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ABSTRACT: Gene therapy for treating inherited diseases like cystic fibrosis might be achieved using multimodular nonviral
lipid-based systems. To date, most optimizations have concerned cationic lipids rather than colipids. In this study, an original
archaeal tetraether derivative was used as a colipid in combination with one or the other of two monocationic amphiphiles. The
liposomes obtained, termed archaeosomes, were characterized regarding lipid self-assembling properties, macroscopic/
microscopic structures, DNA condensation/neutralization/relaxation abilities, and colloidal stability in the presence of serum. In
addition, gene transfer experiments were conducted in mice with lipid/DNA complexes being administered via systemic or local
delivery routes. Altogether, the results showed that the tetraether colipid can provide complexes with different in vivo transfection
abilities depending on the lipid combination, the lipid/colipid molar ratio, and the administration route. This original colipid
appears thus as an innovative modular platform endowed with properties possibly beneficial for fine-tuning of in vivo lipofection
and other biomedical applications.
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1. INTRODUCTION

Gene therapy is a promising strategy to cure a broad range of
acquired and inherited diseases, through the delivery into target
cells of nucleic acids used as pharmaceutical agents. Besides
physical methods,1 current approaches include the use of viral
or synthetic, notably bioinspired, gene delivery systems (for a
recent review see ref 2). Among nonviral vectors, cationic
liposomes have been widely investigated for in vitro3−6 as well
as in vivo transfection assays.7−9 Some have been used in
clinical trials focusing on diseases such as cystic fibrosis.10−12

However, cationic lipid-based formulations, although relatively
safe, weakly immunogenic, and well-adapted for large nucleic
acid payloads, still suffer from insufficient in vivo performance.13

Thus, polyfunctional gene delivery systems continue to be
developed,14,15 notably through the combination of cationic
lipids with colipids used as helper compounds.

Cholesterol is usually employed to stabilize liposomal
membranes16 while dioleyl phosphatidylcholine (DOPC) or
dioleyl phosphatidylethanolamine (DOPE) can be used for
enhancing fusogenic properties of lipid assemblies.17−19 Indeed,
after cellular uptake, a destabilizing effect toward lipid bilayers
favors endosomal disruption leading to a better release of DNA
into the cytoplasm.20 Structural variations of these helper lipids
have been proposed; partially fluorinated DOPE21 and terminal
benzyl group-bearing DOPC22 analogues showed improved in
vitro gene transfection activities. DOTMA/Chol-based lip-
oplexes containing the transdermal penetration enhancer N-
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lauroylsarcosine instead of DOPE promoted superior in vitro
and in vivo transfection efficiencies together with reduced cell
toxicity and hematotoxicity.23 Incorporation of small amounts
of membrane-interacting alkyl phospholipids as helper lipids
into cationic liposomes was found to enhance in vitro and in
vivo gene transfer in the context of antitumor therapy.24

Lipophosphoramides incorporating an imidazole polar head
were developed as pH-sensitive helper lipids; protonation of
this headgroup inside endosomes, leading to a destabilizing
effect, may explain the high transfection efficiencies measured.25

More recently, asymmetrical alkyl acyl phosphatidylcholines
have been synthesized; complexes incorporating such helper
lipids mediated efficient in vitro gene transfer.26

Over the past decade, we have developed novel archaeal
tetraether lipids as synthetic components of cationic liposomes
termed archaeosomes. These artificial bipolar lipids are
characterized by (i) an acyclic lipid core composed of two
phytanyl chains and a 31 atom long bridging chain containing a
cyclopentane ring (supposed to increase the lipid dispersion in
water27) linked together by two glycerol moieties to which they
are attached via ether bonds and (ii) two polar headgroups at
each end of the backbone. A tetraether is a monolayer-forming
lipid, i.e., it spans the liposomal membrane from headgroups on
one side to headgroups on the other side.28 In contrast to a
standard bilayer organization, a single-layer membrane formed
by such atypical lipids has a high degree of physical rigidity and
chemical/enzymatic stability. We initially reported that archaeal
lipids can be used as helpers in combination with conventional,
monopolar, cationic lipids to modulate the membrane proper-
ties of cationic lipid/DNA complexes and to obtain efficient in
vitro transfection of eukaryotic cells.28,29 In vivo, it was thought
that tetraether lipids could also enhance the gene transfer
activity by (i) providing complexes with some additional
rigidity beneficial during extracellular trafficking and (ii)
facilitating cellular uptake via endocytosis rather than direct
membrane fusion.
In the present work, we investigated the potential of an

archaeal bipolar lipid, noted hereafter Tetraether (Figure 1), as
a new helper lipid for in vivo gene transfer. This monolayer-
forming lipid was combined with a monocationic amphiphile,
either the previously reported arsonium-containing lipophos-
phoramide KLN4730 or the glycine betaine derivative MM18

(whose synthesis is described hereafter). Our objective was to
evaluate the impact of Tetraether on the in vivo transfection
activity of these two different cationic lipids. Thus, we
performed a series of physicochemical experiments and in
vivo transfection studies using either systemic or local delivery
routes in mice. Altogether the results obtained revealed the
various effects of Tetraether depending on (i) its proportion in
mixture with a given cationic lipid, (ii) the cationic lipid with
which it is combined, and (iii) the delivery route used.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Tetraether31 and KLN4730 were prepared
as previously described. PE-PEG5000 was purchased from Avanti
Polar Lipids. All commercially available chemicals were
guaranteed of molecular grade quality; they were used without
further purification, and solvents were carefully dried and
distilled prior to use.

2.2. DNA. Three different DNAs were used: salmon sperm
DNA (≤2,000 bp; Stratagen), pGL3-Ctrl (5.6 kb; Promega),
and pGM144 (9.6 kb;32). For physicochemical studies, the
pGL3-Ctrl and the salmon sperm DNA were used. For in vivo
transfection experiments, we used the pGM144 (also termed
pG4-hCEFI-soLux), which contains synthetic CpG-free
sequences comprising a human CMV enhancer coupled to a
human elongation factor 1 alpha promoter upstream of a short
intron, a codon optimized luciferase cDNA, and a poly(A)
BGH sequence.32 All plasmids were amplified in Escherichia coli
and purified using Qiagen Giga Prep Plasmid Purification
protocol (Qiagen, Germany). Plasmid purities were checked by
electrophoresis on 0.8% agarose gel. DNA concentrations were
estimated spectroscopically by measuring the absorption at 260
nm and confirmed by gel electrophoresis. Preparations showing
a value of OD260/OD280 > 1.8 were used.

2.3. Animals. Six to 9 week old female Swiss mice (Janvier
breeding center) were housed and maintained at the University
animal facility; they were processed in accordance with the
Laboratory Animal Care Guidelines (NIH publication #85-23
revised 1985) and with the agreement of the regional veterinary
services (authorization FR; 29-024).

2.4. Chemical Synthesis Process. The cationic glycine
betaine derivative MM18 was readily obtained following a
three-step process which is depicted in Scheme 1. Unless

Figure 1. Chemical structures of 1 (archaeal bipolar helper lipid Tetraether,31), 2 (arsonium-containing lipophosphoramide KLN47,30), 3 (glycine
betaine-derived cationic lipid MM18, this study), and 4 (commercially available polyethylene glycol (PEG) lipid PE-PEG5000, Avanti Polar Lipids).
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otherwise stated, nonaqueous reactions were carried out under
a nitrogen atmosphere.1H and 13C NMR spectra were recorded
at 400 and 100 MHz, respectively, on a Bruker Avance III, and
chemical shifts were calibrated against residual solvent signals of
CDCl3 (δ 7.26 for

1H NMR, 77.16 for 13C) and DMSO (δ 2.50
for 1H NMR and 39.52 for 13C) and reported in ppm. MS
spectra were recorded on a Waters Micromass Q-TOF
equipped with a Z-spray ion source.
2.5. Synthesis of 3-Betainylthiazolidine-2-thione

