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A universal electrode platform for
rapid diagnosis of urinary tract infections.

TRANSFORMING MICROFLUIDICS-
based biosensing systems from laboratory
research into clinical reality remains an
elusive goal despite decades of intensive
research. A fundamental obstacle in the
development of fully automated micro-
fluidic diagnostic systems is the lack
of an effective strategy for combining
multiple pumping, sample preparation,
and detection modules into an integrated
platform. In this article, we report
a universal electrode approach, which
incorporates dc electrolytic pumping, ac
electrokinetic sample preparation, and
clectrochemical sensing based on a self-
assembled monolayer (SAM) on a single
microfluidic platform, to automate com-
plicated molecular analysis procedures in
nontraditional healthcare settings.

Using the universal electrode approach,
major microfluidic operations required in
molecular diagnostics, such as pumping,
mixing, washing, and sensing, can be
performed in a single platform. We dem-
onstrate the universal electrode platform
for detecting bacterial 16S rRNA, a
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FIGURE 1 Electrochemical biosensor for bacterial 16S rRNA. (a) The concentric electrode
configuration for electrochemical sensing. (b) The concentric electrode. (c) A schematic of
the sandwich binding scheme for detecting bacterial 16S rRNA for urinary tract infection

diagnosis.

phylogenetic marker, for more rapid
diagnosis of urinary tract infections
(UTIs). Since only electronic interfaces are
required to operate the platform, the uni-
versal electrode approach represents an
effective system integration strategy to

realize the potential of microfluidics in
molecular diagnostics at the point of care.
The realization of fully integrated
microfluidic systems for molecular diag-
nostics remains an elusive goal despite
intensive efforts in the past decades.
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FIGURE 2 Procedure of the electrochemical assay for detecting bacterial 16S rRNA.
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Existing lab-on-a-chip devices often
require bulky supporting equipment
and have limited applicability in nontradi-
tional healthcare settings (e.g., physician’s
offices and emergency departments). The
implementation of fully automated
lab-on-a-chip systems is fundamentally
hindered by the difficulty of integrating
multiple fluid manipulation and molecular
sensing modularities, such as external
pumps, pressure sources, mixers, and
biosensors, in a robust and cost-effective
manner [1]-[4]. Effective system integra-
tion strategies are required to fully
utilize the potential of microfluidics in
molecular diagnostics.

Several microfluidic system integration
approaches, such as digital, multiphase,
magnetic, optofluidic, centrifugal, and
electrokinetic techniques, have been
developed to meet the goal of implement-
ing fully integrated lab-on-a-chip systems
[1]. Among these techniques, electroki-
netics is one of the most promising micro-
fluidic platforms for point-of-care
diagnostics because of its low power con-
sumption, cost-effectiveness, simplicity in
microelectrode fabrication, and advance-
ment in a portable electronic interface [5],
[6]. Recent efforts in electrokinetics have
enabled various fundamental microfluidic
operations, such as mixing, concentration,
and separation, to be performed in high-
conductivity physiological fluids [7]-[11].
Furthermore, clectrokinetics can be
implemented conveniently in electro-
chemical sensing platforms [9].

We have demonstrated an electro-
chemical biosensor based on SAM for
detecting bacterial 16S rRNA and protein
biomarkers [12]-[14]. The electrochemi-
cal biosensor is sensitive, specific,
and rapid and represents a highly promis-
ing technology for point-of-care diagnos-
tics of infectious diseases, such as
UTIs [15]. We have demonstrated in
situ electrokinetic enhancement directly
on the electrochemical sensor [9].
Nevertheless, the manual assay has to be
performed by trained personnel and
is difficult to implement in resource-
limited settings.

In this study, we develop a universal
electrode approach toward the implemen-
tation of fully integrated microfluidic
biosensing systems. In particular, we



incorporate electrolytic pumping,
electrokinetic sample preparation, and
amperometric sensing using a set of
universal electrode arrays to implement
the entire molecular assay automatically.
We show that the electrolytic pump
allows effective fluid delivery and
washing, and that ac electrokinetics
enables mixing and assay enhancement
directly on the electrochemical sensor
electrode. Using pathogenic clinical iso-
lates from patients with UTI, we demon-
strate the applicability of the universal
electrode approach by implementing
the electrochemical assay for detecting
bacterial 16S rRNA.

