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Microfabricated silicon/glass-based devices with functionalities of simultaneous polymerase chain reaction (PCR)
target amplification and sequence-specific electrochemical (EC) detection have been successfully developed. The
microchip-based device has a reaction chamber (volume of 8 ) formed in a silicon substrate sealed by bonding

to a glass substrate. Electrode materials such as gold and indium tin oxide (ITO) were patterned on the glass
substrate and served as EC detection platforms where DNA probes were immobilized. Platinum temperature
sensors and heaters were patterned on top of the silicon substrate for real-time, precise and rapid thermal cycling
of the reaction chamber as well as for efficient target amplification by PCR. DNA analyses in the integrated
PCR-EC microchip start with the asymmetric PCR amplification to produce single-stranded target amplicons,
followed by immediate sequence-specific recognition of the PCR product as they hybridize to the probe-modified
electrode. Two el ectrochemistry-based detection techniques including metal complex intercalators and nanogold
particles are employed in the microdevice to achieve a sensitive detection of target DNA analytes. With the
integrated PCR-EC microdevice, the detection of trace amounts of target DNA (as few as several hundred copies)
is demonstrated. The ability to perform DNA amplification and EC sequence-specific product detection
simultaneously in a single reaction chamber is a great leap towards the realization of atruly portable and

integrated DNA analysis system.

1 Introduction

The development of micro-analytical devices has brought
revolutionary changes to the area of deoxyribonucleic acid
(DNA) assays.12 These micro-scale analyzers not only benefit
from the reduction in sample/reagent volumes but aso the
enhanced analytical performance (e.g., speed and sensitivity).
Most importantly, miniaturization offers the opportunity to
integrate all functional steps of the DNA analysisinto a single
microchip-based device.34 This integrated micro-total analyt-
ical system (u-TAS) permits full automation, thereby minimiz-
ing sample contamination from manual operation. The great
interest in developing a portable DNA analyzer is targeted for
decentralized screening of pathogens in food, water and
environment as well asfor clinical diagnosis. Such a hand-held
device should ideally encompass al steps from sample
preparation, target amplification to amplicon detection.

DNA amplification by the polymerase chain reaction (PCR)>
is an indispensable tool in routine DNA assays, particularly
when rare targets are being tested. Significant studies have been
carried out to develop effective and reliable microchip-based
PCR devices.5-12 Over the past few years, different degrees of
integration with the micro-PCR module, including upstream
sample preparation’3 or downstream PCR product detec-
tion,14-19 have been successfully demonstrated. To date, only a
limited number of sophisticated microfluidic devices, which are
capable of automatically metering and mixing sample/reagent
solutions, amplifying target DNA and detecting the PCR
product, have been reported.4.20.21

In recent years, attempts have been made to run PCR directly
from crude blood and cell samples,2122 |essening the need to
integrate the sample preparation functionality with the micro-
PCR module. The bottleneck delaying the realization of atruly
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integrated DNA analyzer is a portable detection module for on-
chip PCR product detection. The most common detection
scheme requires capillary electrophoretic separation of the PCR
product (along with molecular weight markers), followed by
laser-excited fluorescence detection.16-19 However, optical
systems are difficult to miniaturize onto a monolithic micro-
analytical system. Towards the goal of achieving a fully
integrated DNA microchip, alternative microfabrication-com-
patible detection techniques have to be sought for. Electro-
chemica (EC) method, with its inherent advantages of
miniaturization and high sensitivity, has long been utilized for
detecting DNA molecules.23 Another feature of the EC DNA
detection is the ability to obtain sequence information. Thisis
accomplished by exploiting the hybridization between DNA
probe (oligonucleotide complementary to the target sequence)
immobilized on an electrode transducer surface and target
analyte. The EC transduction of the hybridization event relies
typically on external electrochemically-activeindicators, which
comprise DNA intercalators (metal complexes,2425 anthracy-
cline antibiotics,26 and bisbenzimide dyes?7.28), enzymes,29.30
and metal nanoparticles.31-33 Despite the extensive research
efforts in EC hybridization transduction, just a few
groups,282934 including our group, have devoted to PCR
product detection. Moreover, to the best of our knowledge, the
integration of microchip-based PCR with EC detection func-
tionality has not been reported yet.

