International Journal of Nanomedicine

Dove

ORIGINAL RESEARCH

Anticancer Activity of Thymoquinone Cubic Phase
Nanoparticles Against Human Breast Cancer:
Formulation, Cytotoxicity and Subcellular

Localization

Mohammed M Mehanna(®'2*

Rana Sarieddine®*
Jana K Alwattar?
Racha Chouaib®

Hala Gali-Muhtasib (°

'Department of Industrial Pharmacy,
Faculty of Pharmacy, Alexandria
University, Alexandria, Egypt;
2Department of Pharmaceutical
Technology, Faculty of Pharmacy, Beirut
Arab University, Beirut, Lebanon;
3Department of Biology, Faculty of Arts
and Sciences, American University of
Beirut, Beirut, Lebanon

*These authors contributed equally to
this work

Correspondence: Hala Gali-Muhtasib
Department of Biology, Faculty of Arts
and Sciences, American University of
Beirut, Riad El Solh, Beirut 1107 2020,
Lebanon

Email amro@aub.edu.lb

Jana K Alwattar

Department of Pharmaceutical
Technology, Faculty of Pharmacy, Beirut
Arab University, Riad El Solh, Beirut 1107
2020, Lebanon

Email janawattar@gmail.com

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Introduction: Triple negative breast cancer is an aggressive disorder which accounts for at
least 15% of breast cancer diagnosis and a high percentage of breast cancer morbidity, hence
intensive research efforts are focused on the development of effective therapies to overcome
the disease. Thymoquinone (TQ), the bioactive constituent of Nigella sativa, exhibits antic-
ancer activity, yet its translation to the clinic is hindered by its poor bioavailability and lack
of quantification method in blood and tissues. To overcome these limitations, cubosomes
were utilized for the encapsulation and delivery of this anticancer molecule.

Methods: Thymoquinone loaded cubosomes were prepared through the emulsification
homogenization method. The physicochemical characteristics, including particle size, zeta
potential, morphology and entrapment efficiency, were studied. Moreover, the in vitro anti-
tumor activity was tested on breast cancer cell lines (MCF-7 and MDA-MB-231) and
compared to non-tumorigenic cell line (MCF-10A). Subcellular localization, cellular uptake
and apoptotic effects of the formulations were assessed.

Results: The results revealed that the TQ loaded cubosomal formulation exhibited a mean
particle size of 98.0 £ 4.10 nm with narrow unimodal distribution. The high entrapment
efficiency (96.60 + 3.58%) and zeta potential (31.50 +4.20 mV) conceived the effectiveness of
this nanosystem for TQ encapsulation. Cell viability in both breast cancer cell lines demonstrated
a dose-dependent decrease in response to treatment with free TQ or TQ-loaded cubosomes, with
enhanced antitumor activity upon treating with the latter formulation. A significant increase in
apoptotic bodies and cleaved caspase 3 was observed upon treatment of MDA-MB-231 cells
with either TQ or TQ-loaded cubosomes. Localization and trafficking studies unveiled that
cubosomes accumulate in the cytoplasm of the studied breast cancer cell lines.

Discussion: Our results show that thymoquinone encapsulation in cubosomal nanoparticles
provides a promising anticancer drug delivery system with the ability to label, detect and
subsequently trace it within the human cells.

Keywords: antitumor, breast cancer, cubosomes, endocytosis, nanoparticles, thymoquinone,
uptake

Introduction

Cancer is one of the most distressing diseases and the second leading cause of death
with 18.1 million new cases and 9.6 million deaths reported in 2018 with no
definite cure yet." Breast cancer is the most frequent type of cancer in women,
representing 30% of the newly diagnosed cancer cases, with a mortality estimate of
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about 15% of deaths in 2019.? Depending on the breast
cancer type and its severity, conventional treatment mod-
alities include chemotherapy, radiotherapy, surgery, hor-
monal and targeted therapies. However, these strategies
lead to several serious side effects due to their non-
selectivity, high-dose requirement, poor bioavailability of
drugs and systemic toxicity.® Therefore, researchers are
looking for alternative chemical compounds with potential
anticancer activity that are less toxic such as the
naturally extracted compounds resveratrol,* purpurin,’
camptothecin,® curcumin,” paclitaxel® and various other
plant derived compounds.

Nigella sativa, commonly known as the black seed, has
been thoroughly studied over the years, exhibiting several
pharmacological actions through its main active constitu-
ent thymoquinone (TQ). Immune system stimulatory, anti-
inflammatory, hypotensive, hepatoprotective, anticancer
and hypoglycemic properties of TQ were previously
studied.® TQ was able to modulate nine of the ten hall-
marks of cancer.” Besides its promising anticancer effects
against several solid tumors including breast cancer, TQ is
inexpensive, readily available from plants and non-toxic to
normal cells and tissues.'” However, TQ has not been
assessed in the clinical setting against human cancers due
to its hydrophobic nature, poor solubility and bioavailabil-
ity, in addition to its strong tendency to be plasma protein
bounded, therefore, hindering it from reaching the tumor
site. "1

Encapsulation of TQ into nanocarriers based systems is
being extensively studied and has so far shown encoura-
ging results especially in terms of enhancing TQ bioavail-
ability, biodistribution, cellular delivery and targeting of
cancer cells.”>"'> Anticancer activity of nanosystems is
directly affected by the particle size of the system and
accordingly the nanoparticle (NP) size recommended by
the National Cancer Institute for neoplastic cell targeting is
less than 100 nm.'® The nanocarriers utilized can carry
more than one TQ molecule, thus increasing the concen-
tration of the drug delivered to the tumor site without
affecting the non-cancerous tissue. Since highly aggressive
tumors form fenestrated vasculature due to their deregu-
lated and leaky nature and the poor lymphatic drainage at
the tumor sites, nanoparticle-encapsulated drugs could be
retained and accumulated within the cancerous mass, thus
maximizing drug contact with decreasing drug exposure to
normal tissues and reducing side effects. This enhanced
permeability and retention effect (EPR) results in passive
drug targeting to the tumors, which confers an advantage

for NP encapsulated drugs over their free forms.'”'®

During the past decade nanocarrier systems have been
investigated to increase the therapeutic index of drugs at
the target site. The advances of these vectors in cancer
therapy include liposomes, cyclodextrin based nanoparti-
cles, polymeric micelles, nanospheres and cubosomes,
among many other carriers.'” >

