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Abstract

Lipoplexes, which are complexes between cationic liposomes (L+) and nucleic acids, are commonly used as a nucleic acid delivery system

in vitro and in vivo. This study aimed to better characterize cationic liposome and lipoplex electrostatics, which seems to play a major role in

the formation and the performance of lipoplexes in vitro and in vivo. We characterized lipoplexes based on two commonly used monocationic

lipids, DOTAP and DMRIE, and one polycationic lipid, DOSPA—each with and without helper lipid (cholesterol or DOPE). Electrical

surface potential (W0) and surface pH were determined using several surface pH-sensitive fluorophores attached either to a one-chain lipid

(4-heptadecyl hydroxycoumarin (C17HC)) or to the primary amino group of the two-chain lipids (1,2-dioleyl-sn-glycero-3-phosphoethanol-

amine-N-carboxyfluorescein (CFPE) and 1,2-dioleyl-sn-glycero-3-phosphoethanolamine-N-7-hydroxycoumarin) (HC-DOPE). Zeta poten-

tials of the DOTAP-based cationic liposomes and lipoplexes were compared with W0 determined using C17HC. The location and relatively

low sensitivity of fluorescein to pH changes explains why CFPE is the least efficient in quantifying the differences between the various cationic

liposomes and lipoplexes used in this study. The fact that, for all cationic liposomes studied, those containing DOPE as helper lipid have the

least positive W0 indicates neutralization of the cationic charge by the negatively-charged phosphodiester of the DOPE. Zeta potential is much

less positively charged than W0 determined by C17HC. The electrostatics affects size changes that occurred to the cationic liposomes upon

lipoplex formation. The largest size increase (based on static light scattering measurements) for all formulations occurred at DNA�/L+ charge

ratios 0.5–1. Comparing the use of the one-chain C17HC and the two-chain HC-DOPE for monitoring lipoplex electrostatics reveals that both

are suitable, as long as there is no serum (or other lipidic assemblies) present in the medium; in the latter case, only the two-chain HC-DOPE

gives reliable results. Increasing NaCl concentrations decrease surface potential. Neutralization by DNA is reduced in a NaCl-concentration-

dependent manner.
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1. Introduction

Delivery of nucleic acids into live cells in vitro and in

vivo has gained increased interest as a novel modality to

obtain transgene expression or to specifically inhibit

expression of a gene by either antisense oligonucleotides

(ODN) or by small inhibitory RNA (siRNA). Intensive

efforts have been focused on developing a well-character-

ized ‘‘synthetic’’ delivery system for nucleic acids, which is

efficient and harmless, in order to find alternatives that will

overcome the drawbacks of viral delivery [1]. Cationic

liposomes that complex with nucleic acids (DNA, ODN,

RNA) to form lipoplexes have been shown to be promising

candidates [1–3], although they are still much less efficient

than viral vectors [4–6]. Improving our understanding of

the structure–activity relationships of lipoplexes in gene

delivery in cell culture and in vivo may aid in optimizing

lipoplex performance.

In many (but not all) cases, the inclusion of ‘‘helper’’

lipids in the cationic liposomes improves lipoplex efficiency

[7]. Helper lipids affect lipoplex electrostatics as well as the

way the lipid self-assembles (micellar, lamellar, hexagonal,

vesicular, etc.), the level of hydration, and DNA secondary

and tertiary structure [8–10]. For in vitro transfection a

favorable helper lipid is 1,2-dioleoyl-sn-glycero-3-phos-

phoethanolamine (DOPE), which enables better matching

of charge density of the lipid surface to DNA helices,

facilitates counterion release from the lipid surface by DNA

[11,12], and decreases lipid hydration [9,13]. On the other

hand, for in vivo transfection, cholesterol is a much better

helper lipid [14–17]. In general, it seems that in order to

obtain efficient transfection in vitro [7,18] and in vivo

[2,19,20], the lipoplex should remain cationic and should

have membrane defects leading to size instability [10,18].

It is now obvious that electrostatics plays a major role in

lipoplex formation and in various steps of the transfection

process. Lipoplexes are formed spontaneously by electro-

static neutralization. The driving force for such complex

formation is the removal of small counterions (cations from

the DNA surface and anions from the cationic liposome

surface) [14,15]. Counterion release depends on the lip-

osome lipid composition, i.e., the type of cationic lipid and

the type of neutral (helper) lipid present in the assembly

[12,18], and on the medium composition (reviewed in [2]).

The commonly used measure of electrostatics is zeta

potential, which is the electrical potential at the plane of

shear of the liposomes or lipoplexes, i.e., the ‘‘border’’

between the fixed and diffuse ion layers [21]. This plane is

further away from the plane of the quaternary amino group

of the cationic lipid.

Fluorescent probes, which monitor electrical surface

potential [22] and are evenly distributed over all liposome

lipid bilayer(s), are a better tool to look at the intimate

interaction between liposome and nucleic acid, as was

demonstrated with the probe 4-heptadecyl-7-hydroxycou-

marin (C17HC) previously [11,12,18]. However, C17HC
suffers from a major drawback related to being a single-

chain amphiphile, being desorbed and equilibrated between

all lipid-based assemblies present, including cell membranes

and serum and lipoproteins [22]. To overcome this obstacle,

we used two additional fluorescent phospholipids contain-

ing a fluorophore in their headgroups, 1,2-dioleyl-sn-

glycero-3-phosphoethanolamine-N-(carboxyfluorescein)

(CFPE) and 1,2-dioleyl-sn-glycero-3-phosphoethanol-

amine-N-(7-hydroxycoumarin) (HC-DOPE). In addition to

electrostatics, we also studied lipoplex instability. This was

followed by change in degree of exposure of 1-(4-

trimethylammoniumphenyl)-6-phenyl)-1,3,5-hexatriene

(TMADPH)-labeled cationic liposomes to water, monitoring

membrane defects [13].
2. Materials and methods

2.1. Materials

2.1.1. Lipids and fluorescent probes

DOTAP, DOPE, DOPC, and CFPE were purchased

from Avanti Polar Lipids (Alabaster, AL). Cholesterol

(purity 99%) was obtained from Sigma (St. Louis, MO).

