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Microwave biosensor suitable for on chip electroporation: delivery of a non-permeant molecule into the cells.  

 
Take-Home Messages  

• Electromagnetic fields are utilized for enhanced drugs delivery into cells with controlled and on-chip 
electroporation. 

• High efficient molecular delivery into mammalian cells is demonstrated with a microdevice able to provide 
both controlled cell electroporation and microwave sensing for cellular characterization. 

• The evaluation of drugs, genes or proteins into cells for therapeutic applications is targeted. 
• On-chip electroporation enables high molecular delivery into cells, while maintaining a high viability rate and 

therefore overcoming some of the drawbacks of conventional electroporation systems.
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Abstract In this study, a microwave biosensor based on interdigitated electrode layout is evaluated as an on-chip electroporation 
system applicable to electroporation of adherent cell monolayers. The present device is designed in a manner that allows 
electrical microwave spectroscopy measurements in subsequent studies. We demonstrate the applicability of our device for 
electroporation-mediated molecule transfer of adherent cells in standard laboratory conditions.  Application of electric pulses (6 
V, 100 µs, 1 Hz) to the cells induces successful delivery of a fluorescent probe (∼98%), while maintaining a high viability rate 
(∼100%). The comparable delivery rate to existing systems along with the improved viability suggest that our proposed 
electroporation system has great potential in the research fields, considering that our system is conceived to perform electrical 
microwave spectroscopy measurements after electroporation. 
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I. INTRODUCTION1 
NTRODUCING molecules of interest, such as genes, 
proteins or drugs, into living cells might have a 

considerable therapeutic impact. However, the plasma 
membrane acts as a physical barrier that prevents the entry 
of exogenous molecules inside the cell. In order to 
overcome this barrier, numerous methods have been 
developed including viral vectors, chemical treatments and 
physical approaches, etc. One of the physical approaches 
elaborated in the 1970s, by Neumann E. and K. Rosenheck 
[1] consists in applying well-controlled electric pulses (in 
amplitude and duration) [2] in order to transiently 
permeabilize the plasma membrane of cells. This method 
allows the entry and exit of countless types of molecules of 
interest [1] without the use of cell-damaging reagents or 
viruses. The first studies on electroporation reported 
permanent damages caused to the cellular membrane, which 
induced cell death: irreversible electroporation took place 
[3]. This type of electroporation might be used as a non-
thermal tumor ablation treatment, as well as a method for 
eradication of microorganisms in the industrial field. On the 
other hand, it has been showed that the permeabilization of 
the cell membrane can indeed be a reversible procedure: the 
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cell is able to recover after the application of the electric 
pulses [4]. The latter is used to deliver drugs 
(electrochemotherapy), DNA (electrogenotherapy) or 
proteins into the cells and its mechanisms remain poorly 
understood. Electroporation enables an important number 
of applications in various domains, and some of them 
include the insertion of proteins into cell membrane, cell 
fusion, eradication of bacteria, introduction of small and 
large molecules into the cell, as well as tumour ablation [5]. 

In a conventional electroporation process, well-
controlled electric pulses are delivered to cells placed in a 
cuvette equipped with embedded electrodes [6]. A pulse 
generator capable of generating high voltage pulses is also 
required. These conventional systems are widely used; 
despite some disadvantages such as the high voltage input 
required resulting in the use of relatively high cost pulse 
generators, excess heat generation, metal ion dissolution 
and local pH variation, etc.  

The microfluidic-based on-chip electroporation is 
receiving global attention and is rapidly growing due to its 
ability to overcome many drawbacks of the bench-scale 
electroporators [7], [8]. First, on chip electroporation allows 
to reduce the distance between the electrodes and decrease 
the potential differences. Few volts are sufficient to give 
high electric field strengths [9] and both millisecond and 
nanosecond pulses may be applied. An additional advantage 
of an on-chip microscale system would reduce the relatively 
high cost of high voltage pulse generators. Furthermore, the 
potential risk of overheating can be minimized thanks to the 
miniaturization, as heat dissipates more effectively and 
quickly within the micro-device due to the high surface to 
volume ratio. Second, these miniaturized systems allow the 
use of small amounts of samples and a reduced 
consumption of expensive reagents. Third, the transparent 
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materials used in the fabrication of these systems (such as 
polydimethylsiloxane PDMS, SU-8 and glass) allow 
microscopic in-situ surveillance, and real-time monitoring 
of electroporation process using fluorescent markers, 
promoting better understanding of the mechanism [9]. 
Finally, these systems can also incorporate multiple 
functionalities such as dielectrophoresis DEP [10], 
electrorotation [11], impedance spectroscopy [12], 
microwave dielectric spectroscopy [13], etc. for subsequent 
analysis. 

