BIOCHIMICA ET BIOPHYSICA ACTA

BB/

www.elsevier.com/locate/bba

ELSEVIER Biochimica et Biophysica Acta 1419 (1999) 207-220

Lamellarity of cationic liposomes and mode of preparation of lipoplexes
affect transfection efficiency

Nicolaas J. Zuidam, Danielle Hirsch-Lerner, Sharon Margulies, Yechezkel Barenholz *
Department of Biochemistry, The Hebrew University-Hadassah Medical School, P.O. Box 12272, Jerusalem 91120, Israel
Received 16 November 1998; received in revised form 1 March 1999; accepted 26 April 1999

Abstract

Transfection of NIH-3T3 cells by a human growth hormone expression vector complexed with liposomes composed of
N-(1-(2,3-dioleoyloxy)propyl)-N,N,N-trimethylammonium chloride (DOTAP) with or without helper lipids was studied. The
transfection efficiency was dependent on the lamellarity of the liposomes used to prepare the lipoplexes. Multilamellar
vesicles (MLV) were more effective than large unilamellar vesicles (LUV) of ~ 100 nm, irrespective of lipid composition. The
optimal DNA/DOTAP mole ratio for transfection was =<0.5, at which only 10-30% of DOTAP in the lipoplex is neutralized.
Prolonged incubation time of lipoplexes before addition to cells slightly decreased the level of transfection. A major influence
on the lipofection level was found when the mode of lipoplex preparation was varied. Mixing plasmid DNA and DOTAP/
DOPE (1:1) LUV in two steps instead of one step resulted in a higher lipofection when at the first step the DNA/DOTAP
mole ratio was 0.5 than when it was 2.0. Only static light-scattering measurement, which is related to particle size and particle
size instability, revealed differences between the lipoplexes as a function of lamellarity of the vesicles (MLV or LUV), mixing
order, and number of mixing steps. Other physical properties of these lipoplexes were dependent only on the DNA/DOTAP
mole ratio, i.e. the extent of DOTAP neutralization (as monitored by ionization of the fluorophore 4-heptadecyl-7-
hydroxycoumarin) and the extent of defects in lipid organization (as monitored by level of exposure of the fluorophore 1-(4-
trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene to water). The secondary and tertiary structure of DNA in lipoplexes
was evaluated by circular dichroism spectroscopy. The results of this study point out that the structure of lipoplexes should
be physicochemically characterized at two different levels: the macro level, which relates to size and size instability, and the
micro level, which relates to the properties described above which are involved in the intimate interaction between the
plasmid DNA and the lipids. At the micro level, all parameters are reversible, history-independent and are determined by
DNA/DOTAP mole ratio. On the other hand, the macro level (which is the most important for transfection efficiency) is
history-dependent and not reversible. © 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Spontaneously formed lipoplexes, which are com-
plexes formed upon mixing of DNA and liposomes
containing positively charged cationic lipids, have
been widely used to transfect mammalian cells in
vitro and in vivo [1-5]. Lipoplexes probably enter
cells mainly by adsorptive endocytosis [2,3,6-9].
The intracellular route is not yet clear; however, it
is clear that only a small fraction of the lipoplexes is
able to escape lysosomal degradation and to end up
in the nucleus [7,8]. The transfection ability of lipo-
plexes in vitro depends on many parameters, such
as their physicochemical characteristics, type of cells,
and incubation conditions [2-4]. In spite of all the
currently available relevant information, the rational
way to optimize lipofection in vivo is still unclear.

The thermodynamic driving force for the sponta-
neous formation of the lipoplexes is the lowering in
total free energy of the lipoplexes when compared
with those of the liposomes and the DNA. The
main forces which contribute to the total free energy
of the lipoplexes include the electrostatic forces, elas-
tic (bending and stretching) forces, and for liposomes
of more than one component, also contributions of
mixing or demixing of lipids. In general, in order to
obtain lipoplexes spontaneously, the lowering of elec-
trostatic free energy due to neutralization of the pos-
itively charged membranes by the negatively charged
nucleic acids must be larger than the elastic energetic
cost involved in the lipid molecule adapting to the
lipoplex geometry [10,11]. Lipoplexes exhibit a large
degree of polymorphism, which is dependent on the
specific lipid composition, on the charge ratio be-
tween the cationic lipid and the DNA (L*/DNA™),
and on the medium composition [2-4,12]. The system
of mixtures of cationic liposomes and DNA can be
described by phase diagrams, which in principal con-
tain three regions: (1) in large excess of cationic lip-
ids there is coexistence of liposomes and lipoplexes;
(2) in large excess of DNA, there is coexistence of
naked DNA and lipoplexes; and (3) the in-between
region, in which only lipoplexes exist. However, the
properties of the lipoplexes throughout the phase
diagram are not necessarily identical.

From the vast amount of studies performed on
lipofection over the last decade (reviewed in [1-5])
it is clear that even in vitro (and more so in Vivo)

the lipofection process is multifactorial. Some of the
factors involved are external and related to the type
of cells and lipofection medium. Other factors are
intrinsic and directly related to the physicochemical
properties and mode of lipoplex preparation. The
present study is aimed to better understand the role
of the intrinsic lipoplex-related factors. Therefore, in
this study, only one type of cell (NIH-3T3), identical
medium, and one cationic lipid (N-(1-(2,3-dioleoyl-
oxy)propyl)-N,N,N-trimethylammonium chloride,
DOTAP) were used. The lipoplex composition vari-
ables which were investigated are the presence and
type of helper lipid, the lamellarity of the liposomes,
the DOTAP/DNA mole ratio, and the mode of lipo-
plex preparation.