DC-Chol was a generous gift of Dr. L. Huang (Depart-

ment of Pharmacology and Pharmaceutical Science,

University of Pittsburgh, Pittsburgh, PA). N-(1-(2,3-

dimyristoyloxypropyl)-N ,N-dimethyl-(2-hydroxyethyl)

ammonium bromide (DMRIE) and 2,3-dioleyloxy-N-

[2(sperminecarboxamido)-ethyl]-N,N-dimethyl-1-propana-

minium trifluoro acetate (DOSPA) were synthesized by

Vical Inc. (San Diego, CA). Fluorescent probes C17HC

and TMADPH were purchased from Molecular Probes

(Eugene, OR). HC-DOPE was synthesized as described in

International Patent Publication #WO 01/59156, 8/16/

2001. All lipids and fluorescent probes were �98%

purity based on TLC analysis [23].

All others chemicals were of analytical grade or better.

2.1.2. DNA preparation

An Escherichia coli containing the plasmid S16 hGH

(size 4.8 kbp) was kindly supplied by Dr. O. Meyuhas of our

department [24]. The plasmid S16 hGH was grown and

isolated using a QIAGEN Mega Plasmid Kit (QIAGEN,

Hilden, Germany). After the plasmid purification, DNAwas

dissolved in 20 mM HEPES (pH 7.4) with 1 mM EDTA,

and its concentration was quantified by organic phosphate

determination [25]. This concentration is equivalent to the

DNA negative charge concentration [26]. Plasmid purity

was determined using agarose gel (1%) electrophoresis [27]

and ratio of absorbance at 260 nm to that at 280 nm.

Agarose gel (1%) electrophoresis showed that the plasmid

DNA was mostly in its supercoiled form (>70%), free of

chromosomal DNA or RNA. In the different DNA batches,

the A260/A280 ratios were about 1.8–1.9, indicating lack of

contamination by proteins [28].
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For zeta potential measurements, sonicated DNA sodium

salt Type I from calf thymus was purchased from Sigma (St.

Louis, MO).

2.1.3. Liposome preparation

Fluorescent-labeled large (¨100 nm) unilamellar

vesicles (LUV) were prepared by mixing tert-butyl

alcohol (TB) solutions of the different lipids with the

fluorescent probes C17HC, CFPE, HC-DOPE, or

TMADPH, using the mole ratio of total lipid to

fluorophore of 400 (for C17HC, HC-DOPE, and CFPE)

or 200 (for TMADPH). The mole ratio of cationic lipid

to neutral lipid was 1. The mixture of lipids and fluo-

rophore in TB was freeze-dried overnight. The lyophi-

lized cake was hydrated with 20 mM HEPES buffer (pH

7.4) to reach a final concentration of total lipid of 31

mM. Then, the unsized heterogeneous liposomes formed,

UHV, (>300 nm) were downsized to form LUV as

described previously [13]. Recently, our cryo-transmission

electron micrographs have revealed that the heteroge-

neous unsized cationic liposomes obtained after lipid

hydration are actually �500 nm, uni-, bi-, or oligola-

mellar vesicles [2]. Particle size distribution of the LUV

dispersions was determined by dynamic light scattering

(DLS) using a Coulter N4SD (Coulter Electronics,

Hialeah, FL) [25]. All the LUV preparations used in

this study have a unimodal size distribution of similar

mean size (100 T 20 nm).

2.2. Methods

2.2.1. Fluorescence measurements

2.2.1.1. pH titration. Cationic liposomes were diluted in

3 ml of 20 mM HEPES buffer to a final cationic lipid

concentration of 0.04 mM, and the pH adjusted to that

desired. Then the samples were sonicated for about 5 s in a

water bath in order to equilibrate the intra- and extra-

liposomal pH. The fluorescence measurements were per-

formed on a Perkin-Elmer LS 50B luminescence spectrom-

eter (Norwalk, CT) using a 1-cm light path cell under stirring

conditions and at room temperature.

Fluorescence of C17HC was measured as described by

Zuidam and Barenholz [11]. The excitation wavelength

was scanned between 300 nm and 400 nm using an

emission wavelength of 450 nm (bandwiths 5 nm) and

with an emission filter at 430 nm. The dissociation

degree of C17HC in the liposomes was calculated by

taking the maximum value of 380/330 nm as 100%

C17HC dissociation. The fluorescence intensity upon

excitation at 380 nm represents the charged C17HC,

while the fluorescence intensity upon excitation at 330

nm represents the pH-independent, isosbestic, point of

C17HC and, therefore, the total C17HC in the lipid

assembly [11]. Fluorescence of HC-DOPE was deter-

mined in a way similar to that for C17HC, except that
the ratio of excitation wavelengths of 408 nm for the

charged fluorophore and 370 nm for the pH-independent

isosbestic point (which represents the total HC-DOPE in

the lipid assembly) were used as a result of a spectral

shift. Emission wavelength was 454 nm.

The fluorescence intensity of CFPE-labeled liposomes

was monitored at an excitation wavelength of 507 nm and

an emission wavelength of 528 nm. The dissociation degree

of CFPE in the liposomes was calculated by assuming that

100% dissociation corresponds to the maximum value at the

emission wavelength of 528 nm.

The same procedures were performed when the effect of

NaCl was studied, except that the HEPES buffer liposome

medium was replaced at the dilution stage (see above) with

HEPES buffer containing NaCl at the desired concentration.

