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Electrochemically-gated delivery of analyte bands in
microfluidic devices using bipolar electrodes3
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A method for controlling enrichment, separation, and delivery of analytes into different secondary
microchannels using simple microfluidic architecture is described. The approach, which is based on bipolar
electrochemistry, requires only easily fabricated electrodes and a low-voltage DC power supply: no pumps
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or valves are necessary. Upon application of a voltage between two driving electrodes, passive bipolar
electrodes (BPEs) are activated that result in formation of a local electric field gradient. This gradient leads
to separation and enrichment of a pair of fluorescent analytes within a primary microfluidic channel.
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Subsequently, other passive BPEs can be activated to deliver the enriched tracers to separate secondary
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microchannels. The principles and performance underpinning the method are described.

Introduction
In microfluidic-based sensing and separation applications, the
analytes of interest are often present at low concentrations, in
small volumes, and contained in mixtures. Accordingly,
methods are usually required to both separate and enrich
the analytes prior to detection. Simplifying these tasks, while
simultaneously reducing analysis time and minimizing analyte
loss, are therefore important goals. In the present manuscript,
we describe a new methodology that addresses these points.
A number of techniques have been developed to target fluid
and analyte handling in microfluidic devices. The most
popular of these involve application of external forces such
as pressure (e.g., valves and pumps),1,2 electric fields (e.g.,
dielectrophoresis, electrophoresis, and electrowetting),3–5
magnetic fields,6 optical effects (e.g., heating),7 capillary
effects (e.g., surface tension gradients),8,9 and sound (e.g.,
acoustofluidics).10 In some cases, two or more of the
approaches mentioned above are combined for this purpose.
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For instance, Liu et al. developed a method for the separation
of analytes in a two-dimensional Y-shaped microfluidic
device.11 By applying a potential and pressure-driven flow
(PDF), charged analytes were separated based on their
electrophoretic mobilities and then guided into different
channels. Counter-flow gradient focusing techniques
(CFGF),12 such as electric field gradient focusing (EFGF), have
also proven successful for directing analytes in microfluidic
systems.13–15 CFGF methods rely on balancing the forces of
electrophoretic migration and convection to simultaneously
enrich and separate analytes.16–18 As such, EFGF has been
widely used in the area of protein analysis.16,19–21 In addition,
bipolar electrochemistry (also a part of the CFGF family of
techniques) can be used for controlling the motion of small
objects. For example Bouffier and Kuhn,22 developed a bipolar
electrochemical valve fueled by the production of H2 gas via
water reduction at the bipolar electrode (BPE). When enough
gas was stored on one side of the BPE, the valve was lifted
upwards. As soon as the gas was released the valve could
return to its initial position.
In the present report, we describe a method for controlled
transport and delivery of charged analytes in a bipolar
microelectrochemical device23,24 without using valves, pumps,
or complicated circuitry. The approach is illustrated in Fig. 1.
Here, an active BPE acts like a gate that balances the
electrokinetic and convective forces acting on a charged
analyte, thereby preventing it from passing into either of the
microchannels on the left side of the device shown in Fig. 1a.
However, when the black gate is opened and the red gate is
closed (Fig. 1b), transport of the analyte is dominated by
convection, rather than being balanced by migration, and the
analyte is allowed to pass through the black gate and into the
upper microchannel. Likewise, when the red gate is opened
and the orange gate closed, the second analyte passes into the
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(100 nm thick, no adhesion layer) were purchased from EMF
Corp. (Ithaca, NY). Pluronic F-108 (a neutral difunctional block
copolymer
surfactant)
was
purchased
from
BASF
(Ludwingshafen, Germany). The background electrolyte for
all experiments, 5.0 mM Tris-HCl buffer (pH = 8.1), was
prepared by diluting 1.0 M Tris-HCl (Fisher Biotech, Fair
Lawn, NJ) with deionized water (18 MV?cm, Milli-Q Gradient
System, Millipore, Bedford, MA). Photoresist (AZ 4620) and
developer (AZ 421 K) were obtained from AZ Electronic
Materials (Somerville, NJ). Photoresist SU-8 2025 was purchased from MicroChem (Newton, MA). Propylene glycol
methyl ether acetate (PGMEA) was obtained from Sigma
Aldrich (St. Louis, MO). Isopropyl alcohol, sulfuric acid
(H2SO4), and hydrogen peroxide (H2O2) where purchased from
Thermo Fisher Scientific (Lair Lawn, NJ). Silicon wafers were
obtained from University Wafer, Inc. (Boston, MA).
Microfluidic device fabrication

