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Mixtures of Cationic Lipid O-Ethylphosphatidylcholine with Membrane
Lipids and DNA: Phase Diagrams

Rumiana Koynova and Robert C. MacDonald
Department of Biochemistry, Molecular Biology and Cell Biology, Northwestern University, Evanston, Illinois USA

ABSTRACT Ethylphosphatidylcholines are positively charged membrane lipid derivatives, which effectively transfect DNA into
cells and are metabolized by the cells. For this reason, they are promising nonviral transfection agents. With the aim of revealing
the kinds of lipid phases that may arise when lipoplexes interact with cellular lipids during DNA transfection, temperature-
composition phase diagrams of mixtures of the O-ethyldipalmitoylphosphatidylcholine with representatives of the major lipid
classes (phosphatidylcholine, phosphatidylethanolamine, phosphatidylglycerol, cholesterol) were constructed. Phase bound-
aries were determined using differential scanning calorimetry and synchrotron x-ray diffraction. The effects of ionic strength and
of DNA presence were examined. A large variety of polymorphic and mesomorphic structures were observed. Surprisingly,
marked enhancement of the affinity for nonlamellar phases was observed in mixtures with phosphatidylethanolamine and
cholesterol as well as with phosphatidylglycerol (previously reported). Because of the potential relevance to transfection, it is
noteworthy that such phases form at close to physiological conditions, and in the presence of DNA. All four mixtures exhibit
a tendency to molecular clustering in the gel phase, presumably due to the specific interdigitated molecular arrangement of the
O-ethyldipalmitoylphosphatidylcholine gel bilayers. It is evident that a remarkably broad array of lipid phases could arise in
transfected cells and that these could have significant effects on transfection efficiency. The data may be particularly useful for
selecting possible “helper” lipids in the lipoplex formulations, and in searches for correlations between lipoplex structure and

transfection activity.

INTRODUCTION

In recent years, it has become apparent that lipidlike
compounds can be used to deliver DNA to cells, a proce-
dure that may become clinically important (see e.g., Felgner
and Ringold, 1989; Zhu et al., 1993; Felgner, 1997). The
molecules that are most efficient in delivering DNA to cells
are positively charged amphiphiles, and such cationic
compounds are now being intensively studied. Because of
their potential application in gene therapy, and probably also
because of drug delivery applications, interest in cationic
lipidlike molecules has grown explosively. There are many
lipoplex preparations available currently, and a host of
cationic lipoids have been used in their formulation. A large
variety of such compounds has been synthesized and tested,
and although described as ‘“‘cationic lipids,” they are not
natural products but rather are almost always cationic
amphiphiles or detergents, i.e., synthetic compounds that
are physically similar but chemically different from natural
polar lipids. In fact, phosphatidylcholine triesters (MacDon-
ald et al., 1999a,b; Rosenzweig et al., 2000; Solodin et al.,
1996; see also this article, Fig. 1) are lipid derivatives and, to
date, the only cationic amphipaths shown to be metabolized
by cells.

Submitted May 5, 2003, and submitted for publication July 16, 2003.
Rumiana Koynova is also an Associated Member of the Institute of
Biophysics, Bulgarian Academy of Sciences.

Address reprint requests to Rumiana Koynova, Dept. of Biochemistry,
Molecular Biology, and Cell Biology, Northwestern University, 2205 Tech
Dr., Evanston, IL 60208. Tel.: 847-491-2871; Fax: 847-467-1380; E-mail:
r-tenchova@northwestern.edu.

© 2003 by the Biophysical Society

0006-3495/03/10/2449/17  $2.00

Aqueous dispersions of polar lipids are known for their
ability to form a large variety of polymorphic and meso-
morphic phases (see, e.g., Lipid Data Bank, LIPIDAT, http://
www.lipidat.chemistry.ohio-state.edu). Although the major-
ity of cationic lipids used for transfection arrange themselves
into lamellar phases, it has been shown that their mixtures
with other lipids (so-called helper lipids, introduced to
improve transfection efficiency) are also able to form the
inverted hexagonal phase, and even to incorporate DNA
within it (Koltover et al., 1998; Rakhmanova et al., 2000).
Correlations between the mesomorphic phase state of the
lipoplexes and their transfection activity have been sought,
but so far there is no clear consensus as to whether the
nonlamellar phases per se are beneficial for transfection
(Koltover et al., 1998; Rakhmanova et al., 2000; Zuhorn
et al., 2002; Zuhorn and Hoekstra, 2002), even though the
issue remains of interest.

The topic of the phase behavior of the mixtures of cationic
lipids with other polar lipids is important not only from the
viewpoint of the possible use of helper lipids and their effect
on lipoplex structure and activity, but also as an attempt to
assess the lipid phases that may arise when cationic lipids of
the lipoplexes interact with cellular lipids during DNA
transfection. It was recently shown that mixtures of cationic
and anionic lipids form nonlamellar phases in the compo-
sition region close to charge neutrality, although the pure
components form only lamellar phases (Tarahovsky et al.,
2000; Lewis and McElhaney, 2000). This propensity could
be important in the process of DNA delivery by amphipathic
cationic vectors (Zuhorn and Hoekstra, 2002).

Here we present the detailed temperature-composition
phase diagrams of the cationic phospholipid O-ethyldi-
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FIGURE 1 Molecular structure of 1,2-dipalmitoyl-sn-glycero-3-ethyl-
phosphocholine (EDPPC).

palmitoylphosphatidylcholine (EDPPC) in mixtures with
representatives of the major cellular lipid classes—pho-
sphatidylcholine, phosphatidylethanolamine, phosphatidyl-
glycerol, and cholesterol, constructed by means of differ-
ential scanning calorimetry (DSC) and small-angle x-ray
diffraction (SAXD). Corresponding phase diagrams of these
mixtures in the presence of DNA are also presented. With
regard to understanding the interactions controlling lipid
phase energetics it is interesting that this cationic lipid either
generated or strongly enhanced the propensity for non-
lamellar phase formation not only in mixtures containing the
anionic phosphatidylglycerol, but also in those containing
phosphatidylethanolamine and cholesterol. For the first time,
nonlamellar liquid crystalline phases (cubic, inverted
hexagonal) are described in mixtures of the -cationic
ethylphosphatidylcholine with phosphatidylethanolamine
and cholesterol, and with phosphatidylglycerol in the
presence of DNA. Obviously, an unusually broad array of
lipid phases could arise in transfected cells. Also, these
results imply that a larger set of potential helper lipids could
be considered in lipoplex transfection formulations.

