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Abstract. Mouse myeloma cells were electropermeabi-brane voltage, which leads to a drastic increase in per-
lized by single square-wave electric pulses with ampli-meability of the plasma membrane once the breakdown
tudes of up td1150 kV/cm and durations of 10-100 nsec. voltage is exceeded. It is generally accepted that mem-
The effects of the field intensity, pulse duration and me-brane breakdown occurs if the induced membrane volt-
dium conductivity on cell viability and field-induced up- age reaches a value of about 1 V at room temperature
take of molecules were analyzed by quantitative flow(Zimmermann, Pilwat & Riemann, 1974). Based on this
cytometry using the membrane-impermeable fluorescenphenomenon, a wide range of practical applications of
dye propidium iodide as indicator molecule. Despite thepulsed electric fields for the reversible and irreversible
extremely large field strengths, the majority of cells sur-permeabilization of cell membranes has been identified
vived the exposure to ultra-short field pulses. The elecin many areas of biotechnology and medicine (Collom-
trically induced dye uptake increased markedly with de-bet et al., 1997; Heinz et al., 1999; Hofmann et al., 1999;
creasing conductivity of the suspending medium. WeMarzszalek et al., 1997; Zimmermann & Neil, 1996).
assigned this phenomenon to the transient electrodefoifhe most important biomedical application of the revers-
mation (stretching) force that assumes its maximumible electropermeabilization is the electroinjection tech-
value if cells are suspended in low-conductivity media,nique that allows the introduction of membrane-
i.e., if the external conductivity is smaller than that of impermeable xenomolecules (such as dyes, hormones,
the cytosolo;. The stretching force vanishes whepis  proteins, plasmids, etc.) into living cells (Zimmermann
equal to or larger tham;. Due to their capability of & Neil, 1996; Djuzenova et al., 1996; Gift & Weaver,
delivering extremely large electric fields, the pulse 2000; Friedrich et al., 1998; Zimmermann et al., 2000).
power systems used here appear to be a promising todlectroinjection and particularly electrotransfection (i.e.,
for the electropermeabilization of very small cells andplasmid injection) have gained common acceptance be-
vesicles (including intracellular organelles, liposomes,cause they are more controllable, reproducible, and effi-
etc.). cient than alternative chemical or viral methods (for re-
view seeZimmermann & Neil, 1996; Lynch & Davey,
Key words: Electropermeabilization — Electroporation 1996).
— Conductivity — Myeloma cells — Electroinjection The degree of membrane electropermeabilization,
— Flow cytometry molecular uptake and cell survival upon electric mem-
brane breakdown depend critically—among other pa-
. rameters—on the duration of the applied field pulses.
Introduction Whereas long-duration pulses of the millisecond range
o o ) o are generally well tolerated by bacteria, which are pro-
Application of high-intensity electric field pulses t0 tected by strong cell walls, much shorter field pulses are
freely suspended cells generates a critical transmemgyally required to avoid the irreversible membrane
breakdown and excessive lysis of fragile eukaryotic
cells, such as mammalian cells and isolated plant or yeast
Correspondence to: U. Zimmermann; e-mail: zimmermann@ Protoplasts (Zimmermann & Neil, 1996). Thus, the sur-
biozentrum.uni-wuerzburg.de vival of electrotransfected mammalian cells from various
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cell lines is substantially improved if short field pulses ultra-short pulses was comparable to that obtained with
with the duration of 10-10Q.sec are applied (Friedrich conventional pulses of 20—4@sec duration and reason-
et al., 1998). It can therefore be expected that the use adble field strengths (about 3 kV/cm), but application of
ultra-short pulses of submicrosecond durations could furnsec-pulses required much larger field intensity of up to
ther enhance survival of eukaryotic cells after electric-[1150 kV/cm. As with usec-pulses (Sukhorukov et al.,
field treatment. However, conventional pulse generatord998), the molecular uptake induced by ultra-short
(including commercial devices) are not able to producepulses increased markedly with decreasing medium con-
subusec pulses of field strengths sufficient for elec- ductivity, indicating that under low-conductivity condi-