Self-assembled lipid liquid-crystalline nanostructures,
known as cubosomes, are promising drug delivery sys-
tems due to their unique feature of possessing a large
hydrophobic volume which allows efficient encapsulation
of poor water-soluble drugs in  appropriate
concentrations.**** The formation of the bi-continuous
cubic phases relies on the combination of lipids and
stabilizers. The most utilized system to construct the
cubosomal nanoparticles is monooleins, which sponta-
neously forms a cubic phase upon its incorporation into
an aqueous medium. Monooliens swell in water thus
producing several characteristic lyotropic liquid crystal-
line structures. In addition, they are biodegradable, bio-
compatible and are considered as relatively safe which
makes them favorable compounds for cubosomal
formation.”® The second major component within the
cubic phase structures is the stabilizer. These materials
may include polyvinyl alcohol, Tween™ 80, Laponite®
XLG, polyethylene oxide (PEO), although the most fre-
quently studied molecules are the amphiphilic nonionic
triblock copolymer Poloxamer™ F-127 which consists of
hydrophobic polyoxypropylene and hydrophilic PEO
blocks. The hydrophobic fraction is absorbed onto or is
incorporated at the surface of the stabilized particle while
the hydrophilic blocks extend over the surface of the
particle, thus providing a steric shielding and further
stabilization of the nanoparticles.”’” Most importantly,
cubosomes are pH-responsive nanocarriers that do not
release their loaded drugs except in the acidic environ-
ment which is the case at the tumor site, thus increasing
selectivity of the drug and reducing systemic toxicities.*®

In this study, we focused on the preparation of a novel
TQ-loaded cubosomal formulation as a potential system to
enhance the antitumorigenic activity of thymoquinone.
The formulation physicochemical features viz., particle
size, zeta potential, morphology, and entrapment efficiency
were investigated. The in vitro antitumor activity of TQ-
loaded cubosomal formulation was examined on breast
cancer (MCF-7 and MDA-MB-231) and non-tumorigenic

breast (MCF-10A) cell lines. Furthermore, cellular uptake
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and subcellular localization were evaluated via Nile red
labeled TQ-loaded cubosomes.

Materials and Methods

Chemicals and Media

Thymoquinone, was obtained from Sigma Aldrich (St
Louis, Missouri, USA). Peceol® (glyceryl monooleate,
GMO), was a generous gift from Gattefosse (Lyon,
France). Poloxamer®™ 407 (PLX), Nile Red (NR), tryp-
sin—EDTA, DMSO, MTT (3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide), trypan blue, Triton®
X100 and methanol were purchased from Sigma Aldrich
(St Louis, Missouri, USA). DAPI stain was purchased
from Abcam (Cambridge, UK).

MCF-10A, non-tumorigenic breast cell line, MCF-7,
breast cancer cells and MDA-MB-231, aggressive breast
cancer cells, were procured from American Type Culture
Collection (ATCC), USA. Dulbecco’s phosphate-buffered
saline (PBS), horse serum, fetal bovine serum (FBS),
penicillin—streptomycin (P/S), epidermal growth factor,
hydrocortisone, insulin and cholera toxin were purchased
from Sigma Aldrich (St Louis, Missouri, USA).
Modified Eagle Medium (DMEM) and
DMEM-F12 cell culture media were purchased from

Dulbecco’s

Lonza (Verviers, Belgium). Caveolin IN-20 rabbit poly-
clonal, transferrin H-65 rabbit polyclonal, EEA-1 E-8
mouse monoclonal IgG and lamp-1 H4A3 mouse mono-
clonal IgG antibodies were purchased from Santa Cruz
Biotechnology (Paso Robles, California, USA). Cleaved
caspase 3 monoclonal antibody was purchased from Cell
Signaling Technology (Danvers, Massachusetts, USA).
Anti-mouse secondary antibody alexa 488 and anti-rabbit
secondary antibody alexa 568 were purchased from
Invitrogen (Carlsbad, California, USA).

Preparation of Self-Assembled Cubic
Liquid Crystalline Nanoparticles (LCNPs)

In order to prepare the cubosomes, emulsification method
was adopted utilizing glyceryl monooleate (GMO) as the
lipid phase in the presence of pluronic F127 (PLX) as the
stabilizer as previously described by Elgindy et al.?
Briefly, a calculated amount of lipidic phase was mixed
with PLX and heated using thermostatically controlled
water bath (FALC, WB-MF24, Treviglio (BG)-Italy) at
70 + 2 °C. To the melted lipid phase mixture, thymoqui-
none (100 mg/mL) was added and allowed to stand for 2

minutes in an ultrasonic bath to ensure complete

solubilization. The formed dispersed system was injected
using a syringe into a preheated aqueous phase containing
PLX. The mixture was emulsified using a high-speed
rotor—stator homogenizer set at 22,000 rpm for 3 cycles
of 10 minutes each. The final composition of the cubo-
somes was 4.5/0.75/94.75 (wt%) GMO/PLX/water and
0.44/4.5/0.75/94.31 (wt%) TQ/GMO/PLX/water for the
TQ doped cubosomes. The samples were maintained in
light protected vials at ambient temperature for further
investigations.

Preparation of Labeled LCNPS

Florescent cubosomes were labeled using Nile red (NR),
a lipid soluble dye, which was selected as it presented non-
significant alteration to the particle size, zeta potential and
drug loading of the cubosomal preparation. A stock solu-
tion of fluorescent GMO was prepared by dissolving NR
with a final concentration 0.5 mg/g into GMO and left to
equilibrate for 48 hours under mild stirring at room
temperature.®® The florescent-loaded oil was then utilized
for the preparation of the self-assembled cubosomes and
thymoquinone loaded cubosomes as previously mentioned.

