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Abstract

The constant-intensity current chronopotentiometric measurements of egg yolk phosphatidylcholine bilayer membranes
(BLM) are presented. It is demonstrated that a constant-intensity current flowing through the bilayer membranes generates
the pores in their structures. For the current intensity from 0.1 to 2.0nA, the generated pores open and close cyclicaly. The
frequency of oscillations depends on the current intensity: the higher current intensity, the higher frequency of pore
oscillations. It is suggested that the presented method may allow to create one pore in BLM and to observe its dynamical
behaviour. Based on chronopotentiometric curves, a method of pore conductance calculations is presented. It is demon-
strated that the value of obtained conductance can be applied for pore diameter estimation. The hypothetical application of
constant-current method as a biotechnological tool for selective and controlled incorporation of molecules into microorgan-
isms is discussed. © 1998 Elsevier Science B.V.
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1. Introduction Recently, the application of external electric fields
has gained increasing importance for manipulations
in biological cells and tissue. In particular, the mem-
brane electroporation methods were successfully used
for loading exogenous molecules or ions into living
cells [6], transdermal drug delivery [7], enzyme inser-
tion into the membrane of blood organelles [8], trans-
fer of genes, other nucleic acids and proteins into the
interior of cells[9-12].

Despite the widespread use of the external electri-
ca fields in biology, medicine and biotechnology
[13-15], the underlying mechanism of the field-in-

Electric modulation of biological membrane physi-
cal properties, electrical oscillations and excitations
are natural processes of a cell [1-4]. Traditionaly,
external electric fields have been used as tools to
probe these phenomena [5].
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duced restructuring of the membrane is not yet satis-
factorily understood [16,17]. However, this informa-
tion is required to improve the present electroporation
techniques for wide applications.
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There are two major types of electroporation ex-
periments. voltage clamp and charge pulse [5]. In
both type of experiments, the mean lifetime of the
membrane rapidly drops with increasing voltage,
causing the experiments to become less effective. In
particular, in the case of planar lipid bilayers (BLM)
which are often used as a model system to investigate
the electoporation, application of a steady potentia in
the order of few hundred mV, across a membrane,
causes the membrane to break [18]. Therefore, only
the action of very short electric pulses can be investi-
gated with this method [19]. Hence, the fundamental
problem is to eleborate a more effective method and
a more stable system for electroporation investiga
tions. In order to solve the second problem, it was
demonstrated, for example, that treatment of BLM
lipids by uranyl ions led to a considerable increase of
the membrane electrical stability [20,21]. But this
approach is not free of doubt that chemicals used
may introduce additional, not existing in natural sys-
tem, phenomena that must be additionally clarified
[22]. The clue of solving first problem might be
related to change the experimental conditions and to
work in current-clamp conditions. It was suggested
that, under current-clamp conditions, the membrane
does not rupture because of the reduction of the
transmembrane voltage, when the membrane conduc-
tance increases [19].

The following study was motivated from the fore-
going account. The planar lipid membranes selected
were not modified. Instead of voltage-clamp condi-
tions, the electroporation phenomenon was studied
under constant-intensity current (current-clamp) con-
ditions. The chronopotentiometric (U = f(t)) charac-
teristics of the membrane, registered under constant
current intensity, demonstrate reversible conductance
transitions to a higher conductance levels. The re-
versible conductance transition is interpreted as re-
sulting from the generation of oscillating pores under
constant-current conditions.

It is established that the frequency of oscillation
may be regulated by intensity of current applied. The
oscillating states might be maintained for a fairly
long time. This suggests that the presented method
might be applied for continuous observation of pore
dynamical behaviour.

The advantage of constant current method is that
these transitions cannot be observed under voltage-

clamp conditions because the high-conductance state
causes the membrane to break.

2. Materials and methods
2.1. Chemicals

Egg yolk phosphatidylcholine was purchased from
Fluka (Buchs, Switzerland) and no further purifica
tion was performed. Analytical grade n-decane was
purchased from POCH (Gliwice, Poland) and was
additionally purified by distillation. Analytical-grade
K Cl was obtained from POCH (Gliwice, Poland) and
was calcinated for 2h at a temperature of 650°C for
removing the organic impurities. De-ionized and re-
verse-osmotic treated water was distilled with a quartz
still. The electrolytes were buffered with HEPES
(Sigma, St. Louis, USA) to pH 7.0. The pH of the
unbuffered electrolytes was ~ 6.3.

