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Background: Thalidomide (THD) and its analogues were recently reported as a promising treatment for different types of solid 
tumors due to their antiangiogenic effect.
Methods: In this work, we synthesized a novel THD analogue (TA), and its chemistry was confirmed with different techniques such 
as IR, mass spectroscopy, elemental analysis as well as 1H and 13C NMR. To increase solubility and anticancer efficacy, a new oil in 
water (O/W) nanoemulsion (NE) was used in the formulation of the analogue. The novel formula’s surface charge, size, stability, 
FTIR, FE-TEM, in vitro drug release and physical characteristics were investigated. Furthermore, molecular docking studies were 
conducted to predict the possible binding modes and molecular interactions behind the inhibitory activities of the THD and TA.
Results: TA showed a significant cytotoxic activity with IC50 ranging from 0.326 to 43.26 µmol/mL when evaluated against 
cancerous cells such as MCF-7, HepG2, Caco-2, LNCaP and RKO cell lines. The loaded analogue showed more potential cytotoxicity 
against MDA-MB-231 and MCF-7-ADR cell lines with IC50 values of 0.0293 and 0.0208 nmol/mL, respectively. Moreover, flow 
cytometry of cell cycle analysis and apoptosis were performed showing a suppression in the expression levels of TGF-β, MCL-1, 
VEGF, TNF-α, STAT3 and IL-6 in the MDA-MB-231 cell line.
Conclusion: The novel NE formula dramatically reduced the anticancer dosage of TA from micromolar efficiency to nanomolar 
efficiency. This indicates that the synthesized analogue exhibited high potency in the NE formulation and proved its efficacy against 
triple-negative breast cancer cell line.
Keywords: thalidomide analogue, antiangiogenic, nanoemulsion, cytotoxicity, triple-negative breast cancer, docking study

Introduction
Advanced breast cancer is hard to treat since it is the most complex heterogenous recurrent disease in females. 
Suppressing progression and prolongation of survival time is the main goal of clinical intervention.1 Its rigidity is due 
to rapid metastasis, which is responsible for over 90% of mortality cases in patients.2 It is generally divided into different 
subtypes depending on the molecular expression of hormonal receptors; estrogen receptor (ER), progesterone receptor 
(PR) and human epidermal growth factor receptor-2 (HER-2). The most aggressive type of breast cancer is the triple- 

International Journal of Nanomedicine 2023:18 1219–1243                                               1219
© 2023 Tawfik et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 5 August 2022
Accepted: 20 December 2022
Published: 11 March 2023

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


negative, as it lacks the expression of hormonal receptors; therefore, it can be handled and treated only with 
chemotherapy.3

Indeed, the main problems with conventional therapy for triple-negative breast cancer are poor bioavailability and 
solubility and the development of resistance with adverse side effects on normal cells.4 Angiogenesis, as one of the 
significant cancer hallmarks, plays a crucial part in the formation of new vasculatures that supply the solid tumor with 
oxygen and nutrients for growth and hematogenous metastasis. Consequently, it is considered a pivotal step in cancer 
progression.5 Therefore, the best strategy to compete triple-negative cells is to suppress the process of angiogenesis, and 
this can be achieved through the synthesis of antiangiogenic drugs like thalidomide (THD) and its analogues.

THD is a non-barbiturate sedative drug that was first synthesized by the German pharmaceutical company (Chemie 
Grünenthal) in late 1950.6 It was mainly prescribed to pregnant women to relieve morning sickness. However, in 1960 it 
was completely withdrawn from markets due to severe teratogenic effects.7 In 2006, it was FDA re-approved and 
repurposed owing to its anti-inflammation, antiangiogenic, inhibition of cell proliferation and apoptosis promotion.8 

Therefore, it was documented to treat a variety of solid tumors, including bladder cancer,9 lung cancer,10 hepatocellular 
carcinoma,11,12 Kaposi sarcoma,13 pancreatic carcinoma14 and multiple myeloma.7,15

It was confirmed that THD blocks angiogenesis through stimulating the immune system, inhibiting cancer cell 
adherence to stromal cells and suppressing the secretion of vascular endothelial growth factor (VEGF), which is a key 
regulator in cancer invasion and the most important growth factor in angiogenesis.16 However, the solubility of THD is 
a major concern as it is a poorly water-soluble drug, a characteristic that represents one of the most challenges in the 
pharmaceutical applications.17 Therefore, a nano-drug delivery system is an approach to deliver drugs to their target 
biological sites without affecting non-target cells. In addition, it overcomes the poor solubility of drugs and their 
aggregations.18 Furthermore, nano-drug delivery systems have different types including polymeric nanoparticles, nanoe-
mulsion (NE), liposomes and nanostructure lipid carriers. They are developed to deliver drugs in a controlled release 
pattern at the site of action with better targeting and lower toxicity on healthy cells.19

NEs are colloidal translucent or transparent dispersions with a small droplet size of less than 200 nm.20 They can 
encapsulate hydrophobic drugs to form an aqueous formulations to deliver them to the targeted cells.21 Moreover, they 
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protect drugs from enzymatic degradation, improve bioavailability, enhance drug solubility, control drug release and 
increase drug stability.20 In addition, they can tolerate the oral route for delivering oral drugs.22 Furthermore, their small 
droplet size also inhibits coalescence, and because of their elasticity, surface fluctuations are prohibited.23

NE consists of oil, surfactant/co-surfactant (SAA/co-SAA) system and water.24 SAAs stabilize the small particles by 
decreasing interfacial tension,25 increasing surface area and preventing droplets aggregations,26 while co-SAA forms 
hydrogen bonds to hold the excess of the aqueous phase.25 Generally, NEs are classified into different types, and the most 
common types are oil in water (O/W) NE and water in oil (W/O) NE.27 Here, we focus on O/W-NE based on non-ionic 
SAAs that offer stability when tested in vivo for parenteral use.28 The O/W-NE consists mainly of a core-shell structure, 
its amphiphilic shell contains SAAs, and its lipophilic core contains the lipophilic non-polar molecule, while the aqueous 
phase contains the polar solvent.29

Indeed, NEs provide specific targeting to cancer cells for efficient tumor treatment. They can also be modified to 
target the surface of tumor and multidrug-resistant cells. They are effectively taken by tumor cells, minimize toxicity to 
healthy cells and reduce the spread and migration of tumor cells to other organs.30 Therefore, NEs could be useful in 
encapsulating active drugs to treat breast cancer.31 NEs can be administrated through different routes like pulmonary, 
intranasal, ocular, oral, topical and intravenous.32 Natesan et al33 encapsulated camptothecin (a poor water-soluble drug) 
in NE and showed high potency in treating breast cancer.33 Furthermore, Periasamy et al34 reported that Nigella sativa 
essential oil NE induced apoptosis in MCF-7 cancer cells.34 Moreover, clinical trials using NEs for cancer drug delivery 
paid great attention as oral curcumin-NE was proposed to reduce joint pain in breast cancer survivors. Additionally, 
curcumin-NE was described for treating obese women at high risk for developing breast cancer.30

It has been proposed that the structural modifications of both glutarimide and phthalimide moieties in THD structure 
could potentiate the antiangiogenic efficacy. Therefore, a novel THD analogue (TA) was synthesized as shown in 
Figure 1. It has been assessed for its cytotoxicity against different types of cancer cell lines. Furthermore, a parallel 
strategy of a stable water-based O/W-NE formula was sought to encapsulate the synthesized TA. To the best of our 
knowledge, it is the first study to prepare O/W-NE consisting of oleic acid as oil, Tween-80 as SAA, n-propyl alcohol as 
co-SAA and water. The prepared TA-NE formula was studied regarding its droplet size, zeta potential, entrapment 
efficiency, drug release pattern and thermodynamic stability. Furthermore, an evaluation of its antiproliferative and 
antiangiogenic activities on triple-negative breast cancer cell line was performed. Also, its effect on the expression levels 
of mRNAs encoding TGF-β, MCL-1, VEGF, TNF-α, STAT3 and IL-6 was determined.