The current research is focused on microfluidic 
electroporation. Over the last twenty years, it has shown 
important advances in this field. A wide choice of cell types 
and applications have been reported. Various systems were 
developed for adherent cells [14], [15], [16], [17], [18], 
suspension cells [19], [20], [21], [22] and even single cells 
[23], [24], [25]. Thanks to these microdevices, the 
determination of the optimal electrical parameters in terms 
of electric field intensity and pulse duration is easier and 
faster. On the other hand, the developed systems can be 
used for different types of applications. For example, many 
studies have reported the use of microfluidic systems in 
order to perform cell lysis after the application of 
irreversible electroporation [26], [27], [28]. Moreover, the 
electrically mediated gene transfection is receiving great 
attention, further motivating the researches working on its 
miniaturization. Many examples exist in the literature 
illustrating the on-chip electro-transfection [29], [30], [31]. 
Finally, the field of Electro Chemo Therapy (ECT), 
combining cytotoxic agents to an electric field, is rapidly 
arising in the domain of cancer treatment [32], [33]. A good 
evaluation of the cell type, the used drug and the electric 
field parameters need to be established prior any kind of 
treatment. For this purpose, some researchers are working 
on the development of new microsystems adapted to the 
study of ECT [34], [35].  

Routinely used methods of assessment of the 
effectiveness of in-vitro electroporation are already 
effective [36], [37]. Nevertheless, they require the use of 
molecular reporters and imaging techniques, which can be 
time-consuming and abusive for the cells. On the other 
hand, electrical methods are already used to evaluate the 
effect of electroporation on the membrane integrity of the 
treated cells or tissues. When electroporation is applied to 
the cells, membrane permeabilization occurring over a short 
period of time results in a modification of the overall 
dielectric properties of the cell. On larger time scales, the 
internal properties of the cells are altered due to ion transfer 
through the membrane [38]. Consequently, the monitoring 
of the dielectric properties by spectroscopy of cells after 
electroporation can be used as a detection technique 
allowing the study of the impact of the electric field-cell 
interaction and the resulting physiological change [39]. 
Herein lays the interest of our microelectrode assembly 
presented in this work, since it integrates on-chip 
electroporation and can perform microwave dielectric 
spectroscopy monitoring of cells subjected to in situ 

electroporation.   
In the present paper, we report our work on the on-chip 

electroporation performed using the microfluidic chip 
developed by Chen et al. [40] for microwave dielectric 
spectroscopy of cells. The micro-device’s architecture 
combining microfluidic and electrical functionalities is 
described. After a step of experimenting on the 
macrometric scale (conventional electroporation), the 
success of on-chip electroporation is shown, while 
preserving a high cellular viability rate. Our proposed 
microdevice is suitable for subsequent microwave 
spectroscopy measurements of cells under electroporation.  

II. MATERIALS AND METHODS 

A. Cells 
HCT116 cells (ATCC # CCL-247) are adherent epithelial 

human cells having a high proliferative capacity, derived 
from a colorectal cancer. They are grown in "Dulbecco's 
Modified Eagle Medium" (DMEM) (Gibco-Invitrogen, 
Carlsbad, CA, USA) containing 4.5 g / L glucose, L-
glutamine and pyruvate. This medium is supplemented with 
10% foetal calf serum FCS and a mixture of antibiotics 100 
U / ml penicillin and 100 ug / ml streptomycin. The cells 
are incubated at 37°C under 5% CO₂. 

B. Microchip Architecture 
The microdevice used for this work is designed and 

developed by Chen et al. [40] and fabricated in the clean 
room, using the well-established microfabrication processes 
(deposition, photolithography and etching of films notably). 
During the fabrication process, biocompatibility and 
transparency criteria are respected.  

Since the microdevice is first a microwave sensor for 
dielectric spectroscopy of cells, it includes mandatory 
microwave electrodes specifications. The microdevice 
comprises a coplanar waveguide, i.e. two ground planes 
placed apart a central conductor, with an interdigitated 
capacitor within the central conductor, in the middle of the 
transmission line. The coplanar waveguide presents a 
central width of 150 µm and slots of 15 µm wide to exhibit 
a 50 Ω characteristic impedance and is compatible with 
standard 150 µm microwave probes. The interdigitated 
electrodes are 10 µm wide, with slots of 10 µm large and 
300 nm thick. The sensing area is a square of 150 by 150 
µm2. These gold electrodes are patterned onto a quartz 
substrate by using lift-off technique. For on-chip 
electroporation, electric field is applied between the input 
and output of the central conductors of the sensor.  

