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Mechanism of Electroporative Dye Uptake by Mouse B Cells
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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 E and pulse duration tz. At E =
2.1 kVem™ ' and tg = 200 pus, k, = (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 = 10~® 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
the dye transport
surface of pores per average cell
So maximum electroporated membrane area of an
average cell

St total surface area of the average cell

s electric pulse duration (us)
tadd time of addition of dye to cell suspension,
counted from the end of a pulse
time of observation to identify the SERVA
blue G-colored cells

AV, molecular reaction volume of pore formation
(em?)
v, volume of an average cell
Vs volume of the bathing solution

Zegp effective charge number (with sign) of the dye
molecule

Greek symbols

B fraction of pore state P;*, relative to P,* +
Py*
Bx fraction of normal mode pore state Py,

relative to P; + Py

S (Xm) conductivity factor
Ae,, transmembrane potential difference (V)
Agn saturation value of the transmembrane
potential difference
Ao, mean electric potential difference across the
electroporated membrane surface
A angular and time average of transmembrane

conductivity (S cm™ ')

conductivities of the cell interior and the
outside suspension, respectively

p.  cell density (ml™")

T, T normal mode time constants of the resealing
of P, and P, pore states, respectively
INTRODUCTION

Membrane electroporation (ME) is a powerful technique
that uses electric field pulses to render cell membranes
transiently porous, so that they become permeable to oth-
erwise impermeable substances. The method is nowadays
widely used to manipulate biological cells, organelles, cell
aggregates, and tissue. The various applications of ME
include the direct (electrophoretic) transfer of genes (Neu-
mann et al., 1982, 1996; Neumann, 1992) and of proteins,
aromatic ionic dyes (Neumann and Boldt, 1989, 1990), and
drugs into the cell interior (see, e.g., Tekle et al., 1994).
Recently, ME was used to improve transdermal drug deliv-
ery (Vanbever and Preat, 1995). Moreover, clinical appli-
cations of ME gain increasing importance; for instance, skin
tumors can be transiently electroporated such that effective
drug delivery is achieved (Heller and Gilbert, 1993; Heller
et al., 1995; Sersa et al., 1995). Specifically, skin melano-
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mas have been successfully treated by ME and low doses of
bleomycin, a powerful drug that, after ME, is able to pen-
etrate the cell interior (Heller et al., 1996; Domenge et al.,
1996). Clearly, the action of bleomycin is at the level of
DNA replication, where the initial step leading to cell death
is the binding of bleomycin to DNA (Mir et al., 1996).
Similarly, data suggest that the functionally effective step in
electroporative cell transformation is the binding of the
DNA to intracellular structures (Neumann et al., 1996). The
electrodelivery of DNA and drugs appears to be more
efficient when the permeants are first adsorbed to the outer
cell surface before electrodiffusive insertion into the mem-
brane surface and cross-membrane translocation occur. The
details of the mechanism of electroporative drug transport
into cells, however, are not yet well understood. Knowledge
of the molecular mechanism is the basis of goal-directed
strategies for optimizing the protocols for efficient elec-
trodelivery of drugs and DNA, especially in gene therapy.

Some useful information already exists. Most instruc-
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
numbers may not be representative for the total populations
of cells (Sowers and Lieber, 1986; Dimitrov and Sowers,
1990; Tekle et al., 1991; Hibino et al., 1993). Many other
methods only yield population averages, as discussed by
Kinosita and Tsong (1977, 1978) and Teissie and Tsong
(1981). For instance, the number of (electro)transfected
cells is only a global indicator, because after the electropo-
rative transport of DNA across the cell membrane, success-
ful gene expression requires cell survival and correct incor-
poration of the DNA into the genome of the cell. Thus gene
expression itself is of only limited use in characterizing
the mechanism of DNA transport through the plasma
membrane.

The coloring of the electroporated cells represents a more
direct access to the mechanism of the molecular transport
across electroporated membranes. Here we show how cell
coloring can be analyzed to yield characteristic rate param-
eters of the electroporation-resealing cycle in its coupling to
dye transport. The data analysis leads to a variety of results
that are of practical importance for the optimization of
electrodelivery processes, especially in electroporative
chemotherapy.

MATERIALS AND METHODS

Cell preparation

The immunoglobulin G receptor~ (FcyR™) mouse B cell line IIA1.6 was
cultivated as described by Budde et al. (1994). The cells were washed twice
with Click’s medium (Biochrom KG, Berlin/Germany) without fetal calf
serum and resuspended in it. The cell density was p, = 6 X 10° ml~".

SERVA Blue G

SERVA Blue G (SBG) (M, 854), which is equivalent to Coomassie
Brilliant 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-free
Click‘s medium were prepared just before each experiment. SBG is an
established protein dye that does not penetrate intact cell membranes
(Bradford, 1976). For all electroporation experiments, the final protein dye
concentration was ¢, = 1.17 mM and p, = 6 X 10° ml~'. Hence the linear
cell density was ~182 cells cm ™', and the mean distance between the cell
centers was d ~ 55 um. The IIA1.6 cells are ~25 um in diameter; thus the
average cell separation is about a cell diameter. No cell clustering was
observed.