Fig. 1 Schematic diagrams illustrating the electrochemical-gating process. An
active BPE is represented as a colored gate, while an inactive BPE is represented
as a microchannel with no gate. The color of the gates in this figure match those
of the active BPEs in Fig. 2d and Fig. 3.

lower microchannel (Fig. 1c). The key finding is that properly
arranged BPEs,23,24 along with a single DC power supply, can
be used to separate and enrich charged analytes, and then
direct the enriched bands into separate receiving channels.

Experimental section
Chemicals
The two fluorescent analytes used in this study were 4,4difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene2,6-disulfonic acid, disodium salt (BODIPY22, Invitrogen
Corp., Carlsbad, CA) and 8-methoxypyrene-1,3,6-trisulfonic
acid (MPTS32, AnaSpec, San Jose, CA). Poly(dimethylsiloxane)
(PDMS) was prepared using a silicone elastomer-to-curingagent ratio of 10 : 1 (Sylgard 184 elastomer kit) obtained from
K. R. Anderson, Inc. (Morgan Hill, CA). Au-coated glass slides
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All BPEs and driving electrodes were patterned on Au-coated
glass slides using standard photolithographic techniques.25
The BPE masks and microchannel masters were designed
using CorelDRAW Graphics Suite 12 and printed by CAD/Art
Services, Inc. (Bandon, OR). The Y-shaped microchannels used
in all experiments had dimensions of 3 mm 6 100 mm 6 22
mm (l 6 w 6 h) for the primary microchannel and 3 mm 6 75
mm 6 22 mm (l 6 w 6 h) for the secondary microchannels.
Gold driving electrodes, used to apply a driving potential (Etot),
were fabricated on the glass baseplate at the bottom of the
PDMS reservoirs. They were connected to a power source via
copper wires.
The microchannels were formed by pouring PDMS onto a
microchannel master26 and then curing for 2 h at 65 uC.
Briefly, a silicon wafer (1 6 2 in) was cleaned with piranha
solution (H2SO4 to H2O2 ratio of 3 : 1) for 10 min prior to use
and thoroughly washed with deionized water to remove the
excess acid. The wafer was then placed on a spin coater
(Laurell Technologies Spincoater) and 1 mL of SU-8 2025
photoresist was added to the top of the wafer. The spin coater
was programmed to give ¡20 mm thick channels as follows:
spin at 500 rpm for 10 s, 3500 rpm for 60 s, and then 500 rpm
for 10 s. Once the program was completed, the modified wafer
was soft baked on a hot plate at 65 uC for 2 min and then at 95
uC for 5 min. Next, a negative channel mask (designed with
Corel Draw Suite 12 and printed by CAD/Art Services, Inc.) was
placed on top of the baked photoresist and exposed to UV light
for 20 s at 150 mJ cm22 via a mask aligner (Suss MA6 Mask
Aligner). After UV exposure, the wafer was placed on a hot
plate at 65 uC for 1 min and then at 95 uC for 5 min. Finally, the
microchannel features on the wafer were developed by
submerging the wafer in PGMEA solution for 4–5 min (or
until the features were clearly developed). After development,
the wafer was rinsed with isopropyl alcohol for 10 s, and then
rinsed with deionized water. The wafer was then dried and
hard baked at 180 uC for 5 min.
Reservoirs were added to the channel using a 4 mm
diameter metallic hole puncher. The glass slide (with the
previously patterned BPEs and driving electrodes) and PDMS
were placed in vacuum for 2 min and then treated with an O2
plasma for 15 s on the medium power setting (60 W, model
