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We present an experimental study of temperature gradient
focusing (TGF) exploiting an inherent Joule heating phe-
nomenon. A simple variable-width PDMS device delivers
rapid and repeatable focusing of model analytes using
significantly lower power than conventional TGF tech-
niques. High electric potential applied to the device
induces a temperature gradient within the microchannel
due to the channel’s variable width, and the temperature-
dependent mobility of the analytes causes focusing at a
specific location. The PDMS device also shows simulta-
neous separation and concentration capability of a mixture
of two sample analytes in less than 10 min. An experiment
combining Joule heating with external heating/cooling
further supports the hypothesis that temperature is
indeed the dominant factor in achieving focusing with this
technique.

Species preconcentration and separation are significant chal-
lenges in the design of microfluidic chemical analysis systems.
In a typical electrophoretic separation, the sample concentration
is often too dilute for adequate detection. This lack of sensitivity
results in either an inaccurate reading or a considerable waste of
a limited sample volume.

Several preconcentration techniques have been developed and
studied. Many methods trap the analyte against a porous mem-
brane that prohibits the passing of large molecules such as
DNA.1-4 Other methods rely on the establishment of a field
gradient to suppress the mobility of the analyte at a single location.
For example, isoelectric focusing is a commonly used technique
that focuses an analyte at its specific isoelectric point along a pH
gradient,5,6 and isotachophoresis uses variable ion mobility zones
for sample focusing.7 Similar methods rely on electric field
gradients to suppress the net analyte velocity at a point in a

channel.8,9 While powerful, many of these techniques are difficult
to apply to a broad range of analytes due to the specificity of the
method to a certain type of molecule.

Microfluidic temperature gradient focusing (TGF) is a new field
gradient focusing method introduced by Ross and Locascio in
2002.10 TGF is a technique that focuses and separates charged
analytes by balancing electrophoretic velocity against the bulk
velocity of the buffer. The electrophoretic mobility of a charged
species is highly temperature-dependent. TGF exploits this
property to suppress the net analyte velocity (electrophoretic +
bulk) at a certain location along a temperature gradient, resulting
in a concentration of species at that unique point. Ross and
Locascio demonstrated successful focusing using both external
heating and cooling as well as Joule heating along a variable cross-
sectional area microchannel. Because electrophoretic mobility is
a unique property of a given analyte, TGF allows for species
separation by concentrating different analytes at unique locations
along the temperature gradient. The technique has been success-
fully used to achieve DNA hybridization11 and chiral separations.12

TGF is an excellent technique for concurrent signal enhance-
ment and separation of a mixture of analytes; however, it currently
has certain shortcomings which limit its specificity and applicabil-
ity. From the standpoint of device miniaturization, the main issue
is energy consumption: previous TGF approaches use external
heating and cooling equipment to establish a temperature gradient
along a channel. Establishing a temperature gradient across the
entire chip requires a significant amount of energy; for example,
two 1 × 1 cm thermoelectric devices, with coefficient of perfor-
mance of ∼1.5, require at least 2 kJ of energy to maintain a 50 °C
temperature difference across a chip for 5 min.13 Assuming 50%
of the analysis cycle is devoted to TGF, this corresponds to only
five runs if powered by a typical cell phone battery, and this does
not account for other power requirements (such as the HV power
supplies). This limits the technique’s applicability to portable
applications. In this paper, we demonstrate the use of Joule heating
within the buffer itself, which although it still uses high voltage,
uses much less power and energy per analysis due to the lack of
external heating/cooling elements.
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A secondary concern with TGF is that specific buffers are
required; the more commonly used buffers will normally yield
negligible or highly unstable focusing. In this paper, although we
do not look at a wide variety of buffers, we do illustrate a simple
step-by-step approach to designing a TGF system for a set of
analytes that can predict whether an analyte can be focused a
priori. We hope that this assay development methodology ac-
celerates the rate of TGF’s adoption as an analytical technique.

