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Electrical breakdown of cell mem-
branes (electroporation) can be  
either reversible of irreversible, each 
having many applications in medi-
cine and biotechnology. Here, we 
describe electroporation on the mo-
lecular and cellular level.
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Introduction
Each biological cell, trillions of which build our bodies, is 

enveloped by its plasma membrane. Composed largely of a bi-
layer (double layer) of lipids just two molecules thick (about 5 
nm), and behaving partly as a liquid and partly as a gel, the cell 
plasma membrane nonetheless separates and protects the cell 
from its surrounding environment very reliably and stably. Em-
bedded within the lipid bilayer, also quite stably, are a number 
of different proteins, some of which act as channels and pumps, 
providing a pathway for transporting specific molecules across 
the membrane. Without these proteins, the membrane would be 
a largely impenetrable barrier.

Electrically, the cell plasma membrane can be viewed as a 
thin insulating sheet surrounded on both sides by aqueous elec-
trolyte solutions. When exposed to a sufficiently strong electric 
field, the membrane will undergo electrical breakdown, which 
renders it permeable to molecules that are otherwise unable 
to cross it. The process of rendering the membrane permeable 
is called membrane electroporation. Unlike solid insulators, 
in which an electrical breakdown generally causes permanent 
structural change, the membrane, with its lipids behaving as 
a two-dimensional liquid, can spontaneously return to its pre-
breakdown state. If the exposure is sufficiently short and the 
membrane recovery sufficiently rapid for the cell to remain vi-
able, electroporation is termed reversible; otherwise, it is termed 
irreversible.

Since its discovery [1]–[3], electroporation has steadily 
gained ground as a useful tool in various areas of medicine and 
biotechnology. Today, reversible electroporation is an estab-
lished method for introducing chemotherapeutic drugs into tu-
mor cells (electrochemotherapy) [4]. It also offers great promise 
as a technique for gene therapy without the risks caused by viral 
vectors (DNA electrotransfer) [5]. In clinical medicine, irrevers-
ible electroporation is being investigated as a method for tissue 
ablation (nonthermal electroablation) [6], whereas in biotech-
nology, it is useful for extraction of biomolecules [7] and for 
microbial deactivation, particularly in food preservation [8].

This article, the first in a series of three focusing on electro-
poration, describes the phenomenon at the molecular level of the 

lipid bilayer, and then proceeds to the cellular level, explaining 
how exposure of a cell as a whole to an external electric field 
results in an inducement of voltage on its plasma membrane, its 
electroporation, and transport thorough the electroporated mem-
brane. The second article will review the most important and 
promising applications of electroporation, and the third article 
will focus on the hardware for electroporation (pulse genera-
tors and electrodes) and on the need for standards, safety, and 
certification.
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Lipid Bilayer in an Electric Field

The Lipids, the Bilayer, and the Aqueous Pores
The main molecular constituents of every cell membrane 

are the lipids. The most abundant are phospholipids (Figure 1), 
but typical biological membranes also contain glycolipids and 
cholesterol. Each of these three major lipid classes has a polar 
(hydrophilic) and a nonpolar (hydrophobic) part. Typically, 
the polar part is rather compact and the nonpolar part is more 
elongated, so they are often referred to as the “head” and the 
“tails” of the lipid molecule, respectively (Figure 1, framed 
middle panel). Because of this structure, lipids in aqueous 
solutions spontaneously form a bilayer, i.e., a sheetlike structure 
two molecules thick, with the nonpolar tails oriented inward 
and the polar heads pointing outward, contacting the water and 
dissolved ions surrounding the bilayer (Figure 1, right). The 
lipids are held together only by weak (noncovalent) interactions, 
and at sufficiently high temperatures, the bilayer behaves as a 
two-dimensional liquid, with the lipid molecules easily moving 
laterally within a specific layer of the bilayer, very rarely flipping 
into the other layer, and practically never spontaneously leaving 
the bilayer.

Despite the relative weakness of the pairwise interactions 
between the lipids, the cooperative nature of these interactions 
makes the lipid bilayer a very stable structure. Because of its 
nonpolar interior, it is also an almost impenetrable barrier for 
polar molecules dissolved in the aqueous electrolyte on both its 
sides. Nevertheless, water and some monoatomic ions permeate 
through it at rates too high to be explainable by diffusion through 
an entirely intact bilayer [9], [10]. Under certain conditions, 
e.g., sufficiently high temperature, surface tension, or both, this 
permeation can be attributed to the formation and rapid resealing 
of very small aqueous pores in the lipid bilayer, with radii below 
a nanometer and lifetimes below a nanosecond; they form and 
reseal because of thermal and mechanical fluctuations. This 
explanation is consistent with theory [11], [12], and has been 

corroborated by molecular dynamics (MD) simulations [13]–
[15]. The pores can form without an external electric field acting 
on the membrane, but they are inherently unstable.

