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An in vitro system for 2.45 GHz microwave (MW) exposure with real-time fluorescence measurements is proposed. This
system is specifically designed for the measurement of those biophysical parameters of living cells or membrane models
which can be quantified by spectrofluorometric methods (e.g. membrane generalized polarization (GP), membrane fluidity,
membrane potential, etc.). The novelty of the system consists in the possibility to perform fluorescence measurements on the
biological samples simultaneously with their exposure to MW. The MW applicator is an open ended coaxial antenna which is
dipped into a cuvette. The distribution of electromagnetic field and specific absorption rate (SAR) in the cuvette are provided
from a rigorous electromagnetic numerical analysis performed with a finite difference-time domain (FDTD) based tool. With
this system, fluorescence measurements were used to calculate the membrane GP values of giant unilamellar vesicle suspen-
sions that were acquired during exposure to a 1.2 W incident power. For this power, the SAR distribution and mean SAR
value for the whole volume were calculated based on temperature measurements made at different positions inside the cuvette.
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I . I N T R O D U C T I O N

In order to obtain information about the effects of microwave
(MW) on living cells, different types of exposure systems have
been developed during the last two decades. These exposure
systems are used for MW medical applications or studies of
MW biological effects and mechanisms [1–6]. The difficulties
in bioelectromagnetic studies arise from the control of
the physical and biological parameters during exposure.
Moreover, as bioelectromagnetic investigations involve differ-
ent targets and protocols, exposure setups can hardly be stan-
dardized. Therefore, the design of each exposure device must
be supported by numerical electromagnetic dosimetry and
validated with experimental measurements.

In most exposure systems MW irradiation is performed
prior to the biophysical analysis. For example, as presented
in [3], multilamellar liposomes permeability and lipids’ con-
formational changes were studied after 5 h exposure to
900 MHz MW. The liposome samples were placed in a
coaxial-type glass tube applicator and exposed to a specific
absorption rate (SAR) of 12 W/kg. Among existing applica-
tors, antenna-based systems [4–6] have been developed for

studying the radio frequency/MW fields’ interaction with
biological samples or for MW medical applications. All
these systems present the same major disadvantage: the bio-
physical parameters are measured after the irradiation was
stopped, which prevents the observation of any transient
effect.

The system presented in this paper permits the acquisition
of temperature and fluorescence measurements while the bio-
logical sample is simultaneously exposed to the MW signal
through an open coaxial applicator. In the present exper-
iments, a suspension of giant unilaminar vesicles (GUV)
was used as a model of living cells and exposed to MW in a
spectrofluorometric cuvette while the GUV generalized
polarization (GP) was measured.

For a rigorous analysis of biological experiments, the entire
systems must be electrically and thermally characterized.
Complementary characterization can also be obtained
with numerical analysis. In this study, accurate dosimetry of
the proposed MW exposure system was performed. The
dosimetry is based on electromagnetic simulations that
permit the estimation of SAR levels in well-controlled numeri-
cal models.

This paper is organized as follows. Section II provides a
description of the MW setup with the open coaxial applicator,
the fluorescence measurement technique, and the exposure
protocol. Section III details elements about the performed
experimental and numerical electromagnetic characterization.
The dosimetric results in terms of SAR distribution and temp-
erature measurements are presented in Section IV. An
example of GUV membrane’s GP measurements is also
given in Section IV.
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I I . E X P O S U R E S E T U P A N D
P R O T O C O L S

A) Open coaxial applicator system
The device is composed of a spectrofluorometer combined
with a 2.45 GHz MW exposure system. The latter component
comprises a generator (Sairem, France), a bidirectional
coupler (Hewlett Packard 777D, CA, USA), an impedance
matcher (Microlab, FXR SF-31N, NJ, USA), and an applicator
placed in a holder which contains the biological sample. The
generator delivers a 2.45 GHz MW signal with an adjustable
output power (up to 120 W). As shown in Fig. 1, the generator
is connected to the bidirectional coupler for incident and
reflected powers measurements and to the impedance
matcher. The latter permits the achievement of optimal impe-
dance matching between the generator and the applicator.
Once the impedance matching was performed after measuring
the reflected power with a powermeter (Hewlett Packard 436
A, CA, USA) the experiment can be carried out.

