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Experiments with CHO cells exposed to 60 and 300 ns pulsed electric fields with amplitudes in the range from
several kV/cm to tens of kV/cm showed a decrease of the uptake of calcium ions by more than an order of mag-
nitudewhen, immediately after a first pulse, a second one of opposite polaritywas applied. This effect is assumed
to be due to the reversal of the electrophoretic transport of ions through the electroporatedmembrane during the
second phase of the bipolar pulse. This assumption, however, is only valid if electrophoresis is the dominant
transportmechanism, rather than diffusion. Comparison of calculated calcium ion currentswith experimental re-
sults showed that for nanosecond pulses, electrophoresis is at least as important as diffusion. By delaying the sec-
ond pulse with respect to the first one, the effect of reverse electrophoresis is reduced. Consequently, separating
nanosecond pulses of opposite polarity by up to approximately hundred microseconds allows us to vary the up-
take of ions from very small values to those obtainedwith two pulses of the same polarity. Themeasured calcium
ion uptake obtainedwith bipolar pulses also allowed us to determine themembrane pore recovery time. The cal-
culated recovery time constants are on the order of 10 μs.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The effect of the shape of electrical pulses on the permeabilization of
biological cell membranes has been the topic of multiple experimental
studies [1–7]. It must be noted that almost all of the studies were per-
formed with pulses of millisecond duration. Only, one of the cited man-
uscripts [1] reports the use of microsecond pulses— bipolar pulse trains
of 8.33 μs pulse duration for a total pulse train duration of 400 μs. The
conclusion of these studies was that bipolar pulses have a positive effect
on electropermeabilization compared to monopolar pulses. The reason
given was generally that bipolar pulses compensate for the asymmetry
of electropermeabilization with monopolar pulses.

Recently, however, studies with much shorter pulses, 300 ns and
600 ns, applied to Chinese Hamster Ovary (CHO) cells showed sur-
prisingly that nanosecond, bipolar pulses are less effective at
electropermeabilization of the plasma membrane, contrary to the re-
sults obtainedwith longer pulses [8]. They alsowere found to be less ef-
fective in increasing intracellular calcium concentration. Studies with
even shorter pulses, 60 ns and 300 ns, with CHO cells confirmed these

results: an attenuation of the uptake of calcium, after pulsed electric
field (nsPEF) application—when apulse of opposite polaritywas applied
immediately after the first pulse [9]. In addition, measurements with
bipolar pulses, separated in time, showed that the attenuation became
less and less pronounced when the second pulse with opposite polarity
to the first one was delayed by times on the order of microseconds.

The results of these studies performedwith 300 ns pulses are shown
in the histogram in Fig. 1 for two electric field intensities: 5.6 kV/cmand
7.5 kV/cm [9]. In order to exclude the pulse-induced calcium release
from the endoplasmic reticulum, the cells were treated with CPA
(cyclopiazonic acid). With just a single monopolar pulse of 300 ns ap-
plied, the total calciumuptake (maximumvalue) of a CHO cellwasmea-
sured as 2.1 μMat 5.6 kV/cm. It increased to 3.8 μMat 7.5 kV/cm.When
bipolar pulses, two identical 300 ns pulses with opposite polarity, were
applied to the CHO cells, the calcium uptake was found to be less, even
though the total electrical energy had doubled. For the case where the
second pulse followed the first one immediately the calcium uptake
was lower by more than one order of magnitude (white bars). With in-
creasing time between the two bipolar pulses, 0.4, 1, 5, and 10 μs, this
ratio approached that of single monopolar pulses but did still not
reach the value expected for two independent monopolar pulses —

twice that of the single monopolar pulse.
For CHO cells stimulated by nanosecond pulses the endoplasmic re-

ticulum (ER) is the sole significant source of intracellular calcium [10]. It
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is therefore obvious that the measured cytosolic calcium, for the case
that the ER is depleted by using CPA, can only be delivered from theme-
dium through the plasma membrane. The ions enter the cell interior
through nanopores which are generated in the membrane when in-
tense nanosecond pulses are applied [11,12]. Transport of molecules
through the plasma membrane for nanosecond pulses (nsPEF) has
been discussed in detail in Reference [13]. However, the authors had
to rely on data on pore recovery which were obtained from pulse
experiments with longer pulses, and thus concluded that the dominant
transport mechanismwas diffusion after the pulse, rather than electro-
phoresis. Our experimental data provide a more consistent base for
assessing the role of the two transport processes, electrophoresis and
diffusion.We are using only a subset of the results reported in Reference
[9] in our study, focusing solely on the result where CPAwas used to de-
plete calcium from the ER, which otherwise would be released from it.
The results, obtained with 300 ns long monopolar and bipolar pulses
(Fig. 1, inset), therefore represent the sum of the calcium ions which
passed through the plasma membrane and have accumulated in the
cell after pulsing. The experimental results, together with information
on nanoporation and the mobility of molecules passing through the
membrane, allow us, not only to obtain a more accurate evaluation of
the role of the charge transport through the membrane for monopolar
and, at least qualitatively, for bipolar pulses, but also provide informa-
tion on pore recovery times after nanosecond pulse exposure.

