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Schwan equation and transmembrane potential induced by
alternating electric field
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ABSTRACT The transmembrane potential generated by an alternating electric field (ac) depends strongly on the frequency of
the field and can be calculated using the Schwan Equation. We have measured the critical electric breakdown potential,
A'\lcrit, of the plasma membrane of murine myeloma cell line (Tib9) using ac fields, by monitoring the entry of a fluorescence
probe, propidium iodide, into the cells. This dye is weakly fluorescent in solution but becomes strongly fluorescent when it
binds to DNA. Experiments were done under a microscope by direct visual examination of single cells or by examining
photographic prints. When an ac field reached the intensity, Ecrit, that generated a maximal membrane potential A4lmax, equal

to or greater than the Al'crit, the membrane was perforated at the two loci facing the electrodes. The dye diffused into the cell,
giving rise to two bright, narrow bands, which expanded to the whole cell in 1-3 min. A4Icrit'S were measured in three media of
different resistivities, Pext, (52,600, 7,050, and 2,380 Q cm), over the range of 0.1-300 kHz, with the field duration of 200 ms.
Regression analysis based on the Schwan Equation showed that in a medium of given resistivity, the A4tcrit was constant over

the frequency range studied. When the capacitance of the membrane, Cmembr, was taken to be 0.90 ,uF cm2, the resistivity of
the cytoplasmic medium, Pint, was determined to be 910-1, 100 Q cm. The A46crit were 0.33, 0.48, and 0.53 V, respectively, for
the three media in decreasing resistivities. The good fit of these data to the curves calculated using the Schwan Equation
indicates that the equation may be used to describe the transmembrane potential of a living cell generated by an oscillating
electric field.

INTRODUCTION

Electroporation and electrofusion of cell membranes have
been known for many years (1-9). These methods have
now been applied to molecular biology for DNA transfec-
tion of cells (9, 10) and electroinsertion of biologically
active molecules into cell membranes (11); to immuno-
chemistry, for the preparation of monoclonal antibodies
(12); to agriculture research, for fusing plant cells or
protoplasts (9) etc. Electroactivation of membrane en-
zymes (13) and electrostimulation of cellular functions
(14) are other areas of current interest. In these experi-
ments, different waveforms of electric fields are applied to
cells or organelles in suspension or in monolayer culture,
or to a piece of tissue, or to organisms confined in a
chamber. There is ample experimental evidence which
shows that these effects of an electric field result from the
field-induced electric potential across the cell membranes
(13-26). A direct experimental measurement of a field-
induced transmembrane potential, /l,membr, requires so-
phisticated instrumentations and is not practical for most
cell biology laboratories. Some simple relationships de-
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rived from electromagnetic theory have frequently been
used to calculate Al4'membr from the applied field, Eappl.

For a cell (of outer radius a and inner radius b),
suspended in a physiological medium, the transmembrane
potential generated by an applied dc field may be calcu-
lated according the maxwell relationship (see reference
13 and references cited therein),

Z/\membr = 1.5aEappl Cos 0. (1)

In the Eq. 1, Eappl is the applied field strength in volts per
centimeter and 0 is the angle between the field line and a
normal from the center of the sphere to a point of interest
on the cell membrane. The conditions for Eq. 1 to be valid
are the following: a cell of the spherical shape, a much
higher resistivity of the membrane than those of the
internal and the external media, and a thin membrane
compared with the radius of the cell. Relationships for
cells of spheroid shape have also been derived (17, 20, 25).
In Eq. 1, when 0 = 00 or 1800, Icos 01 = 1. Thus, the
maximal transmembrane potential, All/max, which occurs

at the two loci facing the electrode is

54max = 1.5aEappl . (2)

Eqs. 1 and 2 have been shown to be applicable to lipid
vesicles and cell membrane by two types of experiments.
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The first type uses potential sensitive fluorescence dyes to
image the field-induced transmembrane potential (17-
19). The second type measures entrance or leakage of
fluorescence probes or radioactive tracers at the critical
breakdown potential, A4,,i,t, of lipid vesicles of a narrow

size distribution and compares the value obtained with
planner lipid bilayer (21, 26). These experiments indicate
that Eqs. 1 and 2 are applicable to lipid bilayers and to
cell membranes.

