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Abstract—Blumlein generators are used in different applications
such as radars, lasers, and also recently in various biomedical
studies, where the effects of high-voltage nanosecond pulses on bi-
ological cells are evaluated. In these studies, it was demonstrated
that by applying high-voltage nanosecond pulses to cells, plasma
membrane and cell organelles are permeabilized. As suggested in a
recent publication, the repetition rate and polarity of nanosecond
high-voltage pulses could have an important effect on the elec-
tropermeabilization process, and consequently, on the observed
phenomena. Therefore, we designed a new Blumlein configuration
that enables a higher repetition rate of variable duration of either
bipolar or unipolar high-voltage pulses. We achieved a maximal
pulse repetition rate of 1.1 MHz. However, theoretically, this rate
could be even higher. We labeled endocytotic vesicles with lucifer
yellow and added propidium iodide to a cell suspension for testing
the cell plasma membrane integrity, so we were able to observe the
permeabilization of endocytotic vesicles and the cell plasma mem-
brane at the same time. The new design of pulse generator was
built, verified, and also tested in experiments. The resulting flexibil-
ity and variability allow further in vitro experiments to determine
the importance of the pulse repetition rate and pulse polarity on
membrane permeabilization—both of the cell plasma membrane
as well as of cell organelle membranes.

Index Terms—Blumlein generator, electroporation, endocytotic
vesicles, high repetition rate.

I. INTRODUCTION

LECTROPORATION is a phenomenon in which increased
E cell membrane permeability is observed after the cell
membrane is exposed to a sufficiently high electric field. This
phenomenon is now used in oncology, genetics, and cell biology
for the internalization of a wide range of substances and also
for the fusion of cells [1]-[3]. The electric field for electrop-
ermeabilization is generated by means of a device—an elec-
troporator delivering electric pulses [4]. Most commonly used
electroporators generate electric pulses in the range of a few
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microseconds up to several milliseconds. Recently, a new type
of electroporators named nanoporators was developed and used
in biology, generating electric pulses of only a few nanoseconds
duration [5], [6].

The design of a nanoporator is usually based on a Blumlein
generator. The Blumlein generator is a pulse generator based on
a pulse forming network [7]. The most basic configuration of a
Blumlein generator consists of a transmission line connected to
a high-voltage source via a high-impedance resistor. After the
transmission line accumulates electric energy, it is discharged
into the load by a high-voltage switch [8]. Blumlein generators
operated by very fast switches are adequate for generating pulses
having a short rise time, and consequently, for generating pulses
of short duration. The duration of the pulse generated by means
of a basic Blumlein generator depends on the length of the trans-
mission line only and is, therefore, of a fixed duration [5], [6].

Blumlein generators are used in different applications such
as radars [9] and lasers [10]. Recently, Blumlein generators
have also been used in various biomedical studies, where the
effects of high-voltage nanosecond pulses on biological cells
were evaluated and have been suggested to reach into the cell
interior without affecting the cell plasma membrane [11]-[13].
Large endocytic vacuoles were selectively permeabilized with
little effect on the integrity of the outer cell membrane [14].
However, recent studies show that by applying high-voltage
nanosecond pulses, the cell plasma membrane is also permeabi-
lized [15], [16]. Researchers have demonstrated that nanosec-
ond pulsed electric fields can induce apoptosis and inhibit tumor
growth [17], [18] and so may be further developed as a possible
treatment for basal cell carcinoma [19].

Different pulse parameters have different effects on cells and,
as has been recently suggested [20], the repetition rate and polar-
ity of nanosecond high-voltage pulses could have an important
effect on the electropermeabilization process, and consequently,
on the observed phenomena. However, the maximal repetition
rate of nanoporators is limited by the charging time and, ac-
cording to previous publications, is limited to 10 kHz [20]. We,
therefore, suggest a new Blumlein configuration that enables a
higher repetition rate of variable duration of either bipolar or
unipolar high-voltage pulses by further developing a recently
suggested Blumlein configuration for a variable duration of the
high-voltage pulse [21], [22].

