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Abstract: In recent studies, we showed that synthetic phosphoethanolamine (PHO-S) has a
great potential for inducing cell death in several tumor cell lines without damage to normal cells.
However, its cytotoxic effect and selectivity against tumor cells could increase with encapsula-
tion in cationic liposomes, such as dioctadecyldimethylammonium chloride (DODAC), due to
electrostatic interactions between these liposomes and tumor cell membranes. Our aim was to
use cationic liposomes to deliver PHO-S and to furthermore maximize the therapeutic effect
of this compound. DODAC liposomes containing PHO-S (DODAC/PHO-S), at concentrations
of 0.3-2.0 mM, prepared by ultrasonication, were analyzed by scanning electron microscopy
(SEM) and dynamic light scattering. The cytotoxic effect of DODAC/PHO-S on B16F10 cells,
Hepalclc7 cells, and human umbilical vein endothelial cells (HUVECs) was assessed by MTT
assay. Cell cycle phases of B16F10 cells were analyzed by flow cytometry and the morpho-
logical changes by SEM, after treatment. The liposomes were spherical and polydisperse in
solution. The liposomes were stable, presenting an average of ~50% of PHO-S encapsulation,
with a small reduction after 40 days. DODAC demonstrated efficient PHO-S delivery, with the
lowest values of IC

50%

compared with PHO-S alone, with an IC

(concentration that inhibits 50% of the growth of cells) for tumor cells,
500, Value of 0.8 mM for B16F10 cells and 0.2 mM
for Hepalclc7 cells, and without significant effects on endothelial cells. The Hepalclc7 cells
showed greater sensitivity to the DODAC/PHO-S formulation when compared to B16F10
cells and HUVECs. The use of DODAC/PHO-S on B16F10 cells induced G,/M-phase cell
cycle arrest, with the proportion significantly greater than that treated with PHO-S alone. The
morphological analysis of B16F10 cells by SEM showed changes such as “bleb” formation,
cell detachment, cytoplasmic retraction, and apoptotic bodies after DODAC/PHO-S treatment.
Cationic liposomal formulation for PHO-S delivery promoted cytotoxicity more selectively
and effectively against BI6F10 and Hepalclc7 cells. Thus, the DODAC/PHO-S liposomal
formulation presents great potential for preclinical studies.

Keywords: hepatocellular carcinoma, lipossomal formulation, synthetic phosphoethanolamine,

nanocarriers

Introduction

Synthetic alkylphospholipids are a promising new class of anticancer agents that act
on cell membranes rather than on DNA. They selectively modify the turnover of cell
membrane, inducing programmed cell death, with high selectivity for tumor cells.!
The alkylphospholipids contain long hydrocarbon chains that are essentially nonpolar.>*
In a recent report, we showed that synthetic phosphoethanolamine (PHO-S), an amino-
ethyl phosphoric ester, has a great potential to induce cell death in B16F10 (melanoma
murine) cells and without apparent damage to normal cells, such as fibroblasts and
lymphocytes.** We demonstrated that PHO-S is effective in the reduction of DNA
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synthesis rate and cell proliferation and also induces G,/M
cell cycle arrest.® It caused a decrease in cyclin DI mRNA,
VEGFRI1 gene transcription, and VEGFRI receptor expres-
sion. In vitro antiangiogenic activity assays showed that PHO-S
inhibits endothelial cell proliferation, migration, and tube
formation.®” These changes, associated with apoptotic effect,
reflected an increased expression of active forms of caspase 3.2
However, the molecular mechanism responsible for the antitu-
mor properties of PHO-S is still under investigation.

Recent studies, utilizing several tumor cell lines, such
as EAT cells (ehrlich ascites tumor), MCF-7 cells (human
breast cancer), H292 cells (lung cancer), B16F10 cells, and
SK-MEL-28, and MeWo cells (human melanoma), support the
hypothesis that antitumor activities exerted by PHO-S inde-
pendent of molecular profiles are resistant and aggressive.*”’

The antineoplastic phospholipids are a new class of
antitumor agents, which can cause collateral effects, such
as gastrointestinal toxicity, hemolysis, and liver and renal
dysfunction. These effects are attributed to agents such as
edelfosine, ilmofosine, and miltefosine.>**!° However, the
use of nanocarriers as drug delivery systems for chemothera-
peutic agents may be an alternative to decrease the chance of
unanticipated adverse effects and maximize the therapeutic
effects of encapsulated drugs.!!

Recently, the use of liposome-encapsulated paclitaxel
and miltefosine provided synergistic effect on human glio-
blastoma cells resistant to chemotherapeutic agents, with a
sustained release of these drugs and reversal of resistance.!
Cationic lipids are amphiphilic molecules that have been used
as a delivery system for nucleic acid and have several advan-
tages, such as the fact that these liposomes are endogenous
and biodegradable after administration.'>"> This is beneficial
because the presence of endogenous enzymes can break down
the lipid components of the liposomes."

