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Abstract

This paper presents the results of constant-current (chronopotentiometric) measurements of the egg yolk phosphatidylcholine (PC) bilayer

membrane without and with cholesterol. The experiments were performed on planar bilayer lipid membrane (BLM) formed by the Mueller–

Rudin method. It is demonstrated that the constant-intensity current flow through bilayer membranes generated fluctuating pores in their

structure. The presence of cholesterol in the membrane caused an increase in the value of the breakdown potential. It is postulated that greater

stability of the bilayer with cholesterol can result from an increased critical pore radius (at which the bilayer would undergo irreversible

rupture). This confirms that cholesterol has a stabilizing effect on BLM. Besides, our results suggest that addition of cholesterol causes shift

in the distribution of pore conductance towards a smaller value. It is suggested that this can be connected with the phenomenon of domain

formation in the membranes containing high concentration of cholesterol. Moreover, it is shown that chronopotentiometry with

programmable current intensity is a promising method for observation of the membrane recovery process.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cholesterol research was and still is one of the key

investigation areas [1]. Many works are concerned with

cholesterol metabolism, biosynthesis, and relationship be-

tween cholesterol and arteriosclerosis. Mammalian cells

require cholesterol for normal cell function [2–4]. Free

cholesterol is an important structural component of the cell

plasma membrane, where it regulates lipid bilayer dynamics

and structure. For example, cholesterol reduces molecular

order in gel phase bilayer and increases the order of

molecules in liquid crystal phase bilayers [5]. The interac-

tion of cholesterol with phospholipids may result in an

increase in membrane cohesion leading to reduction of its

passive permeability to small molecules [2].
0005-2736/$ - see front matter D 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.bbamem.2004.01.005

Abbreviations: BLM, bilayer lipid membrane; PC, phosphatidylcholine;

Chol, cholesterol; Chol/PC1, membrane containing cholesterol and

phosphatidylcholine (molar ratio 1:1); Chol/PC2, membrane containing

cholesterol and phosphatidylcholine (molar ratio 2:1)

* Corresponding author. Fax: +48-895240408.

E-mail address: stankor@uwm.edu.pl (S. Koronkiewicz).
Lipid membrane properties (especially membrane elec-

tropermeability) are affected by the cholesterol content [6].

The distribution of cholesterol among different membranes

is not uniform. Cellular membranes, such as liver plasma

membranes, erythrocyte and myelin membranes contain a

high level of cholesterol (molar ratio cholesterol/phospholi-

pids from 0.83 to 1.32) [3]. Some natural membranes, in

particular in the lens of the eye, can contain very high

cholesterol concentration. The cholesterol-to-phospholipid

mole ratio of the eye lens fiber cell ranges from 1 to 2 in the

cortex of the lens, to as high as 3 to 4 in the lens nucleus [7].

Intracellular membranes, e.g. endoplasmic reticulum, mito-

chondria, and microsomes, contain a low amount of cho-

lesterol (molar ratio cholesterol/phospholipids from 0.11 to

0.33) [2,3,6].

At high concentration, free cholesterol can self-associate

and form domains in the plasma membrane. This phenom-

enon is intensively studied using many biophysical methods

[8,9]. The process of domain formation contributes to both

physiological and pathological cellular processes [10]. The

formation of amyloid plaques in Alzheimer’s disease [11],

HIV and other retrovirus assembly [12] are just a few

examples where domains have been indicated.
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The physical interactions between cholesterol and lipids

have been the subject of intensive experimental investiga-

tions using various techniques: calorimetry [13], magnetic

resonance spectroscopy [14], micromechanics [15], neutron

and X-ray scattering [16], Raman spectroscopy [17], elec-

tron microscopy [18], fluorescence spectroscopy [19], and

electrical measurements [20–22]. Despite a great deal of

research, the molecular picture of cholesterol–phospholipid

interactions and the molecular structure of domains is still

incomplete. Mostly, the role of cholesterol in the membrane

stability (membrane resistance to rupture) has not been

fully understood yet [23,24]. Bilayer stability may be

considered in the formation of transmembrane aqueous

pores [25,26]. This phenomenon may occur under the

influence of the electric field and is known as electro-

poration. During electroporation, membranes exhibit a

sharp transition to a higher conductance, indicating pore

formation. A too strong electric field can be the reason for

membrane destruction. The experimental verification of

pore-dependent stability of membranes is difficult because

no popular method enables direct observation of pore

evolution and dynamic. Additionally, using the most pop-

ular voltage-clamp methods, all population of the pores in

the membrane is generated. The current-clamp method is

seldom used in planar membrane electroporation. It was

supposed that current-clamp conditions should facilitate the

formation stable pores in the membrane. Under such

conditions, the membrane should not rupture because of

the reduction of the transmembrane voltage directly after

pore appearance [20–22,27].