2.2.1.2. Fluorescence and static light-scattering measurements

in the presence of DNA. An aliquot of C17HC- or CFPE-

fluorescent-labeled liposomes was diluted in 3 ml HEPES

buffer (pH 7.4) or acetate buffer (pH 5.5), respectively, to

reach a final cationic lipid concentration of 0.04 mM. Then,

the fluorescence intensity of the liposomes and, 5 min after

addition of DNA, the fluorescence intensity of the lipoplexes

were measured. The amount of DNA is expressed as the

amount of DNA phosphate negative charges. In the case of

CFPE-labeled liposomes, the fluorescence intensity of the

fluorescent-labeled liposomes without DNA is defined as F0,

and the fluorescence intensity in the presence of DNA is

referred to as F.

The fluorescence measurements in which TMADPH is

used as a fluorophore were done as previously described

[13].

90- static light-scattering (SLS) measurement of the same

sample was obtained on the same spectrofluorometer

described above using both excitation and emission wave-

length at 600 nm, at which there is neither absorbance nor

fluorescence emission [12].

2.2.1.3. Comparison of the stability of association of

C17HC and HC-DOPE in DOTAP/Chol liposomes in

various media. DOTAP/Chol (1/1 mol ratio) UHV

(¨500 nm) containing C17HC or HC-DOPE in a mole

ratio of 1 to 50 of total UHV lipids were prepared in 5%

dextrose with 20 mM HEPES (pH 7.4). DOTAP, 186

nmol, was mixed with DNA (ranging from 0 to 372

nmol) and the dispersions incubated for 30 min at room

temperature. Then, an aliquot of 23 Al lipoplexes or

cationic liposomes was mixed with the appropriate

amount of media: human serum, high-molecular-weight

components of serum (HMWC) prepared as described

elsewhere [29], 0.9% NaCl, or 5% dextrose so that the

final DNA concentration was 50 Ag (150 nmol DNA�)

DNA/ml medium. The medium containing lipoplexes was

incubated for another 30 min, followed by dilution with

5% dextrose in 20 mM HEPES (pH 7.4) to a final total

volume of 1 ml. The fluorescent intensities of HC-DOPE
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and of C17HC were monitored as described in Section

2.2.1.1 above.

The high probe-to-lipid ratio of 1/50 was used in order to

overcome serum-related artifacts in fluorescence determi-

nation such as inner filter effects. Lack of artifact due to this

high ratio was demonstrated by showing lack of effect of the

probe on the results in the absence of serum.

2.2.2. Determination of zeta potential

Zeta potential was measured at 25 -C using a Zetasizer

Nano-Z, Malvern Instruments Ltd., Malvern, UK. An

aliquot of 7 Al of LUV was diluted in 600 Al of 20 mM

HEPES (pH 7.4) with or without NaCl. Sonicated DNA

Type 1 from calf thymus was added to the diluted

liposomes. The principle of measurement and equation for

calculation are described elsewhere [30].
3. Results

3.1. Electrostatic parameters of cationic liposomes

4-heptadecyl-7-hydroxycoumarin (C17HC)- and 1,2-dio-

leoyl-sn-glycero-3-phosphoethanolamine-N-(carboxyfluor-

escein) (CFPE)-labeled cationic LUV of similar mean size

(¨100 T 20 nm) were studied. Both fluorescent probes,
Fig. 1. Titration curves of C17HC (A) and CFPE (B) in cationic liposomes. See

electrical surface potential (W0).
C17HC and CFPE, are pH-sensitive; C17HC, but not CFPE,

has a pH-insensitive isosbestic point (at the excitation

wavelength of 330 nm [11]). The dissociation degree of

C17HC in the liposomes is monitored by the ratio of the

excitation fluorescence intensities at 380 nm/330 nm and

then translated as the percent of the maximum value (Fig.

1A). Titration curves of the C17HC- and CFPE-labeled

cationic liposomes are presented in Fig. 1. The sigmoid

curves in Figs. 1A and B were fitted to a modified

Henderson–Hasselbach equation:

pHbulk ¼ pKa þ A log
D� Dmin

Dmax � D

��
þ log

Ia

Ib

��

where the constant A is ideally 1 since the protonation of

C17HC is a one-to-one event (normally, we found values

between 0.9 and 1.2, but when C17HC was incorporated

into DMRIE/DOPE (1/1) liposomes we found a value for A

of 1.7); pKa is the apparent proton binding constant of

C17HC; D is the dissociation degree; Dmin and Dmax are the

minimum and maximum value of D, respectively. Ia/Ib is the

ratio of the fluorescence intensity of the pH-independent

isosbestic point of C17HC (excitation at 330 nm) and of the

unprotonated charged C17HC (excitation at 380 nm). Log

(Ia/Ib) is 0 at an ideal isosbestic point; we found values

between �0.1 and 0.1.
text. Insert: Apparent pKa of C17HC and CFPE in cationic LUV and their
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The dissociation degrees of C17HC in DMRIE or

DOSPA or DOTAP liposomes combined with cholesterol

as helper lipid were always lower than the dissociation

degrees of C17HC in the same cationic lipid alone or with

DOPE as helper lipid (Fig. 1A).