DESIGN AND FABRICATION

ELECTROCHEMICAL BIOSENSOR

The SAM-based electrochemical bio-
sensor consists of a concentric electrode
design with working (W), auxiliary (A),
and reference (R) electrodes (Figure 1).
The protocol of the electrochemical
assay for bacterial 16S rRNA involves 1)
sample loading, 2) detector probe load-
ing, 3) hybridization, 4) immobiliza-
tion, 5) washing, 6) enzyme loading, 7)
washing, 8) substrate loading, and 9)
signal reading (Figure 2) [16]. To imple-
ment the electrochemical assay, the tar-
get 16S rRNA is allowed to hybridize
to a capture probe. The capture probe
consists of a biotin tag and immo-
bilizes the target 16S rRNA onto the
streptavidin-coated working electrode
surface. Unbound molecules can then
be washed away. A detector probe is
also added to the sensor. The detector
probe is labeled with a fluorescein mol-
ecule for horseradish peroxidase binding
[Figure 1(c)]. By loading the substrate
H,0, with tetramethylbenzidine as
the electron transfer mediator, we can
determine the concentration of the target
16S rRNA amperometrically.

ELECTROLYTIC PUMPING

The electrolytic micropump consists
of a pair of asymmetric electrodes
with widths of 100 and 2,000 xm
(Figure 3). The electrode is separated
by a gap of 100 um. The electrodes were
fabricated by evaporation of 50 nm of
titanium (Ti), 150 nm of gold (Au),

The universal electrode approach represents an
effective system integration strategy to realize
the potential of microfluidics in molecular
diagnostics at the point of care.

and 50 nm of titanium on glass sub-
strate and were patterned by liftoff.
The Ti-Au-Ti sandwich structure is
chosen to endure high voltage for an
extended period of time without damag-
ing the electrodes in high-conductivity
media [7]. A function generator (HD,
33120A) was used to generate the dc
voltage signal. The 100-ym wide elec-
trode and the 2,000-um wide electrode
were connected to the driving signal and
the ground, respectively. The dc voltage
applied across the electrode was moni-
tored by a digital storage oscilloscope
(GW Instek, GDS-1102).

INTEGRATED UNIVERSAL

ELECTRODE SYSTEM

The universal electrode system consists
of a set of seven micropump structures

and an electrochemical-sensing electrode
located inside the mixing and sensing
chamber (Figure 4). The universal elec-
trode array was fabricated by deposit-
ing 50 nm of titanium and 150 nm of
gold. The sensing electrode was then
covered with scotch tape before evapo-
rating another 50 nm of titanium and
was patterned by liftoff. The height
of the microchannel is 800 zm. The
lengths of microchannels for pumping
fluid to the central sensor chamber are
between 25 and 29 mm and the width
is 1 mm for all channels. The pattern
was first engraved into an acrylic plate
with a laser machining system (Universal
Laser, Inc.). A rubber replica was then
molded from the acrylic plate pattern
using liquid Urethane (Forsh Polymer
Corporation, 60A). The microchannel
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FIGURE 3 Electrolytic micropump. Influence of applied voltage on the pumping rate is
illustrated. Data represent mean + SEM. Insert shows the design of the asymmetric electrode

for pumping.
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The electrochemical biosensor is sensitive,
specific, and rapid and represents a highly
promising technology for point-of-care
diagnostics of infectious diseases, such as UTIs.

was then created by polydimethylsilox-
ane (PDMS) molding using the replica
mold. The PDMS channel and the glass
substrate with the universal electrode
array was bound using atmospheric
plasma treatment.

RESULTS AND DISCUSSION

ELECTROLYTIC MIGROPUMP

The electrolytic pumping motion is driven
by the asymmetric electrode pair. When
a dc current is applied to the two metal

(a)

FIGURE 4 An integrated universal electrode system. (a) A schematic of the integrated micro-
fluidic system consisting of the asymmetric pumps (P), the waste chamber (W), and the
concentric electrode for both mixing and sensing modules (S/M). (b) A photograph shows the

schematic design of Figure 4(a).
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electrodes, electrolysis occurs, and the
fluid is pushed by the electrolysis bubble,
which transforms electrochemical energy
into mechanical energy. The decompo-
sition potential for water electrolysis is
—1.23 V at 25 °C. During clectrolysis,
hydrogen gas is produced at the cathode,
and oxygen gas is produced at the anode.

