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A B S T R A C T   

This study aimed to encapsulate the novel synthetic naphthoquinone ENSJ39 in liposomes, characterize them, 
and evaluate their in vitro cytotoxic activity in different cancer cell lines. Liposomes were obtained by the dried- 
lipid film hydration method, and characterizations included thermogravimetric analysis, differential scanning 
calorimetry, dynamic light scattering technique, and atomic force microscopy. Simulation of storage conditions, 
in vitro cytotoxicity by MTT, Trypan blue exclusion assay, and evaluation of morphological changes in tumor cell 
lines were also analyzed. Liposomes containing ENSJ39 (LE39) exhibited an average size of 31 ± 5.81 nm, zeta 
potential of +53.5 mV, polydispersity index of 0.24, and high encapsulation efficiency (96.58 ± 0.09%). They 
were thermally stable up to 250 ◦C and able to preserve the mass loss of the free drug. After four months of 
storage, they maintained excellent physical-chemical characteristics. The encapsulated drug showed less cyto
toxic activity than the free drug only in HCT-116 and SNB-19 cells and caused cytoplasmic vacuolization plus an 
increase in the number of non-viable HCT-116 cells. ENSJ39 encapsulation method was effective in obtaining 
stable liposomes that presented substantial cytotoxicity activity against tumor cell lines.   

1. Introduction 

Cancer is a worldwide public health problem, characterized by un
controlled cell proliferation [1]. According to the World Health Orga
nization (WHO), over 18 million new cancer cases were reported in 
2018, and the most prevalent were lung (11.6%), breast (11.6%), col
orectum (10.2%), and prostate (7.1%) [2]. International estimates from 
studies in more than 100 countries around the world indicate cancer as 
the first or second leading cause of premature death (in people aged 
30–69). These studies predict 29 million cases by 2040, due to global 
aging and population growth [3]. In low- and middle-income countries, 

the incidence of cancer and death is generally even higher [4]. 
Despite the considerable arsenal of drugs already available for cancer 

treatment, in many cases, therapeutic success is not achieved due to 
failures in therapeutic schemes as a result of resistance, reduced patient 
survival, high rates of relapse, reduced tumor selectivity, low thera
peutic efficacy, adverse effects, and unsustainable costs [5]. Thus, 
extensive research and investment are focused on developing increas
ingly potent and less toxic compounds. 

Various studies have demonstrated the biological potential of 
naphthoquinones. This class of compounds presents microbicidal, try
panosomicidal, molluscicidal, anti-inflammatory, leishmanicidal, 
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virucidal, and antivenom properties [6–15]. The antitumor potential of 
quinoidal compounds is also widely known and well-studied [16–21]. 

The antitumor ability of naphthoquinones is generally determined by 
their structural framework, in particular their redox system consisting of 
carbonyl groups, which is an essential redox center capable of gener
ating reactive oxygen species (ROS). The generation of ROS is intrinsi
cally related to the antitumor properties of quinonoid compounds. The 
reduction process can be catalyzed biologically through one- or two- 
electron reducing enzymes. NADPH-cytochrome P450 reductase and 
NAD(P)H quinone oxidoreductase 1 (NQO1) are examples of enzymes 
that can act as redox agents [16,22]. The reduction processes are 
responsible for generating elevated amounts of ROS, resulting in the 
stimulation of oxidative stress and alkylation of cellular nucleophiles 
(including DNA, lipids, protein, and other biomolecules). These effects 
are described as mechanisms of cytotoxicity, leading to cell damage [23, 
24]. 

A survey of publications in the last 20 years on PubMed and Web of 
Science databases, using the descriptors ‘naphthoquinone and cancer’, 
revealed a total of 3236 articles, indicating that the number of papers 
has quintupled since early 1999. The number of publications related to 
this chemical class demonstrates the growing interest in its pharma
cology and mechanism of action in oncology. 

Among naphthoquinones reported in literature, the compound 2,2- 
dimethyl-3-((2-methyl-4-nitrophenyl)amino)-2,3-dihydronaphtho(1,2- 
b)furan-4,5-dione (ENSJ39), a nor-β-lapachone derivative, demon
strated potent cytotoxic activity displaying IC50 values less than 2 μM 
against several cancer cell lines such as HL-60, MDA-MB-435, HCT-8, 
HCT-116, and SF-295 [16,19,25]. This compound induced apoptosis 
(mitochondrial pathway) and intracellular ROS generation in HL-60 
cells, as well as DNA strand breaks in LNCap (NQO1-) and DU-145 
(NQO1+) cells [20,26]. However, at the same time, ENSJ39 has poor 
solubility, which makes in vivo administration difficult, interfering with 
subsequent studies. 

