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Mechanism of Electroporative Dye Uptake by Mouse B Cells

E. Neumann,* K. Toensing,* S. Kakorin,* P. Budde,” and J. Frey*
*Physical and Biophysical Chemistry and *Biochemistry Il, Faculty of Chemistry, University of Bielefeld, Bielefeld, Germany

ABSTRACT The color change of electroporated intact immunoglobulin G receptor™ (FcyR™) mouse B cells (line IIA1.6) after
direct electroporative transfer of the dye SERVA blue G (M, 854) into the cell interior is shown to be dominantly due to diffusion
of the dye after the electric field pulse. Hence the dye transport is described by Fick’s first law, where, as a novelty,
time-integrated flow coefficients are introduced. The chemical-kinetic analysis uses three different pore states (P) in the
reaction cascade (C = P, = P, = P;), to model the sigmoid kinetics of pore formation as well as the biphasic pore resealing.
The rate coefficient for pore formation k, is dependent on the external electric field strength £ and pulse duration tz. At E =
2.1 kVem™ ' and tg = 200 pus, kp, = (2.4 +£0.2) X 103 s~ ' at T = 293 K; the respective (field-dependent) flow coefficient and
permeability coefficient are kY = (1.0 = 0.1) X 1072s~ ' and P° = 2 cm s, respectively. The maximum value of the fractional
surface area of the dye-conductive pores is 0.035 + 0.003%, and the maximum pore number is N, = (1.5 = 0.1) X 10° per
average cell. The diffusion coefficient for SERVA blue G, D = 107® cm? s, is slightly smaller than that of free dye diffusion,
indicating transient interaction of the dye with the pore lipids during translocation. The mean radii of the three pore states are
f(P4) = 0.7 = 0.1 nm, F(P,) = 1.0 = 0.1 nm, and r(P;) = 1.2 = 0.1 nm, respectively. The resealing rate coefficients are k_, =
(40+05 x102s "andk_5 = (4.5 = 0.5) X 10 % s, independent of E. At zero field, the equilibrium constant of the pore
states (P) relative to closed membrane states (C) is Kg = [(P)/[C] = 0.02 = 0.002, indicating 2.0 = 0.2% water associated with
the lipid membrane. Finally, the results of SERVA blue G cell coloring and the new analytical framework may also serve as
a guideline for the optimization of the electroporative delivery of drugs that are similar in structure to SERVA blue G, for
instance, bleomycin, which has been used successfully in the new discipline of electrochemotherapy.
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S  total surface area of electropores available for mas have been successfully treated by ME and low doses of

the dye transport bleomycin, a powerful drug that, after ME, is able to pen-
S surface of pores per average cell etrate the cell interior (Heller et al., 1996; Domenge et al.,
X maximum electroporated membrane area of an1996). Clearly, the action of bleomycin is at the level of
average cell DNA replication, where the initial step leading to cell death
S total surface area of the average cell is the binding of bleomycin to DNA (Mir et al., 1996).
te electric pulse durations) Similarly, data suggest that the functionally effective step in
t.aa  time of addition of dye to cell suspension, electroporative cell transformation is the binding of the
counted from the end of a pulse DNA to intracellular structures (Neumann et al., 1996). The
tons  time of observation to identify the SERVA electrodelivery of DNA and drugs appears to be more
blue G-colored cells efficient when the permeants are first adsorbed to the outer
ARV, molecular reaction volume of pore formation  cell surface before electrodiffusive insertion into the mem-
(cn) brane surface and cross-membrane translocation occur. The
V, volume of an average cell details of the mechanism of electroporative drug transport
Vo volume of the bathing solution into cells, however, are not yet well understood. Knowledge
Zost effective charge number (with sign) of the dye of the molecular mechanism is the basis of goal-directed
molecule strategies for optimizing the protocols for efficient elec-

trodelivery of drugs and DNA, especially in gene therapy.

Some useful information already exists. Most instruc-

Greek symbols tively, the electroporative membrane transport of drug-like

dyes was studied by color imaging of single cells, providing
spatial and temporal resolution. Technically, one can only

) examine a small number of cells in a limited time. Small cell
Bn fract!on of normal mode pore statg, P numbers may not be representative for the total populations

- relative .to. R+ Py of cells (Sowers and Lieber, 1986; Dimitrov and Sowers,

f(Am)  conductivity factor 1990 Tekle et al., 1991; Hibino et al., 1993). Many other
Aem transmgmbrane potential difference (V) methods only yield population averages, as discussed by
Aems saturayon yalue of the transmembrane Kinosita and Tsong (1977, 1978) and Teissie and Tsong
— potential d|f1ference o (1981). For instance, the number of (electro)transfected
A¢y,  mean electric potential difference across the cgis is only a global indicator, because after the electropo-

B fraction of pore state P, relative to B* +
P3*

_ electroporated membrane surface rative transport of DNA across the cell membrane, success-
Am  angular and time average of transmembrane fy| gene expression requires cell survival and correct incor-
conductivity (S cm?) o poration of the DNA into the genome of the cell. Thus gene
Ais Ao conductivities of the cell interior and the expression itself is of only limited use in characterizing
outside suspension, respectively the mechanism of DNA transport through the plasma
p.  cell density (mf?) membrane.
7, 7y normal mode time constants of the resealing  The coloring of the electroporated cells represents a more
of P and Ry pore states, respectively direct access to the mechanism of the molecular transport

across electroporated membranes. Here we show how cell

INTRODUCTION coloring can be analyze'd to yield 'character'ist.ic rate param-
eters of the electroporation-resealing cycle in its coupling to