The radiating element is an open coaxial cable ended by a
central metallic pin conductor which is in direct contact with
the biological suspension (Fig. 2(a)). The inner and outer diam-
eters of the coaxial cable (0.8 and 2.75 mm, respectively) are
designed for a 50 V impedance. The length of the pin (2 mm)
is small compared to the wavelengthl (14.2 mm in the solution)
and provides the best impedance matching at 2.45 GHz (Fig. 2).
The location of the pin permits to deliver the MW power density
in the center of the cuvette near the spectrofluorometer analysis
area (light beam). The GUV suspension is placed in a 12 × 12 ×
40 mm plastic cuvette (Fig. 2(a)). The thickness of the cuvette
walls is 1 mm. The exposed solution volume is 10 × 10 ×
23.5 mm which corresponds to 2.35 ml. As illustrated in
Fig. 2(b), the spectrofluometric system (SPEX, Germany) is
composed of a thermostated holder (TLC50, Quantum
Northwest Inc., USA) which sustains the cuvette. Rectangular
windows of 4 × 8 mm are found on three sides of the holder
in order to allow fluorescence measurements (the fourth
window at 1808 with respect to the excitation light path is
closed with an aluminum obturator). The Peltier elements of

the holder are under computer control. A fiber optic tempera-
ture probe (Luxtron, Model One, CA, USA) immersed into
the medium allows the temperature acquisition during the
MW exposure. The tip of the fiber optic is located near to the
applicator’s pin (Fig. 2(a)). A magnetic stirrer placed at the
bottom of the cuvette was also used during the experiments.

B) Membrane GP measurements
Membrane GP is a parameter which accounts for the presence
of small, mobile, polarizable molecules (e.g. water) within a
biological membrane. It can be measured by fluorescence
techniques, using a specific dye, Laurdan (6-dodecanoyl-2-
dimethylamino-naphthalene) [7–9], which, in its spectro-
scopic ground state, is non-polar. The excited state of
Laurdan (which has a high dipole moment) may interact
with other dipolar molecules in the environment, shifting its
emission spectrum toward lower energies (higher wave-
lengths) because part of the excitation energy is dissipated
in the reorientation process of the dipoles. Basically, one has
to measure the fluorescence intensity of Laurdan at two
specific wavelengths (in our case 437 and 485 nm), called IB

and IR, respectively. The numerical value of GP is given by
the relation GP ¼ (IB 2 IR) / (IB + IR). If the membrane is
destabilized by an external factor, i.e. MW exposure, water
molecules penetrate into the lipid bilayer, and GP values
become smaller. In our experiments, GP values are measured
in real time during the MW exposure.

C) Chemicals and exposure protocol
GUVs labeled with 10 mM Laurdan (Molecular Probes,
Oregon, USA) (excitation wavelength 364 nm) are prepared

Fig. 1. Exposure setup: bidirectional coupler (a), impedance matcher (b), and
open coaxial applicator (c).

Fig. 2. Studied exposure applicator. (a) Spectrofluorometric cuvette
containing the GUV suspension. The dimensions are: a ¼ 40 mm, b ¼
28 mm, c ¼ 2 mm, d ¼ 23.5 mm, e ¼ 4 mm, f ¼ 30 mm. (b) Cuvette inside
the thermostated holder and the fluorescence system.
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from DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine)
(Sigma–Aldrich GmbH, Germany) by the reversed phase
evaporation method [10].

During MW exposure, the emission spectra of Laurdan are
recorded and GP is calculated [7]. The GUV suspension is
thermostated at an initial temperature of 158C. Then, a MW
signal is applied until a temperature of 408C is reached
inside the GUV suspension. The experiments are carried out
at 1.2 W incident power. GP values are represented as a
function of temperature.

I I I . E L E C T R O M A G N E T I C
C H A R A C T E R I Z A T I O N

A) Numerical modeling analysis
In order to characterize the response of the biological sample
to the 2.45 GHz MW exposure, numerical analysis is per-
formed using in-house software based on the finite difference-
time domain (FDTD) method [11–14]. The calculation
requires a grid meshing of the exposure system geometry
and takes into account the physical properties of the biological
sample such as permittivity and conductivity. The numerically
modeled geometry is composed of the electromagnetically rel-
evant parts (Fig. 2(b)) which are, in this case, the open coaxial
cable, the cuvette containing the GUV biological suspension,
and the internal part of the holder (mostly metallic). The geo-
metry is discretized with a uniform 0.2 × 0.2 × 0.2 mm grid.
A 50 V localized EM excitation is placed in the open coaxial
cable.

The FDTD method gives the EM fields inside the cuvette
exposed to MW. In addition, it gives the SAR which is a com-
monly used unit in bioelectromagnetic studies [15–18]. The
SAR quantifies the amount of absorbed power per unit mass
(W/kg) in the exposed sample:

SAR = sE2

2r
, (1)

where s (S/m) and r (kg/m3) are, respectively, the electric
conductivity and the mass density of the exposed biological
medium. E (V/m) corresponds to the electric field magnitude.
In our study, the considered electromagnetic properties of the
biological medium at 2.45 GHz are 1r ¼ 74, s ¼ 2.85 S/m,
and r ¼ 1000 kg/m3, in final suspension, at room tempera-
ture. The electromagnetic properties (permittivity and con-
ductivity) of the biological medium are measured with a
dielectric probe (85070E Dielectric probe kit, Agilent, USA)
connected to a vector network analyzer (VNA 8753E, HP,
USA). SAR values are then computed, as illustrated in
Section IV, for each elementary cell of the discretized
sample volume.

