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The development of efficient chemosensors based on the
conjugated polymers has been the central focus of a large
number of recent research programs.l'18 The presence of exten-
sively delocalized electrons and conformational restrictions of
the backbone structures make conjugated polymers attractive
sensory materials. In these polymers, molecular recognition
events influence electronic absorption and emission properties.
Thus, a wide variety of conjugated polymer-based sensors have
been investigated. However, the majority of the conjugated
polymer sensors described to date have been explored in the
form of solutions or thin films.

Unlike conventional batch-type solution or film-based sen-
sors, microfluidic detection systems provide several unique
features including minimal quantities of samples and reagents,
large interfacial areas, relatively fast molecular diffusion, and
the capability of continuous analysis.lg'22 Despite these attrac-
tive properties, the application of the conjugated polymers to
microfluidic sensor systems has been exceptionally rare.”**
In this note, we describe a microfluidic sensor system based on
a novel water-soluble conjugated polymer.

Most biologically interesting target molecules, such as pro-
teins, carbohydrates, nucleic acids, or ions, are only soluble in
water. Thus, it is desirable to use water-soluble conjugated poly-
mers as sensor matrices. In general, in order to make water-
soluble conjugated polymers tedious procedures are required
since most synthetic methods developed for this purpose are
incompatible with sidechain functionalities.” Accordingly, pro-
tecting group strategies are required to prepare polymers with
requisite functional groups that foster water solubility.

The poly(phenylene-vinylene) (PPV) precursor, poly(p-
xylene tetrahydrothiophenium chloride) 1 is commercially avail-
able (Scheme 1). The precursor polymer 1 has been known to
undergo elimination reaction to give the fully conjugated PPV
2 upon heat or base treatment. We felt that if the precursor
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Scheme 1. Heat-induced transformation of the PPV precursor to the
partially conjugated polymer

polymer 1 can be existed as a partially conjugated form such
as 3, the conjugated polymer 3 would be soluble in aqueous
solution. In fact, we found that the PPV precursor 1 was con-
verted to a partially-conjugated polymer 3 when the polymer 1
was arrived due to the instability of the polymer 1. Conversion
of the precursor polymer 1 to the partially conjugated polymer
3 was confirmed by observing absorption maximum of the
aqueous solution containing the PPV precursor 1 at 323 nm.
The PPV precursor polymer 1 should not absorb light above
300 nm since it contains only nonconjugated phenyl moieties.
In order to gain more information on the partially conjugated
polymer 3, the polymer solution was lyophilized to give a solid
residue. The solid residue, however, was not soluble in any sol-
vent including water, DMSO, DMF, acetone, THF, and chloro-
form. Thus, we were unable to obtain NMR spectroscopic data.
We believe that the polymer was converted to the fully con-
jugated form of PPV 3 during lyophilization. The color of the
solid reside obtained by lyophilization was yellow-green and
the solid reside emits strong fluorescence, typical characteristics
of the fully conjugated PPV 3. Thus, we decided to use the
water soluble polymer 3 as received. Since hemoglobin is an
excellent fluorescence quencher of conjugated polymf:rs,26 we
expected that the fluorescence of the polymer 3 would be quen-
ched by interaction with this protein in a microfluidic channel
and, as a result, the system would function as a hemoglobin-
sensitive conjugated polymer sensor chip.
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Figure 1. UV (solid line) and emission (dash line) spectra of an aqueous

solution (ca. 6.5 mM based on the monomer unit) containing the poly-
mer 3.
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Figure 2. A schematic of the microfluidic sensor chip investigated in
current study.
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Figure 3. Fluorescence images (A-C) of microfluidic sensor chips
upon interaction with 10 mg/mL BSA (A), 10 mg/mL chymotripsin
(B), and 0.1 mg/mL hemoglobin (C), respectively. Figure 3D contains
fluorescent intensity profiles across the microchannel. Abbreviation:
Con (control), BSA (bovine serum albumin), Chy (chymotripsin), and
Hem (hemoglobin). All measurements were carried out in HEPES
buffer solution (5 mM, pH 8.0).

Figure 1 displays UV absorption and emission spectra of an
aqueous solution (HEPES buffer, 5 mM, pH 8.0) containing the
partially conjugated polymer 3. The polymer solution is rela-
tively strongly fluorescent due to the presence of conjugated
phenylenevinylene moieties and has a maximum emission
wavelength at 435 nm.