However, when an ac field is used, the situation
becomes more complex. In this case, the induced trans-
membrane potential becomes strongly dependent on the
frequency of the applied field when the frequency ap-
proaches the relaxation time, T, of the membrane. Schwan
(27) has derived a relationship from the basic electromag-
netic theory for calculation rnPmembr induced by an oscillat-
ing electric field.

AliVmembr = 1.5 aEappl cos 0/[1 + (Wr)2]1/2 (3)

where

T = aCmembr (Pint + pext/2). (4)

In Eqs. 3 and 4, w = 2 irf, andf is the frequency of the
applied ac field. Cmembr, Pint, and Pext are, respectively, the
capacitance of the membrane in F cm-2, the resistivity of
the internal fluid, and that of the external medium, both
in Q cm. The maximal transmembrane potential induced
by an oscillating field of the form, Eappi = E Opp, sin (wt),

where EOappi is the amplitude of the field and t is time, is,

A%&max = 1.5aE° 11/[1 +

generator to produce an ac field of desired amplitude and frequency. The
experimental chamber was made of a pair of parallel plate platinum
electrodes glued to a glass microscope slide. The electrodes have a length
of 15 mm, a width of 10 mm, and a height of 0.3 mm. The distance
between the electrodes was 0.10mm and they were circled with an epoxy
ring to form a chamber of -0.15 ml. The waveform, amplitude, and
frequency of the ac field across the two electrodes were monitored
directly with an oscilloscope (model 7704A; Tektronix Inc., Beaverton,
OR). Contamination or distortion of the sinusoidal waveform of the ac
field by the triggering pulse was insignificant. The conductivity of a cell
suspension was measured by a conductometer (model 31A; Yellow
Spring Instr. Co., Yellow Spring, OH) and was controlled during each
experiment by measuring the chamber current with a generator signal of
3 V (peak-to-peak) at 1 kHz. A block diagram of the set up and the
chamber design are given in Fig. 1.

Cells and sample preparations
Murine myeloma cell line Tib9 was obtained from American Tissue
Culture Collections. Tib9 was chosen because of its spherical shape in
suspension. Cells were grown in RPMI 1640 medium (Sigma Chemical
Co., St. Louis, MO) supplemented with 10% fetal bovine serum, 2%
L-glutamine, and 0.4% vol/vol gentamicin (10 mg/ml), at 370C in 5%
CO2. Cells were collected by centrifugation at 800 g for 5 min and
suspended in a small amount of the original medium. Shortly before
each measurement, an aliquot of cells was transferred into a 2-mM
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The use of oscillating electric fields instead of dc
electric pulses for electroporation, electrofusion, and elec-
troactivation of the cell membrane has gained increasing
popularity in recent years (see references 13-15 and
references cited therein). The electrical parameters of a

cell membrane would depend on the frequency of an ac

field (13, 14, 27, 28). In this paper, we will use murine
myeloma cell line Tib9 as a model system to study the
breakdown potential of its membrane and to establish the
relationship between A6crit and the frequency of the
applied ac field. The relationship relevant for these
experiments would be

A#crit = 1.5aEcrit/[1 + (Wr)2]1/2 (6)

MATERIALS AND METHODS

Instruments and cell poration
chamber
A pulse generator (model 801; Wavetek San Diego, Inc., San Diego,
CA) was used to trigger a Wavetek San Diego, Inc. model 148A ac
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FIGURE 1 Block diagrams of equipment and cell chamber for electropo-
ration. The upper figure is the block diagram of the equipment used for
electroporation: PG denotes the pulse generator (model 801; Wavetek);
AC, the functional generator (model 148A; Wavetek); R, a 47 Q
noninductive resistor; and S, a switch. The lower figure illustrates the
cell chamber. An ac field of appropriate amplitude and frequency was
generated by the functional generator and applied to the cell suspension.
The duration of the ac field was 200 ms, and was controlled by a square
wave triggering pulse. The distance between the two platinum electrodes
was 0.1 mm. The dashed lines in the glass slide indicate the epoxy resin
ring which formed a vessel to hold 150 IA of cell suspension. The
conductivity of the cell suspension was monitored during the experiment
by measuring the voltage drop on the noninductive 47 fl resistor.

