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Abstract

Lipoplexes, which are formed spontaneously between cationic liposomes and negatively charged nucleic acids, are
commonly used for gene and oligonucleotide delivery in vitro and in vivo. Being assemblies, lipoplexes can be characterized
by various physicochemical parameters, including size distribution, shape, physical state (lamellar, hexagonal type II and/or
other phases), sign and magnitude of electrical surface potential, and level of hydration at the lipid-DNA interface. Only
after all these variables will be characterized for lipoplexes with a broad spectrum of lipid compositions and DNA/cationic
lipid (L*) mole (or charge) ratios can their relevance to transfection efficiency be understood. Of all these physicochemical
parameters, hydration is the most neglected, and therefore the focus of this study. Cationic liposomes composed of DOTAP
without and with helper lipids (DOPC, DOPE, or cholesterol) or of DC-Chol/DOPE were complexed with pDNA (S16
human growth hormone) at various DNA7/L* charge ratios (0.1-3.2). (DOTAP = N-(1-(2,3-dioleoyloxy)propyl)-N, N, N-
trimethylammonium chloride; DC-Chol = (3B-[N-(N’,N -dimethylaminoethane)-carbamoyl]-cholesterol; DOPC = 1,2-di-
oleoyl-sn-glycero-3-phosphocholine; DOPE = 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine). The hydration levels of the
different cationic liposomes and the DNA separately are compared with the hydration levels of the lipoplexes. Two
independent approaches were applied to study hydration. First, we used a semi-quantitative approach of determining
changes in the ‘generalized polarization’ (GP) of laurdan (6-dodecanoyl-2-dimethylaminonaphthalene). This method was
recently used extensively and successfully to characterize changes of hydration at lipid—water interfaces. Laurdan excitation
GP at 340 nm (GP349) was found to be the most informative parameter in our studies, suggesting that changes in hydration
upon lipoplex formation do not involve a major liquid-crystalline to gel transition. DC-Chol/DOPE liposomes were the
‘driest’ of all liposome compositions. Among DOTAP-based cationic liposomes, the order of the ‘driest’ to the ‘wettest’
composition is DOTAP/Cholesterol > DOTAP/DOPE > DOTAP/DOPC > DOTAP. The GP34 of lipoplexes of all lipid
compositions (except those based on DC-Chol/DOPE) was higher than the GP34 of the cationic liposomes alone and

Abbreviations: Chol, cholesterol; DC-Chol, 3B-[N-(N’,N’-dimethylaminoethane)-carbamoyl]-cholesterol; DMTAP, N-(1-(2,3-dimyris-
toyl)propyl)-N, N, N-trimethylammonium chloride; DNA7/L*, mole charge ratio of DNA negatively charged phosphate to positively
charged lipid; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOTAP, N-
(1-(2,3-dioleoyloxy)propyl)-N, N, N-trimethylammonium chloride; DPH, 1,6-diphenylhexa-1,3,5-triene; DSC, differential scanning calo-
rimetry; Hepes, N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid); L*, positively charged lipid; laurdan, 6-dodecanoyl-2-dimethyl-
aminonaphthalene; LUV, large (=100 nm) unilamellar vesicles; MLV, multilamellar vesicles; PC, phosphatidylcholine; PCS, photon
correlation spectroscopy; PE, phosphatidylethanolamine; TMADPH, 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene
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increased with increasing DNA™/L* charge ratio, reaching a plateau at a charge ratio of 1.0, suggesting an increase in
dehydration at the lipid-water interface with increasing DNA /L™ charge ratio. Confirmation was obtained from the second
method, differential scanning calorimetry (DSC). DOTAP/DOPE lipoplexes with charge ratio 0.44 had 16.5% dehydration
and with charge ratio 1.5, 46.4% dehydration. For DOTAP/Chol lipoplexes with these charge ratios, there was 17.9% and
49% dehydration, respectively. These data are in good agreement with the laurdan data described above. They suggest that
the dehydration occurs during lipoplex formation and that this is a prerequisite for the intimate contact between cationic
lipids and DNA. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lipoplexes are complexes of cationic lipids (with
or without helper lipids) with nucleic acids. The elec-
trostatic interactions between the positively charged
liposomes and the negatively charged nucleic acids
result in spontaneous formation of lipoplexes [1]. Pri-
or to complexation, both liposome and DNA surfa-
ces are highly hydrated. Lipoplex formation involves
removal of water molecules as the hydrated surface
of the lipid assembly and the DNA come into close
contact [2]. In the liposomes, the water provides the
driving force in the formation of the lipid bilayer [3],
while water molecules bound to the headgroup re-
gion play a major role in membrane stabilization
(i.e., by preventing fusion) and controlling lipid-lipid
interactions, as exemplified by lowering gel to liquid-
crystalline phase transition temperature [4,5]. Water
is also an integral part of nucleic acid structure; it
interacts with the nucleic acids and is mainly respon-
sible for the stabilization of its secondary and terti-
ary structure [6]. For the B helix, 20 water molecules
are bound per nucleotide [6,7]. The water molecules
of the primary shell (about ten molecules) interact
directly with phosphates, sugar oxygens, and with
the polar groups of the bases that are within reach
in the DNA structure [8,9].

