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Transfection Activity of Binary Mixtures of Cationic O-Substituted
Phosphatidylcholine Derivatives: The Hydrophobic Core Strongly
Modulates Physical Properties and DNA Delivery Efficacy

Li Wang, Rumiana Koynova, Harsh Parikh, and Robert C. MacDonald

Department of Biochemistry, Molecular Biology and Cell Biology, Northwestern University, Evanston, lllinois

ABSTRACT A combination of two cationic lipid derivatives having the same headgroup but tails of different chain lengths has
been shown to have considerably different transfection activity than do the separate molecules. Such findings point to the
importance of investigating the hydrophobic portions of cationic amphiphiles. Hence, we have synthesized a variety of cationic
phosphatidylcholines with unusual hydrophobic moieties and have evaluated their transfection activity and that of their mixtures
with the original molecule of this class, dioleoyl-O-ethylphosphatidylcholine (EDOPC). Four distinct relationships between
transfection activity and composition of the mixture (plotted as percent of the new compound added to EDOPC) were found,
namely: with a maximum or minimum; with a proportional change; or with essentially no change. Relevant physical properties of
the lipoplexes were also examined; specifically, membrane fusion (by fluorescence resonance energy transfer between cationic
and anionic lipids) and DNA unbinding (measured as accessibility of DNA to ethidium bromide by electrophoresis and by fluo-
rescence resonance energy transfer between DNA and cationic lipid), both after the addition of negatively charged membrane
lipids. Fusibility increased with increasing content of second cationic lipid, regardless of the transfection pattern. However, the
extent of DNA unbinding after addition of negatively charged membrane lipids did correlate with extent of transfection. The
phase behavior of cationic lipids per se as well as that of their mixtures with membrane lipids revealed structural differences that
may account for and support the hypothesis that a membrane lipid-triggered, lamellar — nonlamellar phase transition that facil-

itates DNA release is critical to efficient transfection by cationic lipids.

INTRODUCTION

Cationic lipids are useful reagents for the transfection of
mammalian cells both in vitro and in vivo; however, their
transfection efficiency is still rather low relative to that of viral
vectors. (The term “‘lipoid’’ is more appropriate than *‘lipid”’
because the latter refers to natural products, whereas ‘‘lipoid”’
describes molecules that are similar to lipids in structure and in
properties but are not natural products). An additional draw-
back is that the mechanism of transfection remains poorly
understood, and there is no consensus on the correlation
between physicochemical properties and transfection efficiency
(1-7). Hence, more efficient reagents would be desirable.

Previously we demonstrated that a combination of two
cationic lipid derivatives having the same headgroup but tails
of different chain lengths and saturation behave considerably
differently than do the separate molecules and that the trans-
fection efficiency can be tuned by adjusting the ratio of two
components (8). For example, the combination of the dilauroyl
(12-carbon chain) and the dioleoyl (18-carbon chain) homo-
logs of O-ethylphosphatidylcholine transfected DNA into
primary human umbilical artery endothelial cells (HUAECs)
more than 30-fold-times more efficiently than either com-
pound separately.

Since the introduction of the first practical liposomal
transfection agent (9), a large variety of such compounds has
been synthesized and tested by many different laboratories.
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Enormous attention has been given to altering the headgroup
of these compounds and, collectively, this research revealed
that a large number of different polar structures can be used
for the headgroup. Much less attention has been given to
hydrophobic portions of cationic lipids, which seems to have
been an unfortunate development, for our investigations
suggest that the nonpolar portions may be critical for the
effectiveness of these transfection agents. Thus, we have
extended our previous study of mixtures to include assessing
how transfection activity changes with different tails and
with different kinds of combinations of those tails. These
changes have been made on cationic phosphatidylcholines
by modifying and combining their hydrophobic moieties.
Furthermore, to shed some light to the mechanism by which
the transfection efficiency changes, we examined some
relevant physical properties of the lipoplexes; specifically,
membrane fusion (by fluorescence resonance energy trans-
fer) and DNA unbinding (measured both as accessibility of
DNA to ethidium bromide by electrophoresis and by fluo-
rescence resonance energy transfer between DNA and cat-
ionic lipid), in both cases after addition of negatively charged
liposomes to the lipoplexes. No correlation between mem-
brane fusion and transfection activity was found. Membrane
fusion consistently increased with addition of a second
cationic lipid, regardless of its effect on transfection. In
contrast, the DNA unbinding assay revealed a correlation
between extent of transfection and the extent of DNA release
induced by addition of negatively charged membrane lipids,
suggesting that, while both processes may be necessary,
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fusion itself is generally not rate-limiting for transfection.
Small-angle x-ray diffraction experiments illustrated that
facilitated DNA release from the most effective lipoplex
formulations could be accounted for by an intracellular
lamellar — nonlamellar phase transition in the cationic lipid/
anionic membrane lipid mixtures.

MATERIALS AND METHODS
Materials

1,2-Dioleoyl-sn-glycero-3-ethylphosphocholine (EDOPC), 1,2-diphytanoyl-
sn-glycero-3-ethylphosphocholine (ED®PC), 1,2-dioleoyl-sn-glycero-3-
stearylphosphocholine (SDOPC), 1,2-didecanoyl-sn-glycero-3-myristylphos-
phocholine (C14DC10PC), 1,2-didecanoyl-sn-glycero-3-octylphosphocho-
line (C8DCI0PC), 1,2-diphytanoyl-sn-glycero-3-palmitylphosphocholine
(PD®PC), 1-oleyol-2-decanoyl-sn-glycero-3-ethylphosphocholine (EC18C10PC),
and 1,2-ditridecanoyl-sn-glycero-3-ethylphosphocholine (EDC13PC) were
synthesized in our laboratory according to Rosenzweig et al. (10).

1,2-Dilauroyl-sn-glycero-3-ethylphosphocholine (EDLPC), 1-palmitoyl-
2-oleoyl-sn-glycero-3-ethylphosphocholine (EPOPC), 1,2-dioleoyl-sn-glycero-
3-L-serine (DOPS) and lissamine rhodamine B-labeled as 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (Rh-DOPE) were purchased from Avanti
Polar Lipids (Alabaster, AL).

3,3'-Dioctadecyloxacarbocyanine perchlorate (DiO), 1,1'-dioctadecyl-
3,3,3",3'- tetramethylindocarbocyanine perchlorate (Dil), and YOYO-
1 iodide were obtained from Molecular Probes (Eugene, OR).

Fluorescein di--D-galactopyranoside (FDG), X-gal, 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), and L-a-phosphati-
dylcholine extracted from egg yolk (egg PC) were purchased from Sigma
(St. Louis, MO).

A [B-galactosidase plasmid was purchased from Clontech Laboratories
(Palo Alto, CA) and propagated and purified by Bayou Biolabs (Harahan, LA).

Methods
Cell culture

Human umbilical artery endothelial cells (HUAECs) from Cambrex
(Walkersville, MD) were used for all experiments. The cells were maintained
in EGM-2 MV containing 5% fetal bovine serum (Cambrex, Walkersville,
MD) at 37°C under 5% CO,. At confluence, the cells were passaged using
0.25 mg/ml Trypsin/EDTA (Cambrex, Walkersville, MD) and were used at
passages 5—10 for these experiments.