Membrane electroporation (ME) is a powerful techniquedye transport. The data analysis leads to a variety of results

that uses electric field pulses to render cell membranethat are of practical importance for the optimization of

transiently porous, so that they become permeable to ottelectrodelivery processes, especially in electroporative

erwise impermeable substances. The method is nowadagsiemotherapy.

widely used to manipulate biological cells, organelles, cell

aggregates, and tissue. The various applications of MBMATERIALS AND METHODS

include the direct (electrophoretic) transfer of genes (Neu- .

mann et al., 1982, 1996; Neumann, 1992) and of protein<Cell Preparation

aromatic ionic dyes (Neumann and Boldt, 1989, 1990), anthe immunoglobulin G receptor(FcyR™) mouse B cell line 11A1.6 was

drugs into the cell interior (see, e.g., Tekle et al., 1994)cultivated as described by Budde et al. (1994). The cells were washed twice

Recent'y, ME was used to improve transdermal drug de"vWith Click’s medium (Bio;hr.om KG, Berlin/Qermany) without fetal calf

ery (Vanbever and Preat, 1995). Moreover, clinical app"_serum and resuspended in it. The cell density was 6 X 10° ml~*.,

cations of ME gain increasing importance; for instance, skin

tumors can be transiently electroporated such that effectiv@ERVA Blue G

drug delivery is achieved (Heller and Gilbert, 1993; Heller serva Biue G (SBG) ¥, 854), which is equivalent to Coomassie

et al., 1995; Sersa et al., 1995). Specifically, skin melanosrilliant Blue G, was obtained as a powder from SERVA Feinbiochemica
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(Heidelberg, Germany). Fresh solutions of 11.7 mM SBG in serum-freedisappear within 20 min at 298 K (Gass and Chernomordik, 1990). The

Click's medium were prepared just before each experiment. SBG is anemperature before pulsing was= 295 (+ 2) K (22 (+ 2)°C).

established protein dye that does not penetrate intact cell membranes After pulsing 800ul aliquots of the cell suspension, the cells were

(Bradford, 1976). For all electroporation experiments, the final protein dyeincubated for 45 min at 22 2°C, and the numbeM of colored cells of the

concentration was, = 1.17 mM andp, = 6 X 10° mI~*. Hence the linear ~ population was determined.

cell density was~182 cells cm?, and the mean distance between the cell  The resealing kinetics was assayed by pulsing in the absence of the dye

centers wasl ~ 55 um. The [IA1.6 cells are-25 um in diameter; thus the  and adding SBG at selected periotlg,{ after the pulse.

average cell separation is about a cell diameter. No cell clustering was The colored cells were counted by using a light microscope (Olympus

observed. BH-2), video monitoring (WVP-F10E; Panasonic, Hamburg, Germany),
and tape recording (NEC DX-1000G,);>6 100 cells (pulsed and control)
were observed routinely to obtain statistically significant results. At least

Electric field pulses five replicate experiments were performed for each data point.

Single rectangular electric field pulses were applied with an Electroporator
Il (Dialog, Dusseldorf, Germany), at a voltage of up to 1 kV and with a RESULTS
pulse duration from 1Qus to 100 ms. This type of electroporator is

particularly suited to biophysical studies of ME. The pulse shape wasyp Fig. 2 it is seen that at a given field pulse duration, the

monitored on-line with an oscilloscope. The sample chambers (Bio—Radhumber of colored cells increases with increasina field
Munich, Germany) were equipped with flat parallel aluminum electrodes; g

the electrode distance was 0.4 cm: the maximum volume was 0.8 ml. Thétrength. For larger pulse durations, the range of coloring is
chambers have to be used with alternating voltage polarity to avoid majoshifted to lower field strengths.

anodic oxidation of the electrodes. The counterpotentials due to galvanic Cell coloring due to adding dye after the electroporation
electrochemical sqrface r'e{:lf:tlons cannot exceed 3 V, which is negllglblypmse occurs in at least two relaxation phases (Fig. 3)L If
small compared with the initial pulse voltage 280U,/V = 1000. In this . _

voltage range and at the low medium conductivity & 1.3 X 1072 S is the number of colored cellbl.. = N(_tad_d__> oo_) represents_
cm™1), corresponding to a low current density, the actual field strefigth  the number of colored cells at the limiting time of admin-
in the solution between the electrodes is estimatef te E, - 0.85 (= istration of dye long after pulse application (Fig. 3). The

0.05) (Pliquett et al., 1996). To permit straightforward data analysis infraction f of those colored cells that can potentially regen-
terms of a defined electroporated cell surface area, the field stréhgth erate is defined as

0.85 Uy /d was applied to the cell suspension in the form of a single

rectangular pulse. Multiple pulse application is very effective for dye f= (N —N )/(NT -N ) (1)
transfer, but as such it is not suited to the determination of important * ~

parameters such as fractional porated area or pore numbers. WhereNT is the total number of cells.

