


The ideal case of single time constant is seldom found in 

real measurements. Given the nature, for instance of cell 

based material, each individual cell exhibits electrical 

behavior which in summary is detected at the electrodes. 

Due to different cell size but also slight differences in 

electrolytic composition of the cytoplasm, time constants 

are distributed. A good approach of this distribution is 

the Cole-model: 

 

                   (5) 

R0 is the resistance extrapolated to dc and corresponds to 

Re in Fig 1. R  is the resistance at high frequencies (Re 

parallel to Ri) and 0 is a frequency normalization factor 

corresponding to a medium time constant.  

Because of the complex form of the analytical solution 

for transformation into time domain, several well corre-

sponding models are used. The most general approach is 

the distribution of time constants (DRT):  

 

                                   (6) 

 

where A0 accounts for a dc-offset and is mostly governed 

by Re and Rb in Fig. 1. 

In frequency as well as in time domain,  is a dimension-

less parameter between 0 and 1. While 1 yields the ideal 

behavior of simple RC-combination, 0 yields a pure re-

sistor.  
For simple data processing, an equivalent circuit consist-
ing of a serial combination of Cole- or RC-elements 
should be chosen for current excitation while parallel 
combinations of the corresponding admittances (Y = 1/Z) 
are preferred together with voltage excitation.      

Sampling regime and Hardware  

A key feature of the step response of biological material 
in general  for current and voltage excitation  is the 
monotonically developing response with fast changes 
immediately after the step occurred and slowing down 
with time. This means that fast sampling is necessary at 
the beginning of the response while the distance between 
sampling points can continuously increase with time 
(Fig. 2). 
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Figure 2: Signal with sample times indicated 

 
Although it works well for signals without noise, serious 
problems arise in measurement practice. The reason is 

which becomes increasingly pronounced with larger dis-
tances between sampling points.   
Simply an anti-aliasing filter will comprise the high fre-
quency behavior. The way out is an adaptive anti-
aliasing filter starting with high cutoff frequency at early 
times while it decreases with time proceeding.  
A simple hardware solution is the partial integration of 
the signal between sampling points. 
In practice, between 3 - 10 sample points per decade in 
time are required for good signal reconstruction. This 
means, for a broad-bandwidth measurement over 6 dec-

- -conversions 
could be sufficient. In our case, we use 10 sampling 
points for a range from 20 kHz to 4 MHz. 
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Figure 3: Signal chain consisting of excitation source 
(step generator), material under test (MUT), integrator, 
sample and hold (S&H) device and analog/digital con-

verter (ADC) 
 

The practical solution involves a microcontroller with 
S&H and ADC incorporated. For excitation, a digital 
output is used and the current is directly fed into the in-
tegrator which is wired to the input of the ADC. For cir-
cumventing problems with electrochemical reactions but 
also field effects on biological material, a frontend ensur-
ing low voltage (<100 mV) across the MUT and charge 
compensation was used.      

Characterization of multicellular spheroids  

Multicellular spheroids are 3D-cell conglomerates com-
monly used as model for tissue. Embryonic kidney cells 
(HEK 293) were grown in culture flasks according to es-
tablished protocol until a confluent monolayer was 
reached. DMEM (Dulbecco's Modified Eagle's medium) 
was used as culture medium throughout all experiments.  
After trypsination, cells were washed and transferred to a 
spinning disc culture for three days. Within this time 
spheroids grow up to an average diameter of 100 µm and 
more (Fig. 4).  
For electrical characterization, spheroids were harvested 
and pumped through a glass nozzle with a diameter of 

µm (Fig.5) which was mounted inside a capil-
lary of 900 µm diameter. At both sides of the nozzle, 
Ag/AgCl-electrodes were mounted for electrical connec-
tion.  
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Figure 4: Bright-field microscopy image 

of a HEK293 spheroid. 
 