Cathode:
2H,0 +2¢” - 20H +Ha2(gas) (1)
Anode:
2H>0 — 4H +4e™ +Oaz(gas). (2)

Assuming that all the generated gases
grow in the form of gas bubbles, the
total volume of the gas generated
through bubble nucleation can be evalu-
ated according to Faraday’s law of elec-
trolysis and the ideal gas law [17].
Theoretically, the bubble growth rate
should be linearly proportional to the
applied current. In our experiment, the
electrolyte solution with conductivity of
1 S/m (similar to most biological buffers
and physiological solutions) was used to
evaluate the performance of the electro-
lytic micropump. The flow rate was
studied and quantified as a function of
the applied dc voltage (Figure 3). A flow
rate on the order of milliliters per min-
ute can be generated with only a few
volts. As expected, the flow rate is found
to be linearly proportional to the applied
dc voltage. Extrapolation of the data
reveals that the calibration curve inter-
sects with the x-axis at ~1.8 V. The value
is in reasonable agreement with the
decomposition potential for water elec-
trolysis. With the optimized channel
design and electrokinetic operating con-
ditions, the flow rate obtained in this
study is at least one order of magnitude
higher than that of a typical bubble-
actuated micropump [18], [19].

MICROFLUIDIC OPERATIONS

WITH THE UNIVERSAL ELECTRODE

To optimize the performance of the
universal electrode array for molecular
analysis, color food dyes were applied to
visually demonstrate the pumping, mix-
ing, and washing efficiencies inside the
integrated microfluidic systems. Color
food dyes and NaCl washing solutions
with conductivity of 1 S/m were loaded



in the microchannels. Figure 5(a) and (b)
illustrates the motion of the food dyes
toward the mixing and sensing cham-
ber at the center of the integrated sys-
tem when the electrolytic micropumps
were actuated with 8-V dc. The cham-
ber was completely filled with the color
dyes. An ac square waveform at 5 Vpp
and 200 kHz was then applied to the
concentric electrode to enhance mix-
ing [Figure 5(c) and (d)]. The solutions
were fully mixed in less than 3 min. The
mixed dye solution in the chamber was
then washed by the NaCl washing solu-
tion with the corresponding electrolytic
micropump with 8-V dc. The dye solu-
tion was then pushed to the waste res-
ervoirs. The solution in the sensing and
mixing chamber could be completely
removed in less than 4 min. It should be
noted that the universal electrode plat-
form does not require valves to control
the fluid direction.

During the washing step, the dye and
NaCl solutions were preferentially driven
to the waste chambers instead of other
pumping channels due to the low hydro-
dynamic resistances of the waste cham-
bers, which are connected to open air.
The high hydrodynamic resistance in the
pumping channel is a result of the closed
fluid connection, which is achieved by,
e.g., connecting the inlet of the micro-
pump with a syringe or a stopper. This
valveless design significantly simplifies the
system complexity and completely elimi-
nates the requirement of external pressure
sources, which will facilitate the imple-
mentation of the universal electrode
system for point-of-care diagnostics in
the future.

INTEGRATED UNIVERSAL

ELECTRODE SYSTEM

The integrated universal electrode sys-
tem was applied to implement the electro-
chemical assay for detecting bacterial 16S
rRNA. Escherichin coli (E. coli) clinical
isolates from UTI patients were chosen
as the model system. All solutions were
delivered using the electrolytic pump.
The reagents include the bacterial lysate
solution (E. co/i mixed with the lysis buf-
fer and 1 M NaOH), the detector probe
solution, the enzyme solution, and the
NaCl solution with conductivity of 1 S/m

The flow rate obtained in this study is at least
one order of magnitude higher than that of a
typical bubble-actuated micropump.