MATERIALS AND METHODS

Lipids

The triflate derivative of dipalmitoyl ethylphosphatidylcholine (EDPPC)
was synthesized as previously described (MacDonald et al., 1999a,b;
Rosenzweig et al., 2000). In some experiments, the chloride salt of EDPPC
from Avanti Polar Lipids (Birmingham, AL) was used. 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), 1,2-dielaidoyl-sn-glycero-3-phosphoe-
thanolamine (DEPE), 1,2-dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glyc-
erol)] (sodium salt) (DPPG) from Avanti Polar Lipids (Birmingham, AL),
and cholesterol from Sigma (Sigma-Aldrich, St. Louis, MO) were used
without further purification. The phospholipids were found to migrate as
a single spot by thin-layer chromatography. Microcalorimetric scans of their
diluted dispersions showed highly cooperative chain-melting phase
transitions at temperatures in agreement with published values. Lipids were
stored at —20°C in chloroform. Aliquots were transferred to vials where the
bulk of the solvent was removed with a stream of argon. The vial was then
placed under high vacuum for at least 1 h/mg lipid, to remove residual
chloroform. Next, the appropriate aqueous medium was added—either
deionized water from a Millipore Milli-Q water system, or PBS (50 mM
Na,HPO,4, 100 mM NaCl, brought to pH 7.2 with 100 mM HCI). The
dispersions were hydrated overnight at 4°C, then heated to 50°C and vortex-
mixed at that temperature for several minutes. Samples were equilibrated at
4°C for 1-3 days before measurements. Lipid concentrations of stock
solutions were determined using a phosphate assay (Bartlett, 1959). The
lipid concentration of the dispersions was 1-3 mg/ml for calorimetry, and
5-25 wt % for x-ray diffraction. For x-ray measurements, samples were
filled into glass capillaries (d = 1.0 or 1.5 mm) (Charles Super Company,
Natick, MA) and flame-sealed with a butane microtorch.
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DNA

Herring sperm DNA (Invitrogen, Carlsbad, CA), 10 mg/ml solution in water,
was used. The amount of DNA in the lipoplex samples was intended to
match the positive charge of the cationic lipid, assuming an average
nucleotide mol wt 330 (isoelectric samples). DNA/lipid dispersions for
calorimetry were prepared by adding the DNA solution drop-wise to the
preformed lipid dispersions. Samples were equilibrated for 1-3 days at room
temperature before measurements. For x-ray samples, 5 wt % lipid
dispersions were sonicated to near-clarity at temperature 5-10°C above
the chain melting transition, DNA was added, and the suspensions were
equilibrated overnight. The samples were concentrated either by centrifu-
gation or by lyophilization and rehydration. After sealing into capillaries,
samples were temperature-cycled several times between 50°C and room
temperature, and equilibrated for 5-7 days at room temperature before
measurements. Test samples equilibrated with DNA for longer times (up to
20 days) displayed unaltered diffraction patterns and DSC thermograms.

Differential scanning calorimetry

High-sensitivity microcalorimetric measurements were performed with
a VP-DSC Microcalorimeter (MicroCal, Northampton, MA; see also
Plotnikov et al., 1997). Heating and cooling scans were at rates of 0.2—
0.5°C/min (4-s filtering). Thermograms were analyzed using Origin Labs
(Northampton, MA) software. The onset and the completion temperatures of
the phase transitions necessary for the construction of the phase diagram
were determined by the intersections of the peak slopes with the baseline on
the thermograms. The phase diagrams have been corrected for the finite
width of the transitions of the pure components (Lee, 1977).

Synchrotron small-angle x-ray diffraction
(SAXD) measurements

SAXD measurements were performed at Argonne National Laboratory,
Advanced Photon Source, DND-CAT (beamline 5-IDD) and BioCAT
(beamline 18-ID). At DND-CAT, 15 keV x-rays were used; data were
collected using a MAR-CCD detector (165-mm diameter, 2048 X 2048
pixels, 78.75 um pixel size, 300 X 300-um beam size). At BioCAT, 12 keV
x-rays were used; two-dimensional diffraction patterns were recorded using
a high-sensitivity CCD detector (Phillips et al., 2002) (50 X 90 mm, 1028 X
1798 pixels, 48-um pixel size, beam size at the CCD surface 50 X 150 wm).
Sample-to-detector distance was 1.8-2 m. Silver behenate (DuPont,
Wilmington, DE) was used as a calibrant (dyy; = 58.376 A; see Blanton
et al., 1995). For temperature control, either a THMS600 thermal stage
(Linkam Scientific Instruments, Surrey, UK), or a NESLAB programmable
water bath (Thermo NESLAB, Portsmouth, NH) was used. Linear heating
and cooling scans were performed at rates of 0.8—3°C/min. Exposure times
were typically 0.5-5 s. The two-dimensional diffraction patterns did not
show angular dependence of the scattered intensity for the phases studied.
Diffraction intensity vs. reciprocal space s-plots were obtained by radial
integration of the two-dimensional patterns using the interactive data-
evaluating program FIT2D (Hammersley, 1998; Hammersley et al., 1996).
Some samples with longer exposure time were checked by thin layer
chromatography after the experiments. Products of lipid degradation were
not detected in these samples, and radiation damage of the lipids was not
evident from their x-ray patterns.

RESULTS AND DISCUSSION
DPPC/EDPPC

A selection of calorimetric thermograms of aqueous
dispersions of mixtures of EDPPC and DPPC at different
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FIGURE 2 DPPC/EDPPC pseudobinary mixture in
PBS, pH 7.2. (A) DSC heating thermograms at different
compositions (0.5°C/min scan rate). (B) Temperature-
composition phase diagram: solidus line (solid squares);

Temperature [°C]

liquidus line (open circles); and pretransition (solid tri-
angles). Between 20 and 50 mol % EDPPC, the
pretransition splitting is suggestive of the induction of
interdigitated gel phase between the Lg' and the rippled
Pg' phases, similar to the aqueous DPPC/ethanol mixture,
in which conversion from noninterdigitated to interdigi-
tated gel phase also takes place upon change of
composition (Simon and Mclntosh, 1984; Nambi et al.,
1988; Ohki et al., 1990). (Inset) Theoretical simulation of
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mole ratios is shown in Fig. 2 A. Pure hydrated EDPPC
exhibited a melting transition at T, = 42°C, with enthalpy
change of 9.6 kcal/mol, in agreement with previous reports
(MacDonald et al., 1999a; Lewis et al., 2001; Winter et al.,
2001). EDPPC was chosen for the present study because its
phase transition is in convenient temperature range. It is
worth noting that although at physiological temperatures it is
in the gel phase, it still transfects DNA into cells, provided
the lipoplexes are formed at T > T,, (Wang, L., et al., un-
published observation). (Note: In fact, reports exist that gel-
phase liposomes adsorb better onto solid surfaces (Tenchov
et al., 1989) and associate better with cells (Mincheva et al.,
1990) than the liquid crystalline liposomes.) The melting
transition of the hydrated DPPC was at T, = 41.7°C, 7.9

= the DPPC/EDPPC phase diagram at nonideal parameters:
ps = 0.38 kT, pp = —0.07 KT (solid line); experimental

phase diagram (dashed line).

kcal/mol, as reported (Lipid Data Bank, LIPIDAT, http://
www.lipidat.chemistry.ohio-state.edu; see also Koynova and
Caffrey, 1998). The melting transition temperatures for the
mixtures were lower than those of the pure compounds for all
compositions, with a minimum at 60 mol % EDPPC, where
it was 37.5°C. The pretransition (Lg—Pg transition),
characteristic of the DPPC dispersions, also decreased in
temperature with increasing EDPPC content, split at >20
mol % EDPPC, and disappeared from the thermograms at
>50 mol % EDPPC.

