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Abstract

Electroporation is characterized by formation of structural changes within the cell membrane, which are caused by the presence of electrical
field. It is believed that bpores” are mostly formed in lipid bilayer structure; if so, planar lipid bilayer represents a suitable model for experimental
and theoretical studies of cell membrane electroporation. The breakdown voltage of the lipid bilayer is usually determined by repeatedly applying
a rectangular voltage pulse. The amplitude of the voltage pulse is incremented in small steps until the breakdown of the bilayer is obtained. Using
such a protocol each bilayer is exposed to a voltage pulse many times and the number of applied voltage pulses is not known in advance. Such a
pre-treatment of the lipid bilayer affects its stability and consequently the breakdown voltage of the lipid bilayer. The aim of this study is to
examine an alternative approach for determination of the lipid bilayer breakdown voltage by linear rising voltage signal.

Different slopes of linear rising signal have been used in our experiments (POPC lipids; folding method for forming in the salt solution of
100 mM KCl). The breakdown voltage depends on the slope of the linear rising signal. Results show that gently sloping voltage signal
electroporates the lipid bilayer at a lower voltage then steep voltage signal. Linear rising signal with gentle slope can be considered as having
longer pre-treatment of the lipid bilayer; thus, the corresponding breakdown voltage is lower. With decreasing the slope of linear rising signal,
minimal breakdown voltage for specific lipid bilayer can be determined.

Based on our results, we suggest determination of lipid bilayer breakdown voltage by linear rising signal. Better reproducibility and lower
scattering are obtained due to the fact that each bilayer is exposed to electroporation treatment only once. Moreover, minimal breakdown voltage
for specific lipid bilayer can be determined.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Electroporation is characterized by a formation of structural
changes within the cell membrane, which are caused by the
presence of electric field. These changes, named bpores”, increase
the plasma membrane permeability, and enable ions and
molecules to enter the cell [1]. Reversible electroporation is
used to introduce various substances into the cell and has many
practical applications like gene therapy, transdermal drug delivery
and electrochemotherapy [2–5]. If cell membrane collapses due
to too high electric field, the electroporation becomes irreversible.
This form of the phenomenon can be used for liquid food and
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water conservation [6,7]. The applicability of electroporation is
broad: from biotechnology and biology to medicine. Each
application has its own optimal electrical parameters [8], which
has to be determined beforehand [9].

It is stipulated that pores are mostly formed by rearranging of
lipid molecules in lipid bilayer structure; if so, planar lipid bilayer
is a goodmodel for experimental and theoretical studies [10]. The
planar lipid bilayer can be considered as a small part of total cell
membrane. Lipid bilayer as an artificial model of the cell
membrane can be made of only one type of lipid molecules, their
mixtures or even lipids and proteins [11]. Lipid bilayers of
different compositions have different electrical properties that are,
due to their influence on membrane stability in electric field,
important for the use of electroporation.

Planar lipid bilayer stability in an electric field and conse-
quently the voltage that cause bilayer rapture is one of the most
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Fig. 2. Measurement protocol: (A) capacitance measurement of lipid bilayer was
measured in two steps. In the first step, we measured capacitance of the
electronic system without lipid bilayer. Second step was measuring capacitance
of electronic system with lipid bilayer and salt solution. (B) Voltage breakdown
measurement with linear rising signal.
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important properties of planar lipid bilayers. The breakdown
voltage of the lipid bilayer is usually determined by a rectangular
voltage pulse. The amplitude of the voltage pulse is incremented
in small steps until the breakdown of the bilayer is obtained [12].
Using such a protocol, the number of applied voltage pulses is
not known in advance and each bilayer is exposed to voltage
stress many times. Such a pre-treatment of the lipid bilayer
affects its stability and consequently the determined breakdown
voltage of the lipid bilayer [13]. In this study, another approach
for the breakdown voltage determination is suggested: using
linear rising signal, the breakdown voltage is determined by a
single voltage exposure.

2. Materials and methods

2.1. Electrical setup

Our system for following up electroporation of planar lipid
bilayers consists of a signal generator, a Teflon chamber and a
device, which is used for measurements of membrane current and
voltage (Fig. 1).

Signal generator is a voltage generator of an arbitrary type that
provides voltage amplitudes from−5V to +5V. It is controlled by
costume written software (Genpyrrha), specially designed for
drawing the voltage signal that is used for membrane electro-
poration. The last but not least part of the signal generator is an
analogue switch. The switch disconnects the output of the signal
generator and switches to the 1 MΩ resistor. The switch is fast, it
turns off the signal generator in 2 ns. In this way, a system
discharge voltage is measured and consequently the capacitance
of the lipid bilayer.

