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This paper presents an original biosensor chip allowing determination of intrinsic relative permittivity of biological cells at
microwave frequencies. This sensor permits non-invasive cell identification and discrimination using an RF signal to
probe intracellular medium of biological samples. Indeed, these sensors use an RF planar resonator that allows detection capa-
bilities on less than 10 cells, thanks to the microscopic size of its sensitive area. Especially, measurements between 15 and
35 GHz show the ability label-free biosensors to differentiate two human cell types using their own electromagnetic charac-
teristics. The real part of permittivity of cells changes from 20 to 48 for the nervous system cell types studied. The proposed
biodetection method is detailed and we show how the accuracy and the repeatability of measurements have been improved to
reach reproducible measurements.
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I . I N T R O D U C T I O N

These last 10 years, biosensors received an increasing interest
as there is an important need for tools that can quickly and
simply analyze biological elements like bio-molecules or
cells [1]. Currently developed biosensing methods based on
optical [2] or mechanical [3] biodetection techniques can effi-
ciently analyze biological systems but generally require the
use of specific labels to enhance the signal discrimination.
Actually, labeling analyzed items, using fluorescent molecules,
magnetic or gold particles, or other surface treatments for
antibodies attachments, induce some major drawbacks.
Sample preparation is complicated and time consuming; and
above all, the biological sample can be altered prior analysis
since labels can modify the cell properties [4]. On the other
hand, electronic techniques become more and more interest-
ing as they allow the development of label-free biodetection
methods [5]. In addition, the interest in the electrical proper-
ties of human cells at radio frequencies has been widely recog-
nized for a long time [6]. Indeed, microwave properties of
human cells are directly influenced by different parameters
like cell type, morphology, or physiological state. For instance,
cancerous cells are well known to exhibit larger water content
than normal cells and therefore present higher permittivity
and conductivity [7, 8]. Previous works achieved on biological
tissues characterization using macroscopic coaxial probes or
microscrip transmission lines [9–11] have demonstrated that
the bio-impedance measurement can allow an efficient way
to discriminate cells.

The purpose of this work is to improve the accuracy of such
RF measurement techniques reducing the investigated bio-
logical material concentration to a very low level. Hence,
measurement up to single cell can be targeted and accurately
done with a high sensitivity with micro technologies allowing
to work at cell scale [12]. This last point may represent a sig-
nificant step toward the understanding of many biological
effects [13–15].

In this paper, the proposed biosensor aims at extracting
global cell dielectric parameters. Particularly, the real part of
permittivity in the gigahertz frequency domain is determined.
Since these electrical parameters are related to the considered
cell type, the proposed biodetection method may be used to
identify and isolate cells of interest for further experimentations.

This paper will first describe the design of the resonating
biosensor that has been developed for biological sample
characterization at the cell scale. The next section will
present experimental results achieved using human nervous
system cells that have been firstly embedded in a low loss
polymer matrix for the measurement, and in the last
section, characterization results done on the same cells that
have been grown on chip in order to improve the measure-
ment accuracy.

I I . S E N S O R D E S I G N

The proposed biosensor designs are based on a coplanar reso-
nator (Fig. 1) that can be designed to operate between 15 and
35 GHz with significant sensitivity detection to a very low
concentration of cells. Indeed, a resonant structure is by
nature much more sensitive to small parameter changes.
Even if the available analysis spectrum is limited to a
narrow band around the resonance frequency, it will be
easier to detect tiny interactions and will be suitable to
analyze a very small number of biological elements [16].
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A) RF design
The proposed cell biosensor design is based on a coplanar band
stop RLC resonator made with a meandered inductor associated
with an interdigited capacitor (Fig. 2). Such a device seems more
suited to RF biodetection than the classical half wavelength
microwave resonator topology since loading its lumped capaci-
tor will cause a larger resonance frequency shift in contact of
tiny biological samples. In addition, this frequency shift can be
easily linked to a change of capacitance and resistance using a
simple electrical model as the one presented in Fig. 3.

This kind of microwave resonator can be fabricated on
different substrates. In the present work, fused silica has
been chosen mainly for its low loss properties and easy obser-
vation of cells through it. As illustrated in Fig. 4, the capacitors
concentrate on most of the electric field at the resonance fre-
quency. These areas will be consequently highly sensitive to
any dielectric perturbation and have to be carefully designed
to efficiently interact with cells. Hence gaps between these
metal lines are set to 10 or 15 mm as a compromise between
a strong interaction with RF signal propagating into the
sensor and the analyzed cell size.