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PDC-32G, Harrick Scientific, Ossining, NY). Immediately after
exposure to the plasma, the glass slide and PDMS were pressed
together and placed in the oven at 65 uC for 5 min. When
removed from the oven, the microchannels were immediately
filled with buffer solution. All devices were coated with
Pluronic F-108 by placing one pellet inside the anodic reservoir
and flowing buffer over it for 30 min prior to experiments.27,28
This step was carried out to minimize the electroosmotic flow
(EOF) produced upon the application of a potential bias.29,30
By doing so, the electric field is lengthened, which results in
enhanced enrichment and improved separation resolution
(i.e., narrower enriched bands). After coating, the microchannels were rinsed twice for 5 min using fresh buffer solution.
Data acquisition and instrumentation
Fluorescence micrographs were obtained using a Nikon AZ100
(Nikon Co., Tokyo, Japan) microscope equipped with a
mercury lamp (Nikon) and a CCD camera (Cascade,
Photometrics Ltd., Tucson, AZ). All images were captured
using 1 6 1 binning with 512 6 290 pixels and a 1.00 s
exposure time. Fluorescence micrographs were processed
using V++ Precision Digital Imaging software (Digital Optics,
Auckland, New Zealand). All movies (.AVI, provided in the
Electronic Supplementary Information (ESI3)) were created by
compiling consecutive frames with the aid of ImageJ 1.45s
software at a rate of 4 frames per s. False color was added
using the V++ software to enhance the visual difference
between the enriched bands (Fig. S1, ESI3). The background
was colored white, while BODIPY22 and MPTS32 were colored
green and blue, respectively. Brightness and contrast of all
fluorescence micrographs and movies were manipulated to
enhance visualization of the different enriched bands; however, the unadulterated images are provided in Fig. S2 and S3
in the ESI.3
Gating experiments
For all experiments, the following initial conditions were used:
Etot = 30.0 V, the buffer solution was 5.0 mM Tris-HCl (pH =
8.1), and the initial concentrations of BODIPY22 and MPTS32
were 1.0 and 15.0 mM, respectively. A higher initial MPTS32
concentration was required because the filter used to track the
dye (see ESI3) did not exactly match the range of excitation and
emission wavelengths of the molecule (lex = 454 nm and lem =
511 nm). The BPEs used were defined by connecting two 20
mm-long microbands external to the fluidic channels (Fig. 2g).
The effective lengths of the split BPEs depend on the distance
between the outer edges of pairs of microbands.30–33 Switching
between BPEs was performed using a custom switch box.
Measurement of analyte leakage into the gated secondary
microchannels
The individual frames of Movies S1 and S2, ESI3 were analyzed
to quantify the relative amount of analyte that leaked into the
gated secondary microchannel during each experiment. This
was done by comparing a frame from the movie captured
before analyte delivery with one captured during delivery of
the analyte, and measuring the fluorescence intensity at the
same point in the gated secondary microchannel (where
analyte entry is undesirable). The original movie frames used
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to measure the leakage of analytes are provided in Fig. S4 and
S5, ESI3 for the main and alternative BPE configuration,
respectively.