Our aim in this study was to develop and test a new device for
the electropermeabilization of cells and their organelles with
variable length and polarity and high repetition frequency of
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Fig. 1. Conceptual schematic of suggested Blumlein configuration for high-
repetition-rate pulse generation of variable duration and polarity. S¢; and Sco
are charging switches and Sp; and Sp o are discharging switches for 7% and T
transmission lines. V is a power supply of the generator and R}, the resistance
of the load.

high-voltage nanosecond pulses. For this purpose, we devel-
oped a new charge and discharge unit and a new delay unit for
the Blumlein generator. The use of the generator was also tested
on cultured cells: we applied high-voltage nanosecond pulses to
a B16 F1 mouse melanoma cell line and achieved a permeabi-
lization of both the cell plasma membrane and the endocytotic
vesicles.

II. MATERIALS AND METHODS

A. Functional Description of the Suggested
Blumlein Configuration

In the basic Blumlein configuration, each pulse generated
has to be delayed for as long as the transmission line passively
charges through the high-impedance resistor. In our newly devel-
oped configuration (Fig. 1) under ideal conditions, each pulse
can be generated immediately after another. Suppose that the
equivalent transmission lines 7} and 75 are discharged. In prac-
tice, this can be achieved by using a high-impedance resistor.
At this moment, we start charging transmission lines 7 and 75
simultaneously over charging switches Sc; and S¢o. After time
7, the transmission lines are charged but no pulse is generated
on load Ry,. Time 7 equals the electrical length or propagation
delay of each transmission line. However, if the turn-ON time
of charging switch Sco is shifted by AT} # 0, a square pulse
is generated on the load R;, (Fig. 2). The duration of the pulse
equals AT} if |AT)| < 27; otherwise, the duration of the pulse
equals 27. The polarity of the pulse depends on which switch
Sc1 or Sco is turned on first. With the described sequences
of switching, we can, therefore, charge the transmission lines
or also generate a high-voltage pulse of variable duration and
polarity. After charging the transmission lines 77 and 75, charg-
ing switches Sc; and Sco can be turned off and discharging
switches Sp1 and Sps can be turned on. Under ideal conditions,
the charging time of transmission lines 7} and 75 varies from 7
to 27 and depends on AT;. From this point on discharging the
transmission lines 77 and T, and generating the second pulse,
the first or none is almost the same as in the first sequence, as
shown in Fig. 2 and was also described previously [21]. The
maximal repetition rate of pulse generation can therefore be in
the range from 1/27 to 1/7.
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Fig.2. Time diagram of suggested configuration of pulse generation for high-

repetition-rate pulse generation. C1, C2, D1, and D2 are ON/OFF (respectively
high/low) signals for switches Sc1, Sc2, Sp1, and Spa (Fig. 1). Vg, is
the voltage on the load. AT} and ATy are delays between turn-ON time of
charge and discharge switches, respectively. Time 7 equals electrical length or
propagation delay of transmission lines 7 and 7%. Time A is a repetition time
of the pulses.
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Fig. 3. Output voltage of suggested Blumlein configuration as a result of

SPICE simulation under ideal conditions. Result shows high-repetition-rate
bipolar nanosecond pulses.

B. Simulation of the Suggested Blumlein Configuration

To verify the suggested configuration of pulse genera-
tion, we first simulated the suggested Blumlein configuration
(Fig. 1) using the SPICE OPUS circuit simulator (CACD group,
Slovenia). In this simulation, all circuit elements were consid-
ered to be ideal. For the simulation, we used a 1-kV dc voltage
supply V and a 100-Q2 load R; placed between transmission
lines 77 and T5. Each transmission line had a delay 7 of 100 ns
and characteristic impedance Z; of 50 2. The simulation was
performed with transient analysis at a time step of 10 ps and a
simulation time of 400 ns. Switches (Sc1, Sc2, Sp1, and Sp»)
were driven with simulated digital pulses, as depicted in Fig. 2,
with a 100 ns duration of each single pulse. The delay AT; be-
tween turn-ON time of S¢; and S and the delay AT, between
turn-ON time of Sp; and Sps were 50 ns. The turn-ON time of
Sp1 was delayed for A = 200 ns with respect to the turn-ON
time of Sc;. The simulation result is presented in Fig. 3.
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Fig. 4. Block diagram of new device setup. User interface allows entering
electric parameters of the nanosecond pulses. Control unit controls two delay
units and high-voltage power supply and generates charge and discharge pulses.
Delay units delay charge and discharge pulses to achieve desired delays 77 and
T’ . Charge and discharge units are made up of two RF Switch Mode MOSFETs
to charge and discharge transmission lines A and B. R is the resistance of the
load.