Underlying both of these aims is a need for rule-of-thumb
prediction of thermal characteristics of TGF-based microdevices,
especially the prediction of temperature distributions and criteria
for stable focusing. In this paper, we also show that it is possible
to combat poor resolution via a secondary electrophoretic separa-
tion. In a follow-up paper, we will delve further into computational
prediction of temperature distribution and mass transport (e.g.,
focusing rates, and the width of focused bands).

THEORY
Temperature gradient focusing works analogously to isoelectric

focusing. The bulk fluid velocity, ubulk, arising from electroosmotic
flow (EOF), pressure-driven flow, or both opposes the electro-
phoretic drift velocity, uep, of an analyte. Since uep is a function of
temperature, T, if we make T a function of x (a coordinate along
the length of the channel), then uep is a function of x. The net
velocity, unet ) ubulk + uep, can be manipulated to achieve focusing
at a specific location along a channel if unet ) 0 and (∂unet)/(∂x) <
0. Conversely, if (∂unet)/(∂x) > 0 at the spot where unet ) 0, then
depletion occurs.

Assuming that convection controls the location of focusing and
diffusion effects control the width of the focused band, the quasi
1-D transport equation for the concentration of a species, c, at
any location i along the channel can be written (ignoring
diffusion):

where A is the cross-sectional area of the channel. Simplifying
this equation using the continuity condition, ∂(ubulkA)/∂x ) 0,
(assuming constant mass density of the solution) yields:

At steady state, ∂ci/∂t ) 0, and the resulting differential equation
can be solved to yield

Thus, when the net velocity at x1 is zero, the concentration
theoretically approaches (∞, but diffusion and dispersion (ignored
in the above analysis) will, of course, prevent the singularity from
occurring in reality.

The electrophoretic and electroosmotic mobilities, µep and µeof,
are temperature-dependent due primarily to the varying viscosity

of the buffer solution, and ú potential of the channel surface,14

with temperature. This phenomenon allows for a variable unet, and
proper device design will yield focusing along the microchannel.

In this work, the temperature gradient will be created by
exploiting the Joule heating effect within the bulk fluid due to
the applied electric field. If the microchannel is much smaller than
the medium in which it is formed (e.g., the glass substrate), the
1-D steady heat-transfer equation, considering only Joule heating
within the channel and radial heat conduction away from the
channel, can be written in an approximate form, assuming the
channel is much wider than its depth:15

where I is the current through the channel, σ(T) is the electrical
conductivity, d is a length scale on the order of the depth of the
microchannel, w is the channel width, k is the thermal conductivity
of the glass surrounding the microchannel, and K (which is O(1))
accounts for the geometry of the microchannel. If we assume that
σ is roughly proportional to temperature difference above ambient,
then the temperature varies approximately inversely with the
square of the channel width. Thus, regions of narrower cross-
sectional area along the channel will reach higher temperatures,
and a temperature gradient is induced. This simple rule-of-thumb
estimate forms the design basis of our system.

Previous work by Pawliszyn et al. used a similar technique to
create a pH profile through Joule heating-induced temperature
gradients in a tapered channel for isoelectric focusing; however,
the technique explored in this work relies on a direct dependence
of a species’ electrophoretic mobility with temperature.16-18

EXPERIMENTAL SECTION
Materials. The 900 mM Tris-borate buffer (900 mM Tris,

900 mM boric acid, pH 8.0) and phosphate buffer (dibasic sodium
phosphate, 20 mM, pH 7.2) solutions were used for the buffer
systems. Fluorescein isothiocyanate conjugate bovine serum
albumin (FITC-BSA; Sigma-Aldrich, St. Louis, MO) and fluores-
cein-Na (Sigma-Aldrich) were used for focusing experiments, and
each sample was diluted with the buffer solution at several
concentrations (100 nM, 25 µM, 0.1 mM). Rhodamine B dye
(Molecular Probes) diluted with the 900 mM Tris-borate buffer
was used to measure the temperature distribution in the micro-
channel. Protein sample was kept in a freezer to prevent deteriora-
tion, and all liquid samples were filtered with a 0.1-µm syringe
filter (Whatman, Maidstone, UK) to remove particulates.

