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ABSTRACT The effects of a nonionic surfactant, octaethyleneglycol mono n-dodecyl ether (C,,Eg), on the electroporation
of planar bilayer lipid membranes made of the synthetic lipid 1-pamitoyl 2-oleoyl phosphatidylcholine (POPC), was studied.
High-amplitude (~100-450 mV) rectangular voltage pulses were used to electroporate the bilayers, followed by a prolonged,
low-amplitude (~65 mV) voltage clamp to monitor the ensuing changes in transmembrane conductance. The electroporation
thresholds of the membranes were found for rectangular voltage pulses of given durations. The strength-duration relationship
was determined over a range from 10 us to 10 s. The addition of C,,E5 at concentrations of 0.1, 1, and 10 uM to the bath
surrounding the membranes decreased the electroporation threshold monotonically with concentration for all durations (p <
0.0001). The decrease from control values ranged from 10% to 40%, depending on surfactant concentration and pulse
duration. For a 10-us pulse, the transmembrane conductance 150 us after electroporation (G,5) increased monotonically
with the surfactant concentration (p = 0.007 for 10 uM C,,Eg). These findings suggest that C,,Eg incorporates into POPC
bilayers, allowing electroporation at lower intensities and/or shorter durations, and demonstrate that surfactants can be used
to manipulate the electroporation threshold of lipid bilayers.

INTRODUCTION

A lipid membrane, whether cellular or artificial, can be transmembrane potential acts to reduce the energy barrier
made highly permeable and undergo a loss of integrity wheifor the formation of critical pores in the membrane (Weaver
exposed to a high-intensity transmembrane potential (Neuand Chizmadzhev, 1996; Abidor et al., 1979; Weaver,
mann et al., 1989). The high potential can cause biomem1995). This approach relates the probability of critical pore
branes to enter a state of reversible electrical breakdowformation to membrane physical properties such as surface
(REB) that is highly permeable to ions and macromoleculesension, line tension, and transmembrane voltage via an
(Neumann and Rosenheck, 1972), or cause artificial planaissumed formulation for the free energy of the bilayer. In
bilayer lipid membranes (BLMs) to undergo either REB the current study, the transmembrane potential required to
or rupture (Tsong, 1991). This phenomenon is known asupture a bilayer for a given waveform and membrane
electroporation. composition is referred to as the electroporation threshold.
The physicochemical basis of electroporation is yet to be Electroporation has been utilized in biotechnology. It is
resolved, but there have been numerous theoretical studiesommonly used for gene transfection (Wolf et al., 1994),
Most investigations invoke one of two mechanisms to demembrane protein insertion (Mouneimne et al., 1989), and
scribe electroporation. The first mechanism is based on ajection of normally membrane-impermeant molecules into
electromechanical instability, first proposed by Crowley cells (Sixou and Teissie, 1992; Neumann and Rosenheck,
(1973), stating that the membrane electroporates at a criticalg72). Electrofusion of cells is most efficient after the
field strength dependent on membrane physical propertiegectroporation of the cell membranes (Hui et al., 1996;
As reviewed by Zimmermann (1982), those theories thaleymann et al., 1989). Electroporation also enhances the
assume an isotropic membrane predict a critical fieldsffectiveness of drugs, especially anticancer drugs
strength that is of the correct magnitude, but a thiCk”es%Miklavcic et al., 1997; Mir, 1994), and has promise in
change owing to electrocomprgssion thgt is unrealisticallf;gnsdermal drug delivery (Prausnitz et al., 1993).
large (Crowley, 1973). These discrepancies can be resolved ity such applications in mind, there is clearly interest in
by assuming the membrane to be anisotropic in its elastigyying electroporation to living tissue. However, the high-
response to deformation and shear (Maldarelli and Stebgyensity fields needed for electroporation can have unde-
1992). Another mechanism, based on nucleation theorygie side effects. In vivo, there is often irreversible damage
considers electroporation as a stochastic process in WhICht8 the exposed cells and tissue by Joule heating (Lee and
Kolodney, 1987). Increasing electric fields in vitro dimin-
, — o ishes cell survival rates (Gabriel and Teissie, 1995; Wolf et
Received for publication 12 January 1998 and in final form 12 May 1998.a|_, 1994). A means of increasing a cell membrane’s sus-
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efficacy of electroporation is a chemical modification of the and Tsong, 1977; Sharma et al., 1996). Changing membrane

cell membranes. For example, the addition of the triblockcomposition and stimulus intensity can also change the time

copolymer poloxamer 188 to the membrane raises the elescales and relative contributions of these two phases

troporation threshold of a given waveform (Sharma et al.(Sharma et al., 1996).