The phase diagram constructed on the basis of the
calorimetric results is depicted in Fig. 2 B. It is presented
as a binary temperature-composition phase diagram. The
third component—water—is considered to be well above the
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excess limit and thus without influence on the properties of
the mixtures. This is the conventional approach in studying
hydrated lipid mixtures (Chernik, 1995). The DPPC/EDPPC
phase diagram is characterized by a low-temperature iso-
concentration (azeotropic) point at 60 mol % EDPPC and
37.5°C.

Azeotropic phase diagrams have been previously reported
for other lipid mixtures containing charged lipids (e.g.,
Silvius, 1991; Linseisen et al., 1996; Garidel et al., 1997,
Zantl et al., 1999). Typically, however, these were all phase
diagrams of the upper isoconcentration point type, in which
the transition temperatures of the mixtures are higher than
those of the pure components and exhibit maxima at
particular compositions. Simulations of the phase lines ac-
cording to the regular solution approximation show that
such phase diagrams with upper isoconcentration points
typically reflect higher values of the excess free energy of
mixing (‘‘nonideal’” energy) in the liquid than in the solid
state (Gordon, 1968). Such a combination of nonideal
energies is easily conceivable in mixtures with negative
nonideal energy in the solid state, in which contacts between
unlike molecules are preferred to those between like ones,
i.e., when the nearest-neighbor pairs tend to be made up of
unlike molecules. Minimization of the electrostatic repulsion
in some mixtures containing charged components could
certainly result in such a tendency.

In contrast to the previously described lipid mixtures
containing charged lipids, the DPPC/EDPPC binary mixture
has a phase diagram that is of the lower isoconcentration
point type. Since such phase diagrams are rare in the lipid
systems, we tried to simulate it within the regular solution
approximation, as previously described (Koynova et al.,
1987). Our best-fit result (Fig. 2, inset) was with p;, = —0.07
kT, and ps = 0.38 kT, where p is the so-called nonideal
parameter: p = Z X E,,,/2, Z is the first coordination number
(number of nearest neighbors on the lattice), and the nonideal
energy Enon = 2EAB'EAA'EBB» where EAAs EBBs and EAB are
the interaction energies of the three kinds of nearest neighbor
pairs. Such a nonideal parameter accounts for the nonideal
enthalpy contribution to the excess free energy of mixing:
AH ;i = p X XaXg, with X4 and X being the molar fraction
of components A and B (Lee, 1977). Subscripts S and L
stand for the solid and liquid crystalline phase, respectively.

Due to the simplicity of the approximation used (the
applied nonideality correction contributes only to the
enthalpy term in the free energy of mixing, whereas the
mixing entropy remains equal to that of an ideal mixture), it
can hardly be expected to be satisfactory in a quantitative
way. Another limitation of that approximation is that it
implies a constant nonideal energy for all compositions.
Nevertheless, it has been frequently applied to the analysis of
lipid phase diagrams (e.g., Lee, 1977; Tenchov, 1985; Inoue
et al., 1992, and references therein) and has been found to
predict correctly the general qualitative features observed in
binary mixtures (Hill, 1960). Thus, for the DPPC/EDPPC
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mixture, the system appears to be homogeneous in the gel
and liquid crystalline phases at all compositions, and to
exhibit some clustering of the lipids of the same type in the
gel phase (ps = 0.38 kT). Mixing in the liquid crystalline
phase is virtually ideal (pp, = —0.07 kT). Parenthetically, the
gel phase mixing is also close to ideal—for comparison, the
estimated gel phase nonideal parameter pg for the DMPC/
DPPC mixture, which is considered of rather good mixing
itself, is ~4X bigger than that for DPPC/EDPPC (Lee,
1978). With these estimated nonideal parameters for the
DPPC/EDPPC binary, a ‘“‘mixing”’ contribution of <1%
(0.06 kcal/mol) would be expected to add to the melting
enthalpy of the 60 mol % EDPPC (azeotropic) sample—a
value which is within the error limit of the enthalpy
measurement. A quantitative idea about the degree of
clustering is possible within another statistical mechanical
approximation, the quasichemical, in which the mixing
entropy is not taken to be equal to that of an ideal mixture
(Hill, 1960; von Dreele, 1978). Given that the nonideal
energies estimated by using the regular solution and the
quasichemical approximations are usually quite similar
(Tenchov et al., 1984; Koynova et al., 1987), we used the
value of the nonideal energy in the solid phase obtained from
the former approximation: ES. = 2ps/Z = 0.127 KT (for
Z = 6), to roughly estimate the degree of clustering using
the equations of the quasichemical one (von Dreele, 1978).
Thus calculated, the decrease of the number of mixed near-
est-neighbor pairs as compared to the ideal mixing in the
solid phase of the DPPC/EDPPC mixture at the azeo-
tropic composition (60 mol % EDPPC) is 3%, i.e., the lipid
mixing even in the gel phase of the DPPC/EDPPC binary is
close to ideal.

The tendency to clustering in the solid phase, despite what
could be expected on purely electrostatic grounds, is
possibly a result of the major difference in the gel phase
packings of the two lipids: whereas EDPPC molecules
arrange in an interdigitated gel phase (favorable for op-
timizing the van der Waals interactions between the hy-
drophobic chains and simultaneously accommodating the
effectively bigger, electrically charged headgroups), DPPC
forms a noninterdigitated gel phase with tilted hydrocarbon
chains. To test this assumption, it is instructive to compare
the mixing properties of this lipid pair with another pair of
similar lipids, DPPC and DHPC, which exhibit the same
difference in their gel phase arrangements, because DHPC,
the ether analog of DPPC, also forms an interdigitated gel
phase (Laggner et al., 1987; Kim et al., 1987a). For both
lipids, DPPC and DHPC, the transition to the liquid
crystalline phase is mediated by the formation of a rippled
gel Pg phase, and thus at the rippled-to-liquid crystalline
phase transition, the mixture is close to ideal. The transition
from the lamellar gel to the rippled phase for mixtures of
different compositions, on the other hand, exhibits azeo-
tropic behavior, similar to the melting transition of the
DPPC/EDPPC mixtures, with a minimum isoconcentration



Cationic Lipid/Membrane Lipid Mixtures

point at DPPC/DHPC 1:1 ratio (Lohner et al., 1987; Kim
et al., 1987b). In another phosphatidylcholine mixture,
dimyristoylphosphatidylcholine (DMPC) and 1-stearoyl-2-
capryl phosphatidylcholine (18:0/10:0 PC), a similar major
disparity in the gel phase packing arrangements of the two
components—interdigitated for 18:0/10:0 PC vs. noninter-
digitated, tilted, for DMPC—has been shown to result in
extended regions of phase separation in the gel phase and
a eutectic phase diagram (Lin and Huang, 1988). In the
DPPC/EDPPC mixture, the electrostatic interactions coun-
teract the steric tendency to phase separation and the system
is homogeneous even though the analysis of the phase
diagram reveals that some clustering in the gel phase persists.