2. Materials and methods
2.1. Materials

The plasmid pS16-GH, a 4.8-kbp plasmid contain-
ing a gene coding for human growth hormone
(hGH), was a kind gift of Dr. O. Meyuhas of our
department (see for further details [13]). DOTAP,
DOPE, and DOPC were obtained from Avanti Polar
Lipids (Alabaster, AL, USA). These and all other
chemicals were of analytical grade or better. Dou-
ble-distilled water was used.

2.2. DNA preparation

Plasmid pS16-GH was grown in Escherichia coli
and isolated using a QIAGEN Mega Plasmid Kit
(QIAGEN, Hilden, Germany) according to the in-
structions of the kit’s manufacturer. The final con-
centration of plasmid DNA in 20 mM HEPES buffer
(pH 7.4) was quantified by organic phosphate deter-
mination [14]. The concentration of DNA in the
present study is expressed as equivalent concentra-
tion of phosphate. Agarose gel (1%) electrophoresis
[15] showed that the plasmid DNA was mainly in a
supercoiled form and free from chromosomal DNA
or RNA. UV-spectroscopy [15] showed no presence
of contamination of proteins in the several DNA
batches: the ratio of absorbance at 260 nm to that
at 280 nm was about 1.8-1.9, and the absorbance at
320 was negligible.
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2.3. Liposome preparation

Appropriate mixtures of lipids were dissolved in
methanol/chloroform (1:1) (v/v) in a round-bottom
flask. An appropriate amount of the fluorophore 4-
heptadecyl-7-hydroxycoumarin (HC) dissolved in tet-
rahydrofuran or the fluorophore 1-(4-trimethylam-
moniumphenyl)-6-phenyl-1,3,5-hexatriene
(TMADPH) dissolved in tetrahydrofuran/ethanol
(1:1) (v/v) was sometimes added to this mixture to
give a final probe/DOTAP mole ratio of 1:400 or
1:200, respectively. After evaporation of the organic
solvent by rotary evaporation, the lipids were again
dissolved in tert-butanol and this mixture was freeze-
dried for at least 3 h under reduced pressure. The
hydration of the lyophilized ‘cake’ was performed
with 20 mM HEPES (pH 7.4) and vortexed for sev-
eral minutes. If necessary, liposomes were downsized
using the extrusion system LiposoFast (AVESTIN,
Ottawa, ON, Canada; see [16]) 11 times through
0.4-um- and 11 times through 0.1-um-pore-size filters
(Poretics, Livermore, CA, USA), successively. In all
batches, unless mentioned otherwise, the concentra-
tion of each type of lipid was 20 mM.

2.4. Fluorescence and static light-scattering
measurements

Cationic liposomes were diluted in 3 ml of 20 mM
HEPES buffer (pH 7.4) to a concentration of
4x107> M of the cationic lipid. The measurements
were performed on an LS50B luminescence spec-
trometer (Perkin-Elmer, Norwalk, CT, USA) while
stirring at ambient temperature. The advantages of
HC and its measurement as a pH- and potential-
sensitive fluorescent membrane probe are discussed
in a previous paper [17]. Briefly, fluorescence inten-
sity of HC was measured at excitation wavelengths
of 330 (the pH-independent isosbestic point) and 380
nm, using a constant emission wavelength of 450 nm
(bandwith 5 nm). The use of the isosbestic point
enabled us to correct for differences in fluorescence
intensities due to small differences in HC concentra-
tion or aggregation of the lipoplexes. The use of
TMADPH and the measurement of its fluorescence
intensity was performed as described before [18].
Briefly, fluorescence intensity of TMADPH was
measured at excitation wavelength 360 nm and emis-

sion wavelength 430 nm. Static light-scattering (also
referred to as turbidity) of the same sample was ob-
tained on the same spectrofluorometer using both
excitation and emission wavelength at 600 nm (band-
widths 2.5 nm and an attenuation of 1% when the
measurements were done with TMADPH-Iabeled li-
posomes).

2.5. Transfection of cells

Lipoplexes were made by mixing an appropriate
amount of cationic liposomes from a parent solution
containing 1 X 1073 M cationic lipid with 1 xX10™* M
plasmid pS16-GH in 20 mM HEPES buffer (pH 7.4).
If not indicated otherwise, these lipoplexes were in-
cubated 15 min at ambient temperature. Then, an
aliquot of 50 ul of the DNA-lipoplexes (containing
5 nmol (=1.5 pg) DNA) was added to a well of a
24-well plate containing 40-60% confluent NIH-3T3
cells with 1.0 ml fresh cell medium. The cell medium
consisted of DMEM with 0.2 mM L-glutamine, 10%
(w/w) fetal calf serum, 1 mg/ml penicillin, and 100 U/
ml streptomycin (all obtained from Biological Indus-
tries, Beit Haemek, Israel). After incubation in a 5%
COz-incubator at 37°C for 24 h (the cells were 90—
100% confluent), the concentration of hGH in the
supernatant of the wells was estimated by using a
radioimmunoassay for hGH (Nichols Institute, San
Juan Capistrano, CA, USA).

2.6. Circular dichroism spectroscopy

Circular dichroism (CD) spectra were obtained us-
ing a Jobin—-Yvon CD6 instrument (ISA, Longju-
meau, France). A circular quartz cell with a path
length of 1 cm was used. The integration time was
set to 2 s, and the slit to 2 nm. Each measurement
was the average of 4 repeated scans in steps of 2 nm
at 20°C. First, the CD spectrum of 20 mM HEPES
buffer was measured. Then, the CD spectrum of
‘free’ plasmid at a plasmid DNA concentration of
4x107> M (based on phosphate content) was meas-
ured. Afterwards, an appropriate amount of lipo-
somes was added to the sample. After 5 min incuba-
tion at ambient temperature, the CD spectrum of the
DNA-lipid complex was measured. Then, an appro-
priate amount of liposomes or DNA was added and
the CD spectrum of this sample was measured again.
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The spectrum of the buffer solution of each sample
was substracted from the spectrum of each sample.

