10

Model of Cell Membrane
Electroporation and
Transmembrane
Molecular Transport

10.1  INErOAUCHON wevecveiuciceieeiecieiiceeeereeiseaseaseeense et seaesae e aeaeeaees 195
10.2 MOdel DeSCIIPHONS «...ceuveeemrrireeeereraeaenneienienenesseesesesaensessesseseeeens 196
Membrane Structure and Conductivity Changes o
Molecular Uptake
10.3  Construction of the Model........ccccccveuneureniernenencineenceerneineineens 200
104 RESULLS....vuiviieieicicicieieieieicteeetiete et seeaees 201

Structural Changes in the Membrane « Membrane
Conductivity e Induced Transmembrane Voltage « Membrane
Permeability « Number of Internalized Molecules to the Cell

Damijan Miklavéie 10.5  DiSCUSSION c.veeveieeietiererteteteeeteetesteeeeesessesseaeseesessesseseseesessesessesessens 206
ACKNOWIEAZMENLS ...ttt eaeeaens 208
Leila Towhidi* RETETENICES ..ttt ettt sttt esssssesssesesenens 208

10.1 Introduction

Electroporation is a technique in which, under the influence of electric field, the permeability of the cell
membrane increases due to the formation of pores in the cell membrane, providing pathways for molec-
ular transport (Abidor et al. 1979, Neumann et al. 1998, Tsong 1991, Weaver and Chizmadzhev 1989,
Zimmermann 1982).

As electroporation is usually evaluated by indirect indications (Gehl and Mir 1999, He et al. 2008,
Hibino et al. 1991, Kotnik et al. 2000, Neumann and Rosenheck 1972, Pavlin et al. 2007, Pliquett and
Weaver 2007, Pucihar et al. 2007, Rols and Teissié¢ 1998, Saulis 1997, Saulis et al. 2007, Schwister and
Deuticke 1985), some experimental observations have not yet been fully explained. For instance, in a
number of experiments using single-pulse electroporation protocol, increased conductivity and reduced
transmembrane voltage were observed (Hibino et al. 1991, 1993), depending on the amplitude and
duration of electric field (Kotnik et al. 2003, Rols and Teissié 1998). In multiple-pulse electroporation
protocols, however, significant increase in cell molecular uptake is observed due to pulse fractionation,
which, however, also depends on pulse repetition frequency. To explain these observations, knowing the
exact mechanism of electroporation is crucial.

* The work was done during her stay at the University of Ljubljana.
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196 Advanced Electroporation Techniques in Biology and Medicine

In spite of a wide use of electroporation with high reproducibility and effectiveness, the exact
mechanisms of pore formation and closure, and, more importantly, resealing to membrane transport
mechanism are not completely understood. Different theoretical models have been developed in order
to interpret experimental results in a quantitative manner. Modeling, in addition to making the
optimization of the process easier and reducing the experimental work and related costs, can serve as a
test for our understanding of the mechanisms and processes behind the observed phenomena.

In this chapter, we present a dynamic model based on the reaction scheme used for pore formation and
closure during and after the electric field exposure, while self-consistency is taken into account. In addi-
tion, by analyzing previously published experimental data (Glogauer et al. 1993, Puc et al. 2003, Pucihar
et al. 2007, Rols et al. 1995, Zimmermann et al. 1990), we suggest two specific phenomena for resealing
of the cell membrane—relaxation and memory effect (Teissié et al. 2005)—corresponding to two dis-
tinct transport processes: (1) interactive diffusion and (2) endocytotic-like transport. We investigated the
number of loaded molecules to cells using our model. Simultaneously, the results of induced transmem-
brane voltage (ITV), the distribution of pores on the membrane surface, membrane conductivity changes,
resealing behavior, and molecular uptake are obtained temporally and spatially. Using our model, we can
describe and explain the results of single- and multiple-pulse electroporation protocols also taking into
account pulse-repetition frequency and the number of pulses that has not been possible previously.

