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Abstract— In this study, a new way of investigating a surface 
acoustic wave (SAW) based sensor device is reported. For that, 
SAW sensors with a fundamental mode of about 85 MHz and a 
metallization of gold were developed. Realized as one port 
resonators, these sensors allow the continuous detection of 
electric and viscoelastic properties of the same living cell culture 
in one measurement step. For obtaining the electric properties of 
the cells the sensors response in a low frequency range up to 
10 MHz (impedance spectroscopy) can be investigated. For the 
detection of viscoelastic properties, the change of the sensors 
resonant frequency and its impedance are monitored. All signals 
are detected vs. time and can be compared face to face. 

I. INTRODUCTION 
In biosensor applications even living cells can be used as 

sensing elements. Cells have a natural sensitivity to the 
surrounding biological processes. Thus, a great demand for the 
investigation and development of cell based biosensors exists. 
Such cell based biosensors are applicable in many fields 
ranging from environmental monitoring over pharmaceutical 
drug screening to tissue engineering. On one side there are 
invasive techniques like microneedles, micropipettes or 
atomic force microscopy under investigation [1] [2]. On the 
other side studies are reported using non invasive techniques 
like fluorescence microscopy, impedance spectroscopy (IS) 
and quartz-crystal microbalance (QCM) [3] [4]. Impedance 
spectroscopy detects electric properties like conductivity and 
capacity of the cell membrane. QCM measurements deliver 
information about viscoelastic properties. 

In principle, SAW devices are comparable with thickness 
shear-mode resonators. In contrast to the bulk waves of TSM, 
the acoustic wave is kept on the surface of the SAW. Thus, 
compared to TSM, SAW sensors offer several advantages like 

smaller sample volumes, less responsibility to side effects like 
pressure changes or mounting forces. Oscillating at higher 
frequencies, SAW devices are smaller in size and reach higher 
sensitivities. A higher frequency leads to a smaller penetration 
depth of the acoustic wave into the fluid. In general SAW 
sensors were realized as so called delay lines. A transmitting 
interdigital transducer (IDT) creates a surface wave which is 
then damped in the delay line and received in a second IDT. 
The change of phase and oscillating amplitude is monitored. 
In this study, SAW devices realized as one port resonators are 
used. Such devices have one IDT and two reflectors on both 
sides. Thus, a standing wave is created and can be 
characterized by changes of resonant frequency, impedance, 
bandwidth and quality factor. However, a SAW resonator is 
affected by the mass shearing of the load and by electrical 
properties like dielectricity and conductivity of the 
surrounding media. 

II. EXPERIMENTAL 
The developed SAW devices were realized as one-port 

resonators made of 36°rot YX-LiTaO3. Thus, horizontal 
polarized standing shear waves are generated on the devices 
surface. The fundamental frequency of the SAW sensors is 
85 MHz. The minimum of absolute value of impedance was 
detected as resonant frequency. For this study, the SAW 
sensors were fabricated with a double side mirror polished 
finish to allow microscopic observations during the 
measurements. For experimental investigations a special 
measurement chamber was developed allowing both, 
microscopic observation of the growing cell culture and the 
performance of impedance spectroscopy and acoustic 
measurements. It is made of a baseplate (cover glass) and a 
sealing of polydimethylsiloxane (PDMS). Such chambers 
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cover an area of one square centimeter. Volumes of culture 
medium up to 1.4 ml are applicable. For continuous 
measurements the SAW cell culture chambers where mounted 
on the microscope including an incubator unit for temperature 
stabilization. For sterilization purposes the whole setup is 
autoclavable. Electrical measurements were carried out with a 
network analyzer (Agilent Technologies, Santa Clara, USA). 
Measurement programs to control the network analyzer and to 
store data were written in HP-VEE. The measurement points 
where taken at time steps between 1 and 3 min. 

III. RESULTS AND DISCUSSION 
Due to the high sensitivity of SAW devices, much effort 

has to be made to get stable measurement signals. The 
temperature dependency of the SAW device, cell culture and 
medium was found as the main side effect. While an increase 
of temperature causes a decrease of resonant frequency, the 
viscosity of the medium is decreasing at the same time. In 
contrast a decrease of viscosity leads to an increase of the 
resonant frequency. But these effects are not balancing each 
other. To minimize these temperature dependent side effects 
the temperature of the measurement chamber was kept 
constant at 37.00 °C (+/- 0.01 °C). The SAW cell culture 
chambers and the cell suspension were brought to the final 
temperature one hour before start of measurement. 

 
Fig. 1. Relative change of resonant frequency vs. time measured 
with 4 different SAW devices at one cell adhesion experiment. 
L9299 fibroblasts were seeded at t = 0 h in two different amounts. 

