PHYSICAL REVIEW E VOLUME 58, NUMBER 4 OCTOBER 1998

Influence of surface charges on the rupture of black lipid membranes
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We investigate the influence of surface charges on the rupture of black lipid memiamés Rupture is
induced by short electric voltage pulses across the membrane. The average voltage necessary to induce break-
down gives information on the energy barrier of defect formation. The rapid transmembrane voltage decay
during rupture allows one to evaluate the kinetics of defect widening. The breakdown voltage is about the same
for BLM made of lipids with phosphatidylserine headgroups and for BLM made of lipids with phosphatidyl-
choline headgroups. Moreover, the breakdown voltage is independent of the ionic strength of the aqueous
medium surrounding the BLM. This indicates that the stability of the BLM is not dominated by mutual
electrostatic repulsion of the headgroups. However, the breakdown voltage depends on the type of the hydro-
phobic chains of the lipids. Palmitoyl-oleofPO) membranes require-100-mV smaller breakdown voltages
compared to diphytanoyIDPh) membranes. Surprisingly, the rupture kinetics depends on the hydrocarbon
chains. It was found to be four times faster for DPh than for PO membranes, and independent of the type of
headgroup[S1063-651%98)15210-9

PACS numbsg(s): 87.45-k, 82.65.Dp, 62.20.Mk, 83.50.Lh

INTRODUCTION Currently we investigate the influence of monovalent and
multivalent ions on the rupture process of surface-charged
Electroporation techniques are based on the fact that thELM. Due to the long-range mutual electrostatic repulsion

structural integrity of lipid membranes is affected by electricbetween the net-charged lipid headgroups, one expects these
fields. Detailed investigations concerning this phenomenofineémbranes to have smaller stability and breakdown voltages
were done almost 20 years ago on free-standing planar lipigompared to neutral membranes. The question of whether
membrane$1,2]. It was shown that the application of a cer- these electrostatic repulsive forces significantly alter the sta-
tain voltage causes a sudden and irreversible breakdown &flity of membranes is rather fundamental, as most natural
the membrane. The average voltage necessary to disruptogcurring membranes have net-charged lipids incorporated
membrane is commonly called the breakdown voltage, an@nto the bilayer. These lipids are often accumulated in one
depends on the lipid composition of the membrane. Severdeaflet of the membrane, and cause a intrinsians
models describe the influence afansmembrane electric Mmembrane potential which adds to an externally applied field
fields on the structure and stability of membraf@s8]. The  [13]. The membrane stability depends in this case on the
initial process of membrane rupture is nevertheless still éntrinsic electric field as well as on the mechanical stress
matter of debate. The application of a voltage across a mengaused by the repulsion of the net-charged headgroups. The
brane causes so-called Maxwell stresses on the membrari€pulsion is due to the electric field which acts between the
They act as real forces at the membrane-water boundariegissociated headgroups and their counter ions in the aqueous
and are balanced by mechanical stresses. Experimental ophase. Within Gouy-Chapman theory, this additional steess
servations indicate, however, that the electric-field-induceds described by14]
Maxwell tension is too small to cause membrane rupf@te
More recent models are therefore based on the assumption

that atransmembrane electric field reduces the edge energy 2kT\? eye0

necessary to create a def¢t0,11. = ?) )\Debye[q_ 1] where g=y1+p*,
The equivalency of electric-field-induced stresses with

mechanical applied ones was shown on giant vesicles of se-

lected lipid compositiorf9]. It was demonstrated that both e

externally applied tensile and electrocompressive stresses p=— =
. . . 2¢80kT Debyes
sum up in electroporation experiments. Therefore, electropo- 0
ration experiments contain information on the mechanical
properties of membranes. Black lipid membraf®EM) are

a particularly well suited model membrane system for rup- eweok T\ 12
ture experiments as defect formation can be easily monitored A\ Debye™ (Tez—) :
from the increase of the membrane conductivity during rup- 0
ture[1,3,12.