Moreover, previous studies with similar naphthoquinones have 
shown that certain compounds from this class are responsible for in vivo 
toxic effects, including hemolytic anemia and renal tubular necrosis in 
animals [27–31]. Solubility problems have also been reported [27,32, 
33]. 

Drug delivery strategies to improve bioavailability and reduce 
toxicity have been applied to naphthoquinoidal compounds [34–38]. 
The incorporation of nanotechnology has proved quite promising 
compared to traditional medicine. This approach allows the develop
ment of encapsulated drugs with reduced off-target toxicity, increasing 
the concentration of the drug in a particular target, improving the 
therapeutic efficacy, and also addressing problems related to the phys
icochemical properties of the non-encapsulated substance, such as sol
ubility and stability [39,40]. 

Liposomes can be used to deliver low molecular weight drugs, large 
proteins, and even therapeutic nucleic acid sequences. Constituted by a 
bilayer lipid vesicle between 50 nm and 5 μm in size, the similarity of 
liposomes to biological membranes endows them with particular prop
erties, such as biocompatibility and biodegradability. Therefore, lipo
somes are highly versatile nanostructures for encapsulation and delivery 
of bioactive agents in nanomedicine applications [41–44]. 

Due to the importance of naphthoquinones in the progress of phar
macological studies focusing on cancer treatment and knowing the ad
vantages of using liposomes, the present study aimed to evaluate the in 
vitro physical-chemical and biological characteristics of liposomes 
containing the new synthetic naphthoquinone ENSJ39. 

2. Material and METHODS 

2.1. Material 

The chemical compound 2,2-dimethyl-3-((2-methyl-4-nitrophenyl) 
amino)-2,3- dihydronaphtho(1,2-b)furan-4,5-dione, named by our 

research group as ENSJ39, was synthesized from lapachol as previously 
described in the literature [16,19] (Fig. 1). Soybean phosphatidylcho
line (PC), cholesterol (CH), stearylamine (SA), trehalose, and Trypan 
blue dye were purchased from Sigma-Aldrich (Missouri, USA). Aceto
nitrile, chloroform, methanol, and dimethyl sulfoxide (DMSO) were 
obtained from Merck (Darmstadt, Germany). All chemicals were of 
analytical grade. Fetal bovine serum and Dulbecco’s modified eagle 
medium (DMEM) were purchased from Cultilab (São Paulo, Brazil). 
RPMI 1640 medium, trypsin-EDTA, penicillin, and streptomycin were 
purchased from GIBCO (California, USA). Doxorubicin (Doxolem) was 
purchased from Zodiac Produtos Farmacêuticos S/A (Brazil). The Quick 
Panoptic kit was obtained from Laborclin (Paraná, Brazil). 

2.2. Development of liposomal formulations 

ENSJ39 liposomes (LE39) were prepared by the dried-lipid film hy
dration method followed by sonication, as previously reported [45]. 
Briefly, PC, CH, and SA (7:2:1 M ratio) were dissolved in a mixture of 
chloroform and methanol (3:1 v/v) under magnetic agitation. ENSJ39 
(1:28.48 drug/lipid molar ratio) was then added to the organic lipidic 
phase. Unloaded liposome (LBR) was synthesized in the same way 
without the drug (ENSJ39). 

A dried-lipid film was obtained through evaporation of organic sol
vents under reduced pressure at 38 ± 1 ◦C for 30 min, rotation of 80 rpm, 
using an IKA RV10 Rotary Evaporator (Wilmington, USA). The resulting 
lipid layer was hydrated with 10 mL of phosphate buffer solution (PBS) 
(pH 7.4) with or without trehalose (0.1, 5, and 10%), to obtain multi
lamellar liposomes in suspension (0.6 mg/mL of ENSJ39). Then, small 
unilamellar vesicles were obtained by sonication using a Qsonic probe 
(Newtown, USA), operating in pulsate mode with a potency of 125 W 
and a frequency of 20 kHz for 300 s (5 s on/2 s off). Finally, LE39 and 
LBR were frozen overnight and freeze-dried (MicroModulyo Freeze 
Dryer; Thermo, USA) in 200 bars for 24 h and stored at 8 ◦C. Both for
mulations were also stored at 8 ◦C to be monitored after 24 h of 
preparation. 

