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The influence of electric field treatments on the interaction of large unilamellar vesicles (!iposomes) with animal 
cells was monitored by the fluorescence assay based on the use of the liposomes loaded by a dye i-hydroxypyrene. 
1,3,6-trisulfonic acid (HPTS). It was shown thai application of a short electric pulse (100/ ,s  of 3--4 kV/cm) to the 
suspension of cells in presence of vesicles resulted in significant (more than 2 times) increase of the fluorescence 
associated with cells. The pH-sensitivity of the excitation spectrum of the dye and its interaction with the quencher 
were used to determine the nature of the phenomenon as the increase of the liposome binding onto the cell surface 
but not the consequence of a promotion of liposome uptake into the cells by endocytosis. The higher affinity tbr the 
liposome caused by the electric field has a lifetime of several m~nntes. The possible relation of the effect described to 
the electroporation of cell membranes and to macroscopic changes in membrane structure is discussed. 

Introduction 

A variety of biotechnological approaches have 
cvu|ved in the last few years based on the impulse 
electrical field treatment of the animal, plant, and 
bacterial cells. These include electroporation [1-3], 
electrofusion [1,3-5], and loading of DNA into cells [6]. 
This development has generated some general interest 
to the effects of electrical treatment of cells and espe- 
cially cell membranes where effects of the applied field 
are greatly amplified. The most profound effect in- 
duced by the short application of electrical field is a 
significant and reversible increase of membrane per- 
meability as a result of pore formation. Mechanisms of 
pore formation and resealing as well as the properties 
of the electropores have been extensively studied [1- 
3,7-11]. According to the results of these studies elec- 
troporation can be regarded as relatively local phe- 
nomenon: the sizes of pores were determined to be 
1-20 nm. In addition to electroporation some other 
electro-induced changes of membrane properties were 
described including the appearance of a long-living 
fusogenic state [12,13] and bleb formation [14,15]. 
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Here we report an additional effect of the electrical 
treatment indicating macroscopic changes of cell mem- 
brane properties. To monitor the interaction and to 
separate different types of it (binding, endocytosis, 
leakage of content of liposomes bound to cells [16,17]) 
a fluorescence assay based on the use of the liposomes 
loaded with a pH-sensitive water-soluble fluorescent 
dye l-hydroxypyrene-i,3,6-trisulfonic acid (HPTS) was 
employed [18,19]. The significant shifts of excitation 
spectrum of HPTS with changes in pH, namely in- 
crease of fluorescence peak at 450 nm and decrease of 
that at 403 nm, were described to occur at acidification 
of liposomes content during endocytosis [18]. In the 
present paper a significant increase of liposome bind- 
ing onto the cell surface observed after the application 
of short duration pulse of electric field to the suspen- 
sion of animal cells in the presence of large unilamellar 
vesicles was shown not to be accompanied by measur- 
able changes of pH of liposomes content. The parame- 
ters of electrical treatment required to induce such 
effect were the same as those needed for the electro- 
poration of cell membranes. 

Materials and methods 

Materials. Phosphatidylcholine from egg yolk (PC) 
and bovine brain phosphatidylserine (PS) were p,Jr- 
chased from Avanti Polar Lipids. Cholesterol was ob- 
tained from Sigma Chemical Co. 1-Hydroxypyrene- 
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1,3,6-trisulfonic acid (trisodium salt, HPTS), p-xylene- 
bis-pyridinium bromide (DPX) and propidium iodide 
(PI) were obtained from Molecular Probes. All the 
chemicals were reagent grade. 

Cell culture. The human T-cell leukemia line Molt-4 
[19] was used. Cells were grown in RPMI medium 
supplemented with 2 mM glutamine, 10% fetal bovine 
serum in presence of 3% CO 2. The macrophage-like 
cell line J 774 [18] was maintained in monolayer culture 
in Dulbeeco's modified Eagle's medium supplemented 
with 3 g/I  glucose and 10% calf serum (DMEM) and 
incubated under 7% humidified CO 2. J 774 cells were 
resuspended in 25 ml of medium (4.105 eells/ml) and 
plated in Teflon vessel 24 h prior to use. 

