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a  b  s  t  r  a  c  t

A  promising  strategy  based  on  the  antisense  oligonucleotides  against  the  Plasmodium  falciparum  topoi-
somerase  II has  been  considered  using  cationic  nanoemulsion  as  oligonucleotide  delivery  system.
Phosphodiester  and  chemically  modified  phosphorothioate  oligonucleotides  bearing  negative  charges
were  adsorbed  on  positively  charged  emulsion  composed  of medium  chain  triglycerides,  egg  lecithin,
1,2-dioleoyl-3-trimethylammonium-propane  (DOTAP),  and  water,  at different  +/−  charge  ratios  (posi-
tive  charges  from  cationic  lipid/negative  charges  from  oligonucleotide):  +0.5/−,  +2/−, +4/− and  +6/−.
The  physicochemical  properties  of the  complexes  were  determined,  as  well  as  their  stability  in  cul-
ture  medium.  Their  interaction  with  erythrocytes  through  hemolysis,  binding  experiments  and  confocal
OTAP
opoisomerase II
lasmodium falciparum

microscopy  were  also  evaluated.  Finally,  the in  vitro  evaluation  of  parasite  growth  and  reinfection  capacity
was performed.  The  overall  results  showed  that  antisense  oligonucleotides  against  P. falciparum  topoi-
somerase  II gene  can  be  efficiently  adsorbed  onto  a cationic  nanoemulsion  forming  complexes.  Whereas
unloaded  nanoemulsion  displayed  an  hemolytic  effect  due  to the  presence  of  the  cationic  lipid,  this  was
not the  case  of  loaded  nanoemulsion  at  low  +/−  ratios.  Oligonucleotide-loaded  nanoemulsions  were

e  the
falcip
found  to  be  located  insid
and  causing  a  delay  in  P.  

. Introduction

Malaria is one of the most widespread parasitic diseases. It
s currently endemic in more than 100 countries in tropical and
ubtropical areas. The mortality rate related to malaria is cur-
ently estimated at over one million people per year and has
ncreased, most likely due to parasite drug resistance (WHO, 2008).
ince the emergence of chloroquine resistance in the 1950s, anti-
alarial drug resistance for Plasmodium falciparum,  is considered

 major contributor to the global resurgence of malaria observed
ver the past 40 decades and one of the main hindrance for
n effective control (Hastings et al., 2007; Na-Bangchang and
ongpuong, 2007). The emergence of artemisinin resistance is one

f the greatest threats to renewed efforts to eradicate malaria
Dondorp et al., 2009; Greenwood et al., 2008). There is there-
ore an urgent need for the development of new drugs for malaria
reatment.

∗ Corresponding author at: UMR  8612 CNRS, Faculté de Pharmacie - Université
aris-Sud 11, 5 Rue Jean-Baptiste Clément, Châtenay-Malabry F-92296, France. Tel.:
33  146835568; fax: +33 146619334.

E-mail addresses: elias.fattal@u-psud.fr, elias.fattal@cep.u-psud.fr (E. Fattal).

378-5173/$ – see front matter ©  2011 Published by Elsevier B.V.
oi:10.1016/j.ijpharm.2011.01.048
 infected  erythrocytes,  inhibiting  efficiently  parasite  growth  (until  80%)
arum  life  cycle.

© 2011 Published by Elsevier B.V.

Antisense oligonucleotides (ON) have been used to selectively
modulate the expression of genes as well as to inhibit protein
synthesis. Over the past decade, they have been considered as a
potential strategy for malaria, especially since several studies have
shown that antisense ON targeting of different enzymes, antigens,
and other targets can inhibit in vitro P. falciparum growth (Barker
et al., 1996; Kanagaratnam et al., 1998; Noonpakdee et al., 2003;
Wanidworanun et al., 1999). However, antisense ON-based therapy
is limited by both rapid degradation of ON in biological fluids as well
as their inability to efficiently cross cell membranes due to their
hydrophilic character and high molecular structure (Opalinska and
Gewirtz, 2002).

To circumvent these drawbacks, the association of ON with both
polymer- or lipid-based colloidal carriers has been proposed. For
instance, Föger et al. (2006) have recently described, for the first
time, the incorporation of phosphorothioate antisense ON targeting
malarial topoisomerase II into biocompatible chitosan nanoparti-
cles. The complexes showed a more pronounced sequence specific

inhibition of parasite growth compared to free antisense ON. More-
over, the association of ON with nanoparticles resulted in their
protection against nuclease attack in vitro.

