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Figure 4.S7. Endurance study of PEDOT films of different deposition solutions (a) SDS
(b) DBSA (c) BEHS (d) PSS (e) SDS and KCI. The potential was cycled between -0.8 V and 0.8
9 DW 1 2AN0 cycles to investigate the electrochemical stability of the films.
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5. Poly(3,4-ethylenedioxythiophene)-Modified Electrodes for AC-Magnetohydrodynamic (AC-MHD)

Microfluidic Pumping
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5.1 Abstract

A paradigm shift in redox-MHD microfluidics is demonstrated that preserves its advantages and
resolves problems that have previously slowed the application in analytical chemistry of MHD for pumping
small volumes of fluids and sustaining fluid flow. This study uses an array chip with patterned microband
and microring-disk electrodes with solution confined with a gasket and a lid. The chip was placed on an
electromagnet (0.0161 T RMS) which generated a magnetic field with a direction perpendicular to the
chip. The electrodes were modified with a conducting polymer, poly(3,4-ethylene dioxythiophene)
(PEDOT) to generate ionic current density, instead of adding redox species in solution which had been
done previously to avoid bubble formation and electrode corrosion. Synchronized sinusoidal potential
waveforms were applied to PEDOT-modified electrodes and the electromagnet (to generate an AC
magnetic field). This allows for continuous pumping in a single direction while charging and discharging
the PEDOT films. The bias of the electrodes was switched with a frequency of only 10 Hz so that heating
was minimal compared to prior AC MHD studies, generating high currents, and therefore, fluid velocities
that are comparable to those previously achieved with similar cell geometries when redox species were
present in solution. A flat flow profile with an average velocity of 115 pm-s'1 was observed at PEDOT-
modified microband electrodes, which would be of use for microfluidic pumping. A spiraling fluid flow
profile was demonstrated at PEDOT-modified concentric disk-ring electrodes with fluid flow as high as
350 ym-s™ adjacent to the disk electrode and 10 times the velocities achieved with redox species in

solution previously that could be valuable for lab-on-a-chip mixing applications.
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5.2 Introduction

This paper focuses on AC redox-MHD, which takes advantage of alternating the current of
PEDOT-modified electrodes with an alternating magnetic field for continuous microfluidic pumping. In
previous studies, we described that PEDOT-modified electrodes are capable of high currents while
limiting the interaction with the sample, thus improving compatibility. In spite of its many advantages, the
PEDOT-modified redox-MHD limits experiments to short time frames because it cannot sustain the
current once the coulombs in the film are exhausted, unlike diffusion-limited redox species in solution.
Nonetheless, PEDOT is highly reversible. The device used in this study takes advantage of this feature
to allow redox-MHD at PEDOT-modified electrodes to be sustainable over indefinitely long times by
recycling PEDOT in real time. In order to pump continuously in one direction, the bias of the electrodes
was sinusoidally varied to cycle PEDOT and simultaneously synchronized with an alternating magnetic
field direction. AC redox-MHD solves many previously encountered problems, and thus should greatly
expand MHD for LOAC applications.

The miniaturization of analytical techniques that are normally performed in a full lab setting to a
lab-on-a-chip (LOAC) device promises to improve portability, power consumption, reagent and waste
volumes, automation, and analysis time. LOAC devices show promise for revolutionizing analysis done in
medical diagnosis, environmental impact field studies, genomic studies, and synthetic reactions.”® A
crucial aspect of LOAC applications is the microfluidics, or the manipulation of small amounts of fluid
within the device. Ideally, the microfluidic technique should be able to pump fluid between two locations,
easily reverse fluid flow direction, adjust fluid flow velocity, trap species within a certain volume, mix
solutions of different composition, and split off a fluid volume for further handling.’
Magnetohydrodynamics (MHD) has these capabilities through the careful programming of electrodes in
the presence of a magnetic field.

MHD takes advantage of the interaction between electric and magnetic fields. In MHD, the
magnetohydrodynamic force, Fg (N'm™), and therefore fluid flow, is generated by ionic current density, j
(C-s'l-m'z), that is perpendicular to a magnetic field, B (T). The magnitude and direction of Fg follow the
right-hand rule according to the cross-product relationship, Fg =j x B.>® The use of MHD in microfluidic

devices can provide continuous pumping without channels or moving parts and can stop or reverse fluid
114



flow by switching off the current or changing the sign of the ionic current density respectively without the
need of valves.® One of the first approaches that used MHD to pump solutions directly for microfluidics
used direct current (DC) applied to electrodes on either side of a channel filled with electrolyte only in the

1014 This method when

presence of a uniform magnetic field generated from a permanent magnet.
applied to aqueous solutions corroded electrodes and produced bubbles from the electrolysis of water,
interrupting fluid flow. It is possible to place the electrodes outside of the channel (but where ionic
conductivity passes through frits) to avoid the interference of the bubbles, but the bubbles still need to be
released and channel construction is complicated.™ *°

One method used to prevent bubble generation and electrode degradation is the addition of redox
species to the pumping fluid, thus lowering the potential needed to generate sufficient currents for

9, 17-22

pumping. Low concentrations of redox species have been shown to be compatible with heart tissue

and with alkaline phosphatase, an enzyme commonly used in immunoassay applications.?* %

However,
the introduction of redox species raises concern about risk of contamination and interference with analyte
detection and with the biocompatibility of the pumping system. Previous work in our research group
addressed these concerns by immobilizing the redox species to the electrode surface, thus limiting the
interaction between redox species and the sample.