In the simplest form of a chemical normal mode analysis,
Cell electroporation and counting according to Eigen and DeMaeyer (1963), this fraction may

_ be renormalized as
Membrane electroporation renders cells permeable to the dye SBG, tran-

siently and reversibly. Depending on the field strength and the pulse f N— N,

duration, the blue color becomes visible within 30 min after the pulse or fy= =

after the addition of the dye to the electroporated cells (Fig. 1). Almost f(taa=0 No— N. )
immediately after the pulse at low field strengta € 1.5 kV cm %, tz =

110 us), the electroporated cells exhibit blebs. The electroinduced blebs = By e+ (1 — By) - g

A. B.

FIGURE 1 Optical image of the primary data. B-lymphoma cells (line I1A1.6) exposed to one electric field Butsd @3 kV cni ?; pulse duration

te = 110us) in the presence of the dye SERVA bluel@, 854). (A) Nonpermeabilized cellshite) and permeabilized cell®lue), indicated by the uptake

of the dye (phase-contrast); bar50 um. (B) Blebs are observed (dark-contrast method) almost immediately after the application of one electric pulse of
low field strength E < E).
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sitions of the resealing cascade ¢€ P, < P,)), the data
yield the rate coefficientg, = 7, * = 0.044 s* andk, =
ot = 0.003 s* of the rapid (P) and at least one slowly
closing pore state (f}, respectively; in this exampl@, =
0.63.

The rate coefficients are practically independent of the
field strength of the pulse, as expected for the resealing at
E = 0 (data not shown). In summary, the dye uptake
kinetics indicates pore resealing in at least kinetically re-
solved steps.

As seen in Fig. 4, the dye method can be used to explore
guantitatively, in terms ofAN/N, the optimum field
strength range for the electroporative transport of the dye or
FIGURE 2 Electroporative cell coloring by the dye SERVA blue G. The of other molecules with properties and size similar to tho'se
fraction No/Ny of colored cells as a function of the external field strength of the dye concerned. In all cases the range of cell loading
E at two pulse durationg/us: 50 (J) and 150 M). N, is the number of IS expected to be shifted to lower field strengths at larger
blue-colored cells corresponding to the administration of SERVA blue G inpulse durations.
the cell suspension before the pulsing, &hdis the total number of cells. The linear functional dependence of the squared field

The fractionNy/N; at E = 0 (dashed ling represents the number of 2 ; i —
damaged cells colored before the field application. For a comparison, theStrength Eo.d, corresponding to the fractioh 0.5 of

range where the cells can be transfectedafled arepat larger pulse _COIQrEd (_:e”S On.the reC!procaI pylse durattgﬁ (Fig. 5), 'S.
durations {z ~ 100 ms) is restricted to a narrow lower field strength range i line with the interfacial electric polarization mechanism
(0.6-0.7 kv cm). Experimentally, an aliquot of a suspension of mouse of cell membrane electroporation (Neumann, 1992).
B-cells (line 11A1.6) was treated by one rectangular electric pulse in the

presence of 1.17 mM SERVA blue Q[ 854); the largest molecular

dimension was estimated to be 241 nm. CLICK’s medium was based

on RPMI 1640 supplemented with 10 mM Na-pyruvate, 10 mM glutamine, THEORY AND DATA ANALYSIS

and 50uM 2-mercaptoethanol. The electric conductivity of the cell sus- .

pension is\g = 1.3 X 1072S cm %, T = 293 K (20°C); cell densitp. = Nernst-Planck formalism

N:/V, =~ 6 X 10° ml~*; sample volume i§/, = 800 pl.

No

Nt

cm-1)

If the permeant molecules are charged (ionic), the electro-
porative transport in the presence of the electroporation
field naturally has an electrodiffusive component. The ap-
propriate transport equation for small driving forces is the
ernst-Planck relationship combining Fick’s first law and
hm’s first law. In the framework of a few realistic assump-

whereN, is the number of colored cells when the dye was
added before the pulsindN§ = N(t,qq = 0)); 7, and, are
the normal mode time constants of the phases, respectivel

and
tions, the Nernst-Planck equation can be integrated to yield
Bn = [PI(R] + [P]) (3
is the fraction of rapidly closing pore states,)( =< B =
1. For the case of practically unidirectional structural tran- N 1.0 -
Ny
rTTTT T T T T T T T T T T
N (tagd) 1.0 0 1O(add/ min20'_ i
1 0.5 1
1 /\
1 \
.. A
4 N
p \\
MNP ST ) 0 ¥ ////////\
0 5 10 15 20 0 2 4 6
t agg / Min E/(kVem™)

FIGURE 3 Cell resealing kinetics indicated by dye uptake. The fractionFIGURE 4 Optimal range for cell survival. The fractibtiN; of colored

fu = (N — N.)/(N, — N..) of colored cells (Eq. 2) as a function of the time cells is expressed as a function of field strengt{pulse durationtz = 110

t.qq Of dye addition after the pulse of the duratipn= 110 us and the  us). B, No/N; pulsed in the presence of dya, N./N; pulsed in the
external field strengtle = 1.49 kV cmi L. (Inse) Semilogarithmic scale, absence of dye; the dye was added 30 min after the electric pulse. Dotted
showing the biphasic nature of the cell coloring. The initial veijye= 1 line, AN/N;: = (N — N..)/N;; the shaded area represents the range of the
for N = N, (at timet,y4q = 0) corresponds to the addition of the dye before experimental conditions of an optimal transient cell electroporation leading
the pulsing. Obviously, &t4q— %, whereN = N_, fy, = 0. Experimental  to transport of dyes like SERVA blue G. Experimental conditions were as
conditions were as in Fig. 2. Data were evaluated with Eq. 23 of the textin Fig. 2.
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EZ 10 T dye uptakg after the'pulse, becausg the external field is
KV om-1)2 g causative in the creation of the long-lived pore states.
I The cell ensemble kinetics of cell coloring may be rep-
g | resented as the progressive color increase in one average
A cell. The facilitated diffusion of the dye through the elec-
41 " troporated membrane patches is viewed as an interactive
5 1 migration, via transient contacts of the dye with the lipids of

the pore edges. The key of our analysis, in terms of Fick's
first law, is that the flow coefficienk; contains a time-
dependent pore surface term. The unidirectional mole flux
vector for the increas@! in the amount of dye in the
average cell is given by