Liposome preparation. Lipid mixture ( P C / P S /  
cholesterol, I: 1: 1) was prepared in chloroform and 
the solvent was removed under reduced pressure. Solu- 
tions of HPTS (35 raM) in 10 mM Hepes (pH 7.4) or 
HPTS (35 raM) + DPX (50 raM) in 10 mM Hepes (pH 
7.4) (adjusted to 290 mosM with 1 M NaCI) were 
added and iiposomes were prepared by the reverse- 
phase evaporation procedure [20]. Liposomes were ex- 
truded four times through two 0.1-/zm pore polycar- 
bonate membranes under high pressure (Lipex Bio- 
membranes Inc., Vancouver) and unencapsulated fluo- 
rescent probes was separated from liposomes by gel 
filtration on a Sephadex G-75 column (1 × 15 cm) 
equilibrated with 137 mM NaCI, 2.7 mM KCI, 1.5 mM 
KI'I.,PO4, 8.1 mM Na2HPO4, pH 7.4 (PBS). Phospho- 
lipid concentration was determined as described in 
Ref. 21. The liposomes averaged 112 nm in diameter as 
measured by laser light scattering [18]. 

Liposome.cell incubation. Cells were washed twice 
with PBS and resuspended in PBS to a final concei~tra- 
tion 2.107 cells/ml, 200 #1 of the suspension were 
incubated in semimicro disposable plastic optical cu- 
vettes (VWR Scientific) with the iiposomes (40 nmoi 
lipid) at 37°C for 30 rain, unless otherwise stated, 
before electrical treatment. After incubation with lipo- 
sprees at 37 *C for another 30 rain cells were washed 
twice with 15 ml PBS using 10 rain centrifugation to 
remove unbound liposomes. Then cells were resus- 
pended in a 2 ml of PBS. In some experiments the 
isosmotic DPX containing buffer: 50 mM DPX, 2.7 
mM KCI, 1.5 mM KH z P04, 8.1 mM Na, HPOa (pH 7.4) 
adjusted to 290 mosM with 1 M NaC! was used instead 
of PBS to resuspend the cells. 

Then the fluorescence excitation spectra (A~.~ 390- 
465 nm, 1.8 nm bandwidth) of samples were measured 
at 510 nm emission with wide (4.5 rim) emis~ioa band- 
width using a SPEX Fluorolog 2 fluorimeter outfitted 
with a stirred temperature controlled cuvette (20 ° C). 
In some experiments Triton X-I{~ (0.1%) was added 
and fluorescence was measured once again after 1 min. 

Electrical treatment. To apply the rectangular pulses 
of electric field on ceils and liposomes su:;pension the 

BTX T 800 Super System Electroporator as well as 
BTX Cuvette Electrodes 474 M (2 parallel gold plated 
plates with 0.68 mm gap) immersed into cuvette with 
cells and liposomes were used. The pulses were moni- 
tored with the use of BTX Optimizor. The resistance 
of samples averaged 2e Om. 

Determination of petventage of electroporated cells. 
To determine the percentage of reversibly electropo- 
rated cells among the cells treated by electric field a 
DNA specific fluorescent stain, propidium iodide, was 
used. We compared under the microscope (Leitz Flu- 
overt) the percentage of stained cells for the same 
electrical treatment of cells in two parallel experi- 
ments. The ratio of stained cells determined 10 rain 
after electrical treatment of cell suspension in presence 
of 5 .10  -5 M propidium iodide includes both dead and 
reversibly electroporated cells, it was compared with 
that obtained for the same electrical treatment of cells 
in the absence of dye. in this case propidium iodide 
was added after 30 rain incubation of the treated cells 
at 37 ° C. Then after another 10 rain of incubation at 
37 ° C counting of stained cells was carried out. It gave 
the percentage of cells irreversibly damaged by the 
treatment. The difference between the ratios of stained 
cells for suspension treated in the presence and in the 
absence of PI was used as a rough estimation of the 
percentage of reversibly electroporated cells among all 
cells treated by electric field. 