10.2 Model Descriptions
10.2.1 Membrane Structure and Conductivity Changes

When a cell is exposed to an external electric field, the ITV starts to increase based on the Laplace
equation, which leads to the structural changes of the cell membrane. Based on a previously suggested
(Neumann et al. 1999, Schmeer et al. 2004, Tsong 1991), and recently confirmed (Béckmann et al. 2008),
kinetic model, in the first step the intact closed lipids (C) transform to tilted lipid head groups (C1).
In the second step, the prepores (P1) are formed and, finally, in the last step, the final pores (P2) are
formed. The sequential reaction can be described by Equation 10.1:

CEo 2o pi==> (10.1)

K ko ks

where C1 is one intermediate closed or prepore state. The state P1 denotes the pore structures of
negligibly small permeability (transient or rapidly closing pore), while only P2 is responsible for
molecular uptake (stable or slowly closing pore). k;and k_; (i = 1, 2, 3) denote rate coeflicients for pore
formation and closure, respectively. For simplicity, the rate coefficients k,, k,, and k; are considered
equal (k, = k, = k; = k,) (Neumann et al. 1998). The rate laws for constituting steps in the scheme
(Equation 10.1) are, respectively:

d[CZ’t)J =—k,[C(F#.0) |+ k. [C1(F.1)] (10.2)
d[cji(tr’t)] =k, ([c1F.0]-[CF.0)]) - ka[CUF0 ]+ kL[ P10 (10.3)
d[P;(;’t)] =k, ([P17.0]-[C1F.0)]) -k [ PAGF,0) ]+ ko [ P27, ] (10.4)

d[l’z(t“”] =k, [P10)] -k [ P26 (105
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where
t denotes time
7 is a vector representing the point on the membrane
[C], [C1], [P1], and [P2] show the normalized distribution of each membrane lipid state to the initial
value of closed state [C(7,0)]

Actually, [C(¥,0)]=[C,] is a specific value for cell system under observation and is independent of field
duration and strength (Neumann et al. 1998, 1999). In addition, at pulse switch-on time, the initial
condition is [C1(7,0)]=[P1(F,0)]=[P2(r,0)]=0. As demonstrated and discussed in the following sec-
tions, pore-formation-rate coefficient k, depends on time and position on the membrane (i.e., it is field
dependent), while the closure-rate coefficients (k_j, k_,, and k_,) are constant (Gowrishankar et al. 1999,
Neumann et al. 1998).

The rate coefficients of the chemical-kinetics model can be described through equilibrium
constant (K) by K = k;/k_; (Kakorin et al. 1996). In the previous studies, the dependence of equi-
librium constant in the membrane field (E,,) is given by the van’t Hoff relationship (Kakorin et al.
1996). Using E = ITV/d,, where d,, is the thickness of the membrane, the equilibrium constant
can be obtained, using

(10.6)

AV,gy(eyw —€
K=K, eXp(PO(WL) ITVZJ

2kyTd *

where
K, is the value of Kat E= 0
AV, is the mean volume change due to pore formation
€, is the permittivity of the vacuum
€y and g are the dielectric constants of water and lipids, respectively
ky is Boltzmann constant
T is temperature

Whenever electroporation occurs, an increase in conductivity during the pulse is observed
(Chernomordik et al. 1987, Glaser et al. 1988), which can be explained by the formation of pores in the
cell membrane. Based on the trapezium barrier model for the image forces (Glaser et al. 1988, Kakorin
and Neumann 2002), the intrinsic pore conductivities 6,; (i = 1 and 2 represents P1 and P2 pores,
respectively) are expressed as follows:

F

0

G,; =0,; exp| o, ,n|ITV|— (10.7)
P P p( P RT]

where

G +0; ~Qim, ' F RT
GP,1_0 — ex in exp Pim,i and (xp)i =1- n (108)
2 RT F(pim,i

where
C., and o, are the extracellular and intracellular conductivities, respectively
n is the geometrical parameter of the trapezium model for energy barrier (Kakorin and Neumann
2002)
F is Faraday constant
@im,i’ is the intrinsic pore barrier potential
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TABLE 10.1 Values of Parameters Used in the Simulations

Parameter Symbol Value References

Membrane thickness d, 5e-9m Neumann et al. (1998)

Extracellular conductivity [ 0.14S/m?* Neumann et al. (1998) and Pucihar et al. (2006)

Intracellular conductivity Gy, 0.3S/mP Kotnik et al. (1998) and Neumann et al. (1998)

Initial conductivity of membrane Cmo 5e~7S/m Plonsey and Barr (1988) and Pucihar et al. (2008)

Extracellular permittivity €, 7.1e-10 As/Vm Neumann et al. (1998)

Intracellular permittivity g 7.1e-10 As/Vm Neumann et al. (1998)

Membrane permittivity €, 4.4e—11 As/Vm® Neumann et al. (1998)

Water relative dielectric constant €, 80 As/Vm Neumann et al. (1998)