Materials and Methods
Materials
High-Capacity cDNA Reverse Transcription Kit, Maxima SYBR green qPCR Master Mix (2x), TRIZOLTM Reagent, 
DMSO 99.9% and Fetal Bovine Serum (FBS) were purchased from Thermo Fisher Scientific (USA). MTT reagent was 
purchased from Sigma-Aldrich (USA). Tween-80 and oleic acid were purchased from ADWIC, El Nasr Pharmaceutical 
Chemicals (Egypt). n-propyl alcohol was purchased from Samir Tech-Chem PVT LTD (India). Annexin V-FITC 
apoptosis detection kit was purchased from Abcam Inc., Cambridge Science Park, Cambridge (UK). RPMI-1640 was 

Figure 1 Chemical structures of THD and TA.
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purchased from Biowest (USA). Trypsin EDTA and DMEM were purchased from LonzaTM BioWhittaker (Switzerland). 
All cell lines were obtained from ATCC.

Methods
Synthesis and Characterization of Naphthalimide Derivative
In a 50 mL round flask, 0.212 gm (1 mmol) of N-aminonaphthalimide was added, followed by 20 mL of absolute ethyl 
alcohol. Then, 0.12 mL (1.5 mmol) of Furan-2-carboxaldehyde was added, followed by 4 drops of acetic anhydride. The 
mixture was kept under reflux at 90°C with stirring for 6 h on a hot plate stirrer (Jenway 1000, UK). After that, a sample 
was taken for a thin layer chromatography (TLC) check that showed reaction completion. The reaction mixture was left 
to cool down at room temperature until a precipitate was formed. The precipitate was filtered off on a filter paper under 
vacuum, and crystallization was carried out from ethanol 95% in 80% yield after 3 h. The structure of the synthesized TA 
was elucidated and characterized by IR, Mass spectroscopy, elemental analysis and 1H and 13C NMR. 

2-[(2-Furanylmethylene)amino]-1H-Benz[De]isoquinoline-1,3(2H)dione
M.p. 197–199 °C, IR (KBr) 3437, 1653, 1323, 1230, 1184 cm−1; 1H NMR (DMSO-d6) 6.78–7.80 (m, 1H, Fur. C4–H), 

7.30–7.31 (m, 1H, Fur. C3–H), 7.83–7.89 (m, 2H, Naphth. C2,6-H), 8.08 (m, 1H, Fur. C5–H), 8.44–8.51 (m, 4H, Naphth. 
C1,3,6,8-H), 8.58 (s, 1H, CH); 13C NMR (DMSO-d6) δ 112.78 (Fur. C3, C4), 119.71 (C4a), 122.23 (C4, C5), 126.69 (C2, C7), 
127.25 (C8a), 130.99 (CH), 131.29 (C1, C3, C6, C8), 134.52 (Fur. C5), 147.59 (Fur. C2), 159.87 (C=O), 160.25 (C=O); 
EIMS m/z = 290 (M+).

Construction of NE Pseudo-Ternary Phase Diagram
A pseudo-ternary phase diagram was originated through a water titration method at ambient room temperature with the 
help of Chemix School 8 software that was reported by Chaudhari and Kuchekar.35 NE was prepared using oleic acid, 
water and an emulsifying system consisting of Tween-80 as SAA and n-propyl alcohol as co-SAA. Different ratios of 
SAA to co-SAA were studied (3:1, 2.5:1.5, 1:1, 4:1, 1:1.5, 0.5:4.5, 1:3, 1.5:2.5, 1:4, 1.5:1, 4.5:0.5, 1.5:3.5).

Preparation of TA-NE Formula
NE was prepared with the spontaneous emulsification method that was reported by Aswathanarayan and Vittal36 with 
some modifications. It depends mainly on mixing oil, water and emulsifier at a certain temperature by gentle stirring on 
a hot plate stirrer leading to the entrance of the emulsifier to the aqueous phase, causing an increase in the interface 
between oil and water and hence producing oil droplets.36 Briefly, 1 mg of TA was dissolved in DMSO, then mixed with 
oil, water and SAA/co-SAA mixture. As reported by Tsai et al,37 SAA reduces the interfacial tension between the 
aqueous and the oily phases, and co-SAA offers a further reduction in the interfacial tension. Moreover, co-SAA 
decreases the concentration of SAA used during the preparation process.37 In the absence or low concentration of co- 
SAA, the SAA is likely unable to adequately reduce the O/W interfacial tension.38

The prepared NE formula was sonicated and degassed for 30 min with a sink sonicator (Elmasonic S, Germany) to 
allow the formula to be homogenous, reach equilibrium and disrupt any formed aggregates.39 Moreover, ultrasonication 
is an efficient method to reduce NE droplet size.40 The appropriate oil and SAA/co-SAA ratio used in NE was chosen 
from the constructed phase diagram. Different formulae (S1, S2 and S3) were chosen from the constructed triphasic 
diagram. The percentages of the SAA/co-SAA system to the total plain formula were 47%, 32% and 26%, respectively. 
Then, one formula (S1) was selected for its stability to complete the characterization and the biological study.

Characterization of TA-NE Formula
Droplet Size and Zeta Potential Measurements 
The average droplet size, zeta potential and size distribution of the plain NE and TA-NE formulae were determined 
using dynamic light scattering (Malvern Nano ZS Zeta-sizer, UK). Data analysis was performed using Malvern Zeta- 
Sizer software version 7.02. All samples were measured at room temperature (25–30°C), where 10 µL of the sample 
was diluted with 10 mL of distilled water and then sonicated for 15 min with a sink sonicator (Elmasonic S, 
Germany).
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Morphology and Phase Structure Examination 
The morphology and phase structure of the plain NE and TA-NE formulae were examined with the field emission 
transmission electron microscopy FE-TEM (JEOL JEM-2100F, Japan). Samples were placed on a copper grid41, then 5 
µL of phosphotungestic acid was added to provide good staining. Photos were captured with different magnifications.

Drug-Excipients Interaction Study by Fourier Transform Infrared 
FTIR spectra of the prepared plain NE and TA-NE formulae were recorded to reveal the functional groups of the drug 
and excipients of formula to detect any possible interactions between the TA and the components of the NE formula. 
Formulae were subjected to FTIR (VERTEX 70v FTIR Spectrometer, UK) in the scanning range 4000–500 cm−1.

Thermodynamic Stability Study
Different destabilization mechanisms affect the thermodynamic stability of NE such as flocculation, gravitational 
separation, creaming and coalescence as reported by Choi and McClements.42 The plain NE and TA-NE formulae 
were assessed for their thermodynamic stability through the centrifuge stress and freeze-thaw cycle stress tests. In the 
centrifuge stress test, the formulae were centrifuged at 13,000 rpm for 30 min with a benchtop microcentrifuge (Sigma, 
Germany). In the freeze-thaw cycle stress test, the formulae were subjected to three freeze-thawing cycles. Each cycle 
consists of 24 h at 37°C followed by 24 h at -20°C. Then, the formulae were examined for phase separation, creaming, 
cracking and precipitation.

Stability Study
Plain NE and TA-NE formulae were tested for long-term stability after storage for 1 year at room temperature (25–30°C) 
and relative humidity (59–67%). Then, they were checked for phase separation and optical clarity by visual inspection as 
well as measuring their droplet size and zeta potential. As reported by Wu group,43 they tested the long-term stability of 
NE after 1 year of preparation stored at room temperature by measuring their average droplet size and examining their 
physical characteristics.43 Alliod et al44 measured the droplet size and zeta potential for their NE after 9 months of 
storage at room temperature.44 Furthermore, Sarheed et al39 measured NE droplet size after 6 months of storage at room 
and cool temperature. Moreover, they noticed the physical characteristics of their formulae throughout the storage period 
at room temperature.39

Drug Entrapment Efficiency
The percentage of TA entrapment efficiency was determined in the prepared formula using Equation 1. It was measured 
using a UV/VIS Spectrophotometer (Perkin Elmer Lambda EZ 201, UK) at 368 nm.