B) Thermal dependencies of electromagnetic
properties
SAR values are obtained for electromagnetic properties of the
biological medium at ambient temperature. But, as described
in Section IIC, the GUV suspension’s temperature increases
during the experiments. Therefore, in order to estimate the
SAR deviation, 1r and s values at different temperatures are

measured with an open-ended dielectric probe with the
same composition as the GUV suspension except for the
lipids. During the measurements, the probe solution is
heated using a thermostated water bath. Results show that
at 2.45 GHz, a temperature increase from 21 to 438C
induces a variation of 7.8% for the permittivity and 6.1% for
the conductivity (Fig. 3). Consequently, a comparable devi-
ation, which is within an acceptable range, can also be
assigned to the SAR distribution. With parameters at 21 and
438C, the calculated mean SAR varies less than 5% from the
SAR with the selected permittivity and conductivity.

I V . R E S U L T S

The mean SAR value calculated in the whole volume is 448 W/
kg for 1 W incident power. The SAR distribution computed
with the FDTD tool is shown in Fig. 4. The electromagnetic
field values in the GUV suspension are higher near the open
coaxial applicator (Fig. 4). As the SAR distribution is not hom-
ogenous, a 1 × 3 mm magnetic stirrer covered with PTFE
(Cole-Parmer, Amex, Austria) is used to homogenize the
temperature distribution in the biological medium. During
the exposure, the MW incident power delivered to the biologi-
cal sample is 1.2 W. For this power, the mean SAR value is 538
W/kg for the whole volume. This mean value is evaluated by
averaging the SAR values computed in each voxel by FDTD
simulation. In Fig. 4, only one vertical plane is represented
to illustrate the numerical spatial distribution of the SAR.

Figure 5 presents the SAR distribution in the region where
the light beams are crossing the GUV suspension. The SAR
value presents an expected variation with a maximum
placed in the center of the cuvette near the open ended
coaxial. However, the mean value along the light beams
(534 W/kg for 1.2 W incident power) is similar to the one
obtained for the whole volume.

During the exposure protocol, temperature measurements
are recorded. As shown in Fig. 6, the temperature reaches
408C in 600 s. Using the formula CDT/Dt, where C represents
the medium-specific heat (4187 J/kg/K) and DT/Dt corre-
sponds to the initial slope of the temperature versus time,
an estimation of the mean SAR is equal to 537 W/kg (for
1.2 W incident power). The measured SAR matches well to
the numerical result. The temperature-based SAR measure-
ment neglects the heat loss at the boundary of the cuvette in

Fig. 3. Variation of the biological sample’ relative permittivity and
conductivity at 2.45 GHz versus temperature.
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the initial period, which can account for the small differences
between the experimental and computed SAR values.

As an illustration of the fluorescence measurements per-
formed with this exposure system, Fig. 7 shows the GP evol-
ution measured for an exposure to 1.2 W MW power. The
GP curve presents regular values and variation as the tempera-
ture rises from 15 to 408 C.

This system allows the observation of the GP evolution
versus temperature. In the current experiments, the tempera-
ture increase is induced by MW exposure. For a similar temp-
erature evolution obtained with classical heating, the
measured GP variation was slightly different from the one
produced by MW exposure. However, due to the electromag-
netic field in-homogeneity, it is difficult to state whether the
GP variation is induced only by increase in temperature or
also by the electromagnetic field. To determine the possible
MW effects on the GP, experiments could be made at a con-
stant temperature with a MW modulated signal that does not
induce complementary heating.

V . C O N C L U S I O N

In this work, we presented an exposure system for bioelectro-
magnetic studies involving real-time fluorescence and temp-
erature measurements on biological media during MW
exposure. The combination of a spectrofluorimeter with a
coaxial exposure device is designed to study effects of
2.45 GHz MW on biological samples. Simultaneous measure-
ments help to understand molecular mechanisms of the effects
and dissociate thermal and non-thermal effects, but add up to
the complexity of the exposure device as well as the dosimetry.
We presented SAR and temperature evaluations of the 1.2 W
MW exposure. The SAR is numerically characterized by the
Gaussian-like inhomogeneous distribution strictly related to
the position of the coaxial applicator. The SAR averaged in
the entire sample volume is close to the 534 W/kg mean
value along the fluorescence light beam. The experimentally
measured temperature is in the range of 15–408C and quanti-
tatively compatible with the calculated SAR. The GUV GP is
in a unilateral relation to the temperature. Both the SAR hom-
ogeneity and the temperature control of the exposure system
need consideration in improved designs.
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Fig. 5. SAR distribution along the light beam through the cuvette at 2.45 GHz
for 1.2 W incident power microwaves.

Fig. 6. Measured temperature in the GUV suspension heated by 1.2 W
incident power microwaves.

Fig. 4. SAR distribution at 2.45 GHz for 1 W incident power microwaves.

Fig. 7. General polarization of 1, 2-dimyristoyl-sn-glycero-3-phosphocholine
GUV suspension heated by 1.2 W incident power microwaves.
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