Results and Discussion 

To determine the ir,tcr, sity of electric field for in- 
ducing electroporation of ihe particular cells used in 
this study we counted the ratios of dead (Fig. 1. curve 
1) and reversibly electroporated (curve 2) cells after 
electrical treatment of the suspension of Molt 4 cells. 
Fig. 1 shows that the percentage of dead cells in- 
creased with the intensity and there was an optimum 
field intensity at approx. 3.75 kV/cm (length of pulse, 
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Fig. I. Ratios of dead (1) and reversibly electroporated (2) cells in 
suspension after application of a 100 #s electric pulses of different 

intensity to Molt 4 cells. 
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Fig. 2. Fluorescence a.~sociatcd will) Molt 4 cells after their electrical 
treatment in the presence of HPTS containing liposomes as fimclion 
of the field mtensily. The fluorescence, F, (A,. x = 413 nm, A~. m = 510 
nm) was measured ill PBS (curve I); in isosmotic buffer conlaming 511 
mM DPX (cuwe 2) and after disintegw;ition of cells and lir~osomes in 
the presence of DPX by Triton X-I()ll (curve 3). /% the fluore~;,'.'ence 
associated with cells in PBS after incubalion of cell: with IIPTS 

containing liposomcs without electric I~'calnw.lJ. 

100 ~s) for reversible electroporation of cells. For J 
774 cells similar experiments gave this value at approx. 
3.4 kV/cm (the same length of pulse). 

in the same range of field intensities the electric 
pulses applied to the suspension of cells and liposomes 
resulted in a significant increase of the number of 
liposomes associated with the cells. The ratio of the 
fluorescence (A~,, = 413 rim, ,~,:m = 510 nm) of Molt 4 
cciis treated by electric field in the presence of HPTS 
containing liposome~ io that obtained for control un- 
treated sample as a function of field intensity is pre- 
sented in Fig. 2. Let us note that there was no influ- 
ence of the buffer used for resuspending of cells betbre 
measurement (PBS or DPX containir, s hvffer) on the 

fluorescence values obtained (Fig. 2, curves I, 2). How- 
ever the solubilization of liposomes and cells by Triton 
X-100 in the presence of DPX results in significant 
decrease of the fluorescence (Fig. 2, curve 3). It shows 
that the concentration of DPX used was sufficient to 
quench the HPTS fluorescence if dye and quencher 
were not separated by membranes. The absence of any 
HPTS fluorescence quenching at the high concentra- 
tion of DPX before membrane solubilization allows 
one to exclude the possible role of the adsorption onto 
the cell membranes of the free HPTS released from 
the iiposomes. 

Additional control experiments showed that treat- 
ment of the iiposomes by the same field intensities in 
the absence of cells did not result in any release of 
their contents or i,a liposome aggregation. The applica- 
tion of a i()1) p.s pulse of amplitude as high as 5 kV/cm 
on the suspension of iiposomes loaded by HPTS and 
DPX did not give any measurable increase of HPTS 
fluorescence. The electrically induced release of the 
contents of the liposomes loaded simultaneously by 
fluorescent dye and quencher would have resulted in 
an increase of fluorescence due to the decrease of the 
quencher concentration. The laser light scattering mea- 
surements of the mean diameter of liposomes as well 
as the distribution of liposome size in suspension be- 
fore and after electrical treatment did not revea! any 
differences indicating that the range of field intensities 
used did not induce any aggregation and/or  fusion of 
liposomes. Since the transmembrane potential (J~b) 
generated on liposorr, tes at the intensities (E) we used 
was relatively low (75 mW according the rough estima- 
tion [3,11]: J05 = 1.5 r ' E ,  where r is the radius of 
vesicle), no effect,~; on the liposomes were expected in 
these experiment', [22-24]. 