In Vitro Drug Release Study
An equivalent of the formula containing 100 µg of TA was loaded into a cellulose dialysis membrane. The dialysis tube 
was sealed and soaked in 10 mL of distilled water to cover the sink condition. At fixed time intervals (0 min., 30 min., 1 
h, 1.5 h, 2 h, 2.5 h, 3 h, 3.5 h, 4 h, 4.5 h, 5 h, 6 h, 7 h, 8 h, 9 h, 10 h, 11 h, 12 h, 24 h and 48 h) following each dialysis 
time point, about 1 mL of the dialysis media was withdrawn and immediately substituted with an equal volume of 
distilled water to maintain the volume of the release medium constant throughout the release study. The withdrawn 
samples were examined for drug concentration by UV/VIS Spectrophotometer (Perkin Elmer Lambda EZ 201, UK) at 
368 nm.

Drug Release Kinetics and Mechanism 
To study the kinetic profile of TA released from the NE formula, the in vitro release data were fitted to various model 
kinetic equations such as zero-order (cumulative percentage of drug released versus time), first-order (log cumulative 
percentage of drug released versus time), Higuchi’s model (cumulative percentage of drug released versus square root of 
time) and Korsmeyer-Peppas model (log cumulative percentage of drug released versus log time). The correlation 
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coefficient (R2) for each model was determined, and the best-fitting model was selected that has the highest correlation 
coefficient (R2) value.45 Moreover, the n value represents the mechanism of TA released from the formulation. It was 
determined from the slope of the plotted log time versus log cumulative release percentage (≤60%), where n ≤ 0.45 
indicates a Fickian diffusion mechanism, 0.45 < n < 0.89 indicates a non-Fickian anomalous diffusion, n = 0.89 indicates 
a case II transport and n > 0.89 indicates a super case II transport.

In Vitro Cytotoxicity Studies
Cytotoxic activity of the TA was tested on normal human lung fibroblast cell line (WI-38) as well as it was screened on 
different types of cancer cell lines; liver hepatocellular carcinoma (HepG2), colorectal adenocarcinoma (Caco-2), breast 
cancer (MCF-7), androgen-sensitive prostate adenocarcinoma (LNCaP) and poorly differentiated colon carcinoma 
(RKO). Furthermore, plain NE and TA-NE formulae were tested on the triple-negative breast cancer cell line (MDA- 
MB-231). Moreover, the TA-NE formula was tested on a multidrug-resistant breast cancer cell line (MCF-7-ADR).

Cell lines were sub-cultured in DMEM or RPMI-1640 medium-containing 10% fetal bovine serum (FBS). 96 well tissue 
culture plates were inoculated with 1×105 cells/mL (100 µL/well) and incubated at 37°C in a 5% CO2 incubator for 24 h,46,47 

followed by the addition of serial dilutions of TA or the prepared formulae and incubated for an additional 72 h.46 The effect of 
treatments on cell viability was examined by MTT assay according to the method of van Meerloo et al.48 The absorbance was 
measured using a microplate reader (BMG LabTech, Germany) at 570 nm. The effective concentration of the tested TA and 
the prepared formulae that caused 50% cell death (IC50) was estimated by the GraphPad Prism 8.0.1 software.

Flow Cytometric Studies
Cell Cycle Analysis 
After treatment of the MDA-MB-231 cell line with the determined IC50 of the TA-NE formula, treated cells were 
collected by trypsinization and washed with ice-cold PBS (pH 7.4). Cells were resuspended in 2 mL of 60% ice-cold 
ethanol and fixed by incubation at 4°C for 1 h. After fixation, cells were washed twice again with PBS (pH 7.4) and 
resuspended in 1 mL of PBS containing 50 µg/mL RNAase A and 10 µg/mL propidium iodide (PI).49 After 20 min of 
incubation in the dark at 37°C, cells were analyzed for DNA contents using flow cytometry analysis using FL2 (λex/em 

535/617 nm) signal detector (ACEA Novocyte™ flow cytometer, ACEA Biosciences Inc., USA). For each sample, 
12,000 events were acquired. ACEA NovoExpress™ software (ACEA Biosciences Inc., USA) was used to evaluate cell 
cycle distribution. The experiment was performed three independent times.

Annexin V Apoptosis Assay 
Necrotic and apoptotic cell populations were determined using Annexin V-FITC apoptosis detection kit (Abcam Inc., 
Cambridge Science Park, Cambridge, UK) coupled with 2 fluorescent channels flow cytometry. After treatment of the 
MDA-MB-231 cell line with the determined IC50 of TA-NE formula, treated cells (105 cells) were collected by 
trypsinization and washed twice with ice-cold PBS (pH 7.4). Subsequently, cells were incubated with 0.5 mL of 
Annexin V-FITC/PI solution for 30 min in the dark at room temperature according to manufacturer’s protocol. After 
that, cells were subjected to ACEA Novocyte™ flow cytometer (ACEA Biosciences Inc., USA) and screened for FITC 
and PI fluorescent signals using FL1 and FL2 signal detectors, respectively (λex/em 488/530 nm for FITC and λex/em 535/ 
617 nm for PI). For each sample, 12,000 events were detected, and positive FITC and/or PI cells were examined by 
quadrant analysis and calculated using ACEA NovoExpress™ software (ACEA Biosciences Inc., USA).

Quantitative RT-PCR
Total RNA was extracted from untreated and TA-NE treated MDA-MB-231 cell line by TRIZOLTM Reagent according to 
the manufacturer’s protocol. RNA concentration and purity were determined by nanodrop (A260 and A280) (Thermo 
Fisher Scientific 2000c, USA). All the mRNA were reverse transcribed to cDNA by High-Capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. qPCR reaction was 
conducted for TGF-β, MCL-1, VEGF, TNF-α, STAT3 and IL-6 genes using Thermo Scientific Maxima SYBR Green 
qPCR Master Mix (Thermo Fisher Scientific, USA). The primers used are listed in Table 1. Thermal cycling conditions 
for amplification of all primers were a three-step cycling protocol except for IL-6 was a two-step cycling protocol. The 
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qPCR reaction was conducted on QuantStudio™ 5 Real-Time PCR System (Thermo Fisher Scientific, USA). The 
software utilized was QuantStudio™ Design & Analysis Software v1.5.1. The relative gene expression levels were 
calculated using the livak method. The data were normalized using HPRT-1 as a housekeeping gene.50

In Silico Molecular Docking Studies
Tested Compound Optimization 
Docking studies were performed using the Molecular Operating Environment software package (MOE, 2014.10, Chemical 
Computing Group Inc. Montreal, Canada).51 We evaluated the activity of THD and TA compared to docked crystallized 
ligands (WFE, RO4, 3SR and BAX) complexed with the (AKT Kinase, MMP1, ALDH1 and VEGF) proteins, respectively, 
that act as a binding site inhibitor. THD and TA were drawn on MOE sketcher. Structures of the co-crystallized ligands (WFE, 
RO4, 3SR and BAX) were downloaded from the drug bank website (https://www.drugbank.ca/). After checking THD, TA and 
co-crystallized ligands chemical structures and the formal charges on atoms by the 2D depiction, the tested compounds were 
subjected to energy minimization using Force Field MMFF94x. The partial charges were calculated automatically. Each co- 
crystallized ligand (WFE, RO4, 3SR and BAX) was imported with THD and TA in a separate database and saved as an MDB 
file to be utilized in the docking calculations as four separate processes for each protein pocket, respectively.