Chloride (6). Thionyl chloride (1.87 mL, 25.6 mmol, 1.5
equiv) in dry acetonitrile (40 mL) was added dropwise to
glycine betaine 5 (2.05 g, 17 mmol, 1 equiv) dissolved in dry
acetonitrile (10 mL). The reaction mixture was stirred at 40 °C
for 1 h. After concentration under reduced pressure, the
resulting acyl chloride (2.90 g, 17 mmol, 1 equiv) was diluted
with 20 mL of dry methylene chloride. A mixture of
triethylamine (2.39 mL, 17 mmol, 1 equiv) and thiazolidine-
thione (2.24 g, 18.8 mmol, 1.1 equiv) in 60 mL of dry
methylene chloride was added at 0 °C. The reaction mixture
was stirred for 30 min at RT, and the solvents were removed
under reduced pressure. The residue was washed twice with hot
methylene chloride and filtered to yield activated betaine 6
(3.04 g, 70% yield) as a yellow solid: 1H NMR (400 MHz,
DMSO-d6) δ 3.30 (s, 9H, H-1), 3.47−3.51 (t, J = 7.6 Hz, 2H,
H-5), 4.55−4.60 (t, J = 7.6 Hz, 2H, H-4), 5.25 (s, 2H, H-2);
13C NMR (DMSO-d6, 100 MHz) δ 28.89 (C-4), 52.96 (C-1),
55.43 (C-5), 66.54 (C-2), 165.01 (C-3), 202.11 (C-6); LSIMS
calcd for [C8H15ON2S2Cl]

+ 219.0626, found 219.0623.
2.6. Synthesis of 1-Betainylaminopropane-2,3-diol

Chloride (7). Aminopropanediol (578 mg, 6.35 mmol, 1
equiv) was dissolved in dry DMF (60 mL) and cooled to 0 °C.
Activated betaine 6 (1.78 g, 6.98 mmol, 1.1 equiv) was added
gradually, and the reaction mixture was stirred at 0 °C for 2 h.
DMF was removed under reduced pressure, and the residue
was taken with a mixture of H2O/NH3 (32%) (25/1: v/v),
stirred for 30 min, then washed with ethyl acetate, and
lyophilized to yield compound 7 (1.8 g, quantitative yield) as a
brown oil: 1H NMR (400 MHz, DMSO-d6) δ 2.98−3.04 (m,
1H, H-4α), 3.22 (s, 9H, H-1), 3.26−3.36 (m, 3H, H-4β, H-6),
3.51−3.53 (m, 1H, H-5), 4.16 (s, 2H, H-2), 8.87 (sl, 1H, NH);
13C NMR (DMSO-d6, 100 MHz) δ 42.33 (C-4), 53.31 (C-1),
63.66 (C-6), 64.16 (C-2), 69.96 (C-5), 163.37 (C-3).
2.7. Synthesis of 1-Betainylamino-2,3-dioleyloxypro-

pane Chloride (3). Oleic acid (2.22 g, 7.8 mmol, 3 equiv) was
added to DCC (2.15 g, 10 mmol, 4 equiv) and DMAP (223

mg, 1.83 mmol, 0.7 equiv) dispersed in dry diethyl ether (20
mL). The reaction mixture was stirred at RT for 1 h, and
compound 7 (593 mg, 2.6 mmol, 1 equiv) dissolved in dry
DMF (25 mL) was added dropwise. After 3 days at RT, the
organic solvent was removed under reduced pressure. The
residue was dissolved in a mixture of hexane/butanol (1/1: v/
v), and the organic layers were washed with a saturated aqueous
solution of brine, dried (MgSO4), and concentrated under
reduced pressure. Flash column chromatography on silica gel
(CH2Cl2/MeOH: 9/1) yielded compound 3 (MM18) as a
white powder (1.25 g, 64% yield): 1H NMR (400 MHz,
CDCl3) δ 0.83−0.87 (m, 6H, H-14, H-22), 1.22−1.26 (2s,
40H, (CH2)4, (CH2)6), 1.57 (m, 4H, H-9, H-17), 1.98 (m, 8H,
H-10, H-13, H-18, H-21), 2.26−2.38 (m, 4H, H-8, H-16), 3.35
(m, 1H, H-4α), 3.43 (s, 9H, H-1), 3.60−3.64 (m, 1H, H-4β),
4.04−4.10 (m, 2H, H-6), 4.23−4.26 (m, 2H, H-2), 5.13−5.18
(m, 1H, H-5), 5.28−5.36 (m, 4H, H-11, H-12, H-19, H-20),
9.20 (sl, 1H, NH); 13C NMR (CDCl3, 100 MHz) δ 14.05 (C-
14, C-22), 27.15−31.83 (20 CH2, C-9, C-10, C-13, C-17, C-18,
C-21), 34.18 (C-8, C-16), 40.21 (C-4), 54.61 (C-1), 62.82 (C-
6), 64.71 (C-2), 70.70 (C-5), 129.93 (C-11, C-12, C-19, C-20),
163.76 (C-3), 173.40 (C-7, C-15); ESIMS calcd for
[C44H83N2O5]

+ 719.6302, found 717.6296.
2.8. Preparation of Cationic Liposomes and Lipid/

DNA Complexes. Lipid mixtures were prepared at a 20 mM
final concentration by dissolving the required amount of lipid in
chloroform. The organic solvents were removed under reduced
pressure to form a lipid film, which was further dried under
vacuum overnight to remove traces of the solvents. Liposomes
were formed by hydrating lipid films with freshly distilled water
at RT and were stored at 4 °C for 24 h. Formulations were
sonicated at 40 °C for 10 min using an ultrasonic bath
(FB15051) at 80 Hz. Complexes were prepared at RT by
adding, in water or in 0.9% NaCl, DNA (salmon sperm,
nonsonicated, DNA or pDNA) onto liposomes.

2.9. X-ray Diffraction. X-ray scattering experiments (pure
aqueous MM18, KLN47 and Tetraether-based solutions) were
performed using a FR591 Bruker AXS X-ray generator with a
monochromatic Cu Kα radiation (λ = 1.541 Å) and point
collimation. X-ray patterns were collected with a Mar345
Image-Plate detector (Marresearch, Norderstedt, Germany).
The X-ray patterns were therefore recorded for a range of
reciprocal spacing q = 4π sin θ/λ from 0.03 to 1.6 Å−1 where θ
is the diffraction angle. The repeat distances d = 2π/q should be
between 200 and 3.9 Å. The samples were placed into 1 mm

Scheme 1. Synthetic Pathway for Obtaining Compound 3 (MM18)a

a5, glycine betaine; 6, N-acyl thiazolidine-2-thione; 7, cationic diol.
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glass capillaries (Glas W. Müller, Germany). The X-ray beam
was positioned at several points of the capillary to assess the
homogeneity of the preparation. MM18 or KLN47/Tetraether
mixture (10/1; mol/mol) studies were performed on the small-
angle scattering instrument SWING at SOLEIL (Synchrotron
SOLEIL, Saint-Aubin, Gif-sur-Yvette, France). Swing line
characteristics were as follows: energy = 12 keV, wavelength
= 1.0332 Å, distance between the sample and the detector = 1.2
m, and acquisition time = 100 ms. Concentration of the
solutions analyzed was 100 mg/mL.
2.10. Electrophoretic and Dynamic Light Scattering

(DLS). The average volume diameter, polydispersity index
(defined as the variance of the log-normal distribution of
particle sizes), zeta-potential, and electrophoretic mobility of
liposomes and lipid/DNA complexes were measured by
dynamic light scattering (DLS) using a Delsa Nano (Beckman
Coulter apparatus) or a 3,000 Zetasizer (Malvern Instruments)
at 25 °C. The samples were analyzed pure (without any
dilution) or after an appropriate dilution of the formulations.
2.11. DNA Condensation and Relaxation. The con-

densation of a pDNA by the formulations studied was
investigated using ethidium bromide intercalation into DNA.
Upon condensation, ethidium bromide is expelled from DNA
and thus the fluorescence signal decreases. Conversely, DNA
relaxation from the complexes results in recovery of
fluorescence.33 These assays were performed in 96-well plates
in water. The maximum fluorescence signal was obtained when
ethidium bromide (1.5 μg/mL final) was bound to free pDNA
(1.0 μg/well). DNA was added to the wells containing different
amounts of the reagents in order to form complexes
characterized by different charge ratios. As a negative control,
some wells were added with free ethidium bromide at the same
concentration. The fluorescence signals were measured using a
Fluoroskan Ascent FL plate reader (ThermoElectron Instru-
ments, France) at an excitation wavelength of 530 nm and an
emission wavelength of 590 nm. The resistance of the
complexes formed to dissociation was studied by using dextran
sulfate (MW > 500,000, Sigma-Aldrich) as a counteranion
competing with pDNA for electrostatic interaction with the
cationic lipids. Last, DNA retardations were assessed by agarose
gel electrophoresis shift assay.
2.12. Aggregation of Lipid/DNA Complexes in the