Results and discussion
Principles of electrochemically-gated delivery
In recent years, we have reported on the theory23,30,31,34,35 and
some interesting applications23,36–44 of bipolar electrochemistry. Two important applications of bipolar electrochemistry
that are particularly relevant to the present report are analyte
enrichment30,31,34,35,45,46 and separation.29 However, the principles underpinning all of these methods are similar.
Specifically, when a potential (Etot) is applied across a bufferfilled microfluidic channel, an electric field forms. If a
conductive substrate, the BPE in this case, is present within
the channel, then the potential between the two poles of the
BPE and the solution will be different (Fig. 2a). The potential
dropped across the length of the BPE (DEelec) depends on Etot
and the length of the BPE (lelec). If DEelec is sufficiently large,
then faradaic reactions will occur at the BPE poles. In the
present case, water is reduced at the cathodic pole to yield
OH2 (Fig. 2c). If the buffer solution contains an acid (e.g.,
TrisH+), electrogenerated OH2 will partially neutralize the
buffer solution (Fig. 2c) creating a region depleted of charge.
This loss of ionic charge carriers results in increased
resistance near the BPE cathode and a corresponding local
field gradient (solid blue line in Fig. 2b).
Because the velocity of electromigration (vm) is proportional
to electric field strength, charged analytes migrate faster in the
depletion zone. However, this local velocity increase is
opposed by the velocity of convection (vconv, consisting of
EOF and PDF), which is nearly uniform throughout the
microchannel due to the incompressibility of water.
Therefore, at the location on the electric field gradient where
vm and vconv are equal in magnitude and opposite in direction,
enrichment occurs (Fig. 2b). Because vm depends on electrophoretic mobility (mep), species having different mep can be
separated into distinct enriched bands at different points on
the electric field gradient.29
Operation of electrochemical gates
Electrochemical gating is a consequence of the principles
discussed in the previous section. Upon application of an
appropriate voltage (Etot) across the Y-shaped channel shown
in Fig. 1, and in the presence of a BPE, charged analytes are
enriched and separated in the primary channel at positions
that depend on their electrokinetic and convective velocities.
After enrichment and separation, additional BPEs can be
activated or deactivated to guide the enriched analytes into
secondary channels (SC1 and SC2, Fig. 1).
The BPEs used in the present report are split.30–33,47 Split, or
discontinuous, BPEs (Fig. 2g and 2h) differ from continuous
BPEs (Fig. 2f) in that they can be switched between active and
inactive states by connecting or disconnecting, respectively,
two separate microbands. Here, activation means that faradaic
reactions occur at the two poles of the BPE. Three separate

This journal is ß The Royal Society of Chemistry 2013

View Article Online

Published on 08 May 2013. Downloaded by University of Texas Libraries on 17/07/2013 16:19:21.

Lab on a Chip

Paper

Fig. 2 (a) Illustration of the underlying principles governing bipolar electrochemistry. (b) A schematic representation showing how balancing of electromigration and
convection lead to enrichment. (c) Electrochemical reactions taking place at the cathodic pole of the BPE. (d) A three-dimensional view of the device used to obtain
the data shown in Fig. 3. (e) A close-up representation of the design of BPE2 and BPE3 showing how the BPE length is a function of location. (f) Representation of a
continuous BPE. (g) Representation of a split BPE when it is connected (active gate). (h) Representation of a split BPE when it is disconnected (inactive gate).

split BPEs (BPE1, BPE2, and BPE3, Fig. 2d) are required to
achieve permanent separation of two enriched dyes into each
of two secondary microchannels.
Fig. 3 shows the actual operation of a BPE gating device like
the one illustrated in Fig. 2d. The cathodic pole of BPE1 (black
BPE in Fig. 3a and 3b) extends across the entire width of the
primary microchannel so it can be used for enrichment and
separation of analytes in the primary microchannel before
gating begins. BPE2 and BPE3 (red and orange BPEs in Fig. 3c
and 3d, respectively) are used to control analyte delivery to the
secondary microchannels, and hence their cathodic poles are
placed at the intersections of the primary and secondary
microchannels. Experiments carried out using different BPE
orientations (discussed later) showed that the angled geometry
of BPE2 and BPE3 (cathodic poles are perpendicular to the
secondary microchannel being gated (blocked)) is more
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effective for guiding the movement of the enriched bands
into the desired secondary microchannels. This expectation is
justified, because the magnitude of DEelec increases with BPE
length (Fig. 2a); therefore, the rate of the buffer neutralization
reaction is greatest when the separation between the poles is
greatest. This point is clearly illustrated in Fig. 2e, which
shows how the effective lengths of BPE2 and BPE3 vary
depending on the distance between their anodic and cathodic
poles. As shown in the figure, the electric field strength follows
the order lelec,1 , lelec,2 , lelec,3. The key point is that BPE2 and
BPE3 guide the enriched bands into the target secondary
microchannel by creating a progressively decreasing electric
field strength.
The experiment shown in Fig. 3 was carried out as follows
(note that the frames in this figure were extracted from Movie
S1 in the ESI3). First, the poles of BPE1 were connected and a
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can be used to separate, enrich, and then permanently
separate the two tracers.

