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The complex interplay of electrophoretic, electroosmotic, bulk convective, and diffusive mass/charge
transport in a hybrid poly(dimethylsiloxane) (PDMS)/glass microchannel with embedded floating
electrode is analyzed. The thin floating electrode attached locally to the wall of the straight
microchannel results in a redistribution of local field strength after the application of an external electric
field. Together with bulk convection based on cathodic electroosmotic flow, an extended field gradient is

formed in the anodic microchannel segment. It imparts a spatially dependent electrophoretic force on

charged analytes and, in combination with the bulk convection, results in an electric field gradient

focusing at analyte-specific positions. Analyte concentration in the enriched zone approaches
a maximum value which is independent of its concentration in the supplying reservoirs. A simple
approach is shown to unify the temporal behavior of the concentration factors under general conditions.

Introduction

Multifunctional microchip devices for chemical separation and
analysis provide significant advantages in performance, resulting
in faster and cheaper analytical procedures by requiring small
amounts of sample and reagents. However, the use of smaller
geometries also means that the number of molecules to be analyzed
is reduced, so that their detection can become a challenging task.
Apart from the use of highly sensitive detectors, another option is
to employ analyte preconcentration before (off-line) or after (on-
line) sample injection. The integration of sample pretreatment into
microfluidic devices is one of the remaining hurdles towards
achieving true miniaturized total analysis systems.

In the literature, numerous sample preconcentration methods
have been reported for miniaturized devices. They include
approaches based on electrokinetic equilibrium techniques
like field amplified sample stacking,'™ temperature gradient
focusing,>® isotachophoresis,'®®® isoelectric  focusing,¢°
conductivity gradient focusing, and electric field gradient
focusing.?*?® Other methods utilize specific interactions (e.g.,
electrostatic, hydrophilic, affinity) between analytes and the
surface of the microchannel walls,?*=3? or employ size- and elec-
trostatic-exclusion as well as concentration polarization at
nanoporous membranes and discrete nanochannels.>*®

Electrofocusing is an accompanying effect of electrophoretic
equilibrium gradient methods, a subset of separation techniques in
which a net restoring force acts against dispersive forces to simul-
taneously separate and concentrate. Because most electrofocusing
techniques are not generally applicable, the only widely used
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technique in this family is isoelectric focusing (IEF). IEF is based
on the fact that the net charge of molecules becomes zero if the pH
of the surrounding solution is equal to the molecules isoelectric
point (pl). Thus, if a pH gradient exists in the system, analytes can
be immobilized and accumulated where pH = p/. However, the
application of IEF-methods is limited. This technique can only be
employed with an analyte having a well-defined pI. In addition, the
solubility of proteins at their p/ is low, and that handicaps the
application of IEF-methods to biochemical systems.**

The scarcity of available electrofocusing-based methods has
motivated recent development,* especially of techniques which
can be applied to microelectromechanical platforms.>® Recently,
we reported a novel electric field gradient focusing technique for
use in a straight microchannel device containing an embedded
floating (bipolar) gold electrode which, at any time, is no part of
the external circuitry.®® This experimentally simple approach
enables analyte enrichment because of the formation of a steep
electric field gradient within the (6 mm long, 100 um wide, and
~20 pm high) microchannel. The floating electrode (500 pm
long) in the electrolyte-filled microchannel nearly eliminates the
electric field in its vicinity, and a spatially extended field gradient
develops in the adjoining anodic compartment. The formation of
this field gradient is the consequence of a complex interplay
between electrophoretic, bulk convective, and diffusive transport
of the background electrolyte ions. The effect of this field
gradient has been visualized using negatively charged fluorescent
tracer molecules, which experience counter-directional forces of
bulk convection and electrophoresis to become quasi-stationary
and locally enriched. Transport effects, that can be explained by
a very similar mechanism, have been recently reported by Pir-
uska et al’* in their study of electrokinetic transport within
three-dimensional hybrid nanofluidic-microfluidic devices
incorporating gold-coated nanocapillary array membranes.

The effect of a floating (bipolar) electrode in the surrounding
electrolyte solution has been investigated in some detail recently

This journal is © The Royal Society of Chemistry 2009

Lab Chip, 2009, 9, 1903-1913 | 1903



with an emphasis on electrochemical reactions®=* and induced-
charge electroosmosis.®**** For example, Duval and co-
workers®5° theoretically investigated coupled electrochemical
phenomena and mass/charge transport in channels with electron-
conducting walls or surfaces. For those systems, it was assumed
that gaps between the external electrodes and a conducting wall/
surface were infinitely small, and an applied potential bias must
completely drop over the electron-conducting region. However,
in this paper we will show that the presence of the ion-conducting
region between the external and floating electrodes dramatically
changes the properties of the system.

Bazant and co-workers’**® and also Yariv and Miloh®
investigated induced-charge electroosmosis, that is, the nonlinear
electroosmotic slip that occurs when an applied field acts on the
ionic charge it induces around a polarizable surface. These two
groups carried out a theoretical analysis of electric and flow
velocity fields around cylindrical and spherical conducting
surfaces immersed in an electrolyte solution, but it was assumed
that no faradaic reactions occur at the solid-liquid interface.