The dioctadecyldimethylammonium chloride (DODAC)
is a cationic amphiphilic molecule that has been used for gene
delivery. Studies have shown that these liposomes exhibit
a propensity to selectively target tumor-associated blood
vessels.!*1® Thus, due to several advantages exhibited by
these liposomes in anticancer treatment, they could be used
for PHO-S delivery. In such a case, the cytotoxic effect and
selectivity against tumor cells of PHO-S could increase with
encapsulation in DODAC due to the electrostatic interaction
between these liposomes and the tumor cell membrane.
Therefore, our aim was to use cationic liposomes DODAC for
the delivery of PHO-S and to furthermore maximize the ther-
apeutic effect of this compound, considering the specificity
of the formulation for tumor microenvironments.

Materials and methods

DODAC/PHO-S liposomal formulation

PHO-S was synthesized and supplied by the Laboratory of
Chemistry and Polymers Technology, University of Sao
Paulo, Sao Carlos, Brazil. A 1 M stock solution of PHO-S
was prepared in water and stored at room temperature for
in vitro assays.*® DODAC was obtained from DODAB
(Sigma-Aldrich Co., St Louis, MO, USA) by ion exchange.
Primarily, DODAC powder was weighed and suspended
in 10 mL of water in order to obtain final concentrations
0f 0.3, 0.6, 1.0, 1.3, 1.6, and 2.0 mM. Further, PHO-S was
included in the solution, at the same concentration of DODAC
(DODAC:PHO-S =1/1 molar ratio). In another experiment,
we used liposomes with 10 mM DODAC and 0.3-2.0 mM
PHO-S. The dispersions were maintained at 57°C, for
20 minutes, until complete homogenization. Samples were
vortexed and sonicated using a Braun Sonic 1510 Ultrasonic
Apparatus (Branson, MO, USA) equipped with a titanium tip
(70 W, 3—4 minutes, at 60°C). After sonication, the samples
were centrifuged at 1,500 rpm for 5 minutes to remove resid-
ual titanium released from the probe. The liposomes were
sterilized by filtration through a 0.22 um Millipore filter.

Chemical and physical stability of the

liposomal suspension

Liposomal suspensions were characterized by hydrodynamic
radius (Dh) and zeta potential ({). The average diameter of
the liposomes of DODAC/PHO-S was calculated using the
method of quasielastic light scattering. Aliquots of 1 mL
of the preparation were placed into a 1.0 cm quartz cuvette
and analyzed by dynamic light scattering (DLS) technique
using a Malvern ZetaSizer Nano ZS90 (BioTek, Winooski,
VT, USA). For the determination of zeta potential of
DODAC/PHO-S and empty DODAC liposomes, 1 mL of
the preparation was placed into a 1.0 cm quartz cuvette using
the dip cell and analyzed by DLS technique.

Inorganic phosphate determination

Liposomes of DODAC/PHO-S, 10/2 and 2/2 mM, were passed
through a column of Sephadex G-25 (34x1.0 cm) to separate
liposomes from free PHO-S in the solution, using sucrose
2.0 mM as eluent. Fractions of 1 mL were collected. It was
not possible to separate the free and liposome-associated
drug by ultracentrifugation, because the surface charge on
the membrane does not allow liposome sedimentation. The
concentration of PHO-S was quantified by determining
the phosphate molecules, as described in the literature.'’
Encapsulation efficiency (EE%) was calculated using the
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following formula: EE% = (W /W) x100%, where W, is
the total amount of drug in the nanovesicle suspension
and W, is the total quantity of drug added initially during
preparation.

Cell culture
The B16F10 murine melanoma cells (ATCC® CRL 6475) and
human umbilical vein endothelial cells (HUVECs; ATCC®
CRL 1730) were grown in Roswell Park Memorial Institute
(RPMI) 1640 medium (Sigma-Aldrich Co.); for Hepalclc7
murine hepatocellular carcinoma, ATCC® CRL 2026 was
used as the oMEM medium (LGC Biotecnologia, Cotia,
SP, Brazil). The mediums were supplemented with 2 mM
L-glutamine (Cultilab, Campinas, SP, Brazil), 10 mM HEPES
(Cultilab), 24 mM sodium bicarbonate, 0.01% antibiotics,
and 10% fetal bovine serum (Cultilab). Cells were cultivated
in 5% CO, atmosphere at 37°C as monolayer cultures. Cells
were checked for viability using trypan blue exclusion test.
The B16F10 cells and HUVECs were used in this study in
order to compare the effects of PHO-S and DODAC/PHO-S
liposomes with those from other PHO-S studies, which
were recently published and used these same cell lines.*®
Hepalclc7 was added in this study with the aim of assess-
ing the potential anticancer capability of DODAC/PHO-S
liposomes and PHO-S in hepatocarcinoma cells that enables
easy reproducibility for in vivo studies. Ethical approval for
the use of human cells was not sought.

