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Inter-Pulse Interval Between Rectangular Voltage
Pulses Affects Electroporation Threshold of
Artificial Lipid Bilayers

Alenka M&ek Lebar, Gregory C. Troiano, Leslie Tung, and Damijan Mikiéy

Abstract—This paper describes experiments that determine unclear and under discussion because of lack of experimental
how the inter-pulse interval between rectangular pulses in a train - data on the initial stages of pore formation as well as direct
of pulses alters the threshold of electroporation of 1-pamitoyl visualization of the pore. On the other hand, experimental

2-oleoyl phosphatidycholine bilayer lipid membranes. The bi- b . del f biological b h
layers were exposed to a train of sixteen 10fs duration pulses. observations on mode| systems of biological membranes, suc

Threshold voltage and the sequence number of the pulse in the @s lipid bilayer membranes, lipid vesicles, cells, and tissue
train, where onset of the electroporation occurred, were recorded from laboratory animals, have suggested many directions for

for six inter-pulse intervals (oo, 1000us, 100us, 10us, 1us, Ous).  manipulative applications in cell biology and medicine [1],
The threshold voltage of the pulse train decreased linearly with [6]-[8]

the logarithm of the inter-pulse interval. When the inter-pulse S . . . .
interval was 1 um, electroporation threshold dropped to that of a Electroporgtlon is either reversible or |rrevgr5|ble, dependm_g
single pulse with duration 1600us (equal to the sum of all pulse 0N the electrical parameters chosen. Reversible electroporation
durations in the train). In this case, the occurrence of bilayer can be used for introducing biologically active compounds into
\r/l\llﬁturehwas almoTt equally {rgquent forh all Dlulses in thg t(;ﬂg- living cells [9]. Nowadays, it is routinely used for the introduc-
en the Iinter-pulse Interval between the pulses exceede , . . s : : .
the influence of the previous pulse on the response to the following tion of macromolecules into living Ce"ﬂ, vitro and is a basis
pulse declined. It became more likely that the bilayer ruptured fOF electrofusion used to produce hybridoma cells [10]. Gene
during the first half of the train. These experimental observations therapy, which has already found applications in the treatment
suggest that a train of pulses applied with short inter-pulse of cancer [11] and muscle disorders [12], [13], is efficiently
interval (less than 1 ms) can lower the electroporation threshold performed by electric pulses. Electroporation holds promise
of bilayer lipid membranes. . .
in transdermal drug delivery [14] and has been successfully
Index Terms—Bilayer lipid membrane, electroporation, fre- ysed to deliver DNA even to cardiac muscle [15]. A promising
quency, threshold voltage. medical application is tissue permeabilization, which can be
used in electrochemotherapy to increase the efficiency of
l. INTRODUCTION antitumoral drugs [16]—-[19]. Irreversible electroporation is an

. . emerging technology of nonthermal food preservation [20],
HE application of strong electric pulses to the plasn]?l] ging 9y P vation [20]
S

membrane results in a considerable increase in
permeability and conductance. This phenomenon is nam
electroporation, according to the most widely accepted the
alleging that the pore-like structures are created in the plas
membrane. Since one of the consequences is increa &
permeability of the plasma membrane, the term “electroper
abilization” is also used. Several theoretical models have b
proposed to describe the physical basis of electroporation,
none perfectly describes all of the features of the phenomer}%
[1]-[5]- The molecular mechanisms of electroporation are stg

fficiency of the applications previously mentioned depends
several parameters. Type of cells; their size, shape, mem-
Yane structure, and composition; transmembrane potential;
th stage; pulsing buffer; and electrode material are of
t importance foin vitro applications [22]-[27]. Electrical
arameters like voltage applied, pulse duration, number of
lﬂses, pulse frequency, and pulse shape are the major factors

t strongly affect bothin vitro [6], [7], [28] and in vivo
@hniques [12], [15]. Investigations have also shown that
lectrode geometry [16], [29] has an influence on the medical

and biological applications of electroporation.
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number of pulses, and pulse-repetition frequency. At the same TABLE |

time. the electrical waveforms should be effective. safe an.QaECIFICCAPACITANCES AND THRESHOLD V OLTAGES FORBILAYERS EXPOSED
! ! ! TO TRAINS OF 16 RULSES WITH DIFFERENT INTER-PULSE INTERVALS.