The relationship between complex (diffusive, electrophoretic,
and convective) transport of charged species and faradaic elec-
trochemical reactions was not revealed by these studies of inho-
mogeneous systems. The importance of a coupling between
electrokinetic transport and faradaic reactions at the surface of
afloating (bipolar) electrode was demonstrated experimentally by
Yeung and co-workers.%° They inserted a platinum wire of 25-50
um o.d. into 75 um i.d. fused-silica capillaries filled with a buffer
solution and fluorescent analytes. After the application of an
electric field to the capillary, a spatially shifting preconcentration
of the analytes was observed, which these authors explained by
the formation of a dynamic pH gradient (due to faradaic reac-
tions at the platinum wire) and a subsequent local change of the
net charge of the analytes (pH-sweeping mechanism).

Besides faradaic reactions, another aspect relevant to electro-
kinetic systems with floating electrodes is the actual source of
electroosmotic flow (EOF). In the aforementioned theoretical
studies,**> it was assumed that the only cause of EOF is the
interaction of the externally applied electric field with the
induced-charge around a conducting body. This idealization
naturally results in a strong correlation between the induced-
charge and transport characteristics of the system. At the same
time, the generation of EOF at the dielectric walls in confined
systems is basically independent of the conductor polarization
and can become the dominating factor for the local distribution
of charged species, electric field strength, and species transport.

In this paper, we provide a complete theoretical description of
experimental data we previously reported® and employ the results
of numerical simulations for their analysis. The developed theo-
retical model highlights the complex local interplay between elec-
trokinetics, hydrodynamics, and electrochemistry involved in the
formation of an extended electric field gradient further illustrated
by a fast, scalable concentration enrichment of charged analytes.

Experimental
Microfluidic device and chemicals

The hybrid poly(dimethylsiloxane) (PDMS)/glass microfluidic
device (a layout is shown in Fig. 1) and bipolar electrode were
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Fig. 1 Layout of the hybrid PDMS/glass microfluidic device. The Au
electrode (500 um x 1000 um) is at the center of the (6 mm long, 100 um
wide, and ~20 pm high) microchannel connecting the two macroscale
cylindrical reservoirs (~2.5 mm in diameter), ResA and ResB.

fabricated using standard lithographic techniques.®* The micro-
fluidic channel was made by attaching a PDMS mold containing
a microchannel (6 mm long, 100 pm wide, and ~20 pm high) that
connects two macroscale cylindrical reservoirs, A and B (referred
to as ResA and ResB), of ~2.5 mm diameter to a microscope
glass slide by O, plasma bonding (60 W, model PDC-32G,
Harrick Scientific, Ossining, NY, USA). Before fabricating the
microfluidic device, a floating electrode was prepared by depos-
iting 100 nm of Au (no adhesion layer) onto the glass slide. Then,
photolithographic and etching methods were used to pattern
a single 500 pm x 1000 pm electrode.

The silicone elastomer and curing agent (Sylgard 184) used to
prepare the PDMS microfluidic devices were obtained from K.
R. Anderson, Inc. (Morgan Hill, CA, USA). Molecular biology
grade 1 M Tris-HCI buffer (Fisher Biotech, Fair Lawn, NJ,
USA) was diluted to 1 mM (pH 8.1) with deionized water (18 MQ
cm, Milli-Q® Gradient System, Millipore) and used as back-
ground electrolyte in all experiments. The twice negatively
charged BODIPY disulfonate (Molecular Probes, Eugene, OR,
USA) was used as fluorescent tracer.

Data acquisition

Prior to each experiment, the microchannel was rinsed by filling
ResA with 1 mM Tris-HCI buffer (pH 8.1) and applying
a vacuum at ResB for 2 min. Following the rinsing process, the
microchannel and reservoirs were filled with 5 puM of BODIPY
disulfonate in the same buffer. A 30 V bias was then applied
between two platinum electrodes immersed in ResA (grounded;
cathode) and ResB (at a positive potential; anode) to generate an
electric field within the channel. The average electric field along
the channel was estimated to be ~5.0 kV m™".

Electrokinetic transport of the dye was captured using an
inverted epifluorescence microscope (Eclipse TE 2000-U, Nikon,
Japan) fitted with a CCD camera (Cascade 512B, Photometrics,
Tuscon, AZ, USA). Values of the maximum concentration factor
were determined by measuring the width-averaged fluorescence
perpendicular to the channel axis as a function of distance along
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the axis, and then dividing the maximum intensity by the average
fluorescence intensity obtained from a reference channel con-
taining a solution of the same dye with the corresponding
concentration. All fluorescence measurements were corrected by
subtracting the background count.

Analysis of experimental data

Due to contact with the Tris—HCI buffer, the surface of the glass
and PDMS walls of the channel acquire negative electric charge.
Therefore the generated EOF is cathodic, i.e., the motion of the
liquid is directed to the cathode (to ResA in Fig. 1). Since the
electrophoretic mobility of the BODIPY disulfonate molecules is
less than the bulk electroosmotic mobility, the tracer moves with
the EOF from ResB to ResA in the absence of the floating
electrode. In contrast, the dye is concentrated to the right of
the electrode, in the anodic segment of the channel, if the floating
electrode is embedded into the microchannel (Fig. 2). This
accumulation of the negatively charged analyte indicates that its
transport by the EOF in the system with the floating electrode is
locally offset by counter-directional electrophoretic motion.

