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Chapter

Square-Wave Electric Impulses of
10 ms and 100 V/cm of Field
Force, Produced by PGen-1
Impulse Generator Device, Affect
the Proliferation Patterns of
Different Animal Cells
Bratko Filipič, Lidija Gradišnik, Kristine Kovacs,

Ferenc Somogyvari, Hrvoje Mazija and Toth Sandor

Abstract

The influence of the medium-strength electric forces (MSE) on the proliferation
of adherent chicken embryo fibroblasts (CEF), VERO, MDBK, MRC-5, and HeLa;
lymphoblast cells, FB1 and K562; and cell multiplications were analyzed by growth
index (GI). Impulse generator device PGen-1 provided 100 V/cm square-wave
impulses of 10 ms. Treatment: Samples were subjected to one or three MSE. GIs
were compared with controls after 72 hours and one or three treatments: Mono-
layers: CEF: GI in the control is 16.76, and after one and three MSE, it is 15.81 and
7.09. Vero cells: GI in the controls is 8.39, and after one and three MSE, it is 5.39 and
5.69. MDBK cells: GI in controls is 8.39, and after one and three MSE, it is 5.39 and
5.69. MRC-5 cells: GI in controls is 5.58, and after one and three MSE, it is 4.18 and
2.60. HeLa cells: GI in controls is 13.69, and after one and three MSE, it is 10.16 and
5.37. Suspension cells: Lymphoblast FB1: GI in controls is 6.55, and after one and
three MSE, it is 13.48 and 12.25. Lymphoblast K562: GI in controls is 9.07, and after
one or three MSE, it is 12.37 and 13.55. To conclude: MSE in monolayer cells inhibits
the GI, depending on the nature of cells. MSE enhances the multiplication of
lymphoblast FB1 or K562.

Keywords: square-wave electric impulses, monolayer cells, lymphoblast cells,
growth pattern, growth index decrease, growth index increase, Caspase-3
containing cells, percent of dead cells

1. Introduction

Different electric and magnetic field forces can interact with the living systems
at enzymatic, cellular, or organism levels [1, 2]. Despite a numerous experimental
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approaches were performed about this subject, most of the obtained data are
completely different and unfortunately very often incomparable. Different basic
facts are the reason for this discrepancy. Basically, the living systems per se can
generate electric or magnetic fields and impulses. These are in the field force range
from 10 to 500 mV/cm. The external electric and magnetic range can cause physi-
ological responses at a cellular level. They are of very short forces that can be
compared to this duration and are in the range of milliseconds to seconds. Usually
they do not result in any important alteration in the system [3, 4]. On the contrary,
the biological effects that an electric field with a field force below 1–10 mV/cm
causes to a cell are likely due to interaction mechanisms occurring in the cell
membrane. For the field forces that are above 1–10 mV/cm, the effects are due to
interaction mechanisms occurring in the intracellular compartments. Electric field
forces of 10–500 V/cm act as environmental stress factors and result only in a
transitory defensive response [5]. In addition, many reports show that these inter-
actions are field force dependent and they can provoke both the enhancement [6]
and the inhibition [7] of different cellular functions. It is important that the studied
types of responses show the “sensitivity windows” within the above field force
range [8]. In the frame of a defined window, the system provides a definite
response, while when it is outside the frame, the response disappears or suddenly
turns in the opposite direction. The electric field forces that are above 500 V/cm can
provoke the sustained response like in the case of electroporation. The most inter-
esting, even the least studied, are the biological effects of medium-strength electric
forces of 100 V/cm. The complication, in fact, is that these electric fields can be
applied as impulses, long-lasting DC fluxes, or AC waves, and each of them can
induce very different types of responses. The applied effects can be a direct ionic
current or the electric field generated between the two plates of a condenser, or as a
magnetic field, that can provide different interacting doses and different kinds of
energies. The named forces can affect the different immune responses of animals
[9, 10] or in humans [11] through the induction [12] or augmenting [13] of different
immune response elements.

Exogenously added electric impulses can induce the synthesis of antiviral
substances, are not interferon, interleukins, or tumor necrosis factors. Therefore,
we named them “interferon-like molecules.” In our experiments, we also found
[14] that medium-strength square-wave impulses of direct ionic current (DC)
can result in a short-term direct antiviral resistance to virus infections and in a
consequence to alter the membrane properties of the target cells [15]. We therefore
decided to study the changes in the expression of membrane-bound surface
marker molecules that are on the surface of the immune competent cells in the
human blood [16–18]. Our experiments were aimed to establish whether such
exogenous electric stimulation of human leukocytes could be utilized as an immune
enhancer and an antiviral protector ex vivo, preferably coupled to the dialysis
process. In order to detect the potential hazards of such an application, we have to
study further the effects of electrostimulation on some other parameters of the
human blood.

