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Abstract

Background Control of the structure and physicochemical properties of
DNA complexed with nonviral vectors is essential for efficient biodistribution
and gene delivery to cells. Cationic liposomes interact with DNA giving
transfection competent but large and heterogeneous aggregates. On the
other hand, cationic detergents condense DNA into small homogeneous but
reversible complexes inefficient for transfection.

Methods In order to combine the favorable features of both vectors,
ternary complexes were prepared by adding cationic liposomes to plasmid
DNA condensed by cationic detergents. The structure and physicochemical
properties of these complexes were investigated by electron microscopy, quasi-
elastic light scattering, gel electrophoresis and fluorescence techniques. These
data were then correlated with the transfection efficiency and intracellular
trafficking of the ternary complexes determined by luciferase gene expression
and confocal microscopy, respectively.

Results The ternary complexes were found to form small, homogeneous,
globular, stable and positively charged particles with a highly dense and
packed lamellar internal structure differing from the multilamellar structure
(LC

α) of the corresponding lipoplexes. In the presence of serum, the ternary
complexes were more efficiently internalized into cells, less toxic and showed
20-fold higher transfection efficiency than lipoplexes.

Conclusions This study showed that small, monodisperse and highly
stable complexes could be obtained by precompaction of DNA with
cetyltrimethylammonium bromide, followed by addition of cationic lipids. The
higher efficiency of the ternary complexes with respect to their corresponding
lipoplexes was related to their internal structure which prevents their
dissociation by serum proteins and allows efficient internalization in the
target cells. Copyright  2004 John Wiley & Sons, Ltd.

Keywords detergent; cationic lipids; fluorescence; confocal microscopy; gene
delivery

Introduction

The success of gene therapy is largely dependent on the development of
gene delivery vectors. Nonviral vectors should circumvent some of the

Copyright  2004 John Wiley & Sons, Ltd.
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problems occurring with viral vectors such as endoge-
neous virus recombination, potential oncogenic effects
and unexpected immune response [1,2]. However, in
vivo gene delivery steps such as extravasation through
fenestrated endothelium [3], diffusion through mucus
[4,5] or a tumor mass [6] and the last step into the
cytosol are strongly restricted by the size and the stabil-
ity of the DNA particles [7,8]. Synthetic vectors, such as
cationic polymers and lipids, interact with DNA through
a highly cooperative process, leading to the condensation
of the anionic polyelectrolyte. This co-condensation of
oppositely charged polymers is a quasi-irreversible pro-
cess leading to polydisperse microprecipitates containing
hundreds of DNA molecules per particle. Complexes are
heterogeneous with respect to their composition, size
(50–500 nm), and shape (toroids, rods, and aggregates)
[9]. These cationic multimolecular aggregates are efficient
for DNA delivery to cells in culture since their large size
favors their contact with the cell surface by sedimentation
but severely restricts their biodistribution.

In contrast to cationic polymers and lipids, cationic
detergents interact with DNA reversibly [10,11]. Equi-
libration ensures monodispersity and entropy tends to
direct the system towards the largest number of con-
densed particles [12]. As a consequence, each particle
should ultimately be made of a single nucleic acid
molecule. This tendency has been observed experimen-
tally for cationic detergents such as cetyltrimethylammo-
nium bromide (CTAB) [11]. Moreover, detergents show
a much higher water solubility than lipids [11,13]. Upon
addition to cells, we have previously shown that the
interaction of CTAB/DNA complexes with the plasma
membrane leads to opening of the micelle-like domains,
incorporation of CTAB molecules into the lipid bilayer
and binding of the decondensed DNA to the membrane
[14,15]. This may explain the poor transfection efficiency
of these complexes. In contrast, interaction with anionic
vesicles that mimic the cytoplasmic facing leaflet leads to
rapid DNA release [14,15]. Accordingly, the detergents
are thought to destabilize the endosomal membrane and
induce DNA release into the cytoplasm, in line with the
good transfection efficiency observed with complexes of
DNA bound to vesicles composed of neutral lipids and
cationic detergents [16]. To generate complexes stable
enough to reach the cytoplasmic membrane and able to
efficiently deliver DNA into the cytoplasm, it was appeal-
ing to try to combine the favorable features of cationic
detergents and cationic lipids [13,17]. To reach this objec-
tive, novel ternary detergent/DNA/lipid particles were
prepared through a two-step process. Since monomolec-
ular DNA collapse was shown to occur efficiently for
detergent concentration below the critical micellar con-
centration (cmc) [10,11], DNA molecules were first
individually condensed with the cationic detergent, CTAB.
The resulting particles were then post-complexed by addi-
tion of an excess of preformed cationic liposomes. By using
quasi-elastic light scattering, electron microscopy, gel
electrophoresis and fluorescence techniques, the ternary
complexes were found to be small, monodisperse, highly

stable and positively charged. Moreover, the particles
exhibit a dense and strongly packed lamellar internal
structure that differs from the multilamellar structure of
the corresponding lipoplexes. In the presence of serum,
the transfection efficiency of the ternary complexes ana-
lyzed by the expression of a reporter gene was 20-fold
higher than that of lipoplexes. Comparison of the intra-
cellular trafficking of ternary complexes and lipoplexes
by confocal microscopy showed that the higher level of
transfection of the ternary complexes may be due to their
lower dissociation onto the cell surface which may be the
consequence of their serum-insensitive structure.

Materials and methods

N-(1-(2,3-Dimyristoyloxy)propyl)-N, N, N-trimethylam-
moniumparatoluenesulfonate (DMTAP) (Figure 1) was
synthesized as previously described [18], 1,2-dioleoyl-sn-
glycero-3-phosphatidylethanolamine (DOPE), N-(1-(2,3-
dioleoyloxy)propyl)-N, N, N-trimethyl ammonium meth-
anesulfonate (DOTAP) (Figure 1), cetyltrimethylam-
monium bromide (CTAB) (Figure 1), egg yolk phos-
phatidylcholine (EYPC) and egg yolk phosphatidyl-
DL-glycerol (EYPG) were purchased from Sigma.
Ethidium bromide (EtBr), 1,1′-(4,4,8,8-tetramethyl-4,8-
diazaundecamethylene)bis-4-[[3-methylbenz-1,3-oxazol-
2-yl]methylidine]-1,4-dihydroquinolinium] tetraiodide
(YOYO-1), L-α-phosphatidylethanolamine-N-(lissamine
rhodamine B sulfonyl) (Rh-PE), L-α-phosphatidylethanol-
amine-N-(4-nitrobenzo-2-oxa-1,3-diazole) (NBD-PE), and
N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)
phenyl)hexatrienyl)pyridinium dibromide (FM4-64) were
obtained from Molecular Probes.

