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A b s t r a c t . Electric field pulses used for cell manipulation can cause irreversible 

cell damage. The mechanisms of the processes leading to such cell damage are 

very complicated. Our work demonstra ted that exponential electric pulses with 

intensity of 2-7.5 kV/cm and duration of 5.2 ms were able to initiate peroxidation 

of fatty acid emulsions, liposomal membranes, red blood and Ehrlich ascite tumor 

cells. Electric pulses-induced peroxidation of erythrocyte membranes was followed 

by hemolysis. The electric t rea tment caused damage of E. colt membrane lipids 

which was accompanied by decreased cell survival. All these effects depended on 

field intensity. A relatively good correlation between pulse-induced peroxidation 

of erythrocyte membranes and hemolysis was observed. These results suggest that 

free radical mediated processes as lipid peroxidation and/or lipid degradation or 

fragmentation may be possible causes for electric pulses-induced irreversible cell 

damage. 
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I n t r o d u c t i o n 

Short electric field pulses of high intensity have been used for cell manipulation 
(electrotransformation, somatic cell electrofusion and other cell engineering tech
niques) (Zimmermann 1983; Mathew and Tsong 1989). Depending on field in
tensity and pulse duration reversible or irreversible breakdown of cell membranes 
takes place (Zimmermann 1983). If the intensity and/or the duration of the pulse 
exceed a critical value the reversible electrical breakdown of the cell membrane 
goes over into irreversible one with hard consequences for the cell survival (Zim-

Correspondence to: Stefan R. Ribarov, PhD, Department of Physics and Biophysics, 

Sofia University School of Medicine, Zdravé 2 Str., 1431 Sofia, Bulgaria 



86 Beno\ et al 

mermann 1983) The exact mechanism of this adveise side effect is not cleai \et 
Recently it has been demonst ia ted that exposme of plant piotoplasts to electne 
pulses is associated with ethane íelease (Biedmgei et al 1990) which seems to be 
an indication of lipid peroxidation (Pitkanen et al 1989) 

Pei oxidation of lipids is a poweiful dest iucti\e piocess (Slatei 1984) It ma\ 
be initiated b\ diffeient factois one of which seems to be electnc field with high 
mtensiťs In this context, the ami of the present woik was to venf\ the possibiht\ 
foi initiation of lipid pei oxidation m aitmcial membiaiies and m cells exposed to 
\ a m n g field intensities 

Abbrev iat ions : T B A R S thiobaib i tunc acid ieacti\e substances MDA malon-
dialdeh\de TBA th ioba ib i tunc at id HO Irveliow 1 íadical, UV ultia-\iolet 
SOD supeioxide dismutase Ej 2,5 7,8-tetiainetlr\l-G-chiomanol 

Materials and Methods 

Phospholipids wen isolated fioin egg \olk as described bv C'laik and Switzei (1977) 
Liposomes (2 nig phosphohpid/ml glass distilled watei) weie piepaied b\ the method of 
Batzn and Roru (197?) Linolcic acid L-o-phosphatidvlcholme t\pe \ -E from egg \oik 
1 2-dilmoleo\ 1-sri gh ceiopliosphotliohne 1 2 diokw 1-sn-ghtc- lophosphoc holme and 1 2 
dipalmitovl-Aii-glueiophosphocholme weie obtained from Sigma 2 5 7 8-tctiaineth\ 1-b 
chromanol (Fi) s-ynthesized m the laboratoij of piof E Niki was a generous gift horn 
pi of \ Kagan 

Ehihch ascite tumoi cells fiom mice peritoneal exudate E c oil stiain LE -592 m 
loganthmic phase and rat eivthrocvtes were used All cell piepaiations weie three times 
washed and íesuspended m 290 minol sucrose oi m isotonic ghceiol to a final concentration 
of 1 r) x 10 tells/ml foi R coh and Ehrlich ascite tumoi cells or to 50'X bv heniatocnt 
foi led blood cells The conductniU of all samples was less than 10 2 S m - 1 