Lipid relative dielectric constant g 2As/Vm Neumann et al. (1998)

Free diffusion coefficient D, 5e—10m?/s Neumann et al. (1998)

Zero-field equilibrium constant K, 2e-2 Neumann et al. (1998)

Mean average aqueous pore volume AV, 9e—27m? Neumann et al. (1998)

Intrinsic barrier potential of P1 state ~ @,,,° 0.13V Kakorin and Neumann (2002)

Intrinsic barrier potential of P2 state  @,,,,° 0.084V Kakorin and Neumann (2002)

A geometrical parameter N 0.12 Schmeer et al. (2004)

Decay-rate coefficient for C1 k_, 105s7! Gowrishankar et al. (1999), Hibino et al. (1993),
and Pucihar et al. (2002)

Decay-rate coefficient for P1 pores k., 2000s7! Bier (2002), Chernomordik et al. (1987),
Gowrishankar et al. (1999), and Hibino et al.
(1993)

Decay-rate coefficient for P2 pores ks 257! Chernomordik et al. (1987), Ghosh et al. (1993),
and Gowrishankar et al. (1999), Neu et al. (1999)

Decay-rate coefficients for keand k,  0.044, 0.003s™! Neumann et al. (1998)

endocytotic-like process

@ This is for spinner minimum essential medium (SMEM). The range of extracellular medium is quite large.
b Reported between 0.2 and 0.55S/m.
¢ Reported between 4.4 and 5 x 107! As/Vm.

The values of constants are taken from related papers and given in Table 10.1.

Therefore, considering the normalized distribution of P1 and P2 pores, the initial (i.e., of nonelectro-
porated membrane) conductivity of membrane (G,,,) and conductivity related to each kind of pores, the
conductivity of membrane 6, can be obtained as

O (F>t) = O +[ PL(7,t) | X 0, +[ P2(F,1) | X 0, (10.9)

10.2.2 Molecular Uptake

The experimentally obtained characteristic recovery times of the cell membrane fall into a wide range
(Saulis et al. 1991). One reason for this wide range can be ascribed to different experimental methods
that were used to obtain these data. The recovery time reported, based on measuring voltage and cur-
rent (Bier 2002, Chernomordik et al. 1993, Ghosh et al. 1993, He et al. 2008), patch clamp (Ryttsén et al.
2000), ultrarapid video microscopy (Gabriel and Teissié 1999, Sowers 1986), and pulsed-laser fluores-
cence microscopy (Hibino et al. 1993, Kinosita and Ikegami 1988), is in the range of milliseconds. In
studies based on finding the percentage of cells still incorporating various marker molecules at differ-
ent times after electroporation (Glaser et al. 1986, Khine et al. 2007, Saulis 1997, Shirakashi et al. 2004,
Teissié and Ramos 1998), the resealing time is reported to be about 20 min. Moreover, other experi-
mental results were reported in which authors obtained the uptake of particular marker molecules
under conditions when marker molecules were either present or absent at the time of cell exposure
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to electric pulses. It was demonstrated that in the case of the probe presence at the pulse time, probe
entrance to cells was uniform, whereas it was localized in large vesicles when the probe was added after
the exposure (Glogauer et al. 1993, Rols et al. 1995, Zimmermann et al. 1990). In addition, the internalized
components of the membrane after electroporation were observed (Glogauer et al. 1993). The authors
suggested that in addition to passive diffusion through pores, an endocytosis-like (or macropinocytosis-
like) transport also partially contributes to the loading of the molecule after the pulse at the electro-
porated area of membrane. This mechanism was suggested to occur due to the initiation of the
membrane ruffling after the electroporation (Escoffre et al. 2007, Jones 2007, Lambert et al. 1990). The
very short characteristic time of resealing for artificial lipid membranes (in the range of microsec-
onds and millisecond), compared to biological cells (in the range of hours) (Glaser et al. 1986, Navarrete
and Sacchi 2006), supports the involvement of the suggested endocytosis-like transport.

Based on the above considerations, we define two transport mechanisms: the first one is transport
through the created pores on the membrane with relatively fast relaxation due to pore closure, and the
second one is transport due to enhanced membrane perturbation and ruffling with quite slow resealing
(Glogauer et al. 1993). The attributed mechanisms for uptake in each mentioned case are suggested to
be interactive diffusion (Neumann et al. 1998) and endocytotic-like transport, respectively, which will be
explained further in following sections.