Presence of Serum. Transparent to turbid medium changes
were used as an indicator of aggregation/precipitation.
Complexes were formed in 0.9% NaCl, as described above,
before addition of native fetal bovine serum (FBS). As controls,
some DNA containing wells were also added with serum and
other wells containing the same complexes were added with
0.9% NaCl. Optical densities were determined at 630 nm and at
25 °C using a Multiskan Spectrum plate reader (Thermo-
Electron Instrument). Measurements were done at regular time
intervals following the addition of serum to the wells.
2.13. Cryo-Transmission Electron Microscopy (Cryo-

TEM). Five microliter samples (liposomes or lipid/DNA
complexes; lipid concentration: 1 mg/mL) were deposited
onto a holey carbon coated copper grid; the excess was blotted
with a filter paper, and the grid was plunged into a liquid ethane
bath cooled with liquid nitrogen (Leica EM CPC). Specimens
were maintained at ∼−170 °C using a cryo holder (Gatan).
They were observed with an FEI Technai F20 electron
microscope operating at 200 kV and at a nominal magnification
of 50000× under low dose conditions. Images were recorded
with a 2K × 2K Gatan slow scan CCD camera.

2.14. In Vivo Transfections. For iv injections, complexes
were prepared at RT, in 0.9% NaCl, at CR4. Animals were
placed in a restrainer, and then 300 μL of complexes
incorporating 50 μg of pDNA was iv injected per mouse, via
the tail vein, within 5 to 10 s, using a 1/2 in. 26-gauge needle
and a 1 mL syringe. For i.n. depositions, complexes were
prepared at RT, in water, at CR3. Here, PE-PEG5000 was
required to obtain highly concentrated, sterically stabilized,
complexes. Animals were first anesthetized with ketamine/
xylazine (40 mg/kg animal; intraperitoneal (ip)), and then 25
μL of complexes incorporating 25 μg of DNA was instilled per
mouse, via the right nostril within 15−30 min, using a catheter
(<0.5 mm outer diameter) connected to a 100 μL syringe
(Hamilton 1710RN) mounted on a pump (Harvard
Apparatus). Once administered, animals were placed in a box
near a heat source until they recovered from anesthesia. A total
of three to six mice were treated with each formulation; four
mice received naked uncomplexed DNA delivered via iv or i.n.
route.

2.15. In Vivo Bioluminescence: Noninvasive Imaging
of Luciferase Activity. Mice received first an ip injection of
luciferin (0.16 g/kg animal; Interchim). Three minutes later,
animals were anesthetized by isoflurane inhalation (4% air−
isoflurane blend) or ketamine/xylazine injection (40 mg/kg
animal; ip). Next, animals were laid inside the acquisition
chamber of an in vivo imaging system equipped with a cooled,
slow-scan, CCD camera (NightOwl, Berthold) and driven with
associated software (WinLight 32, Berthold). Five minutes after
luciferin injection, luminescence images were captured at 8 × 8
binning with exposure times ranging from 2 to 4 min,
depending on the luminescence intensity. Finally, luminescence
images were superimposed onto still images of each mouse.
Signal intensities were quantified within the regions of interest
as relative light units (RLU).

2.16. In Vivo Side Effects. ALT (alanine aminotransferase)
and AST (aspartate amino transferase) activities were measured
in plasma 24 h and a few days after administration. Briefly,
blood samples (∼100 μL) were collected from the saphenous
vein using Microvettes CB300 (Sarstedt). They were then
centrifuged at 10000g for 2 min at 4 °C in order to isolate
plasma from cell pellet. The Elitech kit (Elitech) together with
the Selectra E apparatus (Elitech) was used to measure,
according to the manufacturer’s protocol, the NADH to NAD
conversion that operates when transaminases are in the
presence of their respective substrates. Results were expressed
in International Units per liter (IU/L).

3. RESULTS
The formulations prepared in this study were based on MM18
and KLN47 cationic lipids used either pure or in combination
with Tetraether (which is under a cationic form at pH 7.0,
under physiological conditions). The chemical syntheses of
KLN4730 and Tetraether31 were previously described, but not
that of MM18. Thus, we first describe hereafter the synthesis of
MM18. We next report some physicochemical characteristics of
the various lipid-based formulations prepared. Finally, these
preparations were used to perform several in vivo gene
transfection experiments in mice.

3.1. Synthesis of 3 (MM18). Cationic lipid 3 is
characterized by the naturally occurring glycine betaine polar
head linked to two unsaturated oleic fatty chains through an
aminopropanediol spacer. Glycine betaine 5 was converted into
the reactive electrophilic N-acyl thiazolidine-2-thione 6.34
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Commercially available 3-amino-1,2-propanediol (racemic) was
quantitatively N-acylated by reagent 6 to give the cationic diol 7
under mild conditions. The cationic lipid 3 (MM18) was finally
obtained in a second step (64% yield) by reacting 7 with 3
equiv of oleic acid using standard DCC/DMAP coupling
conditions (Scheme 1).
3.2. Physicochemical Studies. 3.2.1. Formulation and

Colloidal Stability of Liposomes and Archaeosomes.
Aqueous solutions of lipids were prepared at high concen-
tration (20 mM of cationic lipid) using the film hydration
method, as previously described.7 Sonication cycles (each for
10 min at 40 °C) provided homogeneous cationic vesicle
solutions. Thus, we prepared various formulations containing
exclusively a cationic lipid (MM18 or KLN47) or a
combination of one of these two cationic lipids with Tetraether
colipid, the cationic lipid/colipid molar ratio being set at 10/1,
10/2, or 10/3. As shown in Table 1, nanoparticles bearing a

positive surface charge were observed in every instance.
Archaeosomes were slightly more positive and ∼2.5 to 4.0
times bigger than corresponding liposomes. As concerns
MM18 archaeosomes, a slight increase in size was observed
with the amount of colipid. On the contrary, despite Tetraether
being under a cationic form, the zeta potential did not clearly
increase with the increase of Tetraether proportion. Hence, the
positive charge of archaeosomes mainly resulted from the
cationic lipid (MM18 or KLN47).
All these values remained identical over at least one month

(during storage at 4 °C). At the same time, the in vitro
transfection efficiency of these preparations remained at high
level (Figure S1 in the Supporting Information). Altogether,
these results indicate that all the formulations studied exhibited
long-term colloidal and functional stability.

3.2.2. Small Angle X-ray Scattering (SAXS) and Wide
Angle X-ray Scattering (WAXS) Analyses of Liposomes and
Archaeosomes. The influence of the helper lipid on the
lyotropic self-assembling properties of each cationic lipid was
evaluated by X-ray diffraction.
For this purpose, lipid-based aqueous solutions were

prepared at high concentration (100 mg/mL). All samples
were sonicated and thermal cycles were performed in order to
ensure homogeneity. MM18 and KLN47-based liposomes were
studied with a FR591 Bruker AXS generator (ENSCR, France)
whereas scattering measurements using MM18 or KLN47-
based archaeosomes (in a lipid/colipid molar ratio of 10/1)
were performed on the small-angle scattering instrument
SWING at Synchrotron SOLEIL (France), as described in
the Experimental Section. The results obtained are shown in
Figure 2. Pure MM18 formed hexagonal inverted phase HII, as
shown in Figure 2A, for which the pattern of peaks
1q:√3q:√4q:√7q is typical. The neat KLN47 spectrum is
shown in Figure 2B, the succession of peaks 1q:2q:3q:4q being
a clear signature of a lamellar fluid phase Lα. In the case of

Table 1. Size and Zeta-Potential of Liposomes and
Archaeosomes Prepared at High Concentrationa

entry sample (mol/mol)
sizeb/c

(nm)
poly.

indexb/c
Zeta
(mV)b

1 KLN47 57/58 0.27/0.30 +63
2 KLN47/Tetraether (10/1) 242/203 0.29/0.25 +77
3 MM18 68/65 0.23/0.27 +85
4 MM18/Tetraether (10/1) 190/166 0.27/0.30 +95
5 MM18/Tetraether (10/2) 220/nd 0.25/nd +105
6 MM18/Tetraether (10/3) 250/nd 0.28/nd +94

aLiposomes and archaeosomes formed in water at 20 nmol[+]/μL of
cationic lipid (either KLN47 or MM18). nd, not determined (means
with n = 3; deviations ≤10%). bMeasurements performed immediately
after liposomal preparation. cMeasurements performed at least 1
month after liposomal preparation.

