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Electrochemical fabrication of conducting polymer nanowires in an

integrated microfluidic system
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In this paper, we introduce a new approach for the in situ
electrochemical fabrication of an individually addressable array
of conducting polymer nanowires (CPNWs) positioned within
an integrated microfluidic device and also demonstrate that
such an integrated device can be used as a chemical sensor
immediately after its construction.

The development of one-dimensional (1-D) nanomaterials for the
ultrasensitive detection of biological species continues to receive
widespread attention, with significant progress having been
achieved in the use of silicon nanowires' and carbon nanotubes”
for the detection of, among other things, proteins and DNA.
Conducting polymer nanowires (CPNWSs) are attractive alter-
natives to silicon nanowires and carbon nanotubes because of their
tunable conductivity, flexibility, chemical diversity, and ease of
processing. CPNWs can be prepared using a variety of protocols,
such as chemical synthesis,? templated electrochemical synthesis,*
and electro-spinning,” and some chemical and biological sensors
based on CPNWs have been reported.®

In general, the fabrication of 1-D nanomaterial-based electronic
biosensors involves three distinct steps: (i) production of 1-D
nanomaterials, (i) merging 1-D nanomaterials into lithographi-
cally defined electrodes, and (iii) integration of electronic and
microfluidic components. Great efforts are required during the
post-production of 1-D nanomaterials incorporating those nano-
wires if they are to be used as functioning biosensors. There is a
definite need for the development of much more convenient
technologies. In this paper, we introduce a new approach that
simplifies the three steps into one: the in situ electrochemical
fabrication of an individually addressable array of CPNWs
positioned within an integrated microfluidic device. We also
demonstrate that such an integrated device can be used as a
chemical sensor immediately after its construction.

Microfluidic technology’ is currently being used for diverse
applications, including chemical synthesis,® separation,” and
diagnosis.'” Multilayer PDMS-based microfluidic systems posses-
sing integrated valves and pumps’ have been developed to
perform multiple functions within the same fluidic circuit.”
Recently, several groups have used microfluidics to fabricate
nanomaterials such as silicon colloids'! and vesicles.'> Microfluidic
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environments add value to biosensing tasks because they consume
lower amounts of probe molecules and target analytes.

There are certain key advantages to preparing CPNWs within a
microfluidic device using spatially localized, template-free electro-
chemical polymerization: (i) the monomeric precursor polymerizes
directly on the electrode surface, producing high-quality ohmic
contacts; (ii) addressability is inherent to this method because
nanowires can be grown across individual electrode junctions; (iii)
the introduction and delivery of small amounts of precursor
monomers and analytes are highly controllable and enable the
rapid exchange of nanoliter-level solutions on the same chip; (iv)
the turbulence-free environment'? within a microchannel helps the
formation of well-defined CPNWs during the electropolymeriza-
tion process; and (v) once the nanowires are grown, the entire
device is ready for use, without the necessity of any post-
fabrication processing.

Fig. la and b display images of the microfabricated and
assembled integrated microfluidic device. The device comprises an
array of Pt working microelectrodes (each pair separated by a
2 um-wide gap) and a single platinum counter electrode, which are
positioned within a microchannel of an overlaying two-layer
PDMS microfluidic component. The reference Ag/AgCl electrode
is placed just downstream of the working electrodes. We
fabricatedf this microfluidic chip by using a previously described
procedure.”® The input channels can be used to deliver both the
monomer precursor solutions for nanowire growth and the analyte
solutions for nanowire sensing. Pressurized control lines are used
to select from among the input solutions. The widths and heights
of the channels are 100 and 16 pm, respectively. We used standard
photolithography techniques to fabricate the Pt microelectrodes on
a silicon wafer possessing a thermally grown oxide layer. Initially,
the integrated microfluidic device was completely filled with
deionized water. By controlling the isolation valves,’® a solution of
pyrrole or aniline monomer (driven by a back pressure of 2 psi)
can be specifically introduced to the electrode junctions. After the
monomer solution was delivered to the electrode junctions, one
electrode on either side of the junction served as the working
electrode for the electropolymerizations of the corresponding
CPNWs (Fig. lc).

