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Abstract In contrast to the widely used method of elec-
troporation, the method of soft perforation of lipid
bilayers is proposed. It is based on the structural rear-
rangement of the lipid bilayer formed from disaturated
phospholipids at the temperature of the phase transition
from the liquid crystalline state to the gel state. This
allows us to obtain a lipid pore population without the
use of a strong electric field. It is shown that the planar
lipid bilayer membrane (pBLM) formed from dipal-
mitoylphosphatidylcholine in 1 M LiCl aqueous solu-
tion exhibits the appearance of up to 50 lipid pores per
1 mm2 of membrane surface, with an average single pore
conductivity of 31±13 nS. The estimation of a single
pore radius carried out with water-soluble poly(ethylene
glycol)s (PEGs) showed that the average pore radius
ranged between 1.0–1.7 nm. It was found experimentally
that PEG-1450, PEG-2000, and PEG-3350 should be in
a position to block the single pore conductivity com-
pletely, while PEG-6000 fully restored the ionic con-
ductivity. The similarity of these PEG effects to ionic
conductivity in protein pores makes it possible to sug-
gest that the partition of the PEG molecules between the
pore and the bulk solution does not depend on the
nature of the chemical groups located in the pore wall.

Keywords Planar lipid bilayer membrane Æ Soft
perforation Æ Lipid phase transition Æ Electric
conductance Æ Poly(ethylene glycol)s

Introduction

Cell membrane electroporation is currently widely used
in experimental biology and medicine (Lee and Hannig
2001). It is well known that electroporation is based on
a reversible electrical breakdown phenomenon (Cher-
nomordik et al. 1982). Previously we stated that a
major similarity between the evolution of the lipid
pores appeared in the planar lipid bilayer membrane
(pBLM) both at electrical breakdown and at the
membrane lipid phase transition (Antonov et al. 1985,
1992; Antonov 1998). Single lipid pores, first observed
in the pBLM of distearoylphosphatidylcholine (DSPC)
at the temperature of the main phase transition, dem-
onstrated features in common with electroporation,
including transformation of a hydrophobic pore into a
transient hydrophilic one (Antonov et al. 1980). This
result was later supported by Boheim et al. (1980) in
experiments with the pBLM of the mixed-chain lipid 1-
stearoyl-3-myristoyl-glycero-2-phosphocholine. From a
physiological point of view, the main disadvantage of
electroporation is the need for a high electrical voltage
(near 230 mV) applied to the pBLM. This voltage far
exceeds physiological levels. To avoid this drawback,
we suggest a soft perforation procedure based on the
phase transition of membrane lipids. This approach not
only allows avoiding the application of high electrical
voltages but it also does not need chemical pretreat-
ment of the BLM with uranyl acetate ions, aimed at
increasing the membrane matrix viscosity (Cherno-
mordik et al. 1982).

The prime objective of this study was the experi-
mental investigation of single lipid pore evolution in-
duced in a pBLM by cooling at the main phase
transition of synthetic zwitterionic 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine. Ionic current fluctuations
were recorded at the voltage-clamp regime. The clamped
voltage did not exceed 100 mV. It is shown that there is
quantitative agreement between the experimentally
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determined pore number in a single pBLM at soft per-
foration and the theoretical prediction given by the
solution of appropriate equations in approximation of a
zeroth membrane potential (Freeman et al. 1994). The
monovalent cation selectivity study reveals the lyotropic
order found earlier for the same lipid–water system by
Marra and Israelashwili (1985). The poly(ethylene gly-
col)s (PEGs) used for the calibration of the lipid pore
size were able to block conductance in the range of sizes
between PEG-1450 (hydrodynamic radius 1.05 nm) and
PEG-3350 (hydrodynamic radius 1.69 nm).

Materials and methods

Lipids and electrolytes

The basic membrane-forming solution contained the
synthetic phospholipid 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (Avanti). As a bulk solution, the chlo-
rides of Li, Na, K, Rb, and Cs were used. For a probe to
lipid pore radius determination, a series of PEGs was
used. It included PEG-300, PEG-600, PEG-1450, PEG-
3350, and PEG-6000 (Sigma). Unless otherwise specified,
20% (w/w) aqueous solutions of the PEGswere prepared.