Published on 08 May 2013. Downloaded by University of Texas Libraries on 17/07/2013 16:19:21.

Quantitative evaluation of electrochemical gates

Fig. 3 Enrichment, separation, and selective transport of BODIPY22 and MPTS32
(green and blue, respectively). The black, red, and orange pairs of solid lines
represent the location of the microbands that form active BPEs during each
stage of the experiment, and the black dashed lines show the locations of the
microchannels. The plus and minus signs represent the anodic and cathodic
reservoirs, respectively. The Tris-HCl buffer concentration was 5.0 mM (pH = 8.1)
and Etot = 30.0 V. Enrichment and separation of (a) BODIPY22 and (b) MPTS32
using BPE1 (black BPE). The enrichment step (BPE1 active) was carried out for
y28 s. (c) Transport of BODIPY22 into SC1 after activation of BPE2 (red BPE). (d)
Transport of MPTS32 into SC2 after activation of BPE3 (orange BPE). Note that
BODIPY22 and MPTS32 were imaged using different optical filters, which meant
that both bands could not be imaged simultaneously.

voltage of Etot = 30.0 V was applied between the driving
electrodes. As shown in Fig. 3, this results in enrichment and
separation of BODIPY22 (Fig. 3a) and MPTS32 (Fig. 3b) in the
primary channel.29,48,49 Note that different fluorescence filters
were used to detect the two tracers. Second, BPE1 was
deactivated at the same time that BPE2 (Fig. 3c, red BPE)
was activated. The activation of only BPE2 results in the
opening of the electrochemical gate at the entrance of SC1.
Now, when the PDF is increased slightly by addition of 1.0 mL
of buffer to the anodic reservoir, the BODIPY22 band is
delivered into SC1. Third, BPE2 was deactivated while
simultaneously activating BPE3 (Fig. 3d, orange BPE). This
results in collapse of the electric field gradient near the
entrance to SC2. However, activation of BPE3 results in an
equivalent electric field gradient in front of SC1. By again
increasing the PDF toward the cathodic reservoirs (by addition
of a total of 5.0 mL of buffer solution to the anodic reservoir),
the enriched MPTS32 band moves into SC2. Note that because
MPTS32 has a higher mep than BODIPY22, a higher convective
velocity is required to push the enriched band out of the
primary microchannel and into SC2. These results demonstrate that a simple set of BPEs and a single DC power supply
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As discussed in the previous section, the progressive electric
field gradient is created by the orientation of the cathodic
poles of BPE2 and BPE3, and it is responsible for the clean
delivery of the enriched bands into the proper secondary
microchannels. As shown in Fig. S1 and S4 in the ESI,3 there is
no detectable leakage of the analytes outside the microchannels or into the wrong secondary microchannels, respectively.
Additionally, BPE gating is highly reproducible. That is, the
success rate for delivering 100% of the correct enriched bands