2.2. Measurements employing artificial membranes

Planar bilayer lipid membranes created by the
Mueller—Rudin method were used [23]. The mem-
branes were formed in a 1 mm diameter, round aper-
ture in a hydrophobic partition between two Teflon
compartments filled with 10ml of 0.1M KCI each.

The formation of the membranes was monitored
both, visually and electrically. The orifice of the
aperture with the membrane was photographed in
transmitting light. The photographs were used for an
estimation of the bilayer area.

Along with the visua inspection, electrical moni-
toring of the membrane formation was performed by
measuring the capacitance. It was assumed that the
membrane formation was complete when its capaci-
tance was > 1.5nF and the capacitance drift was
< 10pF/min.

The capacitance-to-period conversion method was
used for capacitance measurements [24,25]. Voltam-
metric and chronopotentiometric measurements were
performed using a four-electrode potentiostat-
galvanostat described earlier [26]. The el ectrodes were
Ag/AgCl with an average area of 0.5cm?. Experi-
ments were performed at 25+ 1°C. The data were
processed and analysed with the computer program
Excel (Microsoft).
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3. Results

The chronopotentiometric characteristics of bilayer
lipid membranes (BLM) under constant-current con-
ditions were registered for several constant current
intensities.

Fig. 1 shows typical chronopotentiometric curves
registered with different constant-currents flowing
through the bilayer lipid membrane: (a) — 0.1, (b) —
0.3, and (c) — 1.0nA. The shape of these curves
strongly depends on the current intensity. For low
current intensity, the membrane voltage rises within a
few seconds, reaching a constant value (Fig. 1, curve
a.

Higher current intensity causes an increase in the
membrane voltage, followed by its sudden decrease
(Fig. 1, curve b). However, the membrane is not
destroyed. By keeping current intensity constant, the
voltage oscillations can be observed.

The typical irreversible breakdown curve charac-
terising the destruction of membrane is shown on Fig.
1, curve c. A current intensity of 1.0nA was too high
for this membrane, which is demonstrated by the
sudden disappearance of the membrane voltage —
indicating destruction of the membrane.

Fig. 2 shows an example of chronopotentiometric
curves registered sequentially for one membrane at
three different constant current intensities: (a) — 0.2,
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Fig. 1. Typica chronopotentiometric curves of bilayer lipid mem-
branes registered for different constant intensity currents: (a)
0.1nA, (b) 0.3nA, (c) 1.0nA. Forming solution: phosphatidyl-
choline in n-decane, 20mg,/ml. Electrolyte: 0.1M KCI.
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Fig. 2. Chronopotentiometric curves registered during reversible
electric breakdown of bilayer lipid membrane. Current intensity:
a 0.2nA, b) 0.5nA, ¢) 1.0nA. Forming solution: phosphatidyl-
choline in n-decane, 20mg/ml. Electrolyte: 0.1M KCI, 10mM
HEPES, pH 7.0. Points A-1 were chosen for the pore conductance
calculation.

(b) — 0.5 and (c) — 1.0nA. The shape of these curves
is very similar to the curve (b) in Fig. 1, although the
measurements were performed on another membrane.
Switching on the current caused a rapid membrane
voltage increase. After reaching the value of 210mV,
the voltage drops sharply below the value of 100mV.
But it does not reach the starting value of OmV.
Instead, potential oscillations ca. 100mV are regis-
tered. The curves (a), (b) and (c) in Fig. 2 demon-
strate the sequence of measurements: after registra-
tion of curve (a), the measurements were terminated
for 30s. Then, a second chronopotentiometric curve
was registered at higher constant-intensity current
(curve (b)). After the same time of termination, the
third chronopotentiometric curve was registered
(curve (). The starting increase of the membrane
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voltages (for second, third, and other measurements)
was lower than the voltage increase represented by
the first chronopotentiometric curve. Also, voltage
oscillations were observed around lower voltage val-
ues. It was possible to register several chronopoten-
tiometric curves for one membrane. The same ten-
dency was observed for all measurements. Points
(A)—(1) will be described in Section 4.