HerekT is the Boltzmann factorg™* the surface charge den-
sity, e the elementary charge amg the ion concentration.
*FAX: 41-61-267 2189. Electronic address: The surface potential is related to the surface charge density
Winterhalter@ubaclu.unibas.ch by
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2kT Generator
¢=(T)In[q+p]. )

Equation (1) predicts, e.g., for a pure phosphatidylserine
(PS membrane with a surface charge density*
=0.25 A s/nt at a Debye length Ok penye= 1 NM, a surface
potential of about 130 mV and a repulsive tension of about r
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11 mN/m. On the other hand, Needham and Nunn showed
experimentally that most membranes disrupt after applying a
mechanical stress of only 2—6 mN/f5]. On the basis of
Gouy-Chapman theory, it should therefore be impossible to
form stable PS vesicles or BLM in water containisgL00
mM monovalent ions. However, it is a fact that PS vesicles
as well as BLM can be formed readily at these KCl concen- .,
trations. On the other hand, it is known from the literature  window
that surface charges can affect the structure or mechanical
properties of membranes. Calorimetric studies on the influ- ) ) _
ence ofpH on the phase transition temperature of selected /G- 1. Scheme of the charge-pulse instrumentation to induce
lipid dispersions indicate for example that high surfaceand record irreversible breakdown of planar lipid membranes.
charge densities in membranes lower their phase transition
temperaturd16—1§. glycero-3-phosphocholine (POPQ, and 1-palmitoyl-2-

Here, we direct our attention to the rupture kinetics ofoleoyl-snrglycero-3tphospho-L-serine  (POPS  were
BLM. Recently, we adapted an electroporation methodPurchased from Avanti Polar LipidéAlabaster, Alabama
which allows one to follow the defect widening with a time With purity >99%, and used without further purification. The
resolution of about lus [3,19. In this method, we apply €lectrolyte contained ion-exchanged waté@iANOpure,
single short voltage pulses across the lipid membrane an@arnsteagiwith specific resistance-17 M) cm and speci-
record the voltage decay after each pulse. By increasing thiéed amounts of KClpro analys) from Merck (Darmstadt,
voltage in small steps, we induce single defects which inGermany. The membrane forming solution contained 1-
crease in size or reseal depending on the size of the initigVt % lipid in n-decane(Fluka). In the case of POPS, we
defect. The time course of the voltage decay allows concluadded small amounts of 1-butanol p.a. from Merck for better
sion on the kinetics of the defect widening. Previous invesSolubilization of the lipids to the membrane forming solu-
tigations on pure lipid bilayers showed a linear increase ofion. The solution used for prepainting contained 1-wt %
conductance with timg3,19]. From this increase, radial pore lipid in chloroform(p.a) obtained from Merck. In one set of
widening velocities in the range of 0.1-0.3 m/s could pecontrol experiments we varied the water activity by dissolv-
obtained. According to our model, the linear increase of pordnd 8 M urea(Merck) or 10-wt % polyethylene-glycol 2000
radius in time indicates that the pore widening kinetics is(Fluka in the electrolyte.
determined by the inertia of the filil9]. Recently, we dem-
onstrated that diverse high molecular weight polymers which
decorate the surface of BLM reduce significantly the rupture
velocity of the membranes. For exampleactin polymerized BLM of ~1-mm diameter were formed according to
on stearylamine-containing membranes reduced the ruptufdueller et al. [21]. Briefly, a Teflon cuvette containing two
velocity several orders of magnitudi20]. The radius of the chambers was prepainted around the hole connecting both
pores induced in such membranes increases exponentialfpambers with about Ll of the prepainting solution. After
instead of linearly in time. This allows the determination of allowing 20 min for drying, each chamber was filled with
the two-dimensional shear viscosity of the decorated mem> ml electrolyte. 1ul of the membrane forming solution was
branes. A change in the rupture behavior was also observeiPread on a Teflon loop and painted across the hole, leading
on negatively charged membranes by decoration with polylto & separation of both chambers by a lipid membrane. The
ysine. With an increasing degree of polymerization of thethinning of the membrane could be observed trough a glass
polyelectrolyte, both the rupture kinetics and the breakdowrvindow in the front side of the cuvette by a microscope
voltage of the decorated BLM became significantly smalled60-fold magnification
[13].