The planar device has been designed using ANSOFT HFSS
EM simulations. The design starts with the interdigited
capacitor using 10 or 15 mm gaps and once the sensor capaci-
tor size is set, its resonant frequency is adjusted changing the
inductor meander number. Following this simulations, RLC
parameters are fitted using AGILENT ADS circuit simu-
lations. The resulting parameters are summarized in Table 1
for different sensors designed to resonate at 15.7, 20.5, 25.7,
and 34.5 GHz. The unloaded quality factor is obtained from
3 dB bandwidth resonance peak. These different resonators
allow achieving a wider frequency band characterization
with discrete points and can be used to establish the electro-
magnetic characteristics of analyzed cells.

In order to evaluate the potential of the sensor for small
bioobject characterization, EM simulations have been per-
formed with 10 mm diameter spheres located inside the
capacitor gaps (Fig. 1(b)). The permittivity of these spheres
is 42 (reference value extract with HaCaT cells in previous
work [17]) and the frequency shift versus the number of
cells is shown in Fig. 5.

From simulations, it can be seen that the sensitivity
allows the detection of at least four cells on the sensor with
accuracy limited by the width of the resonance peak.
Indeed, the intrinsic resonator quality factor has a major influ-
ence on the biosensor sensitivity as it controls its frequency
selectivity.

Fig. 2. SEM photograph of 15.7 GHz RF biosensor.

Fig. 3. Equivalent RLC circuit of the unloaded biosensor and biosensor loaded
by cells.

Fig. 4. Electric field distribution plot at the biosensor resonance frequency.

Table 1. Extracted RLC values of designed resonators.

Resonance frequency
of the unloaded sensor
(GHz)

L (nH) C ( fF) R (V) Q0

15.7 0.80 127 6.6 12.0
20.5 0.78 78 7.5 13.4
25.7 0.60 65 7 13.8
34.5 0.48 45 6.2 16.8

Fig. 1. 3D view of the proposed micro biosensors: (a) using a support media
during cell analysis and (b) with on chip cell culture.
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For these designs, the measured resonator unloaded quality
factors are about 15 mostly limited by the series resistor of the
meander inductor. The resonator design results in a compro-
mise between this quality factor and size of the sensing area.

Biological experiments usually require saline water-based
support media to carry biological materials, as phosphate buf-
fered saline (PBS) or keratinocyte serum-free medium for
example. Because of conductivity and water content, losses
induced by these media can strongly degrade the resonator
quality factor. As shown in Fig. 6, if only a 10 nl volume of
such media is deposited on the full sensor surface, the RF per-
formances of the device are strongly disturbed and it loses
almost all of its detection capabilities. The maximum range
of loading for distilled water (with a conductivity of 2 �
1024 S/m) for example is less than 10 nl which is a range of
volume sample compatible with microfluidic systems which
can be implemented on the planar device.

Consequently, in order to evaluate the detection capability
of our biosensor, we have chosen firstly to use a specific
support for cell during characterization that presents low dis-
persive properties in the frequency band of interest. More
details on the used protocol during experimentations will be
presented in Section III.

B) Biosensor fabrication process
Micro biosensors are fabricated using a standard and simple
microelectronic process based on biocompatible materials:

fused silica as substrate, gold layer for the sensor metallization,
and micro culture chambers made with a polymer layer.

The fabrication process starts with an RCA substrate clean-
ing followed by a chromium/gold layer deposition. Then,
using a conventional UV photolithography, gold lines are
defined. Next an SU8 resist from MicroChem is patterned
to form a mold for a thick electroplating of gold lines up to
8 mm. Once the first SU8 layer is removed a second one is
deposited and patterned to make 20 mm thick micro culture
chambers on the sensor surface. As show in Fig. 7, for some
biosensor designs, culture chambers can be specifically pat-
terned to localize the analysis area to the highest sensitive
part of the biosensor and avoid biological sample to interact
with other RF resonator areas.

I I I . H U M A N C E L L
C H A R A C T E R I Z A T I O N S
I N F I C O L L S U P P O R T M E D I A

A) Experimental protocol
In order to demonstrate the feasibility of the proposed biode-
tection method, first experimentations were done using a
ficoll-based culture support to handle cell during measure-
ment. In this section SU8 micro chambers are not fabricated,
the full sensor surface is used to characterize cells.