0 + ; e
0 0.02 0.04 0.06
tg!/ ps -

FIGURE 5 Strength-duration relationship. Square of the field strength
(E2 ), corresponding to the fractidy = 0.5 of colored cells (see Fig. 2), in

is expressed as a function of the reciprocal pulse duratidg) (af two dn¢ - -D % 4
selected conductivities of the external mediaph(10 2 S cnm %): 1.3 (@) dt- S(t) o dx (4)

and 1.0 ().

where§, = prrz is the surface area of the, cylindrical
agueous pores of pore radiuwith interactive dye transport

in the average cell, and is the diffusion coefficient of the
dye molecules interactively permeating along thexis
through the porated patches. Conventionally, the concentra-

the time course of the electroporative influx (or efflux) of
dye molecules into (or out of) the cells (see the Appendix)
o e o s s OGNt of 1 e o ciecton 0t co
administrated a long time (minutes) after the pulse applica'—S approximated by the linear form
tion. Therefore, Fick’s part of the Nernst-Planck equation do/dx = (c" — ¢)/d (5)
will be demonstrated to be sufficient to describe the mole
flow of the dye through the electroporated cell membranesvhere d is the membrane thickness™ = nl"/V, is the
into the cell interior. concentration of dye in the celV, is the average cell
volume; c is the analytical dye concentration in the bulk
solution: ¢ = ¢, — (N r"/V,), wherec, is the initial
Fick’s first law formalism analytical dye concentration in the bulk solution; angdis
he volume of the bathing solution. Becalge= 4ma> =
.2% 10 ° cm®, wherea is the mean cell radius/, ~ 0.76
cm®, andN; = p.+ V, ~ 4.8 X 1P, we see thav/, >
Nr - V.. We therefore may use the approximatiarids =
g(hic”/vc — C,)/d. Substitution into Eq. 4 yields the experi-
%ﬂentally handy flux equation

Even if the dye is present during the pulse, the blue color o
electroporated cells only becomes visible at timgsthat

are much larger=5 min) than the pulse duratiop (100

w1s), indicating that the dye-permeable pore states are lon
lived, as already indicated by the slow resealing kinetic
(Fig. 3). Because, = 23 s andr,, = 327 s, the data suggest
that the main dye uptake occurs at tinies> t, i.e., after dn”

the pulse termination (& = 0). -s®-d (Co — NV (6)
leading to coloring, takes place in the post-field time inter-,stfield time interval as
val (Neumann et al., 1982; Neumann and Boldt, 1989). In
D tobs

1-exg—y . g J sdt|| - (7)
or a few seconds after the electric pulse. Therefore, even ¢ o
though the electrodiffusive dye flow through the pores in
dye within the cells during the short pulse duratigp € added after the pulse. As the characteristic times of pore
200 us) is significantly smaller than that in the long time resealing f, = 23 s andr,, = 327 s) are much shorter than
effect (like that of DNA; Neumann et al., 1982), and may concentration equalitpl’/V, = ¢ ~ ¢, is reached. For this
therefore be considered as diffusion of the dye througHimiting case, the generalization of the coloring process of

Apparently, a few seconds after the electric pulse, the cell
membrane is still so permeable that the main dye uptakephe dye uptake is given by integration of Eq. 6 in the
fact, when we analyze Fig. 3, we see that the dye uptake is
practically the same whether the probes were added before n'=c,- V.-
the presence of the field is many times larger than the flonwheret, = tg ~ 0, if the dye is added to the cell suspension
without the field, the increase in the amoutfitof substance before the pulse, or, alternatively, = t.qq if the dye is
(t,n9 after pulse termination. The dye uptake, leading to thethe time of observatiort{,s~ 1800 s), we may séf,;~ .
effective coloring of the cells, is basically an after-field The influx ceases, even if the pores stay open, when the
long-lived electroporated membrane patches. Neverthelessne average cell to the whole ensemble of cells yields a
the field-on time intervaltf) is crucial for the extent of the fraction f of the colored cells equal to unity (see Eg. 1).
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Generally, we have the flow coefficientk; is given by
N (te, togo) D tobs ki = DS/(V.d) (20)
fle td =~ vy =1l—exp—y .4 | SMdt o : .
Co* Ve Ve-d . Because the bulk dye concentration is relatively high, the

8) dye adsorption in Scheme 9 may be considered as a pseudo-

first-order binding reaction, such that the dye concentration
In further analysisS(t) is explicitly specified by Eq. A12 ¢ appears as a constant in the expressions for the rate
(see Appendix). coefficients.

The description of the data in Figs. 3 and 6 in terms of the
electroporation-resealing cycle requires an extension of the
simple electroporation scheme=€ P (Neumann and Boldt,
Thef(tg) data in Fig. 6 confirm, in terms of the quantitative 1989). The rather long sigmoid phase ffz) (Fig. 6)
model, that the dye adsorption on the cell surface and theuggests that there are at least three pore states=H, 2,
dye transport through the membrane are coupled to electr@®, respectively. In the scheme
porated membrane states. The actual cross-membrane trans- " o ”
port of dye molecules (Dy) through the electropores (P), C=P—=P,—=P, (11)
being an interactive diffusional process, does not require the ko ke ks

presence of an external field. Chemically, the coupling ofie states pand B, denote pore structures of negligibly
the dye bind?ng to the electroporation state_ transitionC g permeability for the dye during the pulse titgeOnly

P), where C is the closed membrane state, is modeled by thge state pis required to have a finite permeability for the
scheme dye molecules. Pore resealing is described by the reverse
reaction steps with the rate coefficielts;,. If in the pres-
ence of the external field pore resealing can be neglected,
the unidirectional reaction sequence-€P; — P, — P,

with the rate coefficientg; applies.