Enhancement of Pore Formation by Electric  
Fields—Electroporation

Exposure of biological membranes to a sufficiently high 
external electric field can lead to a rapid and large increase 
in their electric conductivity and permeability. This effect, 
generally referred to as membrane electroporation (or by some 
authors as electropermeabilization) and in food processing as 
PEF treatment, was reported for excitable biological cells in 
1958 [1], for nonexcitable cells in 1967 [2], for lipid vesicles in 
1972 [3], and for planar lipid bilayers in 1979 [16]. Considering 
that in all these cases the underlying physical mechanism is the 
same, it must take place in the lipid bilayer because it is the only 
molecular component common to all the membrane types. Pure 
lipid bilayers are therefore widely used as simple model systems 
for experimental investigations of membrane electroporation. 
There are two main approaches to such investigations, namely, the 
voltage clamp and the current clamp, based on applying voltage 
or current to the membrane and simultaneously measuring the 
voltage across the bilayer and the current flowing through it 
[17]. In our research, we typically use linearly increasing signals 
(either voltage or current) to determine the planar lipid bilayer 
breakdown voltage [18], as shown in Figure 2.

In many solid insulators, electrical breakdown causes 
permanent structural change and is generally irreversible. 
In contrast, the liquid-like behavior of the lipids allows the 
bilayer to return spontaneously to its prebreakdown state. If the 
exposure to the electric field is neither too long nor too intense, 
electroporation of the lipid bilayer is thus reversible. In the 
past, several theoretical descriptions of the events underlying 
electroporation have been proposed, based on assumptions of 
some form of elastic deformation [19]–[21], or on molecular-
level events such as phase transitions [22], or on breakdown of 

Figure 1. Left: space-filling model and structural formula of the SOPC (1-stearoyl-2-oleoyl-phosphatidylcholine) molecule, a typi-
cal membrane lipid. Right: a bilayer of such lipids in an aqueous electrolyte solution.
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lipid domain interfaces [23]. However, each of these descriptions 
suffers from serious flaws [24]. Today, there is broad consensus 
that electroporation is best described by the theory of aqueous 
pore formation (hence the name). According to this theory [24], 
[25], the electrical field induces a voltage across the bilayer 
and reduces the energy required for spontaneous formation of 
aqueous pores in the bilayer (see the preceding subsection), thus 

facilitating the formation of a greater number of pores, and pores 
that are more stable, than in the absence of the electric field 
(Figure 3). Forming and stabilizing under the influence of the 
electric field, the pores have lifetimes ranging from milliseconds 
up to minutes after the field is removed. They then reseal, and 
are therefore categorized as metastable.

To date, all attempts to observe directly the pores formed in 
the lipid bilayer by electroporation have failed. With radii of 
at most several nanometers (see the plot in Figure 3), they are 
too small to be observed under an optical microscope, whereas 
sample preparation required for electron microscopy of soft 
matter (vacuumization, cryofixation or fixation by osmium 
tetroxide, metallic coating for scanning microscopy) is too 
aggressive and affects metastable structures in the bilayer. In 
fact, an early report of volcano-shaped electropores tens of 
nanometers in size [26] was later shown to be an artifact caused 
by sample preparation [27]. However, convincing corroboration 
of the theory of aqueous pore formation is now provided by MD 
simulations. As mentioned above, MD simulations provide some 
support for pore formation in the absence of an electric field. 
However, if in such simulations a sufficiently strong electric 
field is applied perpendicularly to the bilayer, the increase in 
the rate of pore formation, and pore stabilization based on the 
transition from the hydrophobic to the hydrophilic pore form 
(see Figures 3B and 3C), become clearly discernible [28], [29]. 
A molecular representation extracted from an MD simulation of 
lipid bilayer electroporation performed by our research groups 
is shown in Figure 4.