Protein Active Site Optimization 
X-ray crystal coordinates of AKT Kinase (PDB code: 3mvh, in complex with WFE), MMP1 (PDB code: 2TCL, in 
complex with RO4), ALDH1 (PDB code: 4WP7, in complex with 3SR), VEGF (PDB code: 4ASD, in complex with 
BAX) were obtained from the Protein Data Bank (http://www.rcsb.org/). The target protein was fully prepared for 
docking calculations. Hydrogen atoms with their standard 3D geometry were added to the system. To check for any error 
in the atomic connections and types, an automatic correction was applied. Additionally, the receptors and its atoms’ 
potentials were fixed. Site finder was utilized to select the same active site of the co-crystallized inhibitor in the enzyme 
structure through utilizing all default items, where dummy atoms were created from the site finder of the pocket.

Docking of Molecules into the Binding Site of Protein 
Docking of each database composed of THD, TA and the co-crystallized ligand was performed. The following method 
was applied: the file of the prepared protein active site was loaded, and the docking tool was commenced as template and 
general docking processes. The set-up of the program specifications was as follows: triangle matcher is the placement 
technique, dummy atoms are the docking site, rigid receptor is the refinement methodology, London dG represents the 
scoring methodology and GBVI/WSA dG is the scoring methodology for the best poses selection. The scoring methods 
were adjusted to default values. The MDB file of the three ligands in each of the four databases was loaded and automatic 
general docking calculations were performed. The ligand-enzyme complex scores in kcal/mol were encompassed in the 
output database. Consequently, the generated docking poses and interactions with binding pocket residues were 
examined. The superimposition of the binding orientations of docked molecules into the binding pocket with the top 
scores and exhibiting good ligand enzyme contacts were depicted.

Table 1 Primers Sequences for qRT-PCR

Gene Forward Primer Reverse Primer

TGF-β 5’ AATTCCTGGCGATACCTCAGCA 3’ 5’ TGAACCCGTTGATGTCCACTTG 3’

MCL-1 5’ CGGCAGTCGCTGGAGATTATCT 3’ 5’ TTGATGTCCAGTTTCCGAAGCAT 3’

VEGF 5’ AAGGAGGAGGGCAGAATCATC 3’ 5’ CAGGATGGCTTGAAGATGTACT 3’

TNF-α 5’ TCCAGGCGGTGCTTGTTCCT 3’ 5’ AGAGGGCTGATTAGAGAGAGG 3’

STAT3 5’ AGGAGGAGGCATTCGGAAAGT 3’ 5’ TGTCACACAGATAAACTTGGTCT 3’

IL-6 5’ AGTACCTCCAGAACAGATTTG 3’ 5’ GCATTTGTGGTTGGGTCAGG 3’

HPRT-1 5’ CTGGCGTCGTGATTAGTGATGAT 3’ 5’ AGCACACAGAGGGCTACAATGT 3’
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Statistical Analysis
Data were statistically analyzed by Microsoft Excel® 2016, Statistical Package for Social Science (SPSS)® Version 24 
and Minitab® statistical software Version 16. Data were revealed as means, standard deviations and standard errors of the 
mean for further analysis using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test for multiple 
comparisons. The level of significance was calculated at P ≤ 0.05.

Results and Discussion
TA Synthesis Process
We aimed to expand on the results of our previous study,52 Scheme 1 represents the synthesis steps of a novel TA, where 
N-aminonaphthalimide reacts with Furan-2-carboxaldehyde in the presence of absolute ethyl alcohol and acetic anhy-
dride. The mixture was kept under reflux at 90°C with stirring for 6 h. The reaction mixture was left to cool down at 
room temperature until a precipitate was formed.

Construction of Pseudo-Ternary Phase Diagram
The pseudo-ternary phase diagram was plotted, as shown in Figure 2. Tween-80, whose use is approved by FDA, was 
selected as a non-ionic hydrophilic SAA owing to its use in food and medicine as an emulsifying agent. It was reported to 
increase drug permeability when tested in vitro on Caco-2 colorectal cell line, in vivo (rats) and ex vivo (rat intestinal 
membrane).53 Also, oleic acid could be used safely, and it was proven to exhibit some antitumor activity against different 
types of cancer such as colorectal, breast and prostate cancer.54

Figure 2 shows that SAA/co-SAA system succeeded in decreasing the interfacial tension between oleic acid and 
water, thus facilitating the fabrication of NE droplets (gray area), whereas the white area indicates that the formed system 
comprises two phases. The borderline between these two areas (gray/white) represents the first visual turbidity during the 
titration step after the formation of NE. The NE formula was prepared with a low percentage of hydrophilic non-ionic 
SAA (17%), following the recommendations of Manickam et al,55 who showed that utilizing low SAA concentration in 
the NE formulation guarantees that the synthesized formula can be used in pharmaceutical applications.55

For producing NE, the SAA concentration should be high enough to stabilize droplets such that low interfacial 
tension is achieved.56 An optimal SAA concentration is required to formulate NE, thus preventing oil droplets from 
aggregation.57 In our prepared formula, we utilized an adequate concentration of SAA and that was proved by the 
formation of a small-size stable formula that was transparent and clear. Moreover, the small size of NE was due to the 
sufficient amount of SAA covering each oil droplet.58 Azeem group38 prepared NE consisting of 40 wt.% of SAA to co- 
SAA.38 Furthermore, Sarheed et al39 utilized different SAA to oil ratios (5:1, 7:1, 10:1, 5:2, 7:2 and 10:2). They reported 
that the high SAA concentration could prevent any form of instability or coalescence. Moreover, they observed no phase 
separation in their formulae indicating their stability.39 Furthermore, Shah et al59 stated that utilizing high concentrations 
of hydrophilic SAAs in the nanoformulation led to the loss of the dissolution capacity for hydrophobic drugs in the 
formula upon dilution with water in the gastrointestinal tract, which leads to precipitation of the dissolved drug.59

In our study, three formulae (S1, S2 and S3) were chosen from the constructed pseudo-ternary phase diagram, as 
shown in Figure 3. Then, one formula (S1) was selected for its stability to complete the characterization and the 

Scheme 1 Synthesis of TA compound, where (i) represents N-aminonaphthalimide, (ii) represents Furan-2-carboxaldehyde, (iii) represents TA, EtOH is absolute ethyl 
alcohol and Ac2O is acetic anhydride.
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biological study. The selected formula was optically transparent and showed no visible precipitations during the 
preparation steps or after storage for 1 year. Handa et al25 discussed that the transparent NE was due to the fatty acid 
moiety in the oleic acid attached to the sorbitan moiety in Tween-80, resulting in more steric hindrance.25 In terms of 
SAA ratios, our preparation was different from that of Handa et al,25 who stated that a higher amount of SAA was needed 
for obtaining a transparent NE formula. In their study, they used pine oil, Tween-80 and PEG400 and increased the ratio 
of Tween-80:PEG400 from 1:1 to 1:2 and 2:1. They explained their results that the hydroxyl moiety of water was weak 
and PEG400 was not affordable to hold neither the water molecules nor the hydrogen bond of the glycol moiety.25

Figure 3 S1, S2 and S3 represent three prepared plain NE formulae. S1 represents the most stable formula as it showed clear transparent formula without any aggregations; 
S2 and S3 represent unstable formulae as they showed aggregations, phase separations and coagulations; TA-NE formula represents the prepared formula after a year of 
preparation showing a clear transparent formula.