When the initial concentration of BODIPY disulfonate (cq)
was 5 uM, its concentration in the enriched zone asymptotically
tended, with time, to some specific value and did not change after
approximately 425 seconds (Fig. 2). In contrast, for the lower
initial concentration ¢y = 0.1 pM, the dye concentration in the
enriched zone continued to grow almost linearly with time.

The data in Fig. 2 cannot be attributed to the pH-sweeping
mechanism proposed by Yeung and co-workers.® In that case,
a dynamic pH gradient was thought to form along the length of
the capillary due to faradaic reactions at the embedded platinum-
wire bipolar electrode. This pH gradient was proposed to affect
the charge on the tracer molecules. The tracers used in their study
(fluorescein derivates) had a pK close to the pH of the back-
ground electrolyte solution and quickly changed their net charge
according to the dynamic pH profile.®® Thus, the point where the
electroosmotic force was balanced by the electrophoretic force
moved along the channel with the pH gradient. In contrast to
that study, we used BODIPY disulfonate, which is strongly
acidic and has a pK of about 2,5 which is far from the Tris buffer
pH of 8.1. This means that the concentration enrichment in our
studies cannot be dominated by a pH gradient. To quantitatively
interpret the results, in Fig. 2 we have developed a theoretical
model of relevant physicochemical processes occurring in this
device, including buffer and faradaic reactions, and carried out
numerical simulations.

Theoretical background and mathematical model

Spatiotemporal variations in the concentrations of ionic species
of the buffer solution and the tracer molecules in the studied
system are governed by balance equations

% 9DV -y

Y RT (DiVg) — ¢ Vv +1; 1

where ¢; is the molar concentration of species i, D; and z; are its
diffusion coefficient and valency, respectively, ¢ is the local
electric potential; F, R and T represent the Faraday constant,
molar gas constant and temperature, respectively, v is the flow
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Fig. 2 Optical fluorescence micrograph of the microchannel with the
embedded Au electrode. The micrograph shows the concentration
distribution of BODIPY disulfonate in 1 mM Tris-HCI buffer at pH 8.1
after applying a potential bias of 30 V for 240 s (top). Schematic illus-
tration of the proposed mechanism of tracer accumulation in the
microchannel with a bipolar electrode (middle). Maximum concentration
factor in the enriched zones experimentally measured for different initial
concentrations of BODIPY disulfonate in 1 mM Tris—HCI buffer at pH
8.1 with an applied potential bias of 30 V as a function of time (bottom).

velocity, and r; is the homogeneous reaction term for species i.
We assume that the diffusion coefficient of the species is not
affected by their local concentration.

The local concentrations of the charged species and the local
electric potential are related by the Poisson equation

V2¢ == r Zzici (2

€0&r

i

where ¢y and ¢, are the vacuum permittivity and dielectric
constant, respectively. Assuming that the liquid is incompress-
ible, the generalized Navier-Stokes equation establishes the
relation between the local flow velocity, pressure, and the electric
body force

p(% + v-vv) =V V= (V)Y za ()

where p and u are the mass density and dynamic viscosity of the
liquid, and p is the hydrostatic pressure.
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The numerical solution of the coupled eqn (1)-(3) is a non
trivial task, as it has to be accomplished at different spatiotem-
poral scales ranging from the order of the electric double layer
thickness of typically 1-10 nm, to the length of the channel of
several millimetres. These widely disparate spatial scales require
huge computational resources. One possibility to avoid this limi-
tation is to assume that the electric double layer thickness is
negligibly small compared with the channel dimensions (thin-
double layer approximation).®* The studied system meets the
above requirement as the electric double layer thickness is ~10 nm
in the presence of 1 mM Tris buffer. With the thin-double layer
approximation, the no-slip condition at the solid-liquid interface
for the fluid flow is replaced by the velocity boundary condition
formulated according to the Helmholtz—Smoluchowski equation.
In this picture, the EOF slips past the solid-liquid interface.
Finally, we assume that the geometry can be reduced to a two-
dimensional configuration, where the width of the channel is
infinite and all parameters vary only along the x- and y-axes.

The two-dimensional geometry of the simulated device is
shown in Fig. 3. It is assumed that the microchannel is termi-
nated by two relatively large reservoirs containing the elec-
trodes—ResA with the cathode and ResB with the anode. Eqn
(1) and (2) were complemented by the corresponding boundary
conditions: for the species balance equation (eqn (1)), we specify
zero flux across the channel walls and constant species concen-
trations at the left and right edges of the channel; for the Poisson
equation (eqn (2)), fixed potentials are assumed at the left and
right edges of the channel, while at the solid-liquid interface the
following boundary conditions were imposed

Eliquia = Eloiia and ejiquiaEsolia = soliaEilquia )

where || and L denote the tangential and normal components of
the local electric field, respectively. In this study the dielectric
constants of the aqueous electrolyte solution and the channel
walls are assumed to be 80 and 3, respectively.