We also performed small-angle x-ray diffraction (SAXD)
measurements on DPPC/EDPPC mixtures. They were found
to form lamellar phases over the whole temperature/
composition space studied. Phase coexistence was observed
only within the transition region, whereas outside it both gel
and liquid crystalline phases were homogeneous, as expected
from the shape of the phase diagram. The lamellar repeat
distances as a function of temperature are shown in Fig. 3,
and as a function of composition in the gel (20°C) and liquid
crystalline (50°C) phases, in Fig. 4. According to these data,
the chain interdigitation characteristic for the EDPPC
bilayers is preserved up to at least 70 mol % DPPC, i.e.,
addition of not more than 30 mol % EDPPC is enough to
induce interdigitation in the DPPC gel phase. For compar-
ison, the borderline between interdigitated and noninterdi-
gitated gel phase in the mixture DPPC/DHPC is at 1:1 mol
ratio (Lohner et al., 1987), i.e., the cationic EDPPC is
particularly effective in promoting chain interdigitation since
both electrostatic repulsion and bulky headgroup favor
interdigitation. In the liquid crystalline phase, as little as 20
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mol % DPPC considerably increased the lamellar repeat—
from 53 A for the pure EDPPC, up to 62.5 A. A maximum in
the lamellar repeat was observed at ~40 mol % DPPC.
The above measurements were in buffer at physiological
electrolyte concentration (PBS, pH 7.2). For comparison, we
performed DSC measurements of DPPC/EDPPC mixtures in
water, and also in the presence of an isoelectric amount of
DNA. The phase diagrams constructed from these DSC data
are shown in Fig. 5. The phase diagram in water (Fig. 5 A) is
characterized by a combination of lower and upper
isoconcentration points, at ~20 mol % and 65 mol %
EDPPC, respectively. The difference between this phase
diagram and that of Fig. 2 B is a result of the absence of salts
to screen the charge of the lipid molecules—its greater
complexity likely reflects the juxtaposition and delicate
balance of electrostatic interactions tending to separate like
molecules, and steric interactions tending to cluster them
together. Thus, at lower EDPPC concentrations, the gel
phase packing differences dominate and the like lipid
molecules tend to cluster together, giving rise to a lower
isoconcentration point; at >50 mol % EDPPC the electro-
static interactions dominate and the mixing is closer to ideal,
with apparently even a slight preference to unlike neighbors
in the gel phase that results in an upper isoconcentration
point. A similar complex phase diagram comprising lower
and upper isoconcentration points (at low and high contents
of the charged component, respectively) has been con-
structed for another mixture involving the charged lipid,
n-biotinylphosphatidylethanolamine (Swamy et al., 1995).
In the presence of an isoelectric amount of DNA, the phase
diagram of the DPPC/EDPPC mixture is similar to that in
physiological salt solution, slightly shifted toward the lower
EDPPC concentrations, with a lower isoconcentration point

{1 FIGURE 3 DPPC/EDPPC mixture in PBS, pH 7.2.
Lamellar repeat distances of samples of different compo-
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sition, as determined from SAXD experiments (the high
lamellar repeat period, ~72 A, observed in the 67:33
DPPC/EDPPC sample at ~35°C presumably reflects the
appearance of a rippled gel phase between the interdigi-
1 tated gel and the liquid crystalline phases).
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FIGURE 4 DPPC/EDPPC mixture in PBS, pH 7.2. Lamellar repeat
distances at 25°C and 50°C as a function of composition.

at 40 mol % EDPPC and 38.5°C (Fig. 5 B). The existence of
a horizontal portion of the solidus line at 25-35 mol %
EDPPC, indicating a limited phase separation region in the
gel phase, could not be excluded. Clearly, the presence
of DNA reduces the electrostatic interactions between the
lipid layers, similarly to the salts.

DEPE/EDPPC

In Fig. 6 A, a selection of DSC thermograms of EDPPC/
DEPE mixtures in PBS (pH 7.2) is presented. The transition
enthalpies determined from those thermograms are shown in
Fig. 6 B. Pure DEPE dispersions displayed a gel-liquid
crystalline melting transition at 37.2°C, and a lamellar-
inverted hexagonal mesomorphic transition at 63.4°C, in
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FIGURE 5 Temperature-composition phase diagrams of DPPC/EDPPC
mixture in H,O (A), and the presence of isoelectric amount of DNA (B), as
determined from DSC measurements.
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agreement with published data (for a review, see Koynova
and Caffrey, 1994). With increasing EDPPC, the main
transition temperature decreased, and, at 40 mol % EDPPC,
a cooperative endotherm at 28°C was observed. The same
endotherm could be distinguished in the thermograms at up
to 90 mol % EDPPC. A second endotherm appeared and
increased in temperature as the EDPPC fraction was in-
creased above 40 mol %—from 28°C at 40 mol % EDPPC
to 42°C at 100% EDPPC. The L,—H]; transition of DEPE
could not be detected on the thermograms in the presence of
EDPPC. Small heat capacity anomalies were observed in the
thermograms of the samples with high contents of DEPE at
temperatures above the melting transition, not with a reliable
reproducibility.

The constructed phase diagram, corrected for the finite
width of the pure component phase transitions, is shown in
Fig. 6 C. It is a eutectic phase diagram, with a eutectic point
at 40 mol % EDPPC and a eutectic horizontal at 28°C.
According to its shape, there is continuous mixing at all
compositions in the liquid crystalline phase. In the gel phase,
the lipids mix at up to ~30 mol % EDPPC. The horizontal
solidus line for EDPPC mol % between 30 and 90 indicates
gel phase immiscibility in that composition region, i.e.,
aggregates with ~2:1 DEPE/EDPPC stoichiometry coexist
with almost pure EDPPC aggregates <28°C. Their relative
amount is determined according to the lever rule (Gordon,
1968). Upon reaching 28°C, the sample with 40 mol %
EDPPC melts quasi-isothermally into a homogeneous liquid
crystalline phase (the system is, in fact, pseudobinary, in-
asmuch as water and salt are present as additional com-
ponents). In contrast, temperature regions of gel-fluid phase
coexistence are anticipated in the samples of lower and higher
EDPPC content before transforming into homogeneous
liquid crystalline phase.