3. Results
3.1. Cationic liposome-mediated transfection

In this study, NIH-3T3 cells were transfected with
the plasmid pS16-GH, which contains a gene coding
for human growth hormone (hGH). The level of
hGH produced after incubation with ‘naked’ plasmid
DNA is negligible (<0.1 ng/ml), as was also ob-
served in control experiments with cationic liposomes
alone, buffer, or nothing added to the cells. Fig. 1
shows the results of the transfection of NIH-3T3
cells when plasmid DNA was added to non-sized,
multilamellar vesicles (0.5-1.0 um in size) in the
DNA/DOTAP charge ratio range of 0.2-2.0. Using
DOTAP/DOPE (1:1) MLV, the highest lipofection
efficiency was obtained when the DNA/DOTAP ratio
was 0.2. The same trend was observed upon using
100% DOTAP MLYV. However, for 100% DOTAP at
the higher DNA/DOTAP charge ratios the lipofec-
tion efficiency was lower. A different pattern was
observed when DOTAP/DOPC (1:1) MLV were
used for the lipofection. The optimal DNA/DOTAP
ratios were at 0.5 and 1.0, while at a lower or higher
ratio the lipofection efficiency decreased. For MLV,
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Fig. 1. Amount of hGH in the supernatant of NIH-3T3 cells
after addition of lipoplexes made by mixing plasmid DNA with
MLVs composed of DOTAP/DOPE (1:1) (gray bars), DOTAP/
DOPC (1:1) (hatched bars), or 100% DOTAP (white bars).
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Fig. 2. Amount of hGH in the supernatant of NIH-3T3 cells

after addition of lipoplexes made by mixing plasmid DNA with

LUVs composed of DOTAP/DOPE (1:1) (gray bars), DOTAP/

DOPC (1:1) (hatched bars), or 100% DOTAP (white bars).

the dependency of transfection on DNA/DOTAP ra-
tio was in the order 100% DOTAP = DOTAP/DOPE
(1:1)> DOTAP/DOPC (1:1).

Downsizing of the cationic MLV, prior to their
complexation with DNA, to unilamellar vesicles
(LUV) of about 100+20 nm and adding the DNA
to the LUV resulted in lower transfection than when
MLV were used for lipoplex preparation (compare
Fig. 2 with Fig. 1). For all the LUV DNA/DOTAP
ratios studied, the best results were obtained when
the LUV composition consisted of DOTAP/DOPE
(1:1) or DOTAP/DOPC (1:1) at the DNA/DOTAP
mole ratio of 0.5; using 100% DOTAP LUYV resulted
in lower transfection. The exception is DOTAP/
DNA ratio of 0.2, where lipofection efficiency was
the highest without the helper lipids (100% DOTAP
LUYV). Another observation is that the dependence
of DNA/DOTAP ratio of all three lipid compositions
was higher when LUV rather than MLV were used
for lipoplex preparation.

To gain further information about the impact of
the preparation procedure on the lipofection effi-
ciency, plasmid DNA-DOTAP/DOPE (1:1) lipo-
plexes were prepared in three additional ways: (1)
the lipoplexes were prepared by adding DNA to
LUV and incubated for longer periods of time prior
to addition to the cells; (2) the mixing order was
reversed (adding LUV to plasmid DNA); and (3)
the lipoplexes were made in two steps instead of
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effect of incubation time
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Fig. 3. Amount of hGH in the supernatant of NIH-3T3 cells
after addition of DNA-—cationic lipid complexes made by mix-
ing plasmid DNA with MLVs composed of DOTAP/DOPE
(1:1) and incubated 15 min (gray bars), 3 h (hatched bars) and
24 h (white bars) before addition to the cells.

2.0

0.0

one. The following results were obtained: (1) a pro-
longed incubation time of the lipoplexes prior to
transfection resulted in some decreases in transfec-
tion efficiency of DNA-DOTAP/DOPE (1:1) lipo-
plexes (Fig. 3); (2) with DOTAP/DOPE (1:1) LUV
the addition of LUV to DNA resulted in a better
lipofection than the addition of DNA to LUV at

mode of preparation

hGH (ng/ml)

0.2 0.5 1.0 2.0

DOTAP/DNA

Fig. 4. Amount of hGH in the supernatant of NIH-3T3 cells
after addition of lipoplexes of indicated DNA/DOTAP ratios
made by mixing in one step plasmid DNA added to DOTAP/
DOPE (1:1) LUVs (dark gray bars) or DOTAP/DOPE (1:1)
LUVs to plasmid DNA (hatched bars), or by mixing in two
steps in such a way that the DNA/DOTAP ratio was 0.5 (light
gray bars) or 2.0 (white bars) after the first step.

all DNA/DOTAP ratios; only at a DNA/DOTAP
ratio of 1.0 this superiority was statistically signifi-
cant (Fig. 4); and (3) mixing plasmid DNA and DO-
TAP/DOPE (1:1) LUV in two steps instead of one
also resulted in different transfection efficiencies (Fig.
4); a higher transfection efficiency was found when
the DNA/DOTAP ratio after the first step was 0.5
than when the DNA/DOTAP ratio after the first step
was 2.0. This was especially striking when these ra-
tios were at the final DNA/DOTAP ratio of 2.0. The
observation was made that in the case of lipoplexes
with an initial DNA/DOTAP ratio of 2.0 (conditions
of very low transfection) followed by reducing the
DNA/DOTAP ratio at the second step to 0.5, the
transfection efficiency was almost identical to that
obtained at one-step mixing at a DNA/DOTAP ratio
of 0.5.

