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INTRODUCTION

According to estimates from the International Agency for 
Research on Cancer, in 2012, there were 14.1 million new 
cancer cases and 8.2 million cancer deaths worldwide.[1] The 
occurrence of  cancer is increasing because of  the growth and 
aging of  the population, as well as an increasing prevalence 
of  established risk factors such as smoking, overweight, and 

physical inactivity. The most commonly diagnosed cancers were 
lung (1.82 million), breast (1.67 million), and colorectal (1.36 
million); the most common causes of  cancer death were lung 
cancer (1.6 million deaths), liver cancer (745,000 deaths), and 
stomach cancer (723,000 deaths).[2] A therapeutic arsenal is 
available for clinicians with alkylating agents, antimetabolites, 
antimicrotubule agents, topoisomerase inhibitors, or cytotoxic 
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antibiotics, but it presents some limitations with the failure 
of  cure because of  delivery problems (blood brain barrier) 
or of  resistance. Then, the development of  new drugs is 
required. We studied imidazo [1,2‑a] quinoxaline compounds, 
also called imiqualines  (protected by a patent since 2008 
and granted in the USA in February 2013).[3,4] Heterocyclic 
systems containing the quinoxaline moiety exhibit high 
biological activities such as antitumor, antiviral, antibacterial, 
or anti‑inflammatory.[5] Among the derivatives annulated at 
bond A, imidazoquinoxalines hold a special place since many 
active compounds have been developed[6] and among them, 
EAPB0203 and EAPB0503 derivatives have been identified 
as lead compounds thanks to their in vitro activities against 
human melanoma cancer cell lines (A375, M4Be).[7] These 
two compounds are characterized by a phenylethyl moiety for 
EAPB0203 and a methoxyphenyl moiety for EAPB0503 in 
position 1 of  the heterocycle structure [Figure 1]. EAPB0503 
has shown potent inhibition of  the tubulin polymerization 
which is correlated to its antiproliferative activity.[8] EAPB0503 
is considered as a promising anticancer agent as it presents 
a 9‑fold increase activity compared to EAPB0203, but it 
presents very high lipophilicity (logP = 4.48) which is critical 
for further preclinical studies.

For many years, the industrial development of  new 
anticancer molecules often stopped because of  (i) their poor 
selectivity responsible for major adverse effects and (ii) their 
poor water‑solubility decreasing their bioavailability.[9,10] 
To overcome these mains hurdles, nanomedicine was 
increasingly developed to improve the drug solubility and 
the targeting of  cancer cells. In this context, liposome 
formulations are being marketed in several types of  cancers 
with specialties such as Myocet® and Doxil® (doxorubicin) 
or Daunoxome® (daunorubicin).[11,12] However, liposomes 
have significant drawbacks: Their manufacturing processes 
may require the use of  solvents, their encapsulation rates 

are not optimal and their stability in biological fluids is 
insufficient.[13] During the last 20 years, new drug carriers 
and called lipid nanoparticles (LNC) have been designed 
to overcome these drawbacks.[14]

Among them, LNC nanocarriers were developed by 
Heurtault et al.[15] They are based on the phase‑inversion 
process and are organized with an oily core surrounded by a 
membrane composed of  mixture of  lecithin and pegylated 
surfactant.[16] LNC formulation is interesting for multiple 
benefits: The use of  pharmaceutical excipients approved for 
in vivo administration,[17] the simplicity of  the method which 
requires no organic solvents and provides high encapsulation 
efficiencies.[14] Moreover, LNC represent the best compromise 
between stability in biological fluids, ability to encapsulate 
efficiently lipophilic drugs, and specific targeting of  cancer 
cells. LNC present in vitro release profiles following zero‑order 
kinetics with an almost complete release after 24 h at 37°C.[18] 
This release profile associated with tumor accumulation due 
to the Enhanced Permeation and Retention (EPR) effect 
allow a significantly increase of  the effectiveness of  the 
encapsulated drugs while reducing side effects.[16] Moreover, 
LNC are interesting nanocarriers also for their versatility; it 
would be possible to modify their surface with antibodies 
to improve targeting and then therapeutic efficiency.[19] 
Moreover, such LNC showed reverse resistance against the 
P‑glycoprotein, which is an important and the best‑known 
membrane transporter involved in multidrug resistance.[20] 
LNC have already been used to formulate anticancer agents 
with high lipophilicity, such as paclitaxel  (logP = 3.2) and 
etoposide  (logP  =  0.73) to increase bioavailability for 
paclitaxel[21] or increase in  vitro activity for etoposide.[22] 
Hence, LNC appeared as a promising tool for EAPB0503 
encapsulation both to dispose of  an injectable formulation, 
to reach higher EAPB0503 intratumoral concentrations and 
to take advantages of  EPR effect.[23]