Ficoll, a polymeric gel of sucrose, is a support media clas-
sically used in biology to separate cell by using mass gradient
techniques. For our application, ficoll will constitute a low dis-
persive layer on the sensor surface, when it is fully dried,
making a polymeric matrix in which cells can keep their integ-
rity during measurement. In addition, a simple washing in
water is sufficient to remove all the polymerized support
media once measurements are done. Typical biosensor
designs used for cell characterizations embedded in a ficoll
matrix are shown in Fig. 1(a) where the full resonator
surface is covered with low volume of ficoll droplet.

Once ficoll polymerization is achieved, all water held in
the film is evaporated. The resulting dried layer which is
about 20 mm thick then presents a low permittivity and
conductivity (see Table 2) that does not dramatically
degrade RF performances of the device. Indeed as shown in
Fig. 8, a resonant frequency shift is still observed and can be
calibrated. Nevertheless, the resonator quality factor drops
down to 8.8 but it is still high enough to maintain the
biosensor sensitivity.

Before any cell characterizations, an initial resonant fre-
quency calibration is required in order to take into account
the ficoll influence on the sensor. Hence, a controlled
volume droplet of pure ficoll is deposited on the analysis

Fig. 6. Measured effect of different biological media on the biosensor
frequency response.

Fig. 7. Fabricated 34.5 GHz biosensor photograph including micro culture
chambers.

Fig. 5. Simulated results of the biosensor response versus number of cells.

label-free rf biosensors for human cell dielectric spectrosocopy 499

https://doi.org/10.1017/S1759078709990614 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078709990614


area with a micro-syringe. The resonator S-parameters are
measured once all water containing in ficoll is evaporated
using on-wafer measurement with coplanar ground-signal-
ground (GSG) probe from cascade and a HP 8722ES
network analyzer.

The sensor is then washed to remove all the ficoll media
and the same volume of ficoll, containing cells to analyze, is
next deposited. During the few minutes of ficoll polymeriz-
ation, cells land down on the sensor surface until this layer
is fully dried. The RF sensor frequency response presents a
resonant frequency shift whose value mostly relies on the
deposited cells location both on the sensor surface and in
the ficoll thickness for the ones do not completely laying on
the sensor surface. Consequently, a reproducible cell distri-
bution from one deposition to another is difficult to achieve.
Nevertheless, as we will see in the next section, quite accurate
characterization can be still achieved on a restricted number
of biological samples.

B) First experimental results and discussion
As detailed in [17], our first proof of concept was carried with
U87-type glial-cells derived from tumor glioblastoma
(nervous system cells). Their typical diameters range
between 5 and 10 mm are well suited to our sensor designs.

Figure 9 illustrates the random cell distribution usually
obtained during cell deposition. But as shown in Fig. 10 the
biosensor still presents a significant frequency shift of
1.18 GHz at 18 GHz with only 15 cells interacting with the
resonator, demonstrating its capability to detect low concen-
tration of biological samples in ficoll. For all measurements,
the minimum frequency shift that can be detected is
25 MHz as it is the measurement step. So, a frequency shift
larger than 25 MHz is necessary to analyze cells.

The cell bio-impedance can be extracted using finite
element electromagnetic simulations. Optical imaging allows
achieving a 2D cartography of the cell distribution on the
sensor surface. This cartography is then used in a 3D electro-
magnetic simulator (Ansoft HFSS), to compute the cell

electromagnetic influence on the sensor. Cells are modeled
as uniform dielectric elements with a given conductivity and
permittivity relating to their own properties. To determine
these parameter values, an optimization procedure is used in
order to fit the HFSS data with the measured one.

First, to overcome uncertainties due to sensor fabrication
tolerances, the considered substrate permittivity substrate and
sensor metallic lines conductivity in the HFSS model are
adjusted in order to exactly fit simulation results of unloaded
sensor with the corresponding measurement. Two or three iter-
ations are generally required with a very good agreement with
all sensors coming from the same fabrication run.

Then, a similar approach is used to find the appropriated
permittivity value to set to the ficoll layer for further EM simu-
lations, taking into account of the resonant frequency shift
measured on pure ficoll loaded sensor. This second step is
especially done for each sensor considering the same mesh
that will be used to model the cell in the ficoll matrix. This
mesh is generated based on optical microscope observation
considering as many dielectric elements as cells located on
the sensor. In addition, these element shapes are adjusted to
fit as much as possible real cell shapes. As illustrated in
Fig. 11, a dense mesh (typically the minimum edge length of
tetrahedral in the sample region is 1 mm) is especially con-
sidered inside dielectric elements to enhance the accuracy of
the bio-impedance extraction method. For pure ficoll simu-
lations, dielectric elements and the ficoll matrix permittivity
are set to the same value.

