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12.1 Introduction

External electric field, which is applied to cells, can, under suitable field parameters, induce local dis-
tortions and structural rearrangements of lipid molecules in the cell membrane. Depending on the 
field parameters, the membrane hence becomes either transiently or permanently permeable even 
after the field has ceased, allowing molecules that are otherwise deprived of transport mechanisms to 
cross the membrane and reach the cytosol. This phenomenon is often referred to as electroporation or 
electropermeabilization.

The method is today successfully used in different applications, such as the introduction of molecules 
into cells (Rols and Teissié 1998, Neumann et al. 1999, Canatella et al. 2001, Maček Lebar and Miklavčič 
2001), transdermal drug delivery (Prausnitz 1996, Denet et al. 2004, Pavšelj and Préat 2005), fusion of 
cells (Zimmerman 1982, Ogura et al. 1994, Ušaj et al. 2009), electroinsertion of proteins into mem-
branes (Elouagari et al. 1995, Teissié 1998), sterilization (Knorr 1999, Rowan et al. 2000, Teissié et al. 
2002, El Zakhem et al. 2007), and tissue ablation (Davalos et al. 2005, Lavee et al. 2007). The main clini-
cal success of electroporation was achieved in the treatment of cutaneous and subcutaneous tumors, 
where chemotherapeutic drugs in combination with electric pulses were delivered to tumor cells (elec-
trochemotherapy) (Heller et al. 1999, Mir and Orlowski 1999, Marty et al. 2006, Serša et al. 2008), while 
another application, a nonviral delivery of nucleic acids to cells (gene electrotransfection), is also gain-
ing increasing interest (Jaroszeski et al. 1999, Šatkauskas et al. 2002, Golzio et al. 2007).
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Gorazd Pucihar

Alenka Maček Lebar
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For each specific application of electroporation, the electric pulses applied to target cells have to be 
of appropriate amplitude, duration, number, and repetition frequency, and these parameters also need 
to be adjusted for the particular cell type, size, orientation, and density of cells. When molecules are to 
be transported into electroporated cells, the characteristics of these molecules must also be consid-
ered when adjusting the pulse parameters. Using numerous different parameters of electric pulses, the 
advantageous effects were reported for different applications of electroporation. Lack of systematic stud-
ies addressing the role of electric pulse parameters in the efficiency of electroporation is the reason 
that the relation between application effectiveness and certain combination of electric pulse param-
eters is still unclear. Such a relation can be extremely useful in electroporation-based treatment plan-
ning. Thus, we focus in this chapter on possible mathematical relation between the parameters of major 
importance—the amplitude of the electric field and the field duration. Therefore, the experimental data 
from successful electroporation-based applications are reviewed and possible mathematical relations 
between the amplitude of the electric field and the field duration are proposed.

12.2  Overview of the Pulse Parameters Used in Biomedical 
and Biotechnological applications of Electroporation

To date, a vast number of different pulse parameters have been reported for various biomedical and bio-
technological applications of electroporation. It is practically impossible to present all these parameters 
in one place; however, we tried to summarize some of the most typical parameters in Table 12.1, at least 
to illustrate their diversity. In the table, the amplitude of the pulses delivered to the electrodes is given 
as a voltage-to-distance ratio, which roughly equals to the value of the electric field if the field distribu-
tion between the electrodes is homogeneous. Depending on the recovery of cells after electroporation, 
the table was divided into two parts: (i) applications resulting in reversible electroporation, such as the 
uptake of small and large molecules, and nanoelectroporation, and (ii) applications resulting in irrevers-
ible electroporation, such as tissue ablation and sterilization.

From Table 12.1, it becomes clear that in different applications of electroporation, diverse parameters 
are used, but also, that these parameters can vary even for the same application. This can partly be 
attributed to the experimental setup (e.g., different cell lines, media, characteristics of molecules) and 
partly to the fact that different pulse parameters yield similar outcomes. The latter is the focus of our 
chapter and the description of these parameters is given in more detail below.

For efficient uptake of small molecules, such as lucifer yellow, propidium iodide, and bleomycin into 
cells, the electric fields for electroporation, which are usually given as voltage-to-distance ratio, are in 
the range of 1 kV/cm with durations extending from hundred microseconds to milliseconds (Mir et al. 
1988, Wolf et al. 1994, Heller et al. 1996a, 1999, Kotnik et al. 2000, Maček Lebar and Miklavčič 2001, 
Marty et al. 2006, Serša 2006, Snoj et al. 2006). Such pulses were most often used in experiments involv-
ing electrochemotherapy, where small chemotherapeutic agents (bleomycin or cisplatin) were delivered 
into tumor cells by means of electric pulses.

Larger molecules are, especially due to their size, more difficult to introduce into electroporated cells. 
In general, four different pulse protocols were applied: (i) high electric field amplitudes from one to few 
kV/cm, lasting from few microseconds to hundred microseconds (Neumann et al. 1982, Potter et al. 
1984, Heller et al. 1996b); (ii) low electric field amplitudes of few hundred volts per centimeter but longer 
durations ranging into tens of milliseconds (Suzuki et al. 1998, Mir et al 1999); (iii) a combination of 
high and low field amplitudes, with the former in the range of 1 kV/cm and duration of hundreds of mil-
liseconds, and the latter with approximately 100 V/cm with duration from 10 ms to few hundred milli-
seconds (Sukharev et al. 1992, Bureau et al. 2000, Pavšelj and Préat 2005, Šatkauskas et al. 2005a, André 
et al. 2008, Kandušer et al. 2009, Villemejane and Mir 2009); and (iv) the most recent approach, where 
the pulse protocol described in (iii) was followed by a long train of 40 kV/cm pulses with nanosecond 
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duration, minutes later (Villemejane et al. 2009). These four protocols were typically used for transport-
ing fragments of DNA into cells in vitro or in vivo for efficient gene electrotransfer.