Least but not the last, the nature and biological conditions of the target system
can determine the type and extent of the response. The given conditions can induce
an enhancement of cell proliferation in a suspension cell culture and the inhibition
of cell proliferation in an adherent growing in monolayer cell culture [19]. There-
fore, the herein presented experiments are aimed to investigate the influence and
some mechanisms of the medium-strength square-wave electric impulses of the
field forces of 100 V/cm, on the proliferation pattern of different animal cells
growing in a monolayer or growing as the suspension culture.
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2. Material and methods

2.1 The electric impulse generator device PGen-1

The electric impulse generator device PGen-1 was developed and physically
realized by Dr. Sandor Toth and Dr. Ferenc Somogyvari. The PGen-1 device pro-
vides 1–300 V/cm square-wave impulses of 1–10 ms duration, with a repetition
option of 1–9. It has also a continuous work option. Its repetition intervals can be set
between 1 and 10 s. The device consists of two separate circuits: (1) a low-voltage
circuit, running on transformed and rectified net current, being stabilized by
monolithic integrated stabilizers. They work as a power source for the regulator.
(2) A high-voltage circuit serves for the impulse generator itself. The outgoing
voltage is regulated by a phase-splitting dimmer and is rectified and stabilized. The
low-voltage settings secure the filter condenser. The analogous regulator system is
composed from a stable multivibrator, governing the counter, and two synchro-
nized mono-stable multi vibrators, generating the outgoing impulses and the visual
control of the signals. The outgoing square-wave impulses are characterized in the
Appendix. The sample chamber has a 50 ml capacity and is a polypropylene tube
with a 2.5 cm in diameter, with a platinum wire electrode. It is detachable from the
basic device and is autoclavable. Further details are available in the patent descrip-
tion of the PGen-1 device [20] (Figure 1).

2.2 The dosimetry

The adsorbed doses (AD in J/g) of the electric impulses in the samples were
calculated according to Pakhomov et al. [21] by the use of their formula as follows:

AD ¼
E2 � d2 �W � n

� �

R�Mð Þ
(1)

Figure 1.
Electric circuits of the electric impulse generator device PGen-1.
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In it E is the E is field in the sample (V/m), W is the pulse width (10�8 s), n is the
number of electric impulses delivered to the sample, d is the gap in the cuvette, R is
the resistance of the cuvette with the sample (8–9 Ù), and M is the mass of the
medium in g. The AD values in J/g of one and three impulses are shown in Table 1.

2.3 The cells used in the experiments

The following cells were used: (a) monolayer cells (chicken embryonic fibro-
blasts, VERO, MDBK, MRC-5, and HeLa cells) and (b) cells growing in suspension
(lymphoblast cells like FB1 and K562).

2.4 Cell multiplication

The monolayer cell cultures were resuspended in 3 � 50 ml of medium EMEM
complemented with surplus Ca2+ and 2% of fetal calf serum (FCS). The cell lines
growing in suspension were multiplied in the medium RPMI 1640 + 10% FCS. For
the experiments they were resuspended in 3 � 50 ml of the medium RPMI 1640
with surplus Ca2+ and 2% FCS.

2.5 The cell treatments with the electric impulses

The aliquots of 3� 50ml of cells suspensions with the 105 cells/mLwere put in the
three electro-induction chambers with built-in platinum wire electrodes, for treat-
ment. Samples were subjected to one or three square-wave impulses of 10 ms with a
field force of 100 V/cm (Figure 2). The untreated cells in the electro-induction
chamber with built-in platinum wire electrodes represented the cell control.

2.6 The growth parameters determination

2.6.1 Growth index (GI)

The GI was determined by the use of spectrophotometer measurements.
For the experiments, there were three samples for (1) untreated cell control, (2)
one impulse, and (3) three impulses. Cells were cultured in microtiter plates with
EMEM medium supplemented with 10% FCS. On the next day, the medium was
replaced by new medium containing 5% of FCS. The initial number of cells was
determined separately. After 3 h of 5% CO2 incubation at 37°C, the cells were
fixed with a 0.25% solution of Glutar aldehyde, and the plates were cooled to 4°C.
The cells from untreated control, cells pulsed with one impulse, and cells pulsed
with three impulses were incubated for 3 days at 37°C and 5% CO2. After the
incubation microtiter plates with cells were fixed with a 0.25% solution of Glutar
aldehyde for 20 minutes, washed with phosphate buffer saline (PBS, pH = 7.4), and
stained with 4% solution of Methyl blue for 45 minutes at 37°C. Finally, the plates
were thoroughly washed with tap water, air-dried, and the colour was extracted by
adding of 100 μl of 0.1 M/HCl. The optical density (OD) was measured in
AUTOEIA (Lab system) automatic spectrophotometer at 570/650 nm. Every

Number of impulses AD in J/g

1 0.163

3 0.490

Table 1.
The adsorbed dose (AD in J/g) of the electric impulses in the samples.
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sample was measured three times and the averages were calculated. The GI was
calculated by the following formula: GI = absorbance after 4 days/absorbance of the
initial sample [22, 23].