2.3. Measurement of particle characteristics 

The particle size, size distribution, and zeta potential of LE39 and 
LBR diluted (1:100 w/v) were determined by Malvern Zetasizer Nano- 
ZS90 (Worcestershire, UK) at 25 ◦C scattering angle of 90◦. Liposome 
samples were diluted with ultrapure water and sonicated before mea
surement, as required, for a satisfactory particle count. The distribution 
and the mean diameter of particles were evaluated as well as their 
standard deviation and polydispersity index (PDI). Data were obtained 
by averaging ten measurements. 

The number of particles per mL of lyophilized liposomes (LE39 and 
LBR) were investigated in NanoSight NS500 equipment (Marven, UK). 
The LE39 and LBR liposome suspensions, previously diluted 1: 40,000 in 
purified water, were injected into the visualization camera. Three 
different batches of each sample were used, and the results were 
expressed as average. 

Particle morphological analysis was performed using an Atomic 
Force Microscopy (AFM) as previously described [46]. Briefly, 10 μL of 
diluted samples (1:10 v/v) was sonicated for 15 min, spread onto freshly 
cleaned mica disks, and dried for around 15 min at 36 ◦C. LE39 and LBR 
were analyzed using the AFM Workshop TT-AFM microscopy (Califor
nia, USA). The images were taken in tapping mode using a silicon 
cantilever (TAP 300-G10, TED PELLA) with a resonance frequency of 
approximately 238 kHz. The images were processed using Gwyddion 
2.45 software. 

Thermal analysis of ENSJ39 and lyophilized liposomes (LE39 and 
LBR) were investigated by Thermogravimetric Analysis (TGA) and Dif
ferential Scanning Calorimetry (DSC) performed, respectively, in Perkin 
Elmer STA 6000 (Massachusetts, USA) and Shimadzu DSC-60 (Kyoto, 
Japan). Measurements were performed at a temperature range from 25 
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to 400 ◦C (TGA) at a heating rate of 10 ◦C/min under nitrogen flow (50 
mL/min) by using a closed aluminum pan, in which approximately 10 
mg of the sample was placed. Thermograms obtained by DSC of 
lyophilized liposomes and pure drug were performed at a temperature 
range from 25 to 240 ◦C at a heating rate of 10 ◦C/min under a dynamic 
nitrogen atmosphere using a closed aluminum pan, in which approxi
mately 10 mg of the sample was placed. 

2.4. Encapsulation efficiency 

Drug content was determined using the Genesys 10S UV–Vis spec
trophotometer (Thermo, Massachusetts, USA) at 256 nm. The calibra
tion curve of ENSJ39 in acetonitrile was accomplished using six 
standard solutions in the range of 2–50 μg/mL prepared from a stock 
solution (0.2 mg/mL). Then, samples of LE39 and LBR were quantified 
as a total fraction and purified liposomal fraction. 

To determine the total drug content in the formulations, liposomes 
were diluted (1:10 w/v) in acetonitrile, sonicated for 15 min, filtered 
through a PTFE membrane (0.22 μm), and analyzed by spectropho
tometry. To separate the non-encapsulated drug, LE39 was preliminarily 
filtered through an Ultrafree® centrifugal filter (Millipore, USA). The 
free drug in the supernatant was measured after centrifugation of the 
sample at 5000 rpm for 2 h. Then, it was diluted (1:10 w/v) in aceto
nitrile, sonicated for 15 min, filtered through a PTFE membrane (0.22 
μm), and analyzed by spectrophotometry. Assays were performed in 
triplicate. 

The absorbance value of LE39 was subtracted from the absorbance 
value of LBR in each procedure and then used in the equation of the 
calibration curve to obtain concentrations of drugs in total and purified 
liposomal fraction. Next, the encapsulation efficiency (EE) was calcu
lated according to Equation (1). 

EE ​ (%)=
concentration ​ of ​ drug ​ in ​ purified ​ liposomal ​ fraction ​ (μg/mL ​ )

concentration ​ of ​ drug ​ in ​ total ​ fraction ​ (μg/mL ​ )
× 100

(1)  

2.5. Evaluation of stability 

Liposomes stability was evaluated using long-term stability testing, 
as described by Cavalcanti [38], with modifications. Particle size, zeta 
potential, and polydispersity index (PDI) of the diluted liposomal for
mulations (1:100 w/v) were monitored after 24 h of preparation and 
during storage, at predetermined time intervals (1–4 months) at room 
temperature (25 ◦C) and under refrigeration (8 ◦C). For long-term sta
bility evaluation, LE39 and LBR were diluted in purified water at 1/100 
(w/v). Measurements were performed using a Malvern Zetasizer 
Nano-ZS90 (Worcestershire, UK). 