We employed the galvanostatic current step method®®s!#
for the fabrication of the CPNWs. We applied an initial current
of 0.4-0.8 nA to the electrode for 50-300 s, reduced the current
to 0.2-0.4 nA for 500-1000 s, and then reduced it further to
0.1-0.2 nA for 500-1000 s. The precursor solutions we used were
0.5 M aniline in 1.0 M HCl and 0.1 M pyrrole in 0.1 M LiClO,.
We monitored the growth of the CPNWSs by using optical
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Fig. 1 (a) Actual view of the microfabricated and assembled integrated
microfluidic device. (b) Optical micrograph of the integrated microfluidic
device. Each microfluidic channel is 16 um high and 100 pm wide. Each of
the five pairs of electrode junctions is separated by a 2.0 um-wide gap; the
width and height of each electrode are 10 pm and 50 nm, respectively. (c)
Schematic illustration of the electrochemical fabrication of CPNWs (in this
case, polyaniline and polypyrrole) in the microfluidic channel.

microscopy (Zeiss, Axioskop2FS) and measured the conductance
of the electrode junction periodically to assess the extent of
polymerization.

We used scanning electron microscopy (SEM) to characterize
the morphologies of the resulting polyaniline and polypyrrole
nanowires (Fig. 2a and b, respectively) between the electrode
junctions. The polyaniline nanowires, whose diameters ranged
from 50 and 80 nm, covered the entire exposed area of the working
electrode and bridged the gap of the electrode junction.
Polypyrrole nanowires were obtained with relatively larger
diameters (ranging from 80 to 180 nm) and better-defined
morphologies. We performed these electropolymerizations in the
absence of any flow, but it may be possible to control the diameter
and uniformity of the CPNWs more precisely through careful
manipulation of the flow rate and the concentrations of
monomeric precursors. Nevertheless, compared with the morphol-
ogy of polyaniline and polypyrrole electropolymerized in a bulk
solution,’®¢ the CPNWs which were grown in the microchannel
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Fig. 2 SEM images of (a) polyaniline and (b) polypyrrole nanowires
grown in the microfluidic channels. (c) Changes in the resistance of
polyaniline nanowire electrode junction and a blank electrode junction
upon varying the pH from 0 to 14. (d) Reversible and reproducible
response of a polypyrrole electrode junction to NH; (1.0 ppm). The
response intensities decayed gradually because the experiment was
performed by repeatedly placing the array in an open container. For
both of the sensing experiments, 0.1 V bias was applied.

are of better-defined morphologies and experimental fidelity.
These CPNWs grew through a process of nucleation during the
fast galvanostatic step and elongation during the subsequent
steps.'# It is well established that carefully controlled nucleation of
the monomer on the surface is critical for the growth of polymer
nanostructures; fast nucleation and slow growth allow self-
reorganization of CPNWs during the electrochemical polymeriza-
tion."* The turbulence-free environment'? in a microchannel may,
therefore, encourage the formation of the well-defined and well-
oriented CPNWs. In addition, the electropolymerizations of
aniline and pyrrole both take less than 40 min to produce the
corresponding nanowires that bridge the electrode gap in the
microfluidic device. In bulk solution,’ however, these processes
require almost 6 h. Because of the nature of our method and the
architecture of our device, it is apparent that the electrode array is
individually addressable and can be further explored for CPNW
sensors having different compositions and a range of functions.
The CPNWs electrode junctions can be used for sensing
immediately after their fabrication within the microchannel. Fig. 2¢
presents the pH effect on the resistance of the polyaniline
nanowires. In order to normalize the background conductance,
we prepared 15 aqueous solutions (with pH ranging from 0 to 14)
from a 1.0 M NacCl solution. The ionic strength of the solutions
was adjusted to the same value with NaCl, leading to the same
background conductance for all measurements. We injected these
solutions sequentially into the microchannel and recorded the
change in resistance of the polyaniline nanowires using a Keithley
4200 analyzer. The resistance of the polyaniline nanowires was low
between pH 0 and 3; it increased logarithmically between 3 and 7
and above that the wires are non-conducting. Thus, at pH > 7 we
just measured the solution conductance. This observation is
consistent with the transition of the polymer from the conducting
emeraldine salt form to the insulating emeraldine base form.'®
These polyaniline nanowires responded quickly to the changing
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pH of the solution; equilibrium was reached within a few seconds
because of the high surface-area-to-volume ratio of the nanowires
and the rapid exchange of the solutions within the microfluidic
chip. The time required for equilibration is significantly longer for
nanowires grown in the bulk solution.®® The control curve in
Fig. 2c was recorded using a blank electrode junction without
CPNWs deposited. After removing the overlaying PDMS
microfluidic component, the polypyrrole nanowires can be utilized
for the real-time detection of NH; gas. We demonstrated three
cycles of the detection of NH;3 (1.0 ppm). This experiment was
performed by sequentially inserting and removing the polypyrrole
electrode junction in and out of a 2.0 L plastic bottle containing
1.0 ppm NHj. The intensity of the response of the array toward
NH; decayed with each detection cycle because the experiment was
conducted in an open system where the effective NH; concentra-
tion was decreasing over time.