Microchip Fabrication. The microchannel system in Figure
1 was fabricated by casting poly(dimethylsiloxane) (PDMS) over
an SU-8 photoresist (SU 8-2010, MicroChem Inc., Newton, MA)
mold on a silicon substrate fabricated by photolithography as
previously described.19-22 Briefly, a mixture of the PDMS pre-
polymer and the curing agent (Sylgard 184, Dow Corning,
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Midland, MI) was prepared and degassed. A 5:1 mass ratio of
prepolymer and curing agent was used to increase the rigidity of
the cured PDMS slab, as described previously.23,24 The uncured
mixture was poured over the mold in a Pyrex Petri dish ∼4 mm
thick and cured for 1 h at 150 °C. The cured PDMS was detached
from the mold and 2-mm-diameter holes for reservoirs were
punched vertically through the slab. The PDMS slab with a
designed microchannel pattern and a slide glass substrate were
treated with an air plasma of 100 W RF power in ∼200 mTorr
vacuum using a PlasmaPrepII system (SPI supplies, West Chester,
PA) for 3 min, then contacted together, and heated at 150 °C for
15 min to create an irreversible bond.19,20 Cylindrical glass
reservoirs (1 cm long, 5-mm inner diameter) were bonded
concentrically over the holes on the PDMS slab using UV-curable
optical adhesive (Norland, New Brunswick, NJ) with a UV lamp
for 10 min.

Temperature Measurement. The temperature gradient in-
side a microchannel produced by Joule heating was measured
with a fluorescence thermometry method previously described.25-27

Briefly, electric field was applied to a microchannel filled with a
900 mM Tris-borate buffer containing diluted rhodamine B dye,
which has a strongly temperature-dependent quantum efficiency,

through platinum electrodes (A-M Systems, Carlsborg, WA)
placed in the reservoirs using a high-voltage power supply (PS350,
Stanford Research Systems, Sunnyvale, CA). The fluorescence
intensity of the rhodamine B was monitored using an inverted
fluorescence microscopic system (IX-71, Olympus) equipped with
a spectral filter set for rhodamine B (excitation, 500-550 nm;
emission, >565 nm) and a 100-W mercury lamp. A CCD camera
(Hamamatsu) was mounted on the microscope for image acquisi-
tion, and IPLab 3.6 software (Scanalytics, Fairfax, VA) was used
for camera control and image processing. To prevent photobleach-
ing, a neutral density filter (ND 1.0, Omega Optical, Brattleboro,
VT) was installed to reduce excitation light intensity. The ratio of
the fluorescence intensity after applying an electric field to the
intensity of the initial state (room temperature) was used to
calculate the temperature at each point of the microchannel using
a calibration curve generated from the intensity measurement with
a thermostated silica capillary.

Temperature-Dependent Mobility Measurements. The
electrophoretic and net mobilities, µep(T) and µnet(T), were
measured using a photobleached dye imaging method similar to
techniques previously described.28-30 The ends of 10-cm-long ×
50-mm-inner diameter capillaries were connected to plastic tubing,
and a small viewing region was created in the center of the
capillary using a razor blade. The entire system was rinsed with
DI water for 5 min, flushed with air, filled with the analyte/buffer
solution, and secured along the bottom of a thermal water bath
with a viewing window sitting above an inverted fluorescent
microscope. The reservoirs were also held in the thermal bath to
ensure that the entire capillary system was maintained at the same
temperature.

