
  

  

Abstract — In this paper, a versatile electrode assembly for 

cell electroporation is proposed. For validation of the delivery 

system, biological cell electroporation experiments using 2.5 ns 

and 5 ns, 10 MV/m pulsed electric fields have been conducted.  

Electromagnetic, time domain, and frequency analyses 

demonstrate the broadband behavior of the delivery system. 

I. INTRODUCTION 

Electroporation can reversibly or irreversibly disrupt the 
integrity of the cell membrane. The electroporation 
phenomenon - a means for electropermeabilizing biological 
cell membranes under pulsed electric field - has important 
applications in food industries and medicine such as cancer 
therapy, genetic engineering, and cell biology. Classical 
electroporation utilizes relatively long duration (in the !s and 
ms range) and low voltage (a few thousand V/m) pulses [1-
2]. In recent years cell membrane-related effects from pulses 
in the nanosecond range with amplitudes of megavolts per 
meter (nsPEF) have been reported [3-7]. Effects include the 
opening of stable and long-lasting nanopores, selective 
uptake of fluorescent dyes, phosphatidylserine 
externalization, and cell volume increase (swelling) due to 
water uptake. In particular, cell swelling has been recently 
introduced as a sensitive method for characterizing plasma 
membrane permeabilization [7]. However, nsPEF pulse 
delivery systems are challenging to construct. For an optimal 
energy transfer from the generator to the load, i.e. to the cells, 
special care must be taken to design devices compatible in 
terms of frequency bandwidths and impedance matching 
(typically 50 ohms). To increase the applied electric field and 
to reach the close proximity of the cells, delivery systems 
with reduced distances - in the micrometer range - are used. 
Recently, single-cell electroporation (SCEP) techniques 
focusing on the response at cell level have been developed 
[8]. Combined with automated micromanipulators [9], SCEP 
delivery systems provide a more flexible way to study the 
response of a certain cell shape, size, and orientation in the 
electric field. For increased flexibility in experiments 
involving in in-situ observations of cells after nsPEF 
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exposure, we designed a delivery system based on tungsten 
wire electrodes (TWE), and we integrated it with an 
automated micromanipulator and a nanosecond pulse 
generator. We have used this system to extend our 
quantitative of nsPEF-induced cell swelling under a variety 
of conditions. The primary objectives of this paper are: 
describe the design and assembly of this new, versatile 
electrode assembly; present an electromagnetic 
characterization of the assemble system, particularly in terms 
of frequency bandwidth; validate the system with 
electroporation experiments with living cells. 

II. MATERIAL AND METHODS  

Fig.1 shows the experimental set-up for nsPEF exposure 
of cells with the TWE. Cells placed in an 8-well coverglass 
chamber were exposed to 2.5 ns and 5 ns pulses from two 
different pulse generators, with varying pulse counts (0, 5, 
10) and repetition rates (1 Hz, 1 kHz). 

A. Pulse generators  

Electrical pulses of 5 ns were applied to the TWE using a 
resonant-charged, solid-state Marx bank-driven, hybrid-core 
compression, diode-opening switch pulse generator (nsPEF1) 
designed and assembled at the University of Southern 
California (USC) [10]. Electrical pulses of 2.5 ns were 
applied using a laser-triggered photoconductive 
semiconductor switches (PCSSs) pulse generator (nsPEF2) 
assembled by Horus-Laser HT (Limoges, France) [11]. These 
generators allow to reach high electrical fields (MV/m = 
kV/mm) which are within or close to breakdown field 
strength in air. However, these fields applied for short 
durations in a biological solution avoid breakdown.  

B. Measurement and positioning devices 

The delivered electrical pulses were displayed on a digital 
storage oscilloscope (DSO, 725ZI, LeCroy, USA). A 100:1 
attenuator assembled at USC was inserted in the set-up for 
the voltage measurement on the DSO. Three transmission 
lines (RG 58 C/U, Pasternack Enterprises, Irvine, USA) serve 
to connect the nsPEF generator to the TWE and the DSO. 
The applied pulses were obtained from the incident and 
reflected pulses using the procedure described in [12-14]. A 
network vector analyzer (NVA, HP 8720ET, USA) with a 
20 GHz bandwidth allowed the measurement of the TWE 
delivery system reflection coefficient (S11 parameter). 
Observation of the cells was carried out with a Zeiss Axiovert 
200 epifluorescence microscope and a Hamamatsu ImageEM 
CCD camera. The TWE was inserted in the 8-well coverglass 
chamber (Lab-Tek II, Nalge Nunc International, USA) using 
a 3-axis micromanipulator (MP 225/M-20139, Sutter 
Instruments, CA, USA) attached to the transmission line 
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E. FDTD numerical modeling 

