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Using electrophoretic exclusion to
manipulate small molecules and particles
on a microdevice

Electrophoretic exclusion, a novel separations technique that differentiates species in bulk
solution using the opposing forces of electrophoretic velocity and hydrodynamic flow, has

been adapted to a microscale device. Proof-of-principle experiments indicate that the device
was able to exclude small particles (1 wm polystyrene microspheres) and fluorescent dye
molecules (thodamine 123) from the entrance of a channel. Additionally, differentiation of
the rhodamine 123 and polystyrene spheres was demonstrated. The current studies focus
on the direct observation of the electrophoretic exclusion behavior on a microchip.
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1 Introduction

Although capillary electrophoresis (CE) was established some
30 years ago [1,2], it continues to advance both in its original
capillary system and within microfluidic formats [3]. There
are a number of advantages associated with CE for small-
volume analysis, but a challenge for both traditional and mi-
crochip CE is concentration detection limits. Most of the ad-
vantages for CE are neutralized above 100 pm characteristic
dimension for the channel, limiting the size of the sample,
even though this is an advantage in some applications. Given
this fact, sample enrichment has been the focus of many
of the advances. Recent developments in this field vary from
the “standard” microchip electrophoretic separation schemes
(support materials such as gels, membranes, packing, frits,
etc.) to new creative strategies that exploit electrokinetic prop-
erties, including continuous sampling formats, and complete
separations on-chip, all of which have been recently reviewed
[3—6]. While closely related to many of these strategies, elec-
trophoretic exclusion sets the actual separation outside the
channel entrance and was first introduced as “electrophoretic
focusing” in 2000 [7]. It was originally developed within the
enrichment vein, but it has evolved because of the geometric
freedom of microfluidic devices. The technique is now en-
visioned as the bridge to creating highly efficient parallel or
serial (or some mixture of the two) separations.

Correspondence: Dr. Mark A. Hayes, Department of Chemistry,
Arizona State University, PO Box 871604, Tempe, AZ 85287, USA
E-mail: mhayes @asu.edu

Fax: 480-965-2747

Abbreviations: GEITP, gradient elution isotachophoresis;
GEMBE, gradient elution moving boundary electrophoresis;
PDMS, poly(dimethylsiloxane)

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

DOI 10.1002/elps.201100622

The exclusion principles examined in this manuscript are
closely related to all electrophoretic techniques where balanc-
ing forces or flow fields are invoked. In terms of development,
the original exclusion work precedes many of the works noted
below, but clearly, these are related in terms of comparing and
contrasting the approach described here. Related advances on
microchip formats aimed at enrichment include structural el-
ements such as nanofissures [8], intersecting channels [9,10],
and valves [11]. Other methods include sample stacking tech-
niques, such as field-amplified sample stacking [12-14], iso-
tachophoresis (ITP) [15-20], and isoelectric focusing [21-25].
These techniques have improved separations on-chip and re-
cent contributions have been reviewed [4, 26].

More closely related works include the application of a
counterflow while performing an electrophoretic separation.
Some of the initial applications of this technique were per-
formed by the Tsuda Laboratory [27] and the Jorgenson group
[28]. Electrophoretic separations that take advantage of coun-
terflow to increase separation efficiency include flow-induced
electrokinetic trapping [29, 30], gradient techniques including
temperature gradient focusing [31-37], electric field gradient
focusing [38-43], dynamic field gradient focusing [44—48],
and the use of an electro-fluid-dynamic device [49, 50]. Ad-
ditional techniques that use counterflow to perform elec-
trophoretic separations are gradient elution moving boundary
electrophoresis (GEMBE) [6,51-58] and gradient elution ITP
(GEITP) [59,60]. All counterflow techniques have successfully
demonstrated separation on-chip.

As published, GEMBE and GEITP—the techniques most
similar to electrophoretic exclusion—are operated as linear
separation schemes that differentiate species in a confined
space, typically a channel. These designs allow for only a uni-
variate data set—one separation at a time. The separation
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process begins in a reservoir, outside the channel, by
stacking or providing temporally selective entry into the chan-
nel. The separation continues by introducing analytes se-
quentially into a, more or less, traditional capillary or channel.
Once samples are introduced to a column, the species are no
longer isolated from each other and the advantage of the ini-
tial bulk solution differentiation is lost, namely, the ability to
operate in parallel.

