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Digression on membrane electroporation and electroporative 
delivery of drugs and genes 

Eberhard Neumann and Sergej Kakorin 

Physical and Biophysical Chemistry, Faculty oj Chemistry,University ofBielefeld,Germany 

Introduction 

A new kind of cell surgery has recently been
developed by a combination of drugs and
genes with electric voltage pulses. The novel
surgery operates on the level of the cell mem­
brane and uses membrane electroporation as
a scalpel to greatly facilitate the penetration
of drugs, especially chemotherapeuticals and
genes through electroporated membrane
patches of a cell. 

The phenomenon of membrane electropo­
ration (ME) is methodologically an electric
technique which renders lipid membranes
porous and permeable, transiently and
reversibly, by external high voltage pulses. It
is of practical importance that the primary
structural changes induced by ME, condition
the electroporated membrane for a variety of
secondary processes such as, for instance, the
permeation of otherwise impermeable sub­
stances. 

The structural concept of ME was derived
from ftmctional changes; explicitly from the
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electrically induced permeability changes,
indirectly judged from the partial release of
intracellular components1 or from the uptake
of macromolecules such as DNA.2,3 The elec­
trically facilitated uptake of foreign genes is
called the direct electroporative gene transfer
or electrotransformation of cells. Similarly,
electrofusion of single cells to large syncytia4 

and electroinsertion of foreign membrane
proteins5 into electroporated membranes are
based on electrically induced structural cha­
nges of ME. 

For the tirne being the method of ME is
widely used to manipulate all kinds of cells,
organelles and even intact tissue. ME is
applied to enhance iontophoretic drug trans­
port through skin, see, e.g., Pliquett et al.6 

1 or to introduce chemotherapeuticals into can­
cer tissue, an approach pioneered by L. Mir.7

It is fair to say that, despite the attractive
features of the various ME phenomena, the
details of the molecular mechanism of ME
itself are not yet known. On the same line,
the mechanisms of various secondary pro­
cesses coupled to ME have not been clarified
yet. Therefore, reliable directives can not be
given for specific analytical and cell-manipu­
lative applications. However, model studies
on cells and lipid vesicles have provided
some insight into guidelines for the planning
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of trials and for the optimization of existing 
procedures. 

In this review a few fundamental aspects 
are selected which are important to consider 
when ME is to be applied to cells and tissue. 
We shall discuss some details of electric field 
induced structural changes leading to chemi­
cally specific pore states in the membrane 
(Figure 1). The rigorous thermodynamic and 
kinetic analysis of electroporation <lata shows 
that the structural changes increase continu­
ously by tirne and electric field strength. Mas­
sive permeability changes, for instance 
reflected in large conductivity changes, or 
release and uptake of larger molecules are, 
however, associated with threshold field 
strengths (Figure 2) and delay times. Further­
more, the transport of drug-like dyes and 
DNA through electroporated membranes is 
characterized by transient interaction of the 
permeants with larger, but occluded, pores 
during the permeation process. 

Why model systems? 

Ciearly, a goal-directed application of ME to 
cells and tissue requires knowledge of the 
molecular mechanisms. Due to the enormous 
complexity of cellular membranes, however, 
many fundamental problems of ME have to 
be studied at first on a simpler level of model 
membranes, such as lipid bilayer membranes 
or unilamellar lipid vesicles. When the pri­
mary processes are physico-chemically 
understood, the specific electroporative prop­
erties of real cell membranes and living tis­
sue can also be quantitatively rationalized. 

Membrane curvature 
The importance of membrane curvature for 
ME in the context of protein adsorption and 
partial surface insertion has been studied 
with vesicles of different size, i.e., for differ­
ent curvatures. Electrooptical studies using 
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Figure l. Chemical state transitions for the lipid rear­
rangements in the pore edges of the lipid vesicle mem­
brane. Water entrance in the membrane is induced by an 
electric field causing the ionic interfacial polarization 
analogous to condenser plates (+, -), where 0 is the polar 
angle. E is the externally applied field and E01 the 
induced membrane field. C denotes the closed bilayer 
state and (P) the porous state of hydrophobic (HO) and 
hydrophilic (HI) pores. 

optical membrane probes like lipid-coupled 
1,6 diphenyl-1,3,5-hexatriene (�-DPH-lipid) 
showed that an increased curvature (smaller 
vesicle radius) facilitates the electric pore for­
mation. This observation was quantified8 in 
terms of the energy content resulting from 
the different packing density of the lipid 
molecules in the two membrane leaflets of 
curved membranes; see, e.g., Seifert and 
Lipowsky9 and references cited therein. 