Theory, simulations, and experiments are in relatively good 
agreement regarding the qualitative properties of pore formation, 
(meta)stabilization, and resealing, but there are still some 
notable differences with respect to the quantitative description 
of these processes, particularly the dynamics of pore formation. 
Thus, MD simulations predict that, at transmembrane voltages 
of several hundred millivolts, pores in the lipid bilayer are 
formed within at most several nanoseconds [28]–[30], whereas 

Figure 2. Typical circuits (left), and voltages and currents (U 
and I, right) measured in studying electroporation of a planar 
lipid bilayer. Top: the voltage clamp approach, in which voltage 
U is applied to the bilayer, and the current I through it is mea-
sured. Bottom: the current clamp approach, in which the input 
voltage U

in
 is transformed into current I and injected through 

the bilayer, and the voltage U across the bilayer is measured. 
The current clamp allows for a much slower increase in the 
voltage across the bilayer, and thus a more detailed monitoring 
of the breakdown. U

br
, I

br
, and t

br
 denote the breakdown voltage, 

current, and time, respectively. R is an ohmic resistor.

Figure 3. Left: change in lipid bilayer energy caused by formation of an aqueous pore, plotted as a function of the pore radius and 
voltage across the bilayer. Right: bilayer without pores (A), with a hydrophobic pore (B), its reversible transition into a metastable 
hydrophilic pore (C), and its irreversible transition into an unstable self-expanding hydrophilic pore (D; at membrane voltages 
above ~500 mV).



September/October — Vol. 28, No. 5 17

experiments show a lag of several microseconds between the 
start of the pulse and the onset of detectable transmembrane 
transport. This lag is much longer than the time required for 
inducement of transmembrane voltage (see the next section) 
[31], [32]. This discrepancy implies that the details of pore 
formation or their subsequent (meta)stabilization, or both, are 
still not fully understood.

Biological Cell in an Electric Field

Induced Transmembrane Voltage
In typical experimental setups, the planar lipid bilayer is 

usually formed over a pinhole separating two compartments 
filled with an aqueous electrolyte solution. The bilayer is thus 
electrically connected in series between the two electrolytes, 
and the voltage across the bilayer is generated by immersing a 
pair of electrodes, one into each aqueous compartment (Figure 
5A). Because the bilayer is much less electrically conductive 
than the electrolytes, the voltage across it is only slightly smaller 
than the voltage between the electrodes. Moreover, as long as 
the bilayer contains no pores, the voltage across it is the same 

everywhere, providing a controlled environment for studies 
of lipid bilayer electroporation (see the preceding section). In 
biological cells, an analogous setting can be achieved using two 
electrode-containing glass micropipettes, one forming a tight 
seal over a patch of the membrane, and the other rupturing the 
membrane at the opposite side of the cell (Figure 5B). Most of 
the voltage between the electrodes thus appear across the patch 
of the membrane, and the voltage across this patch is the same 
everywhere over the patch, allowing for controlled studies of 
cell membrane electroporation.

In many applications of electroporation, however, 
biological cells are generally not brought into direct contact 
with the electrodes (Figure 5C). Consequently, the voltage 
on the membranes of the exposed cells, termed the induced 
transmembrane voltage (ITV, denoted by ΔΨ

m
), represents 

only a part of the voltage delivered to the electrodes. Moreover, 
unlike the voltage across planar bilayers and clamped membrane 
patches, the ITV is position dependent; thus in spherical cells, 
it varies proportionally to the cosine of the angle between 
the position on the membrane and the applied field direction, 
measured from the center of the cell (see below).

Figure 4. A molecular dynamics simulation of an aqueous pore forming in a lipid bilayer exposed to an electric field perpendicu-
lar to the bilayer plane. Left: the intact bilayer. Middle: water molecules penetrate the bilayer, forming a “water wire.” Right: the 
adjacent lipids reorient with their heads toward the water molecules in the bilayer, stabilizing the aqueous pore and allowing the 
ions to enter.

Figure 5. Exposure of membranes to electric fields: (A) a planar bilayer, (B) a membrane patch, (C) a cell suspended and a cell at-
tached to a surface in an aqueous electrolyte.
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Evaluation of Induced Voltage
For cells with sufficiently regular shapes (spheres, spheroids, 

cylinders) that are sufficiently far apart (in dilute suspensions), 
the time dependence and spatial distribution of the induced 
transmembrane voltage can be derived analytically. In the case of 
irregular shapes, or cells close to each other (in dense suspensions, 
cell clusters, tissues), or both, the analytical approach fails. 
However, when modern computers and numerical methods are 
used, the ITV induced on such cells can be evaluated sufficiently 
accurately. An alternative to both analytical and numerical 
determination of the ITV is the experimental approach based on 
potentiometric dyes. We now describe each of these approaches 
in more detail.

