulted in significant
cell death, as indicated by the 1330% increase in pre-G cell population compared to only
10.4% and 90.9% increase associated with the plain formula and THQ.
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Figure 5. Flow cytometric analysis of control (A), plain formula (B), THQ (C), and THQ formula (D)
treated cells and the percentages of cells in the G1, S, and G2/M phases of the cell cycle (E). * Signif-
icantly different from control at p < 0.05, # significantly different from plain formula at p < 0.05. $
Significantly different from THQ at p <0.05.
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3.5. Apoptotic Assessment Using Annexin V

The induction of apoptosis (early, late, and total) and necrosis was also assessed to
examine the apoptotic potential of the THQ formula. It can be seen from Figure 6 that
exposure of THQ within the novel formulation significantly induced apoptosis (25.17%),
as shown in Figure 6D, when compared to the untreated control (1.76%) (Figure 6A), plain
formula (11.96%) (Figure 6B), or THQ (13.18%) (Figure 6C). Additionally, significant ne-
crotic cell death was observed following treatment with the plain formula, THQ, and the
THQ formula, when compared to the necrosis in control cells, as shown in Figure 6E.
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Figure 6. Assessment of A549 cell death in control (A), plain formula (B), THQ (C), and THQ for-
mula (D) treated cells and the percentages of cells in early, late, and total cell death (E) following
Annexin V staining. * Significantly different from control at p < 0.05. # Significantly different from
plain formula at p < 0.05. $ Significantly different from THQ at p < 0.05.
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3.6. Assessment of mRNA Expression of Caspase-3, Bax, Bcl-2, and P53

The apoptotic potential of the THQ formula was also explored by assessing the
mRNA expression of Bax, Bcl-2, caspase-3, and p53 in A549cells. As demonstrated in Fig-
ure 7A, the mRNA expression of Bax was significantly increased by 261.9% following
treatment with the THQ formula. Treatment with this formula caused a twofold and
threefold increase in Bax mRNA expression relative to the increase induced by the plain
formula and THQ, respectively. In contrast to the increase observed with Bax mRNA lev-
els, treatment with plain formula and THQ formula was associated with a 36.4% and
62.5% decrease in the mRNA expression of Bcl-2, respectively (Figure 7B). Yet, treatment
with THQ did not induce a notable decrease in Bcl-2 mRNA expression. Figure 7C shows
the analysis of caspase-3 levels, where significant enhancement in caspase-3 content was
detected in the THQ-formula-treated A549 cells. Relative to control values, the increase in
caspase-3 was about 264.1%, compared to the increase of 181.5% and 80% induced by the
plain formula and THQ), respectively. The mRNA expression levels of p53 were also as-
sessed to investigate its role in apoptosis induced by the THQ formula. As can be seen
from Figure 7D, treatment of A549 cells with the THQ formula led approximately to an
increase of 64.2% and 132.8% in the mRNA expression of p53 relative to the values in-
duced by the plain formula and THQ), respectively.
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Figure 7. Effect of the THQ formula on mRNA expression of (A) Bax, (B) Bcl-2, (C) caspase-3, and (D) p53. Data are pre-
sented as mean + SD (n = 3). #: Significantly different from plain formula at p < 0.05. $: Significantly different from THQ at

p <0.05.

3.7. MMP Assessment

The following set of experiments was carried out to investigate whether mitochon-
drial events contribute to apoptosis induced by the THQ formula. As Figure 8 shows, a
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Fold change

significant loss of MMP was only detected in cells treated with the THQ formula. In con-
trast, treatment with the plain formula and THQ did not result in any significant MMP

changes.
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Figure 8. Effect of the THQ formula on mitochondrial membrane potential (MMP) in A549 cells.
Data presented in bar charts are mean + SD (1 = 3). *, #, or $: Statistically different from control, plain
formula, or THQ, respectively at p < 0.05.