In order to validate the electrical measurements, a cam-
era monitored the movement of spheroids through the 
nozzle. Impedance measurements using a voltage con-
trolled square wave were conducted continuously with a 

kHz. Only the positive steps 
were used for further processing. An additional sample 
was taken in the negative half wave for offset compensa-
tion.   
 

 

 
Figure 5: Optical image of a spheroid in the  
glass nozzle. The spheroid is visible in the  

narrowest part of the nozzle. 
 

Results 

The electrical behavior of multicellular spheroids passing 

through a nozzle was assessed by electrical means. For 

ensuring high repetition of the measurement, time do-

main spectroscopy was used. This allows for multiple 

measurements during the passage of a single spheroid 

and therefore the development of electrically assessed 

parameters during the passage. For instance, shunting 

pathways around the cells decline when the pressure in-

creases due to narrowing of the area inside the nozzle. 

Using the electrical parameters, biophysical behavior like 

cell density or viability can be deducted from the meas-

ured data. 

The passage of a spheroid through the nozzle was detect-

ed by an overall decrease of the current between the elec-

trodes. The step response during the passage was then 

fitted with the DRT model 6) taking into account the 

serial bulk resistance Rb. The parameter  exhibited con-

siderable variability when fitted together with the other 

parameters A0, A1 and . Since this uncertainty reflects 

throughout all the parameters, a reasonable region for  

around 0.7 was identified. In order to ensure a stable fit 

throughout the experimental data, the parameter  was 

set to a value of 0.7. A typical plot of the fit parameters 

during the passage is shown in Figure 6. 

When there was no spheroid present, the resistance of the 

bulk medium Rb was determined by the direct current 

resistance. With a spheroid present in the nozzle, all pa-

rameters were determined by a DRT fit. Only Re is 

shown for the whole measurement, while Ri and Cm are 

shown only, when a spheroid is present. Rb was set to the 

value of the dc-resistance of the medium before the sphe-

roid entered the nozzle.   

The resistance of the extracellular medium Re was in-

creasing rapidly at the entrance of the spheroid to the 

nozzle. Spheroids with a diameter larger than the nozzle 

diameter were deformed und slowed down. During the 

passage, the intracellular resistance Ri and the membrane 

capacity Cm showed no clear trend.  

 
 

Figure 6: Passage of a single spheroid through the  
nozzle. Re  Extracellular resistance, Ri  Intracellular 

resistance, Cm  Membrane capacity. 
 

Discussion 

The fast acquisition of the electrical relaxation due to a 
voltage step makes it possible to analyze the properties 
of spheroids during the passage through the nozzle in de-
tail. 
The extracellular resistance Re includes the resistance of 
the medium around the spheroid and the resistance of the 
medium between the cells. The tremendous increase of 
Re during the passage can be attributed to changes in the 
resistance of the medium around the spheroid. This part 
was increasing because the spheroid covered the nozzle 
and blocked the current between the electrodes through 
the medium. After the spheroid covered the nozzle com-
pletely, Re was further increasing. This might be ex-
plained by the continuing adaptation of the spheroid
shape to the opening. 
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The intracellular resistance Ri exhibits a large percentual 
variability due to the low absolute value of the parame-
ter. The missing trend of the parameters Ri and Cm sug-
gest that the internal structure of the cells in the spheroid 
is unchanged during the passage through the nozzle. 
Fluctuations in these values might arise form mechanical 
stressing during the nozzle. This makes the system ideal 
for measurements of spheroids with varying properties 
like diameter, incubation time, and the application of 
drugs.  

By adjusting the flow rate, a fast and continuous flow of 

spheroids can be obtained. The spheroids in flow can 

then be characterized at a very high velocity. 

 

Conclusions 

In this paper, we have shown that we can use a minimal-
istic hardware setup to measure the bio-impedance of 
spheroids. The setup is suitable for high-throughput 
measurements. 
Further experiments could include measurements of 
spheroids with varying parameters like diameter, incuba-
tion time, and the application of drugs. 
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