Two Ag-AgCl electrodes, one on each side of the planar lipid
bilayer, were plunged into the salt solution. Transmembrane
voltage was measured via a LeCroy differential amplifier 1822.
The same electrodes were used to measure transmembrane
current. Both signals were stored in oscilloscope LeCroy
Waverunner-2 354 M in Matlab format. All the signals were
processed offline. Chamber is made out of Teflon. It consists of
two cubed reservoirs with volume of 5.3 cm3 each. In the hole
between two reservoirs, a thin Teflon sheet with a round hole
Fig. 1. System for electroporation of planar lipid bilayer. (1) The microprocessor boa
signals and the other that is realized in Xillinx is used for frequency extension. (2) C
current and voltage amplification. (4) Digital oscilloscope for data storing.
(105 μm diameter) is inserted. Lipid bilayer is formed by the
Montal-Muller method [14].

2.2. Chemical setup

The salt solution was prepared of 0.1 molar KCl and
0.01 molar Hepes in the same proportion. Some droplets of one
molar NaOH were added to obtain pH 4.7. The lipids were
prepared from POPC (1-pamitol, 2-oleiol phosphatdiholin) in
powder form (Avanti Polar-Lipids Inc. ZDA). The POPC was
melted in solution of hexane and ethanol in ratio 9:1. The
mixture of hexadecane and pentane in ratio 3:7 was used for
torus forming.

2.3. Measurement protocol

Measurement protocol consisted of two parts: capacitance
measurement (Fig. 2A) and lipid bilayer breakdown voltage
measurement (Fig. 2B). Capacitance and the breakdown voltage
were determined for each lipid bilayer.

The capacitance of lipid bilayer was measured in two steps
(Fig. 2). In the first step, we measured capacitance of the
electronic system without lipid bilayer (CSYS). The resistance of
oscilloscope probes (1MΩ) and the special resistor (1 MΩ) were
rd with MCF5024 processor and two modules. One module generates arbitrary
hamber for forming lipid bilayers and two Ag-AgCl electrodes. (3) Modules for



Table 1
Specific membrane capacitances (c), breakdown voltages (Ubr) and lifetimes (tbr)
for lipid bilayers exposed to linear rising voltage signals of different slopes (k)

N k (kV/s) c (μF/cm2) Ubr (V) tbr (μs)

18 4.8 0.5±0.1 0.51±0.02 104±4
6 5.5 0.5±0.1 0.48±0.01 86±3
4 7.8 0.6±0.1 0.49±0.01 61±2
3 16.7 – 0.57±0.01 34±1
5 21.6 0.4±0.1 0.59±0.02 27±1
3 48.1 – 0.74±0.02 15±1

Values given are mean±standard deviation. Number of measurements N in each
experimental group is given in the first column.
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connected in parallel as shown on Fig. 3A. Therefore, the
resistance RSYS was approximately 500 kΩ. By finding the time
constant τSYS of the voltage discharge the capacitance CSYS was
determined considering the relation

CSYS ¼ sSYS
RSYS

: ð1Þ

Second step was measuring capacitance of electronic system
with lipid bilayer and salt solution (CSBLM) (Fig. 3B). Equi-
valent resistor (RSYS) was still 500 kΩ, because the resistance of
the lipid bilayer was greater than 108 Ω [15].

By finding the time constant τSBLM of the voltage discharge,
the capacitance CSBLM was determined

CSBLM ¼ sSBLM
RSBLM

: ð2Þ

The capacitance of lipid bilayer was obtained as a difference
between CSYS and CSBLM:

CBLM ¼ CCYS−CSBLM: ð3Þ
The specific membrane capacitance (c) was obtained by

dividing CBLM by the bilayer surface area.
We determined breakdown voltage (Ubr) of the lipid bilayer

by the linear rising signal. The slope of the linear rising signal
(k) and the peak voltage of the signal has to be selected in
advance. Six different slopes were selected. Breakdown voltage
was defined as the voltage at the moment tbr when sudden
increase of transmembrane current was observed. Time of
breakdown tbr was defined as a lifetime of the lipid bilayer at a
chosen slope of the linear rising signal (Fig. 2).

2.4. Statistics

To compare breakdown voltages and specific membrane
capacitances of the lipid bilayers exposed to voltage signals of
different slopes (k) Kruskal–Wallis, one-way analysis of
variance on ranks test was used. All pairwise multiple
comparisons were made by Tukey's test. Descriptive statistics
include mean value and standard deviation.
Fig. 3. Electric circuits: (A) system without lipid bilayer and salt solution; (B)
system with planar lipid bilayer and salt solution.
Using nonlinear regression, a two-parameter curve was fitted
to the data

U ¼ a

1−e−t=b
; ð4Þ

where U was Ubr measured at different slopes, t was
corresponding tbr, and a and b are two parameters. Parameter
a is an asymptote of the curve, which corresponds to minimal
breakdown voltage UbrMIN for specific bilayer. Parameter b
governs the inclination of the curve.