SU-8 walls are patterned on the quartz substrate above 
the electrodes in order to create the microfluidic channel. 
This channel is 1 mm wide with a restricted sensing zone of 
150 µm, and 250 µm high. Figure 1 shows the microdevice 
(a) with the interdigitated electrodes (b), between which 
electric field pulses are applied. The fabrication of the 
microdevice is described more extensively elsewhere [40].   

During their culture into the microdevice (Figure 1. c), 



the cells adhere not only on the interdigitated electrodes 
(zone where the electric field is generated) but also along 
the microfluidic channel (zone without an electric field). 
These cells thus form our internal negative control. 

 
Fig. 1.  (a) Microfluidic chip for electroporation. The microchip presents 
golden electrodes patterned on a quartz substrate topped with a SU-8 
fluidic channel. (b) Zoom on the interdigitated electrodes. The electrodes 
are connected to an external function generator. (c) HCT116 cells cultured 
inside the microfluidic channel. White arrow indicates cells on the 
electrodes and yellow arrow indicate cells in the microfluidic channel 
(internal negative control). 

C. Electric Field Simulation 
In order to understand the microelectroporation process, 

electric field distribution is evaluated by a finite element 
method (FEM) software (COMSOL Multiphysics®). A 2D 
model (in x-z plane, see definition in Fig. 1) of the 
microdevice cross section is presented in Figure 2, 
assuming the field intensity constant along (y) axis due to 
the subwavelength of the interdigitated electrodes. Our 
device has four pairs of interdigitated electrodes, but in this 
simulation, we only study the electric field developed by 
one periodic pattern, which is constituted by two half 
electrodes (0V) and a central one (5V). The result is 
transposable to each electrode, except for the fingers 
located at the edges, for which the simulation overpredicts 
the field intensity. The model consists of electrodes on 
quartz substrate surrounded with electroporation medium. 
The relative permittivity and conductivity of the medium 
are set to 77.4 and 1.7 S/m, respectively. The potential 
difference between the positive and the negative electrode 
is set to 5 Volts. The simulation shows that the distribution 
of the electric field is quasi uniform in (x) direction and and 
non-uniform in the (z) one. The electroporation will 
therefore be independent of the position of the cells over the 
electrodes (x-y plane). Moreover, it also shows that with a 
potential difference as low as 5 Volts, an important electric 
field is produced at the vicinity of the electrodes (few 
micrometers) up to 3 kV/cm. The field intensity 

significantly decreases as the distance from the electrodes 
rises: at 5, 10 and 15 um, the field strength decreases down 
to 1.9, 0.7 and 0.2 kV/cm respectively. These former values 
state the range of the effective field intensity submitted to 
the cells. Nevertheless, such a simulation is not accurate 
enough to predict the relationship between the effective 
electric field intensity and the applied voltage to the device 
(range is only predicted). Cells are indeed not considered, 
whereas their presence significantly affects the electrical 
field. This relationship will be experimentally evaluated in 
section III.C. 

D. Electric Field Generation Systems 
During our experiments, we use two different types of 

electric field generators, dedicated either to macroscale or 
to microscale electroporation. For the macrometric scale 
electroporation (or conventional electroporation), that is 
usually used in laboratory and clinical experiments, electric 
pulses are delivered with a high voltage pulse generator 
(ELECTRO cell S20) from Betatech (Bordeaux, France), 
using two stainless steel parallel plate electrodes (10 mm 
length, 0.5 mm thick, and 4 mm inter-electrode distance). 
The pulses are displayed on an LCD screen using integrated 
pulse control software. As for the micrometric scale 
electroporation, which is associated with our microdevice 
and suitable for the on-chip electroporation, we use the 
Tektronix AFG3022C pulse generator, controlled by a 
Tektronix TDS 210 oscilloscope to monitor the pulses. The 
generator delivers the electrical pulses to the cells by means 
of needle electrodes placed in contact with the central 
conductor of the coplanar transmission lines of the 
microdevice.  

 

 
Fig. 2.  Finite element simulation showing the distribution of the electric 
field in the channel with interdigitated electrodes. The modulus of the 
electric field (V/m) is shown for 5 V of potential difference between the 
positive and negative electrodes. The system is periodic and only one 
pattern is shown. 