Similarly to the DPPC/EDPPC mixture discussed above,
there is a major difference in the gel phase packing
arrangement of EDPPC and DEPE—interdigitated vs.
noninterdigitated—which impedes the gel phase mixing.
The difference of the headgroups is an additional reason for
the contacts between like-molecules to be preferred in this
mixture. This is supported by the data of Sisk and Huang
(1992) for another lipid system with a similar chain pack-
ing disparity—diheptadecanoyl phosphatidylethanolamine
(17:0/17:0 PE) and 1-behenoyl-2-lauroylphosphatidylcho-
line (22:0/12:0 PC). The progressive demethylation of the
headgroup of the diheptadecanoyl compound, from phos-
phocholine to phosphoethanolamine, resulted in consider-
able increase of the gel phase immiscibility—to virtually the
entire compositional range (Sisk and Huang, 1992). With the
DEPE/EDPPC system, the immiscibility region is limited to
30-90 mol % EDPPC.

SAXD patterns of DEPE/EDPPC samples at 0, 20, 40, 70,
and 100 mol % EDPPC were recorded using a synchrotron
x-ray source. This method was particularly suitable to the
present study because it provided sufficiently high time
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resolution to record data during temperature scans. It was
thus possible to detect and resolve phase structures existing
in narrow temperature intervals. The phase identification ac-
cording to these measurements is incorporated in Fig. 6 C.
The results of the SAXD measurements agreed with the
features derived from the shape of the phase diagram, and
revealed some additional characteristics of the phase be-
havior of the system (Figs. 7 and 8).

At 20 mol % EDPPC (Figs. 7 A and 8 B), the phase
sequence was the same as for the pure DEPE (Fig. 8 A),
Lg—Ly,—Hy;, but with the Lg—L, transition temperature
decreased by 7°C as compared to the pure DEPE, to 30°C,
and the L,—Hy; transition temperature decreased by almost
30°C, to 36°C. At 40 mol % EDPPC (Figs. 7 B and 8 C), two
gel phases coexisted at low temperature, in accord with what
would be expected from the horizontal solidus line in the
phase diagram—one regular Lg phase with lamellar repeat
spacing of ~70 A, and another, interdigitated LBim with
repeat spacing of 43.5 A. They simultaneously underwent
a transition to the L, phase at 28°C, which further evolved

into the inverted hexagonal Hy; phase at ~33°C (wide-angle
x-ray diffraction data are necessary to unambiguously
distinguish between gel and liquid crystalline lamellar
phases; because of the lack of such data, here we use DSC
and SAXD results in combination for phase identification).
Just before the L,—Hp transformation, a set of reflections at
rather low angles appeared in parallel with the L, phase.
Their Bragg spacings (162 A, 132 A), in ratio V2:V3, are
consistent with the cubic Pn3m phase. (These two reflections
are certainly not sufficient for unambiguous identification of
the cubic aspect, but inasmuch as the Pn3m phase is the only
one previously observed in lipid-water systems, consistent
with that reflection ratio, we tentatively assign the phase as
Pn3m.) That phase was observed only over 1-2°C (32—
33°C). At higher temperatures, it converted into another
cubic phase, with reflection spacings in the ratio V246,
consistent with the Im3m phase (Fig. 10). At the
Pn3m—Im3m transition point, the ratio of the lattice
parameters of the two phases, Im3m/Pn3m, was close to
1.28, as expected theoretically according to the representa-
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FIGURE 7 DEPE/EDPPC mixture. SAXD patterns at molar ratios of (A) 80:20, (B) 60:40, (C) 30:70, and (D) 60:40 + isoelectric amount of DNA, recorded

upon heating at 1°C/min. Exposure time, 2 s.

tion of the lipid cubic phases as infinite periodical minimal
surfaces, related by Bonnet transformation (a transformation
of one minimal surface into another proceeding with no
change in curvature; see Hyde et al., 1984; Longley and
Mclntosh, 1983; Seddon, 1990; Seddon and Templer, 1995;
Charvolin and Sadoc, 1996). That In3m—Pn3m conversion
took place nearly simultaneously with the transformation of
the lamellar L, phase into an inverted hexagonal Hy; phase
(Figs. 7 B and 8 C). The cubic phase coexisted with the Hy
phase up to ~40°C.

At 70 mol % EDPPC (Figs. 7 C and 8 D), as expected
from the phase diagram shape, a variety of coexisting phases
were observed, starting with two gel phases at low temper-
atures—interdigitated and noninterdigitated—as in the case
of the 40 mol % sample, but at different proportions, with
LBi"t being most prevalent. Upon entering the solid-liquid
coexistence region at 28°C, the interdigitated gel phase
initially coexisted with an L, phase, then with an Hy; phase.
The latter was replaced by a cubic Pn3m phase (spacings at
V234 ratio) at higher temperature. At even higher
temperature, a cubic—cubic transformation took place. The
new phase was characterized by reflections at 97.6 A and
84.5 A, fitting the ratio vo:y 8, consistent with an Ia3d cubic
phase having a 239 A lattice parameter. The Pn3m:Ia3d
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lattice parameter ratio was close to 1.58, again in agreement
with the description of the lipid cubic phases as periodic
minimal surfaces exhibiting a Bonnet transformation. After
complete melting into a disordered, highly swollen lamellar
phase, the sample exhibited a transition into the Hy phase at
45°C (Fig. 7 C).

Addition of an isoelectric amount of DNA to the mixtures
did not significantly change the phase diagram. It was again
of the eutectic type, with a eutectic point at 45 mol % EDPPC
and 30°C, and a horizontal solidus portion between ~35 and
85 mol % EDPPC (Fig. 9). At 20 mol % EDPPC, the phase
sequence, Lg—L,— Hy;, was not changed by the presence of
DNA. At 40 mol % EDPPC, the phase sequence was (Lg +
Lg"™)—L,—QPn3m)—Hy (Figs.7 D and 8 E). The
presence of DNA suppressed the transformation of the
Pn3m cubic phase into Im3m, so that the Pn3m phase
coexisted with the Hy; phase up to 37°C (Fig. 10). At 70 mol
% EDPPC, the Hy; phase no longer formed in the presence of
DNA, at least up to 80°C (not illustrated).

