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We report experiments and simulations on the electrokinetics in
a straight microchannel with locally competitive contributions from
ionic and electronic conductance due to the presence of an
embedded bipolar electrode. The important finding is that this
experimentally simple approach can be used to control electric field
gradients in microchannels and thus carry out fast analyte enrichment.
Under the conditions reported here, a floating metal electrode in
a buffer-filled microfluidic channel nearly eliminates the electric
field in its vicinity because of the local dominance of electronic
conductance over ionic conductance. However, in adjoining channel
segments ionic conductance dominates and extended field gradients
develop. The formation of these field gradients is a consequence
of the redistribution of ions in the electrolyte solution resulting from
electromigration and electroosmotic flow (EOF). We demonstrate
these dynamics by observing the migration and concentration
enrichment of the twice negatively charged fluorescent dye BODIPY disulfonate. Experimental observations are supplemented with
simulations that provide nearly quantitative confirmation of the
proposed model.
Details related to the configuration of the microfluidic device
and the experimental procedures are provided in the Supporting
Information. Briefly, the channel was filled with 5 µM BODIPY
disulfonate in 1 mM Tris buffer (pH 8.1). Next, a potential bias
was applied between Pt electrodes immersed in ResA (groundedcathode) and ResB (at a positive potential-anode) to generate an
electric field within the channel (Figure 1a). Electrokinetic transport
of the dye was captured using an inverted microscope. Figure 1b
is an optical micrograph of the Au electrode and microfluidic
channel, and Figure 1c is a fluorescence micrograph obtained prior
to the application of a potential bias.
Figure 1d shows that when a 50 V bias (∼5.88 kV/m) is applied
the BODIPY dye concentrates to the right of the bipolar electrode.
Video 1 shows that dye motion is dominated by EOF and that it
opposes electrophoresis. Similar behavior (Supporting Information)
was observed for twice negatively charged fluorescein. In contrast,
both dyes move uniformly from anode to cathode in the absence
of the bipolar electrode due to bulk EOF.1 This suggests that the
EOF in the system with the bipolar electrode, which initially
(locally) dominates electrokinetic transport of the dyes, is offset
by an increasing magnitude of counter-directional electrophoretic
motion as the experiment proceeds. Figure 1e shows the evolution
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Figure 1. (a) Microfluidic device used in the experiments. The Au electrode
(500 µm × 1000 µm) was positioned at the center of the channel (6 mm
long, 100 µm wide, and ∼20 µm high) connecting two cylindrical reservoirs
(∼2.5 mm in diameter). (b) Optical micrograph of the Au electrode in the
microchannel. Fluorescence micrographs showing variation in the concentration of BODIPY disulfonate in 1 mM Tris-HCl buffer (c) before and (d)
after applying a potential of 50 V for 300 s. (e) Concentration profiles for
the tracer obtained along the channel during the above experiment (see
microscopic focus in Figure 1a). The Au electrode is located from x )
1400 to x ) 1900 µm.

嘷
w A movie, video 1, shows that dye motion is dominated by EOF and that
it opposes electrophoresis.

of the concentrated BODIPY dye zone, which becomes more intense
and broader as a function of time.
The complex behavior of bipolar electrodes embedded in
microfluidic systems is not well understood, but it has been
investigated in some detail recently with an emphasis on faradaic
electrochemistry2 and induced-charge electroosmosis.3 Yeung and
co-workers previously observed analyte enrichment when a Pt wire
was inserted into a fused-silica capillary and a bias voltage was
applied across that capillary.4 They attributed enrichment to a
sample sweeping mechanism, which was initiated by electrolysis
of water at the ends of the Pt wire. They suggested that this resulted
in the formation of a dynamic pH gradient along the capillary, and
that this gradient led to spatially resolved acid/base chemistry of
the tracer molecules (fluorescein derivatives). A requirement of this
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Figure 2. Simulated profiles of (a) background ion concentrations after t

) 200 s, (b) local axial electric field (t ) 200 s), (c) tracer concentration
for t ) 50 s, 100 s, 150 s and 200 s, and (d) pH after t ) 200 s. Applied
field strength, Eext ) 5 kV/m. All profiles represent the distribution of the
corresponding parameter along the geometrical axis of the microchannel.
In contrast to Figure 1, the bipolar electrode is located in the microchannel
from x ) 500 to x ) 1000 µm.