tropermeabilization of cell membranes. tions the electromechanical stretching force promotes the
Recently, both theoretical and experimental studie€nlargement of “electropores” in the cell membrane gen-
have shown (Isambert, 1998; Sukhorukov, Mussauer &rated by electric breakdown.
Zimmermann, 1998) that the electro-deformation force
imposed on the cell during the time course Qf the pulsé\aterials and Methods
can contribute greatly to electropermeabilization of
mammalian cells. The electro-deformation force is
caused by the Maxwell stress at membrane interfaces arfd-1S
can also be viewed as a result of electrostatic interactiofhe murine myeloma cell line Sp2 was cultured in RPMI 1640 com-
between the induced cell dipole and the applied field.plete growth medium containing 10% FCS (fetal calf serum, PAA,
Under low-conductivity conditions, electro-deformation Linz, Austria) at 37°C under 5% COThe cells were kept in the
(electrostretching) stress promotes enlargement of thexponential growth_ phase_ by passaging three _times weekly. The ceII_s
permeabilized membrane area. Whereas membra were Washed_ 1-2 tlmes with and resuspended in pulse medium 10 min
charging and breakdown occur on the time scale of abomefore electrical pulsing.
1 wsec for typical mammalian cells, the transient electro-
deformation force is much faster and arises in the nsecELECTROINJECTION OFPROPIDIUM |ODIDE
time range (Mussauer, Sukhorukov & Zlmmerme_mn’Pulse media contained 0.85vK,HPQ,, 0.3 mv KH,PO, (pH 7.4)
1999; Zimmermann et al., 2000). Until now, the time anq either 7, 16, 25, 30 or 35urKCl with corresponding conductivi-
resolution required for studying the electro-deformationties of about 1, 2, 3, 4 or 5 mS/cm at 22°C. The osmolality of the media
response of living cells could only be achieved bywas adjusted to 290 mOsm by addition of appropriate amounts of
frequency_domain techniques using alternating (AC)inOSitOl (I-5125; Sigma, St. Louis, MO). COﬂdUCtiYity and_osmolality
fields (Engelhardt & Sackmann, 1988; Pawlowski & were measured by means of a conductometer (Klr_nck, Berlin, Germany)
Fikus, 1989: Krueger & Thom, 1997: Sukhorukov et al.,z\r;:lyall cryoscope (Osmomat 030, Gonotec, Berlin, Germany), respec-
1998; Kononenko & Shimkus, 2000). However, AC The experimental protocol for electroinjection of PI into cells
electro-deformation experiments are restricted to relaincluded the foll
tively low driving voltages supplied by high-frequency owing steps: (1) suspension of cells at a final cell density of 1-2°% 10
generators. cells/mlin pulsg media containing afg'/mI.PI (Sigmg, P-4170; ague-
The use of highintensity DC pulses with duraions 2 6K Soter 1 nain (2 s el o snge s o
shorter than the time constant of membrane charging ¢ Ise generators and cuvettes described below; (3) resealing, i.e., post-
therefore offer valuable insight into the biophysical puise incubation of cells in the pulse medium, for 10 min at 22-24°C.
mechanisms involved in electropermeabilization of cells.Under these conditions, the time constant of the membrane resealing is
The technical advance in the field of pulsed-powerabout 2 min (Sukhorukov et al., 1995), i.e., considerably longer com-
equipment (Kristiansen & Hagler, 1987: Ehier, 1996; pared to 37°C.(Zimmerma'1nn & Neil, 1996); (4) within 10-15 min after
Schoenbach et al., 1997) enabled this study, in which thgt":eeifr‘;'f'ﬁfg'r?m”;' staining of cells was analyzed by flow cytometry
efficiency of ultra-short electric pulses for the reversible P Y
permeabilization of mammalian cell membranes was ex-
amined. To this end, pulse generators were built thafNANOSECOND-PULSE GENERATORS
were capable of dellverlng squ_are-wave pUIseS with VOIt'In this study, two different pulsers for generation of ultra-short square-
ages of up td 15 kV and durations between 10 and 100 yaye pulses were built in a circuit category of pulse-forming network
nsec. Mouse myeloma cells were exposed to these ultrgPFN). The design and construction of the pulse generators consisting
short pulses, and the degree of electropermeabilizationf a distributed transmission line as PFN are described in detail else-
and viability of cells was quantified by spectrofluori- where (Kristiansen & Hagler, 1989; Schoenbach et al., 1997). The
metry and flow cytometry using the fluorescent dye pulse vx'ndt.h of.these generators is determined by the Ierllgtbf(th_elr.
propidium iodide (Pl) as the indicator molecule. Undertjalnsmlssmn lines. '_I'he first pulser used here (;onS|sted_ ofa s_trlle_ne (

