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Electroporation is a physical phenomenon in which pulsed electric fields applied across a cell 
produce transient (reversible) or permanent (irreversible) permeabilization of the cell mem-
brane. Irreversible electroporation is an important method of sterilization in the food industry 
and it is becoming an important minimally invasive tissue ablation technique in medicine. 
Motivated by recent observations of apoptosis like marker stains in irreversibly electropo-
rated cells we performed a study on the effects of electroporation type electric pulses on the 
integrity of naked DNA in solution. Using gel electrophoresis analyses we show that pulses of 
the irreversible electroporation type have the ability to affect the naked DNA in solution. It is 
found that some electric parameters that lead to cell death by irreversible electroporation also 
cause changes in the naked DNA exposed to the same procedure. Our analysis tentatively 
suggests that some electroporation type electric pulses cause nicks in the DNA molecule. 
Therefore, it is possible that the mechanisms of cell death in irreversible electroporation also 
include damages to the DNA. However, this work did not investigate the possible effects of 
the electrode corrosion byproducts, such as Al3+ ions on DNA integrity; which should be also 
studied in the future. In general, since electroporation phenomena based applications are 
widely used in medicine and biotechnology, the current study suggests that further research 
into the effects of electroporation type electric pulses on the DNA are warranted.
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Introduction

Electroporation is a biophysical phenomenon in which the cell membrane perme-
ability is increased due to application of pulsed electric fields (PEF) across a cell. 
PEF’s from which the cell membrane permeabilization is temporary and the cells 
survive cause “reversible electroporation”. PEF’s which lead to cell death cause 
“irreversible electroporation”. Reversible electroporation is one of the most impor-
tant technologies in the life sciences armamentarium with such diverse applica-
tions as introduction of genes in cells for genetic engineering to study of drugs. 
Irreversible electroporation (IRE) has been considered for reduction of microbial 
load in food since the middle of the 20th century (1-5). Recently irreversible elec-
troporation in a non-thermal mode (NTIRE) has shown promise in medicine for 
tissue ablation (6). The use of IRE in sterilization of drugs is also considered (7).

Cell death from IRE is usually attributed to change in intracellular homeostasis 
due to the permeabilization of the cell membrane and exposure of the cytosol to 
the extracellular solution (8). This study was motivated by the results of recent 
publications of fundamental studies on NTIRE by (9, 10). Those reports used 
apoptotic stains to examine the NTIRE treated tissues. They have shown that the 
nucleus is stained with the apoptotic stains after the treatment and that the stain 
slowly diffuses out from the cell over hours. 
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ration was performed in an E-Gel® iBase™ Power System 
(Life Technologies, CA, USA). Gels were run for 10 min by 
the E-Gel® Ex gel program. After electrophoreses images 
were captured by an imaging system provided with the 
E-Gel® iBase™ Power System Transillumnator, consisting 
of a CMOS sensor (1.3 Mp, monochromatic, Aptina, US), 
objective lens (Myutron, Japan) and plastic amber filter. 
Gel analysis for signal to noise ratio was performed using a 
commercial available software TL-100 (Nonlinear Dynam-
ics, UK).

Experimental Protocol

The goal of the study was to determine if typical ETPEFs 
affect naked DNA. The investigated pulse parameters were: 
electric field strength (Eappl) 0.25-25 kV/cm, delivered by 
applying potential with amplitude V (Volt) on the electropo-
ration cuvettes, pulse duration (tp) from 1-100 ms, number of 
pulses (N) from 5-150 and pulse frequency (f) from 0.5-10 
Hz. Untreated samples were used for controls. The end point 
of each experiment was a fluorescent image analysis of the 
electrophoresis gels loaded with the treated solutions. The 
temperature and pH were measured after each experiment, to 
remove the possibility that they may affect the results.