While pulse protocols described above were mostly targeted to the plasma cell membrane, very strong 
fields of short, nanosecond duration were reported to affect also membranes of cell organelles. For this 
purpose, pulses exceeding 10 kV/cm (sometimes even 100 kV/cm) were used with durations from few 
nanoseconds to tens of nanoseconds (Schoenbach et al. 2001, 2004, Vernier et al. 2003, 2008, Pakhomov 
et al. 2007).

In tissue ablation, cells were irreversibly electroporated with either (i) high number of pulses with a 
low amplitude (a few hundred volts per centimeter) and hundred microsecond durations (Rubinsky et al. 
2008); (ii) low number of pulses with few kV/cm lasting hundred microseconds (Lavee et al. 2007, Maor 
et al. 2008); or (iii) with pulses of 1 kV/cm and long duration of tens of milliseconds (Edd et al. 2006).

TABLE 12.1 A Summary of Typical Pulse Parameters Used in Different Applications of Electroporation

Applications Pulse Parameters References

Reversible 
electroporation

Uptake of small 
molecules

8 × 1300 V/cm, 100 μs
1−64 × (0.25−1 kV/cm), 20 μs to 1 ms
1−8 × (0.5–1.3 kV/cm), 100 μs to 1 ms
1−10 × 0.9 kV/cm, 1 ms
8 × 1.5 kV/cm, 100 μs

Mir et al. (1988), Heller et al. 
(1996a), Maček Lebar and 
Miklavčič (2001), Serša (2006), 
Marty et al. (2006), Snoj et al. 
(2006), Spugnini et al. (2009), 
Kotnik et al. (2000), and Wolf 
et al. (1994)

Uptake of large 
molecules

(a) HV and short
(1−3) × 4−8 kV/cm, 5 μs
6 × 1 kV/cm, 99 μs

(a)  Neumann et al. (1982), Potter 
et al. (1984), Heller et al. 
(1996b), and Wolf et al. (1994)

(b) LV and long
8 × 200 V/cm, 20 ms
8 × 250 V/cm, 50 ms

(b)  Mir et al. (1999) and Suzuki 
et al. (1998)

(c) Combination of HV + LV
1 × 1.5 kV/cm, 100 μs + 1 × 75 V/cm, 40 ms
4 × 1 kV/cm, 200 μs + 1 × 75 V/cm, 100 ms
1 × 0.8 kV/cm, 100 μs + 4 × 80 V/cm, 

100–400 ms
1 × 1 kV/cm, 100 μs + 1 × 140 V/cm, 400 ms
1 × 0.7 kV/cm 100 μs + 200 V/cm, 400 ms
1 × 6 kV/cm, 10 μs + 1 × 200 V/cm, 10 ms

(c)  Kandušer et al. (2009), Bureau 
et al. (2000), Šatkauskas et al. 
(2005a), André et al. (2008), 
Villemejane and Mir (2009), 
Pavšelj and Préat (2005), and 
Sukharev et al. (1992)

(d) Combination of HV + LV + nEP (d) Villemejane et al. (2009)
HV + LV + 30,000 × 40 kV/cm, 10 ns

Nanoporation 1 × 12 kV/cm, 60 ns Pakhomov et al. (2007)
Schoenbach et al. (2004)

Vernier et al. (2008)
Schoenbach et al. (2001)
Vernier et al. (2003)

1 × 26 kV/cm, 60 ns, 10 × 180 kV/cm, 10 ns; 
1 × 65 kV/cm, 10 ns

1 × 80 kV/cm, 4 ns
3–5 pulses of 50 kV/cm, 60 ns
10 × 25 kV/cm, 30 ns; 50 × 25 kV/cm, 7 ns

Irreversible 
electroporation

Tissue ablation 1 × 1000 V/cm, 20 ms Edd et al. (2006)
10 × 3800 V/cm, 100 μs Maor et al. (2008)
90 × 250 V/cm, 100 μs Rubinsky et al. (2008)
8, 16, 32 × 3800 V/cm, 100 μs Lavee et al. (2007)

Sterilization >15 kV/cm, μs to ms Knorr (1999)
20 × 550 V/cm, 10 ms Teissié et al. (2002)
1000 × 5 kV/cm, 1 ms El Zakhem et al. (2007)

Notes: The pulse parameters are given as no. of pulses × electric field, pulse duration. The electric field is given as voltage-
to-distance ratio. HV, high voltage pulse; LV, low voltage pulse; nEP, nanosecond pulse.
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For sterilization, electric fields larger than 15 kV/cm and lasting from microseconds to milliseconds 
were delivered to irreversibly electroporate and destruct the membranes of microorganisms (Knorr 
1999, Teissié et al. 2002). Alternatively, lower fields from few hundred volts per centimeter to few kV/cm 
and durations of milliseconds to tens of milliseconds were used for water sterilization (Teissié et al. 
2002, El Zakhem et al. 2007).

In general, from the pulse parameters summarized in Table 12.1, it follows that the values of the field 
amplitudes and durations needed for efficient electroporation of cells (either for the successful uptake 
of molecules or destruction of cells) are inversely proportional. Namely, with higher pulse amplitudes, 
the pulse duration causing a similar effect can be shorter and vice versa. This observation is not new and 
was reported by many authors before. From Table 12.1, it can also be seen that the change in the value 
of a certain pulse parameter can be compensated by carefully adjusting the values of other parameters, 
e.g., reduction in the pulse amplitude can be compensated by increasing the pulse duration or number of 
pulses. This observation can be extremely useful in applications, where the limitations of the electrical 
devices, such as pulse generator (or electroporator), have to be taken into account.