Particle Size and Polydispersity Index

(PDI) Determination

The particle size and size distribution of prepared thymo-
quinone loaded self-assembled cubosomes were deter-
mined using the dynamic light scattering technique
employing Zeta sizer 2000 (Malvern instruments, UK).
For optimal sensitivity, thymoquinone loaded cubosomes
were diluted with Milli Q water and sonicated for 5 min-
utes prior to measurement. All measurements were per-
formed in triplicate at 25 + 0.5 °C.*"

Zeta Potential Measurement

To confirm the physical stability of the prepared TQ-loaded
self-assembled cubosomal dispersion, zeta potential (ZP)
was evaluated utilizing Zeta sizer 2000 (Malvern instru-
ments, UK), where values were determined through the dis-
persion technology software. Prior to measurement of each
dispersion, sample dilution using Milli Q water was carried
out. All determinations were performed in triplicate.’

Morphological Evaluation of
Thymoquinone Loaded LCNPS

The morphological structure of thymoquinone-loaded
cubosomes was examined at 80 kV using transmission
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electron microscopy (TEM) (JEM-100 CX, JEOL, Japan).
The dispersion was diluted with water and sonicated, then
a drop of the dispersion was added to a copper-coated grid
forming a thin film. Prior to examination, the samples
were stained with phosphotungstic acid solution (2% w/v,
pH 6.8) and air dried.

Entrapment Efficiency of Thymoquinone
in LCNPS

To quantify the thymoquinone content entrapped in cubo-
somes, free unencapsulated thymoquinone was separated
from the cubosomal formulation through transferring
0.5 mL of the loaded dispersion into a Vivaspin® ultrafilter
centrifuge tube with a Mwt cut 10,000 (Sartorius,
Germany). The dispersion was centrifuged at 5000 rpm
(Sigma 3-30KS centrifugation, Germany) for 15 minutes
at 4 = 0.5 °C. The amount of thymoquinone in the recov-
ery chamber was quantified by high pressure liquid chro-
matography (HPLC).
thymogquinone was calculated as follows:>

The entrapment efficiency of

%EE = (Total weight of TQ added
— Weight of unentrapped TQ)/Total weight
of TO) X 100

Analytical System for Thymoquinone

Determination

The analysis was performed through a validated reverse
HPLC method employed for quantifying thymoquinone
content.”® Chromatographic analysis was performed
using an Agilent technology (Waldbronn, Germany)
equipped with BDS HYPERSIL CI18 column (250x
4.6 mm LD), autosampler, quaternary pump and photo
diode array detector. An isocratic mobile phase of water:
acetonitrile (45:55%) mixture was eluted at a flow rate of
1 mL/min at 25 + 0.5 °C and the column effluent was
detected at 254 nm wavelength with a total run time of 15
minutes. Under these conditions, thymoquinone retention
time was approximately 7.42 minutes. Thymoquinone con-
centration was computed via calibration curve of plotted

peak area versus concentration.>>

Ex vivo Hemolysis Assay

For hemolysis assay of TQ loaded cubosomal formulation
and free cubosomal formulation®®** fresh human blood
samples stabilized by ethylenediaminetetraacetic acid,
were centrifuged at 4 + 2 °C, 2000 rpm for 10 minutes

to separate the red blood cells (RBCs). The precipitated
RBCs were washed with PBS (pH = 7.4). RBCs suspen-
sion was then diluted with PBS and 50 puL of RBCs were
added to an increasing volume of cubosomal formulation
with a final volume of 250 pL. The positive control was
treated with Triton®™ X100 while the negative control was
established by adding PBS. The tested prepared samples
were shaken at 37 £ 2 °C for 2 hours, followed by cen-
trifugation at 8000 rpm for 2 minutes, the hemoglobin
released in the supernatant was determined using UV-
visible spectrophotometer at 540 nm. Percentage hemoly-
sis was calculated according to the following formula:

Hemolysis(%) = (Absorptionsamk — Absorptioncomml_)
/(Absorptioneontroly — Absorptiongner—) X100

)

In vitro Anticancer Studies

Cell Culture and Treatment

MCF-10A, non-tumorigenic breast cells, were grown in
DMEM/F-12 cell culture media supplemented with 1%
penicillin/streptomycin (P/S with penicillin at 10,000
units and streptomycin at 10 mg/mL), 5% horse serum,
20 ng/mL epidermal growth factor, 0.5 mg/mL hydrocor-
tisone, 100 ng/mL cholera toxin, and 10 pg/mL insulin.
MDA-MB-231, aggressive breast cancer cells, were grown
in DMEM cell culture media supplemented with 10%
heat-inactivated FBS and 1% penicillin and streptomycin.
MCF-7, breast cancer cells, were grown in DMEM cell
culture media supplemented with 10% heat-inactivated
FBS, 1% P/S, 5% sodium pyruvate and 5% non-essential
amino acids. All cells were maintained in a humidified
atmosphere of 5% carbon dioxide at 37 + 2 °C.

Cell Viability Assay

Viable cells can reduce the yellow tetrazole MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) dye into a purple insoluble formazan product, the
absorbance of which was recorded at 595 nm. MTT was
used to determine the effects of TQ, TQ-loaded cubo-
somes, and blank cubosomes on the viability of MCF-7
and MDA-MB-231 breast cancer cells and on the non-
tumorigenic MCF-10A breast cell line. Cells were seeded
in 96-well plates at a density of 10,000 cells well.
Thymoquinone was dissolved in methanol and diluted
with the cell culture media with final methanol concentra-
tion of 0.1%. Both TQ loaded and blank cubosomes were
diluted with cell culture media. All treatments were
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performed at 50% confluency. After 24 hours, the medium
was removed, and the cells were incubated for 3 hours
with MTT solution (1 mg/mL in PBS). After 3 hours, the
solution containing MTT dye was removed and replaced
by isopropanol to dissolve the formazan crystals, the
formed solution absorbance at 595 nm using a microplate
reader was measured. Cellular viability was expressed as
a percentage of cell viability of treated cells relative to
untreated controls. All experiments were performed at
least three times.