The pCMV-Luc (5.5 kbp) plasmid was propagated
and purified as described [19]. The DNA concentra-
tion expressed as mole of bases was determined by
absorption spectroscopy, using an extinction coefficient
of 6600 M−1 cm−1 at 260 nm and the plasmid integrity
was checked by electrophoresis on 1% agarose gel.

+

+

+

Figure 1. Chemical structures of the cationic detergent and lipids
used in this study
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Preparation of liposomes

Cationic liposomes of DOTAP : DOPE and DMTAP : DOPE
were prepared by the film hydration method. Briefly,
the lipid mixtures containing DOTAP : DOPE (1 : 1)
and DMTAP : DOPE (1 : 1) were dissolved in chloro-
form/methanol (9 : 1). Solvent was then evaporated
under vacuum by rotary evaporation to obtain a thin
lipid film. The lipid film was maintained under vacuum
for at least 30 min to remove any residual solvent, and
then hydrated with Hepes 15 mM, pH 7.4 buffer for
30 min to achieve a final lipid concentration of 2 mM.
This preparation was followed by vigorous vortex shaking
for 2 min to obtain a solution of multilamellar vesicles
(MLV). Before extrusion, MLV were subjected to five
freeze/thawing cycles. Large unilamellar vesicles (LUV)
were then prepared by extrusion, at 38 ◦C, of the MLV
suspension using a Lipex biomembrane extruder. The size
of the filter was first 0.2 µm (7 passages) and there-
after 0.1 µm (10 passages). LUV made from EYPC and
EYPG were prepared according to same procedure. Typ-
ically, this procedure generates cationic liposomes with
mean diameters of 100–110 nm. The lipid concentra-
tion expressed as mole of phosphates was determined
spectrophotometrically according to Bartlett [20].

Preparation of lipoplexes

Binary liposome/DNA complexes defined as lipoplexes
[21] were prepared by adding the desired amount
of cationic liposomes from a 2 mM stock solution
diluted in 150 µl Hepes 15 mM, NaCl 150 mM pH 7.4
buffer to an equal volume containing 6 µg pCMV-Luc
plasmid DNA. The two solutions were quickly mixed
and incubated at room temperature for 20 min before
further characterization. The final concentration of DNA,
expressed in phosphate groups, is 60 µM. The ratio of
cationic lipids to DNA phosphate groups is designated by
r. Labelled lipoplexes were prepared by mixing 0.5 mol%
Rh-PE with nonlabelled lipids during the preparation of
the liposomes.

Preparation of detergent/DNA/lipid
ternary complexes

The desired amount of monocationic CTAB detergent
from a 2 mM stock solution diluted in 75 µl Hepes
15 mM, NaCl 150 mM pH 7.4 buffer was added to a
75 µl solution containing 6 µg of pCMV-Luc plasmid
DNA under constant stirring. The two solutions were
quickly mixed and incubated at room temperature for
10 min. Thereafter, the sample was mixed with 54 µl
of DMTAP : DOPE (1 : 1) liposomes from a 2 mM stock
solution diluted in a final volume of 150 µl Hepes 15 mM,
NaCl 150 mM pH 7.4 buffer and incubated at room
temperature for 20 min before characterization. The final
concentrations of DNA (expressed as phosphate groups)

and cationic lipids (r = 6) in the ternary complexes are
60 and 360 µM. The ratio of CTAB molecules to DNA
phosphate groups is designated by r′.

Spectroscopic techniques

Absorption spectra were recorded on a Cary 400 spec-
trophotometer. Steady-state fluorescence measurements
were performed at 20 ◦C with a thermostated SLM 48 000
spectrofluorimeter. Steady-state fluorescence anisotropy
was measured on a SLM 8000 spectrofluorimeter in the
T-format configuration, as previously described [14].

DNA condensation was examined by following the
fluorescence signal of EtBr added at a 1 : 50 molar ratio
to a 10 µM DNA concentration in Hepes 15 mM, NaCl
150 mM, pH 7.4. CTAB and/or cationic liposomes were
then added to the EtBr/DNA complexes at different ratios,
each ratio being prepared as a separate solution. The
excitation and emission wavelengths for EtBr were 510
and 610 nm, respectively.

Gel electrophoresis

Samples (5 µl) containing 0.4 µg pCMV-Luc plasmid DNA
were mixed with 4 µl of sample loading buffer containing
40% sucrose, 0.25% bromophenol blue and analyzed by
electrophoresis on a 1% agarose gel in Tris-acetate buffer
(40 mM, pH 8). DNA was visualized by staining the gel
with EtBr prior to UV transillumination.

Quasi-elastic light-scattering
measurements

The particle size and zeta potential were determined
using a Zetamaster 3000 (Malvern Instruments, Paris,
France) with the following specifications: sampling
time, 30 s; medium viscosity, 1.054 cP; refractive
index, 1.45 (typical liposome RI); scattering angle,
90◦; temperature, 25 ◦C. Data were analyzed using the
multimodal number distribution software included with
the instrument. Complexes with measured diameters of
less than 500 nm were found to be monodisperse, with
size distributions being of about 30% of their mean
value. Complexes with diameters greater than 500 nm
were generally polydisperse, with larger size distributions.
Zeta potentials were measured with the following
specifications: sampling time, 30 s; 10 measurements per
sample; medium viscosity, 1.054 cP; medium dielectric
constant, 80; temperature, 25 ◦C; beam mode F(Ka) = 1.5
(Smoluchowsky).

Transmission electron microscopy

Lipoplexes and ternary complexes were prepared as
described above. Carbon films were prepared by subli-
mation on freshly cleaved mica and recovered by flota-
tion on Cu/Rh grids (300 mesh; Touzard & Matignon,

Copyright  2004 John Wiley & Sons, Ltd. J Gene Med 2004; 6: 415–428.
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Courtaboeuf, France). After drying overnight, grids were
kept on a blotting paper in a Petri dish. Immediately before
sample addition, grids were glow-discharged (110 mV,
25 s, 25 µA). A drop (5 µl) of sample was left on the
grid for 1 min. Complexes were stained with 30 µl aq.
uranyl acetate (1 wt%/wt) for 20 s, and excess liquid
was removed with a blotting paper. Observations were
performed at 80 kV with a Philips EM 410 transmission
electron microscope. The size of the particles was deter-
mined by taking into account the length (L) and width
(l) of each particle: ((L + l)/2). The sizes of about 20
particles were assessed for each condition.