MTT assay

Cell viability was assessed by MTT assay. Cells were plated in
96-well plates, at a density of 2x10* cells/well, and incubated
for 1 day at 37°C, in a humidified incubator at 5% CO,. The
cell density reached 80%—90% confluence. The next day, cells
were treated with PHO-S (0.3-2.0 mM), DODAC (10 mM)/
PHO-S (0.3-2.0 mM), DODAC/PHO-S (1:1) (0.3-2.0 mM),
and empty DODAC (0.3-2.0 mM). After 24 hours, cells were
exposed to 5 mg/mL MTT for 3 hours and the formazan
crystals were solubilized by addition of dimethyl sulfoxide
(Sigma-Aldrich Co.). The absorbance was measured at
570 nm on a microplate reader (Thermo Plate; Rayto Life and
Analytical Sciences Co., Ltd., Shenzhen, People’s Republic
of China). Cytotoxicity was expressed as an IC,, (concen-
tration that inhibits 50% of the growth of cells), which was
determined from the concentration—response curve.

Cell cycle phase distribution
The B16f10 cells (1x10° cells/well, when the cell density
reached 80%—-90% confluence), treated with PHO-S

(0.3-2.0 mM), DODAC/PHO-S (1:1) (0.3-2.0 mM), and
empty DODAC (0.3-2.0 mM) for 24 hours, were washed
with phosphate-buffered saline, resuspended in 1 mL
cold GM (glucose 6.1 mM; NaCl 137 mM; KCI 4.4 mM;
14 Na,HPO, 1.5 mM; KH, PO, 0.9 mM; ethylenediaminetet-
raacetic acid 0.5 mM), and fixed by the addition of 3 mL of
70% ice-cold ethanol. Prior to analysis, cells were incubated
with 1.8 pug/mL propidium iodide solution (Sigma-Aldrich
Co.) in the dark for 30 minutes. Flow cytometric analysis
was performed using BD Biosciences FACSCalibur flow
cytometer (Becton Dickinson, San Jose, CA, USA); 10,000
events were collected. DNA content in the cell cycle phases
(sub-haploid, G /G, S, and G,/M) was analyzed by ModFit
LT 3.2 software (Becton Dickinson).

Scanning electron microscopy

Morphology of the liposomes of DODAC/PHO-S (1:1)
(0.3-2.0 mM) and empty DODAC (0.3-2.0 mM) was
analyzed by scanning electron microscopy (SEM). Aliquots
of 5 uL of the liposomal formulation in a glass slides were
incubated for 1 hour at 50°C. The samples were gold coated
using a Balzers SCD 030 Sputter Coater (Balzers Union Ltd.,
Balzers, Liechtenstein) and visualized in an FEI Quanta 250
(FEI Company, Hillsboro, OR, USA) SEM.

Aliquots of melanoma B16F10 cells (5x10* cells/well,
when the cell density reached 80%—-90% confluence) were
plated on sterile glass slides. After adhesion, cells were
treated with PHO-S, empty DODAC, and DODAC/PHO-S
(1:1) (0.3 and 2.0 mM). Then, the cells were fixed by add-
ing 3% glutaraldehyde, incubated for 1 hour at 4°C, and
post-fixed in 1% OsO, for 1 hour at room temperature. After
fixation, the cells were washed several times with 0.005 M
sodium cacodylate, pH 7.2, and gradually passed through
acetone solutions of increasing concentrations ranging from
30% to 100% for 10 minutes. Samples were completely dried
in a critical-point drying apparatus using liquid CO, as the
exchange medium. Dehydrated specimens were mounted
onto aluminum stubs, coated with carbon/gold and gold-
coated using a Balzers SCD 030 Sputter Coater (Balzers
Union Ltd.), and visualized in an FEI Quanta 250 (FEI
Company) SEM.

Statistical analysis

All values were expressed as mean * standard deviation
(SD). Each value is the mean of at least three independent
experiments in each group. One-way analysis of variance
(ANOVA) and Tukey—Kramer multiple comparisons test was
performed to identify differences among measurements of
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the groups studied. Graphics were obtained by Prism version
5.0 (CEO and Founder, La Jolla, CA, USA) and ModFit
version 3.2 (Verity Software House, Topsham, ME, Estados
Unidos) software. P-values <0.05, <0.01, and <0.001 are
statistically significant.

Results

Liposome characterization

The hydrodynamic radii (Dh) of DODAC/PHO-S liposomes
were determined immediately after the preparation (day 0)
and at 1, 8, and 15 days to evaluate the physicochemical
stability over time. Initially, the concentrations used were
0.3,0.6, 1.0, 1.3, 1.6, and 2.0 mM of PHO-S and 10 mM of
DODAC. In different liposome preparations, the concentra-
tions of PHO-S and DODAC (0.3-2.0 mM; 1/1 molar ratio)
were used. The DODAC (10 mM)/PHO-S (0.3 and 2.0 mM)
had amean Dh 0f48.343.8 nm, at 0 day (day of preparation).
After 15 days, the mean Dh for this liposomal formulation
was 62.712.8 nm (Figure 1A). The 10 mM DODAC lipo-
somes, without PHO-S, had an average Dh of 66.842.3 nm

at 0 day, and after 15 days, the average was 80.8+4.5 nm
(Figure 1A). The liposomes of DODAC/PHO-S (1:1) had
an average Dh of 76.1£26.2 nm at 0 day. The value for the
Dh of these liposomes after 15 days was 101.8£31.8 nm
(Figure 1B). The Dh of DODAC (0.3-2.0 mM) liposomes,
without PHO-S, were 88.8+7.2 and 80.2+7.6 nm, at 0 and
15 days, respectively (Figure 1C).