Figure 2. Representative spectra of SAXS and WAXS measurements obtained with MM18 (A), KLN47 (B), MM18/Tetraether 10/1 (C), and
KLN47/Tetraether 10/1 (D). Data were obtained at room temperature (RT). (A) Neat spectrum of MM18 showing inverted hexagonal phase HII;
(B) neat lipid KLN47 in the lamellar fluid phase Lα; (C) MM18/Tetraether mixture showing lamellar fluid phase Lα coexisting with lamellar swollen
phase Ls; (D) KLN47/Tetraether mixture exhibiting a large extent of lamellar swollen phase Ls.
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MM18, upon addition of Tetraether, the phase changed to a
lamellar fluid phase Lα with some extent of a swollen phase Ls,
for which the amount of water is significant. The large peak
observed is a signature of the presence of a swollen phase, as
deduced from the spectrum shown in Figure 2C. On the
contrary, both KLN47 and KLN47/Tetraether exhibited a
lamellar phase (Figures 2B and 2D). However, the fluid
lamellar phase Lα (less hydrated) observed with KLN47 was
distinguishable from the swollen lamellar phase Ls (more
hydrated) observed with KLN47/Tetraether. To assign the
spectrum, the large peak observed in the small angle region
0.0−0.3 Å−1 is a signature of a lamellar swollen phase Ls. The
swollen phase emerged from the favored hydration thanks to
the important charge density of the polar head. This was
especially the case for MM18, the charge density of MM18
liposomes (+85 mV) being clearly higher than that of KLN47
liposomes (+63 mV, Table 1). The fact that MM18 was more
readily hydrated than KLN47, enough to invert the phase, may
be explained by the charge distribution of their respective polar
headgroups. Indeed, the N+/Cl− ion pair in MM18 is more
polar and allows a better hydration than the As+/I− ion pair in
KLN47. Thus, the interlamellar distance d can be expected for
the two lipids to be as follows: d(MM18) > d(KLN47). This
distance was determined from the relation d = 2π/q where q is
the position of the first peak in the spectrum. It is noteworthy
that d is larger in the MM18-based system (d = 212 Å; Figure
2C) compared to the KLN47/Tetraether mixture (d = 92 Å;
Figure 2D). Clearly, combining KLN47 and MM18 with
Tetraether impacted on their respective organization (Figure
2A−D). For the swollen phases where the organization is less
pronounced because the lamellas are well hydrated and behave
more independently, there are fewer stacking interactions, so
they may readily enroll into vesicles. In summary, Tetraether
has a significant lyotropic effect on the self-assembling
properties of KLN47 and MM18, which in turn may impact
on the in vivo behavior of archaeosomes and archaeoplexes.
3.2.3. Formulation and Colloidal Stability of Lipid/DNA

Complexes. Lipoplexes (mixtures of KLN47 or MM18 with
DNA) and archaeoplexes (mixtures of KLN47/Tetraether or
MM18/Tetraether with DNA) were characterized regarding
size and surface charge. The aim was to identify experimental
conditions that allowed obtaining complexes suitable for in vivo
administrations in subsequent experiments. To calculate the
mean theoretical charge ratio (CR, +/−), which is the ratio of
the positive charges provided by the polar headgroup of the
vector to the negative DNA phosphate charges, we assumed
that (i) 1 μg of DNA is 3 nmol of negatively charged phosphate
and (ii) one permanent positive charge is displayed by each
cationic lipid (Tetraether positive charges were not taken into
account in these calculations). For intravenous (iv) injections,
complexes were prepared by mixing, in saline solution, cationic
lipids and DNA at CR4. Indeed, we have previously shown that
such a charge ratio can allow obtaining efficient transfection of
the lungs in vivo via this route.7,8 As shown in Table 2, although
DNA addition led to a decrease of zeta-potential value, each
complex exhibited a clearly positive surface charge with a
relatively small size; neither aggregation nor precipitation
occurred after 10 min at RT.
For intranasal (i.n.) deposition, complexes were to be

sterically stabilized since they were prepared in a smaller
volume and DNA concentration was higher than for iv
injection. For this purpose, PE-PEG5000 (see Figure 1) was
added to lipid formulations a few minutes before mixing with

DNA. Complexes were prepared in water at CR3, because both
the smaller volume that can be administered and the higher
DNA concentration did not allow testing at CR4. As reported
in Table 3, all complexes exhibited clearly positive zeta-

potential values and their sizes were of the same order of
magnitude as those prepared according to iv procedure. A size
increase effect attributable to Tetraether was observed.

3.2.4. DNA Condensation, Neutralization, and Relaxation
Assays. Ethidium bromide exclusion assays were performed to
characterize the interaction of the various lipid-based
formulations studied with DNA. First, the various lipid-based
formulations were used to form lipid/DNA complexes under
experimental conditions similar to those used for preparing
complexes to be delivered iv in animals, i.e., in 0.9% NaCl and
at CR4. The results obtained showed that all formulations were
able to perform DNA condensation, although some differences
were evidenced (Figure 3).
Figure 3 shows the results obtained using complexes formed

at CR4; the results obtained at three other charge ratios are
provided in Figure S2 in the Supporting Information. When
LFM was used, DNA condensation was rapid and efficient, but
it proved to be unstable over time (a progressive fluorescence
recovery being noticed ∼1 h after addition of the DNA to the
cationic lipid), as we have previously reported.7 Using other
formulations, various DNA condensation performances were
observed, but in contrast to LFM, they all progressively
improved over time (fluorescence values decreasing up to ∼5 h
after mixing). KLN47 (combined or not with Tetraether)
demonstrated efficient condensation abilities, reaching the
lowest fluorescence measured (∼5% residual fluorescence at
10 h; Figure 3A). When using MM18, a few minutes after
mixing with DNA, condensation was poorly efficient, even less
when using Tetraether-based formulations (regardless of the
lipid/colipid molar ratio). However, these condensations
improved over time: since 1−2 h, residual fluorescence

Table 2. Size and Zeta-Potential of Lipid/DNA Complexes
As Prepared for Iv Injectiona

entry sample (mol/mol) size (nm) poly. index zeta (mV)

1 KLN47 180 0.28 +37
2 KLN47/Tetraether (10/1) 340 0.28 +30
3 MM18 240 0.26 +25
4 MM18/Tetraether (10/1) 180 0.17 +39
5 MM18/Tetraether (10/2) 172 0.23 +76
6 MM18/Tetraether (10/3) 210 0.22 nd

aComplexes formed in 0.9% NaCl at CR4 using salmon sperm DNA;
final concentrations of cationic lipid and DNA of 2.0 nmol/μL and 0.2
μg/μL, respectively (means with n = 3; deviations ≤10%).