In the present study, we compare the rupture behavior of Electroporation setup
negatively charged membranes to the rupture behavior of
Zwitter-ionic membranes for different ionic strengths of the

aqueous surrounding. Finally, we discuss the rupture kineticghown in Fig. 1. The Ag/AgC! electrode in theans com-
of the different membranes with respect to the validity of Ourpartment is connected to a fast pulse generéektronix

model assumptions. PG 507 through a dioddreverse resistangel0'* ). The
voltage between theis andtranselectrodes is recorded on a
MATERIALS AND METHOD - .
S oS digital storage oscilloscopg.eCroy 9354A.
Diphytanoyl-phosphatidylcholinéDPhPQ, diphytanoyl- Prior to rupture, the membrane capacitance is determined
phosphatidylserine (DPhPS,  1-palmitoyl-2-oleoylsnt by charging the BLM with a rectangular pulse of 48-du-

Black
Lipid
1 Membrane

Black lipid membranes

Membrane rupture was initiated with the charge-pulse
method described in Refl19]. The experimental setup is
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ration to a voltage of about 100 mV. The value of the mem-writes I' j4=I"—g,£0U%27, and the effective tensiow
brane capacitance is calculated from R@time constant of =g—gg,U%2d. Here ¢,, is the dielectric constant of the
the exponential discharge process of the membrane acroggueous phase, the dielectric constant of the lipid phase,
the 10-M) resistance of the passive oscilloscope probe. Arg the permittivity of the vacuum andthe membrane thick-
irreversible breakdown is initiated by charging the mem-ness. For a typical breakdown voltage of about 500 mV, the
brane with rectangular 250—-800-mV voltage pulses ofi$0- external electric field decreases mainly the edge energy, and
duration. In order to avoid formation of multiple pores, we only slightly the surface tensio28].
start to charge the membrane with a small voltage of 250 Qur interpretation of rupture kinetics data is based on the
mV. Then we raise the applied voltage in 20-mV steps, apassumption that the voltage pulses trigger only the formation
plying at least five pulses per step until the membrane dispf one pore. We derived this conclusion from the following
rupts. In a typical rupture experiment about 20—-200 pulsegbservations19]. Repeated determination of the conduc-
are applied prior to membrane rupture. tance increase during membrane rupture under the same con-
As long as the defect is small relative to the total area ofjitions yields a distribution around a minimal value, and
the membrane, the bilayer capacitance can be considered gfltiples of it. In a few cases we observed a sudden dou-
constant. Under this assumption the membrane Conductangﬁng of the conductance increase during membrane rupture.

G(t) can be calculated vigL9] This we interpreted as the occurrence of a second pore dur-
ing the rupture process. If the conductance increase is due to
[(t) 1 do(t) 1 —d(C-U(t) the widening of a large number of pores, no distinct minimal
G(t)= U = Ut dt = u®) dt value but rather a wide distribution should be observed.
Moreover, we observe a very broad distribution of the delay
—C dU(t) dIn U(t) between the end of the applied rectangular voltage pulse and
= U(t) dt == dt (2 membrane rupture. This again suggests rather a single event
than the formation of many pores.
wherel (1) is the discharge current over the defad(t) the In case of a single pore, this pore has a large radius rela-

transmembrane voltageQ(t) the charge excess on one side tive to the membrane thickness. Under these conditions the
of the membrane, an@ the membrane capacitance. The mi- conductances,,{t) of a pore can be approximated by the

nus sign indicates discharging of the membrane. inverse access resistance
THEORETICAL BACKGROUND 1
The mechanical breakdown of a lipid membrane can be Cpod )= RporeZZKa(t)’ @

understood as an activated procgks,22,23. In absence of
an electrical field, thermal fluctuations may cause statisti- ) . .
cally pores with radiug. The further widening or resealing Whereé« is the specific conductivity of the electroly[@9].
of such a pore is determined by two opposite energy contriJ e above equation relates the time dependence of the pore
butions: conductance to that of the pore radius. In case of a noncir-
cular defect or multiple pores, the model approximates the
) total area of the defects with an equivalent circular area of
Epore=2mal’ —ma“c. (3 radiusa. In the special case of the formation of a single
circular defect in the membrane this equivalent radius is
equal to the radius of the pore.
The pore widening in undecorated BLM is driven by the
rface tension and is limited by the inertia of the film
[19,30. The viscosity of the lipid film can in most cases be
neglected. Balancing the decrease in elastic energy by inertia
%nd dissipation during the widening of the pore yields the
following time dependence for the pore radius:

The first term of Eq.(3) describes the energy which is re-

quired to cut intermolecular links and to form a circular

edge. The energy necessary for this process is proportional gh

the length of the defect2a. The material property for this

process is called the edge enelgyThe second term in the

equation is the energy gained by the widening of the por

due to the surface tensien The first derivative oE ;. with

respect toa gives the forces determining the defect forma-

tion. Balancing the forces, one easily finds that pores with

radii smaller than the critical radiua* =I"/o will reseal, b\ L2

while pores with radii larger thaa* will increase in size. a(t)=<—) t=at, (5)

The critical radiusa* can be estimated to be 5 nm, if the dp

surface tension is assumed to dbe=2x 103 N/m, and the

edge energy’=10 1! N [24-27. where @ is a dimensionless parameter depending on un-
In our experiments, we apply short voltage pulses across enown material flow as well as on dissipation effegisep-

BLM which induce surface charges at the lipid-water inter-resents the lipid densityd the thickness of the film, and

face. The Maxwell stresses due to the voltage pulses ardae radial velocity of the pore widening. In our experimental

quadratically dependent on the applied voltage. It could besetup, we can detect a pore only from the moment when the

shown that in the presence of electric fields, the structure ainembrane resistance becomes smaller than € Rk the

Eq. (3) can be conserved if the edge enelggnd the surface conductance of the pore is much larger than that of the intact

tensiono are replaced by effective quantities containing themembrane, we can equate in a good approximation the con-

electric field contribution[28]. The effective edge energy ductance of the membrar@ with the conductance of the
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0.6 TABLE I. Overview of the breakdown voltages, membrane ca-
A pacitance, and rupture velocities of DPhPS membranes after chlo-
/\-a...,,,\ roform prepainting of the cuvette. The agueous medium contained
04 10 mM KCI; T=295 K.
S
E Membrane
2 02 Breakdown voltage capacitance Rupture velocity
>
630 mV 0.62 nF 25 cmls
\ 615 mV 0.71 nF 21 cm/s
0 480 mv 0.71 nF 23 cmis
600 mV 0.72 nF 14 cmls
B . / 710 mV 0.72 nF 17 cm/s
0.6 X 650 mV 0.78 nF 23 cm/s
A ) 600 mV 0.84 nF 23 cm/s
%04 \ 690 mV 1.04 nF 12 cm/s
5 400 mV 1.05 nF 17 cm/s
g 470 mV 1.05 nF 22 cm/s
5 02
0 age pulse and the onset of the superexponential decay of the
voltage curve. The second quantity is the breakdown voltage
0.1 0 01 02 03 causing irreversible rupture of the membrane. As the break-

Time (ms) down voltage we define the amplitude of the voltage shortly
after the pulse when the voltage decay starts to followR@e

electric-field-induced irreversible rupture of a DPhPS membrane irpeha\”or' In Fig. 2, C“f"e A, for example, a breakd.ovyn volt-

100-mM KCI. The length of the applied voltage pulse wasp ) age of abouF 480 mV is read. A.S a third characteristic quan-
The aqueous phase contained 100-mM KC# 295 K. (Curve B) tity, we obtain the conductance increase due to defect forma-
time course of the membrane conductance calculated from the volfion By analyzing the voltage versus time curves according to

age curveA. The symbols indicate the experimental data. The solidEd- (2) (compare curved andB of Fig. 2). As expected, the
line is a linear fit. time course of the conductance of all membranes investi-

gated in this study showed a linear increase during rupture.