Once the HFSS model is calibrated, keeping previous mesh
and simulation conditions, the analyzed cell bio-impedance is
then found once the cell loaded sensor simulated response
overlays the corresponding measured sensor scattering
parameters. This optimization procedure is done manually,

Fig. 8. Measured transmission response of the unloaded biosensor and sensor
loaded with pure ficoll media.

Fig. 9. Photograph of the biosensor loaded by U87-type glial cells embedded
in dried ficoll matrix.

Fig. 10. Comparison between the measured transmission parameter of the
unloaded sensor with the sensor loaded by pure ficoll and by ficoll
containing glial cells.

Table 2. Evaluation of the global electrical parameters of ficoll and glial
cells around 18 GHz at T ¼ 208C.

Real part of permittivity Conductivity (S/m)

Ficoll 3.3 + 0.2 0.40 + 0.02
Glial cells 36 + 4 0.1 + 0.02
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firstly adjusting the cell permittivity which dominates the
sensor resonant frequency shift. The procedure ends evaluat-
ing the cell conductivity to fine tune the simulated S21 par-
ameter magnitude with the measured one around the sensor
resonant frequency. In the example of glial cells characteriz-
ations, the extracted conductivity and permittivity are
summarized in Table 2.

The main drawback of this characterization protocol is the
complete lack of control of the exact cell location in ficoll layer
that induces most of uncertainties in the simulation procedure.
As a result, proper cell positioning in electromagnetic simu-
lation is crucial and requires a large and time-consuming effort.

This is why there is a great interest in developing an exper-
imental protocol which does not need the use of any biological
media during measurements in order to make sure of cell
location on the sensor surface during characterizations. As
detailed in the next section, a novel approach has been
tested using direct cell culture on dedicated zones patterned
on each sensor surface (see Figs 1(b) and 7). Micro chambers
are designed to allow cell location only on the highest sensitive
area where the EM field is strongly concentrated and presents
a good uniformity. Hence, in these conditions, measured
biosensor frequency shift becomes independent of the exact
cell location into the capacitor gaps and only relies on
the number of cells.

I V . O N C H I P G R O W N C E L L
C H A R A C T E R I Z A T I O N S

A) New experimental protocol description
The proposed approach consists in making cells grown
directly on the biosensor surface using a conventional
culture media. In this configuration, SU8 micro chambers
are used to concentrate cells in the sensitive areas.

Once cells have adhered, sensor will be washed and dried
allowing RF measurement in air without any support media.
These experimentations were performed using two different
human cell types: glial (same as previously: U87 type) and
neuronal cells (SH-SY5Y). These two cell types present diam-
eters in the same order of magnitude and have distinct functions
in the nervous system implying different compositions.
Consequently, they are supposed to exhibit different dielectric
parameters.

Initially, both glial and neuronal cells were grown at 378C
in a humidified 5% CO2 – 95% air incubator in dedicated

medium for cell culture. Once a sufficient number of cells
are obtained, cells are collected and put back in their culture
media. Then they are seeded in six-well plates in which few
sensors have been deposited.

As detailed in Fig. 12, after a couple of days, cells have
adhered to the sensor substrate and started to multiply.
Once the reached number of adherent cells is enough, the
culture is stopped and cells are fixed using a paraformaldehyde
(PFA) 4% bath to allow time stable characterization and to
avoid the cell degradation during the measurement sequence.
PFA is a formaldehyde solution. It means that once fixed, cells
are completely preserved in their original state but they can no
longer evolve from a biological point of view. Indeed, the cell
membrane looks as it is frozen to any exchange with the extra-
cellular medium. Actually, cells keep their original shape and
their intracellular content as in living conditions just before
the PFA bath. Biologists commonly use this kind of protocol
for various analysis and that ensure us to keep cell electrical
properties constant for up to 20 min measurement in air.
It is important to notice that since no biological support
media will be used during our measurements, this step is man-
datory to allow cell integrity and reproducible measurement,
in other case intracellular medium generally escapes from
cell few minutes after drying the sensor.

Once cells have been fixed, sensors are then washed with
PBS solution following by a rinse in de-ionized water to avoid
cell contamination from previously used biological media.
Sensors are kept in water and dried just before measurements.

A good point is that cell adhesion occurs preferentially on
the fused silica substrate rather than on gold lines or on the
SU8 resist. Consequently, most of fixed cells are located on
the sensitive part of the RF biosensor positioned in patterned
micro culture chambers.