10.2.2.1 Pores and Interactive Diffusion

It is believed that there are three mechanisms involved in molecular transport through the pores:
diffusion, electrophoresis, and electroosmosis. Because of a short duration of electric pulses, diffusion is
considered to be the predominant transport mechanism for small molecule cell uptake (Prausnitz et al.
1995, Puc et al. 2003).

From Equation 10.9 it can be seen that membrane conductivity changes depend on both P1 and P2
pores; therefore, the closure of pores is responsible for decreasing the conductivity of the membrane
after the pulse. Due to the transient contacts of the molecule with the lipids of the pore edges, the
transport of molecules through the membrane in this case is not free diffusion but interactive diffu-
sion, which is reflected in diffusion coefficient with slightly lower value than free diffusion coefficient
(Neumann et al. 1998). We should also consider that membrane conductivity is decreased in part also
by this interactive diffusion as pores are occluded by molecules being transported through the pores.

10.2.2.2 Pertutbed Area and Endocytotic-Like Transport

Although a strong decrease in the flow of molecules was seen shortly after the pulse (Gabriel and Teissié
1999), the observed increased membrane permeability is a long-lasting phenomenon (Glaser et al. 1986,
Neumann et al. 1998, Saulis 1997, 2005, Teissi¢ and Ramos 1998). In our study, this long-lasting phe-
nomenon corresponds to the perturbed area of the membrane and is assigned to endocytosis-like trans-
port, which has already been suggested previously (Glogauer et al. 1993, Rols et al. 1995, Zimmermann
et al. 1990). Memory effect resealing in some studies was observed to fit simple exponentially decaying
function (Rols and Teissié 1990) or a more complex exponential behavior (Glaser et al. 1986, Khine et al.
2007, Neumann et al. 1998, Pucihar et al. 2008). In our model, we considered a dual exponential decay
function for returning the cell membrane to its normal state:

[M]=[P2], (Bexp(—kt)+(1— B)exp(~kt)) (10.10)

where
[M] shows the normalized distribution of perturbed area due to electroporation
[P2], is the normalized distribution of pores at the end of pulse
keand k are decay-rate coefficients for endocytotic-like transport
Bisa constant

© 2010 by Taylor and Francis Group, LLC



200 Advanced Electroporation Techniques in Biology and Medicine

ke, kg, and B are obtainable from the experimental results and depend on the type and size of trans-
ported molecules (Neumann et al. 1998).

10.2.2.3 Transmembrane Molecular Transport

In our model, two different transport coefficients are assigned to two transport mechanisms (interactive
diffusion and endocytotic-like transport). With respect to these, the permeability of the membrane can
be written as the sum of two distinct contributions:

_[P2i0)]p, N [ M(.6)]D, (10.11)

P (7.t
n(751) i i

where D, and D, are the diffusion coefficients for interactive transport and transport coefficient related
to endocytosis-like transport, respectively.

It should be noted that D, is about 0.1-0.3 of the free diffusion coefficient D, (depending on the type
of molecule passing through the membrane) (Neumann et al. 1999, Pavlin et al. 2005), whereas D, has
been assigned a very low value (about D,/10,000) (Neumann et al. 1999).

While the membrane is being permeabilized due to electric field, the molecules pass through the
membrane based on concentration gradient. A quantitative description of diffusion is contained in
Fick’s first law (Plonsey and Barr 1988). The flux through the cell membrane (j) can be approximated by
j =P, (c° — ci"), where c°'t and ¢i® are the outside and inside concentrations adjacent to the membrane,
and P, is membrane permeability coefficient as described in Equation 10.11. In order to obtain the total
moles transported to the cell (N,,)), an integration of j over the surface and time is performed as

T

Ny = ” jdsd (10.12)

t=0 S

where
S is the surface of the cell membrane
7T is the time at which the quantity of transported molecules is to be determined.

The number of molecules transported through the membrane (N) can be then obtained by N=N, N, ..

10.3 Construction of the Model

The simulations in this study were performed using COMSOL 3.3 package (COMSOL Inc., Burlington,
Massachusetts) based on finite element method. In order to construct a favorable geometrical model,
a spherical cell with a radius of 5.6 um was located inside a cylinder. The two circular electrodes were
positioned at the bases of the cylinder, which are shown shaded in Figure 10.1A. The cylinder was chosen
to take advantage of symmetry for simplifying the 3D geometrical model to a 2D-axial symmetry, and
therefore saving time and memory during simulations (Figure 10.1B). With the purpose of complying
with reality, the applied voltage to the electrodes was considered as a smoothed step function with the
rising and falling times of 2 s.

