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Abstract.  
We describe a low noise measuring system based on interdigitated electrodes for 

sensing bioelectrical signals. The system registers differential voltage measurements in 

order of microvolts. The base noise during measurements was in nanovolts and thus, the 

sensing signals presented a very good signal to noise ratio. An excitation voltage of 

1Vrms with 10KHz frequency was applied to an interdigitated capacitive sensor without 

a material under test and to a mirror device simultaneously. The output signals of both 

devices was then subtracted in order to obtain an initial reference value near cero volts 

and reduce parasitic capacitances due to the electronics, wiring and system hardware as 

well. The response of the measuring system was characterized by monitoring temporal 

bioelectrical signals in real time of biological materials such as embryo chicken heart 

cells and bovine suprarenal gland cells. 

 

1. Introduction 
Interdigitated Capacitance Sensors (IDCS) have been used in different fields of industry as well 

as in physical, chemical, biochemical and medical research. They offer practical advantages for 

materials characterization by means of measuring the electrical properties of a Material Under 

Test (MUT) such as impedance and capacitance due to the frequency dependent dielectric 

function. An important advantage of plane sensors is that only one surface of the MUT can be 

directly in contact with the electrodes allowing the sensing of the electric field perturbations on 

the MUT [1]. The dynamic range and sensitivity of the sensor can be improved depending on 

the number and dimensions of the electrodes that form the Interdigitated Capacitor (IDC), the 

electric field applied to it, the substrate and the MUT thickness principally. Finite Element 

Method is a very useful tool to obtain a good approximation of the physical parameters 

mentioned above [2]. These devices can sense temporal changes of the electric field in the MUT 

due to physical or chemical variables affecting biological samples. Temporal variations of the 

dielectric function of a MUT are manifested as perturbations to an electric field applied to it and 

can be sensed as temporal electric signals. This sensing principle makes it suitable for bio-

sensor applications [3].  

Bio-sensors are used to detect and analyze temporal cellular response to electrical or bio-

chemical conditions. The resulting bio-signals can be sensed as voltage or current signals by 

means of impedance changes of the cell or biological tissue. The cell impedance technique is 
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used to sense and monitor the behavior and growth of cell population when cells are in touch 

with conductive electrodes deposited on a plain substrate [4]. Measurements with many cells 

use superficial electrodes as sensors, the electric field generated by the action of many cells 

distributed in the neighbourhood of the electrode constitute the bioelectric signal. The electric 

field traverses the biological substance, so the electric potential difference can be sensed in 

suitable locations across the biological tissue, eliminating the need of invading the system. 

Bioelectrical signals require a relatively simple transducer for its registering, as the case of the 

electrocardiogram ECG, electroencephalogram EEG, electromyography EMG and others. With 

these techniques, information can be obtained only in a collective way to a given physiological 

condition on an electrode array pattern, usually plane or coplanar electrodes.  

Patch-Clamp commonly used in Electro-Physiology is another measuring technique used to 

characterize a single cell response that cannot be made in a collective way [5]. Ion currents that 

flow through the ion channels of the cellular membrane due to physiological conditions are 

sensed with this technique. Patch-Clamp technique is suitable for studying a single cell response 

to a determined stimulus (electrical, optical, chemical or spontaneous) [6,7]. Other bioelectrical 

signals are generated by nerve and muscular cells. Their source is the membrane potential, 

which under certain conditions can be excited to generate it. Single cell measurements use 

specific microelectrodes as sensors and the same excited electric potential is the bioelectrical 

signal. With the measuring system proposed microelectrodes could be used as sensors, for 

electrophysiology local measuring techniques. Although, measuring work must be done in order 

to characterize the system response for a particular electrophysiology application. 

IDCSs can detect small electric field perturbations present near its sensing surface due to 

small bioelectrical signals of some biological sample as in signal measuring techniques 

mentioned above. These electrical signals can be very small and be immersed in surrounding 

noise. In common situations, noise becomes a real problem to the point of impeding electric 

signal registering. Therefore, a low noise measuring system is required for bioelectric other 

sensing techniques in order to obtain a convenient SNR like those obtained with 

electrophysiology techniques [8]. 

The low noise measuring system proposed here is based on interdigitated capacitive sensors, 

a home- made electronic conditioning stage and a digital Lock-in amplifier. The measuring 

system allows to reduce noise and parasitic capacitances present in the system hardware and 

secondary glass substrates where the biological samples are placed. The measuring system 

detects electric field perturbations on the sensitive surface of the sensing device, the 

perturbations are registered as differential voltage measuring due to the impedance of the 

biological sample and its bioelectrical activity with a very suitable SNR with nanovolts base 

noise. 

