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Microfluidic devices are a promising new tool for studying
and optimizing (bio)chemical reactions and analyses. Many
(bio)chemical reactions require accurate temperature con-
trol, such as for example thermocycling for PCR. Here, a
new integrated temperature control system for microfluidic
devices is presented, using chemical and physical processes
to locally regulate temperature. In demonstration experi-
ments, the evaporation of acetone was used as an endo-
thermic process to cool a microchannel. Additionally,
heating of a microchannel was achieved by dissolution of
concentrated sulfuric acid in water as an exothermic process.
Localization of the contact area of two flows in a micro-
fluidic channel allows control of the position and the
magnitude of the thermal effect.

Introduction

Since the introduction of the miniaturized total chemical
analysis system (WTAS) concept in 1990,! the development of
so-called ‘lab-on-chip’ devices has been an area of exponential
growth. Miniaturization of chemical systems allows faster
chemical reactions, due to reduced diffusion-driven transport
times, and faster and more efficient separations. Working on a
small scale reduces the risks involved in manipulation of
explosive and unstable mixtures required for chemical reac-
tions. Additionally, working with a microchip format dramat-
ically reduces the consumption of sample and reagents, and
allows the performance of multiple analyses in parallel, thereby
lowering the price per analysis. Large surface-to-volume ratios
also allow better thermal control. Heating and cooling of small
liquid volumes can be accomplished in much shorter periods of
time. The small thermal mass of the chips themselves also
contributes to increased heating and cooling rates.

Enhanced heat transfer introduces the potential for improved
control of chemical process conditions in microreactors.
Certainly, the excessive heat build-up which often leads to
runaway reactions in conventional reactors can be avoided.2
Precise temperature control is also required in certain (bio-
)chemical reactions, such as DNA amplification using the
polymerase chain reaction (PCR),3 and the investigation of
reaction kinetics. PCR is a biochemical reaction requiring rapid
and precise thermocycling of reagents at three different
temperatures between 50 °C and 100 °C. The potential of faster
temperature ramping and more precise temperature control has
been the impetus for the integration of PCR into micro-
fabricated devices. The earliest examples of this development
were presented by Northrup et al. in 19934 and Wilding et al. in
1994.5 More recently, efforts in a number of groups have
resulted in several examples of PCR on chip. In the devices
described in references 5-9 external thermal control was used,
whereas in references 2, 4 and 10 heating elements were
incorporated in the device through integration of resistive layers
heated by the Joule effect. Control of exothermic reactions in
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micromachined chemical reactors has also been presented using
integrated heaters in microreaction chambers.2

Until now, cooling of microfluidic devices has only been
done with external components or by convection. It has been
achieved by clamping> or gluing the microfluidic device to an
external Peltier element,® or by contacting the microdevice with
a copper block, passively cooled by contact with cooling fins.®
The convection technique primarily consists of using the heat
exchange between the device and ambient air, an effect which
may be enhanced by blowing compressed air or nitrogen gas
over the microdevice.”-8:10 Only two integrated cooling tech-
niques have been presented, neither of them for microfluidic
devices but for micro-electronics. In one case, an integrated
cooling system utilizing a microchannel in a printed circuit
board (PCB) was described. Either water or methoxynona-
fluorobutane were used as coolants and pumped through the
microchannel, removing heat from the electronics.!! The heat
was dissipated in a heat exchanger, positioned elsewhere on the
PCB. A comparable system using microfluidics in combination
with a heat exchanger for cooling electronics has been described
elsewhere.!2 In the second case, integrated cooling of micro-
electronic devices took the form of the ‘fridge-on-a-chip’.!3
Here, microPeltier elements were integrated during the micro-
fabrication process on the back of microelectronic devices.

