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ABSTRACT 
 
We are proposing an approach to cell diagnostics that 

uses a combination of electromanipulation for stimulus and 
capacitance for sensing.  The capacitance sensor consists of 
a 2 GHz cylindrical cavity resonator coupled to a pair of 
gold electrodes fabricated in a 25 x 100 x 120 µm3 water-
filled microfluidic channel.  In this channel, the capacitance 
changes caused by the presence of yeast cells and 
polystyrene spheres were approximately 10 and 100 aF, 
respectively, with a capacitance resolution of 2 aF.  These 
capacitance changes are in reasonable agreement with 
values provided by finite element simulations and the 
resolution is much better than that previously reported in 
the literature.  We have trapped yeast cells by applying a  
3 V, 1 MHz frequency signal and observed capacitance 
changes associated with the trapping and release of cells.   
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1 INTRODUCTION 
 
New directions of microfluidics research have resulted 

from the realization that mechanical responses of cells offer 
insight into many aspects of their behavior [1]. For single 
cells optical stretchers, micro-pipette aspiration, magnetic 
tweezers and micro-cantilevers are some of the approaches 
that have been explored [2]. Other groups have been 
successful in implementing high sensitivity electrical 
techniques for cell counting [3, 4, 5].  We are proposing an 
electrical approach to mechanical cell diagnostics that uses 
a combination of electromanipulation for stimulus and 
capacitance for sensing. 

An all-electrical approach offers the possibility of rapid 
diagnostics and very high degrees of integration.  
Capacitive based sensing systems have been integrated into 
gyroscopes and have achieved 12 zF resolution [6].  If 
sensors of this sensitivity were combined with microfluidics 
systems for transporting cells, highly integrated diagnostic 
systems would be possible.  

Electrical manipulation is possible because of the 
difference in the dielectric properties of cells and the 
surrounding fluid [7]. The dielectric difference in 

combination with electric field gradients can be used to 
translate or rotate cells [8].  The electric field itself can also 
be used to alter the shape of the cell through electrostatic 
pressure exerted on the cell [9].  Changes in both cell 
position and shape will result in changes in the capacitance 
between the electrodes that deliver the field. 

In this work, high frequencies are used for capacitance 
detection.  Using high frequency (GHz) signals avoids 
problems associated with electrical double layers at the 
electrode-fluid interface, which, at lower frequencies, can 
limit the capacitance resolution to 2 fF [3].  Finally, the use 
of high frequencies also opens the door for lower 
frequencies (MHz) to be used for other purposes such as the 
electromanipulation of materials as shown below. 

 
2 CAPACITANCE SENSOR 

 
The experimental apparatus for capacitance 

measurements is shown in Figure 1.  An automated syringe 
pump delivers fluid and cells through a tube into the inlet 
connector of the microfluidic channel.  Gold electrodes 
were fabricated across the channel at 90 degrees relative to 
the channel flow direction.  To exploit the use of high 
frequencies in obtaining capacitance variations due to the 
presence of cells in the channel, a high-Q quarter 
wavelength cylindrical cavity resonator was brought into 
contact with the gold electrodes.  The resonance frequency 
of the resonator is approximately 2 GHz.  When the 
resonator contacts the gold electrodes, subsequent 
variations in the channel capacitance, such as the presence 
of cells, will vary the effective electrical length of the 
cavity resonator, and hence its resonance frequency.   

We discern the resonance frequency by modulating the 
resonator drive frequency about the resonance frequency of 
the resonator-channel combination when the channel is 
filled with water or appropriate buffer solutions.  When the 
resonator has a sufficiently high Q value, it is sensitive 
enough to monitor small capacitance variations [10].  
Subsequent resonance shifts caused by cells passing by the 
sensing electrodes emerges as a difference between the 
signals at fr+Δf and fr-Δf (fr and Δf are the resonant and 
modulation frequencies, respectively), which is monitored 
using a lock-in amplifier and oscilloscope.  The response 
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signal difference can be directly related to a capacitance 
change. 
 

  

 

Figure 1:  Experimental apparatus.  An automated syringe 
pump (A) delivers water and cells through a tube into inlet 

connector (B) to the microfluidic channel (C). 

3 EXPERIMENTAL RESULTS 
 
Experimental results from polystyrene spheres and 

yeast cells in a water solution are provided in Figures 2 and 
3, respectively.  In both cases, we observe a decrease in 
capacitance because the permittivities of both polystyrene 
and yeast are less than that of water (80 ε0).  The larger 
capacitance change from polystyrene spheres (~ 100 aF) 
compared with yeast cells (~10 aF) occurs because the 
polystyrene spheres have a larger volume and a higher 
dielectric contrast compared with water.  One can estimate 
the capacitance change using: 
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where εw and εcell are the water and cell permittivities, E 
and V are the electric field and potential difference between 
the electrodes, and Vol is the particle volume.  Capacitance 
differences within each figure arise because different 
particles pass at different heights above the electrode plane 
and due to particle size variations. 