! . . =1 m) as PFN, which was capable of supplying a defined, invariable
optimum conditions, the ultra-short pUIses induced Cor]'pulse width of 11 + 0.1 nsec. Longer pulses were generated by means
siderable dye uptake without significant loss of cell Vi- of a PFN consisting of several coaxial cables in parallel. The use of
ability. The electrically driven uptake of Pl induced by replaceable cables of various length«(3, 5, or 9 m) enabled this PFN
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intensities of up to 1.2 kV and decay times between 15 anduse@.
A The main advantage of the Multiporator is its ability to deliver high-
voltage pulses whose duration is controlled by a microprocessor unit.

P PR R

"""" N R This electronic enhancement ensures high reproducibility of the pulsing
; 2 kV ; conditions regardless of any variations in the ionic content of the pulse
! ! media, including changes in the medium conductivity that can arise

''''''' E [ S because of ion leakage from the cytosol or of cell lysis that may occur
| ; ; during pulse application (Friedrich et al., 1998).

________ g N 4 i10nsi

DETERMINATION OF Pl UPTAKE

Measurements of Pl uptake were performed in a flow cytometer Epics
XL system (Beckman Coulter, Fullerton, CA) equipped with a 15-mW
488-nm argon-ion laser. Cellular red fluorescence (RF) signals from
samples containing about 5000 cells were acquired in logarithmic mode
using the band pass filter 6& 5 nm. The output RF data were shown
as one-dimensional histograms representing distributions of the intra-
cellular dye. The content of internalized PI [fmol/cell] and cell viability
in electropulsed cell samples were evaluated from RF-histograms as
described elsewhere (Sukhorukov et al., 1995; Djuzenova et al., 1996).
Measurements of electrically induced Pl uptake were also carried
out by spectrofluorimetry. Ten minutes after electropulsing, cell
samples (10Gul) containing 25ug/ml Pl were diluted with 2 ml phos-
phate-buffered saline. The fluorescence spectra of cell suspensions in a
wavelength range from 560 to 660 nm were measured by means of a
Perkin-Elmer fluorimeter (model LS-50) upon excitation at 535 nm.
Fluorescence intensity values for the maximum Pl uptake were ob-
tained by adding 0.2% saponin, which induced complete membrane
permeabilization. The number of viable cells was also determined be-
fore and after pulse administration by electronic cell counting using a
Fig. 1. Typical discharge pulses supplied by the strip-li®§ énd CASY-1 instrument (Schiée Systems, Reutlingen, Germany).
cable pulsersE). The strip-line system generates high-voltage square-
wave pulses with 10 nsec duratioA)( The cable system, equipped
with five coaxial cables of 9 m length each, yields pulses with 95 nsecDEFORMATION OF CELLS BY AN AC ELECTRIC FIELD
duration B).

AC-electrodeformation of cells was observed under low-conductivity
conditions using a microstructure that had been fabricated photolitho-

to produce pulse widths of about 45, 65 and 95 nsec, respectively. Botﬂraphically at the Frau_nhofer-lnstitut Siliziumtechnologie (ISiT, Itze-
pulsers could be charged up to about 30 KV by means of a DC powepoe’ Germany). It consisted of a planar array of four parallel sawtooth-
supply (HCN 350-35000, FUG, Rosenheim, Germany). Charging Waéhaped microelectrodes of interdigitated geometry. The electrode fin-
completed when the voltage of the PFN was equal to that of the powefi’ﬁrS vyere 140 nm thick (20 nm Ta alnd 120 nm Py and ﬂﬁOIong?.
supply. The energy stored in the PFN capacitance was discharged int-B e distance bgtween two opposite electrode tips wasn30A sample

a matched loadsgebelow) by means of a closing switch that was of cell suspension (50701, abou 3 x 1C° ceIIs]mI) was added to the
designed as a spark gap operating in the self-breakdown mode. Th_%lectro-deformatlon chamber, and a coverslip w_as placed ger_ltly over
load consisted of a high-voltage resistor connected in parallel with dts center. After cells hac_j settled for about 3 min, a 5-MHz field of
cuvette filled with the cell suspension (100). The cuvettes consisted about 200 V/cm was applied for 5-10 sec to direct cells to the electrode

of two plane aluminum electrodes (1 2area) spaced by 1 mm (Frie- tips by positive dielectrophoresis. The field was supplied by a function
drich et al. 1998) generator TE 7702 (Toellner, Herdecke, Germany). The field strength

The pulse voltagd/, across the cell sample was monitored on- was then gradually increased to 5 kV/cm and was kept constant for 1-2
[0} . .

line by means of a 500-MHz digital storage oscilloscope (Tektronix, mln_at the sameffrequotlency of 5 MC::Z' The opservatlon of electroglefor—

TDS 3052, Wilsonville, OR) connected to the pulsing cuvette. Typical mation Wis performed using an dym?]ushmur:]roscolpe_ (BX 51, Olym-

pulse shapes are illustrated in Fig. 1. From these signals, the fiel@!S: Hamburg, Germany) equipped with a high-resolution CCD camera

strengthE, applied to the cell sample was calculatedEas= V,/d, Colorview 12 a_nd a computer-supported image capture system analy-

whered is the distance between the electrodes. With a distance of 15'IS (Soft Imaging System, Rhster, Germany).

