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Abstract In this article, we present an optothermal ana-
lyte preconcentration method based on temperature gradi-
ent focusing. This approach offers a flexible, noninvasive
technique for focusing and transporting charged analytes in
microfluidics using light energy. The method uses the
optical field control provided by a digital projector as
established for particle manipulation, to achieve analogous
functionality for molecular analytes for the first time. The
optothermal heating system is characterized and the ability
to control of the heated zone location, size, and power is
demonstrated. The method is applied to concentrate a
sample model analyte, along a microcapillary, resulting in
almost 500-fold local concentration increase in 15 min.
Optically controlled upstream and downstream transport of
a focused analyte band is demonstrated with a heater
velocity of ~ 170 pm/min.
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1 Introduction

Widespread application of point-of-care (POC) medical
diagnostic systems will require operation with relatively
small volumes of highly complex fluids (Yager et al. 2006,
2008 ; Dupuy et al. 2005; Toner and Irimia 2005; Myers and
Lee 2009). Challenges in the development of these systems
include the detection of very dilute solutions of analytes in
small volumes, the mismatch between small volumes
employed in the analysis, and larger volumes required to
facilitate testing, and the need to transport the sample and/or
the test result. To address some of these challenges, several
microfluidics-based methods for analyte preconcentration
and manipulation have been developed (Ross and Locascio
2002), examples include field amplified stacking (FAS)
(Mikkers et al. 1979; Burgi and Chien 1991; Chien and
Burgi 1992; Albert et al. 1997), isotachophoresis (ITP)
(Boceket al. 1978; Everaerts et al. 1979), sweeping (Quirino
and Terabe 1998, 1999; Isoo and Terabe 2003), electric field
gradient focusing (EFGF) (Koegler and Ivory 1996; Tolley
et al. 2002; Astroga-Wells et al. 2005), and temperature
gradient focusing (TGF) (Ross and Locascio 2002, Balss et al.
2004; Hoebel et al. 2006; Huber and Santiago 2007; Kamande
et al. 2007; Munson et al. 2007; Shackman and Ross 2007;
Sommer et al. 2007; Matsui et al. 2007; Tang and Yang 2008;
Becker et al. 2009; Ge et al. 2010).

In TGF, the charged analytes are concentrated locally by
balancing the bulk flow in a channel against the electro-
phoretic migrative flux of an analyte along a controlled
temperature profile (Ross and Locascio 2002). The principle
behind the TGF mechanism is illustrated in Fig. 1. The
temperature gradient is critical as local focusing of analytes
occurs only at the point in the channel where the analyte
velocity due to bulk flow cancels that due to electrophoresis,
which is temperature dependent (Ross and Locascio 2002).
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Fig. 1 Schematic illustration of
temperature gradient focusing in
a straight microchannel. A
linear temperature gradient is

equilibrium point

produced with hot and cold
regions on the right and left,
respectively. By applying a high
voltage, charged particles
(depicted by circles) move away

from the ground electrode

(to the right) with the
electrophoretic velocity of uc,
while the bulk velocity is in the
opposite direction. The
electrophoretic velocity varies
along the temperature gradient
and is balanced by the constant
bulk velocity at an equilibrium
point, where the net velocity
becomes zero

Available methods that can provide the required temperature
variations include thin-film heating elements made of plati-
num (Pt), indium tin oxide (ITO), and non-metallic polysil-
icon (Yanget al. 2004; Kaigalaet al. 2008; Liao et al. 2005);
heating/cooling blocks (Ross and Locascio 2002; Balss et al.
2004; Sommer et al. 2007); embedded resistive wires or
silver-filled epoxy (Fu et al. 2006; Vigolo et al. 2010);
external Peltier modules (Ross and Locascio 2002; Huber
and Santiago 2007; Liu et al. 2002); localized convective
heating (Lee et al. 2004, Wang et al. 2003); infrared, visible,
or microwave radiation (Duhr and Braun 2006; Krishnan
et al. 2009; Oda et al. 1998; Ke et al. 2004; Issadore et al.
2009); chemical reactions (Guijt et al. 2003); and Joule
heating (Sommer et al. 2007; Erickson et al. 2003). Among
the abovementioned methods, heating/cooling blocks (Ross
and Locascio 2002; Balss et al. 2004; Sommer et al. 2007),
Peltier elements (Huber and Santiago 2007; Matsui et al.
2007), and Joule heating in a variable cross-section micro-
channel (Ross and Locascio 2002; Sommer et al. 2007) have
been used for analyte preconcentration with TGF.