1054 BlophysiCal Journal Volume 58 October

l Iu

,

1054 Biophysical Journal Volume 58 October 1990



Na,K phosphate buffer at pH 7.2. In this case the resistivity of the
suspension was -2,500 Q cm. In some experiments, cells were washed
once more by the 2-mM Na,K phosphate buffer by centrifugation, and
the resistivity of this suspension was -7,000 Q cm. To obtain high
resistivity of a cell suspension, cells were washed by a 0.3-M sucrose
solution and suspended in the sucrose solution. In this case, the
resistivity was -50,000 Q cm. Cells were found to be unstable in this
high resistivity medium and were used within 5-10 min. After 30 min
electric parameters of these cells changed. In all experiments, uniformly
spherical cells with the radius of 6.5 ± 0.5 ,m were chosen for
measurements.

Electroporation experiment
Propidium iodide binds specifically to DNA and has been used as a

marker of cell nuclei (29). Its excitation wavelength is 493 nm and
emission wavelength is 639 nm. In our experiments, a green filter was
used for the excitation beam and a red filter was used for the
observation. Propidium iodide was added to a diluted cell suspension to
the final concentration of 10 ,uM. After a few min of incubation, the cell
suspension was transferred to the electroporation chamber and the
chamber current was measured. Electroporation was performed while
the chamber slide was mounted on a fluorescence microscope (Carl
Zeiss, Inc., Thornwood, NY) for a continual observation. In many cases,
fluorescence stained dead cells were found before electroporation. These
dead cells were discounted. A 200-ms sine wave ac pulse with a selected
field strength and frequency was then applied to the suspension. If the
field strength was too low, no changes would be observed. After a 3-min
observation, the sample was discarded and replaced by a new sample
which was examined using a higher field strength. The voltage incre-
ment for each step was typically 1 V (peak-to-peak), or 50 V/cm. When
the field strength reached an intensity which could generate AO'mcmbr 2
A#\crit, most cells became brighter within 3 s, at the two loci facing the
electrodes (in the fluorescence mode). These cells were monitored
carefully for several min and occasionally photographs were taken for
permanent records. We rarely observed cells which brightened up only
on one locus. The 200-ms pulse duration was chosen to ensure that even

with the lowest frequency used (100 Hz), each ac pulse would contain
many cycles (20 cycles) to be truly oscillatory. In these experiments the
concentration of cells was very low. Typically only a few cells were

visible in the microscope. This was to avoid cell aggregations due to the
dielectrophoresis of the ac field (9, 30). Such phenomenon usually takes
place at a much lower field strength.
Measurements of membrane capacitance, Cmembr, followed the dielec-

trophoresis method described by Marszalek et al. (30). This method
measures the dielectrophoretic spectrum of single cells. From the
dependence of f, the critical frequency in which a cell experiences not
net forces, on the conductivity of the suspending medium, the dielectric
constant of the cell membrane is determined (Marszalek, M., J. J.
Zielinski, M. Fikus, and T. Y. Tsong, unpublished results). Cmembr is the
ratio of the dielectric constant and the thickness of the membrane (8
nm).

RESULTS AND ANALYSIS

Dependence of critical field strength
on ac frequency
Some observations of a typical experiment are recorded in
Fig. 2. A cell in the bright field is shown before electropo-
ration and the positions of the two electrodes are indi-
cated. When an ac field (1 kHz, 550 V/cm, 200 ms) was
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FIGURE 2 Observation of electroporation by the fluorescence changes
of propidium iodide. The chemical formula of propidium iodide is given
in the upper figure. The middle figure shows a typical myeloma cell
under the microscope (bright field). The relative positions of the
platinum electrodes are indicated. The lower figure gives some photo-
graphs taken at different time after a cell was electroporated by an ac
field ECr,i. Within 1-3 s, two narrow, bright bands appeared at the two
loci facing the electrodes (the left most photo). The next 3 photos, from
left to right, were taken at -20 s, 1 min, and 3 min, respectively. See text
for details.