Furthermore, there have been many contradicting reports on the threshold value of the electric 
field required for electroporation of cells. Electroporation of the cell membrane is usually associ-
ated with an increase of the electric field–induced transmembrane voltage above a certain thresh-
old, which is estimated to be between 200 mV and 1 V (Tsong 1991, Teissié and Rols 1993, Towhidi 
et al. 2008). Therefore, a threshold value of the electric field that must be exceeded in order to load 
specific molecules into the cell or to affect the cell viability is expected. However, many theoretical 
studies, especially those, which were based on the theory of electroporation (Neumann et al. 1982), 
predicted that electroporation is not a threshold phenomenon. According to theoretical studies, the 
presence of the electric field only increased the probability of the occurrence of water pores in the 
membrane (hence the term electroporation). The discrepancy between experiments and theory can 
be explained by the fact that in experiments, electroporation of the cell membrane was determined 
by the detection of the internalized molecules, and this can be limited by the sensitivity of the experi-
mental setup and the characteristics of these molecules. For example, several authors reported that 
structural changes in the membrane and the related increased permeability of the membrane became 
detectable within a few microseconds after the onset of the electric field (Benz et al. 1979, Kinosita 
and Tsong 1979, Hibino et al. 1993, Griese et al. 2002, Kakorin and Neumann 2002, Pavlin et al. 
2005), but the occurrence of these changes did not coincide with the detection of the transmembrane 
transport of molecules, which was detected milliseconds or seconds after the pulse (Dimitrov and 
Sowers 1990, Tekle et al. 1990, 1994, Gabriel and Teissié 1999). The transport of single-atom ions and 
molecules continues for seconds or even minutes after electroporation, until the cell membrane com-
pletely recovers (reseals) or until the equilibrium in concentration of ions and molecules is obtained. 

TABLE 12.2 Most Frequently Used Molecules for Studying Electroporation

Molecule Molecular Weight (Da)
The Number of Molecules Inside 

the Cell Relative to the Outside (%)

Lucifer yellow 457 100
Propidium iodide 660 90
Bleomycin 1,500 30
Fragments of oligonucleotides 3,000 20
Ribosome inactivating protein PAP 30,000 10
FITC dextran 70,000 <1
Antibodies 150,000 0.1

Source: Maček Lebar et al., Med. Razgl., 37, 339, 1998.
Note: The relative number of molecules was determined for the optimal electroporation 

parameters.
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In contrast, membrane conductivity, which is elevated during the pulse, returns close to the initial 
value much faster, milliseconds after the exposure (Kinosita and Tsong 1979, Hibino et al. 1993, 
Schmeer et al. 2004). To a certain extent, these differences can be attributed to the size and the charge 
of molecules, which hinders the permeation of molecules through an electroporated cell membrane. 
Table 12.2 demonstrates the influence of the size of the molecules (molecular weight) on the transport 
into electroporated cells.

12.3  Mathematical Description of the relation between 
the Field Strength and the Field Duration

In most studies, cell viability or the uptake of molecules into cells was measured only for a very limited 
range of pulse parameters. Furthermore, the mathematical relation between the parameters of major 
importance, field strength and pulse duration, was addressed only by few authors.

Krassowska et al. (2003) tested a train of six pulses with 10 different pulse durations (between 50 μs 
and 16 ms) and 9–14 different field strengths to determine the magnitude of the electric field required 
to kill 50% of the cells (E50). When plotted in logarithmic scale, the relationship between E50 and pulse 
duration (T) was

 E kT A
50 = .  (12.1)

On the basis of their experimental results, they reported a value of A as being very close to −1, indicating 
that E50 is inversely proportional to T. The relation proposed by Equation 12.1 does not have a threshold 
value for extremely long pulse durations; i.e., the limit of E50 as T approaches infinity is 0.

A similar relation was found by Butterwick et al. (2007) who studied the threshold for tissue damage 
as a function of pulse duration. They used balanced biphasic pulses of seven different pulse durations 
ranging from 6 μs to 6 ms. The authors reported that for a single pulse, the damage threshold current 
density j, scaled with pulse duration (T), can be approximated by 1/T 0.5.

He et al. (2007) performed more than 2000 single-cell measurements on five molecules of different 
sizes to describe a functional dependence between the threshold electric field for loading molecules into 
cells, EEP, and pulse duration T. Thirteen pulse durations ranging from 400 μs to 15 ms were used and 
corresponding threshold electric field EEP for each molecular size was determined. They demonstrated 
that if the electric field is smaller than the threshold value E0, cell electroporation cannot be detected, 
not even by extending the pulse duration. They concluded that the values of the threshold electric field, 
EEP, for loading different molecules formed a three-parameter exponential function of pulse duration T:

 E E E e T
EP = + −

0 1
/ ,τ  (12.2)

where
E0 is the threshold value of the electric field at the longest duration
E1 is the difference of threshold electric field at longest duration and shortest duration
τ is the time constant of exponential decay curve

The limit of EEP as T approaches infinity is E0; meaning that the proposed E0 is a threshold value of the 
electric field that must be exceeded in order to load the specific molecule into cells. The larger the size of 
the molecule (molecular weight), the higher the value of E0 is.

Šatkauskas et al. (2005b) electroporated the tumors in vivo with eight square wave electric pulses of 
variable durations (0.1, 0.25, 0.5, and 1 ms) delivered at 1 Hz. Using tumor doubling time as a criteria, 
they observed three-parameter exponential relation between pulse strength (defining the same tumor 
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doubling time and consequently the same efficiency of electrochemotherapy) and pulse duration, simi-
lar to what was reported by He et al. (Equation 12.2).

According to the studies mentioned above, we can summarize that a threshold value of electric field 
needed for irreversible electroporation with extremely long pulse durations does not exist. On the other 
hand, a threshold value of electric field needed for reversible electroporation with extremely long pulse 
durations depends on the size of molecules; the smaller the size of the molecule, the lower the threshold 
value of the electric field is. For the realistic limiting case of molecular size, namely, single-atom ions, a 
threshold value of electric field at extremely long pulse durations should be very low or, hypothetically, 
even disappear. To investigate this, a threshold value of the electric field needed to load calcium ions into 
cells with a single pulse of different pulse durations was studied.