Electric field pulses

Single rectangular electric field pulses were applied with an Electroporator
II (Dialog, Diisseldorf, Germany), at a voltage of up to 1 kV and with a
pulse duration from 10 us to 100 ms. This type of electroporator is
particularly suited to biophysical studies of ME. The pulse shape was
monitored on-line with an oscilloscope. The sample chambers (Bio-Rad,
Munich, Germany) were equipped with flat parallel aluminum electrodes;
the electrode distance was 0.4 cm; the maximum volume was 0.8 ml. The
chambers have to be used with alternating voltage polarity to avoid major
anodic oxidation of the electrodes. The counterpotentials due to galvanic
electrochemical surface reactions cannot exceed 3 V, which is negligibly
small compared with the initial pulse voltage 200 = U,/V = 1000. In this
voltage range and at the low medium conductivity (A, = 1.3 X 1072 S
cm '), corresponding to a low current density, the actual field strength £
in the solution between the electrodes is estimated to £ = E;, - 0.85 (£
0.05) (Pliquett et al., 1996). To permit straightforward data analysis in
terms of a defined electroporated cell surface area, the field strength £ =
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
transfer, but as such it is not suited to the determination of important
parameters such as fractional porated area or pore numbers.

Cell electroporation and counting

Membrane electroporation renders cells permeable to the dye SBG, tran-
siently and reversibly. Depending on the field strength and the pulse
duration, the blue color becomes visible within 30 min after the pulse or
after the addition of the dye to the electroporated cells (Fig. 1). Almost
immediately after the pulse at low field strength (£ = 1.5kV em™ ', t; =
110 us), the electroporated cells exhibit blebs. The electroinduced blebs
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disappear within 20 min at 298 K (Gass and Chernomordik, 1990). The
temperature before pulsing was 7' = 295 (= 2) K (22 (= 2)°C).

After pulsing 800-ul aliquots of the cell suspension, the cells were
incubated for 45 min at 22 =+ 2°C, and the number N of colored cells of the
population was determined.

The resealing kinetics was assayed by pulsing in the absence of the dye
and adding SBG at selected periods (#,4q) after the pulse.

The colored cells were counted by using a light microscope (Olympus
BH-2), video monitoring (WVP-FI10E; Panasonic, Hamburg, Germany),
and tape recording (NEC DX-1000G,); 6 X 100 cells (pulsed and control)
were observed routinely to obtain statistically significant results. At least
five replicate experiments were performed for each data point.

RESULTS

In Fig. 2 it is seen that at a given field pulse duration, the
number of colored cells increases with increasing field
strength. For larger pulse durations, the range of coloring is
shifted to lower field strengths.

Cell coloring due to adding dye after the electroporation
pulse occurs in at least two relaxation phases (Fig. 3). If N
is the number of colored cells, N, = N(t,qq — ) represents
the number of colored cells at the limiting time of admin-
istration of dye long after pulse application (Fig. 3). The
fraction f of those colored cells that can potentially regen-
erate is defined as

f= N —=N.)/(Ny = Nz) (M

where N is the total number of cells.

In the simplest form of a chemical normal mode analysis,
according to Eigen and DeMaeyer (1963), this fraction may
be renormalized as

3 f _N-N.
fN_f(taddzo)_No_Noo

(2)
= BN . e—taud/n + (1 _ BN) . e—tadd/m

A.

FIGURE 1

Optical image of the primary data. B-lymphoma cells (line IIA1.6) exposed to one electric field pulse (£ = 1.23 kV cm™

B.

!: pulse duration

tg = 110 ws) in the presence of the dye SERVA blue G (M, 854). (4) Nonpermeabilized cells (white) and permeabilized cells (blue), indicated by the uptake
of the dye (phase-contrast); bar = 50 um. (B) Blebs are observed (dark-contrast method) almost immediately after the application of one electric pulse of

low field strength (£ < E.).
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FIGURE 2 Electroporative cell coloring by the dye SERVA blue G. The
fraction N,/Ny of colored cells as a function of the external field strength
E at two pulse durations 7i/us: 50 ((J) and 150 (H). N, is the number of
blue-colored cells corresponding to the administration of SERVA blue G in
the cell suspension before the pulsing, and Ny is the total number of cells.
The fraction Ny/N; at E = 0 (dashed line) represents the number of
damaged cells colored before the field application. For a comparison, the
range where the cells can be transfected (shaded area) at larger pulse
durations (7 =~ 100 ms) is restricted to a narrow lower field strength range
(0.6-0.7 kV cm™ ). Experimentally, an aliquot of a suspension of mouse
B-cells (line ITA1.6) was treated by one rectangular electric pulse in the
presence of 1.17 mM SERVA blue G (M, 854); the largest molecular
dimension was estimated to be 2.4 * 1 nm. CLICK’s medium was based
on RPMI 1640 supplemented with 10 mM Na-pyruvate, 10 mM glutamine,
and 50 uM 2-mercaptoethanol. The electric conductivity of the cell sus-
pensionis A, = 1.3 X 1072 Scem™ !, T = 293 K (20°C); cell density p. =
Ni/V, ~ 6 X 10° ml~'; sample volume is ¥, = 800 wl.