Lipid mixing assay

Lipid mixing was monitored by the NBD-PE/Rh-PE energy
transfer assay [22]. Labelled anionic liposomes containing
each probe at 0.5 mol% (in respect to phospholipids)
were prepared. The rather high probe concentration
induces a close proximity of the dyes in the liposome
resulting in the quenching of the NBD-PE fluorescence
signal. The lipid mixing/fusion was triggered by the
addition of 90 µl lipoplexes or ternary complexes to
80 µl of fluorescent anionic liposomes from a 500 µM
stock solution in a quartz cuvette containing Hepes
buffer 15 mM, NaCl 150 mM pH 7.4 at a final volume
of 500 µl. The probe diffusion/dilution was evidenced
by the increase in NBD-PE fluorescence resulting from
self-quenching release [23]. The fluorescence intensity
at 10 min (I10) was used to calculate the percentage
of lipid mixing by: (I10 − I0)/(Imax − I0) × 100, where I0
designates the fluorescence intensity before addition of
the complexes. The excitation wavelength was 465 nm
and the increase in NBD-PE fluorescence after addition of
the complexes was monitored at 517 nm. As a negative
control, vesicles composed of DOPC alone were mixed
with labelled anionic liposomes under the same conditions
as described above. The Imax fluorescence was determined
using an equivalent concentration of vesicles containing
0.08 mol% of both probes, a concentration that would be
reached if lipid mixing would be maximal.

Cell culture and transfection

Mouse fibroblasts from the L929 strain (American Tis-
sue Culture Collection, Rockville, MD, USA) were plated
at 5 × 104 cells/well in a 24-well plate containing Dul-
becco’s modified Eagle’s medium (DMEM, 4.5 g/l glu-
cose; Seromed) supplemented with 10% foetal bovine
serum (FBS; Biowhittaker), 1 mM sodium pyruvate
(Seromed), 50 IU/ml penicillin and 50 µg/ml strepto-
mycin (Seromed). Cells were maintained at 37 ◦C in a 5%
CO2 humidified atmosphere. At the time of transfection,
the medium was removed and 100 µl of complexes (cor-
responding to 2 µg of plasmid per well) diluted in 900 µl
of fresh culture medium (DMEM) in the absence or pres-
ence of 10% FBS were added to the cells. Cells were

then incubated at 37 ◦C for 3 h 30 min. The medium
was then removed and replaced with 1 ml of fresh
medium supplemented with 10% FBS. Cells were lysed
24 h post-transfection, and luciferase gene expression was
quantified using a commercial kit (Promega, Cergy Pon-
toise, France) and a luminometer (Mediators PhL, Wien,
Austria). Results were expressed as relative light units
(RLU) integrated over 10 s per milligram of cell pro-
tein lysate (RLU/mg of protein) using the bicinchoninic
acid assay (Pierce, Paris, France). DOTAP : DOPE/DNA
lipoplexes were used as a reference.

Cytotoxicity assays

Cytotoxicity of ternary complexes was evaluated by
the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium
bromide (MTT) assay [24]. L929 cells were seeded at
a cell density of 5 × 104 cells/well in 24-well plates
and incubated for 24 h. Binary or ternary complexes
or cationic detergents were added to the cells in the
presence or absence of 10% FBS for 3 h 30 min. At the end
of the transfection experiments, cells were washed with
phosphate-buffered saline (PBS), and 250 µl of 0.5 mg/ml
MTT solution in DMEM were added to each well. Plates
were incubated for an additional 1 h at 37 ◦C. Then, MTT-
containing medium was removed and 100 µl of DMSO
were added to dissolve the formazan crystals formed by
living cells. Absorbance was measured at 535 nm using a
Labsystems iEMS microplate reader.

Confocal microscopy

For confocal microscopy experiments, cells were cultured
on 2-well-chambered cover glass dishes (Lab-Tek, Merck,
France) at room temperature. Images were taken 4
and 24 h post-transfection with a MRC-1024ES (Bio-
Rad/Elexience, Verrières-le-Buisson, France) confocal
laser scanning imaging system equipped with an Eclipse
TE 300 (Nikon) inverted microscope, using a 60×
water immersion objective. Excitation of YOYO-labelled
DNA and FM4-64 was achieved using an argon/krypton
mixed gas laser with 488 and 568 nm excitation lines,
respectively. The resulting fluorescent emissions were
observed using a 506–538 and 664–696 nm band pass
filter, respectively. Excitation of Rh-PE-labelled complexes
was achieved using the 568 nm excitation line, with
the resulting fluorescence observed with a 585 nm LP
filter. Confocal sections were taken every 0.2 µm. Digital
image recording was performed using the LaserSharp 2.3
software (Bio-Rad).

Results

Choice of the lipid for ternary complex
formation

Since in vitro experiments have shown that dioleoyl
(DO) and dimyristoyl (DM) chains were the most

Copyright  2004 John Wiley & Sons, Ltd. J Gene Med 2004; 6: 415–428.
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effective for transfection [25,26], we first tested two
cationic lipid molecules, the saturated dimyristoyl
lipid (DMTAP) and the unsaturated dioleyl compound
(DOTAP) in order to select the most appropriate one
for forming ternary complexes with cationic detergents
(Figure 1). These two lipids were associated with
an equimolar amount of phosphatidylethanolamine
(DOPE) which favors transfection [27]. Firstly, to
compare the gene delivery properties of DMTAP and
DOTAP, the transfection efficiencies of the DOTAP : DOPE
(1 : 1)/DNA and DMTAP : DOPE (1 : 1)/DNA lipoplexes
were determined on L929 cells using a luciferase assay.
The lipoplexes were prepared at various lipid/DNA (+/−)
charge ratios, r. As shown in Figure 2, the magnitude of
gene expression was similar for both types of lipoplexes,
being about 6 × 106 RLU/mg protein for r values up to
6. In contrast, a significant decrease in gene transfection
efficiency was observed for both types of lipoplexes at
r = 7. Secondly, due to the well-known cytotoxicity of
detergents [28], it was necessary to check the cellular
toxicity of the two types of lipoplexes in order to select the
less toxic lipid for ternary complex formation. While the
cytotoxicity of the two types of lipoplexes was comparable
up to r = 5, DMTAP : DOPE/DNA lipoplexes appeared
significantly less cytotoxic (20% of death cells) than
DOTAP : DOPE/DNA lipoplexes (40% of dead cells) at
r = 6 (Figure 2). Moreover, at r = 7, the cytotoxicity of
the two types of lipoplexes was found to strongly increase,
but the DMTAP-based lipoplexes still appeared less toxic
than the DOTAP-based ones.