The response and sensitivity of the system were obtained characterizing several 

measurements of bioelectrical activity from different cell samples. The experiments proposed 

are related to the study of the release of neurotransmitters of adrenal medulla cells which can be 

determined with an independent bioelectrical measurement to capacitance changes in the cell 

that represent the fusion of the vesicles. Also, cardiac cells were used to study the evaluation of 

the possible changes in capacitance due to spontaneous contractions, which are reflected in the 

biosignal activity.  

The results obtained indicate that it is possible to apply this measuring system in the 

electrophysiology field. 

2. Low Noise Capacitive Measuring System
The low noise capacitive measuring system proposed is based on interdigitated capacitive 

sensors, an electronic conditioning stage, an analog to digital converter (ADC) and a digital 

Lock-in amplifier, figure 1. 
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Figure 1. Block diagram of the Low Noise 

Capacitive Measuring System. 

The sensing method proposed is 

based on phase changes of a sine 

excitation voltage Vac(ω) due to 

electric field perturbations of 

biological samples placed over 1cm
2
 

sensitive area of the interdigitated 

capacitive sensor (IDCS). The 

excitation voltage Vac(ω) with 

amplitude and frequency used in the 

sensing device were 1Vrms and 10 

kHz respectively resulting a voltage 

signal Vsc(ω). The same excitation 

voltage Vac(ω) was applied  

simultaneously to a compensation 

capacitor (mirror device) as well.   

The resulting GVcc(ω±φ) signal from the mirror device was compensated in amplitude and phase in 

order to equalize it with Vsc(ω) obtaining an initial minimal reference voltage from a differential stage. 

The differential signal can be amplified up to a
 
maximum gain factor of A=1x10

6 
to obtain a suitable 

voltage for digitalizing it with the 24 bits ADC.  

The sensitivity primary limit of the digital Lock-in is in its dynamic range, which in order is 

determined principally for the National Instruments 4431 ADC. In this case the dynamic range was 

100 dB and 102.4kS/s sample rate. The differential output signal A[GVcc(ω±φ) - Vsc(ω)] is digitalized 

by the ADC with approximately 1μV minimum voltage level. This signal is processed by the digital 

Lock-in stage implemented with LabView to the reference frequency mentioned before.  

The signal goes through phase detection and digital filter stages in order to obtain a very narrow width 

band around the reference central frequency to reduce surrounding noise to a minimum level.  

The registered data are displayed in real time in graphs generated with the same software as a part of a 

virtual instrument. Besides, statistics data are obtained which are necessary to calculate the base noise 

of the system in the width band determined.  

Data samples in study can also be stored to be analyzed in its real and complex resulting components. 

The reference base noise obtained with the system was in nanovolts range with ambient conditions. 

3. Experimental
Experimental measurements were made with the system proposed in order to characterize its 

sensitivity and resolution response. When a MUT is placed on the sensitive surface of the capacitive 

sensor impedance and current are generated when a potential is applied across to it.  

Thus, current and voltage across the MUT can be sensed. When an ac potential is applied to the MUT 

a dissipative current due to the resistive impedance and a displacement current due to the capacitive 

impedance are generated [9].  

Performing an admittance analysis of the system the capacitance as a function of the displacement 

current across the material under test can be obtained. This would be useful for impedance 

characterization of biological samples, but it is out of the scope of this work. 
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Small Petri dishes were fabricated with 100 

μm thick glass substrates and 1cm diameter 

placed over 1cm
2
 IDCS sensitive surface with 

50µm wide and 50µm gaps between 

electrodes. The edges of the circular glass 

slabs were surrounded with Sylgard rings in 

which biological samples immersed in culture 

medium were deposited in order to sense its 

bioelectrical signals in diverse experiments, 

figure 2. 

Figure 2. Small Petri dishes formed with 

circular glass slabs and Sylgard rings placed 

over 1cm
2
 sensitive surface of the 

Interdigitated Capacitive Sensor (IDCS). 

Before performing any measurements a 

minimal reference voltage was set in the 

electronic conditioning stage, a 3mVp-p noise 

voltage was present at the 24 bit ADC output. 

After the digital Lock-in stage the noise output 

voltage was reduced to 3nVp-p. This value was 

the system base noise as shown in figure 3.

Experimentally, the real and imaginary components of the voltage signal were registered by the 

digital Lock-in stage.

(a)           (b) 

Figure 3. a) 3mVp-p ADC output base noise, b) 3nVp-p digital Lock-in output base noise. 

The differential stage is based on an instrumentation amplifier that has an offset voltage of 50µV 

max. The sensing signal from the sensing device and a reference signal compensated in amplitude and 

phase enter the differential stage in order to get a minimum offset reference signal before place any 

biological sample, as can be seen in figure 3b.  