Lipid injectable emulsions have been used as sources of calories
and essential fatty acids for patients for at least 40 years. Their low

dx.doi.org/10.1016/j.ijpharm.2011.01.048
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:elias.fattal@u-psud.fr
mailto:elias.fattal@cep.u-psud.fr
dx.doi.org/10.1016/j.ijpharm.2011.01.048
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oxicity makes them a good alternative as an intravenous delivery
ystem (Driscoll, 2006). Triglyceride-based emulsions stabilized by
hospholipid and cationic lipid combinations have been studied
s potential delivery systems for ON (Teixeira et al., 2003, 2001).
N molecules can be associated to oil droplets through ion-pair

ormation, due to the positively charged nanoemulsions and the
egatively charged ON (Teixeira et al., 2001). More recently, the
ationic lipid composition of an emulsion has been optimized to
btain the best conditions for the adsorption and release of a model
N (oligothymidilates) from nanoemulsions (Martini et al., 2007,
008). Both electrostatic and hydrophobic interactions were found
o play a role in the complexation process.

The purpose of this study was to evaluate the potential of a
ationic nanoemulsion (NE) as a delivery system for antisense ON
argeting P. falciparum topoisomerase II. The ON sequences used
ere were previously described to be specific by Noonpakdee et al.
2003) and Föger et al. (2006).  Phosphodiester antisense ON (PO)
nd chemically modified phosphorothioate antisense ON (PS) were
omplexed to the cationic emulsion. The physicochemical proper-
ies of the whole colloidal system as well as its interaction with
rythrocytes though hemolysis, binding experiments and confo-
al microscopy were determined. Finally, we have evaluated the
otential of such a system to inhibit in vitro parasite growth.

. Materials and methods

.1. Materials

Medium-chain triglycerides (MCT) (Lipoid AG, Germany), egg
ecithin – Lipoid E-80 (Lipoid AG, Germany), dioleoyltrimethy-
ammonium propane (DOTAP) (Sigma, USA), Nile red (Sigma,
SA), and glycerol (Merck, Brazil) were used for the preparation
f NE. Ultrapure water was obtained from a Milli-Q apparatus
Millipore, France). The ON sequences were obtained as anti-
ense (5′-ATG TAA TAT TCT TTT GAA CCA TAC GAT TCT-3′) or
ense (5′-AGA ATC GTA TGG TTC AAA AGA ATA TTA CAT-3′)
ithin the structural region of P. falciparum topoisomerase II.

hosphodiester antisense ON (PO, MW = 9146 g/mol), phosphodi-
ster sense ON (sPO, MW = 9261 g/mol), full chemically modified
hosphorothioate antisense ON (PS, MW = 9610 g/mol), full chemi-
ally modified phosphorothioate sense ON (sPS, MW = 9727 g/mol),
′-end covalently conjugated with fluorescein isothiocyanate phos-
hodiester antisense ON (FITC-PO) and phosphorothioate antisense
N (FITC-PS) were purchased from Eurogentec (Angers, France).
′-end labeled 33P-phosphodiester antisense ON (33P-PO) or 33P-
hosphorothioate antisense ON (33P-PS) were synthesized using
4 polynucleotide kinase (Biolabs, U.K.) and 33P ATP (Isotopchim,
rance).

.2. Preparation and characterization of NE

NE composed of 8% (w/w) MCT, 2% (w/w) egg lecithin, 0.132%
w/w) DOTAP, 2.25% (w/w) glycerol and water to 100% (w/w)
ere prepared through spontaneous emulsification as previously
escribed (Martini et al., 2008). Briefly, a limpid ethanolic solu-
ion containing the oily phase components was slowly added to a
ater phase containing glycerol, under moderate magnetic stir-

ing. The excess of solvents mixture (ethanol/water) was  then
emoved under reduced pressure at 50 ◦C until the desired final
olume (5 ml). The final cationic lipid concentration was 2 mM,

s previously optimized (Martini et al., 2008). The mean droplet
ize and zeta potential were determined through photon corre-
ation spectroscopy and electrophoretic mobility (Zetasizer Nano
S, Malvern Instrument, UK), respectively, at 20 ◦C. The NE were
dequately diluted in water for size and polydispersity index (PDI)
harmaceutics 416 (2011) 402– 409 403

determinations or in 1 mM NaCl solution for zeta potential mea-
surements.