Differential scanning calorimetry

Experiments were carried out on an adiabatic scanning
microcalorimeter (DASM-4, Puschino, Russia). To
prepare a sample of multilayer liposomes, the dry lipids
were suspended in aqueous solutions of the appropriate
chlorides by mechanical shaking on a Vortex mixer at
45 �C. Transition enthalpies were determined after
measuring the area under the excess specific heat curve
by paper weighing.

Planar BLMs

The planar BLMs were formed over a circular hole in a
vertical wall of a Teflon pot as described by Mueller
et al. (1962). The membrane-forming solution con-
tained 25 mg of dipalmitoylphosphatidylcholine
(DPPC) dissolved in 1 mL of a mixture of n-decane/
chloroform/methanol (7:2:1, by volume). All experi-
ments were performed in unbuffered aqueous solutions
(pH 6.9) of the appropriate chlorides. Before each
experiment the vertical wall of the Teflon pot was
covered with a thin layer of the dried membrane-
forming solution. To carry out experiments at constant
temperature, the measuring cell was placed in a water
jacket connected with a thermostat. The temperature in
the cell was maintained with an accuracy ±0.5 �C. The
temperature near the planar BLM was measured by a
thermocouple.

Electrical measurements

The electrical capacitance changes were measured by
applying a charge pulse of triangular form (in the volt-
age range ±50 mV) to the planar BLM and registration
of the resulting cyclic current–voltage curves. The details
of the measurements were made as previously described
(Antonov et al. 2003). The membrane current fluctua-
tions were recorded at voltage-clamp conditions by an
ion current amplifier (Puschino, Russia).

Pore number estimation

The soft perforation procedure has some advantage over
electroporation for pore number estimation. Indeed, the
well-known equation for the single lipid pore energy E(r)
at electroporation is (Glaser et al. 1988):

E rð Þ ¼ 2pcr � pr2 rþ aU2
� �

ð1Þ

where r is the pore radius, c is the edge tension of the
hydrophilic pore, r is the surface tension of the lipid
bilayer, a is a coefficient dependent on the electric
capacitance of the lipid bilayer, and U is the trans-
membrane voltage. One can see that the contribution of
the surface tension at U=0 and r fi 0 is small compared
to that of the edge energy. In this case, only the first term
in Eq. (1) is significant, and E(r)�2pcr.

This simplification seems to be quite important for
the estimation of the pore number appearing in the
planar BLM at steady state. According to Freeman et al.
(1994), at steady-state conditions the number of lipid
pores N can be evaluated as:

N ¼ n0k exp �rmin=kð Þ ð2Þ

where n0 is a constant, numerically equal to
1.2·1024 m�1, k is the characteristic length, and rmin is
the minimum pore radius. The theoretical result given by
Freeman et al. (1994) for the steady-state pore distri-
bution at the non-electroporation transmembrane volt-
age was N=7. It is essential to compare this result with
the lipid pore number estimated by direct counting of
uniform current fluctuations per pBLM. Of some
interest is comparison of the experimental data with the
conventional method based on the determination of li-
pid pore number by dividing the integral conductance,
GpBLM, of the planar BLM by the average conductance
of single pore, Gpore:

N ¼ GpBLM=Gpore ð3Þ

Lipid pore size evaluation

At first glance, the lipid pore can be taken as being a
cylindrical tube filled with electrolyte solution of ohmic
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resistance. A rough estimation of the pore radius R can
be obtained in this case by the equation:

R2 ¼ Gpored=ps ð4Þ

where d is the thickness of the planar BLM and s is the
specific conductivity of the electrolyte solution.