Results

Effect of Electric Field Strength on the DNA

There are obviously a large number of various ETPEF 
parameter combinations that could be used in a study such as 
this. To focus, we studied primarily experiments relevant to 
non-thermal irreversible electroporation as used in medicine 
for tissue ablation, because the apoptosis stain results were 
reported first for those conditions. 

Effect of electric field strength (Eappl) is an important elec-
troporation parameter. It is thought that a certain field 
strength threshold exists, below which no cell membrane 
permeabilization takes place (15, 16). Then, there is a range 
of field strengths through which reversible electroporation 
takes place (15, 16). Higher field strengths produce irrevers-
ible damage until thermal damage is reached (15-18). In the 
first part of the study we evaluated the effect of Eappl on the 
DNA, while keeping tp = 100 µs, f = 1 Hz and N = 50. We 
chose N = 50 in this part of the study because it is in the 
range of typical clinical irreversible electroporation protocols 
(10,19,20). The other ETPEF parameters are also typical irre-
versible electroporation parameters (10, 19-21). Example of 
an agarose gel image is shown in Figure 1 for the different 
values of Eappl. The figure also plots the fluorescence intensity, 
Sn, from each of the electric field treated DNA bands rela-
tive to the intensity from the untreated DNA sample (lane 1) 
as Sn/S1, where, n refers here to the lane number. Figure 1 

The cell membrane is a dielectric insulator and acts as a 
capacitance. This is why, until now, it was thought that only 
high frequency nanosecond electric pulses can bypass the 
capacitance like effect of the cell membrane and affect the 
DNA (11, 12). However, it is known that after electropora-
tion takes place and the cell membrane becomes permeabi-
lized the electric field penetrates the cell e.g. (13). In view of 
the recent observations with apoptotic stains after irrevers-
ible electroporation in tissue it occurred to us that in addition 
to the permeabilization effect on the cell membrane, con-
ventional electroporation type pulsed electric fields (ETPEF) 
might also directly affect the DNA, when they penetrate 
the permeabilized cell interior. Therefore, the goal of this 
study is to explore the possibility that ETPEF’s may affect 
the DNA, directly. To this end we performed a study on the 
effects of ETPEF’s on naked DNA in solution. We studied 
the effects of electric pulsed field strength (Eappl), pulse dura-
tion (tp), number (N) and frequency (f) of pulses on the dam-
age to the DNA molecule. The assessment of the treatment 
impact on DNA was done by agarose gel electrophoresis and 
fluorescence analysis of genomic DNA bands (14). 

Materials and Methods

Naked DNA

Genomic DNA was extracted using a Qiagen blood mini 
kit (Qiagen, USA). Before treatment the DNA concentration 
was diluted in deionized water. The final concentration was 
1 ng/µl.

Pulsed Electric Field Treatment

Pulsed electric field (PEF) treatment was performed using a 
BTX ECM830 electroporator (BTX, San-Diego, California, 
USA). 80 µl of the prepared solution, were placed in a com-
mercial 1 mm gap cuvette with Al electrodes (BTX #610, 
San-Diego, CA, USA) and subjected to various electropora-
tion type PEFs. Immediately after treatment the temperature 
in the cuvette was measured by a Reflex Signal Conditioner 
with a 0.7 mm probe covered with polyimide (Neoptix, Inc, 
Québec, Canada). The pH of the solution was measured imme-
diately after the electroporation with Neutralit® pH 5.0-10.0 
(MERCK, KGaA, Germany), pH-Indikatorpapier Spezial-
indikator pH 8.2-10.0 (MERCK, KGaA, Germany), Acilit® 
pH-Indikatorpapier pH 0.5-5 (MERCK, KGaA, Germany). 

Electrophoresis

A load of 20 ng of each treated sample was analyzed with 
a commercial agarose gel electrophoresis system. We used 
E-Gel® EX 2% prestained agarose separation gel (Life Tech-
nologies, CA, USA). The DNA dye, incorporated in gel, has 
the excitation at 490 nm and emission at 522 nm. The sepa-
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reported in (9, 10, 16, 19). The temperature raise is less than  
4˚C, far below DNA thermal degradation (22). The pH of the 
solution did not change. 