technically easy to generate. VALUES GIVEN ARE MEAN + STANDARD DEVIATION
Numerous studies have shown how applied voltage, pulse du-
ration, and number of pulses influence membrane electropo

tion [6], [7], [12], [30]. In almost all studies where trains of freer-pulse interval bﬂfy";“éi‘;;éﬁ‘fm Threshold voltage
pulses were used, the pulse-repetition frequency was 1 Hz. 1 (us) ,
fact that generation of high-voltage pulses with high repetitic (uFom ) m¥)
rate is technically difficult could be the reason for the limite: 0 0,54 £0,10 334£21
numbers of studies dealing with pulse-repetition frequency [3: 1 0,55 40,12 345+ 16
Until now, only a few studies have experimentally demonstratt 10 052 £0.10 N
that pulse frequency can modulate cell viability and electrope

100 0,52 +0,10 402 +24

mabilization efficiency inin vitro experiments [30], [32], [33].
Although trains of pulses (four or eight) give better results the 1000 0,50 £0,05 420 £23
a single pulse in many biological and medical applications

X . - INF 0,60 £0,11 441 +23
electroporation, the influence of the previous pulse on the fc
lowing one is still under investigation [8], [34], [35].
In this paper, we determined the threshold of electroporation 460
of 1-pamitoyl 2-oleoyl phosphatidycholine (POPC) lipid bilayer
membranes which were exposed to trains of rectangular pulses __ 440 -
The main question that we addressed was how the interval be: E 420
tween pulses in the train affects the threshold of electroporation. ‘¢’
Our experimental results reveal that the threshold of electropo- & 4001
ration decreases with shorter inter-pulse interval. °
5 380 1
o
II. MATERIALS AND METHODS § 360 1
Artificial lipid bilayers made of synthetic lipid POPC (Avanti = 340
Polar Lipids, Alabaster, AL, powder form) dissolved in a 9:1 10 10°
mixture of hexane and ethanol (10 mg/ml) were investigated. 320 0 1 10° INF

Bilayers were formed by the folding method across a circular
hole (105um in diameter) in a Teflon sheet (26m thick).
Teflon chamber and protocol described previously by Troiam@y. 1. Dependence of electroporation threshold on the interval between
et al. [36] was used. The Teflon chamber was filled with e|ed1u|§e§. The error bars in the electroporation threshold represent standard
._deviations of the data.
trolyte (100 mM KCI, 10 mM Hepes, pH 7.40) prepared using
deionized water. Four electrodes (Ag—AgCl, In Vivo Metric,
Healdsburg, CA) for the stimuli and measurements of curreas C,, but 5 min after bilayer formation. The bilayer surface
and voltage were simply submerged in the salt solution. Oaeea(A,,) was assumed to encompass only 90% of the area
side of the hole in the Teflon sheet was treated with af lipid  of the hole, with the remaining 10% consisting of a torus of
solution. After the evaporation of the solvent, both sides of theexadecane that was necessary to support the bilayer. The spe-
hole were treated with 1.l of hexadecane (30% in pentane)cific membrane capacitan¢€’,,) was obtained by dividing’,,,
A drop of 2 ul of the lipid solution was deposited on each sidby A,,,. Obtaining similar values of specific bilayer capacitance
of the chamber and allowed to spread over the agueous-airivas a measure for reproducibility of bilayers.
terface for at least 20 min. To form a bilayer, the solution level The irreversible electroporation of the bilayers was studied by
in both compartments was carefully raised to the same heighé voltage clamp method. The bilayers were exposed to a train
just above the hole. After a bilayer was irreversibly electrop@f 16 pulses. Each pulse in the train had duration of 190rhe
rated, a new bilayer was formed by lowering the solution leveisterval between pulses was varied betwearsland 100Qus
below the hole, and then raising them above the hole again. Ail factors of ten. In addition, a single 108 pulse was used
experiments were performed at 18 room temperature. to approximate for 16 pulses set infinitely apart, and a single
The experimental setup for measurement of the bilayer ceB600us pulse was used for 16 concatenated pulses (inter-pulse
pacitance€C,, ) was described previously by Sharetal.[37]. interval of Ous). The amplitude of all the pulses in the train
The charge pulse method was used to determine the straywas incremented in steps of 10 mV from an initial subthreshold
pacitance of the system, i.e., of the circuitry, chamber, and sheatue until electroporation occurred. When electroporation oc-
(Cs). The system was pulsed for 48 with a subthreshold pulsecurred, the transbilayer current increased by several orders in
of 300 mV. C, was calculated from the time constant of thenagnitude. For each experiment, we recorded the inter-pulse
voltage discharge through an external resistor. The membramerval, the sequence number of the pulse in the train where
capacitancéC,,,) was calculated by subtracting; from the sudden increase of the current was observed, and the electro-
total capacitancéC; ), which was measured in the same manngoration threshold voltage.