Pore formation in the membrane is also of rapidly

growing interest due to its potential applications in biology,

biotechnology and medicine. The most frequent applications

of electroporation are: (a) the transfection of cells, (b)

introduction of fluorescent probes, enzymes and antibodies

for research purposes, (c) loading cells with molecules for

drug delivery purposes, and (d) transporting molecules into

and out of tissue for therapeutic purposes [28,29]. One

major criterion is that after poration the cells should main-

tain their natural integrity in subsequent suspension or

culture. Conditions are therefore sought which elicit mini-

mum membrane damage (irreversible breakdown) but max-

imum loading [30].

Recently the chronopotentiometric method for studies of

electroporation and resealing of pores in bilayer lipid

membranes (BLM) has been developed at our laboratory

[31,32]. This method enables the observation of pore time

evolution under current-clamp conditions. One fluctuating

(open and close cyclically) pore, whose diameter depends

on the constant current applied, was generated. This paper

presents the application of this method to clarify the

cholesterol effect on pore formation, pore time evolution

and pore-dependent stability of BLM. The critical pore

radius (radius at which the bilayer would rupture) is one

of the parameters describing the stability of BLM. It was

postulated [23,33] that greater bilayer stability would be
connected with the fact that the critical pore radius would

increase for cholesterol-containing bilayer. It was also

postulated that cholesterol might decrease the ability of pore

to extend in the bilayer. This means that the distribution of

pore sizes (statistically) with cholesterol present would shift

towards smaller pore sizes.

The paper confronts these assumptions with our results,

discusses the ability of cholesterol to form domains and the

applications of electroporation.
2. Materials and methods

2.1. Chemicals

The following chemicals were used: egg yolk phosphati-

dylcholine (PC) obtained from Fluka (Buchs, Switzerland),

cholesterol (Chol) obtained from Sigma (St. Louis, USA),

analytical-grade KCl obtained from POCH (Gliwice,

Poland), n-decane purchased from Aldrich (Gillinghem-Dor-

set). The chemicals were usedwithout additional purification.

The forming solution for BLM preparation contained PC or

PC and Chol dissolved in n-decane. The total concentration

of the lipids in the forming solution was 20 mg/ml. The

electrolytes (0.1 M KCl) were buffered with HEPES

(Aldrich) to pH = 7.0. Ultrapure water was prepared in the

Milli-Q system (Millipore).

2.2. Measurements

The experiments were performed using planar BLM

formed by the Mueller–Rudin method [34]. The following

membranes were used:

(a) membrane consisting of phosphatidylcholine,

(b) membrane consisting of Chol and PC at the molar ratio

1:1 (Chol/PC1),

(c) membrane consisting of Chol and PC at the molar ratio

2:1 (Chol/PC2).

The membranes were formed in a 1.0-mm-diameter,

round aperture in two Teflon hydrophobic septum-separated

cells filled with 10 ml of electrolyte.

The process of membrane formation was monitored by

visual observation in transmitted light and by recording the

membrane capacitance. The pictures of the membranes

made in transmitted light were used for calculating the

thickness of the hydrophobic part of the membranes. It

was assumed that the membrane was completed when the

capacitance drift was lower than 10 pF/min. The membrane

resistance was calculated using voltammetric curves

recorded in the range of potential from � 50 to + 50 mV,

applying the least square method. Electrical measurements

were performed using the four-electrode potentiostat-galva-

nostat and four-electrode capacitance meter described in

previous papers [35,36]. The system uses two pairs of Ag/



Fig. 1. Typical chronopotentiometric curves for BLM registered under

different constant currents: (a) 0.005, (b) 0.2 and (c) 2.0 nA. Forming

solution: Chol/PC1 in n-decane. Electrolyte: 0.1 M KCl, HEPES pH= 7.0.
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AgCl electrodes. The experiments were performed at a

temperature of 22F 1 jC.