We will refer to the sensitivity as the smallest signal change that the measuring system can detect. In 

this case the sensitivity is twice the Lock-in stage output base noise.  
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Figure 4. Chicken embryo heart immersed in 

70μl culture medium over an Interdigitated 

Capacitive Sensor with 1cm
2
 sensitive surface. 

Different biological samples were 

monitored in order to register their 

bioelectrical signals with the measuring system 

proposed. First, a chicken embryo heart of 

around 100 microns in diameter immersed in 

70 µl culture medium was placed in the Petri 

dish over the sensing device as it is shown in 

figure 4.  

Chicken embryo heart cells and bovine 

suprarenal cells were also monitored following 

the same methodology. 

4. Results

The measuring system proposed was able to register temporal bioelectrical signals of the chicken 

embryo heart, as it can be seen in figure 5. Electrical activity is represented as amplitude voltage 

variations over an offset around -0.305 mV for X(t) and 0.489 mV for Y(t) corresponding to the real 

and imaginary components of the signal respectively. The signals show certain periodicity and 6µV 

minimum variation showing SNR with respect 3nVp-p system base noise despite the offset presented in 

the graphs. 

 (a)             (b) 

Figure 5. Signals registered from a chicken embryo heart, a) for X(t) and b) for Y(t). 

The same measurement methodology was applied with chicken embryo heart cells of around 10-12 

µm in diameter immersed in 50 μl culture medium, used as a second biological sample. Temporal 

bioelectrical signals registered are shown in figure 6. The graphs show an offset voltage around 5μV 

for X(t) and 3.6μV for Y(t) and maximum signal variation around 1µV showing a good signal to noise 

ratio with respect 3nVp-p system base noise. 
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       (a)     (b) 

Figure. 6. Signals registered from a bunch of chicken embryo hart cells, a) for X(t) and b) for 

Y(t).  

t is in a h:m:s format. 

Finally, bovine suprarenal gland cells of about 14-16 µm in diameter immersed in 50 μl 

culture medium were used as a third biological sample following the same measurement 

methodology. The resulting bioelectrical signals registered are shown in figure 7. 

       (a)  (b) 

Fig. 7. Bioelectrical signals registered from a bunch of suprarenal gland cells, a) for X(t) and b) 

for Y(t). t is in a h:m:s format. 

In this case the graphs do not show a significant offset voltage as in the cases above, this is 

the main difference between bioelectrical signals of chicken embryo hart cells and bovine 

suprarenal gland cells. Clearly it can be noticed the minimal offset voltage of the signal and the 

maximum signal variation registered, around -3μV for X(t) and 6μV for Y(t) showing a good 

SNR, with respect 3nVp-p system base noise. 

Graphs obtained showed bioelectrical signals from some nanovolts with SNR up to 100 as in 

the case of chicken embryo heart cells, figure 6a, and up to 10000 as in the cases of chicken 

embryo hart and bovine suprarenal gland cells, figures 5a and 7a respectively. 

The offset shown in figures 5 and 6 for chicken heart embryo and chicken heart embryo cells 

could be due to the culture cell and the same biological samples as well. This is not the case 

with suprarenal gland cells where offset seems to be lower. In all cases bioelectrical activity is 

well defined with a good SNR.  
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5. Conclusions

The measurements obtained with the system proposed in this work are useful to estimate its 

sensitivity and response to different kind of bioelectric signals with no controlled ambient 

conditions. The measuring system presented very good stability with a base noise around 3nV 

peak-peak, this characteristic allowed us to register biosignals for cellular electrophysiology 

applications. The results obtained with the proposed measuring system show that capacitance 

sensors can be used for bioelectrical signal characterization from different kind of cells. The 

analog bioelectrical signals were electronically conditioned, digitalized and registered in real 

time in order to monitor biologic material for its analysis. Up to three samples can be monitored 

in real time with the measuring system due to the characteristics of the ADC. The measuring 

technique is practical because only it is necessary to change the small Petri dish with the 

biological sample of interest using the same capacitive sensor. Finally, this measuring system 

can offer additional information compared with established measuring techniques used in 

electrophysiology as the Patch Clamp technique [5]. One possible application for this measuring 

technique is to characterize the bioelectrical response of the cells to different drugs in order to 

determine the effectiveness of a particular treatment by comparing bioelectrical signals activity. 

Even though, more measurements must be done in order to characterize different bioelectric 

signals for different cells in determined conditions, the present work shows the potential of the 

measuring system proposed and IDCS for applications in electrophysiology research. 
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