where N, is the number of colored cells when the dye was
added before the pulsing (N, = N(t,q4q = 0)); 7, and 7 are
the normal mode time constants of the phases, respectively;
and

Bx = [P )/([P] + [Py]) (3)

is the fraction of rapidly closing pore states, (P): 0 = By =
1. For the case of practically unidirectional structural tran-
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FIGURE 3 Cell resealing kinetics indicated by dye uptake. The fraction
=N — NN, — N..) of colored cells (Eq. 2) as a function of the time
t,aa Of dye addition after the pulse of the duration 7z = 110 ws and the
external field strength £ = 1.49 kV ¢cm ™. (Insef) Semilogarithmic scale,
showing the biphasic nature of the cell coloring. The initial value fy = 1
for N = N, (at time #,4q4 = 0) corresponds to the addition of the dye before
the pulsing. Obviously, at #,4q4 — %, where N = N,,, fi, = 0. Experimental
conditions were as in Fig. 2. Data were evaluated with Eq. 23 of the text.
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sitions of the resealing cascade (C < P, < Py)), the data
yield the rate coefficients k; = 7, ' = 0.044 s ' and k;; =
' = 0.003 s~' of the rapid (P) and at least one slowly
closing pore state (Py;), respectively; in this example, By =
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
quantitatively, in terms of AN/Ny, the optimum field
strength range for the electroporative transport of the dye or
of other molecules with properties and size similar to those
of the dye concerned. In all cases the range of cell loading
is expected to be shifted to lower field strengths at larger
pulse durations.

The linear functional dependence of the squared field
strength (Ej 5), corresponding to the fraction f = 0.5 of
colored cells on the reciprocal pulse duration #; ' (Fig. 5), is
in line with the interfacial electric polarization mechanism
of cell membrane electroporation (Neumann, 1992).

THEORY AND DATA ANALYSIS
Nernst-Planck formalism

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
Nernst-Planck relationship combining Fick’s first law and
Ohm’s first law. In the framework of a few realistic assump-
tions, the Nernst-Planck equation can be integrated to yield

N
N

FIGURE 4 Optimal range for cell survival. The fraction N/N;. of colored
cells is expressed as a function of field strength £ (pulse duration: 7, = 110
us). B, Ny/N; pulsed in the presence of dye. A, N./N; pulsed in the
absence of dye; the dye was added 30 min after the electric pulse. Dotted
line, AN/N; = (N, — N..)/Ny; the shaded area represents the range of the
experimental conditions of an optimal transient cell electroporation leading
to transport of dyes like SERVA blue G. Experimental conditions were as
in Fig. 2.
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FIGURE 5 Strength-duration relationship. Square of the field strength
(E% 5), corresponding to the fraction f, = 0.5 of colored cells (see Fig. 2),
is expressed as a function of the reciprocal pulse duration (1/#;) at two
selected conductivities of the external medium A,/(1072 S cm™"): 1.3 (M)
and 1.0 ((]).

the time course of the electroporative influx (or efflux) of
dye molecules into (or out of) the cells (see the Appendix).

In the case of the electroporative influx of the dye SBG,
the electroporated cells become colored, even if the dye is
administrated a long time (minutes) after the pulse applica-
tion. Therefore, Fick’s part of the Nernst-Planck equation
will be demonstrated to be sufficient to describe the mole
flow of the dye through the electroporated cell membranes
into the cell interior.

Fick’s first law formalism

Even if the dye is present during the pulse, the blue color of
electroporated cells only becomes visible at times ¢, that
are much larger (=5 min) than the pulse duration #; (100
us), indicating that the dye-permeable pore states are long-
lived, as already indicated by the slow resealing kinetics
(Fig. 3). Because 7, = 23 s and 7;; = 327 s, the data suggest
that the main dye uptake occurs at times ¢ = ¢, i.e., after
the pulse termination (at £ = 0).

Apparently, a few seconds after the electric pulse, the cell
membrane is still so permeable that the main dye uptake,
leading to coloring, takes place in the post-field time inter-
val (Neumann et al., 1982; Neumann and Boldt, 1989). In
fact, when we analyze Fig. 3, we see that the dye uptake is
practically the same whether the probes were added before
or a few seconds after the electric pulse. Therefore, even
though the electrodiffusive dye flow through the pores in
the presence of the field is many times larger than the flow
without the field, the increase in the amount »™ of substance
dye within the cells during the short pulse duration (7 =
200 ws) is significantly smaller than that in the long time
(,ps) after pulse termination. The dye uptake, leading to the
effective coloring of the cells, is basically an after-field
effect (like that of DNA; Neumann et al., 1982), and may
therefore be considered as diffusion of the dye through
long-lived electroporated membrane patches. Nevertheless,
the field-on time interval (#y) is crucial for the extent of the
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dye uptake after the pulse, because the external field is
causative in the creation of the long-lived pore states.