2.6.2 Percentage of GI inhibition

From the GI of the pulsed cells by the one or three impulses and untreated
control cells, the percentage of GI inhibition were calculated by the following
formula: percent of GI inhibition = 100 � GI of pulsed cells with one or three
impulses/GI untreated control � 100 were calculated [24, 25].

2.7 Viability assay

After the cell’s treatment, the monolayer cells were seeded into a 6-well plates
containing 3.3 � 105 cells/well. Twenty-four hours later and 72 h in the parallels,
monolayer cells were detached and Trypan blue positive (=blue) cells were counted.
The cell numbers were normalized to control cells as 100% [26, 27].

2.7.1 Procedure

a. Bring adherent cells into suspension by the trypsin/EDTA as described
previously, and resuspend them in a volume of fresh medium EMEM at least
equivalent to the volume of trypsin. Centrifuge and resuspend the cells that
grow in suspension in a small volume of medium. In addition, gently pipette
to break up clumps.

Figure 2.
Scheme of the experiments. (1) chicken embryonic fibroblasts; (2) cercopithecus arthiopis kidney; (3) Madin-
Darby bovine kidney epithelial cells; (4) Medical Research Council cell strain five fibroblasts derived from lung
tissue; (5) Henrietta lacks cervical tumor immortal cell line; (6) Homo sapiens blood lymphoblast; (7) Homo
sapiens bone marrow lymphoblast.
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b. Under sterile conditions take 100–200 μl of cell suspension.

c. Add an equal volume of Trypan blue (dilution factor = 2) and mix by gentle
pipetting.

d. Clean the haemocytometer and the cover slips in 70% ethanol. Clean and dry
them with two-site by rubbing with cotton sheets wrapped in cotton cloth.

e. Moisten the cover slip with water or exhaled breath. Slide the cover slip over
the chamber back and forth using slight pressure until Newton’s refraction
rings appear (Newton’s refraction rings are seen as rainbow-like rings under
the cover slip).

f. Fill both sides of the chamber with cell suspension (approximately 5–10 μl),
and view under an inverted phase contrast microscope using the 20�
magnification.

g. Count the number of viable (seen as bright cells) and nonviable cells (stained
blue). Ideally >100 cells should be counted in order to increase the accuracy
of the cell count. Note the number of squares counted to obtain your count
of >100.

h. Calculate the concentration of nonviable cells and the percentage of cells
using the equation below:

non‐viable cell count dead cells=mlð Þ

¼
No:of dead cells counted

No:of large corner squares counted
� dilution factor� 10:0000

(2)

2.8 Caspase-3 assay

2.8.1 Procedure

a. Caspase-3 activities in pulsed cells were assayed using a commercial method
based on fluorochrome-labeled inhibitors of caspases (FLICA,
ImmunoChemistry Technologies LLC).

b. The monolayer or suspension cells were pulsed with one or three impulses.

c. One hour after treatment, cells were gently removed from cuvettes and
resuspended in a medium EMEM without foetal serum.

d. According to the manufacturer’s recommendations, cells were labelled with
carboxyfluorescein caspase-3 inhibitors for 1 h at 37°C under 5% CO2 and
protected from light as it was previously described [28].

e. Cells were washed with PBS buffer to remove the unbound reagent.

f. Cell fluorescence was determined by the use of fluorescent microscope.
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g. Approximately hundreds of cells were acquired for analyses and expressed as
percentage of cells showing positive fluorescence.

h. As electric fields were increased, greater numbers of cells became Caspase-3-
positive with a homogeneous shift of cells into the Caspase-3-positive gate,
making cell percentages with active Caspase-3 the most accurate and
meaningful quantification of active Caspase-3 as an apoptosis marker.

2.9 Statistical evaluation

For the level of statistical significance determination (*p < 0.1, **p < 0.05),
the T-test was used. All the data are shown as mean value � standard deviation.
The tests were performed in triplicate and each was repeated three to four times.

3. Results

3.1 The growth parameters, percentages of dead cells, and percentages of
Caspase-3 positive cells of different monolayer cells

3.1.1 The growth parameters and percentage of dead cells after 24 h of incubation

The main effect of the cell’s treatment with one or three impulse with the
adsorbed dose (AD) of one impulse 0.163 J/g and of three impulses 0.490 J/g was
the GI index inhibition expressed in percentage. The detailed results (Table 2,
Figure 3) show the following:

Chicken fibroblasts: after one impulse 74.41% and after three impulses 57.2%
MDBK cells: after one impulse 31.35% and after three impulses 30.4%
Vero cells: after one impulse 37.2% and after three impulses 24.7%
MRC-5 cells: after one impulse 38.8% and after three impulses 41.9%
HeLa cells: after one impulse 78% and after three impulses 27%

When the percentages of dead cells after one impulse or three impulses were
evaluated, the following data were obtained:

Chicken fibroblasts: after one impulse 9.2% and after three impulses 19.6%
of dead cells.
MDBK cells: after one impulse 11.2% and after three impulses 12.7%.
Vero cells: after one impulse 8.6% and after three impulses 24.7%.
MRC-5 cells: after one impulse 14.7% and after three impulses 32.6%.
HeLa cells: after one impulse there were 7.4% of dead cells, and after three
impulses, there were 11.3% of dead cells.