12.4 Materials and Methods

12.4.1 Cells

Chinese hamster ovary cells (CHO-K1) were plated in Lab-Tek II chambers (Nalge Nunc International, 
United States) at 2 × 105 cells/chamber in the culture medium HAM-F12 supplemented with 8% fetal 
calf serum, 0.15 mg/mL l-glutamine (all three from Sigma-Aldrich, Steinheim, Germany), 200 units/mL 
benzylpenicillin (penicillin G), and 16 mg/mL gentamicin and incubated in 5% CO2 at 37°C. The experi-
ments were performed 18–24 h after plating, when most cells were firmly attached to the surface of the 
chamber (see Figure 12.1) and most of them did not yet divide.

12.4.2 Monitoring Electroporation

To monitor electroporation of cells, a fluorescent calcium indicator Fura-2AM was used (Grynkiewicz 
et al. 1985). Fura2-AM enters the cell through an intact membrane, and is transformed in the cytosol 
into Fura2, the active and membrane-nonpermeant ratiometric dye (excitation 340/380 nm, emission 
540 nm). Electroporation results in the entry of Ca2+ ions into the cells, where their binding to Fura2 
causes the change in the fluorescence of the dye. Under moderate pulse parameters, the cell recovers 
after electroporation, stores the excess Ca2+ into the intracellular reservoirs or excludes the Ca2+ from 
the cytoplasm. The fluorescence thus decreases with time back to the initial value, allowing for another 
repetition of the experiment on the same cells.

The procedure for staining the cells with Fura was already described elsewhere (Towhidi et al. 2008). 
Briefly, prior to experiments, the cells were washed with Spinner’s Minimum Essential Medium (SMEM, 
Gibco, United States; a calcium-depleted modification of EMEM), left at room temperature for 25 min 
in SMEM containing 2 μM Fura2-AM, and subsequently washed again with SMEM to remove the dye 
from the extracellular medium. Finally, SMEM was replaced with culture medium HAM-F12, which 

(A) (B)

6.00
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3.00
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FIGuRE 12.1 (A) CHO cells: bright field. (B) Fluorescence of cells in control (nonporated cells). (C) Cells 1 min 
after electroporation with a 100 V (250 V/cm), 10 ms pulse. Brighter cells were electroporated. Field direction was 
from top to bottom.
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contains Ca2+ ions (app 1 mM). Thus, the calcium ions were present in the extracellular medium but 
were nearly absent from the cytosol, as they do not readily cross the nonporated cell membrane.

12.4.3 Pulse Delivery

Single rectangular electric pulse with duration of 0.03, 0.1, 1, 10, or 50 ms was generated with a 
Cliniporator™ device (IGEA s.r.l., Carpi, Modena, Italy). For a given pulse duration, the pulse amplitude 
was increased stepwise with each consecutive pulse (a 10 V step) until approximately 70% of the cells 
were electroporated (Figure 12.1). The second pulse with higher amplitude was delivered with at least 
5 min delay to enable cell recovery (verified in a separate experiment, see below), except if cells already 
became fluorescent (electroporated). In this case, the next pulse was delivered 5 min after the fluores-
cence of cells returned to the initial value. To speed up the resealing, the cells were kept at 37°C.

The pulses were delivered to a pair of parallel Pt/Ir wire electrodes with 0.8 mm diameter and 4 mm 
distance between them, which were positioned at the bottom of the chamber. Cells were monitored 
under a fluorescence microscope (40× objective, AxioVert 200, Zeiss, Germany), equipped with a CCD 
camera and a monochromator (both Visitron, Germany). The presence of calcium was determined rati-
ometrically using MetaFluor 5.1 software (Molecular Devices, GB), with the excitation wavelengths set 
at 340 and 380 nm, and the emission measured at 540 nm for both excitation wavelengths.

12.4.4 Verification of Cell recovery after Electroporation

To test if cells completely recovered 5 minutes after electroporation, we performed an additional experi-
ment. Cells were prepared and incubated with the dye as described above. However, they were not elec-
troporated in the culture medium but in SMEM, which does not contain Ca2+ ions. The pulse with the 
amplitude leading to 70% of electroporated cells was delivered (see above) and 5 min later the Ca2+ ions 
were added to SMEM to obtain a 1 mM Ca2+ concentration in the chamber.

Since the fluorescence of the cells remained low and unchanged, Ca2+ ions apparently did not enter 
the cells, meaning that the cells fully recovered after electroporation. The same pulse was applied again, 
and since the Ca2+ was now present in the extracellular solution, the fluorescence of the cells increased, 
confirming that the pulse was indeed electroporating the cells. Similar results were obtained for all 
investigated pulse durations.

12.4.5  Numerical Modeling of the transport of Small 
Molecules into Electroporated Cells

Optimization of the pulse parameters for efficient electroporation is usually related to time-consuming 
experiments. An alternative is to use an appropriate model for this phenomenon and calculate the influ-
ence of different parameters on the transport. The models are based on the assumption that the electric 
field increases the probability of the occurrence of structural changes in the lipid bilayer of the mem-
brane (water pores). Currently, the models are able to predict the influence of only a few pulse param-
eters (e.g., amplitude, duration) on pore formation and closure (DeBruin and Krassowska 1999, Neu 
and Krassowska 1999, Neumann et al. 1999, Joshi et al. 2002, Gowrishankar and Weaver 2003), while a 
descriptive model of the electroporation-mediated molecular transport is missing. We recently devel-
oped a dynamic model of the transport of molecules into electroporated cells of arbitrary shapes, which 
is able to predict the efficiency of electroporation for different pulse parameters. The model (Miklavčič 
and Towhidi 2008) is described in detail in one of the chapters of this book; below, we only give its 
brief description.