The pKa’s of C17HC in zwitterionic, uncharged DOPE/

DOPC or DOPC liposomes are 10.7 and 10.5, respectively

[11]. Since DOPC liposomes are neutral throughout all the

pH range used in this study [31], DpKel (which is the shift in

pKa due to change in surface potential) of C17HC in

charged liposome membranes can be calculated. For this

estimation, the pKa of C17HC in DOPC liposomes is taken

as a neutral reference. Then, the values of DpKel were used

to calculate w0
C17HC, the electrical surface potential at the

location of the fluorophore in the charged liposomes—by

rearrangement of the Boltzmann equation [31–33]:

WC17HC
0 ¼� DpKelkTln10

e
¼� `pKcharged

a � pK neutral
a ktln10

e

where k is the Boltzmann constant (1.38�10�23 J K�1), T

is the absolute temperature (here 295 K), e is the electron

charge (1.6�10� 19 C) and pKa
charged and pKa

neutral are the

pKa’s in charged bilayers and in neutral DOPC bilayers,

respectively. pHsurface was also determined by using the

Boltzmann equation for a given potential [33]:

pHsurf ace ¼ 7:4þ W0e

kT
ln10

High surface pHs were found for all the cationic liposomes

(see insert Fig. 1) DOPE lowered the surface potential of the

three cationic liposomes DOTAP, DMRIE, and DOSPA.
Fig. 2. Changes in surface potential of C17HC in lipoplexes after addition of pla

followed by means of C17HC-labeled cationic liposomes.
The dissociation degrees of CFPE in the various cationic

liposomes are presented in Fig. 1B. One can observe that the

apparent pKa’s of CFPE in cationic liposomes with

cholesterol as helper lipid are shifted to lower pH values

compared to the pKa’s of CFPE in cationic liposomes

without any helper lipid. The insert in Fig. 1 shows the

pKa’s of CFPE in cationic liposomes and their electrical

surface potentials. As expected, the pKa of CFPE in the

neutral DOPE/DOPC liposomes was higher than of the

cationic liposomes. The values of pKa’s and surface

potentials of CFPE in cationic and neutral liposomes are

lower compared to the values of pKa’s and w0
C17HC obtained

with the fluorophore C17HC.

3.2. Effect of DNA on the electrical properties of labeled

cationic liposomes

Increasing DNA�/L+ ratio results in decreasing the

electrical surface potential in cationic liposomes (Fig. 2).

At DNA�/L+=0, DMRIE/Chol liposomes have the highest,

and DC-Chol/DOPE liposomes, the lowest electrical surface

potential.

Formation of lipoplexes by addition of DNA led to

reduction in the electrical surface potential of C17HC in

a DNA�/L+-dependent manner (Fig. 2). However, the

effect was sigmoidal in nature, with a small effect at low

DNA�/L+ charge ratio (especially for DOTAP and

DMRIE/Chol lipoplexes), with the major diminution

above mole ratio DNA�/L+ 0.5, followed by a plateau

starting at DNA�/L+ charge ratio 1.0. The smallest effect

upon DNA addition was observed with DC-Chol/DOPE
smid DNA to cationic liposomes as a function of mole ratio of DNA�/L+



Fig. 3. Change in fluorescence intensity of CFPE in lipoplexes as a function of mole ratio of DNA�/L+. F/F0: F0 is fluorescence intensity of CFPE-labeled

cationic liposomes; F is fluorescence intensity of CFPE-labeled lipoplexes.
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liposomes. Fig. 2 shows that none of the cationic

formulations were completely neutralized by DNA even

when DNA�/L+ mole ratio was 2.

The reduction in fluorescence intensities of CFPE-

labeled cationic liposomes as a function of the mole ratio

of DNA�/L+ is shown in Fig. 3. In order to better
Fig. 4. Changes in 90- static light scattering (SLS) of cationic liposomes upon DN

addition of DNA to the cationic liposomes and T0 is the 90- SLS of the same c

decreasing order.
monitor the interaction of DNA with cationic liposomes,

the pH of the medium was reduced to 5.5 (acetate

buffer), which is the pH-sensitive part of the pH titration

curve [34].

As observed with C17HC-labeled cationic liposomes, a

plateau was reached above a mole ratio DNA�/L+ of 1.0 for
A addition. SLS data are presented as T/T0, where T is the 90- SLS after the

ationic liposomes prior to DNA addition. Insert: Values of SLS (T/T0) in
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most of the cationic formulations. As mentioned above for

C17HC, CFPE also demonstrates that even at DNA�/L+

ratio of 2 neutralization and charge reversal of the super-

molecular assemblies were not complete. However, unlike

C17HC, which demonstrates large differences between

different cationic liposomes, no major differences were

noted between the various cationic liposome formulations

above the DNA�/L+ ratio of 1.0.

3.3. Effect of DNA on TMADPH fluorescence intensity

Effects of DNA on TMADPH fluorescence intensity of

TMADPH-labeled cationic liposomes were found in all

formulations (data not shown). The ratio F/F0 decreased

because DNA induced TMADPH quenching. For most

cationic liposome formulations, the maximum quenching

was obtained at DNA�/L+ mole ratio <0.8. Above this

value, a plateau was reached, followed in some formulations
Fig. 5. Effect of NaCl on titration curves of C17HC in liposomes of DOPC, DOT

liposomes and those containing DOTAP at each NaCl concentration.
(DMRIE/DOPE; DOTAP/DOPE) by an increase in the ratio

F/F0.

3.4. Static light scattering

The change in 90- static light scattering (SLS) was

followed in parallel to the fluorescence measurements as

a measure of particle size change. The SLS data were

presented as T/T0, where T is the 90- SLS after the

addition of DNA to the cationic liposomes and T0 is the

90- SLS of the same cationic liposomes before DNA

addition. T/T0 is presented as a function of DNA�/L+

mole ratio (Fig. 4). Using the kinetic mode of the Perkin-

Elmer LS 50B spectrofluorimeter, we followed time-

dependent changes in T. Lipoplex formation can be

monitored through the change in T or T/T0. The curves

describing T/T0 as a function of DNA�/L+ mole ratio

have a bell shape, reaching their highest value at DNA�/L+
AP, DOTAP/DOPE, and DOTAP/Chol. Insert: pKa’s for C17HC in DOPC



Fig. 6. Effect of NaCl on surface potential of C17HC-labeled liposomes

DOTAP (A), DOTAP/DOPE (B), and DOTAP/Chol (C), after addition of

DNA.