Membrane electroporation and dye transport

V/////////////////////////

membrane

C C %/
Dy+ ( <—>Dy- ( 15. . Presence of dye during the field pulse
P P | «—>DyP <PDy<«—Dy"

I The penetration of the dye through electroporated mem-

%///////% (9) brane patches is most likely not free diffusion through large
agueous pores. Rather, it appears that the diffusion, al-

though facilitated through electroporation, is partially “hin-

i . . . _ dered” by interaction of the dye with the edge lipids of the

where Dy and Dy symbolize the dye in the bathing solu pore states P, leading to a smaller diffusion coefficient

tion and in the cell interior, respectively, and the step . I . .
DyP & PDy models the actual translocation process. Hergompa red with fre(_a diffusion. Th_e concept of interactive
diffusion, characterized by short-lived contacts between the

lipids of the pore wall and the dye, is also useful for
describing the observed specificity of transport of charged
dyes, even against the electric field direction, as observed
by Tekle et al. (1994).

In our case the interactive transport may be described in
terms of transient complexes Dy between dye and pore
edge lipids, formed unidirectionally through electropora-

tion:

ko ko ko
C—P,:Dy —>P,Dy - P;:Dy —. .. (12)

where, for simplicity, all of the electroporation rate coeffi-
cientsk; = k, = k3 = k; are equal. The equality of the

te/us coefficientsk, means that the transitions between the pore
states are associated with equal reaction volumg¥/) of
FIGURE 6 Kinetics of membrane electroporation. Fractfor (N — interfacial pore polarization. This assumption is theoreti-

N..)/(Nr — N..) of those colored cells that can potentially regenerate (Eq.Ca”y justified by the Corresponding minima in the hydro-

1) as a function of the pulse duratignat various external field strengths h . . . .
E)/kV em O 0.64'@ %BS.D 1 Ogg. 128°A 149°A 17V 1 9?. phobic force profiles as a function of distance from the lipid

v, 2.13; respectively. Solid lines reflect the theoretical analysis of the datdvalls (Israelachvili and Pashley, 1984). As discussed pre-
with Eq. 24. Other experimental conditions were as in Fig. 2. viously, the data are consistent with the cooperative transi-



104 Biophysical Journal Volume 74 January 1998

tion of a lipid cluster L, forming a pore with, on average, field is probably much smaller than that of the respective
lipid molecules in the pore edge. For the reaction step (  pore resealing process. Therefore, a unidirectional scheme
1) = i such a transition is electrothermodynamically de-is adequate for the coupling of pore resealing with dye
scribed by a (molar) cluster transition dipole momenttransport in terms of two permeable interactive dye-pore
AgM = M; — M;_, and in terms of volume polarization: complexes, B- Dy and B, - Dy, according to

ARM = ARVp * NA * ARP (13)
C<«—P,-Dy<«—P5-Dy<«—P%-Dy (18)
whereN, is the Avogadro constant. For cylindrical cross- ko ke ks
membrane poresdgV, = 7 - d - () — (r7_p) is the

a\éeritgg .agu'io_us r;])ore vol_ume Cf‘aﬁgﬂ- 2_’ 3; nﬁtedt_r;fat zero-field decay of dye-permeable pore stat§saRd B,
(re) = 0); AP is the reaction polarization, i.e., the differ- Apparentlyk_5; >=> k_,; thus the two resealing modes are

ence in the polarization between pore internal water and thSonsidered as independent, and the resealing kinetics of the

polarization of the same v_olume filled with Iip_id_&_RP = dye-permeable membrane agais described by
€ (€, — €) * E, Whereg, is the vacuum permittivity, and

€, ~ 80 ande, ~ 2 are the dielectric constants of water and SO =St {B e t+1-p)-e* (19)

of lipids, respectively.E,, is the transmembrane field

strength, defined according to Maxwell as negative electriGyvhere g8 = [PL]/([P%] + [P%]) is the fraction of dye-inter-

potential gradient. Herg,, = —Ag,/d. active pore states.

The average pore radius for a pore statésRlefined as We now combine Eq. 8 with Eq. A12 (see Appendix) and

_ . - Eq. 19 and integrate. The dye uptake is then described by
i = (- ArVp/ (- d)) ™2 =1, - 112 (14)  the cell fraction for a given pulse duratidg and a given

The electric field dependence of the equilibrium constantime of dye addition after the pulse:

Kp = ki/k_, of a dipolar transition is generally described by

(see, e.g., Schwarz, 1967; Neumann, 1989) f(te, taad = 1 — exp{—ARK?, ko, te) - B(B, k-5, k-3, tadd)lézo

Ko(E) = K,(0) - & (15)

where K(0) refers toE = 0. Note thatK,(0) contains

physical parameters such as eventual surface tension and Ko+ te -
field-dependent area-difference elastic energy terms (Evans, A=K - [1 - (1 + ko tee (1 +5 )) ‘e k"E] (21)
1974) or area-difference elasticity (ADE) energy (Seifert

