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Effect of pH on the structure of lipoplexes
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Recently, it has been postulated that a primary importance of the pH is for accomplishing efficient
lipid-mediated translocation of nucleic acids across the endosomal membrane into the cytosol for
transport to the nucleus. With the aim of providing insight into the postulated correlation between
transfection efficiency, phase evolution of lipoplexes upon acidification, and DNA release, we
investigated the pH dependence of the structure of low efficiency 1,2-di-
oleoyl-3-trimethylammonium-propane-dioleoylphosphocholine/DNA and high efficiency 38-[N-
(N’,N'-dimethylaminoethane)-carbamoyl]-cholesterol-dioleoylphosphatidylethanolamine/DN Alipo-
plexes by high-resolution synchrotron small-angle x-ray diffraction, while the extent of DNA release
was estimated by means of electrophoresis on agarose gels. Here we show that upon acidification
from physiological to acidic values (as those characteristic of endosomes), (i) the lamellar structure
of lipoplexes was preserved with a decrease in the one-dimensional DNA packing density, reflecting
a pH-induced contraction of interfacial area of lipid head groups and (ii) DNA was not released
from lipoplexes. Distinct levels of transfection between lipoplexes were interpreted in terms of the
different DNA-binding capacities of cationic liposomes. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2949705]

I. INTRODUCTION

At present, there is a high level of interest in complexes
consisting of DNA mixed with cationic liposomes (CLs).'™
This extraordinary interest arises because the complexes
mimic natural viruses as carriers of DNA into cells in world-
wide human gene therapy clinical trials. Mixing CLs and
DNA results in their spontaneous self-assembling into highly
organized liquid crystalline complexes (lipoplexes). For
transfection purposes, positively charged lipoplexes are used
as they bind electrostatically to the negatively charged cell
surface proteoglycans with sulfated groups.M

Synchrotron x-ray diffraction experiments have been
used to solve the structure at the angstrom scale. Three types
of structures have been observed.”'® These include a multi-
lamellar structure with DNA monolayers sandwiched be-
tween cationic membranes (Lg phase),7’8 an inverted hexago-
nal Hﬁ phase comprised of lipid-coated DNA strands
arranged on a hexagonal lattice, and a lattice structure,9
termed HIC , composed of lipid micelles surrounded by DNA
strands forming a three-dimensional substructrure.'”

Formulations based on the exclusive use of zwitterionic
lipids have also been investigated with divalent electrolyte
counterions common in biological cells (Mn?*, Ca**, Co**,
Mg?*, and Fe*) serving as DNA condensing agents.'"'? In
these complexes, transbilayer DNA ordering has been
observed."?

Even though some earlier studies suggested superiority
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in transfection of hexagonal lipoplexes with respect to lamel-
lar ones,® experimental evidence invalidated a correlation be-
tween structure and activity.m_16

However, to meet therapeutic requirements, the efficacy
of lipoplexes needs major improvement, and a detailed com-
prehension of the mechanism of entry in relation to eventual
transfection efficiency (TE) could be part of such a strategy.
Endocytosis is recognized as the major pathway of entry.
After internalization via endocytosis, the internalized com-
plexes exist in endosomes with no virtual access to the cy-
tosol or the nucleus. Endosomes either fuse with lysosomes
for degradation or recycle their content back to the cell sur-
face. Unfortunately, lipoplexes lack a protein machinery to
destabilize the endosomal membrane. Therefore, the escape
of DNA from endosomal compartments is thought to repre-
sent a critical barrier to lipoplex-mediated transfection.'

Recently, it has been postulated that a primary impor-
tance of the pH is for accomplishing efficient translocation
of nucleic acids across the endosomal membrane into the
cytosol. Lipids that form a stable bilayer at physiological
pH~7 can undergo, at an acidic pH, a transition from a
bilayer to an inverted hexagonal structure, which fuses and
destabilizes the endosomal membrane.”’* Such an interac-
tion between the nonlamellar lipoplex structure and the en-
dosomal membrane may promote gene translocation. As a
result, the ability of specific lipid species (such as the widely
used dioleoylphosphatidylethanolamine) to promote, when
protonated, lamellar-to-nonlamellar phase transitions may be
a key parameter for DNA transfection. However, unambigu-
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ous evidences of a correlation between successful formation
of nonlamellar phases, DNA release, and efficient transfec-
tion are still largely lacking.