A typical gel image is shown in Figure 2 for various N. The 
Sn/S1 ratio decreases with an increase in the number of pulses. 
Furthermore, a smearing of the bands in the treated DNA gel 
lanes is observed. It is obvious that when N exceeds 50, a 
noticeable change in the DNA signature begins. Interesting, 
studies on the effectiveness of NTIRE have shown that a larger 
number of pulses is more effective for cell ablation (23).

Effect of Electric Field Pulse Frequency on the DNA

Here we evaluate the effect of the ETPEF delivery f. The 
parameters were Eappl = 2500 V/cm, N = 50 and tp = 100 µs, 
typical to irreversible electroporation. We tested 0.5 Hz ≤ f ≤ 
10 Hz range. 

A typical gel image is shown in Figure 3 for various cases of 
f. It is interesting that frequency has a measurable statistical 
effect. The temperature rise was less than 2˚C. The pH of the 
solution did not change. 

Effect of Pulse Duration on the DNA

In these series of experiments we investigated the effect 
of tp on the DNA. The electric field parameters used were 
Eappl = 500 V/cm, N = 6, and the f = 1 Hz. These are condi-
tions typical of the ETPEF parameters at the margin between 
reversible and irreversible electroporation conditions (24). 
The parameters area also similar to those used in transdermal 

shows that the Sn/S1 ratio decreases with an increase in elec-
tric field. Furthermore, a smearing in the treated DNA bands 
is observed at the high Eappl. The effect is due to the electric 
field alone as the temperature rise is less than 1˚C. The pH of 
the solution did not change. 

Effect of the Number of Electric Field Pulses on thSe DNA

In this part of the study we evaluated the effect of number 
of pulses (N) on the DNA. In this experiment Eappl was 2500 
V/cm, tp = 100 µs and f = 1 Hz. These are typical ETPEF 
parameters used in NTIRE (10, 20). An N applied in experi-
ment is also given in Figure 2 and was chosen to be in range 

figure 1: The effect of Eappl on DNA. Top right is a typical photograph of 
a gel. The diagram shows the ratio Sn/S1 of treated samples, relative to the 
untreated control. Eappl (V/cm), is given over the corresponding lane. tp =  
100 µs, f = 1 Hz and N = 50. Each experiment was repeated 9 times Error 
bars correspond to one standard deviation.

figure 2: The effect of N on DNA. Top right is a typical photograph of a 
gel. The diagram shows the ratio Sn/S1 from treated samples, relative to the 
untreated control. The number of pulses, N, is given above each relevant 
lane. V = 250 V, Eappl was 2500 V/cm, tp = 100 µs and f = 1 Hz. Each 
experiment was repeated 8 times Error bars correspond to one standard 
deviation. P-Values by one-tail Student t-test for differences between means 
and N = 5 mean are indicated for each point.

figure 3: The effect of f on DNA. Top right is a typical photograph of a 
gel. The diagram shows the ratio Sn/S1 of treated samples, relative to the 
untreated control. Applied f (Hz) is given above each relevant lane. V = 250 
V, Eappl = 2500 V/cm, N = 50 and tp = 100 µs. Each experiment was repeated 
8 times. Error bars correspond to one standard deviation.
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lead to changes in the DNA signature on agarose gels. Figure 
2 shows that an increase in N has the effect of increasing the 
changes in the DNA gels. The important effect of N on the 
increase in the effectiveness of the irreversible electropora-
tion was reported in several recent publications (20, 23, 26). 
Indeed, N exceeding 50 has been shown to produce more 
cell death and at the same time have shown here to affect the 
DNA signature. Thus the increased N used in NTIRE may 
have an effect on the DNA itself, in addition to their impact 
on cell membrane. 