In a previous study, we demonstrated DNA amplification in
asilicon/glass-based PCR microreactor.12 Later on, we success-
fully expanded the capability of the microdevicefor in situ PCR
product detection via a DNA microarray integrated onto the
PCR reaction chamber.3 Nevertheless, the detection was still
hinged on fluorescence microscopy. In this paper, we report on
the development of an integrated PCR-EC microdevice for
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simultaneous DNA amplification, detection and quantitation.
The microdevice consists of a reaction chamber formed in a
silicon substrate, and an EC sensor fabricated onto a glass
substrate. Heaters and temperature sensors are patterned on top
of the reaction chamber for thermal cycling of PCR. The glass
substrate serves as not only a seal for the reaction chamber but
also aplatform for the EC detection of the PCR product. Here,
both the amplification of the target DNA sequence and the
subsequent EC detection of the PCR product are carried out
inside the reaction chamber. Sequence-specific recognition of
the target analyte is achieved through hybridization with the
probe immobilized onto the working electrode on the glass
substrate. Building on our experience in the intercalator-based
approach for the EC hybridization transduction with gold
electrode,28 its implementation in the integrated PCR-EC
devicefor asensitive and selective DNA assay is presented. To
demonstrate the capability of this microchip format in adapting
different EC transduction schemes, the intercalator-based
approach is replaced with a silver-enhanced gold nanoparticle
approach.35:36 | n the | atter approach, silver metal iscatalytically
deposited onto gold nanoparticles (hybridization label) and then
oxidized electrochemically to obtain the analytical signal.

2 Experimental
2.1 Reagents

Four oligonucleotides were purchased from Synthetic Genetics
(San Diego, CA) with the following base sequences. 5-CAC
AAA ACG GGG GCG G-3 (forward primer), same base
sequence as the forward primer but modified with a mercapto-
hexyl group at the 5’ end (probe), 5-GGA TTCTTA GTGCTG
GTA TGA TCG CA-3 (reverse primer), one with and the other
one without abiotin group at the 5’ end. All other PCR reagents
were purchased from Invitrogen (Carlsbad, CA), unless other-
wise stated.

Sodium chloride, sodium dihydrogen phosphate, disodium
hydrogen phosphate, trisodium citrate dihydrate and sodium
nitrate were acquired from RdH (Sigma-Aldrich, Germany).
Bovine serum abumin (BSA), hydrochloric acid (38%),
streptavidin-colloidal gold (10 nm), silver enhancement kit
were obtained from Sigma (St. Louis, MO). Hoechst 33258 was
purchased from Arcos Organics (Belgium). Alconox, propan-
2-ol, ammonium hydroxide (30%) and (3-mercaptopropyl-
)trimethoxysilane (MPTS) were purchased from Aldrich (Mil-
waukee, WI). All solutions were prepared with ultra-pure water
from a Millipore Milli-Q system.

2.2 Device fabrication

The polymerase chain reaction-electrochemical (PCR-EC)
microchip is composed of silicon and glass substrates. A
reaction chamber (dimensions of 5.8 mm (L) X 3.7 mm (W) X
0.35 mm (H), the length and width are reported at half depth)
wasformed in the silicon substrate with abottom glass substrate
sealing the chamber. Platinum temperature sensors and heaters
are integrated on top of the silicon substrate for rea-time
temperature monitoring and control. The glass substrate aso
functions as a detection platform, where electrodes for the EC
measurements are patterned on its surface.

The fabrication of the silicon substrate was according to our
previously reported procedure!2 with slight modifications. In
brief, a silicon wafer (double-side polished, <100> and 400
pm thick) was coated with SIO, and low-stress silicon nitride
(SixNy) by thermal oxidation and |ow-pressure chemical vapor
deposition, respectively. Then, photolithography was used to
define the reaction chamber geometry on the bottom side of the
wafer. Plasma etching was employed to remove the exposed

SixNy, followed by buffered oxide etch to remove the under-
lying oxide. Immediately after this, KOH etching was per-
formed to create the 350 um deep reaction chamber. The
remaining SiyN, was removed and an additional oxidelayer was
grown to passivate the chamber wall. The platinum temperature
sensors and heaters were patterned on top of the wafer using a
lift-off process.