Optical methods have been widely applied to manipulate
particles (Grier 2003; Chiou et al. 2005, 2008; Kumar et al.
2010; Yang et al. 2009) and bulk fluids (Terray et al. 2002;
Liu et al. 2005; Krishnan et al. 2009) in microfluidics,
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predominantly under the name of optofluidics (Psaltis et al.
2006). Digital projection systems and digital micromirror
arrays offer excellent spatial control of lighting relatively
inexpensive, commercially available components. Most
notably, a projected image on a photoconductive surface
enabled the dynamic reconfiguration of planar electrodes that
enabled the control of planar particle motion in arbitrary
manner (Chiou et al. 2005). A similar method was applied to
control flow, and ultimately the microfluidic structure, using a
temperature-dependent viscosity fluid and local optothermal
heating (Krishnan and Erickson 201 1). The flexibility offered
by digital projection optics has thus been applied using various
strategies for particle and bulk fluid manipulation, however,
an analogous method has not been developed to date for
charged molecules, the most common analytes of interest in
micro total analysis systems (Arora et al. 2010).

In the present study, an optothermal analyte preconcen-
tration and manipulation method is developed using a com-
mercial video projector and beam shaping optics. The major
advantage associated with this method is its flexibility, which
enables on-demand control of the location, size, and the
amount of heat energy delivered. This enables the dynamic
control of the focused band location and its on-demand
transportation to, for instance, a sensor. Moreover, since the
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proposed method is noninvasive, predefined geometries
and/or complex fabrication methods associated with inte-
grated heaters are avoided, leading to a much simpler system.
Since lower applied electric fields can be used for precon-
centration, the instabilities of Joule heating effect-based sys-
tems are also avoided. Most importantly, these results
demonstrate a non-invasive way to concentrate and manipu-
late charged analytes in microfluidics, independent of fluid
flow. This capability could enable a variety of analysis pro-
tocols not possible where flow and diffusion are the only
modes of transport. We assessed the thermal characteristics of
the optothermal approach using a temperature-dependent
fluorescent dye. The optothermal approach is applied to pre-
concentrate charged analytes using TGF, and optically
manipulate analytes independent of fluid flow.

2 Experimental section
2.1 Experimental setup

An inverted epi-fluorescent microscope (Jenco, Oregon)
equipped with a 5x, 0.12 N.A. long distance objective,
rhodamine B (excitation: band pass 546 nm, emission:

Fig. 2 Schematic of the
experimental setup designed to
optically control the local fluid
temperature. The heater image
is projected onto the surface of
the microchannel providing a
heated area with adjustable
width. The temperature profile
is used to increase the local
concentration of sample
analytes. Pressure control is
accomplished by adjusting the
relative heights of two external
reservoirs. High voltage power
supply is used to provide the
appropriate electromigrative
velocities

band pass 600 nm) and green (excitation: band pass
540 nm, emission: band pass 580 nm) filter sets, a broad-
band mercury illumination source, and a digital CCD
camera were used. Image acquisition and storage were
controlled by Zarbco video toolbox (Ver.1.65) software.
Ultra-small pressure driven flow was produced using
hydrostatic pressure (i.e., adjusting the relative heights of
two external reservoirs). A commercial video projector
(Sony, 3-LDC BrightEra, 190 W Mercury lamp, 1600/2000
ANSI lumens) equipped with special optics was used for
optothermic control of the system. Figure 2 illustrates the
experimental setup, which was designed to control the local
fluid temperature in the capillary. The location, size, and
amount of heat that entered the heated area were controlled
by adjusting the heater image from an external computer.