Active Caspase 3 Detection

MDA-MB-231 cells were plated on cover slips in 12 well
plates at a density of 60,000 cells/mL. After overnight incuba-
tion, the medium was removed and the cells were treated for 24
hours with either TQ-loaded cubosomes, blank cubosomes, or
NR-labeled TQ-loaded cubosomes. After treatment, the cells
were washed twice with PBS and fixed at room temperature for
20 minutes with 4% formaldehyde, which was then removed.
The cells were washed three times in PBS before permeabili-
zation with 0.2% Triton™ solution for 10 minutes. After two
successive 5 minute washes in PBS, the slides were blocked in
2% bovine serum albumin (BSA) for 2 hours. Activated cas-
pase 3 antibody was subsequently diluted (1:500) in 1% BSA
and incubated separately with the cells overnight at 4 °C. The
next day, the primary antibodies were removed, and the cells
were washed twice before incubation for 1 hour with rabbit
secondary antibodies diluted (1:200) in 0.2% BSA. The sec-
ondary antibody was then removed, and the cells were washed
twice in PBS before the nuclei DAPI staining and mounting on
a glass slide. Imaging and visualization were performed using
the microscope Zeiss Axio (Zeiss, Germany).

Cellular Uptake of LCNPS Formulations

Uptake of fluorescent TQ-loaded cubosomes was deter-
mined qualitatively by the fluorescent microscope Zeiss
Axio (Zeiss, Germany). For microscopical analysis,
70,000 cells/mL of MCF-7 cells and 60,000 cells/mL of
MDA-MB-231 cells were plated on cover slips in 12-well
plates, in 1 mL of respective growth medium. After treat-
ment with NR-labeled TQ-loaded cubosomes at the indi-
cated time points and concentrations, the cells were rinsed
twice with PBS, and fixed with 4% formaldehyde solution
at room temperature for 20 minutes. DAPI was used to
stain the nuclei before mounting on a glass slide. Imaging
and visualization were performed using the microscope

Zeiss Axio (Zeiss, Germany).

Subcellular Localization of Liquid Crystalline
Nanoparticles

MCF-7 cells (70,000 cellssmL) and MDA-MB-231 cells
(60,000 cells) were plated on cover slips in 12 well plates.
After overnight incubation in 1 mL of respective growth
medium, the medium was removed and the cells were sub-
jected for 30 minutes to either TQ, blank NR-labeled-
cubosomes, or NR-labeled TQ-loaded cubosomes. After treat-
ment, the cells were washed twice with PBS and fixed at room
temperature for 20 minutes with 4% formaldehyde which was
then removed, and the cells were washed three times with PBS
before permeabilization in 0.2% Triton®™ solution for 10 min-
utes. After two successive 5 minute washes with PBS, the cells
were blocked in 2% BSA for 2 hours. Caveolin, transferrin,
lamp-1 and EEA-1 antibodies were subsequently diluted
(1:100) with 1% BSA and incubated separately with the cells
overnight at 4 £ 0.5 °C. After 24 hours, the primary antibodies
were removed, and the cells were washed twice before incu-
bation for 1 hour with mouse or rabbit secondary antibodies
diluted (1:200) with 0.2% BSA. The secondary antibody was
then removed and the cells were washed twice with PBS
before staining the nuclei with DAPI and mounting on
a glass slide. Imaging and visualization were performed
using the microscope Zeiss Axio (Zeiss, Germany).

Statistical Analysis

The experiments were independently performed at least in
triplicate. Data are presented as mean + standard error
(SEM). Statistical analysis was performed by ANOVA
with significance set at p value 0.05.

Storage Stability Evaluation

Stability of thymoquinone-loaded cubosomes over three
months were evaluated through physicochemical charac-
teristics. The freshly prepared TQ cubosomal formulations
were placed in glass vials and kept at room temperature for
three months (25 + 2 °C). Evaluation of physical stability
of the formulations was determined through examining
their particle size, PDI and zeta potential where samples
were withdrawn at definite time intervals.

Results
Characterization of LCNPs and
Thymoquinone Loaded LCNPs

Various physicochemical characteristics of the developed
blank cubosomes and thymoquinone loaded cubosomal
preparations are shown in Table 1 (n = 3). The size for
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Table | Physicochemical Characteristics of Blank Cubosomes
and Thymoquinone Loaded Cubosomal Formulation

Blank Thymogquinone Loaded
Cubosomes Cubosomes
Particle size 96.40 = 2.51 nm 98.00 + 4.10 nm
PDI 0.180 0.234
Zeta potential | —31.50 £ 4.2 mV —34.70 + 2.80mV
Entrapment 96.60 * 3.58%.
efficiency

the blank cubosomes was lower than that of the TQ loaded
formulation with a particle size equal to 96.40 + 2.51 nm
while that of the formulated thymoquinone loaded cubo-
somes was 98 = 4.10 nm. Moreover, the polydispersity
index was lower than 1.0 in both systems with 0.18and
0.234 for blank cubosomes and TQ-loaded cubosomal
formulation, respectively. The measured zeta potentials
of the various cubosomal preparations were of —34.70
mV and —31.50 mV as shown in Table 1. The morpholo-
gical structure was studied through transmission electron
microscopy and revealed a clear cubic structure of TQ-
loaded formulation as shown in Figure 1. The amount of
drug encapsulated in the cubic phases in relation to the
total amount of drug consumed during the preparation
revealed an entrapment efficiency of 96.60%.