In this article, physicochemical properties of  EAPB0503 
were first determined to consider an adapted formulation. 
In a second time, LNC formulations loaded with EAPB0503 
were developed. Obtained LNC presented satisfying 
loading efficiencies and size distribution. Then, EAPB0503 
loaded‑LNC were tested in vitro on different cell lines and 
showed improved activities compared to standard EAPB0503 
solutions in dimethyl sulfoxide (DMSO), highlighting their 
potential as candidates for anticancer therapies.

MATERIALS AND METHODS

Chemicals and reagents
EAPB0503 (1‑[3‑methoxyphenyl]‑N‑methylimidazo [1,2‑a] 
quinoxalin‑4‑amine; molecular weight, 304  g/mol) was 

Figure  1: Chemical structures of imiqualines lead compounds: 
(a) EAPB0203 and (b) EAPB0503

ba
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synthesized by the Pharmacochemistry and Biomolecules 
laboratory (IBMM Montpellier, France).[7] This compound 
was stored at 20°C protected from light. Lipoïd® 
S75‑3  (soybean lecithin at 70% of  phosphatidylcholine 
and 10% phosphatidylethanolamine) was obtained from 
Lipoïd Gmbh (Ludwigshafen, Germany). Kolliphor® HS 
15 (mixture of  free polyethylene glycol [PEG] 660 and PEG 
660 hydrostearate) was a gift from  BASF® (Ludwigshafen, 
Germany). Labrafac® WL 139 was obtained from 
Gattefossé  (Saint‑Priest, France). Purified water was 
obtained from a MilliQ® System (Millipore, Paris, France). 
Vegetable oils were obtained from Cooper (Melun, France) 
and were approved for pharmaceutical use. Salts and 
solvents high‑performance liquid chromatography (HPLC) 
grade were purchased from Sigma–Aldrich (Saint‑Louis, 
Missouri, USA). Neutral red, isopropyl alcohol, and 
hydrochloric acid were obtained from Merck (Darmstadt, 
Germany).

LogP
The logP values of  n‑octanol/water were calculated by 
the commercially available computer programs ACDlabs 
software  (ACD/Structure Elucidator, version  12.01, 
Advanced Chemistry Development, Inc., Toronto, ON, 
Canada, www.acdlabs.com, 2012).

Physicochemical characterization of EAPB0503
In addition to the analyses previously described 
(NMR, HR‑MS, and elemental analysis),[7] we conducted 
complementary analyses to accurately characterize the drug.

Thermal analysis
Differential scanning calorimetry (DSC) measurements and 
thermogravimetric analysis (TGA) were performed using 
a DSC 4000 standard single‑furnace equipped with an 
intracooler and a STA6000 (Perkin‑Elmer, Massachusetts, 
USA). DSC and TGA experiments were carried out 
under an inert atmosphere, with 2 bars nitrogen pressure. 
Samples were weighed (5.0 ± 0.5 mg) in standard 50 µL 
aluminum sealed pan for DSC and in ceramic pan for TGA. 
To determine melting or crystallization temperatures of  
EAPB0503, DSC experiment was carried out from 0°C 
to 350°C and from 350°C to 0°C at a rate of  10°C/min. 
To determine the degradation temperature of  EAPB0503, 
TGA was performed from 20°C to 350°C at a rate of  
10°C/min.

