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We present results of electrical measurements performed both on symmetric and asymmetric membranes in current-clamp
conditions. The current-voltage characteristic curve of the membranes shows a reversible conductance transition to a higher
level above a critical potential V. The experimental results are interpreted in the light of the electroporation theory, which
allows estimates of the line tension to be made. These estimates are compared to previous experimental findings or theoretical
calculations. The behaviour of symmetric membranes of different chain lengths or consisting of mixtures of short and long chains
indicates a strong dependence of ¥, on the chain composition and on the presence of charges on the polar head. The
electroporation process is also analyzed in asymmetric bilayers consisting of a charged and an uncharged monolayer, a condition
which mimics that of natural membranes. Therefore it is possible to analyze the electrical forces acting on the uncharged
monolayer due to the presence of charges on the other one, under several ionic-strength conditions. It is shown that the
instability arises in the uncharged monolayer, while the coupling between the two monolayers triggers the electroporation

process.

Introduction

Under normal physiological conditions the electric
field in a cell membrane is approximately 105 V /cm,
which is very close to the dielectric breakdown of liquid
hydrocarbons. An electroporation process occurs when
a strong external electric field is applied to the mem-
brane. This process is characterized by a very signifi-
cant transient increase in conductance and permeabil-
ity which is compatible with cell survival. Electropora-
tion has a variety of applications including cell trans-
fection for transient gene expression or for stable
genome integration, insertion of proteins in living cells,
encapsulation of drugs in controlled-release systems.
Moreover, it seems to be the first step for electrofusion
in cell membranes [1-3]. Electroporation occurs by
applying electric pulses up to 10° V/cm with a dura-
tion ranging between microseconds and milliseconds to
cell membranes in a close-contact configuration [1,2].

In spite of the widespread use of the electroporation
technique in fundamental research as well as biotech-
nology, the detailed mechanism of the field-induced
restructuring of the membranes is not completely clear.
Planar lipid bilayers (BLM) have been used as model

Correspondence to: A. Gliozzi, Dipartimento di Fisica, Universita di
Genova, via Dodecaneso 33, 16146 Genova, Italy.

systems to investigate the electroporation process [4-6].
However, applying a steady potential difference in the
order of 200-300 mV across a BLM will cause the
membrane to break. Therefore, with this method, only
the action of very short electric pulses lasting less than
1 ms can be investigated. The novelty of our approach
is to study this phenomenon under current-clamp rather
than the usual voltage-clamp conditions {6]. The cur-
rent—voltage characteristic of the membrane shows a
reversible conductance transition to a higher level
above a critical potential, /. It is worth noting that this
phenomenon cannot be observed under voltage-clamp
conditions owing to the very short lifetime of the
membrane in the new high-conductance state.

In this work we present experimental results which
can be interpreted in terms of previous electroporation
theories. The model predicts that the critical potential
at which the transition occurs depends on the line
tension of the pores and, to a lesser degree, on the
surface tension of the bilayer. We performed experi-
ments on phosphatidylcholine, phosphatidylserine and
glycerol monoleate membranes. The experiments on
phosphatidylcholine BLMs were performed by chang-
ing the length of the hydrophobic chains or considering
mixtures of short and long chains at several molar
ratios, in order to vary the intensity of the lateral
interactions between molecules in the bilayer.

The electroporation process has also been analyzed
in asymmetric bilayers, a condition which mimics that



of natural membranes. In particular it was possible to
form asymmetric membranes consisting of a charged
and an uncharged monolayer and to analyze the elec-
troporation process under several ionic strength condi-
tions. Capacitance—voltage measurements were per-
formed to evaluate the internal electric potential acting
on the membrane [7]. These data have been compared
with the theoretical values obtained using the Stern
method, which is a combination of the Langmuir ad-
sorption isotherm and the Gouy-Chapman theory for
the diffuse double layer [8-10]. The experimental re-
sults indicate that once the electrostatic forces have
been properly accounted for, the critical potential at
which electroporation occurs is typical of a symmetric
membrane formed by the lipid with the lower transi-
tion potential.