into the correct secondary microchannels using two independently fabricated microfluidic devices (with two trials for each
device) was 100%. Note, however, that at enrichment times >30
s (with BPE1 active) the MPTS32 band was sometimes observed
to move backwards into the anodic reservoir when BPE1 and
BPE2 were switched off and on, respectively. This observation
is a consequence of the larger DEelec arising from the angled
geometry of the gating BPEs (BPE2 in this case) compared to
BPE1. Accordingly, the total enrichment time allotted in these
experiments (while BPE1 was active) was limited to y30 s. One
final point: even though the purpose of BPE2 and BPE3 is to
deliver the enriched bands into the secondary microchannels,
enrichment continues whenever they are active.
We have previously defined a parameter called the enrichment factor (EF), which is used for benchmarking the extent of
BPE-driven analyte concentration. The EF is defined as the
concentration of the enriched tracer (determined using a
calibration curve of fluorescence intensity vs. concentration of
dye) measured at a specific time during an experiment, divided
by its original concentration. In earlier reports from our lab,
where the objective was to maximize the EF using the same
general approach described here, we reported EFs of up to
500 000.49 However, in the present case (Fig. 3) the EFs were
much lower: BODIPY22 3.1 ¡ 0.1 after 26 s; and MPTS32 27 ¡
2 after 56 s. These EFs were calculated using the calibration
curves shown in Fig. S6, ESI.3 These low values are primarily a
consequence of the short time allotted for enrichment in these
experiments. Note, however, that the rates of enrichment of
both dyes (0.11-fold/s and 0.31-fold/s for BODIPY22 and
MPTS32, respectively) are comparable to those we reported
previously (0.57 and 0.75 fold/s)29,30 and that resulted in much
higher total EFs. Importantly, they are also comparable to
those obtained using EFGF (4.0 fold/s),19 when differences in
the experimental conditions are taken into account.
Fig. 4 shows the measured fluorescence intensity in the
primary microchannel throughout the course of the experiment represented by the snapshots in Fig. 3 and shown
explicitly in Movie S1, ESI.3 The BODIPY22enriched band
experienced an increase in fluorescence intensity between 0
and 40 s. At t = 30 s the gate defined by BPE1 was opened, and
at t = 40 s the enriched BODIPY22 band was guided into SC1
and completely removed from the primary microchannel. This
resulted in an immediate decrease in fluorescence intensity.
The MPTS32 fluorescence intensity also increased during the
initial 40 s, but as the BODIPY22 band moved out of the
primary microchannel (t = 40 s) the MPTS32 fluorescence
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Fig. 4 Plot of fluorescence intensity measured in the primary microchannel for
BODIPY22 and MPTS32 throughout the course of the experiment shown in Fig. 3
and Movie S1, ESI.3 The black arrows indicate a decrease in fluorescence
intensity when PDF was increased towards the cathodic reservoirs.