2.3. Preparation and characterization of NE/ON complexes

Antisense ON (PO and PS) adsorption on cationic NE was per-
formed at the end of the manufacturing process, resulting in NE/ON
(NE/PO and NE/PS) complexes. Increasing concentrations of NE
were added to water solutions of PO and PS at 10 �M (final con-
centration) and incubated during 15 min  at room temperature, as
described elsewhere (Teixeira et al., 1999). The physicochemical
properties and morphology were evaluated (as described in Section
2.2) for NE/PO and NE/PS complexes. They were prepared at four
different +/− charge ratios (ratios calculated between the number
of positive charges from the cationic lipid present in NE, and the
number of negative charges from the phosphate groups of ON) that
are +0.5/−, +2/−, +4/− and +6/−.

2.4. Hemolysis experiments

Experiments were performed using both non-parasited and P.
falciparum-infected erythrocytes. Blood was  obtained from healthy
O+ human blood and erythrocytes were collected after cen-
trifugation. A suspension of erythrocytes (5%) in RPMI medium
(Invitrogen, France), supplemented with 25 mM HEPES (Sigma,
France), 25 mM NaHCO3 (Sigma, France), 0.5% Albumax (Invitrogen,
France) and hypoxanthine 367 �M (Sigma, France) was prepared
(same conditions as for the in vitro experiments) and carefully
distributed in 24-well plates. Three sets of experiments were per-
formed with NE/ON complexes: (a) NE/PO and NE/PS complexes
obtained at different +/− charge ratios (+0.5/−,  +2/−, +4/−,  and
+6/−), in a final PO and PS concentrations of 10 �M were incu-
bated with non-infected erythrocytes for 15 min; (b) an hemolysis
kinetics was performed on the complex at a charge ratio of +4/−,
which was incubated with non-infected erythrocytes for 5, 15, 30,
60, and 180 min; (c) the complex at a charge ratio of +4/− was
incubated with P. falciparum-infected erythrocytes for 15 min  and
44 h. Besides, the hemolytic effect of unloaded NE was also eval-
uated over infected and non-infected erythrocytes for 44 h. The
samples were then centrifugated and supernatants were analyzed
with respect to hemoglobin release by measuring the absorbance at
570 nm.  NaCl 0.9% (w/v) and Triton 100 (5%, w/v) were used as neg-
ative and positive controls, respectively. Results were expressed as
the percentage of the amounts of hemoglobin release caused by
complexes as percent of the total amount.

2.5. Erythrocytes binding experiments

Prior to binding experiments, 33P-PO and 33P-PS were obtained
as previously described (Aynie et al., 1996). Briefly, 5′-radiolabeling
of ON (PO and PS) were carried out as follows: 5 �l of a solution of
PO or PS (10 �M),  1 �l of T4 polynucleotide kinase, and 1 �l of �-
33P-ATP (sp act 7.4 Bq/mmol) were incubated for 30 min  at 37 ◦C.
The reaction was stopped by heating the preparations at 80 ◦C for
15 min 33P-PO and 33P-PS was  recovered after purification by exclu-
sion chromatography and centrifugation at 2400 rpm for 1 min. The
purity of 33P-PO and 33P-PS was evaluated using an automatic TLC-
linear analyzer. The binding of complexes was  assessed by three
sets of experiments, as described in Section 2.4.  After incubation,
cells were separated by centrifugation and treated with Triton 100
(1%, v/v) at room temperature. The amount of radioactivity in the

cell lysate was  determined through liquid scintillation counting
(LS6000 TA, Beckman-Coulter, USA), using Hionic-Fluor liquid scin-
tillation cocktail (PerkinElmer, France). Results were expressed as
the percentage of radioactivity found in cell pellets of the total
amount of radioactivity with cells.
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Table 1
Size (nm) and zeta potential (mV) of NE and NE/ON complexes.