Figure 2 Pseudo-ternary phase diagram of the prepared plain NE consisting of oleic acid, Tween-80, n-propyl alcohol and water. The clear area under the curve shows the 
multiphase system, while the gray area under the curve shows the one phase system.
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On the other hand, our NE preparation likely exhibited low interfacial energy due to the adequate ratios of Tween-80/ 
n-propyl alcohol to oil and water. Furthermore, n-propyl alcohol was used as co-SAA in the formulation of NE as 
alcohols participate in the reduction of water uptake and droplet size due to their weak amphiphilic behavior, as described 
by Mathew and Juang60 whereas alcohol molecules such as ethanol and isopropyl participate in the interfacial region of 
droplets and form a dense SAA system, improving the NE formula’s stability.60 This observation is consistent with the 
reported results of a study done by Azeem group,38 who evaluated the effect of different alcohols, such as n-butanol, 
ethyl alcohol, isopropanol and other polymers (propylene glycol, PEG400 and carbitol) as co-SAAs. They found that co- 
SAA of short to medium chain lengths (C3–C8) acts to lower interfacial tension, promote interface fluidity and improve 
the mobility of the hydrocarbon tail, allowing more oil to penetrate this region.38

Characterization of TA-NE Formula
Droplet Size Measurements
The mean droplet size measured in distilled water at the time of preparation for plain NE and TA-NE formulae was 
345.73±6.84 nm and 372.7±69.37 nm, respectively. Sarheed et al39 noticed a decrease in droplet size in the oleic acid 
formulation with an increasing concentration of SAA. They explained this behavior as the SAA could be adsorbed onto 
the interface between water and oil to minimize interfacial tension and decrease the free energy needed to disrupt the 
droplets leading to droplet disruption and a decrease in size as the SAAs might form a protective coating around particles 
resulting in inhibition of coalescence with one another.39 Wang and Zhang61 produced NE of approximately 109–139 nm 
with spherical structure prepared by spontaneous emulsification method.61

Polydispersity index (PDI) refers to the distribution of particles in the NE formula. Its value was recorded in correspondence 
with the values of droplet size. PDI measured in distilled water at the time of preparation of plain NE and TA-NE formulae were 
0.618 and 0.517, respectively. This indicates narrow size distribution and excellent homogeneity. As reported by Danaei et al,62 

PDI is a dimensionless value of simple calculation from two different parameters that fits to the cumulants analysis of the 
correlation data. PDI ranges between 0.05 and 0.7 indicate high monodispersed or a very broad particle size distribution, 
respectively.62

Morphology and Phase Structure Examination
The plain NE and TA-NE formulae were examined with FE-TEM, which showed their fine spherical structure (Figure 4). 
Pouton63 stated that very fine dispersions (less than 100 nm) were produced during the preparation of a self-emulsifying 
system with the use of hydrophilic SAA (40% or more) or co-SAA in addition to SAAs.63 In our prepared formula, 47% 
of the SAA/co-SAA was used, which explained the small droplet size.

The clear transparent appearance did not change upon loading of TA. Moreover, the plain NE and TA-NE formulae 
exhibited a clear transparent appearance. McClements and Rao29 reported that as the NE size was less than 70 nm, it is 
controlled by the Brownian motion that affects its movements and thus prevents creaming.29 These findings agreed with 
the study of Sarheed et al,39 who reported that 50% of their O/W-NE droplet size increased upon loading of lidocaine in 
comparison with the blank NE formula, and there was no change in the physical appearance of their formulations.39

Figure 4 Field Emission Transmission Electron microscope photomicrographs. (A) Plain NE formula; (B) TA-NE formula.
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The particle size measured by the zetasizer has larger values than that measured by FE-TEM. This result was expected as the 
zetasizer measures the hydrodynamic size of particles, while FE-TEM measures the actual droplet size of particles. These 
findings were consistent with previous studies.64,65 Cancer cells are surrounded by vascularized tissues that facilitate the 
accumulation of NEs in these tissues depending on their small size to pass through barriers.30 For medical applications, the 
size of NE particles is important for drug pharmacokinetics, where the recommended mean particle size of NEs is 100–300 nm.66 

It should be noted that the NE particle size should not be too large to avoid blocking of the blood vessels and not too small to be 
indiscriminately and rapidly absorbed.67 Sánchez-López et al30 mentioned that size of NEs in the range of 20–100 nm can pass 
through blood vessels, accumulate in tumor tissues and are away from renal clearance.30

Indeed, Wani et al68 reported that the small particle size of the NE influences the absorption of the drug and their 
biological fate.68 The small size of NEs leads to a higher bioavailability as they can penetrate through the pores in the 
mucus layer resulting in faster absorption by cells.68 NEs can be administrated by the intravenous route through the 
enhanced permeability and retention effect.69 According to Attia et al,70 the blood vessels of tumor tissue become more 
permeable than in healthy tissue. The rapidly expanding tumor engulfs the formed blood vessels or recruits new blood 
vessels in response to hypoxia.70 These new vessels are leaky in nature, providing enhanced selective penetration of 
nanostructures and molecules larger than 40 KDa to the tumor stroma. Moreover, the lack of healthy lymphatic drainage 
in cancer tissue plays an important role in nanoparticle retention. Furthermore, targeting tumor tissue occurs passively 
depending on the tumor biology, like leakiness and vascularity.70,71

Drug-Excipients Interaction Study
FTIR spectra of the plain NE and TA-NE formulae are shown in Figure 5. It showed no significant change between plain NE and 
TA-NE formulae. However, it showed the successful loading of TA in the NE formula, where the characteristic peaks of THD 
were detected in the TA-NE formula. The strong broad peak at 3200–3550 cm−1 indicates the presence of (O-H) stretching of NE. 
The band below 3000 cm−1 shows the absorption band for (C-H) stretching. The absorption at 1600 cm−1 represents (C-O) 
stretch. The weak and broad peak at 1520 cm−1 characterizes the (C-O-H) of the alcohol. In addition to (N-H) stretch was 
characterized at 1600 cm−1. For the TA-NE formula, FTIR exhibited a characteristic peak of THD as Jin et al,72 reported that the 
(C-H) stretching of the aromatic ring was at the frequency 690–900 cm−1.72 The (C-H) stretching of the TA was determined at 
990–1045 cm−1.

Figure 5 FTIR spectra of the plain NE and TA-NE formulae. The characteristics peak (C–H) stretching of the TA at 990–1045 cm−1, and the weak and broad peak at 
1520 cm−1 characterizes the (C-O-H) of the alcohol are indicated by red eclipses.
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Thermodynamic Stability
Different plain NE formulae were prepared and examined visually to select the most stable one. The selected plain NE formula 
and TA-NE formula showed no signs of aggregations, creaming or phase separation at the time of preparation and after storage 
for a year at room temperature (25–30°C) exposed to light and dark conditions. Moreover, they were also stable when exposed to 
centrifuge stress and freeze-thaw stress tests without any precipitation or change in their physical appearance. Handa et al25 stated 
that Tween-80 formulated NE system resulted in an optically clear, transparent and highly stable NE.25 The prepared formulae 
have no change regarding their clearance and aggregations, ensuring no Ostwald ripening occurred. As mentioned by Che 
Marzuki et al,73 that Ostwald ripening is a destabilization process occurs when two droplets fuse together to form one large 
droplet. In addition, with enough time, the NE size increases and becomes turbid.73

Alliod et al44 reported that the long-term stability of NE was due to the use of sufficient SAA amount during 
preparation.44 The SAA percentage utilized was 17%, which was sufficient for the NE to be formed with a clear and 
transparent appearance, and it also provided long-term stability for up to a year. Danhier et al74 mentioned that the final 
feature of the formulation was affected by the particle size, where the formulation’s stability increases as the particle size 
decreases. This is important against Brownian motion, gravitational force and flocculation.74

