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ABSTRACT 
 
  Separation of closely related analytes can be significantly enhanced by introducing a new 
dynamic multiple equilibrium gradients (DMEG) approach. Namely, low-voltages applied as running 
waveforms to specifically designed grids of electrodes microfabricated along the separation channel 
(e.g. a thin capillary) can increase peak capacity and separation of molecules in complex mixtures.  
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I. Introduction. Although a number of powerful separation techniques, such as 
chromatography, electrophoresis, field flow fractionation, and equilibrium gradient methods 
(EGM) are available for the separation of mixtures of various chemicals and proteins, there is a 
growing need for new techniques that can provide even greater resolving power and peak 
capacity. Recent advances in separation sciences have been driven by the demands of 
genomics and proteomics research; these areas of research continue to introduce new 
challenges for developing rapid methods for more selective separations. Many comprehensive 
reviews analyzing the lab-on-a-chip technology and its many applications have been published 
[1-5]. Multi-layer electrode structures are also being developed for selective manipulation of 
particles and cell suspensions using the traveling field dielectrophoresis (DEP) effect [6]. DEP 
is the motion of a particle due to the interaction between a non-uniform electric field and its 
induced dipole moment in the particle [6-8]. Electro-hydrodynamic (EHD) planar wave pumps 
have also been constructed using the concept of the moving electrostatic wave applied to poly-
Si bus bars [9]. To generate non-uniform electric fields for the purpose of fluid pumping and/or 
separation of particles, the electrodes are deposited on one side of a channel (or surface) and a 
very high frequency (~1 MHz) external electric field is imposed to induce a dipole moment in 
a particle in a medium.  

 
  The potential of EGM in chemical and separation sciences has not been fully explored as 
yet, although a linear field intensity gradient in which analytes are brought to unique 
equilibrium points by a force gradient and a counter force (a hydrodynamic flow) along the 
separation pathway has been recently described and tested experimentally [10-14]. In this case 
the electric field gradient is established using an array of electrodes for which voltages are 
individually adjusted [12,13]. A disadvantage of the EGM approach is that resolution and peak 
width cannot be improved simultaneously. Experimental designs utilizing EGM [12,13,15] are 
limited in resolving power because of a simple stair-step electric field gradient with 
discontinuities at the electrodes that is not practical. Besides, it is not easy to keep the profile 
constant over a long distance of the separation column and extended separation time, as the 
opposing hydrodynamic flow and its broadening effects significantly hamper the extent of 
electrofocusing. Though novel technologies continue to be developed, including the Protein 
Chip Arrays and multiplexed microchip gel electrophoresis [16-19], many laboratories rely on  
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traditional conventional capillary electrophoresis (CE). Therefore, industrial and biomedical 
communities continue to articulate a need for new, more selective separation methods for 
chemical analyses. We are at a stage where further advances can only be explored through the 
development of new principles and/or novel platform architectures such as those described in 
this manuscript.  
 
  II. Results and Discussion. It is demonstrated that separation of analytes can be 
significantly enhanced by introducing a new dynamic multiple equilibrium gradients (DMEG) 
approach. In this methodology relatively low-voltages applied as running waveforms to 
specifically designed grids of electrodes microfabricated along the separation channel (or thin 
capillary) can increase peak capacity and separation of molecules in complex mixtures. The 
running waveforms (applied to the electrodes) create moving electric field gradients, which 
results in very efficient separation and transport of analytes to the detection area. Figure 1 
shows a schematic of our simplified experimental setup with which the proof-of-principle data 
were obtained. A thin capillary (o.d., 150 µm; i.d., 75 µm; length, 10 cm) was placed between 
two glassy plates with 300 chromium electrodes on each side. For simplicity the electrodes 
were grouped into sets of four; they were connected in such a way that electrode #1 in each 
group is connected to all other #1 electrodes, electrode #2 to all #2’s, and so on. The electrode 
width and the gap between electrodes were about 5 and 350 µm, respectively. Saw-tooth type 
waves were applied along the capillary outfitted with electrodes. The best results were obtained 
when the waveform of the top electrodes was slightly shifted in reference to the electrodes on 
the bottom plate (see Figure 1).  
 
  
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
Figure 1.  Frame A: Schematic of our simplified prototype device (only a few electrodes are 
shown for simplicity). N1 and N2 are two negatively charged analytes with slightly different 
mobilities. The thick black arrow corresponds to the additional force due to the electric field 
gradient fulfilling the equilibrium gradient condition for this particular analyte (N1). 
(Focusing is explained in Figure 2). The saw-tooth voltage applied to electrodes 1,2,3, and 4 at 
time zero has the phase shift (φ) of 0,π/2, π, and 3π/2, respectively. The time course of the 
phase-shifted signals to create running waves is also shown for an easy inspection. EOF = 
electroosmotic flow.  B: An image of a section of capillary and electrodes on the bottom plate. 
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         An example of fluorescence based electropherograms obtained for a mixture of four 
closely related analytes: 1) 2',7'-dichlorofluorescein diacetate, 2) 4(5)-carboxyfluorescein, 3) 
3',7'-dichloro-fluorescein, and 4) 4',5'-dichlorofluorescein is shown in Figure 2. Curve (a) 
corresponds to an electropherogram obtained using conventional CE without running waves. 
The sample (c~10-5 M) was hydrodynamically injected, resulting in ~20 nL injection volume. 
Standard CE separation was carried out at –2.1 kV in 4 mM of sodium tetraborate running 
buffer, and fluorescence electropherograms were acquired during CE separation. As shown in 
curve (a), under these experimental conditions the analytes 1-4 could not be separated. 
However, CE separation combined with the running waves (λ = 1,400 µm, f = 0.1 Hz, and 
gradually increasing wave amplitude (from 0 to ± 540 V) in a sweeping mode provided 
excellent separation of all analytes. The fluorescence intensity of the broad peak in curve (a) is 
the same as the combined intensity of the very narrow peaks 1, 2, 3, and 4 in chromatogram 
(b). This result is striking as further improvements are anticipated. The significantly narrowed 
peaks illustrate the electric field gradient induced focusing effect. The extent of focusing 
strongly depends on λ, the shape of the running waves, device design, and electric field 
strength, all of which can be controlled experimentally. The electrodes act as capacitors and the 
applied waveforms generate strong electric field (estimated experimentally to be ~10-2 V/µm), 
which drives the separation. It is shown that the separation of molecules with ∆µ/µ of ~5×10-4 
can be accomplished. Electropherogram (c) was also acquired by CE combined with the same 
running waves but with fixed amplitude of ± 400 V. As a result only the analyte with the 
fastest electrophoretic mobility is “fished-out” from the mixture. This illustrates for the first 
time that targeted separation of analytes in complex mixtures is feasible.  

 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 

 
 
 
Figure 2. CE fluorescence based electropherograms obtained for a mixture of four analytes 
without (curve a) and with running waves (curve b and c) obtained under different 
experimental conditions (see text for details). 

 
        These results demonstrate that the application of a DMEG approach to CE and/or various 
microfluidic devices (research in progress) will lead to separation with significantly improved 
peak capacity and resolution. 
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