Like gradient techniques, electrophoretic exclusion uti-
lizes a hydrodynamic counterflow when performing separa-
tions [7,61-63]. Briefly, this technique is able to differentiate
species of interest in bulk solution when the hydrodynamic
flow into a channel is opposed by the electrophoretic velocity
of a species out of the channel. The interface itself can be con-
sidered a nonlinear system. Even though there is contracting
flow, the interface has a relatively constant flow field, whereas
the electric field can reasonably be considered a discontinuity
on the length scale of these experiments. As such, it can be in-
tegrated with other more traditional separation and detection
schemes on a single microdevice. With its capacity to separate
species in solution, it can be used in a highly parallel manner,
and therefore has the potential to achieve a separation-based
array for complex sample analysis. There are further benefits
to being able to differentiate species of interest in bulk solu-
tion, as opposed to inside of a channel. For instance, channel
length is independent of separation efficiency and shorter
channels produce much smaller footprints suited to a mi-
crodevice. More separation schemes can be included on one
chip, and resolving elements of varying degree of orthogo-
nality could also be integrated together, allowing for complex
multistage separation.

To date, only one example of a true separation-based ar-
ray exists [64—66]. The company formed to commercialize
the technology, Protein Forest, has demonstrated the abil-
ity to successfully separate biological samples using paral-
lel isoelectric focusing. Typically, the separated samples are
then introduced to a mass spectrometer for further analysis.
Although integrative, the technique is limited to resolving
species by isoelectric points, where the analytes of interest
(proteins and peptides) can, and do, suffer from low solubil-
ity. The Ivory group has also examined various electrokinetic
techniques and provided a structured comparison [67].

Initial electrophoretic exclusion studies demonstrated
the ability to concentrate polystyrene microspheres from the
entrance of a 20 pm i.d. capillary [7], and was followed by
theoretical modeling of the system [63]. More recently, work
on a benchtop device included the separation and concen-
tration of both small dye molecules [61] and proteins [62]
near the entrance of a 75 wm i.d. capillary. Concentration
enhancements of up to 1200 times in 60 s were observed when
studying proteins. The current work focuses on adapting the
electrophoretic exclusion technique to a microscale device
by manipulating and separating dyes and polystyrene micro-
spheres using a poly(dimethylsiloxane) (PDMS)/glass hybrid
design with fluorescence detection. This ties together the pre-
vious molecular and particle manipulations while demon-
strating the technique on a microchip format. This study
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provides a foundation for exploration of widely varying ge-
ometries and unique capabilities including highly parallel
and serial separation schemes.

2 Materials and methods
2.1 Design and fabrication of microdevice

A photograph of the device design (top view) as well as a
schematic of a single separation channel is shown (Fig. 1A).
Hybrid glass/PDMS devices were used for all experiments
and each device contained nine separation channels.

2.1.1 PDMS

One complete separation channel was 17 mm in length.
Each separation channel contained a central reservoir con-
nected to two end reservoirs by a short channel. Each reser-
voir was 5 mm x 5 mm; channels were 1 mm x 100
pm with a uniform depth throughout of 10 pm. Masks
were designed in Illustrator (Adobe, San Jose, CA, USA)
and were printed on transparency at a resolution of 65
000 dpi (Fine Line Imaging, Colorado Springs, CO, USA).
Positive photoresist AZ 4620 was spun on a silicon wafer
and then exposed with using an EVG®620 Automated UV-
NIL, p-CP System (EV Group, St. Florian am Inn, Aus-
tria) with the transparency mask. The PDMS microchan-
nels were fabricated using the soft lithography technique.
A 10:1 mass ratio of polymer to curing agent (Sylgard 184,
Dow Corning, Midland, MI, USA) was prepared and poured
over the wafer for a thickness of approximately 5 mm and
cured for 75 min at 70°C. The cured PDMS was removed
from the wafer and holes (diameter: 3 mm) were punched
in the end reservoirs of each separation channel using a
quill.