1996) and promotes postelectroporation wound healing In this study, the effect of a monodisperse surfactant,

(Lee et al., 1992). Adding smaller surfactants that adsort,.Eg, on the electroporation of a pure POPC lipid bilayer

into the membrane to lower the electroporation thresholdvas investigated. The electroporation threshold was found

may be another such manipulation, and was the goal of thifor each duration of the rectangular pulses used, and

study. changes in these thresholds were recorded for each surfac-
Surfactants are widely used as agents to interact witliant concentration. The characteristic time scales for mem-

membranes. Being amphiphilic, surfactants tend to adsorbrane rupture were also found as a function of surfactant

to membranes and interfaces, reduce surface tensions, andncentration and stimulus amplitude.

above the critical micellar concentration (CMC) form mi-

celles. Polyoxyethylene alcohols (&) are a synthetic

group of nonionic surfactants. They contain an aliphatitMATERIALS AND METHODS

hydrocarbon tai, Q and a hydrOph"IC headgroup of The lipid 1-pamitoyl 2-oleoyl phosphatidylcholine (POPC) was obtained

oxyethylene units, (OCKCH,),,-OH. The polyoxyethylene (avanti Polar Lipids, Alabaster, AL) either in a solution of 10 mg/ml in
alcohol octaethyleneglycoh-monododecy! ether (GEg) chloroform, or in powder form, from which a solution of 10 mg/mlin a 9:1
was used in this study in concentrations under its CMCmixture of hexane and ethanol was made. Octaethyleneglycol meno
; : ; S dodecyl ether (CEg) was obtained in crystal form (Barnet Products
which is 71 uM (Garrett and Grisham, 1995; Lin et al.,
1997). Thi factant | ¢ into linid _bil Corporation, Englewood Cliffs, NJ) via Nikko Chemicals (Tokyo, Japan).
)' IS Surfactant Incorporates m_ 0 !pl llayers Deionized water, filtered to remove organic impurities, with a resistivity of
(Heerklotz et al., 1996). The BLMs used in this study were;g ma-cm, was used to make all solutions and in all cleaning procedures.
composed of a single lipid, 1-pamitoyl 2-oleoyl phosphati- Planar bilayers were formed by the folding method (Ehrlich, 1992)
i i iffi i i i ix- across a circular hole 1 in diameter. The hole was formed in a 2
dylcholine (POPC), to avoid difficulties inherent with mix
tures of |ipidS in regard to experimental reproducibility thick Teflon sheet by a high-voltage electrical discharge across the sheet.
POPC i itterionic lipid d tit t ." The experimental setup was similar to that used previously (Sharma et al.,
. ' IS a zwitterionic lipid and a common constituen Ir?1996), except that the lipid bilayer chamber was made of Teflon, and
biological membranes (Garrett and Grisham, 1995), and, iQeveral improvements were made in its design (Fig. 1). The advantage of
isolation, prefers to exist in the bilayer state (Israelachvili,Teflon as the chamber material was its high resistance to chemicals,
1985)_ allowing the use of strong solvents and cleaning agents. Other improve-
The electroporation threshold at which a |ipid membranements of the chamber included the tapering of the walls leading to the hole,
ruotures has been shown to depend on the bilaver com rgsulting in a lower dependence of stray capacitance on the level of the
p p y . p(golution; electrode insertion from the side, allowing the electrodes to
sition (Needham and Hochmuth, 1989; Qhernomordlk et al.semain below the solution level: and insertion of a glass window for easy
1987; Sharma et al., 1996), the duration of the stimulusiewing of the hole.
(Abidor et al., 1979), and other stresses in the bilayer The chamber was soaked in sulfuric acid between experiments, rinsed
; with running water, and allowed to dry before each use. Before being
(Needham and Hochmuth, 1989). During BLM rupture, the
t b duct . il it h t mounted in the chamber, the Teflon sheet was washed under running water,
ransmembrane conductance increases until it reaches f‘g% ked in ethanol, washed with water again, and submerged in chloroform
of a membrane-free state. The process often has two or Mogg;: at least 20 min after drying. The four electrodes for the stimuli and

phases with different characteristic time constants (Kinositaneasurements of current and voltage were placed in agar bridges and

