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Abstract
Electrochemical DNA (E-DNA) sensors, which are rapid, reagentless and readily integrated into
microelectronics and microfluidics, appear a promising alternative to optical methods for the
detection of specific nucleic acid sequences. Keeping with this, a large number of distinct E-DNA
architectures have been reported to date. Most, however, suffer from one or more drawbacks,
including low signal gain (the relative signal change in the presence of complementary target),
signal-off behavior (target binding reduces the signaling current, leading to poor gain and raising
the possibility that sensor fouling or degradation can lead to false positives) or instability
(degradation of the sensor during regeneration or storage). To remedy these problems, we report
here the development of a signal-on E-DNA architecture that achieves both high signal gain and
good stability. This new sensor employs a commercially synthesized, asymmetric hairpin DNA as
its recognition and signaling probe, the shorter arm of which is labeled with a redox reporting
methylene blue at its free end. Unlike all prior E-DNA architectures, in which the recognition
probe is attached via a terminal functional group to its underlying electrode, the probe employed
here is affixed using a thiol group located internally, in the turn region of the hairpin.
Hybridization of a target DNA to the longer arm of the hairpin displaces the shorter arm, allowing
the reporter to approach the electrode surface and transfer electrons. The resulting device achieves
signal increases of ~800% at saturating target, a detection limit of just 50 pM and ready
discrimination between perfectly matched sequences and those with single nucleotide
polymorphisms. Moreover, because the hairpin probe is a single, fully covalent strand of DNA, it
is robust to the high stringency washes necessary to remove the target, and thus these devices are
fully reusable.
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Introduction
Electrochemical DNA biosensors (E-DNA) appear a promising alternative to optical sensors
for the specific detection of oligonucleotide sequences1,2,3. These devices are composed of a
redox-reporter-modified DNA probe immobilized on a gold electrode. Hybridization-linked
changes in the flexibility of this probe (due to specific conformational changes1,4,5 or an
increase in the amount of double-helix6) alter the rate with which electrons are transferred
from the redox reporter, leading to a readily detectable as a change in Faradaic current upon
voltammetric interrogation7,8,. Because E-DNA sensors are driven by electrochemistry,
rather than optical detection methods, they can be integrated into microfluidic devices,
powered by inexpensive, hand-held electronics, and easily multiplexed9,10,11. Moreover,
because their signaling is predicated on a binding-induced change in the physical properties
of the probe DNA, rather than to adsorption of analytes to the sensor surface, E-DNA
sensors are relatively insensitive to the non-specific adsorption of interferants and are
selective enough to deploy directly in complex clinical and environmental samples, such as
blood or soil extracts12,13. E-DNA sensors thus appear well suited for point of care medical
diagnostics, as well as portable analysis systems for forensics and food quality control12.

Although E-DNA sensors have a wide variety of positive attributes, many of the diverse E-
DNA probe architectures described to date operate in a signal-off fashion, meaning that the
measured current decreases as the concentration of analyte DNA increases14. For example,
first generation E-DNA sensors employ a stem-loop architecture1,14 such that, when a
complementary target oligonucleotide is introduced, hybridization causes the stem to open.
This moves the redox reporter further from the electrode surface, reducing electron transfer.
This signal-off mechanism significantly limits the gain of the sensor: the maximum possible
signal change (the change in current between a blank measurement and saturating target
concentrations) can never exceed a 100% (i.e., the current cannot decrease below zero). A
second limitation of signal-off sensors is that probe degradation can be misinterpreted as a
authentic response to target. Signal-on sensors, in contrast, can achieve much improved
signaling; as the background current observed in the absence of target is reduced, the gain of
such a sensor, at least in theory, increases without limit15. Thus motivated, we and others
have explored a number of signal-on E-DNA architectures, including a DNA pseudoknot5, a
hybridization-based, double-stranded sensor13, a triblock structure16, an inverted stem-
loop17, and a traditional E-DNA sensor probed at new frequencies7. Meanwhile, other
groups have developed high-gain electrochemical sandwich assays18,19,20,21. But each of
those devices has at least one drawback that would limit their implementation in inexpensive
medical diagnostics, including poor stability and lack of reusability13, limited gain4,5 and/or
poor signal-to-noise7.

Among the highest gain E-DNA sensors reported to date is a signal-on architecture
developed by Xiao et al. that employs a strand-displacement signaling mechanism13. This
architecture makes use of a double-stranded probe comprising a capture oligonucleotide
affixed to a gold electrode, and a longer MB-labeled signaling DNA strand hybridized to
that molecule. Hybridization of the target oligonucleotide displaces the methylene-blue
modified terminus of the signaling strand, allowing the redox tag to approach the electrode
where it can exchange electrons. This leads to a strongly enhanced signaling current upon
target binding. The double-stranded sensor achieves a detection limit in the high femtomolar
range13 and more than 700% signal gain. Despite these advantages, this architecture suffers
from a potentially important drawback: because its sensing probe is held together by
hybridization, the signaling strand is lost when the sensor is washed or stored for long
durations. At the time, modifications that could create fully covalent, internally-affixed
double-stranded probes were not yet available. Here we describe a new, commercially-
available linker that supports the internal attachment of a DNA probe to an electrode. We
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have used this chemistry to fabricate a fully covalent version of the earlier signal-on E-DNA
architecture that, in contrast, is reusable and far more stable than the original design.