The hemocompatibility analysis has been recognized to
be essential for the evaluation of biosafety of the nanocar-
rier system on erythrocytes during parenteral administra-
tion. Hence, to evaluate the safety of the TQ-loaded
cubosomal formulation, hemolytic activity of a series of

Figure | Transmission electron microscope imaging of thymoquinone-loaded
cubosomes.

increasing formulation percentage (v/v) was investigated.
As shown in Figure 2A, the erythrocytes in the presence of
the lowest percentage of cubosomal formulation behaved
similar to that of the negative control with a slight increase
in hemolytic activity up to 10.2 + 0.90% for highest
volume of formulation added (Figure 2B). While treatment
of Triton X100 solution (2%) resulted in complete hemo-
lysis due to absence of precipitation as seen in Figure 2A
as a positive control. Moreover, optical microscopic study
revealed intactness of erythrocytes after incubation with
TQ-loaded cubosomes; the erythrocytes were comparable
to the negative control (Figure 2), while the positive con-
trol microscopic images presented an absence of erythro-
cytes, thus confirming its complete hemolysis.

TQ-Loaded Cubosomal Nanoparticles
are More Toxic to Breast Cancer Cell

Lines Than Free TQ at Sublethal Doses

to Non-Tumorigenic Breast Cells

The anticancer activity of TQ-loaded cubosomal nanoparti-
cles was not tested previously against breast cancer cell lines,
thus the range of active concentrations was determined, and
their anticancer effect was investigated through MTT assay.
Moreover, the blank cubosomes cytotoxicity was assessed
and a comparison between the anticancer activity of TQ-
loaded cubosomes and drug free cubosomes was performed.
To achieve these aims, non-tumorigenic MCF-10A breast
cells, aggressive metastatic breast cancer MDA-MB-231
cell line, and invasive breast ductal carcinoma MCF-7 cell
line were treated with either free TQ, blank cubosomes or
TQ-loaded cubosomes for 24 hours. The results revealed that
the blank cubosomes and free TQ did not exert any cytotoxic
effects on MCF-10A, the non-tumorigenic breast cells, at
concentrations ranging from 1 to 30 pM (Figure 3A).
Furthermore, TQ-loaded cubosomes below 30 uM were rela-
tively non-cytotoxic to MCF-10A cells as cell viability was
maintained at 77 + 9.30%. Treatment of MCF-7 and MDA-
MB-231 breast cancer cells with increasing concentrations of
the different formulations showed a significant dose-
dependent inhibition of cell viability in response to TQ or
TQ-loaded cubosomes and the cytotoxic effect of TQ-loaded
cubosomes was more pronounced in comparison to free TQ
(Figure 3). In MCF-7 cells, TQ-loaded cubosomes induced
areduction in cell viability by 60 + 0.80% at 27.6 uM. On the
contrary, free unencapsulated TQ was able to inhibit cell
viability by only 30% at the same concentration (Figure
3B). Concerning MDA-MB-231 cell line, the viability was
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Figure 2 Hemolytic activity and hemolysis percentage of TQ-loaded cubosomes (A) photograph of erythrocytes treated with TQ-loaded cubosomes at different percentage
(v/v), (B) photomicrograph of erythrocytes treated with PBS (negative control), TQ-loaded cubosomes, Triton X (positive control), (C) Data expressed as mean + SD of
erythrocytes treated with different percentages of TQ-loaded cubosomes.
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Figure 3 Toxicity of TQ-loaded cubosomes to non-tumorigenic breast cells and their anticancer effect in human breast cancer cells in comparison to free TQ. MTT assay
showing the viability of (A) MCF-10A normal breast cell line. (B) MCF-7 breast cancer cell line. (C) MDA-MB-23 | aggressive breast cancer cell line. The cells were treated
for 24 h with different concentrations of either TQ, or blank cubosomes or TQ-loaded cubosomes. Experiments were repeated three times, data are means + SEM, asterisk
indicates p<0.05 with respect to the untreated control, bar and asterisk indicates p<0.05 of TQ-loaded cubosomes with respect to TQ, *p<0.05, **p<0.01, ***p<0.001.

observed to be decreased to 22 + 0.90% in the presence of  quantifying the cleavage of caspase 3. The number of
free TQ in comparison to 11 = 2.30% with TQ-loaded cubo-  apoptotic bodies in both free TQ or TQ-loaded cubosomes
somes (Figure 3C). TQ and TQ-loaded cubosomes concen- treated cells increased as illustrated in Figure 4A. This

trations used in subsequent experiments represent the ICs,  enhanced apoptotic response was further confirmed by
values obtained by the MTT assay (Table 2).

Table 2 Calculated ICsq Values (um) from MTT Assay of Free TQ
Free TQ and TQ-Loaded Cubosomes and TQ-Loaded Cubosomes in Both MCF-7 and MDA-MB-231 Cell

) Lines After Treatment with Concentrations Ranging from | to 30 ym
Induce Apoptosis Through Caspase 3

Cell Line 1C50 Values (M) MTT Assay (1-30 uM)
Cleavage
The cellular mechanism of the observed antitumor effects T TQ-Loaded Cubosomes
was investigated. The capability of TQ formulation to | MCF-7 55.20 27.60
induce apoptosis was studied by DAPI staining and by MDA-MB-231 2760 780
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A Control Thymoquinone

Cubosomes

%

% of apoptotic cells

treatment

Figure 4 (A) Immunofluorescent analysis of active caspase 3 (AC3) expression in MDA-MB-231 cell line after 24 h of treatment with TQ and TQ-loaded cubosomes using
the ICs values obtained from MTT. Visualized by microscope Zeiss Axio, 40X oil immersion. (B) Active caspase 3 quantification in MDA-MB-231 cell line. Experiments were
repeated three times, data are means * SEM, asterisk indicates p<0.05 with respect to the untreated control, bar and asterisk indicates p<0.05 of TQ-loaded cubosomes
with respect to TQ, *p<0.05, *¥p<0.01, **p<0.001. Visualized by microscope Zeiss Axio, 40X oil immersion. Arrows indicate apoptotic bodies in the nuclei stained by

DAPI.

the significant increase in active caspase 3 in MDA-MB
-231 cells treated with free TQ and TQ-loaded cubosomes.
The percentage of cleaved caspase 3 was 71 + 8.30% and
30 £ 9.40% in cells treated with free TQ and TQ-loaded
cubosomes, respectively (Figure 4B), while the unloaded
cubosomes resulted in a statistically non-significant
change in the expression of active caspase 3.