Materials and Methods

Egg phosphatidylcholine (egg PC) and cholesterol
(Ch) were purchased from Calbiochem (La Jolla, CA);
DilauroylPC ((12:0),PC), dipetroselinoylPC ((18:1;
6¢is),PC), dioleoylPC ((18 : 1; 9cis),PC), diphy-
tanoylPC (DPhPC) and phosphatidylserine (PS) were
purchased from Avanti Polar Lipids (Alabaster, AL);
and glycerol monoleate (GMO) was obtained from
Sigma (St. Louis, MO). For the case involving asym-
metric membranes, one of the monolayers was formed
by egg PC/Ch mixed in the molar ratio 4:1 and the
other by pure PS. KCl and CaCl, (Carlo Erba, Milan,
Italy) solutions were formed using a water purification
system (Milli-Q plus, Millipore Corporation, Bedford,
MA). The salts were baked at 500°C for 1 h and the
solutions were filtered with a Millipore filter with a
diameter of 0.22 um. Lipid bilayers were formed by
hydrophobic apposition of two monolayers, obtained
from lipids dissolved in n-hexane (BDH, Milan, Italy)
at a concentration of 10 mg/ml.

With regard to asymmetric membranes, great care
was taken to avoid contamination between the two
different lipids. In this series of experiments only mem-
branes formed after the first rise of the two monolayers
were considered. After every measurement on a single
membrane, the chamber was carefully cleaned and a
new membrane was formed. BLMs were formed on a
160 um diameter hole on a teflon septum separating 2
ml chambers. The electric signals were recorded by
means of two Ag/AgCl electrodes. The current—volt-
age (I-V) characteristics were obtained under
current-clamp conditions, with the membrane in a
feedback network of a high-impedence (10!* £2) opera-
tional amplifier (Burr Brown 3528 CM) which acts as a
current—voltage converter. The I-V cycles were ob-
tained by sending the membrane a triangular current
wave, usually with a frequency of 2.5-10~3 Hz. Once
the order of magnitude of the critical potential V, was
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known, the current amplitude was calculated, accord-
ing to the relationship:

V.>1/Gy

where [ is the input current and G, is the initial
membrane conductance. The capacitance-voltage
measurements were obtained after sending a 10 mV
peak to peak and 10 kHz input sinusoidal signal through
an adder circuit. By using an appropriate decoding
circuit, an output signal was obtained that was propor-
tional to the membrane capacitance. The sensitivity
was on the order of 1%.

The surface tension I’ has been determined by
applying a known hydrostatic pressure difference be-
tween the two half-cells of the teflon chamber and
measuring the consequent change in capacitance. Fur-
ther details can be found in Results.

Theoretical considerations

According to the electroporation theory [1,5,11-18]
a BLLM is a system in a metastable state, containing a
fluctuating population of pores (or defects). The pores
are considered as the nuclei of a new phase in the
theory of homogeneous nucleation.

The work to form a pore of radius r is given by a
balance between the energy necessary to create the
edge of a pore and the energy released by the pore
surface. It can be written as:

E(ry=2myr—alr? ¢))

where vy is the line tension and I is the surface energy
of the bilayer.

The pore formation work also depends on the clec-
tric field (here the electroporation theory differs from
the usual nucleation theory). In order to take this
effect into account, I" in Eqn. 1 must be replaced by an
effective surface energy I, which depends on the
electric potential V applied to the bilayer given [11,12]
by:

T,

€
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where a is a parameter defined as
€o 3
a=5(ew =€) 3

and d is the bilayer thickness, e, is the dielectric
permittivity of the vacuum and €, €, are the relative
permittivities, respectively of water and lipid.

The average lifetime 7 of a metastable state, in the
theory of homogeneous nucleation, is given [11,12] by:

E,
T=Aexp(—k T) O]
B
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where ky is the Boltzmann constant, T is the absolute
temperature, and E_ is the energy barrier for pore
formation, given by:

E.= ©)

eff

The prefactor A in Eqn. 4 has been computed in
Ref. 12 and is given by:

(kgT)*?

=27 6
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where c,, is the pore concentration, S is the membrane
area and D is the coefficient of pore diffusion in the
space of radii.

Combining Eqgns. 5 and 6 and replacing in Eqn. 4 we
find the following formula for the average lifetime 7:
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We shall use Eqn. 7 in order to estimate the line
tension y below. It is important to note that we used
the simplest form of the electroporation theory when
analyzing our experimental data. In particular, we have
neglected the dependence of y on the pore radius r.
However, since we did not measure the average life-
time 7 of the membranes, and we are interested in
estimating the line tension y for the various mem-
branes, we consider this simpler analysis to be more
than sufficient.