Incorporating extremely thin membrane compared to the cell size is problematic in meshing and
solving the problem. Therefore, we assigned boundary condition to the membrane as previously
described (Pucihar et al. 2006). In our calculations, the resting voltage was considered to be negligible
with respect to the ITV.

The interactive diffusion coefficient was taken to be D, = D,/5, and the attributed transport
coefficient to induced endocytosis-like transport process was set to D, = D/10,000 (Neumann et al.
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VA

Symmetry
(A) (B) axis

FIGURE 10.1 Simulation geometrical model. Schematic of a spherical cell placed between electrodes. The cell
and electrodes are shaded. (A) 3D geometry. (B) Simplified 2D axial symmetry of the model with dashed line as the
symmetry axis. The right pole, left pole, and the upper equator are indicated by R, L, and U, respectively. The arrow
denotes the direction of the electric field.

1999) for a typical molecule (e.g., Serva Blue G). It is obvious that this value depends on the size and
type of transported molecules through the transporting pathways of the membrane. The initial con-
centrations of intracellular and extracellular probe were set to be 0 and 10 mM, respectively, and the
temperature was considered to be 20°C. As the changes near the membrane are more pronounced and
important, we increased the number of meshing elements for finite element solver at these regions.
Our simulation was designed to solve the Laplace equation in the region between two electrodes
containing the cell to obtain the ITV, considering all the adjoined equations in this model. This set of
equations should be solved for ITV and membrane conductivity, considering self-consistency of the
parameters. In other words, as the unknowns are tightly involved, these equations should be solved
simultaneously. The total number of internalized molecules to the cell in our model was obtained by
integrating all the transported molecules from the entire cell membrane area for about 1000s (i.e.,
approximately 20 min) after the pulse, after which the transport of molecules across the cell membrane
becomes negligible.

The necessary parameters and the reference sources used for the simulation are listed in Table 10.1.
All the simulations were performed on a PC equipped with a 2.8 GHz Pentium IV processor and 3 GB
RAM. Each simulation run lasts between about 1 and 10 min, depending on the number of pulses and
the elapsed time after the exposure of the cell to the electric field. Following the simulations, all the
spatial and temporal quantities related to membrane conductivity, ITV, concentration, and molecular
uptake are available.

10.4 Results

10.4.1 Structural Changes in the Membrane

After the start of the pulse, structural alterations in the form of pore formation start to appear without
any threshold being imposed explicitly (Figure 10.2). The results for distribution of structural changes
related to P1 and P2 pores on the cell membrane surface at the end of the pulse with three different field
strengths and 100 s duration are shown in Figure 10.2A and B. It is evident that in the cap regions
(L and R in Figure 10.1), in which ITV is higher, pore formation is most pronounced. It can also be
observed that the pore formation at 600 V/cm is negligible compared to the higher values of 800 and
1000 V/cm.
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FIGURE 10.2 Normalized distribution of pores on the membrane. Normalized distribution of (A) P1 pores and
(B) P2 pores on the cell membrane at the end of pulses of 600, 800, and 1000 V/cm with duration of 100 ts. The right
pole, left pole, and the upper equator are indicated by R, L, and U, respectively.

10.4.2 Membrane Conductivity

Figure 10.3A displays the temporal membrane conductivity averaged over the cell membrane during
100 us pulses considered in Figure 10.2 (considered voltages were 600, 800, and 1000 V/cm). It can be
observed that the conductivity increase due to applied 600 V/cm is very small. Membrane conductivity
related to 1000 V/cm first increases sharply, then a much slower increase is observed. At the end of pulse,
the membrane conductivity is increased by a factor of 1000. The overall conductivity starts to disappear
after the pulse termination (Figure 10.3B).

The effect of pulse duration on membrane conductivity increase for a 1000 V/cm pulse can
be observed in Figure 10.3C. This figure reveals that the longer the pulse, the more efficient
electroporation.