3.8. Assessment of Inflammatory Markers

The anti-inflammatory activity of the THQ formula was also assessed based on the
mRNA expression of TNF-a and the activity of NF-kB in A549 cells. Figure 9A shows that
treatment with the THQ formula significantly reduced the expression of TNF-a by 23.6%
relative to the control values. In contrast to the THQ formula, no significant changes were
detected in cells treated with the plain formula, while THQ induced an increase in the
mRNA expression of TNF-a. Similarly, NF-«B activity was decreased by 55.7% relative to
the control when the cells were treated with the THQ formula (Figure 9B). Yet, treatment
with the plain formula and THQ only inhibited NF-«xB activation by 35.3% and 16.3%,

respectively.
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Figure 9. Effect of the THQ formula on the mRNA expression of TNF-a (A) and the activation of NF-kB (B) in A549 cells.
Data presented in bar charts are mean + SD (n = 3). # or $: Statistically different from plain formula or THQ, respectively
at p <0.05.
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4. Discussion

Recognizing the variables that might have an impact on the nanoparticulate system
characteristics is essential. Factorial design offers a privilege concerning this issue, as it
possesses the ability to analyze the influence of different factors concurrently. Recently, a
focus on the use of lipidic vesicular systems for cancer therapy has emerged. A particle
size less than 400 nm was reported to be appropriate for preferential distribution within
solid cancerous masses [45,46]. The prepared THQ-PL-SV phytosomes showed accepta-
ble vesicle sizes ranging from 143.7 to 435.6 nm (Table 2). However, the favored buildup
of nanovesicular systems within tumors and the consequent therapeutic effectiveness
might be opposed by inefficacious permeation that could be attributed to pathological
conditions developed by malignancy [47]. Minimizing vesicle size could result in boosting
tumor penetration via extending the surface area available for permeation [48]. Therefore,
the vesicle size of the proposed THQ-PL-SV phytosomal formulation was optimized to
minimized value. The increase in size with increasing PL amount coincides appropriately
with the previously reported pattern for vesicular systems size [49-51]. For example,
Alhakamy et al. [33] reported higher icariin phytosome vesicular size with higher icariin
to PL molar ratio. In addition, the increase in size at higher SV amounts could be explained
on the basis of the positive charge of the SV peptides. Accordingly, at higher SV amounts,
there is an increased induced repulsion between phospholipid vesicular bilayer by the
increased positive charge. This increase in spacing is caused by propelling the phospho-
lipid polar heads, resulting in size increase. Previous studies have also reported higher
size of cationic vesicular systems relative to neutral ones [52,53]. Zeta potential gives a
quantitative estimate for the surface charge of the nanoparticulate systems. Cationic nan-
ovesicles are reported to have pronounced penetration and consequent retention in can-
cerous tissue and vasculature in comparison to neighboring tissues [54-56]. Therefore,
scorpion venom was used as a positive charge inducer for surface functionalization of the
proposed phytosomes. All the prepared THQ-PL-SV phytosomes showed positive sur-
face charge. The pronounced effect of SV amount on the zeta potential could be explained
on the basis of the cationic charge on the scorpion venom peptides and, consequently, its
role in imparting a positive charge to the phytosomal surface [57,58].

THQ exerts its antiproliferative effects via induction of apoptosis and cell cycle arrest.
Similar cytotoxic effects were also observed with SV; therefore, it would be a good candi-
date to improve the activity of THQ against lung cancer [59,60]. The novel THQ formula
developed in this study showed significant cytotoxicity against the A549 lung cancer cells.
This novel formula significantly decreased the IC50 of THQ by more than 82%, indicating
that the PL-SV phytosomes act as an effective delivery system for THQ.

These results are consistent with the cytotoxic activity of THQ in human lung cancer
cell lines [61]. The improved cytostatic activity of THQ formula could be attributed to the
enhanced permeability of the novel formulation. Free THQ is passively transported across
the cell membrane, whereas THQ incorporated into the novel phytosomes appears to be
internalized via endocytosis. Furthermore, phytosomes are known to facilitate the deliv-
ery of amphiphilic agents across the lipid-rich bio-membrane of cells, hence increasing
their intracellular concentrations [62,63].