Thus, some noteworthy differences in the structural
organization of the system were induced by the presence
of DNA. First, when it was added to the mixed DEPE/
EDPPC (60:40) bilayers, for which phase separation of
aggregates with DEPE/EDPPC ~2:1 molar ratio and of
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almost pure EDPPC occurred at low temperatures, DNA
became incorporated into the former structures, increas-
ing their repeat distance at 20°C by ~18 A, from 68.5 A to
86.6 A (Figs. 7 D and 8 E). The existence of interdigitated
bilayers of nearly pure EDPPC could not be verified because
its first-order reflection (43.3 A in the absence of DNA)
coincided with the second order of the expanded mixed
lamellar phase. The existence of bilayers of nearly pure
EDPPC with incorporated DNA was certainly not observed
in the sample—although, according to our previous experi-
ments, their lamellar spacing is ~57 A, and such reflection
was not observed on the DEPE/EDPPC (60:40) + DNA gel
phase patterns (Fig. 7 D). Upon heating the lipid sample with
the eutectic composition (no DNA), the cubic Pn3m phase
formed initially (at 32°C), and then evolved into the Im3m
phase at 33°C. The latter phase was characterized with an
initially rather large lattice parameter (~300 A; Figs. 7 B and
8 () that subsequently shrank to ~200 A at higher
temperatures. Such thermal behavior is usual for the Im3m
cubic phase in lipid dispersions. If DNA was present,

however, the Pn3m cubic phase formed at virtually the same
temperature on heating, but it did not transform into the
Im3m phase, and retained a lower lattice parameter (~200 A
at 30°C, shrinking to ~150 A at 37°C), with less pronounced
thermal contraction. One could speculate that DNA was
incorporated into the complicated topology of the cubic
phase, and electrostatically restricted the size of its structural
node, thus preventing the Pn3m—Im3m transformation.
Such a possibility is shown in Fig. 10 D. The Hy; phase also
had a lower structural parameter in the presence of DNA
(compare to 80.0 A at 45°C in the presence of DNA, Fig. 8 E,
vs. 82.4 A without DNA, Fig. 8 O).

The enhanced propensity of mixtures of anionic/cationic
lipids to form nonlamellar phases was previously reported
(Tarahovsky et al., 2000; Lewis and McElhaney, 2000). The
DEPE/EDPPC mixture presents another example of a zwit-
terionic/cationic lipid mixture in which the initial non-
lamellar propensity of DEPE is strongly enhanced by the
presence of the cationic EDPPC. This is clearly interesting
from the viewpoint of the possible phases induced by the
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lipoplexes in the cellular lipid structures, but it could also
have implications for transfection. It has been suggested that,
at least in some cases, the Hy phase enhances the transfection
efficiency of lipoplexes, so the DEPE/EDPPC mixture, and
especially the 60:40 molar ratio preparation in which the
nonlamellar phases form below the body temperature, could
be a promising lipoplex candidate. Moreover, the bicontin-
uous cubic phase has been observed in that mixture even in
the presence of DNA, and since the effect of the cubic phase
topology on the transfection activity has not been examined,
the DEPE/EDPPC mixture provides a noteworthy opportu-
nity in this respect.

DPPG/EDPPC

A set of DSC thermograms of EDPPC/DPPG mixtures at
different lipid ratios, dispersed in PBS, pH 7.2, are shown at
Fig. 11 A; the derived phase diagram, corrected for the finite
width of the pure component phase transitions, is depicted
in Fig. 11 B. It is a complex phase diagram with a number
of unusual aspects. At 20 mol % DPPG, an upper isocon-
centration point was observed at 41°C (Fig. 11 B). The
horizontal portion of the solidus line at 39.5°C between ~28
and 95 mol % DPPG corresponds to a gel phase miscibility
gap in this composition range. A eutectic mixture formed at
~33 mol % DPPG. At that composition, the coexisting gel
phases of ~28 and 95 mol % DPPG melted quasi-
isothermally into a homogeneous liquid crystalline phase at
39.5°C. At higher DPPG concentrations, a limited region of
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Mol% EDPPC

liquid-liquid phase separation was apparent in the temper-
ature region 41.6-43.7°C for DPPG fractions between 40
and 95 mol %.

According to the derived phase diagram, DPPG and
EDPPC mix well at low DPPG concentrations, up to ~25—
30 mol % at physiological conditions. It appears that the
contacts between unlike molecules are preferred in the gel
phase in this composition range. At higher contents of
DPPG, phase separation in the gel phase and in a limited
region of the liquid crystalline phase are likely. Liquid
crystalline phase immiscibility is rare for lipid systems. Its
occurrence in the mixtures involving cationic ethylphospha-
tidylcholine is noteworthy since it may be relevant for
transfection.

X-ray diffraction patterns of samples at 0, 20, 33, 50, and
80 mol % DPPG recorded in real-time upon continuous
temperature ramps supported the predictions based on the
analysis of the phase diagram shape and added some further
details. At 20 mol % DPPG (Fig. 12 A), the system was
homogeneous over the entire temperature range examined
(20-80°C). It formed an interdigitated gel phase (d = 43.8 A)
which melted at ~41°C into a highly swollen liquid
crystalline phase (d = 125 A at 42°C). This phase exhibited
considerable thermal compression and shrank to d = 93.5 A
at 50°C. At that temperature it converted to an inverted
hexagonal phase with the (10) reflection at 81 A. The last
transition was not observed calorimetrically, presumably
because of a rather low enthalpy. The highly swollen,
poorly-correlated lamellae possibly transformed into the
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FIGURE 10 Cubic phases in the DEPE/EDPPC 60:40 sample (eutectic composition). (A) Diffraction pattern at 35°C exhibiting coexisting Q (Im3m) and Hy;
phases. (B) Diffraction pattern at the same temperature from a sample containing isoelectric amount of DNA, exhibiting coexisting L., Q (Pn3m), and Hy
phases. (C) Cartoon representation of the bicontinuous Pn3m and Im3m cubic phases. (D) Cartoon representation of a complex Pn3m phase including DNA
helices. Bicontinuous surfaces for the cartoons are produced using the Surface Evolver program (Brakke, 1996).

hexagonal phase much easier than well-ordered lamellar
stacks, for which L,—Hy enthalpies of the order of a few
hundreds of calories per mole are typical. Additionally, there
was an excellent epitaxial correspondence between the L,
and Hy phases at the temperature of their interconversion:

EDPPC/DPPG

30 40 50
Temperature (°C)

the lattice parameter of the Hy phase, a = 2dN3, exactly
matched the lamellar spacing of the L, phase at the transition
point, which made it conceivable that the L,—Hy; transition
proceeded without observable enthalpy change. Such an
exact epitaxial match was observed not only with the 20 mol
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in PBS. (A) DSC thermograms recorded
at 0.5°C/min heating rate. (B) Phase
diagram as constructed from the DSC
data. Phase identification is from the
SAXD data.
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% DPPG sample, but also with the 33 mol % DPPG sample
(Fig. 12 B), in which a swollen lamellar phase with d = 94.2
A converted into the Hy; phase with a major (10) reflection of
81.6 A at 47°C. The transition was also not observed
calorimetrically in that mixture. Similarly, transformations
between bicontinuous cubic phases in lipid systems, which
typically take place with close epitaxial match (Tenchov
et al.,, 1989), are sometimes (almost) not observable
calorimetrically (Funari et al., 1996). The exactly commen-
surate L, and Hy phase lattices in the DPPG/EDPPC
mixtures at the L,—Hy transition are worth drawing at-
tention to, since such a match is hardly observed in lipid sys-
tems (Rappolt et al., 2003).

