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Abstract 

Cell size liposomes of egg phosphatidylcholine (PC), trans-acylated egg phosphatidylethanolamine (PE), bovine brain 
phosphatidylserine (PS) and egg phosphatidylglycerol, suspended in 2.5% of polyethylene glycol (M r 8000), Ficoll (M r 400000) or 
Dextran (M r 71200) were aligned by dielectrophoresis and fused by applying a 1.7 kV/cm pulse of varying duration. Because the 
internal and external media of liposome suspension can be controlled, and the surface charge is known, the results can be 
described mathematically. The fusion yields (FY) at different pulse length were measured by microscopy. The FY curves were 
sigmoidal, with a common minimally required pulse length of 19 ps, and shifted to longer pulse length with increasing external 
media conductivity or vesicle surface charge. The types of polymer in solutions had little effect. The minimal required pulse 
length was interpreted to be the minimum rise time for the smallest vesicle capable of reaching the bilayer breakdown potential 
induced by the pulse, and the sigmoidal shape FY curves represented the cumulative vesicle size distribution curve. The shifting 
of FY curves upon changing media conductivity or vesicle surface charge were quantitatively accounted for by the balance of 
pulse-induced dipole-dipole attraction and electrostatic repulsion. Deviation from sigmoidal shape FY curves in the cases of 
charged liposomes was explained by increasing electrostatic repulsion due to vesicle deformation under pulse-induced dipole 
pressure. The data confirm the hypothesis that membrane potential breakdown is a pre-requisite or minimum requirement for 
electrofusion, and support our earlier proposition that pulse-induced dipole force plays an important role in the electrofusion 
process, and that electrostatic repulsion posts additional barrier to electrofusion. 

Keywords: Electrofusion; Liposome; Phospholipid; Fusion; Dielectrophoresis; Membrane potential 

1. Introduction 

Electrofusion is a new tool in cell biology and cell 
genetics. Compared with other  cell-fusion techniques, 
electrofusion is simple, rapid and highly efficient. The  
molecular mechanism of this technique has been a 
subject of intensive studies. A key question in the 
fusion mechanism is the force involved in the fusion 
process. While the intermembrane force between fus- 
ing cell partners is difficult to assess because many 
factors are involved, forces between lipid bilayers are 
relatively well defined. Electrofusion between cell size 

* Corresponding author. Fax: + 1 (716) 8458683. E-mail: roswhui- 
@ubvms.ce.buffalo.edu 

1 Permanent address: Central Laboratory of Biophysics, Bulgarian 
Academy of Sciences, Acad. G. Bonchev Str. 21, 1113 Sofia, Bul- 
gafia. 

0005-2736/94/$07.00 © 1994 Elsevier Science B.V. All fights reserved 
SSDI 0005-2736(94)00177-4 

liposomes offers a simpler model to study membrane 
factors influencing electrofusion efficiency. 

Cell-size liposomes have been used as a model to 
study different phenomena like aggregation, bilayer 
domains [1] and other morphological changes [2], Ca- 
induced fusion of cell-size liposomes with monolayers 
[3], as well as gross shape changes [4,5]. However, very 
few studies in electrofusion of cell size liposomes have 
been reported. An early work of Buschl et al. [6] used 
polymerized liposomes as a model in electrofusion. 
More recently, large liposomes were used to study the 
influence of electric field on the membrane integrity 
and its permeabilized state [7]. No studies on the 
effects of the lipid composition or the forces between 
lipid bilayers in electrofusion have been reported. 

The goals of this work are to investigate the effect of 
different lipid compositions, hence their different in- 
teracting forces on liposome electrofusion. We also 
investigated the influence of contribution of pulse-in- 
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duced dipole force in electrofusion, and the low con- 
centrations of water soluble polymers such as PEG, as 
compared to Ficoll and Dextran, on electrically in- 
duced liposome fusion. 