E. Experimental Procedure 
Before proceeding with electroporation, cells are cultured 

for 24 hours in petri dishes (conventional electroporation) 
or on the device (micrometric electroporation). In this work, 
we are interested in the clinical applications of 
electroporation, thus we studied these parameters: 8 pulses 
at 0.2-1.4 kV/cm of amplitude with 100 µs pulse duration, 
at a frequency of 1 Hz. In order to estimate the 
permeabilization rate after electroporation, we add 
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Propidium Iodide PI (100 µM) diluted in the pulsation 
buffer ZAP (10 mM K₂HPO₄/KH₂PO₄, 1 mM MgCl₂, 250 
mM of sucrose, pH 7.4) to the cells. PI is a cell 
impermeable fluorescent DNA intercalating agent that only 
penetrates in cells that have lost their membrane integrity.  
Phase contrast and fluorescence micrographs are taken in 
each experiment in order to determine the percentage of 
permeabilized cells. The images are taken with a DMIRB 
fluorescence microscope equipped with different objectives 
and a cool snap FxHQ2 camera. In order to estimate the 
cells viability rates after electroporation, we proceed, 24 
hours post electroporation, to the technique of adherent cell 
counting: the dead cells are considered detached from the 
petri dish or the microdevice. Several acquisitions in phase 
contrast are acquired in the pulsation zone using the Leica 
DMRIB microscope. The cell viability is then measured by 
counting the number of cells per plane and compared to the 
condition where the cells have not been treated (negative 
control). For both permeability and viability tests, the 
experiments are performed in triplicates. 

III. RESULTS AND DISCUSSION 

A. Conventional electroporation 
Prior the optimization of the use of our microdevice for 

"on-chip" electroporation, we explored the potential effects 
of EP on the internalization of exogenous molecules 
(Propidium iodide) after "conventional" electroporation and 
the influence of the electric pulses on the viability of the 
cells. The micrographs in Figure 3 (a) show different 
groups of cells treated with different intensities of electric 
field (0 kV/cm for the negative control, 0.6, 1 and 1.4 
kV/cm) in the presence of PI molecule.  

The fluorescing cells present in the negative control 
photo represent the basal level of cell death of this cell line. 
The graph shows the evolution of the number of 
permeabilized cells as function of the intensity of the 
electric field. The other parameters (number, duration and 
frequency of the pulses) are kept constant. The 
internalization of PI is significantly detected when a field of 
0.2 kV/cm is applied and reaches its maximal value around 
0.8 kV/cm. 

A good compromise should be done when choosing the 
right parameters in a way that we have a high 
permeabilization rate along with preserving a high viability 
rate. For this purpose, cell counting viability assays are 
conducted 24 hours after electroporation. Compared to the 
untreated cells (negative control), a decrease in cell density 
is observed when increasing the intensity of the 
electroporation field (Figure 4). A quantitative confirmation 
is established: the cell density in each EP condition is 
compared with that of the negative control. This allows us 
to have the percentage of viability as a function of the 
intensity of the electric field. 

Thus, the choice of the suitable electric parameters is 
done based on the desired subsequent application. In order 
to have reversible electroporation, adapted for biomedical 
applications, we choose to apply 0.8 kV/cm to HCT116 

cells, inducing a high permeabilization (~90%) and 
preserving a high viability (~60%).  

 
Fig. 3.  Evaluation of HCT116 permeability after EP by Propidium Iodide 
intake. Photos of HCT116 cells after application of 0 (negative control), 
0.6, 1 and 1.4 kV/cm. The graph shows the percentage of permeabilized 
cells after EP (n=3). 

B. On-chip electroporation – Qualitative analysis 
In the next section of the work, we show the study that 

we carried out in order to transpose the conventional 
macrometric electroporation on a micrometric device with 
an electroporation zone that does not exceed 150 µm and an 
inter-electrode distance of 10 µm. 

The next step was to validate the process of 
miniaturization of the electroporation setting. As explained 
in the materials and methods section, HCT116 cells are 
cultured 24 hours prior to electroporation in the 
microdevice.  The cells adhere and cover not only the 
electroporating electrodes, but also the whole surface of the 
microfluidic channel, which makes it a reliable internal 
negative control.  Figure 5 represents fluorescence images 
of HCT116 cells cultured in the same microdevice after 
applying different increased values of voltage (for 
qualitative analysis, cumulative EP is considered for 
efficient EP level identification). As shown in figure 5, cells 
located outside the interdigitated area in the microfluidic 
channel are not subjected to the electric field and remain 
intact throughout the experiment. On the other hand, 
HCT116 cells that are exposed to the electric pulses intake 
the non-permeant PI dye indicating their permeabilization. 
The fluorescence emitted by the PI becomes detectable after 
applying 3 Volts, and a coherent behavior is obtained: an 



increase in the intensity of the electrical pulses induces an 
increase in the number of permeabilized cells, which 
reaches 98% after the application of 6 volts as applied 
voltage. 