The conducting polymer, poly(3,4-ethylenedioxythiophene), (PEDOT) electropolymerized on the
electrode surface can function as a source of coulombs, to generate current at the electrodes and to
effect ionic current density throughout the electrolyte between the active electrodes. PEDOT-modified
electrodes are capable of generating high currents, and therefore high fluid velocities. This is because
the redox species are highly concentrated and located directly on the electrode surface, do not have the
dilution effect caused by passing through a depleted diffusion layer to the electrode surface, and do not
require the extra time needed to do that. Previously, we demonstrated the fluid flow between oppositely
biased, long microband electrodes® useful for microfluidic pumping applications and fluid flow between
concentric ring-disk microelectrodes®’useful for stirring applications.

Despite its advantages, PEDOT-modified electrodes limit redox-MHD microfluidic pumping to

short time frames because they cannot sustain the current once the coulombs are exhausted, unlike

diffusion-limited redox species that can continue to produce current over longer times in solution.
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Nonetheless, PEDOT is highly electrochemically reversible.?®

Consequently, before further pumping can
take place the films have to be electrochemically regenerated. The study herein takes advantage of this
feature to allow redox-MHD at PEDOT-modified electrodes to be sustainable over indefinitely long times
by recycling the PEDOT in real time.

Previous work in our laboratory utilized a “replenishing” approach that involves the alternate
activation of two sets of oppositely biased microelectrodes with an electronic switch between the
potentiostat and the electrochemical cell filled with redox species (0.1 M Ks;Fe(CN)g and 0.1 M K;Fe(CN)g
in supporting electrolyte 0.1 M KCI).21 Mass transport replenishes the redox species that are depleted in
the diffusion layer from the surrounding solution at the inactivated electrodes, to supply a new source of
coulombs upon activation in the next cycle. This approach also harnesses the transient faradaic current
response associated with stepping the potential past the standard electrode potential of the redox species
in solution, which could be viewed as analogous to the large transient current observed at the PEDOT-
modified electrodes during chronoamperometry, (CA). However, in the PEDOT case, there are no redox
species in the surrounding solution to “recharge” the electrodes.

In order to pump continuously in one direction while cycling PEDOT, the direction of the current at
the electrodes (as a result of changing the bias) must be simultaneously altered with the variation of the
magnetic field direction. In the studies described here, a single electromagnet was placed beneath the
electrode chip to generate an AC-magnetic field by running a sinusoidal potential function through a
power amplifier to increase the current to drive the electromagnet. A second function generator, synced
with the first function generator, was used to apply a sinusoidal or step potential function with amplitude of
+0.8 V of the same frequency between two PEDOT-modified electrodes in a supporting electrolyte.

Electromagnets have been used in the past for AC-MHD pumping for microfluidic systems with
channels, without added redox species, and at bare electrodes. In the early work by Lemoff and Lee, a
sinusoidal electric current of sufficiently high frequency (> 1 kHz) was passed through an electrolytic
solution to prevent bubble generation and electrode degradation because it was anticipated that the
chemical reactions are reversed rapidly.”” Higher currents, and therefore higher velocities, were possible
at the higher frequencies before bubble formation became a problem, but the magnetic field dropped

significantly above 1 kHz, and therefore higher frequencies were not investigated.
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In a variety of microfluidic systems, low Reynolds numbers are observed (<1), meaning that the
flows are considered laminar. Because these flows usually have little turbulence, mixing is often difficult
and relies on diffusive species mixing, which is inherently slow.* ?® West et al. used AC-MHD in an
annular device design where a concentric disk (radius of 4 mm) and ring (internal radius of 5 mm)
electrodes with a 500 um deep and 2 mm wide channel separating them. A 1 kHz AC potential waveform
was used to generate a non-uniform flow profile to enhance mixing of two fluids being pumped in a

loop.”® *°

Eijkel and coworkers fabricated an annular device design with 200 um wide and 30 um high
channel structure with gold walls for chromatographic application:s.31 It should be noted that for AC-MHD
micropumps using electrolyte alone, a compromise in frequency must occur. Higher frequencies allow for
higher currents before bubble generation from electrolysis is a problem. However, at high frequencies,
heating due to eddy currents caused by rapidly changing magnetic field can be an issue and is

proportional to the square of the frequency.® %

For example, Eijkel and coworkers lowered the
frequency of their AC MHD micropump from 22 kHz to 2.44 kHz, lowering the device temperature from
45°C above room temperature to only 15° C above, but this also decreased the current (and therefore
fluid velocity). In addition, the magnetic field suffers at higher frequencies and, is weak (10 to 100 mT)
compared to magnetic fields produced by permanent magnets and DC electromagnets.?” 2% 3% 34
PEDOT-modified electrodes enhances current amplitude compared to bare electrodes while
avoiding addition of redox species to the solution as well as avoiding bubble formation and electrode
degradation. At the same time, lower frequencies can be used so that the electromagnet can be at a
higher magnetic flux density, while eddy currents and inductive heating can be avoided, PEDOT-modified
electrodes have >1100x the coulombic capacity of a bare electrode of the same geometry and a much
slower response time due to its redox properties, which allows slower frequencies. In addition, the high
currents achievable at PEDOT-modified electrodes offset the loss in velocity due to weaker fields of the
AC electromagnet, producing fluid speeds which are comparable to DC redox-MHD. Conversely, AC-
MHD addresses the limited time-scale problem of PEDOT-modified electrodes for redox-MHD in
microfluidic applications. In this work, AC redox-MHD pumping is generated at oppositely biased

PEDOT-modified microband electrodes and concentric ring-disk microelectrodes, demonstrating

sustainable microfluidic pumping without the need for added redox species to produce straight flow and
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mixing through spiraling flow, respectively. The approach and results provide a great advance in the MHD

microfluidic field.