2. Theoretical considerations

2.1. Monopolar pulses: electrophoresis versus diffusion

The physical processes which govern transmembrane transport
through electroporated membranes are diffusion and electrophoresis,
with electrophoresis also known as electrodiffusion or drift. Active
mechanisms of calcium regulation, such as active calcium pumping
out of the cell, are considered to be of minor importance and will be
neglected in the following. Diffusion describes the motion of any parti-
cle charged or not in the direction from higher concentration to lower
concentration. It is a process which occurs during and after pulsing
the cell as long as the membrane is porated. In our case, where the

extracellular concentration of calcium (2mM) is always large compared
to the cytosolic concentration, even after the influx of calcium, this flux
is in one direction only: from the medium into the cell. The second
transport mechanism is electrophoresis. Electrophoresis describes the
motion of charged particles, ions, under the influence of an electric
field, E. For positively charged ions, such as calcium, we have, after elec-
troporation is established and as long as the pulse is applied, a electro-
phoresis flow into the cell at the anodic side of the cell, and out of the
cell at the cathodic side.

If we just focus on the calcium flow into and out of the cell, rather
than the total current density due to all ions, we canwrite the follow-
ing balance equation which states that the measured amount of cal-
cium, its total charge, QCa, respectively, in the cell is due to the
transport of calcium ions from the time the pulse is applied and
electroporation is established to the time the cytosolic calcium is
measured:

QCa ¼
Z τ

0
JECa tð ÞA tð Þdtþ

Z τ

0
JDCa tð ÞA tð Þdtþ

Z Τ

τ
JDCa tð ÞA tð Þdt: ð1Þ

The first integral in Eq. (1) describes the amount of calcium charge
which is carried by electrophoresis into the cell, with JECa being the
current density. A is the area of the cell membrane through which the
calcium ions flow. Since electrophoresis is only present when the
pulse(s) is (are) applied, the upper limit in the integral is the total
duration of the pulse(s), τ. The second integral describes the amount
of calcium carried by diffusion into the cell during the time of the
pulse(s) and the third integral describes the amount of calcium carried
by diffusion into the cell after the pulse, up to the time, Τ, when the cal-
cium amount inside the cell is measured. However, to use the time of
measurement as this upper limit in time is only valid if the pores are
open for times equal or longer than the time of measurement. If they
close earlier than the upper limit in time, it needs to be replaced by
the pore closing time.

Since the extracellular calcium concentration with 2 mM is always
larger than the cytosolic calcium concentration, diffusion in our case is
always directed into the cell, whereas electrophoresis will drive the
ions in the direction of the electric field vector either into or out of the
cell, depending on the direction of the electric field with respect to the
membrane surface. It was shown (Appendix A) that the ratio of the in-
tegrands 2 and 1 is very small, just 1.3%, independent of pulse duration
and pulse amplitude. That means diffusion during the pulse can be
neglected compared to electrophoresis, and Eq. (1) can be reduced
to:

QCa ¼
Z τ

0
JECa tð ÞA tð Þdtþ

Z τc

τ
JDCa tð ÞA tð Þdt: ð2Þ

In additionwe have in Eq. (2) replaced the time of calciummeasure-
ment, Τ in the upper limit of the diffusion integral with the pore closure
time, τc, assuming that it is less than Τ.

Calculating the total calcium charge transferred into the cell through
electrophoresis from the anodic side (there is no transfer out of the cell
at the cathodic side, since the mobile calcium concentration in the
cytosol is zero) is obtained by solving the first integral in Eq. (2). The
first variable in the integral is the calcium current density. It is shown
in Appendix B that for the medium used in our experiments for
300 ns pulses and an E of 5.6 kV/cm the calcium current density is
0.77 A/cm2 and for an electric field intensity of 7.5 kV/cm the value
is 1.03 A/cm2.

We assume that this value is independent of time, which is a given
for a square wave pulse, but also independent of the location at the
electroporated cell surface, a reasonable assumption for the case that
extracellular and intracellular resistivities are equal. In this case we
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Fig. 1. Inset: Pulse shapes of the 300 ns monopolar pulse and the 600 ns bipolar pulse
whichwere applied to CHO cells. In addition, bipolar pulses, where the second pulse of op-
posite polarity followed the first pulse up to 10 μs later, were also used in this study. His-
togram: Themaximummeasured calcium concentration in the CHO cells is shown for two
electric field intensities: 5.6 and 7.5 kV/cm. The experiments were performed with 2 mM
of extracellular calcium after its depletion from the endoplasmic reticulumwith CPA. The
hatched andwhite bars correspond to themonopolar and bipolar pulses, respectively. The
results obtainedwith delayed secondarypulses are shown for pulse separations of 0.4, 1, 5,
and 10 μs.
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