The model is based on previously suggested (Neumann et al. 1998) and recently confirmed (Böckmann 
et al. 2008) model, where the occurrence of structural changes in the membrane due to the external 
electric field is described with a transition from the closed/initial lipid state (C) to the open or porous 
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state (P2), as depicted in Equation 12.3. The transition occurs with two intermediate states, C1, where 
lipid head groups are tilted, and P1, which is a prepore or a transient pore state.

 C C P P
k

k

k

k

k

k

1

1

2

2

3

3
1 1 2

− − −

 →←   →←   →←  .  (12.3)

The permeability of the membrane in P1 state is negligibly small so P2 is predominantly responsible for 
the molecular transport. Pore formation and closure are denoted by the rate coefficients k1, k2, and k3, 
which were considered as being equal (k1 = k2 = k3 = kp) (Neumann et al. 1998) but field dependent. This 
is in contrast to previous studies, where the average k was considered (Neumann et al. 1996, 1998, 1999), 
but allowed the calculation of the spatial and temporal distribution of pores on the membrane by this 
model.

The model was supplemented with equations describing transport to determine the molecular uptake 
into a single cell. The total uptake was computed with integration of transported molecules through the 
cell membrane over the time and the cell surface. Considering the geometry of the cell of interest, the 
solutions of self-consistent equations of suggested model were calculated using COMSOL 3.3 package 
based on finite-element method.

12.5 results and Discussion

Figure 12.2 shows the experimentally determined electric field (E) needed to electroporate 70% of cells 
(filled circles) at different pulse durations (T). An exponential function with three constants (Equation 
12.2; dotted line), proposed by He et al., and function proposed by Krassowska et al. (Equation 12.1; 
dash-dotted line) were fitted to the data using SigmaPlot 8.0. It can be seen that the mathematical rela-
tion described by Equation 12.1 fits the data much better (R2 = 0.9983) than the relation described by 
Equation 12.2 (R2 = 0.9908). The value of parameter A in mathematical relation described by Equation 
12.1, which fits best the experimental data, is −0.1661. This is roughly six times smaller than the value of 
A given by Krassowska. A smaller value of A was expected, because we were reversibly electroporating 
cells in contrast to Krassowska, which performed irreversible electroporation, and also, we were loading 
smaller ions into cells.
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FIGuRE 12.2 Experimentally determined electric field (E) needed to load calcium ions into 70% of cells at differ-
ent pulse durations (T). Mathematical relations described by Equations 12.1, 12.2, and 12.4 were fitted to the data 
(filled circles) and are presented by dash-dotted line, dotted line, and solid line, respectively.
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An even better fit (R2 = 0.9996; solid line) is obtained with modified version of Equation 12.1 
written as

 E c c T T= + 1 2 ln( ) .m  (12.4)

Equation 12.4 is the solution of the second-order Euler–Cauchy equation:

 T d E
dT

aT dE
dT

bE2
2

2 0+ + = ,  (12.5)

for the case, when characteristic equation has just one real repeated root m; i.e., a = 1−2m and b = m2. 
The fit to experimental data gives m = 0.0345.

Similar results are obtained if the predictions of the numerical model are taken into consideration 
(Figure 12.3). Mathematical relations described by Equations 12.1, 12.2, and 12.4 were fitted to the 
numerical data (filled circles) and are presented by dash-dotted line, dotted line, and solid line, respec-
tively. Again, Equation 12.4 gives the mathematical relation that fits the data best (R2 = 0.9991), while the 
mathematical relation given by Equation 12.2 is the least adequate (R2 = 0.9911).

Electroporation–based technologies and medical applications have already shown their laboratory 
and clinical relevance. In vitro electroporation is becoming a standard tool in biotechnology, and med-
ical applications are in progress. Although the number of successful applications is increasing, sev-
eral questions concerning the optimization of pulse parameters for specific application are still open. 
Among them is determination of appropriate amplitude, duration, number, and repetition frequency 
of electric pulses that assure successful application or treatment with minimal possible side effects. A 
review of the studies related to pulse parameters used in biomedical and biotechnological applications 
shows a palette of efficient pulse parameters combinations. It is apparent, that the change in the value of 
a certain pulse parameter can be compensated by carefully selected values of the other parameters. This 
observation can be extremely useful in the process of electroporation-based treatment planning, where 
limitations of the electrical devices have to be taken into account.

Systematic studies aimed at addressing the role of electric pulse parameters in efficiency of electropor-
ation applications are scarce. Even scarcer are mathematical relations describing the pulse parameters. 
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FIGuRE 12.3 The calculated uptake of small molecules (N) at different pulse durations (T). Mathematical rela-
tions described by Equations 12.1, 12.2, and 12.4 were fitted to the data (filled circles) and are presented by dash-
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In this chapter, we focused on the mathematical relation between the electric field strength and pulse 
duration that assure loading of small ions into cells. The experimental results demonstrated that a thresh-
old value of electric field needed to load small ions into the cells with extremely long pulse durations 
does not exist. The mathematical relationship proposed (Equation 12.4) agreed well with the experi-
mental data and predictions of the model for a wide range of pulse durations (from μs to s). According 
to this relationship, we can select different pairs of electric field amplitude/duration that assure similar 
effectiveness of electroporation, which can represent an improvement in treatment planning.

acknowledgment

This work was supported through various grants of the Slovenian Research Agency.

references

André FM, Gehl J, Serša G, Preat V, Hojman P, Eriksen J, Golzio M et al. 2008. Efficiency of high- and 
low-voltage pulse combinations for gene electrotransfer in muscle, liver, tumor, and skin. Hum Gene 
Ther 19: 1261–1271.

Benz R, Beckers F, Zimmermann U. 1979. Reversible electrical breakdown of lipid bilayer membranes—
Charge-pulse relaxation study. J Membr Biol 48: 181–204.