2. Materials and methods 

2.1. Chemicals 

Egg phosphatidylcholine (PC), trans-acylated egg 
phosphatidylethanolamine (PE), and bovine brain 
phosphatidylserine (PS) in chloroform were obtained 
from Avanti Polar Lipids. (Alabaster, AL). Egg phos- 
phatidylglycerol (PG) in chloroform was obtained from 
Sigma (St. Louis, MO). Ficoll Type 400 (M r 400000), 
dextran (M r 71200), and polyethylene glycol (PEG M r 
8000) were obtained from Sigma. Sucrose, chloroform 
and sodium chloride were obtained from J.T. Baker 
(Phillipsburgh, N J). All chemicals were of analytical 
grade. All water used was doubly-distilled in an all-glass 
apparatus. 

2.2. Cell-size liposome preparation 

Cell-size liposomes were prepared following a 
method in [8] with some modifications. Briefly, 3 mg of 
lipid was dissolved in 2 ml chloroform. The solvent was 
then evaporated under vacuum. 20 ml of 0.5 mM NaCI 
solution was added to swell the dried lipid for 4 h in a 
70°C water bath. Gentle shaking of the glass flask for a 
few seconds resulted in the formation of liposomes of 
diameters up to 50/zm. It should be noted, however, 
that the average diameters of liposomes formed from 
different lipids were slightly different. At these condi- 
tions the percentage of 'unilamellar' and bigger-size 
liposomes (see Results) were higher for charge lipids, 
compared to uncharged ones. In order to create differ- 
ent conductivity outside and inside the liposomes, they 
were washed and collected by centrifugation at 12 000 
× g for 20 min and resuspended in 1 mM sucrose or 
other polymers as stated. 

2.3. Conductivity measurement 

All conductivity measurements of the external me- 
dia were performed on an Electro-Mark Analyzer 
(Markson, Del Mar, CA). The values generally fell 
between (0.860 + 0.005) /zS/cm and (20.0 + 0.5) 
/zS/cm. The conductivity inside the liposomes was 
(58.5 + 0.5) ttS/cm, the conductivity of 0.5 mM NaC1 
solution. According to the conductivity measurements, 
the liposomes were stable (no leak) within 30 min of 
vesicle suspension, i.e., there was no changes in outside 
conductivity. 

2.4. p H  measurement 

pH measurements were performed on a Beckman 
040 pH Meter. Since all the electrofusion experiments 
were made in low conductivity medium without buffer, 
it was necessary to know the changes in pH during the 
experiment. It was found that in the case of unbuffered 
solution, pH was changed after 20 min. The change for 
solutions of 100/xl and 20 ml volume at room tempera- 
ture was ApH = 0.07 and ApH = 0.05, respectively. 

2.5. Osmolarity effects 

In order to ensure that the liposomes were not 
under the osmotic stress during experiments we mea- 
sured the osmolarity of media used. The osmolarity 
was measured by a Wescor (Logan, UT) 5100B os- 
mometer. According to these measurements there was 
no differential osmolarity effects if we use 2.5% solu- 
tions of Ficoll 400000 Dextran 71200, PEG 8000, or 1 
mM sucrose in the external media. The osmotic effects 
on liposome morphology were visible at more then 5% 
of the polymer solutions. 

2.6. Negative staining electron microscopy 

A drop of the specimen was placed on a Formvar- 
carbon coated grid (treated with 0.01% Bacitracin). 
The bulk of the sample was removed with filter paper 
while applying a 2% ammonium molybdate stain for 10 
s. The grids were air dried and examined in a Hitachi 
H-600 Electron Microscope at a magnification of 
60 000. 

2.7. Electrofusion protocol 

Electrofusion measurements were made in an Inter- 
digitated chamber [9]. The contact between liposomes 
was established by application of an alternating electric 
field with a frequency of 200 kHz and amplitude from 
160 to 320 V/cm for different experiments. This a.c. 
field induced dielectrophoretic motion and pearl-chain 
formation of cell-size liposomes. 