3.1.2 The growth parameters and percentage of dead cells after 72 h of incubation

After the cell’s treatment with one or three impulses with the adsorbed dose
(AD) of one impulse was 0.163 J/g and of three impulses with 0.490 J/g, was the
growth index inhibition expressed in percentage. The results presented in Table 2
and Figure 4 show the following:
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Monolayer cells Suspension cells

Cell treatment Time of treatment Chicken fibroblasts MDBK1 Vero2 MRC-53 HeLa4 FB15 K 5626

Untreated control 24 h GI7 1.38 � 0.12 1.19 � 0.11 1.52 � 0.13 1.5 � 0.13 1.73 � 0.15 0.94 � 0.08 1.19 � 0.11

GI inh. % 0 0 0 0 0 0 0

% of dead cells 4.5 3.9 5.2 6.2 5.2 4.2 6.1

% of Casp.3 pos. cells 2.34 2.02 2.70 3.22 2.70 2.18 3.17

CPD8 0.47 � 0.04 1.37 � 0.12 0.23 � 0.02 0.32 � 0.02 �0.34 � 0.03 �0.1 � 0.009 0.22 � 0.02

72 h GI 2.32 � 0.2 2.95 � 0.2 2.77 � 0.2 2.00 � 0.18 2.67 � 0.24 2.78 � 0.25 3.82 � 0.34

GI inh. % 0 0 0 0 0 0 0

% of dead cells 5.2 3.7 4.9 6.8 7.3 5.1 6.7

% of Casp.3 pos. cells 2.02 1.66 2.20 3.06 3.28 2.29 3.01

CPD 1.21 � 0.11 1.44 � 0.13 1.09 � 0.09 0.73 � 0.06 0.28 � 0.02 1.43 � 0.12 1.9 � 0.17

1 impulse 24 h GI 0.35 � 0.03 0.81 � 0.07 0.96 � 0.08 0.91 � 0.08 0.38 � 0.03 1.19 � 0.1 1.9 � 0.17

GI inh. % 74.4 31.5 37.2 38.8 78 �27 �59.1

% of dead cells 9.2 11.2 8.6 14.7 7.4 2.7 2.9

% of Casp.3 pos. cells 5.8 6.9 5.3 9.1 4.5 1.6 1.7

CPD �1.49 � 0.13 �0.40 � 0.03 �0.43 � 0.03 �0.38 � 0.03 �2.51 � 0.22 0.40 � 0.03 0.89 � 0.08

72 h GI 2.19 � 0.19 2.16 � 0.19 1.78 � 0.16 1.5 � 0.13 1.97 � 0.17 5.16 � 0.46 5.21 � 0.46

GI inh. % 5.71 26.7 35.7 25.1 16.1 �85.6 �36.4

% of dead cells 34.7 12.7 11.4 38.4 11.2 3.2 1.8

% of Casp.3 pos. cells 23.5 8.6 7.7 26.1 7.6 2.1 1.2

CPD 1.13 � 0.11 0.99 � 0.09 0.45 � 0.04 0.32 � 0.02 �0.15 � 0.01 2.47 � 0.22 2.33 � 0.21

3 impulses 24 h GI 0.29 � 0.02 0.56 � 0.05 0.88 � 0.07 1.04 � 0.09 0.28 � 0.02 1.35 � 0.12 1.97 � 0.17
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Monolayer cells Suspension cells

Cell treatment Time of treatment Chicken fibroblasts MDBK1 Vero2 MRC-53 HeLa4 FB15 K 5626

GI inh. % 79.4 30.4 41.9 �13.6 27.1 �13.4 �3.7

% of dead cells 19.6 12.7 24.7 32.6 11.3 1.3 1.7

% of Casp.3 pos. cells 14.5 9.9 19.3 25.5 8.2 1.02 1.3

CPD �1.78 � 0.16 �0.92 � 0.08 �0.55 � 0.05 �0.20 � 0.01 �2.95 � 0.26 0.22 � 0.02 0.94 � 0.08

72 h GI 0.98 � 0.08 1.12 � 0.11 1.88 � 0.17 0.93 � 0.08 1.05 � 0.09 5.68 � 0.51 5.33 � 0.48

GI inh. % 57.7 48.3 31.9 37.7 46.9 �10.1 �2.3

% of dead cells 63.5 15 38.9 70.1 14.5 2.2 1.2

% of Casp.3 pos. cells 44.7 11.7 30.5 55.09 11.4 1.7 0.9

CPD �0.02 � 0.003 0.04 � 0.005 0.53 � 0.004 �0.35 � 0.03 �1.03 � 0.11 2.33 � 0.21 2.38 � 0.21
1Cercopithecus arthiopis kidney.
2Madin-Darby bovine kidney epithelial cells.
3Medical Research Council cell strain five fibroblasts derived from lung tissue.
4Henrietta lacks cervical tumor immortal cell line.
5Homo sapiens blood lymphoblast.
6Homo sapiens bone marrow lymphoblast.
7GI, growth index.
8CPD, cumulative population doubling.