To measure the fluid velocity through the capillary, a small
region of the capillary was exposed to a focused laser beam (496
nm, 200 mW, Melles Griot Series 43 Ion Laser, Carlsbad, CA) for
3 s using an electronic shutter controller (ThorLabs SC10, Newton,
NJ). The photobleaching creates a concise dark region within the
fluorescent sample. Upon removal of the laser beam, electric
potential was immediately applied through platinum electrodes
in the reservoirs and the migration of the photobleached region
was captured at a known frame rate (typically 100 ms/frame)
through a CCD camera using image processing software (NI
Vision Assistant 7.1.1, National Instruments). An in-house-written
Matlab (Mathworks, Natick, MA) code was used to determine
the velocity of the photobleached region by finding the axial
location of the darkest region in the channel in each image from
a known frame rate, from which the mobility can be determined
using µ ) u/E.

To measure the electrophoretic mobility, µep(T), 50-µm-inner
diameter Zero Flow fused-silica capillaries (MicroSolv, Long
Branch, NJ) were used. These capillaries are coated internally to
suppress the EOF in the channel. Regular, uncoated 50-µm-inner
diameter fused-silica capillaries (Polymicro Technologies, Phoenix,
AZ) were used to measure µnet(T). The electroosmotic mobility
was then calculated using the relation µnet(T) ) µeof(T) + µep(T).
To verify the EOF suppression in the coated capillaries, the
photobleached velocity method was employed using rhodamine
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Figure 1. Schematic drawing of experimental microdevice and
geometrical profile of corresponding microchannel. (a) The microde-
vice is composed of a PDMS slab with a patterned microchannel, a
slide glass substrate, and two sample reservoirs. (b) The microchan-
nel is 55 µm at its narrowest spot (middle) and 600 µm at its widest
spots (ends). The total length of channel is 16 mm and the depth is
18 µm.
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110 diluted in either buffer solution. Since this is a zwitterionic
dye, it can only be transported by bulk flow (EOF). The measured
EOF was <4% of that in the uncoated capillaries; therefore, it was
neglected in our analysis.

Focusing Measurement. The focusing of FITC-BSA and
fluorescein-Na was performed in the microchannel shown in
Figure 1. The device was treated with air plasma of 100-W rf power
in ∼200 mTorr vacuum for 90 s to enhance the hydrophilicity of
the channel surface. The microchannel and each reservoir were
then filled with DI water and flushed out to clean the channel.
The buffer solution used for diluting the sample was introduced
into the channel to capture a background image for image
processing and flushed out after 5 min. The microchannel and
reservoirs were then filled with sample solution, and platinum
electrodes were placed in each reservoir to apply the electric field.
Fluorescence imaging of the sample was acquired by the same
fluorescence microscopic system described in the temperature
measurement section, equipped with a different filter set (488 nm)
for FITC and fluorescein.

For the combined Joule heating and external heating focusing
experiments, two small thermoelectric heat sinks (Melcor OT 1.5-
31-F2A, Trenton, NJ) were placed on the bottom of the glass
substrate using thermal grease (Cool-Grease, Melcor) to promote
conduction, attached to a 1/4-in.-thick copper block, and operated
by a dc power supply (Tektronix PS280, Beaverton, OR). During
either operation (cooling or heating), the same power was applied
to both heat sinks to ensure that the heat flux to the glass
substrate was as uniform as possible. For reliable quantification
of the sample, all experiments were performed with a fresh new
device to prevent nonspecific binding of labeled protein on the
channel surface,31-34 and corrections for background were imple-
mented.

RESULTS AND DISCUSSION
The experiments conducted in the present work were per-

formed with two primary goals. First, bulk fluid and molecular
electrophoretic mobilities are measured at various temperatures
in different buffers to illuminate the advantage certain buffers have
in achieving TGF. Second, a microdevice was fabricated to show
that concentration and separation via TGF can be achieved very
simply by utilizing the electric potential through a microchannel
to provide a temperature gradient via Joule heating. This device
is then combined with an external heating/cooling system to show
both the effect of temperature on the focusing capability and that
TGF can be performed with more commonly used buffers.