The cell ensemble kinetics of cell coloring may be rep-
resented as the progressive color increase in one average
cell. The facilitated diffusion of the dye through the elec-
troporated membrane patches is viewed as an interactive
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 coefficient k; contains a time-
dependent pore surface term. The unidirectional mole flux
vector for the increase n™ in the amount of dye in the
average cell is given by

dn™ B dc
de-S.() D )

where S, = Npm2 is the surface area of the NV, cylindrical
aqueous pores of pore radius 7 with interactive dye transport
in the average cell, and D is the diffusion coefficient of the
dye molecules interactively permeating along the x axis
through the porated patches. Conventionally, the concentra-
tion gradient of the dye influx in the x direction into the cell
is approximated by the linear form

de/dx = (™ — ¢)/d ®)

where d is the membrane thickness; ¢ = n'"/V, is the
concentration of dye in the cell; V, is the average cell
volume; c is the analytical dye concentration in the bulk
solution: ¢ = ¢, — (N n™V,), where c, is the initial
analytical dye concentration in the bulk solution; and V is
the volume of the bathing solution. Because V, = 4ma® =
8.2 X 10™Y ¢cm?’, where a is the mean cell radius, V,~0.76
em’®, and Ny = p. + V, ~ 4.8 X 10° we see that V, >
Ny + V.. We therefore may use the approximation dc/dx =
(n"/V, — c,)/d. Substitution into Eq. 4 yields the experi-
mentally handy flux equation
dn® D o

a8 d (co = n/Ve) (6)
The dye uptake is given by integration of Eq. 6 in the
postfield time interval as

) D tobs
}’lin =c, V|1 —exp —M‘J Sc(t)dl (7)

to

where 7, = t; =~ 0, if the dye is added to the cell suspension
before the pulse, or, alternatively, 7, = t,44, if the dye is
added after the pulse. As the characteristic times of pore
resealing (7; = 23 s and 7;; = 327 s) are much shorter than
the time of observation (., = 1800 s), we may set 7., =~ .

The influx ceases, even if the pores stay open, when the
concentration equality n"/V, = ¢ =~ c, is reached. For this
limiting case, the generalization of the coloring process of
one average cell to the whole ensemble of cells yields a
fraction f of the colored cells equal to unity (see Eq. 1).
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Generally, we have

n(tg, toad) B

D tobs
St tgd) = eV, 1 —exp _Vcdj S.(r)dt

to

®)

In further analysis S.(¢) is explicitly specified by Eq. A12
(see Appendix).

Membrane electroporation and dye transport

The f(#g) data in Fig. 6 confirm, in terms of the quantitative
model, that the dye adsorption on the cell surface and the
dye transport through the membrane are coupled to electro-
porated membrane states. The actual cross-membrane trans-
port of dye molecules (Dy) through the electropores (P),
being an interactive diffusional process, does not require the
presence of an external field. Chemically, the coupling of
the dye binding to the electroporation state transition (C =
P), where C is the closed membrane state, is modeled by the
scheme

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

membrane

C C %/
Dy + ( <—Dy* ( 0 (k) .
P P | «—>DyP <PDy<«—Dy"

%//////%?

)

where Dy and Dy™ symbolize the dye in the bathing solu-
tion and in the cell interior, respectively, and the step
DyP & PDy models the actual translocation process. Here

te/ s

FIGURE 6 Kinetics of membrane electroporation. Fraction /= (N —
N_)/(N+ — N.,) of those colored cells that can potentially regenerate (Eq.
1) as a function of the pulse duration #; at various external field strengths
E/kV ecm™": O, 0.64; @, 0.85; [, 1.06; W, 1.28; A, 1.49; A, 1.7; V, 1.91;
V¥, 2.13; respectively. Solid lines reflect the theoretical analysis of the data
with Eq. 24. Other experimental conditions were as in Fig. 2.
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the flow coefficient k¢ is given by
ke = DSJ/(V.d) (10)

Because the bulk dye concentration is relatively high, the
dye adsorption in Scheme 9 may be considered as a pseudo-
first-order binding reaction, such that the dye concentration
c appears as a constant in the expressions for the rate
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 C = P (Neumann and Boldt,
1989). The rather long sigmoid phase of f(zg) (Fig. 6)
suggests that there are at least three pore states P, i = 1, 2,
3, respectively. In the scheme

ki k> k3
T he ke an

the states P, and P, denote pore structures of negligibly
small permeability for the dye during the pulse time #z. Only
the state P5 is required to have a finite permeability for the
dye molecules. Pore resealing is described by the reverse
reaction steps with the rate coefficients k_;. If in the pres-
ence of the external field pore resealing can be neglected,
the unidirectional reaction sequence C — P, — P, — P,
with the rate coefficients k; applies.