3.2. Physical characteristics of DNA-DOTAP/DOPE
(1:1) lipoplexes

Appropriate amounts of plasmid DNA were mixed
with cationic DOTAP/DOPE (1:1) liposomes con-
taining the fluorophore HC, which is a weak acid,
and the change in its degree of dissociation in the
lipid layers was monitored with time by measuring
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Fig. 5. Ratio of the fluorescence intensities of HC emission at
450 nm as a result of excitation at 380 and 330 nm (HC 380/
330 fluorescence ratio) in the lipoplexes upon mixing of plasmid
DNA and DOTAP/DOPE (1:1)-liposomes after 15 min incuba-
tion. The lipoplexes were made by adding plasmid DNA to
MLV ($), MLV to plasmid DNA (&), plasmid DNA to LUV
(O), or LUV to plasmid DNA (0).
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Fig. 6. Static light-scattering measured by the spectrofluorometer (excitation =emission =600 nm) of lipoplexes after 5 min (O), 15 min
(0), and 30 min (<) incubation. The lipoplexes were made by mixing plasmid DNA with MLVs (A), MLVs with plasmid DNA (B),

plasmid DNA with LUVs (C), or LUVs with plasmid DNA (D).

the value of the ratio of the excitation intensities at
the pH-dependent 380 nm and at the pH-independ-
ent isosbestic point of 330 nm (380/330 fluorescence
ratio), using 450 nm as the emission wavelength. In a
previous paper [19], we showed that there is almost a
1:1 correlation between the amount of HC in the
dissociated form and the level of charge density of
the cationic lipids in the dispersions used here.

Fig. 5 shows the change in the 380/330 fluores-
cence ratio of HC in DOTAP/DOPE (1:1) liposomes
(MLYV or LUV) upon mixing with different amounts
of plasmid DNA. The plasmid DNA was added to
DOTAP/DOPE (1:1) MLV or DOTAP/DOPE (1:1)

LUV, or the liposomes were added to the plasmid
DNA. The decrease in the HC 380/330 fluorescence
ratio was instantaneous upon DNA-liposome mix-
ing, and hardly changed with time for the first
15 min (see Fig. 7). No significant change in the
absolute intensity of the fluorescence at the isosbestic
point (excitation at 330 nm) was observed (except in
the cases of severe aggregation of the DNA-—cationic
lipid lipoplexes, see Fig. 7C). The reduction of HC
380/330 fluorescence ratio in DNA-DOTAP/DOPE
(1:1) lipoplexes depended only on the DNA/DOTAP
ratios; neither the vesicle lamellarity nor sequence of
mixing affected it. The dissociation degree of HC as a
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Fig. 7. Change in the static light-scattering of the lipoplexes (broken lines) and in the HC 380/330 fluorescence ratio (unbroken lines)
in the cationic membranes upon mixing plasmid DNA with LUV composed of DOTAP/DOPE (1:1). The lipoplexes were made as fol-
lows. (A) At time 0, 60 nmol plasmid DNA was added to 240 nmol DOTAP/DOPE (1:1) LUV containing HC. After 15 min, 180
nmol plasmid DNA was added to this lipoplex. (B) At time 0, 60 nmol plasmid DNA was mixed with 240 nmol DOTAP/DOPE (1:1)
LUV. After 15 min, 360 nmol DOTAP/DOPE (1:1) LUV (without HC) was added to this lipoplex. (C) At time 0, 24 nmol plasmid
DNA was added to 240 nmol DOTAP/DOPE (1:1) LUV containing HC. After 15 min, 36 nmol plasmid DNA was added to this li-
poplex. (D) At time 0, 240 nmol plasmid DNA was mixed with 240 nmol DOTAP/DOPE (1:1) LUV. After 15 min, 720 nmol DO-
TAP/DOPE (1:1) LUV (without HC) was added to this lipoplex. The final volume of all samples was 3 ml.

function of the DNA/DOTAP mole ratio was an
inverse sigmoid, and reached a plateau of 80-90%
reduction for all four combinations used here at a
DNA/DOTAP ratio of 1.0 (see Fig. 5). Static light-
scattering was, in contrast to the HC-fluorescence
measured in parallel, described in Fig. 5, dependent
on type of vesicles used (MLV or LUV) and on
sequence of addition (DNA to liposomes or lipo-

somes to DNA) (see Fig. 6). In general, values for
static light-scattering increased almost linearly with
increasing amounts of plasmid DNA added to a con-
stant amount of liposomes up to a DNA/DOTAP
ratio of 1.0, irrespective of order of mixing and la-
mellarity. Above the ratio of 1.0, the order of mixing
and the lamellarity differ in their static light-scatter-
ing. Interestingly, plasmid DNA mixing with LUV
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Table 1

The TMADPH relative fluorescence intensity (F/F,) and the specific turbidity (7/7,) in DOTAP/DOPE liposomes upon lipoplex for-
mation

[Lipid] (mM) Ratio DNA™/L* FIF, T, Specific turbidity (7/7T,)

0.08 1.4 1.34+0.04 0.37+£0.26 3.97%0.39

0.26 0.44 0.57+0.06 1.07£0.11 9.48+1.35

0.78 1.4 1.55+0.03 2.60+0.38 4.68+1.34

0.78 0.44 0.50£0.01 2.74+0.11 5.841+0.73

0.08 >0.26 1.4—-0.44 0.53+0.08 0.52+0.08 1.35+0.67

0.78 044—-14 1.5910.15 2.72+0.08 9.54+0.15

F, and T, are the fluorescence intensity and the static light-scattering of the liposomes before the addition of DNA, respectively.