TABLE I

Electric field-induced electroporation in symmetrical membranes

Results

Current-voltage characteristics recorded on sym-
metric membranes of egg PC/Ch and PS are reported
in Figs. 1a,b. In the case of egg PC/Ch the membrane
shows a conductance transition which occurs at about
270 mV and is characterized by the onset of fluctua-
tions in the new conductance state. When the current
decreases the membrane slowly recovers its initial con-
ductance state while a new transition is observed at
negative potentials at about the same absolute value.
The phenomenon is also accompanied by a hysteresis
effect. The critical potential at which the transition
occurs depends on the nature of the lipid. Fig. 1b
shows that with PS membranes the transition is not
observed up to potentials as high as 400 mV. It should
be pointed out that the membrane capacitance, ob-
served before and after the transition, does not vary
appreciably, which agrees with previous experimental
findings [6,13,14], thus ruling out electromechanical
effects [19].

The electroporation theory predicts that the critical
potential V, depends on the line tension y and on the
surface tension I' [12]. The surface tension of PC
BLMs was determined by applying a known pressure
difference, AP, across the membrane, and measuring
the capacitance C,,. Changes in Cy values as a function
of the applied pressure were used to assess the interfa-
cial tension by means of the Laplace relationship:

where R is the radius of curvature of the spherical cup.

The critical potential V, and the surface tension I' are given for various lipids and lipid mixtures at different molar ratios. The line tension y.¢
has been calculated by using Eqn. 7 assuming r =1 s and I' =0.22-10"3 J/m for all the PC membranes. * Data from Ref. 23.

Lipids Molar ratio v, (mV) r{o-3Jj/m?» Yot (10711 J/m)
Phosphatidylcholines

(18:1; 6¢is), PC 400+ 21 0.22+0.02 3.0

(18:1; 9cis), PC 330+23 0.22+0.02 2.5

DPh PC 390+20 0.22+0.02 29

Egg PC 280+30 0.22+0.02 21

Egg PC/Ch 4:1 270+20 0.22+0.02 20
Mixtures of phosphatidylcholines

(12:0),PC/(18:1; 6¢is),PC 1:10 380425 0.22+0.02 28

(12:0),PC/(18:1; 6¢is),PC 2:10 31525 0.22+0.02 23

(12:0),PC/(18:1; 6cis),PC 3:10 280+25 0.22+0.02 2.0

(12:0),PC/(18:1; 6¢is),PC 4:10 285+15 0.22+0.02 2.1
Other lipids

PS 500+ 50 0294+0.02 * 3.7

GMO 170+50 0224002 * 1.3
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F{g. 1. Current—voltage characteristics of membranes made of (a) egg

PC/Ch (molar ratio 4:1) and (b) PS. The PS membrane has a much

higher transition potential value. In both cases the ionic concentra-
tion was 10~ M KCl at pH 5.5.

The value obtained from the average over 20 different
membranes is I'=(0.25 £ 0.02)- 1072 J/m?2. The de-
tails of this method can be found in Ref. 20.

The V, values of Table I are the average over at
least ten different membranes. If the /-V run is re-
peated on the same membrane, in the second run V,
decreases by nearly 20% and then reaches an almost
constant value. However, the conductance values be-
fore and after the transition are almost unaffected. We
have not detected any significant variation of the above
phenomena by changing the frequency from 2 - 1073-5
-1073 Hz.

Studies on PC BLMs in which the composition of
the chains, and therefore the line tension, has been
systematically varied reveal that V, depends quite
strongly on this parameter (Table I). The V, values
which were determined for PS and GMO membranes,
for which the surface tension was recently evaluated,
are also reported in Table 1. The data shown in Table 1
indicate that the values of the critical potential may
differ up to more than 200 mV depending on the
physical properties of the lipid. This fact gave us the
idea to form membranes consisting of two different
monolayers with lipids characterized by very different
transition potentials. In this way a transition potential
very close to the smaller one would indicate that elec-
troporation initially involves only one monolayer and
that it triggers the transition on the other one. More-
over, if only one of the two monolayers is charged, the
electric forces acting on the other one can be evalu-
ated.

