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ABSTRACT 

 
We present a multi-stage, multi-frequency carbon 

dielectrophoresis (CarbonDEP) device for high throughput 
filtering and separation applications in the health care and 
biotechnology fields. CarbonDEP refers to the use of 
carbon surfaces to induce Dielectrophoresis (DEP). Up to X 
high aspect ratio carbon electrode arrays are sequentially 
embedded in a microfluidic channel and excited with 
different optimized signals, provided by a custom 
engineered multi-channel, programmable signal generator, 
in their frequency and magnitude to obtain X 
dielectrophoresis-active filters, or a super filter with X 
stages. Particle separation is achieved by sequentially 
releasing and collecting the particles previously trapped at 
different arrays.  We demonstrate the feasibility of a 2-stage 
system by separating 3 particle populations. We also 
discuss how such system is best applied when working with 
specific sample types.   
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1 INTRODUCTION 
 
Even when the field of bioparticle separation has 

advanced significantly in recent years with the wide use of 
techniques such as Fluorescence-Activated Cell Sorting 
(FACS) or MACS (Magnetically-Actuated Cell Sorting) 
such techniques require the use of specific, and often 
expensive, tags to achieve high selectivity. An ideal 
solution would be a technology which eliminates the need 
of such tags while maintaining a high throughput separation 
process. We believe 3D Carbon Dielectrophoresis 
(CarbonDEP) could be such solution.  A huge advantage of 
DEP is the selection of the targeted particle using only its 
intrinsic dielectric properties which are solely determined 
by the particle’s individual phenotype such as its membrane 
morphology. Such advantage eliminates the need of 
specific tags linked to magnetic beads or fluorophores to 
discriminate targeted particle types potentially reducing the 
cost of each assay.  
 

As an enhancement to current DEP devices, we propose 
the use of Carbon Dielectrophoresis (CarbonDEP). Carbon 
DEP refers to the use of carbon surfaces to induce DEP. 

Carbon surfaces offer better electrochemical and 
biocompatibility properties than other conductive materials 
[1] as well as lower costs. The use of volumetric (3D) 
structures allows higher throughput than traditional planar 
DEP devices [2] towards rates comparable to current 
separation techniques.  

 
Even when carbon surfaces can be obtained with a 

variety of fabrication techniques, we have chosen the C-
MEMS technique [1] given its exquisite control of device 
dimensions achieved by photolithography and its ability to 
generate very high aspect ratio structures. As the field 
matures the need for still cheaper fabrication techniques 
will be evident to allow widely used applications. 

 
The novelty of our work resides in the use of volumetric 

(3D) CarbonDEP to implement high throughput, re-
configurable, multiple independent dielectrophoresis-active 
filters to be used in filtering and particle separation 
applications. While filtering is readily implemented, 
Particle separation is achieved by sequentially releasing and 
collecting the particles previously trapped at different 
arrays. Such system might be applied for the rapid 
separation of several particle populations contained in a 
mix by only flowing through such mix once. Previous work 
on carbon in DEP applications by our group includes DEP 
trapping of latex beads and yeast-cells with planar and 
volumetric electrodes [2, 3-4]. Higher throughput and 
efficiency of volumetric carbon electrodes over planar ones 
when filtering a targeted population have been validated in 
[2].  On the other hand, a multi-stage DEP system has been 
reported in [5] where complex fabrication methods to 
obtain planar aluminum electrodes aided by 30-µm SU-8 
structures acting as physical traps have been exploited.  
 
2 MULTI-STAGE, MULTI-FREQUENCY 

DIELECTROPHORESIS SYSTEM 
 
A general schematic of our system is presented in Fig. 1. 
Multiple signals, optimized in their magnitude and 
frequency, are obtained by a multi-channel generator while 
different electrode array geometries are tailored in electrode 
size, gap, shape and height to each application.  
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Fig. 1. A schematic drawing of our proposed multi-stage, 

multi-frequency CarbonDEP system. 
 