The apoptotic activity of THQ, when incorporated with PL-SV phytosomes, was
found to be significantly enhanced relative to the plain formula and free THQ. It appears
that THQ phytosomes differentially affected cell population in the different phases of the
cell cycle. This novel nanocarrier platform loaded with THQ increased the percentage of
cells in the S and pre-G1 phases, while decreasing the population of cells in the G2-M
phase. G1-phase arrest of cell cycle progression highlights the apoptotic potential of the
novel THQ formulation developed in this study. In accordance with these findings, it has
been previously shown that THQ treatment induces apoptosis in human lung adenocar-
cinoma cells [64]. Yet, the phytosomal delivery of THQ has improved the apoptotic activ-
ity of THQ significantly higher than the levels associated with the free drug. The increased
apoptotic activity of the THQ formula might be due to enhanced membrane penetration
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capacity of THQ. This is in agreement with reports in the literature showing that structural
modifications of THQ to enhance its cellular internalization resulted in apoptosis and cell
cycle arrest in the S-phase colorectal cancer cells [65]. In addition, we found that THQ
significantly increased the population of cells in the pre-G phase, which is consistent with
other reports in the literature [66]. These findings were confirmed by apoptosis analysis us-
ing Annexin V, where the novel THQ formula was found to significantly increase early, late,
and total cell death. This is in agreement with previous findings in the literature highlight-
ing the importance of apoptosis in the antiproliferative properties of THQ [67]. This in-
crease in apoptosis associated with the THQ formula could be due to the lipophilic nature
of the phytosomes, which can confer improved delivery of THQ to its site of action [68].

THQ phytosomes also significantly increased the mRNA expression of caspase-3,
which is consistent with reports in the literature highlighting the potential of THQ to up-
regulate cellular caspase-3 activity [69]. It is also known that phytosomes augment the
targeting and proapoptotic activity of active drugs, including their effects on cleaved
caspase-3 content in A543 cells. This was further substantiated by our findings showing a
significant increase in the mRNA expression of Bax and a decrease in the mRNA expres-
sion of Bcl-2 following treatment of A543 cells with the THQ formula. Treatment with the
THQ formula also upregulated the mRNA expression of the tumor suppressor p53. These
reciprocal changes in the expression of p53 and the Bcl2 family of proteins are known to
induce apoptosis and cell cycle arrest in stressed cells [70-72].

Treatment with novel formula was also found to significantly disrupt the MMP, in-
dicating enhanced permeability of the mitochondrial membrane, which is a characteristic
feature in apoptosis [42,73]. This induction of p53-dependent apoptosis associated with
the THQ formula appears to involve the downregulation of BCL-2 and the upregulation
of the apoptotic regulator Bax, which ultimately results in the activation of caspase-3 due
to the loss of mitochondrial membrane integrity [74]. In addition, the THQ formula ex-
erted anti-inflammatory effects, as it was found to reduce TNF-a mRNA expression and
NF-kB activation. This anti-inflammatory response could be due to the induction of apop-
tosis by the THQ formula. Apoptotic cells generally trigger anti-inflammatory signaling
pathways that eventually result in the inhibition of TNF-a and NF-«B [75,76].

5. Conclusions

In the present study, 32 factorial experimental design was implemented to formulate
and optimize THQ-PL-SV phytosomes. Prepared formulae exhibited nano-size and high
zeta potential. The optimized THQ-PL-SV phytosomes indicated that treatment with
THQ formula significantly increased caspase-3, Bax, Bcl-2, and p53 mRNA expression
compared to plain formula and THQ. In terms of the inflammatory markers, THQ formula
significantly reduced the activity of TNF-a and NF-xB in comparison with the plain for-
mula and THQ only. Overall, the findings from the study proved that a phytosome for-
mulation of THQ could be a promising therapeutic approach for the treatment of lung
adenocarcinoma.

Author Contributions: Conceptualization, HZ.A,, U.AF.,, W.S.A,, and N.A.A.; methodology,
AM.A., AJ.A,ST,RAM,, and R.D.; software, A.B.; validation, A.A.A., S.A.Z., and O.A.A.A.; for-
mal analysis, UM.O.; investigation, R.A.M.; resources, R.D. and N.A.A.; data curation, HZ.A.,
U.AF., and W.S.A,; writing—original draft preparation, H.Z.A.; writing—review and editing,
AM.A, AJ.A, and S.T,; visualization, S.A.Z., A.A.A., and A.B.; supervision, H.Z.A.; project admin-
istration, U.A.F., UM.O., and O.A.A.A; funding acquisition, R.D. and N.A.A. All authors have read
and agreed to the published version of the manuscript.

Funding: Funding: This project was funded by the Deanship of Scientific Research (DSR) at King
Abdulaziz University, Jeddah, under grant no. (RG-2-166-42). The authors, therefore, acknowledge
with thanks DSR for technical and financial support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Pharmaceutics 2021, 13, 2144 17 of 19

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-
script, or in the decision to publish the results.