Table 3. Size and Zeta-Potential of PEGylated Lipid/DNA
Complexes As Prepared for I.n. Depositiona

entry sample (mol/mol) size (nm) poly. index zeta (mV)

1 KLN47 162 0.23 +40
2 KLN47/Tetraether (10/1) 219 0.37 +42
3 MM18 108 0.10 +45
4 MM18/Tetraether (10/1) 230 0.42 +44

aComplexes formed in water at CR3 using pGL3-Ctrl plasmid DNA
(pDNA); final concentrations of cationic lipid, PE-PEG5000 and DNA
of 9 nmol/μL, 2 μg/μL, and 1 μg/μL, respectively (means with n = 3;
deviations ≤10%).
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dropped down to ∼50% and, thereafter, condensations became
even better within archaeoplexes than within lipoplexes (Figure
3B). Such condensation kinetics indicate that some progressive
self-organizations can occur between liposomes and DNA,
especially when using MM18/Tetraether-based formulations.
Finally, this experiment emphasizes that a lag time may be
observed in order to obtain, regardless of the formulation, at
least 50% of DNA condensation. Consequently, lipid/DNA
complexes were systematically left at RT for ∼1 h before being
used in subsequent experiments.
Next, agarose gel electrophoresis shift assays were conducted

in order to determine for the various lipid-based formulations
studied (i) their DNA condensation/neutralization ability and
(ii) the resistance of their complexes with DNA in the presence
of an anionic polymer (dextran sulfate) mimicking the
extracellular matrix (Figure 4).
The results showed some consistencies with those of our

above-mentioned condensation assays (Figure 3). Indeed, when
diluted in saline solution, DNA was efficiently neutralized by all
formulations except one: neutralization was only partial with
MM18 whereas no fluorescence was detectable on the gel when

using all the other formulations (Figure 4A1; see also Figure S3
in the Supporting Information). Thus, Tetraether strongly
enhanced the DNA neutralization ability of MM18 whereas it
did not impact on that of KLN47. As concerns resistance to
dissociation, different effects were observed, depending once
again on both the type of cationic lipid and the lipid/colipid
proportion. When combined with KLN47, Tetraether provided
some instability, archaeoplexes relaxing at a lower dose (from 1
μg/μg DNA) than lipoplexes (from 2 μg/μg DNA; Figure
4B1). Alternatively, when combined with MM18, Tetraether
provided some resistance; this effect decreased when the colipid
proportion increased, the highest resistance being reached at a
lipid/colipid molar ratio of 10/1 (Figure 4B2). Of note, in
every instance, dextran sulfate addition did not allow 100%
restoration of fluorescence, indicating that this counteranion
was unable to achieve full DNA release, even when used at high
dose. Taken together, these results showed that Tetraether can
exert different, even opposite, effects depending on the cationic
lipid combined. Notably, it allows improving DNA condensa-
tion, neutralization, and resistance to dissociation performances

Figure 3. Kinetics of DNA condensation within lipoplexes and archaeoplexes. KLN47 (A) and MM18 (B)-based formulations were mixed in 0.9%
NaCl with pGL3-Ctrl at CR4. The fluorescence decrease allowed monitoring DNA entrapment within the complexes formed. DNA condensation
was evaluated for 14 h, with measurements repeated every 20 min. Data are expressed as a percentage of the maximum fluorescence, i.e., the
fluorescence observed when ethidium bromide is intercalated into DNA in the absence of any cationic lipid. The commercial lipofection reagent
Lipofectamine (LFM, Invitrogen) was used as a reference; naked pDNA (100% fluorescence) and water (0%) were used as controls (means with n =
3).

Figure 4. DNA condensation/neutralization and resistance of lipoplexes to dissociation. KLN47 and MM18-based formulations were mixed in 0.9%
NaCl with pGL3-Ctrl at CR4. After ∼1 h at RT, the complexes formed were incubated with increasing quantities of dextran sulfate (DS) before
performing agarose gel electrophoresis (A). The fluorescence of the faster (lower) DNA band (arrow; corresponding to a supercoiled pDNA
conformation) is expressed as a percentage of the band signal obtained with naked (uncomplexed) DNA (B). m, proportion of Tetraether.
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of MM18, the lowest lipid/colipid molar ratio being the most
favorable from those points of view.
DNA condensation and neutralization were also evaluated

under experimental conditions compatible with local gene
delivery in vivo (notably nasal instillation). Here, each lipid-
based formulation was first supplemented with PE-PEG5000

before mixing with DNA. Condensation assays were performed
thereafter (Figure 5).
The results showed that DNA was efficiently entrapped

within all the complexes studied, even within MM18-based
lipoplexes. Indeed, only a low fluorescence was observed in
each well and residual signals varied in the range of 5 to 10%
relative fluorescence unit (RFU). Here, the absence of NaCl (as
compared with our previous assay (Figure 4)) favored
electrostatic interactions between cationic lipids and DNA.
Furthermore, PE-PEG5000 did not abolish the DNA con-

densation ability of any lipid formulation. The addition of
dextran sulfate allowed restoring some free (uncomplexed)
DNA. However, although a high dose of this counteranion was
used, DNA release was only partial, as fluorescence only
increased from 31 to 46%. This could be partly ascribed to the
stabilizer, as it may limit the interactions between dextran
sulfate and the preformed complexes. On agarose gel, different
DNA bands (corresponding to different pDNA conformations)
were recovered and some fluorescence was also observed in
each well. This indicated that DNA was intact (no apparent
smear) and that all complexes exhibited high resistance to
dissociation. Thus, sterically stabilized complexes could be
obtained from any lipid-based formulation using the same PE-
PEG5000 amount, thereby allowing a proper comparative
evaluation of their respective in vivo transfection activity.

Figure 5. DNA entrapment within highly concentrated, sterically stabilized, lipid/DNA complexes. KLN47 and MM18-based formulations,
incorporating or not Tetraether (in a lipid/colipid molar ratio of 10/1), were first supplemented with PE-PEG5000 (in a lipid-PEG/DNA mass ratio
of 2/1); they were next mixed in water with pGL3-Ctrl in order to form complexes at CR3. After 10 min at RT, each complex was mixed either with
dextran sulfate (“+DS”, 25 μg/μg DNA) or with water (“−DS”). The top panel shows fluorescence photography of wells under UV transillumination
with corresponding relative fluorescence intensities indicated underneath (100% being set for naked, uncomplexed, pDNA); the bottom panel shows
agarose gel electrophoresis shift assays. The arrows indicate three different pDNA topological conformations (relaxed, coiled, and supercoiled forms,
from top to bottom, respectively).

Figure 6. Cryo-TEM micrographs of MM18/Tetraether 10/1 (top panels) and KLN47/Tetraether 10/1 (bottom panels). Lipid concentration was 1
mg/mL. Archaeosomes (left panels; scale bar, 100 nm) and corresponding archaeoplexes (middle and right panels; scale bar, 50 nm). Arrows
indicate unilamellar structures in A and B, multilamellar complexes in C and D, and nonlamellar domains in E and F.
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Overall, all liposomes and archaeosomes demonstrated
variable but at least minimal ability to bind (neutralization)
as well as condense (compaction) DNA, under experimental
conditions compatible with in vivo administration procedures.
3.2.5. Cryo-TEM Imaging of Archaeosomes and Archae-

oplexes. Cryo-TEM was employed to investigate the
morphology of the formulations incorporating Tetraether in
the absence (archaeosomes) or presence (archaeoplexes
formed at CR3) of salmon sperm DNA (Figure 6).
Few unilamellar structures were observed with both

formulations including Tetraether as a colipid (Figure 6, panels
A and B). KLN47 or MM18-based archaeoplexes were
characterized by both multilamellar (panels C and D) and

nonlamellar (panels E and F) supramolecular structures. The
multilamellar arrangements (panels C and D) likely corre-
sponded to multibilayer stackings of amphiphiles intercalated
with DNA strands, as previously reported in the literature.35

3.2.6. Aggregation of Lipid/DNA Complexes in the
Presence of Serum. An aggregation assay was worked out
that consisted of incubating complexes (prepared under
conditions compatible for iv injection) with fetal bovine
serum (FBS), as detailed in the Experimental Section. This
should mimic the conditions that complexes encounter upon
injection in the bloodstream. Briefly, complexes were formed at
several charge ratios ranging from 0.5 to 8.0 by mixing, in 0.9%
NaCl, a constant amount of pDNA with increasing quantities of

Figure 7. Aggregation of lipid/DNA complexes in the presence of serum (10% final) as a function of charge ratio (A) and lipid/colipid molar ratio
(B). As controls (Ctrl), complexes were mixed with 0.9% NaCl instead of serum. m, proportion of Tetraether (means with n = 3).