Mobility and Temperature Measurements. The electro-
phoretic and net mobilities, µep(T) and µnet(T), of 0.1 mM
fluorescein-Na were measured in both 900 mM Tris-borate
buffer and 20 mM phosphate buffer using the photobleached dye
imaging method described earlier (see Supporting Information,
Figure SP1). To ensure that no pressure-driven flow was present
in the system, tests were completed in which the velocity was

measured with no applied external field. Measurements at tem-
peratures ranging from 25 to 79 °C were achievable with the
experimental apparatus. The electroosmotic mobility, µeof(T), was
calculated using the relation µeof(T) ) µnet(T) - µep(T).

Figure 2a shows that, as expected, the magnitude of µep(T)
increases with temperature in the 900 mM Tris-borate buffer.
The curve exhibits the inverse proportionality of µep with viscosity
of the buffer throughout the entire temperature range. The µnet-
(T) curve shows that electroosmosis dominates the migration of
the sample at low temperatures. At ∼50 °C, however, the curve
begins to decrease toward zero, and at temperatures of >∼70 °C,
the net mobility is idle and even shows that electrophoresis may
dominate at high temperatures. Note that while µep(T) continues
increasing at high temperatures, µeof(T) appears to plateau.

Similar trends are seen in Figure 2b for the 20 mM phosphate
buffer. However, the magnitudes of the mobilities and ∂µnet/∂T
are less than half those seen in Figure 2a. The shallower ∂µnet/
∂T gradient suggests that focusing will be more difficult with this
buffer. A steeper ∂µnet/∂T, such as that for the 900 mM Tris-
borate buffer, corresponds to a steeper ∂unet/∂x along the channel
and both an increased probability of focusing and an increased
concentration magnitude.
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Figure 2. Temperature-dependent mobility profile of 0.1 mM
fluorescein-Na in (a) 900 mM Tris-borate buffer and (b) 20 mM
phosphate buffer. The square markers represent the net mobility
variations of the fluorescein-Na, and the circle markers represent
the electrophoretic mobility variations. The electroosmotic mobility
(triangle markers) is calculated by subtracting the electrophoretic
mobility from the net mobility. Each line is a second-order polynomial
fitted curve.
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The temperature increase within the microchannel is generated
by the inherent Joule heating effect from an applied electric
potential. The cross-sectional area variations of our microchannel
create a temperature gradient because the current density of a
narrow part of the channel is higher than it is in the wider part,
leading to a temperature change inversely proportional to the
square of the channel diameter or width.

The temperature within the microchannel was measured using
the temperature-dependent fluorescence intensity of 0.1 mM
rhodamine B in 900 mM Tris-borate buffer solution (see
Supporting Information, Figure SP2). Figure 3a shows the tem-
perature variations along the center line of the microchannel after
applying 1200 V, and Figure 3b shows the temperature distribution
at 5 min (inverse false color image of rhodamine B solution). As
expected, the temperature near the narrowest region of the
channel is higher than the wider regions. However, the highest
temperature point is slightly off-center because of convectional
heat transfer from the electroosmotic flow. At the beginning of
the run, the temperature increase is quite fast but the rate slows
with time. Establishing this temperature profile required only ∼25
J of energy, which is ∼1/80th of the energy needed to obtain the
same profile using external thermoelectric heat sinks, thus
supporting the low-power advantage of this system.