Solubility of EAPB0503 in oils and solvents
First, a screening study was performed to select 
oils (pharmaceutical grade) able to solubilize EAPB0503. 
Labrafac® WL 139, castor, olive, soybean, and sesame 
oils were tested. 5 mg of  EAPB0503 was added in 1 g of  

oil, the samples were mixed with magnetic stirring during 
24 h at 20°C. Then, samples were observed to evaluate 
the solubility of  EAPB0503. Second, the saturation 
solubility of  EAPB0503 in solvents was determined by 
HPLC.[24,25] Solvents were saturated with EAPB0503 
and then centrifuged at 5000 g for 5 min using a Sigma 
2k 25 ultracentrifuge  (Sigma Zentrifugen, GmbH, 
Germany). The supernatant was assayed by HPLC with 
a LC62010HT  (Shimadzu, Kyoto, Japan) using a C8 
Zorbax® eclipse  XDB (Extra-Dense Bonding) analytical 
column (150 mm × 4.6 mm, 5 µm, Agilent Technologies, 
Santa Clara, California, USA). Chromatographic conditions 
were optimized to improve sharp peak shape with adequate 
response. This included composition of  the mobile phase, 
pH of  buffer solution, flow rate, and also column type (C8, 
C18, or Shield RP18). Using the C18 or Shield RP18 
column, analytes were too retained due to hydrophobic 
interactions. Best separations of  the analytes and relative 
short analysis time were obtained on a C8 Zorbax eclipse 
XDB using a mobile phase consisting of  acetonitrile and 
2 mM ammonium formate buffer pH = 3 (0.6 mL/min 
during a run time of  12 min). The column was maintained 
at 20°C and the autosampler temperature was 4°C. The 
detection was carried by a UV lamp (UV–VIS detector, 
Shimadzu, Kyoto, Japan). The data acquisition was under 
the control of  Analyst 1.5.2 Software. Standard EAPB0503 
solutions prepared in DMSO within a range 50–1000 µg/
mL were used for a calibration curve (calibration curve: 
r2 = 0.998 and % RSD is 2.5).

Formulation of lipid nanocapsules
100 nm LNC suspensions were prepared according to Heurtault 
et al. process[15] without EAPB0503 (called blank LNC) and 
loaded with EAPB0503 at low concentration (called LNC 
low) or at high concentration (called LNC high) [Table 1]. 
The proportions of  each excipient (Labrafac® WL 139 as oil 
phase, Kolliphor® HS 15 and Lipoïd® S75‑3 as surfactants) 
were chosen according to the tertiary diagrams published 
by Heurtault et  al.[16] and are approved by the FDA for 
parenteral administration. This formulation phase‑inversion 
process is based on two steps. First, magnetic stirring 

Table 1: Composition of lipid nanocapsules suspensions 
loaded (lipid nanocapsules low and lipid nanocapsules high) 
or not (blank lipid nanocapsules) in EAPB0503
Formulation Blank LNC LNC low LNC high

Kolliphor® HS 15 0.484 g “ “
Lipoïd® S75‑3 0.075 g “ “
Labrafac® WL 139 1.209 g “ “
NaCl 0.089 g “ “
Purified water 3.143 g “ “
Purified water 4°C 7 g “ “
EAPB0503 ‑ 0.014 g 0.090 g

LNC: Lipid nanocapsules
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at 300  rpm of  all components was realized during four 
heating‑cooling cycles (from 60°C to 90°C then a cooling 
from 90°C to 60°C at a rate of  4°C/min) using a hotplate 
digital stirrer. Magnetic agitation was kept at 300  rpm 
during the whole process. The second step consisted on an 
irreversible shock induced by dilution with 7 g of  purified 
cold water  (4°C) to the mixture at the transition phase. 
Finally, a slow magnetic stirring  (150  rpm) was applied 
to the suspension for 5 min at room temperature. In a 
final step, LNC suspensions were filtered using Minisart® 
syringe filters 0.2 µm (Sartorius Stedim Biotech, Göttingen, 
Germany).