The excitation spectra of the HPTS fluore';cence 
associated with Molt 4 cells treated (Fig. 3a, curve 1) or 
untreated (curve 2) by electric field in the presence of 
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Fig. 3. (a, b) Excitation spectra of the fluorescence associated with Molt 4 cells (a) and J 774 cells (b) after ei,-ctrical treatment of t'el ~ in the 
presence of HPTS containing liposomes. A 100 tzs pulses of 3.75 kV/cm and 3.4 kV,/cm were used tor Molt 4 and J 774 cells, res;:ctively 
(curves 1 it) Figs. 3 a, b). Curves 2 were obtained for electrically untreated cells. Curves 3 on these figures show the spectrum of thd HPTS 

containing liposomes in the abse,ce of cells. 
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HPTS containing liposomes appeared qualitatively sim- 
ilar to each other and to that of the liposomes in the 
absence of cells (curve 3). The fluorescence spectrum 
of HPTS dramatically depends on the pH of a solution 
in pH range 6-9: lower pH, lower the ratio of the 
fluorescence at Aex = 450 nm to that at Acx = 403 nm; 
the qunrescence at Acx- 413 nm is invariant v~ith pH 
[18]. For instance, decrease of buffer pH from 7.4 to 
6.4 results in 3.8 times decrease of the ratio of the free 
HITS fluorescence at Aex = 450 nm to that at Ae, = 403 
nm (data not shown, see also Ref. 18). Thus, the 
similarity of these spectra (the ratios of the fluores- 
cence at 450 nm to one at 403 nm are 1.03; 1.05 and 
1.01, respectively, for the curves 1, 2 and 3 in Fig. 3a) 
shows the lack of any acidification of the HPTS associ- 
ated with the cells. Therefore there was no evidence 
tot any uptake of liposomal contents into the acidified 
endosomes or secondary lysosomes of Molt 4 cells 
under our experimental conditions, with or without 
electrical treatment. 

The situation was quite different in the case of the 
macrophage-like J 774 cells. There was a significant 
change in HPTS fluorescence spectrum after interac- 
tion of HPTS liposomes with these cells (Fig. 3b). The 
decrease of the ratio of the fluorescence at Aex- 450 
nm to fluorescence at A~x - 403 nm in the presence of 
cells (curve 2) in comparison with that for only lipo- 
seines (curve 3) reflects the acidification of dye pre- 
sumably following endocBosis of liposomes. The endo- 
¢ytosis of liposomes by macrophages was studied in 
detail by Daleke et al. [18]. The electrical treatment of 
J 774 cells increases the amount of fluorescence associ- 
ated with cells at pH independent point (413 nm) (Fig. 
3b, curves 1, 2). However the HPTS fluorescence spec- 
tra of these cells after application of electric field and 
without it (Fig. 3b, curves 1, 2) proved to be qualita- 
tively similar: the ratios of the fluorescence at 450 nm 
to one at 41)3 nm are 0.32 and 0.29, respectively, for the 
curves I and 7. to compare with 1.03 obtained for curve 
3. Therefore the electrical treatment of J 774 cells has 
no significant influence on the efficiency of endocytosis 
but rather it resulted in an increase of the number of 
liposomes (based on the amount of HPTS) associated 
with these cells as was also the case for Molt 4 cells. 

Molt 4 cells were also incubated with liposomes 
containing HPTS and DPX. In this case there was no 
significant fluorescence associated with cells treated or 
untreated by the electric field. No fluorescence ap- 
pealed during incubation of cells at 37 °C in RPMI 
medium without serum up to 4 h. However, disintegra- 
tion of membranes by Triton X-100 resulted in appear- 
ance of fluorescence proving the presence of HPTS in 
these samples. Thus, before the disintegration of mem- 
branes, HPTS fluorescence was quenched by high con- 
~n~a t ion  of DPX present inside the liposomes. These 
results indicate that the fluorescence associated with 
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Fig. 4. Ek~ctric pulse induced increase of the fluorescence associated 
with Molt 4 cells as a function of time interval between the pulse and 
the moment of 100 times dilution of both liposomes and cells 
concentration. The ratios of the fluorescence at A~x = 413 nm for 
cells plus liposomes suspension treated, F, and untreated, F., by 

electric field (3.75 kV/cm, 100 ~s) at t -~ 0 are plotted. 

cells in the experiments described earlier was deter- 
mined by the presence of intact liposomes. 