2.6. Cytotoxicity assay 

The cytotoxicity of ENSJ39 and liposomes were evaluated against 
HCT-116 (7 × 104 cells/well), SNB-19 (1 × 105 cell/well), HL-60 (3 ×
105 cells/well), PC-3 (1 × 105 cell/well), B16F10 (7 × 104 cells/well), 
and normal murine fibroblast L929 (7 × 104 cells/well) cells by the 

colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo
lium bromide)) assay, as described by Mosmann [47], with modifica
tions. Cell lines were maintained in flasks containing RPMI 1640 or 
DMEM medium supplemented with 10% fetal bovine serum, 100 U/mL 
penicillin, and 100 μg/mL streptomycin at 37 ◦C and 5% CO2 
atmosphere. 

ENSJ39 and liposomes were diluted in culture medium in a serial 
dilution of 0.03–3.78 μg/mL, added to the cells seeded in 96-well plates 
and incubated for 72 h, at the same conditions described above. Doxo
rubicin (0.04–2.72 μg/mL) was used as a positive control. After 72 h 
incubation, 100 μL of MTT solution (0.5 mg/mL) was added to each 
well, and cells were incubated for 3 h. Then, the supernatant was 
removed, 100 μL of DMSO was added to solubilize the formazan crystals, 
and the absorbance was measured using a microplate spectrophotom
eter (DTX800 Multimode Detector, Beckman Coulter, California, USA) 
at 595 nm. The absorbances obtained were used to calculate the IC50 
values by nonlinear regression employing appropriate statistical soft
ware. Statistical significance was calculated by Analysis of Variance 
(ANOVA) followed by Tukey’s test, with a significance level of p < 0.05. 
All treatments were performed in triplicate in at least three independent 
experiments. 

2.7. Trypan blue exclusion assay 

HCT-116 tumor cells were chosen for this assay and the morpho
logical analysis described below (topic 2.8), because this cell line has 
been used in previous studies carried out by our group to elucidate the 
mechanisms of action for ENSJ39 (Unpublished data) [25]. 

Trypan blue exclusion assay was performed as described by Strober 
[48], with modifications. This assay is based on the principle that living 
cells possess intact cell membranes that exclude certain dyes, such as 
Trypan blue, whereas dead cells do not. 

HCT-116 cells were seeded in six-well plates at a seeding density of 5 
× 104 cells/well and treated with ENSJ39 and LE39 (considering the 
encapsulation efficiency) at concentrations of 2.32 μg/mL and 3.48 μg/ 
mL. Untreated cells represented negative control, and doxorubicin 1 μg/ 
mL was used as a positive control. After 72 h of treatment, cells were 
harvested, centrifuged for 5 min at 1500 rpm, and resuspended in 1 mL 
of PBS. Then, 90 μL of the cell suspension was mixed with 10 μL of 0.4% 
Trypan blue dye for counting viable and non-viable cells in a Neubauer 
chamber under an optical microscope (Nikon Eclipse E100, Tokyo, 
Japan). Assays were performed in triplicate in at least three independent 
experiments. 

Data were calculated from mean ± standard deviation (SD) and 
compared by Analysis of Variance (ANOVA) followed by Tukey’s test, 
with a significance level of p < 0.05, using appropriate statistical 
software. 

2.8. Morphological analysis of HCT-116 cells 

The morphological analysis allowed evaluation of possible modifi
cations related to cell death patterns after treatment with the tested 
samples. HCT-116 cells were seeded in 24-well plates, with circular 
coverslips at the bottom of each well, at a seeding density of 5 × 104 

cells/well. The next day, cells were treated with ENSJ39 and LE39 

Fig. 1. Synthetic route to obtain naphthoquinone ENSJ39 [19].  
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(considering the encapsulation efficiency) at concentrations of 2.32 μg/ 
mL and 3.48 μg/mL. Untreated cells represented negative control. 

After 72 h, the coverslips were removed and stained with the Quick 
Panoptic kit, which contains 0.1% triarylmethane solution 1 (fixative), 
0.1% xanthene solution 2 (cytoplasm dye), and 0.1% thiazine solution 3 
(nucleus dye). After staining, cells were evaluated under an optical 
microscope (Nikon Eclipse E200, Tokyo, Japan) coupled to a camera. 