The zeta potential of DODAC/PHO-S liposomal formu-
lation was determined at 0, 1, 8, and 15 days. The DODAC
(10 mM)/PHO-S (0.3-2.0 mM) liposomes had a mean zeta
potential of 59.5+5.4 and 40.0+9.4 mV at 0 day and after
15 days, respectively (Figure 1D). The 10 mM DODAC
liposomes, without PHO-S, had a mean zeta potential
of 65.0£2.3 mV at 0 day and 50.1£3.4 mV after 15 days
(Figure 1D).

The DODAC/PHO-S (1:1) had a mean zeta potential
of 55.9£7.5 mV at day 0 and 37.8£3.2 mV after 15 days
(Figure 1E). The DODAC (0.3-2.0 mM) liposomes, without
PHO-S had a mean zeta potential of 55.91+7.5 mV at 0 day
and 42.7£3.3 mV after 15 days (Figure 1F).
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this study, ~| mL of liposome was used; size distribution of (A) DODAC 10 mM/PHO-S (0.3-2.0 mM); (B) DODAC/PHO-S (1:1) (0.3-2.0 mM); (C) empty DODAC liposomes
(0.3-2.0 mM); zeta potential of (D) DODAC (10 mM)/PHO-S (0.3-2.0 mM); (E) DODAC/PHO-S (I:1) (0.3-2.0 mM); (F) empty DODAC (0.3-2.0 mM); (T = days).
Abbreviations: DODAC, dioctadecyldimethylammonium chloride; PHO-S, synthetic phosphoethanolamine.

Morphology of DODAC/PHO-S
liposomes by SEM

The image obtained by SEM provided an important parameter
for evaluation of the morphology and arrangement of lipo-
somes, corroborating the physical and chemical aspects
obtained by DLS. In light of this, the SEM was used for mor-
phological observation and distribution of these liposomes.

A

Figure 2 DODAC/PHO-S liposome characterization by SEM.

DODAC/PHO-S (1:1) and empty DODAC (0.3
and 2.0 mM) liposome preparations showed spherical
morphology and repulsion due to surface charge. This
liposomal formulation exhibited greater homogeneity
when compared to the empty DODAC vesicles at the same
molar ratio (Figure 2A and B). It was possible to observe
large and small liposomes in the same sample. However,

Notes: Results were obtained from three independent experiments. The morphology of the DODAC/PHO-S liposomal formulation was analyzed by SEM. SEM of a 0.3 mM

(A) and 2.0 mM empty DODAC (B); 0.3 mM (C) and 2.0 mM DODAC/PHO-S (D).

Abbreviations: DODAC, dioctadecyldimethylammonium chloride; PHO-S, synthetic phosphoethanolamine; SEM, scanning electron microscopy.
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samples with 2.0 mM DODAC/PHO-S presented a pattern
of smaller liposomes in relation to the 0.3 mM DODAC/
PHO-S preparation (Figure 2C and D).

EE% of PHO-S

The PHO-S concentration was determined by measuring
the inorganic phosphate in the preparation after sample
digestion in perchloric acid (HCIO,)." The encapsulation of
2.0 mM PHO-S on 10 mM DODAC liposomes was 44.9% at
0 day (Figure 3A) and 44.7% after 40 days (Figure 3B). The
liposomes of DODAC/PHO-S (1:1) (2.0 mM) had a mean
encapsulation of 51.4% at 0 day (Figure 3C) and 49.6% after
40 days (Figure 3D).

Cytotoxic effects of PHO-S and DODAC/

PHO-S on tumor and normal cells

B16F10 cells showed morphological changes after treatment
with 0.3 and 2.0 mM of PHO-S, such as cytoplasmic retraction
and formation of apoptotic bodies, resulting in cell adhesion
loss. Cells treated with DODAC/PHO-S (1:1) liposomes
exhibited larger morphological changes when compared to
cells treated with PHO-S at the same molar ratio, such as
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Figure 3 Chromatography of DODAC/PHO-S liposomal formulation.

cytoplasmic retraction, formation of precipitate, cell fragmen-
tation, and formation of a large number of apoptotic bodies
(Figure 4A-E). Cytotoxic effects of PHO-S, empty DODAC,
and DODAC/PHO-S liposomes at different concentrations
were evaluated 24 hours after treatment on B16F10 and
Hepalclc7 cell lines by MTT assay. The results showed that,
24 hours after treatment, the PHO-S resulted in significant
cytotoxicity at 1.3-2.0 mM on B16F10. The IC,, value to
B16F10 was 4.4 mM (Figure 4F). DODAC (10 mM)/PHO-S
(0.3-2.0 mM) liposomal formulation induced cytotoxic effects
against B16F10 cells at all concentrations, resulting in IC, , of
1.2 mM (Figure 4G). Empty DODAC (10 mM) also resulted
in significant cytotoxicity (Figure 4G). DODAC/PHO-S (1:1)
liposomal formulation was cytotoxic at all concentrations,
resulting in IC, , of 0.8 mM for this cell line (Figure 4H). The
treatment with empty DODAC liposomes (0.3—2.0 mM) did
not show significant cytotoxic effect (Figure 4I).