TQ-Loaded Cubosomes are Internalized
in Breast Cancer Cell Lines by

Endocytosis

Nile red was coupled to cubosomes in both their blank and
drug encapsulated state to track their uptake and localiza-
tion in breast cancer cell lines by fluorescent microscopy.
After treatment of MCF-7 and MDA-MB-231 cell lines for
30 minutes, the microscopic images revealed that the
cubosomal nanoparticles were taken up into the cytoplasm
of both breast cancer cell lines (Figure 5A). In MCF-7
cells, blank cubosomes were evenly distributed around the
nuclei, while TQ-loaded cubosomes had a punctate distri-
bution as clearly visualized in Figure 5A.

The intracellular localization of TQ-loaded cubosomes
was thoroughly investigated through labeling the nuclei
with DAPI and staining the cells with caveolin (endosomal
marker), LAMP (lysosomal marker), transferrin (marker of

clathrin-mediated endocytosis) and EEA (marker of early
endosomes) compared to the control untreated stained
breast cancer cell lines (Supplementary Figure 1) to further
trafficking
Microscopical images revealed that cubosomes, in both

determine  the  cellular mechanisms.
their unloaded and TQ-loaded state, colocalized mainly
with (Figure 5B

Supplementary Figure 2), suggesting that the cubosomal

caveolin and transferrin and

nanoparticles access the breast cancer cell lines via caveo-
lin and clathrin-dependent endocytosis.

Storage Stability Evaluation

The storage stability of TQ-loaded LCNPs were evaluated
through monitoring of particle size, zeta potential and PDI.
Over the studied three months period, the formulation was
able to maintain its particle size with insignificant change
(104 + 8.52 nm at day 90). The zeta potential as well as the
PDI with  the
measurements.

were consistent fresh formulation

Discussion

There are limited studies on the anticancer efficacy of TQ-
loaded cubosomal nanoparticles and this is the first com-
prehensive study documenting their activity and uptake
mechanisms. The overall aim of the project was to test
the anticancer potential of novel cubosomal nanoparticles
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TQ-loaded
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Merged
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Figure 5 Mechanism of cellular uptake and trafficking of TQ-loaded cubosomes in human breast cancer cell lines. (A) Cellular uptake of the TQ and blank formulations in
MCF-7 and MDA-MB-231 cell lines after 30 mins of treatment with the ICso concentrations. (B) Subcellular localization of TQ-loaded cubosomes in MCF-7 and MDA-MB
-231 cell lines. Cells were treated with 27.60 yM (MCF-7) and 7.60 uM (MDA-MB-231) of TQ-loaded cubosomes for 30 mins. The cubosomal formulations were labeled
with nile red for tracing inside the cells. Slides were labeled with DAPI, LAMP, Caveolin, EEA-1 and Transferrin. Visualized by microscope Zeiss Axio, 40X oil immersion.

Scale is 50 pm.

encapsulating TQ, an anticancer compound extracted from
Nigella sativa, and compare their activity with free TQ in
human breast cancer cell lines in vitro.

In the current study, thymoquinone self-assembled
liquid crystalline nanoparticles were formulated through
utilization of glyceryl monooleate as a cubic phase pre-
cursor lipid with PLX as a polymeric stabilizer. The lipid
phase and stabilizer were mixed with the aqueous phase
through emulsification method followed by high speed
homogenization.

The particle size is a determinant factor for the cellular
uptake of drug-loaded nanoparticles, thus exerting an
important influence on the biopharmaceutical performance
of the formulated cubosomes. Moreover, the values of the
PDI reflect the degree of system homogeneity, where
values closer to =zero indicate a more uniform
dispersion.”®> The formulated thymoquinone loaded cubo-
somes particle size was of nanometric size similar to those
reported in literature.’” In Tian et al study, etoposide
loaded-cubosomes had particle sizes of 173.6 £ 1.60 nm
with 0.174 PDI value; the consistent low PDI in various
studies demonstrated the ability of cubosomes dispersion
to maintain homogeneity, yet the observed particle size
difference is clarified by the modified formulation and
process parameters. This is further evident by Swarnakar
et al study which highlighted the effect of the formulation

factors as well as the process parameters as the surfactant

nature and its concentration, drug loading as well as the
sonication time on the cubosomes particle size and PDI.>

The zeta potential of the nanovesicles system reveals
information about the stability of the vesicular system as
well as its surface properties. High zeta potential values
are preferred as they denote strong repellent interaction
between the cubic nanoparticles, thus providing high phy-
sical stability as the repulsion forces prevent their coales-
cence and maintain a stable colloidal nanodispersion. The
zeta potential of the various cubosomal nanoparticles were
similar to those prepared in literature indicating good
stability of the system.*® Furthermore, the observed high
entrapment efficiency of TQ into the cubosomal sponge is
a strategic aim in formulating this novel therapeutic sys-
tem. This major asset holds a critical effect on the ther-
apeutic efficacy of the final formulation. In this study,
thymoquinone was entrapped within the cubic phase with
high entrapment efficiency of 96.60 + 3.58% w/w. This
can be attributed to the high solubility of the hydrophobic
drug within the lipid bilayers. This finding is in accordance
with Nazaruk et al who reported a high entrapment effi-
ciency (92 + 40%) of doxorubicin in cubosomal formula-
tion which was also attributed to the lipophilic nature of
the system.?

To the best of the authors knowledge, this is the first
report to assess the anticancer activity of a novel TQ-based
cubosomal nanoparticles and compare its activity to the

International Journal of Nanomedicine 2020:15

submit your manuscript

9565

Dove


http://www.dovepress.com
http://www.dovepress.com

Mehanna et al

Dove

free drug in human breast cancer cell lines. The obtained
results highlighted that the free TQ, blank cubosomes, and
TQ-loaded cubosomes exerted non-toxic effects on the
non-tumorigenic MCF-10A breast cells at doses up to 30
pM. Interestingly, TQ-loaded cubosomes decreased the
viability of human breast cancer MCF-7 and MDA-MB
-231 cell lines more significantly than that induced by free
TQ. Fluorescent microscopical images showed that the
nanosystems were taken up by the cells and localized in
their cytoplasmic compartment. The cubosomal nanoparti-
cles co-localized with the endocytosis markers clathrin and
caveolin, suggesting that endocytosis is the main mechan-
ism of cellular trafficking.