Figure 8. In vivo gene transfer activity of MM18 as compared with MM18/Tetraether (in a molar ratio of 10/1, 10/2, or 10/3) following iv injection
in mice. Representative in vivo bioluminescence images (A); intensity of bioluminescence signals measured 24 h postinjection (H24) in the lung area
(B); kinetic of in vivo bioluminescence (C); and quantification of ALT and AST plasma activities at early (H24) and late (H144) stages postinjection
(D). In panels B and C, bioluminescence signals are expressed as relative light units (RLU) and the symbol code is the same. In panel D,
transaminase activities are expressed as International Units per liter (IU/L). Mice injected with naked pDNA were used as controls (Ctrl). The
dashed lines indicate the threshold values in each case. m, proportion of Tetraether (means with n = 3).
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a given lipid formulation. After addition of serum and
incubation at 37 °C for 30 min, optical densities were measured
at 630 nm (Figure 7; Figure S4 in the Supporting Information
shows the results obtained when using water rather than 0.9%
NaCl).
As shown in Figure 7, all the formulations aggregated in the

presence of serum, although with various intensities. This
aggregation was all the more important as the charge ratio was
high. Considering MM18-based formulations, we observed that
the higher the colipid proportion, the less intense the
aggregation. Hence, Tetraether can modulate aggregation
between complexes and/or with serum proteins, a parameter
related to fusogenicity which may play a critical role in
biodistribution and transfection activity following iv injection.
3.3. In Vivo Gene Transfer Studies. Next, lipoplexes and

archaeoplexes were used to perform in vivo gene transfer
experiments in mice. Considering iv delivery, three Tetraether
proportions in mixture with one given cationic lipid were first
evaluated. Next, the transfection activities of two different
cationic lipids combined with Tetraether were compared,
following iv injection and i.n. deposition. In all these tests, a
luciferase-encoding CpG-free pDNA (pGM144) was used, as it
was previously shown to allow efficient and sustained transgene
expression in vivo.32

3.3.1. Intravenous Administration. 3.3.1.1. Comparative
Evaluation of the Transfection Activity of MM18 Used Alone
or Combined with Tetraether at Different Proportions. The
MM18 cationic lipid formulated or not with Tetraether (in a
lipid/colipid molar ratio of 10/1, 10/2, or 10/3) was mixed, in
0.9% NaCl, with the pGM144 pDNA in order to form

complexes at CR4. The lipoplexes and archaeoplexes thus
obtained were then iv injected in a series of mice. Various
evaluations were subsequently performed for several days
(Figure 8).
Following iv injection, animals were subjected to a series of

bioluminescence imaging for several days. This revealed that,
from 24 h postinjection, the tested formulations could mediate
some luciferase expression with very different levels of
efficiency. Depending on the administered formulation, differ-
ent areas of the animal body displayed some bioluminescence,
suggesting that different tissues/organs had taken up some
pDNA and expressed the luciferase reporter gene (Figure S5 in
the Supporting Information). While the signals observed in the
chest area originated most probably from the lungs (as we have
previously observed with other lipid-based systems7,8,30) and
those in the left flank from the spleen, the signals observed
from other parts of the body were more difficult to attribute to
precise organs or tissues. Moreover, such “accessory” bio-
luminescent spots were not systematically observed in all the
animals within a single lot. Overall, the most sustainable
bioluminescence signals were those likely originating from the
lungs; 5 days after treatment, they were the only ones
persisting.
When focusing on bioluminescence signals collected from

the thoracic area, the different formulations mediated quite
different levels of reporter gene expression. MM18-based
lipoplexes were unable to efficiently transfect the lungs (or
another organ). Indeed, no bioluminescence signals were
detected at the level of the whole body. On the contrary, the
combination of MM18 with Tetraether allowed obtaining

Figure 9. In vivo gene transfer activity of MM18 and KLN47 as compared with MM18/Tetraether 10/1 and KLN47/Tetraether 10/1 following iv
injection in mice. Representative in vivo bioluminescence images (A); intensity of bioluminescence signals collected 24 h postinjection (H24) in the
lung area (B); kinetics of in vivo bioluminescence (C); and quantification of ALT and AST plasma activities at an early (H24) stage (D). In panels B
and C, bioluminescence signals are expressed as relative light units (RLU) and the symbol code is the same. In panel D, transaminase activities are
expressed as International Units per liter (IU/L). Mice injected with naked pDNA were used as controls (Ctrl). The dashed lines indicate the
threshold values in each case (means with n = 5).
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bioluminescence signals that reached high levels of intensity.
Overall, 24 h after injection, the formulations could be ranked
from the most efficient to the least as follows: MM18/
Tetraether 10/1 > MM18/Tetraether 10/2 > MM18/
Tetraether 10/3 > MM18. This ranking remained the same
until at least 250 h postinjection. When considering the whole
body bioluminescence, it appeared that the colipid amount
mixed with MM18 strongly influenced the in vivo transfection
profile. Indeed, at a molar ratio of 10/1, intense bio-
luminescence signals were mostly observed in the thoracic
area. At a molar ratio of 10/2, such bioluminescence signals
were also obtained but they were much weaker and a signal
from the spleen was also detectable. At a molar ratio of 10/3,
no bioluminescence signals could be detected from the lungs
anymore whereas those from the spleen were dominating.
Regarding toxicity, some animals exhibited some signs of stress,
especially those injected with archaeoplexes. A single death
occurred, immediately after blood collection performed 24 h
after injection. Measurements of ALT/AST transaminase
activities in plasma indicated that the formulations effective
for in vivo transfection also led to some transient liver injuries.
Indeed, MM18-based lipoplexes, which were ineffective,
induced no (or only little) detectable toxicity. On the other
hand, when MM18 was formulated with Tetraether, trans-
fection was efficient but it also induced some hepatotoxicity.
Interestingly, whereas the peak of in vivo bioluminescence was
obtained at a molar ratio of 10/1, the highest toxicity was
reached at a molar ratio of 10/2. It should be stressed that the
observed hepatic injuries were transient. Indeed, 6 days after
injection, ALT/AST dosages exhibited normal values, regard-
less of the administered formulation.
3.3.1.2. Comparative Evaluation of the Transfection

Activity of KLN47 and MM18 Combined or Not with
Tetraether. The aforementioned results showed that, via iv
route, Tetraether colipid was the most beneficial for trans-
fecting mouse lungs when it was combined in a small
proportion with the MM18 cationic lipid. Next, we wondered
whether such a benefit could be also obtained when using
another type of cationic lipid that, contrary to MM18, can be

effective on its own. For this purpose, we chose the arsonium-
containing lipophosphoramide KLN47.7,30 Thus, KLN47 and
MM18, combined or not with Tetraether (in a molar ratio of
10/1), were used to complex, in 0.9% NaCl, the pGM144
pDNA at CR4. The obtained complexes were iv injected in
other mice in order to compare their respective in vivo
transfection activity (Figure 9).
The various complexes demonstrated very different abilities

to mediate luciferase gene expression in mice in vivo.
Bioluminescence signals mainly stemmed from the thorax,
indicating that the transfection most likely took place in the
lungs rather than in another body area. MM18-based lipoplexes
remained ineffective (as observed before, see Figure 8) whereas
KLN47-based lipoplexes demonstrated high gene transfection
efficiency (as previously reported30). As regards archaeoplexes,
those incorporating KLN47 demonstrated only a very weak
efficiency while those incorporating MM18 mediated bio-
luminescence signals as intense as those obtained when using
KLN47-based lipoplexes. Overall, 24 h after injection, the
ranking order of formulations in decreasing order of efficiency
was as follows: MM18/Tetraether 10/1 > KLN47 ≫ KLN47/
Tetraether 10/1 ∼ MM18. This ranking remained identical
until at least 150 h postinjection. Of note, luciferase expression
was observed for ∼300 h, a slightly longer duration than that
observed in our previous experiment. This difference might
arise from the fact that the pDNA batches were not the same
for those two experiments. As regards toxicity, measurements of
ALT/AST plasma activities indicated that all formulations
induced some level of hepatotoxicity; however, these injuries
were transient, a fact in agreement with previous investigations
(this study and ref 8).