resulted in somewhat higher values of the static light-
scattering (per identical lipid concentration) than
plasmid DNA mixing with MLV. Also, static light-
scattering decreased when increasing amounts of
plasmid DNA were added to DOTAP/DOPE (1:1)
LUV, while it slightly increased when increasing
amounts of DOTAP/DOPE (1:1) LUV were added
to plasmid DNA or when DOTAP/DOPE (1:1)
MLV were used. Decrease with time in the light-scat-
tering values of the lipoplexes with DNA/DOTAP
mole ratios of 0.5-1.0 indicated aggregation (as
could also be clearly seen by eye).

Fig. 7 demonstrates typical examples of the
changes in static light-scattering and dissociation de-
gree of HC in DNA-DOTAP/DOPE (1:1) lipoplexes
with time during two-step mixing of plasmid DNA
and DOTAP/DOPE (1:1) LUV. Fig. 7A and B show
the parallel changes in static light-scattering and dis-
sociation degree of HC of DNA-DOTAP/DOPE
(1:1) lipoplexes when the DNA/DOTAP=0.5 after
the first step, and 2.0 (Fig. 7A) or 0.2 (Fig. 7B) after
the second step. The first addition of plasmid DNA
to DOTAP/DOPE (1:1) LUV resulted in an instant
decrease in the HC 380/330 nm fluorescence ratio
and an instant increase in the light-scattering. In gen-
eral, these parameters did not further change with
time (except after longer times, when the DNA-—cat-
ionic lipoplexes aggregated (at DNA/DOTAP ratios
between 0.5 and 1.0; see Figs. 5 and 6 and [19]).
Further addition of plasmid DNA to the DNA-DO-
TAP/DOPE (1:1) lipoplexes (final DNA/DOTAP ra-
tio = 2.0) resulted in a further decrease of the 380/330
nm ratio to the expected value (~85% reduction
[19]), and in only a minimal increase in static light-
scattering (Fig. 7A). When the second step was add-
ing DOTAP/DOPE (1:1) LUV to a final DNA/DO-

TAP ratio=0.2, the HC 380/330 fluorescence ratio
increased (although to a lesser degree than expected
from [19]) (compare Fig. 7B with Fig. 5 and the first
step in Fig. 7C). The static light-scattering was min-
imally increased, but definitely not reduced to the
expected level (compare with Fig. 6 or Fig. 7C).
Fig. 7C shows the results of the preparation of this
latter lipoplex at a DNA/DOTAP mole ratio of 0.2
in one step; interestingly, the values for the dissoci-
ation degree of HC and especially the static light-
scattering differ from those obtained reaching the
DNA/DOTAP ratio of 0.2 in two steps (Fig. 7B).
A second addition of DNA to a final DNA/DOTAP
ratio of 0.5 (Fig. 7C) resulted in a dissociation degree
of HC similar to the one observed after getting the
DNA/DOTAP ratio 0.5 in one step (see that value
after the first step in Fig. 7A), and in a gradual
decrease in static light-scattering with time caused
by a decrease in the number of lipoplexes due to
flocculation of the DNA-DOTAP/DOPE (1:1) lipo-
plexes (as could also be clearly seen by eye). The
absolute fluorescence values of HC followed a similar
decrease with time. However, as shown in Fig. 7C,
the HC 380/330 nm fluorescence ratio in the floccu-
lating lipoplexes remained constant. Fig. 7D shows
the results of the reverse of the experiment of Fig.
7A. The dissociation degree of HC in DNA-DO-
TAP/DOPE (1:1) lipoplexes of a DNA/DOTAP ra-
tio of 2.0 was almost identical comparing addition of
DNA in one step and in two steps (compare the first
addition of the curve in Fig. 7D with the final stage
of Fig. 7A). However, this similarity was not found
with the static light-scattering which was lower (half)
when a DNA/DOTAP ratio of 2.0 was reached after
one step (Fig. 7D) than when this ratio was reached
in two steps. Further addition of DOTAP/DOPE
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(1:1) LUV resulted in DNA-DOTAP/DOPE (1:1)
lipoplexes of a DNA/DOTAP ratio of 0.5 and in a
large (=7-fold) increase in static light-scattering.
Again, the dissociation degree of HC in these lipo-
plexes made in two steps was similar to the one made
in one step (compare Fig. 7D and A), in contrast to
the values of the static light-scattering. To sum up,
the comparison of HC dissociation and static light-
scattering with lipoplexes, obtained after one or two
steps of DNA mixing with cationic DOTAP/DOPE
(1:1) LUV, reveals that HC dissociation was revers-
ible and dependent only on the final DNA/DOTAP
mole ratio. On the other hand, the static light-scat-
tering was dependent on the history of the mode of
lipoplex preparation, having the DNA/DOTAP mole
ratio of 0.5 as a dominant factor in determining the
static light-scattering.