Electrolyte concentration 
The importance of the electrolyte contents on 
both sides of membranes with charged lipids 
has become apparent when salt-filled vesicles 
were investigated. Different electrolyte con­
centrations cause different charge screening. 
The effect of this difference is theoretically 
described in terms of an increase in the 
membrane spontaneous curvature. Large 
concentration gradients across charged mein­
branes of small vesicles permit electropora­
tive efflux of electrolyte ions at surprisingly 
low transmembrane potential differences, for 
instance 1 !lep 1 = 37.5 m V at a vesicle radius of 
a = 50 nm and pulse durations of tE = 100 ms 
10 compared with 1 !lep 1 ""' 500 m V for planar 
(i.e., not curved) membranes.11 
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The pore concept - more than just semantics 

No doubt, the various electroporative trans­
port phenomena of release and uptake of 
substances clearly reflect transient perme­
ability changes ultimately caused by external 
voltage pulses.12,13 Membrane permeability 
changes and other electroporative secondary 
phenomena, however, result from field­
induced structural changes in the membrane 
phase, leading to transient, yet long-lived per­
meation sites, pathways, channels or 
pores.3,14,15 

Hydrophilic pores 
Interestingly, field-induced penetration of 
small ions, of drug-like dyes and even the 
highly charged polyelectrolyte DNA, is also 
observed in the after-field tirne period, i.e. in 
the absence of the electrodiffusive driving 
force. Therefore, the electrically induced per­
meation sites must be polarized and specifi-

fp 

-4 
4-10 

2.10-4 1- 1 

OL/ 
o 

• 

-���.'Y 

fJ.'A 

'Ao 
_, 0.06 

/' 1 0.03 

lo 
5 10 

E/MVm1 

Figure 2. The fraction of the electroporated mem­
brane area f smoothly increases with the field strength 
E, whereas the massive conductivity increase (!iA / "A.0) of 
the suspension of the salt filled vesicles of radius a = 160 
± 30 nm indicates an apparent threshold value. The ratio 
f P = S / S/ was calculated from the electrooptic relax­
ations; yielding characteristic rate parameters of the elec­
troporation - resealing cycle in its coupling to ion trans­
port. Data from Neumann and Kakorin16: "A.0 = 7.5 µScm-1, 
T 293 K (20° C). 

cally ordered, local structures which are 
potentially open for diffusion of permeantes. 
These local structures of lipids are long-lived 
(milliseconds to seconds) compared to the field 
pulse durations (typically 10 µs to 10 ms). 
Thus, the local permeation structures may be 
safely called transient pores or electropores 
in model membranes as well as in the lipid 
part of cell membranes. The special structur­
al order of a long-lived pore may be modeled 
by the so-called inverted or hydrophilic 
(HI) pore (Figure 1).16 On the same line, 
the massive ion transport through planar 
membranes, as observed in the dramatic 
conductivity increase when a voltage 
(?: 100 - 500 m V) is applied, can hardly be 
rationalized without field-induced open pas­
sages or pores; see, e.g., the review by 
Weaver and Chizmadzhev.15 

Attempts oj pore visualization 
Nevertheless, visible evidence for small elec­
tropores, such as electromicrographs, is not 
available. But the permeation of a permeant 
through an electroporated membrane patch 
has also not been visualized up to now. The 
large pore-like crater structures or volcanoes 
of 50 nm to 0.1 µm diameter, observed in 
electroporated red blood cells, most probably 
result from specific membrane-cytoskeleton 
interactions.12 Voltage-sensitive fluorescence 
microscopy at the membrane level has shown 
that the transmembrane potential in the pole 
caps of sea urchin eggs is largely decreased, 
indicating that there the ionic conductivity of 
the membrane is increased, providing evi­
dence for electropores.13 