Table 2.
The growth parameters, percentages of dead cells, and percentages of Caspase-3 positive cells.
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Figure 3.
Growth parameters and percentage of different monolayer dead cells after 24 h of incubation.

Figure 4.
The Growth parameters and percentage of different monolayer dead cells after 72 h of incubation.
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Chicken fibroblasts: after one impulse 5.7% and after three impulses 57.7%.
Vero cells: after one impulse are 37.7% of GI inhibitions.
MDBK cells: after one impulse 26.7% and after three impulses 48.3%.
MRC-5 cells: after one impulse 25.1% and after three impulses this percentage
is 37.7%.
HeLa cells: after one impulse it was 16.1% and after three impulses 46.9%.

The evaluation of the percentages of dead cells after one impulse or three
impulses shows the following data for different monolayer cultures: In Chicken
fibroblasts the percentage of dead cells after one impulse was 34.7% and after three
impulses was 63.5%. In Vero cells after one impulse, there is 11.4% of dead cells and
after three impulses 38.9%. In the cells MDBK, after one impulse there is 12.7% of
dead cells and after three impulses 15.1%. In the case of MRC-5 cells, after one
impulse there is 38.4% of dead cells and after three impulses 70.1%. In the case of
HeLa cells, after one impulse there were 11.2% of dead cells, and after three
impulses, there were 14.5% of dead cells.

In the evaluation of the trend of GI inhibition percentage, the following com-
parison was found: In most of the cells, Chicken fibroblasts, MDBK cells, Vero cells,
MRC-5 cells, and HeLa cells have higher values after three impulses than after one
impulse. The exception is the Vero cells, where the percentage of GI inhibition is a
bit lower after three impulses. The analysis about the data of the percentage of dead
cells shows the following: The highest percentage of dead cells was 63.5% after three
impulses in Chicken fibroblasts. Also was higher percentage of dead cells after three
impulses of 38.9. The lowest percentage of dead cells was in MDBK cells after three
impulses which were 16.1%. In addition, surprisingly, in the case of MRC-5 cells,
again the percentage of dead cells after three impulses is 70.1%. Moreover, the
lowest percentage of dead cells was in the case of HeLa cells where it was 14.5%.

3.1.3 Percentage of Caspase-3 positive cells after treating of different cells growing in
monolayer, with one or three impulses and cultivated for 24 h or 72 h

During the experiments, different monolayer cells put into suspension were
treated with one or three impulses with the adsorbed dose (AD) of one impulse
was 0.163 J/g and of three impulses was 0.490 J/g. After 24 h or 72 h of cultivation,
the cells were trypsinized, sedimented by the low speed centrifugation, and ana-
lyzed for detection of the percentage of Caspase-3-positive cells (Figure 5). In the
Chicken embryonic fibroblasts, the percentage of Caspase-3-positive cells after 24 h
and one impulse was 23.5% and after three impulses was 14.5%. After 72 h of
incubation and one impulse, the percentage of Caspase-3 positive cells was 23.2%.
After three impulses, the percentage increased to 44.7%. In the case of Vero cells,
after 24 h of incubation and one impulse, the percentage of Caspase-3 positive cells
was 7.7%. After three impulses, the percentage increases to 19.3%. After 72 h of
incubation and treatment with one impulse, the percentage of Caspase-3 positive
cells was 7.5%. After three impulses, this increased to 30.5%. In the case of MDBK
cells, after 24 h of incubation and treatment with one impulse, the percentage of
Caspase-3 positive cells was 8.5%. After three impulses, this increased to 9.9%.
After 72 h of incubation and one impulse, the percentage was 8.6%. After three
impulses, this percentage increased to 11.7%. When the MRC-5 cells were analyzed,
after 24 h of incubation and one impulse, the percentage of Caspase-3-positive cells
was 26.1%; after three impulses, the percentage was 26.5%. After 72 h of incubation
and one impulse, the percentage was 26.1%. After three impulses, the percentage
highly increased to 55.9%. In the case of HeLa cells after 24 h of incubation and one
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impulse, the percentage of Caspase-3-positive cells was 7.6%. After three impulses,
the percentage was 8.2%. After 72 h of incubation and one impulse, the percentage
of Caspase-3 positive cells was 7.6%. After three impulses, this percentage increased
to 11.4%.