FIG. 2. (Curve A) time course of the membrane voltage during

pore Gyore. A combination of Eqgs(2), (4), and (5) then
yields the following expression for the radial rupture veloc-

ity:

Influence of the membrane preparation on the breakdown
voltage, rupture kinetics, and capacitance of BLM

First we investigated the influence of the prepainting on
the rupture process of BLM. In one set of experiments, for

a= —C ) (6)  the prepainting we usedtdecane as the solvent for DPhPS.
2 i In U(t) In the case oih-decane prepainting, optical observation of
dt the BLM revealed in most cases at their rim light-reflecting

areas of silvery appearance. Prolonged waiting times or ap-
plication of a series of voltage pulses did not cause the sil-
very edges to disappear. Light-reflecting areas were not ob-
A typical time course of théransmembrane voltage dur- served in membranes where the prepainting was done with
ing rupture is shown in Fig. 2, curv& The membrane was DPhPS in chloroform. The capacitance of membranes
made of DPhPS in an aqueous phase containing 0.1 M KCformed using chloroform prepainting was abou0.8 nF.
An externally applied voltage pulse charged the membran&embranes formed using-decane prepainting showed half
during 10us to atransmembrane voltage of about 540 mV. of this capacitance for the same hole sizes. This is under-
This stage is followed for about 2@s by a steep, not well standable as the capacitance is proportional to the membrane
understood voltage drop. This nonideal region is followed byarea. This finding is important for the evaluation of the in-
an exponential decay of the voltage due to discharging of thuence of the membrane capacity on the rupture behavior of
membrane via the parallel 10Mresistance of the passive BLM.
oscilloscope probe. In this region tRECtime constant yields We triggered rupture of these membranes as described
information on the capacitance of the membrane. The defe@bove. Tables | and Il give an overview about the experi-
formation is seen in curvA by a sharp kink after about 0.13 mental results obtained for chloroform amddecane pre-
ms. This kink is followed by a superexponential voltage de-painted cuvettes. Interestingly, the breakdown voltages and
cay indicating the rupture of the membrane. the rupture velocities show no significant dependence on the
From this curve three different quantities can be determembrane capacitance. This finding, together with the opti-
mined. The first one is the so-called delay time, which is thecal appearances of the membranes, suggests that the defects
time interval between the end of the externally applied volt-are preferentially formed in thin film regions and not in

EXPERIMENTAL RESULTS AND DISCUSSION
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TABLE II. Overview of the membrane capacitance, breakdown TABLE V. Average rupture velocities of POPC, POPS,
voltages, and rupture velocities of DPhPS membranes after DPhPC, and DPhPS membranes in aqueous media containing dif-
decane prepainting. The aqueous medium contained 10 mM KCFerent KCI concentrationst =295 K. The number of experiments

T=295K. are indicated in the brackets. Errors given are standard errors.
Membrane Average rupture Average rupture Average rupture
Breakdown voltage capacitance Rupture velocity velocity velocity velocity
Lipid 2 M KCI 100 mM KCI 10 mM KClI
525 mV 0.30 nF 22 cmls
487 mV 0.31 nF 21 cm/s POPC 81cm/s(10) 5=+1cm/s(15 5+0.5 cm/s(10)
550 mV 0.33 nF 20 cm/s POPS 141cm/s(12) 51 cm/s(16) 5+2 cm/s(12)
494 mV 0.34 nF 27 cm/s DPhPC 33%2cm/s(15 19+2 cm/s(20) 20*+4 cm/s(15)
587 mV 0.35 nF 20 cm/s DPhPS 433cm/s(15 20*+1.5cm/s(40) 20+2 cm/s(20)
506 mV 0.40 nF 22 cmls
525 mVv 0.54 nF 20 cm/s
581 mv 0.55 nF 24 cm/s smaller experimental ones. In literature, pure PS vesicles are
610 mv 0.60 nF 60 cm/s reported to have typical surface potentials of about 60 mV in

the presence of 100 mM KCI, and of about 120 mV in the
presence of 10 mM KC[31,32. However, these values