Born energij and transport 
Membrane electropermeabilization for small 
ions and larger ionic molecules can not be 
simply described by a permeation across the 
densely packed lipids of an electrically modi­
fied membrane.14 Theoretically, a small ion 
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such as Na+(aq) of 0.4 nm diameter and of 
charge e = 1.6x10-19 C, passing through a lipid 
membrane of 5 nm thickness encounters the 
Born energy barrier of /j,. W Born = 65 kT, where 
kT = 4.14x10-21 J. Hence, the required trans­
membrane voltage to overcome this barrier 
amounts to 1.7 V. An even larger voltage of 
7 V would be needed for divalent ions such as 
Ca2+ or Mg2+. Nevertheless, the transmem­
brane potential required to electroporate 
the celi membrane usually does not exceed 
0.5 V.15 The reduction of the energy barrier 
can be readily achieved by a transient aque­
ous pore, which is the structural basis of the 
theory of electroporation. Certainly, the sta­
tionary open electropores can only be small 
(about 1 nm diameter) in order to prevent 
discharging of the membrane interface by ion 
conduction.15,16 Because of the small size, 
these electropores can not be observed 
directly by electron microscopy. In any case, 
there appears to be no alternative to aqueous 
pores to rationalize the transport of ions and 
molecules through the electroporated mem­
brane.14 

Electrochemical thermodynamics of 
pore formation 

Undoubtedly, the field-induced structural 
change leading to an aqueous pore in the 
lipid phase of the membrane is a chemical 
process promoted in the electric force field. 
The actual membrane field Em is enormously 
amplified by interfacial polarization caused 
by the external field E16 , see below. In E, the 
redistribution of charges in the electrolyte 
solution adjacent to the membrane results in 
a charge distribution which is equivalent to 
condenser plates, the membrane being the 
dielectrics. However, unlike conventional 
solid state dielectrics, the lipid membrane is 
a highly dynamic phase of mobile lipid mole­
cules in contact with mobile water molecules; 
the lipid membrane is hydrophobically kept 

together by the aqueous environment. Such a 
charged condenser with both mobile interior 
and mobile environment favors the entrance 
of water molecules to produce localized 
cross-membrane pores (P) with higher dielec­
tric constant Ew.= 80 compared with EL = 2 of 
the replaced lipids (state C). In this sense, the 
lipid membrane in electrolyte solutions is an 
open system with respect to H20 molecules, 
and surplus ions, charging the condenser in 
the presence of an external field16 . 

The electrochemical model for the 
electroporation-resealing cycle 
Chemically, the field-induced cycle of pore 
formation and resealing, after the electric 
field is switched off at the end of a pulse, can 
be viewed as a state transition from the intact 
closed lipid state (C) to the porous state (P) 
according to the reaction scheme: 

k1 C � P  
k_1 

(1) 

The state transition involves a cooperative 
cluster (Ln) of n lipids L forming an electro­
pore .16,17 The extent of membrane electropo­
ration y is defined by the concentration ratio 

[P] K 
y = [P] + [C] = 1 + K (2) 

where K =  [P]/[C] = kifk_1 is the equilibrium 
distribution constant, k1 the rate coefficient 
for the step C - P and k_1 the rate coefficient 
for the resealing step (C ..,_ P). In an external 
electric field, the distribution in Eq. (1) is 
shifted in the direction of increasing [P] or, 
expressed differently, from y[O] « 1 at E = O 
to y(E) at E. Note that, for the frequently 
encountered observation of very small pore 
densities (see Figure 2), i.e., K « 1, Eq. (2) 
yields y = f P = K. Hence the thermodynamic, 
field-dependent quantity K is directly ob­
tained from the experimental degree of pora­
tion. 
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Kinetically, the reaction rate equation for 
the tirne course of the electroporation-reseal­
ing cycle reads: 

d[P] = -
d[C] = k1 [C] - k_1 [P] (3) dt dt 

Mass conservation dictates that the total con­
centration is [C0] = [P] + [C]. Substitution into 
Eq. (3) and integration yield the tirne course 
of pore formation: 