applied, within 3 s the two edges close to the two
electrodes became fluorescent. It is known that myeloma
Tib9 has a large nucleus which occupies more than 90% of
the cytoplasmic space. Thus, the DNA content of the cell
permeates most of the cell volume. When the membrane
of a cell was perforated by the ac field, propidium iodide
(molecular weight 668.4) diffused into the cell through
the regions where the normals paralleled the field lines,
i.e., where 0 of Eq. 3 was close to either 00 or 180°. For the
regions where 0 was close to either 900 or 2700 no

penetration of the fluorescence probe was evident. These
observations indicate that the applied field was either
equal to or only slightly greater than critical field strength,
Ecrit, for electroporation of the cell membrane and was

accepted as the Ecrit. After 20 s, the dye diffused to larger
areas, and these areas continued to expand and eventually
filled the cytoplasmic space in 1-3 min. In many occa-

sions, a slight elongation of cells along the field lines was
observed. This phenomenon was not investigated further.
Application of Eqs. 2, 5, and 6 requires that the conductiv-
ity of the cytoplasmic fluid is much greater than that of
the cell membrane. Myeloma Tib9 has a large nucleus
and how such a nucleus affects the conductivity of the
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TABLE 1 Some electric parameters of myeloma cells

Parameter Experiment 1 Experiment 2 Experiment 3

a (iA m) 6.5 6.5 6.5
Pex (Q cm) 52600 7050 2380
Pi,, (Q cm) n.a. 910 1100
a 0.17 0.030 0.015
'' (AS) 13* 2.5t 1.3t
A6crit (V) 0.33 0.48 0.53
A.rms (V) 0.23 0.34 0.37

n.a. means not applicable.
*Value obtained by calculation.
tValues obtained by optimization.
A#'rms = A4crit/V 2. These values are for the permeation of propidium
iodide only. Use of other probes may give different values.

2.0

1.5 V

1.0 M

0.5 -

2 3 4 5

LOG (FREQUENCY IN Hz)

0

cellular space is not known. However, data in Table 1
indicate that the conductivity of the internal fluid was
high and should have no effect on our interpretation.
The critical field strengths for electroporation in the

media of three different resistivities (O for the medium of
52,600 Q cm, * for 7,050 Q cm, and O for 2,380 Q cm),
using ac fields of frequencies 0.1-300 kHz are shown in
Fig. 3. In all three different conditions, the critical field
strength for electroporation was strongly dependent on
the frequency of the ac field. This dependence was
nonlinear and was much more pronounced for frequencies
>10 kHz. Experiments with a 1-ms square wave dc field
gave a At`crit of 0.95 V. Longer than 1 ms dc pulses were
not used because these pulses can cause electrolysis.

Analysis based on the Schwan
Equation
Data in Fig. 3 revealed several essential features. (a) At
low frequencies [f << (2irr)- 1 ], the Ecrit was independent
of the ac frequency. Consequently, Aip,rit would not
depend on f (b) At higher frequencies [f>> (2rr)-1],
membrane polarization was reduced by the relaxation
time, r, of the membrane. Under these conditions, it
would take a greater Eappi to generate the same A4'critj
That, Ecrit increased with increasing frequency. (c) As the
Pext increased, there was a corresponding increase of r
according to Eq. 4, and subsequently a shift in the position
of curves in Fig. 3 toward the lower frequency.
To perform regression analysis using Eqs. 4 and 6,

membrane capacitance, Cmembr, must be determined by an
independent method. The dielectrophoresis method (30)
outlined in Materials and Methods was used to determine
Cmembr (0.90 ,uF cm-2). In the analysis we assumed that
AI/crit would not depend on the frequency. Regression
analysis was performed to fit the data obtained with the
media of 7,050 Q cm (Fig. 3, data in *) and 2,380 Q cm

FIGURE 3 Critical ac field strength, EC,, for electroporation as a
function of the ac frequency. Data obtained in three media of different
resistivities, 52,600 Ql cm (0), 7,050 Q cm (@), and 2,380 Q cm (0), are
shown. The curves drawn through these data points were obtained by
calculation (0) or the optimization ( and 0) according to Eq. 6. These
values of E,., were for the permeation of propidium iodide only. Use of
other probes may give different values. See text for details.