3. Results and DISCUSSION 

3.1. Characterization of LE39 and LBR 

Liposomes prepared by the dried-lipid film hydration method ob
tained satisfactory results, such as small particle size, high zeta potential 
values, and low PDI values. LE39 exhibits an average diameter of 31 ±
5.81 nm, the zeta potential of +53.5 ± 1.41 mV, and PDI of 0.24 ± 0.01. 
Similar results were obtained for LBR liposomes: particle size of 33 ±
7.71 nm, the zeta potential of +58.3 ± 2.04, and PDI of 0.23 ± 0.02. 
LE39 and LBR liposome suspensions contained around 1380 and 579 
billion particles/mL, respectively. 

The particle size obtained for liposomes in the present study is within 
the definition of lipid nanoparticles [43,49]. Zeta potential values were 
close to +60 mV, which are considered optimal and indicate colloidal 
stability due to strong electrostatic repulsions between particles and 
decreased tendency to aggregate [50,51]. PDI values were less than 
0.25, indicating a very narrow distribution, resulting in a homogeneous 
system [49,51], which was confirmed by the particle size distribution of 
LE39 (Fig. 2a). 

Processing techniques have been reported in the literature which 
ensure that those characteristics are maintained and the half-life of the 
formulation increases. The use of freeze-drying is an alternative pro
cedure, as the dry state has greater stability and allows the formulation 
to be reconstituted with a vehicle at the time of administration [53]. 
During this process, cryoprotectants are commonly employed to avoid 
ice crystals that could damage the liposomes. In lipid nanoformulations, 
the use of trehalose, glucose, sucrose, or mannitol can form a protective 
glassy matrix in the nanoparticles [43,54,55]. 

We evaluated the particle size, zeta potential, and PDI in freeze-dried 
formulations. Trehalose at concentrations of 5% and 10% was effective 
in maintaining the fundamental characteristics of LE39 (Fig. 2), allow
ing the preservation and stability of the nanostructures. Trehalose is an 
excellent cryoprotectant for the lyophilization process of liposomal 
nanosystems [43,56], and its use has already been reported in the 
literature, with concentrations ranging from 0.1 to 10% [38,57]. 

Concerning the morphological aspects, AFM images of the liposomes 
showed regular spherical shape, smooth surface, and absence of 

agglomerates for both ENSJ39-loaded and unloaded liposomes (Fig. 3). 
The liposomes were flattened and slightly deformed, probably due to the 
adsorption on the mica surface, which can interfere with the average 
diameter of particles [58]. 

The 2D phase image in Fig. 3 illustrates two regions of the liposome: 
a central nucleus (yellow arrow) surrounded by a membrane (white 
arrow). This confirmed that the formulated nanoparticles had appro
priate liposomal morphological characteristics compatible with a uni
lamellar vesicle structure [59]. 

The lipid membrane was thicker in LE39 than in LBR (Fig. 3a and b, 
white arrow), suggesting that ENSJ39, a lipophilic compound, was 
incorporated within the liposomal phospholipid bilayer. This may 
contribute to greater stability and compacting of liposomes. A similar 
phenomenon occurs when cholesterol is used in the preparation of li
posomes. Voluminous steroid rings of cholesterol are interspersed 
among the phospholipid bilayer and provide rigidity and greater sta
bility to the nanoparticle [60,61]. 

In the thermal analysis of ENSJ39 and liposomes, the TGA curve 
(Fig. 4a) indicated that LE39 and LBR are thermally stable up to 228 ◦C, 
while ENSJ39 degrades at 25 ◦C. This degradation was preserved in the 
liposomes. The mass loss for LE39 was lower than that for ENSJ39 (free 
drug) up to 328 ◦C. Above this temperature, the degradation of the free 
drug remained stable. Rapamycin and paclitaxel were also protected 
from degradation when encapsulated in liposomes [61]. Likewise, the 
thermogravimetric evaluation of liposomes containing β-lapachone 
showed that the encapsulation system prevented degradation as 
occurred in free drug [38]. 

The DSC thermogram (Fig. 4b) displays endothermic peaks 
compatible with the melting of the material (crystalline to amorphous 
state) in ENSJ39, LE39, and LBR samples at 112 ◦C, 164 ◦C, and 177 ◦C, 
respectively. The melting peaks of LE39 and LBR showed similar aspects. 
The first one suffered a slight broadening at its base and presented in
termediate melting temperature compared to free drug and unloaded 
liposomes. 