At the present time, the calibration of protein pores is
made by PEGs of different molecular size (Krasilnikov
2001). The use of this method for lipid pores is ques-
tionable, as they are transient pores with flexible walls.
Moreover, the lipid pore can be resealed owing to lateral
diffusion of lipid molecules. Despite this drawback, we
aimed to try this method for lipid pore size determina-
tion by taking into account the high viscosity of the lipid
matrix in the gel state that might prevent the rapid re-
sealing of the pore.

The next approach to the lipid pore size estimation is
based on theoretical results obtained by Eldridge and
Morowitz (1978). They suggested calibration of the pore
size with a series of monovalent cations of different
hydration radii. They showed that the radius R of an
ohmic pore with moderate selectivity could be estimated
by the equation:

R ¼ a=d ð5Þ

where a is the radius of the hydrated monovalent cation
and d is a dimensionless coefficient. According to Eld-
ridge and Morowitz (1978), the pore radius can be
determined by the equation:

Gpore ¼ g (nanoohm)� JðdÞ
1� kKðdÞ ð6Þ

where the polynomials J(d) and K(d) for a series of
monovalent cations of different radii were tabulated by
Levitt (1975). The mode of calculation of the dimen-
sionless coefficient k and the parameter g has been de-
scribed by Eldridge and Morowitz (1978).

Results

Thermograms of the BLM dispersed in monovalent
cation solutions

The thermograms of the BLM from DPPC were ob-
tained in 1 M chloride solutions of Li, Na, K, Rb, and
Cs. The thermogram in Fig. 1 is typical for the DPPC
endothermic phase transition, with two peaks at 35.5 �C
(pretransition) and at 41 �C (main phase transition).
There is no difference in the thermograms (see Fig. 1a)
for all the cations listed above except for Li+: as seen in
Fig. 1b, both peaks are shifted toward higher tempera-
ture (40 �C for the pretransition and 43 �C for the main
transition). The observed difference in the monovalent
cations’ behavior indicates that the Li+ could be par-
tially involved in a lipid–water interaction, strengthening
the lipid bilayer (Cunningham et al. 1986).

Electric current fluctuations in the planar BLM from
DPPC at the phase transition temperature

A sequence of experimental records of electric current
fluctuations is shown in Fig. 2a, where a typical record is
followed by the corresponding histogram. One can see
that the current fluctuations at a temperature well above
the phase transition are practically absent and the his-
togram reveals only a single peak in the vicinity of zero
current. When the temperature in the experimental cell
achieved the main phase transition temperature, main-
tained by the thermostat with an accuracy ±0.5 �C, one
can see a series of single and double current fluctuations
(Fig. 2b). Occasionally, threefold fluctuations have been
registered. As can be seen from Fig. 2b, the duration of
the current fluctuations may vary within wide limits, up
to tens of seconds. The histogram reveals three distinct
peaks for the current distribution at about 0, 1.5, and

Fig. 1 Differential scanning calorimetry thermograms of the BLM
from DPPC dispersed in 1 M solutions of monovalent cations
(pH 6.9, without buffer): a, NaCl, KCl, RbCl, CsCl; b, LiCl
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3 nA. It should be noted that the opening of the double
current fluctuation is followed by a superposition of two
separate current jumps, but the closing can be followed
by a single current jump. At the temperature well below
the phase transition of the DPPC the resolved current
fluctuations disappear and only the growth of noise is
observed. It is followed by significant widening of the
histogram peak at the zero level (Fig. 2c). Thus the
significant current fluctuations registered at soft perfo-
ration are due to structural changes in the lipid bilayer
during the phase transition of the phospholipids from
the liquid crystalline state to the gel state in the relative
narrow temperature interval about the temperature of
the main phase transition.

Some additional data in favor of this finding have
been obtained in experiments with cholesterol added to
membrane-forming solutions. It is well known that
cholesterol in an appropriate concentration of 30 mol%

abolishes the structural rebuilding of lipid bilayers at the
phase transition (Gennis 1989). The obtained data were
in complete agreement with the experimental result
demonstrated in Fig. 2a in all details.