Stability Study
Regarding the pharmaceutical application of drugs, it was necessary for the prepared formula to have good stability correlated 
with its corresponding zeta potential values.75 A stability study was carried out to detect changes in the formulae’s droplet size 
and zeta potential after a year of preparation, where the formulae were stored at room temperature (25–30°C) exposed to light and 
dark conditions. The mean droplet size after a year of preparation measured in distilled water for the plain NE and TA-NE 
formulae was 195.4±1.97 nm and 194.93±7.94 nm, respectively, which showed a decrease in the mean droplet size. This can be 
explained by Aswathanarayan and Vittal,36 who reported that NEs are exposed to chemical degradation due to their large surface 
area, which makes them susceptible to hydrolysis and oxidation. Furthermore, the chemical stability of NEs is influenced by their 
opacity, where the transparent NEs with small droplet size are easily degraded by visible or UV light due to their transparency.36 

Alliod et al44 reported no significant increase in the average droplet size of NE for 9 months stored at room temperature because 
the SAA concentration was sufficient for their long-term stability.44 Moreover, Sarheed et al39 reported a decrease in their NE 
droplet size after 6 months of storage at room and cool temperature.39

The electrical surface charge or particle charge was determined by measuring the zeta potential at the time of 
preparation and after storage for a year. Zeta potential values at the time of preparation of the plain NE and TA-NE 
formulae were -47.2±0.4 mV and -40.13±1.27 mV, respectively. Interestingly, after storage for a year, the values of zeta 
potential of the plain NE and TA-NE formulae were -46.63±2.28 mV and -32.13±0.63 mV, respectively. It showed 
insignificant change before and after storage for the plain NE formula, while showing significant change (p˂0.01) for TA- 
NE formula; however, the charge is still within the accepted values (˃-30 mV or ˃+30 mV) that indicates a high stability 
pattern of the formulae after storage for a year.

To sum up, the values of zeta potential for the plain NE and TA-NE formulae were with a high negative surface 
charge at the time of preparation and after storage for a year. Rodrigues et al76 discussed that the high negative charge for 
the NE formula showed a high stability pattern upon storage since repulsions between droplets surpassed the attraction 
forces that prevent coalescence and coagulation of the colloidal particles.76 These results agreed with the results reported 
by Sobhani et al,26 where they stated that as the value of the zeta potential increased towards negative or positive (-30 
mV to +30 mV), the net charge of the droplets increased, which offers more stabilization in the NE.26 It was reported that 
when the zeta potential value was more negative than 30 mV, this indicates a high electrical stability due to electrostatic 
repulsion that prevents droplets aggregations resulting in physical stability of NE.39 Tran et al77 mentioned that a nano 
drug-delivery system exhibiting a medium negative charge value (approx. -20 mV) or completely negative charge value 
(≤-30 mV) showed improved physiological and physical stability in blood and could enhance the drug half-life inside the 
blood circulation.77 Furthermore, Wang and Zhang61 prepared NE with zeta potential ranging between -38.5 mV and 
-28.5 mV.61
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Drug Entrapment Efficiency and In Vitro Drug Release Study
The drug entrapment efficiency for TA inside the formula was 99.33%. This high value was due to the low surface tension among 
NE droplets that inhibits their coalescence and this was assured by the absence of phase separation, which enhanced drug 
retention and solubility in the formula.39 The dialysis membrane used was of molecular weight cut-off 12–14 kDa, and the 
molecular weight of TA was 290.07 g/mol. Kang et al78 reported that this cut-off was to retain the formula inside the membrane, 
allow only the drug to transfer to the release media and reduce the effect of membrane during the release process.78 According to 
Xu et al,79 the dialysis membrane cut-off value should be 100 times the drug’s molecular weight.79

The release pattern for the TA from NE formula (Figure 6) showed that 29.1±1.21% was released after 2 h, 42.26 
±0.25% was released after 4 h, 65±0.27% was released after 12 h, 87.3±11.84% was released after 24 h, and finally, the 
release was completed after 48 h. Therefore, the prepared formula exhibited an extended-release pattern, which maintains 
the drug level for a longer time inside the blood circulation and improves patient control. Araújo et al80 dissolved THD in 
acetonitrile solution; therefore, they used ammonium acetate as a release medium from the parenteral NE formula. They 
found that more than 80% of THD was released to the release media after 2 h.80 Partitioning of the drug from the oil 
phase into the SAA layer and then into the aqueous phase is the sequence by which the drug is released from NE. During 
diffusion from oil, the solubilized drug moiety comes first into contact with the aqueous phase and undergoes 
nanoprecipitation. This greatly increases the drug’s surface area, hastening its disintegration.81

Drug Release Kinetics and Mechanism
The highest value of R2 represents the release kinetics for the formula. The R2 values for zero order, first order, Higuchi’s model 
and Korsmeyer-Peppas model were 0.7313, 0.5108, 0.9221 and 0.9693, respectively. The in vitro release data were best fitted to 
the Korsmeyer-Peppas model. It reveals that the release of the drug from the formula may be due to the swelling of the formula or 
diffusion of water inside. Moreover, the exponent n value was 0.48, indicating a non-Fickian diffusion release mechanism.

In Vitro Cytotoxicity Studies
TA revealed its safety on the proliferation of normal human cell line (WI-38) with an IC50 of 101.01 µmol/mL. WI-38 cell line 
was selected according to literatures, as mentioned by Chen et al,82 that the most common sites of breast cancer metastases are 
bones (65.1%) followed by lungs (31.4%).82 Metastatic spread of breast cancer commonly attacks bones and lungs.83,84 Table 2 
indicates that TA exhibited antitumor activity in micromolar concentration on different cancer cell lines. Interestingly, the 
encapsulation of the TA in the NE formula enhanced its antitumor potency and decreased the IC50 to nanomolar concentration. 

Figure 6 In vitro drug release study for TA from NE. It revealed that complete release was achieved within 48 h.
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TA-NE formula showed an IC50 of 0.0293 nmol/mL (equivalent to 8.509 ng/mL) on MDA-MB-231 cells and 0.0208 nmol/mL 
(equivalent to 6.058 ng/mL) on MCF-7-ADR cells, demonstrating high anticancer activity. The plain NE formula showed an IC50 

of 49.42 ng/mL on MDA-MB-231 cells. Figure 7 indicates that the anticancer activity on MDA-MB-231 cells is dose-dependent. 
The most relevant finding is that the nanoformulation of the TA dramatically reduced the anticancer dosage from micromolar 
efficiency to nanomolar efficiency. The TA-NE formula has more cytotoxic activity and is a more promising anticancer agent on 
the metastatic triple-negative cell line.

Flow Cytometric Studies
Cell Cycle Analysis
Cell cycle analysis was assayed to assess the effects of TA-NE treatment of MDA-MB-231 cells with the determined 
IC50 of TA-NE formula at different phases of cell cycle such as sub G1, G0/G1 phase, S-phase and G2/M phase as 
compared to that of untreated cells. Figure 8 indicates that treatment of MDA-MB-231 cells resulted in a significant 
increase (p˂0.05) in cell population in the G2/M phase, which indicates that TA-NE formula induced cell cycle arrest in 
the G2/M phase compared to that of untreated cells. Our findings agreed with Marriott et al85 who showed that 
their second generation of the synthesized TAs promoted cell cycle arrest at G2/M phase at a concentration of 50 µg/ 
mL for 48 h in different types of cancerous cells such as colorectal (SW620), pancreatic (BxPC-3), prostate (PC-3) and 
melanoma (MJT-3) cell lines.85 Furthermore, El-Zahabi et al86 demonstrated that THD induced apoptosis in the color-
ectal carcinoma (HCT-116) cell line in the G2/M phase at a concentration of 10 µM for 24 h.86 On the contrary, these 
findings were in contrast with the data reported by Zhu et al,87 as they concluded that THD enhanced the cell cycle arrest 

Figure 7 Cytotoxicity study on MDA-MB-231 cell line representing the IC50 values. (A) Plain NE formula (49.42 ng/mL); (B) TA-NE formula (8.509 ng/mL).