The phase inversion method reported by Heurtault 
et  al.[16] was modified for the preparation of  LNC high 
suspension with the addition of  chloroform  (5  g) to 
increase EAPB0503 solubility. LNC high formulation 
enabled us to determine the maximum encapsulation 
capacity of  nanocapsules. The chloroform was preferred to 
solubilize EAPB0503 because the heating cycles permitted 
its evaporation. Due to the possible presence of  residual 
organic solvent, this formulation was not intended for 
pharmaceutical application and this reason was not be 
evaluated on cell lines.

Characterization of lipid nanocapsules
Size measurement and stability study
Size distribution, polydispersity index  (PDI), and 
zeta potential measurements of  LNC suspensions 
were determined by photon‑correlation spectroscopy 
using a Zetasizer® Nano ZS  (Malvern Instruments, 
Northampton, UK). 20 µL of  LNC suspension was diluted 
to 1000 µL of  purified water and added in disposable 
capillary cells (Malvern Instruments, Northampton, UK). 
Measurements were conducted in triplicate at 25°C. The 
helium‑neon laser operates at 663 nm with the scatter angle 
fixed at 173°. The autocorrelation function was modeled 
using the NonNegative Least Squares algorithm.

For the stability study, LNC low and blank LNC were 
divided into three groups immediately after preparation and 
stored at 4°C, 25°C, and 37°C. Samples were tested at day 
0, 7, 14, and 28 for size distribution and PDI measurements 
as described above.

Determination of EAPB0503 loading and loading efficiency
The EAPB0503 loading was carried out by HPLC (conditions 
previously described). In a first step, LNC were diluted in 
DMSO (by a factor 10) to solubilize all components, and 
then centrifuged at 5000 g for 5 min using a Sigma 2k 25 
ultracentrifuge  (Sigma Zentrifugen, GmbH, Germany). 
The supernatant containing EAPB0503 solubilized in 

DMSO was then assayed by HPLC. The loading efficiency 
was determined by dividing the experimental drug loading 
by the theoretical drug loading.

Morphology by transmission electron microscopy
Transmission electron microscopy  (TEM) analysis was 
performed with a TEM Jeol 1200EXII  (JEOL Ltd, 
Tokyo, Japan) with an accelerating voltage of  100 kV and 
equipped with Quemesa Camera  (Olympus, Japan). LNC 
suspensions were deposited on Formvar® copper TEM grids 
(Agar Scientific, Stansted, UK) and dried for 30 min at 25°C.

In vitro cytotoxic activity
Cell lines and culture techniques
Human cancer cell lines (A375, MCF‑7 and LS174T) were 
obtained from American Type Culture Collection (Rockville, 
Maryland, USA). A375 is a malignant melanoma cell line, 
MCF‑7 is a metastatic breast cancer cell line, and LS174T 
is a malignant colon adenocarcinoma cell line. Cells were 
cultured in DMEM  (Dulbecco’s modified eagle media) 
medium supplemented with 10% heat‑inactivated (56°C) 
fetal bovine serum, 2 mM L‑glutamine, 100  IU/mL 
penicillin G sodium, and 100 µg/mL streptomycin 
sulfate (Gibco, Invitrogen, UK). Cells were maintained in 
a humidified atmosphere of  5% CO2 in air at 37°C.