A) Analytical Derivation: The derivation of the ITV is based 
on solving the partial differential equation

 ∇ +( )∇



 =

∂
∂σ ε t x y z tΨ( , , , ) ,0   (1)

with σ denoting the electric conductivity, and ε denoting the 
dielectric permittivity of the point under consideration. In the 
steady state, the time derivatives are zero, and this equation 
simplifies into the Laplace equation

 ∇ ⋅∇ =Ψ( , , )x y z 0.
  

(2)

Solving this equation in a particular coordinate system and 
applying physically realistic boundary conditions (finiteness 
of Ψ, continuity of Ψ and its derivatives, asymptotic vanishing 
of the cell’s effect on Ψ with increasing distance from the cell) 
yields the spatial distribution of Ψ. The induced transmembrane 
voltage is then calculated as the difference between the values of 
Ψ on both sides of the membrane:

 ∇ = −Ψ Ψ Ψm int ext.  
(3)

For a single spherical cell with a nonconductive plasma 
membrane, the Laplace equation is solved in the spherical 
coordinate system, yielding the expression often referred to as 
the steady-state Schwan equation [33]:

 ∇ =Ψm ,3
2 E R cosθ  

 
(4)

where R is the cell radius, E is the electric field, and θ is the angle 
measured from the center of the cell with respect to the direction 
of the field. Thus ΔΨ

m
 is proportional to the applied electric field 

and the cell radius, and it varies as cos θ, with extremal values at 
the points where the field is perpendicular to the membrane, i.e., 
at θ = 0° and θ = 180° (the “poles” of the cell).

The ITV as given by (4) is typically established within 
microseconds after the onset of the field. To describe the initial 
transient behavior, one uses the more general first-order Schwan 
equation [34]:

 ∇ = − −( )
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
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2 1E R tcos expθ τ
  

(5a)

where τ
m
 is the time constant of membrane charging given by
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with σ
i
, σ

m
, and σ

e
 denoting the conductivities of the cytoplasm, 

cell membrane, and extracellular medium respectively, ε
m
 

denoting the dielectric permittivity of the membrane, and d 
denoting the membrane thickness.

In certain in vitro experiments, where artificial extracellular 
media with conductivities far below typical physiological values 
are used, the factor 3/2 in (4) and (5a) decreases, as described 
in detail in [34]. In general, (5a) is applicable to exposures to all 
rectangular electric pulses longer than 1 µs, as well as all sine 
(AC) electric fields with frequencies up to 1 MHz. To determine 
ΔΨ

m
 induced by shorter pulses or higher frequencies, the 

permittivities of the electrolytes surrounding the membrane also 
have to be taken into account, leading to further generalization 
of (5) to a second-order model [35]–[38].

Expressions similar to (4)–(5) can also be derived for 
nonspherical cells, provided they resemble a regular geometrical 
body such as a cylinder (e.g., muscle cells, axons of nerve cells), 
an oblate spheroid (e.g., erythrocytes), or a prolate spheroid 
(e.g., bacilli). To obtain the analogs of Schwan’s equation for 
such cells, the Laplace equation is solved in a suitable coordinate 
system [39]–[41].

B) Numerical Computation: The ITV cannot be determined 
analytically for irregularly shaped cells or for cells in dense 
suspensions or in clusters, but it can be computed numerically, 
e.g., using the finite-differences or the finite-elements methods. 
The latter method is more suitable for irregularly shaped cells 
and clusters of such cells, and is generally implemented in four 
steps: 1) constructing a three-dimensional model of the cells of 
interest (e.g., from their cross-sectional images); 2) importing 
this model into a suitable numerical software package, thereby 
transforming the continuous geometry of the model into finite 
elements, and converting the partial differential equation (1) 
or (2) into a system of linear ordinary differential equations; 
3) solving these equations numerically with suitable boundary 
conditions; 4) extracting the values of the electric potential on 
both sides of the membrane, and computing the ITV as their 
difference according to (3). This approach is summarized 
graphically in Figure 6.

To avoid explicit incorporation of the cell membrane, which 
because of its thinness would require the model to contain an 
extremely large number of finite elements, the membrane can 
be replaced by an interface with zero thickness and a suitable 
surface electric conductivity and surface dielectric permittivity 
[42], [43].