Two types of glass substrateswere used in thiswork: Corning
7740 (Corning, NY) and indium tin oxide (ITO)-coated (Delta
Technologies, Stillwater, MN) glasses for the intercalator
(Hoechst 33258) and gold nanoparticle-based experiments,
respectively. Corning 7740 glass electrodes (gold working
electrode, platinum counter and pseudo-reference electrodes)
were patterned on the surface by a lift-off process. Two holes
were drilled onto the glass for reagent injection into the PCR
reaction chamber. An improved anodic bonding technique3”
developed in our group was employed to seal the reaction
chamber with the Corning 7740 glass while UV-curing glue
(Summers Optical, Fort Washington, PA) was used with the
ITO glass. The ITO glass had to undergo some cleaning and
pretreatment steps prior to the bonding process. It was
sequentially sonicated in an Alconox solution (8 g of Alconox/L
of water), propan-2-ol, and water (twice), 15 minutes each.
Then, it wasimmersed in a 1% NH,OH solution at 80 °C for 1
hour, and rinsed thoroughly with water. The ITO surface was
modified with a self-assembled monolayer of MPTS by
incubating in a solution containing 10 mL of propan-2-ol, 250
ML of MPTS, and 100 pL of H,O at 80 °C for 30 minutes,
followed by propan-2-ol and water rinsing.

The working electrodes (gold and ITO €electrodes) of the
assembled PCR-EC microdevices were modified with the probe
for subsequent target recognition after the PCR. This was
achieved by filling the reaction chamber with 25 pM of the
probe solution (500 mM NaCl/25 mM Na phosphate, pH 7.0)
and alowing the coupling reaction to proceed for 24 hours at
room temperature. Finaly, the probe solution was pipetted out,
and the reaction chamber was flushed with copious amounts of
water to remove any non-specifically adsorbed probe mole-
cules.

2.3 Instrumentation

The setup for a DNA analysis with the PCR-EC microdevice
consists of the following components: analytical prober, data
acquisition system, digital control unit, power supply, and
electrochemical system. The analytical prober (Karl Suss,
Germany) was used to align heater and temperature sensor
contact pads of the PCR-EC microdevice to a customized probe
card for electrical connection between the chip and externd
electronic components. The temperature sensors were con-
nected to a data acquisition (DAQ) card (PCI-MIO-16E-1,
National Instruments, Austin, TX) through a signal condition-
ing board (SC-2042-RTD, National Instruments), which gave
the temperature sensors an excitation current of 1 mA. The
conversion from voltage reading to temperature was based on a
calibration plot of sensor’s resistance against temperature as
described in the Results and discussion section. A digital
feedback proportional-integral-derivative (PID) with gain
scheduling control algorithm12:38 was implemented in Lab-
VIEW (Nationa Instruments) to control voltage supply to the
heater by an external power source (HP6629A, Hewlett-
Packard, Rockville, MD).

Electrochemical measurements with the differential pulse
voltammetry and linear sweep voltammetry techniques were
performed using an Autolab PGSTAT 30 potentiostat/gal vano-
stat (Eco Chemie, The Netherlands) controlled by the General
Purpose Electrochemical System (GPES 4.8) software (Eco
Chemie). For the PCR-EC chip with ITO as the working
electrode, a platinum wire counter electrode and a Ag/AgCl
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reference electrode (immersed in a 3 M NaCl filling solution
saturated with AgCl, EG& G, Princeton Applied Research, Oak
Ridge, TN) were used.

2.4 Assay protocol

For each experiment, 10 pl PCR-mix was prepared. The mixture
contains 1 Wl of 10 x PCR buffer solution (200 mM Tris-HCI,
pH 8.4, 500 mM KClI), 0.4 il of 50 mM MgCl,, 0.2 pl of 10 mM
dNTPs, 0.4 W of 0.1 uM forward primer, 0.4 pl of 10 uM
reverse primer, 0.25 Wl of 20 pg/ul BSA, 0.4 W of 1 ng/pl DNA
template, 0.1 Yl of 5 U/ul Tag DNA polymerase, and 6.85 pl of
autoclaved double-deionized water. Note that the non-bio-
tinylated reverse primer was used for the intercalator-based
experiments while the biotinylated one was for the gold
nanoparticle-based experiments. The DNA template consists of
the 5S-rRNA spacer gene of the traditional Chinese medicinal
herb Fritillaria thunbergii3® (~600 bp) cloned into pCR®2.1-
TOPO® TA vector (3.9 kbp). The mastermix was subjected to
the following thermal cycling profile inside the reaction
chamber of the PCR-EC microdevice: initial denaturation at 95
°C for 5 minutes, 40 cyclesat 95 °C for 30 seconds, at 55 °C for
30 seconds, at 72 °C for 30 seconds, and afinal extension at 72
°C for 5 minutes.