K {, t1-r ) [P(t)l = [C0l · 1 + K v - e- (4) 

where [Poo l = [C0l K /  (1 +K) is the amplitude 
of the relaxation process and 

c = (k1 + k_1t1 = [k_1 (1 + K)J-1 (5) 

is the relaxation tirne or mean poration tirne. 
It is readily seen that from the experimentally 
accessible quantities c and K, both rate coef­
ficients, k1 and k_1, can be determined. 

The symbol P may include severa! different 
pore states. If, for instance, we have to 
describe the pore formation by the sequence 
C = HO = HI, then (P) represents the equilib­
rium HO = HI between hydrophobic (HO) 
and hydrophilic (HI) pore states, see Figure 1, 
and a normal mode analysis is required.17 

Energetics of membrane electroporation 
The molar work energy difference 
t,,,Gm = Gm(P) - Gm(C) between the two states 
C and P in the presence of an electric field 
must be expressed in terms of the standard 
value t,,,rc;

o of the transformed Gibbs reaction 
energy (G) in order to relate the energetics to 
K. 
Straightforward thermodynamics18 yields 

t,,, G0= -RT In K r (6) 

where R = NA kB is the gas constant, kB the 

Boltzmann constant and NA the Avogadro 
constant. 

The difference term t,,,rG
0, or equivalently 

In K, is generally the sum of chemical and 
physical contributions16: 

ii/;0 = ii/,0 
- f iirMdEm + f LirydL + f LildS + f Lir�dH 

(7) 

Note that t,,,r = d/dš, where š is the molar 
advancement of a state transition. Here t,,,rG0 

is the chemical contribution, Jt,,,rMdEm the 
molar electric polarization term, f t,,,rydL the 
molar pore edge energy, ft,,,rrdS the molar 
pore surface energy term, ft,,,r�dH the molar 
curvature energy term. The single terms are 
separately considered as follows: 

Chemical contribution 
The pure concentration changes of the lipid 
and water molecules involved in the forma­
tion of an aqueous pore with edges are cov­
ered by the conventional standard value 
t,,,rG0= I I  vf µ7 ·a of the Gibbs reaction 
energy, w'htre v� and µ� ·a are the stoichio­
metric coefficient and the standard chemical 
potential of the participating molecule J, 
respectively, constituting the phase a, i.e. 
either state C or state P. Here, 
t,,, Go = /u o + µo ) _ /µo + µo ), r \l w L p \l w L e  

Electric polarization term 
The electric reaction moment f,,,rM = Mm(P) -
Mm(C) in the electric polarization term 
f 11, M dE m refers to the difference in the 
molar dipole moments Mm of state C and P, 
respectively. 

The field-induced reaction moment in the 
electrochemical model is given by17: 

f,,,rM = NA • Vp • f,,,l (8) 

where V P 
= nrr · d is the (induced) pore vol­

ume of the assumed cylindrical pore of 
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radius r
p 

and d "" 5 nm is the dielectric mem­
brane thickness. 

Analogous with the physical analysis by 
Abidor et al. , 19 the reaction polarization is 
defined as: 

L\P = Eo(Ew - E1) Ern , (9) 
where E0 is the dielectric vacuum permittivi­
ty. The difference Ew - E1 in the dielectric 
constants of water Ew (20 ° C) = 80.4 and of 
lipids E1 

= 2.1 refers to the replacement of 
lipids by water. Since Ew >> Eu the formation 
of aqueous pores is strongly favored in the 
presence of a cross-membrane potential dif­
ference Llcprn induced by the interfacial 
Maxwell-Wagner polarization. We use here 
the approximation Ern

= -LlcpnJd for the mem­
brane field valid for the small pores of low 
conductance.15 

The stationary value of the induced poten­
tial difference Llcprn in the spherical mem­
brane of a vesicle of radius a is dependent on 
the positional angle 8 between the membrane 
site considered and the direction of the exter­
nal field vector E (Figure 1) :  

3 Llcprn = -2a · E · f('A.
111 )pos8I (10) 

The conductivity factor ('A.rn) can be generally 
expressed in terms of a and d and the con­
ductivities "-rn, "-i, 'A.0 of the membrane, the 
cell (vesicle) interior and the external solu­
tion, respectively. 2° Commonly, d << a and 
"-rn « 'A.