Most of the cooling systems described above require external
and often bulky components, thereby limiting the possibilities
of integration in a microfluidic device. Even the microfluidic
cooling system integrated on the PCB!! required a heat
exchanger elsewhere on the device, complicating the micro-
fabrication process and increasing the footprint of the device
and fabrication costs. Similarly, heating small volumes on-chip
involves the use of external elements, or additional fabrication
steps for integration of heating elements. The approach for chip-
based temperature modification presented here is quite differ-
ent, as it is based on the exploitation of endothermic or
exothermic processes in microchannels to respectively cool or
heat solutions in an adjacent microchannel. The temperature
control channels (TCCs) are directly integrated in the chip at the
same time that the microfluidics are fabricated by simple single-
level microfabrication. Localization of the cooling or heating
effect is controlled by positioning the endothermic or exo-
thermic processes at the reactant flow interface.

Experimental

Under the usual operating conditions for microfluidic devices,
fluid flows are laminar. That is, the velocity at any one point in
a channel is predictable and unchanging, and streamlines are
well defined. When two fluids coming from two different
reactant channels (RC) are merged together into a single
microfluidic channel (Fig. 1A), they generally follow laminar
streamlines and flow side-by-side. The stream from RC, flows
along the side of the TCC closest to the central channel (Fig.
1B). The relative widths of the fluid flows are determined by the
flow rate ratio. At the interface, chemical or physical processes

Lab Chip, 2003, 3, 14 1

This journal is © The Royal Society of Chemistry 2003



can occur. In the example presented here, two-component
processes were used. For cooling, the evaporation of acetone
was used as an endothermic process. In the TCC, air flowed
from RC,; alongside acetone (Laporte Electronics, UK) from
RC,, cooling down the central channel. For heating, the
violently exothermic dissolution of 97% H,SO, (Merck,
Switzerland) in water was used, with water in RC; and H,SO,
in RC2

A microfluidic structure (layout in Fig. 1B) was etched into a
glass substrate using conventional photolithographic techniques
and wet chemical etching in 50% HF.!* For cooling experi-
ments, a closed microchannel system was formed by reversible
bonding of the glass substrate with poly(dimethylsiloxane)
(PDMS). For heating experiments, thermally bonded glass—
glass devices were used. Vacuum at the end of the TCC was
used to draw in the components from RC; and RC, into the
TCC, initializing the endothermic or exothermic processes, and
thus inducing the thermal effect. TCCs were integrated along
both sides of the central channel to obtain a symmetrical
temperature effect, as shown in Fig. 1B.

To estimate the temperature changes achieved in the central
channel, two fluorescence-based calibration methods were
used. The fluorescence of rhodamine B strongly depends on the
temperature, with fluorescence decreasing as a function of
increasing temperature.!>-18 A calibration plot of fluorescence
intensity as a function of temperature was made in a glass device
by filling the central channel with a 1 uM rhodamine B (Sigma,
Switzerland) solution in water and using an indium tin oxide
layer (ITO) as an integrated heater. Temperature was measured
with a Pt-100 sensor glued to the ITO layer with thermal epoxy.
Images were taken with an inverted fluorescence microscope
and a digital camera. Pixel processing of the images enabled
generation of quantitative data, allowing calculation of the
effect of temperature on fluorescence intensity. This calibration
curve was obtained by measuring fluorescence as a function of
the temperature of the ITO layer, which was not the same as
inside the microchannel containing the dye. Therefore, a second
method was used to calibrate the internal temperature as a
function of the externally applied temperature, using molecular
beacons as temperature-sensing compounds. Molecular bea-
cons are oligonucleotide probes having a hairpin-loop-shaped
molecular structure with an internally quenched fluoro-
phore.19-21 It is possible to open the hairpin double-stranded
structure of the beacon, by either binding the single-stranded
loop structure to a complementary strand or by melting the
double strand. In both cases the hairpin is opened, spatially
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Fig.1 (A) Two RCs merging into a TCC. (B) Layout of the device used
for demonstration experiments (not to scale). Distance between the central
channel and CC: 30 um. Channel depths are 19 um, TCC width is 108 um
and RC widths are 54 pm.
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separating the quencher from the fluorophore, thereby allowing
fluorescence upon excitation. The melting temperature (7y,) of
the double strand depends on its length and composition, and is
very specific. Molecular beacons with different T,,’s are
available. Fluorescence measurements with a tetramethylrhoda-
mine—dabcyl beacon (TAMRA-dabcyl, purchased from Euro-
gentec, Belgium) with a Ty, at 54.6 °C and a Cy5-Black Hole
Quencher beacon (Cy5-BHQ3, purchased from Biosearch
Tech, USA) with a T, at 71.5 °C were used to correct the
rhodamine B calibration curve. Beacon solutions (5 uM) were
prepared in a buffer containing 100 mM Tris/HCI (Fluka,
Switzerland) and 1 mM MgCl, (Merck, Switzerland) at pH 8.0.
T.,’s were obtained by measuring beacon fluorescence intensity
as a function of temperature in a conventional fluorimeter. The
resulting curves are sigmoidal in shape, with the T,, being
defined by the inflexion point of the fitted curve. The corrected
rhodamine B fluorescence—temperature curve is presented in
Fig. 2.