The two resealing rate coefficierits, andk_5 describe the

)

where

and Lipowsky, 1995). In the integration boundaries= 0 B 1-8
andE = E,, we obtain (Neumann and Kakorin, 1996) B= - Koot tadd T-e’k’z't“d (22)
—3 —2
JE"ARM dE,,

(16)  In Eq. 20,k? is the maximum flow coefficientk® = DSY/
V. d) and & is the maximum electroporated membrane area

whereE,, is the actual effective force on the charged andof the average cell. If the exponential ten B in Eq. 20
dip0|ar membrane Components (Neumann, 1996) is smaller than Unity, Eq 20 takes the fofry A- B, which

The dye-permeable pores are dominantly present in this typical for a normal mode analysis for small perturbations
pole caps of the cells (see, e.g., Tekle et al., 1991). Insertioffee Eq. 2), yet with physically specified preexponential
of Eq. 13 into Eq. 16 yields the field factdr(Kakorin etal.,  coefficients,

R-T

1996):
Kotte\)
9-ApV,- @€ (e —€) , - , flte, tad =K+ |1 — {1+ kK-t |1+ 5 )| e
~ 8k T-d? A\ B (A7) 23)
SR B
whereE is the external field strengtlg is the mean cell '[ka-e Koo tooa 4 K, e add]

radius, andf(A,,,) is the conductivity factor describing the

Changes _in the average conductivity, of the membrane Note that hergs/k_5 and (1— B)/k_, correspond tg,, and
with the field strength; see Eq. A5 of the Appendix. (1 — By). respectively, of the conventional simplified nor-
mal mode analysis (Eq. 2). The data in Fig. 3 are evaluated
Transport of dye added after electroporation with Eq. 23. The data in Fig. 6 are analyzed with

The simplified normal mode analysis of the data in Fig. 3 Ky te Cote
already shows that at least two relaxation modes with sigf(tE) =R 1 {14kt |1+ > |]"&” (24)
nificantly different time constants can be discerned. The rate

of transient pore formation in the absence of an externalhich is the explicit form of Eq. A9 with Eq. A12.
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DISCUSSION In Kp 15 T T T T T T T

Previously, electroosmosis has been suggested by Dimitrov 0 L .-
and Sowers (1990) as a possible mechanism for the efflux of L ad
fluorescent dyes induced by exponentially decaying electric
pulses in erythrocyte ghosts. The results of membrane elec-
troporation of National Institutes of Health 3T3 cells re-
vealed that after-field diffusion is the most probable process
for the cellular uptake of foreign molecules as compared
with electroosmosis or electrophoresis (Tekle et al., 1990, 0 1 5 3
1991, 1994). Alternatively, the long-lived fusogenic mem-

brane state without electropores and probable cell fusion E 2/ (kV em™)?
(Sowers, 1987; Montane et al., 1990) cannot be responsible

for the dye uptake dominantly occurring after the pu|SeFIGURE 7 Logarithm oK, = [P]/[C] of the overall state transition €&

. . . as a function of the square of the field strength. The solid straight line
termination. Actually, the micrographs of the electropora‘te(ﬁdicates the theoretically predicted linear increase inKp(E%) at a

B cells (Fig. 1) show no cell aggregates or fusionates at thgonstant transmembrane conductivity. The saturation is caused by the
pulse durations and field strengths applied in our experiincrease in number and size of conductive pores. The increased transmem-

ment. In line with Tekle et al. (1990, 1994), our observa-brane conductivity prevents further charging of the cell membrane.
tions suggest that post-field diffusion is the dominant mech-
anism of electroporative dye transport across the B cell

membrane. _ terms of the surface tension and the area-difference elastic
As expected folE = 0, the vaIuesPZf ”1? resealing rate energy (Evans, 1974; Neumann and Kakorin, 1996). Thus
coefficientsk_3 = (4.0 = 0.5) X 10°“ s~ andk_, =  the magnitude of the constakt) = 0.02 gives the upper

(4.5 0.5)x 10 s * and the maximum flow coefficient  jimit of the small percentagg,, of water in the cell mem-

k® = DSV = (1.0 = 0.1) X 10 ? s * are practically prane before the field puls&,, = 0.02, or= 2%, in line
independent of the electric field (data not shown). If weyith conventional estimates of the membrane water volume
assume that because of the transient interactions betwe@gntent of 9-21% in the head-group region of egg yolk
pore edge lipids and dye the diffusion coefficient of SBG inphosphatidylcholine lipids in the liquid crystalline phase
the pores is onlyD = 10" ° cn? s, compared with the  (Mcintosh and Magid, 1993) and the suggestion that there is
estimated value for free diffusioB, ~ 5 X 10 °cn?s ™,  only 1.0-2.0% water in the hydrocarbon region of the cell
then ford = 5 nm we obtain the membrane permeability membrane.

coefficient for the dyes P= D/d = 2 cm s'*. Hence The SBG molecule may be roughly modeled as an elon-
the maximum porated area in the cell membran&lis=  gated parallelepiped of dimensions of 2.4 nml.4 nm X
KPVJ/P® = (4.1+ 0.5)X 10" cn?’. As the total cell surface 0.2 nm. The diameter (2.4 nm) of the pore stateeBuals

area is§”" = 2 X 10°° cn¥, the maximum fractior= = the long axis (2.4 nm) of SBG. We presume, however, that
(RSP of all pore states (P+ P, + P;) amounts to the the dye molecules most likely pass the membrane oriented
rather small value of 0.02% 0.002, or 2.1+ 0.2%. with the long axis along the membrane normal.