A high voltage pulse generator (Model 345, Velonex, 
Santa Clara, CA) was used to supply the rectangular 
high voltage pulses. Single electric pulse with strength 
1.7 kV/cm and duration varying from 19/zs to 240/zs 
was used for each experiment. The applied ac and dc 
fields across the fusion chamber were monitored on a 
digital storage oscilloscope (Iwatzu OS-6121). All fu- 
sion experiments were visualized by phase microscopy 
(Olympus IMT-2). The volume of the fusion chamber 
was 100/zl. For electrofusion measurements, 50/zl of 
liposome suspension plus 50 /~1 of 5% Ficoll, 5% 
Dextran, or 5% PEG solutions were used. 
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Control electrofusion measurements were done in 
order to estimate if there is a difference in fusion yield, 
using two different electrofusion protocols. (1) Fresh 
liposome suspension was used in each trial, i.e., lipo- 
somes have not been subject to shorter pulses before. 
(2) the liposome suspension was not changed after 
each trial with shorter, non-fusing pulses. Fusion yield 
was calculated for each given liposome suspension and 
pulse duration. It was found that there was no signifi- 
cant difference (i.e., within the experimental error) in 
fusion yield (FY) between these two protocols. There- 
fore all subsequent experiments were done by the 
second protocol (i.e., vesicle may or may not have been 
subjected to previous, shorter non-fusing pulses prior 
to a single, fusing pulse). 

2.8. Calculation of fusion yield 

The fusion yield was calculated the following way. 
During the application of ac field, the liposomes were 
arranged in dielectrophoretic (DEP) chains. Before 
applying the rectangular pulses, the number of lipo- 
some/liposome contacts in a given area were counted. 
After pulsation, the remaining unfused contacts within 
the same area were counted again. The fusion yield 
was given by the following formula: 

FY% = (1 -Nuf/No) × 100 (1) 

where: FY, fusion yield; Nuf, number of contacts after 
the pulse; N o , number of all contacts before the pulse. 

For all experiments we used the same liposome 
concentration. This concentration was chosen to satisfy 
the condition, such that DEP chains were not exces- 

sively long. To be more consistent, we counted N,f and 
N O only within the distance 70/zm from the electrodes. 

3. Results 

According to the procedure used for the prepara- 
tion of unilamellar cell-size liposomes, it was also pos- 
sible to obtain multilamellar cell-size .liposomes with 
more than 4-5 bilayers. We observed by electron mi- 
croscopy these liposomes in order to differentiate 'un- 
ilamellar' and 'multilamellar' vesicles. We found that 
most liposomes with diameter up to 10-15/xm had no 
more than 3-4 bilayers. Those liposomes with less than 
3-4 bilayers were difficult to discern under phase 
contrast microscope, and were only visible by adjusting 
the refractive index of the suspension medium. These 
vesicles were regarded as 'unilamellar'. They were less 
stable in the fusion process. 

In all experiments, 1 mM sucrose, 5% of PEG (M r 
8000), Ficoll (M r 400 000) or Dextran (M r 71 200)were 
added to the external medium, to adjust the osmolarity 
to that of the internal content of the liposomes, and to 
increase the contrast for microscopic observation. The 
difference in refractive indices between the internal 
content of the liposomes (salt solution) and the exter- 
nal dilute solution of the polymers was sufficient to 
view 'unilamellar' vesicles which were difficult to dis- 
tinguish from the background even with phase contrast 
(Fig. 1). It was important to obtain good microscopic 
images on which all fusion data were based. 

To align PC or PE liposomes by DEP force, we used 
an ac field at a frequency of 200 kHz and amplitude 
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Fig. 1. Phase-contrast micrographs of cell-size PS liposomes in 2.5% Ficoll 400000. (A) Liposomes are aligned using an a.c. field of amplitude 240 
Vpp/Cm and frequency 200 kHz. (B) Same liposomes are fused using a pulse field strength 1.7 kV/cm and duration 70 ~s. (Bar = 10/~m). 
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Fig. 2. Dependence of fusion yield (FY) on pulse duration for egg PC 
cell-size liposomes in three different media: 2.5% FicoU 400000 
(o o), 2.5% Dextran 71200 ( •  • ) and 2.5% PEG 8000 
( •  • ) .  Error bars show the standard deviation from three 
experiments. 
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Fig. 3. Dependence of fusion yield (FY) on pulse duration for brain 
PS cell-size liposomes in three different media: 2.5% Ficoll 400000 
(~- o), 2.5% Dextran 712000 ( i  • )  and 2.5% PEG 
8000 ( •  • ) .  Error bars show the standard deviation from 
three experiments. 