 

Figure 2:  Capacitance changes caused by 10 µm 
polystyrene spheres. 

 

Figure 3:  Capacitance changes caused by 6 µm yeast cells. 

4 SIMULATIONS 
 
Finite element analysis simulations were performed 

using the COMSOL® electromagnetics module.  The 
Laplace equation, 0

2
=! V , was used to solve for the 

electric fields in the channel.  Since polystyrene spheres 
and yeast cells are simple model systems, they were 
modeled as single-shelled spheres having an effective 
permittivity given by [11] 
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where εmemb and εcyt are the membrane and cytoplasm 
permittivities, R is the cell radius, and d is the membrane 
thickness.  The values of these parameters for polystyrene 
and yeast are given in Table 1.  
 

Material εcytoplasm εmembrane εwater Radius (µm) 
Yeast 60 5 80 3 

Polystyrene 2.5 N/A 80 5 

Table 1:  Permittivity and radius values of polystyrene 
spheres and yeast cells 

Figures 4 and 5 show the simulated capacitance 
changes as a function of particle position for yeast cells and 
polystyrene spheres, respectively.  Both the channel depth 
and the electrode spacing are 25 µm.  The membrane 
permittivity was calculated using the parallel plate 
approximation, dAC != , often used in the literature.  
For a typical membrane thickness of 5 nm and a membrane 
capacitance per unit area of 0.01 F/m2 [12], the relative 
permittivity is about 5. 

 
 

 

Figure 4:  Capacitance change of 6 µm yeast cells as a 
function of position.  A) 16 aF, B) 10 aF, C) 7 aF, D) 2 aF, 
and E) 0 aF.  The electrode width and channel height are 25 

µm each (not drawn to scale). 

Figure 5:  Capacitance change of 10 µm polystyrene 
spheres as a function of position.  A) 227 aF, B) 47 aF, and 
C) 0 aF.  The electrode width and channel height are 25 µm 

each (not drawn to scale). 

The simulation results agree reasonably well with the 
experimental results, suggesting that the particles more or 
less remain on the same plane as that of maximum velocity.  
In laminar flow, which occurs almost exclusively in 
microfluidic systems, the velocity profile is parabolic, 

having a maximum in the center of the channel and zero at 
the channel edges.  For the polystyrene case, the predicted 
capacitance change is approximately twice that of the 
experimental capacitance change.  This is likely due to a 
larger dielectrophoresis force, which arises from the sphere 
having a larger volume.  At high frequencies (2 GHz), this 
force will be repulsive, making the sphere flow through the 
channel at a lower vertical position, which would cause a 
smaller capacitance change.  As expected, the simulation 
also predicts that the capacitance change has a relatively 
strong dependence on the vertical position of the cell 
relative to the electrodes. 

 
5 DIELECTROPHORETIC TRAPPING 

 
At frequencies of a few MHz, most cells exhibit an 

effective dielectric constant greater than water. By applying 
signals at 1-2 MHz, cells will be attracted to electrodes in 
water. If the applied voltage is high enough, 3 V or so in 
our case, the attractive forces will overcome the forces due 
to fluid flow and cells will become trapped on the 
electrodes. When the voltage is removed, the cells will be 
released. We have demonstrated this effect and have used 
the capacitive sensor to detect the trapping of these cells 
(Figure 6). This was the first demonstration of 
electromanipulation of cells with simultaneous capacitive 
detection in microfluidic channels. 

Each voltage dip in Figure 6 represents an event, 
whether it is a cell passing by the electrode pair or the 
trapping of an individual cell.  As yeast cells flowed 
through the channel, a 1 MHz trapping signal was turned on 
and off every 5 seconds.  Giving particular attention to the 
22-27 s timeframe in Figure 6, when the trapping signal 
was on, we observed the sequential trapping of three 
individual yeast cells.  When the trapping signal was turned 
off at 27 s, the three trapped cells were released.  These 
events were observed both optically and via capacitance 
detection.  During those timeframes when the trapping 
signal was off, the smaller voltage dips correspond only to 
the flow of individual yeast cells by the electrode pair.   

 
 
Figure 6:  Periodic trapping and release of yeast cells. 
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6 CONCLUSIONS 

 
We have developed a system that can successfully 

detect the presence of yeast cells and polystyrene spheres 
with a 2 aF capacitance resolution.  In addition, we have 
used capacitive detection for monitoring the 
dielectrophoretic trapping and release of flowing yeast 
cells.  Preliminary dielectrophoretic force calculations 
indicate that the forces within the channel are in the pN 
range, which should make electrodeformation experiments 
feasible. 
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