The comparison of the data on Figure 5 show the following: (a) The pattern of
Caspase-3-positive cells after 72 h and three impulses was the highest in MRC-5 cells
55.1% followed by chicken fibroblasts with 44.7%, Vero cells with 30.5%, MDBK
cells with 11.7%, and finally in HeLa cells with 21.3%. (b) The increase of percent-
age of Caspase-3 positive cells after 72 h of incubation and three impulses was
statistically significant in comparison to 24 h of incubation and three impulses. For
Chicken fibroblasts, this was 14.5% versus 44.7%. For MRC-5 cells, this was 26.5
versus 55.9%. For Vero cells, this was 19.3% versus 30.5%. (c) For MDBK cells this
was 9.9% versus 11.7% and for HeLa cells, this was 8.2% versus 21.3%. For both cell
lines, the increase was not statistically significant.

3.2 The growth parameters, percentages of dead cells, and percentages of
Caspase-3 positive cells of the in suspension growing cells

3.2.1 The growth parameters and percentage of dead cells after 24 h of incubation

After the in suspension growing cell’s treatment with one or three impulses
having an adsorbed dose for one impulse of 0.163 J/g and for three impulses 0.490 J/
g, the main effect was the GI increase expressed in percentage. In comparison, the
percentage of dead cells was determined after the treatment with one or three
impulses. The detailed results (Table 2 and Figure 6) show the following: For the
Lymphoblast cells FB1, the GI increase after one impulse was 27.1%, which fell
down to 13.6% after three impulses. In comparison, the percentage of dead cells

Figure 5.
The percent of Caspase-3-positive cells after 24 h and 72 h of incubation of different types of monolayer cells.
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after the treatment with one impulse from 4.2% in the control fell down to 2.7%.
After three impulses, this percentage fell down to 1.3%. It is unusual that GI
increase also fell down after the three impulses.

For the Lymphoblast cells K562, the GI increase was even higher after
one impulse, and it was 59.1%. Unexpectedly, after three impulses it fell down
to 3.7%. When the percentages after one impulse to 1.7% after three impulses.
In general, the GI increase in percentage was higher after one impulse than after
three impulses.

3.2.2 The growth parameters and percentage of dead cells after 72 h of incubation

When the cells growing in suspension were treated with one or three impulses
with an AD of 0.163 J/g for one impulse and 0.490 J/g for three impulses, after 72 h
of incubation (Figure 7), the GI increases, which was much higher in the case of
lymphoblast cells FB1 after one impulse, which was 86.5%. Again, it fell down to
10.1% after three impulses. In the case of Lymphoblast cells K562, the situation is
opposite, namely, after one impulse the percentage fell down to 36.4% and after
three impulses even lower to only 2.3%.

The percentage of dead cells shows in lymphoblast cells FB1 the following trend:
from the control value of 5.1 to 3.2% after one impulse and to 2.2% after three
impulses. In the case of Lymphoblast cells K562, from the xontrol value of 6.7 to
1.8% after one impulse to 1.2% after three impulses. Interestingly, the trend is the
same in both cells.

3.2.3 Percentage of Caspase-3-positive cells after one or three impulses on suspension
lymphoblast cells FB1 or K562 for 24 h

When the in suspension growing Lymphoblast cells FB1 or K562 were treated
with one or three impulses with an AD for one impulse of 0.163 J/g and for three
impulses of 0.490 J/g, after the 24 h of incubation were analyzed for percent of
Caspase-3 positive cells (Figure 8). These values were compared with the

Figure 6.
The Growth parameters and percentage of dead cells after 24 h of incubation and in suspension growing cells
treated with one or three impulses.
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percentage of dead cells after 24 h of incubation. In the case of lymphoblast cells
FB1 in the cell control, there was 2.18% of Caspase-3 positive cells. After one
impulse, this percentage was 2.1%, and after three impulses, it fell down to 1.02%.

The comparison with the percentage of dead cells after 24 h shows the following:
In the cell control, there were 4.2% of dead cells. After one impulse, the percentage
of dead cells fell down to 2.7%, and after three impulses, it further fell down to 1.3%.

Figure 7.
The Growth parameters and percentage of dead cells after 72 h of incubation and in suspension growing cells
treated with one or three impulses.

Figure 8.
The Percentage of Caspase-3-positive cells after one or three impulses on in suspension growing lymphoblast cells
FB1 and K562 for 24 h.
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The main conclusion is that the percentage of Caspase-3 positive cells correlates
with the percentage of dead cells. In the Lymphoblast cells, K562, in the cell control,
there was 3.17% of positive cells. After one impulse, this fell down to 1.2%, and after
three impulses this increases a little to 1.2%.

It is interesting that the Lymphoblast cells K562 have one-third higher percent-
ages of dead cells than Lymphoblast cells FB1. In the cell control, there were 6.7% of
dead cells. After one impulse, it fell down to 1.8% and after three impulses to 1.2%.