C. Device Setup

The new device consists of a user interface, control unit,
high-voltage power supply, two delay units, and two charge
and discharge units (Fig. 4). The user interface was developed
on the Mini-ITX platform (EPIA-EN12000EG, VIA, China)
with a touch screen (1537L, EloTouch, USA). The application
was programmed in Visual Basic .NET (Visual Studio 2005,
Microsoft, USA) and it is hosted on Compact Framework 2.0 on
a custom-built operation system (Windows CE .NET, Microsoft,
USA). The user interface allows the entering of the electric
parameters of the nanosecond pulses into the device: voltage,
duration, number of pulses, and frequency of pulses. The control
unit is connected to the Mini-ITX platform by USB2.0 and was
developed on FPGA (XC3S200, Xilinx, USA). The control unit
controls the high-voltage power supply and two delay units and
also generates charge and discharge pulses. The high-voltage
power supply consists of a 100 W half bridge dc-to-dc converter
and a 0.1 A constant current discharger so that any voltage
can be obtained in less than 500 ms. The output voltage of the
power supply can be set from 250 to 1000 V. The delay units are
made of an analog multiplier (AD835, Analog Devices, USA),
an integrator, and a Schmitt trigger [AD8099, Analog Devices,
USA; Fig. 5(a)]. The analog multiplier multiplies digital pulse
(Up) with voltage (Uy ) defined by the control unit. The output
signal of the multiplier (U,,) is then integrated (U;) and send
through the Schmitt trigger (Up ). Taking into account the input
pulse (Up), the delay of output pulse (U ) depends on amplitude
of Uy . Digital pulses can thus by our delay unit be delayed (AT)
from 20 to 300 ns with +10% (£2-30 ns) accuracy [Fig. 5(b)]
to achieve the desired delays AT} and AT; (Fig. 2). The charge
and discharge units are made of two RF Switch Mode MOSFET's
(DE275-102N06A, Ixys, USA). The MOSFET’s rise times are
delayed to 16 ns in order to reduce electromagnetic interference
with low-voltage circuits.

D. Electrode Chamber

An electrode chamber was built consisting of electrodes on
cover glass, an electrode holder for a microscope, and two trans-
mission lines. The electrode structure (Fig. 6) was fabricated
directly on a 25 mm x 40 mm cover glass (BB025040A1#1,

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 56, NO. 11, NOVEMBER 2009

(a) U,
Un U, Uo
UV
e
(b)
U

Fig. 5. Block diagram of (a) delay unit and (b) time diagram of delay unit
signals. The delay unit is made up of an analog multiplier, an integrator, and a
Schmitt trigger. Up is a digital input pulse that is delayed by the delay unit. Uy
is a voltage constant inversely proportional to delay time AT. U, is an output
signal of the multiplier, U5 is an output signal of the integrator, and Uy is an
output signal of the Schmitt trigger. Continuous lines represent the signals (b).
Dashed lines represent signals at higher voltage constant Uy, . Dotted lines are
assisting time and voltage lines. At signal Uy, there are two assisting voltage
lines for Schmitt-trigger hysteresis.