High voltage somce in combination with capacitor (2b /íl ) was used foi geneiation 
of exponentlalh dcca\mg electnc pulses The time constant of the exponential pulse is 
usualh m the ordei of milliseconds (\ndeison and Evans 1988) rimistoi was utilized 
ad switching element to disdiaige the capacitoi into the electiopoiation chambei The 
chambei had two stainless steel electiodes The mteielcctiode distance was 0 lr) mm 
The circuit included 20 Q íesistoi in series and 200 fi resistoi m paiallcl with the sample 
which deteimmed a theoietieal time-constant of 5 2 ms 

The extent of lipid peioxidation was estimated using 100 /.i\ samples foi measuie-
ment of thiobaibitunc acid icactive substances (TB\RS) (Fodoi and Mai\ 1988) and 
conjugated dienes (Buege and \ust 1978) To a\oid aitificial oxidation during the e\1 tac
tion of lipids all sohents weie satuiated with nitiogen Results are expiessed as nmoles 
of malondiaklelrvde (MD\) per ml suspension and nmoles of conjugated dienes pei ml 
suspension Absorption coefficients of 1 5b x 10' mol 1 at 532 nni (Fodoi and \Iar\ 1988) 
and 2 8 x 104 mol ' at 2 53 mn (Lichtenbeig et al 1988) weie used to estimate the amount 
of MDA and conjugated dienes íespectivelv 

Peioxidation of lmoleic acid was estimated b\ measuring the absorbance of the e mul-
sion at 2ii nm befoie and immediately after the exposme to electnc pulses 
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Foi the measmement of hemohsis ervthiocvtes weie washed two times to remove 
hemoglobin released at the moment of electio-exposure and weie íesuspended to the 
same hematociit in isotonic saline \fter 120 mm of incubation and centiifugation of the 
samples the absorbance of the cleai supernatant was measuied at 525 nm after suitable 
dilution 100% hemohsis was obtained bv leplacmg saline with distilled water containing 
0 1% Triton X 100 In part of the samples O2 concentration was decieased and they 
were electio-heated under nitrogen stieam These samples weie washed with nitiogen-
saturated saline and weie íesuspended m the same medium The water-soluble radi
cal scavengei une acid was added to the suspending medium immediately befoie the 
electio-exposuie 2 5,7,8-Te>tramethv 1-6-chiomanol (Ľ!) was mtioduced bv means of 2 3-
dipalmitovl-sn-gheeiophosphocliolme liposomes as descnbed bv Niki et al (1988) <Vftei 
the electio-exposme the samples weie washed and resuspended as described above 

E coll cell suspension 111 salme was oxidized eithei bv incubation with Fenton s 
reagent (10 pmol/ml H 2 0 2 + 5 /nnol/ml FeS0 4 ) or bv U\ niadiation I \ niadiation 
was pei foi med foi 20 mm using an ultia-violet lamp BI M-12 at a distance of 25 cm 
Aliquots weie taken and lipids weie extiacted with chloiofoim/methanol 2 1 (v/v) The 
chloroform lavei was washed two times with distilled watei and was evapoiated undei 
nitiogen The íesidue was dissolved 111 ethanol I \ spectrum of ethanol solution was 
íecoided on Shimadzu I \ M S Recoidmg Spectiophotometei U\ 2b0 

Results aie mean ± S E M All experiments weie peiformed at least 111 tnpheate 
independent pieparations 

R e s u l t s and D i s c u s s i o n 

Fig 1 piesents the le\el of conjugated dienes 111 lmoleic acid emulsion as a function 
of the numbei of the electne pulses As it is seen lineal íelationship exists between 
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Figure 1. Relationship between the numbei ol electne pulses and conjugated dienes m 
lmoleic acid emulsion Lmoleic acid (100 nmol/ml) m glass distilled water was exposed 
to electne pulses of 5 kV/cm (A) In pait of the samples p 0 2 was decreased bv bubbling 
with nitrogen (o) 
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pulses number and conjugated dienes. The decrease of p 0 2 in the samples by 
bubbling with nitrogen decreases conjugated dienes level. These results indicated 
t h a t conjugated dienes were formed practically at the moment of the exposure and 
that oxygen was involved in this process. 