Asymmetric membranes were formed by PS and egg
PC/Ch (4:1, molar ratio) monolayers. We found that
Vv, for such membranes depends on the direction of the
electric field as shown in Figs. 2 and 3. When the
electric field is directed towards the PC/Ch monolayer
as sketched in the left-hand side of Fig. 2, V, is higher
than when it is directed towards the PS monolayer as

I (pA)
+ Eext 30+
V ———
+ - 5|
ps Z| [pc/ehf 2of
| 15|
Vext 10r /
+
5 L
_ | | 1 1 |
PS | = IPC/Ch 0 100 200
E.

i V (mV)

Fig. 2. A sketch of the operating configuration named V* is re-
ported on the left-hand side. The potential profile, due to the
external applied potential, and the direction of the internal field, E;,
are also indicated. The right-hand side shows a typical current-volt-
age characteristic curve of asymmetric membranes, consisting of two
different monolayers of PS and egg PC/Ch (4:1 molar ratio),

recorded in the V* configuration.

shown in Fig. 3. We shall call these two configurations
V* and V~, respectively. Control experiments per-
formed by inverting the position of the monolayers
indicated that this effect does not depend on the
asymmetry of the experimental apparatus. The two
different values of ¥, might be the result of the elec-
trostatic potential of PS (which is negatively charged)
on the PC/Ch monolayer. This potential is added or
subtracted to the external one, respectively, in the V'~

0
V - Eext [ (pA)
5L
s I| |pesen| T
15|
20tk
Vext
* 25 f
- 1 1 1 |
PS | e== | pC/Ch -0 -100 0
E; vV (mV)

Fig: 3. A sketch of the operating V'~ configuration is reported on the

left hand side. The right hand side shows a typical current—voltage

characteristic curve of asymmetric membranes in the IV~ configura-
tion. Other conditions as in Fig. 2.
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and V'* configuration (see Figs. 2 and 3). To test this
hypothesis, measurements were performed at different
ionic strengths of the bathing solutions in order to
change the surface potential. The results are reported
in Table II, where each value is the average over at
least ten membranes. To avoid possible changes on the
membrane itself, only the first transition has been
considered. Inspection of Table II reveals that the
difference between V* and V'~ decreases as the ionic
strength increases. This indicates that the internal elec-
tric field E,, sketched in Figs. 2 and 3, generated by
the surface charges, is one of the causes of the differ-
ence between V't and V~. However, the ensuing dis-
cussion will demonstrate that besides E,, other forces

AC
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0.09 %
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0.03 | :
0.00 | 2,
1 1 1
—200 0 200
V(mvV)
AC
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0.3}
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Y
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1 1 L
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(presumably arising from the dipole orientation in the
electric field) are responsible for the observed asymme-
try.

A direct measurement of the internal transmem-
brane potential, ¢, can be obtained from capacitance
changes as a function of the external potential. In fact,
BLM changes in capacitance have been shown to relate
to the applied transmembrane potential (see Ref. 7),

¢ v? 8
Vel +B )
where C is the capacitance at zero potential, a is
related to the thickness elastic modulus and B is the
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Fig. 4. Typical plots of changes in capacitance vs. the external potential: (a) symmetrical, (b—d) asymmetrical PS-egg PC/Ch membranes. Solid
curves are the best fit of the experimental points with Eqns. 8 and 9. Ionic conditions and fitting parameters are:

(@) KCl10.1 M, a=14V~2
(b) KC1 0.1 M, a=34V72
(c) KC10.01 M, a=26V72
(d) KC10.1 M, CaCl, 1 mM, a=10V~2

B=38-10"3
g=-30-10""!
B=-6.7-10"2

B=25-10"3



TABLE I1
Electric field-induced electroporation in asymmetric membranes

The transition potential of asymmetric membranes in both configura-
tions (V* and V™) is tabled for various ionic concentrations. The
values of the potential, ||, measured by using Eqn. 9 and of the
surface potential |, ] of PS calculated by the Stern method are also
reported. In the presence of CaCl, a 2:1 and a 1:1 stoichiometry
have been used, respectively, in ® and °.

Cs (M) V*(mV) V- (mV) |¢lmV) [¢]mV)
10-2 KCl 320440 172431 166 +29 161

10~ KCQl 300+40 205410 105416 103

10~ KCI 67°
10~ CaCl, 305+11  239+16 62+ 5 59

choice of the reference capacitance. If the membrane
has an internal transmembrane potential ¢, Eqn. 8
becomes:

AC
<= =V +i)+p ®

Plotting AC/C as a function of V, the abscissa of the
minimum gives — . Typical plots of the data for PS-egg
PC/Ch BLMs in different ionic solutions are shown in
Figs. 4b-d, while Fig. 4a is a control experiment on
pure PS membranes. Continuous curves are the best fit
of the experimental points with Eqns. 8 and 9. Each
measurement was repeated with at least ten different
membranes. The minimum of the parabola was deter-
mined for each membrane by using Eqns. 8 and 9 and
the mean value of the minima was calculated. The
values of | |, determined by this procedure for differ-
ent ionic solutions, are reported in Table II and com-
pared with the corresponding theoretical values de-
duced by the Stern method, as discussed later.