2.2 Materials and microfluidic assembly

Background electrolyte of Tris-Borate buffer (900 mM,
pH = 8.5) was used for all experiments. Laser grade
temperature sensitive dye, rhodamine B (Sigma Aldrish, St.
Louis, MO), was used for temperature measurements.
Fluorescein was purchased from Invitrogen (Invitrogen
Inc., ON) for focusing demonstrations.

video projector

(-- ) ——HV

Lhi
SX heated area
- 3.5mm -
focused band and heat
filter set source under the microscope
CCD camera
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A 50-mm-long rectangular borosilicate glass capillary
(Vitrocom, NJ) with nominal inner dimensions of
20 um x 200 pm was used as the microchannel. The capil-
lary was mounted on a Plexiglas substrate (25 mm X
75 mm x 1 mm) using an acrylic double sided tape (Adhe-
sives Research, Inc.). The substrate was cut to the size using a
CO; laser system (Universal Laser System, Model VSL 3.60,
Scottsdale, AZ). Pipette tips were cut, inverted (wide side
down), and epoxied at the channel ends to interface to the
external fluidics. A black electric tape was fixed on the surface
of the microchannel, serving as a light absorbing material.
Images were projected onto the surface of the black surface
using the optical setup explained in Sect. 2.1.

2.3 Temperature measurement

We performed in situ temperature field imaging based upon
the temperature-dependent quantum efficiency of rhoda-
mine B dye, using the method described in Refs. (Erickson
et al. 2003; Ross et al. 2001). In brief, 0.3 mM rhodamine
B in 900 mM Tris-borate buffer solution was prepared and
introduced into the microchannel. A background and an
isothermal “cold field” intensity image of the system were
taken before each experiment. Following the acquisition of
the cold field image, a rectangular strip of light was pro-
jected on the surface of the black tape to provide localized
heating. Images were taken every 2 s with a resolution of
1280 x 1024 pixels, spanning a length of 3.5 mm of the
channel. To extract the in-channel temperature profiles, the
background image was first subtracted from each raw
image and the cold field. The corrected raw images were
then normalized with the corrected cold field images. The
intensity values of the treated images were then converted
to temperature using the intensity versus temperature cal-
ibration described as follows: a Plexiglas reservoir con-
taining approximately 0.1 ml rhodamine B dye (0.3 mM in
900 mM Tris-Borate buffer) was fabricated using a laser
system (Universal laser Microsystems Inc., USA) with an
embedded k-type thermocouple. The voltage read by the
thermocouple was then recorded by Labview 8.5 software
(National Instruments, USA) via a standard data acquisi-
tion card (National Instruments, 16-bit, 250 KS/s). Initially
the reservoir was loaded with dye solution at room tem-
perature and the entire system was heated to approximately
75°C. The system was allowed to cool in air while intensity
images were taken at specified intervals and the data
acquisition system recorded the instantaneous thermocou-
ple readings. A low-pass filter was employed to cut off the
high frequency noises in the thermocouple readings. Ran-
dom locations close to the thermocouple in the calibration
images were then selected and their average intensity at
each temperature was normalized such that an intensity of
1 corresponded to the temperature of 26°C. The calibration
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curve agreed well with the results reported in previous
works (Guijt et al. 2003; Erickson et al. 2003; Ross et al.
2001). A more detailed description of the calibration pro-
cess is provided in the Supplementary Material. It should
be noted that since the channel depth in this study is much
smaller than its width, the monitored 2D fluorescence
intensity accurately represents the temperature field of the
fluid within the microchannel.

2.4 Focusing protocol

Focusing experiments were performed using 0.1 mM of
fluorescein in 900 mM Tris-Borate buffer at the pH of 8.5.
Before each experiment, the channel and reservoirs were
flushed with distilled water and buffer for at least 15 min.
Both reservoirs were emptied, and 0.1 mM fluorescein
solution was introduced in one reservoir and the channel
was allowed to fill with the hydrostatic pressure. Then, the
other reservoir was filled with fluorescein and the pressure
head was applied. The heat source was projected on the
surface of the black tape, the electric field was switched on
after the steady state temperature was achieved, and image
acquisition was performed every 20 s. After the electric
potential was applied to the channel, the pressure head was
adjusted until the focused band was observed.