5.3 Experimental Section

5.3.1 Chemicals and materials. The substrate materials for the electrode arrays were silicon
wafers (125-mm diameter and 600-650-um thick with 2 um of thermally grown SiO, on the surface)
purchased from Silicon Quest International (Santa Clara, CA). A chromium-plated tungsten rod (Kurt J.
Lesker Company, Clairton, PA), gold coin (Canadian Maple Leaf, 99.99%), and a molybdenum boat (Kurt
J. Leskar Company, Pittsburg, PA) were used for metal deposition. Benzocyclobutene, BCB, (Cyclotene
4024-40) purchased from Dow Corning Company (Midland, MI) was used to insulate the electrode leads.
Positive photoresist (AZ 4330) was purchased from (Advance Reproductions Corporation, North Andover,
MA. Gold etchant (Transene, GE8148) and chromium etchant (HTA enterprise, CEP200) were used as
received. Connection from the chip to the potentiostat was made via an edge connector (solder contact,
20/40 position, 0.05 in. pitch) purchased from Sullins Electronics Corp. (San Marcos, CA). Agueous
solutions were made with reagent grade, 18 MQ, deionized water from Ricca Chemical Company
(Arlington, TX). Sodium dodecyl sulfate was bought from aMResco (Solon, OH). The monomer of
PEDOT, 3,4-ethylenedioxythiophene, was obtained from Sigma-Aldrich (St. Louis, MO). Sodium chloride
was obtained from EMD Chemicals Inc. (Gibbstown, NJ). Polystyrene latex microspheres, 10.0 micron
diameter (2.5 wt% dispersion in water) and ruthenium(ll) hexaammine chloride were purchased from Alfa
Aesar (Ward Hill, MA). The as-received ruthenium(ll) hexaammine chloride contained the oxidized form,
as well, resulting in near 1:1 mixture of each species. A poly(dimethyl siloxane), PDMS, gasket was
fabricated using OS-30 solvent, Sylgard184 silicon elastomer base, and Sylgard 184 silicon elastomer
curing agent (Ellsworth Adhesives, Milwaukee, WI). Pre-cleaned microscope glass slides (1.5 x 1.0 x 0.1
in.%) were obtained from VWR. ColdShield Paste was obtained from Greer, SC.

5.3.2 Microelectrode Chips. An in-depth description of the fabrication procedure of these chips
can be found in previously published work.® A chromium-plated tungsten rod and a gold coin (Canadian
Maple Leaf, 99.99%) were placed in a molybdenum boat and used for metal deposition onto silicon wafer,

forming the layer that would become the electrode arrays. Wafers were cleaned using Radio
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Corporation of America (RCA) procedure. Positive photoresist (AZ 4330) was used for the electrode
feature transfer from photo plot masks (Advance Reproductions Corporation, North Andover, MA) to the
silicon wafer. To remove excess photoresist in the photolithography process, tetramethyl ammonium
hydroxide (TMAH) solution was used as a developer. The chips are diced to 1 in. x 2 in. The design on
each chip includes 12 gold microband electrodes which are in three sets of four (each electrode is 100
pm wide and 2.5 cm long with a 100 pm gap between electrodes within the set) and four sets of gold
concentric ring and disk electrodes varying in size (Figure la). The first and second set of band
electrodes are separated by a 5600 um gap and the second and third sets are separated by a 2000 um
gap. The microband electrodes were used to demonstrate the microfluidic pumping capabilities. The
largest of the concentric ring-disk sets (disk radius = 160 um, inner ring radius = 1600 um, outer ring
radius = 2000 um) was used to demonstrated rotational flow for mixing applications.

5.3.3 Characterization of Electrodes Prior to and After Modification. A CHI 760B
bipotentiostat (CH Instruments, Austin, TX) was used to perform all electrochemical manipulations. Bare
electrodes were characterized prior to electropolymerization in a beaker of solution containing 5.0 mM
Ru(NH3)s"** and 0.100 M NaCl and in a solution of 0.100 M NaCl alone using CV and CA. For the
characterization of the microband electrodes, the working electrodes consisted of the four microband
electrodes in set 1 shorted together while the electrodes in sets 2 and 3 served as the counter electrodes.
When characterizing by CV, the potential was cycled from -0.600 V to 0.600 V versus a Ag/AgCl
(saturated KCI) reference electrode at 0.05 V-s™. For CA experiments, the potential was stepped to 0.300
V and held for 20 s. After the electrodes were modified with PEDOT, the electrodes were characterized
in a beaker of solution containing 0.100 M NaCl. For CV characterization, the PEDOT-modified
electrodes were cycled from -1.00 V to 1.00 V at 0.05 V-s™. During CA, the PEDOT-modified electrodes
were held at -0.300 V for 10 s and then stepped to +1.00 V and held for 20 s (Figure 1c).
Electrochemical impedance spectroscopy (EIS) was used to characterize PEDOT film deposited with the
same procedure on 250 um x 100 um microelectrodes to assess the phase shift at 10 Hz. EIS studies
were performed using a PARSTAT MC (from AMETEK in Oak Ridge, TN) applying an excitation