Lipoplex preparation

For preparation of lipoplexes used for transfection, chloroform solutions of
cationic lipids were mixed in glass vials at the desired ratios, after which the
chloroform was removed under an Argon or N, stream. Vials were placed
under high vacuum for several hours to remove the last traces of the solvent.
The lipid mixtures were hydrated in HEPES buffered saline solution
(Cambrex, Walkersville, MD) at 1 mg/ml to form liposomes. Liposomes and
plasmid DNA were each diluted in OptiMEM (Gibco, Gaithersburg, MD) to
160 wg/ml for lipid and to 40 wg/ml for DNA, and liposomes were pipetted
into an equal volume of plasmid DNA solution at a 4:1 weight ratio and
mixed gently. DNA/lipid mixtures were allowed to stand at room temper-
ature for 15 min before transfection.

For x-ray diffraction sample preparation, 50 mM phosphate buffer and
100 mM NaCl, pH 7.2 (PBS) was added to cationic lipids after removal of
chloroform with a N, stream and, subsequently, high vacuum. The dis-
persions were hydrated overnight at room temperature and vortex-mixed for
several minutes; then they were subjected to several cycles of freezing and
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thawing. Herring sperm DNA (Invitrogen, Carlsbad, CA) was used for prep-
aration of lipoplexes. DNA/lipid (4:1 w/w) dispersions were prepared by
adding an aqueous DNA solution to the dry lipid film and immediately
vortexing, as previously described (11). Samples were equilibrated for 1-3
days at room temperature before measurement.

Transfection and cell viability

The cells were seeded in 96-well plates at 24 h before transfection at den-
sities to give ~80% confluence at the time of transfection. Before trans-
fection, the cells were washed with HEPES buffered saline solution and then
covered by either medium lacking serum or medium containing 5% fetal
bovine serum. The lipoplexes were added to cells and allowed to incubate
for 2 h. After removal of medium (and unattached lipoplexes), the cells were
incubated for 24 h with fresh medium containing serum and then evaluated
for B-galactosidase activity with a microplate fluorometric assay. Briefly,
after aspiration of the medium from each well, the cells were washed once
with PBS and then lysed by addition of 100 ul lysis buffer (0.03% Triton
X-100 in 100 mM HEPES, 8 mM MgSO,, and pH 7.8). Ten microliters
of 100 uM fluorescein di-3-D-galactopyranoside (FDG) was added into each
well and fluorescence was measured at 20 h with a microplate fluorimeter
(model No. 7620, Cambridge Technology, Cambridge, MA). Viability of
cells after transfection was assessed with the MTT method (12).

Membrane fusion

For this procedure (13), cationic liposomes were labeled with 1% DiO and
Dil and the lipoplexes were prepared according to the procedure described
above. Labeled lipoplexes were placed in 6 X 50 mm borosilicate glass tubes.
Then, an equal amount (by wt) of unlabeled negatively charged liposomes
(20% DOPS in egg PC) was added and the fluorescence of DiO was
recorded with an Alphascan fluorometer (Photon Technology International,
Princeton, NJ) with excitation and emission monochromators set at 489 nm
and 506 nm, respectively. For calibration of the fluorescence scale, the initial
residual fluorescence intensity before the addition of anionic lipid was set to
zero and the intensity at infinite probe dilution was set to 100%. The latter
value was obtained by lysis of the lipoplexes with Triton X-100.

Anionic lipid-induced unbinding of DNA from lipoplexes

DNA release measured by electrophoresis. Lipoplexes were prepared as
described above, treated with a threefold molar excess of liposomes consisting of
20% DOPS in egg PC, and then incubated for 1 h at 37°C. After addition of
6X loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF, and
40% (w/v) sucrose in water), samples were electrophoresed on 0.7% agarose
gels containing 10 ug/ml ethidium bromide (EtBr) in Tris-acetate EDTA,
pH 8.0 at 75 V for 1 h. The EtBr-stained DNA bands were visualized and
photographed on an ultraviolet transilluminator (Fotodyne, New Berlin, WI).

DNA unbinding measured by fluorescence resonance energy transfer
(FRET) between DNA and cationic lipid. Cationic liposomes were labeled
with 3% Rh-DOPE and DNA was labeled with YOYO-1 at a ratio of 2 nmol
dye per 10 ug DNA, and then the lipoplexes were prepared according to the
procedure described above. Labeled lipoplexes were placed in 6 X 50 mm
borosilicate glass tubes. Then, a portion of unlabeled negatively charged lipo-
somes (20% DOPS in egg PC) was added in an amount to give a threefold molar
excess of negative over positive charge, and the fluorescence of YOYO-1 was
recorded with an Alphascan fluorometer with excitation and emission mono-
chromators set at 491 nm and 509 nm, respectively. The intensity of free DNA
without any lipids was set to 100%.

Synchrotron small-angle x-ray diffraction (SAXD)

Measurements were performed at Argonne National Laboratory (Argonne,
IL), Advanced Photon Source, DND-CAT (beamline 5-IDD) and BioCAT
(beamline 18-ID), using 12 keV x-rays, as previously described (14). The
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lipid concentration of the dispersions was 20 wt %. Samples were filled into
glass capillaries (Charles Supper, Natick, MA) and flame-sealed. A Linkam
thermal stage (Linkam Sci Instruments, Surrey, England) provided tem-
perature control. Linear heating and cooling scans were performed at rates
of 0.8-5°C/min. Exposure times were typically ~0.5 s. Data were collected
using a MAR-CCD detector. Sample-to-detector distance was 1.8-2 m.
Diffraction intensity versus Q plots were obtained by radial integration of the
two-dimensional patterns using the interactive data-evaluating program
FIT2D (15). SAXD measurements were also performed using Ni-filtered
CuK,, radiation from a rotating anode generator ELLIOTT-GX6 (Elliott
Automation Radar Systems, Marconi Avionics, Herts, England), as previously
described (16).

Dynamic light scattering (DLS)

Measurements were performed with a Brookhaven Instruments BI-200SM
goniometer and BI-9000 digital correlator (Brookhaven, NY). Cationic lipid
dispersions in PBS were prepared at 50 ug/ml. DNA (1 mg/ml in PBS) was
added to generate lipoplex samples at a 4:1 lipid/DNA weight ratio. Mea-
surements were carried out at 37°C. Borosilicate glass, 250 ul, 3 X 30 mm,
flat bottom tubes were used. Delay times of 10 us—1 s were examined. The
correlation data were fitted with quadratic cumulants, using the algorithm
provided with the instrument.