2.3. Calculation of pore conductance and diameter

The pore conductance Gp was calculated according to the

method described previously [31]. Gp was calculated from

chronopotentiometric curves. This method allows to take

into account the resistance of membranes without pores, and

changes in the membrane capacitance caused by membrane

potential. Pore conductance, presented in Fig. 2, was calcu-

lated according to this method by the computer program for

analysis of chronopotentiometric curves, developed at our

laboratory.

The pore diameter was calculated basing on simplified

assumptions: (a) the shape of the pore is cylindrical; (b) the

pore was filled with the same electrolyte as bulk electrolyte;

(c) the change in the temperature inside the pore, resulting

from the current flow, did not significantly change the pore

conductance.

The pore diameter d was calculated from:

d ¼ 2

ffiffiffiffiffiffiffiffiffi
GpL

jp

r
ð1Þ

where Gp is pore conductance; j is specific conductance of

electrolyte.

In order to calculate the membrane thickness, the spe-

cific capacitance of each membrane was measured. Unfor-

tunately, this method allowed to measure the thickness of

the hydrophobic part of the membrane only. The results

indicate that this thickness changed from about 5.0 nm to

about 3.9 nm for PC- and cholesterol-containing mem-

branes, respectively. According to the literature data

[4,41], thickness of the hydrophilic parts of the membrane

is about 1 nm. While calculating the pore diameter, the

thickness of each membrane (hydrophobic and hydrophilic

parts) was assumed 7 nm for PC- and 5.9 nm for choles-

terol-containing membranes.

The data were processed and analyzed with the computer

program Excel (Microsoft) or Prism (GraphPad Software,

Inc.).
3. Results and discussion

3.1. Chronopotentiometric characteristics of BLM

The chronopotentiometric characteristics (constant-cur-

rent measurements) were registered for the membrane

without and with addition of cholesterol. Fig. 1 shows

typical chronopotentiometric curves registered with differ-

ent constant-currents flowing through bilayer membranes:

(a) 0.005, (b) 0.2 and (c) 2.0 nA. The shape of these curves

strongly depends on the current intensity. At low current

intensity (order of 0.005 nA), the membrane voltage in-
creased within a few seconds, reaching a constant value

(Fig. 1, curve a) described by the Ohm’s law. Higher current

intensity (order of 0.2–0.5 nA) caused a faster increase in

membrane voltage, which after reaching a certain critical

value decreased suddenly (Fig. 1, curve b). The membrane

voltage, however, did not reach the 0 mV value, indicating

that the membrane was not destroyed. Instead, the mem-

brane voltage set at a specific level and the voltage fluctu-

ated around this level. The third region of current intensities

(several nA) represents the currents causing membrane

destruction (irreversible breakdown): a fast voltage increase

is followed by its sudden drop to zero (Fig. 1, curve c). The

chronopotentiometric curves perfectly matched those ob-

served earlier [31,32,37,38]. The highest value of the

potential on curve b (Fig. 1) was interpreted as the potential

at which the reversible breakdown would start (breakdown

potential), e.g. the potential for pore formation. Irregular

opening and closing of one pore under these conditions was

assumed [31]. Fluctuations of the potential registered for

this type of chronopotentiometric curves were interpreted as

the effect of changes in the pore size.

3.2. Influence of cholesterol on breakdown potential

The important feature of our results is the difference in

the breakdown potential between membranes with or

without cholesterol. Cholesterol increased the critical

potential from about 255F 20 mV for PC membranes

to about 280F 25 mV for Chol/PC1 ones and to about

360F 30 mV for Chol/PC2 membranes. This reflects the

stabilizing effect of cholesterol on lipid bilayer mem-

branes. The examples of chronopotentiometric curves

obtained at a current of 0.2 nA for membrane of different

composition are presented in Fig. 2.