(Figure 6). The mixing and sensing cham-
ber in the integrated system was washed
once with the NaCl washing solution after
cach incubation step. The hybridization
and immobilization steps were performed

on the electrochemical sensor with and
without electrokinetic mixing and assay
enhancement. The results were com-
pared with the assay performed manually
with pipettes as in our previous studies

(9

(h)

FIGURE 5 Microfluidic operations in the universal electrode platform. (a) and (b) Electrolytic
pumping of two color food dyes into the mixing and sensing chamber. (c) and (d) Electrokinetic
mixing of the color food dyes is performed directly on top of the electrochemical-sensing
electrode. (e)—(h) A washing buffer is loaded into the channel using the electrolytic pump and

delivered to the waste reservoirs.
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FIGURE 6 The configuration of the universal electrode array for implementing the

electrochemical assay for bacterial 16S rRNA.
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FIGURE 7 A comparison of the electrochemical assays performed manually or by the inte-

grated universal electrode system.

[12]-[14]. For the manual assay, the sens-
ing chamber was an acrylic well and was
washed three times after each incubation
step. The target concentration was equiva-
lent to 4 X 10° colony-forming units per
sensor in both the manual assay and the
integrated system.
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The performance of electrokinetic
mixing for enhancing the 16S rRNA
hybridization assay was evaluated. The
signals of the 16S rRNA assays per-
formed with electrokinetic enhancement
and by diffusion are shown in Figure 7.
In the manual assay, the signal level

without electrokinetic enhancement was
similar to the negative control due to
the lack of an efficient mixing mecha-
nism. In the integrated system, electro-
kinetic enhancement significantly
reduced the background noise in the
negative control and improved the over-
all signal-to-noise ratio. The noise
reduction was a result of the elevated
temperature and electrothermal strin-
gency wash [9]. These results indicate
that in situ electrokinetic enhancement
can improve the signal-to-noise ratio of
the electrochemical assay inside the inte-
grated universal electrode system. The
ability to perform in situ electrokinetic
enhancement can simplify the assay pro-
tocol and facilitate molecular analysis at
the point of care.

The signals obtained from the inte-
grated system were compared with the
manual assay. With diffusion, the signal
and noise levels were both increased in
the integrated system compared with the
manual assay. The higher signal level
could be due to the shorter diffusion dis-
tance in the integrated system, and the
higher noise level could be due to the
smaller number of washes and the lower
washing efficiency in the integrated sys-
tem. In contrast, with electrokinetics,
both the signal and noise levels were
reduced in the integrated microfluidic
system. It should be noted that the
height of the integrated chip is 800 um,
which is 2.5 times lower than that of the
acrylic well in the manual assay (2 mm).
The lower current level is likely due to
the differences in channel geometries,
which could affect the quasi-steady-state
substrate concentration.

The smaller dimension may also play a
role in the mixing effect, which is driven
by the bulk fluid motion. Furthermore,
the higher surface-to-volume ratio in the
integrated system implies a larger tem-
perature loss, which may modify the
optimal condition for generating the
electrothermal fluid motion for mixing
and assay enhancement. Nevertheless,
the signal-to-noise level is comparable
between the integrated system and the
manual assay in the experiment. These
results demonstrate the applicability
of the universal electrode system in
molecular diagnostics.



The valveless design dramatically simplifies the
system’s complexity and cost, both of which are
essential for point-of-care diagnostics.

DISCUSSION

In this study, we demonstrated a univer-
sal electrode approach for microfluidics-
based molecular biosensing. Using the
universal electrode platform, all funda-
mental microfluidic operations, such as
pumping, mixing, washing, enhance-
ment, and sensing, can be performed for
molecular diagnostics. The asymmetric
micropump design is capable of generat-
ing a large volumetric flow rate that is
an order of magnitude higher than that
generated by conventional electrolytic
micropumps. Furthermore, the valveless
design dramatically simplifies the sys-
tem’s complexity and cost, both of which
are essential for point-of-care diagnos-
tics. The ability to directly perform
in situ mixing and enhancement on the
sensor electrode further simplifies the
system complexity. Since only electronic
interfaces are required to implement the
universal electrode approach, the bulky
supporting equipment required in typi-
cal bioanalytical settings is eliminated,
facilitating the implementation of micro-
fluidics-based bioanalysis in resource-
limited settings.

CONCLUSION

In this article, we demonstrated a uni-
versal electrode approach for auto-
mating bioanalytical assays toward
point-of-care diagnostics. Our work
presents a novel approach for imple-
menting both sample preparation and
electrochemical sensing steps on the
same universal electrode platform. With
its general applicability and effectiveness,

the universal electrode approach
is anticipated to implement various
microfluidics-based bioanalytical assays
for point-of-care diagnostics.
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