In the 50 mol % DPPG sample, several different kinds of
phase separation were observed upon heating (Fig. 13)—two
lamellar gel phases at low temperature, gel, and liquid
crystalline lamellar phases at intermediate temperature, and
two liquid crystalline lamellar phases in a narrow temper-
ature interval, as anticipated from the phase diagram. At
higher temperatures, Hy; and cubic (Pn3m) phases coexisted
(Fig. 13, inset), while finally, at >70°C, only the Hy; phase
remained. At 80 mol % DPPG, nonlamellar phases were not
detected at temperatures up to 75°C (not illustrated).

The DPPG/EDPPC phase diagram in water is shown in
Fig. 14 A. The major difference from the phase diagram in
salt solution (Fig. 11 B) is the lack of phase separation
regions, presumably due to the lack of the charge screening
by salts, thus rendering the segregation of like molecules
more unfavorable. Still, some tendency to clustering of like
molecules in the gel phase probably exists at dominant
EDPPC compositions, as suggested by the lower isoconcen-
tration point at ~33 mol % DPPG. At higher DPPG contents,
the existence of an upper isoconcentration point in the phase
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diagram implies that the nearest-neighbor pairs in the gel
phase tend to be made up of unlike molecules. Addition of an
isoelectric amount of DNA did not change appreciably the
phase diagram in water, especially at dominating DPPG
contents (Fig. 14 B); the effect of DNA is mainly seen on the
left side of the phase diagram, when the positive lipid charge
predominates. A probable reason for this is a stronger affinity
of the cationic lipid for the anionic lipid than for DNA, as
could be expected because of hydrophobic interactions,
which are not possible with DNA. This finding is also
consistent with the observation that addition of anionic lipid
to preformed lipoplexes usually results in displacement of
the DNA from the lipoplexes and DNA release (Xu and
Szoka, 1996; Cornelis et al., 2002). Such phenomena are
important from the viewpoint of cationic lipid applications in
transfection—a higher affinity of ethylphosphatidylcholines
for the anionic lipid than to DNA would facilitate DNA
release upon contact of lipoplexes with cell membranes.

It has been suggested for another PG/cationic lipid
mixture (POPG/DOTAP), that the propensity to form
inverted nonlamellar phases is maximum in mixtures where
the mean surface charge of the membrane surface approaches
neutrality (Lewis and McElhaney, 2000). Here we observe
maximum tendency for nonlamellar phase formation at ~2:1
positive/negative charge ratio. Clearly, surface charge is only
one of the parameters in the delicate balance of forces
modulating the lipid phase preferences.

Cholesterol/EDPPC

Cholesterol is another membrane lipid representative, which
has attracted a lot of attention in the recent years because of
its suggested role in membrane rafts. Similarly to other
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phosphatidylcholine systems (Ipsen et al., 1987; Koynova
et al., 1985; Vist and Davis, 1990; Nielsen et al., 1999),
addition of cholesterol to EDPPC eliminated its gel-liquid
crystalline phase transition (Fig. 15 A), which indicates the
existence of a critical point in the phase diagram. With the
cholesterol/EDPPC mixture, the melting transition was no
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FIGURE 14 Phase diagrams of the DPPG/EDPPC binary in (4) H,O, and
(B) in the presence of isoelectric amount of DNA, constructed from DSC
heating thermograms recorded at 0.5°C/min. Main transition onset (solid
squares) and completion (open circles) are indicated. On the latter phase
diagram, the temperatures of the L,— Hy; transition in the samples with 33
mol % and 50 mol % DPPG, as determined from SAXD, are indicated
(triangles).
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longer observable on the DSC thermograms at cholesterol
concentrations >50 mol %. The mixture with 30 mol %
cholesterol exhibited the lowest transition temperature and
was assumed to correspond to a eutectic point at the phase
diagram (Fig. 15 B). The horizontal portion of the solidus
line progressing to ~35 mol % cholesterol is suggestive of
the formation of 2:1 EDPPC/cholesterol stoichiometric
complexes at low temperatures.

SAXD patterns of cholesterol/EDPPC samples at 5 mol %
and 30 mol % cholesterol, recorded during continuous
temperature ramps, are shown in Fig. 16, A and C. The
structural parameters of the lipid phases determined from
these patterns are included in Fig. 16, B and D. At 5 mol %
cholesterol, the sample converted from interdigitated
lamellar gel phase (d = 43 A at 20°C) to lamellar liquid
crystalline phase (d = 53 A at 40°C), via ~2°C phase
coexistence range, upon heating (Fig. 16, A and B). A highly
swollen, disordered lamellar phase also formed at higher
temperatures. Complex formation and phase demixing in the
gel phase was verified by the SAXD data for the 35 mol %
cholesterol mixture (Fig. 16, C and D). Two lamellar phases
coexisted at low temperatures—one of a short repeat distance
43 A) typical for the interdigitated EDPPC bilayers, and
another one of 60 A lamellar spacing, typical for a regular,
noninterdigitated lamellar phase, presumably formed at
~2:1 EDPPC/cholesterol stoichiometry, corresponding to
the right end of the horizontal portion of the solidus line in
the phase diagram (Fig. 15 B). Interestingly, the potent effect
of cholesterol in eliminating chain interdigitation in DHPC
bilayers has been previously reported (Laggner et al.,
1991)—even 0.1 mol % cholesterol substantially perturbs
interdigitation and produces coexisting interdigitated and
noninterdigitated arrays, whereas 5 mol % cholesterol is
enough to eliminate completely the interdigitated gel phase
and to convert it into normal gel phase. With EDPPC, in
contrast, 5 mol % cholesterol did not perturb the inter-
digitated gel phase in a detectable way, and at 30 mol %
cholesterol, LBim still existed in parallel with the non-
interdigitated phase. This difference in the effect of cho-
lesterol on the chain interdigitation presumably reflects
the different origin of this specific chain arrangement in
DHPC and EDPPC aggregates; whereas, in DHPC, it is
probably produced by the large mismatch between the
headgroup cross-sectional area and that of the hydrocarbon
chains, in EDPPC there is additional preference for that
arrangement due to the electrostatic repulsion.

The two coexisting gel phases in the 30 mol % cholesterol
sample simultaneously exhibited a transition to the L, phase
at 37°C. At higher temperatures, this L, phase was replaced
by an inverted hexagonal phase. Its d-spacing was 68 A at
60°C (Fig. 16 D). Remarkably, the formation of the Hy phase
in that mixture was preserved in the presence of an isoelectric
amount of DNA. In fact, two Hp sets of reflections were
discernible, one with the same spacing as in the sample
without DNA, and another one with smaller spacing (63.8 A

Biophysical Journal 85(4) 2449-2465
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at 60°C) (Fig. 17). It is tempting to speculate that one of the
two Hy phases contains DNA and the other does not (Fig. 17),
and that the contraction of the unit cell of the second Hy; phase
is induced electrostatically by the presence of DNA. At 20
mol % cholesterol, traces of cubic phase were also evident in
the temperature region close to the L,— Hy; transition.