There has been little investigation of the changes
in hydration level of lipids and DNA as a result of
lipoplex formation. This study aims to fill this gap by
using two independent methods; one is based on the
generalized polarization (GP) of the fluorophore
laurdan (6-dodecanoyl-2-dimethylaminonaphthalene)
[10,11] used in the present work to follow the inter-
facial water changes in the cationic liposomes upon
their complexation with DNA. Laurdan is located at
the hydrophilic-hydrophobic interface of the bilayer
[12], with the lauric acid part aligned parallel to the

phospholipid acyl chain regions, and its fluorescent
naphthalene residue located at the level of the glyc-
erol backbone [13]. The fluorescence properties of
laurdan are notably sensitive to the polarity of the
environment [12] and to the dynamics of the environ-
ment. Laurdan was used to compare hydration level
of cationic liposomes based on DOTAP alone, DO-
TAP/DOPE, DOTAP/Chol, and DC-Chol/DOPE
and of lipoplexes formed upon interaction of these
liposomes with plasmid DNA at a DNA/cationic lip-
id ratio range from 0.1 to 3.2.

The second method is differential scanning calo-
rimetry (DSC), which has been used before to deter-
mine hydration of lipid vesicles [14,15] and of DNA
[6]. Here, we used DSC to determine levels of tightly
bound water of the cationic liposomes, DNA, and
the lipoplexes formed at a DNA/cationic lipid ratio
of 0.44 and 1.5.

Both methods show that, indeed, lipoplex forma-
tion involves dehydration.

2. Materials and methods
2.1. DNA preparation

Escherichia coli containing the plasmid S16 hGH
was kindly given by Dr. O. Meyuhas of our depart-
ment [16]. The plasmid size was 4.8 kbp. The plasmid
S16 hGH was grown and isolated using a QIAGEN
Mega Plasmid kit (QIAGEN, Hilden, Germany).
After plasmid purification, DNA was dissolved in
20 mM Hepes (pH 7.4) and 10 mM NaCl (unless
stated otherwise) and its concentration was quanti-
fied by organic phosphate determination [17]. Aga-
rose gel (1%) electrophoresis showed that the plasmid
DNA was mostly (> 70%) in a supercoiled form, free
from chromosomal DNA or RNA. In the different
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DNA batches the ratio of absorbance at 260 nm to
that at 280 nm was about 1.8-1.9, indicating lack of
contamination with proteins [18].

2.2. Liposome preparation

DOTAP (N-(1-(2,3-dioleoyloxy)propyl)-N, N, N-tri-
methylammonium chloride), DOPE (1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine), and DOPC (1,2-di-
oleoyl-sn-glycero-3-phosphocholine) were obtained
from Avanti Polar Lipids (Alabaster, AL). Choles-
terol (purity of 99%) was purchased from Sigma (St.
Louis, MO) and DC-Chol (3B-[N-(N’,N’-dimethyl-
aminoethane)-carbamoyl]-cholesterol) was a gift
from Dr. L. Huang (Department of Pharmacology
and Pharmaceutical Sciences, University of Pitts-
burgh, PA). Laurdan was purchased from Lambda
(Graz, Austria). All other chemicals were of analyt-
ical grade.

Fluorescent-labeled large unilamellar vesicles
(LUV) were prepared by mixing fert-butyl alcohol
solutions of the different lipids with laurdan in
N,N-dimethylformamide at a ratio of 1000 moles of
lipid per mole of fluorophore. The mixture was
freeze-dried overnight, and the LUV were prepared
as described in [19]. The particle size distribution of
the liposome dispersions was determined by photon
correlation spectroscopy (PCS) using a Coulter
N4SD (Coulter Electronics, Hialeah, FL) [17]. LUV
of all compositions have unimodal size distribution
of similar mean size (~ 100 £ 20 nm).

2.3. Fluorescence measurements

An aliquot of laurdan-labeled liposomes was
diluted with 1 ml of 20 mM Hepes buffer (pH 7.4)
to the desired concentration. The cationic lipid con-
centration was 0.39 mM in the range of DNA™/
Lt <1 and 0.039 mM at DNA“/L* >1. Fluores-
cence measurements were performed on a Perkin—FEl-
mer LS 50B luminescence spectrometer using a 1 cm
light path cell. Bandpasses of the monochromators
were 5 nm and 10 nm at DNA7/L* <1 and DNA™/
L* > 1, respectively. Temperature was maintained at
25°C with a water-circulating bath. Fluorescence in-
tensities were measured 5 min after addition of
DNA. All data were corrected for light scattering,
as described by Borenstain and Barenholz [20].