3.3.2. Intranasal Administration. Finally, MM18 and
KLN47, combined or not with Tetraether (in a molar ratio
of 10/1), were used for transfection of the nasal epithelium via
intranasal instillation, the nose providing an easy access to the
airway epithelium. As such a local administration requires the
use of highly concentrated lipid/DNA mixtures, liposomes/
archaeosomes were first combined, for colloidal stabilization
purpose, with PE-PEG5000 before being mixed in water with

Figure 10. In vivo gene transfer activity of MM18 and KLN47 as compared with MM18/Tetraether 10/1 and KLN47/Tetraether 10/1 following i.n.
deposition in mice. Representative in vivo bioluminescence images from the whole body of a whole mouse according to three body positions (A);
bioluminescence imaging, 24 h postadministration, of the head of animals (B); and table summarizing the results (positivity, proportion of the
animals showing a detectable bioluminescence signal) (C). The arrows point toward the right nostril (where instillation was performed).
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pGM144 pDNA at CR3. The obtained complexes were then
delivered into the nostril of a last series of mice. The results are
shown in Figure 10.
This administration procedure showed that local gene

delivery to the nasal epithelium can be achieved with some of
the evaluated complexes: a bioluminescence signal was detected
around the deposition site whereas no signal was detectable
from any other part of the whole animal. KLN47-based
lipoplexes were the least effective by this way, as no or only
weak bioluminescence signals were detected. On the contrary,
when combined with Tetraether, this cationic lipid allowed
measuring clearly positive luciferase expression levels. As
concerns MM18-based lipoplexes and MM18-based archae-
oplexes, they were both clearly efficient for gene transfection.
Of note, all effective complexes led to reporter gene expression
levels of the same order of magnitude. Finally, no morbidity nor
mortality was observed when using such a delivery route, in
accordance with previous studies.36

4. DISCUSSION
Among the numerous parameters determining the efficiency of
nonviral gene transfection in vivo, the chemical structure of the
delivery system, its formulation preparation, and the admin-
istration route are crucial.37 A formulation suitable for iv
injection may be inappropriate for local administrations (such
as i.n., intratracheal, or intratissue delivery) and vice versa.
Indeed, environmental constraints specific to each route (e.g.,
different biological media) may impact in different ways the
bioavailability and functionality of any drug.38 Thus, the
physicochemical parameters of synthetic gene delivery systems
should be fine-tuned according to the type of application. To
date, most of the efforts to optimize lipid-based formulations
with regard to delivery pathways have focused on cationic lipids
themselves whereas fewer studies have investigated the use of
original colipids with the aim of improving in vivo lipofection.
In previous works, we have studied original cationic liposomes,
termed archaeosomes, based on combinations of neutral/
cationic bilayer-forming lipids with archaeobacterial synthetic
tetraether-type bipolar lipids. Tetraether proved to be a new
alternative for modulating the lipid membrane fluidity of the
complexes they formed with DNA and archaeoplexes
demonstrated promising in vitro gene transfection abil-
ities.27,28,31 In the present study, we evaluated the effects of
Tetraether (used as a colipid) on the in vivo gene transfer
activity of two monocationic amphiphiles. A series of analytical
assays were performed and in vivo gene transfection experi-
ments were conducted in mice using two different delivery
routes.
The different compounds synthesized in this study were

obtained in good yield and purity (>98%), notably MM18
whose synthesis is reported here for the first time (Scheme 1).
They were next prepared as liposomes. It is noteworthy that
Tetraether, when used alone, was never demonstrated able to
self-organize as micelles or liposomes (data not shown); a
cationic lipid incorporating two aliphatic chains was always
required to obtain Tetraether-based lipid assemblies. This may
be related to the unconventional chemical structure of this
compound as it is a monolayer-forming lipid (Figure 1). Here,
archaeosomes were obtained by mixing Tetraether with either
KLN47 or MM18. One main hurdle for in vivo nonviral gene
delivery is related to the maximal volume that can be
administered, at once, in a small animal like a mouse.
Conversely, quite high quantities of materials (vector and

DNA) need to be delivered in order to obtain sufficient
transgene expression. Hence, highly concentrated liposomal
and lipid/DNA mixtures are required. The feasibility to prepare
concentrated and stable formulations was first investigated. We
found that aqueous solutions of the various lipid-based
formulations considered can be obtained up to concentrations
as high as 20 nmol[+]/μL of cationic lipid. The incorporation
of Tetraether strongly impacted the size but did not impact (or
only slightly impacted) the surface charge (Table 1).
Importantly, all those preparations demonstrated long-term
stability, at least for one month (when stored at 4 °C), without
any obvious variations of their size and surface charge
characteristics and while retaining their transfection ability in
vitro (Figure S1 in the Supporting Information) and in vivo (see
below). Overall, these findings validated the protocol used for
preparing highly concentrated liposomal solutions from the
various lipids studied herein. This is an important point to
emphasize as transfection reagents do not always meet this
requirement; indeed, instability of formulations is a major
drawback for the successful and widespread use of any given
lipid-based system.
Next, the in vivo transfection activity of the various

formulations studied herein was evaluated in mice under
different experimental conditions. Given our interest in nonviral
gene therapy for the treatment of diseases like cystic fibrosis, we
focused our investigations on gene transfer to the lungs (via iv
injection into the tail vein) on the one hand and to the nasal
epithelium (via local deposition into the nostril) on the other.
Besides varying the in vivo administration route, we also
determined the impacts of modulating the lipid/colipid molar
proportion (of 10/1, 10/2, or 10/3) and the type of cationic
lipid used (KLN47 or MM18). Preliminary in vitro evaluations
confirmed that all these lipid-based formulations exhibited good
gene transfer efficiencies into a series of eukaryotic cells,
notably two human lung epithelial cell lines (A549 and 16HBE;
data not shown). It is also noteworthy that we report here for
the first time the evaluation of the in vivo gene transfection
activity of MM18, a glycine betaine cationic lipid.
Following iv delivery, MM18-based lipoplexes did not

mediate any detectable reporter gene expression (Figure 8).
This might be ascribed to some properties unsuited for
systemic delivery, in particular a relatively limited ability to
condense (Figure 3) and neutralize (Figure 4) pDNA. In
contrast, MM18-based archaeosomes were much more efficient
from those two points of view, especially at the charge ratios
used for conducting in vivo experiments. Accordingly, MM18-
based archaeoplexes demonstrated some transfection efficiency
in mice in vivo, bioluminescence signals being detected in
different areas of the animal body. However, depending on the
Tetraether proportion mixed with MM18, the in vivo
transfection patterns showed substantial differences. Among
the three lipid/colipid molar ratios we have evaluated, the 10/1
(rather than the 10/2 and the 10/3) was identified as the most
efficient for in vivo gene transfection, especially into the lungs
(Figure 8A). This is actually in agreement with previous in vitro
transfection experiments that showed that Tetraether was more
advantageous when combined in a relatively low proportion
with a cationic lipid.28 Besides the thorax, other body parts
displayed some bioluminescence (although at lower inten-
sities), especially when increasing the colipid proportion.
Indeed, it appears that MM18/Tetraether molar ratio
determined a balance between gene transfer into the lungs
and transfection into other organs or tissues. This finding may
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be explained in different ways. Besides pGM144 pDNA
characteristics which obviously play a role in transfection
efficiency (especially plasmid size and promotor/enhancer
elements governing the luciferase gene expression), a series of
parameters related to the vector itself can be pointed out. It is
generally recognized that the size of nanoparticles developed
for iv delivery should vary in a precise range. Systemic delivery
(by tail vein injection) of lipid/DNA complexes has previously
been reported to permit gene transfection into the lungs,
possibly thanks to their accumulation in the pulmonary
microvasculature (as it is the first one encountered via this
route).7,39−41 The underlying transfection mechanism may
involve interactions between the lipid/DNA complexes and
serum components, leading to aggregation and size increase
with subsequent accumulation and retention into the lung
microcirculation.41 As regards lipid/DNA complexes escaping
from the pulmonary microvasculature, their size might then
determine their distribution between the liver and the spleen,
the smaller ones (<∼70 nm42) accumulating preferentially in
the liver and the larger ones (>∼200 nm43) undergoing
mechanical filtration into the spleen. Accordingly, no bio-
luminescence was observed from the liver whereas a signal
could be detected from the spleen, especially when using
archaeoplexes incorporating the highest Tetraether proportion
(10/3) (Figure 8 and Figure S5 in the Supporting
Information). Interestingly, such archaeoplexes had also the
lowest propensity to aggregate in the presence of serum (Figure
7), possibly through a reduction of their fusogenic proper-
ties.44,45 Altogether, these findings suggest that Tetraether
proportion may have strong modulating effects on pDNA
interactions, size, and aggregation of resulting lipid/DNA
complexes, a variety of physicochemical parameters which in
turn may influence both the in vivo biodistribution and the
transfection pattern at the whole body scale. It is hypothesized
that, at a molar ratio of 10/1, Tetraether allowed an ideal
compromise to be reached between stability of the lipid/DNA
complexes (required in the bloodstream during trafficking
toward the target organ/tissue) and dismantling ability
(required inside the target cells, especially for endosomal
escape and subsequent pDNA release into the cytoplasm), such
a compromise leading to a highly efficient transfection of the
lungs in vivo.
We next undertook to comparatively evaluate the in vivo