The dependence of current fluctuation on
the membrane low voltage

Figure 3 demonstrates typical records of the current
fluctuations registered at the transition temperature by
application of a clamp voltage of different amplitudes.
As can be seen, the decrease of the positive voltage from
+100 mV to nearly zero is followed by a reduction of
the current fluctuation amplitudes. The increase of the
negative clamped voltage is followed by growth of the
current amplitude directed downward. The resulting
voltage–current characteristic shown in the insert is
linear in the range ±100 mV and passes through the
origin. One can see that the conductance of a single lipid
pore in 1 M LiCl solution reaches about 35 nS, which
gives an indication of the existence of a relatively large
pore with ohmic behavior.

Cationic selectivity of the lipid pores at soft perforation

To test the cation selectivity of the planar BLM from
DPPC at soft perforation, the current–voltage curves
were studied in different monovalent cation solutions.
The obtained data are illustrated in Fig. 4. One can see a
family of current–voltage curves separately obtained in
1 M LiCL, NaCl, KCl, RbCl, and CsCl in the voltage
range of ±80 mV. It is evident that the conductance of
the planar BLM of DPPC at the phase transition tem-
perature is higher in LiCl compared to the other
monovalent cations. There could be two reasons for the
high lithium conductance of the planar BLM: Li+

selectivity of single ion pores and/or a difference in the
lipid pore number at soft perforation. The obtained
experimental data are presented in the Table 1. Column
2 demonstrates the difference between monovalent cat-
ion conductance of single lipid pores obtained in volt-
age-clamp experiments. It can be seen that the cation
selectivity corresponds to that given above (Fig. 4). The
average lipid pore conductance in LiCl solution is
greater than the average conductance of a single lipid
pore in CsCl solution by a factor of three. Cation
selectivity in a lipid pore at soft perforation varies only
by a factor of three or so, over several monovalent alkali
cations, so it is possible that electrostatic pore–solution
interactions are not so important in these pores.
According to the single pore conductance variations, we
can arrange the selectivity order as Li+‡
Na+>K+=Rb+‡Cs+. This order in turn can be
divided into two groups: Li+ and Na+ on the one hand
and K+, Rb+, and Cs+ on the other. The results are in
good agreement with the classification derived by Kra-
ayenhof et al. (1996). They suggested that monovalent

Fig. 2 Electric current fluctuations (left) and corresponding histo-
grams (right) recorded in planar BLM from DPPC in 1 M LiCl at
different temperatures: a, temperature above the temperature of the
main phase transition of DPPC (50 �C); b, temperature maintained
by thermostat within an accuracy of ±0.5 �C at the temperature of
the main phase transition of DPPC (43 �C); c, temperature well
below the main phase transition of DPPC (35 �C). n is the number
of current values determined with a frequency of 80 Hz. The
transmembrane potential has been clamped at 50 mV
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cations may perturb the hydration layer of the BLM,
and thereby the membrane stability, to different extents,
depending on their own hydration tendency. Among the
alkali metal ions, Li+ and Na+ belong to the group of
so-called water ‘‘structure makers’’. In contrast, K+,
Rb+, and Cs+ are called water ‘‘structure breakers’’.
This is consistent with the idea that the hydration force
(distinct from electrostatic force) is responsible for the
observed cation selectivity of the planar BLM at soft
perforation.

Lipid pore size estimation

As mentioned above, three independent ways of pore
size estimation have been used. The simplest form is
based on single pore conductance data according to
Eq. (4). The second approach is based on a hydrody-
namic theory of ion conductance through ohmic pores
(Eldridge and Morowitz 1978). This latter approach is
highly suitable for our data because of ohmic conduc-
tance and moderate cationic selectivity. When both the
channel conductance and the ion size are known, the
radius of the channel may be estimated (Eq. 5). The
third method relies upon the effect of symmetrically
applied polymeric non-electrolyte PEGs on the pore
conductance to estimate the pore size. As far as we
know, this method has not been applied to lipid pore size
determination before.