mm, the maximum field strength of about 150 kV/cm could be obtained

for the strip-line as well as for the cable pulser.
Results

ELECTROPERMEABILIZATION USING MICROSECONDPULSES
FLUORIMETRY OF CELL SUSPENSIONS

In a parallel set of experiments, the Multiporator distributed by Eppen- . .
dorf (Hamburg, Germany) was used for electropermeabilization. ThisT he fluorescence spectra of cell suspensions presented in

instrument generates exponentially decaying field pulses with peak=ig. 2 illustrate the effects of electric pulses of various
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Fig. 2. Typical fluorescence spectra of Pl in control (curdgselec-

tropulsed (curve®—4) and saponin-lyzed (curves) cell suspensions. Fig. 3. Field strength &) and conductivity B) dependence of the elec-
Cells (16/ml, 100 pl) suspended in isotonic pulse media of conduc- trically induced PI-staining of Sp2 cells. Fluorescence spectra of cell
tivity 3 and 5 mS/cm A andB, respectively) were exposed to a single suspensions such as shown in Fig. 2 were used to quantify the electri-
95-nsec pulse of 125, 153 and 165 kV/cm strength at room temperaturéa”y driven Pl uptake expressed as the percentage of red fluorescence
(curves2, 3and4, respectively). Ten minutes after electroporation, the (\em = 600 nm) of saponin-lysed cell samplese¢Text). In A, the

cell samples were diluted with 2 ml phosphate-buffered saline and theif€lls were exposed to single pulses of different strendths< 40-160

fluorescence spectra were measured upon excitativngat 535 nm.  kv/cm) but of the same duration of 95 nsec.Bnsingle pulses of a
constant intensityg, of 160 kV/cm with a duration of 11, 45, 65 or 95

nsec were applied. |A andB, the numbers near the symbols indicate
field strengths on the electroinjection of PI. Pulses withth‘zmedium ‘E_O”‘Iju‘fa’it{j": ms_/ctm a“firfhe pulse dF’tLatitO” ;” nanosec
. . nas, respectively. € datapoints are the means witn standard errors o
the duratlon of 95 nsec were supplied by_the cable pU|se§—9 dete?minatio%]s. The S(?Iid curve B show the best fit of the
Electropulsing was performed at two different conduc-y,;malized electro-deformation for@g, « (o2 - 02)i(s; + 20.)? (see
tivities of 3 and 5 mS/cm (Figs Rand 3B, respectively).  Egq. 5) to the data obtained with the 95-nsec pulser, assuming 4
The PI fluorescence spectra of the unpulsed controlss/cm.
(curvesl) and of saponin-lysed cell samples (cungs
are also shown. Saponin-lysed (dead) cells showed a
very bright red fluorescence due to the rapid equilibra-Fgp, Fo, andFgp are the fluorescence intensity values at
tion with the 25u.g/ml PI present in the medium. With N = 598 nm of electropulsed, untreated control and sa-
increasing field strength of the nsec-pulse (cur2esd), ponin-lysed cell samples, respectively. The Pl uptake
the intensity of Pl fluorescence increased gradually, in-data as function of the field strength and of the conduc-
dicating a higher degree of membrane permeabilizatiorivity of the pulse medium are summarized in Fig. 3. Itis
responsible for the dye uptake. Note that the fluorescencevident that PI staining increased with increasing field
intensity of electropulsed samples was much smallestrength (Fig. 3) and decreasing medium conductivity
than that of saponin-lysed cells, indicating that under(Figs. 3A andB). In the experiments shown in FigB3
these field conditions there was no saturation of the celthe field strength was kept constantzt = 160 kV/cm.
lular binding sites for PI. It is also evident from Fig. 2 At a pulse duration of 95 nsec, the Pl uptake decreased
that an increase of medium conductivity from 3 to 5 sharply from 66 * 7%d 9 + 2% as theconductivityo,
mS/cm resulted in a marked decrease of the amount afras increased from 1 to 3 mS/cm, respectively. In more
electroinjected PI. conductive media (4 and 5 mS/cm), the electrically in-
The fluorescence spectra of electropulsed cell susduced uptake was very lowB-4%) at g = 160 kV/cm
pensions as shown in Fig. 2 were used to quantify th€Fig. 3B) and hardly detectable at field strengths less than
electro-uptake of the dye. Pl uptake was expressed as tHe5 kV/cm (curvegl and5 in Fig. 3A). The use of shorter
percentage of red fluorescence in saponin-lysed celpulses with durations of 65, 45 and 11 nsec (FiB) 3
samples: Pl uptake= (Fgp — Fo)/Fsap X 100%, where gave lower dye uptake but the corresponding conductiv-
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ity dependence was qualitatively similar to that obtained Events
with 95 nsec duration pulses. 50, :
Although spectrofluorimetry is useful for the quan- living dead
titative evaluation of electropermeabilization, this 40- 1 f—
method yielded only Pl uptake values averaged over the
whole cell population. Furthermore, it did not permit the 807
discrimination between reversibly (live) and irreversibly 2o
(dead) permeabilized cells. In contrast, assessment of
Pl-stained cells by flow cytometry is an alternative ap- 107
proach to studying the responses of various subpopula-,
tions of cells to electric field treatment (Sukhorukov et ,,_
al., 1995).