In the present study, we employed 1,2-dioleoyl-3-
trimethylammonium-propane- dioleoylphosphocholine/DNA
(DOTAP-DOPC/DNA) and 3B-[N-(N’,N'-dimethylamino-
ethane)-carbamoyl]- cholesterol- dioleoylphosphatidylethan-
olamine/DNA (DC-Chol-DOPE/DNA) lipoplexes. Such lipid
formulations, largely used for gene delivery in vitro and in
vivo, exhibited very different levels of transfection in mouse
fibroblast NIH 3T3, ovarian CHO, and tumoral myofibro-
blastlike A17 cells. With the aim of providing insight into the
postulated correlation between TE, the phase evolution of
lipoplexes upon acidification, and the DNA release, we in-
vestigated the pH dependence of the lipoplex structure by
high-resolution synchrotron small-angle x-ray diffraction
(SAXD), and we estimated the extent of DNA release by
means of electrophoresis on agarose gels. Here we show that
upon acidification from physiological to acidic values (as
those characteristic of endosomes), (i) the lamellar structure
of lipoplexes was preserved with a decrease in the one-
dimensional (1D) DNA packing density, reflecting a
pH-induced contraction of the interfacial area of lipid head
groups, and (ii) DNA was not released from lipoplexes. Dis-
tinct levels of transfection between DOTAP-DOPC/DNA and
DC-Chol-DOPE/DNA lipoplexes were interpreted in terms
of the different DNA-binding capacities of cationic lipo-
somes.

Il. MATERIALS AND METHODS
A. Lipoplexes preparation

Cationic DOTAP and DC-Chol, and neutral DOPE and
DOPC were purchased from Avanti Polar Lipids (Alabaster,
AL) and used without further purification (Fig. 1, top panel).
DOTAP-DOPC and DC-Chol-DOPE CLs were routinely
prepared.14 In brief, each binary mixture, at a molar ratio of
neutral lipid in the bilayer ®=(neutral lipid)/(total lipid)
(mol/mol)=0.5, was dissolved in chloroform, and the sol-
vent was evaporated in vacuum for 24 h. The obtained lipid
films were hydrated with the appropriate amount of tris-HCl
buffer solution (10 mM, pH 7.4) to achieve the desired final
concentration (~25 mg/ml for x-ray samples). The solu-
tions were incubated at 30 °C for 6 h to allow for the for-
mation of CLs. The obtained liposome solutions were then
stored at 30 °C for 24 h to achieve full hydration.25

Calf thymus Na-DNA was purchased from Sigma (St.
Louis, MO). DNA was dissolved in tris-HCI buffer and was
sonicated for 5 min, inducing DNA fragmentation with a
length distribution between 500 and 1000 base pairs, which
was determined by gel electrophoresis.6 Lipoplexes were
prepared by mixing 100 wl of calf thymus DNA at 5.3
mg/ml with suitable volumes of liposome dispersions. All
samples were prepared with the same cationic lipid/DNA
ratio  (mol/mol), i.e., p={[cationic lipid(mole)]/(DNA
base)}=2. After storage for 3 days at 4 °C, allowing the
samples to reach equilibrium,25 they were transferred to 1.5-
mm-diameter quartz x-ray capillaries (Hilgenberg, Malsfeld,
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FIG. 1. On the top: chemical structure of the lipids used. On the bottom: TE
of DOTAP-DOPC/DNA and DC-Chol-DOPE/DNA lipoplexes in mouse fi-
broblast (NIH 3T3; black), tumoral myofibroblastlike (A17; white), and ova-
rian (CHO; gray) cell lines. In both the cell lines, TE of DC-Chol-DOPE/
DNA lipoplexes is about one order of magnitude higher than that of the
DOTAP-DOPC/DNA ones.

Germany). The capillaries were centrifuged for 5 min at
6000 rpm at room temperature (RT) to consolidate the
samples.

The pH was reduced by sequential addition of 10 mM
HCI in ~100 ul aliquots and was constantly monitored.

