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ABSTRACT 
A comparison of dynamic and static impedance 

spectroscopy (DIS and SIS) for single particle analysis is 
presented in this work. Individual particles are perfused 
into microchannels comprising microelectrodes, which are 
either used to perform dynamic measurements of 
impedance differences, or to make static measurement 
after a stable immobilization of single particles at narrow 
orifices. Experimental results with polystyrene (PS) beads 
demonstrate the important characteristics of the two 
methods: High throughput of DIS enabling measurements 
of large numbers of single particles in solution, and the 
multi-frequency capability of SIS enabling long-term 
recording of immobilized single particles. These distinct 
features of the two microfluidic methods offer high 
throughput and high sensitivity in a combined application 
for single-cell analysis in systems biology. 

 
INTRODUCTION 

Electric impedance spectroscopy (EIS) is emerging as 
a sensitive analysis method for single particles and 
biological cells [1, 2]. Particularly, the possibility to 
integrate impedance analysis into existing lab-on-a-chip 
designs so as to study individual biological cells offers 
great potential to obtain new insights. Studying single cells 
in a label-free setup allows for a profound understanding of 
biological processes, which are not accessible through 
conventional population-wide analysis that does not 
include cell-to-cell variations. 

EIS is used to measure the dielectric properties of 
individual cells or particles at different frequencies. 
Changes of the electric impedance are monitored inside a 
microfluidic channel through which a suspension of 
particles in a typically conductive solution is flown. A 
single particle or a cell passing through a set of electrodes 
alters the measured impedance between these electrodes: 
Characteristic spikes can be detected upon high frequency 
impedance sampling while particles are passing between 
the electrodes in the DIS scenario. Presence and potential 
changes of particles or cells can be detected in the SIS chip 
by sweeping the measurement frequency over a wide 
range. 

Previous studies included either dynamic [1] or static 
[3] impedance measurements in differential or 
single-ended measurement configurations. Here we 
compare dynamic and static impedance measurement 
principles and describe the chip fabrication. This 
comparison is motivated by the prospects to integrate both 
designs in a single-cell analysis platform to enable a deeper 
understanding of systems biology. 

 

DESIGN 
The basic design principles of the two chips are very 

different: While the DIS chips rely on a microfluidic 
channel, defined in SU-8 and sandwiched between two 
glass plates, the SIS chip consists of SU-8 structures on top 
of a glass plate, sealed with a polydimethylsiloxane 
(PDMS) cover. The design reflects the applied 
measurement principles. While the DIS chip can be 
configured with facing or coplanar electrodes in a 
differential or single ended mode, the SIS chip is 
exclusively operated in the single-ended mode and features 
coplanar electrodes. The characteristics of each 
measurement principle will be outlined here. 
 
Dynamic impedance chip 

The DIS chip includes a microfluidic channel with a 
sheath flow and sample inlet, a channel constriction for 
impedance measurements of individual particles, and an 
outlet as depicted in Figure 1 a).  Pillar structures outside 
the channel ensure the mechanical stability of the chip. The 
electrode fingers (Figure 1) used to measure impedance 
changes in the channel are connected to contact pads at the 
periphery of the chip.  

 

 
Figure 1: a) Design overview (top view) of the DIS chip. 
Top Pt-electrodes are shown in red, bottom Pt-electrodes 
in green, SU-8 channel walls in blue. b) Schematic of the 
DIS chip (side view). The impedance is either measured 
differentially between electrode pairs AC & BD, or in a 
single-ended configuration with opposing electrodes A & 
C or coplanar electrodes C & D.  
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The channel features platinum (Pt) electrodes at the top and 
bottom (depicted in red resp. green in Figure 1), which are 
used to measure the impedance change upon passage of a 
particle in the channel. We investigated the three different 
readout configurations depicted in Figure 2:  
1) In the differential case the impedance difference of the 
electrode pairs AC and BD is analyzed (red field lines in 
Figure 1 b) 
2) For the single-ended setup with opposing electrodes 
impedance variations between a single set of electrodes 
(AC or BD) are read out.  
3) The single-ended coplanar electrode configuration 
measures the impedance signal between electrodes A and 
B, or C and D (blue field lines in Figure 1 b).   