In order to represent the floating (bipolar) electrode, we used
the electron gas model.** According to this approach, valence
electrons of the atoms comprising a metal are able to leave them
and move through the whole electrode accounting for electro-
static interactions. Thus, the metal electrode is assumed to be
composed of two kinds of interacting charges: mobile negatively
charged (electron gas; however, it is not allowed to leave the
electrode) and immobile positively charged species (ions of the
lattice). In the absence of an external electric field, the whole
electrode is electrically neutral because of the presence of the
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Fig.3 [Illustration of the 2D system used in the simulations for analyzing
tracer concentration enrichment in a microfluidic device containing a flat
bipolar electrode (c¢f. Fig. 1). This electrode is attached locally to the
bottom wall from x = 500-1000 pm and has a thickness (in the y-direc-
tion) of 3 pm.

same amount of both kinds of charges. In addition, the volume
density of the electron gas is uniform throughout the electrode. If
an external electric field is applied to the metal-“environment”
interface, electrons are redistributed to compensate this external
distortion and form an electrostatic shield, restraining their
further electromigration within the electrode. In turn, this leads
to the formation of two regions with local non-zero volume
charge density at the two opposite sides of the electrode. The side
towards ResA (to the external cathode) is characterized by
a depletion of electrons. Therefore, it can be considered as an
electron sink for faradaic reactions or as an “induced anode”.
The opposite side of the bipolar electrode, towards ResB (to the
external anode), can be considered as an “induced cathode”
because of an excess of electrons in this region. The bipolar
electrode is represented as a region impermeable to the ions of
the electrolyte solution and is characterized by extremely high
average concentrations of the mobile and immobile charges (10°
times higher than the ionic concentration of the background
electrolyte solution).

Initially, the microchannel and reservoirs are assumed to be
filled with 5 uM BODIPY disulfonate in 1 mM Tris—HCI buffer
(pH 8.1). Thus, the species of interest include neutral Tris,
its protonated form (TrisH"), hydroxide and hydronium ions
(OH™ and H30"), and the tracer molecules (BODIPY disulfo-
nate, twice negatively charged). If no external electric field is
applied along the microchannel, water protolysis

2H,0 < H;0" + OH~ (5)
and the buffer reaction
Tris + HO < TrisH* + OH~ (6)

result in the following uniform (initial) species concentrations in
the system:

[H;0"] = 10" = 7.943 x 10~ mM
[OH ] = 107119 = 1259 x 10> mM
[Tris] = 0.515 mM

[TrisH'] = [CI] = 0.485 mM

The reaction terms in eqn (1) for each species can be repre-
sented as

rH3o+ = % = kl [HZO} - k,l [H30+] [OHf}
Touw- = % = kl[HZO] -k [H30+] [OHf}

+ ko [Tris] — k_» [TrisH' | [OH "]

st
o= % — Jo[Tris] — k_,[TrisH*] [OH ]
rrie = PO i) ko TrisH ] [OH]
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a [Tracerz_]
Frr = I TR 0
where k; and k_; denote the rate constants for the forward and
backward reaction of water self-ionization (eqn (5)), while k, and
k_, are the rate constants for the forward and backward buffer
reaction (eqn (6)).

Apart from the bulk reactions (eqn (5) and eqn (6)), the local
species concentrations can change due to faradaic reactions on
the surface of the electrodes. One can show that a system with
a single floating electrode exposed to an electrolyte solution in
a microchannel behaves as two series-connected complete elec-
trochemical cells.%® Typical electrode reactions for an aqueous
solution involve anodic oxygen and cathodic hydrogen evolu-
tion, and the concomitant production of H;0" and OH™ due to
protolysis of water.

In any aqueous alkaline solution, the oxygen evolution reac-
tion commences on the basis of hydroxide ion oxidation

40H — 4e — O, + 2H,0 7

which shows a diffusion limitation,* as the supply of OH™ is
rate limiting. Due to the deficiency of hydroxide ions, the pro-
tolysis equilibrium of water

8H,O « 4H;0* + 40H- (8)

is shifted and the concentration of hydronium ions increases
nearby the anode. Thus, the final balance is in terms of protolysis
theory

6H20 —4e” & 02 + 4-H3C)+7 or

2H20 —4e” & 02 + 4-]‘[+ (9)

in terms of electrolytic dissociation theory. It should be
mentioned that, in addition to the hydroxide ions, chloride ions
can also be discharged on the anode

2ClI~ — 2¢~ — Cl, (10)
The reaction on the cathode is
2H50" + 2¢~ — H, + 2H,O (11)

Due to the deficiency of hydronium ions, the protolysis equi-
librium of water

4H,0 < 2H;0* + 20H" (12)

is shifted and the concentration of hydroxide ions increases
nearby the cathode. Thus, the final balance is

2H,0 + 2e~ < H, + 20H (13)

On the cathode, along with the above-described reaction of the
hydrogen evolution, reduction of TrisH* can also take place

2TrisH* + 2e~ — H, + 2Tris (14)