Laurdan was used to follow changes in hydration
level of lipid vesicles by Gratton and coworker [11].
In solvents of high polarity, laurdan shifts its emis-
sion spectrum to higher wavelengths due to dipolar
relaxation processes [12]. When associated with phos-
pholipids, laurdan excitation and emission spectra
depend strongly on the phase state of the lipid.
This shift is related to differences in level of hydra-
tion between the gel and liquid-crystalline phases. A
50-nm red shift is observed in laurdan emission by
moving from the gel to the liquid-crystalline phase,
as maximum emission shifts from 440 nm to 490 nm
[11]. This shift is defined by a steady-state fluores-
cence parameter called generalized polarization (GP)
which quantitatively connects these spectral changes
by considering the relative fluorescence intensities of
the blue and red edge regions of the emission and
excitation spectra, respectively [11,12].

The excitation GP value was calculated as follows:

Excitation GP = (144()—]49())/(1440 + 1490),

where I440 and Iy9p are the intensities of the emission
at wavelengths of 440 nm and of 490 nm [11] at the
excitation wavelengths of 340 nm (excitation GP34)
or 410 nm (excitation GPy4p), respectively.

The emission GP value was calculated as follows:

Emission GP = (1410—1340) /({410 + I340),

where 340 and I are the intensities of the excitation
at wavelengths of 340 nm and of 410 nm at the
emission wavelengths of 440 nm (emission GPy4)
or 490 nm (emission GP49y). The choice of the emis-
sion and the excitation wavelengths for the calcula-
tions of GP values was based on the characteristic
emission and excitation wavelengths of pure gel and
liquid-crystalline phases [21].

Laurdan GP spectra in phospholipid vesicles allow
quantification of the two coexisting phases, gel and
liquid-crystalline. In addition, it was found that the
GP value was independent of the pH (in the range
4-10) and the type of polar headgroup [12]. There-
fore, the process of dipolar relaxation which sets the
spectral properties must be related to the number of
water molecules around the fluorescent moiety of
laurdan [12]. Their studies using phospholipid
vesicles demonstrated that laurdan is sensitive to
the dynamics as well as to the polarity of the sur-
rounding membrane.
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2.4. Differential scanning calorimetry (DSC)
measurements

DSC was used to quantify the amount of tightly
bound water per mole total lipid (H,O/L), mole
DNA phosphate (H,O/DNA), or mole lipid plus
DNA in lipoplex (H,O/lipoplex), as explained below.
The details of the method are described elsewhere
[22]. The samples of lipids (or lipid mixtures),
DNA, or lipoplexes were lyophilized to constant
weight. A weighed amount of water was added which
was always less than the amount of lipids or DNA or
lipoplexes. The sample in the sealed crucible was
scanned from —30°C to 30°C using the Mettler
TA4000 differential scanning calorimeter until repro-
ducible thermograms were obtained (usually two or
three times). Scanning was at the rate of 2°C/min.
No loss of weight occurred during the scans. Calcu-
lation of bound water is based on ice—water fusion
heat enthalpy of 325 J/g obtained from a calibration
curve, in agreement with published data [23]. The
expected hydration values of lipoplexes were calcu-
lated from the known compositions of lipoplexes for
DNA7/L*=0.44 and DNA7/L* =1.5. For the spe-
cific hydration levels of both MLV and DNA at
DNA7/LT=0.44, we used H,O/LT+(H,O/DNA
X 0.22) =calculated bound water of lipoplex, while
at DNA7/L*=1.5, we used H,O/L*+(H,O/DNA
X 0.75) =calculated bound water of lipoplex. The
factors of 0.22 and 0.75 are related to the ratio of
moles DNA phosphate to moles total lipids, the lat-
ter being twice the moles of cationic lipid. When
there was an overlap the heat enthalpy of the lipid
phase transition was subtracted from the ice-water
fusion heat enthalpy for the specific hydration calcu-
lations of the lipoplexes. The difference between cal-
culated and measured hydration of lipoplexes was
used to calculate the change in level of hydration
due to lipoplex formation.