Vin
FIGURE 1 Schematic of the experimental setup. e
The Teflon sheet was mounted in the Teflon bilayer Almﬁ

chamber such that the hole on which BLMs were
formed was exposed to the bath solution. The setup
employed four Ag-AgCl electrodes, inserted via agar
bridges below the solution level. Two of these elec-
trodes were used to measure transmembrane voltage
(V) via a high-impedance differential amplifier, and
the remaining two electrodes were used to apply volt-
age pulses across the membrane and measure trans-
membrane current (). The analog switch isolated the
membrane from the voltage source after the applica-
tion of a pulse and allowed membrane voltage to
decay through an external 1Mresistor R). The
glass window allowed easy viewing of the hole during
membrane formation.
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mounted in the chamber. The agar bridges were made from glass pipettesncentration as a discrete factor. Thevalues of less than 0.05 were
and filled with a gel consisting of 2% agarose (Sigma Chemical Companyconsidered significant for rejection of the null hypothesis.
St. Louis, MO) h 3 M KCI.
Both sides of the hole in the Teflon sheet were treated first wijth af
the 10 mg/ml lipid solution, which made it possible to form more stable RESULTS
bilayers. After the lipid solvent completely evaporated, the hole was treated .
with 1-2 ! of hexadecane (30% in pentane) on each side. Each compart! N€ first parameter compared for control anghf,-treated
ment was filled to just below the hole-(L.5 ml) with salt solution (100 ~membranes was capacitance. The specific capacitéhge (

mM KCl, 10 mM HEPES, pH 7.40). A drop of gl of the lipid solution  of control membranes was measured to be :59.15

was carefully deposited on each side of the chamber and allowed to sprefal-glz/cnf (n = 25). TheC,, values for membranes treated
. sp

over the aqueous-air interface for at least 15 min. To form a bilayer, the . o+ _ + _
solution level in both compartments was carefully raised to the same heigh\fvIth Ci2Eg were 0.60+ 0.12 (1 = 10), 0.57= 0.16 @ =

just above the hole, to eliminate any hydrostatic pressures exerted on tht0), and 0-6&.0-11N«F/sz (n=10) fO_r Q.l, 1, gnd 1M
membrane caused by differences in solution levels. After a bilayer wadC,,Eg, respectively, and were not statistically different from
ruptured by irreversible electroporation, a new one was formed by loweringcontrol values.

the solution levels below the hole, and then raising them again. All A typical current trace of a subthreshold voItage pulse

experiments were performed at room temperature (22—24°C). . . .
The membrane capacitandg,() and stray capacitance of the circuitry, and clamp (Fig. %) had only capacitive spikes at the two

chamber, and sheet were measured from charge pulse traces as previou¥gltage step changes. The intact membrane was highly
described (Sharma et al., 1996). The system was pulsed fors1®t an  iImpermeable to ions and therefore had negligible conduc-
amplitude below the electroporation threshold, usually 300 mV or lesstance. In contrast, when a pulse was of high enough ampli-
Specific capacitanceC) was estimated for the first three or four mem- t,de and Iong enough duration to elicit electroporation, the

branes of each experiment by dividi@y, by the membrane surface area, - : . .
7.79% 107° cmP. The membrane was assumed to span 90% of the area 0?urrent trace was seen (o rise during or immediately after

the hole (8.66x 10°5 cnP), with the remaining 10% of the hole area the pulse (Fig. B). This current rise indicated the increas-
occupied by the torus of solvent that supports the membrane. ing conductance as the membrane ruptured.
A voltage pulse was used to electroporate the membranes. This pulse
lasted for one of seven durations that varied by factors of 10 over the range
of 10 us to 10 s. The amplitude was incremented in steps of 5-10 mV from
an initial subthreshold intensity; 80 mV below the expected threshold for A

the solution conditions and pulse duration used, until electroporation took 8r
place. The expected threshold was determined either from data from 6l
previous experiments or by stimulating a membrane with pulses in coarser <
increments of~25 mV. This made it possible to subject membranes to =2 4l
approximately the same number of pulses before electroporation occurred. €
The voltage that caused electroporation was recorded as the electroporation "t’ ol
threshold of that membrane. Immediately after the pulse the membrane was 8
clamped to~65 mV for the duration of the pulse or for 5@, whichever 0 bomed
was greater. The purpose of the clamp was to record the conductance rise
of the ruptured membranes, calculated as the transmembrane cligjent ( 2 . L : . s
divided by the transmembrane voltagé,f. The time between the begin- 0 50 100 150 200
ning of the pulse and the onset of the conductance rise was defined as the
latency time. The conductance rise after thep®pulses was also char-
acterized by the paramet&; s, which was the transmembrane conduc- B
tance 150us after the onset of the pulse. Because the resistance of the 8-
membrane decreased dramatically upon rupture, the transmembrane con-
ductance had to be corrected for the hole conductance (see Appendix). The 6L
conductance of the bare hole was recorded by applying the low-intensity <
voltage clamp after membrane rupture. 2 4t
All membranes were checked for stability with subthreshold pulses for €
at least 5 min before experimentation. Before each experiment, at least five g 2t
bilayers were formed and monitored for threshold reproducibility and 8
stability over a time 62 h or more. If these conditions were satisfied, at 0 beed
least five bilayers were electroporated at each pulse duration.
For surfactant experiments, after membrane stability and threshold -2 6 5-0 160 150 —260
reproducibility were ensured, 1l of C,,Eg solution at 100 times the Latency time i
desired concentration (0.001-10M1) was injected into one of the com- Time (us)