RESULTS

Transfection in mixtures with EDOPC
of compounds with different tails

In our previous study (8), we showed that the addition of
EDLPC dramatically enhanced the transfection by EDOPC
of HUAECs and that transfection reached a maximum at
EDLPC/EDOPC = 60:40 (w/w). To extend that research,
we asked whether other cationic phosphatidylcholines have
a similar synergistic effect in mixtures. We also sought to
determine whether the transfection curve is always convex-
shaped, that is, with a maximum at intermediate composi-
tions. To address these questions, we synthesized a variety of
cationic phosphatidylcholines with different hydrophobic
moieties (see Fig. 1 for the structures), combined each of
them with the original molecule of this class (EDOPC), and
observed how transfection changed. All mixtures tested fell
into one of four kinds of relationship between transfection
activity and composition of the mixture (plotted as percent of
the new compound in EDOPC). The first (Fig. 2 A) is a con-
vex curve, similar to that of the mixture of EDOPC/EDLPC,
in which there is a maximum in transfection for intermediate
compositions. The second (Fig. 2 B) is concave and has the
opposite curvature from that of EDOPC/EDLPC mixture,
with the transfection pattern exhibiting a minimum at inter-
mediate compositions. The third case (Fig. 2 C) has a skewed
shape, with the transfection changing monotonically with the
second cationic lipid. The transfection pattern in the fourth
case (Fig. 2 D) does not exhibit obvious trend and is thus
described ‘‘no clear change’’; there is no statistically signif-
icant difference (p > 0.01) among transfection activities
of the different compositions, signifying the absence of a
mixture effect. Although the transfection pattern of one rep-
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resentative combination in each category is given in Fig. 2,
several other combinations that gave these kinds of patterns
were also examined. EDOPC/ED®PC illustrates the convex
relationship, and the EDOPC/C8DC10PC mixture also con-
forms to this type (as does, of course, the previously reported
EDOPC/EDLPC mixture). While the effect is pronounced
both with and without serum, transfection without serum was
generally more efficient. A concave relationship, like that
shown for EDOPC/SDOPC, was also given by EDOPC/
PD®PC. In addition to the skewed relationship shown for
EDOPC/EC18C10PC (Fig. 2 C), EDOPC/EDCI13PC also
exhibited this relationship, and did so in both the presence
and absence of serum. The other case of a ‘‘no clear change’’
curve besides the EDOPC/C14DC10PC mixture (Fig. 2 D)
was EDOPC/EPOPC. Although the magnitude of the increase
(in the convex and ‘‘skewed’’ cases) or the decrease (in con-
cave case) of transfection activity relative to that of pure
EDOPC varies with second cationic lipid, the overall trend in
transfection efficiency as a function of composition is quite
invariant, and what is significant is that transfection effi-
ciency alters significantly with a minor modification in the
ratio of two components. The weight ratio of lipid to DNA
was kept constant for convenience; and although that meant
that the *charge ratio varied somewhat with cationic lipid
composition, separate measurements of charge ratio changes
showed that these had minor effects relative to those of lipid
composition. For example, in the case of EDOPC/EDLPC,
when the weight ratio was kept at 4:1, the *ratio changes
from 1.3:1 (100% EDOPC) to 1.9:1 (100% EDLPC); the
transfection activity, however, decreased only 50%. So we
can exclude the possibility that the four kinds of relationship
between transfection activity and composition of the mixture
are qualitatively altered by the change of *charge ratio.

Membrane fusion

To be expressed, the plasmid DNA must dissociate from the
cationic lipids and move into the nucleus. Several investi-
gators have demonstrated that anionic membranes promote
cationic lipid/DNA complex dissociation and postulated that,
after endocytosis of the cationic lipid/DNA complex, anionic
lipids can migrate from the endosomal membrane into the
complex where they displace DNA from the cationic lipid,
releasing it into cytoplasm (17-19). Indeed, our previous
research (8) showed that EDLPC facilitates the membrane
fusion of lipoplex and negatively charged liposomes; the
extent of fusion of EDOPC/EDLPC lipoplexes is signif-
icantly higher than that of pure EDOPC. It would hence be
useful to know if increased membrane fusion is the reason
why the mixtures of EDOPC and other cationic phosphati-
dylcholines with different hydrophobic moieties function
so differently; that is, whether the highest transfection
activity is due to the most extensive membrane fusion. To
address this issue, membrane fusion was measured using
a fluorescence resonance energy transfer (FRET) assay
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(13,20), which is dependent on the dilution of fluorescent
lipid probes in the participating membranes. Similar to the
transfection experiments, one mixture from each category
was chosen as a representative to characterize lipid mixing
between lipoplex lipid with anionic lipid. The results, shown
in Fig. 3, indicate that increases in membrane fusion occur
upon addition of other cationic lipids to EDOPC, regardless
of the extent of transfection by the mixture. These data
hence suggest that some perturbation or modification of the
bilayer of EDOPC is induced by the presence of a second
cationic lipid, with the consequence that membrane fusion
is increased. The lack of correlation between membrane
fusion and transfection activity, however, may be attributed
to the fact that lipid mixing of lipoplexes with anionic
membranes is not the limiting step in transfection; in
particular, it suggests that the kind of membrane mixing
registered by the energy transfer fusion assay does not
necessarily correlate with the extent of release of DNA from
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the lipoplex (21,22). We therefore measured the extent
of DNA release from different formulations induced by
anionic lipid.

DNA unbinding induced by negatively charged
membrane lipid

DNA release measured by electrophoresis. The extent
of DNA release from different lipoplex formulations after
interaction with negatively charged liposomes was examined
by electrophoresis on agarose gels. From Fig. 4, one can
see that the amount of free DNA was significantly greater
for formulations with higher transfection activity (such as
EDOPC/EDLPC (40:60), EDOPC/EDLPC (20:80), EDOPC/
EDLPC (0:100), EDOPC/EC18C10PC (20:80), and EDOPC/
EC18C10PC (0:100)), whereas the formulations with low
transfection activity (such as EDOPC/SDOPC mixtures and
EDOPC/C14DC10PC mixtures) showed no free DNA at all.
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100/0 80/20 60/40 40/60 20/80 0/100
EDOPC/SDOPC(w/w)

FIGURE 2 Extent of transfection of
HUAEC varies with the composition of the
cationic lipid mixture in the presence and
absence of serum. Lipoplexes were made as
described in Materials and Methods. Fifty-
microliters per well (1 ug DNA/well) of the
resultant lipoplexes were added to the cells
that were either in medium lacking serum
(solid bars) or medium containing 5% serum
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Noteworthy is that a new band can be seen just below the
wells after the addition of negatively charged liposomes. We
interpret the new band as DNA that is released from the lipid
surface so that it is available to EtBr, but still confined by
cationic-anionic lipid aggregates, so it cannot migrate very
far from the wells.

DNA unbinding measured by FRET between DNA and
cationic lipid. Given the electrophoresis results, it was
desirable to directly measure the release of DNA from the
lipid surface, so we measured DNA unbinding using a pro-
cedure involving FRET between DNA and cationic lipid. We
regard this assay as a DNA unbinding assay rather than a
DNA release assay, because ‘‘DNA release’ usually refers
to DNA that dissociates from the lipid surface and is sub-
sequently liberated from the confines of the lipid aggregate.
However, FRET between DNA and cationic lipid can change
either when DNA is free in solution or when DNA is only
released from lipid surface but remains trapped within the
confines of the lipid array. Given these considerations, ‘‘DNA
unbinding’’ is the more accurate term. Comparison of Table
1 with Fig. 2 reveals that the percentage of DNA release
induced by negatively charged membrane lipid is correlated
to transfection activity. Formulations with higher transfection
activity (such as EDOPC/ED®PC (40:60) and EC18C10PC)
gave higher percentage of DNA unbinding (31.2 and 68.1%,
respectively, compared with that of pure EDOPC, 11.5%). It
is noteworthy that the formulations with low transfection
activity, EDOPC/SDOPC (50:50) and SDOPC, gave a neg-
ative value for DNA unbinding, and that the unbinding DNA
in these two formulations before addition of anionic lipid
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(shaded bars). Lipoplexes were removed at
2 h and the cells were assayed for 3-galacto-
sidase activity at 24 h after transfection. Data
represent the mean +SD of a representative
experiment performed in quadruplicate. The
experiments were repeated three times with
consistent results. The B-Gal expression of
HUAECs with EDOPC lipoplexes in the
absence of serum was ~0.1 mU per well.