transfection efficiency of KLN47 and MM18 liposomes as well
as of the corresponding archaeosomes. Here, given our above-
mentioned findings, the lipid/colipid molar ratio was set at 10/
1 for both archaeosomes. Their complexes with the luciferase-
encoding pGM144 were administered via tail vein injection into
the bloodstream of another series of mice, and bioluminescence
imaging was repeatedly performed during several days (Figure
9). In accordance with previous results (Figure 8), MM18-
based lipoplexes were inefficient whereas corresponding
archaeoplexes demonstrated high transfection efficiencies.
KLN47-based lipoplexes also mediated lung reporter gene
expression, as previously reported,7,30 with bioluminescence
signals as strong as those measured when using MM18-based
archaeoplexes. Surprisingly, when using KLN47-based archae-
oplexes, a dramatic decrease in transfection efficiency was
observed as compared with corresponding complexes devoid of
Tetraether. Thus, depending on the type of cationic lipid with
which it was combined, Tetraether demonstrated either a
beneficial or on the contrary a strongly deleterious effect on in
vivo gene transfection efficiency. Such a dual effect likely results

from some structural characteristics and/or physicochemical
properties peculiar to each cationic lipid. KLN47 and MM18
are two monocationic lipids incorporating oleic chains, but their
headgroups and linkers are different (Figure 1). It is
noteworthy that aqueous dispersions of archaeosomes were
more difficult to obtain with KLN47 than with MM18,
probably because of differences in hydration and/or lipid
mixing properties. Interestingly, no obvious differences were
observed between lipoplexes and archaeoplexes as regards the
lipid/DNA structures formed (Figure 6). Thus, the differences
observed in gene transfer efficiency in vivo (via the iv route)
when using the two types of lipoplexes and their corresponding
archaeoplexes were probably not associated with differences in
terms of DNA−vesicle association. On the contrary, when
considering the lyotropic phases formed by liposomes and
archaeosomes, an obvious difference was noticed as, in the case
of MM18, the phase changed from hexagonal (liposomes) to
lamellar (archaeosomes) whereas, in the case of KLN47, a
lamellar phase was observed both with liposomes and
archaeosomes (Figure 2). To explain the observed difference
in gene transfection efficiencies, it is hypothesized that
Tetraether might favor a reorganization of the membranes
during cell transfection, especially inside the endosomal
compartment. As concerns MM18/Tetraether, this should
allow the formation of inverted hexagonal phases (Figure 2), a
more fusogenic supramolecular organization facilitating the
endosomal escape of pDNA.8

Next, we used the intranasal (i.n.) route to determine, in the
context of local administration to the airway epithelium, the in
vivo transfection efficiency of KLN47 and MM18 mixed or not
with Tetraether (at a lipid/colipid molar ratio of 10/1).
Although i.n. administration obviously does not allow full
assessment of the potential of any given gene transfer agent for
correction of the cystic fibrosis pulmonary complications,36 it
can nevertheless be used as a first step before performing more
complicated experiments involving local delivery to the lower
airways. Indeed, nasal instillation is an attractive method as (i)
it is quite easy to perform and is noninvasive and non-surgery-
based; (ii) the target tissue belongs to the respiratory
epithelium; (iii) lower bioluminescence signals can be collected
as the transfection site (the nasal epithelium) is less deep inside
the body than the (intrathoracic) lungs. However, this delivery
route also shows some technical limitations. The maximal
volume that can be delivered at once via the i.n. route is much
smaller than via the iv route. As minimal quantities of materials
(lipid and DNA) need to be delivered, lipid/DNA mixtures
must be prepared at high concentration. Colloidal stability
constitutes a crucial parameter as any aggregation/precipitation
of the lipid/DNA complexes would lead to a dramatic loss of
their transfection efficiency.46 Indeed, no bioluminescence
signal was observed when nonstabilized complexes were
delivered into the nostrils of animals, regardless of the lipid-
based formulation used (data not shown). For all these reasons,
we used here a PEGylated lipid derivative to sterically stabilize
highly concentrated lipid/DNA complexes, which were
characterized by a CR3 and a DNA concentration as high as
1 μg/μL (Table 3 and Figure 5). The results (Figure 10) were
quite different from those obtained following the iv route,
highlighting that no obvious correlation can be delineated
between the transfection abilities of a given lipid formulation
via the iv route on the one hand and the i.n. route on the other.
This shows the importance of not only the chemical
composition of the formulations but also the procedure used
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for their preparation and administration. Indeed, whereas
MM18-based lipoplexes did not show any efficiency when
delivered via iv route, they were efficient via i.n. route (as well
as when combined with Tetraether). The ionic strength was an
obvious difference between the formulations prepared for those
two routes, which can strongly impact DNA condensation
ability, as evidenced for MM18 (Figures 4 and 5). KLN47-
based lipoplexes were efficient via iv but they were not via i.n.
On the contrary, KLN47-based archaeoplexes showed only very
weak efficiency via iv whereas they reached some efficiency via
i.n. Thus, Tetraether colipid might confer KLN47 with some
properties useful for gene transfection in the context of i.n.
deposition but detrimental in the context of iv injection. Taken
together, these results illustrate the importance of a fine-tuned
optimization taking into account multiple parameters of the
lipid-based system depending on the type of application.
Finally, as concerns safety, it is first noteworthy that the mice

exhibited no major clinical adverse effects. However, following
iv injection, all formulations elicited an acute (but transient)
release in blood of the ALT/AST liver enzymes. An increase of
these enzyme activities (which did not exceed 10-fold the
normal values) was noticed at an early time point (∼24 h
postinjection; Figures 8D and 9D), but it was transient as
normal values were recovered at late time points (∼6 days
postinjection; Figure 8D). Thus, hepatic cytolysis was not
dramatic, and, in every instance, it was fully reversible in a few
days. Interestingly, MM18/Tetraether 10/1 induced an acute
toxicity (at day 1) which was no longer observed at day 6 while
high reporter gene expression was still measured (Figure 8).
Altogether, all complexes were relatively well-tolerated by the
animals. It may be expected that the use of a pH-cleavable
tetraether derivative, which could be also more easily degraded
inside the cells, may allow reducing the side effects in the host
in vivo.

5. CONCLUSION
This work emphasizes that successful in vivo gene transfection
following a given route of administration requires the specific
optimization of various parameters related to the vector
formulations including the type of cationic lipid as well as the
proportion of colipid. Modulation of these parameters may
result in highly efficient transfection of specific tissues/organs,
especially the lungs. Nowadays, most nonviral gene delivery
systems incorporate several components to achieve multiple
tasks, in order to overcome the various successive barriers
encountered during in vivo transfection. Given its particular
chemical structure and physicochemical properties, Tetraether
colipid could provide lipid/DNA complexes with additional
properties (notably rigidity/stability) advantageous for lung-
directed gene therapy, especially via nebulization in the context
of cystic fibrosis. Current studies are being performed to test
this assumption. In a broader perspective, our original
Tetraether derivative may offer novel possibilities for fine-
tuning lipid-based systems to be used for other applications.
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