Menzel-Glaser, Germany), using conventional microelectrome-
chanical systems (MEMS) techniques. The first step in elec-
trode fabrication was the wet chemical cleaning of substrate in
SC1 solution (1:1:5 NH30H:H2049:H5 O at 75 °C) followed by
sputter deposition of a Cr/Au metal sandwich with thicknesses
10 nm/100 nm, respectively. A thin Cr film was used to en-
hance the adhesion of the gold layer to the substrate. The sec-
ond step was the standard photolitgraphic patterning of negative
tone photoresist AZ nLOF 2035 (Clariant, USA) with thickness
6 pum. A patterned photoresist was hardened at a temperature of
150 °C, with the aim of improving the adhesion of the photore-
sist to the sputtered gold layer and increasing the resistance of
the photoresist to wet etching and to the deposition of electro-
plated gold in subsequent steps [Fig. 6(a)].

The electroplating of gold was performed in a standard gold—
cyanide solution for the deposition of thin electroplating layers
with a deposition rate of 5 pm/h, thus resulting in a 6-pm-thick
gold layer. A dc current source providing a current density of
100 mA/ cm? was applied during the electroplating deposition.
After the electroplating of gold, the resist was removed in an
ultrasonic bath by N-methyl-2-pyrollidone (NMP) at 60 °C for
1 h. In the final step, the sputtered metal sandwich was re-
moved by wet chemical etching. Gold was etched in a mixture
of HNOj3 : HCI : DI(1:1:4) atthe etching rate of 30 nm/min. The
chrome layer was etched by the commercial chromium etchant
CR-14 from Cynatek Corporation, USA, for 10 s. After etching,
the sample was rinsed in deionized (DI) water and blown with
dry nitrogen [Fig. 6(b)]. The final gold electrodes thickness and
the width of the air gap between the two electrodes are typically
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Fig. 6. Schematic presentation of electrode structure fabrication after (a)
Cr/Au metal deposition and resist photolithography and (b) final steps, i.e.
deposition of electroplated gold, resist removing and wet etching of sputter
deposited Cr/Au layers.

5.0 and 100 pm, respectively. Accurate structure dimensions
were determined by measurement with Talysurf Stylus Profiler.
The electrodes on the cover glass were glued and soldered
to the holder. The transmission lines made by coaxial cable
RGI174A/U (2 x 25 m, 100 pF/m, 50 2; Nexans, France) and an
impedance matching resistor were also soldered to the holder.

E. Cells and Labeling

B16 F1 mouse melanoma cells (ATCC, USA) were cultured
in Eagle’s minimal essential medium (EMEM) culture medium
with L-glutamine (Sigma—Aldrich, USA) supplemented with
10% fetal bovine serum (FBS) and antibiotics, seeded in six-
well plates, one or two days before experiments, at the concen-
tration of 10* or 5 x 10° cells/cm?, respectively. They were first
loaded with 1 mM lucifer yellow (Sigma—Aldrich, USA) [23] in
a porating phosphate buffer, which consisted of 250 nM sucrose,
10 mM phosphate (KsHPO, /KH,PO,) and 1 mM MgCl,, pH
7.4, and electrical conductivity 1.67 mS/cm [24], [25]. The cells
were then incubated for 2 h at 37 °C in a COy incubator and
afterwards washed three times with EMEM culture medium,
trypsinized, centrifuged in EMEM (1000 r/min, 5 min, 4 °C),
and resuspended in porating phosphate buffer in a concentra-
tion of 10° cells/mL. To 20 L of cell suspension, 100 pg/mL
propidium iodide (Sigma—Aldrich, USA) was added just before
exposure to electric pulses [26]. The cells were put between the
electrodes and observed under a fluorescent microscope (Zeiss,
Gottingen, Germany), using a 40x objective. The cells were
exposed to 20 electric pulses of 60 ns duration, 50 kV/cm field
strength, and pulse repetition frequency of 1 kHz. Phase con-
trast and fluorescent images were taken before and 10 min after
pulsing. For observing lucifer yellow, L., was 425 nm and Ay,
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Fig. 7. Nanosecond pulses with various durations (20, 50, 75, 150, and 230
ns) generated by the new device. Pulses are generated on a 100-§) resistor and
measured by oscilloscope (WavePro 7300A, LeCroy, USA) using a high-voltage
probe (PPE2KYV, LeCroy, USA).
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Fig. 8. High-repetition-rate (1.1 MHz) bipolar nanosecond pulses generated
by the new device. Pulses are generated on a 100-{2 resistor and measured
by oscilloscope (WavePro 7300A, LeCroy, USA) using a high-voltage probe
(PPE2KY, LeCroy, USA).

was 510 nm, and for propidium iodide, Ao was 540 nm and A,
was 640 nm.