Fig. 3 presents another set of chronopotentiometric
curves registered for a membrane different from the
one used for masurements presented in Fig. 2. The
measurements were performed for constant current
intensity of (a) — 0.2, (b) — 0.5 and (c) — 0.7nA.
Again clear potential oscillations can be observed.
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Fig. 3. Chronopotentiometric curves registered during reversible
electric breakdown of bilayer lipid membrane. Current intensity:
a 0.2nA, b) 0.5nA, ¢) 0.7nA. Forming solution: phosphatidyl-
choline in n-decane, 20mg,/ml. Electrolyte: 0.1M KCl, 10mM
HEPES, pH 7.0.

For al the registered curves, a similar tendency
can be distinguished: higher constant-intensity cur-
rent causes an increase of frequency of oscillations
and decrease of their amplitudes. The parameters of
system used, namely membrane capacitance, current
intensity, conductance and resolution of apparatus
defined the upper limit for frequency measurements.
So far, the highest frequency of 30Hz has been
registered. However, this fact does not exclude the
possibility of higher membrane potential oscillations.

4. Discussion

The constant-intensity current flowing through the
artificial bilayer lipid membranes causes an increase
in the membrane potential (Fig. 1). The speed of
changes in membrane potential depends on the inten-
sity of the flowing current: higher the current inten-
sity, the faster is the membrane potential increase.
However, if the intensity of the current is too high,
the membrane potential can suddenly drop to OmV —
indicating the destruction of the membrane. The in-
tensity of the current causing irreversible breakdown
depends mainly upon materials for membrane prepa-
ration used.

In the case of moderate speed of potential changes,
i.e. moderate constant-intensity current, it is possible
to attain a state, where the membrane potential oscil-
lations are observed in a chronopotentiometric curve
(Fig. 1, curve b). The explanation of this phe-
nomenon is based on changes in the electric proper-
ties of the membrane, induced by a constant current
flowing through the membrane.

The congtant-intensity current flowing through bi-
layer lipid membrane causes an increase in the mem-
brane voltage within the first few seconds of registra-
tion. The membrane voltage increases to a value at
which a defect structure is formed. The appearance of
this structure causes a rapid increase of the mem-
brane conductance and, as a result, a drop in the
membrane voltage. On the other hand, decreasing
membrane voltage influences the electrica field
strength. If the field strength is lower than the critical
field, which induces a breakdown potential, the de-
fect structure cannot exist, and disappears. But this
new membrane structure can guarantee the electrical
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conditions in which the membrane voltage may in-
crease again. The phenomenon of consecutive voltage
decrease and increase about a certain voltage value is
repeated in time, and is manifested as a chronopoten-
tiometric curve oscillations (Fig. 1, curve b).

While transforming the oscillations of the electri-
cal properties of bilayer membranes into their me-
chanical properties, it can be stated that under con-
stant-intensity current conditions it is possible to
generate an oscillating defect in bilayer membranes.

The voltage jumps, representing the creation of the
defect, appear at voltage thresholds corresponding to
the opening of pores in bilayer lipid membranes
observed in voltammetric curves [26] or when the
voltage pulses are applied for electroperforation [27].
This suggests that the oscillating defect structures
generated by constant-intensity currents in our exper-
iments have the same structures as classic electro-
pores or are simply electropores. Therefore, we can
gualitatively interpret the phenemenon as due to the
electric-field-induced formation of pores. The voltage
fluctuations are consistent with the notion that the
pores have a characteristic relaxation time for closing
when the potential is reduced [19,28].

Although the structure of pores has been suggested
in drawings, their actual structure remains unknown.
Because of the transient nature of the pores and the
property of microscopy, such pores are not likely to
be directly visualised. Instead, their structure must be
inferred [29]. Here, we have shown that the registra-

Table 1

tion of U = f(t) under constant-current intensity con-
ditions allows a simple estimation of pore parameters.

4.1. Estimation of the size of electropore generated
by constant- intensity current

Fig. 2 presents an example of chronopotentiomet-
ric curves for one bilayer membrane, registered at
different constant-intensity currents: (a) — 0.2, (b) —
0.5, and (c) — 1.0nA. The membrane resistance was
calculated from the voltametric curve registered be-
fore electroporation: R,, = 1.5G(). The method of
pore conductance calculation is presented in Ap-
pendix A. The results of calculations are summarised
in Table 1. For the sake of checking the evolution of
pore and reversibility of membrane structure, the
calculations were performed at three independent
points for each chronopotentiometric curve, regis
tered under different constant-intensity current. Points
A, B, C were chosen for the curve registered under
current of 0.2nA; points (D, E, F) and (G, H, I)
under 0.5 and 1.0nA, respectively.