After the asymmetric PCR, the reaction chamber was cooled
back to ambient temperature within a short period of time (1
minute). The reaction mixture was incubated for 1 hour,
allowing the PCR product to hybridize with the probe
immobilized onto the working electrode. The reaction chamber
was then rinsed with large quantities of washing buffer (300
mM NaCl/30 mM Nacitrate, pH 7.0, 2 x SSC buffer) to get rid
of any unhybridized products. For the PCR-EC device with gold
working electrode, signal transduction of the hybridization
event was based on the DNA intercalator. Thiswas simply done
by introducing a 100 uM Hoechst 33258 solution (100 mM
NaCl/10 mM Na phosphate, pH 7.0) into the reaction chamber
for 5 minutes, followed by differential pulse voltammetric scan
of the gold electrode from +0.2 V to +0.8 V at a scan rate of 100
mV s—1, For the PCR-EC device with ITO working electrode,
the gold nanoparticle hybridization label was bound to the
hybridized PCR product via biotin—streptavidin interaction
(incubation time of 1 hour). Non-specificaly bound gold
nanoparticles were washed off with 0.3 M NaNOs/10 mM Na
phosphate (pH 7.0) buffer. Then, silver deposition was
performed in accordance with the manufacturer’s instruction.
The duration of the silver enhancement was set to 8 minutes.
After that, the reaction chamber was rinsed with water to
remove the silver enhancement solution. The amount of silver
deposited onto the gold nanoparticle label was determined by
measuring the oxidative silver dissolution current during a
linear sweep voltammetric scan. The measurements were
conducted at ascan rate of 100 mV s—1with 0.1 M KNO3 asthe
supporting electrolyte.

3 Results and discussion

The integrated polymerase chain reaction-electrochemical
(PCR-EC) microdevice has a reaction chamber volume of ~8
WM. The microchip has integrated temperature sensors and
heaters for accurate thermal cycling of the reaction chamber for
the PCR. An expanded schematic illustration of the pattern of
the temperature sensors and heaters is given in Fig. 1A. The
average temperature reading of the two sensors on the left (S1
and S2) is used to control the left heater (H1) while S3/S4 and
H2 form the other pair. Fig. 1B shows the bottom and cross-
sectional views of the anodically bonded PCR-EC device with
gold working electrode.
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In a previous study, we have successfully demonstrated the
functional integration of PCR and DNA microarrays with
fluorescence detection in the same reaction chamber.3 Here,
aiming at developing atruly portable DNA analysis system, the
optical detection system is substituted by the electrochemical
system. With experience in the sequence-specific electro-
chemical detection of PCR product using the intercal ator-based
approach,28 it is desirable to implement the same detection
methodology in the prototypical PCR-EC microdevice. Gold is
a good choice of working electrode material for three main
reasons. (1) it can be easily patterned on the glass substrate
using the lift-off process; (2) the DNA probe can be readily
immobhilized onto the gold surface via thiol chemisorption (the
probe is modified with a thiol group at the 5’ end), and the
bonding is strong enough to resist the denaturation temperature
of the PCR; (3) the background el ectrochemical signal resulting
from the non-specific adsorption of the intercalator onto the
gold electrode surface is reasonably low.

The assembled PCR-EC microdevice with gold working
electrode modified with the probe can now be utilized for a
DNA assay with simultaneous DNA amplification and electro-
chemical product detection. Fig. 2 depicts the basic assay
principle with the PCR-EC microchip. First, the PCR reaction
mixture containing the DNA analyte is applied to the reaction
chamber (Fig. 2A). Second, the reaction chamber is thermally
cycled by the heatersintegrated on top of the silicon substrate to
amplify the target DNA sequence. In our PCR protocol, one
primer (the reverse primer) is supplied in large excess
(100-fold) over the other one (the forward primer) so that
single-stranded rich target ampliconisproduced (Fig. 2B). With
this, thereis no need to heat denature the double-stranded PCR
product (typical of norma PCR) for the subsequent hybrid-
ization process. Besides, the possibility of reannealing of the
denatured PCR product, which may lower the hybridization
efficiency and reproducibility with the probe, is eliminated.
Third, the single-stranded PCR amplicon will hybridize with the
probe immobilized on the working electrode surface if acertain
region of the amplified sequence is complementary to the probe
(Fig. 2C). Finally, the hybridization indicator (either Hoechst
33258 or gold nanoparticle in this work) is bound to the
hybridized amplicon, the amount of which is electrochemically
determined (Fig. 2D).