The effect of f on the DNA signature, shown in Figure 3, is 
surprising. It appears that lower f in the range studied have 
a greater effect on the DNA integrity. While substantially 
more work needs to be done to determine if the observation 

reversible electroporation for drug delivery and DNA vac-
cination e.g. (25). 

Typical gel images are shown in Figure 4 for the cases vari-
ous tp. A strong correlation between tp and changes in the 
DNA is evident. We also tested tp shorter than 1 ms (data 
not shown) and found no effect on DNA molecule with these 
specific pulse parameters (Eappl = 500 V/cm, N = 6, f = 1 Hz). 
The effect is non-thermal since the temperature raise was 
less than 3.5˚C, and there was no measurable change in pH.

Treatment of Naked DNA with Electroporation Electric 
Pulse Parameters Reported in Literature

In the last series of experiments we tested the effect of ETPEF 
sequences from selected reports in the literature. Typical gel 
images are shown in Figure 5. Table I gives the treatment 
parameters and the appropriate reference.

It is interesting to observe that some NTIRE protocols 
reported in the literature to successfully ablate cells and  
tissues also affect the DNA. 

Discussion

The first conclusion from the experiments is indisputable. 
Certain ETPEF’s can affect the DNA. 

Figure 1 shows that the ETPEF effect on the DNA increases 
with an increase in Eappl. The finding that irrerversible elec-
troporation pulses are more effective at destroying cells with 
an increase in the Eappl was already made in the classic stud-
ies of Sale and Hamilton (2-4). However, here we show that 
Eappl in the range studied by Sale and Hamilton and others 

figure 4: The effect of tp on DNA. Top right is a typical photograph of 
gel. The diagram shows the ratio Sn/S1 from of treated samples, relative to 
the untreated control. The corresponding tp (ms) is given on top of each lane 
image. V = 50 V, Eappl = 500 V/cm, N = 6, f = 1 Hz. Each experiment was 
repeated 8 times. Error bars correspond to one standard deviation. 

figure 5: The effect of electroporation protocols from the literature on the 
DNA. Top right is a typical photograph of a gel. The lane numbers given in 
the photograph corresponds to the lane number listed in Table 1. The dia-
gram shows the ratio Sn/S1 from lanes 2 to 9, of the treated samples, relative 
to the untreated control, lane 1. Each experiment was repeated 5 times. Error 
bars correspond to one standard deviation.

Table I
Literature reported parameters for various electroporation based applica-
tions. The table gives the electrical field parameters used for each of the 
gel lanes in Figure 5. The last column gives the reference from which this 
protocol was taken.

Lane

Treatment

ReferenceV (V) Eappl (V/cm) N tp f (Hz)

1 Not treated (control)

2 20 200 2 60 ms 5 (58)
3 160 1600 6 1 ms 0.5 (59)
4 150 1500 6 99 µs 1 (60)
5 380 3800 1 3.6 ms (61)
6 50 500 1 40 ms (62)
7 100 1000 1 20 ms (21)
8 1000 10000 20 100 µs 1 (7)
9 250 2500 80 100 µs 0.3 (10)
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location of molecules with lower than original DNA mass, 
which appear when the DNA is fragmented. 

The treated DNA retardation in agarose gel as well as loss 
of signal intensity in the original DNA band tentatively sug-
gest that one possible explanation of our results is that the 
DNA molecule is nicked by the pulsed electric field. Retarda-
tion is consistent with the nicked DNA movement in agarose 
gels electrophoresis described in (29). Single strand nicking 
was previously reported in literature, as an event which leads 
to DNA conformation shifts, changing supercoiled DNA to 
linear and relaxed forms, which, in turn, can be detected by 
agarose gel electrophoresis (30). The migration velocity of 
the relaxed form is significantly lower than that of the super-
coiled and linear isoforms (31). The proposed mechanisms 
by which DNA isoforms separation and trapping occurs in 
gels were previously discussed in literature (30, 31).