Fig. 11. 3D view of the mesh used to simulate the cell effect on the biosensor
response.

Fig. 12. Experimental protocol flow used for on chip cell culture.
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B) Experimental results and discussion
Contrary to measurements with ficoll, the biosensor resonant
frequency calibration only requires S-parameters measurement
of unloaded biosensors before cell culture. Characterizations on
glial and neuronal cells have been performed in the 15–35 GHz
frequency band, thanks to three different sensor designs resonat-
ing, respectively, at 15.7, 20.5, and 34.5 GHz.

One example of these measurements is presented in Fig. 13
using glial cell culture on 15.7 GHz biosensor. As shown in
Fig. 14, with only eight cells inside the sensor culture
chamber, a 400 MHz frequency shift has been obtained.

From the measurement, the global cell dielectric par-
ameters can be extracted using the same electromagnetic
simulation method as with the ficoll approach (Fig. 15); but
cell distribution on the sensor surface is easier to describe.
Indeed, regardless of cell location in the interdigited capacitor
gaps of the sensor, their influence on it resonance frequency
will be identical because of the uniformity of the EM field in
this region. Hence, the measured frequency shift relies only
on the number of cells that actually interact with the sensor.
With this approach we estimate that the accuracy relating
the extracted electrical parameters can be considered below
5% as the uncertainty relating the cell location on the sensor
is reduced. The main sources of errors come from the exact
cell shape modeling that remains difficult to accurately repro-
duce in our electromagnetic simulation software. Moreover,

some cells can be degraded during the culture phase but
still stay on the sensor surface with different properties. In
addition, uncertainty due to the electromagnetic extraction
process is here included. Tests have been performed to evalu-
ate the error introduced by the extraction process. Assuming a
uniform and dense mesh at the operating frequencies, this
uncertainty is very limited.

The extracted permittivity on glial and neuronal cell exper-
iments for three different frequency points are reported in
Table 3 and plotted in Fig. 16. Several measurements are per-
formed for each frequency point and a good repeatability of
measurement is reached. As one can see, on the full frequency
band of analysis, neuronal cells present a much higher permit-
tivity than glial cell type. In addition, these results seem to
confirm that those obtained with the ficoll protocol on glial
cells with a good agreement between extracted values in
both experiments. One can notice that the real part of permit-
tivity of glial and neuronal cells is the same at 35 GHz. At this
frequency, biosensors operate outside the g-dispersion
domain of biological tissues. Above 35 GHz, variations of

Table 3. Evaluation of the real part of permittivity of glial and neuronal
cells at 208C.

Frequency
(GHz)

Glial cells
(U87)

Neuronal
cells
(SH-SY5Y)

15.7 42 + 2 48 + 2
20.5 32 + 1.5 40 + 2
34.5 20 + 1 20 + 1

Fig. 13. Comparison between measured RF sensor resonant frequency before
and after glial cell adhesion.

Fig. 14. Photograph of the 15.7 GHz biosensor after the cell culture: glial cell
locations are indicated by circles.

Fig. 15. 3D EM full wave modeling and experimental data fitting of glial cells
interaction with the 16 GHz biosensor.

Fig. 16. Real part of permittivity versus frequency for glial cells and neuronal
cells at 208C.

502 claire dalmay et al.

https://doi.org/10.1017/S1759078709990614 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078709990614


relative permittivity of biological cells are too tiny and biosen-
sors reach their detection limit.

The imaginary part of the permittivity and the conductivity
of biological cells have not been considered in this paper, as a
first approach to prove the concept of the sensor. The conduc-
tivity of the biological media has a very small influence on the
measured resonance in this case.

Therefore another biosensor concept has been introduced
and its potential detection capabilities are detailed in [18].

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

This paper presents an original label-free biosensing
method for cellular studies at radio frequencies. This biodetec-
tion technique presents the advantage of label-free planar
sensing structure and sub-millimetric size allowing to
work at the cell scale with a very limited number of items.
Both the feasibility of the proposed method and the detection
capability of the sensor have been demonstrated. We have
shown that it allows a possible discrimination between
different cell types. Future works will evaluate the biosensor
capability to differentiate stem cell from already differentiated
cells.

Another interesting direction will be to develop analytical
modeling of the sensor resonant frequency versus the biological
media permittivity, based on simple RLC equivalent
electrical circuit model. This will allow faster cell identification
based on a cell electromagnetic signature database. The exper-
imental approach described here will be a good basis for this
work.
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