Electromagnetic simulations were carried out using 
numerical modeling of the TWE delivery system with an in-
house Finite Difference-Time Domain (FDTD)-based code. 
Fig. 2 depicts the modeled geometry. It is composed of the 
BNC connector, the 50-" resistor, the tungsten wires vertical 
part covered with silicon, the TWE channel, the epoxy 
adhesive glue, the coverglass chamber containing the 
biological medium. The BNC metallic parts and the tungsten 
wires were considered as perfect conductors.  The dielectric 
materials have been taken into account in the simulations 
through their relative permittivity (detailed on Fig. 2) and 
electrical conductivity (1.5 S/m for the biological medium). 
A non-uniform mesh was imposed in the simulations 
depending on the dimensions of the components. The grids 

used were 50!50!50 !m
3
 for the TWE channel and 

200!200!200 !m
3
 for the other parts of the structure.  The 

frequency behavior of the TWE delivery system through its 
reflection coefficient S11 provided by the FDTD simulations 
was compared to the measurements. 

III. RESULTS  

A. Electromagnetic time domain and frequency analysis   

To determine the generator-to-load system behavior and 
limitations, a time domain and frequency analysis were 
carried out. The measurements were performed with the 
TWE delivery system inserted in the coverglass chamber 
containing the RPMI solution and the cells, i.e corresponding 
to actual experimental conditions. Fig. 3 (a) shows the 
measured delivered (Vi) and reflected pulses (Vr is the 
negative pulse around 40 ns) for both generators. The 
reflected pulses are due to the impedance mismatch between 
the generator and the delivery system. The nsPEF1 delivered 
pulse characteristics are: 1.4-kV maximum amplitude, 5-ns 
FWHM (full width at half of the maximum value) and 5.0-ns 
rise time. The nsPEF2 delivered pulse characteristics are: 1.4-
kV maximum amplitude, 2.5-ns FWHM and 1.5-ns rise time. 
The applied pulses, obtained by adding Vi and Vr, are plotted 
in Fig. 3 (b) [12-14]. Due to the attenuation introduced by the 
reflected pulse, the maximum amplitude of the applied pulse 
has decreased down to around 1.2 kV and 1.1 kV for nsPEF1 
and nsPEF2, respectively. The rise times of the applied 
pulses have slightly increased to 6.0 ns and 1.7 ns for nsPEF1 
and nsPEF2, respectively. The power spectra corresponding 
to the applied pulses are presented in Fig. 3 (c). The spectra 
are normalized with respect to the maximum value of each 
pulse. The -10 dB band edge, i.e the frequencies containing 
most of the pulses energy, is around 75 MHz and 220 MHz 
for nsPEF1 and nsPEF2, respectively. The -10 dB 
bandwidths of the applied pulses power spectra can be 
discussed in relation with the frequency bandwidth of the 
TWE delivery system. Indeed, the shorter the pulses are, the 
larger their frequency spectrum is, and the impedance 
mismatch increases with the frequency. For this purpose, the 
TWE delivery system reflection coefficient (S11) was 
assessed through simulations and measurements (Fig. 4). It 
was measured at the input of the BNC connector (Fig. 2). 
Usually, the  -10 dB bandwidth of |S11|, i.e. the ratio of 
reflected and incident power is less than 0.1, is considered to 
define the limit of a good impedance matching (i.e the 

impedance is around 50 "). The results show that |S11| < -10 
dB for f < 320 MHz. Consequently, this TWE delivery 
system is adapted for delivering pulses as short as 2.5 ns. The 
discrepancy between FDTD simulation and measurement 
results above 1 GHz can be attributed to the differences 
between the simulated structure and the manufactured one. In 
addition, the value of the electric field applied between the 
electrodes, at the cells level i.e. at the bottom of the 
electrodes, of 10 MV/m was extracted from the FDTD 
simulations. This value is consistent with the applied voltage 

of 1.2 kV per 100 µm gap between circular electrodes 
(maximum 12 MV/m electric field can be obtained with 
rectangular electrodes).  
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Figure 3.  a) Delivered and Reflected Pulses. b) Applied Pulses. c) 

Normalized Power spectra in dB.  
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