Presence of dye during the field pulse

The penetration of the dye through electroporated mem-
brane patches is most likely not free diffusion through large
aqueous pores. Rather, it appears that the diffusion, al-
though facilitated through electroporation, is partially “hin-
dered” by interaction of the dye with the edge lipids of the
pore states P, leading to a smaller diffusion coefficient
compared with free diffusion. The 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 - P 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-
cients k; = k, = k3 = k, are equal. The equality of the
coefficients k, means that the transitions between the pore
states are associated with equal reaction volumes (AgV,,) of
interfacial pore polarization. This assumption is theoreti-
cally justified by the corresponding minima in the hydro-
phobic force profiles as a function of distance from the lipid
walls (Israelachvili and Pashley, 1984). As discussed pre-
viously, the data are consistent with the cooperative transi-
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tion of a lipid cluster L, forming a pore with, on average, n
lipid molecules in the pore edge. For the reaction step (i —
1) = i such a transition is electrothermodynamically de-
scribed by a (molar) cluster transition dipole moment
AgM = M; — M;_, and in terms of volume polarization:

(13)

where N, is the Avogadro constant. For cylindrical cross-
membrane pores, AV, = 7 d - 7y — () is the
average aqueous pore volume change (i = 1, 2, 3; note that
(r) = 0); AP is the reaction polarization, i.e., the differ-
ence in the polarization between pore internal water and the
polarization of the same volume filled with lipids: AgP =
€ (e, — €)* E,,, where ¢, is the vacuum permittivity, and
€, ~ 80 and € ~ 2 are the dielectric constants of water and
of lipids, respectively. E,, is the transmembrane field
strength, defined according to Maxwell as negative electric
potential gradient. Here £, = —A¢, /d.

The average pore radius for a pore state P; is defined as

Fo= (i Al /(e )2 = 7y i (14)

The electric field dependence of the equilibrium constant
K, = ky/k_, of a dipolar transition is generally described by
(see, e.g., Schwarz, 1967; Neumann, 1989)

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

where K (0) refers to £ = 0. Note that K,(0) contains
physical parameters such as eventual surface tension and
field-dependent area-difference elastic energy terms (Evans,
1974) or area-difference elasticity (ADE) energy (Seifert
and Lipowsky, 1995). In the integration boundaries £ = 0
and £ = E,, we obtain (Neumann and Kakorin, 1996)

ARM: ARVp 'NA ° ARP

Jo"AM dE,,

R-T (16)

where E,, is the actual effective force on the charged and
dipolar membrane components (Neumann, 1996).

The dye-permeable pores are dominantly present in the
pole caps of the cells (see, e.g., Tekle et al., 1991). Insertion
of Eq. 13 into Eq. 16 yields the field factor X (Kakorin et al.,
1996):

9 AV, a* € (e, — €)
8-k T-d*

~ a7
where £ is the external field strength, a is the mean cell
radius, and f(A,,) is the conductivity factor describing the
changes in the average conductivity A, of the membrane
with the field strength; see Eq. AS of the Appendix.

Transport of dye added after electroporation

The simplified normal mode analysis of the data in Fig. 3
already shows that at least two relaxation modes with sig-
nificantly different time constants can be discerned. The rate
of transient pore formation in the absence of an external
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field is probably much smaller than that of the respective
pore resealing process. Therefore, a unidirectional scheme
is adequate for the coupling of pore resealing with dye
transport in terms of two permeable interactive dye-pore
complexes, P% « Dy and P% - Dy, according to

CTPVDYTP’;‘DYTP?‘DY (18)
The two resealing rate coefficients k_, and k_5 describe the
zero-field decay of dye-permeable pore states P% and P%.
Apparently k_; >=> k_,; thus the two resealing modes are
considered as independent, and the resealing kinetics of the
dye-permeable membrane area S, is described by

S0 = St B - =+ (1= p-e Y
where B8 = [P3/([P%] + [P
active pore states.

We now combine Eq. 8 with Eq. A12 (see Appendix) and
Eq. 19 and integrate. The dye uptake is then described by
the cell fraction for a given pulse duration #; and a given
time of dye addition after the pulse:

(19)

*]) is the fraction of dye-inter-

f(tE9 Z‘add) =1- exp{_A(k?’ kps tE) . B(B’ kf29 k,3, tadd)}
(

20)
where
k-t
A=k- [ (1 + k- ( "2 E)) -e_k"E] (21)
B = k£ . e*k%'tadd + ~ B . e*k—z tadd (22)