Böckmann RA, Groot BL, Kakorin S, Neumann E, Grubmüller H. 2008. Kinetics, statistics, and energet-
ics of lipid membrane electroporation studied by molecular dynamics simulations. Biophys J 95: 
1837–1850.

Bureau MF, Gehl J, Deleuze V, Mir LM, Scherman D. 2000. Importance of association between permea-
bilization and electrophoretic forces for intramuscular DNA electrotransfer. Biochim Biophys Acta 
1474: 353–359.

Butterwick A, Vankov A, Huie P, Freyvert Y, Palanker D. 2007. Tissue damage by pulsed electrical stimula-
tion. IEEE Trans Biomed Eng 54: 2261–2267.

Canatella PJ, Karr JF, Petros JA, Prausnitz MR. 2001. Quantitative study of electroporation-mediated 
molecular uptake and cell viability. Biophys J 80: 755–764.

Davalos RV, Mir LM, Rubinski B. 2005. Tissue ablation with irreversible electroporation. Ann Biomed Eng 
33: 223–231.

DeBruin KA, Krassowska W. 1999. Modeling electroporation in a single cell. II. Effects of ionic concentra-
tions. Biophys J 77: 1225–1233.

Denet AR, Vanbever R, Preat V. 2004. Skin electroporation for transdermal and topical delivery. Adv Drug 
Deliv Rev 56: 659–674.

Dimitrov DS, Sowers AE. 1990. Membrane electroporation—Fast molecular-exchange by electroosmosis. 
Biochim Biophys Acta 1022: 381–392.

Edd JF, Horowitz L, Davalos RV, Mir LM, Rubinsky B. 2006. In vivo results of a new focal tissue ablation 
technique: Irreversible electroporation. IEEE Trans Biomed Eng 53: 1409–1415.

Elouagari K, Teissié J, Benoist H. 1995. Glycophorin A protects K562 cells from natural-killer-cell attack—
Role of oligosaccharides. J Biol Chem 270: 26970–26975.

El Zakhem H, Lanoiselle JL, Lebovka NI, Nonus M, Vorobiev E. 2007. Influence of temperature and sur-
factant on Escherichia coli inactivation in aqueous suspensions treated by moderate pulsed electric 
fields. Int J Food Microbiol 120: 259–265.

Gabriel B, Teissié J. 1999. Time courses of mammalian cell electropermeabilization observed by millisec-
ond imaging of membrane property changes during the pulse. Biophys J 76: 2158–2165.

Golzio M, Mazzolini L, Ledoux A, Paganin A, Izard M, Hellaudais L, Bieth A et al. 2007. In vivo gene 
silencing in solid tumors by targeted electrically mediated siRNA delivery. Gene Ther 14: 752–759.

Gowrishankar TR, Weaver JC. 2003. An approach to electrical modeling of single and multiple cells. Proc 
Natl Acad Sci USA 100: 3203–3208.

© 2010 by Taylor and Francis Group, LLC



The	Pulse	Intensity-Duration	Dependency	for	Cell	Membrane	Electroporation	 249

Griese T, Kakorin S, Neumann E. 2002. Conductometric and electrooptic relaxation spectrometry of lipid 
vesicle electroporation at high fields. Phys Chem Chem Phys 4: 1217–1227.

Grynkiewicz G, Poenie M, Tsien RY. 1985. A new generation of Ca2+ indicators with greatly improved 
fluorescence properties. J Biol Chem 260: 3440–3450.

He H, Chang DC, Lee YK. 2007. Using a micro electroporation chip to determine the optimal physical 
parameters in the uptake of biomolecules in HeLa cells. Bioelectrochemistry 70: 363–368.

Heller R, Jaroszeski MJ, Glass LF, Messina JL, Rapaport DP, DeConti RC, Fenske NA, Gilbert RA, Mir LM, 
Reintgen DS. 1996a. Phase I/II trial for the treatment of cutaneous and subcutaneous tumors using 
electrochemotherapy. Cancer 77: 964–971.

Heller R, Jaroszeski M, Atkin A, Moradpour D, Gilbert R, Wands J, Nicolau C. 1996b. In vivo gene elec-
troinjection and expression in rat liver. FEBS Lett 389: 225–228.

Heller R, Gilbert R, Jaroszeski MJ. 1999. Clinical applications of electrochemotherapy. Adv Drug Deliv Rev 
35: 119–129.

Hibino M, Itoh H, Kinosita K. 1993. Time courses of cell electroporation as revealed by submicrosecond 
imaging of transmembrane potential. Biophys J 64: 789–800.

Jaroszeski MJ, Gilbert R, Nicolau C, Heller R. 1999. In vivo gene delivery by electroporation. Adv Drug 
Deliv Rev 35: 131–137.

Joshi RP, Hu Q, Schoenbach KH, Bebe SJ. 2002. Simulations of electroporation dynamics and shape defor-
mations in biological cells subjected to high voltage pulses. IEEE Trans Plasma Sci 30: 1536–1546.

Kakorin S, Neumann E. 2002. Ionic conductivity of electroporated lipid bilayer membranes. 
Bioelectrochemistry 56: 163–166.

Kandušer M, Miklavčič D, Pavlin M. 2009. Mechanisms involved in gene electrotransfer using high- and 
low-voltage pulses—An in vitro study. Bioelectrochemistry 74: 265–271.

Kinosita K, Tsong TY. 1979. Voltage-induced conductance in human erythrocyte membranes. Biochim 
Biophys Acta 554: 479–497.

Knorr D. 1999. Novel approaches in food-processing technology: New technologies for preserving foods 
and modifying function. Curr Opin Biotechnol 10: 485–491.

Kotnik T, Maček Lebar A, Miklavčič D, Mir LM. 2000. Evaluation of cell membrane electropermeabiliza-
tion by means of nonpermeant cytotoxic agent. Biotechniques 28: 921–926.