We have also carried out some experiments to study 
the kinetic properties of the electrostimulated increase 
of liposome binding to cells. In the experiment pre- 
sented in Fig. 4, after 30 min of incubation of Molt 4 
cells with HPTS-containing liposomes (t = 0 on time 
axis of the figure) the electric field was applied to the 
suspension. Then at time intervals of 0.5, 20, 30, 50 and 
90 min after treatment, the suspension was diluted 100 
times by PBS and the usual washing procedure was 
performed. The ratios of the cell-associated fluores- 
cence of electrically treated cells to that of untreated 
cells incubated with the liposomes for the same time 
are plotted in Fig. 4. The data show no increase of 
liposome binding following electrostimulation for the 
case of fast dilution of the suspension of cells plus 
liposomes. This indicates that the processes responsi- 
ble for liposome binding did not develop at the mo- 
ment of electric field application. It took approx. 30 
rain to develop tight binding. 

In Fig. 5, liposomes were added not only before but 
also after electrical treatment of cells (t = 0 on time 
axis of the figure). The increase of liposome binding to 
treated cells in comparison with the control untreated 
ones was observed even if the liposomes were added 10 
rain after pulse application. Thus, the modification of 
membrane properties under consideration has a life- 
time in the scale of minutes. 

In conclusion it appears that the electrical treatment 
of cells in the presence of iiposomes loaded with a 
fluorescent dye results in significant increase of the 
fluorescence associated with the cells. The intensity of 
electric field required for this effect proved to be close 



%f/to 
2 . 5 ~  

I I t I _ _  

30 40 50 60 70 

1.5 

x .~ 
l 

0 .5  

0 I I I 

- l o  o lO 20 
TIME, mln 

Fig. 5. Electric pulse induced increase of the fluorescence associated 
with Molt 4 cells, as a function of time interval between the pulse 
and the mom::nt of the addition of lioosomes into samples. The 
ratios of the fhmrescenee at Ac~ = 413 nm for samples treated, l~t*, 
and untreated, b~,, by electric field (3.75 kV/cm, 1110 ias) at t = 1) are 

plotted. 

to that of reversible electroporation of cell membranes 
This result can not be explained by electrostimulated 
fusion of liposomes with cells, nor by the promotion of 
liposome uptake into the cells by endocytosis nor by 
the translocation of liposomes via eleetropores in cell 
membranes. The possibility of electrofusion o[ lipo- 
somes with cells discussed in Ref. 25 can be excluded 
here since the release of the internal content of HPTS 
+ DPX liposomes into cells during fusion would have 
resulted in an increase of HPTS fluorescence due to 
DPX dilution. In addition we have not observed the 
characteristic changes of fluorescence spectra of FiPTS 
normally observed during acidification of dye inside 
endosomes and secondary lysosomes, after electrical 
treatment of cells. This result testifies against the pos- 
sible role of endocytosis (one of the most usual types of 
interaction between cells and liposomes [16,17]) as a 
driving force for the increase of cell association ob- 
served here. Finally, it is difficult to imagine the mem- 
brane of a viable cell developing pores with diameter 
more than 0.1 #m (the mean diameter of our lipo- 
somes) and lifetime of the order of minutes to explain 
the data presented on Fig. 5. Therefore, it seems that 
the electrostimulatcd increase of fluorescence associ- 
ated with cells reflects the binding of intact liposomes 
onto the cell membranes. 

The nature of changes of membrane structure un- 
derlying the observed effect is yet unclear. There are 
some indications in literature that electrical treatment 
of cells producing electroporation can also induce more 
macroscopic changes in the membranes related appar- 

,~Tently to local disturbances of membrane organization. 
he changes of this type can be revealed for example 

as the electroinduced long living fusogenic state [12,13], 
bleb formation [14,15] and delay between the end of 
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electrostimulation and the beginning of fusion [26]. We 
suppose that the significant increase of the binding of 
liposomes to cells after electrostimulation described in 
the present paper may be related to such changes in 
membrane organization. The binding of liposomes to 
cells can be also mediated by some molecules released 
from cytoplasm at electropermeabilization of cell mem- 
branes. 
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