The distribution of conductance for each set of
points is rather small, suggesting that membrane
structure oscillates with time around certain struc-
tures characteristic of (or defined by) current flowing
through the membrane.

The average conductances are 3.6, 9.69 and
17.17nS, calculated for chronopotentiometric curves

Conductance and diameter of pores induced in bilayer lipid membranes under constant-current intensity conditions. The forming solution:
phosphatidylcholine in n-decane, 20mg,/ml. Electrolyte solution: 0.1M KCI, 10mM HEPES, pH 7.0. The pore conductances are

calculated for points marked on the Fig. 2

Point Current intensity, i Voltage, Uy, Slope, V, Slope, V Pore conductance, G, Pore diameter, d

(nA) V) (mV /s) (mV /9 (nS) (nm)
A 0.2 0.133 —140.1 42.7 3.63 5.01
B 0.2 0.088 —55.3 64.8 3.00 4.55
C 0.2 0.080 —87.7 69.6 4.17 5.37
D 0.5 0.102 —-414 33.1 9.58 8.14
E 0.5 0.095 —56.3 37.3 116 8.94
F 0.5 0.080 -313 76.4 7.89 7.39
G 1.0 0.117 —-116.1 90.4 18.0 11.2
H 10 0.086 —39.6 266.8 12.7 9.36
| 1.0 0.068 —150.7 309.9 20.8 12.0
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registered under constant currents of 0.2, 0.5 and
1nA, respectively. Surprisingly, this result demon-
strates an almost linear relationship of pore conduc-
tance with constant current applied. This conductance
change suggests that all of these points can be related
to one oscillating electropore or to one type of ap-
pearing and disappearing electropores.

Although, it is difficult to obtain a real pore struc-
ture, we tried to calculate the size of pore basing on
simplified assumptions. The following assumptions
were made: the cylindrical shape of a pore was
considered, the pores were filled with the same elec-
trolyte as a bulk electrolyte, and the change of the
temperature inside the pores, as a result of current
flow, did not significantly change the pore conduc-
tance. The thickness of pores was assumed to be
d = 7nm. Although different pore shapes and, corre-
spondingly, different pore energies can be consid-
ered, we use here the simplest possible shape, that of
a cylindrical pore filled with electrolyte. This rela
tively simple approach is quite popular, because it
leads to a reasonable quantitative description of sev-
eral important phenomena [30]. The calculated pore
parameters are presented in Table 1.

The effective surface area of pores calculated from
the highest values of conductance were 0.226 X
107*® m? (i =02nA), 0627 X 107 m? (i =
0.5nA), and 1.129 X 10~ m? (i = 1.0nA). Which,
in turn, gave maximum effective pore diameters of
5.37, 8.94, and 12.0nm, respectively (Table 1).

The estimation of the number of pores is very
difficult (see, e.g. Refs. [30,31]). The estimations are
usually based on a comparison between the calcu-
lated pore radii from experimental data with simpli-
fied models aiming at a description of electroporation
phenomena. Benz at a. [32] estimated that the con-
ductivity of 2.8 and 280nS should correspond to the
agueous channel of 1 and 10nm in diameter, respec-
tively. In the transient aqueous-pore theories, in which
the appearance of a heterogeneous pore population is
fundamental, assuming a very simple, circular cylin-
der geometry used to represent a pore, the predicted
mean pore radii are as follows [29]: 5-10nm for
sgquare pulses, 1.5-10nm for exponential pulses and
1-3nm for bipolar square pulses. Similar (1-8nm)
pore diameters can be found in literature (see Refs.
[33,34]). That is why it seems to us that the calcu-
lated diameter of ca. 5nm can be interpreted as a

mean diameter of one pore. Therefore, it is resonable
to suggest that, under constant current conditions, we
have observed a single pore, which is cyclically
openning and closing. In presented method, the volt-
age increases sowly. The creation of the first pore
causes a drastic decrease of membrane potential. In
turn, this decreases the probability of next pore cre-
ation. Due to potential fluctuation, it is possible for a
membrane to contain such a pore without rupturing.
Such a pore can achieve a quasi-steady state for long
periods.