Temperature Gradient Focusing by Joule Heating. Several
focusing experiments were performed with two model analytes
(fluorescein-Na and FITC-BSA; both of them are negatively
charged at the buffer pH values used) in 900 mM Tris-borate
buffer in the microdevice. Parts a and b in Figure 4 show the
focusing of fluorescein-Na and FITC-BSA after applying 1200
V for 5 min in individual runs, respectively. Initially, the micro-
channel was filled with a diluted sample solution uniformly
distributed within the channel. After high electric potential was

applied to the channel, the analytes were slowly focused at the
central region of the microchannel and the analyte concentration
increased at this location. Note that the symmetric geometry of
the channel yields two locations where unet ) 0, but the focusing
condition that ∂unet/∂x < 0 only occurs at one of these points.
Species depletion results at the other location.

The preconcentration capability of this system was investigated
by comparing the fluorescence intensity of the focused sample
with that of several standard concentration samples (5, 10, and
20 µM). Figure 5 shows the concentration of 100 nM FITC-BSA
due to an applied 1200 V in the microchannel. At least 200-fold
concentration was achieved in just 2 min. Fluorescence intensity
is measured at the location of maximum intensity over the entire
microchannel because the focused sample plug is quite wide and
the intensity is not uniform within this plug.

The same focusing experiments were performed with both
model analytes diluted with 20 mM phosphate buffer, but stable
focusing was not achieved. The temperature-dependent mobility
curve in Figure 2b shows that focusing should be possible with
this buffer as long as a sufficient temperature profile can be
reached such that the concentration conditions are met. However,
the conductivity of the phosphate buffer is ∼3 times that of the
900 mM Tris-borate buffer at room temperature and increases
1.5 times faster with temperature (empirical results). The higher

Figure 3. Temperature profile of 900 mM Tris-borate buffer in the
analog shape microchannel due to an applied electric potential of
1200 V and the temperature distribution at 5 min. (a) Temperature
profile along centerline of microchannel. (b) Temperature distribution
at 5 min after applying 1200 V (inverse false color image of rhodamine
B solution in channel).

Figure 4. Images after 5 min of sample analyte focusing with an
applied electric potential of 1200 V in individual runs. (a) Focusing of
25 µM fluorescein-Na in 900 mM Tris-borate buffer. (b) Focusing
of 100nM FITC-BSA in same buffer solution. Each image is a
magnified view of the middle region of the microchannel. Approximate
E-field in center region of channel, 2.5 × 103 V/cm.

Figure 5. Concentration of 100nM FITC-BSA due to applied 1200
V in analog microchannel. Concentration of 100 nM sample is
compared with standard concentration samples (5, 10, and 20 µM).
At least 200-fold concentration was achieved in 2 min. Fluorescence
intensity is measured at the location of maximum intensity along
centerline of microchannel.
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conductivity creates “thermal runaway” control problems in
achieving a stable temperature profile as the increased conductiv-
ity at higher temperatures induces more Joule heating and, of
course, an even higher temperature. This condition led to rapid
boiling in the microchannel and hindered all focusing attempts.
When a lower voltage was applied to prevent boiling, an insuf-
ficient temperature profile resulted and focusing was not possible.
Focusing experiments were also attempted in more dilute phos-
phate buffers (5 and 10 mM) to reduce the conductivity. Although
the thermal runaway is alleviated, focusing was not achieved most
likely because lower buffer concentration also reduces the ú
potential at the channel walls, thus lowering the bulk fluid velocity.
Further experimentation is required to analyze the tradeoff
between buffer conductivity and resulting ú potential.

An interesting phenomenon occurring during the focusing
process was that the focused sample plug slowly moved toward
the anode side and finally disappeared from the viewing area. One
possible explanation is that because a steady-state temperature
profile is difficult to achieve, the temperature may be continually
increasing in this region and the electrophoretic mobility of the
sample analyte may be dominant over the bulk flow, as seen in
Figure 2a. The location where the net velocity of the analyte
reaches zero moves away from the horizontal center of the
microchannel because the temperature of the sample solution
keeps increasing due to the continuous electric current. In most
focusing experiments using 1200 V applied with 900 mM Tris-
borate buffer, we were able to maintain a focused plug for 15-20
min before the instability ensued.