III. RESULTS
A. Device Performance

Two tests were made with the newly developed Blumlein
configuration. One was made to test variable duration (Fig. 7),
and the other one to test the high repetition rate and the bipolarity
(Fig. 8) of the nanosecond pulses generated. In the first test, Sc
and Sco were turned on with different delays AT}, so that
nanosecond pulses with various duration (20, 50, 75, 150, and
230 ns, Fig. 7) were generated. In the second test, the delays
ATy and AT, were 20 ns and delay A was 910 ns. As a result,
we generated two nanosecond pulses on R, with high repetition
rate and of opposite polarity (Fig. 8). All electric measurements
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Fig. 9. B16 F1 mouse melanoma cells (a)—(c) before exposing and (d)—(f)
after exposure to 20 electric pulses (duration 60 ns, field strength 50 kV/cm,
repetition rate 1 kHz). (a) and (d) Phase contrast. (b) and (e) Lucifer yellow
(labeling of endocytotic vesicles). (c) and (f) Propidium iodide (enters the cell
if the cell plasma membrane is permeabilized). After exposing cells to electric
pulses, the endocytotic vesicles released lucifer yellow into the cytoplasm (in
(e), the vesicles are less visible, and the whole cell is labeled with the dye).
Propidium iodide entered the cell after cell exposure to electric pulses (f).

were done by oscilloscope (WavePro 7300A, LeCroy, USA) and
a high-voltage probe (PPE2KYV, LeCroy, USA).

B. Permeabilization of Cellular Membranes

Labeled cells B16 F1 were placed between the electrodes
[Fig. 9(a)] and were observed under a microscope (40x objec-
tive). Endocytotic vesicles in B16 F1 mouse melanoma cells
are visible before pulsing due to loading with lucifer yellow
[Fig. 9(b)]. Cells in control not exposed to electric pulses ex-
cluded propidium iodide [Fig. 9(c)]. After the cells were ex-
posed to electrical pulses, the endocytotic vesicles released
lucifer yellow into the cytoplasm—after 10 min, the vesicles
were less visible and the whole cytoplasm was labeled by the
dye [Fig. 9(e)]. At the same time, the cell plasma membrane
was also permeabilized—which is indicated by propidium io-
dide entering the cells and labeling the DNA within the cells
[Fig. 9(0)].

In sham-exposed cells, there was no lucifer yellow release
from endocytotic vesicles and no propidium iodide entering
cells (data not shown).

IV. DISCUSSION AND CONCLUSION

In this paper, we present a modified Blumlein configuration
for high-repetition-rate pulse generation. Pulses of various dura-
tion and polarity can be generated without the need to physically
modify the device. SPICE simulation was performed to verify
the suggested configuration for pulse generation. In addition, a
practical design based on the suggested configuration was de-
veloped and tested to confirm the ability to generate nanosecond
pulses with various duration, high repetition rate, and alternating
polarity or not. Relatively large rise and fall times of generated
pulses are mainly due to the delayed rise times of MOSFETs.
We measured a maximal repetition rate of 1.1 MHz, which com-
pared to previous publications is 100-fold higher [20]. Theoret-
ically, this rate could be even higher; however, with our analog
delay unit where we need to wait for the integrator to return to
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the initial state, we were unable to generate the shorter delay A
(Fig. 3). Comparable repetition rates (tested up to 100 kHz) can
be achieved by diode-opening-switch-based nanosecond pulse
generators [27]. However, with such a generator, pulse duration
is not variable.