Ď1PALÍÍIT0YL-PH0SPHATIDYLCH0LINE DIOLEOYl-PHOSPHATIDYLCHOUNE 

224 258 292 326 

WAVELENGTH (nm) 

DILIN0LEOYL-PHOSPHATIDYLCH0LINE 

0.00 
224 258 292 328 

WAVELENGTH (nm) 

224 2S8 292 

WAVELENCTH (am) 

EGG YOLK PHOSPHATIDYLCHOLINE 

224 258 292 328 

WAVELENCTH (nm) 

F i g u r e 2. UV absorption spectra of phosphatidylcholine with varying double bonds num
ber. Phospholipid liposomes prepared from 1,2-dipalmitoyl-sn-glycerophosphocholine, 
l,2-dioleoyl-.sn-glycerophosphocholine, 1,2-dilinoleoyl-sn-glycerophosphocholine or egg-
-phosphatidylcholine were exposed to single electric pulse (10 kW/cm). Immediately after 
the treatment lipids were extracted and LTV spectra in ethanol were recorded. Controls 
were not electio-treated. 1 - control; 2 - electro-treated. 

To be sure t h a t the increase of absorbance is due to conjugated dienes, i.e. 
t o lipid peroxidation, liposomes prepared from phosphatidylcholine containing dif
ferent number of double bonds were subjected to electric pulses (Fig. 2). It was 
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found that peaks characteristic for conjugated dienes and possibly to ketone di

enes (Recknagel and Glende 1984) appeared only in the preparations contain

ing two or more double bonds (1,2-dilinoleoyl-sn-glycerophosphocholine and egg 

yolk phosphatidylcholine). The electric t reatment of liposomes prepared from 

1,2-dipalmitoyl-sn-glycerophosphocholine (without double bonds) or 1,2-dioleoyl-

sn-glycerophosphocholine (with one double bond) did not cause increase of the 

absorption in the 230-300 nm region. 

60 90 
TIME (min) 

Figure 3 . Kinetics of liposomes peroxidation. Liposomes (o) containing 10 nmol/ml 
ADP-Fe"+ were exposed to single electric pulse (7.5 kV/cm). Controls (A) contained the 
same ingredients but were not exposed to electric pulses. 

It was also found (Fig. 3) that in phospholipid liposome suspension containing 

ADP-Fe 2 + (concentration 10 nmol/ml) the initiated by single 7.5 k V / c m pulse 

lipid peroxidation proceeded significantly faster. This effect strongly depended 

on field intensity (Fig. 4). As it is seen, the rate of MDA generation increases 

progressively with the increase of field strength. In the interva.1 between 1 and 5 

kV/cm similar relationship was observed also in samples which did not contain 

ADP-Fe 2 + (Fig. 4). One possible explanation of this observation is tha t significant 

amount of iron is liberated from the electrodes during the pulse. Using the method 

of Buettner (1988) we found, however, tha t our preparations contained not more 

than 0.8 fimol/l transition metal(s) and the liberation of iron from the electrodes 

was negligible (less than 0.1 /xmol/1). 

To shed some light on the reactive species involved in the initiaton of lipid per

oxidation the effect of x 0 2 and HO' scavengers at varying concentrations was tested. 

In Table 1 only scavengers which do not interfere with lipids UV spectrum are listed. 
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F i g u r e 4 . Relat ionship between field mtensitv and TBAHS geneiation in phospholipid 
liposomes Phospholipid liposomes with (o) 01 without (A) addit ion of MJP Fe + weie 
exposed to vaiving field intensities \ f te i the exposure the samples weie incubated 60 
m m at 37°C and T B \ R S was est imated 

T a b l e 1. Effect of IIO and 1 0 _ scaveiigeis on electne pulses mduecd conjugated dienes 
generat ion 1 2 dilmoleovl-s7i glvceiophosphoeholme liposomes (2 mg phosphohp id /ml ) 
were exposed to single e lectne pulse with mtensitv 10 k \ / c m Scaveiigeis weie added 
before the electro e x p o s m e to a final c oncent ia t ion of 100 mmol/1 Contiols contained 
the same ingredients but weie not exposed to electne pulses Immedia t eh aftei the 
t r ea tment the lipids of the s imples and the lespective controls weie ext iac ted with N2 

s a t u i a t e d eh lo iofo im/methanol (2 1 v /v ) and then 1 \ spec t ia m ethanol weie recorded 
( onjugated dienes weie calculated bv the diffeiences m ibsoibance it 235 nm 