0 
, "-i such that f('A.rn) = [1 + "-rn (2 + Ai / 

'A.
0
) / (2 \ d/a)J-1 . For "-rn "" O, f('A.rn) = 1. 

It is readily seen from Eq. (10) that the 
field amplification is quantified as 
E

111 
= -Llcp

111 
/ d = (3 / 2)(a / d) · E · fU,.

111
) 1cos8I , 

where the ratio a /  d is the geometric amplifi­
cation factor of interfacial membrane polar­
ization. 

The final expression of the electrical ener­
gy term (at 8) is obtained by sequential inser­
tions and integration of Eq. (8). Explicitly16,17, 

E,,, 

f Ll ,MdE 111 (11) 
9:rtf 0 · a2 · (fw - fL)- r1; · NA f2 ('A. )· cos2 8 · E2 

111 
= 8 · d  
where we see that the polarization energy 
depends on the square of the field strength. 

If the relation between K and E can be for­
mulated as K = K0 • exp [ J Ll r MdEnJRT], 
where K0 refers to E = O, Eq. (11) can be used 
to obtain the mean pore radius rp from the 
field dependence of K or of y (the degree of 
poration). 

We recall that the actual data always 
reflect 8 angle averages (Figure 1).17 Since 
[P] defines a surface area S

ef
= N/mi of NP pores with maximally SP = N P · :rt · r

1
; ,  the 

fraction of porated area is given by 
[P] SP l rr K(8) . f = --= - = -J--- sm8 d8 (12) 

P [P111ax l S� 2 o l + K(8) 
where f P is the 8-average of y = K(8) / 
(1 + K(8)), with [P rnaxl = [C

0] . It is found that f P is usually very small21, e.g., f
p 

:S 0.003, i.e. 
0.3%. This value certainly corresponds to a 
small pore density, reguired for a low value of 
"-rn· 
Curvature energy term 
The explicit expression for the curvature 
energy term of vesicles of radius a is given 
by:16 

f 11,� dH = NAJ�r - �c } dH "" 

,,,, _ 64 - NA · :rt 2a · K · r; - c;; _ ( !._ + H�1 � 
d a 2:rr,� (13) 

Note that the aqueous pore part has no 
curvature, hence the curvature term is 
�P - �c = - �C . H is the curvature inclusively 
the spontaneous curvature H

0
. If H

0 
= O, then 

in the case of spherical vesicles we have 
H = 1/a. H�1 is the electrical part of the spon­
taneous curvature16, K is the elastic module, 
a is a material constant, 1;; is a geometric fac-
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tor characterizing the pore conicity. 9 It is 
noted that the molar curvature term 
f ,1,(3 dH can be as large as 10 RT. 8 There­
fore, for small vesicles or small organelles 
and cells, the curvature term is very impor­
tant for the energetics of ME. 

Eq. (13) shows that the larger the curva­
ture and the larger the H�1 term, the larger is 
the energetically favorable release of Gibbs 
energy during pore formation. Strongly 
curved membranes appear to be electroporat­
ed easier than planar membrane parts. 

Pore edge energij and surface tension 

In Eq. (7 ), y is the line tension or pore edge 
energy density and L is the edge length, r is 
the surface energy density and S is the pore 
surface in the surface plane of the mem­
brane. Explicitly, for cylindrical pores we 
obtain the pore edge energy term: 

L L 

J,1,y dL = NAJ(y P - y c }dL = 2nNA · y · rP (14) 
o o 

where Yp = y since Yc = O (no edge) and L = 
2nrp is the circumference line. 

The surface pressure term 

f ,1,rdS = NAJ (rp - rc ) dS (15) 

is usually negligibly small because the differ­
ence in r between the states P and C is in the 
order of s 1 mNm-1; see, e.g., Steiner and 
Adam22 . 