2.1.2 Electrodes

Cr/Au electrodes were plated on microscope slides. A mask
was designed in Adobe Illustrator and then printed on trans-
parency at a resolution of 8000 dpi (Fine Line Imaging, Col-
orado Springs, CO, USA). Electrodes were 500 wm wide
and the length of the microscope slide. Positive photore-
sist AZ 4330 was spun on microscope slides, and then the
slides were exposed with the EVG®620 Automated UV-
NIL, p-CP System at 150 m]/cm? using the mask. Two
layers of metal were deposited on the glass slides using
thermal evaporation with resistive heating (Edwards Auto
306, Edwards High Vacuum International, Crawley, West
Sussex, UK). A 5 nm layer of Cr was deposited onto the
slides, followed by 50 nm of Au. Electric leads were at-
tached to the electrodes with silver conductive epoxy to es-
tablish an electrical connection to the external power supply.
It was designed so that each reservoir maintained a constant
potential.
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Figure 1. Device used for electrophoretic exclusion and schematic demonstrating exclusion principles. (A) A photograph of the complete
hybrid glass/PDMS chip with nine separation channels and a schematic of a single channel. (B) A schematic demonstrating the principles

of exclusion.

2.2 Materials

Aspartic acid (Sigma-Aldrich, St. Louis, MO, USA), hy-
drochloric acid, rhodamine 123 (Invitrogen, Carlsbad, CA,
USA), DMSO, and polystyrene microspheres (Invitrogen)
were all used as received. Aspartic acid buffer was prepared
to 5 mM concentration at a pH of 2.95 using 18 MQ Milli-Q
water. A 2 mM rhodamine 123 stock solution was prepared in
DMSO and then diluted to 5 .M in aspartic acid buffer on the
day of experiments. Polystyrene microspheres were diluted
in aspartic acid buffer (1:400) and sonicated for 10 min before
use on the day of experiments. All polystyrene microspheres
were functionalized with either a carboxyl (ex/em: 580/685
nm) or sulfate (ex/em: 505/515 nm) group and were 1 pm in
diameter.

2.3 Experimental setup

The PDMS layer was bonded to the glass slide with the Cr/Au
electrodes using oxygen plasma operated at 50 W for 60 s.
Separation channels were filled with rhodamine 123 and/or
polystyrene microspheres by pipetting the solution into one
of the end reservoirs. Channels were filled by capillary action
and bulk flow was induced by the height difference between
the menisdi of the end reservoirs. A total of 10 wL of solution
was pipetted into each channel. Flow rates for all experiments
were approximately 10 nL/min. Potential (0—40 V, 0-3 min)
was applied using a Bertram power supply (Series 225) so
that differentiation occurred near the entrance to the second
channel.

Experiments were monitored with an inverted micro-
scope with dark field and fluorescence capabilities (IX70,
Olympus, Center Valley, PA, USA) using a 100 W high-
pressure Hg lamp as the light source. Light from the lamp
was passed through a band-pass filter and a 4X objective to
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the device. Emitted light was collected through a long-pass
dichromatic mirror and a band-pass filter into the camera
port on the microscope. Digital images were collected us-
ing a QICAM CCD camera from Q imaging, Inc. (Surrey,
British Columbia, Canada) that was connected to a personal
computer running Streampix IIT (NorPix, Montreal, Quebec,
Canada). Image] (NIH, Bethesda, MD, USA) was used for in-
tensity measurement analysis. Intensity measurements were
performed in the channels.

2.4 COMSOL multiphysics modeling

Flow and electric fields in the device were modeled using
COMSOL Multiphysics (CA). One complete separation chan-
nel was drawn to scale using the drawing tools in COMSOL.
PDMS borders were designated as insulating material, while
the electrodes and interior of the channels and reservoirs
were labeled as conducting materials. A potential drop of 30
V was added across the channel where the material of interest
would be excluded.

3 Results and discussion
3.1 Principles of exclusion

Electrophoretic exclusion can be achieved when the elec-
trophoretic velocity of a species is greater than or equal to
the counteracting hydrodynamic flow. When this occurs at
an entrance to a channel, certain species can be prevented
from entering the channel and are thus separated from the
rest of the solution. Three parameters are required for elec-
trophoretic exclusion: hydrodynamic flow, a nonzero elec-
trophoretic mobility of the species, and the applied electric
field. For a given set of experiments, the electrophoretic
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Figure 2. (A) Exclusion of beads and (B) rhodamine 123 from a channel entrance. In both cases, hydrodynamic flow is from left to right.
Before the application of an electric field, the spheres (A, left) and dye (B, left) travel with the hydrodynamic flow through the system.
Once an electric field is induced, the beads (A, right, 300 V/cm) and dye (B, right, —300 V/cm) are excluded in the reservoir near the

channel entrance.

mobility remains constant (based on the specific properties
of analyte and buffer) so that hydrodynamic flow and electric
field strength can be varied to influence exclusion.