Heplclc7 cells treated with PHO-S and DODAC/
PHO-S (1:1) (0.3-2.0 mM) showed similar morphological
changes to B16F 10, as described earlier (Figure SA-E). The
treatment with PHO-S resulted in significant cytotoxicity

at 1.6 and 2.0 mM in this cell line, with an IC_ value of

50%
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Notes: Results represent mean + SD from three independent experiments. For this study, | mL of PHO-S/DODAC liposomes was utilized. (A) and (B) Sample DODAC/
PHO-S at 10/2 mM at 0 day and after 40 days, respectively; (C) and (D) sample DODAC/PHO-S at 2/2 mM at 0 and 40 days, respectively.
Abbreviations: DODAC, dioctadecyldimethylammonium chloride; PHO-S, synthetic phosphoethanolamine; SD, standard deviation.

submit your manuscript

1582

Dove

International Journal of Nanomedicine 2016:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Potential antitumor activity of novel DODAC/PHO-S liposomes

Cell viability (%)

Cell viability (%)

150 -

100 -

50

TS ® ® S ™
& ST
oY oY oS oS v o
0 OO

QT QT QT TR

150

1001 -

501 P

N

T
SR

N

N
&L O
S o8 o8 Y 2% & o

NN N
6‘@ @Q (“@
Q. Q. \. \. \. (L.
%\ %\ '\ 9\ 5.0\ f'g\

- -

O O O O O O
&L L LS

PRSP SIS SRS
FFFFF PP

T O O O O 9
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(0.3-2.0 mM); (H) DODAC/PHO-S (1:1) (0.3-2.0 mM); (I) DODAC vesicles (0.3-2.0 mM). ¥P<<0.05, **P<<0.01, and ***P<<0.001.

Abbreviations: DODAC, dioctadecyldimethylammonium chloride; PHO-S, synthetic phosphoethanolamine; ns, not significant; SD, standard deviation.
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Notes: Results were obtained from three independent experiments. Photomicroscopy of Hepalclc7 murine hepatocellular carcinoma treated with PHO-S and DODAC/
PHO-S liposomal formulation. (A) Control group: the arrow indicates a cell with fibroblastoid morphology; treatment with (B) PHO-S at 0.3 mM; (C) PHO-S at 2.0 mM.
Apoptotic bodies are indicated by the arrow (B) and (C); treatment with (D) DODAC/PHO-S (I:I) at 0.3 mM; (E) DODAC/PHO-S (I:I) at 2.0 mM. Precipitate, cell
fragments, and a large number of apoptotic bodies are indicated by the arrow (D) and (E); mean * SD of cell viability treated with (F) PHO-S (0.3-2.0 mM); (G) DODAC
(10 mM)/PHO-S (0.3-2.0 mM); (H) DODAC/PHO-S (1:1) (0.3-2.0 mM); (I) DODAC vesicles (0.3-2.0 mM). *¥P<<0.01 and ***P<<0.001.

Abbreviations: DODAC, dioctadecyldimethylammonium chloride; PHO-S, synthetic phosphoethanolamine; SD, standard deviation.
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2.9 mM (Figure 5F). The treatment with DODAC (10 mM)/
PHO-S (0.3-2.0 mM) resulted in a significant decrease in
cell viability and presented IC,, of 1 uM (Figure 5G).
Empty DODAC (10 mM) also resulted in significant cyto-
toxicity (Figure 5G). The cells treated with DODAC/PHO-S
(0.3-2.0 mM) had a significant decrease of 64.2%+12.7% in
cell viability, already in the lower concentration (Figure SH).
Empty DODAC (0.3-2.0 mM) liposomes induced cytotoxic
effects on Hepalclc7 cells, with a decrease of 41.6%+3.4%
in cell viability, in the higher concentration (Figure 5I).
The cytological changes of the HUVECS treated with 0.3
and 2.0 mM PHO-S were discrete morphological changes and
produced a lower number of apoptotic bodies. The treatment
with DODAC/PHO-S (1:1) (0.3 and 2.0 mM) exhibited dis-
crete precipitate formation and a lower number of apoptotic

bodies (Figure 6A—E). The viability of HUVECs treated
with PHO-S and DODAC/PHO-S liposomal formulation
for 24 hours was also evaluated by MTT assay. Cells treated
with 2.0 mM PHO-S did not induce significant cytotoxicity
and reductions of 19.43%%5.9% in the number of viable
cells (Figure 6F). The DODAC (10 mM)/PHO-S (2.0 mM)
liposomal formulation reduced the number of viable cells
by 57.5%16.2% (Figure 6G). The cells treated with empty
DODAC (10 mM) liposomes had a significant decrease of
30.2%16.8%. On the other hand, the cytotoxic effects of
DODAC/PHO-S (1:1) liposomal formulation were lower,
reducing the number of viable cells by 27.9%%7.9% at the
highest concentration (Figure 6H). The treatment with empty
DODAC (0.3-2.0 mM) did not show significant cytotoxic
effect (Figure 6I).
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Figure 6 Cytotoxic effect of liposomal formulations on HUVECs.