We recall that the conventional chemical 
term covering concentration changes of 
lipids and water in the pore edge and pore 
volume is given by ,1„G0 = -RT In K0. Apply­
ing this relation and Eqs. (11) - (14) to Eq. (6), 
we obtain the explicit expression: 

K - K11 ·exp -- 2m · y - f1 ·  - + -11 +� (16) 
l N" { 

( 
1 H'' 

) } 
f i'.. M dE

] RT r a 2rra RT 

Experimentally, K can be determined from 

the fraction y of the porated surface as a 
function of the field strength. It remarked 
that K is exponentially dependent on the 
square of E, see Eq. (11). Therefore, the 
dependence of K or y on E is much stronger 
than linear such that the plot of y or f P versus 
E (see Figure 2) shows an initial part of 
almost no change in y. This "lag phase" is 
very frequently qualified to indicate a thresh­
old of the field strength. The thermodynamic 
analysis shows that ME is highly non-linear, 
yet continuous in E. Thus the structural 
aspect inherent in our membrane electropo­
ration model is not associated with a thresh­
old of the field strength. However, the pore 
density necessary to permit a secondary phe­
nomenon such as massive ion conduction, 
release and uptake of substances, may very 
well be operationally described in terms of a 
threshold field strength (Figure 2). 

The chemical thermodynamical concept 
has turned out to be applicable to the analy­
sis of ME of vesicles, cells and organelles. For 
instance, it has been found that the station­
ary value of the mean pore radius within the 
pulse duration of 10 µs is rather small: 
�' = 035 ± O.OS nm, just permitting free pas­
sage of small ions.17 At higher field intensi­
ties and longer pulse durations the pore 
radius may increase up to f 

P 
s 1.2 nm, lead­

ing to the influx of large drug-like dye mole­
cules into the cell interior, 23 see below. 

Electroporative cell deformations 

Using lipid vesicles filled with electrolyte as a 
model for cells and organelles, it has been 
shown that ME is causing appreciable 
increases in the rate and extent of electro­
mechanical shape deformations10,21 . The 
overall shape deformation under the field­
induced Maxwell stress is associated with 
several kinetically distinct phases. In the case 
of vesicles, the initial very rapid phase in the 
µs tirne range is the electroporative elonga-
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tion from the spherical shape to an ellipsoid 
in the direction of the field vector E. In this 
phase, called phase O (Figure 3), there is no 
measurable release of salt ions, hence the 
internal volume of the vesicle remains con­
stant. Elongation is therefore only possible if, 
in the absence of membrane undulations in 
small vesicles, the membrane surface can 
increase by ME. The formation of aqueous 
pores means entrance of water and increase 
in the membrane surface. 

In the second, slower phase (ms tirne 
range), called phase I (Figure 3), there is 
efflux of salt ions under Maxwell stress 
through the electropores created in phase O, 
leading to a decrease in the vesicle volume 
under practically constant membrane surface 
(including the surfaces of the aqueous pores). 
The kinetic analysis of the volume decrease 
yields the membrane bending rigidity K = 3.0 
± 0.3 x 10-20 J.21 At the field strength E = 1.0 
MV m-1 and in the range of pulse duration 5 
s tJms s; 60, the number of water-permeable 
electropores is found to be NP = 35 ± 5 per 
vesicle of radius a = 50 nm, with mean pore 
radius rp = 0.9 ± 0.1 nm. 

The kinetic analysis developed for vesicles 
is readily applied to cell membranes. The 
results aim at physical-chemical guidelines to 
optimize the membrane electroporation tech­
niques for the direct transfer of drugs and 
genes into tissue cells. 

Interestingly, there is appreciable efflux of 
salt ions in the after-field period lasting sev­
eral seconds. This very important observa­
tion suggests that there are not only long­
lived open pores but also that the structural 
basis of the longevity cannot be simple 
hydrophobic (HO) pores (Figure 1). More 
complicated higher order structures must 
have been created by ME, which face higher 
activation barriers for annealing in the 
absence of the electric field. A candidate for 
the higher order structure is the so called 
hydrophilic (HI) pore. In this sense, ME can 
hardly be called a breakdown phenomenon. 