3. Results
3.1. Laurdan fluorescence measurements
The laurdan results given below are described as

GP349 because the excitation at 340 nm proved to be
the most sensitive to the effect of DNA when com-

Table 1

Laurdan GP at the excitation of 340 nm (GP34) of the LUV
of different lipid compositions without DNA at the two lipid
concentrations used in the experiment

Llpld GP340 at 0.78 mM GP34() at 0.08 mM
lipid lipid
DOTAP —0.27+£0.008 —0.29+0.056
DOTAP/DOPE —0.07+0.015 —0.08£0.05
DOTAP/DOPC —0.12£0.016 —0.19£0.036
DOTAP/Chol 0.28 £0.005 0.32£0.047
DC-Chol/DOPE 0.513 0.43£0.043
DOPE/DOPC 0.028 0.03£0.001
DOPC —0.11£0.004 NA

pared with the excitation GP spectrum at 410 nm
(which was almost unaffected by DNA) and the
emission GP spectra (data not shown). This suggests
that the changes in hydration measured here are not
due to changes in lipid phase but related directly to
hydration variations around the laurdan fluorophore
(see Discussion).

The excitation GP at 1=340 nm of the various
cationic liposome compositions is presented in Table
1. This value expresses the hydration level of the
lipid bilayer in the absence of DNA. The GPs34
values for the LUV are in the order DC-Chol/
DOPE > DOTAP/Chol > DOPC/DOPE > DOTAP/
DOPE > DOTAP. That is, DC-Chol/DOPE is the
least hydrated, and DOTAP the most hydrated.

The effect of DNA on GPsy4 for various cationic
LUV is described as AGP34=GP3y of lipo-
plexes—GP349 of liposomes. Fig. 1 shows that for
most liposome compositions used there is a continu-
ous increase in AGP34 with increasing DNA to cat-
ionic lipid mole ratio. The largest effect on AGP349
was observed with DOTAP/DOPE LUV. Among
the DOTAP-containing liposomes, DNA causes the
smallest increase in AGP34y of 100% DOTAP/DOPC
LUV. For DC-Chol/DOPE LUV, AGP34=0. The
GP349 of the uncharged DOPC/DOPE liposomes re-
mained constant and unaffected upon addition of
DNA. At DNA“/L*>1, the effect of DNA on
AGPs4 reaches a plateau (see Table 2).

The effect of NaCl on DNA-(DOTAP/DOPE 1/1)
complex formation was evaluated (Fig. 2). The GP
value of DOTAP/DOPE liposomes without DNA in
20 mM Hepes was —0.045, while in the presence of
150 mM NacCl the value rises to —0.03, indicating a
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Fig. 1. Effect of mole ratio DNA to cationic lipid (DNA™/
Lt <0.5) on AGPs4 for lipoplexes containing various lipids.
Noncationic LUV composed of DOPC/DOPE were used as
control. AGP349 = GP349 of lipoplexes—GP349 of liposomes. For
GP3y9 of liposomes see Table 1.

small salt-induced dehydration at the lipid—water in-
terface. The effect of 150 mM NaCl on the lipoplex
(up to DNA7/L* =0.5) was additive to the effect of
DNA on the lipid hydration. On the other hand, for
lipoplexes of DNA7/L* > 1, GP3y in the presence of
150 mM was constant, i.e., was not affected by the
addition of DNA (data not shown).

3.2. DSC measurements
The thermograms of the lipid dispersions alone are

presented in Fig. 3. The T, of DOPE is —16°C and
of DOPC in the range of —14 to —22°C, as reviewed

—TF— No NaCl

—&— 150 mM NaCl

-0.05 1 T T T T 1
0 0.1 0.2 0.3 0.4 0.5

DNA-/L*
Fig. 2. Effect of 150 mM NaCl on laurdan GPs4 of DOTAP/
DOPE (1/1) LUV at ratios of DNA™/L* <0.5.

in [24]. The T, of DOTAP is —11.9°C [19]. One can
clearly see the endothermic peak of the water around
0°C (peak 2 in Fig. 3, thermograms a,b,c,e.f,g).

The inset in Fig. 3 compares the endothermic
peaks of H,O and D,0, showing a shift of ~6°C
with D,O. When DOTAP/DOPC MLV were pre-
pared in the presence of D,O the endothermic peak
of the water (peak 2) shifted to ~3°C (thermogram
d). The thermogram of DOTAP/Chol MLV (thermo-
gram e¢) did not display peak 1 (the lipid endotherm)
but only the peak 2 of water. This result is expected
since 50 mol% cholesterol abolishes completely phase
transition of lipids [25,26], shifting the lipid bilayer to
a liquid ordered phase [27,28].

On the other hand, thermograms of DNA without
an excess of water (a and b in Fig. 4) do not show
the endothermic peak of the water around 0°C, but a
very much broader peak between —28°C and —10°C.

