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Since their discovery in pioneering work by Wegner,' the
structurally intriguing conjugated polymers known as polydiacety-
lenes (PDAs) have attracted enormous attention in the fields of
sensors and optoelectronics.” The brilliant blue-to-red color change
that takes place in response to environmental perturbations has been
applied to the design of a variety of colorimetric PDA chemosensors
(Figure 1).>~'° Another highly attractive feature from the perspec-
tive of sensor applications that has been almost ignored until
recently is the fluorogenic property of the PDAs.'""'? We?*!3 and
other groups'*'> have demonstrated that the stress-induced non-
fluorescence-to-fluorescence transition of PDAs can be used
advantageously in the construction of sensitive PDA-based chemosen-
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Figure 1. Structure of a polydiacetylene (A) and its color (top)/fluorescence
(bottom) changes (B), and fluorescence spectral changes (C) upon stimulation.

Owing to the several unique properties such as minimal
consumption of samples and reagents, large interfacial areas,
relatively fast molecular diffusion, and the capability of continuous
analysis, microfluidic detection systems have emerged as powerful
alternatives to the conventional batch-type solution-based sensors.' ¢~ '®
Accurate measurements of temperature are important in applications
of microfluidic devices to, for example, the polymerase chain
reaction (PCR) for amplification of DNA, enzyme-activated reac-
tions, or chemical reactions.'® 22 In this regard, if the fluorescence
intensities of PDA supramolecules are proportional to temperature
in a microchannel, thermoresponsive PDAs could be utilized as
key materials in microfluidic temperature sensors. As part of
ongoing efforts for exploring new applications of PDA-based
sensors,”*'31523 we have uncovered a very intriguing approach to
measure temperature in a microchannel which relies on thermore-
sponsive fluorogenic PDA supramolecules. Specifically, we have
shown that emission from PDA thermosensor droplets, inserted into
a microchannel by hydrodynamic focusing, responds in a sensitive
manner to a temperature gradient generated by a microheater.
Although numerous conjugated polymer-based sensors have been
reported, this is, to the best of our knowledge, the first example of
the application of the conjugated polymer to the microfluidic
temperature Sensor.
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In Figure 2 is displayed a schematic of the microfluidic
temperature sensor chip developed in this investigation. The sensor
chip is composed of a PDMS substrate bonded to a glass wafer
and has three inlet channels and one main channel. A solution of
a blue-phase, nonfluorescent PDA derived from PCDA-EDEA
(Figure 3) is introduced to the middle inlet channel with a syringe
pump while corn-oil flows enter the two side inlet channels. The
resulting hydrodynamic instability®* generates PDA sensor droplets
at the junction of the flows. A microheater, comprised of an ITO
film integrated on the bottom of the main channel, provides a
constant heat flux caused by Joule heating. This generates a linear
temperature distribution along the channel.? In addition, thin-film
thermocouples are incorporated at the entrance and exit of the main
channel so that accurate temperature measurements can be made.
As a result, while the blue-phase PDA droplets travel along the
main channel, they experience a temperature variation and emit
red fluorescence which is monitored by using an inverted fluorescent
microscope system (IX71, Olympus).
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Figure 2. Schematic of the PDA-based microfluidic temperature sensor.
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Figure 3. Structure of the diacetylene monomer PCDA-EDEA used in
current investigation.

In Figure 4A is shown an optical microscope image of the
formation of PDA sensor droplets at the junction of the inlet
channels of the microfluidic chip, indicating that the monodispersed
droplets are well generated without satellites. An optical microscope
image of the middle of the main channel is given in Figure 4B
where the PDA droplets that travel in the main channel can be
clearly seen. Note that a portion of the ITO film microheater is
identifiable in Figure 4B. Since heat treatment of the PDAs causes
a blue-to-red phase transition and induces a nonfluorescent-to-
fluorescent change, the PDA droplets emit red fluorescence when
they travel over the microheated areas in the channel (Figure 4C).

Images of red-phase fluorescent PDA droplets, monitored at a
position 35 mm downstream from the junction, for various
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Figure 4. Optical (A and B) and fluorescence (C) microscope images of
the microfluidic sensor chip near the junction and middle of the main
channel.

temperatures are displayed in Figure 5A. It is clear that the red-
phase droplets become more intensely fluorescent as the channel
temperature increases. To quantitatively evaluate the temperature
sensing capability of the PDA droplets, the peak emission intensities
of the droplet were plotted versus the channel temperature (Figure
5B). This plot shows that the fluorescent signal of PDA is linearly
proportional to the temperature in the range 40 to 60 °C,
approximately. When the temperature rises above 70 °C, the
fluorescence signal decreases. This finding indicates that the
fluorescence of the PDA is quenched by excessive heat. The
combined results demonstrate that the present PDA-based microf-
luidic system can be used to make temperature measurements
between 40 to 60 °C. In addition, the heat-induced generation of
fluorescence was found to be irreversible. Thus, the thermally
induced fluorescence signal remained unchanged upon cooling to
room temperature.
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Figure 5. Fluorescence microscope images (A) and a peak fluorescence
intensity vs temperature plot (B) of the PDA droplets.

In conclusions, by taking advantage of the thermoresponsive
property of PDA sensors we have devised a new strategy to measure
the flow temperature in a microchannel. Specifically, we have
fabricated a microfluidic chip composed of a PDMS substrate and
a glass wafer. The former contains a microchannel network while
the latter incorporates a microheater for heat generation and thin
film thermocouples for temperature measurements. The fluorescence
intensities of blue-phase PDA sensor droplets, formed by using
hydrodynamic instability, were found to vary in a linear fashion
with the flow temperature in the range 40 to 60 °C. This finding
demonstrates that the flow temperature in a microchannel can be
determined by measuring the fluorescent intensities of PDA sensors.
Accordingly, the results described above should be an important
addition to the conjugated polymer-bases chemosensors. We expect
that the applicable temperature ranges of these devices can be
controlled by employing structurally diverse diacetylene monomers.
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