The electrophoretic exclusion process is represented
schematically (Fig. 1B). To begin, the device is filled with two
species with differing electrophoretic mobilities in buffer; the
species depicted with gray circles has a lower electrophoretic
mobility than those depicted with black circles. Initially, all
species are allowed to flow freely through the system with
the hydrodynamic flow (top). When a large enough electric
field is applied across the length of the second channel to ex-
clude the species with the larger electrophoretic mobility, the
black species are prevented from entering the second chan-
nel and are excluded within the middle reservoir. The gray
species, with the lower electrophoretic mobility, can continue
to flow through the second channel (middle). This exclusion
of the black species is a result of counteracting forces of hy-
drodynamic flow with electrophoretic velocity induced by the
electric field within the channel. When the electric field is
removed, all species are again allowed to flow freely through
the system (bottom).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.2 Proof of principle experiments with polystyrene
microspheres and rhodamine 123

Proof of principle experiments demonstrating the function-
ality of the device were performed with negatively charged
polystyrene microspheres (Fig. 2A) and positively charged
rhodamine 123 (Fig. 2B) in aspartic acid buffer (pH 2.95).
These studies are the first examples of direct observation of
electrophoretic exclusion at a channel entrance, as opposed to
inferring the behavior from a flow injection analysis format
[61,62]. In both experiments, bulk flow was from left to right,
and when potential was applied, the electrophoretic velocity
of the dye and the particles was opposing the hydrodynamic
flow.

Successful exclusion was demonstrated with micro-
spheres and dye. Before the application of the potential,
beads and buffer flowed freely through the system (Fig. 2A,
left). After the application of the electric field (300 V/cm)
for 3 min, microspheres collected at the channel entrance
(Fig. 2A, right). This behavior is consistent with the elec-
trophoretic velocity of the microspheres, induced by the
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Figure 3. Average intensity curve for rhodamine 123 as measured
in-channel for 30 s of applied potential (—300 V/cm, n = 4).

applied electric field, countering the hydrodynamic flow and
causing the beads to be excluded from the channel and thus
locally collected. Similar patterns were observed while ex-
amining the exclusion behavior of rthodamine 123. Before
the application of the electric field (—300 V/cm), the dye
and buffer were allowed to flow freely through the system
(Fig. 2B, left). Once the electric field (=300 V/cm) was ap-
plied for 30 s, there was an intensity increase near the
channel entrance, consistent with an increased local con-
centration of fluorescent dye (Fig. 2B, right). This data sug-
gest the exclusion of the dye from the channel, which re-
sulted from the counteracting forces of hydrodynamic flow
and electrophoretic velocity at the zone where the electric
field is present, found at the channel entrance. In both
cases, when the electric field was removed, the excluded
species were again allowed to enter the channel (data not
shown).

The intensity from small sections of the images was
quantitated as a method to assist in describing the exclu-
sion behavior. Intensity values were assessed using Image]
and all measurements were taken in the channel. This re-
gion was chosen for ease of viewing (the electrodes blocked
the view within the reservoir area) and to avoid the highly
asymmetric and nonlinear zone at the entrance. There is no
radial symmetry at the entrance, as with traditional capillary
entrances. Further, because the electrode only occupies the
bottom of the reservoir, the resulting electric and flow fields
differ dramatically in shape and location compared to a sim-
ple capillary entrance, and, as a consequence, the temporal
data from the entrance were difficult to interpret. An average
intensity curve for 30 s of applied electric field (—200 V/cm)
is shown (Fig. 3). Initially, before potential was applied, the
intensity remained steady, as dye at a constant concentration
was flowing through the channel. Once potential was applied
(t =5 s), the intensity decreased as the dye was evacuated
from the channel. In the presence of the electric field, dye
remained excluded from the channel, within the local reser-
voir. After the potential was removed (¢t = 35 s), an increase
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in intensity was observed in the channel, suggesting that the
excluded dye had collected near the entrance and it was again
allowed to flow through the system once the electric field was
removed from the channel. This pattern of intensity changes
was observed for all experiments where there was visual evi-
dence of exclusion at the entrance area.

Experiments that varied the time of applied potential as
well as the electric field strength were performed to character-
ize the system when studying rhodamine 123. Control exper-
iments that eliminated the electric field, hydrodynamic flow,
or charged species were performed to demonstrate the neces-
sity of all three parameters (data not shown). In the absence
of one of the critical parameters, no evidence of exclusion, as
determined by an increase in fluorescence intensity near the
channel entrance, occurred or was below the detection limit
of the methodology.