Notes: Results were obtained from three independent experiments. Photomicroscopy of HUVECs treated with PHO-S and DODAC/PHO-S liposomal formulation.
(A) Control group: treatment with (B) PHO-S at 0.3 mM; (C) PHO-S at 2.0 mM; (D) DODAC/PHO-S (I:1) at 0.3 mM; (E) DODAC/PHO-S (I:1) at 2.0 mM. Viable cells
are indicated by the arrow. Mean + SD of cell viability treated with (F) PHO-S (0.3-2.0 mM); (G) DODAC (10 mM)/PHO-S (0.3-2.0 mM); (H) DODAC/PHO-S (I:1)
(0.3-2.0 mM); (I) DODAC vesicles (0.3-2.0 mM). **P<<0.01 and ***P<<0.001; ns.

Abbreviations: DODAC, dioctadecyldimethylammonium chloride; HUVECs, human umbilical vein endothelial cells; PHO-S, synthetic phosphoethanolamine; ns, not significant;
SD, standard deviation.

DODAC/PHO-S liposomal formulation DODAC/PHO-S (1:1) (0.3 and 2.0 mM). The cell cycle
induces cell cycle arrest in GZ/M on analysis results are shown in Figure 7.
BI16F10 cells Treatment with empty DODAC (0.3 and 2.0 mM) and

In order to assess whether PHO-S and DODAC/PHO-S DODAC/PHO-S (1:1) (0.3 mM) also resulted in increased

induce changes in the cell cycle of BI6F10 cells, cell cycle — percentages of cells in the sub-G, phase, with values of
phases were analyzed using flow cytometry. Cells were ~ 28.3%%2.8%, 43.0%%5.6%, and 25.6%%2.6%, respec-

treated with PHO-S, as well as with empty DODAC and tively. A significant decrease in the percentage of cells in
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Figure 7 Analysis of cell cycle phases of BI6F10 melanoma cells treated with DODAC/PHO-S liposomal formulation.

Notes: Results represent mean + SD from three independent experiments, which are obtained by flow cytometry analysis. The proportion of BI6FI0 melanoma cells
residing in sub-diploid phase; G /G, phases; and S and G,/M phases. Statistical differences were obtained by ANOVA and Tukey-Kramer multiple-comparison test. **P<<0.01
and *¥**P<0.001.

Abbreviations: ANOVA, analysis of variance; DODAC, dioctadecyldimethylammonium chloride; PHO-S, synthetic phosphoethanolamine; SD, standard deviation.
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G,/G, phase was observed for all treatments compared to
the control group.

The cells treated with 0.3 and 2.0 mM of PHO-S pro-
moted a significant increase in the population of cells in
S-phase, with a percentage of 9.8%+1.3% and 13.1%=1.4%,
respectively. The PHO-S (0.3 and 2.0 mM) and DODAC/
PHO-S (1:1) at 2.0 mM promoted a significant increase in
the population of cells in the G/M phase with an average
percentage of 9.6%%1.4%, 14.4%%1.3%, and 20.5%%1.2%,
respectively. The DODAC (10 mM)/PHO-S (0.3-2.0 mM)
liposomes treatment promoted a decrease in cell populations
in this phase. The treatment with empty DODAC liposomes
(0.3-2.0 mM) did not promote an increase in cell populations
in this phase.

Morphology of cells treated by SEM

B16F10 tumor cells treated with DODAC/PHO-S (1:1) (0.3
and 2.0 mM) liposomal formulation for 24 hours were evalu-
ated to assess morphological changes and interaction with

liposome by SEM. The lipid aggregate remained affixed to
the cell surface and maintained spherical morphology char-
acteristic of the liposome. Lipid aggregates spread in the
culture medium were also observed. B16F10 cells showed
morphological changes after DODAC/PHO-S treatment,
such as “blebs” formation, cell detachment, cytoplasmic
retraction, and apoptotic bodies (Figure 8A—F).

Discussion

Recent important advances in employing nanotechnology
for drug delivery have provided important strategies to
overcome limitations, such as solubility in biological flu-
ids, physical and chemical stability, bioavailability for the
targeted tissues, and toxicity to normal cells.!!” Among
these systems for drug delivery, the DODAC has several
advantages as a carrier of PHO-S. First, the results showed
that DODAC molecules interact with the PHO-S in aqueous
solution after being subjected to phase transition tempera-
ture and subsequent sonication. This afforded a liposomal

Figure 8 (Continued)
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Figure 8 Ultrastructural analysis of BI6FI0 murine melanoma cells treated with DODAC/PHO-S liposomal formulation.