partments of the chamber, which contained 1.5 ml of solution at a height
just below the hole. Bilayers were formed as before, and after steady staleIGURE 2 The transmembrane current trace of a voltage puls@$10
was reached, electroporation measurements were made as described followed by a voltage clamp of 61 mV (18@s). (A) The pulse intensity
control conditions. Some experiments were also performed by addingvas 400 mV, which does not elicit membrane rupture. There is no current
surfactant to the bath solution at I¢dls h before lipid deposition. The except for the two capacitive spikes at the onset of the pulse and onset of
surface was aspirated before lipid deposition in these experiments, so thétte clamp. B) The pulse intensity was 449 mV, which elicits electropo-
there was very little surfactant at the interface while the lipid spread.  ration and membrane rupture. The two capacitive spikes are still present,
The statistical significance of changes in parameters after changin@long with a current rise at the onset of electroporation. The time from the
durations and/or surfactant concentrations was determined using pooldaeginning of the pulse<(0.5 us) to the initiation of the current rise was
Student'st-tests. Groups of data were also compared with analysis ofinterpreted as the latency time, which in this case wasu8.2Both traces
covariate (ANCOVA) analysis, using duration as a continuous variable andave been truncated in amplitude.
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TABLE 1 Electroporation thresholds for each C,,E; concentration and pulse duration

Duration Control 0.1uM 1 uM 10 uM
10 ps 450+ 24 383+ 31 333% 22 301+ 24
100 us 398+ 19] ’ 346+ 12;| ’ 273% 22] ’ 248+ 33] '
1ms 331+ 207 i 264+ 257 i 235+ 21 i 227+ 21 i
10 ms 282+ 267 . 238+ 227 . 205+ 16 . 192+ 22 .
100 ms 258+ 9 7 . 204+ 187 . 165+ 22] 154+ 27 .
1ls 213+ 187 158+ 217 162+ 1 122+ 10]
10s 167+ 6 - : 151+ 19 136+ 11 : 112+ 7 ]

All pairs of thresholds grouped with a bracket (]) were compared using a Studkéests and those labeled by an asterisk (*) are statistically diffepest (
0.05). All thresholds for surfactant are significantly different from control thresholds at the same dupatiod.007 at 10 ms and 04AM C,,Eg, p =
0.02 at 10 s and 0.&M C,,E5, p < 0.0001 at all other durations and concentrations). For all data poirs;10.

Values are in mV, meart SD.

After surfactant injection, bilayers were electroporatedsummarizes the effect of ,GEg on the electroporation
approximately every 10 min until a reproducible thresholdthreshold for all concentrations tested. The curve represents
was reached, typically 60-100 min after the injection.a Langmuir isotherm, where the effect (% decrease) is equal
When surfactant was already present in the bath, a repro-
ducible threshold of electroporation was reached some 60—
100 min after lipid deposition and was the same as that

realized for the injection protocol. This agreement suggests S00, €, E,]

that the transport of GEg is not limiting in the injection :Zg i —e—Control
protocol and that some time is required for the surfactant to 350 :?-MM
fully adsorb into the lipid complex. Stable bilayers could not 300 ——10 pM

be formed for surfactant concentrations of 1004 or

250
greater. For the membranes treated with a surfactant solu- 200 |
tion of 0.01 uM or less, the strength-duration relationship 150 |
remained unchanged from that of control. 100

001 01 1 10 100 1000 107

Electroporation Threshold (mV)