 
Static impedance chip 

The SIS chip, illustrated in Figure 2, consists of a 
sample flow channel and a suction channel. Several narrow 
channels of 5 µm width are placed along the flow between 
the sample flow channel and the suction channel. These 
orifices define particle-trapping sites. When particles are 
flowing in the sample flow channel, they are deviated 
towards the orifices by applying light suction through the 
suction channel. At an optimized applied underpressure 
only a single particle is trapped at each orifice. Once 
immobilized, the electrodes located at both sides of the 
orifice are used for the SIS measurement across the orifice. 
As can be seen in the close-up of Figure 3, the common 
electrode in the sample flow channel acts as the common 
stimulus electrode, and the electrode behind the orifice 
records the respective signal. Once the SIS measurements 
at all orifices have been performed, all trapped particles 
can be released by applying a sufficiently large 
overpressure through the suction channel. 

 

 
Figure 2: Schematic of the SIS chip (top view). SIS 
measurements are made between the common stimulus 
electrode in the sample flow channel and a recording 
electrode behind each orifice. The 3D close-up (bottom) 
shows a single bead trapped at an orifice. 

 

FABRICATION 
Dynamic impedance chip 

The fabrication of the DIS chip is based on the 
bonding of SU-8 to glass (see Figure 3). Positive resist is 
patterned on two glass wafers and is, in a  first step, used as 
mask for reactive-ion etching (RIE, 220 nm depth) of the 
glass substrate and, in a second step, as lift-off resist for the 
Pt-electrode patterning (200 nm Pt with a 20 nm TiW 
adhesion layer). This procedure creates inherently aligned 
and embedded electrodes that are necessary to ensure a flat 
wafer surface for the subsequent bonding process. On one 
of the wafers SU-8 3000 series is patterned to form the 
microfluidic channels with a height of 14 µm and a width 
of 20 µm using standard photolithography. Both glass 
wafers – one with the SU-8 structure on it – are aligned 
face-to-face, brought into contact and bonded to seal the 
channel and create the opposing electrodes through a hard 
bake step. Holes are drilled into the top glass wafer for 
fluidic in- and outlets. Fused silica tubings are placed into 
those holes and attached to the chip by using glue. 

 

 
Figure 3: Fabrication process of a DIS chip. 

 
Static impedance chip 

Figure 4 illustrates the fabrication process of the SIS 
chip. First, Pt-electrodes are patterned on the glass 
substrate by a common lift-off process. Then, 30-µm-thick 
SU-8 is patterned on top to define the microfluidic 
channels and particle-trapping orifices. Finally, an 
unstructured PDMS cover is used to seal the channel. In 
order to irreversibly bond the PDMS to the SU-8 layer, the 
SU-8 is modified with 3-aminopropyltriethoxysilane 
(APTES) using a vapor phase silanization. PTFE tubes are 
plugged into punched holes in the PDMS as fluidic 
connections to the chip. 
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Figure 4: Fabrication process of SIS chips. Cross section 
along the dashed line AA’ highlighted in Fig. 2. 
 
RESULTS 

DIS and SIS measurements were performed using 
monodisperse 10-µm-diameter polystyrene (PS) beads 
(Fluka, Sigma-Aldrich Production GmbH, Germany), 
suspended in 10 mM phosphate-buffered saline (PBS) 
solution (Sigma-Aldrich Co, USA). The solution was 
pumped through the chip using glass syringes and a 
neMESYS dosing module (cetoni GmbH, Germany). The 
electrical field stimulus and the corresponding signal 
acquisition was realized by means of an HF2IS impedance 
spectroscope and an HF2TA current amplifier (Zurich 
Instruments AG, Switzerland) 

 
Dynamic impedance 

During the DIS measurement, the bead suspension has 
been delivered to the microchannels at a constant flow rate 
of 1 µl/min by the syringe pump. As described previously, 
the DIS setup includes three different readout 
configurations, which were used independently. Examples 
of typical raw impedance data are given in Figure 5 on the 
left side (amplitude only), and overlays of ten events of 
passing beads are shown in Figure 5 on the right. The 
differential signals (Figure 5, top row) reproducibly show 
two characteristic peaks corresponding to beads 
sequentially passing the two sets of electrodes. The results 
of the single-ended opposing electrodes are displayed in 
Figure 5 in the middle row and are similar to the upper half 
of the differential event signal shown in the top row. 
Impedance changes of the single-ended coplanar 
electrodes are displayed in Figure 5 in the bottom row and 
feature more variability than those obtained with the 
opposing electrode configuration. The peak amplitude with 
respect to the background noise is also smaller in 
comparison to the other two electrode configurations. 

 

 
Figure 5: DIS measurement of single beads at 2 MHz by 
means of differential (top), single-ended opposing 
(middle), and single-ended coplanar electrodes (bottom). 
Overlaid curves at the right side represent 10 recorded 
signals as shown on the left side. 
 