FII:ZElZ'jn AGPsy of lipoplexes composed of different lipid compositions at DNA~/LT=1
Ratio DNA7/L* AGP34
DOTAP DOTAP/DOPE DOTAP/DOPC DOTAP/Chol DC-Chol/DOPE
1 0.092 0.1 0.067 0.093 0.007
3.15 0.099 0.11 0.091 0.117 —0.008
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Fig. 3. Thermograms of cationic liposomes (MLV). (a) DOTAP in H,O; (b) DOTAP/DOPE (mole ratio 1:1) in H,O; (¢) DOTAP/
DOPC (mole ratio 1:1) in HO; (d) DOTAP/DOPC (mole ratio 1:1) in D,O; (¢) DOTAP/Chol (mole ratio 1:1) in H,O; (f) DMTAP
in H,O; (g DMTAP/DOPE in H;O. Peak 1 is the endotherm of gel-to-liquid-crystalline main lipid phase transition and peak 2, the
endotherm of the melting of free water. Sensitivity is 0.5 mW for thermogram g, 2 mW for thermograms a,d,f, and 5 mW for b,c,e.

Inset: thermograms of pure H,O and D-O.

This indicates that all the water molecules in the
sample are tightly bound to the DNA. Curve c in
Fig. 4 shows that when an excess of unbound water
is present in the DNA solutions, it undergoes ice—
water transition at ca. —1°C.

The thermograms of the lipoplexes based on DO-
TAP/DOPE and DOTAP/Chol liposomes are pre-
sented in Fig. 5. In all the samples the endothermic
peak of the water was shifted to lower temperatures
(around —3°C and —4°C). The thermogram of the
lipoplexes based on DOTAP/DOPE liposomes at
DNA7/L* =0.44 (thermogram a) shows, in addition
to the peak of water, a peak that corresponds to the
free DOTAP/DOPE which is in excess at this ratio.
As mentioned above, when the helper lipid DOPE
was replaced by Chol, the phase transition of the
DOTAP was cancelled (thermogram c). At DNA™/
L*=1.5, the thermograms of the DOTAP/DOPE
and the DOTAP/Chol lipoplexes (thermograms b
and d) exhibit the broad peak of the water as seen
in Fig. 4.

From the thermograms of the plasmid DNA it was
calculated [22] that there are 12 moles of water
tightly bound per mole phosphate of plasmid

DNA, which is in a good agreement with the value
of 10 moles (in the first shell) previously reported [8].
Fourteen moles of bound water per mole lipid were
found for DOTAP/DOPE liposomes and 11 moles
for DOTAP/Chol liposomes (Table 3). These data
are in good agreement with the laurdan GP34 data

— ;

—>
Heat flow exothermic

AL R B S

-30. -20. —-10. -0. 10.
Temperature (° C)
Fig. 4. Thermograms of plasmid DNA without and with excess
of water. (a) 0.76 mg of DNA with 0.68 mg of water. (b) 1.62
mg with 1.36 mg of water. Sensitivity for a and b is 2 mW. (c)

0.95 mg DNA with an excess of water (1.31 mg). Sensitivity is
1 mW.
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Fig. 5. Thermograms of lipoplexes composed of DOTAP/DOPE
and DNA at DNA7/L"=0.44 (a) and at DNA7/L* =1.5 (b),
and of DOTAP/Chol at DNA7/L*=0.44 (c) and at DNA™/
L+ =1.5 (d). Sensitivity is 2 mW.

which suggest that DOTAP/Chol liposomes are less
hydrated than DOTAP/DOPE LUV (Table 1).
Therefore, the theoretical number of bound water
molecules in the case of DNA7/LT=0.44 with
DOPE as a helper lipid is expected to be 16.9 per
lipoplex containing 1 mole lipid plus 0.44 mole DNA
phosphates, while at the ratio of DNA™/L* =1.5 the
expected value is 23.32 moles of bound water per
lipoplex containing 1 mole lipid plus 1.5 mole
DNA phosphates (see Section 2 for the calculations)
(Table 3). In the other lipoplex composition, using
cholesterol as a helper lipid, 13.6 moles of bound
water per lipoplex were calculated at the ratio of
DNA“/L*=0.44, while at the ratio of DNA~/
L*t=1.5, 20 moles of bound water per lipoplex
were calculated (see Table 3). Table 3 shows clearly
that the lipoplexes of (DOTAP/DOPE)/DNA and
(DOTAP/Chol)/DNA are less hydrated than the

Table 3

LUV and the DNA before they form lipoplexes.
The level of dehydration increases with increase in
DNA™/LT ratio. This is in good agreement with the
laurdan results described in Fig. 1.