Table 1 is a comparison of average and standard devia-

tions of threshold voltages for each pulse duration and Duration (ms)
surfactant concentration. The threshold voltage decreased

with increasing pulse duration. For pulse durationsupto 1 s, B

a 10-fold increase in pulse duration at fixeg,E; concen- 2 B¢

tration resulted in a statistically significant decrease in § 30 |

threshold voltagep < 0.05), except for one data point (1 s '}:: 25 L

pulse at 1uM C;.Eg). The strength-duration data are also c 201}

presented in graphical form (FigAJ. Here error bars in the ® 15|

electroporation threshold represent the standard deviations. S 10l

Duration error bars stretch back in time from the duration of é 5|

the pulse to the average latency time for each group of L 0 [ , , [ ,
membranes. Latency times were typically half of the pulse 10% 10° 10* 10.001 0.01 01 1
duration. [C,,E l/CMC

For control data, the decrease in electroporation thresh-

olds with increasing duration was linear on the semilog plotFIGURE 3 @) Electroporation thresholds versus pulse duration for each
Over the concentration range of 0.1 to 1., increasing  CizEg concentration. Data from at least 10 membranes were averaged for
levels of C.I. E. decreased thresholds for a given pu|Seeach point. Error bars in threshold represent standard deviations of the data.

. 28 . e . __Error bars in duration reach back from pulse duration to average membrane
duration. This resulted in a shift in the strength-duration

. latency time. All four sets of data collectively were significantly different
curve downward and to the left (Fig.8). Thresholds for  rom each other by ANCOVA analysip (< 0.0001). B) The percentage

0.1 uM C;,Eg were significantly different from those of decrease in electroporation threshold plotted as a function, sEG&on-
control at all pulse durationg (& 0.0007 at 10 mg = 0.02 centration, normalized by its CMC (74M). The percentage decrease in
at 10 s,p < 0.0001 at all other durations). The strength- electroporation thresholds was calculated by fitting the strength-duration

durati lati hio f Il th factant trati data to a semilogarithmic curve with a slope of 45 mV/decade in time, and
ura I(_)n re ations I.p ora ree surfactant concentra Ion%alculating the percentage shift of the intercept from control. The curve is
was significantly different from that of control and from he pest fit for a Langmuir isotherm, with the form (% decrease, x

each other by ANCOVA analysip(< 0.0001). Fig. 3B [C1Egl/([C1.Eg] + Ky).
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to K; X [C1Egl/([C1.Eg] + Ky). Ky andK, were estimated TABLE 2 Gy, for each C,,Eg concentration and for POPC

to be 30 and 1.7uM, respectively. bilayers with different pulse amplitudes

Transmembrane conductance was computed Ag,. Concentration
Fig. 4 shows a typical conductance rise after guOpulse (M) Gis0 (4S)
on short and long time scales, compared with the referencgo (control) 58+ 13
conductance of the bare hole. The post-electroporation core-1 64+ 16
ductance of control membranes 1p6 after a 10us pulse, 1.0 68= 20
G150 Was 58=* 13 uS (Fig. 4A). The conductance rise Co.r?trol at 500 My 8870i ;g((gz 8'8%;
could not be described by a single exponential for the entirg. ..o at 600 mv 170 46 (p = 0:0001)
time course (Fig. 48). The addition of G,Eg accelerated the control at 800 mv 460+ 110 ( = 0.0001)

CondUCtgnce . nse, resultlng Ir,] hlgher values @{50, ,a§ For control and surfactant experiment,s, was measured after a 1
summarized in Table 2. The increaseGs, was statisti- pulse just above threshold (pulses were incremented by 5-10 mV). For all

cally significant ¢ = 0.007) at a concentration of oM data pointsp = 10.
C,,Eg, and represented a change of 50%. Values are meart SD.
To test the hypothesis that the increaseGrg, was

caused by CEg and not by a decrease in pulse amplitude

owing to lower thresholds, the effect of pulse amplitude onthe intensities of 1Qss electroporating pulses were in-

the conductance rise for control membranes was also inve§reased (Table 2), suggesting that lower valuesGof,

tigated for 10us pulses. The effect of a decrease in pulseoccur at lower pulse amplitudes. BecausgHg-treated

amplitude could not be studied, because the pulses usddlayers were subjected to lower amplitude electroporating

were just above the threshold; so the effect of an increase iBulses, it is presumed that increase$i, for surfactant-

amplitude was tested. A statistically significant increasetreated bilayers were caused by the incorporation gEE

was found in values 06,5, for control membranes when and not by the decrease in pulse amplitu@es, values for
10 uM C,Es-treated bilayers electroporated at their d9-
threshold (-300 mV) were similar td5, 5, values for con-

increasing the membrane susceptibility to electroporation. It
also includes a complete strength-duration analysis that

0 — covers seven orders of magnitude in duration on BLMs
20 40 60 80 100 120 140 160 180

— A trol membranes subjected to pulses of 500 mV (11% above
w 012

= threshold).