Table 2 Cytotoxicity Studies of TA and TA-NE Formula on Different Types of Cell Lines

Tested Sample Cell Lines IC50

TA

Normal human lung fibroblast cell line (WI-38) 101.01 µmol/mL

Liver hepatocellular carcinoma cell line (HepG2) 18.59 µmol/mL

Colorectal adenocarcinoma cell line (Caco-2) 43.26 µmol/mL

Breast cancer cell line (MCF-7) 42.53 µmol/mL

Androgen-sensitive prostate adenocarcinoma cell line (LNCaP) 0.326 µmol/mL

Poorly differentiated colon carcinoma cell line (RKO) 1.096 µmol/mL

TA-NE formula Triple-negative breast cancer cell line (MDA-MB-231) 0.0293 nmol/mL

Multidrug-resistant breast cancer cell line (MCF-7-ADR) 0.0208 nmol/mL
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of the human osteosarcoma (MG-63) cell line by increasing the cell population in the G0/G1 phase and decreasing the 
cell percentage in S phase at an incubation of 0, 50, 100 and 200 µg/mL when cells were treated for 48 h.87 Also, 
Tokunaga et al88 disagreed with our results and showed that their synthesized analogue (fluoro-THD) induced cell cycle 
arrest at G1 phase, while it decreased cell population in the S-phase in the multiple myeloma (H929) cell line when 
treated at a concentration of 20 µg/mL for 24 h.88 Moreover, Kian group89 came in contrast with ours and concluded that 
THD induced cell cycle arrest in the bone marrow (KG-1) and myeloid leukemia (U937) cell lines in G0 and S phases of 
the cell cycle at IC50 of 80 µM and 60 µM in KG-1 and U937 cells, respectively, when cells were treated for 48 h.89

Annexin V Apoptosis Assay
Annexin V-FITC/PI double staining was assayed to assess the effects elicited by TA-NE formula treatment of MDA-MB-231 
cells with the determined IC50 of TA-NE formula in necrotic phase (Q1), late apoptotic phase (Q2), viable phase (Q3) and early 
apoptotic phase (Q4) as compared to that of untreated cells (Figure 9). Treatment of MDA-MB-231 cells resulted in a significant 
increase (p˂0.01) in cell population in Q1 and Q2, which indicates that TA-NE formula treatment induced an increase in the 
necrotic as well as the late apoptotic phases.

Figure 8 Cell cycle analysis of untreated MDA-MB-231 cell line (control) and treated MDA-MB-231 cell line with TA-NE formula. (A) The bar graph represents the 
percentage values of cells in each stage of cell cycle. TA-NE formula induced cell cycle arrest in the treated MDA-MB-231 cell line significantly in G2/M phase compared to 
that of untreated cells; (B) Untreated MDA-MB-231 cell line; (C) Treated MDA-MB-231 cell line with TA-NE formula.
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Quantification of Marker Genes’ Transcripts Levels (Quantitative RT-PCR)
The present study was designed to study the antiproliferative and antiangiogenic activities of the TA-NE formula against 
the MDA-MB-231 cancer cell line. The effect of the TA-NE formula on the expression levels of TGF-β, MCL-1, VEGF, 
TNF-α, STAT3 and IL-6 mRNA in the MDA-MB-231 cell line was investigated. Figure 10 shows that the TA-NE 
formula resulted in a reduction in the transcript levels of TGF-β, MCL-1, VEGF, TNF-α, STAT3 and IL-6 by 2.22, 2.33, 
4, 3.4, 2.4 and 4.5 folds, respectively, as compared to the transcript levels of these genes in the untreated MDA-MB-231 
cell line.

VEGF is a key regulator in the prognosis of cancer. It is primarily produced by tumor cells for tumor angiogenesis. Its 
production is one of the most specific regulators of the angiogenic signaling cascade.90 Moreover, the production of 
VEGF can be enhanced through different factors, including TNF-α and IL-6.91 Our data reveal that the TA-NE formula 
resulted in a significant reduction in the transcript levels of VEGF, IL-6 and TNF-α. These results are consistent with 
Gupta et al,92 who stated that THD suppressed the production of VEGF in multiple myeloma cell lines.92 El-Aarag et al12 

Figure 10 Gene expression analysis of TGF-β, MCL-1, VEGF, TNF-α, STAT3 and IL-6 in untreated (control) MDA-MB-231 cell line and TA-NE formula treated MDA-MB 
-231 cell line. TA-NE formula downregulated the expression levels of TGF-β, MCL-1, VEGF, TNF-α, STAT3 and IL-6 by 2.22, 2.33, 4, 3.4, 2.4 and 4.5 folds, respectively. Data 
are presented as mean ± standard deviation. Significantly (*p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.0001).

Figure 9 Annexin V apoptosis assay (A) Untreated MDA-MB-231 cell line; (B) Treated MDA-MB-231 cell line with TA-NE formula. Treated MDA-MB-231 cell line showed a 
significant increase in cell percentage in Q1 and Q2 representing necrotic and late apoptotic phases.
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studied the expression levels of VEGF, IL-6 and TNF-α in treated MDA-MB-231 cell line with THD and TA, and found 
that at a concentration of 100 µM for both THD and TA resulted in a reduction in the transcript levels of the studied 
mRNA but TA showed higher potency than THD.12 THD diminished TNF-α production by enhancing TNF-α mRNA 
degradation.93,94 Deng et al95 concluded that THD inhibited TNF-α production and antigen-presenting ability of 
epidermal Langerhans cells at a concentration of 200 µg/mL.95 Furthermore, the mRNA levels of VEGF were also 
decreased when the primary adenocarcinoma colon (SW480) cell line was treated with 50 µg/mL of THD and it showed 
a dose-dependent inhibitory response.16 The mechanism by which THD exerts its role is that it blocks the NF-kB 
signaling pathway and the expression of inflammatory mediators, including TNF-α. Thus, NF-kB inhibits IL-6, which in 
turn decreases the VEGF mRNA levels and consequently leads to a reduction in angiogenesis.96

STAT3 is the Janus Kinase (JAK) substrate of the JAK-STAT3 pathway. It plays an important role in the signal 
transduction of cytokines, cellular apoptosis, proliferation, differentiation and angiogenesis.97 GP130 is a cytokine 
receptor used by the IL-6 cytokine family. It forms a dimer with IL-6 and activates JAK, which leads to the activation 
of STAT3. The activated STAT3 forms a dimer and is translocated to the nucleus to modify the expression of target genes 
that affect proliferation, migration and other cellular processes, including induction of VEGF expression. Therefore, the 
downregulation of STAT3 would result in a reduction in VEGF expression.98 In our study, TA-NE formula caused 
a reduction in IL-6 transcript level by 4.5 folds, leading to a downregulation of STAT-3 transcript level by 2.4 folds and 
a concomitant reduction in VEGF transcript level by 4 folds. Qian et al99 showed that THD downregulates the expression 
of VEGF through STAT3/SP4 signaling pathway in a dose-dependent manner.99

Figure 11 Validation process for docking (WFE, RO4, 3SR and BAX) into (A) AKT Kinase; (B) MMP1; (C) ALDH1; (D) VEGF, respectively. Co-crystallized ligand with green 
colour and the docked molecule with yellow colour.
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In addition, Zhuang et al100 reported that STAT3 activation in melanoma cells by Src enhanced the upregulation of 
MCL-1,100 which is a member of the BCL-2 family that regulates the intrinsic apoptotic cascade. MCL-1 interacts with 
pro-apoptotic BCL-2 family members and causes inhibition of apoptotic mechanisms in normal and malignant cells.101 

Moreover, MCL-1 is located in the outer mitochondrial membrane; however, it can be localized to the inner mitochon-
drial membrane to regulate oxidative phosphorylation and maintain mitochondrial structure.102 Zhuang group’s data100 

support our results that indicate a downregulation of MCL-1 expression as a consequence of STAT3 downregulation. TA- 
NE downregulated STAT-3 and MCL-1 by 2.4 and 2.33 folds, respectively. Furthermore, TGF-β, a highly pleiotropic 
cytokine that plays an important role in angiogenesis, immunoregulation and cancer, was also downregulated by 2.22 
folds. Choe et al103 recorded that THD inhibited TGF-β mRNA levels in a dose-dependent manner in human and mouse 
lung fibroblast.103 The above data indicate that TA-NE formula acts to suppress angiogenesis via downregulation of the 
expression of different genes that promote angiogenesis by different mechanisms.