(Fig. 3, data in O) using Eq. 6. A good fit shown in Fig. 3
indicated that A4t'crit was constant for the frequency range
studied. The analysis also allowed us to determine Pint. Its
values in the two media turned out to be -1,000 Q cm
(Table 1). Other electric parameters of the myeloma,
determined by these procedures, are also given in Table 1.
For the data obtained in the medium of high resistivity
(52,600 Q cm), we simply ignored Pint in Eq. 4 and
calculated Ecrit as a function of frequency according to
Eq. 6. As shown in Fig. 3 (data in 0), the fit was also good.
One further note is in order. In our dielectrophoresis

experiments, Gmembr was also determined (1 x
10-2 Q-'cm-2). This value appeared to be high and could
not be ignored in the analysis of data obtained with the
high resistivity medium (52,600 Q cm). The Schwan
Equation is applicable only if the conductivity of a cell
membrane is much smaller than those of the cytoplasmic
fluid and the external medium. When this is not true, a
correction would be required. When the conductivity of
the membrane approaches that of the external medium,
Eq. 6 becomes

1.5aEc,it I
I =tacrt1 +a [1 +

1"' = r/(l + a),

(7)

(8)
where

a = Gmembra(pint + Pext/2)
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If

Pint << Pext

then

a = aGmembr Pext/ 2. (10)

Eq. 10 was used to calculate a for the data obtained in the
high resistivity medium (0.17). Regression analysis was
then performed to determine a for the data obtained in
the lower resistivity media. The results are given in Table
1 (regression curves not shown). The low values of a
indicate that correction is not necessary to obtain Ecrit
when an experiment is done in a medium of low resistivity.

DISCUSSION

Fluorescence probe technique has been used to investigate
different molecular events of electroporations and elec-
trofusions of cell membranes. For example, the magni-
tude and the spacial distribution of the transmembrane
potential induced by an electric pulse have been measured
and analyzed using potential sensitive fluorescence dyes
for a few types of cells and lipid vesicles (9, 17-19).
Surface and content mixing of electrically fused cells, size
distributions of pores, and electroosmosis effects have also
been studied using fluorescence probe technique (9, 23, 31-
34). We have used propidium iodide to measure M/crit of
myeloma cell line Tib9 induced by an oscillating electric
field. Propidium iodide is relatively small (molecular
weight 668.4), water soluble, and binds preferentially to
DNA. When an applied field induced AOkmembr = AIIcrit,
the cell membrane was perforated at the two loci facing
the electrodes, i.e., at the areas where 0 of Eq. 3 was either
00 or 1800. The dye permeated into the cell, bound to
DNA and became strongly fluorescent. Several of our
observations are significant. First, our results confirm that
electroporation is a local phenomenon; a global break-
down of cell membranes did not occur (6-9). Second, a
reasonably good fit for the ac electroporation data ob-
tained in the three suspensions of different resistivity
indicates that A'crit was constant in the frequency range
studied (0.1-300 kHz). Third, the AVt'crit of the myeloma
membrane with 200 ms ac field was low. The root mean
square critical potential A/'rms for the membrane perfora-
tion was 0.23-0.37 V. Most experiments using square
wave dc of durations in the range of microseconds to a few
milliseconds found a A4tcrit of -1 V (9, 16, 22, 24, 25).
Our measurements with a 1-ms square wave dc gave a
AI'crit of 0.95 V. It is known that Al/crit depends strongly on
the pulse duration (9, 25). The longer a dc pulse is the
lower the A/4'tiC would be. However, a long dc pulse can

cause electrolysis of the solution, thus, giving rise to many
side effects. Fourth, in our experiments the probability of
electroporation at each of the two loci facing the elec-
trodes was approximately equal no matter whether an ac
or a dc field was used. Previous studies from several
laboratories indicate asymmetric entry of dyes and cal-
cium ions (31-33). These results have been explained by
the electroosmosis effect of the applied field. In our ac
experiments, any electroosmosis effect if existing at all
would be symmetrical. However, we do not believe the dye
entry in this case was driven by an electroosmosis effect.
The ac pulse we used lasted only for 200 ms. Significant
dye entry was observed only after the electric field was
turned off (1 s to 3 min after electroporation). In other
words, propidium iodide permeated into a cell in the
absence of any applied electric field. The fact that in our
experiment a dc pulse (1 ms) also consistently induced a
symmetric entry of dye from the two poles facing the
electrodes suggests that the myeloma cell line used in
these experiments has a negligible natural, endogenous
transmembrane potential. However, this point remains to
be verified. And, finally, our results confirm that the
Schwan Equation is satisfactory for describing an ac-
induced transmembrane potential of a biological cell
which is spherical.
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