There are a few ways of manufacturing microelectrodes for
nanosecond pulses. One is to glue the electrodes on cover glass.
In this case, a very homogeneous electric field can be achieved in
the gap between the electrodes by using thick electrodes on the
order of a gap distance or larger. However, in this case, the elec-
tric field intensity in the gap just above the cover glass where the
cells seed depends on the thickness of glue layer [6]. The second
way is to the deposit gold film on the photoresist structure. De-
velopers of such a chamber report a well-defined structure of the
electrodes, the possible separation of the photoresist and cover
glass in aqueous environments, and a fluorescence background
from the photoresist [28]. Another way is to deposit electrodes
directly on the cover glass. In this case, the electric field is ho-
mogeneous just above the cover glass. Nevertheless, thick elec-
trodes with sharp edges are needed to achieve a well-defined and
homogeneous electric field in upper layers. Developers of such
electrodes have made 20-um-thick electrodes from nickel [29]
and silver [30]. We have made similar electrodes but from more
biocompatible material—gold. The edges of the electrodes are
almost vertical in the gap, except for the base Cr/Au layer that
goes beyond the vertical for up to 1.5 um (Fig. 6). On the other
hand, we made only 5-um-thick electrodes; therefore, further
development is needed to achieve a more homogeneous electric
field in the gap where the cells seed.

In 2001, the first evidence emerged that with the use of high-
voltage nanosecond pulses, the permeabilization of internal cel-
lular membranes can be achieved without severe cell plasma
membrane damage [11]. Large endocytic vacuoles were per-
meabilized with no apparent effect on the plasma membrane
integrity [8]. Theoretical predictions showed that the mem-
branes of the cell organelles can be affected more than the cell
plasma membrane, under some specific conditions [13]. Recent
studies, using patch-clamp and molecular dynamics simulation
studies, revealed that the cell plasma membrane is also perme-
abilized when high-voltage nanosecond pulses are applied to
cells [31]-[33].

Our aim was to demonstrate the permeabilization of the endo-
cytotic vesicles in cultured cells. With a double staining (lucifer
yellow for endocytotic vesicles and propidium iodide for cell
plasma membrane integrity [34]), we were able to observe the
permeabilization of endocytotic vesicles and also cell plasma
membrane permeabilization at the same time. The B16 Fl
mouse melanoma cells were exposed to high-voltage nanosec-
ond pulses that were generated by our new nanosecond pulser.
When cells were exposed to 20 pulses with the duration of
60 ns, field strength of 50 kV/cm, and repetition rate 1 kHz
in a pulse train, the permeabilization of endocytotic vesicles
was achieved. At the same time as lucifer yellow is released
from endocytotic vesicles, the propidium iodide enters the cells.
Hence, the cell plasma membrane is also permeabilized after
applying 20 high-voltage nanosecond pulses. The temperature
rise of the cell suspension in the gap of our electrodes during our
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experiment was calculated as a “worst-case” scenario where all

the energy of all pulses is transformed into heat in one moment

without any heat dissipation

AW E?o

Cnt Cpp

(50 kV/cm)® x 1.67 mS/cm
[4200 J/(kg - K)] x 1 kg/dm?)

AT = At

1.2 us = 1.2 K (1)

where AT is the temperature rise (in kelvins), AW is the en-
ergy of all pulses (in joules), ¢;, is the heat capacity of the cell
suspension (in joules per kilogram per kelvin), m is the mass of
cell suspension in the gap (in kilograms), E is the electric field
intensity in the gap (in volts per meter), o is the electrical con-
ductivity of cell suspension (in siemens per meter), and p is the
density of the cell suspension (in kilograms per cubic meter).
The electric field intensity in the gap is assumed to be homoge-
neous, and the heat capacity and density of the cell suspension
to be the same as water. Based on this estimated temperature rise
of 1.2 K, we can conclude that such an increase of temperature
cannot play a major role in the observed biological effects.

The new design of the pulse generator was built, verified,
and also tested in experiments. The resulting flexibility and
variability will allow further in vitro experiments to reveal the
importance of the pulse repetition rate and pulse polarity on
membrane permeabilization—both of the cell plasma membrane
as well as of cell organelle membranes.
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