Controls composed of DOPE/DOPC liposomes
were studied; the number of moles of bound water
per mole lipid without DNA was the same as with
DNA in both ranges of DNA™/L* (data not shown).
DMTAP/DOPE liposomes were also used as an ad-
ditional control; for this MLV, one can observe a
phase separation between a DOPE-rich phase with
a Ty of —8°C (Fig. 3, peak la in thermogram g)
and a DMTAP-rich phase having a broad asymmet-
ric endotherm with a Tj, of 26°C (Fig. 3, peak 1b in
thermogram g) while DMTAP gel-to-liquid-crystal-
line phase transition of DMTAP MLV occurred at
a higher temperature, ~40°C (Fig. 3 peak 1 in ther-
mogram f), and therefore the lipid phase transition
of DMTAP/DOPE does not overlap the water endo-
therm (Fig. 3, peak 2 in thermogram g). The
DMTAP-rich phase is a broad and asymmetric
peak, and its enthalpy (AH) is one-fifth that of
DMTAP alone. The endotherms of both DOPE
and DMTAP are distinguished from the H,O endo-
therm (thermogram g in Fig. 3). Eight moles of
bound water per mole lipid were calculated for
DMTAP/DOPE liposomes. This value is lower than
the 14 moles of water for liposomes composed of
DOTAP/DOPE. The DMTAP molecule is less hy-
drated than DOTAP, probably because DMTAP,
being a saturated lipid [29], having a Ty, >37°C is
at 37°C in the solid-ordered phase which is drier than
the liquid-disordered phase of DOTAP. A dehydra-
tion of 30% was measured when DMTAP/DOPE lip-
osomes were complexed with DNA at DNA™/
L*=1.5, which is lower than the dehydration of

Dehydration during lipoplex formation determined from the difference between calculated and measured specific hydration: DSC

study using DOTAP/DOPE (1/1) and DOTAP/Chol (1/1) liposomes

LUV composition
(mol H,O/mol lipid)

LUV-specific bound water Lipoplex-specific bound water (mol H;O/mol (DNA phosphate+lipid))

DNA~/L* =0.44 DNA7/L*=1.5

expected  observed % change  expected observed % change
DOTAP/DOPE (1/1) 14 16.9 14.12+0.12  —16.5 23.32 12.50£0.85 —46.4
DOTAP/Chol (1/1) 11 13.6 11.17£0.81 —17.9 20 10.17+145  —49

Hydration of DNA determined by DSC shows 12 moles of bound water per mole DNA phosphate. For more details see Section 2.
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the equivalent lipoplex in which DOTAP is the cat-
ionic lipid (Table 3).

4. Discussion

Lipoplexes formed spontaneously upon interaction
of DNA with cationic liposomes at a mole ratio of
0.1-3.2 were investigated using laurdan generalized
polarization (GP) and DSC. The laurdan GP value
depends mainly on changes of hydration of the bi-
layer headgroup region either due to changes in the
ratio between the less hydrated gel (solid-ordered)
phase and the more hydrated liquid-crystalline
(liquid-disordered) phase or due to other reasons,
but not due to the type of bilayer headgroup charge
[11]. Therefore, the spectral properties of laurdan
must be due to the level of water located at the
hydrophobic-hydrophilic interface of the bilayer
where the fluorescent laurdan is anchored [12].

The use of laurdan GP at various wavelengths
enables one to distinguish between changes in hydra-
tion related to phase change or others reasons [11].
Laurdan GP was used previously to demonstrate
that cholesterol induces dehydration of lipid bilayers
[30,31]. The excitation GP at 410 nm selects the gel
phase, while the excitation GP at 340 nm selects all
the lipid phases equally (Gratton, personal commu-
nication). Differences in GP values of the various
liposomes used for lipoplex formation, as well as
changes in GP due to the formation of lipoplexes,
are related to changes in the excitation at 340 nm
and not at 410 nm (emission), suggesting that the
changes in hydration level are not related to changes
in lipid phase.

The hydration level of the cationic liposomes alone
(Table 1) was measured through the laurdan probe
and showed, as expected, that lipid compositions
containing cholesterol were less hydrated (higher
GP) [30] than liposomes of other lipid compositions.
The large difference in GPs34 between the vesicles
containing and those lacking DC-Chol or cholesterol
and those containing or lacking ester phospholipids
as helper lipids are related to the difference in their
physical state. The cholesterol- or DC-Chol-contain-
ing vesicles are at the less hydrated liquid-ordered
phase, while the system lacking the cholesterol nu-
cleus is in the liquid-disordered phase [27,28]. This is

clearly demonstrated by our DSC data (compare Fig.
3e to Fig. 3a—c).

The lower hydration observed with DOTAP lip-
osomes formulated with either DOPE or DOPC
than for 100% DOTAP liposomes can be explained
as follows: the quaternary amine of DOTAP could
interact with the phosphate group of the phospho-
lipids DOPE or DOPC, forming a salt bridge (or ion
pair) [32]; such a bond will reduce the possibilities of
hydrogen bonding of water with the charged groups.
Moreover, DOTAP/DOPC liposomes were found to
be more hydrated than DOTAP/DOPE liposomes.
This difference is expected since lamellar PC disper-
sions bind more water and more tightly than do PE-
enriched dispersions [33].