The temperature gradient in our system is generated via Joule
heating through varying channel geometry, and the temperature
within the microchannel keeps increasing until the electric field
is removed or the sample solution boils. To prevent the sample
solution from boiling and migration of the focused sample plug,
the current flowing through the microchannel was manually
controlled by changing the applied electric potential. When the
sample analyte started to focus, the voltage was lowered to keep
the current magnitude stable and the focused sample plug
remained idle. However, if the voltage is lowered too much, the
temperature gradient is not sufficient to achieve zero net velocity
and the focused sample plug moves toward the cathode side due
to higher electroosmotic flow. The sample plug movement is very
sensitive to the current intensity (i.e., the temperature variation);
thus, proper current control is required for well-maintained sample
focusing.

The focusing of a mixture of two analytes was performed to
show the separation capability of the temperature gradient via
Joule heating. Two analytes (25 µM fluorescein-Na and 100 nM
FITC-BSA) were diluted in 900 mM Tris-borate buffer and
concurrently focused at the same location for 5 min by 1200 V of
electric potential (Figure 6a and b) and subsequently separated
due to the mobility difference for t > 5 min (Figure 6a and c).
Because of the difficulty in achieving a steady-state temperature
profile, the temperature along the channel continually increases
due to the constant electric field. As evident in Figure 2a,
electrophoresis begins to dominate at higher temperatures and
thus the species begin to drift toward the anode. During this
separation process, the two focused plugs slowly migrate toward
the anode side at different rates due to the dissimilar electro-

phoretic mobilities of the analytes, and the separation distance
between the two plugs increased. The movement of the analytes
lessens the concentration of the focused plugs, due to the
increasing channel width and diffusion, but enhances the separa-
tion of the two species. The increasing distance between two plugs
may also be caused by the widening channel, which reduces the
electroosmotic flow opposing the electrophoretic movement of
negatively charged molecules.

Perhaps a more powerful method of species separation using
this device involves coupling species preconcentration with a
subsequent electrophoretic separation along the same channel
(see Supporting Information, Figure SP3). Note that more difficult
protein-protein separations were not performed in this device
due to the short length of the channel. However, this concentration
technique should be able to be coupled to almost any length
separation system.

Temperature Importance and TGF with More Common
Buffers. The dominant factor governing the focusing and separa-
tion of analytes is the temperature gradient within the microchan-

Figure 6. Time sequence images and fluorescence intensity profiles
during separation of a mixture of 25 µM fluorescein-Na and 100 nM
FITC-BSA in 900 mM Tris-borate buffer due to applied 1200 V
electric potential. (a) Time sequence images show the separation of
the two species over time. Both species were focused at the same
area until t ) 5 min and subsequently separated due to the mobility
difference for t > 5 min. (b) Plot shows the maximum fluorescence
intensity along centerline of microchannel during concurrent focusing
of fluorescein and FITC-BSA. (c) Plot shows the fluorescence
intensity variations along centerline of microchannel over time.
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nel caused by Joule heating due to the electric field. To validate
the temperature effect on the focusing mechanism, an experi-
mental setup incorporating thermoelectric heat sinks was devel-
oped as shown in Figure 7a.

At first, the heat sinks were used to heat the sample solution
within the microchannel. Figure 7b shows the profile of the
current and the fluorescence intensity of the 0.1 mM fluorescein-
Na diluted in 900 mM Tris-borate buffer. Focusing of the sample
was not achieved by simply applying an 1100 V electric potential
for 3 min and the current remained quite stable, implying that
there is little temperature increase. Sample focusing began after
applying external heating (∼45 °C) for t > 3 min with constant
1100 V electric potential still applied to the microchannel. The
solution in the microchannel began boiling when the temperature
reached the boiling point (∼100 °C) and the focused plug abruptly

disappeared. Sample focusing did not occur during the same time
frame with only the 1100 V electric potential, as the dash-dot
line shows in Figure 7b. The electric potential alone is not enough
to form the temperature gradient in the microchannel needed to
obtain sample focusing.