Although we keep in mind the suggestion [29] that:
‘“... theoretical models that involve only a single
size pore will be incomplete and, therefore mislead-
ing,”” it isreasonable to assume that presented method
allows to generate one oscillating pore.

Three different pore diameters were obtained from
experiments in which different constant currents were
applied. The higher the current, the larger is the pore
diameter. A clear increase in the pore diameter with
increasing applied current can, in principle, be ex-
plained by:

1. the increased number of pores;
2. the increased mean radius of the pore; and
3. the nonlinear character of the resistance of small

pores [31].

The third explanation is difficult to verify in our case,
because it would be necessary to register pore con-
ductivity during its oscillations. According to the
aready presented hypothetical mechanism of pore
creation, the increased number of pores seems to be
unlikely. Finaly, it seems quite possible that high
currents, passing through the membrane close to
breakdown areas, cause structural changes in the
membrane. This is reflected by the increased mean
radius of the pore. It is important to emphasise that
the generated quasi-states are highly resistant to de-
struction, and the membrane is not ruptured. For the
highest current intensities used, the pore diameter
was larger than the assumed membrane thickness, but
the lifetime of this state was till long.

Two sets of three model curves were chosen (Figs.
2 and 3) to present the described phenomena and to
present the method of pore conductivity and diameter
caculations. The main task of our work was to
present the method of one pore generation and the
method of analysing such dynamic behaviour of the
pore. The points, at which curve U(t) is the steepest,
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were chosen for pore conductivity and diameter cal-
culations. Values, calculated at these points, represent
the highest value of pore conductivity and the largest
pore diameter. The analysis of many curves do not
indicate significant differences in the value of maxi-
mal conductivity.

4.2. Gradual closing of an electropore generated by
a constant-intensity current

A number of studies have shown that molecular
transport through an electropore can occur within
seconds or hours after a pulse [33,35-37]. Complete
resealing of electropores requires a long period of
time, depending on the lipids and environment condi-
tions used for bilayer membrane creation [38].

In constant-intensity current conditions, it is possi-
ble to generate a state where subsequent chronopoten-
tiometric measurements added states in which a pore
is increasingly opened or the membrane is locally
more and more deformed. As it can be seen from
Figs. 2 and 3, once the constant current was turned
off, the pore began to shrink. However, this electro-
pore was never completely resealed. The consecutive
switching on and off of the constant-current flow
leaves the former pore in a less closed state or
introduces a greater membrane deformation. The
membrane does not return to the state of continuous
structure. The permanent deformation is created in
the place where the first pore appears. Hence, lower
membrane potential is required for pore opening. In
our experiments, we achieved a shift of oscillation
level from hundreds to tens of millivolts. A compari-
son of the final conductance and geometric parame-
ters of pores, generated in consecutive chronopoten-
tiometric measurements, suggests that pores behave
in a similar way under external stress (e.g. constant
current). It reaches the fully open state similar to that
reached by first pores. Only, a lower membrane
voltage is required to induce pore oscillation.

One can speculate about the cellular mechanism
for regulating the efficiency of membrane permeabil-
ity for molecules, important for living processes.
Instead of the creation of a large number of pores
(channels), the repetition of constant-current flow
through a membrane can guarantee the existence of a
sufficiently permeable membrane structure. An addi-
tional feature of the described phenomenon may be

utilised by living organisms. cells can drastically
lower the threshold of membrane potential required
for generating a fully open pore state. The frequency
of repetition might be regulated by the living organ-
ism itself.

The oscillating states might be mantained for a
fairly long time in amodel system. It is demonstrated
that the frequency of oscillation may be regulated by
intensity of the current applied. This may suggests
technical applications for increasing (or decreasing)
the efficiency of molecule incorporation into the cell.
In the case of pulse method or voltage-clamp condi-
tions, the elementary process, once started, cannot be
changed.

The constant-current method works well in BLM
model systems. The question arises whether this
method could be applied as a biotechnological tool
for selective (pore diameter) and controlled (frequency
of oscillations) incorporation of molecules into a
microorganism. To answer this question, the experi-
ments with cells and whole microorganism should be
performed.