In a few experiments the transition of asymmetric
membranes was not observed in the usual potential
range. We attributed this fact to contaminations which
may have occurred among the PS and PC/Ch mono-
layers. To test this hypothesis we performed control
experiments adding small amounts of PS to the PC/Ch
monolayer and vice versa. In fact no transition was
observed in the usual potential range.

Discussion

Electroporation in symmetrical and asymmetrical
BLMs under current-clamp conditions was the most
significant accomplishment of this work. The data pre-
sented in Results for both symmetric and asymmetric
membranes will be analyzed below.

Symmetric membranes
The phenomenon we are describing indicates that
an external electric field induces a sharp variation in
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the membrane conductance, when the potential reaches
a critical value V_. Figs. 1, 2 and 3 show that this
phenomenon is accompanied by voltage fluctuations
and a hysteresis effect. We can qualitatively interpret
the phenomenon as due to the electric-field-induced
formation of pores. The hysteresis effect and the fluc-
tuations are consistent with the notion that the pores
have a characteristic relaxation time for closing when
the potential is reduced [4). In fact, since we work in
current-clamp conditions, the membrane does not rup-
ture because of the reduction of the transmembrane
voltage V, when the membrane conductance increases.

Eqn. 7 is used to estimate the line tension y, assum-
ing D=1.1-10"" m?/s and c,=1/h* (where h is
the membrane thickness) [16]. Some words of caution
are necessary. First of all, we assume that the potential
V. at which the conductance transition arises, can be
interpreted as the critical potential at which the irre-
versible breakdown would start. We do not know the
exact value of the average lifetime 7 at V_, but, since
the membrane does not rupture, we can say that 7 is
greater than 75, the time constant of our circuit (= 40
ms). If we solve Eqn. 7 graphically we find that the
value of y does not change considerably when r varies
in the range 10~2-102 s. Therefore, as in Ref. 16 we
assume a typical value of =1 s. Secondly, since we
neglect the dependence of y on the radius of the pore,
properly speaking, we obtain only an effective line
tension v,g. Nonetheless, the values of vy, reported in
Table 1 agree even in terms of quantity with those
obtained in other laboratories, as reported in Table 111

TABLE III
Surface tension, I, and line tension, vy, e for various BLM systems

Data in Ref. 15 are obtained with a two-parameter fit of Eqn. 7.
Data in Ref. 21 are obtained by alignment and opening of giant
phosphatidylcholine vesicles by an electric field. The line tension, y.¢
is calculated through the relationship between y and the curvature-
elastic modulus «: (Ref. 21; Eqn. 7). Data from Ref. 23 are obtained
with optical methods using high-powered lasers. Data from Ref. 25
are obtained by the Laplace method. Finally, data from Ref. 22 come
from a theoretical estimate of the lateral interactions in BLMs.

Lipids Cq Vet r Ref.
o~ (1073
J/m?) J/m)
PE in decane. KC110~'M 158 27 £03 15
PE in squalene KCl10"'M 153 24 02 15
PE in squalene /LPC
4.5-10"*g/D KCI110-'M 0450 033+01 15
PC in decane KCl10-'M 0874 10 +03 15
PC in decane /LPC
4-107* g/ KCl10"'M 0352 02 +0.1 15
PC cylindrical vesicles H,O 2.0 - 21
GMO in decane KCl10°'M - 0.22+0.02 23
Egg PC in dodecane NaCl10"'M - 09 +01 25
Theoretical calculation - 1.0 - 22
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Fig. 5. The critical potential I/, has been plotted as a function of the

surface tension I' at various values of y. The curves are obtained

from Eqn. 7. The dotted and the dashed lines correspond to = 0.1
and 10 s, respectively, while the solid line corresponds to 7 =1s.

[15). Evaluations of y with completely different proce-
dures are also included [21,22].