perturbation amplitude of 800 mV
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Figure 5.1. (a) Photograph of the microelectrode array chip showing electrode
features and dimensions. Expanded images show unmodified gold and PEDOT-modified gold
band electrodes as viewed under a microscope. (b) Cyclic voltammogram during
electrodeposition of PEDOT onto one microband electrode. Inset picture of chip shows
chemical structure of PEDOT. (c) Electrochemical response during an applied potential
experiment of +1.0 V at microband electrode set 1 shorted together vs microband electrode
sets 2 and 3 shorted together as combined auxiliary/quasi-reference electrodes.
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root mean square (RMS). Measurements were carried out over a frequency range of 1 Hz to 10° Hz with
10 points per decade. A measurement delay of 30 s was used before each point was taken. VersaStudio
V2.40.4 (© 2013) software was used to record.

5.3.4 Electrodeposition of PEDOT onto microelectrodes. Prior to characterization and
modification, the chips were cleaned with an oxygen plasma cleaner for 15 min. A solution of 0.010 M
3,4-ethylene dioxythiophene (EDOT) and 0.010 M sodium dodecyl sulfate (SDS) was sonicated for over
two hours until the EDOT was completely dissolved. To electrodeposit PEDOT onto the electrodes, the
chip was immersed in a beaker containing monomer solution and the electrodes were cycled between -
0.455 V and 1.125 V vs Ag/AgCl, (saturated KCI) at 0.05 V-s™ for 12 cycles (Figure 1b). A platinum flag
electrode served as the counter electrode. These conditions were chosen because we have
demonstrated the effectiveness of these electrodes for MHD applications in the past. The films produced
were dark blue and thick, capable of high coulombic capacity and fast electrochemical response, which is
ideal for MHD applications.

5.3.5 Electronics for AC-MHD. Two function generators were used to produce the potential
waveforms to drive the electrodes and the electromagnet: Tektronix AFG310 and Hewlett Packard
33120A respectively (Figure 5.3). Both sinusoidal and squarewave wave functions were examined. The
phasing of the two potential waveforms was monitored using a dual channel oscillope (Tektronix,
Beaverton, OR) and was changed using the phasing capabilities of the tektronix function generator. A
200 W discrete power amplifier kit (K8060) was purchased from Velleman (Gavere, Belgium) and was
assembled according to the assembly manual. A power transformer was bought separately from TRIAD
Magnetics (Perris, CA) to complete the power amplifier circuit. The power amplifier circuit was heat
sinked to a large piece of aluminum (0.5 in. thick, 6.25 in. wide, and 18 in. long) to dissipate heat. A
switch and a fuse were added to the circuit design to easily turn off the electromagnet and to protect with
power amplifier circuit from excess current.

The electromagnet was purchased from APW Company (Rockaway, NJ). The electromagnet
(EM400-6-212) was 4 in. diameter x 1.65 in. with a hole measuring 3/8-16 x 1 3/4"to accommodate
mounting hardware (Figure 2a). In order to extend the magnetic field through the hole, a soft iron bolt

was placed through the hole in the electromagnet and through the hole in the microscope stage. An
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aluminum nut was machined so that the electromagnet was immobilized on the microscope stage.
Thechip was placed on top of the center cylinder of the electromagnet. The magnitude of the AC driving
the electromagnet was 5.41 A. The AC-magnetic field was measured using a Tri-Alpha DC/AC-
magnetometer (Salt Lake City, UT). Because of the high currents that are needed to drive the
electromagnet and because of the direction of the magnetic field is switching frequently, it was realized
that the electromagnet would generated heat over the time it was used. Heat transfer from the
electromagnet to the fluid in the cell would likely cause fluid movement due to natural convection. In
order to slow the heat transfer between the electromagnet and the chip, a thin layer (< 1 mm) of heat
shielding paste was added to the bottom of the chip. The heat of the electromagnet and of the solution in
the electrochemical cell was measured using a Noncontact Infrared Temperature Measurement (Raytek
MiniTemp MT6, Santa Cruz, CA).

Connection was made to the contact pads of the electrodes by using an edge connector which
was sawed in half. This allowed the chip to be flush with the electromagnet surface where the
electrochemical cell would experience the highest possible magnetic field. The edge connector was
placed on top of the contact pads on the chip and was carefully aligned. The edge connector needed an
appropriate amount of downward force to form a good connection with the contact pads of the chip. A bar
of plexiglass (1 in. wide x 3.5 in. long x 0.25 in. thick) was machined and holes on both ends of the bar
were drilled. Holes were also drilled into the side wall of the electromagnet and were threaded to
accommodate screws which were used to tighten the plexiglass bar on top of the edge connector to
improve the connection to the chip and to hold everything in place (Figure 5.2a). Plexiglass was chosen
for its transparency, which made the process of lining the edge connector with the chip easier.