480 Vpp/Cm. Fig. 2. shows the dependence of fusion 
yield on pulse duration for cell-size egg PC liposomes. 
For all the experiments the dc pulse strength was 1.7 
kV/cm. Liposomes in 1 mM sucrose (data not shown) 
showed exactly the same results as those in 2.5% 
Ficoll. For the entire range of fusion yield (from 0% to 
100%) shorter pulses were necessary to induce the 
same percentage of fusion in medium containing PEG 
than in media containing Ficoll and Dextran. To obtain 
100% FY we had to use dc pulse with duration of 100 
/~s for PEG medium, 160/zs for Ficoll, and 200/zs for 
Dextran-containing medium. The results for media 
containing Ficoll and Dextran were almost the same 
except that some 30% of liposomes seemed to be more 
resistant to fusion in Dextran than in Ficoll. It seemed 
that PEG facilitated electrofusion more than did Ficoll 
and Dextran. Results for PE liposomes (not shown) 
were almost identical to those of PC. 

Fig. 3. shows FY dependence on dc pulse duration 
for bovine PS cell-size liposomes. Because the DEP 
threshold for charged liposomes were lower (see ac- 
companying paper), we used an ac field with frequency 
200 kHz and amplitude 320 Vpp/Cm. Unlike PC and 
PE liposomes, PS liposomes showed significant differ- 
ence in fusion yield between different media only at 
fusion yield above 60%. It indicated that only about 
40% of liposome population were sensitive to the ex- 
ternal media. There was a slight difference between 
Ficoll and Dextran media. Results for PG liposomes 
(not shown) were similar to those of PS liposomes. 

Although PS and PG liposomes aligned by DEP at a 
lower ac field threshold, they required a longer pulse 
than those for PC and PE liposomes to fuse. The 
results are summarized in Fig. 4 for FY in 2.5% PEG. 
The liposomes were brought into a contact by using ac 
fields with frequency 200 kHz and amplitude 440, 480, 

320 and 320 Vpp/Cm, respectively for PE, PC, PG and 
PS liposomes. It is seen from the figure that for all 
ranges of fusion yield (from 0% to 100%) there is a 
difference in charged versus uncharged liposome fu- 
sion. Electrofusion of charged PS and PG liposomes 
required longer pulses. For PE and PC liposomes, 50% 
fusion yield was achieved at pulse duration 44 /xs, 
while for PS and PG liposomes a 70 /~s pulse was 
needed. Same tendency is for 100% fusion yield: for 
PC and PE liposomes, it was necessary to use pulses of 
100 and 80/xs, while for PS and PG liposomes pulses 
of 160 /zs and 200/zs, respectively were necessary. A 
similar trend applies also to the long pulse ranges with 
samples in Dextran or Ficoll media (results not shown). 

We found that fusion medium could play a certain 
role in electrofusion of liposomes. Media containing 
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Fig. 4. Dependence of fusion yield (FY) on pulse duration for egg PE 
( •  • ), egg PC (o o), egg PG ( •  • ) and brain 
PS ( ¢  ¢) cell-size liposomes in a low conductivity medium 
(2.5% PEG 8000 solution with conductivity = 9/zS/cm).  Error bars 
show the standard deviation from three experiments. 
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PEG favored the fusion process in some way more 
than did Ficoll and Dextran. We also performed the 
same experiments with 3.5% and 4.5% of PEG, Ficoll 
and Dextran solutions, and obtained similar results 
(not shown) as in 2.5%. Higher than 5% concentrations 
of these solutions caused liposomes to leak due to 
osmotic imbalance. 