A double melting peak in ENSJ39 may indicate polymorphism, 
which means the presence of different crystalline morphologies 
(Fig. 4b). The disappearance of this peak in the DSC thermogram of LE39 
may denote the absence of the drug crystalline state, suggesting that the 
drug was entrapped and molecularly dispersed in an amorphous state 
into the liposome [35,62,63]. That may have contributed to improving 
the solubility of the compound, as amorphous drugs are more soluble 
than crystalline ones, resulting in higher bioavailability [62,64]. The 
freeze-dried sample of LE39 was easily dispersed in an aqueous vehicle 
as opposed to the free drug, which requires an organic solvent like 
DMSO. 

Fig. 2. Characterization of LE39 liposomes. Values of particle size and zeta potential (a), and polydispersity index (PDI) (b) of the LE39 suspension and freeze-dried 
with three different trehalose concentrations (0.1%, 5%, and 10%). 
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3.2. Encapsulation efficiency 

The data obtained from the analytical calibration curve of ENSJ39 
yielded the following linear regression equation (r2 = 0.9984): absor
bance = 0.0308 x ENSJ39 concentration (μg/mL) + 0.0161. The total 
drug content in the liposomes was 82.3% (±0.04). Following this 
equation, concentrations of the drug in purified fraction and total lipo
somal fraction were calculated and applied to Equation (1), resulting in 
96.58% (±0.09) of encapsulation efficiency. 

This method of determining the encapsulation efficiency by UV/ 
visible spectrophotometry has also been applied in other studies 
involving different liposomal nanoformulations [57,65], including li
posomes containing naphthoquinones [38,66]. The remarkable encap
sulation ratio of ENSJ39 is in agreement with other efficiency values of 
β-lapachone into liposomes, using the same lipid film method and 
similar preparation conditions as LE39: 97.09% [38] and 97.4% [66]. 
The extent of encapsulation efficiency in liposomal systems is generally 
higher for non-polar drugs than for polar drugs [59], which corroborates 
the rate obtained for LE39, as ENSJ39 is a highly non-polar compound. 

Naphthoquinone drugs appear to have better rates when encapsu
lated in liposomal nanosystems. Previous data showed an encapsulation 
efficiency of 41.9% for β-lapachone in PLA-PEG micelles [67], and its 
encapsulation in PLGA-microcapsules had a trapping rate of 19.36% 
[35]. 

3.3. Stability evaluation of liposomes 

ENSJ39 liposomes (LE39) stored at room temperature (25 ◦C) and 
under refrigeration (8 ◦C) did not exhibit drug precipitation and lipid 
flocculation when evaluated 24 h after preparation (Fig. 5). During the 
evaluation period of four months, a small precipitate of easy resus
pension was observed after one month of storage in both conditions 
(Fig. 5). 

After four months of storage, zeta potential values decreased (Fig. 6); 
however, at 8 ◦C, they remained within a range considered stable (˃ ±
30 mV) [52]. Furthermore, particle size, size distribution, and PDI 
values of LE39 stored at 8 ◦C were similar to those in the initial condition 
(Fig. 6), suggesting this is a better storage option than 25 ◦C. 

These results are in agreement with a similar study of β-lapachone 
encapsulated in liposomes by the lipid film method using the same drug: 

lipid molar ratio and PC:CH:SA molar ratio as here. β-lapachone lipo
somes were resistant to accelerated stability tests and maintained their 
initial properties even after 60 days, in suspension form, and up to 1 
year, in the freeze-dried form [38]. 

3.4. In vitro cytotoxicity 

The IC50 values, obtained after 72 h treatment, for ENSJ39 and LE39 
are presented in Table 1, along with data obtained for doxorubicin 
(positive control). 

The IC50 values for ENSJ39 did not undergo significant changes be
tween tumor cell lines, exhibiting cytotoxic activity for all of them, with 
higher cytotoxicity for HL-60 cells. Previous studies for ENSJ39 and 
other arylamine analogs revealed potent cytotoxic activity, with some 
compounds displaying IC50 values less than 1 μM against the tumor cell 
lines HL-60, MDA-MB-435, HCT-8, SF-295, PC-3, and B-16 [16,19,20, 
26]. 