100/0  80/20 50/50 20/80 0/100
EDOPC/C14diC10PC(w/w)

was significantly higher than that of other formulations and
the negative change means that some of the initially unbound
DNA became associated with the lipid aggregates after
anionic lipid was added. Indeed, we did observe under the
microscope, that, especially for SDOPC, there were initially
few large lipoplexes particles, but more such large particles
formed after the addition of anionic lipids. In addition,
examination of the intracellular distribution of lipoplexes
revealed more DNA from SDOPC and EDOPC/SDOPC
lipoplexes was trapped in lysosomes than that from EDOPC
lipoplexes (data not shown). As measured by electrophore-
sis, pure EDLPC lipoplexes released DNA very well after
treatment with anionic lipid, but the transfection activity of
EDLPC was low. This apparent exception to the correlation
between ease of DNA release and transfection activity is
considered in Discussion, below.

Structural organization of lipoplexes before and after
treatment with membrane lipids

In search of the reason why the DNA in lipoplex formula-
tions with high transfection activity is more extensively
liberated upon treatment of the lipoplexes with negatively
charged liposomes, we did structural experiments using small-
angle x-ray diffraction (SAXD).

Mixtures with a minimum in the transfection efficiency
versus composition curve: EDOPC/SDOPC, EDOPC/
PD®PC. According to our previous SAXD data, both the
lipid dispersions and the lipid/DNA complexes of EDOPC
are arranged into lamellar arrays, with repeat periods of
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4.9 nm and 6.6 nm, respectively (16). In addition to sharp
lamellar reflections, an additional low-intensity diffuse peak
was also present in lipoplex diffraction patterns (see Fig. 8 in
(16)). Such peaks have been interpreted as coming from the
in-plane packing of the DNA strands intercalated between
the lipid lamellae (23,24). Its spacing was 3.2 nm in the
samples of EDOPC/DNA 4:1 w/w ratio.

A

The structural organization of SDOPC dispersions was
significantly different from that of EDOPC dispersions. At
room temperature, this lipid was arranged as an inverted
hexagonal Hy; phase, with a lattice parameter a = 2d/\/3 =
6.2 nm (Fig. 5, bottom). This structure was retained upon
heating to 90°C. On cooling below room temperature, it
transformed into a lamellar phase at 1°C (not illustrated).

C

FIGURE 4 DNA release from cationic
lipoplexes upon interaction with 20%
DOPS in egg PC liposomes measured by
electrophoresis. Lane 1, free DNA; lanes
2-7, EDOPC/the other cationic lipid
(100:0, 80:20, 60:40, 40:60, 20:80,
100:0) lipoplexes. (A) EDOPC/EDLPC;
(B) EDOPC/ED®PC, (C) EDOPC/
SDOPC; (D) EDOPC/EC18C10PC; and
(E) EDOPC/C14DC10PC.
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TABLE 1

Wang et al.

DNA unbinding induced by the addition of negatively charged membrane lipid

Unbound DNA in lipid mixture
after the addition of anionic lipid (%)

DNA unbinding induced by
anionic lipid (%)

Lipoplex Unbound DNA in lipoplexes
composition before the addition of anionic lipid (%)
EDOPC 23.7 £ 0.8
EDOPC/EDLPC (50:50) 16.1 = 0.6
EDLPC 159 = 0.6
EDOPC/ED®PC (40:60) 22 +0.2
ED®PC 22.8 = 0.7
EDOPC/EC18C10PC (40:60) 2.0+ 0.2
EC18C10PC 2.8 =0.2
EDOPC/SDOPC (50:50) 487 £ 1.5
SDOPC 78.3 = 2.1

352 £09 11.5
393 £ 1.1 233
66.7 £ 0.9 50.9
532038 31.2
31.8 £ 0.8 8.9
49.0 = 1.1 47.0
709 £ 14 68.1
388 £ 1.0 -10.0
64.7 £ 1.7 —13.6

The transition was reversible, with a large temperature hys-
teresis, as is typical for this type of phase transition: the
L,—Hyp transition was observed at 12°C on heating.
Addition of DNA at a lipid/DNA 4:1 w/w ratio did not
change the phase structure of SDOPC; the x-ray diffraction
pattern was characteristic of that for a hexagonal phase ar-
rangement at room temperature (¢ = 6.5 nm) and this arrange-
ment was retained on heating to 80°C, as well as upon
cooling. The lower intensity of the diffraction peaks from the
11 and 20 planes in the presence of DNA relative to the
patterns without DNA (Fig. 5, bottom) is a likely result of
the higher electron density of DNA relative to water (see,
e.g., (25)). It is thus an indication of the presence of DNA in
the core of the hexagonal phase cylinders, i.e., for the
formation of columnar inverted hexagonal phase lipoplexes
(as shown in the cartoon on Fig. 5, bottom).

In the aqueous dispersions of EDOPC/SDOPC mixtures at
room temperature, as the SDOPC fraction was increased, the
structure changed from lamellar for the pure EDOPC, to bilayer
cubic Pn3m (¢ = 11.3 nm) at EDOPC/SDOPC 60:40 w/w, to
coexisting cubic (Pn3m) + hexagonal Hyy at 40:60 w/w, and
then to pure hexagonal Hy (¢ = 6.4 nm) at 20:80 w/w and at
100% SDOPC (Fig. 5). In the lipoplexes of the EDOPC/
SDOPC 60:40 and 40:60 samples, for which the transfection
activity was minimal, lamellar, and hexagonal phases coexisted
(Fig. 5), virtually epitaxially matched (@nex =~ diam) (Fig. 6),
while the 20:80 EDOPC/SDOPC lipoplexes formed only the
hexagonal phase, as did the pure SDOPC.

The structural organization and the phase behavior of
the EDOPC/PD®PC dispersions and lipid/DNA complexes
wererather similar to those of EDOPC/SDOPC. Thus, pure
PD®PC formed an inverted hexagonal phase, as did its lipo-
plexes. The EDOPC/PD®PC 60:40 mixture formed a bilayer
cubic Pn3m phase, while in the lipoplexes at that lipid com-
position (exhibiting minimum transfection potency), lamellar
and inverted hexagonal phases coexisted, as they did in the
EDOPC/SDOPC lipoplexes of minimum transfection activity;
the close similarity of their diffraction patterns is apparent in
Fig. 6, A and B.

Thus, the minimum in the transfection activity for these
two mixtures corresponded to extensive lamellar + hexag-
onal phase coexistence in the lipoplexes. Noteworthy is that

Biophysical Journal 91(10) 3692-3706

the hexagonal-phase lipoplexes formed by the pure SDOPC
and PD®PC exhibited lower transfection efficiency than did
the lamellar lipoplexes formed by EDOPC, contrary to what
has been reported before for other cationic lipids (26,27).