The size of the complexes also plays an important role
in successful gene delivery. In this respect, it is likely that
formation of ternary complexes with small size will be
favored by using the lipid giving the smallest lipoplexes.
To this end, we determined the size of the lipoplexes
by quasi-elastic light scattering (QELS). The smallest
diameter (between 200–450 nm) was obtained at r = 6
for DMTAP : DOPE/DNA complexes (Figure 3A). Under
the same conditions, the DOTAP : DOPE/DNA lipoplexes
exhibited significantly larger diameters (300–750 nm,
data not shown). An additional important parameter
for efficient transfection is the surface charge of the
complexes. Indeed, positively charged complexes are
required for binding to the negatively charged cell
surfaces [29]. In this respect, since the zeta potential
of complexes formed with a cationic detergent/DNA
ratio of 1 or 2 is negative (−45 to −20 mV) [13,17],
lipoplexes with the highest positive charge surface
will be preferable for the formation of positively
charged ternary complexes. The zeta potential of
DMTAP : DOPE/DNA complexes at r = 6 was found to
exhibit a positive value of +32 mV, significantly larger
than the +26 mV measured for DOTAP : DOPE/DNA
complexes. Accordingly, on the basis of these comparative
studies, we chose DMTAP (in 1 : 1 mixture with
DOPE) at a charge ratio r = 6 to form the ternary
complexes.

Figure 2. Transfection efficiency and cytotoxicity of two dif-
ferent lipoplexes. (A) Transfection efficiency. L929 cells were
transfected with pCMV-Luc (2 µg/well) complexed with increas-
ing amounts of DOTAP/DOPE (black bars) and DMTAP/DOPE
(grey bars). After 3 h 30 min, the transfection medium was
replaced with fresh culture medium, and cells were cultured
for an additional 21 h. Luciferase activity was measured as
described in ‘Materials and methods’. (B) Cytotoxicity. Cell via-
bility of L929 cells incubated with DOTAP : DOPE/DNA (�) and
DMTAP : DOPE/DNA (�) complexes as described above was eval-
uated by determining the total protein amount per well of the
transfected cells relative to that of untreated cells. Experiments
were carried out in triplicate and error bars indicate standard
deviations

Physicochemical characterization of
the ternary complexes

Size and zeta potential measurements
Ternary CTAB/DNA/DMTAP : DOPE (1 : 1) complexes
were prepared in two steps. In a first step, the 5.5 kbp
plasmid DNA was condensed with CTAB at a given
(+/−) charge ratio, r′, of cationic detergents to DNA
phosphates. In a second step, liposomes were added to
these detergent/DNA complexes at a ratio r = 6. Since
the size of the complexes is an important parameter
for in vivo and in vitro transfection efficiency [30,31],
it was determined by QELS and compared with the
size of the corresponding lipoplexes. As shown in
Figure 3A, the DMTAP : DOPE/DNA lipoplexes form two
large and polydisperse populations, peaking at 250 and
450 nm, respectively. Interestingly, a significant and
gradual reduction in size as compared with lipoplexes
was observed for the ternary complexes prepared with

Copyright  2004 John Wiley & Sons, Ltd. J Gene Med 2004; 6: 415–428.
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A
B

C

D

Figure 3. Determination of the size of ternary complexes and
lipoplexes. The ternary complexes and lipoplexes were prepared
in Hepes 15 mM, NaCl 150 mM, pH 7.4. The size of the
particles was determined by quasi-elastic light scattering (A)
and transmission electron microscopy (B–D). The electron
microgrographs in B–D correspond to DMTAP : DOPE/DNA
lipoplexes at r = 6, ternary complexes at r′ = 1 and r′ = 2,
respectively. The bars represent 440 nm

increasing amounts of CTAB. At r′ = 1, the population
of detergent/DNA/lipid complexes still presented a
heterogeneous profile though the peak at 450 nm
significantly decreased to the benefit of the 160 nm peak.
At r′ = 2 and 3, the 450 nm peak almost disappeared
leaving a single narrow population centered at 140 and
90 nm, respectively. These sizes are comparable to the
mean diameter (110 ± 60 nm) of DMTAP : DOPE (1 : 1)
cationic liposomes. Noticeably, the size of the ternary
complexes remained stable with no aggregation over 24 h
(data not shown). It thus appears that precondensation of
DNA with CTAB followed by addition of DMTAP : DOPE
(1 : 1) liposomes at r = 6 leads to the formation of small,
monodisperse and stable particles.

To confirm the size and dispersity of the ternary com-
plexes and lipoplexes, negative staining transmission elec-
tron microscopy was performed. In excellent agreement
with QELS measurements, two populations with sizes
of 240 ± 20 (n = 10) and 460 ± 30 nm (n = 10) were
observed for DMTAP : DOPE/DNA lipoplexes (Figure 3B).
Similarly, in the case of ternary complexes at r′ = 1, we
confirmed that a few large aggregates are being mixed
with a population of smaller complexes (210 ± 10 nm,
n = 18; Figure 3C). Finally, ternary complexes at r′ = 2
appeared homogeneous with sizes of 120 ± 10 nm (n =
25), in excellent agreement with QELS measurements
(Figure 3D).

In a next step, the surface charge of the ternary
complexes was characterized by measurement of the
zeta potential (Table 1). This parameter was found to
strongly depend on the CTAB concentration used for
precompaction of the plasmid DNA. Indeed, the surface
charge at low r′ values (≤1) was found to be positive, but
significantly reduced as compared with that of lipoplexes
(+32 mV). In contrast, in the presence of excess CTAB
(r′ = 3), the zeta potential increased up to +31 mV. Due
to their positive surface charge, the ternary complexes are
thought to interact favorably with the cell membranes.

Agarose gel electrophoresis
Gel retardation is widely used to assess the formation
and stability of complexes between plasmid DNA and
gene delivery vectors. First, complexes of plasmid DNA
and cationic liposomes were prepared at various charge
ratios, r, and analyzed by agarose gel electrophoresis
(Figure 4). The mobility of the plasmid is retarded as
the amount of the DMTAP : DOPE (1 : 1) liposomes is
increased, demonstrating that the cationic liposomes
condense DNA, neutralizing its charge at r = 1 (Figure
4, lanes 2–5). At +/− ratios exceeding neutralization,
the lipoplexes do not enter into the gel and are not
dissociated by electrophoresis (Figure 4, lanes 6–8). A
similar behavior is observed for the ternary complexes
formed by precondensation of DNA with increasing CTAB
concentrations followed by addition of DMTAP : DOPE
(1 : 1) liposomes at a fixed +/− charge ratio, r = 6
(Figure 4, lanes 9–13). In contrast, CTAB interacts with
DNA reversibly. Both components dissociate rapidly and
migrate in opposite directions. As a consequence, the
mobility of DNA is practically unaffected (Figure 4,
lane 14) as compared with DNA alone. These results
suggest that ternary complexes are much more stable
than CTAB/DNA complexes.