References

1.  Sung, H,;Ferlay, ]; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer ]. Clin. 2021, 71, 209-249.

2. Bernhardt, E.B.; Jalal, S.I. Small cell lung cancer. In Cancer Treatment and Research; Cancer Treat Res, Springer, NY USA, 2016;
Volume 170, pp. 301-322.

3. Li, C;Lu, H. Adenosquamous carcinoma of the lung. Onco. Targets. Ther. 2018, 11, 4829-4835.

4.  Collins, L.G.; Haines, C.; Perkel, R.; Enck, R.E. Lung Cancer: Diagnosis and Management. Am. Fam. Physician 2007, 75, 56-63.

5. Daga, A.; Ansari, A.; Patel, S.; Mirza, S.; Rawal, R.; Umrania, V. Current drugs and drug targets in non-small cell lung cancer:
Limitations and opportunities. Asian Pac. ]. Cancer Prev. 2015, 16, 4147-4156.

6.  Khader, M,; Eckl, P.M. Thymoquinone: An emerging natural drug with a wide range of medical applications. Iran. ]. Basic Med.
Sci. 2014, 17, 950-957.

7. Badary, O.A.; Hamza, M.S.; Tikamdas, R. Thymoquinone: A promising natural compound with potential benefits for COVID-
19 prevention and cure. Drug Des. Devel. Ther. 2021, 15, 1819-1833.

8.  Goyal, S.N,; Prajapati, C.P.; Gore, P.R; Patil, C.R.; Mahajan, U.B.; Sharma, C.; Talla, S.P.; Ojha, S.K. Therapeutic potential and
pharmaceutical development of thymoquinone: A multitargeted molecule of natural origin. Front. Pharmacol. 2017, 8, 656.

9.  Gurung, RL,; Lim, S.N.; Khaw, A K,; Soon, J.E.F.; Shenoy, K.; Ali, S.M.; Jayapal, M.; Sethu, S.; Baskar, R.; Prakash Hande, M.
Thymoquinone induces telomere shortening, DNA damage and apoptosis in human glioblastoma cells. PLoS ONE 2010, 5,
el2124.

10. Rajput, S.; Kumar, B.N.N.P,; Dey, KK,; Pal, L; Parekh, A.; Mandal, M. Molecular targeting of Akt by thymoquinone promotes
G1 arrest through translation inhibition of cyclin D1 and induces apoptosis in breast cancer cells. Life Sci. 2013, 93, 783-790.

11.  Salim, L.Z.A.; Mohan, S.; Othman, R.; Abdelwahab, S.I.; Kamalidehghan, B.; Sheikh, B.Y.; Ibrahim, M.Y. Thymoquinone induces
mitochondria-mediated apoptosis in acute lymphoblastic leukaemia in vitro. Molecules 2013, 18, 11219-11240.

12.  Ibrahim, W.N.; Rosli, L.M.B.M.; Doolaanea, A.A. Formulation, cellular uptake and cytotoxicity of thymoquinone-loaded plga
nanoparticles in malignant melanoma cancer cells. Int. . Nanomed. 2020, 15, 8059-8074.

13. Alharbi, W.S.; Almughem, F.A.; Almehmady, A.M,; Jarallah, S.J.; Alsharif, W.K.; Alzahrani, N.M.; Alshehri, A.A. Phytosomes
as an emerging nanotechnology platform for the topical delivery of bioactive phytochemicals. Pharmaceutics 2021, 13, 1475.

14. Saraf, S.; Khan, J.; Alexander, A.; Ajazuddin; Saraf, S. Recent advances and future prospects of phyto-phospholipid
complexation technique for improving pharmacokinetic profile of plant actives. J. Control. Release 2013, 168, 50-60.

15. Elmowafy, M.; Samy, A.; Raslan, M.A.; Salama, A.; Said, R.A.; Abdelaziz, A.E.; El-Eraky, W.; El Awdan, S.; Viitala, T.
Enhancement of Bioavailability and Pharmacodynamic Effects of Thymoquinone Via Nanostructured Lipid Carrier (NLC)
Formulation. AAPS PharmSciTech 2016, 17, 663—672.

16. Li, Z; Jiang, H.; Xu, C,; Gu, L. A review: Using nanoparticles to enhance absorption and bioavailability of phenolic
phytochemicals. Food Hydrocoll. 2015, 43, 153-164.