3 Results and discussion

Figure 3 demonstrates the ability of the proposed optother-
mal approach to provide localized heating and control the
location of the heated area by adjusting the projected image.
These results demonstrate localized heating through the
proposed optothermal strategy, and indicate that the tem-
perature profile along the channel due to the localized heat-
ing has a Gaussian distribution as is expected from axial
conduction heat transfer. As shown, a temperature increase
up to 20°C (maximum temperature achieved in this experi-
ment was about 50°C) was obtained for a heater with the
width of 1.5 mm. Owing to the low Peclet number in our
experiments (~0.015 for the velocities on the order of
0.2 mm/s), convective heat transfer and flow effects tend to
have negligible influence on the temperature distribution.
The thermal response of the heating system is shown in
Fig. 4. The maximum temperature along the channel is
reported for each data point. After the heater image is
projected, the temperature rises quite quickly but the rate
slows with time and reaches its steady-state condition after
about 25 s. The heating and cooling rates measured in this
study are ~0.8°C/s for a typical heater width of 1.5 mm.
Note that the heating and cooling rates vary with the heat
source width such that a smaller heater size leads to faster
heating/cooling ramps. Our measurements also showed that
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Fig. 3 Demonstration of heater location control and the resulting
temperature field. The microchannel was heated at three different
locations a left edge, b middle, and ¢ right edge with the heater width
of approximately 1.5 mm. The heater location was controlled by an
external computer. Images were taken for the no flow condition and
processed with the method described in Sect. 2.1. The total field of
view for each image was 3.5 mm. Dashed rectangles indicate the
location of the heated area. The temperature profile along the channel
was obtained by taking the cross-sectional averaging at each axial
location

the maximum temperature varies almost linearly with the
width of the projected heater. This is expected as more heat
is transferred to the fluid inside the microchannel for larger
heat sources.
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Fig. 4 Variation of maximum temperature, 7' — Tyoom, Versus time
for a heater width of approximately 1.5 mm. Symbols represent the
experimental data and the lines represent fitted curves. Each data
point was obtained by finding the maximum temperature along the
microchannel. Temperature at each axial location was obtained by
taking the cross-sectional average

(1]

<«— heater _“'l

Fig. 5 Image sequence of fluorescein focusing using the optothermal
heating method. The applied electric field is 200 V/cm with positive
polarity on the right and ground on the left. Pressure driven velocity
(resulting from 25-mm-H,O hydrostatic head) is in favor of the
electroosmotic flow from right to left. The electrophoretic velocity of
fluorescein is from left to right

The ability to locally concentrate a model analyte,
fluorescein dye, was achieved by combining the optother-
mal heating strategy with the temperature gradient focusing
approach. Figure 5 shows the image sequences of the
focusing experiment. The applied electric field for this
experiment was 200 V/cm with the positive polarity on the
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right reservoir. The projected heater was 1.5-mm wide.
Fluorescein molecules migrate from left to right due to
their negatively charged surface, while the electroosmotic
velocity is from right to left. To balance the net velocity of
the fluorescein molecules, a 25-mm-H,O pressure head,
which was accomplished by adjusting the relative heights
of two external reservoirs, was applied in favor of the
electroosmotic flow (i.e., from right to left). Note that the
symmetric shape of the temperature profile yields two
possible locations for focusing (i.e., where uye = 0).
However, focusing only occurs at one of these points,
where du,./dx < 0 and species depletion occurs at the
other one. The current was monitored during the experi-
ment to ensure that the Joule heating effect did not disturb
the focused band. No change in the measured current
versus time was observed throughout the entire experiment,
which suggests that Joule heating effect was negligible.