B. Transfection efficiency experiments

Cell lines were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented
with 1% penicillin-streptomycin (Invitrogen) and 10% fetal
bovine serum (FBS) (Invitrogen) at 37 °C and 5% CO, at-
mosphere, splitting the cells every 2—4 days to maintain
monolayer coverage.
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For luminescence analysis, mouse fibroblast NIH 3T3,
ovarian CHO, and tumoral myofibroblastlike A17 cells were
transfected with pGL3 control plasmid (Promega). The day
before transfection, cells were seeded in 24 well plates
(150 000 cells/well) using a medium without antibiotics.
Cells were incubated until they were 75%—-80% confluent,
which generally took 18-24 h. For TE experiments, li-
poplexes were prepared in Optimem (Invitrogen) by mixing
for each well of 24 well plates 0.5 ug of plasmid with 5 ul
of sonicated lipid dispersions (I mg/ml). These complexes
were left for 20 min at RT before adding them to the cells.
The cells were incubated with lipoplexes in Optimem (Invit-
rogen) for 6 h to permit transient transfection; the medium
was then replaced with DMEM supplemented with FBS. Lu-
ciferase expression was analyzed after 48 h and measured
with the luciferase assay system from Promega, and light
output readings were performed on a Berthold AutoLumat
luminometer LB-953 (Berthold, Bad Wildbad, Germany). TE
was normalized to milligrams of total cellular protein in the
lysates using the Bio-Rad protein assay dye reagent (Bio-
Rad, Hercules, CA).

C. Synchrotron small-angle x-ray diffraction
measurements

All SAXD measurements were performed at the Aus-
trian SAXS station of the synchrotron light source
ELETTRA (Trieste, Italy).26 SAXD patterns were recorded
with a gas detector based on the delay line principle covering
a ¢ range of between 0.05 and 1.5 A~'. The angular calibra-
tion of the detector was performed with silver behenate
[CH3(CH2)20-COOAg] whose d value corresponds to
58.38 A. Exposure times for every sample were 100 s. No
evidence of sample degradation due to radiation damage was
observed in any of the samples at this exposure. The data
have been normalized for primary beam intensity and detec-
tor efficiency as well as having the background subtracted.
Temperature was controlled in the vicinity of the capillary to
within 0.1 °C (Anton Paar, Graz, Austria).

D. Agarose gel electrophoresis experiments

Electrophoresis studies were conducted on 1% agarose
gels containing tris-borate-ethylenediaminetetraacetic acid
(EDTA) buffer. After electrophoresis, ethidium bromide (Et-
Br) was added and then visualized. Lipoplexes were pre-
pared by mixing 40 wul of lipid dispersions (I mg/ml, tris-
HCI buffer) with 4 ug of pGL3 control plasmid (p=2).
These complexes were let to equilibrate for 1 h at RT. The
pH was reduced by sequential addition of 10 mM HCI in
5-10 wl aliquots and was continuously monitored. Then,
10 wl of each sample were mixed with 2 ul of loading
buffer (glycerol, 30% v/v; bromophenol blue, 0.25% v/v)
and subjected to agarose gel electrophoresis for 1 h at 80 V.
The electrophoresis gel was visualized and digitally photo-
graphed using Kodak Image Station, model 2000 R (Kodak,
Rochester, NY).
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FIG. 2. SAXD patterns of DOTAP-DOPC/DNA (left panel) and DC-Chol-
DOPE/DNA (right panel) at two different pH values: pH 7 and pH 3. As pH
decreases, DNA peak (marked by arrows) shifted to higher ¢ values (i.e.,
shortest DNA spacings) as a result of the lateral expansion of the lipid
headgroups. Vertical dashed line identifies the position of the (001) Bragg
peak at pH 7.

lll. RESULTS
A. Transfection efficiency results

In Fig. 1 (bottom panel), TE of DOTAP-DOPC/DNA
and DC-Chol-DOPE/DNA lipoplexes in mouse fibroblast
NIH 3T3, tumoral myofibroblastlike A17, and ovarian CHO
cell lines is reported. The same dependency of TE against
lipoplex formulations was found for all cell lines. Indeed, for
all cell lines, TE of DC-Chol-DOPE/DNA lipoplexes was
about one order of magnitude higher than that of DOTAP-
DOPC/DNA ones. According to literature, TE was also
found to be dependent on the given cell line. The NIH 3T3
cell line is much more easily transfected than A17 ones,
while intermediate levels of transfection were obtained with
CHO cells.

In principle, the observed differences in TE between
DOTAP-DOPC/DNA and DC-Chol-DOPE/DNA lipoplexes
may be due to a different phase behavior in the endosomal
pH range. To further investigate the correlation between TE
and pH-induced structural changes in lipoplexes, we per-
formed SAXD measurements on DOTAP-DOPC/DNA and
DC-Chol-DOPE/DNA lipoplexes upon acidification.