Table I shows that the interfacial tension I' of PC
BLMs is remarkably similar to those of PS and GMO
BLMs recently obtained with optical methods using
high-powered lasers [23]. Earlier measurements of I’
for various lipid systems can be found in Refs. 20, 24
and 25. The trend of V, as a function of I', at different
values of v, is plotted in Fig. 5. The dotted and the
dashed lines correspond to 7=0.1 and 10 s, respec-
tively, while the solid line corresponds to r=1 s.
Inspection of Fig. 5 reveals a slight dependence of V
on I’ and a negligible dependence on r. This fact
further justifies our choice of a typical lifetime 7 =1 s.
The line tension y is the edge energy of the pore walls
and therefore it is expected to decrease as the chain
length decreases. In fact, Table I indicates that the
values of y obtained from the lipid mixtures decrease
by increasing the content of the short chains until a
limiting lower value of 1.9-2.0- 10~ J /m is reached.
It has been previously shown that short chain PCs
should form micelles instead of bilayers [26]. There-
fore, our result could be explained by the presence of
this kind of molecules, which should decrease the
elastic energy of the pore edge [27]. If the percentage
of short chains is further increased, then the mem-
branes no longer form. This is probably due to lateral
phase separation between the two components. In fact,
as expected, we have been unable to form membranes
consisting only of (12:0),PC chains. The high value of
vy obtained for diphytanoylPC is an indication of the
strong interaction energy between these bulky chains.
The low conductivity to ions observed in all isoprenoid
lipids of archaeobacteria [28] may be related to the
high energy required to form aqueous pores. By con-
trast, the extremely small value of y for GMO mem-
branes is probably related to the presence of a single

chain per molecule and may account for the relatively
higher permeability to ions with respect to PS BLMs
[24].

An important feature of Table I is the difference in
the critical potential (and hence in v) between (18:1;
9cis), PC and (18:1; 6c¢is),PC. This fact indicates that
not only the number of double bonds, but also their
position is important for the penetration of water in-
side the chains and thus for the formation of aqueous
pores. Permeability studies of BLMs have shown that a
single unsaturated bond dramatically increases the sol-
ubility of water [29]. Transient contacts between dou-
ble bonds and water in DOPC bilayers have been
observed in neutron lamellar diffraction data. It has
been suggested that these contacts could play an im-
portant role in water permeation [30). Indeed the for-
mation of pores in the membrane might perhaps pro-
vide some insight for the anomalous water permeation
in BLMs [31]. A theory of osmotic pressure-induced
pores in phospholipid vesicles has been presented in
Ref. 32 to explain the leakage of hydrophilic molecules
from vesicles of egg PC and DPPC.

The charged PS membranes deserve particular at-
tention. The data in Table I indicate that there is a
relevant increase in the line tension. In these mem-
branes there is a delicate balance between the forces of
the polar heads, which include an electrostatic repul-
sive term and Van der Waals attractive interactions. In
the case of phosphatidylethanolamine (PE) Mingins et
al. [33] and Stigter et al. [34] have shown that, com-
pared to PC headgroups repulsion, PE headgroup re-
pulsive interactions are much weaker and this accounts
for the fact that the line tension of PE is greater than
that of PC (see Table III). In other words, the stronger
lateral repulsion of PC makes it easier for pores to be
formed. In the case of PS, if a purely repulsive charge
interaction were present, one would expect a strong
lateral repulsion between the headgroups, leading to a
behaviour similar to that of PC membranes. It would
be interesting to see whether the repulsive interaction
of PS are lower than those for PC. Indeed, our results,
as reported in Table I, suggest that this is the case. A
change in the dipolar orientation, competing with
charge repulsion, might indeed reduce the repulsive
contribution. However, the energy required to form a
hydrophobic pore can be higher also, due to facing of
the negative charges at the pore walls.

Asymmetric membranes

The behaviour of asymmetric membranes is more
intriguing. In contrast to symmetric membranes, an
inspection of Table II reveals that the critical potential
depends on the direction of the field. This is not
surprising, since an internal potential ¢ is added or
subtracted to the external one, as sketched in Fig. 6. A
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Fig. 6. (a) A sketch of the potential profile showing that an internal
potential ¢ stems from the presence of a charged monolayer. (b) A
sketch of the external field, E.,,, the internal field E; and the dipole
moment u. The external electric field, acting in the same direction
as E;, would produce a deeper penetration of the dipole into the
hydrophobic core. This movement is hindered by steric interactions.
(c) The external field, opposite to E;, can decrease the out-of-plane
component of the dipole moment.