A previous study of the mechanisms of action for ENSJ39 [25] sug
gested its bioactivation by the NQO1 enzyme (Unpublished data). As 
observed in Table 1, ENSJ39 exhibited potent activity in HL-60 tumor 
cells, even though this cell line is reported to have reduced expression of 
NQO1 [68]. This result corroborates with previous data, in which ary
lamino-nor-β-lapachone analogs had considerable activity against the 
same leukemia cell line, also similar to the effect observed with the 
precursor molecule (nor-β-lapachone) [20,26]; thus suggesting that 
ENSJ39 bioactivation can be induced by other reductases, in addition to 
NQO1. No bioreductive antitumor agent is activated by a single reduc
tive enzyme [69]. Moreover, some experiments using dicoumarol 
(NQO1 inhibitor) and naphthoquinone drugs have shown that despite 
the protection of tumor cells overexpressing NQO1, no cell lines have 
exhibited significantly reduced expression of this enzyme, as HL-60 cells 
[70,71]. In any case, even though studies on the cytotoxicity of ENSJ39 
have been conducted, this compound is new; therefore, its exact 
mechanism is still being unraveled. 

There was a statistical difference in cytotoxicity between LE39 and 
ENSJ39 for HCT-116 and SNB-19 cells (Fig. 7). The encapsulated drug 
showed less cytotoxic activity than the unencapsulated one on those 
tumor cell lines. 

In any case, according to a cytotoxic activity classification reported 
by Pérez-Sacau et al. [72] and Costa et al. [35], both ENSJ39 and LE39 

Fig. 3. AFM images of liposomes containing ENSJ39 (LE39) (a) and unloaded liposome (LBR) (b). White arrows indicate the membrane of phospholipids, and yellow 
arrows indicate the central nucleus. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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were highly active (IC50 < 1 μg/mL) to HL-60 cells and moderately 
active (1 μg/mL < IC50 < 10 μg/mL) to the other tested cell lines. The 
cytotoxicity was also evaluated in empty liposomes (LBR), and it did not 
demonstrate significative proliferative inhibition (data not shown). 

In agreement with our results, other comparative studies evaluating 
cytotoxicity of free drugs and their encapsulated form showed differ
ences in toxicity. The evaluation of free and liposome-encapsulated 
doxorubicin showed that cytotoxicity and uptake of the free drug were 
higher than in the nanoformulation [73,74]. Stealth liposomes of 
isoniazid and rifampicin also had less cytotoxicity than free drugs, even 
though both systems had the same cellular uptake [75]. 

In drug delivery systems, such as liposomes, less cytotoxicity can 
occur due to slower and more controlled release of the drug from lipo
somes compared to free drug, considering the same incubation time [34, 
73,74,76]. Furthermore, liposomes can interact with target cells in 
different ways depending on their lipid composition, steric stabilization, 
particle size, surface charge, and other aspects. Those parameters 

generate changes in the absorption patterns of the encapsulated drug 
and, consequently, influence the bioavailability and the magnitude of its 
cytotoxic effects on cells [57,77]. 

Liposomes have benefits related to a passive delivery in the tumor 
environment, which ensures that a higher concentration of drugs rea
ches the focus of action and with a longer release time [41–43]. More
over, although a free drug has effective in vitro cellular activity, at in vivo 
level, there is no guarantee that large concentrations of the drug will be 
able to reach the tumor site. Free doxorubicin, for example, which has 
suitable in vitro cellular uptake, has difficulty reaching the tumor site in 
vivo, as it disappears by rapid opsonization and is absorbed by the 
reticular endothelial system of the liver and spleen [73]. 

The ENSJ39 and LE39 were also analyzed by the Trypan Blue 
exclusion assay in HCT-116 cells. Both caused a reduction in the number 
of viable cells at 2.32 and 3.48 μg/mL, similar to the positive control 
(doxorubicin) (Fig. 8). When evaluating the number of non-viable cells, 
significant differences were observed in free and encapsulated ENSJ39 

Fig. 4. Thermogravimetric Analysis (TGA) (a) and Differential Scanning Calorimetry (DSC) (b), ENSJ39 drug, liposomes containing ENSJ39 (LE39), and unloaded 
liposome (LBR) curves. 
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compared to controls. However, no significant differences were 
observed between concentrations. 