Appendix A. Estimation of the electric parameters
of electropores generated by a constant-intensity
current

Fig. 4(a) shows an equivalent electric circuit for
the bilayer lipid membrane. The bilayer lipid mem-
brane can be considered as a parallel-plate capacitor

a) Rm i, b) Rm i,
R .
c . P ip
! —{ 1
‘_"_'""c" C
e
-——-—Un-—:— _—UM_—'
| Kl
QD ——

Fig. 4. Equivalent electrical circuits of the bilayer lipid mem-
brane: @ the membrane without pores, b) the membrane with
pores. R,, — membrane resistance, Ry — resistance of pores, C —
membrane capacitance, i, — current flowing through pores, iz —
membrane resistance current, i — membrane capacitance cur-
rent, i — total current flowing through the electrodes and the
membrane.
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(Cy), in paralel with its resistance (R,,). The cur-
rent (i) flowing through electrodes creates a mem-
brane voltage (U,,) which reaches a constant value in
afew seconds (Fig. 1, curve (a)).

According to Kirchhoff’s law, the current (i) is the
sum of currents flowing through resistance (ig) and
that flowing through a capacitor (i):
i=ic+ig (A1)
The time for reaching the membrane voltage U,, may
be different for different membranes, because the rate
of membrane voltage changes depends on the mem-
brane capacitance and the capacitance current i .

Let us introduce the factor V, which represents a
dlope at the selected point of the chronopotentiomet-
ric curve dU /dt:
vV _ ke

d C
Considering Eq. (A.1), the factor V can be calculated
as.

(A.2)

i—ig

\Y c (A.3)
V describes the rising parts of curves (a)—(c), pre-
sented in Fig. 1, irrespective of further changes in
membrane structure. But perforation of the bilayer
planar lipid membrane causes a decrease in its resis-
tance. The kinetics of voltage changes for the perfo-
rated membrane (V) may be different from that for a
membrane without pores (V) (Fig. 5).

Fig. 4(b) shows an equivaent electrical circuit for
bilayer lipid membrane with pores. The resistance Ry
denotes resistance of pores created. If i, defines the
current flowing through the pores, then Eq. (A.1)
must be supplemented with this current and, conse-
quently, the slope of the curve for perforated mem-
brane V,, can be described by:

i—ig—I

V, = T" (A.4)

It is known that bilayer lipid membrane capaci-
tance and resistance current are dependent on mem-
brane voltage [39]. This fact makes the measurements
more complicated. However, making calculations for
the same value of membrane voltage U,,, Egs. (A.3)
and (A.4) gives equal values of membrane capaci-
tance C (Fig. 5).

U

Un

t

Fig. 5. Hypothetical chronopotentiometric curve with marked
parameters used for calculation of pore conductance in chosen
point P. Slope V, V,, and membrane potential (Uy,) are described
in text.

Hence, the current flowing through pores is given
by:

ip=(i—iR)(1—%)

Pore conductance, G, is a function of the mem-
brane voltage U,, and the current flowing through the
pores:

(A.5)

G " A6
Considering Eq. (A.5), and the fact that the resistance
of bilayer lipid membrane without pores (R,,) is
independent of the membrane voltage U,,, i.e. Ry,
obeys the Ohm's law, U,, =iz X R,,, pore conduc-

tance can be calculated from:

[ 1 \A
G = (u— B R_)(l_ v)

M M

Bilayer lipid membrane usually has very high re-

sistance, and therefore, the factor 1/R,, can be ne-
glected in Eq. (A.7). In this case, the pore conduc-
tance can easily be calculated. Otherwise, R,, must
be estimated. Generally, membrane resistance is not
reproducible and can vary greatly from membrane to
membrane despite the same lipids being used for
membrane preparation. Hence, R,, for each mem-
brane used for experiments should be estimated from
independent measurements.

(A.7)
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Membrane capacitance measurements for the same
membrane voltage may be slightly different for grow-
ing and decaying directions of voltage change. Hence,
the factors V and V,, can differ from real values only
due to the different direction of the voltage change.
We have estimated this error. Because, under our
experimental conditions, the error was < 5%, we
used Eq. (A.7) for pore conductance calculations
without any correction.
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