Table 1. Zeta potentials of ternary complexes and lipoplexesa

Ternary complexes:detergent/DNA/lipid

CTAB/DNA CTAB/DNA CTAB/DNA CTAB/DNA
Complexes Lipoplexes r′ = 0.5 r′ = 1 r′ = 2 r′ = 3

Zeta potential (mV) +32 ± 3 +18 ± 2 +24 ± 1 +26.7 ± 0.6 +31 ± 1

aThe values are expressed as the mean (±standard error) for at least 10 measurements.

Copyright  2004 John Wiley & Sons, Ltd. J Gene Med 2004; 6: 415–428.
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Figure 4. Stability of ternary complexes, lipoplexes and CTAB/DNA complexes. Preparation of the complexes and 1% agarose gel
electrophoresis were performed as described in ‘Materials and methods’. 0.4 µg of pCMV-Luc plasmid DNA was loaded either in its
free form (lane 2) or complexed with the indicated +/− charge ratio, r, of DMTAP : DOPE (lanes 3–8) or the indicated charge ratio,
r′, of CTAB/DNA for the ternary complexes (lanes 9–13). Lane 14 corresponds to a complex of DNA with CTAB at r(+/−) = 1. The
molecular weight markers are in lane 1. Noticeably, the staining of the well of lane 2 is an artefact

Figure 5. Transmission electron micrographs of DMTAP : DOPE/DNA lipoplexes (A), ternary complexes at r′ = 1 (B) and r′ = 2 (C).
Notice, in A, the existence of multilamellar ordered structures comprised of alternating layers of two-dimensional arrays of DNA
sandwiched between lipid bilayers (white arrows). Black arrows point to macroscopic hexagonal assemblies of the multilamellar
ordered structures. In B, the white arrows show hexagonal ‘squeletons’ constituted by couples of two lamellae separated by a large
interlamellar space. The black arrow shows a globular dense particle. In C, the ternary complexes are globular and show a dense
and highly bent lamellar structure (white arrows). The bars represent 80 nm

Structural organization of the ternary
complexes
Since the physicochemical parameters (size, stability and
surface charge) of complexes used for gene transfec-
tion are tightly related to their structural organization
[32], the structure of the ternary complexes at differ-
ent charge ratios, r′, was investigated by transmission
electron microscopy. In the case of DMTAP : DOPE/DNA
lipoplexes, we observed polymorphic complexes display-
ing a multilayered structure (Figure 5A). As indicated by
the white arrows, this multilamellar organization con-
sists of at least five lipid bilayers of 4 nm thickness

each, sandwiching plasmid DNA in a 2.5 nm thick inter-
lamellar space. Moreover, these multilayered structures
were found to be organized into macroscopic hexag-
onal assemblies (black arrows). The general aspect of
these multilayered structures as well as the dimensions of
both the bilayer and interlamellar thicknesses are fully
consistent with the lamellar LC

α phase that has been
reported for several other lipoplexes [33,34]. In the case
of the ternary complexes at r′ = 1, the structure of the
complexes appears more heterogeneous. A multilamel-
lar organization is retained in some complexes (Figure
5B) but the hexagonal ‘squeleton’ of these complexes is
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generally characterized by only two couples of two lamel-
lae (white arrows) with a larger interlamellar space (6
instead of 2.5 nm) than in lipoplexes, indicating that
the DNA molecules occupy a larger volume in these
complexes. Additionally, we observe also more globu-
lar particles (black arrow) with a high electron density
probably caused by accumulation of DNA. These globular
particles are also the major particles observed for the
ternary complexes at r′ = 2 (Figure 5C). As indicated by
the white arrows, these particles show a highly bent and
packed lamellar organization. Although this organization
does not correspond to a lamellar LC

α phase, the particles
do not also exhibit the lines and circles that character-
ized the tubes formed in hexagonal phases [35,36]. This
suggests that CTAB molecules do not induce a transition
from a multilamellar to a hexagonal phase.

Interaction of the ternary complexes with
model membrane systems
One critical aspect in the use of gene delivery carriers is
the stability of their complexes with DNA. To analyze
the intrinsic stability of the ternary complexes, we
investigated by using EtBr intercalation properties, the
DNA condensation state during the interaction of the
ternary complexes with model membrane vesicles. It
has been previously shown that the interaction of the
complexes with the external and cytoplasmic leaflets of
the plasma membrane could be modelled by using neutral
and anionic vesicles, respectively [14,15,37]. Accordingly,
the interaction of lipoplexes and ternary complexes with
lipid bilayers was investigated by using LUV composed
either of EYPC, a dipolar zwitterion with no net charge, or
of an equimolar mixture between EYPC and the negatively
charged EYPG lipid. With DMTAP : DOPE/DNA lipoplexes,
the addition of either neutral or anionic vesicles leads
to a 25% recovery of EtBr fluorescence (Figure 6),
suggesting that the interaction with the vesicles induces
a limited release of DNA. The incorporation of DOPC
instead of DOPE in the lipoplex formulation leads to a
significant reduction in the DNA release (<10% recovery)
confirming that DOPE plays a critical role in the release
of DNA during the interaction with membranes. For
the ternary CTAB/DNA/DMTAP : DOPE complexes at a
charge ratio r′ = 0.5, the addition of both types of
vesicles induces a DNA exposition slightly reduced as
compared with that observed with DMTAP : DOPE/DNA
lipoplexes. This suggests that precompaction of DNA with
substoichiometric CTAB concentrations leads to a limited
stabilization as compared with lipoplexes. In contrast,
for ternary complexes prepared at CTAB/DNA ratios
greater than or equal to 1, only a marginal recovery
of EtBr fluorescence was seen in the presence of anionic
LUV, suggesting that ternary complexes may be highly
resistant to destabilization by the cytoplasmic membrane
leaflet. The interaction of the ternary complexes with
neutral LUV appeared more complex. At a ratio r′ = 1,
the EtBr fluorescence recovery and thus the dissociation
of the ternary complexes were minimal. At higher r′