The fraction B of P; pores is changing with the field  The mean pore raditfs of the pore state fs in line with
strength 0.42< E/kV cm ' = 2.1 inthe range &= B =  previous estimates (Weaver and Chizmadzhev, 1996). How-
0.948. For the range where (1 ) << B, the equilibrium  ever,F, = 1.2 nm seems to be rather large. An open pore of
constantk,, for the reaction scheme € P can be calcu- this size should lead to a locally significant transmembrane
lated asK,, ~ kj/k_5. At field strengths up t& = 2.1 kV  conductivity, reducing the local transmembrane voltage
cm*, the equilibrium constari, changes enormously in (Kakorin et al., 1996), eventually causing leakage of cell
the range 2< 102 = K, = 6 X 10° (Fig. 7). The analysis components and, finally, cell death. Note, however, that the
of the linear part of Ier(EZ) in this low field interval (Fig.  detection of the pore state, Pas well as B and B, after the
7) according to the reaction sequence in Eq. 12 and applyinfield pulse) is only possible when the SBG molecules are
Egs. 15 and 17 yields the zero-field equilibrium constant(interactively) passing through the pore. Therefore, the P
K3 = (2.0 = 0.2) X 10 ? and the reaction pore volume pore state is temporarily blocked by the dye molecule,
ARV, = (9= 1) X 10-2° cm?® for the structural transitions. reducing the average conductivity compared with a dye-free
By substitution ofAgV, in Eq. 14, we obtain the (interac- pore of the same radius. The saturation value of the trans-
tive) mean pore radiit; = 0.7 = 0.1 nm,f, = 1.0 = 0.1, = membrane potential difference of the electroporated B cell
andr; = 1.2+ 0.1 nm of the R, P,, and B pore states, membrane is calculated to &p,, = —0.7 = 0.1 V. The
respectively. The associated numbers of lipids in the por&alue Ag,, s = —0.7 V is typical of that estimated for the
edge clusters in the two membrane leaflets of the bilayer areost cell membranes by Weaver and Chizmadzhev (1996)
18, 24, and 26, respectively. The value K)g = 0.02 is and does not suggest any extraordinarily high local trans-
eventually overestimated, because it might contain the finitenembrane conductivity.
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According to Eq. Al12, the fraction of the area occupiedNernst-Planck equation in the form (Neumann et al., 1996)

by the dye-permeable poreg B given by . .
df D[ el e
—dlv. vl Ben||  (AD)

F*(t)—S(tE) S-dt diVe V% ke T
=
% whereS; is the surface area of ail, pores of the average cell aMd is the
kp .t volume of the average celffis the membrane thicknesB;is the effective
= Fg . [1 — (1 + kp “te- (1 + E)) . ekp'ta] diffusion coefficient of the dye across the electroporated surface patches
2 (in interactive contact with dye)z.q| is the absolute value of the effective

charge number (with sign) of the dye molecidgis the elementary charge;
kg is the Boltzmann constant; is the absolute temperaturaip,, is the
mean electrical potential difference across the electroporated membrane
At E =21kVcmtand te = 200 us, we obtainF* = surface;n°" is the total amount of dye; and, is the volume of the bulk
3.5 10", or 0.035x 0.003%, which is rather small. This SOIEt)I/Og[-)atial integration of the dye concentration within the membrane
corresponds t(NP - (1'5 - O_'l) X_ 10° pores per average phase, analogous to the treatment by Hodgkin and Katz (1949), we obtain
cell. The small numbers rationalize the rather slow trans-
membrane flow of the dye molecules leading to cell color- dn" G, @ el u — gn
ing. The fractionF* compares well with the value X a-s —P% |z U i o (A2)
102 < F < 2 X 10 “ of conductive electropores in sea
urchin eggs under approximately the same experimentglperec — nown, ¢ = v, and P° = yD/d is the conventional
conditions, derived from fluorescence imaging data by Hi-permeability coefficient (m s%), y is the partition coefficient of dye
bino et al. (1993). molecules between bulk water and aqueous pore volume uandF -
ATp/(R'I) is the electric factor, wher€ is the Faraday constant aftl=
ks + N, is the gas constant. Because the SBG molecule is an anion, the
electrodiffusive part of the transport caused by one DC pulse refers to only
CONCLUSION one hemisphere of the average cell. Therefore the average potential dif-
ference term operative for the dye-anion flux is defined by
The coloring of the electroporated cells has been shown to

(25)

be a useful tool for the study of the kinetics of electric pore 1 (=2 3 ~
formation and resealing as well as the transport of dye\e, = 2[ Ap(0)sin0do = —ééE-f()\m) (A3)
molecules through the porous membrane patches. The main

0
results are the following:

1. A minimum number of three different pore states iswhereAg.(6) = —%28E - f(A,,) - [cos 6], 6 is the azimuthal angle with
required for the electroporation/resealing cycle of mouse Bespect to the external field direction in the polar coordinate system of the
cells, governing the characteristic pronounced sigmoid onSh andais the mean cell radius; hege = 12.5 um. The conductivity

) . - . factorf (A,,,), describing the changes in the membrane conductivity during
setin th_e_ kmet'(_:S_ of the cell coloring. ~ the electroporation process, is given by (e.g., Neumann, 1989)