Inter-pulse interval [us]
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Fig. 2. Relative frequency (bar chart) of bilayer electroporation for each pulse in the train of 16 pulses, and the cumulative probability fiterstéda between
pulses lasted 1, 10, 100, and 1008.

Electroporation threshold, specific bilayer capacitance, and px 1.0
the sequence number of the pulse were determined for at leas
eight bilayers for each inter-pulse interval 48, 1 us, 10us,
100 ps, 1000us, o). The statistical significance of changes
in threshold voltage for different inter-pulse intervals was de-
termined using the nonparametric Mann-Whitney test. The p 0.5
values of less than 0.05 were considered significant for rejec-
tion of the null hypothesis.

Ill. RESULTS

0.0 A = . .
250 300 350 400 450 500

Threshold voltage [mV]

Mean threshold voltageéVi,) and mean specific bilayer
capacitancegCs,) with their standard deviations are given
in Table 1 as a function of the inter-pulse interval. There was
no statistical difference betweén, in different experimental
groups. ThECSp for all bilayers included in the study was meakig. 3. Probability of bilayer electroporati¢P*) as a function of threshold
sured to be 0.54- 0.09.F/cn?. V4, increased with increasing voltage for various intervals between pulses (y:s).
inter-pulse intervalV;,, for an inter-pulse interval of @s was
334 mV, comparable t&;,, for an inter-pulse interval of s, When the inter-pulse interval wag:$, electroporation occurred
which was 345 mV. Howevel;,, for an inter-pulse interval with an equal probability throughout the train. The cumulative
of 10 us was 377 mV, a value significantly different from theprobability of electroporation increased linearly with the pulse
previous two(p < 0.05). V4, for an infinite inter-pulse interval number and attained 90% at the 15th pulse. As the inter-pulse in-
was 441 mV, a value is higher but not statistically significarterval became longer (10 and 108), it was more likely that the
(p > 0.1) thanV;y, for the inter-pulse interval of 100@s bilayer electroporated during the first half of the train. The cu-
(420 mV). The data are also presented in graphical form (sewilative probability of bilayer electroporation reached 90% at
Fig. 1). On the semilog plol/;;, increases nearly linearly with the 11th pulse for an inter-pulse interval of 1®and at the tenth
increasing inter-pulse interval over the range of 1to 1080  pulse for an inter-pulse interval of 106&. When the inter-pulse

We also recorded at which pulse in the pulse train electrimterval was 100Qus, the probability of bilayer electroporation
poration occurred. Fig. 2 shows the relative frequency of bincreased sharply during first four pulses and reached 90% at
layer electroporation for each pulse in the train, for differerthe seventh pulse.
inter-pulse intervals. Also shown in each plot is the cumulative In Fig. 3 the probability of bilayer electroporation is presented
probability function for electroporation in the train, obtaineas a function of threshold voltage for all six inter-pulse intervals.
as the running sum of the frequencies of the individual pulsé€ghe shapes of the probability curves are all sigmoidal.
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IV. DIScuUsSION ANDCONCLUSION