The studies described in literature revealed an unclear

picture of the cholesterol influence on the membrane

breakdown voltage. In the work with giant unilamellar

vesicles examined by the aspiration technique, it was



Fig. 2. Chronopotentiometric characteristics (solid line, left axis) of

membranes consisting of: (a) PC, (b) Chol/PC1, (c) Chol/PC2. Electrolyte,

0.1 M KCl, HEPES pH=7.0. After BLM formation, constant intensity

current (0.2 nA) was applied to the membranes. The conductance of a

single pore was calculated from the proper chronopotentiometric curve

(broken line, right axis).
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observed that the breakdown voltage was very high

(more than 1 V) [23,24]. When cholesterol was present

(50 mol%), a considerable increase in the breakdown

voltage was observed. At lower concentration of choles-

terol (up to 29 mol%), under voltage-clamp [6] and

current-clamp conditions [20,21], no change in the break-

down voltage was detected. Our results concern 50 mol%

(Chol/PC1) and 67 mol% (Chol/PC2) concentration of

cholesterol and partly confirm those obtained by the

Needham’s team. The relatively high cholesterol content

in the membranes made the breakdown voltage higher. It
can be concluded, following the results obtained by Raffy

and Teissie [6], that: ‘‘cholesterol has a concentration-

dependent effect on membrane organization’’.

According to the electroporation theory [39], BLM is a

system in a metastable state, containing a fluctuating

population of pores (or defects). The work needed to form

a pore is given by a balance between the energy necessary

to create the edge of the pore (represented by c, the line

tension) and the energy released by the pore surface

(represented by C, the surface energy of the bilayer). The

energy barrier to pore formation is characterized by a

difference in the ability of lipid molecules to pack at the

edge region compared to the planar lipid bilayer. Adding

lisophosphatidylcholine (it has a conical shape) to the

membrane promotes a grater packing ability and decreases

the line tension. Adding cholesterol increases the line

tension [23]. This suggests that cholesterol-containing

BLM should be more resistant to structure ‘‘opening’’ and

(aqueous) pore formation.

Moreover, other factors influencing pore formation

should be taken into account. One of them might be a

delicate balance between the forces presented between the

polar heads, which include electrostatic repulsive and

attractive interactions. It has been suggested that ‘‘the

stronger lateral repulsion of some lipids makes it easier

for pores to be formed’’ [21]. This may indicate that

cholesterol reduces the head group repulsive interactions,

which results in more difficult formation of pores in Chol/

PC1 and Chol/PC2 membranes than in PC ones. Also the

electrostatic interaction between zwitterionic head groups

of lipid heads might be considered as the factor influencing

pore formation. Cholesterol incorporation into PC can

increase the distance between PC molecules [40] because

their heads can lie flatter on the bilayer surface. Hence, the

electrostatic interaction between the positive charge of the

PC head and the negative charge of the adjacent PC might

be facilitated. In turn, this interaction should hamper pore

formation.

3.3. Influence of cholesterol on the pore conductance and

diameter

The chronopotentiometric method was applied in order to

observe the dynamic behaviors of membranes. Fig. 2 shows

an examples of typical chronopotentiometric curves for

membrane formed without (Fig. 2a) or with incorporated

cholesterol (Fig. 2b and c). The current intensity was 0.2 nA.

The shape of the curves representing pore formation and its

fluctuations was similar: a fast voltage increase until reach-

ing a certain, characteristic critical value (breakdown volt-

age), followed by its sudden decrease and oscillations around

the characteristic value. Similar fluctuations have been

observed and described by other authors [20–22,27].

Potential fluctuations are attributed to changes in mem-

brane conductance induced by pore diameter fluctuations

[31]. Our investigations indicate that pore conductance was



Table 1

Conductance and diameter of pores induced in BLM under current-clamp conditions

Current intensity, i (nA) 0.2 0.4 0.6 1.0 1.5 2.0

PC

Level of conductance oscillation, G (nS) 2.10F 0.30 2.94F 0.67 4.35F 1.10 8.10F 0.95 irreversible irreversible

Pore diameter, d (nm) 3.8 4.5 5.5 7.5 breakdown breakdown

Chol/PC1

Level of conductance oscillation, G (nS) 1.90F 0.34 2.53F 0.60 3.75F 0.75 6.93F 0.83 9.4F 0.99 13.10F 1.20

Pore diameter, d (nm) 3.3 3.8 4.7 6.4 7.4 8.7

Chol/PC2

Level of conductance oscillation, G (nS) 1.10F 0.30 2.35F 0.66 _ 6.08F 1.10 7.98F 1.20 irreversible