17.  Aqil, F.; Munagala, R.; Jeyabalan, J.; Vadhanam, M.V. Bioavailability of phytochemicals and its enhancement by drug delivery
systems. Cancer Lett. 2013, 334, 133-141.

18. Rizvi, S.A.A.; Saleh, A.M. Applications of nanoparticle systems in drug delivery technology. Saudi Pharm. ]. 2018, 26, 64-70.

19. Shakeri, A.; Sahebkar, A. Opinion Paper: Phytosome: A Fatty Solution for Efficient Formulation of Phytopharmaceuticals. Recent
Pat. Drug Deliv. Formul. 2016, 10, 7-10.

20. Batzri, S.; Korn, E.D. Interaction of phospholipid vesicles with cells: Endocytosis and fusion as alternate mechanisms for the
uptake of lipid-soluble and water-soluble molecules. J. Cell Biol. 1975, 66, 621-634.

21. Yang, B; Dong, Y.; Wang, F.; Zhang, Y. Nanoformulations to enhance the bioavailability and physiological functions of
polyphenols. Molecules 2020, 25, 4613.

22.  Ahmadi, S.; Knerr, ].M.; Argemi, L.; Bordon, K.C.F.; Pucca, M.B.; Cerni, F.A.; Arantes, E.C.; Caliskan, F.; Laustsen, A.H. Scorpion
venom: Detriments and benefits. Biomedicines 2020, 8, 118.

23. Chippaux, ].P.; Goyffon, M. Epidemiology of scorpionism: A global appraisal. Acta Trop. 2008, 107, 71-79.

24. Laustsen, A.H.; Sola, M.; Jappe, E.C.; Oscoz, S.; Lauridsen, L.P.; Engmark, M. Biotechnological trends in spider and scorpion
antivenom development. Toxins 2016, 8, 226.

25. Hauke, T.J.; Herzig, V. Dangerous arachnids —Fake news or reality? Toxicon 2017, 138, 173-183.

26. Lourengo, W.R. The evolution and distribution of noxious species of scorpions (Arachnida: Scorpiones). J. Venom. Anim. Toxins
Incl. Trop. Dis. 2018, 24, 1.

27. Petricevich, V.L. Scorpion venom and the inflammatory response. Mediat. Inflamm. 2010, 2010, 903295.

28. King, G.F. Venoms as a platform for human drugs: Translating toxins into therapeutics. Expert Opin. Biol. Ther. 2011, 11, 1469-

1484.



Pharmaceutics 2021, 13, 2144 18 of 19

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Pennington, M.W.; Czerwinski, A.; Norton, R.S. Peptide therapeutics from venom: Current status and potential. Bioorganic Med.
Chem. 2018, 26, 2738-2758.

Robinson, S.D.; Vetter, I. Pharmacology and therapeutic potential of venom peptides. Biochem. Pharmacol. 2020, 181, 114207.
Rap6so, C. Scorpion and spider venoms in cancer treatment: State of the art, challenges, and perspectives. . Clin. Transl. Res.
2017, 3, 233-249.

Di Lorenzo, L.; Chiara, P.; Antonio, C.; Calogero, F. Cancer pain managment with a venom of blue scorpion endemic in Cuba,
called rhopalurus junceus “escozul.” Open Cancer J. 2012, 5, 1-2.

Alhakamy, N.A.; Fahmy, U.A,; Badr-Eldin, S.M.; Ahmed, O.A.A.; Asfour, H.Z.; Aldawsari, HM.; Algandaby, M.M,; Eid, B.G,;
Abdel-Naim, A.B.; Awan, Z.A,; et al. Optimized icariin phytosomes exhibit enhanced cytotoxicity and apoptosis-inducing
activities in ovarian cancer cells. Pharmaceutics 2020, 12, 346.

Mitié; Z; Stolié; A; Stojanovi¢; S; Najman, S.; Ignjatovi¢; N; Nikoli¢; G; Trajanovic. Instrumental methods and techniques
for structural and physicochemical characterization of biomaterials and bone tissue: A review. Mater. Sci. Eng. 2017, 79, 930-949
Alhakamy, N.A.; Ahmed, O.A.A.; Fahmy, U.A,; Md, S. Development and in vitro evaluation of 2-methoxyestradiol loaded
polymeric micelles for enhancing anticancer activities in prostate cancer. Polymers 2021, 13, 884.