 
Fig. 4.  Evaluation of HCT116 viability after EP. Photos of HCT116 cells 
after application of 0 (negative control), 0.6, 1 and 1.4 k/cm. The graph 
shows the percentage of viable cells after EP (n=3). 

 

 
Fig. 5.  Fluorescent images of HCT116 cells in the same microdevice after 
electroporation. Images at different increased values of voltages (8 pulses 
of 100 µs at 1Hz). Cells are pulsed in the pulsation buffer with the 
presence of 100 µM of Propidium Iodide PI. 
 

Using the ImageJ software (NIH, Bethesda, USA), an 
"Interactive 3D surface plot" is obtained from the 
fluorescence images. It allows illustrating a surface 
distribution of the intensity of pixels of the corresponding 
original images. Figure 6 shows two examples: (a) and (c) 

non-pulsed cells (0 Volts applied voltage) and (b) and (d) 
pulsed cells (6 Volts as applied voltage). 

 
Fig. 6.  Interactive 3D surface plot obtained from fluorescence images of 
the cells in the presence of PI on the microdevice : visualization of the 
distribution of permeabilized cells and the fluorescence intensity of (a), (c) 
negative control cells (0 V) and (b), (d) cell treated with EP (6 V as 
applied voltage). 

 

At first glance, one can conclude that only the cells that 
adhere to the electrodes are the ones that are permeabilized 
by the electric field. By looking a bit closer, we can notice 
several fluorescent cells that overlap both the electrodes and 
the space between the electrodes, like shown in Figure 7 
(a). In fact, the impression one may have is due to the 
optical effect of the gold layer. It shows a better reflection 
of the fluorescence than the quartz substrate Figure 7 (b). 

 

 
Fig. 7.  (a) Zoom on the cells subjected to electroporation at 6 Volts 
applied voltage, with yellow arrows showing overlapping cell. (b) 
Comparison of fluorescent intensities on gold and on quartz substrate. 

C. On-chip electroporation – Quantitative analysis 
A quantitative analysis of on-chip electroporation is 

performed using exactly the same protocol as for 
conventional electroporation (non-cumulative EP). The 
study of the fluorescence images allows the quantification 
of the percentage of permeabilized cells in function of the 
applied electrical voltage, as well as the estimation of the 
fluorescence intensity associated with each condition 
(Figure 8). The increase in the value of the voltage is 
accompanied by an increase in the number of permeabilized 
cells and the amount of internalized PI. For example, when 
applying 4 Volts, a high permeabilization rate (70%) is 
accompanied with a low fluorescence intensity (20 arbitrary 
unit- a.u.), indicating that a large number of cells are 
permeabilized but a reduced amount of PI molecules is 
internalized. At 5 Volts, maximum permeabilization is 
achieved but the number of internalized molecules does not 
exceed 30 a.u. It is only at 6 Volts where a permeabilization 
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of all the cells is observed with maximum internalization of 
PI molecules. When pulses of 7 Volts are applied, a 
maximum permeabilization rate is maintained but 
accompanied with a decrease in the fluorescence intensity 
(decrease in the number of PI molecules inside the cell). 
This can be explained by an irreversible permeabilization of 
the cells, allowing the entry and exit of the PI molecules. 

 

 
Fig. 8.  Quantification of the efficiency of delivery of PI dye and the 
fluorescence intensity in the HCT116 cells, after the application of 8 
pulses at different electric voltages (0-7 Volts), 100 µs, 1 Hz (n=3). 
 

By comparing the results of the cellular permeabilization 
after on-chip electroporation (Figure 8) to those obtained 
after conventional electroporation (Figure 3), we note the 
similar shape of both graphs: the permeability tends to 
increase when increasing the intensity of the electric pulses. 
Therefore, our microdevice is validated as convenient and 
compatible for on-chip electroporation functionalities. 
Moreover, for similar viability rate, we extract a 0.16 
kV/cm per applied Volt correlation factor between the 
electric field (in kV/cm) for the conventional 
electroporation with the applied voltage (in Volt) for the 
on-chip electroporation. For example, 5 Volts of applied 
voltage in the case of on-chip electroporation corresponds 
to an effective electric field intensity of 0.8 kV/cm.  