304

FLow CYTOMETRY
20

Typical RF distributions of electropulsed, untreated con-
trol and saponin-lyzed Sp2 cells suspended in pulse mel?] ‘ :
dium of conductivity 3 mS/cm are shown in Fig. 4. The
histogram of untreated cells in the absence of Pl (Fg. 4 01 o - "

o 10 10
curve 0) exhibited a very weak autofluorescence peak Red FI
centered at about 2 arbitrary units (a.u.). After the addi- 8d Fluorescence, a.Ll.
tion of 25 ““g/.ml PI, this peak ShlftEd S“ghFly to4-5a.u. Fig. 4. Representative histograms of PI-DNA fluorescence of control
(curveslin Figs. 4A andB), which was obviously due to  and electropulsed Sp2 cells. Measurements were performed 10-15 min
the adsorption of the membrane-impermeable dye to thefter electropulsing in the presence of 2§/ml PI. (A) Curvel shows
outer membrane surface. Usually, only a small fractionthe RF signals of unpulsed control cells in the presence of PI; histo-
(< 5%) of unpulsed cell samples showed RF intensitiegrams2, 3, 4and>5 represent cell samples exposed to a single 95-nsec
larger than 300 a.u. after the staining with PI. This Sub__pulse with field strengths of 74, 93, 125 and 150 kV/cm, respectively,

. . in the presence of Pl. The 95-nsec pulses were generated by means of
popg!aﬂon consists of C_jead Ce”S,’ as demonstrated by tr}ge cable-type pulseséeMaterial and Methods).B) CurvesO and 1
addition of 0.2% saponin. Saponin-treated cells showed @,y the autofluorescence of cells in the absence and presence of 25
very high RF intensity level ranging from about 300 to ,,g/mlI PI, respectively; curvé represents saponin-treated cells in the
1000 a.u. (curveSin Fig. 4B), which corresponded to presence of PI; histograngsand3 represent cell samples exposed to a
near saturation of the intracellular binding sites for Plsingle 40usec pulse with field strengths of 2 and 3 kV/cm, respec-
(Sukhorukov et al., 1995). Fively, generated by means of the Eppendorf-MuItiporator.'Note that,

The PI content distributions in electropulsed cell independent of the puls_e system usgq, only a small fraction of cells
samples (Fig. A, curves2-5 and Fig. 48, curves2—3) (about 5%) was irreversibly permeabilized (dead).
differed markedly from those observed in control and
saponin-lysed cell cultures. Independent of the pulsenajority of electropermeabilized cells was able to re-
generator used, exposure of cells to a field pulse in theover its original membrane impermeability within few
presence of Pl led to the appearance of two readily disminutes after electropulsing. This was also confirmed by
tinguishable subpopulations: a) irreversibly permeabi-electronic cell countingdata not showh
lized dead cells with very bright RF (centered at 700—800  The flow-cytometric RF histograms, such as shown
a.u.) similar to that of the saponin-lysed samples, and bjn Fig. 4, allowed the quantification of the intracellular
cells with much lower PI staining (4 < RF < 300 a.u.), Pl content in electropulsed living cells. Because of the
i.e., being far from equilibrium with the medium. This relatively broad RF-distributions the modal RF signal
subpopulation consisted of transiently permeabilized, viwas used as a measure for the dye uptake by living cells.
able cells. As expected, the ultra-short pulses (FA). 4 The strongly fluorescent lysed cells, whose RF signal
required much larger field strengths in order to achievecorresponds to about 10 fmol Pl per mean Sp2 cell (Suk-
PI staining than did the conventionpkec-pulses (Fig. horukov et al., 1995), were used as the internal standard
4B). Thus, to obtain a Pl-uptake level of 60—70 a.u.of the intracellular dye content.
achieved with a pulse of 4@sec duration and 2 kV/cm The effects of field pulses of various strengths and
intensity (curve2, Fig. 4B), the 95-nsec pulse required a durations on the amount of electroinjected PI are shown
field strength of about 150 kV/cm (cunkin Fig. 4A). in Fig. 5. For the ultra-short pulses (e.g., 95 nsec, Fig.
Note that the percentage of strongly fluorescent, dea®A), measurable Pl uptake was observed at field inten-
cells (RF > 300 a.u.) produced by both pulse systems wasities larger than 40 kV/cm. For field intensities of up to
very low (about 5%) indicating that in both cases the100 kV/cm, curve fitting revealed a strictly quadratic
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PI-Content, fmol/cell Table 1. Numeric values of some parameters important for the elec-
tropermeabilization of Sp2 cells at the various conductivities of the
0.9F A: 95 ns % suspending medium used in these study
e Tm T Ts Po
0.6} + mS/cm nsec nsec nsec kP,
0.3k E, =3 100 3 100
J kV/ecm kVicm kV/ecm kV/cm
0.0r 1 525 3.5 201 5.0 0.12 133*
0 50 100 150 2 350 27 134 33 0.05 60
15 3 292 2.1 112 2.8 0.02 22
B: 40 4 263 1.8 100 2.5 0 0
1o BAUMS 5 245 15 94 23 -001  -15#
0.9} The values ofr,, 7;, Tz andPp, were calculated with Egs. 1, 2, 3, 4, 5,
6 using the electrical parameters of Sp2 cells reported earlier
0.6 (Kiirschner et al., 1998).
/ * Note that thisP, value of the electrical stretching stress is larger than
03¢ the compressive electrostatic pressitg = C,,V%/2 imposed to a
/ membrane charged to the critical voltage of 1V. Positive and nega-
0.0 e—o—0 . - .
: . . . tive Py, values correspond to cell elongation and compression along the
0 . 1 2 3 field lines, respectively.
Field strength, kV/cm #Foro, >0, = 4 mS/cm,Py is negative leading to cell compression

