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xposure of a biological cell to an electric field can produce a variety of
responses [1]-[6]. If the field strength exceeds a certain threshold
value, this leads to a large transient increase in membrane conductivity
and permeability for ions and molecules (electropermeabilization, often also named electroporation) or to fusion of adjacent cells
(electrofusion) [5], [6]. Nowadays, these phenomena are widely used in applications such as gene transfection [7]-[8], preparation of monoclonal antibodies [9],
and drug delivery, especially in electrochemotherapy of tumors [10]-[12]. For
optimal effectiveness of these applications, one must choose the most appropriate amplitude, duration, and waveform of the applied electric pulses. With 2 mm
distance between plate electrodes, which is an established setup for
electropermeabilization in vitro, the threshold voltages typically range from 120
to 300 V [13], with pulse durations from several microseconds to several milliseconds [5]. Due to these demands, electropermeabilization is performed using
specialized devices, often referred to as electroporators or electropulsators. Today, several such devices are commercially available [14], delivering either exponential or unipolar rectangular pulses with adjustable duration and amplitude.
Often, the number of pulses and the intervals in which they are delivered can also
be chosen.
However, it has been reported that efficiency of electropermeabilization can
be appreciably improved with other waveforms, such as bipolar rectangular
pulses [15], or rectangular pulses with superimposed sine waves [16]. In addition, while unipolar pulses necessarily lead to electrolytic effects that are detrimental to the exposed cells [17], these effects can be reduced by use of
symmetrical bipolar waveforms [18].
Commercially available generators of arbitrary waveforms cannot provide
amplitudes in the range of several hundred volts that are necessary for electropermeabilization. Furthermore, commercially available bipolar amplifiers that
can be used to amplify the generated signals are i) limited in voltage to 400 V
peak-to-peak, ii) limited in current to 2 A, iii) limited in frequency to several
kHz, and, last but not least, iv) very costly. Thus, research of the role of pulse
waveforms in the efficiency of electropermeabilization has until now been limited to several laboratories with custom-built devices. It is only after an improved
efficiency of a certain waveform has been well established that a commercial interest arises and these devices become available—usually, again at a considerable cost—to other laboratories.
In this article, we present a detailed design of a system for in vitro electropermeabilization with arbitrary waveforms. A low-voltage signal is generated
by a programmable function generator and amplified by a bipolar amplifier cir-
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System Design

Figure 1 shows the outline of the system design. A commercial arbitrary function generator (in our measurements, the
Tektronix AFG 310) is used as a signal source, and the signal
is amplified in two steps: first, the voltage-amplifying stage
increases the signal voltage to a desired level (up to 520 V
peak-to-peak in the presented design); then, the signal enters
the current-amplifying stage, which ensures the power demanded by the load placed between the electrodes (up to 5.2 A
in the presented design). The amplified signal is then delivered to the electrodes.
In the most affordable version, the arbitrary function generator in Figure 1 can be replaced by a basic nonprogrammable function generator, but in this case, the set of signals
available is limited to the built-in waveforms.

Bipolar Amplifier
Arbitrary
Function
Generator

VoltageAmplifying
Stage

CurrentAmplifying
Stage

Electrodes

Fig. 1. Outline of the system.

cuit built from commercial components. We describe the
general outline of the setup, give the scheme of the amplifier
circuit, and present the frequency characteristics of the system. The total cost of the amplifier circuit components is less
than US$400, and with programmable function generators
starting at approximately US$1,000, this makes the presented design attainable to any laboratory with interest in
electropermeabilization.