Thus, the model includes electrochemical reactions described
by eqn (9), eqn (10), eqn (13) and eqn (14), which take place at the

Table 1 Species properties considered in the simulations

Species Diffusion coefficient Charge
Tris 0.785 x 102 m?s~! 0
TrisH* 0.785 x 10 m? s! +1
Cl 2.033 x 10° m?s™! -1
H;0* 5.286 x 10" m? s~! +1
OH- 5.286 x 10 m? s~! -1
Tracer molecules 0.427 x 107" m?s~! -2

Table 2 Reaction rate constants for eqn (5) and (6)

ki (eqn (5), forward) 2
k_y (eqn (5), backward) 1.
k> (eqn (6), forward) 2
k_, (eqn (6), backward) 1

right (induced cathode) and left (induced anode) faces of the
bipolar electrode. We assume that the rates of the faradaic
reactions are much higher than those of the chemical reactions
(eqn (5) and eqn (6)). This assumption is recognized in the model
as complete “consumption” of the corresponding ions in direct
vicinity of the bipolar electrode due to the faradaic reactions. It
should be noted that faradaic reactions can also take place at the
anodic and cathodic electrodes in ResA and ResB. However,
most of the applied potential is dropped in the channel and the
volume of the reservoirs is large compared to the channel, so the
impact of electrolysis in the reservoirs should be small. There-
fore, in our mathematical model, we assume that species
concentrations in ResA and ResB are constant.

The mathematical description of the processes in the studied
system was implemented as an iterative model based on discrete
spatiotemporal schemes optimized for parallel computations. In
particular, for the solution of the Navier-Stokes, Poisson and
Nernst-Planck equations, respectively, the lattice-Boltzmann
approach” and the numerical approaches proposed by Warren™
and by Capuani et al.” were employed. In all numerical schemes,
a time step of 2 x 107° s and a space step of 107¢ m were used. At
each time step, the Poisson equation was solved 10 times with an
under-relaxation factor of 0.25 in order to ensure numerical
stability. A single simulation required about 16 h at 64 processors
of an SGI Altix 4700 supercomputer to analyze the temporal
behavior of the system for 500 s. Physicochemical parameters
used in the simulations are given in Tables 1 and 2.

Results and discussion

To correspond as closely as possible with experimental data, the
complete microchannel and both reservoirs in the simulated
system (Fig. 3) were assumed to be filled uniformly with the
tracer in 1 mM Tris—HCI buffer (pH 8.1) at an initial concen-
tration of ¢y = 5 uM. Then, a bias of 7.5 V (E = 5kV m™") was
applied to the channel and the evolution of two-dimensional
distributions of electric potential and species concentrations was
recorded every 2 s. We assume that the electrokinetic potential at
the microchannel wall is —50 mV. This magnitude is typical for
PDMS surfaces, taking further into account the actual pH and
ionic strength of the electrolyte solution.”

This journal is © The Royal Society of Chemistry 2009

Lab Chip, 2009, 9, 1903-1913 | 1907



5 !
E : ;
c 3r i !
K] | ' T
® TrisH' | ; —pH 17 Q
o _ 1
E ,l —a : ] POH :
g * | | B
c ! '
o [ e I ! e
&) Ve i LTt 16
10 ' L
s G e/
1500 1000 500 0

Axial Position (um)
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Initial tracer concentration, ¢y = 5 uM. Profiles represent the distribution
along the geometrical axis of the channel (y = 10 pm). The bipolar
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Fig. 5 Simulated profiles of the local axial electric field for = 50, 100,
150, and 200 s. Applied field strength: 5 kV m~'. Initial tracer concen-
tration, c¢o = 5 uM. Profiles represent the distribution of field strength
along the geometrical axis of the channel (y = 10 pm).

The data simulated under these conditions demonstrate a close
correlation between local species concentrations (Fig. 4) and
local electric field strength along the microchannel (Fig. 5).
Nonuniform species concentration distributions can be under-
stood in terms of the nonuniformity of the local electric field and,
as a result, differences in local transport rates of individual
species. In Fig. 4, bulk convection originating in the EOF is from
the right to the left, also above the electrode. This has important
consequences for electrophoretic transport of charged species:
they accelerate or decelerate depending on the local field
strength. For cations, the electroosmotic and electrophoretic flux
components are co-directional (from ResB to ResA), and, hence,
their sum is proportional to the local field strength. Because field
strengths in the anodic and cathodic microchannel segments and
in the region above the bipolar electrode are related by E,poge >