In addition to irregular cells, numerical computation can be 
used for determination of the ITV in cells in dense suspensions 
and in clusters. In dilute cell suspensions, the local field outside 
each cell is practically unaffected by other cells; for spherical 
cells, the deviation of ITV from the prediction given by (5a) is 
very small. However, for suspensions with cell volume fractions 
exceeding 10%, the ITV gradually begins to deviate from 

�

�

�
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(5a) and should be determined numerically using the methods 
described in the preceding two paragraphs [44]–[48].

C) Experimental Determination: An alternative to analytical 
derivation and numerical computation of the ITV is provided 
by experimental techniques. These include measurements with 
microelectrodes and with potentiometric fluorescent dyes. The 
invasive nature of microelectrodes, their low spatial resolution, 
and particularly their physical presence, which distorts the 
external electric field and hence the ITV that is being measured, 
are serious disadvantages. In contrast, measurements by means of 
potentiometric dyes are noninvasive (i.e., no physical disruption 
of the membrane occurs), they offer higher spatial resolution 

than microelectrodes, and their presence does not distort the 
electric field. As a consequence, potentiometric dyes, such as di-
8-ANEPPS [49], [50], RH292 [31], and ANNINE-6 [51], have 
become established tools for measurements of ITV, experimental 
studies of voltage-gated membrane channels, and monitoring of 
nerve and muscle cell activity. These dyes are incorporated into 
the lipid bilayer of the cell plasma membrane, where they start to 
fluoresce, with their fluorescence spectra being dependent on the 
amplitude of the ITV (Figure 7A). With a suitable experimental 
setup incorporating a pulse laser, a fast and sensitive camera, 
and a system for synchronizing the acquisition with the field 
exposure, these dyes enable monitoring of the time variation 

Figure 6. Numerical computation of the induced transmembrane voltage (ITV): (A) fluorescence cross-section images of two cells, 
(B) contours of their cross-sections, (C) three-dimensional model of the cells constructed from the contours, (D) computed distribu-
tion of electric potential, (E) computed ITV (red: left cell; black: right cell). Reprinted from [42] with permission.
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of ITV with a resolution of microseconds, and in the case of 
ANNINE-6, down to nanoseconds.

Monitoring of Electroporation
As described in the Electroporation subsection of the Lipid 

Bilayer in an Electric Field section, the pores in the membrane 
caused by electroporation have not yet been observed directly. 
As a consequence, electroporation has to be detected and studied 
by assessing its larger scale manifestations, such as the changes 
in the electrical or optical properties of the membrane resulting 
from pore formation, or transport through the pores. The changes 
in the electrical properties of the membrane can be measured by 
forming a direct contact between a patch of the membrane and an 
electrode-containing micropipette, using a setup resembling that 
shown in Figure 5B. During electroporation the conductance of 
the membrane patch increases by several orders of magnitude, 
and the capacitance is also altered measurably [52]–[54].

In a sufficiently dense cell suspension, electroporation can 
also be monitored by measuring the bulk electric conductivity 
of the suspension, which increases significantly if a large 
fraction of the suspended cells is electroporated [55], [56]. In 
tissues, electroporation also affects the frequency dependence 
of their bulk electric conductivity and dielectric permittivity, 
and can thus be assessed by measuring the impedance spectrum 
of the tissue before and after exposure to electric pulses (and 
possibly also between consecutive pulses). However, the rapid 
resealing of electroporated membranes prohibits a detailed 
frequency sweep; thus in practice, only one point or a few points 
of the spectrum are measured, typically in the kilohertz range. 
Successful implementation of this approach has been reported, 
e.g., for skin [57] and liver [58], allowing for a distinction 
between nonporated, reversibly porated, and irreversibly porated 
tissues.

The bulk optical properties of the membrane, particularly light 
scattering and absorption, are also affected by the reorientation 
of lipids around the pores, and measurements of these properties 
can also be used to assess electroporation [59]. Finally, an 
even more indirect method (and also the most frequently used) 
is through imaging of the transport of molecules that cannot 
permeate an intact membrane. This approach is described in 
more detail below.