Fig. 7. Effect of increasing NaCl concentration and DNA�/L+ on 90- SLS

in DOTAP/DOPE liposomes. SLS data are presented as T/T0 where T is the

90- SLS of the lipoplexes and T0 is the 90- SLS of the same cationic

liposomes prior to DNA addition.
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mole ratio �0.5–1.0. The values were dependent on the

liposome lipid composition. The order of maximum T/T0

(from high to low) is shown in Fig. 4, insert.

3.5. Effect of NaCl on the electrostatics of cationic

liposomes and on lipoplex formation

In general, salt should reduce the electrical surface

potential of the liposomes, and therefore apparent pKa

should shift to higher bulk pH [35], as indeed occurred

(Fig. 5). However, the various liposome compositions used

differed in their response. As NaCl concentration

increased, the largest significant shift in apparent pKa to

higher values (2.93 pH units) is observed for DOTAP/

DOPE liposomes (see Fig. 5, insert). DOTAP/Cholesterol
liposomes were the least sensitive to increases in NaCl

concentrations among all the cationic liposome formulations

used.

The effect of NaCl concentrations on the electrical

surface potential of C17HC-labeled lipoplexes is described

in Fig. 6.

NaCl reduces the ability of DNA to neutralize the

cationic lipid (as monitored by the level of W0
C17HC

reduction) in a DNA�/L+ mole ratio-dependent manner

(Figs. 6 A–C). In Figs. 6A and C, one can see that at 10

mM and 150 mM NaCl, above the mole ratio DNA�/L+

of 1.0, W0 is not much affected by NaCl. At 1 M NaCl,

addition of DNA had no effect. To increase sensitivity at

this NaCl concentration the experiment was done at

higher pH’s, at which changes in W0 are more sensitive;

pHs 9.4, 8.9, and 8.2 for DOTAP, DOTAP/DOPE, and

DOTAP/Chol liposomes, respectively, were used (Fig. 5).

Changes in 90- SLS (T/T0) of DOTAP/DOPE liposomes

upon DNA addition as a function of different NaCl

concentrations are presented in Fig. 7. As NaCl concen-

tration increases, T/T0 decreases. In 1 M NaCl, most of the

effect is contributed by increase in T, that is, there is less

DNA-induced aggregation. Competition between Cl� and

DNA� can explain these results.

3.6. Zeta potential of cationic liposomes and lipoplexes

All DOTAP liposomes showed positive zeta potentials,

as expected (Table 1). As NaCl concentrations increased,

the zeta potential decreased for all DOTAP liposomes

(Table 1). In the absence of NaCl, DOTAP/DOPE

liposomes had the lowest zeta potential among the

DOTAP liposomes.

At DNA�/L+ mole ratio of 0.5, the zeta potentials were

not affected by the presence of NaCl. On the other hand, at

DNA�/L+ mole ratio of 1.0, a reversal from positive values

to negatives values of zeta potential occurred.



Table 1

Zeta potential (f) and electrical surface potential (W0) of liposomes and lipoplexes in the presence of different NaCl concentrations

Liposome Buffer DNA�/L+ f (mV) W0 (C17H) (mV)

DOTAP 20 mM HEPES, pH 7.4 – 62.19 286.15

HEPES + 10 mM NaCl – 75.88 151.77

HEPES + 50 mM NaCl – 56.56 NA

HEPES + 150 mM NaCl – 47.6 148.22

HEPES + 1 M NaCl – 13.39 76.39

DOTAP/DOPE 20 mM HEPES, pH 7.4 – 54.9 183.07

HEPES + 10 mM NaCl – 57.07 151.77

HEPES + 50 mM NaCl – 45.4 NA

HEPES + 150 mM NaCl – 35.41 133.22

HEPES + 1 M NaCl – 16.8 54.21

DOTAP/Chol 20 mM HEPES, pH 7.4 – 80.51 238.4

HEPES + 10 mM NaCl – 89.92 151.77

HEPES + 50 mM NaCl – 56.6 NA

HEPES + 150 mM NaCl – 37.31 147.12

HEPES + 1 M NaCl – 14.74 53.76

DOPE/DOPC 20 mM HEPES, pH 7.4 – �26.22 0

HEPES + 10 mM NaCl – �30.92 NA

HEPES + 50 mM NaCl – NA NA

HEPES + 150 mM NaCl – �11.725 NA

HEPES + 1 M NaCl – 1.01 NA

DOTAP/DOPE 20 mM HEPES, pH 7.4 – 47.31 183.07

20 mM HEPES, pH 7.4 0.5 52.55 163.9

20 mM HEPES, pH 7.4 1 �74.73 67.83

DOTAP/DOPE HEPES + 10 mM NaCl – 58.12 151.77

HEPES + 10 mM NaCl 0.5 57.68 142.34

HEPES + 10 mM NaCl 1 �78.83 123.4

DOTAP/DOPE HEPES + 150 mM NaCl – 33.19 133.22

HEPES + 150 mM NaCl 0.5 26.21 129.6

HEPES + 150 mM NaCl 1 �49.73 117.33

DOTAP/DOPE HEPES + 1 M NaCl – 8.09 54.21

HEPES + 1 M NaCl 0.5 �7.39 53.33

HEPES + 1 M NaCl 1 �12.82 52.31

DNA alone, no lipids 20 mM HEPES, pH 7.4 Amount of 0.5 �49.76

DNA alone, no lipids HEPES + 10 mM NaCl Amount of 0.5 �50.48

DNA alone, no lipids HEPES + 150 mM NaCl Amount of 0.5 �34.67

DNA alone, no lipids HEPES + 1 M NaCl Amount of 0.5 �16.42

DNA alone, no lipids HEPES + 10 mM NaCl Amount of 1.0 �51.95

DNA alone, no lipids HEPES + 1 M NaCl Amount of 1.0 �22.74
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3.7. Comparing the performance of the probes HC-DOPE

and C17HC in DOTAP/Chol liposomes in various media

Fig. 8 demonstrates the difference in the behavior of the

two probes, the one-chain C17HC and the two-chain

phospholipid HC-DOPE in DOTAP/Chol liposomes or in

their lipoplexes, in the presence of various media. C17HC-

labeled DOTAP/Chol liposomes when mixed with serum or

HMWC showed a large (>75%) decrease in the 380/330 nm

fluorescence intensity ratio, while in 0.9% NaCl there was a

much smaller (<30%) decrease in this ratio, and in 5%

dextrose, there was no effect on this ratio (Fig. 8 A1).