in the field direction.
Fig. 5. Dependence of the electrically induced PI uptake on the applied
field strengthE, at a constant pulse duration of 95 nsAr#nd 40usec
(B). Electropulsing was performed at a conductivity of 2.5 mS/cm. The 1992: Jones, 1995; Zimmermann & Neil, 1996: Pethig &
mean P content in living cells was evaluated from RF histograms asl\/larkx, 1997; Isambert, 1998). Thus, we will only con-
shown in Fig. 4. Each symbol represents the meamvHrom 3—4 . . . .
independent flow cytometric determinations. The continuous curie in $'der the t?aS'C assumptions and. equ?'t'on.s useful for the
shows the best fit of the function = ax° to the data obtained 4, interpretation of the results obtained in this study.

<100 kV/cm with the exponerit = 2.1 + 0.1 (4sem of fitting).

MEMBRANE CHARGING

dependence of the Pl uptake on the applied field strength ) o

upon application of the ultra-short pulses (solid curve in!n response to an applied DC electric fidlgl the voltage

Fig. 5A). In the case of 4@sec pulses, a progressive generated across the pllasm.a membrane ofaspherlcgl cell
increase of Pl uptake was observed above a threshol@OWs exponentially with time (Zimmermann & Neil,
field strength near 1 kV/cm (Fig.B). It is noteworthy, '
that this experimental value is close to the theoretica
thresholdE,,;; = 950 V/cm estimated from the steady-
state equation for the induced membrane potemjat
the cell poles facing the electrodeseéDiscussion).

k/g(t) =1.5aF, cos 6 (1-exp(t/1.,)), Q)

whereby# is the polar angle measured with respect to
field Ey. The relaxation time constanf, of the plasma
membrane charging is given by (Jeltsch & Zimmermann,

Discussion 1979):
The theory of electropermeabilization of cells upon :aCm<i+i> @)
membrane charging is given in full detail elsewhere ™ o; 20,/

(Zimmerman and Neil, 1996). We have recently shown

(Sukhorukov et al., 1998; Zimmermann et al., 2000) that ~ As can be seen from Eq. 2,, decreases with in-
the electromechanical stretching force on the cell memereasing external conductivity,, indicating that the
brane must be taken into account additionally to mem-membrane charges faster if cells are suspended in a high-
brane charging in order to explain the strong conductiv-conductivity medium. Using the relevant parameters for
ity-dependence of the electrically induced dye uptakeSp2 cells, i.e.a = 7 um, C,, = 1 pF/cn? ando; = 4
Electrodeformation of cells and related electrokineticalmS/cm reported previously (Kschner et al., 1998), the
phenomena were treated theoretically elsewhere (Wins,, values of 0.25-0.53.sec were estimated from Eq. 2
terhalter & Helfrich, 1988; Pawlowski & Fikus, 1989; for the conductivity range 1-5 mS/cm (Table). Note that
Hyuga, Kinosita & Wakabayashi, 1991; Kinosita et al., theser,, values are much smaller than the duration of the
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20-40p.sec pulses generated by the conventional devicedepends on the conductivity of the plasma membfGpe
At these pulse durations, and fo¥ 1, Eq. 1 simplifies (= o,/d). At low field strengths (i.e.E; < E.; = 1

to the well known steady-state expression: kV/cm), the plasma membrane remains insulating &
0) and the effective cell polarizability is given b5 =
Vy = 1.5aE, cos6 ®) (@G, -ocJlaG, + 20) = -0.5 (Jones, 1995; Sukho-

rukov et al., 1998). However, at supracritical field
In the case of the ultra-short 10-100 nsec pulsesgtrengthsE, > E.,,, such as used for electropermeabili-
however, the static equation 3 is not applicable becausgation, the cell membrane undergoes breakdown and be-