2.1 Device 

A 2-stage DEP device has been fabricated. Two 
CarbonDEP arrays, of 20 X 5 electrodes each, and their 
connecting leads are fabricated by the pyrolysis of two-step 
photolithographically defined SU-8 (MicroChem Corp.) 
structures (Fig. 2 A) following standard C-MEMS 
techniques. Posts are  70 µm high with a 25 µm diameter. 
Posts separation in the is 100 µm in the Y axis and  45 µm 
in the X one.  In order to protect connecting leads from 
peeling off while immersed in an aqueous media, a thin 
layer of SU-8 was coated and patterned around the 
electrodes (Fig. 2B ). Such layer also serves the purpose of 
providing a planar surface for the adhesion of the micro 
channel. A micro channel, 600 µm wide and 100 µm high, 
was cut on double-sided pressure-sensitive adhesive and 
aligned to a previously drilled polymer cover. Arrangement 
was then aligned to carbon electrode array and sealed with 
a mechanical press. Plastic fluidic ports were installed and 
sealed with epoxy. Device has supported flow rates of up to 
8000 µl/min with no leakage. Electrical connections are 
made with silver conductive paint and common solder 
resulting in an average contact resistance of 120 Ω. A cross 
section of completed device, containing 3D electrodes, is 
shown in Fig. 3C. 
 
2.2 Multi-Frequency Generator 

Our engineered multi-channel system is based on a 
Direct Digital Frequency Synthesizer architecture. A Xilinx 
Spartan-3E500 FPGA (Field Programmable Gate Array) 
with 50 MHz crystal has been chosen to synthesize the 
sinusoidal signals. The output of each channel from the 
FPGA is then injected to two fast video Digital to Analog 
Converters (DAC). The first DAC establishes the reference 
voltage to the second DAC while the second DAC is used 
to reconstruct the sine wave. 

 
The reconstructed sine wave is worked across the 

system under a maximum normalized voltage of 1Vp. This 
reconstructed sine wave is then filtered through a first order 
Butterworth high pass filter at 60 Hz for removing offset, 
and then through a passive RLC fifth order Chevyshev 0.1 
dB low pass filter with a cut frequency at 8 MHz for 
removing aliases. In order to obtain desired power levels,  
an output amplifier is interfaced between CarbonDEP 
device and multi-frequency generator.  
 
 

   
 

 
 
Fig. 2, A) Carbon electrodes obtained through polymer 

pyrolysis, B) An example of a protective SU-8 layer coated 
and patterned around carbon electrodes and C) Fabricated 

device cross section. 
 

3 MATERIALS AND METHODS 
 

3.1 Particles and Media 

Yeast culture was obtained by dissolving 200 mg of 
Yeast (S. cerevisiae, Sigma-Aldrich) in 10 ml sterile YPD 
medium (MP Biomedicals) and incubated aerobically at 
30°C with 150 RPM rotation for 18 hours. Such culture was 
then diluted into 100 ml of the equivalent media and 
incubated as before for a further 24 hours. Prior to 
experiment, Yeast were washed once and re-suspended in 
DI water. A stock of 8 um Latex particles (Duke Scientific) 
was prepared by diluting with DI water original stock 
provided by the supplier.    

 
Experimental sample was composed by 4 ml of re-

suspended yeast and 2 ml of latex particles. Measured 
concentrations by direct counting give 1.84 X 106 yeast 
cells per ml and 1.76 X 105 latex particles per ml. 
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Composition is thus 91.3% Yeast, 8.7%  Latex. Measured 
sample conductivity was 1 mS/m. 

 
3.2 Experiment 

After fabrication and prior to all experiments, up to 3 ml 
of a Bovine Serum Albuminum (BSA) solution at 0.5% was 
flowed into our devices. Prior to beginning each experiment 
channel was cleared of particles by flushing DI water at 
4000 µl/min.  

 
45 µl of experimental sample were flowed in at desired 

flow rate (10, 20 and 40 µl/min) while electrode arrays 
were polarized with a 10 Vpp sinusoidal signal. First array 
was polarized at 5 MHz in order to trap viable yeast and 
repel non viable yeast. Second array was polarized at 500 
KHz to trap non viable yeast as well as viable yeast. It is 
assumed most of viable yeast gets trapped at first array.  
 