§ 0.1 iy e ™ot PP ppar ity Pt _pr

g 008y DISCUSSION

g 006 ‘G This study includes a manipulation of bilayer composition
c 150 . . . .

8 004 L by using a synthetic surface-active agent with the purpose of
Y

o

a

[}
0.02} !
|
[l

1 1 1 1 s 1

composed of a single lipid. The surfactantE; was found

Time (us) to significantly alter the electroporation parameters for
POPC lipid bilayers over a concentration range of 0.1-10

. B uM. For 10us pulses, pure POPC bilayers ruptured at a
w o012 mean voltage of 450 mV. This threshold dropped to 383 mV
E o1 | (a 15% decrease), 333 mV (26%), and 301 mV (33%) upon
§ ' the addition of 0.1, 1, and 10M C,,Eg, respectively. These
% 0.08 - decreases remained relatively constant over the range of
2 oo0sl pulse durations tested. For 10-s pulses, electroporation
5 thresholds dropped from 167 mV to 151 mV (a 10% de-
O 004 crease), 136 mV (19%), and 112 mV (33%), respectively.
qE, 0.02} The membrane conductance shortly after gusQaulse with
E{ 0 , . X , , amplitude just above threshold increased with increasing
» 0 2 4 6 8 10 C,E5 concentration, as reflected by change&in, There

Time (ms) was also an increase 8,5, observed for control mem-

branes for increasingly suprathreshold pulse amplitudes.

FIGURE 4 The conductance rise of a membrane ruptured by asl0-
electroporating pulse, which was onsettat 0. The conductance of the ) ) A
bare hole 0.1 mS) is also plottedA) The conductance rise onset and Strength-duration relationship

first phase can be seen on a relatively short time scale. The conductam}f d nden f membrane latency tim n stimul m
reached at 15@is is labeledG, 5, (B) Additional phases of conductance epenadence o € ane latency € on stimulus a

rise can be seen, and the approach of the system conductance to that of IﬂEtUd'e was suggested shortly after the dis.cover.y of electro-
bare hole can be seen on a longer time scale. poration (Tien, 1974). Typically, an amplitude is selected,
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and the bilayer is held at that value until membrane breakeritical voltage,U, for which the membrane becomes un-
down occurs (Chernomordik et al., 1985; Abidor et al.,stable at long pulse durationd{= (8cEh*/€2,e2)"*, where
1979). A wide range of relationships between latency timeo is the membrane surface tensi@nis the elastic modulus
and amplitude has been found, but all are consistent if the membraneh is the membrane thickness,, is the
reporting a decline in latency time with an increase indielectric constant of the membrane, andis the permit-
stimulus amplitude. Most of the data have at least soméivity of free space). Assuming th& = 10" Nm~? (con-
portion that is linear on a semilogarithmic plot. Dependingsistent with the data of Needham and Hochmuth for SOPC;
on the lipids and solvents used, the slopes of these relatiotNeedham and Hochmuth, 1988)= 10 *Nm~*, h =5 X
ships have ranged from 400 mV/decade of time (Chernoi0 ° m, €,, = 2.24, ande, = 8.85x 10 *Fm %, U, is
mordik, 1992) to 25 mV/decade (Chernomordik et al.,estimated to be 1.26 V, an order of magnitude higher than
1985), with typical values between 30—80 mV/decadethe values observed in our experiments. Even wheris
(Chernomordik et al., 1985; Abidor et al., 1979; Cherno-chosen to be on the order of the electroporation thresholds
mordik, 1992; Chizmadzhev and Pastushenko, 1988).  found at the longest clamping duration (10 s), the shape of