Rather, the reorganization of the lipids in the 
pore wall leads to a local cluster structure 
defining an aqueous pore which has a larger 
electric dipole moment, and thus a higher 
orientational order than the equivalent space 
of lipids. 

Electroporative transport of drugs and genes 
Contrary to the electroporative transport of 
small salt ions, the transport kinetics of larg­
er macromolecules such as drug-like dyes 
and DNA, reflects transient interactions with 
larger pores. The pore size seems to indicate 
the size of the macromolecule or parts of it 
which are transiently located within the 
membrane during the transport process. For 
instance, the mean pore radius fP = 1.2 ± 0.1 
nm, derived from the analysis of the trans­
port of the drug-like dye Serva blue G (SBG), 
appears to be rather large, although it is in 
line with previous estimates of possible pore 
sizes.15 An open pore of this size should lead 
to a significant increase in the transmem­
brane conductivity, reducing locally the 
transmembrane voltage,16 eventually causing 
leakage of cell components and finally cell 
death. It should be noted that the detection 
of the dye-permeable pore state is only possi­
ble when the dye molecules are (interactively) 
passing through the pore (Figure 4). There-

o�, 
E 

� v oi.o 
Figure 3. Sequence of events in the electromechanical 
deformation of a membrane system of unilamellar lipid 
vesicles or biological cells. Phase O: Fast (µs) membrane 
electroporation rapidly coupled to electroporative defor­
mation at constant volume and slight (0.01 - 0.3%) 
increase in membrane surface area. Phase I: Slow (ms -
min) electromechanical deformation at constant mem­
brane surface area and decreasing volume due to efflux 
of the interna! solution through the electropores. 
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fore, the pore is temporarily occluded by the 
dye molecule, reducing the conductivity for 
small ions compared with a dye-free pore of 
the same radius. Similar arguments apply for 
the leak pores associated with the transport 
of DNA. 24,25 

Dye uptake by mouse B cells 
As an example for the transport of dye-like 
drugs, the color change of electroporated 
intact FcyR- mouse B cells (line IIAl.6) after 
direct electroporative transfer of the dye SBG 
(Mr 854) into the cell interior is shown to be 
prevailingly due to diffusion of the dye after 
the electric field pulse. Hence, the dye trans­
port is described by the First Fick' s law 
where, as a novelty, time-integrated flow 
coefficients were introduced.23 The chemical­
kinetic analysis suggests three different pore 
states (P) in the reaction cascade (c..,, p1 ..,,p2..,, P 3) to model the sigmoid kinetics of pore for­
mation as well as the biphasic pore resealing. 
The rate coefficient for pore formation kp is 
dependent on the external electric field 
strength E and pulse duration tE. At E = 2.1 
kV cm-1 and tE = 200 µs, kp = 2.4 ± 0.2 x 103 s-1 

at T = 293 K; the respective (field-dependent) 
flow coefficient and permeability coefficient 
are kf = 1.0 ± 0.1 x 10-2 s-1 and po = 2 cm s-1, 
respectively. 

D +  ( ◊) (KD ) 
� o • (◊) (kpen ) 

� 

The maximum value of the fractional sur­
face area of the dye-conductive pores is 0.035 
± 0.003 % and the maximum pore number is 
NP = 1.5 ± 0.1 x 105 per average cell. The dif­
fusion coefficient for SBG, D = 10-6 cm2 s-1 , is 
slightly smaller than that of free dye diffu­
sion indicating transient interaction of the 
dye with the pore lipids during translocation. 
The mean radii of the three pore states are f 
(P

1
) = 0.7 ± 0.1 nm, f (P

2
) = 1.0 ± 0.1 nm, f 

(P 3) = 1.2 ± 0.1 nm, respectively. The resealing 
rate coefficients are k_2 = 4.0 ± 0.5 x 10-2 s-1 

and k_3 = 4.5 ± 0.5 x 10-3 s-1 , independent of 
E. At zero field, the overall equilibrium con­
stant of the pore states (P) relative to closed 
membrane states (C) is K� = [(P)] / [C] = 
0.02 ± 0.002, indicating 2.0 ± 0.2 % water 
associated with the lipid membrane.23 