these pulses are shorter thap (Table). Instead, Eq. 1 comes highly conducting. In this case, the following re-
must be used for estimation of the temporal and spatigjztion Ues = Uy = (0; = 0)/(0; + 20 is valid as long

distribution of the induced membrane voltage. as the external field is on, providing that, has been
As already mentioned, membrane breakdown ocCurgcreased to a value larger thagJ(o, - o).
whenVj reaches its critical valu€. In this study, elec- The transitionU, — Ug, occurs very fast with the

tropermeabilization was performed at room temperaturejme constant of the cytosol polarization given by
and thereforeVc of 1V can be assumed. Using the (jones, 1995):

known value for the cell radiusa(= 7 wm), the critical

field strengthE_;; required for the reversible electric g + 2¢,

breakdown at the membrane sites facing the electrodes = 5. ©)
(cos® = 1) can be estimated from Eq.B;;, = V/(1.5 ' ©

x a) = 950 V/cm. Once the membrane is charged to 1 V’Using appropriate values for Sp2 cells, ig.5 &, = 80

breakdown occurs very quickly, i.e., at the subnanosec(;30 ando, = 4 mS/cm (Kuschner et al., 1998), the

ond time scale, as shown in experiments on lipid bilayers,a|yes of 1.5-3.5 nsec were calculated from Eq. 5 for the
(Benz, Beckers & Zimmermann, 1979). Upon break-ranqe of external conductivity used in this study (Table).

down, the membrane becomes highly conductive, so tha{ote thatr, is smaller tharr,, by at least two orders of
no further increase ivy can occur, even if the cells are magnitudes.

exposed to very high, supracritical field&,(> E;)
(Kinosita et al., 1992).

The theoretical considerations can explain the strong RANSIENT ELECTRO-DEFORMATION FORCE
dependence of the degree of electropermeabilization on
both, field strength and pulse duration. However, mostA\S already mentioned, the electrostatic interaction be-
current theories do not account for the strong conductiviween field E; and dipole pc results in the electro-
ity-dependence of electropermeabilization observed fofleformation force~y, acting on the cell membrane. The
nsec-pulses (Figs. 2 and 3) and fosec-pulses (Kinosita time course off, in response to a DC field pulse is
& Tsong' 1977, Dimitrov & SowerS, 19901 Djuzenova et similar to that of the induced dlp0|e After a short tran-
al., 1996; Mussauer et al., 1999). As discussed below, th&ient regime of the time scale of the cytosolic polariza-
transient electrodeformation force acting on the celltion, i.e.,7; = 1-3 nsec (Eq. 5, Table), the radial electric
might be responsible for the increased molecular uptak@ressureP, acting on the plasma membrane reaches a

observed under low-conductivity conditions. steady value, which can be given by the following ap-
proximation (Taylor, 1966; Isambert, 1998):

(07 - o)

(0, +20,)°

TRANSIENT CELL POLARIZATION 9
Pp = > sesoEé cos 6
In addition to membrane charging discussed above, the

applied field generates a dipole within the cell. The in- ) )
duced-dipole momentf.. is proportional to the field ~ Equation 6 was obtained from the general expres-
strengthE, and to the effective polarizability of the cell Sion for the radial electric stressgeEq. 9 in Taylor,

U, relative to the suspending medium (Stenger, Kaler &1966) by assuming that; = &.. As can be seen from
Hui, 1991; Jones, 1995; Zimmermann & Neil, 1996: Eds. 4 and 6, the sign (i.e., the direction) of bpthand

(6)

Pethig & Markx, 1997; Fuhr et al., 1998): Pp is determined only by the ratie,/o. Thus, fora, <
o, the electrodeformation force tends to elongate the cell
wo(t) = dmegeqa® Eq Uc(t) (4) along the direction of the applied field. In contrast, cells

suspended in a high-conductivity medium, & o;) are
After application of a DC pulse, the dipole- varies ~ compressed by the field. In the special case o= o,
with time in a quite complicated manner. The dipole isthe electro-deformation force vanishes. Equation 6 cor-
first given byUc, = (g — eo)/(g; + 2go) = 0 (because; responds to the intermediate dipole sthkg, given by
= g,), then by the intermediate vall&., = (o; — 0o)/(0; (0; — 0J)/(o; + 20) dominated by the cytosolic polariza-
+ 20) and finally byU.5. The polarizability factotd-;  tion (seeabove), so that both quantiti®s, andU, show
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similar dependence on,.. (For an insulating membrane,
i.e., for small electric fields at which,, = 0, EqQ. 6 is
valid only within a very short time interval satisfying
the conditionsr; <t < 7,,,.)