Prior to the discussions on the electrochemical detection of
the PCR product within the PCR reaction chamber, some points
concerning the thermal characteristics and surface chemistries
of the PCR-EC devices have to be addressed. The degree of
precision on the temperature control of the PCR reaction
chamber is related to the accuracy in establishing the sensor’'s
resistance-temperature correlation curve:

R = Ry(1 + T—To))
where R and Ry are resistances of the temperature sensor at
temperatures T and T, (reference temperature), and o is the
temperature coefficient of resistance (TCR). This equation is
used in converting the voltage reading (from the temperature
sensors connected to the signal conditioning board that provides
aconstant excited current of 1 mA) to the temperature reading.
When R is plotted against T, a linear graph with a regression
coefficient of 0.9996 is obtained. The slope of this linear graph
givesaTCR value of 1.75 X 10—-3/°C. With the well-calibrated
temperature sensors and proper tuning of the digital propor-
tional-integral-derivative (PID) control for the heaters, tem-
perature precision of +0.025 °C and fast therma cycling
(heating and cooling rates of 5 and 3.5 °C s—1, respectively) of
the PCR reaction chamber are achieved.12

One key issue for the microfabricated PCR device is the
surface chemistry of the reaction chamber. To ensure an
efficient DNA amplification in the silicon-based microdevice,
the reaction chamber has to be passivated with a thin layer of
silicon oxide, as shown in Fig. 1B (the right diagram).”12
Besides surface passivation of the silicon-side reaction cham-



ber, attention should also be given to the surface chemistry of The capability to identify the presence of a specific DNA
the glass substrate within the reaction chamber. Properties of sequence using the PCR-EC microdevice (gold working
both glass surfaces (Corning 7740 glass and MPTS-modified electrode) with the intercal ator-based approach is demonstrated
ITO glass) in our PCR-EC microdevices are compatible with in Fig. 3. When the target DNA template is present, then the
PCR reaction. This was confirmed by similar PCR amplifica- asymmetric PCR amplicon hybridizes with the probe im-
tion performances in the microdevice and conventional thermal mobilized onto the gold working electrode surface. The formed
cycler (data not shown). hybrid bears more intercalator molecules than the probe due to
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Fig. 1 Photographs showing the integrated polymerase chain reaction-electrochemical (PCR-EC) microdevice: (a) top view of the PCR-EC microchip with
schematic representation of the platinum heaters (H1 and H2) and temperature sensors (S1-4); (b) bottom and cross-sectional (indicated by the line AA’)
views of the PCR-EC microchip. Note that WE, RE and CE are the working, reference, and counter electrodes of the electrochemical sensor,
respectively.
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Fig.2 A diagram depicting the assay principle of the integrated PCR-EC microdevice. (A) PCR-mix containing the DNA analyteisloaded into the reaction
chamber; (B) Asymmetric PCR is carried out to produce single-stranded rich target amplicon; (C) Hybridization of the target amplicon to the probe
immobilized on the working electrode; (D) Binding of the electrochemically-active hybridization indicator and electrochemical transduction.
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the fact that the intercalator preferentialy binds to double-
stranded hybrid rather than to single-stranded DNA. In addition,
the formed hybrid (only the region that binds to the probe is
double-stranded, 16-mer) has along single-stranded tail (~400
bases) that incorporates a lot more intercalator molecules than
that of the probe. Therefore, there is a significant pre-
concentration of the electrochemically active intercalator mole-
cules close to the electrode surface, resulting in an enhanced
oxidation current peak of the Hoechst 33258 (solid curve of Fig.
3). A series of experiments with varying amounts of the target
DNA template are performed. A plot of the peak current of the
intercalator (Hoechst 33258) during differential pulse voltam-
metry against log of number of copies of the DNA templatein
the PCR reaction chamber is given in Fig. 4. The fitted
correlation curveissigmoidal in shape, and indicates adetection
limit of a few hundreds of the template molecules (template
concentration of less that 0.4 fg Wl —1).