Cytotoxicity assay
The neutral red viability test was carried out in optimized 
conditions  (number of  cells by well and the neutral red 
concentration). In all experiments, A375 MCF‑7 and 
SL174T cells were seeded at a final concentration of  
2500 cells/well in 96‑well microliter plates and adhered 
overnight. At day 1, cells were exposed to negative vehicle 
controls (1% DMSO/culture medium and culture medium 
alone), to positive control  (EAPB0503 solution at 10‑2 
M in DMSO used from 2.5 to 5000 nM), and LNC low 
suspensions  (3.5–7000 nM). After 96  h of  incubation, 
100 µL of  neutral red solution in PBS  (15 µL/mL, 
phosphate‑buffer saline pH 7.3) was added to each well, 
and the wells were incubated at 37°C for 3 h. Then, the 
supernatant was carefully aspirated, and 100 µL of  a mixture 
of  isopropyl alcohol and 1 M hydrochloric acid (96/4, v/v) 
were added to each well. After 10 min of  incubation and 
shaking, the optical density was measured at 570 nm in a 
microculture plate reader Dynatech MR 5000 (Dynex, Paris, 
France). For each assay, six experimental replications were 
performed in triplicate.

The individual cell line growth curves confirmed that 
all tumor lines in control medium remained in the log 
phase of  cell growth 96  h after plating. Cell survival 
was expressed as percent of  vehicle control. The IC50 
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values defined as the concentration of  drug which 
produced 50% cell growth inhibition. About 50% 
reduction of  absorbance was estimated from the sigmoid 
dose‑response curves.

Statistics
Results were expressed as mean values ± standard deviation 
a Student’s t‑test was used for statistical comparison or 
analysis. P < 0.05 was considered statistically significant.

RESULTS

Physicochemical characterization of EAPB0503
TGA analysis showed a degradation temperature of  
EAPB0503 at 347°C (onset 210°C) and the presence of  
linked water  (4% weight loss 150°C)  (data not shown). 
Two endothermal melting peaks were observed in DSC 
at 147.27°C ± 0.47 and at 166.43°C ± 0.40 with a heat of  
fusion around 90 and 45 J/g, respectively. This reflected 
the presence of  a mixture of  two species, nevertheless, 
their proportion remains identical with reproducible 
thermograms whatever the sample  (data not shown). It 
could be due to a hydrated form, confirmed by the presence 
of  water in TGA. No crystallization peak was observed, 
despite an X‑ray diffractogram showing numerous peaks 
(data not shown) meaning a crystalline solid. Therefore, 
EAPB0503 synthesis leads to reproducible batches and their 
thermal stability permits to ensure that EAPB0503 will not 
be degraded during LNC formulation process.

The solubility of  EAPB0503 was determined in different 
oils at room temperature for a 5 mg/mL concentration as a 
biological efficient concentration. In vegetable oils (castor, 
olive, soybean, and sesame), the solubilization of  the 
EAPB0503 was not complete; only the semi‑synthetic 
oil Labrafac® WL 1349 allowed us to reach a 5 mg/mL 
concentration and even more  (12  mg/mL). Then, the 
maximum concentration of  EAPB0503 in the various 
studied solvents was determined by HPLC  [Table  2], 
with an EAPB0503 retention time of  5.3  min. The 
maximum concentration of  EAPB0503 was observed 
in dimethylacetamide  (DMA)  (24.8  mg/mL) and in 
DMSO  (16.6  mg/mL). DMSO is less viscous than 
DMA. Hence, DMSO was used for the determination 
of  the drug loading and loading efficiency. The low 
water solubility of  EAPB0503 was also confirmed with 
a maximum concentration of  EAPB0503 in purified 
water <0.1 mg/mL.