Droplet size
(nm)

PDI Zeta potential
(mV)

NE 142–200 <0.2 54 ± 4.3

NE/PO +0.5/−  206 ± 23 <0.3 −20 ± 1
+2/− 343 ± 239 <0.4 9 ± 18
+4/− 216 ± 20 <0.3 37 ± 2
+6/− 182 ± 33 <0.2 41 ± 1

NE/PS +0.5/− 178 ± 6 <0.2 −23 ± 3
+2/− 281 ± 172 <0.3 12 ± 19
04 F. Bruxel et al. / International Journ

.6. Stability of complexes in culture medium

Stability of complexes was carried out at 37 ◦C in supplemented
PMI culture medium (composition described in Section 2.4). The
omplexes tested where NE/PO and NE/PS at charge ratios of +0.5/−,
2/− and +4/−. The stability of unloaded NE (at the same propor-
ion as present in the +0.5/−, +2/− and +4/− complexes) was  also
valuated. Samples were diluted 10 times in the culture medium
as for the in vitro tests), whereas the mean droplet size and PDI
ere determined directly 15 min, 1, 8, 24 and 44 h after dilu-

ion.

.7. Growth inhibition of P. falciparum in vitro

P. falciparum 3D7 strain was maintained in O+ human ery-
hrocytes in albumin RPMI supplemented medium (composition
escribed in Section 2.4), under continuous culture using the
andle-jar method (Trager and Jensen, 1976). The parasites were
ynchronized to the ring stage by repeated sorbitol treatment
Lambros and Vanderberg, 1979). A 5% (v/v) erythrocytes sus-
ension with 0.5% parasitemia (number of parasites per 100
ed blood cells) was incubated with the tested formulations:
ense phosphodiester ON (sPO), sense phosphorothioate ON
sPS), antisense phosphodiester ON (PO) and antisense phospho-
othioate ON (PS) solutions, NE/sPO, NE/sPS, NE/PO and NE/PS
omplexes in the charge ratio of +4/−.  All of them were pre-
ared at a concentration of ON of 10 �M (final concentration
f 1 �M in the cell suspension). Parasites were also incubated
ith culture medium (negative control) or with 4 �M chloro-

uine (positive control) in 96-well culture plates. In addition,
he unloaded NE was tested at the same concentration as the
ne present in the +4/− complexes (6.2 mg  of inner phase/mL
f culture medium). After 44 h incubation at 37 ◦C, the plates
ere subjected to 3 freeze–thaw cycles to achieve complete
emolysis. The parasite growth was determined by the ELISA-
alaria antigen test (DiaMed, France), for the detection of P.

alciparum lactate dehydrogenase (pLDH), as well as by micro-
copic examination under oil immersion of Giemsa stained thin
lood smears. Results were expressed as the percentage of reduc-
ion of parasite growth over the control receiving only the culture

edium.
Parallel parasite cultures at 2% of parasitemia were used for the

einfection test. The NE/PO and NE/PS complexes were incubated
ith infected red blood cells containing parasites in early stage

rowth forms (ring) and/or mature growth forms (trophozoites)
or 44 h. Blood smears were prepared after 24 and 44 h, by Giemsa
taining. Parasitemia were determined by microscopic counting of
t least 5000 erythrocytes under oil immersion.

.8. Confocal fluorescence microscopy

Confocal laser scanning microscopy was used to determine
he localization of FITC-PO and FITC-PS naked or complexed
o NE (loaded with the lipophilic fluorescent Nile red) at +4/−
harge ratio. Red blood cells infected or not with parasites at
ifferent stages of development were incubated 15 min  with the
ested formulations and then washed. The Glass slides were
xamined with a Zeiss LSM-510 confocal scanning laser micro-
cope equipped with a 1 mW Helium Neon laser, using a Plan

pochromat 63× objective (NA 1.40, oil immersion). Fluores-
ence was observed with a long-pass 488 emission filter under
43 nm laser illuminations. The pinhole diameter was  set at
1 �m.  Stacks of images were collected every 0.42 �m along the
-axis.
+4/− 204 ± 18 <0.3 38 ± 7
+6/− 177 ± 7 <0.3 43 ± 6

2.9. Statistical analysis

Results were expressed as mean ± standard deviation of three
independent experiments and were analyzed using the Student’s
t-test.

3. Results

3.1. Properties of NE and NE-ON complexes

Unloaded NE presented a droplet size of approximately
140–200 nm and a zeta potential positive value of about +55 mV
(Table 1). The association of either PO or PS to NE has been
performed prior to further utilization. The amount of PO or PS
complexed to NE was close to 100% since no 33P-PO or 33P-PS
radioactivity was found in the external aqueous phase after separa-
tion by ultrafiltration/centrifugation. Their size and zeta potential
values are given in Table 1. The complexation of either PO or PS
on NE at a +/− charge ratio higher than 4 led to positively charged
complexes, while the complexes at +0.5/− charge ratio led to neg-
atively charged ones. The zeta potential values of +2/− complexes
were very close to zero, displaying important variations in their
size between preparations. Indeed, these complexes exhibited the
highest droplet size and PDI values, with the presence of some
aggregates. In any case, differences between the physicochemical
properties of NE/PO and NE/PS complexes were observed.