Laurdan GP34 of cationic lipoplexes compared to
those of the cationic liposomes showed a general
trend of dehydration over all the DNA™/L* range.
As shown by the increase in AGP34, most of the
dehydration occurred at DNA7/L* < 0.5, reaching
a plateau above one (Fig. 1 and Table 2). This is
in accord with our previous observations on the neu-
tralization of cationic lipids by DNA in the lipo-
plexes followed by the fluorescent probe 4-heptadec-
yl-7-hydroxycoumarin (HC), which also showed a
plateau in maximal percent neutralization at
DNA7/L* >1 (Fig. 4 in [1]). In addition, other stud-
ies had shown that the DNA/cationic lipid ratio of
1.0 is a critical ratio [34,35]. Gershon et al. [31] found
that above the cationic lipid/DNA mole ratio of
about 1, two processes took place: DNA-induced
lipid fusion and liposome-induced DNA collapse.
When DNA is added to DC-Chol/DOPE liposomes,
there is no increase in GP34 (Fig. 1). This may be
related to the fact that the lipid of these liposomes is
less hydrated than that of others used in this study
(Table 1).

At this range of DNA7/L* >1, DNA being in
excess, most charges of the cationic lipids in the lip-
oplex are neutralized by the negative charges of the
DNA phosphates. Comparing liposomes composed
of DOTAP and various helper lipids, laurdan GP
shows the greatest dehydration for the lipoplexes
composed of DOTAP/DOPE; DOPE ‘helps’ to en-
hance dehydration. One possible mechanism is that
DOPE enables the DNA to come closer to the inter-
face due to the salt formation between the DOPE
phosphate and the DOTAP quaternary amine [32].
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The dehydration of both DNA and the lipids is a
requirement to obtain a tight contact during their
interaction [1,36]. This tight association was visual-
ized by video microscopy with fluorescently labeled
DNA and lipids [37]. The effect of DNA on the
electrical surface potential determined through the
use of HC indicates that the distance between the
DNA phosphate and the HC fluorophore (located
at the same plane as the quaternary amine of DO-
TAP) is shorter than 0.8 nm [1].

A previous study [19] demonstrated changes in the
exposure of the upper part of the lipid acyl chains to
water upon DNA-lipid complexation. The liposomes
were fluorescently probed with TMADPH, the qua-
ternary amine of which is located at the lipid—water
interface. Dehydration in the upper part of the lipid
acyl chain region was obtained in lipoplexes com-
posed of DNA™/L* =1.0, while increased hydration
in this region was found when DNA7/L* of lipo-
plexes was =0.6 [19]. While the results obtained
with laurdan (this paper) agree with those obtained
with TMADPH [19] for DNA7/L* =1.0, they show
opposite trends at DNA™/L* =0.6, i.e., partial dehy-
dration versus increased exposure to water for laur-
dan and TMADPH, respectively.

How can this discrepancy be explained? The two
fluorophores are located at different planes of the
lipid bilayer: the naphthalene of laurdan is found
at the glycerol backbone plane, while the diphenyl-
hexatriene moiety of TMADPH is located parallel to
the upper part of the acyl chain, occupying almost
50% of the acyl chain length. At high DNA~/L*
ratios, there is almost a complete cationic lipid neu-
tralization [1] and this interaction induces a homoge-
neous lipid condensation without phase separation or
membrane defects. This condensation involves re-
moval of a fraction of the water molecules both
tightly and loosely bound to the lipid headgroup
which are available to affect TMADPH in the upper
part of the acyl chains. The DSC study at DNA™/
L* =0.44 shows that the dehydration was a third of
that at DNA™/L* = 1.5 (Table 3). In parallel, there is
a partial and less than expected neutralization of
cationic lipids [1]. Also, the DNA induces lipid phase
separation between condensed domains in which the
lipid interacts with DNA and non-condensed DNA-
free lipid domains [19]. It seems that there is a qual-
itative agreement between level of cationic lipid neu-

tralization and lipid dehydration. It is possible that
the dehydration occurs only at the lipid domains in
which DNA interacts with the cationic lipid. There-
fore, the water molecules present at DNA-free lipid
domains (or continuum) are available to interact
with the TMADPH and, due to the membrane de-
fects, more water molecules find their way to interact
with the TMADPH in the lipid upper acyl chain
region.