mechanism is that the tracer molecule must be a weak acid and
have a pK close to the pH of the buffer. However, the results shown
in Figure 1 can not be attributed to this explanation, because
BODIPY disulfonate is strongly acidic (two sulfonic acid groups)5
and would thus not be sensitive to pH changes in the range required
for sweeping methods.
To quantitatively interpret the results presented in Figure 1, we
performed numerical simulations based on the coupled Nernst-Planck,
Poisson, and the continuity equations, taking into account faradaic
reactions and reactions of the buffer system. Figure 1a is a
representation of the model used for the simulations. For the
simulations, the channel was 1.5 mm long and the electrode was
500 µm long and situated at the center of the channel. To correspond
as closely as possible with the experiments, the channel and
reservoirs in the simulations were filled with 5 µM BODIPY
disulfonate in 1 mM Tris buffer (pH 8.1). The chemical species of
interest in this system are neutral Tris, its protonated form (TrisH+),
chloride (Cl-), hydroxide and hydronium (OH- and H3O+) ions,
and the twice negatively charged tracer. Details of the model with
partial differential equations, boundary and initial conditions,
diffusion coefficients, kinetics of the assumed faradaic and buffer
reactions, as well as the system parameters can be found in the
Supporting Information. Numerical solutions were obtained for the
simulated microfluidic system by employing a parallel code based
on lattice algorithms. The results are presented in Figure 2.
Figure 2a and 2b illustrate the close correlation between the
concentrations of the background electrolyte ions (TrisH+ and Cl-)
and the local electric field strength. Specifically, concentration
differences of the ions in the anodic channel segment (x ) 0-500
µm, Figure 2a) and in the region above the bipolar electrode (x )
500-1000 µm) can be understood in terms of the nonuniformity
of the local electric field and hence differences in local transport
rates. Because the fluid is assumed to be incompressible, the EOF
contribution to ionic flux is constant along the length of the
microchannel; however, electromigration is proportional to the local
field strength. For cations, these two flux components are codirectional (from ResB to ResA), and hence their sum is proportional
to the local field strength. Because field strengths in the anodic
and cathodic channel segments and in the region above the bipolar
electrode are related by Eanode > Ecathode > Ebipolar, the steady-state
concentrations of cations in these regions must correspond to cbipolar

> ccathode > canode to conserve charge flux. For anions, the fluxes
due to EOF and electromigration are counter-directional and their
sum decreases as the local field strength increases and even becomes
negative in the anodic segment (i.e., net transport is directed from
ResA to ResB). Specifically, Cl- in the region above the bipolar
electrode (low local field strength) is removed toward ResA by the
EOF, while Cl- migrates toward ResB in the anodic segment (high
local field strength). This results in a depletion of anions in these
two segments (x ) 0-1000 µm, Figure 2a). The lower conductivity
of the electrolyte solution in the anodic segment leads to the
formation of an electric field gradient with field strength increasing
from the anode to the right edge of the bipolar electrode (Figure
2b).
The implication of these results is that the tracer molecules, which
leave the anodic reservoir because of the initially (locally) dominant
EOF, encounter an increasing electrophoretic driving force in the
opposite direction (back toward ResB) as they approach the bipolar
electrode. At a certain axial position, the two counter-directional
motions (anodic electrophoresis vs cathodic EOF) for the tracer
are balanced, the molecules become stationary and locally enriched
(Figure 2c). The step-like character of the field-strength profile in
the anodic segment (arrow in Figure 2b) can be explained by this
concentration enrichment of the negatively charged tracer shown
in Figure 2c. The tracer concentration becomes comparable with
the background ion concentration. As a consequence, the local field
strength is a function of the tracer concentration as well as that of
the buffer. Following its increase with time, the interplay of fluxes
(EOF, electrophoresis, and diffusion) results in a broadening of the
concentrated zone.
As pointed out by Yeung and co-workers,4 faradaic reactions (e.g.,
water electrolysis) on the surface of the bipolar electrode induce
changes in local pH (Figure 2d), and this can in turn modulate the net
charge of analytes having a pK near that of the buffer. In this case,
the electrokinetics in the system become more complex and analyte
enrichment can be a combined result of the field-gradient mechanism
(Figure 2) and a pH-sweeping mechanism.4 However, the simulation
results, which assume an analyte with pH-insensitive charge, imply
that the field-gradient mechanism fully dominates influences of pH
change in our experiments (Figure 2d).
In conclusion, a simple bipolar electrode configuration can be
used to strongly influence the electric field distribution within a
microchannel due to locally competitive contributions of ionic and
electronic conductances. Together with the volumetric EOF, these
dynamics can be used to generate extended field gradients for
tailoring analyte focusing in a simple, straight microchannel. Future
experiments will explore the feasibility of extending this observation
to combined separations and enrichment.
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