However, HC-DOPE-labeled DOTAP/Chol liposomes

exhibited no appreciable changes in the 408/370 nm

intensity ratio in all four media (Fig. 8 B1).

In lipoplexes, the results (Figs. 8 A2, B2) reflect those of

the cationic liposomes: as the mole ratio DNA�/L+

increases, the 380/330 nm intensity ratio of C17HC-labeled

lipoplexes in all four media decreases (Fig. 8 A2). A much
larger decrease, which is independent of DNA�/DOTAP+

mole ratio, is observed in serum and HMWC (Fig. 8 A2).

When HC-DOPE-labeled lipoplexes were used (Fig. 8 B2),

a decrease in the intensity ratio 408/370 nm is also observed

in all four media, and it is significantly lower than in

C17HC-labeled lipoplexes and similar for all four media.
4. Discussion

4.1. General aspects

A better understanding of the physicochemical properties

of cationic lipid–DNA complexes and the forces leading to

‘‘productive’’ lipoplexes is essential in order to understand

the contribution of these properties to transfection effi-

ciency. Such understanding may enable one to optimize

lipoplex-mediated transfection in vitro and in vivo. In this

study, we focused on a more detailed characterization of



Fig. 8. Effect of various media (human serum, serum high-molecular-weight components (HMWC), 0.9% NaCl, or 5% dextrose) on the ratio of fluorescence

intensities of C17HC (A) or HC-DOPE (B) in DOTAP/Chol liposomes (A1 and B1) and after addition of DNA (A2 and B2). L denotes liposomes and C

denotes complex (lipoplex).
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electrical surface potential of cationic liposomes and

lipolexes under a broad range of conditions. Electrical

surface potential was determined using pH-sensitive fluo-

rescent probes.

All fluorescent lipids used were able to provide

information on cationic liposomes and lipoplex electro-

statics. The difference between the results as monitored via

C17HC or CFPE demonstrated a different location of the

fluorophore part of the molecule with respect to the lipid

headgroup; the 7-hydroxycoumarin moiety of C17HC is

closer to the quaternary amino group of DOTAP. Moreover,

the HC-DOPE probe proved to be the most stable in cationic

liposomes and lipoplexes in the presence of salt or serum.

4.2. Electrostatic monitoring through the different

fluorescent probes

DOPE when present in the cationic liposomes or

lipoplexes decreases the positive electrical surface potential

for all 3 cationic lipids (DOTAP, DMRIE, and DOSPA)

studied (insert, Fig. 1). This is due to a salt bridge between,

and partial neutralization of, the positively charged quater-

nary amino group of these 3 lipids and the negatively

charged phosphate group of DOPE [17], while the DOPE

amino group may interact with the negatively-charged

phosphates of the DNA [20]. Several advantages were
attributed to DOPE in the lipoplex formation and intra-

cellular processing that are related to the above salt

formation: it induces an easier counterion release from the

lipid surface by DNA [12], lower hydration of the lipid

surface [9], and enables a better matching of charge density

between lipid and DNA surfaces. In addition, DOPE confers

instability to the liposomes because of its ‘‘curvature-

loving’’ properties, leading to coexistence of hexagonal

and lamellar phases [10]. All these contribute to the

superiority of DOPE as a helper lipid under the more

controlled situation of in vitro transfection.

Unlike DOPE, the helper lipid cholesterol lacks an

ionogenic group. Its h� OH group at C3 introduced only

minimal polarity, just enough to make it compatible with the

lipid bilayer. Its presence in the cationic liposome bilayer

slightly increases (or does not affect) the electrical surface

potential of the cationic liposomes compared to the cationic

liposomes composed of the cationic lipid alone. The

presence of cholesterol is known to cause a significant

dehydration of the cationic lipid bilayer [9], thereby making

the cationic charge more accessible, and therefore the

positive electrical surface potential observed with C17HC

is slightly higher than for DOTAP alone. Recent data

showed that as cholesterol mole % increased in DOTAP

liposomes, the interlamellar distance in lipid/ODN systems

expands [36]. For transfection in vivo, but not in vitro,
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lipoplexes based on DOTAP/Chol are much superior to

those based on DOTAP/DOPE [2]. DOTAP/Chol lip-

oplexes, for example, showed successful delivery to the

murine lungs [37] and to tumor lesions [38] in vivo.

Fig. 2 shows that DNA, even at a 2-fold charge excess,

did not cause complete neutralization and charge reversal of

the supermolecular assemblies. The incomplete neutraliza-

tion can be explained in two ways: (1) not all the positive

charges of the cationic LUV are accessible to the DNA

phosphates and/or (2) the C17HC fluorophore is located

closer to the cationic lipid than to DNA phosphates and

therefore the measurement is biased in favor of the cationic

lipids.

CFPE showed a similar pattern of electrostatics as

C17HC, although results were less detailed, i.e., the

differences between the various lipid compositions were

smaller than with C17HC. This can be explained by the

different location of the fluorophores of the two probes in

the lipid bilayer. The C17HC is located at the lipid bilayer

with its HC fluorophore in the plane of the DOTAP

quaternary amino group (and DOPE phosphate group),

while its long-chain tail of 17 carbons is parallel to the lipid

acyl chains [22] (Fig. 9). C17HC cannot monitor all the

amino groups of DOSPA which has a larger polycationic

headgroup (Fig. 9). The interaction between DNA and lipid

assemblies also occurred at this plane.