The magnitude of the electric field was varied to deter-
mine if there was an ideal strength for successful exclusion
(Fig. 4A). The change in intensity, calculated as the differ-
ence in intensity between the peak intensity (after removing
the electric field) and the initial intensity (before application
of the electric field), was used as a method for comparing
measurements between experiments. Electric field strengths
greater than —300 V/cm appeared to result in no significantly
greater intensity changes. Potentially, no additional amount
of dye was being excluded or the additional amount of dye
was not significantly greater than the amount excluded for
the —300 V/cm electric field. Most likely, though, at higher
field strengths, the excluded dye was pushed farther into the
reservoir, where it was effectively dispersed by diffusion.

Any electric field less than —200 V/cm resulted in either
little or no evidence of exclusion (0 V/cm) or incomplete exclu-
sion (—50 and —100 V/cm). This was further supported by ob-
servation of the raw data (inset). At electric fields below —200
V/cm, the curves were absent, characterized by the decrease
in intensity during the application of potential, and followed
Dby the increase in intensity once the potential is removed. Pre-
sumably, this is consistent with the dye that was not being
excluded because the hydrodynamic counterflow was greater
than the electrophoretic velocity of the rhodamine 123.

For experiments varying the time of applied potential,
the electric field remained constant and intensity changes
for various times of electric field application were averaged
(Fig. 4B). The largest intensity change was observed for 10 s of
applied potential, suggesting that at 10 s of applied potential,
the most rhodamine 123 is excluded. Similar to increasing
electric field strength, though, increased time of applied po-
tential above 10 s could also mean that the excluded material
was being more influenced by diffusional forces in the reser-
voir, resulting in less material being allowed to immediately
flow down the channel once the electric field was released.
At shorter times of applied potential, there was significantly
less intensity change, indicating that less dye was being ex-
cluded from the channel. Intensity changes for 20 and 30 s of
applied potential were not significantly different from each
other, indicating that the same amount of dye was excluded
for both times.
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Large standard deviations were sometimes observed by
averaging multiple trials (Fig. 4). As mentioned previously,
the area where exclusion occurred is complex and nonlinear.
The three dimensional nature of the concentration gradient
about the interface was being collapsed as the collected ma-
terial traveled through the channel, where one-dimensional
intensity measurements were performed. In addition, fac-
tors such as in-channel temperature changes and surface
modifications between trials can contribute to somewhat dif-
ferent exclusion profiles, even when the general pattern of
exclusion is the same. The standard deviations are reflec-
tive of the nonlinear nature of the interface where exclusion
occurs.
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3.3 Separation of rhodamine 123 and
polystyrene beads

Experiments were performed that demonstrated the abil-
ity of the technique to differentiate fluorescent dye from
polystyrene microspheres. The beads were negatively charged
at the pH of the buffer (2.95). Based on the intensity measure-
ments performed in-channel, thodamine 123 was success-
fully separated from the polystyrene beads (Fig. 5). Before
the application of potential, all species were flowing through
the system, with only the presence of hydrodynamic flow
(Fig. 5A). After a —300 V/cm electric field was applied to
the system for 30 s, the polystyrene microspheres were still

=300 =350 =400

Figure 4. Change in intensity values for

varying electric fields strengths (30 s)

and various times of applied potential

(—200 V/cm) as measured in-channel.

Error bars represent standard devia-
tion. (A) The average intensity changes
for varying electric field strengths (0-
—400 V/cm, n = 3). The inset shows rep-
resentative curves of the raw data. (B)
The average intensity changes for vari-
ous times of applied potential (5-30 s,
—200 V/cm, n = 3, exception: t=5s, n=
2).

30 35
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200 pm *,

Figure 5. Still images taken from video demonstrating the sep-
aration of rhodamine 123 from carboxylated spheres. (A) shows
the system before the initiation of the electric field, (B) shows the
system after 30 s of applied potential, and (C) shows the system
after the electric field is removed.

moving through the system, but the fluorescence intensity
decreased, consistent with rhodamine 123 being prevented
from entering the channel (Fig. 5B). The electrophoretic ve-
locity of the positively charged dye was greater than the op-
posing hydrodynamic flow. The microspheres, conversely,
were not excluded—as a result of their negative charge. In-
stead, they were carried down the channel with the hydrody-
namic flow and electric field. Once the potential was released,
the data suggest the excluded dye flowed through the chan-
nel along with the microspheres under hydrodynamic flow
(Fig. 5C). This experiment successfully demonstrated the abil-
ity of the device to separate species with differing charges and
of different sizes.