Luna-Vital, D.A.; Gonzalez de Mejia, E.; Loarca-Pina, G. Selective mechanism of action of dietary peptides from common bean
on HCT116 human colorectal cancer cells through loss of mitochondrial membrane potential and DNA damage. ]. Funct. Foods
2016, 23, 24-39.

Alhakamy, N.A.; Badr-Eldin, S.M.; Ahmed, O.A.A.; Asfour, H.Z.; Aldawsari, H.M.; Algandaby, M.M.; Eid, B.G.; Abdel-Naim,
A.B.; Awan, Z.A; Alghaith, A.F.; et al. Piceatannol-loaded emulsomes exhibit enhanced cytostatic and apoptotic activities in
colon cancer cells. Antioxidants 2020, 9, 419.

Awan, Z.A; Fahmy, U.A,; Badr-eldin, S.M.; Ibrahim, T.S.; Asfour, H.Z.; Al-rabia, M.W.; Alfarsi, A.; Alhakamy, N.A.; Abdulaal,
W.H.; Sadoun, H. Al; et al. The enhanced cytotoxic and pro-apoptotic effects of optimized simvastatin-loaded emulsomes on
MCE-7 breast cancer cells. Pharmaceutics 2020, 12, 597.

Ascenso, A.; Pedrosa, T.; Pinho, S.; Pinho, F.; Oliveira, ] M.P.F. de; Cabral Marques, H.; Oliveira, H.; Simdes, S.; Santos, C. The
Effect of Lycopene Preexposure on UV-B-Irradiated Human Keratinocytes. Oxid. Med. Cell. Longev. 2016, 2016, 1-15.
Alhakamy, N.A.; Ahmed, O.A.A.,; Fahmy, U.A.; Shadab, M. Apamin-conjugated alendronate sodium nanocomplex for
management of pancreatic cancer. Pharmaceuticals 2021, 14, 729.

Hussain, S. Measurement of Nanoparticle-Induced Mitochondrial Membrane Potential Alterations. In Nanotoxicity. Methods in
Molecular Biology; Zhang, Q., Ed.; Humana Press: New York, NY, USA, 2019; Volume 1894, pp. 123-131.

Xue, Y.; Chen, Q.; Ding, T.; Sun, J. SiO, nanoparticle-induced impairment of mitochondrial energy metabolism in hepatocytes
directly and through a Kupffer cell-mediated pathway in vitro. Int. ]. Nanomed. 2014, 9, 2891-2903.

Al-Mahallawi, A.M.; Abdelbary, A.A.; Aburahma, M.H. Investigating the potential of employing bilosomes as a novel vesicular
carrier for transdermal delivery of tenoxicam. Int. ]. Pharm. 2015, 485, 329-340.

Aldawsari, H.M.; Badr-Eldin, S.M. Enhanced pharmacokinetic performance of dapoxetine hydrochloride via the formulation
of instantly-dissolving buccal films with acidic pH modifier and hydrophilic cyclodextrin: Factorial analysis, in vitro and in
vivo assessment. |. Adv. Res. 2020, 24, 281-290.

Sharma, S.; Shukla, P.; Misra, A.; Mishra, P.R. Interfacial and colloidal properties of emulsified systems: Pharmaceutical and
biological perspective. Pharmaceutical and biological perspective. In Colloid and Interface Science in Pharmaceutical Research and
Development; Elsevier: Amsterdam, The Netherlands, 2014; pp. 149-172, ISBN 9780444626080.

Yingchoncharoen, P.; Kalinowski, D.S.; Richardson, D.R. Lipid-based drug delivery systems in cancer therapy: What is available
and what is yet to come. Pharmacol. Rev. 2016, 68, 701-787.

Zhang, Y.R,; Lin, R;; Li, H.].; He, W. ling; Du, ].Z.; Wang, ]. Strategies to improve tumor penetration of nanomedicines through
nanoparticle design. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2019, 11, e1519.

Badr-Eldin, S.M.; Aldawsari, HM.; Ahmed, O.A.A.; Alhakamy, N.A.; Neamatallah, T.; Okbazghi, S.Z.; Fahmy, U.A. Optimized
semisolid self-nanoemulsifying system based on glyceryl behenate: A potential nanoplatform for enhancing antitumor activity
of raloxifene hydrochloride in MCF-7 human breast cancer cells. Int. |. Pharm. 2021, 600, 120493.