The loss of signal in the DNA band may be explained by 
multiple nicks formation on the DNA molecule, as suggested 
by (32, 33). Zipper et al., (32) investigated the mechanism 
and structure–property nature of SYBR type dyes interaction 
with DNA molecule. In his work it was shown that SYBR 
dye both intercalates and binds to the surface of DNA mole-
cule (32). Thus, intercalation may not take place in the nicked 
region and the fluorescence intensity will decrease. 

Nicks in the DNA can be induced by other mechanisms also 
such as various chemical, enzymatic and physical methods. 
Indeed, site specific enzymatic nicking by endonucleases 
lead either to the formation of an additional band (part of 
the original molecules which were cleaved) or to the retarda-
tion of the entire original band, if all molecules were cleaved 
(34-36). Studies on irradiation effects on DNA show that at 
specific, low dozes, DNA nicking takes place and the results 
can be detected by agarose electrophoreses either as smear 
(similar to our results) or as a separate bands (37-39). 

All these suggest that one possible explanation for the results 
of this study is that certain ETPEF’s affect naked DNA  
molecules, which may be nicked. This is obviously a pre-
liminary observation. However, in order to confirm this 
hypothesis substantial additional experiments that will show 
the specific nick positions and number should be performed 
in order to prove the idea on the single molecule and single 
DNA base pare level.

Previously it was reported that DNA in cells undergoes frag-
mentation under the applications of much higher than ETPEF 
nanosecond pulses (40-42). Our finding may indicate that 
also conventional ETPEF can affect the DNA. 

A main focus in the development of pharmaceutical DNA 
medicine is the stability of injected DNA, which is mainly 
reflected by the DNA topology (43). For instance, Schleef 

is valid, a possible explanation could be related to the time of 
relaxation of the affected DNA molecule. 

The effect of tp shown in Figure 4 suggests that ms long  
pulses have a stronger effect on the DNA. Indeed ms long 
pulses have been shown to be effective in non-thermal irre-
versible electroporation and their effectiveness increases with 
the tp, e.g. (23, 27, 28). Since the range of tp here is similar to 
that used in those studies, it is indeed possible that the effects 
on cell death may be also related to effects on the DNA.  
Furthermore, considering that ms pulses are now considered 
in gene therapy in the reversible electroporation mode, this 
topic may indeed require further and more detailed analysis. 

Last, the results in Figure 5 show that indeed some irrevers-
ible electroporation parameters reported in the literature to be 
effective for cell death also affect the DNA.

While the fact that ETPEFs can affect the DNA is indisput-
able, the mechanism is not obvious. We will suggest a tenta-
tive explanation based on the analysis of the electrophoretic 
gel appearance. The ETPEF induced changes in the DNA 
are expressed by gel electrophoresis in two forms, as retar-
dation and as decrease in DNA fluorescent band intensity. 
These types of changes are observed in all the experiments 
(Figures 1–5). They are illustrated at higher magnification 
by Figure 6. The arrow points to the location of the original 
DNA band. The signal intensity of the treated DNA fluores-
cent band is evidently lower than the untreated DNA band. 
The evidence for retardation is the smear in the gel on lanes 
5 to 9, in Region 1. Usually, Region 1 indicates the location 
of molecules of changed DNA conformation. No fluorescent 
signal is seen in Region 2. Region 2 usually indicates the 

figure 6: Example of electroporation pulse induced DNA retardation and 
fluorescence reduction. Gel load and treatments were done as described for 
Figure 4. The arrow points to the position of the original, DNA molecule. 
Region 1 indicates the location of molecules of changed DNA conformers. 
Region 2 indicates the location of molecules with lower than original DNA 
mass, which appear when the molecule is fragmented. 
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including gene therapy, DNA vaccinations and non-thermal 
irreversible electroporation for tissue ablation occur.
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