10.4.3 Induced Transmembrane Voltage

After the smoothed-step pulse is switched on, the membrane as a capacitor starts charging and ITV
starts to increase that in turn results in membrane conductivity increase (Figure 10.3A). In some
cases, even a decrease of the ITV value may be observed as a dip at poles (Figure 10.4C). Figure 10.4A
shows the ITV evolution at one of the poles of the cell. It can be observed that for the field ampli-
tudes more than 800 V/cm, the membrane capacitor charging shows a nonlinear behavior. Figure
10.4B demonstrates spatial ITV over the cell membrane at the end of 100 us pulses of different pulse
strength. The stronger the pulse, the steeper is the conductivity changes (Figure 10.3A), so that ITV
does not exceed a certain value (Figure 10.4B) except at initial peak overshoot. Figure 10.4C displays
the ITV distribution on the cell membrane for a 1000 V/cm and 100 us pulse at times 1, 2, and 100 us.
It can be observed that at the beginning, a dip for ITV is created at the poles, which however flattens
out with time.

10.4.4 Membrane Permeability

The permeability of the membrane during the pulse in our model is attributed only to P2 pores that
are formed during and close after the pulse (Figure 10.5A). After the pulse, the permeability of mem-
brane starts to decrease (Equation 10.11) due to the P2 pores closure and disappearance of endocytosis-
like transport (Neumann et al. 1998). Figure 10.5B shows membrane permeability after the pulses that
depends strongly on the field strength and pulse duration.
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FIGURE 10.3 Temporal and spatial behavior of membrane conductivity. Temporal evolution of the overall mem-
brane conductivity (A) during and (B) after a single 100 s pulse of different amplitudes 600, 800, and 1000 V/cm.
The arrows show the times at which the second pulse of the train pulses with frequencies 2.5kHz and 1Hz is to
be applied. Spatial distribution of membrane conductivity at the end of (C) a 1000 V/cm pulse of durations 10 s,
100 us, and 1 ms and (D) a 700 V/cm pulse of 100 s, 1 ms, and 100 ms. The right pole, left pole, and the upper equator
are indicated by R, L, and U, respectively.

10.4.5 Number of Internalized Molecules to the Cell

The cellular uptake of marker molecule or chemotherapeutic agents is a determinant factor in the efficiency
of electroporation-based applications. The results on the number of molecules internalized by the cells with
respect to the pulse amplitude and duration, number of pulses, and pulse-repetition frequency are presented.

10.4.5.1 Effect of Pulse Strength and Duration

As Figure 10.6A displays, the amplitude of pulses significantly affects the internalization of molecules,
which almost stops at about 16 min after the pulse. It can be seen from the figure that 600 V/cm pulse has
no observable effect on the molecular uptake. The effect of pulse duration on the uptake however is not
as strong as the influence of pulse amplitude. Figure 10.6B shows the differences in uptake for 1 ms and
100 us pulses as a function of pulse strength.

10.4.5.2 Effect of Pulse Fractionation (Multiple-Pulse Protocols)

In Figure 10.7A, the uptake of molecules after the exposure of cells to a single 1 ms pulse of 800 V/cm is
displayed by a dashed-line curve and the uptake after the fractionation of the pulses to 10 pulses with a
duration of 100 us and frequency of 1 Hz are shown in solid line for each subsequent pulse.
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FIGURE 10.4 Temporal and spatial behavior of ITV. (A) Time evolution of ITV at the left pole (L) for a 100 us
pulse of amplitudes 400, 600, 800, and 1000 V/cm. (B) Spatial distribution of ITV on the cell membrane at the end
of 100 us pulses with the same pulse amplitudes of part (A). (C) Spatial distribution of ITV for a 1000 V/cm pulse
demonstrated at 1, 2, and 100 s after the pulse starts. The right pole, left pole, and the upper equator are indicated
by R, L, and U, respectively.
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FIGURE 10.5 Temporal evolution of membrane permeability. Temporal evolution of the overall membrane per-
meability (A) during and (B) after a single 100 us pulse of different amplitudes 600, 800, and 1000 V/cm. The arrows
show the times at which the second pulse of the train pulses with frequencies 2.5kHz and 1Hz is to be applied.
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FIGURE 10.6 Dependence of uptake to pulse amplitude and duration. (A) Time evolution of molecule uptake
in 16 min after pulse turn-off. Four different pulse amplitudes of 600, 800, 1000, and 1200 V/cm with the same
duration of 100 s are considered. (B) Electric-field amplitude dependence of molecule uptake, 16 min after pulse
cessation for two different pulse durations of 100 s and 1 ms.
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FIGURE 10.7 Dependence of uptake to pulse fractionation. Effect of pulse fractionation. The dashed line
demonstrates the uptake due to a single pulse with 800 V/cm amplitude and 1 ms duration. The solid lines indicate
the uptake after fractionation of pulsing to 10 pulses of the same amplitude with duration of 100 us and
frequency of 1 Hz. N displays the number of pulses.