Scavengei C onjugated dienes Inhibition 
n m o l / m l '/c 

110 5 ± 2 8 

N a N 3 20 3 ± 1 4 81 
Foi m a t e 10 7 ± 1 1 90 
Benzoate 29 8 ± 0 9 73 

D M S O 5 1 ± 0 6 97 
M a n m t o l 7 1 ± 0 9 9 3 

At c o n c e n t i a t i o n 100 m m o l / 1 all H O scavenge i i n h i b i t e d c o n j u g a t e d d i en es gen 

e i a t i o n Simi la i effect w a s obse rved w i t h t h e s ingle t o x v g e n s t a v e n g e i N a N j At 

lowei c o n c e n t r a t i o n (10 m m o l / 1 ) t h e inh ib i to ry effect of t h e scavei ige is w a s n e g h g i -
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ble (data not shown). Almost complete inhibition was observed by the lipid-soluble 

radical scavenger 2,6-ditert-butyl-p-oresol at much lower concentration- 0.1 mmol/1 

(data not shown). We also found that catalase (1100 U/ml ) and SOD (33 U/ml) 

exerted significant inhibition. This effect seems to be not due to their enzymatic 

functions. Their inactivation by heating did not abolish the inhibition. The in

hibition by hydroxyl radical- and singlet oxygen- scavengers may be taken as an 

evidence for HO and/or j 0 2 involvement in electric pulse-initiated lipid perox

idation. However, results based on the use of free radical scavengers should be 

interpreted with caution. As a rule they have low specificity (Packer et al. 1981: 

Niki 1987) and can interact with a number of activated species. On the other hand 

only radicals or activated species formed in the close proximity to the membranes 

or even in the lipid phase will be able to initiate peroxidation. Because of the het

erogeneity of the system the effective concentration of the scavenger at the radical 

formation site may be low (Chevion 1988). This possibly explains the fact that the 

water-soluble scavengers are effective inhibitors only at high concentrations. 

It appears likely that electric pulst^s are able to initiate peroxidation and accel

erate the iron-catalyzed peroxidation in model lipid systems. This, however, does 

not mean that electric pulses will be able to initiate peroxidation in cells. Cell mem

branes are protected against peroxidation, and oxygen radicals and other activated 

species are rapidly scavenged by specific enzyme systems. To test the possibility 

for initiation of lipid peroxidation in cells we used suspensions of erythrocytes, 

Ehrlich ascite tumor cells and E. coll. These three types of cells differ consider

ably with respect to their susceptibility towards peroxidation. Cancer cells are 

highly protected against peroxidation (Chevion 1988, Tretter et al. 1989) and E. 

coll membranes do not contain polyunsaturated fatty acids (Trauble and Overath 

1973). In contrast erythrocyte membrane are rich in polyunsaturated fatty acids 

and might be expected to be more susceptible to peroxidation (Niki et al. 1988). As 

seen in Fig. 5 exposure of erythrocytes to pulses with increasing intensity elevated 

the MDA content. As far as this is an indication of lipid peroxidation it might 

be expected that membrane disruption supervene. Indeed, hemolysis was observed 

if erythrocytes were resuspended in isotonic saline and allowed to stand. The ex

tent of hemolysis depended on the field strength and correlated with MDA level 

(Fig. 5). Calculations based on MDA concentration indicated that a small part 

of all membrane lipids was oxidized by electric pulses. A cjuestion arises whether 

such an extent of peroxidation may lead to hemolysis. To answer this question, 

in separate experiments we incubated erythrocytes with varying concentrations of 

K02- It was found that KO2 caused hemolysis and increased MDA level (Table 2). 