The laurdan GP approach is mainly qualitative in
nature and gives trends of changes in level of hydra-
tion. Also a more quantitative and direct approach is
determination of the level of tightly bound water by
DSC. First, we used DMTAP (T, =40°C; Fig. 3,
peak 1 in thermogram f) and DMTAP/DOPE (ther-
mogram g in Fig. 3) and distinguished between en-
dotherms related to lipid gel-to-liquid-crystalline
phase transition and those of water-to-ice-water tran-
sition (Fig. 3, peak 2 in f,g). For the DOTAP/DOPC
system, we added another control to distinguish be-
tween gel-to-liquid-crystalline phase transition and
water-to-ice-water transition. By replacing H,O
with D,0O, peak 1 (lipid) and peak 2 (water) were
shifted to higher temperatures (see Fig. 3, thermo-
grams c,d and inset): peak 2 shifted to a larger extent
than peak 1. A third proof of the identification of
peak 1 as the lipid endotherm and peak 2 as the
water endotherm derives from Fig. 3, where on ther-
mogram ¢ (DOTAP/Cholesterol 1/1), peak 1 com-
pletely disappeared due to the known effect of cho-
lesterol of abolishing the gel-to-liquid phase
transition [24,25]. Thus, the contribution of hydra-
tion and the gel-to-liquid-crystalline phase transition
to the thermograms can be distinguished, and there-
fore DSC can be used to quantify lipid, DNA, and
lipoplex hydration.

A significant dehydration (over 40%) was observed
in both formulations (DOTAP/DOPE and DOTAP/
Chol) at the charge ratio DNA™/L* of 1.5 (Table 3).
During this complex formation, the DNA secondary
structure is changed from a B-type helix (high activ-
ity of water) to a C-type helix and even to a ¥~ -type
(partial condensed tertiary structure) [38]. The DNA,
as a condensation consequence, becomes more bent
and/or flexible. Our own circular dichroism (CD)
study ([39] and Simberg and Barenholz, unpublished
results) showed a partial transition from B-to-C-type
DNA with appearance of W~ tertiary structure at
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DNA7/L*=0.6 in the presence of DOPE or choles-
terol. It is known that a complete B— C transition is
coupled with a large DNA dehydration [40]. There-
fore, the CD data suggest also that DNA-—cationic
lipid interactions are accompanied by partial dehy-
dration of the DNA, in addition to charge neutrali-
zation by the cationic lipids. DNA condensation oc-
curs when about 90% of the negatively charged
phosphates of DNA are neutralized [39]. The CD
measurements identify the secondary and tertiary
structures of DNA, while DSC indicates both
DNA and lipid dehydration. Although we do not
yet have direct information on DNA neutralization,
we can estimate from binding isotherms that at
DNA7/LT=0.5, 85-90% of the DNA is complexed
to DOTAP/Chol and 98% of the DNA is complexed
to DOTAP/DOPE; therefore DNA should be con-
densed (Even-Chen and Barenholz, unpublished re-
sults). The fact that the dehydration of DOTAP/Chol
is shown much better by DSC than by the laurdan
GP340 (compare Fig. 1 and Table 3) suggests that
laurdan monitors mainly the changes in the lipid
hydration and is less sensitive to changes in hydra-
tion of the DNA in the lipoplex, while DSC shows
the overall dehydration.

Physiological saline (150 mM NaCl) did not im-
pede lipoplex formation in the DNA™/L* ratio <1
(see Fig. 2) and > 1. Similar results were monitored
through the use of TMADPH [19] or HC fluoro-
phore (Hirsch-Lerner et al., unpublished results) in
DOTAP/DOPE-based lipoplexes in the presence of
150 mM NaCl. Moreover, at DNA7/LT =0.5 the
lipoplex dispersion in the presence of 150 mM
NaCl contained little free DNA, as determined by
agarose electrophoresis (Even-Chen and Barenholz,
unpublished results). NaCl (150 mM) by itself in-
duced a partial dehydration; the effect of DNA on
the hydration was additive (Fig. 2). These results are
in agreement with the findings that fusion between
cationic liposomes and anionic liposomes was not
disturbed by NaCl up to 150 mM [41].

Cationic lipids facilitating polar domain dehydra-
tion and hydrophobic domain destabilization dis-
played the highest levels of transfection [29]. This
high transfection activity may be due to a better
ability of the lipoplexes to be taken up and processed
inside the cells by fusing with the endosome mem-
brane, thereby escaping lysosomal degradation [29].

Therefore, nonbilayer lipid structures might play a
direct role in transfection via fusion or membrane
destabilization of target cells [42]. So far, only a
few studies [43,44] have focused on structural DNA
modifications as a result of complexation with cat-
ionic liposomes. The degree of supercoiling, which is
affected by dehydration [41], may also be a promi-
nent factor in various biological mechanisms involv-
ing DNA, such as transcription and replication, as
well as transfection [42]. Further investigations will
be carried out on changes in DNA upon lipoplex
formation.
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