3.2.4 The Percentage of Caspase-3-positive cells after one or three impulses on in
suspension growing lymphoblast cells FB1 or K562 growing in suspension, after 72 h

The in suspension growing Lymphoblast cells FB1 or K562 were treated with one
or three impulses with an AD for one impulse of 0.163 J/g and for three impulses
of 0.490 J/g after 72 h of incubation and were analyzed for the percentage of
Caspase-3 positive cells (Figure 9). In comparison, the same cells were analyzed for
the percentage of dead cells. In the case of lymphoblast cells FB1 in the cell control,
there were 4.8% of Caspase-3 positive cells, which fell down to 2.1% after one
impulse and further fell down to 1.7% after three impulses. The comparison of the
percentage of dead cells shows the following: In the cell control, there were 4.6% of
dead cells, which fell down to 1.2% after one impulse and further to 0.9% after three
impulses.

The value for the percentage of Caspase-3-positive cells correlates with the
percentage of dead cells. The values for the percentage of dead cells were higher
than those for Caspase-3. When the lymphoblast cells K562 were analyzed for the
percentage of Caspase-3 positive cells, it was found that in the cell control there
were 4.6% of positive cells, which fell down to 1.2% after one impulse and to 0.9%
after three impulses. The comparison of the percentage of dead cells shows the
following: In the cell control, there were 6.7% of dead cells, which fell down to 1.8%

Figure 9.
The Percentage of Caspase-3-positive cells after one or three impulses on suspension lymphoblast cells FB1 and
K562 after 72 h of incubation.
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after one impulse and further fell to 1.2% after three impulses. In addition, in this
case, the values for the percentage of Caspase-3 positive cells correlate with the
percentage of dead cells.

4. Discussion

4.1 The influence of one or three square impulses with field force of 100 V/cm
on different cells growing in monolayer

It was found that nanosecond pulsed electric fields (nsPEFs) can induce the
direct electric fields and biological effects on the human colon carcinoma cells [29].
The main effect is the reduction of cell number after electrical impulses, together
with the increase of apoptosis markers p53. The dead cells occurred through the
necrosis. The direct role of Caspase-3 was not clear. In another research [30], it was
found that the picosecond pulsed electric field (psPEF) could induce apoptosis in
HeLa cells. The treatments with psPEF led to increased cell apoptosis and cell cycle
arrest in the G2/M phase. The psPEF also affected the phosphorylation levels of
endoplasmic reticulum sensors and upregulated the expression of glucose-regulated
protein 78 (GRP78), glucose-regulated protein 94 (GRP94), and CCAAT enhancer-
binding protein (C/EBP) homologous protein (CHOP). All changes were accompa-
nied with the elevation of intracellular Ca2+ concentrations. The activation of
Caspase-12, Caspase-9, and Caspase-3 led to the release of cytochrome c and the
upregulation of Bax or the downregulation of Bcl-2, as observed in the HeLa cells.
All these data suggest that psPEF is an efficient apoptosis-inducing agent for HeLa
cells, which exerts its effects, at least partially, through the endoplasmic reticulum
stress and Caspase-dependent signaling pathways. The MTT assay demonstrated
that psPEF displayed strong growth inhibitory effects on HeLa cells. The explained
cell death and apoptosis by nanosecond pulsed electric fields were found by Beebe
et al. [31]. Despite nsPEFs having multiple cellular targets, these studies show that
nsPEF affects the cell viability. The cell death depended on the presence of Ca2+.
When both events occur, cell death can arise.

In our experiments, different monolayer cells being in suspension were treated
with one or three impulses having an AD for one impulse of 0.163 J/g and for three
impulses of 0.490 J/g. After the treatment with one or three impulses, different
monolayer cells were analyzed for the percentage of growth index inhibition, per-
centage of dead cells, and percentage of Caspase-3 positive cells. In the evaluation of
the trend of percentage of GI inhibition, the following comparison was found: In
most of the cells, chicken fibroblasts, MDBK cells, Vero cells, MRC-5 cells, and
HeLa cells have higher values after three impulses than after one impulse. The
exception is the Vero cells, where the percentage of GI inhibition is a bit lower after
three impulses. The analysis about the data of the percentage of dead cells shows the
following: The highest was the percentage of dead cells (63.5%) after three impulses
in Chicken fibroblasts. Also the percentage of dead cells (38.9%) was higher after
three impulses. The lowest was the percentage of dead cells in MDBK cells after
three impulses (16.1%). Surprisingly, in the case of MRC-5 cells, again the percent-
age of dead cells after three impulses is 70.1%. And the lowest was the percentage of
dead cells in the case of HeLa where it was 14.5%.