Krassowska W, Nanda GS, Austin MB, Dev SB, Rabussay DP. 2003. Viability of cancer cells exposed to 
pulsed electric fields: The role of pulse charge. Ann Biomed Eng 31: 80–90.

Lavee J, Onik G, Mikus P, Rubinski B. 2007. A novel nonthermal energy source for surgical epicardial 
atrial ablation: Irreversible electroporation. Heart Surg Forum 10: 92–101.

Maček Lebar A, Miklavčič D. 2001. Cell electropermeabilization to small molecules in vitro: Control by 
pulse parameters. Radiol Oncol 35: 193–202.

Maček Lebar A, Serša G, Čemažar M, Miklavčič D. 1998. Elektroporacija. Med Razgl 37: 339–354.
Maor E, Ivorra A, Leor J, Rubinsky B. 2008. Irreversible electroporation attenuates neointimal formation 

after angioplasty. IEEE Trans Biomed Eng 55: 2268–2274.
Marty M, Serša G, Garbay JR, Gehl J, Collins CG, Snoj M, Billard V et al. 2006. Electrochemotherapy—

An easy, highly effective and safe treatment of cutaneous and subcutaneous metastases: Results of 
ESOPE (European Standard Operating Procedures of Electrochemotherapy) study. Eur J Cancer 
Suppl 4: 3–13.

Miklavčič D, Towhidi L. 2008. Time course of electrical and diffusional parameters during and after elec-
troporation. In: IFMBE Proceedings, vol. 22. Springer, Berlin, Germany, pp. 2659–2663.

Mir LM, Orlowski S. 1999. Mechanisms of electrochemotherapy. Adv Drug Deliv Rev 35: 107–118.
Mir LM, Banoun H, Paoletti C. 1988. Introduction of definite amounts of nonpermeant molecules into 

living cells after electropermeabilization—Direct access to the cytosol. Exp Cell Res 175: 15–25.
Mir LM, Bureau MF, Gehl J, Rangara R, Rouy D, Caillaud JM, Delaere P, Branellec D, Schwartz B, 

Scherman D. 1999. High-efficiency gene transfer into skeletal muscle mediated by electric pulses. 
Proc Natl Acad Sci USA 96: 4262–4267.

© 2010 by Taylor and Francis Group, LLC



250	 Advanced	Electroporation	Techniques	in	Biology	and	Medicine

Neu JC, Krassowska W. 1999. Asymptotic model of electroporation. Phys Rev E 59: 3471–3482.
Neumann E, Schaeferridder M, Wang Y, Hofschneider PH. 1982. Gene-transfer into mouse lyoma cells by 

electroporation in high electric-fields. EMBO J 1: 841–845.
Neumann E, Kakorin S, Tsoneva I, Nikolova B, Tomov T. 1996. Calcium-mediated DNA adsorption to 

yeast cells and kinetics of cell transformation by electroporation. Biophys J 71: 868–877.
Neumann E, Toensing K, Kakorin S, Budde P, Frey J. 1998. Mechanism of electroporative dye uptake by 

mouse B cells. Biophys J 74: 98–108.
Neumann E, Kakorin S, Tönsing K. 1999. Fundamentals of electroporative delivery of drugs and genes. 

Bioelectrochem Bioenerg 48: 3–16.
Ogura A, Matsuda J, Yanagimachi R. 1994. Birth of normal young after electrofusion of mouse oocytes 

with round spermatids. Proc Natl Acad Sci USA 91: 7460–7462.
Pakhomov AG, Kolb JF, White JA, Joshi RP, Xiao S, Schoenbach KH. 2007. Long-lasting plasma 

membrane permeabilization in mammalian cells by nanosecond pulsed electric field (nsPEF). 
Bioelectromagnetics 28: 655–663.

Pavlin M, Kandušer M, Reberšek M, Pucihar G, Hart FX, Magjarević R, Miklavčič D. 2005. Effect of cell 
electroporation on the conductivity of a cell suspension. Biophys J 88: 4378–4390.

Pavšelj N, Préat V. 2005. DNA electrotransfer into the skin using a combination of one high- and one low-
voltage pulse. J Control Release 106: 407–415.

Potter H, Weir L, Leder P. 1984. Enhancer-dependent expression of human kappa-immunoglobulin 
genes introduced into mouse pre-b lymphocytes by electroporation. Proc Natl Acad Sci USA 81: 
7161–7165.

Prausnitz MR. 1996. The effects of electric current applied to skin: A review for transdermal drug delivery. 
Adv Drug Deliv Rev 18: 395–425.

Rols MP, Teissié J. 1998. Electropermeabilization of mammalian cells to macromolecules: Control by pulse 
duration. Biophys J 75: 1415–1423.

Rowan NJ, MacGregor SJ, Anderson JG, Fouracre RA, Farish O. 2000. Pulsed electric field inactivation of 
diarrhoeagenic Bacillus cereus through irreversible electroporation. Lett Appl Microbiol 31: 110–114.

Rubinsky J, Onik G, Mikus P, Rubinsky B. 2008. Optimal parameters for the destruction of prostate cancer 
using irreversible electroporation. J Urol 180: 2668–2674.

Šatkauskas S, Bureau MF, Puc M, Mahfoudi A, Scherman D, Miklavčič D, Mir LM. 2002. Mechanisms 
of in vivo DNA electrotransfer: Respective contributions of cell electropermeabilization and DNA 
electrophoresis. Mol Ther 5: 133–140.

Šatkauskas S, André F, Bureau MF, Scherman D, Miklavčič D, Mir LM. 2005a. Electrophoretic compo-
nent of electric pulses determines the efficacy of in vivo DNA electrotransfer. Hum Gene Ther 16: 
1194–1201.