Mixtures with maxima in the transfection efficiency
versus composition curve: EDOPC/ED®PC, EDOPC/
C8DCI0OPC. The phase behavior of the two mixtures ex-
hibiting maxima in their transfection versus composition
curves, EDOPC/ED®PC and EDOPC/C8DCI10PC, differed
from one another. ED®PC and its mixtures with EDOPC
formed a lamellar phase, similar to pure EDOPC; the lamel-
lar repeat distances of the mixtures increased monotonically
from 4.9 nm for EDOPC to 5.35 nm for ED®PC. In contrast,
C8DC10PC formed a cubic phase, identified by eight dif-
fraction peaks, indexing as the Pn3m cubic symmetry (a =
8.6 nm). A cubic phase of the same Pn3m symmetry, but
with a significantly larger lattice parameter, a = 14.5 nm,
was formed in the EDOPC/C8DC10PC 50:50 w/w mixture.
The lipoplexes of all EDOPC/ED®PC and EDOPC/C8DC10PC
samples (lipid/DNA 4:1 w/w) were arranged in lamellar arrays.
Their structural characteristics (lamellar repeat distance, in-
plane spacing between DNA strands) changed monotonically
with the lipid composition and did not exhibit an extremum.
Thus, the structural organization of the EDOPC/ED®PC and
EDOPC/C8DC10PC lipid aggregates and their lipoplexes
did not provide insight into the basis of the maximum in the
transfection activity versus composition curve.

EDOPC/EDLPC is another cationic lipid mixture that ex-
hibited maximal transfection activity at intermediate com-
positions (8). It is noteworthy that, according to our earlier
work, it also formed lamellar lipoplexes only, with gradually
changing structural characteristics as a function of compo-
sition. A clue to the origin of that maximal efficiency was
suggested by an examination of the structural changes that
took place as a result of the interaction of the lipoplexes with
negatively charged membrane lipids (28). Thus, we studied the
structures that formed when EDOPC/ED®PC and EDOPC/
C8DC10PC formulations were mixed with a lipid mixture
that mimics natural membranes, MM = DOPC/DOPE/DOPS/
Chol, 45:20:20:15 (w/w) (29). This membrane-mimicking
formulation was chosen to better simulate the conditions that
exist when lipoplexes interact with cellular lipids.
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FIGURE 5 SAXD patterns of EDOPC/SDOPC cationic lipid mixtures
(black) and their lipoplexes (red) at 37°C; lipid/DNA 4:1 w/w.

An EDOPC/MM 1:1 mixture formed a lamellar phase
(d = 6.15 nm) at room temperature. Upon heating, it converted
into the cubic Pn3m phase at ~70°C. The transition was
irreversible, with the cubic phase persisting on cooling and
on subsequent incubation at room temperature (Fig. 7 A).
The phase behavior of the EDOPC/MM 1:1 mixture was
rather similar to that of ED®PC/MM, in that it was dom-
inated by a lamellar phase at room temperature that irre-
versibly converted into cubic Pn3m phase at 80°C upon
heating. The picture was significantly different, however,
when the maximume-activity EDOPC/ED®PC 50:50 formu-
lation was mixed with the membrane-mimicking lipid blend
MM. At room temperature, extensive phase coexistence was
observed; 18 diffraction maxima, indexing as a mixture of

3699
A EDOPC / PDOPC 60:40 C
L + DNA 4:1 wiw
ol
d=6.56 nm
AL
I S
d=559nm Sodvseyeirts
E
—;'0 i
%%ﬁg» o
KX
T SR
AR
. : - T T lamellar + H,
B La EDOPC / SDOPC 60:40
d=6.72nm  + DNA 4:1 wiw
Hy)
d=5.67 nm
T . T 4 T T T
05 1.0 15 2.0
Q [1/nm]

FIGURE 6 Coexisting lamellar and inverted hexagonal phases in lip-
oplexes of EDOPC/PD®PC 60:40 (A), and EDOPC/SDOPC 60:40 (B) at
37°C as revealed by their SAXD patterns. (C) Cartoon representation of the
suggested aggregate morphology (see Discussion).

one lamellar and two cubic phases, of Pn3m and Im3m
symmetry (Fig. 7 B), were present. Upon heating, the Im3m
cubic phase disappeared at physiological temperature, 37°C.
The lamellar phase also gradually disappeared at higher tem-
perature, and only the cubic Pn3m phase was observed at
80°C and on subsequent cooling. Rather similar was the phase
behavior of the maximum-efficiency EDOPC/C8DC10PC
50:50 formulation, when it was also in a mixture with the
membrane-mimicking preparation. In this case too, there was
extensive phase coexistence of two cubic phases and a
lamellar phase at room and physiological temperatures,
along with a phase transition (disappearance of the Im3m
cubic phase) at physiological temperature, after which only
the Pn3m cubic phase remained at high temperatures and on
subsequent cooling (Fig. 7 C). Thus, the maximal transfec-
tion potency in these formulations correlated with develop-
ment of nonlamellar phases and phase transformation at
physiological temperature in mixtures containing membrane
lipids. Lipid vehicles are known to exhibit maximum leakiness
and contents release in the vicinity of phase transitions,
especially those involving formation of nonlamellar phases.

Mixtures with gradually changing transfection activity
(skewed patterns): EDOPC/ECISCIOPC. Aqueous dis-
persions of the EDOPC/EC18CI10PC mixture formed a
lamellar phase at all compositions, as did their lipoplexes
(Table 2). The structural characteristics (lamellar repeat
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FIGURE 7 SAXD patterns of mixtures of the membrane-mimicking lipid
formulation MM combined with ED®PC (A), with EDOPC/ED®PC 50:50
(B), and with EDOPC/C8DC10PC 50:50 (C), all recorded during 20°-90°—
20°C heating-cooling scans; the pattern in bold was taken at 37°C on
heating.

distance, DNA interstrand distance) changed insignificantly
and did not provide an explanation for the increasing
transfection activity. Thus, we again sought the origin of the
improved transfection activity of this lipid composition in its
interaction with the negatively charged membrane lipid
formulation MM. As described above, the EDOPC/MM
mixture is characterized by an irreversible lamellar — cubic
(Pn3m) transition at ~80°C. When the EDOPC/EC18C10PC
40:60 mixture interacted with the membrane-mimicking
composition MM, it also arranged into a lamellar phase at
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room temperature. Upon heating above 40-50°C, it became
progressively more disordered, and no diffraction maxima
were observed at above those temperatures. A cubic Pn3m
phase developed at ~80°C. The EC18C10PC sample ex-
hibited an irreversible lamellar — cubic Pn3m phase transi-
tion at 37°C on heating. Thus, the increasing transfection
efficiency as a function of the lipoplex composition correlates
with a decreasing lamellar-nonlamellar phase transition tem-
perature in the cationic/membrane lipid arrays. It appears that
increased instability and diminished retention of DNA in the
vicinity of that phase transformation can account for the
enhanced transfection activity.

Mixtures with a no-clear-change transfection activity
profile: EDOPC/EPOPC. The aqueous dispersions of
these two cationic lipids exhibited rather similar physico-
chemical properties that remained unchanged in their
mixtures. The same was true for their lipoplexes, with the
structural parameters of the EDOPC/EPOPC lipoplexes at all
compositions remaining virtually identical to those of the
pure EDOPC. The structures developing upon interaction of
the EDOPC/EPOPC mixtures with the membrane-mimick-
ing formulation MM was also very similar to those observed
with EDOPC. We regard the absence of changes in phase
structure of EDOPC/EPOPC, both alone and in mixtures with
MM, as responsible for their virtually unchanged transfection
activity.