B. Effect of pH on the structure of lipoplexes

Figure 2 shows the SAXD patterns of DOTAP-DOPC/
DNA (left panel) and DC-Chol-DOPE/DNA (right panel)
systems at two different pH values: pH 7 and pH 3. At pH 7,
lipoplexes form highly organized lamellar phases (LS phase).
The sharp periodically spaced peaks at gq, are caused by
alternating lipid bilayer-DNA-monolayer structure with peri-
odicity d=2/¢q;.- The much broader peak (marked by an
arrow) is the “DNA peak” arising from the 1D in plane lat-
tice with repeat distance dpya=27/¢pNa-
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Upon lowering the pH from pH 7 to pH 3, SAXD pat-
terns of lipoplexes changed, but the lamellar structure of li-
poplexes is essentially preserved with DNA remaining
tightly bound to lipid bilayers. In the case of DOTAP-DOPC/
DNA lipoplexes (Fig. 2, left panel) the diffraction peaks
moved to lower g values as a function of decreasing pH,
with the lamellar repeat distance d moving from 58.2 to
59.3 A. It means that lowering the pH induces a slight
swelling of DOTAP-DOPC membranes, and that electro-
static modifications in membrane charge density do not ex-
tend very far into the hydrophobic region of the bilayer.27

Even though the variation in the surface polarity arising
from changing the bulk pH value can dramatically alter the
membrane structural and phase behavior, our findings show
that the presence of DNA molecules embedded between op-
posing membranes largely reduces this effect. A direct com-
parison of the diffraction patterns shows that lowering the
pH induced simultaneous decrease in height and progressive
broadening of diffraction peaks. From a structural point of
view, it means that the long-range order along the normal to
the lipid bilayer decreases, and the “second-order disorder”
in the crystal lattice increases with decreasing pH. Such a
stacking disorder accounts for the presence of random varia-
tions in the bilayer separations.28

Similar findings were obtained with DC-Chol-DOPE/
DNA complexes (Fig. 2, right panel), the main difference
being that the swelling of the lamellar phase was not ob-
served.

Figure 2 also shows that the interhelical DNA-DNA
peak shifted to higher g values with decreasing pH. In Fig. 3
[panel (a)] we report the DNA repeat distance dpyns as a
function of pH for DOTAP-DOPC/DNA lipoplexes. Upon
gradual acidification, the inter-DNA distance becomes
shorter. In a recent publication dealing with the thermotropic
behavior of lipoplexes, we have shown that the variation in
DNA-DNA spacing is regulated by the lateral expansion of
the interfacial area of lipid headgroups, A.”> Panel (b) of Fig.
3 shows the pH dependence of the average interfacial area A
per lipid molecule, calculated according to Ref. 29. Such a
calculation confirms that the larger distance between DNA
strands in DOTAP-DOPC/DNA lipoplexes at pH 7 is simply
ruled by a larger average interfacial area per lipid molecule.

Interestingly, very similar results were obtained in an
independent experiment performed on the DC-Chol-DOPE/
DNA system (Fig. 4).

C. Effect of pH on the DNA release

The extent of DNA release from DOTAP-DOPC/DNA
and DC-Chol-DOPE/DNA lipoplexes as a function of pH
was investigated by electrophoresis on agarose gel that al-
lows to determine how much DNA is completely free from
lipid.

In Fig. 5, we report the digital photograph of DOTAP-
DOPC/DNA and DC-Chol-DOPE/DNA lipoplexes (p=2) at
decreasing pH values. Lane 1 is the control DNA, the high-
mobility band was attributed to the most compact (super-
coiled) form, and the less-intense one was considered to be
the nonsupercoil content in the plasmid preparation.
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FIG. 3. Panel (a): DNA interdistance dpy, as a function of pH for DOTAP-
DOPC/DNA lipoplexes. Panel (b): pH dependence of the average interfacial
area A per lipid molecule of DOTAP-DOPC membranes. Solid lines are the
best linear fits to the data.

At pH 7, the intensity of free DNA bands varied signifi-
cantly with lipid formulations. As can be seen in Fig. 5, free
DNA is largely present in the DOTAP-DOPC/DNA formula-
tion (lane 2), while DC-Chol-DOPE/DNA binds DNA com-
pletely (lane 6).