In order to explain media influence on electrofusion 
of cell-size liposomes, we examined the conductivity of 
the media. We found that media containing 2.5% Fi- 
coil and 2.5% Dextran had higher conductivity than 
that of 2.5% PEG, i.e., 2.5% PEG solution had con- 
ductivity 9 /~S/cm, whereas 2.5% Ficoll or Dextran 
solution had conductivity 20 or 22 ~S/cm, respectively. 
If the difference in conductivity was solely responsible 
for the difference in fusion yield, adjusting the conduc- 
tivity (by adding NaCI) of PEG solution to that of 
Ficoll or Dextran solution would reduce the fusion 
yield in PEG solution to the same level as those in 
Dextran or Ficoll solution. Fig. 5. shows the FY de- 
pendence on dc pulse duration for egg PC liposomes in 
2.5% PEG adjusted conductivity medium, 2.5% Ficoll 
and 2.5% PEG media. It is apparent from Fig. 5. that 
there is no difference in fusion yield between lipo- 
somes in 2.5% Ficoll medium and 2.5% PEG medium 
with the same conductivity, for the entire FY range. 
There was significant difference between fusion yields 
for PC (egg) liposomes in 2.5% PEG at conductivities 
of 9 and 20 /zS/cm. To obtain 100% fusion yield in 
2.5% PEG medium (conductivity 9 /zS/cm), pulses 
with duration 100 /zs were necessary, while in 2.5% 
PEG or in 2.5% Ficoll medium (both had conductivity 
20 /zS/cm) pulses with duration 200 /.~s or 160 /~s, 
respectively were necessary. These results confirm our 
suspicion that solution conductivity played a more sig- 
nificant role than the nature of polymer itself. Results 
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Fig. 6. Dependence of fusion yield (FY) on pulse duration for egg 
PG cell-size liposomes in 2.5% PEG 8000 (e e) (tr = 9/~S/cm), 
2.5% PEG 8000 adjusted conductivity ( •  • ) and 2.5% Ficoll 
(both with ~r = 20/zS/cm) ( •  • ). Error bars show the stand- 
ard deviation from three experiments. 

for PE liposomes (not shown) were similar to those of 
PC. 

Fig. 6. shows fusion yield dependence on dc pulse 
duration for egg PG cell-size liposomes in 2.5% PEG 
or in 2.5% Ficoll at conductivity 20 #S /cm and 2.5% 
PEG media at conductivity 9/~S/cm. There was signif- 
icant difference in fusion yield in 2.5% PEG of differ- 
ent conductivities, for the entire range of fusion yield. 
To obtain 100 percent fusion yield of egg PG cell-size 
liposomes in 2.5% Ficoll and 2.5% PEG at adjusted 
conductivity of 20 #S/cm,  dc pulses with duration 240 
/zs and 200 /.~s, respectively were necessary. For the 
same liposomes in 2.5% PEG at a conductivity of 9 
/zS/cm, only 160 ~S pulses were needed. Results for 
PS liposomes (not shown) were similar to those of PG. 

The minimal pulse duration for fusion of cell-size 
liposomes, using a 1.7 kV/cm pulse was 19 tzs for all 
types of liposomes (from PE, PC, PG and PS). 
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Fig. 5. Dependence of fusion yield (FY) on pulse duration for egg PC 
liposomes in 2.5% PEG 8000 ( •  • )  (o-= 9 /~S/cm), 2.5% 
PEG 8000 adjusted conductivity ( A - - - )  and 2.5% Ficoll 
400000 (both with tr = 20/~S/cm) (e e). Error bars show the 
standard deviation from three experiments. 

4. Discussion 

4.1. Membrane breakdown potential 

Mechanisms by which the electric field induces fu- 
sion - liposome or cell - are not yet fully understood. 
It is generally assumed that the fusion is caused by an 
electrical breakdown of the membrane [10]. If the 
applied field is a sinusoidal electric field, the maximum 
amplitude of the induced membrane potential is [11]: 

Vma x =frE/ (1  + tozz2)z/2 (2) 

where to is the angular frequency and ~'m is the mem- 
brane relaxation time, r is the cell or liposome radius, 
E is electric field strength (1.7 kV/em in our ease), f 
is a shape factor, which is 1.5 for a sphere. The 
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membrane relaxation time '/'m is given by the formula: 

"r m = r f m ( l / o "  i + ( f  - 1)/O'e) (3) 

where C m is the membrane capacitance per unit area 
(in our case 0.7.10 -2 F / m  E, tr i and tr e are internal 
and external conductivities, respectively. 