This difference in the internalization of molecules after the exposure of cells to single and multiple
pulses is attributed to the sharp increase of permeability at the beginning of each pulse followed by a
smooth increase (Figure 10.5A).

10.4.5.3 Effect of Pulse Frequency and Number of Pulses

There are two distinct factors that need to be taken into account when considering the effect of pulse
repetition frequency on molecular uptake: (1) membrane conductivity and (2) the level of membrane
permeability, at the start of each consecutive pulse in the pulse train.

In our simulations, we considered 1Hz and 2.5kHz pulse-repetition frequency for which the time
interval between subsequent pulses is 1 s and 400 s, respectively. The arrows in Figures 10.3B and 10.5B
show the time at which the second pulse of considered pulse repetition frequency is applied. It is evident
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FIGURE 10.8 Dependence of uptake to pulse repetition frequency. Comparison of effectiveness for two trains of
pulses consisting of eight pulses with 100us duration and 1 Hz and 2.5kHz frequencies for different pulse strengths.

from Figure 10.3B that when a sequence of pulses is applied, residual membrane conductivity from the
preceding pulses results in the lower ITV of the cell membrane and subsequently less uptake increase.
This leads us to conclude that pulses with higher pulse-repetition frequency are less efficient. That
is, for certain electric field strength, the number of internalized molecules for lower pulse-repetition
frequency is higher than the related number of internalized molecules for higher frequency. Besides
that, the cell membrane appears to be at different states of permeabilization at the beginning of each
consecutive pulse based on Figure 10.5B. It can be stipulated that the higher the pulse-repetition fre-
quency, the larger the permeability of the membrane when the next pulse is to be applied. This factor is not
as effective as the first one. Figure 10.8 shows the molecular uptake for two pulse-repetition frequencies
considered 1Hz and 2.5kHz for different pulse amplitudes, which demonstrates that with increasing
pulse-repetition frequency, the uptake of subsequent pulses decreases.

10.5 Discussion

The focus of this modeling was to study the effect of electric pulse, duration of exposure, number of
pulses, and pulse-repetition frequency on molecular transport using a self-consistent model based on
previously proposed chemical-kinetics electroporation scheme. At the same time, the described model
enables the determination and prediction of ITV, membrane conductivity, and permeability temporarily
and spatially for single and multiple electroporation pulse protocols.

Among different theoretical models for electroporation, some are well established such as resistive-
capacitive model, electromagnetic bulk model, and energy models. In the resistive-capacitive (RC)
transport lattices (Gowrishankar and Weaver 2003, Stewart et al. 2004), determining the spatial dis-
tribution of ITV over the cell membrane and the dynamical behavior of the membrane after the break-
down, however, is not possible. In electromagnetic bulk model, the Laplace equation is used to determine
the ITV (Kotnik et al. 1997). Although with this model spatial distribution is available, it only shows
which regions undergo electroporation, and does not consider the variations of ITV after electropora-
tion occurs. One of the frequently used models for electroporation is based on Smoluchowski equation
together with pore creation energy definition (DeBruin and Krassowska 1999, Neu and Krassowska
1999) in which pores growth and shrinkage (Joshi et al. 2002, 2004, Smith et al. 2004) and self-
consistency (Krassowska and Filev 2007) can be taken into account, but it is not applicable to different
cell shapes and pulse waveforms. Finally, there is also a model in which conductivity increase due to
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electroporation is defined by relations based on experimental findings (Hibino et al. 1993, Pavlin et al.
2005). Other models that allow the prediction of molecular uptake by the cells based on electroporation
were also published. A study has been performed on a model for molecules transported after the pulse
ends (Pliquett and Weaver 2007). Moreover, a model of diffusion-driven transmembrane transport has
been constructed using a pharmacokinetic model (Puc et al. 2003). None of the above-mentioned mod-
els however deals with the dynamic behavior and conductivity changes of the cell membrane during and
after the pulses and molecular transport through the membrane at the same time.

Inachemical-kinetics model (Bockmann etal. 2008, Neumann et al. 1998), a number of closed and porous
states were introduced in order to match the experimental results, and the equations were obtained based
on electrochemical considerations so that the pore formation and resealing of the membrane and also
molecule uptake can be predicted considering the angular and time average of the parameters (Neumann
et al. 1996, 1998, 1999). These models are only suitable for spherical cells and the distribution of pores in
the electroporated regions from which the whole transport took place was assumed uniform. Besides, the
dynamic behavior of other parameters such as ITV and membrane conductivity and permeability has not
been considered.