The comparison of the data about the percentage of Caspase-3 positive cells
shows the following: (a) The pattern of Caspase-3 positive cells after 24 h and three
impulses was the highest in MRC-5 cells with 55.9%, followed by Chicken fibro-
blasts with 44.7%, Vero cells with 30.5%, MDBK cells with 11.7%, and finally in
HeLa cells with 11.4%. (b) The increase of percentage of Caspase-3 positive cells
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after 72 h of incubation and three impulses was statistically significant in compari-
son to 24 h of incubation and three impulses. For chicken fibroblasts, the percentage
was 14.5% versus 44.7%. For MRC-5 cells, the percentage was 26.5% versus 55.9%.
For Vero cells, the percentage was 19.3% versus 30.5%. For MDBK cells, the per-
centage was 9.9% versus 11.7%, and for HeLa cells, the percentage was 8.2% versus
11.4%. For both cell lines, the increase was not statistically significant.

It is important that our data are in quite good agreement with the data of Zhang
[32] even he worked on human A375 melanoma cells only. He found that the
nsPEFs failed to induce apoptosis of A375 melanoma cells, though it induced necro-
sis. However, the viability and migration of A375 melanoma cells were significantly
inhibited by nsPEFs. It also suppressed the proliferation of A375 melanoma cells by
restricting the cells in G0 phase.

4.2 The influence of one or three square impulses with a field force of 100 V/
cm on the cells that grow in suspensions

The Ren et al. [33] in their experiments studied the influence of nanosecond
pulsed electric fields on the activation of intrinsic Caspase-dependent and Caspase-
independent cell death in Jurkat cells in vitro. In other world, is the cell dead in
Jurkat cells Caspase-dependent or Caspase-independent. Experiments with U937
Lymphoid cell line cultures treated with pulsed electromagnetic field (PEMF)
revealed that PEMF decreased the apoptosis of cells [34]. In order to discriminate
and clarify mechanisms responsible for cell death after PEMF, cell culture was
stimulated with death inducer Puromycin. Puromycin treatment combined with
simultaneous single PEMF exposition reduced the death cell rate. Three times PEMF
exposition increased the cell viability by about 25%. These data were in agreement
with Grassi et al. [35], who found that 50 Hz EMF exposure enhanced proliferation
and inhibited Puromycin induced cell death in human Neuroblastoma and rat
neuroendocrine cells.

In our experiments, cells growing in suspension, like Lymphoid cells FB1 or
K562, were treated with one or three impulses having an AD for one impulse of
0.163 J/g and for three impulses of 0.490 J/g. After the treatment with one or three
impulses, different cells growing in suspension were analyzed for the percentage of
GI increase, percentage of dead cells, and percentage of Caspase-3 positive cell
decrease.

The pattern of the percentage of GI increase after one or three impulses after
24 h at lymphoblast FB1 shows a GI increase after one impulse of 27.1%, which fell
down to 13.6% after cell treatment with three impulses. At lymphoblast K562, the
picture is opposite: after one impulse the GI increase was 59.1% versus 3.7% after
three impulses. The pattern after 72 h at lymphoblast cells FB1 shows 85.6% after
one impulse versus 10.1% after three impulses. In lymphoblast cells K562, the
picture is opposite: after one impulse 36.4% and after three impulses 2.3% only.

The percentage of dead cells after one or three impulses after 24 h, at Lympho-
blast cells FB1, shows the decrease after one impulse from 2.7 to 1.3% after three
impulses. The same trend was found in the Lymphoblast cells K562. The decrease of
percentage of dead cells was from 2.9% after one impulse to 1.7% after three
impulses. After 72 h, we found the same trend: at FB1 cells, the percentage was 3.2%
after one impulse versus 2.2% after three impulses. In K562 cells, the percentage
was from 1.8% after one impulse to 1.2% after three impulses.

When the pattern of the changes of the Caspase-3 positive cells after one or three
impulses was analyzed, the following picture was found after 24 h: in the lympho-
blast cells FB1 after one impulse 2.7% which fell to 1.3% after three impulses. It is
similar in the picture in the lymphoblast cells K562: from 1.2% after one impulse to
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1.3% after three impulses. Therefore, the percentage of Caspase-3 positive cells is
independent from the number of impulses.

The percentage of Caspase-3 positive cells after 72 h in the lymphoblast cells FB1
was 2.1% after one impulse and fell down to 1.7% after three impulses. In the case of
Lymphoblast cells K562, the percentage was from 1.2% after one impulse to 0.9%
after three impulses.
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Appendix

The PGen-1 device generates the characteristic square-wave impulse. This can
be mathematically described as Gibbs phenomenon, which is the result of an
instantaneous change to a system with a finite number of samples. A pure sine wave
has only a single fundamental frequency and no higher-order harmonics. A square
wave has an infinite number of frequency components. A sine wave can be
transformed into a square wave by adding harmonics to its fundamental. As such, a
number of harmonics will produce a perfect square wave with a number of har-
monics of 25. Such use of harmonics to build a square wave is demonstrated in the
figure below:
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The picture of such a square wave is very similarly with this produced on the
bioinduction device described by Pretnar et al. [14] with the number of harmonics
of 23.
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