The process of electroporation of lipid bilayer membranes |
typically described either by mean lifetime at a given voltag%e
or by electroporation threshold at a given pulse duration. In t )
former case, voltage amplitude is selected and the bilayeris h
at that value until membrane electroporation occurs [38]. All
studies consistently report a decline in latency time with an iR
crease in pulse amplitude. In the latter case, the pulse duratioH'
selected and the voltage amplitude is incremented in steps u ¢
electroporation takes place. Electroporation voltage thresho
generally decrease linearly with the logarithm of stimulus dur
tion [36]. In practical applications of electroporation, the dur
tion of stimulus is knowra priori. Hence, the latter protocol is
more informative; therefore, it served as the motivation for od}
present work.

In earlier studies, Chernomordék al. [8] and Melikovet al.
[34] presented experimental evidence for an influence of the in-
terval between two consecutive voltage pulses on conductanc ]
behavior during the second pulse. In both reports, reversible
electroporation was studied. Chernomordilal. [8] compared
the current responses of the second pulse for different inter!?!
pulse intervals. The current oscillogram was identical when the[3)
interval between pulses was longer than 1 s for both lipid and
cell membranes. For shorter inter-pulse intervals, the current osp,
cillogram appeared to be a continuation of the current response
to the first pulse. They estimated the characteristic times ofl®]
“healing” the pores created during reversible electroporation to
be in the order of some seconds or even minutes. Mekkal.

[34] did similar experiments on lipid bilayer membranes. For 6]
inter-pulse intervals shorter than 250 ms, the second pulse re-
sulted in an immediate jump in membrane conductance, while
for longer inter-pulse intervals, the conductance behavior wad’!
similar to that of the first pulse, i.e., a lag time was observed in
the beginning of the second pulse before the membrane conduds]
tance was increased.

In our study, we analyzed the influence of the inter-pulse in-
terval on the voltage threshold for irreversible electroporation[9]
of lipid bilayer membranes. If the inter-pulse intervals betweer‘[lO]
16 consecutive pulses wereus, the electroporation threshold
did not differ statistically from the electroporation threshold of [11]
a single pulse with duration equal to the sum of durations of all
pulses in the train, i.e., 16Q&. Furthermore, the occurrence of [12]
bilayer electroporation was almost equally likely for all pulsesin
the train, which is consistent with observation that bilayer life-
time at given voltage is distributed over a rather wide intervafi3)
[38]. When the interval between pulses in the train exceeded
1 s, the influence of the previous pulse on the following pulse
diminished. The electroporation threshold of the train of pulsegi4]
increased linearly with the logarithm of inter-pulse interval over
the range of 1 to 100@s (see Fig. 1). In addition, the bilayer
was more likely to be electroporated during the first half of the
train. [16]

The theoretical model proposed by Joshi and Schoenbach [@7
is in line with our experimental study. They used a time-de-
pendent numerical model based on the Smoluchowski equation
to simulate pore kinetics and an equivalent circuit representa-
tion to determine the transmembrane potential. Their simula-
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tion suggests that irreversible breakdown is a consequence of
Ige formation of a few large pores. The pore generation rate de-
nds exponentially on the membrane voltage. Therefore, the
mber of pores is higher and the radius of the pores is larger
|H1e voltage applied across the membrane is higher. It follows

at if a subsequent voltage pulse were to be applied before the

values, then a much shorter pulse duration (or lower pulse
tage) would be required for electroporation of the membrane
the subsequent pulse, compared with an electroporating pulse
1at lacked a preconditioning pulse. The theoretical model men-
ap_oned is a good explanation for the existence of the “prepore”
state reported by Melikoet al. [34], and the memory effect
Iresented in the theoretical model is consistent with our exper-
imental observations.
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