intensity temporarily decreased slightly (arrow 1 in Fig. 4).
This is because as soon as the BODIPY22 band is delivered
into SC1, 3.0 mL of buffer solution were added to the anodic
reservoir to move the enriched MPTS32 band toward SC2. This
change in vconv temporarily disrupts the conditions required
for MPTS32 enrichment, slightly dispersing the enriched band
and decreasing the fluorescence intensity. As additional 1.0 mL
aliquots of buffer are added to the anodic reservoir, to push
the MPTS32 band further towards SC2 (indicated by arrows 2
and 3), two additional temporary decreases in fluorescence are
observed for the same reason. Finally, the MPTS32 fluorescence intensity abruptly decreases when the enriched band is
guided into SC2 at t = 140 s.
Alternative BPE configuration
The desirable characteristics of the BPE design described in
the previous sections are: simultaneous enrichment and
separation of a mixture of two charged dyes, robust control
over the delivery of the enriched bands into the desired
secondary microchannel, and no leakage of enriched bands
into the untargeted secondary microchannel during delivery.
However, this design also has some limitations. For example,
due to the positioning of BPE2 and BPE3 in the primary
microchannel, it is only useful for permanent separation of
two analytes. A configuration that resolves this problem is
shown in Fig. 5. Here, both halves of the split BPEs are placed
within the secondary microchannels, so that many secondary
channels, and hence many analytes, could be permanently
separated. In the experiment discussed next, we demonstrate
the principle using just two secondary channels.
The experiment is initiated by applying Etot = 30.0 V between
the driving electrodes. To induce enrichment and separation,
both BPEs are simultaneously activated (Fig. 5a and 5b). In
effect, these two BPEs act as a single BPE spanning the width
of the primary microchannel. As a consequence, BODIPY22
and MPTS32 form resolved and enriched bands in the primary
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Fig. 5 Alternative BPE configuration for the enrichment, separation, and
controlled delivery of BODIPY22 and MPTS32. The black and red pairs of solid
lines represent the location of the microbands that form active BPEs during each
stage of the experiment, and the black dashed lines represent the locations of
the microchannels. The plus and minus signs represent the anodic and cathodic
reservoirs, respectively. The Tris-HCl buffer concentration was 5.0 mM (pH = 8.1)
and Etot = 30.0 V. Enrichment and separation of (a) BODIPY22 and (b) MPTS32;
(c) transport of BODIPY22 into SC2; and (d) transport of MPTS32 into SC1.

microchannel (with EFs of 3.4 ¡ 0.1 for BODIPY22 after 20 s
and 12.9 ¡ 0.9 for MPTS32 after 49 s).
Following enrichment and separation, the red BPE is
disconnected (Fig. 5c) and simultaneously the PDF is
increased in the direction of the cathodic reservoirs by adding
1.0 mL of buffer to the anodic reservoir. This results in
transport of the enriched BODIPY22 into SC2. Once the
BODIPY22 band is completely removed from the primary
microchannel, the red BPE is reconnected to prevent passage
of the enriched MPTS32 band into SC2. Next, PDF is further
increased by adding another 1.0 mL aliquot of buffer to the
anodic reservoir. This results in an increase in vconv, thereby
driving MPTS32 down the primary microchannel in the
direction of the cathodic reservoirs. As the MPTS32 band
approaches the microchannel intersection, the black BPE is
disconnected, allowing MPTS32 to flow into SC1 (Fig. 5d). A
movie (Movie S2, ESI3) showing the experiment from which the
frames in Fig. 5a–5d were obtained is provided in the ESI.3
Fig. S5 (ESI3) demonstrates that there is no detectable
leakage of BODIPY22 or MPTS32 into the untargeted secondary
microchannels during the gating process shown in Fig. 5.
However, we tested 10 independently prepared devices having
this alternative design, and the device-to-device success rate
for delivering 100% of the correct enriched bands into the
correct secondary channels was just 37%. This relatively low
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value arises from broadening of the enriched bands at the
microchannel intersection, which in turn arises from the
difficulty of reproducibly increasing vconv for this particular
configuration.
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Summary and conclusions
Fluidic handling on the microscale usually involves integrated
combinations of on-chip valves, pumps, dams, membranes,
and separators, and due to the complexity of their fabrication
and need to synchronize their operation it is desirable to
consider simpler approaches. The method described here
coordinates the operations of enrichment, separation, and
selective, controlled delivery using just electric field manipulation and very slight variations in PDF. Device fabrication is
likewise very simple: it only requires integration of BPEs and
an external low-voltage DC power supply.
We believe the fluidic handling techniques presented here
could be automated so as to be coupled to other quantitative
techniques, such as mass spectrometry or gel electrophoresis,
and this is one of the goals of our future work. We also plan to
expand the scope of the work to include separation of mixtures
of proteins and improved EFs. These goals can be achieved by
increasing the enrichment time and buffer concentration,30
decreasing the cross-sectional area of the channel,49 increasing the electric field, decreasing the initial concentration of
the analyte,30 and increasing the length of the primary
channel. Experiments and simulations demonstrating these
findings will be reported in due course.
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