In Silico Molecular Docking Studies
Molecular docking studies were conducted using Molecular Operating Environment software (MOE, 2014.0901). 
They explained the possible binding modes and molecular interactions behind the inhibitory activities of THD and 
TA. The top-scored conformations and favorable binding interactions were used to choose the docking poses. The 
docking scores, hydrogen bonds and relative placement of the docked compounds with respect to the co- 
crystallized ligands were used to determine the binding affinities to the investigated enzymes.

Figure 12 Docking model (A) 2D of THD fits into the ATP-binding site of Akt Kinase; (B) 3D of THD fits into the ATP-binding site of Akt Kinase; (C) 2D of TA fits into the 
ATP-binding site of Akt Kinase; (D) 3D of TA fits into the ATP-binding site of Akt Kinase.
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Based on the kinase activity assay results, molecular docking was performed. The IC50 values for AKT kinase, MMP- 
1, ALDH1 and VEGF were 6.627, 5.513, 5.606 and 5.393 µM, respectively. The molecular docking protocol was 
validated by re-docking the co-crystallized ligands; WFE (for AKT), RO4 (for MMP1), 3SR (for ALDH1) and BAX (for 
VEGF) into the respective enzyme binding sites. The original poses generated from PDB were regained with root mean 
square deviation (RMSD) values of 1.952, 1.7, 0.9504 and 0.566 Å, and binding energy scores (S score) of -9.373, 
-8.7242, -9.0505 and -10.227 kcal/mol, respectively (Figure 11). This demonstrates the robustness and dependability of 
the docking procedures utilized.

To predict the possible binding modes of THD and TA in the ATP-binding site of Akt kinase (PDB code: 
3mvh), we performed molecular docking studies. Both occupied the binding pocket of the co-crystallized ligand 
with RMSD values of 0.8709 and 1.48 Å and binding energy scores of -5.437 and -6.17 kcal/mol, respectively 
(Figure 12). THD forms hydrogen bond with Glu234 and makes hydrophobic interactions with the surrounding 
residues, including Leu156, Ala177, Met227, Met281, Phe438 and Phe442, specially Val164, while TA makes 
hydrophobic interaction with Val164 and was surrounded with Leu156, Ala177, Met227, Ala230, Met281, Phe438 
and Phe442.

For the molecular docking studies on MMP-1, an enzyme with PDB code: 2TCL (resolution: 2.20 Å) was selected 
from the protein data bank. MMP-1 belongs to the class of zinc-based metalloproteinase. The catalytic site within the 
enzyme has 3 histidine residues (His118, His122 and His128) in a sequence HE–H–G–H and catalytic zinc. The zinc 
chelating MMP-1 inhibitor (RO314724) binds within the active site which is very close to the catalytic site. The active 
site consists of Gly79, Leu81, Ala82, Glu119, Tyr140 and Pro138.

Figure 13 Docking model (A) 2D of THD fits into binding site of MMP-1; (B) 3D of THD fits into binding site of MMP-1; (C) 2D of TA fits into binding site of MMP-1; (D) 
3D of TA fits into binding site of MMP-1.
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THD and TA form a direct interaction in the active site and bind with docking scores of -6.2380 and -5.3380 
kcal/mol and RMSD values of 0.954 and 1.9232 Å, respectively, compared to the redocked crystallized ligand 
RO4 with docking score of -9.0505 kcal/mol and RMSD value of 0.9504 Å. Figure 13 reveals that the examined 
compounds bind in the same binding pocket and perform the main amino acid interactions. Related to THD, the 
carbonyl of isoindole acts as H-bond acceptor and forms H-bonds with Ala82 and Leu81, and phenyl produces 
H-bond with Try137, and hydrophobic interaction with His118. On the other hand, the phenyl of TA produces 
H-bond with Ala82, but furan produces hydrophobic interaction with His118.

For the molecular docking studies on ALDH1, an enzyme with PDB code: 4WP7 was selected from the protein 
data bank. THD and TA form a direct interaction in the active site and bind with docking scores of -5.12 and 
-5.45 kcal/mol and RMSD values of 1.683 and 1.96 Å, respectively, compared to the redocked crystallized ligand 
3SR with docking score of -8.7242 kcal/mol and RMSD value of 1.7 Å. Figure 14 shows that the inspected 
compounds bind as the same binding pocket containing polar residues (His293, Gly294, Tyr297, Cys302, Tyr457 
and Gly458) and hydrophobic residues (phe171, Val174, Met175, Trp178, phe290, Ile304 and Val460) and 
perform the main amino acid interactions. THD forms H-bonds with Cys302 and Gly458, while TA reacts with 
Gly458.

Based on the obtained scoring results, THD and TA showed good binding affinity to the VEGFR-2 active site. 
They bind with docking scores of -5.123 and -6.023 kcal/mol and RMSD values of 1.22 and 1.75 Å, respectively, 
compared to the reference ligand Sorafenib with docking score of -10.227 kcal/mol and RMSD value of 0.566 Å, 
and form a direct interaction in the active site, like that of Sorafenib. Figure 15 reveals that the tested compounds 

Figure 14 Docking model (A) 2D of THD fits into binding site of ALDH1; (B) 3D of THD fits into binding site of ALDH1; (C) 2D of TA fits into binding site of ALDH1; (D) 
3D of TA fits into binding site of ALDH1.
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bind as the same binding pocket and react with important amino acids in the active site. The carbonyl of THD 
acts as H-bond acceptor and forms H-bond with Cys919 and hydrophobic interaction with Lys868, while the TA 
imine nitrogen acts as H-bond acceptor and forms H-bond with ASP1046.

Conclusion
A novel TA was synthesized and showed cytotoxicity against different cancer cell lines. A novel nano-drug delivery 
system was successfully prepared that encapsulates TA and enhances its cytotoxicity. It was the first study to prepare O/ 
W-NE using oleic acid, Tween-80, n-propyl alcohol and distilled water. The prepared TA-NE formula showed a spherical 
shape with a high degree of stability. FTIR spectra showed the successful encapsulation of the TA inside the formula. It is 
worth mentioning that the novel NE formula reduced the anticancer dosage from micromolar to nanomolar efficiency. It 
exhibited a concentration-dependent cytotoxicity against triple-negative breast cancer cell line. It was found that such 
a formula was significant in overcoming the low aqueous solubility of the TA and increased its potency. Therefore, this 
study is considered a significant step in formulating an effective agent for treating triple-negative breast cancer and drug- 
resistant breast cancer cell lines. Hence, we can conclude that the novel NE formula provides a successful loading of TA 
and dramatically decreases the IC50 of the drug to the nanomolar concentration. In addition, the prepared TA-NE formula 
exhibits high potency and shows a promising anticancer therapeutic efficacy for the treatment of highly metastatic and 
aggressive breast cancers.

Figure 15 Docking model (A) 2D of THD fits into binding site of VEGF; (B) 3D of THD fits into binding site of VEGF; (C) 2D of TA fits into binding site of VEGF; (D) 3D of 
TA fits into binding site of VEGF.
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