Finally, the results of SBG cell coloring 
and the new analytical framework may also 
serve as a guideline for the optimization of 
the electroporative delivery of drugs which 
are similar in structure to SBG, for instance, 
bleomycin successfully used in the new disci­
pline of electrochemotherapy. 7 

Kinetics oj DNA up take by yeast cells 
In a detailed kinetic study it was found that 
the direct transfer of plasmid DNA (YEv 351, 
5.6 kbp, supercoiled, M r "" 35 · 1 0 6 ) by 

(k
o

) - (k ) f · b · 
DP ==> PD �  Dlll � Dr 

Figure 4. Scheme for the cgupling of the binding of a macromolecule (D), either a dye-like drug or DNA (described by the equilibrium constant Kil of overall binding), electrodiffusive penetration (rate coefficient kpen) into the outer sur­face of the membrane and translocation across the membrane, in terms of the Nernst-Planck transport coefficiant ( k7 ) ; and the binding of the internalized DNA or dye molecule (Din) to a celi component b to yield the interaction complex D � b as the starting point for the actual genetic celi transformation or celi coloring, respectively. 
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membrane electroporation of yeast cells ( Sac­
charomyces cerevisiae, strain AH 215 ) is basi­
cally due to (electro)diffusive processes.26 

The rate-limiting step for the cell transforma­
tion, however, is a bimolecular DNA binding 
interaction in the cell interior. Both the 
adsorption of DNA, directly measured with 
32P-dC DNA, and the number of transfor­
mants are collinearly enhanced with increas­
ing total concentrations [Dtl and [Cat] of 
DNA and of Ca2+ , respectively. At [Cat] = 1 
mM, the half-saturation or equilibrium bind­
ing constant is K D = 15 ± 1 nM at 293 K 
(20 ° C). The optimal transformation frequen­
cy is TF opt = 4.1 ±0.4 x 10-5 if a single expo­
nential pulse of initial field strength E0 = 4 kV 
cm-1 and decay tirne constant ,;E = 45 ms is 
applied at [Dtl = 2.7 nM and 108 cells in 0.1 
ml. The dependence of TF on [Cat] yields the 
equilibrium constants K�" = 1.8 ± 0.2 mM (in 
the absence of DNA) and K�" = 0.8 ± 0. 1  mM 
(at 2.7 nM DNA) well comparable with 
K�a = 23 ± 0.2 mM and K�a = 1.0 ± 0 .1 mM 

derived from electrophoresis data.26 

In yeast cells, too, the appearance of a 
DNA molecule in its whole length in the cell 
interior is clearly an after-field event. At E0 = 

4.0 kV cm-1 and T = 293 K, the flow coeffi­
cient of DNA through the porous membrane 
patches is k� = 7.0 ± 0.1 x 1 03 s-1 and the elec­
trodiffusion (D) of DNA is about 10 times 
more effective than simple diffusion (D0) :  the 
diffusion coefficient ratio is D / D0 = 10.3. 
The mean radius of these pores is rp = 0.39 ± 
0.05 nm and the mean number of pores per 
cell (diameter 5.5 µm) is NP = 2.2 ± 0.2 x 104• 
The maximum membrane area which is 
involved in the electrodiffusive penetration of 
adsorbed DNA into the outer surface of the 
electroporated cell membrane patches is only 
0.023 ± 0 .002 % of the total cell surface. The 
surface penetration is followed either by fur­
ther electrodiffusive, or by passive (after 
field) diffusive, translocation of the inserted 
DNA into the cell interior. 

For practical purposes of optimum trans-

formation efficiency, 1 mM Ca2+ is necessary 
for sufficient DNA binding and the relatively 
long pulse duration of 20 - 40 ms is required 
to achieve efficient electrodiffusive transport 
across the cell wall and into the outer surface 
of electroporated cell membrane patches. 
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