Bipolar Amplifier

The circuit of the bipolar amplifier is presented in Figure 2.
The signal from the arbitrary function generator is delivered
to the input (J2), the operational amplifier (OPA603) is used
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Fig. 2. The bipolar amplifier circuit. The dashed circles around the transistors T1-T11 represent a common heat sink that enhances the thermal stability of the circuit. The resistivities of R11-R16 (marked by an asterisk) should be fine-tuned to the values for which a zero output signal is obtained with a zero input signal.
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for differential amplification, and the output signal of the operational amplifier enters the voltage-amplifying stage (transistors T1-T4). Transistor T5 serves for temperature
stabilization and, together with the trimmer P1, for regulation of quiescent current. Transistors T6-T11 form the current-amplifying stage that provides the power demanded by
the load at the output (J1). The capacitors in parallel to the
resistors of the circuit compensate for the inductive behavior
of the resistors with rapid fluctuations of the current. The
system of diodes D1-D4 and transistors T12 and T13 serves
as a protection against current overload. For optimal perfor-
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mance, the transistors T1-T11 should be fixed to the same
heat sink, all the transistors of the same type should come
from the same production batch, and the resistivities of
R11-R16 should be fine-tuned to provide a zero output signal with a zero input signal.
Within the bandwidth from 500 Hz up to 60 kHz and for
the input amplitudes from 0.5 V up to 6.6 V (1.0 V-13.2 V
peak-to-peak), the amplification of the bipolar amplifier circuit is 39.52 (31.94 dB), with maximum deviations of +0.60%
and −0.61% reached at 500 Hz and 100 kHz, respectively
(Figure 3, top). This amplification yields the maximum output
amplitude of 260 V (520 V peak-to-peak), with the maximum
allowable resistive load of 20 mS (50 Ω). At this load and a dc
input signal of 6.6 V amplitude, dc current of 5.2 A is sustained for up to 1 ms; for longer durations, the output signal
collapses. With a sine input signal having 6.6 V amplitude,
stable ac current of 5.2 A amplitude is sustained for frequencies down to 500 Hz. Figure 3 also shows the frequency
dependences of the phase shift between the input and the output voltage signal (middle) as well as the total shape distortion
(TSD, bottom) evaluated as
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Fig. 3. Voltage amplification, phase shift, and total shape
distortion of the bipolar amplifier circuit as functions of frequency. The dashed verticals bound the range from 500 Hz
up to 35 kHz where total shape distortion is below 5%. The
input amplitude was 6.25 V (12.5 V peak-to-peak), with a
resistive load of 470 Ω at the output. Measurements were
performed using a LeCroy LT9310C digital oscilloscope, a
Tektronix P6101A 1:1 voltage probe (input signal), and a
Tektronix P5100 1:100 voltage probe (output signal).
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Fig. 4. The amplification of a burst of eight consecutive
100-µs symmetrical bipolar rectangular pulses. (a) The input
signal (amplitude 6.25 V; i.e. 12.5 V peak-to-peak). (b) The
output signal on the resistive load of 50 Ω (the minimum allowed resistance). Time division is 100 µs for both printouts,
voltage division is 2 V for the top printout, and 75 V for the
bottom printout. Measurements were performed using a
LeCroy LT9310C digital oscilloscope, a Tektronix P6101A 1:1
voltage probe (input), and a Tektronix P5100 1:100 voltage
probe (output).
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where fIN (t ) is the input signal, fOUT (t − τ) is the output signal
normalized to the amplitude and synchronized in phase with
the input signal (the value of τ is obtained from the phase
shift), and the bounds of the interval t1 and t2 are chosen as to
cover a representative sample of the two signals (in our case,
five periods of the sine wave). As shown in Figure 3, total
shape distortion is below 5% for the bandwidth from 500 Hz
up to 35 kHz.
Performance and Experimental Results

To illustrate the performance of the presented system, Figure
4 shows the amplification of a burst of rectangular pulses with
the maximum output load (minimum resistance), while in
Figure 5 we show the results of an experimental study in
which the efficiency of the widely used protocol of
electropermeabilization of biological cells in suspension with
a train of unipolar rectangular pulses was compared to a protocol using symmetrical bipolar rectangular pulses of the
same amplitude and total duration.

Conclusion

Unlike the commercially available devices used for electropermeabilization, the system presented in this article provides a custom choice of the pulse waveform, with the
amplitude from 0 up to 260 V (520 V peak-to-peak) with a
shape distortion below 5% for the band from 500 Hz up to 35
kHz, and below 15% up to 55 kHz. The circuit can deliver
currents up to 5.2 A, which, at the maximum output voltage,
is obtained on a resistive load of 50 W. For larger loads
(lower resistivity), the performance of the circuit is reduced,
with a possibility of malfunction.
The presented system for in vitro cell membrane
electropermeabilization with arbitrary pulse waveforms
consists of an arbitrary function generator, many of which
are available on the market, and a bipolar amplifier circuit
made entirely of commercial electronic components. With a
total cost of the amplifier circuit components below
US$400, and with commercial programmable function generators starting at approximately US$1,000, the presented
design is within reach of any laboratory with interest in
electropermeabilization.
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Fig. 5. (a) Electropermeabilization and (b) survival of DC3F
cells (spontaneously transformed Chinese hamster fibroblasts)
as functions of the pulse amplitude (the ratio between the
voltage applied to the electrodes and the distance between
them) with two protocols of electropermeabilization: a train of
eight 1-ms unipolar rectangular pulses delivered in intervals of
1 s, and a train of eight 1-ms symmetrical bipolar rectangular
pulses delivered in intervals of 1 s. P50% and D50% are the pulse
amplitudes that lead to permeabilization and death, respectively, of 50% of the cells. The details of the experimental protocol are described in [19].
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