The fluorescein moiety of the CFPE molecule, being

larger and bulkier than the C17HC hydroxycoumarin moiety

and attached through a spacer of phosphoethanolamine, is

located further out from the above plane of interaction

between DNA and the cationic lipids, and therefore it is less

sensitive to the variation of lipid packing in the bilayers

(Fig. 9). The 1H NMR study (data not shown) confirms that

the C17HC moiety affects the packing of methyl groups of

the quaternary amine of DOTAP, indicating that this probe is
Fig. 9. Molecular models of the fluorophores (CFPE, C17HC, and TMADPH) to

(DOPE and cholesterol). The software used was CSC Chem3DPlusi (version 7
in the proximity of this headgroup. The results of this study

(compare Fig. 2 with Fig. 3) clearly demonstrate that

C17HC is the superior probe to determine the fine details of

cationic liposome and lipoplex electrostatics. However,

C17HC suffers from a major drawback, demonstrated in

Fig. 8, which shows the differences between C17HC and

HC-DOPE in liposomes and lipopolexes. The C17HC,

being a one-acyl chain amphiphile, desorbs from the lipid

bilayer to the lipid-containing components of the serum (i.e.,

lipoproteins), while the HC-DOPE, being a two-acyl chain

phospholipid, remains located in the liposome or lipoplex.

The DOPE moiety, having two acyl chains instead of the

single heptadecyl chain as part of the lipid assembly

bilayers, confers to the HC-DOPE probe a higher stability.

Hence, C17HC application is limited and cannot be used

when other lipidic assemblies (i.e., lipoproteins or cells) are

present in the system, while HC-DOPE can be used, even in

in vivo systems. Therefore, HC-DOPE is very useful for

understanding lipoplex interactions with various compo-

nents, including those of serum [2].

4.3. Size instability

The 90- SLS is a good measure of relative changes in

particle size [39,40]. It gives important information on size

instability, which is one of the major factors in determining

transfection efficiency in cell culture [7,8,10,37]. Parallel

measurements of change in 90- SLS and in cationic lipid

neutralization of L+ due to addition of DNA demonstrated

that increase in SLS requires the presence of a cationic lipid.

When the mole ratio DNA�/L+ is lower than 1.5, there are

large differences between the various formulations (Fig. 4).

This is in agreement with previous data showing a higher

proportion of lipoplexes with larger diameters at mole ratio

DNA�/L+ of 0.5 and 0.7 [41]. Likewise, Pires et al. showed
gether with the cationic lipids (DOTAP and DOSPA) and the helper lipids

.0, Cambridge Scientific Computing, Cambridge, MA).



Table 2

Comparisons of (1) physicochemical characteristics and (2) transfection in

vitro and in vivo of DOTAP/DOPE and DOTAP/Cholesterol liposomes and

their lipoplexes

Characteristics DOTAP/cholesterol DOTAP/DOPE

Electrical surface

potential of

liposome before

lipoplex formation

More positive

(274 mV)

Less positive

(181 mV)

Electrical surface

potential of liposome

after lipoplex formation

Less neutralization

by DNA

More

neutralization

by DNA

Interaction with DNA Weaker Stronger

Increase in T/T0 Smaller Larger

NaCl effect on

liposome electrical

surface potential and

surface pH

Smaller (especially

at low salt

concentration)

Larger

NaCl (high concentration,

1.5 M) effect on

lipoplex stabilitya

Less stable More stable

Aggregationb in:

NaCl (0.9%) Yes Yes

Dextrose No No

Serum effect on

electrical surface

potential of

HC-DOPE-labeled

lipoplexesb

No effect Large effect

Serum effect (cryo-TEM)b Liposomes remain

intact and are

impermeable to

serum proteins

Liposomes do not

remain intact

Transfection in vitroc Low High

Transfection in vivob

(in the murine lungs)

High Low

a Stability measured as free DNA (by agarose gel electrophoresis) (data

from Even-Chen and Barenholz, unpublished data).
b Data from Simberg et al. [2].
c Data from Kerner et al. [7].
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a significant reduction in zeta potential as well as an

increase in particle size at charge ratio DNA�/L+ under 1.0

[42].

The DOTAP-based lipoplexes seemed to reach the largest

particle sizes, and DOTAP/DOPE>DOTAP/Cholesterol.

This is in agreement with recent data of atomic force

microscopy showing that lipoplexes based on polycationic

liposomes have a globular shape andmore compact structures

than lipoplexes based on monocationic liposomes [43].

Another way to study size instability is to study

membrane defects through the change in degree of exposure

of TMADPH to water, which can be followed as changes in

probe fluorescence intensity [13]. The increase in the

TMADPH fluorescence intensity (above the ratio F/F0 of

1.0) in the presence of DOPE in lipoplexes based on

DOTAP and DMRIE implies a specific effect of this helper

lipid at DNA�/L+>1 (data not shown). In this mole charge

ratio range, there is a homogeneous lipid condensation,

suggesting a reduction in the TMADPH exposure to water

molecules [13]. The largest dehydration upon lipoplex

formation was also observed with DOTAP/DOPE using

laurdan fluorescence and differential scanning calorimetry

[9]. These results suggest a tight compaction between

DOTAP/DOPE and DNA. This is supported by the results

of Even-Chen and Barenholz (unpublished data) showing

that the association of DNA to DOTAP/DOPE is stronger

than to DOTAP/Chol, even though DOTAP/Chol is more

positively charged.

4.4. Effect of ionic strength

NaCl is an important component of most biological

fluids, including serum. Therefore, a better understanding of

the lipoplex fate in a biological milieu requires under-

standing the effect of NaCl and separating it from the effect

of the high molecular weight components (mainly proteins)

present in the relevant biological fluid. As expected from the

Gouy–Chapman equation [35], NaCl, being an electrolyte,

should decrease the electrical surface potential of cationic

liposomes in a concentration-dependant manner (as deter-

mined by the upper shift in the apparent pKa of C17HC).