Characterization of lipid nanocapsules
Size distribution and stability studies
Results presented in Table  3 showed blank LNC sizes 
centered around 100  nm  (102.4  ±  0.3, n  =  3) with a 

narrow distribution (PDI lower than 0.05). Loaded‑LNC 
presented a slightly increased size at 111.7 ± 0.9 (n = 3) 
and 116.5 nm (n = 1) for low and high LNC, respectively. 
As a single peak was observed for loaded LNC samples, 
EAPB0503 was then localized into the nanocapsules. Due 
to the low water solubility, the amount of  unencapsulated 
EAPB0503 has been eliminated during final filtration 
step. A  stability study analyzing size measurements and 
PDI of  blank LNC and LNC low was performed over a 
period of  28 days at 4°C, 25°C, and 37°C. The results of  
this study presented in Figure 2 highlighted the stability of  
the blank and loaded LNC with no modification neither 
of  their size nor their PDI. LNC low were stable over 
the three temperatures for the tested period as particle 
size was 112.9 ± 1.8 nm at day 28  (37°C) compared to 
111.7 ± 0.92 nm at day 0 (n = 3). PDI remained inferior 
to 0.1 during the whole period, whatever the temperature. 
Moreover, for all formulations, the zeta potentials were 
around‑5 mV (data not shown) as expected as LNC possess 
a neutral surface charge due to their PEG shell.[26] The pH 
values were around 6 allowing us to consider intravenous 
or intraperitoneal routes of  administration for in  vivo 
studies (data not shown).

Determination of loading efficiency and drug loading
To achieve the drug loading and loading efficiency dosage 
of  EAPB0503‑loaded LNC, DMSO was used for its 
solubilizing properties. The loading efficiency of  LNC low 
was satisfactory with around 97% of  EAPB0503 entrapped 
into nanocapsules. For LNC high, the efficiency was lower 
around 73%, but undeniably, LNC formulations allowed 
us to improve EAPB0503 solubility in aqueous system 
by a factor 17–82. Indeed, solubility values have risen 

Table 2: Solubility (mg/mL) of EAPB0503 in different 
solvents performed by high‑performance liquid 
chromatography (retention time 5.3 min)
Solvent Maximum concentration (mg/mL)

Dimethylacetamide 24.8
Dimethyl sulfoxide 16.6
Chloroform 5.8
Methanol 0.7
Absolute ethanol 0.5
Phosphate buffered saline <0.1
Purified water <0.1

Table 3: Lipid nanocapsules suspension characterizations: 
Size distribution (nm), polydispersity index, EAPB0503 
loading (mg/mL), and loading efficiency (%) of EAPB0503
LNC suspension 
characterizations

Blank LNC 
(n=3)

LNC low 
(n=3)

LNC high 
(n=1)

Size (nm) 102.4±0.3 111.7±0.9 116.5
Polydispersity index 0.044±0.003 0.059±0.002 0.048
EAPB0503 loading (mg/mL) ‑ 1.7±0.1 8.2
EAPB0503 loading efficiency (%) ‑ 96.7±2.1 72.7

LNC: Lipid nanocapsules
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from <0.1 to 1.7 mg/mL and 8.2 mg/mL for LNC low 
and LNC high, respectively.

Morphology by transmission electron microscopy
TEM showed LNC presenting rounded shapes with a size 
distribution in accordance with the size measurements 
obtained by photon‑correlation spectroscopy [Figure 3]. 
LNC were homogeneously dispersed without aggregate 
thanks to their shell of  PEG chains.

In vitro cytotoxic activity
The neutral red viability test was used to determine in vitro 
cytotoxicity after exposure of  LNC suspensions (loaded 
or not with EAPB0503). Results of in vitro tests on A375, 
MCF‑7, and LS174T cancer cell lines showed similar 
efficiencies between LNC low and standard EAPB0503 
solutions in DMSO. The cell survival profiles of  the 
A375 cells, the MCF‑7 cells, and the LS174T cells exposed 
on blank‑LNC, LNC low and standard EAPB0503 solution 
were illustrated in Figure  4. IC50 values were, for LNC 
low and standard EAPB0503 solutions respectively, 192 
nM and 230 nM on A375 cell lines, 305 nM and 217 nM 
on MCF‑7 cell lines and 931 nM and 868 nM on LS174T 
cell lines  [Table  4]. Therefore, the cytotoxic activity of  
EAPB0503 was not modified by its encapsulation in 
LNC. A saline solution was tested with salt concentration 
equivalent to the LNC suspension, and no cytotoxic 
activity was found on tested cell lines. Similarly, blank 
LNC did not present cytotoxic activities on all tested cell 

lines (IC50 >10 µmol/L). Therefore, the cytotoxic activity 
found for LNC low formulation is due to compound 
EAPB0503 and not to the formulation or vehicle.