4 RESULTS 
 

Fig. 3 shows the separation of yeast particles in the 
different arrays against a 10 µl/min flow. The array on the 
left of the electrode gap was polarized at 5 MHz, to trap 
viable yeast only, while the one in the left was at 500 KHz, 
to trap both viable and non viable. A clear cut difference in 
trapped particles can be seen in both figures. Since yeast 
has been re-suspended in DI water, it is expected most of 
them have gone non viable giving rise to such an 
overwhelming trapped population of non viable yeast on 
the right side. 

 
Fig. 4 shows the trapping of non viable yeast as flow 

rate increases from 10 µl/min to 20 and 40 µl/min. It can be 
seen that even when the trapped particle density decreases 
still a fair amount of non viable yeast remains trapped 
suggesting the use of higher flow rates, to achieve higher 
throughputs, to conduct separation. 

 
5 DISCUSSION  

 
Even when the feasibility of a 2-stage CarbonDEP array 

to separate 3 different particle populations: viable, non 
viable yeast and latex beads has been qualitatively 
demonstrated, such separation can also be readily achieved 
by a single electrode array polarized at different frequencies 
at different times. The power of the proposed multi-stage, 
multi-frequency system becomes obvious when working 
with a sample containing a mix of particles having a DEP 
spectrum such as that shown in Fig. 5. By closely 
examining such figure one can conclude is possible to 
separate up to 4 different particle populations with a 2-stage 
DEP device such as the one being proposed. By polarizing 
the first electrode array encountered by the incoming 
particle mix at a frequency around point A, Particle 1 and 3 
will get trapped while Particle 2 and 4 get repelled. If 
second array is polarized at a frequency close to point B, 
Particle 1 and 2 will get trapped while those unlikely non-

trapped Particle 3 as well as Particle 4 get repelled. At this 
point we have Particle 3 trapped in the first array, Particle 2 
trapped in the second array, Particle 1 trapped in both 
arrays and Particle 4 have just flowed by and is being 
retrieved at the channel outlet. If we now change the 
frequency of the second array to point A, Particle 2 gets 
repelled and is flushed away for retrieval while Particle 1 
and 3 are still being trapped. The next step is to change the 
polarizing frequency of the whole array to point B to repel 
Particle 3 which is then retrieved as well. The final step is 
to turn off all electrodes to release and collect Particle 1.   
Such “optimal” sample composition might be found when 
purifying biological cells from ceramic and/or metallic 
particles, or by choosing the right suspending medium 
given specific particles. 

 
 
  

 
 

 
Fig. 3. Viable and non viable yeast trapping by different 

arrays polarized each at optimized frequencies. Top caption 
focused on top of electrodes. Bottom caption focused on 
channel floor. Sample flowing from the left at 10 µl/min. 

Note how the number of non viable yeast overwhelms that 
of viable ones. 
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Fig. 4. Non viable yeast filtering against a A) 10 µl/min, 
B) 20 µl/min and C) 40 µl/min flows. Note how trapped 

particle density diminishes as flow rate increases but still a 
fair amount are trapped at 40 µl/min. 

 

 

A) 

B A 

 
Fig. 5. Our proposed approach would be best applied 

when separating particles showing an “optimal” DEP as the 
one shown. 

B) 
 

6 CONCLUSIONS 
 
We have fabricated a 2-stage DEP system featuring a 

3D CarbonDEP device and a Multi-channel, Multi-
frequency signal generator. We have also demonstrated the 
feasibility of a 2-stage system to separate 3 different 
particles and how filter throughput does not significantly 
degrade as flow rate increases. Finally, we discussed how 
the application of our system is better suited for separating 
particle mixes showing an “optimal” DEP spectrum. In this 
case our 2-stage 3D CarbonDEP system would be capable 
to separate 4 different populations.   
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