Figure 6. Ethidium bromide (EtBr) intercalation, as followed
by its fluorescence intensity, for lipoplexes, ternary complexes
and detergent/DNA complexes in the absence and presence of
neutral or anionic vesicles. The lipoplexes were prepared at a
(+/−) charge ratio r = 6. The ternary complexes were prepared
at the indicated r′ ratios. The CTAB/DNA complexes were formed
at a (+/−) charge ratio of 1

values, the recovery of EtBr fluorescence increased with
r′, suggesting that excess CTAB slightly destabilized
the ternary complexes leading to an increase in the
level of DNA release during the interaction with the
external membrane leaflet. Nevertheless, the stability
of the ternary complexes appears much higher than
that of CTAB/DNA binary complexes since a large
recovery of EtBr fluorescence was observed for the latter
with both types of LUV. In conclusion, the behavior
of the ternary complexes with both types of LUV is
distinctly different from that of lipoplexes and CTAB/DNA
complexes, indicating that they exhibit different stabilities
and physicochemical properties.

To gain further insight into the interaction of
the ternary complexes with vesicles, the extent of
lipid mixing that may result as a consequence of
membrane fusion or destabilization was measured using
a fluorescence resonance energy transfer (FRET) assay,
which is dependent on the dilution of a pair of
fluorescent lipids, NBD-PE and Rh-PE [23]. The results
obtained when DMTAP : DOPE/DNA lipoplexes or ternary
CTAB/DNA/DMTAP : DOPE complexes were mixed with
anionic vesicles are presented in Figure 7. A rapid
fluorescence increase indicative of fluorescent lipid
dilution was observed when lipoplexes were mixed with
anionic EYPC/EYPG vesicles. This fluorescence increase
corresponded to an extent of lipid mixing of about
20%. In contrast, for ternary complexes, a more limited
fluorescence increase, strongly depending on the charge
ratio, r′, was observed. The percentage of lipid mixing
varied from 17.5% for r′ = 0.5 to 10% at r′ = 3. As a
negative control, mixing of labelled anionic vesicles with
unlabelled DOPC vesicles led to a fluorescence increase of
only about 4%. These results showed that the level of lipid
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Figure 7. Lipid mixing assay. Lipid mixing of DMTAP : DOPE/
DNA lipoplexes, ternary complexes at various r′ values and
DOPC liposomes after the addition of EYPC/EYPG anionic
liposomes. The percentage of lipid mixing has been calculated
as (fluorescence intensity 10 min after anionic liposome
addition – intensity at t0)/(maximum intensity − intensity at
t0) ×100

mixing is significantly reduced for ternary formulations
as compared with lipoplexes, confirming that ternary
complexes are resistant to destabilization by vesicles
mimicking the cytoplasmic leaflet of the membrane.
Nevertheless, since it is not clear whether observed
changes in lipid mixing were relevantly correlated to
the ability of complexes to transfect cells [38], in vitro
transfection experiments were further performed.

In vitro gene transfer activity, toxicity
and trafficking of the ternary
complexes

Transfection efficiency and cytotoxicity of
ternary complexes
Ternary complexes were assessed for their in vitro
transfection efficiency by monitoring the transient
expression of luciferase reporter gene in L929 cells. In
serum-free medium, the DMTAP : DOPE/DNA lipoplexes
at r = 6 gave luciferase signals (6 × 106 RLU/mg protein,
Figure 8) that were about four orders of magnitude
larger than those obtained with CTAB/DNA complexes,
the latter being only slightly more efficient than naked
DNA (data not shown). The ternary complexes showed
intermediate transfection efficiencies that decreased with
increasing r′ ratios. In comparison with lipoplexes, the
decrease in transfection efficiency was about 5 for r′ = 0.5
and reached 70 for r′ ≥ 1. Due to cytotoxic effects, no
transfection efficiency could be measured at r′ ≥ 2.5.

In the presence of 10% of serum, the transfection
efficiency of the lipoplexes was reduced by two orders
of magnitude. A similar dramatic decrease was observed
for the ternary complexes at the lowest concentration of
CTAB (r′ = 0.5). In sharp contrast, the serum does not
change the transfection efficiency of ternary complexes

Figure 8. Serum-dependence of the transfection efficiency of
the ternary complexes. L929 cells were transfected with
ternary complexes at increasing r′ values or DMTAP : DOPE/DNA
lipoplexes at r = 6, in the absence (hatched bars) or presence
(grey bars) of 10% serum. After 3 h 30 min, the transfection
medium was replaced with fresh culture medium, and cells
were cultured for an additional 21 h. Luciferase activity was
measured as described in ‘Materials and methods’. Transfections
were carried out in triplicate and error bars indicate standard
deviations

at r′ = 1 or 1.5, and even induces a slight increase at
r′ = 2. It transpires that the transfection efficiency of
the ternary complexes at the latter ratio was about 20
times higher than the transfection efficiency of lipoplexes.
Noticeably, this feature could not be related to an
increased sedimentation of the ternary complexes onto
the cells [39,40] since size measurements do not show
significant differences between ternary complexes and
lipoplexes in serum-containing medium (data not shown).

Next, to determine the cytotoxicity of the ternary
complexes, a MTT assay was performed. In a serum-free
medium, a slight reduction (about 20%) in the cellular
viability was observed for ternary complexes at r′ = 0.5
and 1 as compared with DMTAP : DOPE/DNA lipoplexes
(Figure 9). In sharp contrast, a dramatic increase in
cell mortality was observed for r′ = 2, leading to about
80% of dead cells. Nevertheless, the cytotoxicity of the
ternary complexes was significantly less than that of CTAB
alone incubated at the concentrations used to prepare the
ternary complexes, indicating that a large part of the CTAB
molecules were embedded in the ternary complexes and
not free in solution.

In the presence of serum, almost no cytotoxicity was
observed for ternary complexes, even at a ratio of
2. The protective effect of serum is probably linked
to the sequestration of the free CTAB molecules by
serum components. It thus appears that the ternary
complexes show a good transfection efficiency and a
limited cytotoxicity in the presence of serum.

Copyright  2004 John Wiley & Sons, Ltd. J Gene Med 2004; 6: 415–428.