Lipoplexes formed from DOTAP/DOPE (1:1)
LUV and DNA at mole ratios of 0.44 and 1.4 were
studied for the effect of the history of reaching these
two DNA/DOTAP mole ratios (Table 1). Similar
fluorescence quenching of TMADPH was observed
at the DNA/DOTAP ratio of 0.44 with 0.26 and 0.78
mM lipid, indicating increased exposure of the probe
to water due to membrane defects [18]. In contrast, a
similar fluorescence enhancement of TMADPH was
measured at a DNA/DOTAP mole ratio of 1.4 at
0.08 and 0.78 mM lipid, indicating reduced probe
exposure to water due to dehydration of the lipid
assembly [18]. For both DNA/DOTAP ratios the
effect was lipid-concentration independent when the
DNA/DOTAP ratio was changed from 1.4 to 0.44
(lipoplex preparation in two steps), the fluorescence
quenching was as expected after preparation of lipo-
plexes with DNA/DOTAP ratio 0.44 in one step,
but the specific turbidity was much smaller (1.35)
than the value of lipoplexes at this DNA/DOTAP
mole ratio prepared in one step (9.48 or 9.54 at dif-
ferent lipid concentrations). When the DNA/DOTAP
mole ratio was shifted from 0.44 to 1.4, at the second
mixing step, an increase in the fluorescence intensity
was observed, as expected, for lipoplexes with a
DNA/DOTAP mole ratio of 1.4. However, the static
light-scattering remained at the higher value expected
for lipoplexes with a DNA/DOTAP mole ratio of
0.44. These data support those described in Fig. 7.
Thus, variables related to the intimate interactions
between DNA and lipids are dependent mainly on
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Fig. 8. CD spectra of DNA-DOTAP/DOPE (1:1) complexes
upon addition of DOTAP/DOPE (1:1) LUV. (A) Complex at a
DOTAP/DNA mole ratio of 1.5 (curve 1), followed by addition
to this complex of plasmid DNA to a DOTAP/DNA mole ratio
of 0.75 (curve 2), and followed by addition of DOTAP/DOPE
(1:1) LUV to a DOTAP/DNA mole ratio of 1.5 (curve 3). (B)
Complex at a DOTAP/DNA mole ratio of 3.0 (curve 1), fol-
lowed by addition to this complex of plasmid DNA to a DO-
TAP/DNA mole ratio of 1.5 (curve 2), and followed by addi-
tion of DOTAP/DOPE (1:1) LUV to a DOTAP/DNA mole
ratio of 3.0 (curve 3). The CD spectra of ‘free’ plasmid DNA
are also given in A and B (curve 0).

DNA/DOTAP ratio, while size and size instability
are history-dependent. Changes in TMADPH fluo-
rescence intensity, when combined with changes in
specific turbidity (turbidity per mole lipid), are indi-
cative of the degree of size instability due to packing
defects in the lipid assembly [18]. Table 1 summarizes
these two variables (TMADPH fluorescence intensity
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and specific turbidity calculated from the static light-
scattering data).

Finally, changes in the secondary and tertiary
structure of the DNA in lipoplexes were assessed
by circular dichroism (CD) spectroscopy as a func-
tion of the sequence of mixing DNA and liposomes
together. B-type is the natural form of plasmid
DNA. Upon interaction with cationic liposomes the
secondary DNA structure changed from B-type to a
partial C-type due to dehydration and condensation
of the DNA in lipoplexes [20]. Above a DOTAP/
DNA mole ratio of 1.0, the DNA helices will be
partially orientated in parallel to form a tertiary
structure referred to as y-DNA [20]. In the present
study, comparing curves 1 and 3 in Fig. 8A,B, we
show that these changes in the secondary and tertiary
structure of DNA were reversible and independent of
the sequence of mixing during the preparation of
lipoplexes (DNA added to liposomes, or vice versa;
compare curve 1 in Fig. 8A with curve 2 in Fig. 8B).

4. Discussion
4.1. General

The main objective of this study was to investigate
the relationships among defined physical properties
of spontaneously formed DOTAP-containing lipo-
plexes (level of charge neutralization, size and lamel-
larity, size instability, and DNA structure), mode of
lipoplex formation, and lipofection efficiency in vitro.
For a more in-depth insight into these relationships,
we also studied the extent of reversibility in the pa-
rameters which defined plasmid DNA-—cationic lipo-
some interaction and lipofection efficiency. To over-
come complications in the analysis due to the effects
of cell type, medium, the specific cationic lipid, and
the plasmid, we focused on one cationic lipid which
is commonly used for lipofection (DOTAP) in a de-
fined medium using for lipofection one type of cells
(NIH-3T3) and one plasmid (pS16-hGH). Transfec-
tion efficiency was quantified by measuring level of
hGH in the cell medium. The variables under inves-
tigation were the absence or presence and the type of
helper lipid (comparing DOPE and DOPC), DOTAP
to DNA charge ratio, lamellarity of the cationic lipo-
somes, and the order of mixing the plasmid DNA

and the cationic liposomes (adding plasmid DNA
to cationic liposomes or vice versa, and lipoplex
preparation in one or two steps).

The results of this study point out that lipoplexes
should be physicochemically characterized at two dif-
ferent levels of the structure: the macro level which
relates to size and size instability; and the micro level
which relates to the intimate interaction between the
plasmid DNA and the lipids. Determining to what
extent each of these two structure levels is involved
and contributes to the lipofection process may be an
informative approach to evaluate lipofection.

In this discussion section, the results will be exam-
ined and evaluated with respect to the concept of
macro and micro structure of the lipoplexes.