5.3.6 AC-MHD Experimental Setup. In the MHD experiments described below a PDMS gasket
(750 um thick with a rectangular opening cut out of 3.2 cm x 1.5 cm) placed on top of the chip defined the
dimensions of the cell (Figure 5.3). The opening in the PDMS gasket was wide enough that the pumping
electrodes were more than 1 mm away from the walls to contain the solution while not defining any sort of
channel. A glass slide was placed on top of the PDMS gasket to serve as a ceiling of the cell and limit
movement in the vertical direction. To visualize the flow of solution around the PEDOT-modified

electrodes, polystyrene latex microbeads (10 um diameter) were added to the solution and their
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Figure 5.2 (a) Photograph of the AC-MHD experimental setup showing the
electromagnet, edge connector, plexi-glass bar for holding edge connector, and chip. (b)
Graph showing the AC-magnetic field (T) versus the frequency of the potential waveform (Hz)
applied to the electromagnet. (c) lllustration of the AC-magnetic field (T) over the core of the
electromagnet and the position of the chip.
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movement was recorded over time using a microscope interfaced with a Sony Handycam camera. The x-
and y-position of the recorded video were adjusted using the microscope stage. The height above the
chip surface was adjusted for the video recording by raising and lowering the microscope stage in the z-
direction. The movement of the beads in solution within 75 ym of the microscope’s focal plane were
analyzed using particle imaging velocimetry (PIV) analysis with Dynamic Studios.”® The PIV software
measures the displacement of the beads in solution to determine the 2D velocity field by breaking the
video frames into interrogation regions, and then following bead patterns in subsequent frames. The
bead velocities in each interrogation region are averaged together.

The horizontal flow profile in the 5600 um gap between PEDOT-modified microband electrodes
was examined during two AC redox-MHD experiments. For these experiments, on of the function
generator leads was connected to microband electrode set 1 while the other lead was connected to sets 2
and 3. The video was taken 300 um above the chip. The microscope was initially focused on the
PEDOT-modified electrodes on one side of the gap and was gently moved by 1 mm every 10 s across the
5600-um gap until the microband electrode set 2 came into view. One experiment began with the camera
focused on the microband electrode set 1 and one experiments focused on the set 2 electrodes. The PIV
software calculates columns of velocity vectors across the video screen (see Figure 5.5a). The distance
from microband electrodes set 1 was calculated for each column of velocity vectors. The data for the two
experiments was compiled and organized into bins (to the nearest 0.1 mm). The average and standard
deviation of each bin were calculated. Because the video recorded a location that was 1.34 mm wide at
each position and the stage was moved in 1 mm increments across the gap for each position, areas of
overlap exist; these data points were averaged together and the pooled standard deviation was
calculated accordingly.

Experiments were also done at PEDOT-modified ring-disk electrodes. For these experiments on
function generator lead went to the disk electrode, while the other went to the ring electrode to complete
the circuit. The camera was not able to capture bead movement over the entire ring-disk electrode area,
so video microscopy was focused on the disk electrode to observe the highest fluid flows. In addition, the

fluid flow was examined at 3 different heights throughout the cell during two separate experiments: 150,
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300, and 450 um above the chip. Velocity vectors from the PIV analysis along the diameter of the ring

were used to make contour plots to illustrate the flow profile between the ring and disk electrodes.

5.4 Results and Discussion

5.4.1 Distribution of Magnetic Flux Density Across Chip. The magnetic field was measured
as a function of frequency of the potential waveform applied to the coil between 5 and 60 Hz (Figure
5.2b). The magnetic field strength increased from 0.03 T at 5 Hz to 0.065 T at 10 Hz. Once greater than
10 Hz, the magnetic field strength decreased (at 60 Hz, Boc = 0.02 T). Frequencies above 60 Hz were
not examined due to inductive heating problems that occur with higher frequencies, but it is predicted that
the magnetic field strength would continue to decrease as frequency increased. For the MHD
experiments described, 10 Hz was used to power the AC-MHD device at the highest magnetic field
possible for our setup, thus enabling the greatest fluid velocity. Even at this low frequency, the
temperature of the electromagnet increased over time due to the high currents used to drive the
electromagnet. Heat shielding paste was added to the bottom of the chip to slow the transfer between
the electromagnet and the chip. Figure 5.S1 in the supplemental section shows the change in
temperature over time of the electromagnet and the solution in the cell. Within the time frame of the
experiments done in this study, the temperature of the electromagnet increased from 23.1 to 30.3 °'C
while the temperature of the solution only increased from 23.1 to 25.8 °C. At this temperature change,
MHD would be the dominant microfluidic force rather than natural convection from the temperature
change in solution. However, for longer time frames, a better insulator would be necessary to prevent
fluid movement from natural convection.