Variation of normalized peak concentration versus time
for two trials is plotted in Fig. 6. Normalized peak con-
centration was calculated as the ratio of maximum fluo-
rescence intensity at each time over the maximum initial
intensity of the dye. The experiment was run twice to
ensure the reproducibility of the results. After approxi-
mately 15 min of focusing, a 500-fold concentration
enrichment was achieved with an almost linear increase
over time. This trend is consistent with the results
obtained by Ross and Locascio (2002). Stability of the
focused band was examined by monitoring the concen-
tration peak location over time. No change in the location
of the peak concentration was observed within the period
of 15 min.
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Fig. 6 Peak sample concentration versus time for two different
focusing trials. The normalized concentration was calculated from the
measured maximum fluorescence intensity at each time over the
initial intensity. Almost 500-fold enrichment was obtained within
15 min
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A key benefit of optical control in microfluidics is the
flexibility it provides. On-demand transport and manipula-
tion of the focused band of analyte was achieved here by
moving the projected heater image using the external com-
puter. Figure 7 shows the image sequences of the model
analyte, fluorescein, band transported in two directions, as
well as the heater location at each step. The direction and
magnitude of the pressure driven flow and electric field
remained unchanged from those applied in Fig. 4. Movies
showing the controlled translation of the analyte band are
available in Supplementary Material. To ensure that the
focused band is transported only by moving the heater image,
the stability of the focused band at the initial location was
examined by taking images every 2 s for 3 min and moni-
toring the location of the peak concentration. Once the stable
band was established, the heat source was translated to
500 pm every 3 min (this is equivalent to a velocity of
~170 pm/min) to generate a quasi-steady moving heat
source. As can be seen, the focused band follows the heater
image in both directions indicating the successful transport
of the focused band from left to right and vice versa. This
ability provides the possibility to increase the local con-
centration of a diluted solution up to a certain level and then
transport the concentrated band to, for example, combine
with another solution, or to a sensing surface. The optical
manipulation of the temperature field would also enable
dynamic separation of charged analytes as demonstrated
previously with fixed-heater type TGF (Hoebel et al. 2006).
This can be done through increasing the local concentration
of each analyte by adjusting the light intensity and sequen-
tially separating the focused bands.

4 Conclusions

In this study, an optothermal analyte preconcentration and
manipulation method based on temperature gradient
focusing (TGF) was introduced for the first time. Opto-
thermal fluid temperature field control was achieved by
means of a commercial digital projector; the concentration
of a sample analyte, fluorescein, was locally increased; and
the focused band was successfully transported along the
microchannel by adjusting the image of the heater in an
external computer. The proposed method offers the fol-
lowing unique features in its present format:

1. Flexibility-dynamic control of the heater size, location,
and power ultimately leads to the dynamic control of
the focused band location and its on-demand transpor-
tation to the point of analysis, for example, a sensor.

2. Noninvasive heating avoids complex fabrication meth-
ods and/or controlling systems as well as predefined
focusing geometries.
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Fig. 7 Image sequence showing the on-demand transport of the
focused band of fluorescein by moving the optothermal heater from
a left to right and b right to left. The heater location is indicated by a
white rectangle. The applied electric field is 200 V/cm with positive
polarity on the right and ground on the left reservoirs. A stable
focused band was first generated at the start point (the stability was
examined by processing a sequence of images taken every 2 s for 3

In addition, the proposed technique enables preconcen-
tration to be performed in short channels, thus smaller
footprints may be used. This leads to more compact mic-
rodevices and the ability of being integrated with other
chemical assays.

Thermal characteristics of the heating system were
assessed using a temperature-dependent fluorescent dye.
Up to 20°C temperature rise was obtained within 25 s for a
heater size of approximately 1.5 mm. The maximum
temperature decreases for smaller heater sizes, but the
heating rate increases. The preconcentration experiment
was performed and up to 500-fold enrichment was obtained
within 15 min. Optically controlled transport of the focused
band was successfully demonstrated by moving the heater
image with a velocity of ~ 170 pm/min. Future research
will include the implementation of the flexibility offered by
the proposed technique to separate and translate various
analytes sequentially. In addition, a translating heat source
could be applied to remove the requirement for pressure-
driven flow.
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