3.2. Erythrocytes hemolysis

Interactions between NE/PO or NE/PS complexes and erythro-
cytes were first evaluated through hemolysis experiments (Fig. 1A
and B). As it can be seen, between a NE/ON charge ratio of +0.5/− and
+4/−, hemolysis was lower than 10% (Fig. 1A). However, increas-
ing the NE/PO and NE/PS complexes charge ratio to +6/− induced
a higher hemolytic effect that reached a value of 25% (p < 0.05).
No differences were observed between NE/PO and NE/PS. Con-
cerning the influence of time on hemolytic effect of complexes, as
shown in Fig. 1B, for both NE/PO and NE/PS complexes at charge
ratio +4/−, hemolysis reached quickly a maximum and did not
change over time. Moreover, the hemolytic effect of complexes at
a charge ratio of +4/− (9–12%) on P. falciparum-infected erythro-
cytes remained quite similar to the hemolytic effect on healthy
erythrocytes (5–10%) even after an incubation time of 15 min  or
44 h. Finally, the hemolytic effect of unloaded NE was significantly
higher (p < 0.05) than those of the +4/− NE/PO and NE/PS com-

plexes at the same concentration, achieving 30% and 42% hemolysis
on non-infected and infected erythrocytes, respectively (data not
shown).
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ig. 1. Effect of the charge ratio of complexes and incubation time on hemolysis (A a
ars)  and NE/PS (white bars) complexes were obtained at different charge ratios (+
nd  C). NE/PO (squares) and NE/PS (circles) complexes were obtained at a charge ra

.3. ON binding to erythrocytes

To evaluate cell binding of complexes, 33P-labeled complexes
ere incubated with erythrocytes and the bound fraction was

stimated after centrifugation. As the charge ratio increased, the
adioactivity associated to erythrocytes increased, regardless the
ype of ON (Fig. 1C). Considering all charge ratios tested, the binding
o erythrocytes was higher for NE/PS complexes (p < 0.05). Com-
lexes obtained at a charge ratio of +4/− presented a binding over
ime comprised between approximately 10% and 15%. After 44 h of
ncubation, the values increased, regardless of the complex com-
osition, by up to approximately 20% (Fig. 1D). Considering the
inding of NE/PO and NE/PS complexes on P. falciparum-infected
rythrocytes, the results were close to those observed with non-
nfected cells, with a binding remaining constant after 15 min  or
4 h of incubation (approximately 14–17%) for both PO and PS.

.4. Complexes stability in culture medium

Considering the lowest percentage of hemolysis obtained for
omplexes at +0.5/−, +2/− and +4/− charge ratios, they were
elected for a stability study, which consisted in measuring the
roplet mean size and PDI changes over time. These experiments
ere carried out after sample dilution in albumin supplemented

ulture medium (in the same dilution factor as for the in vitro tests).
etermination of the mean droplet size and PDI of +0.5/−, +2/−
nd +4/− NE/PO complexes showed that the mean droplet size of
he positively charged complexes (+2/− and +4/− NE/PO) increased

ver the time (compared to time zero, p < 0.05), but remained
etween 150 and 280 nm (Fig. 2). At all charge ratios tested, the PDI
as maintained below 0.2 until 8 h of incubation, increasing to over

.3 only after 24 h. Unloaded NE, diluted in the same proportion,
isplayed the same stability profiles as the loaded ones.
Fig. 2. Medium droplet size and polydispersity index (PDI) characterization of
+0.5/−  (white bars); +2/− (gray bars) and +4/− (black bars) charge ratio NE/PO
complexes during time, after dilution in RPMI supplemented culture medium.