The hemocompatibility testing of any parenteral for-
mulation is mandatory, hence the hemolytic activity of the
cubosomal formulation was assessed. The formulation
compromised of GMO/PLX/TQ revealed a slight hemoly-
tic activity of 3% at low concentrations, the safety profile
was further depicted via detection of intact erythrocytes by
light microscopic imaging, which indicated an acceptable
safety profile of the formulation. These results are in
accordance with that of Bode et al who studied the hemo-
lytic activity of different cubic phase crystalline structure
preparations and evaluated the excipients utilized in their
formulations and found that the interaction of the dis-
persed phases with the blood compartment disclosed low
but slight tendency toward hemolysis of cubosomes pre-
pared with GMO/PLX407.%’

There are limited studies on the anticancer efficacy of
TQ-loaded cubosomal nanoparticles and this is the fore-
most comprehensive study documenting their activity and
delineating their cellular uptake mechanisms. The cyto-
toxic activity of TQ on breast cancer cells is well
documented.” Several nanovehicles of TQ have been stu-
died including liposomes, solid lipid nanoparticles, poly-
meric nanoparticles, and PEGylated nanoparticles, all of
which showed augmented anticancer activity compared to
the unencapsulated drug.*® ** The authors previously for-
mulated and examined a polymeric TQ-loaded nanoparti-
based on PS;00PEO;500 diblock
polymers which exhibited suitable physicochemical char-

cles amphiphilic
acteristics for drug delivery including small particle size,
high encapsulation efficiency, high loading capacity and
stability. The polymeric nanoparticles formulation showed
an enhanced anticancer activity, in comparison to free TQ,
in MCF-7 and MDA-MB-231 breast cancer cell lines and
was non-toxic to MCF-10A breast cell line;33 however,
in vivo examination of such nanoformulations was

hindered by the use of tetrahydrofuran which is a toxic
vehicle. On the contrary, the current TQ-loaded cubosomal
preparation is a water-based system which is safe for
injection into animals and appears to be an appropriate
drug delivery system as evidenced by its physicochemical
characteristics. The size of the cubosomal nanoformula-
tions was less than 100 nm, which is the size recom-
mended by the National Cancer Institute for cancer cell
targeting. This size range is a prerequisite for successful
delivery of the drug into the neoplastic cells while nanos-
tructures with diameters less than 10 nm are susceptible to
renal clearance and tissue extravasation, and nanoparticles
with diameters greater than 100 nm are prone to opsoniza-
tion by macrophages.'® In addition, the cubosomal formu-
lation exhibited high encapsulation efficiency which
indicates that a high percentage of TQ is being encapsu-
lated into the liquid crystalline nanoarchitecture. In the
developed system, the obtained ICsq values by MTT
assay of TQ-loaded cubosomes were 2.0-3.5fold lower
than that of free TQ in MCF-7 and MDA-MB-231 cell
lines, respectively (Table 2). The observed ameliorated
anticancer activity of TQ upon its encapsulation into the
cubosomal nanoparticles indicates that the lipid nanostruc-
tures improved the drug delivery into the cells, and thus
equivalent TQ anticancer activity could be obtained at
lesser concentrations. This can be explained by the
increased number of TQ molecules that are being deliv-
ered to the target site when present in cubosomes.
Collectively, TQ-loaded cubosomal nanoparticles appear
to form a better delivery platform than free TQ in both
breast cancer cell lines.

In order to explore the cell death mechanism induced by
TQ-loaded cubosomes, several approaches which included
DAPI staining of nuclei coupled with microscopical exam-
ination aimed at detection of the extent of cell apoptosis and
quantification of active caspase 3 using immunofluores-
cence techniques. Both TQ and TQ-loaded cubosomes
were able to induce apoptosis in MDA-MB-231 as evi-
denced by the increased number of apoptotic bodies
(DAPI staining) and the significant increase in cleaved
caspase 3, while blank cubosomes had non-significant
effects. Our results are in accordance with a Barkat et al
study that had documented apoptosis induction by TQ in the
triple-negative breast cancer (TNBC) with mutant p53,
including MDA-MB-231 cell line.** Treatment of MDA-
MB-231 cells with TQ caused cell cycle arrest at G1 phase
and induced caspase-dependent and independent apoptosis
permeabilization.**

through mitochondrial membrane
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Although, TQ-loaded cubosomes had a greater inhibitory
effect on cell viability, free TQ caused a greater caspase 3
cleavage (apoptosis). This discrepancy could be due to the
differences in the cellular effects of TQ vs TQ-loaded
cubosomes on breast cancer cells where the latter may be
able to induce cell cycle arrest more than apoptosis, while
the former may have a pronounced apoptotic effect in
comparison to its effects on cell cycle arrest, a hypothesis
that should be investigated and confirmed with further
experimental research.