As seen in the Table, MDA level corresponding to significant hemolysis is at the 

same order of magnitude as in suspensions exposed to electric pulses. The low level 

of TBARS observed at the highest KO2 concentration seems very likely to be due 

to superoxide interaction with MDA (Bonnes-Taurel et al. 1992) or to formation 
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Figure 5. Peroxidation and hemolysis of erythrocytes exposed to electric pulses. 50% 
erythrocyte suspension was exposed to varying field intensities. Aliquots were taken 
for TBARS (A) and hemolysis (o) measurement. For the measurement of hemolysis 
erythrocytes were washed and resuspended in isotonic saline. After 120 min incubation 
at 37°C the samples were centrifuged and absorbance of clear supernatant was measured 
at 525 nm. 

Table 2, K02-induced lipid peroxidation and hemolysis. 50% erythrocyte suspension in 
isotonic saline was incubated in presence of K 0 2 100 //l aliquots were taken for TBARS 
measurement. Hemolysis was estimated by measuring the absorbance at 525 nm of clear 
supernatant after centrifugation of the samples. 

K 0 2 , 
/jmol/ml erythrocytes 

suspension 

0 
2 
5 

10 
20 

MDA, 
nmol/ml 

0.8 ± 0 . 2 
1.6 ±0 .3 
2.5 ± 0 . 3 
6.6 ±0 .4 
1.2 ±0 .1 

Hemolysis, 
% 

0.0 
3.5 
5.2 

59.0 
86.0 

of excess of H2O0 which degrade MDA (Kôstka and Kwan 1989). Thus, it appears 

t h a t peroxidation induced by electric pulses may be the reason for hemolysis. It 

should be kept in mind however, t ha t calculations based on TBARS are not correct. 

TBARS does not reflect directly the amount of oxidized lipids (Bonnes-Taurel et 



Oxidative Damage of Membrane Lipids 93 

al. 1992) and the formation of the red pigment depends on various conditions (Ko-
sugi et al. 1989; Janero and Bughardt 1989). Additional support of the proposal 
that electric pulses-induced hemolysis is due to lipid peroxidation was given by the 
experiments in which the effect of free radical scavengers was tested (Table 3). It 
was found tha t uric acid at concentration 100 mmol/1 and Ex at concentration 0.3 
mmol/1 strongly suppressed pulses-induced hemolysis. Significant decrease of the 
hemolysis was observed also in the samples where the concentration of oxygen was 
low. 

Table 3 . Effect of radical scavengers on electric pulses-induced hemolysis. 50% erythro
cyte suspension was exposed to single electric pulse with intensity 3.0 kV/cm. Scavengers 
were added before the electro-exposure 2,5,7,8-tetramethyl-6-chromatol (Ex) was included 
in 1,2-dipalmitoyl-sn-glucerophosphocholine liposomes. In this case electro-exposure was 
performed after 30 min incubation of erythrocyte suspension with the Ei-containing li
posomes. After the electro-exposure erythrocytes were washed, resuspended in isotonic 
saline and incubated for 120 min at 37 °C. The samples were centrifuged; the clear super-
natants were suitable diluted and their absorbance at 525 nm were measured. 

Scavenger 

non-treated 
electro-treated 
+10 mmol/1 uric acid 
+100 mmol/1 uric acid 
+0.3 mmol/1 Ei 
+0.1 mmol/1 Ei 
under N2 

A525 

0.005 ± 0.001 
0.136 + 0.009 
0.117 + 0.004 
0.034 ± 0.001 
0.046 ± 0.008 
0.087 + 0.011 
0.095 ± 0.003 

Inhibition 
% 

-
-
14 
75 
66 
36 
30 

As judged by conjugated dienes, electric pulses are able to initiate lipid perox

idation in such highly resistant to peroxidation cells as Ehrlich ascite tumor cells 

(Fig. 6). In comparison with erythrocytes significant peroxidation was observed at 

much higher field intesities. 