 
Fig. 9.  Viability of HCT116 cells, 24 hours after on-chip electroporation, 
with different values of electric field (0-1.6 kV/cm) (n=3). 
 

The most important requirement in the development of 
new tools for electroporation is the preservation of a high 
level of viability of the cells. In order to evaluate the effect 
of the electrical conditions used on the viability of HCT116 
within our microdevice, we have studied the proliferative 

capacity of the cells, 24 hours after electroporation, by 
counting the number of cells in each condition and 
comparing it to the non-electroporated cells (negative 
control). We therefore consider that a present and adherent 
cell in our microdevice is a cell that has preserved its 
viability properties. Figure 9 shows the percentage of viable 
cells after application of 8 pulses at different electric field 
conditions (0-1.6 kV/cm). Viability seems to be preserved 
no matter what electric field is used up to 0.96 kV/cm, as 
visible in Figure 10. 

Beyond this value, the cells are no longer present on the 
electrodes, whereas in the juxtaposed regions (for which no 
field has been established), the cells continue to proliferate 
normally, as shown in Figure 10. This result is in agreement 
with the results obtained in the study of permeabilization in 
the presence of PI: from 1.12 kV/cm, the cells are 
irreversibly electroporated and therefore, are no longer 
present on the electrodes, 24 hours after EP. The effect on 
the cells viability in the microdevice appears to be sharp. 
Despite the high rate of permeabilization that we obtain 
when applying 0.96 kV/cm for example, this value of 
electric field does not seem to have an effect threatening 
cellular integrity. On the other hand, once this threshold is 
exceeded, the EP induces extensive cell death. 

 

  
Fig. 10.  Photos of HCT116 cells in the microdevice, before and 24 hours 
after applications of 0.96 kV/cm and 1.12 kV/cm. 
 

At the end of this study, a high level of viability is 
preserved after the application of electric field. At 0.96 
kV/cm, 94% of the cells remain present, 24 hours after the 
electrical treatment on the electrodes. This validates the 
ability of our microsystem to be used for the evaluation of 
optimal electroporation conditions. We hypothesize that the 
high viability rate obtained with the on-chip electroporation 
and the sharp threshold in Figure 9 are due to the 
implementation of a better dissipation of energy in the 
microdevices, minimizing the damage caused by the Joule 
effect [41], [42], a phenomenon more present with the 
conventional electroporation. 

Electric field (kV/cm)
0.320 0.48 0.64 0.80 0.96 1.12 1.28 1.60

Before EP (0.96 kV/cm) After EP (0.96 kV/cm)

Before EP (1.12 kV/cm) After EP (1.12 kV/cm)



IV. CONCLUSION 
In the present study, we present a microdevice with 

interdigitated electrodes, dedicated to on-chip 
electroporation and conceived to perform electrical 
microwave spectroscopy measurements in subsequent 
studies. A first step of studying the HCT116 cell line 
subjected to conventional electroporation is carried out, in 
order to better characterize and understand its response to 
the electric field. Then, the distribution of the electric field 
within our microdevice is verified, using the finite element 
simulation. These simulations show a non-homogeneous 
distribution of the electric field, but also that an intense 
electric field level is reached for voltages of the order of a 
few applied volts. Afterwards, experiments of on-chip 
electroporation are launched and show that, with our 
system, a high rate of cellular permeabilization (~98%) 
accompanied by a preservation of the integrity of the 
cellular membrane (∼100%), up to 0.96 kV/cm may be 
obtained. The importance of the successful on-chip 
electroporation lies in the fact that it allows us to overcome 
some of the drawbacks of conventional electroporation. In 
fact, the reduced distance between the electrodes allows the 
use of low voltages, which can be obtained with 
conventional and low-cost generators. Furthermore, the 
micrometric size of the device allows the use of small 
volumes of products and reagents and thus contributes to 
the increase of the analysis efficiency as well as its possible 
parallelization. More importantly, high viability rates are 
obtained when operating in microdevices, compared to the 
conventional macrometric electroporation. Nevertheless, 
the most important interest of our system remains in its 
ability to perform, in future studies, electroporation 
associated with microwave dielectric spectroscopy 
measurements. This would contribute to a better 
understanding of the effect of electroporation on living 
cells, as performed in the kHz-MHz range in [43]. 
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