Šatkauskas S, Batiuškaite D, Šalomskaite-Davalgiene S, Venslauskas MS. 2005b. Effectiveness of tumor 
electrochemotherapy as a function of electric pulse strength and duration. Bioelectrochemistry 65: 
105–111.

Schmeer M, Seipp T, Pliquett U, Kakorin S, Neumann E. 2004. Mechanism for the conductivity changes 
caused by membrane electroporation of CHO cell-pellets. Phys Chem Chem Phys 6: 5564–5574.

Schoenbach KH, Beebe SJ, Buescher ES. 2001. Intracellular effect of ultrashort electrical pulses. 
Bioelectromagnetics 22: 440–448.

Schoenbach KH, Joshi RP, Kolb JF, Chen NY, Stacey M, Blackmore PF, Buescher ES, Beebe SJ. 2004. 
Ultrashort electrical pulses open a new gateway into biological cells. Proc IEEE 92: 1122–1137.

Serša G. 2006. The state-of-the-art of electrochemotherapy before the ESOPE study; advantages and clini-
cal uses. Eur J Cancer Suppl 4: 52–59.

Serša G, Miklavčič D, Čemažar M, Rudolf Z, Pucihar G, Snoj M. 2008. Electrochemotherapy in treatment 
of tumours. Eur J Surg Oncol 34: 232–240.

Snoj M, Rudolf Z, Paulin-Košir SM, Čemažar M, Snoj R, Serša G. 2006. Long lasting complete response in 
melanoma treated by electrochemotherapy. Eur J Cancer Suppl 4: 26–28.

© 2010 by Taylor and Francis Group, LLC



The	Pulse	Intensity-Duration	Dependency	for	Cell	Membrane	Electroporation	 251

Spugnini EP, Vincenzi B, Citro G, Tonini G, Dotsinsky I, Mudrov N, Baldi A. 2009. Electrochemotherapy 
for the treatment of squamous cell carcinoma in cats: A preliminary report. Vet J 179: 117–120.

Sukharev SI, Klenchin VA, Serov SM, Chernomordik LV, Chizmadzhev YA. 1992. Electroporation and 
electrophoretic DNA transfer into cells - the effect of DNA interaction with electropores. Biophys J 
63: 1320–1327.

Suzuki T, Shin BC, Fujikura K, Matsuzaki T, Takata K. 1998. Direct gene transfer into rat liver cells by in 
vivo electroporation. FEBS Lett 425: 436–440.

Teissié J. 1998. Transfer of foreign receptors to living cell surfaces: The bioelectrochemical approach. 
Bioelectroch Bioenerg 46: 115–120.

Teissié J, Rols MP. 1993. An experimental evaluation of the critical potential difference inducing cell mem-
brane electropermeabilization. Biophys J 65: 409–413.

Teissié J, Eynard N, Vernhes MC, Benichou A, Ganeva V, Galutzov B, Cabanes PA. 2002. Recent biotech-
nological developments of electropulsation. A prospective review. Bioelectrochemistry 55: 107–112.

Tekle E, Astumian RD, Chock PB. 1990. Electropermeabilization of cell-membranes—Effect of the resting 
membrane-potential. Biochem Biophys Res Commun 172: 282–287.

Tekle E, Astumian RD, Chock PB. 1994. Selective and asymmetric molecular-transport across electropor-
ated cell-membranes. Proc Natl Acad Sci USA 91: 11512–11516.

Towhidi L, Kotnik T, Pucihar G, Firoozabadi SMP, Mozdarani H, Miklavčič D. 2008. Variability of the 
minimal transmembrane voltage resulting in detectable membrane electroporation. Electromagn 
Biol Med 27: 372–385.

Tsong TY. 1991. Electroporation of cell membranes. Biophys J 60: 297–306.
Ušaj M, Trontelj K, Hudej R, Kandušer M, Miklavčič D. 2009. Cell size dynamics and viability of cells 

exposed to hypotonic treatment and electroporation for electrofusion optimization. Radiol Oncol 
43: 108–119.

Vernier PT, Sun YH, Marcu L, Salemi S, Craft CM, Gundersen MA. 2003. Calcium bursts induced by 
nanosecond electric pulses. Biochem Biophys Res Commun 310: 286–295.

Vernier PT, Sun YH, Chen MT, Gundersen MA, Craviso GL. 2008. Nanosecond electric pulse-induced 
calcium entry into chromaffin cells. Bioelectrochemistry 73: 1–4.

Villemejane J, Mir LM. 2009. Physical methods of nucleic acid transfer: General concepts and applica-
tions. Br J Pharmacol 157: 207–219.

Villemejane J, Joubert V, Mir LM. 2009. Nanosecond electric pulses-induced enhancement of reporter 
gene expression after electrotransfer in skeletal muscle in vivo. In: XX International Symposium on 
Bioelectrochemistry and Bioenergetics, Romanian Society of Pure and Applied Biophysics, Sibiu, 
Romania, 136.

Wolf H, Rols MP, Boldt E, Neumann E, Teissié J. 1994. Control by pulse parameters of electric field-
mediated gene transfer in mammalian cells. Biophys J 66: 524–531.

Zimmerman U. 1982. Electric field-mediated fusion and related electrical phenomena. Biochim Biophys 
Acta 694: 227–277.

© 2010 by Taylor and Francis Group, LLC


	Chapter 12: The Pulse Intensityduration dependency for Cell Membrane Electroporation
	12.1 Introduction
	12.2 Overview of the Pulse Parameters Used in Biomedical and Biotechnological applications of Electroporation
	12.3 Mathematical Description of the relation between the Field Strength and the Field Duration
	12.4 Materials and Methods
	12.4.1 Cells
	12.4.2 Monitoring Electroporation
	12.4.3 Pulse Delivery
	12.4.4 Verification of Cell Recovery after Electroporation
	12.4.5 Numerical Modeling of the Transport of Small Molecules into Electroporated Cells

	12.5 Results and Discussion
	Acknowledgment
	References