Lipoplex size—dynamic light scattering (DLS)

Particle size is important for transfection. The structure of
the EDOPC/SDOPC lipoplexes changed with increasing
proportion of SDOPC, first from lamellar to coexisting
lamellar and hexagonal, and then to hexagonal (see above).
Since hexagonal phase lipoplexes are only rarely observed
and the relationship between their physical properties and
their transfection activity is not understood, we used DLS to
estimate the sizes of the EDOPC/SDOPC lipoplexes.

The mixed EDOPC/SDOPC lipoplexes containing 20—
60% SDOPC are in the size range 380-430 nm, by ~30—
50% larger than the pure EDOPC lipoplexes (Fig. 8). At
higher SDOPC content, however, the particle size increased
dramatically, up to 1500 nm for the pure SDOPC lipoplexes.

Cell viability

Cell viability after transfection with different formulations is
shown in Fig. 9 for transfection in the absence of serum. The
viability of HUAECs treated with EDOPC/EDLPC lip-
oplexes dropped considerably with increased EDLPC con-
tent such that viability was ~45% for pure EDLPC. The
other formulations were considerably less toxic and cell
viabilities for other formulations remained ~70-80% (ex-
cept in the case of 100% SDOPC). As will be discussed
below, the toxicity of pure EDLPC seems to contribute to its
low transfection activity.
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FIGURE 8 Sizes of the EDOPC/SDOPC lipoplexes, estimated by DLS.

X-gal staining

To distinguish whether higher transfection was due to more
transfected cells or to increased copy number, X-gal assays
were done, and, as can be seen from Table 3, there was a
large influence from the higher number of transfected cells.
EDOPC/EC18C10PC (20/80) had comparable transfection
efficiency to EDOPC/EDLPC, which was previously reported
as 15%. It should be noted that although many established
cell lines can be transfected at high efficiencies, the values
we obtained for HUAECs are very high for transfection of
primary cells.

90
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cell viability%

50 1
—e— EDOPC/EDLPC

—O— EDOPC/ED¢PC
40 1 —v— EDOPC/SDOPC
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—a— EDOPC/C14diC10PC
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EDOPC/another cationic lipid(w/w)
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FIGURE 9 Viability of HUAEC as a function of the composition of cat-
ionic lipid mixtures. The cells were treated in the same way as for Fig. 2
and their viability was assayed by the MTT method 24 h after transfection.
The viability of cells that had not been treated with lipoplexes was set at
100%. Data represent the mean *SD of a representative experiment per-
formed in quadruplicate. The experiments were repeated twice with consis-
tent results.
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DISCUSSION

To probe the effect of the hydrophobic portion of cationic
amphiphiles on their efficacy in transfecting nucleic acids
into cells, we synthesized a variety of cationic phosphati-
dylcholines having unusual hydrophobic moieties. The first
set of molecules (EDLPC, EDC13PC, and EPOPC) had shorter
acyl chains and the alkyl group was ethyl. The second set of
molecules was characterized by shorter acyl groups but an
extended alkyl group, as in C8DC10PC and C14DC10PC.
The third set comprised compounds with three long chains,
two acyl and one alkyl (SDOPC and PD®PC), which may
present a different intrinsic curvature and interfere with pack-
ing as a normal bilayer. The fourth set of molecules (ED®PC
and PD®PC) involved replacement of a linear with a branched
chain acyl group, such that hydrophobicity was increased
without changing chain length. Finally, EC18C10PC, a com-
pound in which the two acyl groups are of significantly dif-
ferent length, was tested. The transfection activity of these
compounds, both alone and in mixtures with the original
molecule of this cationic phospholipid class, EDOPC, was
evaluated. Four relationships between transfection activity
and composition of the mixture (plotted as percent of the new
compound in EDOPC) were found (Fig. 2), namely:

Convex—exhibiting maximum transfection activity at
intermediate compositions.

Concave—exhibiting minimum transfection activity at
intermediate compositions.

Skewed—with monotonically changing transfection ac-
tivity upon composition change.

No clear change—Ilittle dependence or no clear trend of
transfection activity on composition.

Several tendencies were identified in these activity-
composition relationships:

1. Increasing the hydrophilic/hydrophobic balance by intro-
ducing a shorter acyl group was beneficial to transfection
as in the case of EDLPC, EDCI13PC, C8DC10PC, and
EC18C10PC.

2. Inclusion of compounds with three long chains (SDOPC
and PD®PC), so as to increase the negative intrinsic cur-
vature as well as total hydrophobicity, decreased trans-
fection activity.

3. In the mixtures characterized by a no-clear-change trans-
fection-composition relationship, neither carbon number
nor cross-sectional area were much different from those
of EDOPC.

Our initial hypothesis was that better transfection agents
fused more rapidly with cellular membranes, a presumptive
first step in DNA delivery. Support for this explanation was
provided by the correlation of increased transfection activity
of EDOPC/EDLPC mixtures with increased fusion with
negatively charged liposomes (8). As shown here, however,
membrane fusion with negatively charged liposomes
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TABLE 2 Structural organization and parameters of EDOPC /
EC18C10PC aggregates

Cationic lipid Lipoplex Cationic lipid + MM 1:1
EDOPC
lamellar lam d = 6.6 nm lam — cubic Pn3m
d =4.9 nm dpna = 3.2 nm ~80°C; cubic on

cooling
EDOPC/EC18C10PC 40:60

lamellar lam d = 6.4 nm lam — disordered
d =4.8 nm dpna = 3.8 nm ~45-50°C — cubic
Pn3m ~80°C; cubic
on cooling
EC18C10PC
lamellar lam d = 6.2 nm lam — cubic Pn3m
d = 4.6 nm dpna = 3.4 nm ~37°C; cubic on

cooling

increased with increasing proportion of the addition of
second cationic lipid (Fig. 3), regardless of the effect of the
latter on transfection. Although evidently not critically
related to transfection activity in these systems, the effect
is nonetheless striking and potentially important for fusion of
other membranes (including cell membranes). A possible
explanation of the effect is that after addition of the second
cationic lipid, particularly one with significantly different
structural properties than the first, the system is no longer in a
single, fully miscible phase. That is, the lipids may be
partially phase-separated with regions (perhaps only tran-
sient) that pack poorly enough that they could constitute a
defect. Packing defects should facilitate the fusion of
bilayers, because bilayer fusion, at some stage in the process,
must involve merging of the hydrophobic cores of the two
participating membranes. One might argue that if this were
the case, the compounds giving a no-clear-change relation-
ship would be those that do not show any increase in fusion
when constituted into mixtures. Our results, however, also
contradicted this hypothesis. Nevertheless, it should be
recognized that although those cationic lipids with no-clear-
change transfection curves were not much different from
EDOPC, the addition of a second lipid does increase the
degrees of freedom and thus also leads to some perturbation
of the lipid packing. In any case, the fact that all mixture
formulations exhibited increased propensity for membrane
fusion indicates that some step after membrane fusion is rate-
limiting for transfection.