The magnetic field strength changed radially from the center of the electromagnet. Figure 5.2c
shows magnetic field strength over the core of electromagnet. The soft iron bolt extends the magnetic
field over the hole in the center which is used for mounting the electromagnet. However, the magnetic
field strength over the center is lower (~0.025 G) because the bolt is 3 mm lower than the surface of the
electromagnet. The magnetic field increases over the cylindrical core to 0.065 T at 2 cm from the center
and finally is at its highest at the outside edge of the core (0.0975 T). Figure 5.2c also shows the

placement of the chip and the position of the electrodes over the core. The magnetic field changes quite
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drastically along the 2.5 cm length of the 5600 um gap between the working and counter microband
electrodes from 0.0260 T to 0.059 T. The AC magnetic field at the concentric ring-disk electrodes used
for inducing rotation flow was 0.059 T.

5.4.2 Effect of Relative Phasing of Potential Waveforms of Electrodes and Electromagnet
on Fluid Flow. The relative phasing of the potential waveforms from both function generators were
monitored using a dual channel oscilloscope. The two waveforms were initially synced manually by
adjusting the phasing on one of the function generators. The phasing was adjusted by 45° every 10 s
and the fluid flow was recorded throughout the experiment. Later, the bead movement was quantified via
video microscopy using 3 to 5 s of video. Figure 5.4 shows the effect of relative phasing of the potential
waveforms for both sinusoidal (a) and square-wave potential waveforms (b). Both waveforms exhibit
sinusoidal fluid velocity vs the relative phasing of the potential waveforms where fluid flows are greatest
(but in opposite direction) when the waveforms are completely in phase or are 180° out of phase.
Therefore, both the direction and the magnitude of the fluid flow can be carefully adjusted by changing the
relative phasing of the potential waveforms. These results match well with observations made by Lemoff
and Lee during AC-MHD experiments in electrolyte alone.”” Interestingly, EIS analysis showed a 27°
phase shift at 10 Hz, which is much lower than for bare gold electrodes (Figure S-3). This would be
beneficial for lab-on-a-chip applications where fluid flow needs to be carefully adjusted for different
functions within the device, i.e. reversal of fluid flow or pumping and incubation periods. By simply
adjusting the phase shift by 180°, one can reverse the fluid direction. It should be noted that slightly
higher maximum fluid velocities were observed using square-wave potential waveforms; however,
square-wave potentials waveforms suffer from worse heating effects due to the large step in potential as
compared to sinusoidal (see Supplemental Section). Therefore, the following experiments use sinusoidal
waveforms to generate the electric and magnetic fields.

5.4.3 Horizontal Flow Profile between Working and Counter Microband Electrodes. In past
studies, the flow profile between microband electrodes for both solution-based redox species and
PEDOT-modified electrodes has been shown to be relatively flat during DC-MHD experiments.”* Similar
results are seen in AC-MHD experiments (see Figure 5.5). For the majority of the 5600 um gap, the fluid

flow is approximately 115 um-s*. Impressively, these fluid flows are within error of velocities observed in
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DC-MHD using 0.095 M Ks;Fe(CN)g, 0.095 M K4Fe(CN)g, and 0.095 M KCI at the same electrode design
in the presence of a 0.36 T permanent magnet which is much higher than the field generated by the
electromagnet used in these studies.** Therefore, there must be an increase in current observed at
PEDOT-modified electrodes as compared to solution-based redox species to offset the decrease in
magnetic field strength. DC redox-MHD has been performed at the same electrode geometry with the
same PEDOT films. The average fluid velocity across the gap during an applied current experiment of -
500 pA in the presence of a 0.37 T magnet was 268 pm-s'l. Because the PEDOT films are being
charged and discharged at a frequency of 10 Hz, the transient faradaic and charging current is being
utilized. A multimeter connected in series with one of the leads to the electrodes measure the AC current

to be 2.27 mA. The non-oscillating equivalent of a sine wave is known as root mean square (r.m.s)

amplitude and is found by dividing the amplitude of a sine wave by \E Therefore, the amplitude of the

AC current is 1.61 mA r.m.s. The average of the measured AC B-field over the length of the bands was
0.047 T. The r.m.s. amplitude of the AC B-field is 0.033 T r.m.s. The flow velocity is lowest in the middle
of the gap which has been observed in solution based and immobilized redox species. The highest
velocities are observed just to the inside of the counter electrodes.

5.4.4 Fluid Flow at PEDOT-modified Concentric Disk-Ring Microelectrodes. Rotational fluid
flow has been demonstrated for PEDOT-modified disk and ring electrodes; however, fluid flow in one
direction can only be maintained in one direction for a limited amount of time. The fluid flow velocity was
highest close to the disk electrode for a given height. As the distance increased radially from the disk
electrode, the fluid velocity decreased. This non-uniform flow profile is due to the ionic current density
distribution which is caused by the difference in electrode area of the disk and ring. This creates a
spiraling fluid flow which could be of value for on-chip mixing applications. Figure 5.6 shows a top-down
view (a) and a cross-sectional view (b) of the AC-MHD setup for concentric disk and ring electrodes. The
flow profile obtained with AC-MHD at PEDOT-modified electrodes was similar to DC-MHD experiments.
Figure 5.7a shows the PIV image for the fluid flow around the disk electrode at 150 um above the chip.
This same data is also portrayed in Figure 5.7b, which plots fluid speed vs the distance from the center of

the disk electrode. This plot highlights another interesting flow profile features of redox-MHD at ring-disk
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Figure 5.6 (a) lllustration of AC-MHD at PEDOT-modified concentric disk and ring
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slide.
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electrodes: the low speeds directly above the disk electrode. This feature is a reflection of the ionic
current distribution. Directly over the disk electrode, the main component of the ionic current density is
parallel to the B-field, which means it makes no contribution to the MHD force. As seen in Figure 5.7c,
the highest fluid flow (350 pm-s'l) was observed at 300 um above the chip and was located just outside of
the disk electrode. These speeds are 10 times higher than DC-MHD experiments done at concentric disk
and ring electrodes (that were half the area of the ring-disk set used in this study) for PEDOT-modified
electrodes and 25 times higher than solution-based redox species. Fluid flow speed decreased radially
from the disk electrode. Rotational convection of this velocity would certainly be of value for microfluidic

mixing applications where laminar conditions exist.