Notes: Results were obtained from three independent experiments. The BI6FI0 murine melanoma cells were treated with PHO-S and DODAC/PHO-S liposomal
formulation, 0.3 and 2.0 mM for 24 hours and were analyzed by scanning electron microscopy. B16F10 cells treated with (A—C) DODAC/PHO-S at 0.3 mM; (D-F) DODAC/
PHO-S at 2.0 mM. Twenty-four hours after treatment with DODAC/PHO-S, the lipid aggregate remained affixed to the cell surface (arrow) and maintained spherical
morphology characteristic of the liposome (hollow arrow). Observed cytoplasmic retraction and formation of apoptotic bodies are indicated (arrow head).
Abbreviations: DODAC, dioctadecyldimethylammonium chloride; PHO-S, synthetic phosphoethanolamine.

DODAC/PHO-S formulation, which was stable for up to
15 days after the preparation at room temperature.

The results found evidence that size and zeta potential
of DODAC/PHO-S liposomes varied in the assessed days
(1-15 days), as well as in the different concentrations of the
compounds used in the formulation. However, these varia-
tions did not show any significant correlation with valuation
day and concentrations used, both from DODAC and PHO-S.
The system is not fully stable and interactions between the
different molecules occur constantly. For example, the
number of water molecules that hydrate the lipid heads and
the power of the water—lipid interactions strongly influence
the formation and properties of liposomes.

Although there was no significant correlation between
the concentration of PHO-S with the diameter and zeta
potential of the vesicles, DODAC liposomes were effective
in the PHO-S encapsulation with an encapsulation average
rate >50% and with small reductions after 40 days.

Sonication is perhaps the most extensively used method
for the preparation of small unilamellar vesicles. The
main disadvantages of this method are very low internal
volume/encapsulation efficacy and some compounds such
as DNA are degraded during sonication.!®! Systems for
DNA delivery, known as stabilized plasmid lipid particles,
consist of plasmid DNA encapsulated within a lipid bilayer
composed of dioleoylphosphatidylethanolamine, a cationic
lipid (usually DODAC), and polyethylene glycol ceramide.
Stabilized plasmid lipid particles are formed by a procedure
in which mixtures of plasmid and lipid are cosolubilized

at a specific ionic strength by the detergent octyl-glucopy-
ranoside, which is then removed by dialysis. The particles
are purified by sucrose density gradient centrifugation.'®"”
When conditions are optimized, high plasmid encapsulation
efficiencies are achieved (50%—70%).!° Therefore, the EE%
of the PHO-S (50%) by DODAC was considered optimal.
In another liposomal formulation, researchers proposed the
use of a negatively charged liposomal fluid to encapsulate an
oligonucleotide “antisense” (anti-f-galactosidase), as well as
the plasmid “pUC18.”?° In the study, the liposomes were for-
mulated with synthetic phospholipids dipalmitoylphosphati-
dylcholine, and dimyristoyl phosphatidylglycerol in a molar
ratio of 10:1, in the presence of a solution of a monovalent
salt (NaCl, KCI, NaHCO,, or phosphate buffer), and the rate
of encapsulation and activity “antisense” were measured by
Escherichia coli CSH36. As aresult, levels of encapsulation
0f 48.9% and 43.5% were found in the purified plasmid and
oligonucleotide “antisense,” respectively.?® Other studies
showed that, in dioctadecyldimethylammonium bromide
bilayers, the preference of the monomeric amphotericin B
was for the gel phase to be incorporated by 40%, compared
to 23% in the fluid phase.?!

As in the DODAC/PHO-S liposomal formulation, the
concentrations of PHO-S are not greater than the DODAC
concentration. It is not possible to observe a direct correla-
tion between the sizes of these formulations with the molar
mass of the PHO-S. This may be due to the number of water
molecules that hydrate the lipid heads and the power of
the water—lipid interactions, which strongly influence the
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formation and properties of liposomes. Hydration forces
cause an energy barrier that prevents the approach of two
liposomes.?>? However, it was observed by SEM and through
the DLS that the liposomes with DODAC/PHO-S (1:1)
(2.0 mM) tend to form liposomes with smaller diameters
when compared to the lower concentration liposomes. The
sizes of the liposomes DODAC/PHO-S, ranging between
60 and 100 nm, are ideal for antitumoral therapy because the
vascular endothelium of healthy tissues is formed by fenes-
trations from 5 to 10 nm, whereas the neovascularization of
tumors exhibits much larger fenestrations (100—780 nm).2*5
Fenestrations in liver sinusoids are well in excess of the
5-10 nm, with diameters in size range between 50 and
150 nm.**? Therefore, DODAC/PHO-S nanoparticles with
an average size of 100-200 nm are able to permeate the wider
fenestration of tumor vessels, but they do not penetrate the
majority of the narrow fenestrated endothelium of healthy
tissue, resulting in greater accumulation of the nanoparticles,
especially in tumor tissues.?*28

Confirming the data, PHO-S was cytotoxic to all tumor
cell lines, without promoting significant cytotoxic effects on
endothelial cells (HUVECSs). As already described by our
group, our data supported the hypothesis that the sensitivity
and the IC,, values obtained from the tumor cells were
irrespective of the molecular profile, such as resistance and
aggressiveness.*® These results have been confirmed in
several cell lines and more recently in KG-1 (human myel-
oid), K562 (human erythromyeloblastoid leukemia), and
Jurkat (human T-cell leukemia).