Ecathode > Ebipolar, Steady-state concentrations of cations in these
regions must correspond to Chipolar > Ceathode > Canode 11 Order to
conserve charge flux. For anions, these fluxes due to electroos-
motic flow and electrophoresis 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, the chloride ions in the anodic microchannel
segment (x < 500 pm, Fig. 4) move towards the right (to the
anode), because their electrophoretic mobility is decidedly higher
than the general EOF mobility in the system. In what follows, it
is most important that their local withdrawal cannot be supplied
by other chloride ions which would be positioned at x > 500 pm.
In the neighboring microchannel compartment (500 < x < 1000
pum), which contains the bipolar electrode along the bottom wall
(cf. Fig. 3), the electric field strength becomes zero (Fig. 5). Thus,
electrophoretic motion of chloride ions is not possible in this
bipolar electrode segment, where charge transport in the liquid
phase is dominated by bulk convection through the micro-
channel from right to left. As a consequence, there are no chlo-
ride ions above the bipolar electrode that could compensate the
local withdrawal of chloride ions in the anodic microchannel
compartment which here (x < 500 um), due to their dominating
electrophoretic motion and strong local field strengths up to 15—
17 kV m~! (with respect to the applied 5 kV m~!, Fig. 5), move
towards the external anode. This depletion region stops where
(along this extended field gradient, towards x = 0 um) electro-
phoretic and electroosmotic contributions for the chloride ions
compensate each other (for x < 50 um in Fig. 4 and 5, local field
strength here drops below 5 kV m™).

For the TrisH" ions (Fig. 4) there is an increased concentration
in the region x = 500-1000 um. This is caused by bulk convec-
tion, which dominates charge transport above the bipolar elec-
trode, while in the cathodic compartment (x = 1000-1500 pm)
TrisH* ions experience (co-directional) flow and electrophoresis
to the left electrode (cathode). As noted earlier, in order to
conserve the charge flux throughout the interconnected system,
the lower transport rate above the bipolar electrode is compen-
sated by a higher concentration. The concentration profile of the
TrisH* ions in the anodic compartment stems from their buffer
reaction with the OH ™ ions, which are produced at the cathode of
the bipolar electrodes (x = 500 pm) and swept towards the
external anode. Thus, the concentration of TrisH* ions in the
anodic microchannel compartment is reduced, mostly at/close to
the bipolar electrodes cathode (x = 500 um), and then recovers
towards the anodic reservoir.

Since the local electric field strength is inversely proportional
to the conductivity, the significantly reduced and nonuniform
concentration of background electrolyte ions in the anodic
segment leads to the formation of an extended electric field
gradient, with field strength increasing from the external anode
(ResB) to the right edge of the bipolar electrode (Fig. 5). This is
the key to understanding this device in view of analyte concen-
tration enrichment: the extended field gradient forms due to the
presence of the EOF and the bipolar electrode, which “divides”
the microchannel into three segments with different transport
characteristics. We have seen in complementary simulations that
without the EOF an extended field gradient, as in Fig. 5 (which
covers the complete anodic microchannel segment), is not
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formed. The field gradient is then limited to the rapid drop in
field strength close to the boundaries of the bipolar electrode
segment (around x = 500 and 1000 um) also seen in Fig. 5.

Fig. 4 shows that in regions close to the edges of the bipolar
electrode (x = 500 and 1000 pum) the concentrations of hydro-
nium and hydroxide ions (pH, pOH) change more significantly
than those of the background electrolyte ions (TrisH*, C17). This
is a clear result of the faradaic reactions which occur at both
edges of the electrode. In contrast to the background electrolyte
ions, the concentrations of hydronium and hydroxide ions are
balanced also by the buffer reaction and water dissociation;
therefore, they “restore” their equilibrium concentrations rela-
tively rapidly in these critical regions close to the electrode.

It should be mentioned that the application of the external
electric field leads to a redistribution of the electrons within the
bipolar electrode: there is an excess of electrons at the right edge
of the electrode (“bipolar electrodes cathode™), while its left edge
(“bipolar electrodes anode”) is characterized by a reduced
concentration of electrons. Fig. 6 enables a two-dimensional
analysis of the local electric field in the important regions very
close to the edges of the bipolar electrode. Just to recall, the
bipolar electrode in the simulations is 3 pm thick and covers the
microchannel bottom wall at x = 500-1000 um (cf. Fig. 3). The
direction of the arrows in Fig. 6 indicates the orientation of
a local field line, while the length of the arrows corresponds to the
field strength at this point. It is seen that in most of the anodic
and cathodic compartments, field lines are parallel to the channel
walls and the electric field contains exclusively the axial
component. However, the field lines become warped at distances
below 5 um from the edges of the electrode: the bipolar electrodes
cathode (x = 500 um) “collects” the field lines, while the induced
anode (x = 1000 pm) acts as their “source”. Above the electrode,
the axial component of the electric field exists only within a small
region (~5 pum) close to both edges.

The implication of the nonuniform distribution of the local
electric field along the microchannel (Fig. 5 and 6) is that tracer
molecules, which come from the anodic reservoir due to the
initially (more precisely, locally) dominant bulk convection
based on the EOF, encounter an increasing electrophoretic
force in the opposite direction (that is, back towards ResB) as
they approach the bipolar electrode. This is illustrated by Fig. 7,
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cathodic Au electrode E: 7/ anodic
0.2 segment region Y segment
03— , S N ——
1500 1000 500 0
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Fig. 7 Simulated profiles of local electrophoretic (v.p) and electroos-
motic (v.,) velocities of the tracer for = 200 s. Applied field strength: 5
kV m~'. Initial tracer concentration, ¢, = 5 uM. Profiles represent the
distribution of velocities along the geometrical axis of the channel (y = 10
um).
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Fig. 8 Simulated tracer concentration profiles for r = 50, 100, 150, and

200 s. Applied field strength: 5 kV m~". Initial tracer concentration, co =5
uM. Profiles represent the distribution of the concentration factor along

which shows how the local electroosmotic (v.,) and the geometrical axis of the channel (y = 10 um).