A microfluidic sensor chip using hydrodynamic focusing
(Figure 2) was fabricated by a standard soft lithographic method
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Figure 4. Fluorescence intensity profiles of the conjugated polymer
3 in the presence of various concentrations of hemoglobin (HEPES
buffer, 5 mM, pH 8.0).

described in our previous report.” A stream of the polymer
solution is introduced into the middle of microchannels (inlet 1)
and is focused by sheath flows consisting of protein solutions
(inlet 2). The flow rates of the conjugated polymer and protein
solutions, controlled by syringe pumps connected to the inlets,
are 0.03 mL/h and 0.01 mL/h. The main microchannel dimen-
sions are 100 pm in width and 50 pm in depth. Fluorescence
microscope monitoring was carried out with a filtered (510 -
530 nm) excitation.

Figure 3 contains the fluorescence images obtained when a
100 uM conjugated polymer flow is in contact with bovine
serum albumin (BSA) (Figure 3A), chymotripsin (Figure 3B),
and hemoglobin (Figure 3C). It is clear from inspecting these
fluorescence images that hemoglobin is superior to the other
protein in terms of its fluorescence quenching ability, even when
amuch lower concentration is used (0.1 mg/mL of hemoglobin
vs. 10 mg/mL of BSA and chymotripsin). A much narrower flu-
orescence band is observed when the polymer 3 contacts hemo-
globin. The fluorescence intensity profiles shown in Figure
3D further demonstrate the fluorescence quenching ability of
hemoglobin. The fluorescence intensity of polymer 3 is sub-
stantially decreased even when a 100 times lower concentration
of hemoglobin is used. The fluorescent quenching of the con-
jugated polymer by hemoglobin is believed to occur by singlet
energy transfer from the conjugated polymer to the heme group
of the protein.26

We next investigated the detection limit of hemoglobin by
using the polymer 3 based microfluidic sensor chip. In Figure 4
are shown fluorescence intensity profiles across the micro-
channel in the presence of various concentrations of hemo-
globin. Inspection of these profiles leads to the conclusion
that the detection limit of hemoglobin is ca. 10 pg/mL.

The investigations described above have led to the develop-
ment of a microfluidic sensor chip for the detection of hemo-
globin based on a fluorescence quenching strategy. Thus, inter-
action of the readily prepared water-soluble conjugated poly-
mer 3 with hemoglobin results in a concentration dependent
decrease of fluorescence intensity in the microchannel. The
strategy used to construct this system for rapid and sensitive
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detection of hemoglobin should be readily applied to create
other conjugated polymer-based microfluidic sensor chips.

Experimental Section

Materials. The PPV precursor poly(p-xylene tetrahydro-
thiophenium chloride) (0.25 wt % in H,O) was purchased
from Aldrich. Hemoglobin, bovine serum albumin (BSA), and
chymotripsin were obtained from Sigma.

Preparation of the Microfluidic Chip. The microfluidic chip
was fabricated with polydimethylsiloxane (PDMS) by using
standard photolithography and molding techniques. First, a
photoresist (PR) material (SU-8, Microchem.) was evenly spin-
coated at a thickness of 50 um on a 4-in Si wafer after cleaning
with acetone and isopropyl alcohol (IPA) to fabricate a PDMS
mold. The coated wafer was soft-baked at 65 °C for 6 min and
at 95 °C for 20 min, cooled and irradiated with 365 nm UV
light using a UV exposer (MA6-1I, SUSS Microtec) through a
film-type photo mask with a patterned microchannel. A post-
exposure-baking of the wafer was performed at 65 °C for 1
min and at 95 °C for 5 min to enhance the crosslinking of PR.
The wafer was developed for 6 min in a solution of propylene
glycol monomethyl ether acetate (PGMEA). As a final process
for the PDMS mold, the wafer was thoroughly washed with
IPA to remove unexposed PR and was dried with a nitrogen
gun. To fabricate the PDMS substrate, PDMS (DC-184A, Dow
corning) was thoroughly mixed with a curing agent (DC-184B,
Dow corning) ina 10 : 1 volume ratio and was degassed in a
vacuum chamber for 30 min. After being poured on to the mold,
the PDMS prepolymer mixture was cured at 70 °C for 2 h, wash-
ed with IPA, exposed to ozone plasma (AH-1700, AHTECH
LTS), and bonded to a glass slide.

Sensor Test. Fluorescent signals were imaged using a flu-
orescence microscope (BX71W, Olympus) with a 20x objective
and a color CCD camera (DP70, Olympus). Two syringe pumps
(KDS120, KD Scientic) were used to supply solutions of poly-
mer and protein to the chip: one for the polymer flow and the
other for the sheath flows of protein, maintaining the flow
rates at 0.03 mL/h and 0.01 mL/h. Syringes were connected to
the inlets of the microchannels through capillaries and micro-
fluidic fittings (LabSmith).
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