This finding means that, at a given cationic lipid/DNA
molar ratio, the DNA-binding capacity strictly depends on
the employed lipid formulation.

Upon acidification, the intensity of the free DNA bands
of DOTAP-DOPC/DNA lipoplexes (lanes 2-5) remained
roughly the same, while DNA was not released from DC-
Chol-DOPE/DNA complexes. These findings indicate that (i)
acidification of lipoplexes does not necessarily involve the
dissociation and release of DNA from the cationic lipids and
(ii) the topology of free DNA is not modified by a drop in
pH. The latter observation is of primary significance since it
has been reported that DNA topology (supercoiled, open-
circular, linear) may play a central role on the TE of lipid-
plasmid complexes.30
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FIG. 4. Panel (a): DNA interdistance dpyy as a function of pH for DC-Chol-
DOPE/DNA lipoplexes. Panel (b): pH dependence of the average interfacial
area A per lipid molecule of DC-Chol-DOPE membranes. Solid lines are the
best linear fits to the data.

IV. DISCUSSION

The purpose of this work was to correlate the
pH-induced structural changes in lipoplexes with the extent
of DNA release and the TE.

1 2 3 4 35 6 7 8 9

FIG. 5. Digital photograph of DOTAP-DOPC/DNA and DC-Chol-DOPE/
DNA lipoplexes (p=2) at decreasing pH values. Lane 1: control DNA; lane
2: DOTAP-DOPC/DNA pH=7; lane 3: DOTAP-DOPC/DNA pH=5.5; lane
4: DOTAP-DOPC/DNA pH=4; lane 5: DOTAP-DOPC/DNA pH=3; lane 6:
DC-Chol-DOPE/DNA pH=7; lane 7: DC-Chol-DOPE/DNA pH=5.5; lane
8: DC-Chol-DOPE/DNA pH=4; lane 9: DC-Chol-DOPE/DNA pH=3. In
lane 1, the high-mobility band was attributed to the most compact (super-
coiled) form, and the less-intense one was considered to be the nonsupercoil
content in the plasmid preparation.
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FIG. 6. (Color online) Schematic illustration of the proposed mechanism for
the reduction in DNA spacings upon acidification. Panel (a): a mixed
cationic-zwitterionic lipid membrane. The headgroup of the cationic lipid
species carries one positive charge (gray circle). The headgroup of the zwit-
terionic lipid consists of a single dipole with spatially fixed negative-charge
base and a mobile positive-charge head (white circle). Panel (b): mixing
DNA and cationic liposomes results in the formation of locally ordered 1D
arrays of DNA chains (dark gray circle) intercalated between charged mem-
brane bilayers. The distance between DNA chains is indicated as dpya-
Panel (c): upon lowering the pH, H;0* molecules (red circle) form hydro-
gen bonding with P~ atomic groups. N* atomic groups align the headgroup
dipole moment (P— N vector) against the dipole moment created by the
H;0* molecules. As a consequence, the interfacial area of lipid headgroups
decreases and a lateral contraction of lipid bilayer occurs.

Endocytosis is the major pathway of entry of lipoplexes
inside the cell, but the escape of DNA from endosomal com-
partments is thought to represent a critical obstacle. Recently,
it has been proposed that successful DNA escape may be
dependent on the possibility of lamellar lipoplexes to form
fusogenic inverted hexagonal phaseZI_24 induced by local pH
lowering within endosomal compartments.31

SAXD experiments showed that, upon acidification, the
lamellar structure of employed lipoplexes is essentially pre-
served with DNA remaining tightly bound to lipid bilayers
and that no lamellar-hexagonal phase transition occurs.
About the observed reduction in DNA repeat distance [Figs.
3 and 4, panel (a)], some hypotheses can be made. At the
molecular level, low pH can cause the protonation of the
headgroups of the zwitterionic lipids (both DOPC and DOPE
molecules). In the case of neutral DOPC, the phosphate
group, which is linked to the glycerol backbone, has a nega-
tive charge, while the choline group, which constitutes the
free end of the headgroup, has a net positive charge. DOPE
is identical to DOPC except that the choline headgroup is
replaced by ethanolamine. Ethanolamine has a reduced at-
traction to water so fewer water molecules gather around the
headgroup. This reduces the effective size of the headgroup
compared to the hydrocarbon tails. For both lipids, P and N
atoms preferentially lie in the plane of the membrane.*” The
spatial organization of the P~ and N* atomic groups allows
pairs of DOPC (or DOPE) molecules to interact with each
other via P---N and N---P double pairs [Fig. 6, panel (a)].