2. Efficient (visible) dye uptake only takes place during
the long time mt_erval after the short pulse dgratlon, where  £(g \.) = 11+ Ay 2+ MAJI(2- N - d/A))  (A4)
the dye uptake into the electroporated cells is probably an
interactive (and not completely free) diffusion of the dye wherea,, A, are the conductivities of cell interior and the outside suspen-
across the electroporated membrane. sion, respectively, andl,, is the angular and time average of the membrane

3. The results of our analysis of the electroporative dyeFonductivity (Kakorin et al., 1996):
transport may serve as a quantitative basis for optimization

strategies to improve the conditions for drug delivery by -1 . e o
membrane electroporation, such as in electrochemotherapy. mT2te An(8, 1) - sin 6 d6 di (AS)
One specific procedural aspect is the longevity of the porous 0o

membrane states, such that the main drug delivery should be
experimentally arranged for the long-lasting resealing
phase. Furthermore, local cooling should speed up the dru
influx because low temperatures slow down the resealingenerally, the dye uptake may be subdivided into two time intervags:
processes. field-on time interval0 = t = t, where dye electrodiffusion dominates
over the passive diffusion, characterizable by the permeability coefficient

PE = PO (1 + |zoq] - F - A, /(RT)) > P°) (Neumann et al., 1996), and
the field-off time intervalg < t < t 4 characterized by the passive dye

Bresence of dye before the pulsing

APPENDIX diffusion. If [Ae,,| >> 25 mV, as in the case in this study, the fraction of
total dye uptake is obtained by integration of Eq. A2 in these two time
Nernst-Planck transport relationship intervals:

In the general case, the electrodiffusive mole flow density vector of the
amount (") of (ionic) dye molecules in the direction of the external field — —
E into the average cell across the electroporated membrane is given by the Co V. GC-V:.'N

o )
ne n"

=W(te) + Z(tw)  (A6)
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where d[Ps(te)]
expl— - Ca SR
—|Ze| -
W =
XFX—| | “u) - " Ve +1 The boundary conditions of the integration are [C(8)[Pg], [P1,,40)] =
€ Zef| - U V, 0. Mass conservation dictates that the total number of membrane states is
given by [R] = [C(td] + ZL4[Pi(te)].
— |zeﬁ| ‘u One key result we obtained was an analytical expression for the increase
X [1 exp(—PO . — -1 in the concentration of the dye-permeable pore state as a function of the
exp( |Zeff| u) pulse time:
exp(—|Ze - U) L1 te Sod] (A7 [Ps(te)] = [Po](1 — (1 + Kte(1 + Kte/2))exp( —kote))
V, N-V, )] ( ) (A]_ 1)
0 The total surfacé of all electropores is here proportional to;JBuch that
. [PS)[C,] = S/, whereS is the maximum value 0§.. Hence the time
_ 1 po 1 b course of the build-up of the dye-permeable porated membrane s&face
Z= V.-N ‘|1—exg-P- vV, + N-V, ) St)dt in the external electric field is given by

1+

te

Ve

_ kp°t
m Sc(tE)—Sg'[l—<l+kp-tE-<l+ E))-ekp"E]
In Eq. A7V, is the total volume of the extracellular solutiogy, = 1.17 2

mol - m~2is the analytical dye concentration in the bulk solution, Snd (A12)

N - § is the total pore surface area of &l cells available for the dye o o ) ) )
transport during and after the field pulse. If the characteristic time of poreT Ne term, similar to [GJ], is independent of field duration and field
resealing is much shorter than the time of observation, the analytica$tength, ye& is specific for every cell system (Neumann et al., 1996).
approximatiort,,. — = applies in Eq. A7. As outlined in detail in the text, Substitution of equation Eq. A12 in Eq. A9 yields Eq. 24.

the main dye uptake takes place in the post-field time interval. Therefore

the termW in Egs. A6 and A7 can be neglected such that Z(t,,J.

Provided that/, > N - V., which is usually the case, Eq. A6 simplifiesto Dye binding to the cell surface

0 tobe The rate and extent of cell coloring also depend on the external dye
f S(te, 1) - dt concentratiort. Here we may use the approximatiors c, = 1 mM. The
E»

f(tE) o exp _W‘

diffusion-limited dye binding rat&,. ¢, wherek,.,= 10 M~*s™* (Eigen
fo and DeMayer, 1963), is therefore larger {19%) than the membrane
(A8) transport ratek; = 10? s *). Hence the binding step Dy (C = P)= Dy
0 Tobs - (C=P)in Eqg. 9 can be considered as being rapidly equilibrated relative
=1l—exp— - J S(tg, t) - dt to the transport, and the flow coefficient takes the form

Ve
© ke =ki - f (A13)
wheret, = tz = 0, if the dye is added to the cell suspension before the
pulse,t, = t,qqif the dye is added after the pulse. As outlined in the text,
the approximatiori,, — % applies.
In the limit of small membrane permeability, such that the exponential
term in Eq. A8 is smaller than unity, the fraction of total dye uptake is

wherek is the intrinsic coefficient for the transport step B = P - Dy
of the dye across the membrane, i.e., at saturated birfgirg 1. The
fraction of surface binding is given by the concentration ratio:

given by f, = [Dy- (C=P(Dy-(C=P]+[Dy) = «
po (= (Al14)
f(te) = — - te, t) - dt A9
(ts Ve Ste. 9 (A9) whereK, = [Dy] - [C = P)/[Dy - (C = P)] is the dissociation equilibrium

o constant of the binding step. Note that at saturatior> K., hencef, ~

1. The termkT is thus obtained from a dependencekpbn [Dy] = c.
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