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Abstract

This paper illustrates the interest of analyzing
electroporated cells with microwave dielectric
spectroscopy. Different electroporation conditions have
been applied on cells, for which individual microwave
characterization leads to not only quantitative capacitive
spectra with similar results as with the trypan blue
standard viability test, but with a possible fine graduation
of the electroporation impact on a cell population at the
single cell level.

1 Introduction

Microwave dielectric spectroscopy is under development
for decades. It consists in characterizing whether solid,
liquid or gaseous materials with their dielectric properties
in this specific frequency range. The technique is
intrinsically non-destructive, rapid and without requiring a
direct contact with the sample under test, which made it
particularly attractive for its exploitation in many
applicative domains, such as the detection of pipeline in
the soil, coal in canalizations, as well as moisture sensing
in agriculture areas, wood industry or for food quality
assessments [1-3]. However, based on cumbersome
microwave equipment, microwave dielectric spectroscopy
has been for long limited to macroscale developments.

With the advent of the micro and nanotechnologies, new
applicative opportunities have opened up in chemistry,
biology and medicine notably. Due to the resonant
frequency of the water molecules in the microwave band,
the technique is particularly sensitive to biological
materials, which naturally exhibit a high-water content.
Combined with the use and the manipulation of small
liquid volumes, this sensing technique has been
successfully developed for molecular and cellular analysis
[4-6]. The technique has been applied to tissues, cells
suspensions and down to individual cells analysis [7, 8]. It
was also demonstrated for cell quantification,
identification and the monitoring of biological processes,
while cells were maintained in their traditional
environment, their culture medium. Attractively for
cellular investigations, the sensing technique is also non-
invasive and label free. And more interestingly, due to the
employed high frequency range, the electromagnetic
fields may bypass the capacitive cytoplasmic membrane
and penetrate inside the cells, revealing quantitative
information related to the intracellular dielectric activity.
This spectroscopic method consequently appears suitable

to analyze internal variations of cells, which notably
involve water molecules interaction modifications.

To verify such an ability, different physical or chemical
stimuli applied on various cell lines are investigated.
Among them is the application of millisecond pulsed
electric fields at different intensity levels on cell
suspensions. This paper focuses on the microwave
characterization of cells submitted to such fields at the
single cell level, highlighting the features offered by
characterizing the cells with microwave dielectric
spectroscopy.

2 Description of the microwave sensor
dedicated to single cell measurements

Figure 1 presents a photography of the microwave sensor,
which is developed to perform the dielectric
characterization of individual cells. Due to the presence of
a mechanical trap in the middle of the sensor, only one
cell may be blocked at a time and analyzed directly into
its culture medium or any other host liquid.
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Figure 1. Photography of the microwave sensor suitable
to individual cell measurement.

The sensing is performed through a coplanar waveguide,
which integrates a capacitive gap on the central
conductor. To maximize the sensitivity of the sensor, this
gap exhibits a width of 5 um between two tapers.

RF measurements are performed with a Vector Network
Analyzer, which is connected to the sensor through two



coaxial cables and two coplanar probes. The input
impedance of the line is 50 Q. As the the sensor is
realized on a quartz substrate, the central conductor and
the slots are 150 and 15 um large respectively.

3 Investigated cells and electroporation
conditions

The investigated cells are THP1 ones, which are coming
from a human who presented an acute monocytic
leukemia. These cells are cultured in the RPMI medium
and presents a round shape, as shown in Fig. 2.

Figure 2. Photography of THP1 cells with optical
microscope with 40x magnification.

The electroporation of the cells is performed through the
test setup indicated in Fig. 3. It includes a high electric
field generator (Electro cell S20 from Betatech) linked to
parallel plate electrodes inside which the cells suspension
is located.

After culture, cells are collected and placed in a ZAP
buffer. 100 pL is placed between the electrodes to be
exposed to the electric field. After electroporation (EP),
cells are kept intact for 5 minutes before transfer in a Petri
dish for 24 hours in culture medium. After incubation,
cells are centrifugated and placed in a fresh culture
medium with a concentration of 1 million cells/ml.

Two electroporation conditions are used.

- One is chosen to obtain a reversible electroporation of
the cells, using 8 pulses of 1 kV/cm, pulse duration of 100
us, at a frequency of 1 Hz. It permits to permeabilize
around 90% of the cells with a survival rate of 70%.

- The second and stronger condition leads to around 100%
of permeabilized cells with a low survival rate close to
50%. 8 pulses of 1.5 kV/cm, pulse duration of 100 us, at a
frequency of 1 Hz, are used.

Permeability and survival rates have been evaluated with
microscope counting, based on photographies indicated in
Fig. 4.
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Figure 3. Electroporation setup.
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Figure 4. Permeability observed after electroporation in
the presence of propidium iodide (PI), with different
values of the electric field (0, 1 and 1.5 kV/cm), 100 ps, 1
Hz, n= 8. WL: in white light, FLUO: in fluorescence.

4 Microwave characterization of individual
electroporated cells.

Microwave measurements are made on a frequency range
from 40 MHz to 40 GHz, and are continuously compared
with a reference value (that of the RPMI culture medium),
represented in dotted line in green on the graphs of Fig. 5.

Figure 5 represents the capacitive spectra of untreated
THP1 cells (negative control), and subjected to 1 kV/cm
and 1.5 kV/cm, respectively. A reduced but representative
number of cells is presented in these graphs, in order to
give a general idea of the spectral behavior of the cells as
well as the repeatability of measurement.
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Figure 5. Capacitive constrats of individual cells : non
treated or submitted to 1 or 1.5 kV/cm.

By qualitatively comparing the spectra of pulsed cells to
the spectra of negative control cells, we notice that, at 1.5
kV/cm, a decrease in absolute value of AC for certain
cells is observed. This creates a distinct separation
between two cellular subgroups: living cells and cells
affected by the electric field.

In order to consolidate our study, a quantitative study of
the obtained results is made. Figure 6 shows the evolution
of the value of the capacitive contrast, at the selected
frequencies (at 5 GHz), as a function of the value of the
EP field. Each point represents an analyzed cell and
Figure 6 shows all of the measurements made. The graph

shows the percentages of living and affected cells,
according to an established threshold, based on cell
survival with a chemical agent named saponine, and
which allows cell classification. On the capacitive
contrast parameter AC, the EP results in a decrease in
viability compared to the control, which reaches 8§7% for
cells pulsed at 1 kV/em and 53% for cells pulsed at 1.5
kV/cm.
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Figure 6. Quantitative measurements of the capacitive
contrasts AC at 5 GHz of THPI at different EP
conditions.

These results have been compared to a standard test
employed to evaluate the permeabilization of cells, the
trypan blue, which colors the porated cells only. Similar
results are obtained, i.e a viability close to 87% and 55%
with 1 kV/cm and 1.5 kV/cm EP conditions respectively.

5 Conclusions

Microwave dielectric  spectroscopy is used to
dielectrically characterize electroporated cells. The
technique leads to similar results in term of viability as
the standard trypan blue test. However, the access to
dielectric spectra leads to a further observation of the cells
state. The reversible EP condition presents indeed a
transient representation of the cells located between the
untreated case and the strong EP condition, whereas
THP1 cells submitted to 1.5 kV/cm exhibit a much
distinct separation between two cell states.

Microwave dielectric spectroscopy consequently enables
a fine graduation of the EP impact on a cell population at
the single cell level.
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