The formulation with cationic amphiphilic DODAC
demonstrated efficiency for PHO-S delivery, with the

lowest values of IC,, for all the tumor cells compared

0%
with those that were treated with free PHO-S. Assuming
that chemotherapy should be selective for tumor cells, the
high cytotoxic effect of DODAC (10 mM)/PHO-S (0.3 and
2.0 mM) liposomal formulation on HUVECs precludes its
use at this concentration. However, the DODAC/PHO-S (1:1)
(0.3 and 2.0 mM) liposomal formulation promoted more
effective cytotoxicity in tumor cell lines, without significant
effects on normal cells.

The Hepalclc7 cells showed greater sensitivity to the
DODAC/PHO-S formulation when compared to B16F10
cells and HUVECs. Several studies showed that cationic
liposomal formulations can accumulate in the parenchyma
of the lung, liver, and spleen.?® This accumulation can be
explained by the fact that these systems require high concen-
trations of the complexes at the therapeutic dose.” A well-
known target of the liposomes is the liver, because many

low-density lipoprotein (LDL), high-density lipoprotein
(HDL), and asialoglycoprotein receptors are expressed on
the surface of hepatocytes.’> The HDLs and LDLs show
high affinity for accumulating in tumor cells, and for this
reason they are used as carriers for anticancer drug delivery
for the treatment of hepatocellular carcinoma.!**! Studies
showed that anticancer drugs using HDL and LDL are great
target carriers on tumor cells, which show a high activity for
lipoprotein receptors in animal models.?** We demonstrated
earlier that the higher level of LDL receptor expression had
been ascribed to the accelerated mitosis rates that are pivotal
in cancer pathophysiology.’* Anticancer complexes with
HDL and LDL do not affect the characteristic of the drug.’>3%
Therefore, the higher sensitivity of the Hepalclc7 cells to
treatment with the liposomal formulation may be correlated
to the interaction of the DODAC with lipid receptors of these
cells, enabling greater availability of the DODAC/PHO-S
in the cell membrane and resulting in a larger action of the
PHO-S in these cells.

The data obtained demonstrated that the use of the
DODAC as a carrier can maximize the availability of the
PHO-S in the cell membrane and consequently maximize
cytotoxicity potential in tumor cells. Recent studies conducted
by our group have shown that the PHO-S inhibited the pro-
liferation and migration, leading to accumulation of cells
in G,/M phase.’ The evaluation of the cell cycle phases of
B16F10 cells demonstrated that the cytotoxic effects of the
DODAC/PHO-S formulation at the concentration of 2.0 mM
are mediated by PHO-S. It was observed that the use of the
DODAC (2.0 mM) as a carrier of the PHO-S (2.0 mM) pro-
moted a G,/M-phase cell cycle arrest with proportion signifi-
cantly greater than the treatment with PHO-S. However, the
0.3 mM DODAC/PHO-S (1:1) liposomal formulation did not
provide this effect. As the concentrations of the DODAC and
the PHO-S used were proportional in this formulation —ie, the
same molar ratio — the influence of the concentration of the
number of water molecules that hydrate the lipid heads and
the power of the water—lipid interaction may have strongly
influenced the formation and the property of the liposomes
0.3 mM DODAC/PHO-S (1:1), as described earlier.?>*
The treatments performed with DODAC only provided an
increase in the number of cells in the sub-G, phase but not in
the G,/M phase, demonstrating again the nonspecific effect
of'the DODAC in causing toxicity. Nonetheless, when com-
paring the PHO-S associated with the carrier, there was an
increase in the S and G,/M phases. The PHO-S can reduce
the nonspecific cytotoxicity of the carrier, providing target-
specific antitumor effect.>*
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The morphological analysis of cells by SEM showed that
melanoma murine B16F10 cells die after the activation of pro-
apoptotic mechanisms. The changes in the plasma membrane
during apoptosis are mainly of a biochemical nature, with no
involvement of morphological changes except for the loss of
microvilli and consequent cytoplasmic retraction, which was
observed in cells treated with the liposomal formulation. These
were the key features of apoptosis. The presence of the lipid
aggregates adhered to the membrane of the B16F10 cells, as
well as spread in the culture medium after 24 hours of exposure,
which can promote the maintenance of cytotoxic activity. The
results show that the electrostatic interaction between DODAC
and PHO-S, DODAC and PHO-S, and cell membrane can
maximize the antitumor effects mediated by PHO-S. Thus,
the set of results obtained in vitro demonstrate that DODAC/
PHO-S liposomal formulation presents great potential for the
treatment of melanoma and hepatocellular carcinoma.

Conclusion

The liposomal formulation with cationic amphiphilic
DODAC was effective as PHO-S delivery agents, consider-
ing that IC, ,,
were significantly lower compared with PHO-S treatment.
DODAC liposomes involved in the delivery of PHO-S
promoted cytotoxicity more selectively and effectively

values for tumor cells treated with this liposome

against murine B16F10 melanoma and Hepalclc7 hepa-
tocellular carcinoma. Thus, the DODAC/PHO-S liposomal
formulation presents vast potential for preclinical studies.
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