Saoji, S.D.; Raut, N.A.; Dhore, P.W.; Borkar, C.D.; Popielarczyk, M.; Dave, V.S. Preparation and Evaluation of Phospholipid-
Based Complex of Standardized Centella Extract (SCE) for the Enhanced Delivery of Phytoconstituents. AAPS ]. 2016, 18, 102-
114.

Ahmed, O.A.A.; Badr-Eldin, S.M. Development of an optimized avanafil-loaded invasomal transdermal film: Ex vivo skin
permeation and in vivo evaluation. Int. |. Pharm. 2019, 570, 118657.

Dubey, V.; Mishra, D.; Dutta, T.; Nahar, M.; Saraf, D.K.; Jain, N.K. Dermal and transdermal delivery of an anti-psoriatic agent
via ethanolic liposomes. . Control. Release 2007, 123, 148-154.

Narayan, R.; Singh, M.; Ranjan, O.P.; Nayak, Y.; Garg, S.; Shavi, G.V.; Nayak, U.Y. Development of risperidone liposomes for
brain targeting through intranasal route. Life Sci. 2016, 163, 38-45.

Mehanna, M.M.; El-Kader, N.A.; Samaha, M.W. Liposomes as potential carriers for ketorolac ophthalmic delivery: Formulation
and stability issues. Braz. J. Pharm. Sci. 2017, 53, 1-10.

Krasnici, S.; Werner, A.; Eichhorn, M.E.; Schmitt-Sody, M.; Pahernik, S.A.; Sauer, B.; Schulze, B.; Teifel, M.; Michaelis, U.;
Naujoks, K.; et al. Effect of the surface charge of liposomes on their uptake by angiogenic tumor vessels. Int. . Cancer 2003, 105,
561-567.



Pharmaceutics 2021, 13, 2144 19 of 19

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

Wang, HX,; Zuo, Z.Q.; Du, ].Z,; Wang, Y.C.; Sun, R;; Cao, Z.T.; Ye, X.D.; Wang, J.L.; Leong, KW.; Wang, J. Surface charge
critically affects tumor penetration and therapeutic efficacy of cancer nanomedicines. Nano Today 2016, 11, 133-144.

Saadat, M.; Zahednezhad, F.; Zakeri-Milani, P.; Heidari, H.R.; Shahbazi-Mojarrad, J.; Valizadeh, H. Drug targeting strategies
based on charge dependent uptake of nanoparticles into cancer cells. J. Pharm. Pharm. Sci. 2019, 22, 191-220.

Liu, G.; Yang, F,; Li, F,; Li, Z.; Lang, Y.; Shen, B.; Wu, Y.; Li, W.; Harrison, P.L.; Strong, P.N.; et al. Therapeutic potential of a
scorpion venom-derived antimicrobial peptide and its homologs against antibiotic-resistant Gram-positive bacteria. Front.
Microbiol. 2018, 9, 1159.

Ortiz, E.; Gurrola, G.B.; Schwartz, E.F.; Possani, L.D. Scorpion venom components as potential candidates for drug development.
Toxicon 2015, 93, 125-135.

Al-Asmari, A.K.; Riyasdeen, A.; Islam, M. Scorpion Venom Causes Apoptosis by Increasing Reactive Oxygen Species and Cell
Cycle Arrest in MDA-MB-231 and HCT-8 Cancer Cell Lines. J. Evid. -Based Integr. Med. 2018, 23, 23.

Banerjee, S.; Padhye, S.; Azmi, A.; Wang, Z.; Philip, P.A.; Kucuk, O.; Sarkar, F.H.; Mohammad, R.M. Review on molecular and
therapeutic potential of thymoquinone in cancer. Nutr. Cancer 2010, 62, 938-946.

Cheng, H.; Wang, L.; Mollica, M.; Re, A.T.; Wu, S.; Zuo, L. Nitric oxide in cancer metastasis. Cancer Lett. 2014, 353, 1-7.

Fahmy, U.A,; Badr-Eldin, S.M.; Ahmed, O.A.A.; Aldawsari, HM.; Tima, S.; Asfour, H.Z.; Al-Rabia, M.W.; Negm, A.A.; Sultan,
M.H.; Madkhali, O.A.A.; et al. Intranasal niosomal in situ gel as a promising approach for enhancing flibanserin bioavailability
and brain delivery: In vitro optimization and ex vivo/in vivo evaluation. Pharmaceutics 2020, 12, 485.