In electroporation experiments, a wide range of resealing times has been reported. It has been
observed practically that the electroporated cells continue to take up molecules for minutes and
even hours after the pulse, while the membrane conductivity measurements have demonstrated very
short time constants (about seconds). Regarding this observation, together with the experimental
observations of vesicles during uptake at different times after the pulse (Glogauer et al. 1993, Rols
etal. 1995, Zimmermann et al. 1990), we made our model based on the suggestion that all the molec-
ular uptake does not occur through the open pores P2. Rather, we suggest two distinct mechanisms
to be involved in transmembrane molecular transport: interactive diffusion through the pores and
endocytosis-like transport trough the perturbed area characterized by increased membrane perme-
ability (Equation 10.11).

Our results show that the structural changes of the membrane start at the beginning of the pulse and
form continuously. The pore formations are considerable only if the electric field is high enough, which
is in agreement with experimental observations (Kotnik et al. 2000, Teissi¢ and Ramos 1998). Therefore,
membrane conductivity and permeability change from the very beginning of the pulse, but only become
detectable at large-enough electric-field amplitudes (Figure 10.3A). This is in accordance with apparent
threshold reported in different experimental studies and should thus be considered as a detectability
threshold (Gabriel and Teissié 1999, Kotnik et al. 2000, Rols and Teissié 1990). Even for smaller electric-
field amplitudes, increasing the pulse duration may change the electroporation state from undetectable
to detectable (Figure 10.3D). This has been observed in experiments but quite commonly explained as a
decrease of the threshold transmembrane voltage by increasing the duration of pulses (Canatella et al.
2001, Gowrishankar et al. 1999, Pucihar et al. 2006, 2008). In addition, the obtained temporal and spa-
tial variation of ITV (Figure 10.4) is in accordance with experimental observations (Hibino et al. 1993).

According to our model, after the pulse, membrane conductivity decreases based on pore’s closure,
while increased membrane permeability still allows marker molecules or drugs to be transported through
the perturbed area of the membrane. Based on our results (and in agreement with experimental observa-
tions (Kotnik et al. 2003, Miklav¢ic et al. 2000, Puc et al. 2003, Pucihar et al. 2007, He et al. 2007)), the
number of internalized molecules to the cell increases with pulse amplitude and duration (Figure 10.6).
Another factor that appeared to be important in molecule uptake is the concentration gradient of the
molecule at the time of pulse application (data not shown). One important result of our study, which is
in line with the experiments and was confirmed by experiments (Hibino et al. 1991), is the description of
pulse fractionation effectiveness in molecular uptake for multi-pulse protocols (Figure 10.7). At the same
time, our results show that molecular uptake depends on pulse-repetition frequency. Besides, it was shown
(Figure 10.6B) that the number of pulses can significantly affect the pulse uptake but only before reaching
the saturation, which depends on field strength (Figure 10.6A) and pulse-repetition frequency (Figure 10.8).
This has also been observed in previously published experimental studies (Rols and Teissié¢ 1990). However,
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in experimental results, at large electric field strengths, the molecule uptake decreases due to irreversible
electroporation (Kotnik et al. 2003, 2007). As in our model, irreversible permeabilization was not taken into
account, and this decrease cannot be observed in the graphs.

Therefore, using the presented self-consistent model based on chemical-kinetics scheme, we can explain
and predict the effect of all pulse parameters, i.e., amplitude, duration, pulse-repetition frequency, and
pulse shape. Namely, in our model we can apply realistic pulse shapes and waveforms and also realistic
cell geometry.

To have a precise description of molecular transport using this model for different molecules, we
need, however, to determine molecular-specific parameters from experiments. Namely, for each
different molecule having different size and charge and characteristics, we would need to determine
corresponding diffusion coefficients. In our model, we considered uncharged molecules for transport
through the membrane. For the macromolecules and highly charged molecules, the electrophoresis
however also applies and becomes important in the observed molecular uptake. Thus, the mechanism
for the uptake during the pulse is electro-diffusion. Also, in this study, resting transmembrane voltage
was considered negligible with respect to ITV. These can both be easily introduced in our model and can
thus be considered in our future development of this model.
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