424 D. Llères et al.

Figure 9. Serum-dependence of the cytotoxicity of the ternary
complexes. The ternary complexes and lipoplexes were prepared
as in Figure 3 and were incubated with L929 cells in the absence
(hatched bars) or presence (grey bars) of 10% serum. The
viability of the L929 cells was determined by the MTT assay after
3 h 30 min incubation with the complexes (2 µg pCMV-Luc/well)
or detergent alone (at the same concentration as that used to
prepare the complexes). The viability assay was carried out in
triplicate. Error bars indicate standard deviations

Intracellular trafficking of ternary complexes
In order to further understand the transfection efficiency
results both in the absence and presence of serum,
we compared the intracellular trafficking of the ternary
complexes and lipoplexes by confocal microscopy. The
internalization of the ternary complexes and lipoplexes
was followed by using both the DNA bis-intercalating dye
YOYO-1 (green) and the lipid marker Rh-PE (red). In
the case of lipoplexes in the absence of serum, both the
green fluorescence of YOYO and the red fluorescence of
the Rh-PE lipid formed a dotted intracellular pattern at
4 h post-transfection, suggesting that both the DNA and
the lipids are predominantly internalized in endosomes
(Figure 10), in good agreement with recent data on a
similar type of lipoplexes [41]. Moreover, co-localization
of the two dyes was clearly assessed by the numerous
intracellular yellow patches in the overlay images (Figure
10), suggesting that the DNA and the lipids are
predominantly localized in the same endosomes and that
the lipoplexes are internalized in a nondissociated form.
In contrast, only a limited intracellular co-localization
of the two fluorophores was observed for the ternary
complexes (Figure 10). Indeed, the green fluorescence
of YOYO appeared homogeneously distributed on the
cell surface, while the red fluorescence from the lipids
was extensively diluted in the cell culture medium.
This suggests that, in the absence of serum, the ternary
complexes were destabilized during their interaction with
the cytoplasmic membrane, leading to DNA release onto
the cell surface.

In order to further assess the role of endocytosis in the
internalization of the lipoplexes and ternary complexes,
we incubated L929 cells with YOYO-labelled particles
and FM4-64, a marker of membrane endocytosis [42].
The two dyes can be followed simultaneously since the
FM4-64 red fluorescence is easily distinguished from the
YOYO-1 green fluorescence. In this respect, co-localization
of FM4-64 and complexes will yield yellow spots. With the
lipoplexes, in the absence of serum, we observed a high
density of punctuated yellow dots which grew in number
and size with time (data not shown) and accumulated
in perinuclear areas at 4 h post-transfection (Figure 11).
These observations confirm that by analogy to PEI/DNA
complexes [42], lipoplexes are mainly internalized by
endocytosis in L929 cells. In sharp contrast, the green
fluorescence for ternary complexes at r′ = 1 appeared
more diffuse and stayed essentially at the surface of
the cytoplasmic membrane even at 4 h post-transfection.
Moreover, no yellow patches were detected in the overlay
images, suggesting that, in serum-free medium, only a
limited amount of ternary complexes may be internalized
by endocytosis in L929 cells. Noticeably, no significant
change in the pictures was observed after 24 h (data not
shown).

In the presence of serum, only a marginal internaliza-
tion of the lipoplexes was observed at 4 h post-transfection
(Figure 11). Moreover, a major part of the lipoplexes
appears destabilized onto the cytoplasmic membrane,
with a large release of YOYO-labelled DNA onto the
cell surface. In contrast, a diffuse intracellular green fluo-
rescence of YOYO-labelled ternary complexes (Figure 11)
could be observed at 4 h post-transfection, indicating a
significant internalization of these complexes. Moreover,
the limited number of yellow patches suggests that the
complexes may be only partly internalized by endocytosis
or that the complexes may be rapidly released from the
endosomes.

Discussion

The purpose of this work was to characterize the
physicochemical properties of ternary complexes based
on CTAB cationic detergents, DMTAP : DOPE (1 : 1)
cationic liposomes and DNA and understand the
relationship between their structure and biological
activity. Precompaction of DNA with CTAB, followed
by complexation with DMTAP : DOPE (1 : 1) liposomes,
led to ternary complexes with physicochemical properties
and morphologies distinct from those of lipoplexes and
CTAB/DNA complexes. At a charge ratio r′ (+/−) of 2,
ternary complexes formed a homogeneous population of
globular particles with a relatively small diameter (about
120 nm, Figure 3) as compared with the heterogeneous
population of DMTAP : DOPE/DNA lipoplexes. However,
the size of the ternary complexes is significantly larger
than the 30 nm diameter obtained when a 5.5 kbp plasmid
DNA was monomolecularly collapsed with detergent-
based molecules [13]. This suggests that, as in the
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case of the 70 nm DNA/PEI complexes [43], the ternary
complexes may be composed of several DNA molecules.
By analogy to lipoplexes, but in contrast to CTAB/DNA
complexes, ternary complexes were not dissociated during
electrophoresis (Figure 4), suggesting that the ternary
complexes were not solubilized by the detergent [44].
Furthermore, the cytotoxicity assays (Figure 9) proved
that a significant part of the CTAB molecules remained in
the ternary complexes and was not expelled by the binding
of cationic liposomes. Moreover, the complexes exhibited
a significant decrease in the zeta potential as compared
with the corresponding lipoplexes and did not aggregate.
In addition, the ternary complexes appear more resistant
than lipoplexes to interaction with negatively charged
and neutral vesicles (Figures 6 and 7). Finally, in line
with the differences in their physicochemical properties,

Figure 10. Internalization of the ternary complexes and
lipoplexes. The lipoplexes and ternary complexes were dou-
bly labelled by the DNA bis-intercalating dye, YOYO-1, and
the lipid marker, Rh-PE, as described in ‘Materials and meth-
ods’. L929 cells were incubated with lipoplexes (left panel) or
ternary complexes at r′ = 1 (right panel) and visualized by con-
focal microscopy at 4 h post-transfection. Representative images
of YOYO-labelled DNA (green) and Rh-PE-liposomes (red) are
shown in the first two rows. Co-localization of YOYO and Rh-PE
signals appears in yellow in the overlay pictures. Note the limited
number of co-localized signals in the case of ternary complexes.
Scale bars represent 50 µm

Figure 11. Role of endocytosis in the internalization of the ternary complexes and lipoplexes. L929 cells were co-incubated with
the endocytosis marker, FM4-64, and YOYO-labelled lipoplexes (left panel) or YOYO-labelled ternary complexes at r′ = 1 (right
panel) in the absence or presence of 10% serum. Observations were performed at 4 h post-transfection by confocal microscopy.
Representative images of YOYO-labelled complexes (green) and FM4-64 (red) are shown in the first two rows. Co-localized YOYO
and FM4-64 signals appear in yellow in the overlay pictures. Scale bars represent 50 µm
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the lipoplexes and ternary complexes exhibit different
transfection efficiencies. While the former were found
to be more efficient than the ternary complexes in the
absence of serum, the reverse behavior was observed in
the presence of serum.