5.5 Conclusions

In this study, a new microfluidic technique, AC redox-MHD was established. Through the ionic
current density generated by PEDOT-modified electrodes and the AC-magnetic field generated by an
electromagnet, continuous microfluidic pumping and rotational flow which would be useful for microfluidic
mixing applications was demonstrated. This fluid manipulation was accomplished on a chip with no
channels without the need of moving parts or valves. Future work will focus on using AC redox-MHD in a

LOAC application.

5.6 Supporting Information

Video clips of microbead movement during AC redox-MHD experiments at PEDOT-modified
electrodes showing flow patterns in the middle of the gap between working and counter microband
electrodes while the relative phasing of the potential waveforms driving the electrodes

and the electromagnet is changing. Video of rotational flow at ring-disk electrodes is also shown.
The supplemental section includes a discussion on the inductive heating of the magnet over time as well
as the heat transfer to the solution in the cell. This material is available free of charge via the Internet at

http://pubs.acs.org.
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Supporting Information

Video clips of microbead movement during AC redox-MHD experiments at PEDOT-modified
electrodes are available here. Files are available showing flow between microband electrodes as the
relative phasing of the potential waveforms of the electrodes and of electromagnet (5S_001.mpg) and
flow around concentric ring-disk electrodes (5S_002.mpg). A graph showing the temperature increase of
the electromagnet and the solution in the cell over time can also be found here for sine wave and square
wave potential waveforms. A graph of fluid velocity vs relative phasing between the potential waveforms

is also shown here.
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5.51 Captions to Video Clips

5S 001.mpg Video of microbead movement between working and counter/quasi-reference PEDOT-
modified microband electrodes during an AC redox-MHD experiment. A 620 pm thick PDMS
gasket was placed on the chip and filled with 325 pL of a solution containing 0.095 M NaCl and
polystyrene beads. During this video, the relative phasing of the potential waveforms driving the
electrodes and the electromagnet was being adjusted by 45° ever 10 s. For this video, the

microscope was focused 300 pum above the chip surface.

5S 002.mpg Video of microbead movement between concentric PEDOT-modified ring-disk

experiments during AC redox-MHD experiment. A 620 pm thick PDMS gasket was placed on the

chip and filled with 325 L of a solution containing 0.095 M NaCl and polystyrene beads.
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5.52 Temperature of Electromagnet and Solution in Cell over Time.
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Figure 5.S1 Temperature of electromagnet and solution in electrochemical cell over time.
Temperature readings were taken every 30 s. The electromagnet heated up dramatically over time from
23 °C initially to 115 °C after 5 min of use, in spite of the low frequency of switching. The heat shield
paste did help to slow down the heat transfer from the electromagnet to the solution in the cell, thus,

minimizing natural convection due to the solution heating.
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5.53 Relationship between Fluid Flow and Relative Phasing
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Figure 5.S2 Average fluid velocity vs the relative phase of the two square-wave potential

waveforms (10 Hz) running to the electrodes and electromagnet.
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Figure 5.S3 EIS analysis of PEDOT-modified microelectrodes in 0.100 M NaCl. (a) Nyquist plot.

(b) Bode plot.
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6. Conclusions and Future Work
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6.1 Conclusions

The work done in this dissertation demonstrates the usefulness of PEDOT-modified electrodes
for redox-MHD convection. These modified electrodes are capable of high currents, and therefore, high
fluid velocities without the presence of redox species in solution. This minimizes the risk of interference of
detection of analytes for chemical analysis applications and reduces biocompatibility issues that can
occur at high concentrations of redox species. The fluid flow presented around PEDOT-modified
microband electrodes was shown to be fairly flat over long distances (5.6 mm) between the working and
counter electrodes. This flat flow could be of use for separations applications or for delivery of
components to specific sites on chip such as immunoassay applications or on-chip microreactors. In
addition, the fluid velocity could be adjusted simply by adjusting the magnitude of the applied current, thus
allowing for more fine-tuning of the microfluidic flow for the requirements of the applications. However,
the amount of time that pumping can be sustained is a function of the current applied and the number of
coulombs available within the PEDOT films. Once the coulombs are exhausted, the film must be
electrochemically reversed before further pumping can occur. This could limit the number of microfluidic
applications which would benefit from DC redox-MHD generated at PEDOT-modified electrodes. This
problem was addressed in the previous chapter of this dissertation by taking advantage of the
electrochemical reversibility of PEDOT.