Ahmed, O.A.A,; Fahmy, U.A,; Bakhaidar, R.; EI-Moselhy, M.A.; Okbazghi, S.Z.; Ahmed, A.S.F.; Hammad, A.S.A.; Alhakamy,
N.A. Omega-3 self-nanoemulsion role in gastroprotection against indomethacin-induced gastric injury in rats. Pharmaceutics
2020, 12, 140.

Samarghandian, S.; Azimi-Nezhad, M.; Farkhondeh, T. Thymoquinone-induced antitumor and apoptosis in human lung
adenocarcinoma cells. . Cell. Physiol. 2019, 234, 10421-10431.

Wirries, A,; Breyer, S.; Quint, K.; Schobert, R.; Ocker, M. Thymoquinone hydrazone derivatives cause cell cycle arrest in p53-
competent colorectal cancer cells. Exp. Ther. Med. 2010, 1, 369-375.

Czarnomysy, R.; Surazynski, A.; Muszynska, A.; Gornowicz, A.; Bielawska, A.; Bielawski, K. A novel series of pyrazole-
platinum(Il) complexes as potential anti-cancer agents that induce cell cycle arrest and apoptosis in breast cancer cells. |. Enzym.
Inhib. Med. Chem. 2018, 33, 1006-1023.

Park, EJ.; Chauhan, A.K,; Min, K.J.; Park, D.C.; Kwon, T.K. Thymoquinone induces apoptosis through downregulation of c-
FLIP and Bcl-2 in Renal carcinoma Caki cells. Oncol. Rep. 2016, 36, 2261-2267.

Gali-Mubhtasib, H.U.; Abou Kheir, W.G.; Kheir, L.A.; Darwiche, N.; Crooks, P.A. Molecular pathway for thymoquinone-induced
cell-cycle arrest and apoptosis in neoplastic keratinocytes. Anticancer. Drugs 2004, 15, 389-399.

Alhakamy, N.A ; Badr-Eldin, S.M.; Fahmy, U.A.; Alruwaili, N.K.; Awan, Z.A.; Caruso, G.; Alfaleh, M.A; Alaofi, A.L.; Arif, F.O,;
Ahmed, O.A.A.; et al. Thymoquinone-loaded soy-phospholipid-based phytosomes exhibit anticancer potential against human
lung cancer cells. Pharmaceutics 2020, 12, 761.

Naseri, M.H.; Mahdavi, M.; Davoodj, J.; Tackallou, H.S.; Goudarzvand, M.; Neishabouri, S.H. Up regulation of Bax and down
regulation of Bcl2 during 3-NC mediated apoptosis in human cancer cells. Cancer Cell Int. 2015, 15, 55.

Wong, V.C.L.; Cash, HL.; Morse, ]J.L.; Lu, S.; Zhitkovich, A. S-phase sensing of DNA-protein crosslinks triggers TopBP1-
independent ATR activation and p53-mediated cell death by formaldehyde. Cell Cycle 2012, 11, 2526-2537.

Wang, B.; Xiao, Z.; Ko, H.L.; Ren, E.C. The p53 response element and transcriptional repression. Cell Cycle 2010, 9, 870-879.
Costantini, P.; Jacotot, E.; Decaudin, D.; Kroemer, G. Mitochondrion as a Novel Target of Anticancer Chemotherapy. [NCI .
Natl. Cancer Inst. 2000, 92, 1042-1053.

Aggarwal, V.; Tuli, H.S.; Varol, A.; Thakral, F.; Yerer, M.B.; Sak, K.; Varol, M.; Jain, A.; Khan, M.A.; Sethi, G. Role of reactive
oxygen species in cancer progression: Molecular mechanisms and recent advancements. Biomolecules 2019, 9, 735.

Szondy, Z.; Sarang, Z.; Kiss, B.; Garabuczi, E.; Kéroskényi, K. Anti-inflammatory mechanisms triggered by apoptotic cells
during their clearance. Front. Immunol. 2017, 8, 909.

Cvetanovic, M.; Ucker, D.S. Innate Immune Discrimination of Apoptotic Cells: Repression of Proinflammatory Macrophage
Transcription Is Coupled Directly to Specific Recognition. J. Immunol. 2004, 172, 880-889.