The pressur@;, given by Eg. 6 is applied to one side
of the cell membrane, whereas the compressive electr
static stres®,,, related to membrane chargiiy}, = C,,
X V§/2 is imposed on both membrane sides (Zimmer
mann et al., 1974). The substitution 4 by Vo = 1V
yields a criticalP,,, value of about 90 kP& 1 bar, which
can be viewed as the mechanical counterpart of th
breakdown voltag¥ . Note that the electro-deformation
pressurd®; can produce comparable mechanical stress
on the cell membrane without charging, providing that

the cell is exposed to very large field intensitiesed _ _ _
TabIe). Fig. 6. Deformation of a mouse myelom{a cell exposed to_a_ AC flelq of
. . . . . 5 MHz frequency and 5 kV/cm strength in a low-conductivity solution

Equation 6 is identical to the expression derived byof 1 mS/cm. The linear AC field was produced within a planar micro-
Taylor (1966) for a homogeneous drop of conductivify  electrode structure with an interdigitated geometry. The distance be-
(without membrane separation) suspended in a conductween the tips of the neighboring electrodes is.30.
ing fluid (o), on condition that, = &;. Therefore, Eq.
6 also holds for electropermeabilized cell membranes, ) o
providing that the electric breakdown has substantiallyduced at the cell poles in the radial direction parallel to
increasedo,,,. For strong electric field pulses such as the field (cosb = 1). Thus, a5, = 100 kV/cm ando,
used in this study (e.gE, = 100 kV/cm), the membrane = 1 mS/cm, the cell membrane experiences an elonga-
breakdown occurs within a very short tinfg = 2.3-5  tion pressure of 133 kPa, which is even larger than the
nsec after field application (Table). TheBg values are maximum electrostatic f:pmpresswe stress on the mem-
obtained from Eq. 1 by equating the induced membran®rane charged to the critical breakdown voltage= 1
voltageV,, with the critical valueV = 1V required for V (Py = 90 kPa). Unlike the compressive strei3g
electropermeabilizationTy = -, In(1 — V/1.5E,). imposed on both sides of the membrane, the electro-

The estimatedT, values are (much) smaller than the d€formation stresB, is applied only to one side of the
durations of the applied field pulses, so that, under |0W_memprane, thus I_eadmg to cell eIongatlo!’l (or compres-
conductivity conditions, the electrical stretching force Onsmn) in the direction parallel to the field lines.
the cell is operational as long as the external DC field
is on. ConbucTiviTY DEPENDENCE

It is interesting to note that Eq. 6 is also valid for oF ELECTROPERMEABILIZATION
cells subjected to an AC electric field of a sufficiently
high frequency (typically 1-10 MHz). At these field fre- The results presented in Figs. 2 and 3 show the effect of
quencies, the plasma membrane is capacitively bridgedhe conductivity of the pulse medium, on the incorpo-
and the cytosolic conductivity determines the electro-ration of Pl into mouse myeloma cells induced by the
deformation response of the cell (Engelhardt & Sack-ultra-short electric pulses. It is evident that the PI uptake
mann, 1988; Kinosita et al., 1992; Sukhorukov et al.,was much larger in low-conductivity media (e.g, =
1998). The AC electro-deformation response of Sp2 celldmS/cm) than in high-conductivity media (4—5 mS/cm).
is illustrated in Fig. 6. Under low-conductivity condi- This finding agrees with the earlier observations that a
tions (@, = 1 mS/cm), a steady elongation of the cell in reduction of the ionic conductivity increases the uptake
the field direction was observed upon application of a(or release) of various probe molecules induced by
5-MHz field (E, = 5 kV/cm). This field frequency cor- longer electric pulses (Kinosita & Tsong, 1977; Dimitrov
responds to the time randes (2nf)™ = 27 nsec. The & Sowers, 1990, Djuzenova et al., 1996). Low-
difference between the stationary electro-deformatiorconductivity media have also been found to facilitate the
force due to a constant AC field and the transient deforelectrofusion of dielectrophoretically aligned cells
mation force during DC pulse application is discussed in(Stenger et al., 1991; Zimmermann & Neil, 1996; Zim-
detail elsewhere (Sukhorukov et al., 1998). mermann et al., 2000). Figurd3eveals a critical value

According to Eq. 6, the electro-deformation stressof the external conductivityy, = 3-4 mS/cm, above
Pp acting on the membrane increases with increasingvhich the electrically induced uptake of Pl was—if
field strengthE, and decreasing medium conductivity. any—very low. Note that the “thresholds, value
The table summarizes the estimated valuesHgrin- matches well that of the cytosol of Sp2 celis = 4
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mS/cm (Kuschner et al., 1998), and therefore corre-also show that low-conductivity media (i.e., whose con-
sponds to the condition at which the electrical stretchingductivity is less than that of the cytosol) can greatly
stress on the cell membrane vanishes & Oif o, = o,  improve the electropermeabilization via the electrical
Eq. 6). stretching force exerted on the cell membrane.
In the light of the above theoretical considerations
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