15 . . . . : 15 . . . : .
T Ol oL
3 10 ....................................
e e
< e
e
] e L.
T 5L - - - - oo oo N [ R T I T Spoo

________ < 1 1 * I A IR I I I I AR SR AR
1010 1005 1000 995 990 985 980 520 515 510 505 500 495 490

Axial Position (um)

Fig. 6 Close-up views of the local electric field adjacent to the edges of the bipolar electrode at x = 500 and 1000 um for # = 200 s. The direction of
arrows represents the orientation of a field line, while their length corresponds to the local field strength. Horizontal and vertical axes indicate the

position (in pm) along x- and y-directions in the microchannel (¢f. Fig. 3).
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electrophoretic (v,) velocities of the tracer molecules change
with their axial position. The nonuniform distribution of the
EOF velocity along the microchannel (shown in Fig. 7 for its
geometrical axis, y = 10 um) is a direct result of local pressure
gradients which develop as a consequence of a nonuniform
electrokinetic body force. In particular, in the segment contain-
ing the Au electrode, where the electric field drops to zero, there
will be no electroosmotic force and the flow will be pressure-
driven. As a result, convex or concave velocity profiles form in
the different segments of the microchannel, and local flow
recirculation near the bipolar electrode (segment boundaries)
even leads to negative velocity components. Fig. 7 also provides
a means to compare the absolute values of ve,(x) with v.,(x) for ¢
= 200 s: at a certain axial position (here at x = 50 pm, but
depending on the elapsed time and y-position), the two counter-
directional motions (i.e., anodic electrophoresis vs. cathodic
electroosmosis) are balanced; tracer molecules become quasi-
stationary and locally enriched (Fig. 8).

The step-like character of the field strength profile in the
anodic microchannel segment (see arrow in Fig. 5) can be
explained by the concentration enrichment history of the nega-
tively charged tracer shown in Fig. 8. The actual tracer concen-
tration becomes comparable with the background ion
concentration (1 mM Tris—=HCI buffer solution). As a conse-
quence, 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 due to bulk convection, elec-
trophoresis, and diffusion results in a broadening of the devel-
oping tracer zone. The axial position and the width of this zone at
any time (Fig. 8) exactly correspond to those of the “steps”
(plateaus) in the field strength profiles indicated by the arrow in
Fig. 5.

The influence of the actual ionic concentration in the enriched
tracer zone on the local field strength is further illustrated by
Fig. 9. It presents simulated profiles of electric field strength for
different initial tracer concentrations, ¢y = 5 pM and 5 nM. After
200 s the highest concentrations in the enriched tracer zones were
0.202 mM and 3.781 uM, respectively. The latter concentration is
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Fig. 9 Simulated profiles of the local axial electric field after # = 200 s
with 5 nM and 5 pM initial tracer concentration. Applied field strength: 5
kV m~'. Profiles represent the distribution of field strength along the
geometrical axis of the channel (y = 10 pm).

still much lower than that of the background electrolyte, while
the former is already comparable with it. Therefore, the electric
field strength profile for ¢o = 5 nM after = 200 s does not show
any signs of the plateau, but is still characterized by a nearly
constant field gradient in the anodic microchannel compartment
(which reflects the situation without tracer in the system).
Another conclusion from these results can be reached, if one
determines the maximum concentration factor as the ratio of the
highest concentration in the enriched zone to the initial tracer
concentration, these ratios (after = 200 s) are 42.1 and 753 for ¢,
= 5 uM and 5 nM, respectively; then, a simple reduction of the
initial concentration results in a much higher concentration
enrichment factor. We performed simulations for further initial
tracer concentrations (¢o = 0.1, 0.5, 1.0, and 2 uM) and analyzed
maximum concentration factors. The results in Fig. 10 indicate
that maximum concentration factors develop similarly and
asymptotically tend to some specific value, just on different time
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Fig. 10 Simulated maximum concentration factors versus time for
different initial tracer concentrations, as indicated. Applied field strength:
5kVm.
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Fig. 11 Normalized maximum concentration factors versus time for
different initial tracer concentrations. Applied field strength: 5 kV m~".
Maximum concentration and times corresponding to each initial tracer
concentration (¢() were scaled by multiplication with the factor ¢y/(5 nM).
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scales. We attempted to unify these data in Fig. 10 by an
expansion of the time- and maximum concentration factor-axes,
using the ratio of the corresponding initial tracer concentration
(co) to the smallest one (¢p = 5 nM). As seen in Fig. 11, the
normalized curves collapse nearly perfectly. It demonstrates that
the temporal behavior of the maximum concentration factor for
any initial tracer concentration could be estimated using a single
data set, representing the development of the maximum
concentration factor for a single initial concentration. The
temporal behavior of the maximum concentration factor for
a different value of ¢y can then be obtained by correcting the
original data set just by a numerical factor.