3.5. Growth inhibition of P. falciparum in vitro

Considered as the optimal formulations, +4/− NE/PO or PS com-
plexes were chosen for the in vitro evaluation of P. falciparum
growth, measured by the detection of the pLDH protein (Fig. 3A).
Antimalarial effects of free 1 �M PO or PS (antisense) and sPO or
sPS (sense control sequences), as well as +4/− NE/PO or NE/PS (anti-
sense complexes) and NE/sPO or NE/sPS (sense control complexes),
were evaluated in P. falciparum synchronized ring-stage parasites
for 44 h. The final concentration in cell suspension was the same
as for hemolysis, binding and stability experiments (1 �M).  About
50% of inhibition of parasite growth was observed for the unloaded

NE, used at the same amount as the one present in +4/− com-
plex formation. Free PO, PS, sPO or sPS exhibited a low parasite
growth inhibition (from 7 to 24%), regardless the type of ON tested.
However, after they were adsorbed on the NE in a charge ratio of
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Fig. 3. (A) P. falciparum growth inhibition, quantified by the pLDH ELISA test, after
44  h of exposure to treatments (dark gray bars). (B) Reinfection test over ring stage
form parasites, detected by microscopy counting (Giemsa staining) 24 and 44 h
after treatment. (C) Reinfection test over mature (trophozoite and schizont forms)
parasites, detected by microscopy counting (Giemsa staining) 24 and 44 h after treat-
ment. All treatments were compared to a 100% of parasite growth control (Control).
Chloroquine (CQ); nanoemulsion (NE); sense ON controls (sPO and sPS); antisense
O
N
a

+
c
c
N
p

vided by ON molecules. We  studied NE/PO and NE/PS complexes
N  (PO and PS); sense NE/ON control complexes (NE/sPO and NE/sPS); antisense
E/ON complexes (NE/PO and NE/PS). Light gray bars: late stage parasites (schizonts
nd  trophozoites); black bars: early stage parasites (ring).

4/−, there was a higher parasite growth inhibition (65-81%) for all

omplexes, compared to the free ON (p < 0.05). In addition, NE/PS
omplex significantly reduced parasite growth compared to the
E/sPS complex (p < 0.05), while NE/PO complexes did not (com-
ared to NE/sPO complexes). All formulations tested presented
harmaceutics 416 (2011) 402– 409

antimalarial activity similar to that of chloroquine, used as positive
control.

Besides the detection of parasite growth in vitro through the
evaluation of pLDH protein, microscopic counts of all forms of par-
asites were performed in parallel cultures, after treatment with the
tested formulations, over different stages of development: early
stage (ring) forms (Fig. 3B) and mature or late stage (trophozoites
and schizonts) forms (Fig. 3C). After 24 h of treatment, more pro-
nounced inhibition effects on parasite growth were observed, while
after 44 h these effects decreased. Even after treatment, the para-
sites persist in infecting new red blood cells, but a delay in the
development cycle was  observed after treatment with free PS or
NE/PS complex. As shown in Fig. 3C, after 24 h of treatment, there
was  a reduction of ring forms levels and consequently, after 44 h, a
reduction of also late stage forms of parasites, compared to control,
receiving only culture medium.

3.6. Interaction with P. falciparum-infected erythrocytes by
confocal microscopy

Cell and parasite uptake of NE/PO and NE/PS complexes was
investigated by confocal microscopy studies. Non-infected red
blood cells and erythrocytes infected with different stages parasites
were incubated with the tested formulations for 15 min  (Fig. 4). Flu-
orescence was only observed into the infected erythrocytes, mainly
into those containing parasites at the late stages of development.
Red and green fluorescence, from the labeled NE and ON, respec-
tively, were co-located within the parasite (Fig. 4D). Moreover, the
free ON was not observed within the erythrocytes, infected or not
(data not shown).

4. Discussion

We  have recently reported the adsorption of a linear homopoly-
thymidilate ON (16-mer) on the o/w interface of NE (Martini et al.,
2008). The main physicochemical characteristics of the NE obtained
in this study are in accordance with that reported in previous
studies using NE obtained through the spontaneous emulsifica-
tion procedure under similar conditions (Fraga et al., 2008; Martini
et al., 2008; Trimaille et al., 2001, 2003). As studied by Martini et al.
(2008), the highest possible value of zeta potential obtained for
these systems could be reached with 2 mM  of the cationic lipid
covering the surface and was, therefore, attributed to the presence
of the lipid at the oil-in-water (o/w) interface of NE (Martini et al.,
2008).