Chol/EDPPC 5:95
80+

754
55

504

d-spacing [A]

45

20°C

Cholesterol mol%

Coexisting Hy; phases with and without DNA have also
been reported in cationic liposomes prepared from mixtures
of DOTAP and DOPE (Koltover et al., 1998). It has been
suggested that the Hyy phase is superior to the lamellar with
regards to the transfection efficiency, at least in that lipoplex
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FIGURE 17 SAXD patterns of cholesterol/EDPPC (30:70, mol/mol). (A)
Aqueous dispersion, and (B) in the presence of an isoelectric amount of
DNA, recorded at 60°C.

is reported in a cationic lipid/cholesterol lipoplex. Although
in the system we studied, the Hy phase forms at higher
temperatures (~41°C) than appropriate for application in
living systems (except perhaps for hyperthermic applica-
tions), its appearance at a temperature that low underscores
nonlamellar phase propensity in the ethylphosphatidylcho-
line/cholesterol lipoplexes. This phenomenon is definitely
worth further exploration. Moreover, the cholesterol/EDPPC
lipoplexes of eutectic composition are expected to be in the
vicinity of the lamellar—nonlamellar transformation at
physiological temperatures, which may well affect their
physical properties and their interactions with biomem-
branes. Since cholesterol is also a major cellular lipid, these
results parallel those described above with phospholipids
and further support the likelihood that a large variety of
mesomorphic structures may appear after lipoplex delivery
to cells. Small variations in the lipid composition may result
in major differences in the structures formed in transfected
cells and thus could provide a useful tool for rationalizing
and even modulating transfection efficiency.

CONCLUSIONS

The hydrated binary lipid mixture DPPC/EDPPC is
homogeneous at all compositions. In physiological saline,
its temperature-composition phase diagram is of the lower
isoconcentration point type. Simulation of the phase diagram
within the regular solution approximation suggests a ten-
dency to clustering in the gel phase and near-ideal mixing in
the liquid crystalline phase. The major disparity in the gel
phase packing arrangements of the two lipids—interdigitated
vs. noninterdigitated, tilted—is the presumed reason for the
clustering at low temperatures, despite the electrostatic
repulsion. Chain interdigitation in the gel phase, character-
istic of pure EDPPC, is preserved in mixtures with up to ~70
mol % DPPC. In the absence of electrolyte, the DPPC/
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EDPPC phase diagram exhibits lower and upper isoconcen-
tration points, at ~20 mol % and 65 mol % EDPPC,
respectively. Its complicated shape likely reflects the delicate
balance between electrostatic interactions (dominating at
high charge density) tending to separate the like molecules,
and steric interactions (dominating at low charge density)
tending to cluster them together.

The temperature-composition phase diagram of DEPE/
EDPPC mixture in physiological saline is of the eutectic
type, with a eutectic point at 40 mol % EDPPC and 27°C.
Phase separation between aggregates of 30 mol % and 90
mol % EDPPC takes place in the gel phase at intermediate
EDPPC contents. The reasons suggested for the phase
separation are the major difference in the gel phase packing
arrangement of EDPPC and DEPE as well as the different
headgroups. At high temperatures, cubic and inverted
hexagonal mesomorphic phases form over a wide compo-
sitional range. Three different cubic topologies—Pn3m,
Im3m, and Ia3d—were distinguished at different lipid
compositions and temperatures. The propensity to form
nonlamellar phases is highest at the eutectic composition, at
which the lamellar—nonlamellar transition temperature
displays a minimum (33°C). The transformation follows
a L,— 0O (Pn3m)—Qy (Im3m)—Hy; sequence. Addition of
an isoelectric amount of DNA to the mixtures suppresses the
formation of the Im3m cubic phase, and also the formation of
Hy phase at high EDPPC content. Bicontinuous lipid cubic
phase formation in the presence of DNA is reported for the
first time.

In the presence of PBS (pH 7.2), the phase diagram of the
DPPG/EDPPC binary mixture is complicated, with several
peculiar points. The two lipids mix well at low DPPG
concentrations, up to ~25-30 mol %. At DPPG content >30
mol %, the system exhibits phase separation regions of the
solid-solid, solid-liquid, and liquid-liquid types. Nonlamellar
liquid crystalline phases (inverted hexagonal, cubic) then
form, with the lowest temperature (47°C) lamellar
—nonlamellar transformation occurring at 2:1 EDPPC/
DPPG stoichiometry. In the absence of electrolytes, the
phase separation in the mixture is not observed.

Addition of an isoelectric amount of DNA does not
significantly change the DPPG/EDPPC phase diagram in
water. This is taken to indicate that the lipid-lipid affinity is
stronger than the cationic lipid-to-DNA affinity. Such
interactions should be important for transfection and can
explain DNA release upon contact of lipoplexes with cell
membranes.

The cholesterol/EDPPC phase diagram exhibits a eutectic
point at 30 mol % cholesterol. Coexistence of interdigitated
and noninterdigitated low-temperature lamellar phases is
observed at as high as 30 mol % cholesterol. With the
eutectic composition, the L, phase is least stable—an Hy
phase forms at lowest temperature (at 41°C). Formation of
a second Hy; phase with a slightly smaller structural unit is
observed in the presence of DNA.
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All four mixtures exhibit a tendency to molecular
clustering in the gel phase, presumably due to the specific
interdigitated molecular arrangement of the EDPPC gel
bilayers. With the EDPPC/dielaidoylphosphatidylcholine,
EDPPC/dipalmitoylphosphatidylglycerol, and EDPPC/cho-
lesterol mixtures, this tendency results in phase separation in
the gel phase and eutectic points in their phase diagrams.
Clearly, the difference of the headgroups in the last three
mixtures is an additional reason for the contacts between like
molecules to be preferred.

Marked enhancement of the affinity for formation of
nonlamellar phases is observed in mixtures of the cationic
ethylphosphatidylcholine with phosphatidylethanolamine
and cholesterol as well as phosphatidylglycerol. Because
of the potential relevance to transfection, it is noteworthy that
such phases form at close to physiological conditions, and in
the presence of DNA.

The composition with the strongest nonlamellar phase-
forming tendency is different for different systems.

Cubic phase-containing lipoplexes are reported for the
first time; effects on transfection are yet to be established.

In the present study, a large variety of phases have been
found to form in mixtures of the cationic ethylphosphati-
dylcholine with representatives of cellular lipid classes.
Although in multicomponent systems such as biomembranes
the phase behavior could hardly be expected to match that of
the binary mixtures studied here, it is still conceivable that
a similarly broad array of lipid phases could arise in
transfected cells. Their potential effect on the function of
biomembranes needs to be carefully considered.
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