3. Results

Mean specific membrane capacitances (c) and mean break-
down voltages (Ubr) of the lipid bilayers with their standard
deviations for six different slopes (k) are given in Table 1. Specific
membrane capacitances of membranes exposed to linear rising
signal of different slopes (k) were in the same range; no
statistically significant difference was obtained between different
experimental groups. The c for all bilayers included in the study
was measured to be 0.5±0.1 μF/cm2.

Breakdown voltage Ubr increased with increasing slope of
the linear rising voltage signal.Ubr measured at slope 4.8 kV/s is
not statistically different from Ubr measured at slope 5.5 kV/s
Fig. 4. The breakdown voltage (Ubr) (black dots) of lipid bilayers as a function of
lifetime tbr. The gray lines on the figure show six different slopes (k) of applied
liner rising voltage signal. Black dashed curve represents two parameters
equation fitted to data (Eq. (4)). An asymptote of the curve (a) with the value of
0.49 V corresponds to minimal breakdown voltage UbrMIN for lipid bilayers
made of POPC.



26 P. Kramar et al. / Bioelectrochemistry 70 (2007) 23–27
(p=0.009) and it is not statistically different from Ubr measured
at slope 7.8 kV/s (p=0.305). Ubr measured at slope 5.5 kV/s is
not statistically different from Ubr measured at slope 7.8 kV/s
(p=0.941). Also Ubr measured at slopes 16.7 kV/s and 21.6 kV/
s are not statistically different (p=0.872). All other pairwise
multiple comparisons exhibited pb0.001; these means that Ubr

of all other experimental groups differ significantly.
The data are also presented in graphical form (Fig. 4). The

parameters a and b of the curve (4) are 0.49 V and 14.77 μs,
respectively. An asymptote of the curve (a) with the value of
0.49 V is considered as minimal breakdown voltage UbrMIN for
lipid bilayers made of POPC.

4. Discussion

Breakdown voltage is one of themost important properties of a
lipid bilayer when biomedical and biotechnological applications
of electroporation are under consideration. Although planar lipid
bilayer differs in a number of characteristics from the biological
membrane, it is believed that general picture of the electroporation
is the same [16]. The aim of this study was to present a different
measuring protocol for determination of the lipid bilayer
breakdown voltage, which would avoid multiple exposure of
the lipid bilayer to a voltage stress.

According to our measuring protocol, each lipid bilayer is
exposed to voltage signal only twice. First bilayer capacitance is
determined by a rectangular voltage signal of 0.30 V.
Capacitance measurement reveals an intact lipid bilayer before
inducing its breakdown. In the next step, lipid bilayer
breakdown is induced by linear rising voltage signal.

Evans et al. used similar approach in their experiments on lipid
vesicles [17]. They applied tension at different loading rates and
they found out that tension needed for membrane rupture
increases with increasing loading rate. These results are in line
with the results of our study, with different stimulating signal. On
the other hand, Satkauskas et al. compared effectiveness of
different electrochemotherapy protocols in vivo on mice [18].
They used different durations and amplitudes of rectangular
voltage pulses and observed nonlinear dependence between
amplitude (strength) and duration of the signal for the same
electrochemotherapy effectiveness.

In our study, we selected six different slopes of linear rising
voltage signal due to already known experimental evidence that
lipid bilayer lifetime is dependent on the applied voltage [12,19]
and that the lipid bilayer breakdown voltage is dependent on the
lipid bilayer pre-treatment [13]. Our results show that lifetime of
lipid bilayer depends on the slope of linear rising voltage signal
and that also the breakdown voltage is a function of the slope of
the linear rising voltage signal; it increases with increasing slope.
This is comparable to results obtained by Evans et al. [17].
According to theoretical model proposed by Joshi and Schoen-
bach [20], the pore generation rate depends exponentially on the
membrane voltage; therefore, in the case of steep voltage signal,
breakdown voltage was achieved after shorter pre-treatment. On
the other hand, also because of shorter pre-treatment of the lipid
bilayer in the case of steep voltage signal the corresponding
breakdown voltage was higher. Strength-duration two-parameter
curve (Eq. (4)) was fitted to experimental data and an asymptote
corresponded to minimal breakdown voltage UbrMIN of specific
lipid bilayer (POPC).

Troiano et al. [12] have used the same lipids (POPC) in their
experimental studies. With considerably long rectangular voltage
pulses (10 s), they had detected breakdown voltage of 0.17V. This
value however is much lower then the UbrMIN obtained in our
study (0.49 V). Because the entire pre-treatment (number of
applied voltage pulses) of the lipid bilayers in their experiments is
not known, it is possible that much low breakdown voltage was
detected.

Based on our results, we suggest determination of lipid bilayer
breakdown voltage by linear rising signal. Better reproducibility
and lower scattering are obtained due to fact that each bilayer is
exposed to electroporation treatment only once. Moreover, mini-
mal breakdownvoltage for specific lipid bilayer canbe determined.
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