determination of precise i values is necessary to test
this simple hypothesis. The values of ¢ obtained exper-
imentally (Table II), are consistent with the theoretical
values of the surface potential, which are plotted in the
last column of the same Table. It is possible to calcu-
late ¢ using the Langmuir adsorption isotherm and the
Gouy-Chapman theory, which yields the so-called Gra-
hame equation [35]. If K* ions are the only positive
ions in the solution we have:

o 1
7 _ 10
G 1+ K[ Cx () exp(= €0/ k5] (0
o = [8ege,, NykpTCy ()12 sinh(ey /2kpT) an

where K (=0.15 M~ see Ref. 10) is the dissociation
constant of potassium, |o,,, /(=025 C/m?) is the
charge density in the absence of adsorption of counte-
rions, C() is the potassium concentration in the bulk
solution, N, is the Avogadro number and e is the
electron charge.

If calcium is also present in the solution the situa-
tion is slightly different and Eqns. 10 and 11 must be
replaced [35] by:

—— = {1+ KxCx(=) exp(— et/ kpT)

max

+ KcoCeo(®) exp(—2ey /kpT)} ! (12)
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where K, is the dissociation constant for calcium and
Ccy() is the calcium concentration in the bulk solu-
tion. If a 2:1 stoichiometry for the PS™-Ca2* binding
is assumed [8], a value of 67 mV is predicted for ||,
while a 1:1 stoichiometry yields a value of 59 mV,
because of the different dissociation constant [9]. It is
worthwhile to emphasize the excellent agreement be-
tween the values of the internal potential obtained by
using the capacitance measurements and those calcu-
lated by the Stern method.

The analysis of the experimental data indicates that
V*—V~+ 2|, as one would expect if the asymmetry
were due only to the internal field. On the other hand,
control experiments (performed inverting the side of
the PS monolayer) rule out the presence of an experi-
mental bias. Therefore, we must conclude that not only
the PS surface charge, but also the direction of the
dipoles contributes to the ¥, imbalance.

Theoretical and experimental work on the molecu-
lar origin of the internal dipole potential has shown
that the water of hydration is mainly responsible of the
experimentally determined positive sign of the total
dipole potential [36,37].

To obtain a clearer insight about the magnitude of
this effect let us consider the quantities o *=V*— ||
and ¢ "=V~ + ||, which correspond to the potential
across the membrane once the internal field due to the
charges is taken into account. In particular, if we plot
¢* and ¢~ vs. ||, the surface potential, we obtain
the graph shown in Fig. 7. The two straight lines
intersect at || = 0 where ¢*= ¢~ =270 mV, a value
which corresponds to the critical potential of a sym-
metric egg PC/Ch membrane. This finding is an addi-

%* (mV)
350

150

L I L
0 S0 100 150

[¥|(mV)

Fig. 7. A plot of the effective critical potential ¢ (corrected for the

internal potential) vs. the surface potential |¢!|. " =V* - |yl;

¢~ =V~ + |y|. Notice that when |¢| >0, pT =~ =270 mV, a

value which corresponds to the critical potential for symmetric egg
PC/Ch membranes.
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tional suggestion that the asymmetry in the transition
potential is related to the presence of charges. More-
over, it also indicates that the transition is initiated by
the egg PC/Ch monolayer, an entirely new result
showing that, although the first step of the instability
initates only in one layer, the coupling between the two
monolayers triggers the entire electroporation process.

Fig. 7 shows that in the ¢~ case there is only a
slight increase in the transition potential as the charge
density is increased. This may indicate that the contri-
bution due to the dipole orientation in the PC/Ch
monolayer is rather small, since the dipoles are already
oriented in the direction of the internal field, an orien-
tation which makes the system more stable. Moreover,
steric repulsions prevent the dipoles from rotating, as
sketched in Fig. 6b. On the other hand, in the ¢* case
the dipoles tend to assume a configuration which is
different from the equilibrium arrangement, since the
normal component of the dipole moment tends to
decrease, as sketched in Fig. 6¢c. Noting that the dipole
moment on the membrane plane increases, we can
argue that a stronger lateral repulsion occurs, leading
to a smaller critical potential.

As a direct consequence of this analysis we can
speculate that even in symmetric membranes the direc-
tionality of an external field induces asymmetry in the
orientation of the dipoles, which unbalances the criti-
cal potential for the formation of aqueous pores in the
two monolayers of the membrane.
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