DISCUSSION

This study allowed us to formulate a poor soluble 
imiqualine in LNC for future intravenous administration. 
The potential of  imiqualines as anticancer agent was 
already demonstrated in vitro with EAPB0203 compound. 
It can induce inhibition of  cell proliferation, G2/M 
cell cycle arrest, and to initiate the apoptotic process 
via the intrinsic cell death pathway converging at the 
mitochondria.[27] Its effect on resistant T lymphocytes 
was also highlighted. In the same way, we proved that 
EAPB0503 possessed more potent and induced a specific 
cell cycle arrest in mitosis in chronic myeloid leukemia cells 
and direct activation of  apoptosis.[28] Both compounds 
were able to impair A375 cell line growth, block cells in 
G2 and M phases, and induce cell death and apoptosis, 
with IC50 values of  0.2 µM for EAPB0503 and 1.57 µM 
for EAPB0203.[7] This confirmed that EAPB0503 was 
more potent than EAPB0203, and it reinforced our will 
to promote this anticancer agent.

Concerning the therapeutic scheme, we previously 
showed that EAPB0203  (20  mg/kg i.p., twice a week 
for 3 weeks followed by a second cycle after a wash‑out 
of  15 days) had significant higher anti‑tumor activity in 

Table 4: Concentrations of drugs which produced 50% cell growth inhibition (IC50) on A375, MCF‑7 and LS174T cancer cell 
lines of EAPB0503 solution in dimethyl sulfoxide, lipid nanocapsules suspensions loaded (lipid nanocapsules low) or not (blank 
lipid nanocapsules) in EAPB0503 and saline solution. For each assay, six experimental replications were performed in triplicate
Cell lines EAPB0503 (nM) LNC low (nM) Blank LNC (µM) Saline solution (µM)

A375 230±98.3 192±19.3 >10 >10
MCF‑7 217±20.0 305±25.1 >10 >10
LS174T 868±323 931±334 >10 >10

LNC: Lipid nanocapsules

Figure 2: Stability study results of (a) lipid nanocapsules not loaded (blank lipid nanocapsules) and (b) lipid nanocapsules loaded in EAPB0503 (lipid 
nanocapsules low) over 4 weeks stored at 4°C, 25°C and 37°C (n = 3). Stability is monitored with average particle size (columns) and Polydispersity 
Index (, ,  and ) changes upon storage
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human melanoma  (M4Be) xenografted nude mice than 
fotemustine  (weekly intraperitoneal administration of  
20 mg/kg for 3 weeks followed by a second cycle after 
a wash‑out of  15  days).[29] To achieve this experiment, 
EAPB0203, poorly soluble in water, was dissolved in a 
mixture intralipid/DMSO (50:50, v/v) at the concentration 
of  1 mg/mL. This formulation allowed us to determine the 
minimal concentration to obtain the first results of in vivo 
activities. However, such a mixture of  intralipid/DMSO 
presented drawbacks mainly because of  the toxicity of  
DMSO, and an alternative formulation has to be developed 
with a required minimal concentration of  1  mg/L.[30] 
Finally, the administration route had to be determined. 
Pharmacokinetics parameters investigated in rats, especially 
the bioavailability after intraperitoneal administration, 
which showed values of  22.7% for EAPB0203 and 35% 
for EAPB0503.[31] Consequently, to increase the in  vivo 

activities of  compounds, intravenous administration has 
to be considered.