TQ is known to modulate various signaling pathways
and essential oncogenic molecules which play a role in
cancer initiation, invasion, angiogenesis and metastasis. In
a study focusing on myeloid leukemia and pancreatic
ductal adenocarcinoma, TQ inhibited TNFo induced
NF-KB activation thus suppressing transcription of proin-
flammatory gene products such as COX-2, monocyte che-
moattractant protein (MCP-1), TNF-a and IL-18. TQ
inhibited IKK activation, prevented IKB degradation, in
addition to inhibiting the nuclear translocation of p65 and
binding to DNA.***® In a study investigating TQ antic-
ancer activity in myelogenous leukemia, TQ inhibited NF-
KB and decreased matrix metalloproteinase (MMP)-9

levels.*”  Another study reported inhibition  of
NF-KB phosphorylation and the controlled gene products
by TQ in human hepatocellular carcinoma.*® In

Hodgkin's lymphoma L1428 cell lines, TQ produced anti
NF-KB activity,* and in colon cancer it decreased phos-
pho-p65 levels and the expression of Bcl-2, c-Myc and
vascular endothelial growth factor.>

Knowing that the STATs family play a role in cytokine
signaling which are involved in cell growth regulation,
differentiation and angiogenesis, studies have reported
the ability of TQ to regulate this cascade system. Li et al
demonstrated the ability of TQ to inhibit constitutive and
IL-6 inducible STAT3 phosphorylation. It was also found
that TQ induced the expression of Srchomolgy-2 phos-
phate 2.°" In gastric cell lines, TQ inhibited the phosphor-
ylation of STAT3, this down regulation was associated
with phospho-JAK2 and Src suppression.®® In breast can-
cer cell lines, TQ induced cell cycle arrest and apoptosis as
well as inhibited the expression of CXCR4 in MDA-MB
93] 5354

In ovarian cancer cells, TQ inhibited the growth of
Caov-3, induced ROS production and blocked MMP lead-
ing to apoptosis mediated cell death.>> In human medullo-
blastoma cell lines, TQ suppressed cell proliferation, and
induced ROS generation with induction of caspase-3

mediated apoptosis.’® In renal cell carcinoma Caki cells,
TQ induced apoptosis through the down regulation of Bcl-
2 and c-FLIP, increased ROS production and decreased
MMP expression.’” Moreover TQ was shown to suppress
human Lovo colon cancer cell proliferation through down
regulating the p-PI3 K, p-GSK38, p-Akt and B-catenin
expression, thus inhibiting downstream COX-2
expression.”®

The observation of cubosomal nanoparticles internali-
zation by the breast cancer cells and localization in the
cytoplasm suggested that the nanoformulation has the
capacity to reach the cellular target which further explains
their reported enhanced anticancer activity. The uptake of
the cubosomal nanoparticles into the cells is indeed essen-
tial for loaded drug delivery and therapeutic efficacy.
Predominantly, thymoquinone encapsulation into fluores-
cent cubosomal nanoparticles (Nile red-labeled) enabled
their visualization inside the cells which provided an addi-
tional benefit over the free form of the drug. As such,
thorough information about the tumor status, treatment
regimens and tumor response to therapy monitoring
could be obtained,*® which in turn enhances the possibility
of TQ translation to the clinic.

Interestingly, in vitro uptake fluorescent microscopical
examination illustrated an obvious difference in the
distribution pattern of the formulations whereby blank
cubosomal nanoparticles were evenly distributed while
TQ-encapsulated cubosomal nanoparticles showed
a punctate distribution. Various factors can affect the nano-
particlescellular uptake, trafficking and distribution.
Among them are their physicochemical characteristics,
including their sizes, charge, surface chemistry, and ionic
strength, in addition to biological and experimental
factors.®® Minor alterations of the nanoparticles size, solu-
bility and composition specifically hydrophilicity/hydro-
phobicity may contribute significantly to their
uptake.®*°! Add to this, TQ is a highly hydrophobic com-
pound and its bedding into cubosomes may induce mod-
ification of its internal structure in addition to minor
changes in its size especially when considering that the
nanoparticles first interact with the surrounding microen-
vironment. The microenvironmental properties, such as the
secreted factors by cells and pH level can affect the
nanoparticles characteristics, its interaction with cells,
and subsequent uptake and trafficking within the cells.*’
The mentioned facts could clarify the observed difference
in the distribution pattern of the blank cubosomes vs TQ-

loaded cubosomes.
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Endocytosis appeared to be the mechanism by which
TQ-loaded cubosomes were uptaken by the cells since the
formulations co-localized with the antibodies targeting
caveolae, clathrin coated pits, early endosomes and lyso-
somes. Fakhoury et al mechanistic studies proved that
polymer TQ-loaded nanoparticles were taken up into the
cells by clathrin and caveolin-mediated endocytosis.*® The
route and mechanism of entry of the nanoparticles deter-
mine their fate inside the cells. Nanoparticles taken up by
endocytosis are first carried by early endosomes that even-
tually mature into late endosomes, which then fuse with
lysosomes forming the endo-lysosomal vesicles that con-
tain hydrolytic enzymes.®> Most often, nanoparticles taken
up by clathrin mediated endocytosis end up in the endo-
lysosomal pathway leading to the degradation of the
cargo.®”®? However, nanoparticles taken up by caveo-
somes may escape lysosomal degradation and be released
into the cytoplasm which leads to enhanced drug delivery
and therapeutic potential.°*** This may represent another
possible rationale for the observed improved anticancer
activity of TQ-loaded cubosomes compared to free
thymoquinone.

The storage stability of the TQ-loaded cubosomes was
evaluated through monitoring the particle size, zeta poten-
tial and PDI. Over the studied three months period, the
formulation maintained its particle size with insignificant
change (104 £ 8.52 nm at day 90). The zeta potential as
well as the PDI were consistent with the fresh sample
measurements. The results assured the stability of the pre-
pared TQ-loaded cubosomal nanoparticles under storage
conditions. The obtained results were in accordance with
an Elgindy et al study where the optimized cubosomal
formulation maintained its stability for three months.*’

In summary, thymoquinone anticancer activity against
breast cancer cells was enhanced upon its encapsulation
into self-assembled cubic liquid crystalline nanoparticles.
Several limitations facing thymoquinone use, among
which its low bioavailability and binding to plasma pro-
teins, were overcome via its encapsulation into the liquid
nanoparticles. Besides, the visualization and tracking of
the drug in formulation became possible unlike the free
thymoquinone. Our results suggest a novel platform for
encapsulating thymoquinone into cubosomal nanoparticles
would promote its future translation to the clinic. The
signaling pathways and the key targeted molecules that
are responsible for the enhanced activity of the cubosomal
nanoparticles against breast cancer cell lines will be
investigated.
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