This study used a slightly different approach to obtain thethe predicted curve does not match well with the d&a (
electroporation strength-duration relationship. It was basedalues A 0.8). However, decreases in electroporation thresh-
on finding electroporation thresholds and latency times fomlds owing to the presence of surfactant do agree with this
rectangular pulses of different stimulus durations, sometheory qualitatively, if it is assumed that surfactants de-
what like the procedure used for charge pulse experimentsreasee ando, and do not change the other parameters. The
(Wilhelm et al., 1993). Unlike in the charge pulse experi- decrease il may be expected because single-chain surfac-
ments, however, membrane breakdown in our study alwaytants generally facilitate the area expansivity of membranes
took place during and not after the pulse stimulus. Further{Zhelev, 1996). Decreases in membrane surface tension
more, the voltage was clamped during the pulse, whictwould be expected based on that which is found in mono-
could be chosen to be any duration, unlike in the chargéayer experiments (Sundaram and Stebe, 1997). Unchanged
pulse method, which is restricted to very short durationCy, values indicate thah ande,, are unchanged after the
pulses. One advantage of this protocol is an improvedncorporation of G,Eg.
resolution of the strength-duration relationship, particularly For the nucleation theory, if the capacitance is con-
for relatively long pulses, for which thresholds do not strained to our experimentally observed values, the
change much. Moreover, in practical applications of elecstrength-duration data for our control and Es-treated
troporation, the duration of the stimulus must be specifiednembranes can be fit by the membrane-lifetime equation
before it is employed, so it would be useful to know thewith the steady-state diffusion approximation (Pastushenko
threshold of the membrane for the pulse width chosenet al., 1979). There are three unknown parametershe
Another advantage in finding the threshold as a function oimembrane surface tensiof; the pore line tension; and,
duration is that the experimentalist knows the time framethe pore radii diffusion constant (@,AD, whereA is the
within which the bilayer will electroporate. The time base of unit area of the membrane, for membranes wjfllefects).
the data recording system can be chosen accordingly t all three parameters are fit by a best-fit algorithm for the
enable the dynamics of the electroporation process to bmeans of the strength-duration data, the trends observed are
monitored at the highest possible time resolution. decreases i andy with increasing G,Eg concentration.

In this study, electroporation thresholds for most of theThese trends become more pronounced wh@b is con-
durations and surfactant concentrations were found to destrained to be constant for all four sets of data (Fig. 5). For
crease linearly with the logarithm of time with a slope of these fitso is between 3.0 and 8.% 10 * Nm™*, andvy
~45 mV/decade. For control experiments with pure POPetween 1.1 and 1.& 10 ** N, which is on the order of
bilayers, this semilogarithmic relation held for even thetheir accepted values (Chernomordik et al., 1985). It should
longest of clamping durations possible with the apparatushe noted, however, that very small changes in these param-
10 s. After the addition of GEg, the slope decreased to as eters cause very large changes in the relationships (see
low as 10 mV/decade in the duration range of 1-10 s.  figure 1 of Pastushenko et al., 1979), and the predictions can

also fall to fit the data with accepted parameter values.

Strength-duration models

Both the electromechanical and nucleation theories predicl}’Iembrane conductance
the trend of decreasing electroporation thresholds with puls# is apparent from Fig. 8 that the conductance rise of a
duration. However, only the functional form for the nucle- system with a rupturing BLM takes place in at least two
ation theory available for predicting threshold versus duraphases. A biexponential fi@ = A X (1 — e V™) + B X
tion (Pastushenko et al., 1979) agrees well with our data. (1 — e Y™)) had anR value of 0.996, better than that of a
Dimitrov’s (1984) stability analysis predicts a depen-single exponential = A X (1 — e Y™); R = 0.937). A
dence on electric pulse length to the electroporation threshrapid phase on the order of 16 (r; = 0.033 ms) was
olds of the electromechanical theory. It predicts a minimumfollowed by a slower phaser{ = 1.32 ms) in which the
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2 rectly proportional to the amount of,gEg incorporated into
(kT)3/Zexp[kT(7folm} the bilayers, the plot of Fig. 3B is consistent with a
logr =log A7 ADY(0+0 SC.U2)1/2 Langmuir-like adsorption of the surfactant into the bilayer.
? ) Finally, Heerklotz et al. (1996) demonstrated that POPC
. membranes lose their integrity and are completely solubi-
lized for concentrations well above the CMC. In our study,
T —e_Control no stable membranes were formed in this concentration
R R range.
DR AN
> 2r
S st Comparison to previous studies
4 Other studies have reported changes in the electroporation
St ite 2 * properties of membranes after the addition of amphiphiles,
B0 015 0.2 025 0.3 095 04 045 Oc and that the changes depend primarily on the structure of the

Voltage U (V) additive. The addition of the block copolymer poloxamer
188 to the bath surrounding membranes of azolectin in-

FIGURE 5 Curve fits of our data to the stochastic theory (Pastushenko egreased the thresholds by 5-15% (Sharma et al., 1996).

al., 1979), and the equation used. The log t is plotted against the v0_|tage WPoloxamer 188 consists of two macromolecular hydrophilic

For all set‘s of datag,AD was assumed to_ be 18 cn?/s. Herek is oxyethylene groups, E,s, connected by a long hydrophobic

_Boltzmann;pgnstanﬂ,’ is temperature,_and = Csfedem — 1), whereeg propylene oxide chain (OCHCJHHZ)N3O, very different

is the permittivity of the aqueous solution. Values founddcandy were .