: : ield still an additional repulsive tension of about 5.6 mN/m
thick regions at the edges of the membranes. Note that t 31 100 mM KCl, or 5.2 mN/m for 10 mM KCI. According

breakdown voltages and rupture velocities also show no sig- o . e :
nificant correlation. % the finding of Ref.[15], this additional surface tension

should still cause the rupture of most membranes, or should
at least decrease their breakdown voltage significantly.
Therefore from our experimental data it must be concluded
of PC and PS membranes that the stability of PS BLM is dominated by others than
We recorded the rupture of DPhPS, DPhPC, POPS, anelectrostatic forces.
POPC membranes in water containing KCl in concentrations
ranging from 10 mM to 3 M. The average breakdown volt- Influence of ionic strength on the rupture velocity
ages of the membranes are summarized in Table Ill. For DPh The rupture kineti  th b vzed ac-
membranes, the average breakdown voltages were about 540 . pture Kinetics of the membranes was ana'yzed ac
mV. Surprisingly, neither the negatively charged PS mem-CorOIIng to Eqs(4)—(€_5). To evaluate th_e_rupture velocities
brane nor the zwitterionic phosphatidylcholiteC) mem- W?v'u;g? ihj é(/)"mfmnglgo%u'kw?o}?guTrgy's/O'1fi18|</|me8|r 10
brane show a significant dependence on the ionic strength 96 S/nyw f&, 5 Mnglr and ;ng s/m f'03 M KCnI][lg] DPhPé
the subphase. The breakdown voltages of palmitoyl-oleoy! ™ R S -
(PO) membranes are smaller than those of DPh membrane r DPhPC membranes display very S|m|Ia_r_rupture velocities
PO lipids show,m 2 M KCI, breakdown voltages about 50 able 1V). In 10 and 100 mM KCI,_veIocmes of about 20.
mV smaller, and at the two lower ion concentrations valuescm/ s are detected. Therefore, the influence of the negative
about 100 mV smaller. Again it is interesting to note that_surfacg charge of .DPhPS. membranes on the pore andF‘Ct'V'
POPS and POPC membranes also have rather similar break? during rupture is negligible. Th(_a pore Wldenmg.kmeucs
down voltages at a given ionic strength. of POPS and POPC membranes is also very similar. How-

The negligible influence of the ionic strength and head-Eve" there are two striking observations. First, DPh mem-

group contradicts the prediction based on the Gouybranes are disrupted with fourfold higher apparent velocities

. . . L than PO membranes. This is surprising as PO and DPh bi-
Chapman theory given in Edl). This deviation becomes . ) .
less pronounced upon replacing the theoretically predicte!}ayers should have a similar thickness and density and hence

; ; . ; Similar inertia. On basis of our model, one should therefore
surface potential§see Introduction with the considerably expect equal rupture velocities for the investigated mem-

branes on the condition that the paramebewhich depends

TABLE Il Average breakdown voltages of POPC, POPS, gn the unknown material flow and dissipation effects is the
DPhPC, and DPhPS membranes in aqueous media containing déxme for PO and DPh membranes.

ferent KCI concentrations] =295 K. The number of experiments In our model we assume the formation of a defect of

are indicated in the brackets. Errors given are standard errors. circular shape. If more than one defect or noncircular shaped
defect occur, our velocity represents an apparent rupture ve-

Influence of the ionic strength on the breakdown voltages

Average Average Average locity. Within our model approach the shape of the defects is
breakdown breakdown breakdown . . .
therefore inseparable from the rupture velocity. Recent in-
voltage voltage voltage S . .
2 M KCl 100 mM KCl 10 mM KCl vestigation on soap films revealed star-shaped defects in the

fast disrupting soap filmig33,34]. Therefore the formation of
POPC 45%7mV (100 400+6mV (15 420+23 mV(10) noncircular defects in fast disrupting BLM seems possible.
POPS 48820mV (12 410+20mV(16) 435+25mV (12 Moreover, taking the similar membrane capacitance of our
DPhPC 527#12mV (15 546+15mV (20) 565+25 mV (15) DPh and PO membranes into account, it also seems very