In Eq. 20, ) is the maximum flow coefficient (k2 = DS/
V.d) and S¢ is the maximum electroporated membrane area
of the average cell. If the exponential term 4 * B in Eq. 20
is smaller than unity, Eq. 20 takes the form '~ 4 + B, which
is typical for a normal mode analysis for small perturbations
(see Eq. 2), yet with physically specified preexponential
coefficients,

k, +t
(te, tag) = k?‘ 1= (14Kt |1+ p_E co ke
S . 5

_ (23)
. £ . e*k—s'tadd + Q . e*k—z'Tadd
ks i

Note that here 3/k_; and (1 — B)/k_, correspond to By and
(1 — Bn), respectively, of the conventional simplified nor-
mal mode analysis (Eq. 2). The data in Fig. 3 are evaluated
with Eq. 23. The data in Fig. 6 are analyzed with

k- b
f(tE) zk(f) |:1 - (1 + kp'tE'(l + 5 )).ekp~tE:| (24)

which is the explicit form of Eq. A9 with Eq. A12.
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Previously, electroosmosis has been suggested by Dimitrov 10 L o0& ~®|

and Sowers (1990) as a possible mechanism for the efflux of g

fluorescent dyes induced by exponentially decaying electric 5 L

pulses in erythrocyte ghosts. The results of membrane elec-

troporation of National Institutes of Health 3T3 cells re- 0

vealed that after-field diffusion is the most probable process

for the cellular uptake of foreign molecules as compared 5 l I I |

with electroosmosis or electrophoresis (Tekle et al., 1990,
1991, 1994). Alternatively, the long-lived fusogenic mem-
brane state without electropores and probable cell fusion
(Sowers, 1987; Montane et al., 1990) cannot be responsible
for the dye uptake dominantly occurring after the pulse
termination. Actually, the micrographs of the electroporated
B cells (Fig. 1) show no cell aggregates or fusionates at the
pulse durations and field strengths applied in our experi-
ment. In line with Tekle et al. (1990, 1994), our observa-
tions suggest that post-field diffusion is the dominant mech-
anism of electroporative dye transport across the B cell
membrane.

As expected for £ = 0, the values of the resealing rate
coefficients k_; = (4.0 = 0.5) X 1072 s ' and k_, =
(4.5 £ 0.5) X 107% s~ ! and the maximum flow coefficient
k® = DS/V.d = (1.0 = 0.1) X 107% s ' are practically
independent of the electric field (data not shown). If we
assume that because of the transient interactions between
pore edge lipids and dye the diffusion coefficient of SBG in
the pores is only D = 10~ ° cm? s~ ', compared with the
estimated value for free diffusion D, ~ 5 X 10~ % cm?s™ ',
then for d = 5 nm we obtain the membrane permeability
coefficient for the dyes P° = D/d = 2 cm s~ '. Hence
the maximum porated area in the cell membrane is Sy =
KV/P° = (4.1 = 0.5) X 1077 cm?. As the total cell surface
area is S = 2 X 107> cm’, the maximum fraction F}) =
(S/S'Y of all pore states (P, + P, + P;) amounts to the
rather small value of 0.021 = 0.002, or 2.1 = 0.2%.

The fraction B of P¥ pores is changing with the field
strength 0.42 < E/kV cm™! = 2.1 in the range 1 = B =
0.948. For the range where (1 — ) << S, the equilibrium
constant K, for the reaction scheme C = P can be calcu-
lated as K, ~ k,/k_;. At field strengths up to £ = 2.1 kV
cm ™', the equilibrium constant K|, changes enormously in
the range 2 X 1072 = K,=6X 10* (Fig. 7). The analysis
of the linear part of In Kp(Ez) in this low field interval (Fig.
7) according to the reaction sequence in Eq. 12 and applying
Egs. 15 and 17 yields the zero-field equilibrium constant
Kg = (2.0 = 0.2) X 102 and the reaction pore volume
AV, =001 X 102% ¢cm? for the structural transitions.
By substitution of AgV}, in Eq. 14, we obtain the (interac-
tive) mean pore radii: 7, = 0.7 = 0.1 nm, , = 1.0 = 0.1,
and 73 = 1.2 = 0.1 nm of the P, P,, and P pore states,
respectively. The associated numbers of lipids in the pore
edge clusters in the two membrane leaflets of the bilayer are
18, 24, and 26, respectively. The value of Kg = 0.02 is
eventually overestimated, because it might contain the finite

E 2/ (kv ecm™)?

FIGURE 7 Logarithm of K, = [P]/[C] of the overall state transition C =
P as a function of the square of the field strength. The solid straight line
indicates the theoretically predicted linear increase in In (KP(EZ)) at a
constant transmembrane conductivity. The saturation is caused by the
increase in number and size of conductive pores. The increased transmem-
brane conductivity prevents further charging of the cell membrane.

terms of the surface tension and the area-difference elastic
energy (Evans, 1974; Neumann and Kakorin, 1996). Thus
the magnitude of the constant Kg = 0.02 gives the upper
limit of the small percentage F\, of water in the cell mem-
brane before the field pulse: F,, = 0.02, or = 2%, in line
with conventional estimates of the membrane water volume
content of 9-21% in the head-group region of egg yolk
phosphatidylcholine lipids in the liquid crystalline phase
(MclIntosh and Magid, 1993) and the suggestion that there is
only 1.0-2.0% water in the hydrocarbon region of the cell
membrane.

The SBG molecule may be roughly modeled as an elon-
gated parallelepiped of dimensions of 2.4 nm X 1.4 nm X
0.2 nm. The diameter (2.4 nm) of the pore state P; equals
the long axis (2.4 nm) of SBG. We presume, however, that
the dye molecules most likely pass the membrane oriented
with the long axis along the membrane normal.