The first finding of the present study was  to demonstrate the
ability of such a system to bind a high length 30-mer ON bear-
ing either PO or PS moieties since only small ON were previously
complexed by NE. The results obtained suggest that complexation
occurs, regardless the length of the ON, since similarly electro-
static interactions are involved in this process. For complexes
with positive zeta potential values, no differences between the
physicochemical properties of NE/PO or NE/PS complexes were
observed (p > 0.05). Considering that PS differs from PO only by the
modification of the phosphodiester linkage, where non-bonding
phosphate oxygen is replaced by sulphur, the ability for ion pairing
remained unchanged when high amounts of positive charges are
available.

The +/− charge ratio indicates the amount of positive charges
from the cationic lipid over the amount of negative charges pro-
at four different charge ratios (from +0.5/− to +6/−), with grow-
ing NE concentrations added to equal concentrations of ON. The
+2/− NE/PO and NE/PS complexes presented evidences of instabil-
ity after 30 min  of complexation (data not shown), what could be
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ig. 4. Confocal microscopy images of P. falciparum infected-erythrocytes after incu
right  field (A and D) and fluorescence images (B and C) recorded with 488 nm exci

elated to their low zeta potential values and high PDI as previously
escribed (Martini et al., 2008; Roland et al., 2003; Teixeira et al.,
999).

The interactions of NE/PO and NE/PS complexes (obtained at
ifferent charge ratios) with erythrocytes were assessed through
emolysis, binding and confocal microscopy experiments. The
inding experiments were performed so as to collect data on total
ell binding (internalized and/or adsorbed at the outer cell mem-
ranes). As the charge ratio increased, binding to erythrocytes

ncreased. Such a result could be attributed to the electrostatic
nteractions of the positive moieties of NE/PO and NE/PS complexes

ith negatively charged membranes of erythrocytes containing
ialic acid residues (Van Damme  et al., 1994). Similar features were
reviously reported for DNA-cationic liposomes complexes with
owever a higher percentage of binding (Sakurai et al., 2001a,
001b). A plausible explanation for these differences could be the
hysicochemical properties of the carriers. In fact, nanoemulsions
xhibit a lower density than liposomes, thus oil droplets can be
fficiently separated from cells during binding experiments by cen-
rifugation.

We also examined the hemolytic effect of NE/PO and NE/PS
omplexes. Irrespective of composition, complexes obtained at
harge ratios up to +4/− shows similar hemolysis, below 10%. For
he highest charge ratio tested (+6/−), as well as for unloaded
E, the hemolytic effect was significantly increased (p < 0.05),
hat could be related to the presence of more positive avail-

ble charges for the interaction with red blood cells. Besides, it
s also probably related to the nature of cationic lipid present
n the NE. Previous results showed a higher hemolytic effect for
leylamine containing NE (data not shown). It has been well-
ocumented that single-tailed cationic lipids were more toxic than
heir double-tailed counterparts since they can interact strongly
ith cell membranes and may  interfere with membrane func-

ion through various mechanisms, consequently leading to cell
oxicity (Lasch, 1995; Senior et al., 1991; Tang and Hughes,
999).

For this reason, the NE/PO and NE/PS complexes obtained at the
ighest charge ratio, without a marked hemolytic effect were cho-
en for further studies. Thus, the hemolysis and binding of +4/−
E/PO and NE/PS complexes were evaluated over time in healthy
nd P. falciparum-infected erythrocytes. The results showed similar
emolytic effect and binding to infected or not erythrocytes, after
oth 15 min  and 44 h of incubation, suggesting no marked effect of
% of parasites on these parameters. Contrary, accentuated hemol-

sis was observed for unloaded NE in the presence of parasites.
he designed incubation time of 44 h is related to P. falciparum life
ycle, as for the following tests of in vitro evaluation of parasite
rowth.
 with dual labeled +4/− NE/PS complexes (fluorescein and Nile red) during 15 min.
 and 543 nm emission wavelengths.

In this context, it was necessary to verify the maintenance of
physicochemical properties of NE/PO and NE/PS complexes in the
presence of the culture medium, since it was supplemented with
albumin, a serum protein. It is well known that adsorption of com-
ponents on the surface of cationic systems can occur, depending
on their charge density (Gessner et al., 2002; Luck et al., 1998).
For comparison of the results, the same NE concentration was also
diluted in culture medium, since different properties are observed
with salinity and dilution variations (Rabinovich-Guilatt et al.,
2004). Even though there was  a small increase in the mean droplet
size of positively charged +2/− and +4/− NE/PO complexes (zeta
potential of about +10 to +40 mV), it was maintained under 300 nm.
Thus, considering that the interaction with the red blood cells
occurs from 15 min, the complexes in the three different charge
ratios were considered stable.