To demonstrate the flexibility of this integrated PCR-EC
microchip format in adapting different EC detection schemes,
the intercalator-based approach is replaced with other hybrid-
ization transduction methodology. Among the available tech-
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Fig. 3 Differential pulse voltammograms of 100 uM Hoechst 33258
intercalated onto the gold working electrodes of the PCR-EC microdevices.
The gold electrode, with DNA probe immobilized on its surface, was used
to recognize the PCR amplicon (template concentration of 40 pg W —1) by
hybridization when the target was present in the PCR-mix.
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Fig. 4 A cdlibration plot of the differential pulse voltammetric pesk
current of the gold working electrode in the PCR-EC microdevice against
the number of template molecules in the PCR-mix. The probe-modified
gold working electrode was hybridized with the target PCR amplicon and
then exposed to 100 pM Hoechst 33258 solution. The peak current was
calculated by the GPES software with baseline correction.
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nologies, the gold nanoparticle-based approach3s:36 is one of the
most promising techniques in EC hybridization transduction
attributed to its high sensitivity and selectivity. Unlike the
intercalatorsthat bind to the grooves of the double-helical DNA
structures, the gold nanoparticle binds to the hybridized
amplicon either through interaction between the biotinylated
amplicon and the streptavidin-conjugated gold nanoparticle or
through a sandwiched assay with another gold nanoparticle-
labeled detection probe. Subsequent signal transduction of the
hybridization event is achieved by catalytic silver deposition on
the gold nanoparticle (termed as silver enhancement), followed
by measuring the electrochemical current from the oxidative
dissolution of the deposited silver metal. To adopt the silver
enhanced gold nanoparticle approach in our PCR-EC microchip
setting, electrode material other than gold hasto be sought. This
is because the gold working electrode has catalytic silver
deposition on its surface, resulting in a high background signal
that makes the detection of the silver-enhanced gold nano-
particle amost impossible. Indium tin oxide electrode (ITO),
with its inherent low background silver deposition character-
istic, is an ideal candidate for a sensitive electrochemical
detection of the hybridization event with the silver-enhanced
gold nanoparticle approach.4° To develop a PCR-EC micro-
device for DNA analysis with the gold nanoparticle approach,
the PCR reaction chamber is sealed with an ITO-coated glass
substrate. Similarly to the PCR-EC microchip with gold
working electrode, the ITO electrode has to be modified with
the probe. In this case, the probeis attached to the silanized ITO
surface via disulfide-linkage. Fig. 5 shows the enhanced linear
sweep voltammetric response of the PCR-EC microdevice
using an ITO electrode. It can be seen that the electrochemical
signa of slver is much higher for the reaction mixture
containing trace amounts of DNA template (~ 700 copies) than
that without DNA templates. Similarly as in the case for the
intercalator approach using a gold electrode, the signd
enhancement here can be explained by the increased deposition
of silver on the nanogold particles of the asymmetric PCR
amplicons after hybridization with the probe DNA on the
silanized 1TO surface.

There are numerous potential application areas for the
integrated PCR-EC microdevice described here. With the target
amplification capability offered by the PCR, this micro-
fabricated DNA analyzer holds a great promise for rare target
identification in point-of-care genetic diagnostics as well as
environmental and food screening applications. This PCR-EC
microdevice can be adapted to a multiplexing assay in asingle
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Fig. 5 Linear sweep voltammograms of the indium tin oxide (ITO)
working electrodes in the PCR-EC microdevices. The probe-modified ITO
electrode was employed to sense the target PCR amplicon (template
concentration of 0.4 fg pl—1). The gold nanoparticle was bound to the
hybridized amplicon and silver was catalyticaly deposited onto the
nanoparticle.



reaction chamber by constructing an array of working elec-
trodes with different DNA probes.

4 Conclusion

We have developed a silicon/glass-based polymerase chain
reaction-electrochemical (PCR-EC) microdevice for DNA
analysis with integrated target DNA amplification and product
detection functionalities. The microchip had sensors and heaters
patterned on top of the silicon reaction chamber for precise and
efficient thermal cycling of the PCR. Moreover, the glass
substrate was equipped with electrochemical detection elec-
trodes. We have successfully demonstrated the sensitive
detection of target DNA template in the PCR-EC microdevice
with two electrochemical hybridization transduction schemes:
the intercalator-based and silver-enhanced gold nanoparticle-
based approaches. With the PCR-EC microchip as the basic
framework, in the future, it is hoped that additional features
such as sample preparation, microfluidic control, and on-chip/
board electronic signal processing functionalities can be
integrated onto amonolithic platform to realize a portable DNA
analysis system.
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