According to the above analysis, the only effect from 
the external suspending media on the electric break- 
down of membranes is the conductivity. Indeed, the 
different pulse length requirements we observed from 
liposomes suspended in PEG, Ficoll and Dextran seem 
to depend entirely on their conductivity, because lipo- 
somes in PEG with adjusted conductivity to those of 
Ficoll and Dextran behave exactly as those in the latter 
media. The dielectric constants of these polymers in 
2.5% concentration are very similar, hence the selec- 
tion of polymer is not critical. The conductivity is a 
much more sensitive parameter. 

Electrofusion is a result of simultaneous breakdown 
of apposing bilayers of adjacent vesicles, and the join- 
ing of the broken down areas across the interbilayer 
space. Therefore, the minimum time requirement for 
fusion to occur is the time needed to reach the mem- 
brane breakdown potential and the time needed to 
bring the apposing bilayers across the interbilayer gap. 
In the case of uncharged cell-size liposomes (PE and 
PC) placed in low conductivity media, the membrane 
relaxation time "/'m is calculated (by Eq. (3)) to be 25/xs 
for liposomes with a mean radius of 5 /xm, using an 
inside conductivity of 58 /zS/cm and an outside con- 
ductivity of 9/xS/cm. For liposomes with mean radius 
of 8 ~m, "/'m becomes 40/~s. The relaxation time sets 
the rising time of the membrane potential due to the 
square applied pulse. Pulses shorter than T m cannot 
induce the maximum attainable membrane potential 
(Vma x at the poles of liposomes). According to Eq. (2), 
Vma x is a function of both r and r m, which itself is also 
a function of r. Combining Eqs. (2) and (3) gives: 

2 u~z = ( f Z r Z E Z  - V~,a~) 

/ ( r C m ( 1 / o "  i + (1 - f ) / O ' e ) V m a x )  2 (4) 

For a given pulse field strength E, the maximal 
attainable membrane potential is f r E  for an externally 
imposed field of any real frequency (or Fourier compo- 
nents of any imposed pulses). For our experimental 
pulse of 1.7 kV/cm, to reach a membrane breakdown 
potential, which is approx. 1 V [11], liposomes must 
have a radius of 4 ~m and greater. The rise time for a 
4 /xm liposome is 20 ~s under the above condition. 
This calculation explains the universal minimal fusion 
pulse length requirement of 19/ ,s  in our experiment. 
This minimal pulse length is required to cause the 
breakdown of the bilayer walls of the smallest vesicles 
capable of attaining membrane breakdown voltage in 
our heterogeneous size liposome population. Larger 

liposomes have correspondingly longer rise time in the 
same medium. For liposomes with radii r much greater 
than Vmax/fE,  Vm~ x becomes independent of r, and the 
time to reach the breakdown membrane potential of 1 
V is about 125/zs. This corresponds to our experimen- 
tal pulse length (about 100 tzs) to achieve 100% fusion 
in neutral PC and PE liposomes (Fig. 4). The above 
analysis indicates that the time needed for fusion of 
these liposomes in low conductivity media is that re- 
quired for the simultaneous breakdown of apposing 
bilayers. This time must also be sufficient for the 
pulse-induced dipole force to bring the two bilayers 
together within a fusion distance. The sigmoidal FY 
curves thus reflect the Gaussian cumulative distribu- 
tions of liposome sizes. 