Mixing DNA and CLs results in the formation of locally
ordered 1D arrays of DNA chains intercalated between
charged membrane bilayers. The electrostatic attraction be-
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tween cationic lipids and DNA charged molecules induces
polarization of the positive charge carried by the lipid head-
groups along the DNA helix axis [Fig. 6, panel (b)]. Upon
lowering the pH, H3;0" molecules form hydrogen bonding
with P~ atomic groups, thus creating a hydrogen bonding
network between the PC (or PE) headgroups. As result, a
positive potential in the bilayer interior (where P atoms are
located) is produced. N* atomic groups may therefore pro-
trude toward the interbilayer water region to align the head-
group dipole moment (P — N vector) against the dipole mo-
ment created by the H;0* molecules. As a consequence of
dipole moment alignment, the interfacial area of lipid head-
groups decreases and a lateral contraction of lipid bilayers
occurs [Fig. 6, panel (c)].** By simple geometric arguments,
it is easy to suppose that the resulting lateral contraction of
lipid bilayers forces the unreleased DNA molecules to get
closer to each other.

By extrapolation, diffraction findings suggest therefore
that there is no direct DNA release from lipoplexes simply
associated with acidification. Such interpretation was con-
firmed by electrophoresis experiments showing that the
amount of free DNA did not depend on the pH (Fig. 5).
Thus, it was not possible to correlate variable TE with phase
evolution of lipoplexes upon acidification and DNA release.

Conversely, electrophoresis experiments also showed
that, at the same cationic lipid/DNA charge ratio (p=2), all
the DNA is complexed by DC-Chol-DOPE liposomes, while
less than 50% is protected by DOTAP-DOPC ones. The
meaning of such results is that the cationic lipid/DNA charge
ratio required to completely complex the DNA depends on
the cationic lipid formulations used.

Comparing such findings with TE results reported in Fig.
1, we suggest that DNA-binding capacity of liposomes rep-
resents a significant barrier to efficient transfection. Indeed,
DNA, unprotected by a coating of cationic lipid, is subject to
rapid degradation by cytosolic DNase.

Since efficient transfection will require an optimal pro-
tection of DNA against degradation, it will not be enough to
mix DNA and excess lipid to guarantee complete DNA com-
plexation. Exact determination of the cationic lipid/DNA
charge ratio required to completely complex the DNA will be
an essential prerequisite to perform accurate transfection
studies.

V. CONCLUSION

In the present study, we investigated the correlation be-
tween structural evolution of DOTAP-DOPC/DNA and DC-
Chol-DOPE/DNA lipoplexes upon acidification, the extent of
DNA release, and the efficiency in transfecting mouse fibro-
blast (NIH 3T3), ovarian (CHO), and tumoral myofibroblast-
like A17 cell lines.

We have shown that, in all the cell lines, TE of DC-
Chol-DOPE/DNA lipoplexes was about one order of magni-
tude higher than that of DOTAP-DOPC/DNA ones.

We have also shown that upon lowering the pH from
physiological to acidic values (as those characteristic of en-
dosomes), (i) the lamellar structure of DOTAP-DOPC/DNA
and DC-Chol-DOPE/DNA lipoplexes was essentially pre-
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served and that no lamellar-to-hexagonal phase transition oc-
curred, (ii) the 1D DNA packing density within lamellar 1i-
poplexes increased, probably reflecting a contraction of
interfacial area of lipid headgroups, and (iii) DNA was not
released from employed lipoplexes. Thus, our data suggest
that acidification of lipoplexes within the endosomal com-
partment is not an obvious prerequisite in a model of a
phase-mediated membrane destabilization.

Taken together, all our findings seem to suggest that pa-
rameters other than simple acidification determine the trans-
fection capacity of a given complex. The present work
strongly suggests that such interfering parameters may in-
clude the DNA-binding capacity of CLs, which in turn is
governed by the chemical nature of the amphiphile. Optimi-
zation of cationic lipid/DNA complexes for transfection will
require to determine the optimal cationic lipid/DNA charge
ratio necessary to complex completely the DNA.
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