The lack of correlation between transfection activity and
the extent of lipid mixing of cationic lipoplexes with anionic

TABLE 3 Transfection efficiency measured by X-gal staining

Formulation Serum X-gal staining %
EDOPC - ~5
EDOPC + ~4
EDOPC/EC18C10PC (20/80) — ~14
EDOPC/EC18C10PC (20/80) + ~14
EDOPC/ED®PC (50/50) — ~10
EDOPC/SDOPC (60/40) - ~2
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cellular membranes has also been observed by other
investigators (30-34) who attributed their findings to the
fact that lipid mixing of lipoplexes with anionic membranes
does not necessarily cause concomitant release of DNA from
the lipoplex. Support of such suggestions was provided by
Zabner et al. (22), who observed highly ordered structures
that were located in intracellular vesicles after transfection
with cationic lipid/DNA complexes. Much of the delivered
DNA was in these structures. Also, a thickening of intra-
cellular membranes has been observed after the uptake of
cationic lipids, which could reflect an interaction, perhaps the
mixing, between cationic lipids and intracellular membranes
(21,22). In any case, these results suggest that lipid mixing
does not necessarily lead to DNA escape from the confines
of the lipid array. Hence, we next sought to determine the
relationship between transfection activity and unbinding of
the DNA from the lipid surfaces when the lipoplexes were
treated with negatively charged membrane lipid.

DNA release data revealed a correlation between the
extent of transfection by a given lipoplex formulation and the
extent of DNA release that was induced by treating that li-
poplex formulation with negatively charged membrane
lipid (Fig. 4 and Table 1). Large amounts of unbound DNA
were strongly correlated with formulations exhibiting con-
vex and skewed curves and high transfection activity such as
EDOPC/EDLPC (40:60), EDOPC/EDLPC (20:80), EDOPC/
ECI18C10PC (20:80), and EDOPC/EC18C10PC (0:100).

The case of the EDOPC/EDLPC (0:100) mixture appears
to be an exception to the correlation between activity and
anionic lipid-induced DNA unbinding, in that the transfec-
tion activity-composition relationship described convex
curve, with 100% EDLPC lipoplexes having little activity.
Nevertheless, EDLPC lipoplexes let go of their DNA when
treated with the negatively charged membrane lipids, be-
havior that otherwise correlated with good transfection. The
reason for the deviant behavior of this particular composition
is evidently its toxicity; the viability of EDLPC-treated cells
was only 45%, and such cells are likely too compromised to
express of high levels of 3-galactosidase. Thus, if low trans-
fection activity of high proportions of EDLPC is due to cell
toxicity, then EDOPC/EDLPC should be assigned to the
skewed curve category.

The fact that transfection was improved when either
EDLPC or EDC13PC was combined with EDOPC suggests
that there is an optimal hydrophobicity for cationic phos-
phatidylcholine transfection agents. Also, comparing EDOPC/
C8DC10PC with EDOPC/C14DC10PC shows that the
presence of C8DCIOPC led to enhanced transfection,
whereas inclusion of the more hydrophobic C14DC10PC
had no effect on transfection. Moreover, increased hydro-
phobicity (substituting PDOPC for ED®PC) changed the
convex-shaped EDOPC/ED®PC to the concave-shaped
EDOPC/PD®PC. It is hence clear that there are large effects
associated with changing the hydrophobicity of transfection
agents.
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The physical property most closely related to the hydro-
philic/hydrophobic balance in amphiphiles is their meso-
morphic phase organization. We thus examined the phase
structures of the cationic lipid mixtures and their lipoplexes;
the results are discussed in the paragraphs that follow.

SDOPC and PD®PC, which are effectively triple-chained,
form the inverted hexagonal phase, Hy, in both the absence
and presence of DNA and represent an uncommon case of
hexagonal-phase columnar lipoplexes. These compounds
were less effective transfection agents than EDOPC (and,
in mixtures with EDOPC, led to reduced activity; Fig. 2).
Correlations between the mesomorphic phase state of the
lipoplexes (lamellar versus inverted hexagonal) and their
transfection activity have been sought (26,27,35-38), but it
remains questionable whether hexagonal phase lipoplexes
have advantages for transfection. Moreover, in most reports,
the lipid phase state was controlled by adding the neutral
helper lipid DOPE, and DOPE may well have effects beyond
its influence on phase state. This cannot be true of the newly
synthesized cationic lipids SDOPC and PD®PC, which form
hexagonal-phase lipoplexes per se, without helper lipid.
Furthermore, since the headgroup of these molecules is the
same as that of the biologically more active EDOPC, the
observed different activity seems a likely result of their dif-
ferent phase organization. SDOPC and PD®PC thus repre-
sent clear examples of the hexagonal-phase lipoplexes that
are disadvantageous for transfection of HUAECs.

EDOPC/SDOPC and EDOPC/PD®PC were the two cat-
ionic lipid mixtures that exhibited a minimum in the trans-
fection versus composition curve. It is therefore potentially
significant that the phase behavior of these two mixtures is
remarkably similar to each other and quite different from
that of other lipids and mixtures. As mentioned in the pre-
vious paragraph, the lipoplexes of both SDOPC and PD®PC
were arranged in the Hy phase, but their mixtures with
EDOPC—especially those mixtures with minimum trans-
fection activity—exhibited extensive L,-Hy phase coexis-
tence, characterized by especially similar diffraction patterns
(Fig. 6).

Although the diffraction patterns of these mixtures clearly
show the presence of two phases, structural ambiguities
remain since we cannot specify the topological modes of
phase coexistence. For example, L, and Hy phases might
coexist either in separate aggregates or in the same ag-
gregate, and the distinction might be critical for DNA un-
binding and release. Additional information on the lipoplex
organization was hence sought through size measurement
by DLS; Hy phases are normally highly aggregated and
hence their dispersions tend to have large particles. Indeed,
the pure SDOPC lipoplexes, which are Hy; structures, were
significantly larger than those of the lamellar phase EDOPC
lipoplexes. In contrast, the EDOPC/SDOPC lipoplexes with
intermediate lipid compositions were similar in size to those
of EDOPC (Fig. 8). These observations, as well as the fact
that the coexisting L, and Hy; phases are nearly epitaxially
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matched (Fig. 6), were interpreted as suggesting that the
mixed-phase lipoplexes may have a topology like that
depicted in Fig. 6 C. Such an arrangement would be con-
sistent with reduced transfection activity, because the release
of DNA would be obstructed by the outer lamellae. In
addition to the topological relationship between the two
phases, another question that arises with respect to samples
having two coexisting phases is whether both phases contain
DNA. The expanded d-spacing of the lamellar phase clearly
indicates the presence of DNA, but what about the hexagonal
phase? The structural characteristics of the hexagonal arrays
in Fig. 6 suggest that they also contain DNA; the lattice
parameter of the hexagonal-phase arrays that coexist with the
lamellar ones in the EDOPC/SDOPC 60:40 lipoplexes is @ =
2d/\/3 = 6.5 nm, identical to that of the SDOPC lipoplexes,
which, as indicated by the relative intensities of the x-ray
diffraction peaks, contain DNA (see analysis in Results,
above).