The mean pore radius 75 of the pore state P, is in line with
previous estimates (Weaver and Chizmadzhev, 1996). How-
ever, 73 = 1.2 nm seems to be rather large. An open pore of
this size should lead to a locally significant transmembrane
conductivity, reducing the local transmembrane voltage
(Kakorin et al., 1996), eventually causing leakage of cell
components and, finally, cell death. Note, however, that the
detection of the pore state P; (as well as P% and P% after the
field pulse) is only possible when the SBG molecules are
(interactively) passing through the pore. Therefore, the P
pore state is temporarily blocked by the dye molecule,
reducing the average conductivity compared with a dye-free
pore of the same radius. The saturation value of the trans-
membrane potential difference of the electroporated B cell
membrane is calculated to be Ag,, ;= —0.7 = 0.1 V. The
value A, = —0.7 V is typical of that estimated for the
most cell membranes by Weaver and Chizmadzhev (1996)
and does not suggest any extraordinarily high local trans-
membrane conductivity.
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According to Eq. A12, the fraction of the area occupied
by the dye-permeable pores P is given by

S(te)
Se

kyot
:FS'[l - (1 +kp-tE-(1 +—p2 E))-ekv'fﬁ]

(25)

F*(tp) =

At E =2.1kV cm ! and 7y = 200 us, we obtain F* =
3.5 X 107% or 0.035 = 0.003%, which is rather small. This
corresponds to N, = (1.5 £ 0.1) X 10° pores per average
cell. The small numbers rationalize the rather slow trans-
membrane flow of the dye molecules leading to cell color-
ing. The fraction F* compares well with the value 2 X
1073 < F <2 X 10~* of conductive electropores in sea
urchin eggs under approximately the same experimental
conditions, derived from fluorescence imaging data by Hi-
bino et al. (1993).

CONCLUSION

The coloring of the electroporated cells has been shown to
be a useful tool for the study of the kinetics of electric pore
formation and resealing as well as the transport of dye
molecules through the porous membrane patches. The main
results are the following:

1. A minimum number of three different pore states is
required for the electroporation/resealing cycle of mouse B
cells, governing the characteristic pronounced sigmoid on-
set in the kinetics of the cell coloring.

2. Efficient (visible) dye uptake only takes place during
the long time interval after the short pulse duration, where
the dye uptake into the electroporated cells is probably an
interactive (and not completely free) diffusion of the dye
across the electroporated membrane.

3. The results of our analysis of the electroporative dye
transport may serve as a quantitative basis for optimization
strategies to improve the conditions for drug delivery by
membrane electroporation, such as in electrochemotherapy.
One specific procedural aspect is the longevity of the porous
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 drug
influx because low temperatures slow down the resealing
processes.

APPENDIX

Nernst-Planck transport relationship

In the general case, the electrodiffusive mole flow density vector of the
amount (1) of (ionic) dye molecules in the direction of the external field
E into the average cell across the electroporated membrane is given by the

Volume 74 January 1998

Nernst-Planck equation in the form (Neumann et al., 1996)

_ |Zeff| )

orse| @

where S, is the surface area of all N, pores of the average cell and V is the
volume of the average cell; d is the membrane thickness; D is the effective
diffusion coefficient of the dye across the electroporated surface patches
(in interactive contact with dye); |z.] is the absolute value of the effective
charge number (with sign) of the dye molecule; ¢, is the elementary charge;
kg is the Boltzmann constant; 7 is the absolute temperature; A(Pm is the
mean electrical potential difference across the electroporated membrane
surface; n°" is the total amount of dye; and V, is the volume of the bulk
solution.

By spatial integration of the dye concentration within the membrane
phase, analogous to the treatment by Hodgkin and Katz (1949), we obtain

S.-dt d

dn™ D[n™  pou
Ve Vs

dn? P Cy @l — oin Ao
= - e T U T Tzedu — 7
d['SC eff] e Zeff] " U __ 1 ( )
where ¢, = n°®"/V,, ™ = n"/V, and P° = yD/d is the conventional

permeability coefficient (m s~'), y is the partition coefficient of dye
molecules between bulk water and aqueous pore volume, and u = F -
A@/(RT) is the electric factor, where F is the Faraday constant and R =
kg *+ 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
one hemisphere of the average cell. Therefore the average potential dif-
ference term operative for the dye-anion flux is defined by

/2

1
Ag, =5

3_ _
7 Ag,,(0)sin 0 dO = g4 E-f(\)

(A3)

0

where A, () = —%akE - f(A,,) - |cos 0|, 0 is the azimuthal angle with
respect to the external field direction in the polar coordinate system of the
cell, and a is the mean cell radius; here @ = 12.5 um. The conductivity
factor f(A,,), describing the changes in the membrane conductivity during
the electroporation process, is given by (e.g., Neumann, 1989)

F0, ) = 1(1 + X (2 + MA)(2 - N dla))  (A4)
where A;, A, are the conductivities of cell interior and the outside suspen-
sion, respectively, and A, is the angular and time average of the membrane
conductivity (Kakorin et al., 1996):

L

An(0, 1) - sin 6 d0 dt

= .