The membrane relaxation or potential rise/fall time 
depends on the external conductivity. Higher external 
or internal conductivity leads to shorter relaxation time. 
When the external conductivity of 2.5% PEG was 
adjusted from 9/~S/cm to 20/~S/cm, the value of T m 
for a liposome of 5 /zm radius was calculated to de- 
crease from 25 tzs to 15/zs. One would then expect the 
FY curve to shift towards a shorter pulse duration. In 
fact the shift was just the opposite, as seen in Fig. 5. In 
our experiment, higher external conductivity invariably 
led to longer required pulse duration. It indicates that 
longer time may be needed to close the interbilayer 
gap for vesicles in a higher external conductivity 
medium. 

The forces involved in the electrofusion of cells (or 
liposomes) in a pearl chain has been analyzed by 
Stenger et al. [12]. They found that the predominant 
force in electrofusion is the force between induced 
dipoles in aligned cells during the pulse, rather than 
the potential breakdown of individual cell membranes. 
The dipole-dipole attraction increases both difference 
between the external and internal conductivity, accord- 
ing to Maxwell-Wagner polarization. Experimentally, 
we found that the measured pulse durations needed to 
attain the same fusion percentage of PC or PE vesicles 
in high conductivity (tr e = 20/~S/cm) medium was 1.5- 
times that for those in low conductivity (% = 9/xS/cm) 
medium (Fig. 5). The finding supports the idea that the 
pulse-induced dipole force is likely to be the primary 
force to close the inter-membrane gap. Time-depend- 
ent electron microscopy studies of electrofusion also 
showed that the intercellular gap was significantly re- 
duced during the pulse [13]. In this context, it is not 
surprising to find that PE requires a slightly shorter 
pulse to achieve the same FY as PC (Fig. 4), since the 
interbilayer repulsion distance is shorter in PE [14]. 

4.2. Charged vesicles 

In the case of charged liposomes (PG and PS) in low 
conductivity media, the conditions are more compli- 
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cated. In spite of the observation that PS and PG 
vesicles are more responsive to dielectrophoresis 
(accompanying paper), these charged vesicles require 
longer pulse duration to attain the same FY of the 
neutral PC and PE vesicles (Fig. 4). The surface charge 
creates a electric double layer. This electric double 
layer lowers the effective induced membrane potential 
on the one hand [15], but the increased surface con- 
ductance also increases the effective internal conduc- 
tivity, thereby increase the effective dipole moment 
and the associated dipole force. Furthermore, the 
shielding of vesicle surface charge is not very effective 
in a low conductivity medium, and the electrostatic 
repulsion between charged bilayers must be taken into 
consideration. 

The effect of surface charge (and the resulting sur- 
face current) on the membrane potential has been 
formulated by Grosse and Schwan [15]. For a charged 
sphere having a surface conductance ors and a equiva- 
lent surface conduction layer of thickness d, the maxi- 
mum potential given by Eq. (2) is modified to be: 

Vma x = f r E / ( 1  + dors/rcr e + jwrCm(1 /or  i + 1/2o" e 

+ dorJro'iore ) ) (5) 

At low frequencies, the maximum voltage is modi- 
fied mainly by the factor dors/ror e. For charged PS or 
PG vesicles, ors may be calculated from the ion density 
in the double layer. This is in turn determined by the 
membrane potential ~b 0, which is given by the Gouy 
equation [16]: 

exp( eCko/kr )  = 6 2 / 2 e e C k r  (6) 

where C is the density of ions of the external bulk 
medium (set to correspond to ore = 20/zS/cm in our 
case), and 6 is the charge density on the vesicle sur- 
face. Using an area of 60 ~2 per PS or PG molecule, 
the surface potential is calculated by the above equa- 
tion to be about 250 mV, which agrees with the value 
given by McLaughlin [16] under similar conditions. The 
average ion density within the Debye shell, as calcu- 
lated from the Boltzmann's equation, gives a surface 
conductivity of 46 mS/cm. Using this value and a 
Debye length of 10 nm corresponding to our value of 
ore, we found that the value for Vm~ x was significantly 
reduced by 5-fold, and is very sensitive to a change in 
external medium conductivity. Then, according to Eq. 
(4), the minimal vesicle size that could reach the break- 
down potential of 1 V would be 5-times as large. The 
charging time for these vesicles is 5-times as long, 
according to Eq. (3), and is expected to be sensitive to 
ore also. However, the results shown in Figs. 4 and 6 
showed only a 50% increase in the required pulse 
length for FY of PS and PG as compared to that of PC 
and PE (Fig. 4), and the FY of PS and PG was not as 
sensitive to cr e as did PC and PE (Fig. 6). Therefore the 

membrane potential breakdown calculation by the 
above method seems to be an over-estimation. 