As suggested previously [45], both the transfection
efficiency and the colloidal stability may be related
to the internal organization of the complexes. In
this respect, electron microscopy data (Figure 5)
indicate that the DMTAP : DOPE/DNA lipoplexes adopt
a multilamellar organization in contrast to the inverted
hexagonal HII structure reported for DOTAP : DOPE/DNA
lipoplexes [46]. This discrepancy may be explained
by using the dynamic molecular shape concept [47]
that predicts the spontaneous curvature of an aqueous
lipid dispersion based on the relative surface occupied
by the hydrated headgroup versus the cross-section of
the alkyl chains. In this respect, while the cylindrical
shape (the headgroup area being approximately equal
to the hydrophobic tail area) of DOTAP molecules
favors the formation of lamellar structures, addition of
DOPE molecules with a conical shape (with a smaller
headgroup area than tail area) induces a negative
natural curvature and promotes the inverted hexagonal
phase of the DOTAP : DOPE/DNA lipoplexes. Since the
DMTAP molecules have the same headgroup as DOTAP
molecules but a smaller and more flexible tail (14
carbons versus 18 carbons), they are thought to induce
a positive natural curvature. Accordingly, combination
of the opposite shapes of DMTAP and DOPE molecules
could lead to a lamellar bilayer by steric complementarity
as reported for DOSPA : DOPE/DNA lipoplexes [48].
Since the DMTAP : DOPE/DNA and DOTAP : DOPE/DNA
lipoplexes exhibit similar transfection efficiencies (Figure
2), this suggests that the intrinsic properties of DMTAP
molecules may compensate the unfavorable (in respect
with transfection) multilamellar organization adopted by
the DMTAP : DOPE/DNA lipoplexes. It may notably be
speculated that due to their small hydrophobic tail, the
DMTAP molecules provide only a limited stabilization of
the multilamellar organization (Figure 7) that favors its
dissociation during the intracellular pathway.

For the ternary complexes at r′ = 1, the larger volume
occupied by the DNA molecules in the multilamellar
organization of several complexes (Figure 5B) suggests
that the DNA molecules may be packed with detergent
molecules bound on them. In addition, the CTAB
molecules seem also to affect the general organization
of the multilayer since a significant decrease in the
number of bilayers was observed in comparison with
the corresponding lipoplexes. Moreover, the coexistence
of the multilayered complexes with more dense and
compact complexes (which are the major particles at
higher r′ values) may be related to the limited affinity
of CTAB to DNA. Indeed, at r′ = 1, it has been reported
that the affinity of CTAB for DNA is not sufficient to
saturate all the DNA molecules [10,11] and thus only
the dense globular particles may correspond to the
interaction of DMTAP : DOPE/DNA lipoplexes with fully

saturated DNA molecules. The formation of the highly
bent and packed layers in these dense particles may
be permitted by the increased fluidity of the lipidic phase
induced by the incorporation of the CTAB molecules [49].
Moreover, the monomolecular collapse of DNA by CTAB
is expected to induce a large shortening of the DNA
gyration radius [50]. Consequently, in contrast to the
elongated free DNA molecules, only short planar lamellar
lipidic phases are required to sandwich the collapsed
CTAB/DNA complexes, enabling the lipid bilayer to bend
more readily.

Noticeably, since CTAB molecules are characterized by
headgroups that are large relative to their hydrophobic
domain [15], they have an inverted cone shape and tend
to form micelles in aqueous solution. However, since
CTAB molecules at r′ = 2 represent only one-seventh of
the amphiphile molecules added to the DNA, and since
a significant fraction of the CTAB molecules is thought
to bind DNA, they are thought to not significantly affect
the lamellar organization of the hydrophobic layers in
the ternary complexes. This conclusion is in line with
the limited lipid mixing (Figure 7) and DNA release
observed in the presence of negative vesicles (Figure
6) showing that ternary complexes behave similarly to
DOPC-containing lipoplexes which exhibit a lamellar
structure [34]. Indeed, lamellar structures have been
reported to be much more stable during the interaction
with membranes than the inverted hexagonal structure
of various DOPE-containing lipoplexes [34]. Moreover,
the higher stability of the ternary complexes in respect to
the DMTAP : DOPE/DNA lipoplexes during the interaction
with either negatively charged or neutral vesicles may
tentatively be related to their higher compaction level
which reduces the surface of exposed hydrophobic layers.
This conclusion is in sharp contrast with the confocal data
(Figures 10 and 11) showing that ternary complexes are
more destabilized than lipoplexes by the cell membrane
in the absence of serum. This suggests that the ternary
complexes may be destabilized by the interaction with
compounds that are not present in the model vesicles.
Likely candidates may be the glycosaminoglycans (GAGs)
such as heparan sulfate, since their interaction with
lipoplexes has been shown to depend on the structure
of the lipoplexes [41].

On the other hand, the higher stability of the ternary
complexes in respect to the lipoplexes in the presence
of serum, as assessed from their lower dissociation onto
the cell membrane (Figure 11), may be related to their
initial interaction with serum proteins. By analogy to
the data with negatively charged vesicles (Figure 6),
the ternary complexes with their highly packed and
dense lamellar internal structure are thought to be less
destabilized than lipoplexes by the binding to serum
proteins. This may be especially true for albumin, which is
well known for its colloidal protection properties [51,52].
It follows then that the protein-coated ternary complexes
may be more stable than protein-coated lipoplexes to the
interaction with GAGs, leading to efficient internalization
and transfection.
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Conclusions

In conclusion, we have shown in the present study that
small, monodisperse and highly stable complexes can be
obtained by precompaction of DNA with CTAB, followed
by addition of cationic lipids. These ternary complexes
were found to be less toxic and more efficient than the
corresponding lipoplexes in the presence of serum. This
higher efficiency was related to the highly dense and bent
lamellar structure adopted by these complexes which
prevents their dissociation by serum proteins and allows
subsequent efficient internalization in the target cells.
Additional work is in progress to further characterize
the internal structure of the ternary complexes in order
to further understand their structure-activity relationship
and rationally improve their transfection efficiency.
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We thank Jean Serge Rémy for stimulating discussion. This
work was supported by the Association Française contre les
Myopathies, Association de la Recherche contre le Cancer, Ligue
Régionale de la Recherche contre le Cancer, CNRS and Université
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