We tried also to investigate the ability of electric pulses to damage E. coli 

membrane lipids. E. coli does not contain polyunsaturated fatty acids which pos

sibly means tha t lipid peroxidation can not take place in its membranes. On the 

other hand, additional experiments (Fig. 7) demonstrated tha t exposure of E. coli 

suspension to hydroxyl radicals or to UV-irradiation induced characteristic changes 

of membrane lipids absorption spectrum. The same changes were observed when 

E. coli was exposed to electric pulses. Based on this observation we concluded that 

membrane alterations caused by electric pulses might be similar to those caused by 
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F i g u r e 6. Conjugated dienes geneiation m 1 hi líc h ascite tumoi cell suspension 1 5 x K)" 
ee l l s /ml isotonic gh cerol weie exposed to e lec tne pulses Immediatelv aftei the exposme 
lipids wcie ext iacted chloioform lavei was evapoiated and the lesidue was dissolved in 
e thanol 
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F i g u r e 7. I \ -absoipt ion spect ium ot L e uli nie nibiane lipids 1 5 x 1 0 eel ls /ml saline 
were irradiated 20 m m with I \ - l i gh t (cu ive I) oi weie incubated 20 mm with 10 /mio l /ml 
H 2 0 2 and 5 /mio l /ml I e S 0 4 (cuive 2) 1 5 X 10 cells/ml isotonic glvceiol weie exposed 
to two pulses with mtensitv 7 5 k \ / c m (curve 4) Lipids were ext iac ted with chloro 
fo im/me thano l t he chloiofoim lavei was evapoia ted and the lesidue was dissolved m 
e thanol C'ontiols (curve 1) were not exposed to electne pulses 
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F i g u r e 8. Relat ionship between AA_>2(). cell suivival and held intensity. E. coli (1.5 x 10' 
cel ls /ml isotonic glycerol) were exposed to varying field s t rength. Lipids were extracted; 
chloroform layer was evaporated and absorbance at 220 nm in ethanol was measured. 
AA 2 2 o is the difference of absorbance at 220 11111 between controls and electro-exposed 
samples. (A) AA22ii. (o) cell survival. 

HO or by UV-irradiation. It seems that the observed changes of membrane lipids 

absorption spectrum are not related to lipid peroxidation. One possible explanation 

for this effect is that degradation of fragmentation of some lipid components occure. 

In further experiments we used the decrease of absorbance at 220 nm (A A220) as 

a measure of the oxidative damage of membrane lipids. It was found that A A220 

depended on field intensity and was in good correlation with the decrease of the 

cell survival (Fig. 8). 

Thus, our experiments demonstrated that exposure of artificial membranes or 

varying types of cells to electric pulses may cause oxidative damage of membrane 

lipids. It may be proposed that electric pulses trigger nonspecific redox reactions 

which possibly generate free radicals or other excited species in the water medium 

as well as on the membrane surface or even inside the lipid bilayer. Because of 

the short life-time of these species it has been postulated that only these generated 

in close proximity to the membrane or inside the membrane can cause damage. 

On the other hand it has been shown that the membrane voltage induced by ex

ternal field is a function of the location of the membrane surface (Zimmermann 

1983). For this reason it may be expected that excited species are generated at 

highest concentration in the pole region. If it is so then the concentration of free 

radical scavengers at this region should be high enough in order to exert mea

surable protection. This seems to be a reasonable explanation for the need of 
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high concentrations of water-soluble scavengers and for the much bet ter efficiency 

of the lipid-soluble scavengers. We believed tha t electric pulses generate excited 

species only in limited areas of the membrane lipid bilayer but the local concen

t ra t ion of such damaging species in the site of their formation is relatively high. It 

seems obvious that in artificial membranes the concentration of such species will 

be proportional to the strength of the external field. If these membranes contain 

polyunsaturated fatty acids then peroxidation will s tar t and its intensity, at least 

in some extent, will depend on the field strength. In cells, however, the concen

t ra t ion of these species and the consequent oxidative damage will depend on some 

addit ional factors the most important of which seems to be the antioxidant defence 

system of the cell (Tretter et al. 1989). If the concentration of the excited species 

exceeds the capacity of the natural antioxidant systems an oxidative damage of 

the membrane constituents takes place. Such oxidative alterations may have dele

terious consequents (Comport i 1989) including increase of membrane permeability 

(Wit t ing 1965), decrease of the deformability, etc. resulting in osmotic destruction 

of the cell. These oxidative damages could be avoided to some extent by addition 

to the cell-suspending media of compounds such as mannitol, sorbitol, etc., which 

are radical scavengers and to not interfere with biological reactions. The need of 

such compounds in the cell media has been empirically established and they are 

routinely used in electromanipulation procedures (Forster and Neumann 1989). 
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