The proposed surface current also modifies the 
pulse-induced dipole force by modifying the complex 
permitivity. The detail formulation is given in the ac- 
companied paper and will not be repeated here. The 
calculation based on the above mentioned values re- 
sulted in an increase of attractive force, leading to a 
decrease of required pulse length from 1.4 to 2.0 times 
those in the absence of surface current, for ore of 9 and 
20 /zS/cm respectively. This is in contrast to the re- 
sults depicted in Figures 4 and 6, which showed an 
increased pulse duration for PS and PG, and the FY 
for the first 60% was insensitive to ore" The surface 
current is, therefore, not likely to be a significant factor 
in determining the FY of charged vesicles. 

A third factor to be considered is the electrostatic 
repulsion between charged vesicles. The magnitude of 
repulsion between charged spheres may be calculated 
as follows. The liposomes suspended in the external 
medium are represented by charged hard spheres with 
surface charge density 6, and the Debye length 1/K. 
Within a gap distance of less than the Debye length, 
and providing rK > > 1, the force may be approxi- 
mated by [17]: 

Feh = (1/2)EeKr~b 2 In(1 + exp(-Kl) )  (7) 

Using the values in the previous paragraph, we 
calculated the force between the spheres at a distance l 
less than the Debye length of 10 nm. Using again a 
surface charge density of one electron charge per 60 
/~2, the area per fluid phase PS molecule, the repulsion 
force is calculated to be 10 -8 Newton. However, if the 
spheres are deformable, and the apposing surface is 
flatten to an area A, the force should be modified by 
the flat plate approximation [18]: 

Fes = (1/2)EeKz~bzA (8) 

For a flatten area of 1 /zm 2, the force is calculated 
to be 10 -7 Newton, much larger than that for hard 
spheres. The pulse-induced dipole attraction force, as 
calculated from Eq. (5), using the modified e i values by 
the surface current, is 2- 10 -7 Newton on an apposing 
area of 1 /zm 2, for or e = 9 /~S/cm. These estimated 
forces are comparable, such that much of the dipole- 
dipole attraction due to the pulse is reduced by the 
electrostatic repulsion of the charged vesicles. This 
repulsion force could be responsible for the 50% longer 
pulse duration required for PS and PG vesicles to 
attain the same FY as those of PC and PE vesicles. 
The larger is the flattened area, the more significant is 
the reduction, because Fes is proportional to A while 
F D is proportional to 1 / A .  Flattened area is expected 
to be larger for larger vesicles, because of geometric 
consideration as well as their stronger dipole-dipole 
attraction. The observed instantaneous compression of 
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the pearl chains during the pulse application supports 
this hypothesis. The effect of electrostatic is therefore 
more pronounced in larger vesicles, leading to the 
more significant departure of the FY curves from the 
sigmoidal shape at the high FY ends of the curves 
(Figs. 3 and 6). Furthermore, Fes increases with tr e 
through the increase of r E, while the Feb dependence 
on tr e is weak due to both the K and the exp(-K/) 
factors. This causes the deviated portions at the upper 
ends of the FY curves attributable to large deformable 
vesicles, to be more sensitive to tr e (Figs. 3 and 6). 

In summary, we have demonstrated that cell-size 
liposomes can be induced to fuse, and have established 
the conditions for electrofusion of these vesicles. The 
electrofusion process for liposomes is precisely gov- 
erned by physical principle. The outcome of this study 
would help us to understand and to design better 
protocols for electrofusion of more complicated sys- 
tems, including the use of liposomes as delivery vehi- 
cles to cells and tissues. 
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