84,57 3.0 and 3.6 10*Nm-tand 1.8, 1.4, 1.14, and 1.22 10-2t  from C;,Eg structurally. On the other hand, lyso phosphati-

N for control, 0.1, 1, and 1@M C,,Eg, respectively. dylcholine (LPC), a small, single-chain amphiphile, like
C,,Eg, decreased electroporation thresholds of membranes
of egg phosphatidylcholine (Chernomordik et al., 1985). In

conductance approached that of the bare hole within 10 m%hat g‘gdg/.’l to aCh'be.\l/e the tsamte éate'm:itm;e Iaa;/v&th clontrol

This biexponential behavior is similar to that observed byegg Nayers, bliayers treated wi fg/m (

Sharma et al. (1996) for BLM, and to that observed bymM) had membrane potentials 100 mV lower on average.

L . _ 0 . . .

Kinosita and Tsong (1977) for an erythrocyte suspension-,rhIS corrgsponds oa 30. 40.@ d'ec'rease in intensity after

: - the addition of LPC, which is similar to the threshold

although the time scales are different. : .

decrease of 30—40% in our study for the highegtEg

When C_Eg was present in the bilayers, the time scales ) S
of the conéu?:tance rise after rupture were reduced, as r&oncentration (1QuM). The structural similarities between

flected by monotonically increasing, s, values with sur- ,?12E|8 atnd IysotI?C guggefr: that the'lncre}atszlrs Sltjﬁcept'b.'“t)ll
factant concentration. The increase &5, is even more c;}e ec r;);:rcl)ra lon Im hO' CaneStIS tre all € IO h E?l.ciggg_
significant, considering that GEg-treated bilayers were shape of the single-chain surfactants (Israelachvili '

electroporated with lower amplitude pulses, wher€as, Chernomordik et al., 1985), which acts to increase the
tends to increase with pulse amplitude (Table 2). ThusSPontaneous curvature of the membrane and decrease the

when a G,Eg-treated bilayer was electroporated at avoltageIlnear tension at the edge of a pore.

near its threshold for some pulse duration, it was conduc-
tively similar to a POPC bilayer electroporated with a ..
transmembrane voltage well above its threshold. Implications
Our study indicates that by judiciously choosing the con-
C,,E,-POPC Interactions centration of surfactant added to b?layerg, the time scales for
electroporation and the stimulus intensity required can be
The interaction of GEg with POPC bilayers has been reduced. Extrapolating this result to biological membranes,
shown to depend strongly on bulk concentration (Heerklotza higher degree of membrane permeability may be achieved
et al., 1996). At the lowest concentrations, below the CMCwith a smaller pulse, reducing the thermal injury and other
of 71 uM, some surfactant monomers in solution incorpo-side effects associated with high voltages. In usingeg
rate into the bilayer. In our study, no change from control infor tissue applications of electroporation, one would also
electroporation parameters took place at extremely low conhave to keep in mind other possible interactions between
centrations of GEg (=0.01 uM), presumably because the C,,E; and membrane proteins. For example, if used in
number of incorporated surfactant monomers was not sigeoncentrations above the CMC, the surfactant will extract
nificant enough to change the response of the POPC bilaynembrane proteins (Levy et al., 1990). It has also been used
ers to the applied electric field. As the concentration wasn concentrations below the CMC to alter the functions of
increased from 0.1 to 1AM, the decrease in threshold (Fig. integral proteins, especially ion transport and binding func-
3 B) and increase irG,5, (Table 2) became more pro- tions (Lu and Kirchberger, 1994; Champeil et al., 1986;
nounced. Assuming that this decrease in threshold is diMimura et al., 1993; Highsmith, 1990). Possible mecha-
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nisms of such GEg-protein interactions have been studied Heerklotz, H., G. Lantzsch, H. Binder, and G. Klose. 1996. Thermody-

; . ; ; namic characterization of dilute aqueous lipid/detergent mixtures of
(Le Maire etal., 1983; Moller and le Maire, 1993)' Provided POPC and ¢EOgz by means of isothermal titration calorimetdy.Phys.

these side effects are not prohibitive, the use pfEg has Chem.100:6764—6774.
the promise of conditioning cell membranes before electrosighsmith, S. 1990. On the mechanism of detergent modification of
poration in biotechnology applications. myosin structure and functiod. Biochem. (Tokyo)107:554-558.

Hui, S. W. 1995. Effects of pulse length and strength on electroporation
efficiency. Methods Mol. Biol48:29-40.
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For an intact bilayer, the high membrane resistance could be expected t0 4353 _441.
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