Results and discussion

During cooling experiments, RC, was filled with acetone, RC,
with air, and vacuum was applied to the waste reservoir at the
end of the TCC. The central channel was filled with a solution
of 1 uM rhodamine B in water. In Fig. 3, images of the central
channel show the fluorescence increase as a result of the
temperature decrease obtained by the evaporation of acetone in
the TCCs.

The extent to which liquid is cooled in the microchannel
depends on the evaporation rate of acetone, and can be
influenced by varying relative flow rates from RC; and RC,.
These latter parameters can be controlled by varying the flow
resistance of the channels involved. Flow resistance depends on
channel cross-section and length as well as fluid viscosity. If a
certain pressure P is applied to a channel i, the flow Q; induced
through the channel is given by:

0, = 2A;D2P,/CiniL; (1

where: A = area of channel cross-section, D = hydraulic
diameter (dependent on channel cross-section), C = geometric
constant (dependent on cross-section shape), 17 = viscosity of
the fluid in the channel and L = length of the channel.

In our device, the vacuum applied to the waste reservoir
simultaneously creates the same negative pressure at the ends of
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Fig. 2 Fluorescence intensity of 1 uM rhodamine B as a function of

temperature. Fluorescence signal was measured as a function of temperature

by heating a rhodamine B solution in a glass chip, using a transparent

integrated ITO layer as heater and a Pt-100 sensor as feedback. The signal

was collected with a CCD camera mounted on a fluorescence microscope,

and pixel-processed to obtain quantitative data.



RC; and RC,. They also both have the same cross-sectional area
so that, using eqn. 1, the flow rate ratio between RC; and RC,
becomes:

01/Q> = MoLo/miLy 2
01/Q> depends only on channel lengths and viscosities of the
fluids used, providing some flexibility in setting the flow rate
ratio in the two channels.

Two different structures were tested to verify the difference
in the cooling effect induced by varying the air-to-acetone flow
rate ratio, as presented in Table 1. Using eqn. 2, we obtain 0.3: 1
and 7:1 air-to-acetone flow rate ratios. The temperatures in the
central channel are approximated at 5 °C and —3 °C,
respectively, using the corrected rhodamine calibration curve,
demonstrating the influence of the flow ratio on the cooling
effect.

Cooling in glass—glass devices was less efficient than in the
glass—PDMS hybrids. We think this is because acetone vapor
also escapes through the gas-permeable PDMS, thereby driving
the acetone evaporation process more strongly and augmenting
the cooling effect. This implies that a larger air—acetone contact

Table1 Achieved temperatures in the central channel using different flow
rate ratios?