The results obtained in the Trypan Blue assay and the MTT test were 
in agreement for the morphological disorders caused in HCT-116 cells 
after treatment with ENJ39 and LE39 for 72 h, in both tested concen
trations (Fig. 9). While the negative control exhibited intact cells with 
well-defined cytoplasm and nucleus, ENSJ39 caused a notable decrease 

in the number of cells per field, intense cytoplasmic loss, membrane 
integrity loss (black arrows), reduction of cell volume, and nuclear 
pyknosis (white arrows) (Fig. 9). The cellular damage suggests an 
apoptotic process induced by ENSJ39, described by Pinheiro [25] and 
Cavalcanti [26] as reduced cell viability and increased number of cells 
with apoptotic characteristics (reduced cell volume, peripheral chro
matin condensation, and apoptotic bodies) associated with reduced 

Fig. 5. LE39 subjected to stability evaluation at 25 ◦C (a) and 8 ◦C (b) for four months. Yellow arrows indicate precipitation. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Stability evaluation of LE39 liposomes. Evaluation of particle size, zeta potential (a), and PDI (b) of LE39 suspension after 24 h of preparation, four months 
later at 25 ◦C and 8 ◦C. 

Table 1 
Cytotoxic activity of ENSJ39, LE39 and Doxorubicin (DOX), as a positive control, evaluated by the MTT assay after 72 h of exposure for different cell lines.  

Samples IC50 (μg/mL) (CI 95%)a 

HCT-116 PC-3 SNB-19 HL-60 B16F10 L929 

ENSJ39 1.16 (1.08–1.25) 1.33 (1.19–1.48) 1.61 (1.40–1.85) 0.23 (0.20–0.27) 1.59 (1.52–1.65) 2.12 (1.92–2.34) 
LE39 4.46 (3.41–5.83) 1.53 (1.14–2.05) 3.98 (3.50–4.52) 0.58 (0.53–0.64) 1.68 (1.11–3.31) 2.53 (2.28–2.80) 
DOX 0.11 (0.09–0.16) 0.41 (0.32–0.51) 1.20 (1.03–1.39) 0.02 (0.01–0.02) 0.73 (0.61–0.88) 0.93 (0.86–1.02)  

a IC50 values with 95% confidence intervals (CI) were obtained by non-linear regression from at least three independent experiments. 
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membrane integrity. 
HCT-116 cells treated with LE39 displayed cell swelling and intense 

cytoplasmic vacuolization (red arrows), probably indicating cellular 
uptake of the liposomes. Mitotic events were found after LE39 treatment 
and negative control (green arrows), but not for the free drug. Cellular 
damage caused by the tested compounds was more intense at the highest 
concentration (3.48 μg/mL). 

4. Conclusion 

In this study, ENSJ39 liposomes (LE39) were developed using the 
dried-lipid film hydration method. LE39 formulation was characterized 
as a homogeneous system, stable after a four-month storage period, due 
to the high zeta potential values obtained. Thermal analysis, including 
DSC and TGA, indicated the successful coating of liposomes with 
ENSJ39 in an amorphous state, and the nanosystem was able to protect 

the drug from degradation. LE39 formulation was capable of encapsu
lating above 80% of ENSJ39 and can be quickly dispersed in an aqueous 
vehicle, unlike the free drug, improving the solubility of ENSJ39. In vitro 
cytotoxicity studies indicated that the free drug had higher activity in 
HCT-116 and SNB-19 cells, but ENSJ39 and LE39 had similar cytotoxic 
activity against other tumor cell lines exhibiting the most potent activity 
in HL-60 tumor cells. Morphological features compatible with an 
apoptotic cell death process were determined by optical microscopy. 
Therefore, those results support that ENSJ39 liposomes are viable and 
have a potential application in future in vivo studies, such as xenograft 
tumor models. However, only in vivo studies can prove the potential of 
these liposomes as a promising drug delivery system for antitumor 
therapy. 

Fig. 7. IC50 values for free and encapsulated ENSJ39 (LE39) after 72 h treatment in different cell lines. Data are presented as mean ± SD from three independent 
experiments performed in triplicate. a = p < 0.05 compared to ENSJ39 treatment by ANOVA followed by Tukey’s test. 

Fig. 8. Effect of ENSJ39 and LE39 on the viability 
of HCT-116 cells determined by the Trypan Blue 
exclusion assay after 72 h of treatment. Data are 
presented as mean ± SD from three independent 
experiments performed in triplicate. a = p < 0.05 
compared to viable cells in the negative control; b 
= p < 0.05 compared to non-viable cells in the 
negative control; c = p < 0.05 compared to non- 
viable cells in the positive control by ANOVA fol
lowed by Tukey’s test. (For interpretation of the 
references to color in this figure legend, the reader 
is referred to the Web version of this article.)   
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[10] M.M. Sitônio, C.H. Carvalho-Júnior, A. Campos-Ide, J.B. Silva, M.C. Lima, A. 
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