The EDOPC/ED®PC and EDOPC/C8DC10PC mixtures
both exhibited a maximum in their activity versus compo-
sition curve, but the phases of these lipoplexes could not be
correlated to their transfection efficiency because their lipo-
plexes were lamellar at all compositions. Nevertheless, there
is considerable evidence that the origin of the high transfec-
tion activity of the intermediate compositions of these lipids
does ultimately depend on lipid phase behavior. This con-
clusion is derived from recent research in this laboratory,
and is further supported by data in the present report.
Specifically, we found that DNA release from lipoplexes
induced by negatively charged membrane lipids unambigu-
ously correlates with the mesomorphic phases developed
in the cationic/anionic lipid mixtures, with most extensive
release correlating with highest negative curvature of the
phases generated when lipoplex lipids mix with cellular lipids
(39). Not surprisingly, the curvature of the phase of the
cationic/anionic lipid mixture depends both on the compo-
sition of negatively charged membranes and on the cationic
transfection lipids (28).

The phase behavior of EDOPC/ED®PC and EDOPC/
C8DC10PC—the mixtures that exhibited a maximum in the
relationship between transfection activity and composition—
was consistent with the hypothesis outlined in the previous
paragraph in that the compositions of maximal activity (50:50)
generated nonlamellar phases (in these cases, two cubic
phases, Pn3m and Im3m) when mixed with the membrane-
mimicking lipid blend, MM. Moreover, the Im3m phase
converts to the Pn3m phase at physiological temperature.
This could be highly significant with respect to DNA release,
for not only do lipid vehicles exhibit maximal leakiness and
contents release in the vicinity of phase transitions (40—43),
but increased leakiness is also seen for transitions involving
nonlamellar phase formation (44-47). (Such increases in
leakiness are presumed to be due to the accumulation of
defects and increased disorder along the phase boundaries
within the transition region.) Thus, the maximum efficiency
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of the EDOPC/ED®PC 50:50 and the EDOPC/C8DC10PC
50:50 samples appears to be due to the coincidence that they
not only tend to form nonlamellar arrays when mixed with
membrane lipids, but also that they are within a phase trans-
ition region at physiological temperature, phenomena which
both strongly facilitate DNA release. As we predict from
the lower transfection activity of ED®PC and EDOPC, their
combination with MM lipids exhibited lower tendency for
nonlamellar phase formation (such phases only formed at
temperatures that were considerably above physiological
temperature; see Fig. 7 A).

In the EDOPC/EC18C10PC formulations, the increasing
transfection activity with increasing proportion of EC18C10PC
is also explicable on the basis of superior transfection ac-
tivity being associated with the process: lipoplex + MM
lipids — nonlamellar phase. The lamellar — nonlamellar phase
transition in the mixtures of those formulations with MM
shifts to lower temperature and approaches physiological
values when EC18C10PC becomes dominant. For the pure
ECI18CI10PC, a lamellar-cubic phase transition precisely at
37°C in its mixture with MM (Table 2) seems to be the
reason for its enhanced DNA release and excellent transfec-
tion outcome.

The effects of phase changes on DNA retention by trans-
fection lipids after their treatment with MM lipids are visible
by electrophoresis. Three bands are visible in a number of
the lanes of Fig. 4. The two bands most distant from the wells
are free DNA that has been released from the lipid surface
and subsequently escaped from the confines of the cationic-
anionic lipid aggregate. The other new band is just below the
wells and represents DNA that barely entered the agarose; its
considerable retardation indicates a large reduction in nega-
tive charge and/or formation of a supramolecular complex.
The latter, in the form of a DNA-cationic-anionic lipid ag-
gregate in which DNA has been released from the lipid
surface but is still retained inside the lipid array, is most
likely. Such electrophoretic patterns suggest caution in
interpreting ‘‘free’” DNA as that measured by a diminished
fluorescence resonance energy transfer value between DNA
and cationic lipid, for it is evident that such a method could
overestimate DNA release. The fluorescence change actually
includes both that of the completely released DNA and that
from DNA no longer electrostatically associated with a cat-
ionic lipid surface, but still entrapped in the lipid aggregate.
The gel electrophoresis assay can distinguish these two cir-
cumstances and determine how much DNA becomes com-
pletely free from lipid, whereas the fluorescence resonance
energy transfer assay shows how much DNA is has unbound
from the lipoplex surface and is potentially able to subse-
quently escape from the lipid aggregate.

It is clear from the electrophoresis data that even in the
case of the formulation with the best transfection, only a small
part of DNA was completely freed, and most remained en-
trapped within the aggregate. An obviously important ques-
tion is whether this also holds true in cells and accounts for
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the low extent of transfection by cationic lipidic agents even
under optimal conditions. Lipoplexes are highly-ordered
multilamellar structures; in cells, they may be presumed to
interact with a number of cellular membranes, during which
DNA may be released gradually only after the lipoplex has
acquired enough anionic lipids to neutralize the cationic
charge and to rearrange into a structure from which the DNA
can escape. Indeed, other investigators have observed that
some DNA remained within exogenous intracellular struc-
tures after transfection with cationic lipid/DNA complexes.
If poor DNA release from lipoplexes proves to be a critical
attribute of poor transfection by cationic lipids, then judi-
cious manipulation of critical molecular design parameters
such as headgroup size and lipophilic segment dimensions to
generate the proper interaction between cationic lipids and
DNA and between cationic lipids and cellular anionic lipids
should be helpful in optimizing transfection agents.

plasma membrane

cytoplasm

FIGURE 10 Cartoon representation of the cellular uptake of lipoplexes
and DNA release. (A) Lipoplexes are internalized into the cytoplasm by
endocytosis. (B) Lipoplexes fuse with the negatively charged cellular
membrane; mixed lipoplexes are more fusogenic than those of single lipids,
a phenomenon that is presumably related to nonideal mixing, domain
formation, and/or higher probability for packing defects in the cationic lipid
mixtures relative to single component bilayers. (C) In the case of those
cationic lipid compositions for which the lipoplex retains its lamellar
organization after fusion, DNA release is constrained to its outmost layer of
the lipoplex and is thus inefficient. (D) In the case of cationic lipid
compositions for which the nonlamellar phase develops after fusion, DNA
release is facilitated and much more extensive, with the consequence that
transfection is more efficient.



Hydrophobic Core Modulates DNA Delivery

In summary, in this study we established that the hy-
drophobic core of cationic phospholipid mixtures can strongly
modulate their DNA delivery efficacy. This efficacy corre-
lates well with the phase behavior of the mixtures of cationic
lipids with negatively charged membrane lipids, as well as
with the extent of DNA unbinding from lipoplexes induced
by negatively charged membrane lipids; however, transfec-
tion activity did not show a consistent relationship with
cationic-anionic membrane fusion. Together, these findings
indicate that some step after membrane fusion is rate-limiting
for transfection. They also emphasize the topological dif-
ference between the multilamellar lipid/DNA complexes and
the single-bilayer cell membranes; efficient DNA delivery
evidently involves substantial lipid mixing between cell mem-
branes and the lipoplex and such processes would require
persistent or multiple interactions. It appears that, in some
proportion of the lipoplexes, a cell membrane lipid-triggered,
lamellar — nonlamellar phase transition generates regions of
high interfacial curvature, which facilitate the extensive un-
binding of DNA that is required for efficient transfection by
cationic lipids (Fig. 10).
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