4.2. Lipofection efficiency

We confirm many previous observations [6,21,22]
that helper lipids improve lipofection efficiency of
lipoplexes (see Figs. 1 and 2). Many studies sug-
gest that phosphatidylethanolamine (and especially
DOPE) is the preferred helper lipid for in vitro lipo-
fection. However, this issue of the optimal helper
lipid remains controversial since in one study DOPC
performs better [23], while in another study choles-
terol was superior to phospholipids [24]. Our studies,
when combined with those of others described above,
suggest that the situation is probably dependent, to a
large extent, on the cell type. We found that differ-
ences between DOTAP/DOPE (1:1) mediated trans-
fection and DOTAP/DOPC (1:1) mediated transfec-
tion were small (the only large difference was found
when the plasmid DNA was added to MLV at a
DNA/DOTAP charge ratio of 0.2). This similarity
was unaffected by the lamellarity of the liposomes
used for complexation with the DNA or by the
DNA/cationic lipid ratio (compare Figs. 1 and 2).
However, a significantly lower transfection efficiency
was found in the lack of helper lipid (100% DOTAP)
except at the low DNA/DOTAP ratio of 0.2. Then,
the 100% DOTAP mediated transfection was as effi-
cient as, or better than, the DOTAP/DOPE (1:1)
mediated transfection for MLV (Fig. 1) and LUV
(Fig. 2). Increasing the incubation time of the lipo-
plexes before their addition to the cells resulted in
a slight decrease in transfection efficiency (Fig. 3).
This might be caused by aggregation of the lipo-
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plexes or by desorption of DOTAP out of the lipo-
plexes due to its high critical aggregation concen-
tration of 7X 107> M [17].

4.3. MLV versus LUV as starting reagent for lipoplex
formation

Many studies (see below) have been performed in
order to compare multilamellar with unilamellar li-
posomes as a starting reagent for lipoplex formation.
Multilamellar vesicles are much less homogeneous,
but much easier to prepare [25]. Large unilamellar
vesicles (~ 100 nm) have the advantage of being
much more homogeneous with respect to size distri-
bution than MLV and therefore they are also easier
to sterilize and to characterize. This makes LUV
superior to MLV as pharmaceuticals. Also, larger
mole fractions of their lipids are exposed to immedi-
ate interaction with the DNA.

The issue of MLV versus LUV (or SUV) is con-
troversial [26]. Our data agree with those of Liu et al.
[24], Yagi et al. [27], and Felgner et al. [22] and
Zelphati et al. [34], which show that the transfection
efficiencies were in general higher when plasmid
DNA was mixed with MLV than with LUV (com-
pare Figs. 1 and 2). We also demonstrate that MLV
transfection efficiency is less dependent on DNA/
DOTAP concentration than that of LUV. Similar
results were obtained for DOTAP/DOPC and DO-
TAP/Chol liposomes (data not shown). Therefore,
due to the combination of simplicity and superiority
in transfection, MLV should be preferable for lipo-
plex formation.

The data by Templeton et al. [28] which show
superiority of LUV seem contradictory to the above
[22,24,27], but they cannot be compared with those
previous data, including ours, in which the lipoplexes
were formed spontancously and used as such. Tem-
pleton et al. [28] did not use spontaneously formed
lipoplexes, but modified them by a combination of
ultrasonic irradiation and low pressure extrusion to a
LUV in which the DNA is encapsulated. It is impor-
tant to note that while for MLV the optimal DNA/
DOTAP ratio was 0.2, for LUV it was 0.5. This may
be related to the fact that in LUV more lipid mole-
cules are exposed for first contact with DNA and
therefore more DNA is required to reach the optimal
ratio.

4.4. Mode of DNA—cationic liposome interaction

We concentrated on DNA-DOTAP/DOPE (1:1)
lipoplexes and studied their physicochemical proper-
ties and lipofection under various modes of prepara-
tion at a broad range of DNA/DOTAP charge ra-
tios. The lipophilic fluorophores HC and TMADPH
were used to monitor DOTAP electrical neutraliza-
tion [17,19] and changes in membrane defects [18].
Static light-scattering (specific turbidity) of lipoplexes
was used to measure relative size changes and size
stability [17-19]. CD spectroscopy of DNA in lipo-
plexes was used to follow changes in DNA secondary
and tertiary structure [20]. The estimation of the dis-
sociation degree of HC in a buffered solution allows
the determination of the electrostatic properties of
the lipid surface [19]. We demonstrated that interac-
tion between the negatively charged plasmid DNA
and the cationic lipids caused a neutralization of
the positive charges of the lipids, which was moni-
tored by HC 380/330 nm fluorescence ratio. Previ-
ously [19], we showed an almost 1:1 correlation be-
tween the dissociation degree of HC in the assembly
containing cationic lipid and the percentage of re-
maining positively charged lipids in this system.
The results describing the properties of spontaneous
lipoplexes formed during the course of the two-step
mixing between the plasmid DNA and the cationic
liposomes are very informative in explaining the
mechanism of lipoplex formation and stability.
They point out that the changes of neutralization,
lipid packing, and level of defects in lipid packing
of the lipid in the lipoplexes by the plasmid DNA
are close to being fully reversible (Figs. 5 and 7 and
Table 1) and are dependent mainly on the DOTAP/
DNA charge ratio at any given step of the mixing
and not on the order of mixing, the lamellarity of the
vesicles, or the number of mixing steps. Similarly, the
change in the secondary and tertiary structure of the
plasmid DNA (B—partial C helix transformation
and y~ -structure, respectively) were reversibly modi-
fied and controlled mainly by the DNA/DOTAP
charge ratio (Fig. 8). This suggests that at the level
of charge neutralization (the main thermodynamic
driving force for lipoplex formation [10]), the inter-
action between plasmid DNA and the cationic lipids
is almost instantaneous and fully reversible.