The antisense ON sequence against topoisomerase II has
been studied against P. falciparum K1 strain (Föger et al., 2006;
Noonpakdee et al., 2003). Specific inhibition of parasite growth of
47% by free ON (Noonpakdee et al., 2003) and 87% by chitosan anti-
sense nanoparticles (Föger et al., 2006) were obtained for this strain
at an ON final concentration of 0.5 �M.  In our study, at 1 �M final
concentration, about 20–25% of inhibition was observed for free PO
and PS, against about 80% for their complexes at the charge ratio
of +4/− (Fig. 3A). Similar parasite growth inhibition was  obtained
for NE/PO and NE/PS complexes, corroborating the red blood cell
binding results, since no difference in binding was obtained at this
charge ratio (+4/−).

The antimalarial activity of +0.5/− and +2/− NE/PO and NE/PS
complexes were also tested (preliminary results not shown), but
unlike Föger et al. (2006),  which had greater effect with negatively
charged nanoparticles-ON, we  found a better parasite growth inhi-
bition by positively charged +4/− NE/ON complexes, which had a
final positive zeta potential value (+30 mV). Unloaded NE led to a
parasite growth of 50%. Considering that they have higher positive
zeta potential (about +50 mV)  compared to NE/PO and NE/PS com-
plexes, their interaction with negatively charged cell membranes
is enhanced. This interaction leads to a higher haemolytic effect.
Therefore, unloaded NE may  not be the best control for comparing
the results.

Non-specific effects were observed for the free PO and PS,
as already reported by other authors at high concentrations
(Kanagaratnam et al., 1998; Ramasamy et al., 1996; Rapaport
et al., 1992; Stein, 2001; Wanidworanun et al., 1999). Contrary
to them, no inhibition of 3D7 P. falciparum strain was observed

at concentrations lower than 1 �M of PO or PS, even for NE/PO or
NE/PS complexes (preliminary results not shown). The non-specific
effects have been characterized as similar to polyanions effects,
such as dextran sulfate, by blocking the recognition of sialic acids of
erythrocytes membrane by merozoites, during the reinfection pro-
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esses (Barker et al., 1996; Noonpakdee et al., 2003; Rapaport et al.,
992). However, in our studies these effects disappeared for NE/PS
omplexes, which were more effective that the NE/sPS complexes
p < 0.05) but not with the NE/PO complexes for which non-specific
ffects were still observed. This might be due to another mecha-
ism such as a sequence non-specificity in the 3D7 strain, due to

 different mRNA conformation, or a different protein expression
rofiling, for exemple (Koncarevic et al., 2007).

Finally, during the reinfection test, there was a higher reduction
n parasitemia after treatment of erythrocytes infected by mature
arasites compared to those infected by ring stage forms. Late
tage forms seem to be more permeable than ring forms (Elford
t al., 1985; Kirk, 2001), as observed by confocal microscopy, by
oth green (FITC-PO and FITC-PS) and red (loaded NE) fluorescence

nside trophozoites parasitized erythrocytes.

. Conclusions

NE provide a positively charged interface which allows the
dsorption of ON, at different charge ratios. The adsorption of PO or
S remained quite similar, suggesting that it was governed by elec-
rostatic interactions between positively and negatively charged

oieties from cationic lipids and ON, respectively. The binding with
rythrocytes increased proportionally to the +/−  charge ratio of the
omplexes, with no marked hemolysis at low charge ratio (under
4/−). In such conditions, PO and PS can bind with P. falciparum-
nfected erythrocytes in a similar extent. ON most probably take
dvantage from the destabilization of the cell membrane due to the
ositive charges of NE, which could increase membrane permeabil-

ty and allowed ON molecules to associate with cells. Our results
howed that the association of ON to NE increases their activity
gainst P. falciparum chloroquine-sensitive strain in vitro, validat-
ng the tested approach. Those systems are interesting for further
tudies in chloroquine-resistant strain, with the improvement of
he ON sequence and backbone chemistry modification. Besides,
tudies including the determination of the mRNA and protein lev-
ls are in progress to better understand the results obtained. The
ptimized system will then be transposed to ON targeting Plasmod-

um berghei topoisomerase II for a further in vivo evaluation on the
. berghei mouse model.
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