The obtained data are summarized in Table 1. The
data collected in the fourth column were obtained by
calculation with Eq. (4). The data reflect, to some extent,
the moderate selectivity within the monovalent cations.
It is seen that the radius of a Li+ pore (2.1 nm) is over
twice as large as that for a Cs+ pore (0.9 nm). The fifth
column represents data calculated by Eq. (5). The
method of calculation is derived by equating the elec-
trical force on the ion (the driving force) with the fric-
tional force against the motion of the ion (the dissipative
force). This approach has been successfully employed

Fig. 4 Current–voltage characteristics of the planar BLM from
DPPC recorded for different monovalent cations (1 M) at
appropriate temperatures of the main phase transition: 1, LiCl; 2,
NaCl; 3, KCl; 4, RbCl; 5, CsCl. The pH of each solution was 6.9,
without added buffer

Fig. 3 Current fluctuations in
the planar BLM from DPPC at
the temperature of the main
phase transition (43±0.5 �C)
determined at different clamp
voltages. Horizontal lines
correspond to zero level. The
medium contained 1 M LiCl,
pH 6.9, without added buffer.
The insert demonstrates typical
current–voltage characteristics
of a single pore averaged over
150 experimental points
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for alamethicin pore size evaluation (Eldridge and
Morowitz 1978). One can see that the data given in
column 4 are concentrated around the pore radius
(1.4 nm), which is close to that shown above (column 5).
The difference between them consists of the absence of
any ion selectivity in the latter case.

Calibration of Li+ pores with water-soluble PEGs

The experimental data are reproduced in Fig. 5. The
first record demonstrates the current fluctuations in the
planar BLM of DPPC at a clamp voltage of 50 mV,
measured at the temperature of the main phase transi-
tion of DPPC without PEG (see, for comparison,
Fig. 2b). In subsequent experiments (Fig. 5b–g), the
membrane-bathing solution was substituted for 20%
(w/w) solutions of differently sized PEGs. The succes-
sive additions of PEG-300 (Fig. 5b) and PEG-600
(Fig. 5c) are followed by a gradual decrease of current
fluctuation amplitudes and by a lowering of the current
fluctuation number. In solutions of PEG-1450, PEG-
2000, and PEG-3350 the current fluctuations disappear
completely (Fig. 5d–f), but the addition of PEG-6000
(Fig. 5g) is followed by nearly full restoration of elec-
trical activity of the planar BLM. We treat the obtained
data in such a way that initially the electric current
through the lipid pores is carried mainly by Li+. The
addition to the solution of PEG-300 and PEG-600 is
followed by local penetration of electrically neutral
polymer molecules into the pore and by subsequent
lowering of the transmembrane electric current. In
solutions of PEG-1450, PEG-2000, and PEG-3350 the
electric current through the lipid pores is nearly com-
pletely blocked. The larger sized PEG-6000 probably
does not penetrate the planar BLM at all. It is seen that
the large, presumably excluded, PEG-6000 practically
does not change the ionic current through the pore. In
conclusion, it should be noted that solute exclusion
experiments widely used to evaluate the size of protein
pores could be extended to include pure lipid pores at
electroporation and soft perforation. It is seen (see
column 3 in Table 1) that the average pore radius of
1.3 nm found by the solute exclusion method is in rea-
sonably good agreement with the data given by other
methods.

Lipid pore number

One essential feature of the soft perforation mechanism
is the lack of a high transmembrane voltage needed for
membrane breakdown at electroporation. In the latter
case, the high voltage is responsible for the appearance
of more than 105 lipid pores at once (Chernomordik
et al. 1982). The initial number of lipid pores at U=0 V
could be determined in this case only by extrapolation,
although this result has long been a subject of conten-
tion (Wilhelm et al. 1993). Therefore it would be rea-T
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sonable to obtain experimental data about lipid pore
numbers at small non-breakdown transmembrane volt-
ages. The experimental data are shown in the Table 1
(column 6). Generally, it is seen that the lipid pore
number is very small compared to that appearing at
electroporation. Moreover, the pore number calculated
by Eq. (3) is nearly equal or less than 1 (column 7).
Surprisingly, there is good agreement between the pore
number predicted by theory (Eq. 2) and that experi-
mentally determined for all monovalent cations. These
good correlations point to the fact that the phase tran-
sition of the lipid in the planar BLM to the gel state has
not been followed by creation of additional pore num-
bers comparable to statistically distributed pores due to
thermal fluctuations. The effect of the phase transition
into the gel state likely amounts to a retardation of the
pore resealing process that prolongs the pore lifetime.