Next, a similar experiment was performed using the thermo-
electric heat sinks to cool the microdevice. Sample focusing was
achieved by applying a 1600 V electric potential, but the focused
sample plug disappeared when external cooling (∼10 °C) was
applied (in Figure 7c). The sample was focused again after the
external cooling was turned off, and the focusing disappeared
again due to external cooling.

Focusing experiments were attempted again with fluorescein-
Na diluted in 20 mM phosphate buffer using the combined Joule
heating and external heater system. The external heater was used
to increase the base temperature up to 40 °C, and the applied
potential to the microchannel was ramped up from 250 to 600 V
over 10 min. A >10-fold focusing of sample analyte was achieved
after 10 min (see Supporting Information, Figure SP4). In a
combined Joule heating and external heater system, a steady-state
temperature profile can be more readily achieved in a microchan-
nel compared to a system only using Joule heating. The external
heater elevates the base temperature of the microchannel, thus
reducing the Joule heating, or electric potential, needed for
focusing of analytes. Due to the low electric potential required
for achieving the necessary temperature, the temperature profile
can be more stable than a system without the external heater,
and higher conductivity buffer solutions can be employed for TGF.
The focused plug, however, drifted toward the left side of the
channel slowly after focusing in the middle. We need further study
to resolve this drifting problem in phosphate buffer system, as
the cause of this drift is still unclear.

CONCLUSION AND FUTURE WORK
In this work, we have presented an analysis of temperature-

dependent transport behavior along a microchannel and used the
theory to develop a simple TGF device exploiting an inherent Joule
heating effect. Our variable-width PDMS device delivers rapid and
repeatable focusing of model analytes using relatively low power
compared to current TGF approaches. However, maintaining a
steady-state temperature profile with this system was difficult due
to the thermal runaway induced by the increasing buffer conduc-
tivity with temperature. This effect led to difficulty in achieving a
stable and maintained concentration, elucidating the need for a
more controlled system. We are currently designing a feedback
system to control the current through the system and negate any
thermal runaway.

Our combined Joule heating with external heating/cooling
experiments strongly suggests that temperature indeed is the
dominant factor in achieving focusing. Future work will involve
employing that technique to focus molecules in systems otherwise
thought impossible. For instance, we showed that the 900 mM
Tris-borate buffer is more conducive to TGF than the 20 mM
phosphate buffer because it is less conductive yet yields steeper
∂µnet/∂T curves. However, the combined system device may allow
for better focusing using the 20 mM phosphate buffer as it can
more precisely control temperature and prevent thermal runaway
commonly seen.

Figure 7. Focusing of 0.1 mM fluorescein-Na in 900 mM Tris-
borate buffer using combination of Joule heating and external heating/
cooling. (a) Schematic drawing showing the system composed of a
copper block, two thermoelectric heat sinks, and the experimental
microdevice from Figure 1. (b) Heating experiment: 1100 V electric
potential was applied for 3 min. Sample focusing began after applying
external heating for t > 3 min with constant 1100 V electric potential.
Solid line, current; dashed line, florescence intensity with heating; and
dash-dot line, fluorescence intensity without heating. (c) Cooling
experiment: sample focusing was achieved by applying a 1600 V
electric potential, but the focused sample plug disappeared when
external cooling was applied. Solid line, current; and dashed line,
fluorescence intensity.
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The device was used to concentrate and separate two species
in solution, 25 µM fluorescein-Na and 100 nM FITC-BSA, in
less than 10 min. Future research will include using the technique
to achieve more interesting separations, such as an on-line
immunoassay. We recognize that the high temperatures currently
used to achieve focusing will most likely be harmful to more
sensitive biomolecules, but we are optimistic that a future design
will yield nondestructive separations using this simple, repeatable
technique.
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