Transport Across the Electroporated 
Membrane

Transmembrane Voltage and Transport
In theory, a high absolute value of the ITV reduces the 

energy required for pore formation (see Figure 3), so one would 
expect the majority of the pores formed in the membrane to be 
located in the regions with the highest ITV. For isolated cells, 
both suspended and attached, and irrespective of cell shape, 
observations using fluorescence microscopy corroborate this 
theoretical prediction [31], [60]. The correlation between 
the ITV and the electroporation-mediated transport across 
the membrane can be demonstrated particularly clearly by 
combining potentiometric measurements and monitoring of 
transmembrane transport on the same cell [61]. An example 

is shown in Figure 7. For cells in clusters and tissues, the 
correlation between the ITV and the transport regions is more 
difficult to demonstrate directly because of the presence of 
intracellular pathways (some of them voltage sensitive) and 

Figure 7. The induced transmembrane voltage (ITV) and elec-
troporation of an irregularly shaped Chinese-hamster-ovary 
(CHO) cell: (A) changes in fluorescence of di-8-ANEPPS re-
flecting the ITV, with dark regions corresponding to membrane 
depolarization and bright regions corresponding to membrane 
hyperpolarization; (B) fluorescence of propidium iodide (PI), 
reflecting transport of PI across the membrane; (C) ITV along 
the path shown in (A) as measured (black) and as predicted by 
numerical computation (gray); (D) fluorescence of PI along the 
path shown in (A). Adapted from [61] with permission.
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nonuniform penetration of the dyes. On a more macroscopic 
level of a tissue, the correlation between the ITV and 
electroporation-mediated transport across the membrane is 
reflected in the fact that the tissue regions with the highest 
local electric field are generally also the regions containing the 
highest fractions of electroporated cells [62].

Electrophoretic and Diffusive Transport
The transport of molecules across an electroporated 

membrane can be characterized by the Nernst-Planck equation:

 

V
S

c
t

D
z E F
T
c D c

P d
,

d
= − − ∇

ρ

  

(6)

where V is the volume of the cell, S
P
 is the surface area of the 

electroporated part of the membrane, c the concentration of the 
molecules or ions transported across this part of the membrane, 
D is the diffusion coefficient for such transport, z the electric 
charge of the molecules or ions, E is the local electric field acting 
on them, F is the Faraday constant, ρ is the gas constant, and T is 
the absolute temperature. The first term on the right represents 
electrophoretic transport driven by the exposure of the cell to the 
electric field, and the second term represents diffusive transport 
that persists until either the concentrations of the transported 
molecules on both sides of the membrane equalize, or the cell 
membrane recovers from electroporation, i.e., until all the pores 
reseal. During the electric pulse(s), the electric field is the main 
source of the driving force acting on charged molecules and 
ions, and the electrophoretic term dominates the right-hand side 
of (6). After the end of the pulse, the electrophoretic transport 
ceases, with only the diffusive component persisting. Although 
the latter proceeds at a considerably slower rate, the membrane 
recovery time after electroporation is several orders of magnitude 
longer than the pulse duration used for electroporation (seconds 
to minutes, compared with microseconds to milliseconds). 
Consequently, despite the fast initial rate of electrophoretic 
transport, the total transport of both ions and small molecules 
through an electroporated membrane is often predominantly 
diffusive [63], [64]. In contrast, for macromolecules, particularly 
DNA, electrophoresis can play a vital role in the electroporation-
facilitated transport across the membrane [65], [66].

Dynamics of Pore Resealing
Reversible electroporation requires sufficiently rapid 

membrane recovery so that the cell remains viable. When 
monitoring the transport across an electroporated membrane, 
such a recovery is reflected in the transport rate decreasing more 
rapidly than the theoretical prediction given by (6) under the 
assumption of constant S

P
 and D. Accurate measurements of the 

transport rate thus allow for estimation of the rate of decrease of 
S

P
 and D to zero, and thus of the time dependence of membrane 

recovery (D can be transferred from the right-hand side of 
(6) into the denominator of the fraction V/S

P
 on the left-hand 

side, so it is not important whether we model the decrease to 
zero of S

P
, D, or their product). Such measurements show that 

the membrane recovery (or, microscopically, pore resealing) 
consists of several stages. Various studies disagree on matters 
of detail, but generally there is agreement that a very rapid 

phase (occurring in microseconds after the end of the pulse) is 
followed by several slower phases lasting from milliseconds to 
tens of seconds, or even minutes [31], [32], [67], [68].

Conclusions
In this article, the first in a series of three focusing on cell 

membrane electroporation, we discussed the phenomenon itself, 
describing aqueous pore formation on the submicroscopic 
level of the lipid molecules forming the membrane, and on 
the microscopic level of individual biological cells enveloped 
by such a membrane. We also described molecular transport 
through the electroporated membrane, which is the basis 
of various applications of electroporation in medicine and 
biotechnology. The second article will be devoted to these 
applications, specifically electroporation on the larger scale level 
of tissues, the basis of several efficient treatments in medicine 
and promising techniques in biotechnology. The third article 
will focus on the equipment required for electroporation.
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