Discussion

In contrast to electroporation, the soft perforation of
membranes does not need the application of a high
transmembrane voltage. Beyond the evident practical
interest, this peculiarity could be very useful for discus-
sion of the theoretical background of the perforation
mechanism. In the planar BLM at U=0 V we can ne-
glect the surface tension r in the determination of the
pore radius distribution (see Eq. 1). In this case the pore

edge tension c remains as a single parameter determining
the pore number (Freeman et al. 1994). Our experi-
mental results are in reasonably good agreement with
the theoretical prediction of the lipid pore number de-
tected by Freeman et al. As a matter of fact, this result is
a confirmation of the relative independence between c
and r predicted earlier by Petrov et al. (1982). They
showed that, even in the tension-free case in the planar
lipid bilayer, c>0. This is due to the fact that in the
curved part of the monolayer inside the pore, the tension
is always non-zero. This approach seems to be fruitful
for the explanation of the experimentally observed lipid
pore appearance in a tension-free liposome membrane at
the phase transition La fi Lb (Jacobson and Papahadj-
opoulos 1975, Evans and Kwok 1982).

Hydrophobic and hydrophilic lipid pores are in-
volved in the planar BLM permeabilization at soft per-
foration. The relationship between them can be
established by comparing the lipid pore number ob-
served experimentally with that estimated by calcula-
tion. Taking into account the known data from X-ray
examination of the area per one lipid molecule in the
bilayer at the phase transition La fi Lb (0.58 nm2 and
0.48 nm2 for DPPC, respectively) (Gennis 1989), we can
estimate the overall area occupied by hydrophobic pores
in 1 mm2 of planar BLM as 0.17·1012 nm2. The radius
of a single hydrophilic pore can be estimated as R‡1/
2·d, where d is the thickness of the planar BLM. The
rough estimation of the hydrophobic pore number gives

Fig. 5 Current fluctuations in
the planar BLM from DPPC at
a voltage clamped at 50 mV in
1 M LiCl after addition of 20%
PEGs of different molecular
size: a, without added PEG; b,
PEG-300; c, PEG-600; d, PEG-
1450; e, PEG-2000; f, PEG-
3350; g, PEG-6000
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approximately 1010 pores per 1 mm2. Comparing this
number with that given in Table 1, we can conclude that
the pores under investigation comprise a vanishingly
small part of the hydrophobic pore number at the
transition La fi Lb. Therefore we can suggest that the
pores obtained in the study belong to the type of
hydrophilic pores analyzed by Freeman et al. (1994).
Three groups of data obtained in our experiments evi-
dence the hydrophilic nature of the pores under con-
sideration: the good agreement in pore size
determination based on hydrophilic pore approxima-
tion, the selectivity of lipid pore conductance for some of
the hydrated monovalent cations (Fig. 4), and the
dependence of pore conductance on the size of hydrated
PEGs.

The evident similarity in the effects of the PEG on the
electric conductance of the lipid pores at soft perforation
and protein pores (Rostovtseva et al. 2002) has been
elucidated. It includes a number of phenomenological
effects such as the dependence of the pore conductance
on PEG molecule size (Fig. 5), the availability of a
‘‘cutoff’’ polymer size (Fig. 5), and the blockade of lipid
pore conductance by PEGs with molecular sizes of 1.05–
1.69 nm (see column 3 in Table 1). It is evident therefore
that the effect of PEG on a single pore conductance does
not depend upon the chemical nature of the molecules
covering the pore wall surface.
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