Pore diameter, d (nm) 2.5 3.7 _ 6.0 6.8 breakdown

Forming solution: phosphatidylcholine in n-decane (PC) or mixture of cholesterol and phosphatidylcholine in n-decane. Molar ratio cholesterol to

phosphatidylcholine was 1:1 (Chol/PC1) or 2:1 (Chol/PC2). Electrolyte: 0.1 M KCl, HEPES pH= 7.0. Each value was calculated as an arithmetic mean and

standard deviation for at least eight membranes.
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affected by the cholesterol content of membranes (Fig. 2,

broken lines). The average level of pore conductance

fluctuations decreased with an increase in the cholesterol

content: 2.1F 0.3 nS for PC, 1.9F 0.3 nS for Chol/PC1,

and 1.1F 0.3 nS for Chol/PC2. The values of pore diameter,

calculated according to Eq. (1) (see Section 2.3), are: 3.8,

3.3, and 2.5 nm for PC, Chol/PC1 and Chol/PC2 mem-

branes, respectively.

Moreover, these experiments show that the conductance

of fluctuating pores generated in Chol/PC1 and Cho/PC2

membranes occasionally reached the value of 0 nS (Fig. 2b
Fig. 3. Influence of cholesterol on pore diameter. The picture shows

longitudinal and cross section of the pore axis. Pores were generated in

membrane consisting of: (a) PC, or (b) mixture of PC and Chol.
and c). This means that the pores could be temporarily

sealed during electroporation. In the case of PC membrane,

this state was not reached very often (Fig. 2a).

Conductance depended on the current flow through the

membrane: higher current intensity caused an increase in

pore conductance (Table 1). The mean diameter of pores

generated in Chol/PC1 under the highest current intensity
Fig. 4. An example of the chronopotentiometric curves registered under

programmable current. The switch causes a shortening of the electrodes and

as a result the membrane potential is forced equal to zero (a). When the

current electrodes are not short-circuited, the flow of constant-current

through the membrane is forced and typical chronopotentiometric curves

are registered (b).
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(i= 2.0 nA) was about 8.7 nm. Such a high value of current

is the reason for irreversible breakdown of PC membranes.

In this case, curves similar to that showed in Fig. 1 (curve c)

were observed. The pores generated in PC membranes had

the maximum diameter of about 7.5 nm (under i= 1 nA) and

could be destroyed under much higher current intensity.

Conductance and diameter of pore given at high current

intensities are relatively high. Reasons of such value can be

explained by possibility of formation of more than one pore

or formation of one large pore. We suppose that the second

reason is more probable. Conditions of pore formation using

the current-clamp method are more ‘‘gentle’’ and pore may

have higher stability by comparison with impulse methods.

The transmembrane potential increases slowly. The creation

of the first pore causes fast decrease of the transmembrane

potential. In turn, this decreases the probability of next pore

creation. The reasons for such interpretation have already

been discussed in details earlier [31]. However, only per-
Fig. 5. Chronopotentiometric characteristics of Chol/PC1 membranes registered un

electrodes for an increasing period of time. Changes in the potential—solid line, le

of cholesterol and phosphatidylcholine (molar ratio 1:1) in n-decane (Chol/PC1). E

were electroporated under current-clamp conditions (i= 0.2 nA). Electroporation
meability measurements with molecules of different diam-

eter could clarify this point.

Our experiments suggest that bilayer membrane contain-

ing cholesterol can be forced to open more widely by

external factors (like electric current in the present experi-

ments) without its destruction. The critical pore radius (at

which the bilayer would rupture) was increased by choles-

terol inclusion. This was reflected by greater bilayer stabil-

ity. Similar conclusions can be found in literature [33].

Other authors found that the membrane becomes more

elastic and more cohesive with cholesterol included [24].

Our results confirm these assumptions.