Zeta potential data confirmed electrical surface potential

results (see Table 1). This also explains why the NaCl has a

large effect on reducing neutralization of the cationic

DOTAP by DNA (Figs. 5 and 6).

This reduction in neutralization of cationic lipid by DNA

is explained by the fact that increasing ionic strength reduces

the fraction of small counterions removed from the DNA and

the cationic liposome upon mixing the two polyelectrolytes,

that is, there is less intimate DNA–cationic lipid interaction,

and therefore lower degree of neutralization.

As demonstrated in Fig. 6 the neutralization of the three

types of DOTAP-based liposomes by DNA is reduced by

the addition of 10 mM NaCl. There is no neutralization at

1 M NaCl. Constructing a DNA–cationic liposome phase

diagram, with the aid of ultracentrifugation, reveals that
95% of the DNA is in the lipoplexes at 150 mM NaCl at

DNA�/L+ mole ratios of 0.5 and 1.0, while at 1.5 M NaCl

at the DNA�/L+ ratio of 1.0, the level of free DNA is

dependent on lipid composition: ¨30% DNA in DOTAP/

DOPE lipoplexes and 9% DNA in DOTAP/Chol lip-

oplexes (Even-Chen and Barenholz, unpublished data). It

was shown before [44,45] that at high ionic strength, there

is reduced electrostatic interaction between DNA and the

cationic lipid [44], and therefore neutralization occurred at

lower DNA�/L+.

4.5. Zeta potential versus electrical surface potential

At DNA�/L+ ratios of 0.5, the zeta potential results in the

presence of NaCl, confirmed the electrical surface potential

data, i.e., as NaCl concentration increased, there is no major

effect of DNA. On the other hand, at DNA�/L+ ratios of 1.0,

zeta potential values became negative while the electrical

potential remained positive. Zeta potential measurements

reflect the electrical surface potential of the external leaflet
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of the assembly at its plane of shear further away from the

lipid headgroup plane [21]. The location of the plane of

shear [21] is affected by the medium ionic strength. Hence,

the electrical surface potential, measured by the various

fluorescent probes used in this study, give different values,

which reflect their fluorophore location with respect to the

charged headgroup (Fig. 9). However, while surface

potential measurements by the fluorophores used in this

study monitor the assembly lipid/water interface only, zeta

potential at DNA�/L+ ratios of 1.0 reflect also the excess of

DNA, which is not complexed with the lipids. Indeed,

10%–30% of the DNA is free at this DNA�/L+ mole ratio

of 1.0 [46].

In parallel to its effect on electrostatics, NaCl also

increases the 90- SLS of the DOTAP/DOPE liposomes

(T0), from 16.8T2.85 in 20 mM HEPES buffer, pH 7.4

(without NaCl) to 633.95T71.2 in 20 mMHEPES buffer, pH

7.4 in 1 M NaCl. Serum also increased size of cationic

liposomes [42]. In fact, the small counterions interact with the

headgroups of the lipids, inducing condensation of the

headgroups due to charge masking, thereby causing defects

on the liposome surface; these defects are responsible for

exposure of hydrophobic parts of the lipid bilayer to the

aqueous medium, leading to aggregation and fusion of the

liposomes [46,47], and therefore an increase in particle size is

observed.

The ratio T/T0, i.e., the change in 90- SLS due to DNA

addition to DOTAP/DOPE liposomes, decreases as NaCl

concentration is increased. At 1 M NaCl, DNA did not

cause any change in 90- SLS of DOTAP/DOPE liposomes.

4.6. DOPE versus cholesterol as helper lipid

Table 2 summarizes the differences between DOTAP/

Chol and DOTAP/DOPE lipoplexes determined in this

study (3.1–3.5 and 4.1 –4.4 above) and elsewhere

(reviewed in [37]): DOTAP/Chol, being more positively

charged, is neutralized by DNA to a lesser extent and is less

affected by NaCl and serum. The integrity of the DOTAP/

Chol lipoplexes in serum is better [2].

DMRIE alone and DMRIE/DOPE liposomes and their

lipoplexes behave similarly to the equivalent DOTAP-based

systems in both physicochemical properties (this work) and

transfection efficiency [10]. DMRIE/Chol cationic lip-

osomes and their lipoplexes have the highest electrical

surface potential of all systems studied, especially when

monitored by C17HC (Fig. 2), and to a lesser degree by

CFPE (Fig. 3). However, more studies are needed in order to

prove if these differences in the electrostatics explain the

transfection superiority of DMRIE/Chol over DOTAP/Chol

(most DNA�/L+ ratios) [10]. DOSPA-based systems are

more complex, as DOSPA alone forms micelles and not

liposomes. DOSPA mixed with the helper lipids form

micellar/lamellar phases that coexist, which may be the

dominant factor in explaining the transfection superiority of

these systems over those based on monocationic lipids [10].
Correlation of these physicochemical data with trans-

fection efficiency in vitro [7,10,14,18] and in vivo [2]

suggests that lipoplex instability is a ‘‘major player’’ in

transfection efficiency. However, while in the absence of

serum (or in low serum levels), the instability imposed by

DOPE [10,18] is an advantage; upon contact with serum

proteins, disintegration of lipoplexes is followed by massive

aggregation and loss of efficient transfection [2]. It seems that

this behavior is related to the DOPE properties of being a

curvature-loving lipid, having a large packing parameter [37].

These fluorophores used in this study proved to be

powerful tools to study interactions of cationic liposomes

with nucleic acids, allowing one to follow lipoplex formation

and the interaction of lipoplexes with salts and biological

fluids such as serum, as well as to compare cationic liposomes

and lipoplexes of different lipid compositions.
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