DPhPS 52525mV (15 530+15mV (400 530+25 mV (20) reasonable that these two membranes do not only have dif-
ferent mechanical properties, as indicated by their break-
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FIG. 3. Average rupture velocities of DPhPS and DPhPC mem- =)
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branes. The aqueous phase contained KCI concentrations between
10 mM and 3 M;T=295 K. Note that the KCI concentration is
plotted on a logarithmic scale.

down voltages, but may also form differently shaped defects 2
while they disrupt. As the widening of a star-shaped defect
dissipates more energy than the widening of a circular- 155354050 60 70
shaped ong35], the finding of different rupture velocities in
membranes of different mechanical stability seems plausible.
With respect to our experiments, these considerations sug- r|G. 4. Distribution of the rupture velocities of DPhPS mem-
gest that PO membranes form, upon electroporation, defectganes in bulk media of different ionic strength. Histograrshows
which do have more serrated edges than DPh membranesthe frequency of the rupture events as a function of the rupture
A second striking observation is the increase in the rupvelocity for 10 mM KClI, histogranB for 100 mM KClI, histogram
ture velocity at higher ionic strength, which was observed forC for 1 M KCI, histogramD for 2 M KClI, and histogrant for 3 M
all lipids investigated in this study. In Fig. 3, we show the KCI; T=295K.
increasing rupture velocity for DPh membranes as a functiof o e discharge. This would lead to an apparent slower rup-
of the bulk KCI concentrations. This increase cannot be atyre at low ionic strength, as observed in our experiments.
tributed to a more frequent formation of multiple pores in

Rupture Velocity (cm/s)

media of high ionic strength, since the histograms of the CONCLUSIONS
rupture velocities show a narrow distribution of the rupture
velocities for all ionic strengths investigatédompare Fig. We have shown that the breakdown voltages of BLM

4). As the ionic strength increases, the velocities are shifteformed of negatively charged PS and zwitterionic PC lipids
to higher values. One might think that the ionic strength-&ré not significantly different. Moreover, the breakdown
dependent time window of our method causes the changes }ff!tages of PS membranes are the same in the presence of
rupture velocities. We can detect the pore opening only up tg20 and 10 mM KCI. These experimental observations sug-
the point where théransmembrane voltage decays to zero gest that the electrostatic repulsion of serine headgroups does

I : t cause a significant additional stress in POPS and DPhPS
At low ionic strength the membrane discharges slowly, and'®
the pore widening can be followed during a longer period inmembranes compared to POPC or DPhPC membranes. On

comparison to high ionic strength. The time window to E:g otherbhand, |_n?ertlr:1g gxper|g1hental surtfr(]ace potendt!atls of
record the kinetic of the breakdown in 10 mM KCI contain- ir rr]ne:nt r?r:estrm 0 eth ct)ut{l rr?prrr?t?rnn eor?]/ prlg Idﬁsr sct)
ing water is about several 1Q@s, whereas it is reduced to strong lateral stresses, that the membranes shou Sfupt.

10,45 n 3 W KCI containing water. Close inspecton of 1" P1e0clon o1 ciear contiest o o obseratons,
the conductivity curves, however, revealed constant slopes 9 99

for all time intervals. In other words no decrease of the rup-ger intermolecular links in DPh membranes compared to PO

ture velocities could be observed at longer times. membranes. The analysis of the d'SCharge process during
Another explanation could be that high KCI Concentra-membr"’me rupture suggests, on the basis of our model, ap-

tions perturbate the water structure around the lipid headpD?Drﬁmly sLnaIIer p_cFLe_: v(\gl_denmg Veloc't'?j ;ordPO tth?r? f?r
groups. To check this possibility, we performed control ex- membranes. This discrepancy could be due to the for-

periments with other substances acting on the water activit)I,natlon of differently shaped defects in both membranes.

e.g., polyethylene-glycol 2000 anl 8 M urea. In contrast to

high KCI concentrations, these two substances decreased the ACKNOWLEDGMENTS
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