It should be pointed out that a quantitative comparison
between the experimental data and the simulation results is
impeded by a number of factors which are not included in the
current model. While Fig. 11 demonstrates perfect scaling of
maximum concentration factors with time and initial concen-
tration based on the simulations, deviations from this ideal
behavior in practice (Fig. 2) may be related to changes in average
velocity and flow profiles, and/or the intensity of faradaic reac-
tions, particularly during the longer times required for sweeping
large amounts of sample containing the species of interest in most
dilute form. In addition, these deviations can be a result of the
difference in the microchannel inlet boundary conditions. In our
simulations, we assume that species concentrations at the
microchannel inlet (in the anodic reservoir) are constant, equal to
the initial ones and do not change with time. However, the actual
spatiotemporal distribution of species concentrations in the
reservoirs is more complicated. The dominating transport
mechanisms for the charged analyte molecules in the reservoirs
are diffusion and electrophoresis. Thus, the application of the
potential bias forces the negatively charged species (including
the analyte molecules) in the anodic reservoir to migrate towards
the anode. This redistribution can result in the formation of
a diluted zone (as compared to the initial concentration in the
reservoir) nearby the microchannel inlet and, as a consequence,
in a reduced amount of tracer molecules entering the micro-
channel. This can explain why experimentally observed enrich-
ment factors increase slower with time than in the simulations.
Thus, a side-by-side comparison between experiments and
simulations requires that the macroscale reservoirs A and B be
included in the simulated system. In the present study we could
not realize this due to restrictions in computational resources.

One more conclusion from the data in Fig. 11 is that the tracer
concentration in the enriched zone tends towards the same
absolute value regardless of its initial concentration in the
system. This conclusion is supported by the data in Fig. 12, which
show the increase of tracer concentration in the enriched zone
with time for all different initial concentrations. Even though in
our simulations we did not reach the associated stationary
regimes due to restrictions in computational times, it appears
that the data in Fig. 12 demonstrate a unique behavior by
approaching the same asymptotic value. This can be understood
by the local interplay between ionic strength due to the enriched
tracer and electric potential drop which, with respect to a given
ionic strength of the background electrolyte, starts becoming
significant at a certain absolute tracer concentration, resulting in
a degradation of the field gradient with “locally flat” field
strength profile (see arrow in Fig. 5).
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Fig. 12 Simulated highest concentration in the enriched tracer zone
versus time for different initial concentrations, as indicated. Applied field
strength: 5 kV m~".

All these results show that a maximum concentration factor
alone is not adequate to characterize comprehensively the effi-
ciency and actual performance of a preconcentration device. For
example, the data in Fig. 10 and 11 indicate that the investigated
device allows to achieve optionally a maximum concentration
factor of 42.1 with ¢ = 5 uM, 421 (¢o = 0.5 uM), or 4.21 x 10*(¢y
= 5 nM). Thus, a simple manipulation of the initial tracer
concentration leads to quantitatively and qualitatively different
ratings of the device. In our opinion, it will then be necessary to
analyze, at least, two additional parameters (apart from the
maximum concentration factor) for the characterization of pre-
concentration, namely the initial analyte concentration and the
actual rate (required time) for achieving the maximum concen-
tration factor.

Conclusions

We have used detailed numerical simulations to analyze an
electric field gradient focusing mechanism in view of analyte
concentration enrichment recently observed in a hybrid PDMS/
glass straight microchannel containing a floating (bipolar) elec-
trode. The unique properties of the embedded electrode due to its
electronic conductance, which contrasts with the much lower
ionic conductance of the surrounding electrolyte solution, result
in a redistribution of the local field strength along the micro-
channel after the application of an external electric field.
Together with bulk convection of liquid through the whole
microchannel based on cathodic EOF, an extended field gradient
is formed in the anodic microchannel compartment of the device
between external anode and the bipolar electrodes cathode. It
imparts a spatially dependent electrophoretic force on charged
analytes and, in combination with the bulk convection, results in
their focusing at analyte-specific positions. The accumulation of
charged analytes in a specific region of the system is a result of
zero net driving force, considered as the sum of electrophoretic
and convective components. The accompanying faradaic and
buffer reactions, as well as water auto-dissociation, can further
affect the local species concentrations. The device is useful for

This journal is © The Royal Society of Chemistry 2009

Lab Chip, 2009, 9, 1903-1913 | 1911



fast, scalable concentration enrichment. We anticipate the
demonstration of simultaneous concentration enrichment and
separation of different analytes in the near future.

The simulations show that, with a given buffer ionic strength,
the tracer concentration in the enriched zone tends towards the
same upper value regardless of reservoir concentration. The
latter only determines the temporal domain of enrichment. At
the same time, our results demonstrate that the enrichment factor
alone does not allow the characterization and rigorous
comparison of the efficiency of the investigated device in view of
concentration enrichment. More comprehensively, the absolute
concentration of enriched analytes and/or the preconcentration
rate should be provided as more informative (and fair) param-
eters. Because the underlying mechanisms resulting in concen-
tration enrichment are of a fundamental nature, this concern also
addresses preconcentration steps in related devices.
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