Due to this reversibility, a classical phase diagram
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can be constructed, in which can be analyzed the
B —partial C change in DNA structure, which in-
volves changes between a higher and a lower level
of DNA hydration, and the appearance and level of
spatial arrangement of the plasmid DNA associated
with the lipid bilayer (as determined from the level of
Y~ -structure). While at the level of the microstruc-
ture, DNA-DOTAP interaction is reversible, this is
not the case for the macrostructure. It seems that
once the lipoplexes reach a high level of size insta-
bility due to lipid packing defects (DNA/DOTAP
charge ratio of excess cationic lipid (~0.5)), they
reach an irreversible stage with respect to size. The
history of obtaining this ratio does not matter, but
once it is reached, size becomes large and remains so
(Fig. 7 and Table 1).

Another important implication of the reversibility
in neutralization and changes in DNA structure is
that most of the time DNA must be available to
the lipid molecules, which supports the claims of
Eastman et al. [29] that in lipoplexes formed sponta-
neously in this range of charge ratios (DNA/DOTAP
0.2-2.0) most DNA (although condensed) is actually
exposed and not encapsulated by a lipid bilayer. In
this respect, the spontaneously formed lipoplexes de-
scribed here differ from lipoplexes formed non-spon-
taneously, i.e. with energy input [28]. The differences
in size between spontaneously and non-spontane-
ously formed lipoplexes, size stability, shape, and
exposure of plasmid DNA are expected to have ma-
jor implications for lipofection efficiency, especially
in vivo [28].

Surprisingly, lipofection followed the macrostruc-
ture and not the microstructure. In a way, it seems
that when the lipoplexes pass through a stage that
their DNA/DOTAP charge ratio is 0.5, then even if
the ratio is later increased to 2.0, they will ‘remem-
ber’ the lower ratio and their lipofection efficiency
will be much closer to that at the DNA/DOTAP
ratio of 0.5 than to the ratio of 2.0 (Fig. 4). However,
if the lipoplexes were formed at a DNA/DOTAP
ratio of 2.0 and then shifted to a ratio of 0.5, the
lipofection efficiency again will be closer to that
achieved at a ratio of 0.5 (one-step mixing, Fig. 4).

One of the striking aspects of the DNA/DOTAP
charge ratio of 0.5 is the great instability in size
[18,19], which results from membrane defects due
to lateral phase separation between regions of bi-

layers which were condensed by DNA and those
which were not [18]. It is still unknown what level
of instability is required for optimal transfection.
Possibly, the superiority of MLV over LUV for lipo-
plex formation may suggest that dependence of lipo-
fection on the level of instability has a bell-shaped
curve. Based on structural considerations, the level of
cationic lipid exposure to DNA in MLV will be
smaller, which at low DNA/DOTAP charge ratio
will lead to a smaller number of defects per liposome.
This is supported by the fact that size changes for
MLV were smaller than those observed for LUV
(Fig. 6). Similarly, such an optimal ratio may also
explain the superiority in lipofection efficiency of
adding LUV to DNA over the addition of DNA to
LUV (Fig. 3). Lipoplex populations are heterogene-
ous with respect to many physicochemical parame-
ters, including size, structure at the molecular level,
and dynamics (both assessed by P NMR [30]). They
are also heterogeneous in lipofection efficiency [30].
It can be assumed that lipofection efficiency is related
to the fraction of a specific population of lipoplexes.
Mok and Cullis [30] propose that this fraction con-
sists of those lipoplexes having a large level of non-
bilayer lipid structure. Koltover et al. [31] suggest
that the inverted hexagonal phase is the important
factor. However, many studies show that there are
other alternatives to efficient lipofection, as helper
lipids which do not support an inverted hexagonal
phase, or non-bilayer structures, such as cholesterol,
also improve lipofection to a large extent [24,35].
Therefore, we propose that defects in lipid packing
(which can be introduced by various means) which
lead to inherent instability are the common denom-
inator for optimizing lipofection.

Another important aspect of the reversibility of all
parameters related directly to the intimate interaction
between DNA and lipids (which defined the micro-
structure of the lipoplex) is that the addition or re-
moval of lipid components, such as acidic lipids [32]
or cationic lipids, having high critical aggregation
concentration (CAC) [17] may lead to lipoplex dis-
sociation [32,33] which is obligatory for efficient
transfection.

Finally, there is the issue of correlation between
the transfection efficiencies in vitro and in vivo [4].
Needless to say, the in vivo transfection is a much
more complicated process than the in vitro transfec-
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tion, especially when the spontaneously prepared
lipoplexes are administrated intravenously, as these
lipoplexes face many obstacles which do not exist in
the in vitro process. These obstacles include interac-
tions with serum components which modify the
structure and properties of the spontaneous lipo-
plexes ([35,36] and reviewed in [4]) and are therefore
expected to affect transfection. In addition, lipo-
plexes before and/or after modifications may interact
with white blood cells and blood vessels in a ‘non-
productive’ way which will dramatically reduce
transfection efficiency. We are now in the process
of applying the approach described in this paper to
characterize changes that occur in lipoplexes in var-
ious body fluids and whole blood. With this knowl-
edge, one can hope to design lipoplexes which will
resist or minimize in vivo induced changes in them.
Preliminary encouraging steps in this direction are
presented in the study of the late Papahadjopoulos
and coworkers [35] which demonstrate that replacing
DOPE in the spontaneous lipoplexes (which induce
hexagonal II phase in serum) by cholesterol (which
does not have such an effect) improves the transfec-
tion in vivo dramatically, while in vitro, DOPE was
somewhat superior to cholesterol as a helper lipid. A
different approach was to replace spontancous lipo-
plexes by non-spontaneous lipoplexes [28] which may
be less affected by various factors present in body
fluids. Inclusion of steric barriers at the level that
will not stop the interaction of lipoplexes with the
target cells is another promising approach [35]. How-
ever, in order to understand what affects the trans-
fection efficiency a thorough characterization of the
lipoplex is a prerequisite.
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