Fig. 1 shows the relative change of resonant frequency of 
4 SAW devices as measured within a cell adhesion 
experiment with L929 fibroblasts. The cells were seeded in 
amounts ranging between 10*104 and 30*104 cells/ ml. At 
both amounts of cells a rather steep increase of the resonant 
frequency and its impedance was detected in the first two 
hours. During this time the cells sediment to the sensors 
surface and immediately start to express their proteins of 
extracellular matrix (ECM). Thus, the cell adhesion process 
can take place. The ECM mainly consists of hyaluronic acid 
and proteins like collagen, fibronectin, laminin and elastin. 
Forming focal adhesion contacts the cells spread on the 
surface to increase their surface contact area. Independently 
of the seeded amount of cells these processes are finished 
after 2 h at all cell cultures. According to the amount of 
seeded cells, the change of resonant frequency was about 

19 ppm at 10*104 and 55 ppm at 30*104 cells/ ml, 
respectively. After spreading the cells begin to reorganize 
their actin microfilaments and to move along the surface. 

After the first two hours initial contact and spreading phase 
no more changes of resonant frequency was measured at the 
cell cultures with the higher seeded amount of cells. By 
optical observation we found dense populated cell cultures 
with an almost finished closed cell monolayer For that 
reason, no more changes of resonant frequency occur. 

In contrast, resonant frequency and impedance of cell 
cultures with low amount of seeded cells are still increasing, 
but with a smaller slope. During this time the cells proliferate 
to form a closed monolayer. 

When the medium is exhausted the cells start to die. Thus 
the resonant frequency and impedance are decreasing again. 
This effect appeared at all four cell cultures nearly at the 
same time. That means that the cultures with 10*104 cells 
seeded had a higher consumption of growing media 
compared to the cultures with 30*104 cells seeded. This can 
be explained with the different height of the cells metabolism. 
It is higher for cells being in their cell cycle (growth, 
proliferation) compared to cells being part of a closed 
monolayer. 

In Fig. 2 the results of IS performed at a rather low 
frequency range, compared to the resonant frequency of the 
SAW device. The absolute values of impedance were 
normalized to the values at the start of the measurements 
(t = 0 h). At this frequency range the dielectric properties of 
the cell culture can be related to polarization effects in the so 
called β-dispersion [5]. The biggest changes were found at 
frequency ranges between 0.4 to 1 MHz. The lower charts in 
Fig. 3 represent the values of the maximum relative change of 
the absolute value of impedance as measured in the β-
dispersion. The upper diagrams in Fig. 3 show the relative 
changes of resonant frequency and its impedance. All values 
were recorded simultaneously. 

 
Fig. 2. Relative change of absolute value of impedance (|Z|) at low 
frequencies vs. time measured at the IDT electrodes of a SAW one 
port resonator during cell adhesion experiment performed with L929 
fibroblasts (10*104 cells/ ml). 
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Fig. 3. Variation of amount of cells (L929) and comparison of the relative change of resonant frequency and its impedance (upper diagrams) 
and the relative change of |Z| at the particular frequency where the maximum of •|Z|/|Z| did occur (see for instance Fig. 2) vs. time. 

The relative change of the IS-impedance is one magnitude 
higher, compared to the relative change of the impedance of 
the resonant frequency (black charts in Fig. 3). This 
observation gives a hint that the impedance changes in the β-
dispersion do not overlap the behavior of the resonant 
frequency. For the cell culture with 10*104 cells the resonant 
frequency increases continuously after the 2 h of initial 
contact and spreading phase. This can be related to the 
increase of ECM formed by the moving cells on top of the 
sensors surface. In contrast, the IS-values start to increase 
first after 10 h. This might be a hint that the cells start to 
divide at this time. Impedance changes in the β-dispersion are 
related to the built up of charge at the cell membrane [6]. 
Therefore the number of cell bodies attached to the sensors 
surface should increase while the impedance is increasing. A 
similar observation can be made at the higher amount of 
seeded cells. 

According to our studies there are at least 3 different 
explanations for the increase of both, resonant frequency and 
its impedance, respectively. One possibility is the formation 
of a thin layer as it appears while the cells express their 
proteins of ECM. Through acoustic wave modeling (see for 
instance [7]) was found, that if the shear elasticity and density 
of growing layers are small compared to the sensor substrate, 
always an increase of the wave propagation speed and thus an 
increase of the resonant frequency would occur. A change in 
the range of 35 ppm per nm layer thickness was calculated. 
That means, according to the measurement data, the thickness 
of the ECM would be in the order of 2 nm. Another 
explanation is the influence of a decreasing permittivity of the 
surrounding fluid-like media. Besides, a change of the 
acoustic reflection coefficient of the SAW resonators 

electrode can also enhance the resonant frequency. Finally, 
also a superposing mixture of all these effects must be taken 
into account. 

Summarizing can be said that more experiments are 
needed separately to investigate these influences. The 
combination of impedance spectroscopy and SAW 
measurements offer enhanced information of cell growth 
processes within one measurement. 
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