The global results obtained on EAPB0203 and EAPB0503 
permitted to identify EAPB0503 as a new lead compound 
of  imiqualines derivatives. The evolution of  chemical 
structure between EAPB0203 and EAPB0503 did not 
allow to decrease the lipophilic property (logP: 4.60 and 
4.48, respectively). Consequently, the water solubility was 
not sufficient to use a classical formulation for intravenous 
administration.

The preliminary formulation tests considered the 
EAPB0503 solubility in oils. In various vegetable 
oils  (castor, olive, soybean, and sesame oils), solubilities 
were not sufficient to obtain solutions with concentrations 
higher than 1  mg/mL. On the other side, EAPB0503 
showed a satisfactory solubility in Labrafac® WL 
139 (higher than 12 mg/g). Emulsion‑based formulations 
were tested, but obtaining stable and micrometric sized 
emulsions required high energy processes and high levels of  
surfactants with potential toxicity.[32] Thus, we considered 
a nanoencapsulation strategy and the formulation of  
EAPB0503‑loaded LNC as injectable delivery systems. 
Different hydrophobic anticancer drugs have been 
encapsulated by this process. For example, etoposide, 
which water solubility is 0.978 mg/mL, was formulated in 

Figure  3: Transmission electron microscopy performed on lipid 
nanocapsules low suspensions left to dry for 30 min at 25°C after being 
deposited on Formvar® copper transmission electron microscopy grids

ba

Figure 4: Cell viability assay on A375 (a), MCF‑7 (b) and LS174T (c) cell lines after 72h relatively to the concentration of EAPB0503 loaded (lipid 
nanocapsules low: ) or not (blanck lipid nanocapsules: △) in lipid nanocapsules or in standard EAPB0503 solution in dimethyl sulfoxide (). 
For each assay, six experimental replications were performed in triplicate
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LNC with a drug loading of  6.5 ± 3.0 mg/g and a drug 
efficiency of  56.7 ± 21.3%.[19] More hydrophobic drugs 
such as docetaxel and paclitaxel  (with a water solubility 
of  0.0127  mg/mL and 0.00556  mg/mL, respectively) 
were also encapsulated with drug efficiency around 
67%–90% and 95%–96%[18,33] leading to drug loadings of  
2 mg/mL and 4 mg/mL, respectively. In addition to their 
solubilizing properties, LNC offer the size control via 
their composition.[34] We chose the optimal formulation 
to obtain EAPB0503‑loaded LNC with an average size 
of  100  nm and a PDI lower than 0.1 compatible with 
an injectable administration. Hence, homogeneous and 
stable 111.7 ± 0.9 nm LNC were obtained. On further 
optimization with drug loading, formulation with 
EAPB0503 at high concentration was developed. The drug 
loading was hence increased by >4 (from 1.7 to 8.2 mg/mL) 
in comparison to LNC low. However, the drawback 
of  this formulation is the use of  chloroform, which is 
non‑generally recognized as safe component and class 2 
solvent[35] to solubilize the drug. So for this reason, the 
second formulation has not been used in the cytotoxic 
assays but permitted us to know the loading capacity of  
the LNC.

The determination of in  vitro cytotoxicity on three 
different cancer cell lines (A375, MCF‑7, and LS174T) 
showed similar efficiencies for LNC low and standard 
EAPB0503 solutions in DMSO. Moreover, blank LNC did 
not show cytotoxic activities on all tested cell lines. These 
results, retention of  activity for LNC low and nontoxicity 
for blank LNC, validate the use of  LNC formulation to 
evaluate the activity of  the drug. Therefore, encapsulation 
of  EAPB0503 in LNC has not modified its cytotoxic 
activity.

Considering these results, the use of  LNC for the 
formulation of  the anticancer agent lipophilic EAPB0503 
was relevant for its future development.

CONCLUSION

Results of  this study led us to identify a pharmaceutical 
formulation to improve water solubility of  EAPB0503: 
Lipid nanocapsules prepared with a simple process with 
safe components. This EAPB0503 formulation will be soon 
considered for future preclinical in vivo studies.
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