The method we describe in this paper opens up new possibilities
in the fabrication of high-density, individually addressable CPNWs
arrays for use in chemical and biological sensing. The integration
of electropolymerization and microfluidic technology provides
several important advantages that allow a simple and rapid
fabrication of high-quality CPNW sensors and their immediate
utilization in situ.
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Notes and references

+ The electrode patterns (an array of five pairs of electrode junctions)
employed for the electropolymerization of conducting polymer nanowires
were fabricated by using standard photolithographic techniques. The device
patterns were transferred from a photomask to a silicon (100) substrate
covered with a 500 nm-thick thermal oxide, followed by electron beam
depositions of 5 nm-thick Ti and 50 nm-thick Pt layers. The spacing
between the parallel electrodes was ca.100 pm, and a 2.0 um-wide gap
existed between the tips of each pair of electrodes. Each electrode was
linked internally with a millimeter-scale pad for connection with a
potentiostat and semiconductor analyzer. Before integration with the
microfluidic component, the electrodes were cleaned using piranha solution
(70% conc. H,SO4 + 30% H»0,) for 2 min, rinsed with DI water, and then
dried under a flow of N,. The integrated microfluidic components were
fabricated using a soft lithography method. Two different molds were first
fabricated by photolithographic processes for the production of the fluidic
channels and control channels located in the respective layers of the
microfluidic components. In this case, a channel height of ca. 16 pm and a
width of 100 pm were chosen. PDMS polymer (RTV615A/B, GE) was
used to fabricate the microfluidic components. Before fabricating the
device, both the fluidic and control molds were exposed to trimethylsilyl
chloride (TMSCI) vapor for 2-3 min. A well-mixed PDMS (GE, RTV 615
A and B, 5 : 1) was spun onto the fluidic mold (1600 rpm, 60 s, ramp 15 s)
to obtain the fluidic layer. Another portion of PDMS (GE, RTV 615 A
and B, 30 : 1) was poured onto the control mold located in a Petri dish to
give a 5 mm-thick control layer. The thin fluid layer and thick control layer
were cured in an oven at 80 °C for 150 min. After incubation, the thick
control layer was peeled from the mold and holes were introduced onto the

control layer for access to the pressure inlets. This layer was then trimmed,
cleaned, and aligned onto the thin fluidic layer under a microscope. After
baking at 80 °C for another 90 min, the assembled layer was peeled from
the control mold and the holes were punched to allow access to the
solution. The aligned device was incubated in an oven at 80 °C for 30 min.
The assembled layer was treated with oxygen plasma and placed on top of
the electrode junctions on a silicon chip, and, finally, the device was
incubated in an oven at 80 °C for 1 h.
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