Reagent,;—Reagent, Lgrc:Lrca/mm Flow rate ratio T/°C
air—acetone 766:12 0.3:1 5
(COOL) 30:12 7:1 -3
water-H,SO,4 766:12 04:1 76
(HEAT) 30:12 11:1 36

@ Viscosities of reagents at 20 °C: air, 18 X 10—6; acetone, 0.32 X 10—3;
water, 1 X 10—3 and H,SOy, 25 X 10—3 Pa s (from ref. 22).
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surface would be required for efficient cooling in a fully glass
device. Variation of the PDMS lid thickness could also change
the rate of acetone evaporation and therefore affect the cooling
effect, but this has not been tested.

Heating experiments were performed in glass—glass devices,
with a layout and operating procedure identical to the devices
used for the cooling experiments (layout in Fig. 1B). Concen-
trated H,SO, from RC, and water from RC; come together in
the TCC, where the exothermic dissolution process takes place.
Devices identical to the ones used for the cooling experiments
were used to investigate the effect of flow ratio on heating.
Since the viscosities of the fluids used in this case are different,
the flow rate ratios change as indicated in Table 1. For the 0.4: 1
water-to-H,SO, flow rate ratio, a temperature of 76 °C could be
estimated in the rhodamine-containing channel, whereas for the
11:1 ratio, heating up to 36 °C was estimated. These results are
summarized in Table 1. In both heating and cooling experi-
ments, temperature ramps of about 1 °C s—! were obtained. This
was estimated by timing the delay between initiation of cooling
or heating and establishment of equilibrium in video sequences.
Experiments were not performed under conditions of controlled
ambient temperature.

For additional heating experiments, the central channel was
filled with the TAMRA—-dabcyl molecular beacon solution,
with a T}, at 54.6 °C. In analogy with the experiments described
above, water was present in RC;, and the exothermic process
was initiated by pipetting 97% H,SO, into RC, while vacuum
was applied to the waste reservoir. Images taken before (A) and
after (B) initiating the heating effect are given in Fig. 4. The
fluorescence increase observed in Fig. 4B relative to Fig. 4A is
caused by opening of the molecular beacon, demonstrating
heating above 54.6 °C. When the exothermic process was
stopped by removal of the H,SO,4 from RC,, the fluorescence
intensity dropped back to the original level. The observation of

Fig. 3 Chip design with fluorescence microscope images taken (A) before and (B) during cooling of a 1 uM rhodamine B solution. Air-to-acetone flow
rate ratio was 0.3: 1. Note the difference in fluorescence in the central channel. Signal increases as temperature decreases.
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Fig.4 Chip design with fluorescence microscope images taken (A) before and (B) during heating of a TAMRA-beacon solution. The water-to-H,SO, flow
rate ratio was 0.4: 1. Note the difference in fluorescence in the central channel. Signal increases above the melting temperature of the beacon (54.6 °C).
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this single biochemical event demonstrates that it is possible to
control and influence chemistries inside a microchannel with
this device.

Conclusions

A new, integrated method for spatially localized cooling and
heating in microfluidic devices was presented using endo-
thermic and exothermic processes, respectively. The thermal
effect was initiated by mixing two components by application of
a vacuum. The extent of the thermal effect can be controlled by
either the flow ratio of the two components, or by selection of
the components based on their chemical or physical properties.
It is also dependent on the external ambient temperature.

Integration of the temperature control system in microfluidic
devices is simple, and does not require additional micro-
fabrication steps. Since the chemical or physical processes take
place in a microchannel, integration of a temperature control
system does not dramatically increase the footprint of a device.
Multiple cooling and heating systems could be integrated along
a single reaction channel, allowing thermocycling of com-
pounds migrating or being pumped through this channel. The
small feature size of the cooling system also allows multiple
temperature control units on a microdevice where multiple
endothermic and exothermic processes occur in parallel.
Additionally, the driving force of the system is vacuum,
resulting in low-power consumption during cooling or heating.
The cooling system described might also be attractive for
cooling of microelectronic devices.
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