Static impedance 

For the characterization of PS beads using SIS, the 
bead suspension has been injected into the sample flow 
channel with a syringe pump yielding a continuous laminar 
flow. Upon applying precisely controlled suction, single 
beads have been trapped at the orifices. As soon as a single 
bead has been stably retained at the respective orifice 
(Figure 6a), the impedance measurement at the orifice with 
the trapped bead over a wide range of frequencies has been 
performed using the impedance spectroscope. Then, the 
bead has been released, and a multi-frequency sweep has 
been applied to the empty orifice (Figure 6b). By 
subtracting the impedance values of the empty orifice from 
those of the same orifice with a trapped bead, the 
impedance spectrum over a wide range of a single bead has 
been obtained. The SIS measurement results of one orifice 
with and without a single trapped bead are shown in Figure 
6c. This SIS measurement was repeated with 10 different 
single trapped beads at the same orifice. Mean values are 
presented as black solid and dotted lines in Figure 6a and 
illustrate the good reproducibility of the measurements.  
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Figure 6: SIS measurement: (a) A trapped single bead at 
the orifice. (b) An empty orifice. The electrodes for the SIS 
measurements are labeled in (a) and (b). (c) Amplitude 
values of multi-frequency sweeps between 10 kHz and 
10 MHz with and without trapped single beads at the 
orifices. A dashed line at 2 MHz highlights the values used 
to calculate the SIS impedance results in Table 1. 
 
CONCLUSIONS 

The most remarkable differences between DIS and 
SIS measurements are defined by the characteristics of the 
methods: By using DIS, a large number of single particles 
can be measured at high throughput. SIS, on the other 
hand, is ideal to perform long-term and multi-frequency 
measurements of individual particles at high sensitivity. 
The performance of both methods in view of combining 
the two methods in a future integrated design for 
single-particle measurements will be evaluated here. 

Similar to the DIS results in Figure 5, measured at 
2 MHz, the results of the SIS multi-frequency sweeps in 
Figure 6 show that the signal amplitude of an orifice with a 
trapped bead is approximately 1 mV lower than that of an 
empty orifice.  
 
Table 1: Comparison of impedance values (Ω) and 
standard deviations (%) of single beads at 2 MHz: DIS 
(differential pairs, single-ended opposing electrodes A & 
C, and single-ended coplanar electrodes C & D) versus 
SIS. 
 
Impedance ± 

standard 
deviation 

DIS 
SIS Differential 

pairs Opposing Coplanar 

Real part (Ω) 
3432 

± 3.6% 
1966 

± 6.5% 
392 

± 6.9% 
8339 

± 3.5%
Imaginary 
part (Ω) 

1293 
± 2.8% 

128 
± 31.3% 

271 
± 9.2% 

849 
± 2.2%

 
In order to compare the different impedance analysis 

methods, the average values and standard deviations of the 
changes in the complex impedance caused by 10-µm PS 
beads have been calculated (cf. Table 1). The DIS 
impedance values are available at maximally 8 selected 
frequencies, whereas the SIS results include full frequency 
sweeps over a broad frequency range. To allow for a direct 
comparison of the SIS and DIS results, the impedance 
values at 2 MHz (highlighted by a dashed line in Figure 6 
c) have been evaluated and are listed in Table 1. 

Looking at the impedance values in Table 1 it can be 
seen that SIS yields the highest impedance change caused 
by a single bead and is, therefore, the most sensitive 
measuring method. Differential DIS and SIS feature the 
smallest standard deviations of the impedance values, 
which show the high precision and repeatability of those 
two methods. While coplanar electrode configuration 
produces rather precise measurements in case of the SIS 
method, a similar coplanar electrode geometry entails 
lower sensitivity and precision for DIS. This is due to the 
5-µm diameter of the trapping orifice in the SIS chip, 
which guides the electric field through the narrow orifice. 
Moreover, the z-position of the particle above the coplanar 
electrode pair in the laminar flow is not so precisely 
defined and not as reproducible as the position of the 
particle in front of the orifice. Finally, the single-ended 
DIS measurement with opposing electrodes shows lower 
impedance signal amplitudes and an increased standard 
deviation in comparison to the differential DIS 
measurements, but larger values in comparison to the 
coplanar electrode configuration, as can be expected.  

A combination of the two designs, SIS and DIS into a 
single platform will enable statistical analysis of 
cell-to-cell differences through use of high-throughput 
differential DIS to screen cell populations, as well as by 
using multi-frequency and long-term SIS of selected single 
cells.  
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