A significant decrease in conductance was observed

particularly for Chol/PC2 membranes (molar ratio Chol/

PC of about 2), although at higher currents they were more

vulnerable to irreversible breakdown. In this sort of mem-

branes, cholesterol concentration corresponds with its con-

centration in the cortex of the eye lens. It was hypothesized
der programmable current with changeable interruptions for a short circuit of

ft axis; current intensity—broken line, right axis. Forming solution: mixture

lectrolyte: 0.1 M KCl, HEPES pH= 7.0. Before recording both membranes

was prolonged for 20 and 100 s for the a and b membranes, respectively.
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that such a high level of membrane cholesterol content

would result in the appearance of a mosaic of phosphati-

dylcholine and cholesterol patches (domains or rafts)

[7,10]. How may this affect the pore shape and membrane

stability?

The presumptions described in literature [23,33] suggest

that cholesterol, which has a small polar head and a large

hydrophobic part, would not pack well into the highly

curved pore region. It was hypothesized that this may be

the reason for pore diameter reduction in cholesterol-con-

taining membranes. The obtained results confirm this sug-

gestion. The interaction of cholesterol molecules with lipids

in the BLM shifts the distribution of pore diameters towards

smaller values (Table 1, Fig. 3). Under the influence of

cholesterol, membranes become thinner and pores become

smaller.

3.4. Studies of pore resealing using programmable

chronopotentiometry

For a living organism, it is important to regenerate a

membrane, and return it to initial continuous structure after

the external stress disappears. This stress might be, for

example, electroporative opening of the membrane structure

during medical or biotechnological manipulations. In this

work, programmable chronopotentiometry was applied as a

tool for studying pore resealing. During the experiments the

current was consecutively switched on and off, and the time

of current switching on and off was regulated (Fig. 4). The

current electrodes were short-circuited with a view to

forcing potential equal to zero. This method allows, among

other things, to observe gradual (time-dependent) pore

resealing [32]. Surprisingly, no significant dependence of

the time needed to pore resealing on the cholesterol present

in the membranes was observed.

Fig. 5 shows examples of two typical chronopotentio-

metric curves for BLM recorded with programmable inten-

sity of current. Before this recording in both instances pores

had already been generated. Electroporation was prolonged

for 20 and 100 s for membranes a and b, respectively. Fig. 5

(part a) presents an example of curves that may suggest

gradual pore resealing when the time of electrode short-

circuiting is prolonged. The potential on the last chronopo-

tentiometric curve reached approximately the value of the

original breakdown voltage. In other words, the membrane

recovered its initial continuous structure.

Fig. 5 (part b) represents an example of curves showing

not complete recovering of membrane continuous structure.

Breakdown potential did not reach the initial value. The

pore did not seal. This may suggest that the relatively long

time of electroporation (100 s) promotes the creation of

pores that do not close immediately in the lipid bilayer. This

is important as regards the current-clamp method applica-

tions in the future. Prolongation of electroporation can

provide impediment of pore resealing and recovery of the

continuous structure of cell membranes.
4. Concluding remarks

The molecular phenomena responsible for electropora-

tion are still poorly understood, which makes its wider

application hardly possible. It can be concluded that the

chronopotentiometric method of investigation of membrane

electroporation can be successfully used in electroporation

research. The present results and those published earlier

[31,32,37,38] can complement several aspects of electro-

poration. The method for recording of the transmembrane

voltage as a function of time (under current-clamp condi-

tions) and the method for calculation of pore conductance

changes as a function of time have been already developed.

A promising method for membrane recovery observation

has been presented. It was found that changes in the

membrane composition (inclusion of cholesterol) affect its

stability and pore diameter. This seems to be a promising

tool facilitating the investigations of membrane organization

at the molecular level.

Our experiments show that membranes with cholesterol

were more resistant to structure ‘‘opening’’ (pore formation)

than those composed of phosphatidylcholine only. However,

once the pore was opened, it kept the open state in the form

of fluctuating pore. The average conductance and diameter

of Chol/PC1 (or Chol/PC2) pores were smaller than that

generated in PC membrane. It seems to be connected with

the phenomenon of domain formation in membranes con-

taining high concentration of cholesterol. Also, the maxi-

mum pore diameters in Chol/PC1 and Chol/PC2 membranes

were much larger, larger than the membrane thickness. PC

membrane with such pores would be destroyed. Under an

external electric field, the pores formed in Chol/PC1 and

Chol/PC2 could be temporarily closed. However, this state

was not easily reached in PC membranes. The disappear-

ance of the external field diminished the differences men-

tioned above: both types of pores resealed similarly.
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