3.4 The effects of variable channel and electrode
geometry on electrophoretic exclusion

The same electrophoretic exclusion pattern of behavior was
observed consistently between different experiments. In the
presence of a large enough electric field, dye or small particles
were excluded from a channel and when the potential was
released, the excluded material flowed through the channel.
This pattern was observed visually during experiments by
watching the fluorescence intensity change (thodamine 123)

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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or the number of particles change (polystyrene microspheres)
throughout the course of an experiment.

Differences in intensity values occurred when the elec-
trode alignment slightly changed (images not shown). For ex-
ample, intensity differences were measured, given the same
experimental conditions (—200 V/cm, 30 s) (Fig. 4). The av-
erage for 30 s of applied electric field (—200 V/cm) reported
in Fig. 4A was 103 & 24 au, while in Fig. 4B, it was reported
to be 51 £ 13 au. Even when intensity values were different
between days, the same exclusion patterns were observed.
Comparing the results of varying the electric field strength
between days still yields —200 V/cm as the minimum field
strength required for exclusion of rhodamine 123. On differ-
ent days, and even with different devices used on the same
day, the electrode alignment was slightly different, varying by
as much as ~250 pm, in part due to the PDMS shrinkage.
With slight differences in the placement of the PDMS on the
glass slide, the shape of the electric field about the entrance
was altered. One of the factors necessary for electrophoretic
exclusion is an electric field, and because the exclusion took
place at the electrode and channel entrance area, any small
changes in the alignment of the electrode slide and the reser-
voir/channel interface altered the electric field geometry, and
therefore, slightly changed the details of exclusion behav-
ior.

A COMSOL model was used to demonstrate the impor-
tance of the electrode alignment (Fig. 6). Electrode place-
ment at the channel entrance (Fig. 6A) and a shift of 250 pm
(Fig. 6B) resulted in a difference in the electric field strength
and geometry at the channel entrance. When the electrode
was shifted from the channel entrance, the electric field
strength was less at the channel entrance/reservoir exit. Be-
cause exclusion occurred at this interface, small changes in
alignment, and therefore electric field, influence the results.
Studies that include characterization of the channel/electrode
geometry and its effect on the electric field, and therefore ex-
clusion, are being conducted to allow for better utilization of
this separation technique on the microscale.

3.5 Future designs: Separation-based array format

This work was a continuation of the studies conducted pre-
viously on a macroscale device using absorbance detection
for small molecules [5]. In the macroscale experiments, the
electrode fully encircled the capillary entrance and was ra-
dially symmetric. In the microscale format, the electrodes
were plated on one surface of the device, the glass slide,
which left three sides of the rectangular channel as insulat-
ing material. This resulted in different electric field and flow
field shapes between the two designs, and as previously men-
tioned, this difference in field shapes affected the exclusion
profile. This device is meant to bridge from the macroscale
device [61, 62] to the first demonstration on a microfluidic
format, and there are significant differences between the two
designs.
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Figure 6. COMSOL figures demonstrating fluid velocity and elec-
tric fields for electrode placement at channel entrance (A) and 250
wm away from channel entrance (B). Surface velocity magnitude
is flow field, while streamlines represent the electric field.

The main advantages of exploiting microdevices are tight
and varied control of the flow and electric fields about the
entrance of the channel and the possibility to include sev-
eral channels on one chip. Several designs can be envisioned
where many channels and reservoirs with well-controlled flow
and electric field interfaces are created to form separation-
based arrays and even more complex systems.

4 Concluding remarks

This work provides an important step toward creating com-
plex highly efficient separations based on the exclusion princi-
ples. The direct visualization of the exclusion process on small
molecules, the differentiation of particles and molecules, and
the performance of exclusion on a microdevice format are
all significant new results. The manipulation of particles and
small molecules bracket the potential targets in terms of size,
demonstrating a broad range of applicability. Combined with
previous results using proteins, this suggests that nearly all
targets of typical electrophoretic separation can be addressed
within a microchip format. This work sets the fundamental
studies directly observing exclusion of materials at a flow of

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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electric field interface on a microdevice that can lead to much
more complex devices on small footprint formats.
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2RO1EB004761-06 and R21EB010191-01A1.
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