/\m 2'ZE

(AS5)

Presence of dye before the pulsing

Generally, the dye uptake may be subdivided into two time intervals: the
field-on time interval 0 = t = t;, where dye electrodiffusion dominates
over the passive diffusion, characterizable by the permeability coefficient
PE =P (1 + |zo¢d * F* A, /(RT)) >> P°) (Neumann et al., 1996), and
the field-off time interval ty; = t = t, characterized by the passive dye
diffusion. If [Ag,,| => 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
intervals:

in in

nC
= e V. T e VN

= W(tE) + Z(tobs) (A6)
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where
W= eXP(_|Zeff “u)
exp(—|zeq] - ) - S+ 1
_|Zeff| ‘u
_ _po.
” [l exp( F exp(_|zeff cu) — 1

tg

S(Hdn] (A7)

eXp(_‘Zeff| “u)
. + .
v, N-V,

0
1 1 tobs
Z=———-|1—exp|—P: + . S(r)dt
VN P v, NV, ©
1 +—— e
Ve
In Eq. A7 V, is the total volume of the extracellular solution, ¢, = 1.17

mol - m~? is the analytical dye concentration in the bulk solution, and S =
N - S, is the total pore surface area of all N cells available for the dye
transport during and after the field pulse. If the characteristic time of pore
resealing is much shorter than the time of observation, the analytical
approximation 7, — o applies in Eq. A7. As outlined in detail in the text,
the main dye uptake takes place in the post-field time interval. Therefore
the term W in Eqs. A6 and A7 can be neglected such that /' = Z(z,,,).
Provided that V, => N - V', which is usually the case, Eq. A6 simplifies to

0 tobs

ftg) =1 —exp —N_—Vc- S(tg, ) - dt

to

(A8)

0 tobs

=1—exp{—"

V. Se(te, 1) - dt

to

where #, = #; =~ 0, if the dye is added to the cell suspension before the
pulse, f, = t,q4q if the dye is added after the pulse. As outlined in the text,
the approximation 7, — % 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
given by

©

pO
Sty =3 [ Seltg, 1) - dt

(A9)

Chemical kinetics of formation of electric pores

The concentration of pores in the state P; according to Eq.
12 is found by the solution of the system of the differential
equations for the respective changes in the concentration of
the pore states:

d[C(te)]
“a, - helCw)]
d[Pdl,(EtE)] = —ky - ([P\(#p)] = [C(te)]) (10)

dsg = —k,* ([P>(tx)] — [P1(2)])
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d[P5()]
“an Ky« [Pa(t:)]

The boundary conditions of the integration are [C(0)] = [P,], [P, ,3(0)] =
0. Mass conservation dictates that the total number of membrane states is
given by [Po] = [C(tp)] + =i [Pi(rp)].

One key result we obtained was an analytical expression for the increase
in the concentration of the dye-permeable pore state as a function of the
pulse time:

[Py(tp)] = [PoJ(1 — (1 + kyte(1 + kyte/2))exp(—kyte)
(All)

The total surface S of all electropores is here proportional to [P5] such that
[P)/[C,] = S./Sq, where S? is the maximum value of S_. Hence the time
course of the build-up of the dye-permeable porated membrane surface S,
in the external electric field £ is given by

ky " te .
SC(IE)—S‘C"|:1—<1+kP'tE'<l+2 ))'ek"tg]
(A12)

The term S, similar to [C,], is independent of field duration and field
strength, yet SY is specific for every cell system (Neumann et al., 1996).

Substitution of equation Eq. A12 in Eq. A9 yields Eq. 24.

Dye binding to the cell surface

The rate and extent of cell coloring also depend on the external dye
concentration ¢. Here we may use the approximation ¢ ~ ¢, = 1 mM. The
diffusion-limited dye binding rate k,, - ¢, where k., = 105 M ™' s~ ! (Eigen
and DeMayer, 1963), is therefore larger (10° s™') than the membrane
transport rate (k, = 10% s~'). Hence the binding step Dy + (C = P) = Dy
- (C = P) in Eq. 9 can be considered as being rapidly equilibrated relative
to the transport, and the flow coefficient takes the form

kfzk}k°ﬁ>

where k7 is the intrinsic coefficient for the transport step Dy + P = P - Dy
of the dye across the membrane, i.e., at saturated binding f;, = 1. The
fraction of surface binding is given by the concentration ratio:

(A13)

fy=[Dy-(C=PJ([Dy-(C=P)]+[Dy) = <

(A14)

where K, = [Dy] - [C = P)/[Dy - (C = P)] is the dissociation equilibrium
constant of the binding step. Note that at saturation, ¢ => K, hence f,, =~
1. The term k7 is thus obtained from a dependence of k; on [Dy] = c.
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