Secondly, rotational fluid flow around PEDOT-modified concentric ring-disk microelectrodes was
demonstrated. The fluid velocity was shown to be highest adjacent to the disk electrode and decreasing
with radial distance from the disk. This generated a spiraling flow that could be of use for stirring
applications and eventually mixing applications if the time that pumping can occur could be extended.
Two electrochemical cell heights were examined in this work: 750 pm and 1050 um. It was shown that
the flow profiles between the chip surface and approximately 600 pm above the chip, where the flow was
the highest, were very similar. Solution at the top of the electrochemical cell experienced very little fluid
flow because the horizontal component of the ionic current density there is low. The linear dependence
of the fluid velocity on the applied current and magnetic field strength was demonstrated. Unfortunately,
the magnetic field strength is limited to what is commercially available. However, the magnitude of the

current which can be applied is dependent on the properties of the PEDOT fiim. Even among
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electropolymerized PEDOT films, there are a variety of procedures which can be found in the literature.
The next chapter explored some of the deposition conditions which are responsible for the
electrochemical properties of the film.

Work was done to electropolymerize PEDOT films which were capable of high coulombic
capacity, fast current response, good electrochemical reversibility, and mechanical stability. To achieve
this, several anionic solubilizers were explored with differing number of deposition cycles. The films were
characterized visually with SEM to assess the morphology of the films. They were further characterized
electrochemically in electrolyte alone using cyclic voltammetry, chronoamperometry, and electrochemical
impedance spectroscopy. The monomer solution, which produced the films with the highest current
response and coulombic capacity, contained EDOT and sodium dodecyl sulfate. These conditions were
used for the final redox-MHD studies.

Finally, an AC-MHD approach was taken to solve the issue of limited time scales capable of
PEDOT-modified electrodes. Due to the highly electrochemically reversible nature of PEDOT films, a
sinusoidal potential waveform was used to discharge and charge the PEDOT films. A synchronized
potential waveform of the same frequency was used to drive an electromagnet, generating an AC-
magnetic field. In addition the use of a sinusoidal potential waveform to the PEDOT-modified electrodes
switches the bias of the electrodes at such a rate that the transient faradaic current is observed. This
increase in observed current can be seen from the high fluid velocities that occur in spite of the weaker
magnetic field that is being produced (as opposed to the magnetic fields generated by permanent
magnets). It was also demonstrated that careful control of the phasing of the AC electric and magnetic
fields can be used to control the fluid flow speed and direction. The use of electromagnets does affect
the portability of possible microfluidic devices from handheld devices to bench-top apparatuses.
Nevertheless, the ability to pump continuously without channels or moving parts in common buffers and
electrolytes with the ability to fine-tune fluid flow in different directions is powerful.

6.2 Future Work

The work contained in this dissertation explores the ability of PEDOT-modified electrodes to

perform routine fluid handling needed in microfluidic applications such as pumping and stirring. The

results suggest that microfluidic mixing and trapping of certain volumes of fluid could be possible at ring-
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disk geometries. AC redox-MHD at PEDOT-modified electrodes is capable of continuous pumping or
mixing without the need of redox species in solution, making it a viable microfluidic technique for chemical
analysis applications and projects involving biological species. As of yet, AC redox-MHD has not been
battletested. Therefore, future work must include a lab-on-a-chip application where it is used to
accomplish the microfluidics.

To prove the worth of AC redox-MHD at PEDOT-modified electrodes as a microfluidic technique,
an on-chip separation of neurotransmitters is proposed. The electrochemical detection of
neurotransmitters, which are relevant to addition and diseases of the brain, has been an area of study in
our lab. The brain has several neurotransmitters present including norepinephrine, dopamine,
epinephrine, dihydroxyphenylacetic acid, and serotonin. All of these neurotransmitters are
electrochemically active to some degree and have similar electrochemical responses.” % Thus, there is a
need to separate the components prior to electrochemical detection.

MHD does not generated high pressures, but it can be easily miniaturized. Also, flow profiles can
be tailored to improve separation efficiencies by controlling the current and magnetic field. For this
application, the chip used in the MHD studies in this dissertation will be used to demonstrate the on-chip
separation of two neurotransmitters. The microband electrodes (2.5 cm x 100 um) on the chip will be
modified with the conducting polymer PEDOT using a deposition solution containing 0.01 M SDS and
0.01 M EDOT, which was found to deposit ideal films for redox-MHD. The microband electrodes will be
used to pump the sample and mobile phase through the stationary phase at a sufficient velocity to
achieve efficient separation. The stationary phase will be made using acrylate chemistry that has been
photoinitiated so that the polyacrylate can be deposited onto certain area of the chip using a mask. The
stationary phase will be deposited on the ceiling also. This will create an open channel stationary phase
for the neurotransmitters to interact with to achieve separation. MHD has been used chromatography
applications in the past with limited success.’

Once the sample plug has been pumped through the area with stationary phase, it will reach a
bare disk microelectrode where it will be detected using square-wave voltammetry without generating

enough ionic current density to significantly affect the flow profile. If separation has been has been
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achieved, the entrance and exit of each band of neurotransmitters should be evident from the current
response over time. Figure 6.1 is an illustration of the stages of the on-chip separation.
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Figure 6.1 lllustration of different stages of the on-chip separation including
photopolymerization of stationary phase, AC redox-MHD pumping, injection, separation, and
detection of neurotransmitters.