Experimental Section
Key Materials

All of the oligonucleotides were synthesized by Biosearch Technologies (Novato, CA),
where they were purified by HPLC and used as received. Methylene blue, the redox
reporter, was attached to the 5'-end of each probe molecule using either a hydrazone linker
or an ester (Fig S1, in Supp. Info.). The probe molecules employed in our sensors were
stored dry at −20°C until the day of their use. Supermix iQ PCR mix was obtained from
Bio-Rad (Hercules, California) and stored at −20°C until each experiment.

ForkedThiol17
5'MB-AATAAAACGCCGATCCA-3'-T(C12-SH)-5'-
TGGATCGGCGTTTTATTCTTGTTCAGATATTCAA-3'

ForkedThiol15
5'MB-TAAAACGCCGATCCA-3'-T(C12-SH)-5'-
TGGATCGGCGTTTTATTCTTGTTCAGATATTCAA-3'

Perfectly matched 34 nucleotide target DNA sequence
5’-TTGAATATCTGAACAAGAATAAAACGCCGATCCA-3’

Unlabeled nucleotides were prepared by Sigma Aldrich (St Louis, MO) and isolated by
reverse phase cartridge purification. They were dissolved in phosphate buffered saline, pH
7.4, and their concentrations verified with a NanoDrop spectrophotometer. Stock solutions
were stored at 100 µM in their original packaging.

Sensor Preparation
Gold disk electrodes were polished using a slurry of 0.05 micron alumina in water on a
standard polishing cloth. They were then subjected to a series of electrochemical cleaning
steps as described previously2. While the electrochemical cleaning procedure was running,
the probe DNA was reduced with four equivalents of 10 mM TCEP and stored in the dark at
4°C for at least one hour. The probe DNA was diluted with phosphate buffered saline (PBS),
to either 100 nM, 250 nM, or 1 µM and then, each electrode was rinsed with deionized
water, dried, and then immersed in 200 µL of the resulting solution for five minutes.
Immediately following this, the electrodes were rinsed, dried and stored overnight in an
aqueous solution of 2 mM mercaptohexanol. For further details we recommend several
papers previously published by our group2,22,23,24.

In order to achieve good sensor-to-sensor reproducibility, it is imperative to use DNA
probes freshly dissolved in buffer. When the probe molecules are dissolved in buffer, they
quickly aggregate. Gel electrophoresis showed that these aged probe molecules aggregate
into dimers, trimers, and higher order clusters (Figure S2 in Supp. Info.). Sensors made with
an aged probe solution, DNA that was reconstituted and then stored in a freezer for two
weeks or more before the sensor preparation procedure, exhibit little or no change in signal
when target is added.
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Electrochemical Measurements
The reported electrochemical experiments were conducted using square wave voltammetry
on CH Instruments 630B, 650C, and 660D potentiostats (Austin, TX). Each of those
instruments was connected to a CH Instruments 684 multiplexer. Unless otherwise stated,
square wave voltammetry measurements were made at 60Hz with an amplitude of 25 mV
and a step width of 4mV. All of the experiments were conducted with a platinum wire or
platinum disk counter electrode and an Ag/AgCl reference in phosphate buffered saline, pH
7.4 with 200 µM MgCl2 at room temperature.

With our electrochemical instrumentation, the signal to noise ratio was empirically
determined to be optimal at 60 Hz, but the signal gain is up to twice as high at higher
frequencies. An instrument with better high frequency filters may benefit from making
measurements in the vicinity of 200 to 600 Hz.

Sensor Tests with Synthetic Targets
A set of three electrodes was immersed in a shot glass with either 15 mL of phosphate
buffered saline or 2 mL of PCR mix. Before data acquisition, several at least six 60 Hz
square wave test scans were performed. To acquire data, a macro experiment was set to
record 60 Hz square wave measurements every minute for ten minutes. After the first set of
data was collected, the target DNA was added, and the solution was gently mixed by
pipetting.

Sensor Tests below 5nM Analyte
Three gold disk electrodes were immersed in 750 mL of phosphate buffered saline enriched
with 0.2 mM MgCl2. Synthetic target DNA was added after the first measurement, and on
the hour every hour thereafter. The mixture was stirred continuously with a magnetic bar
throughout the measurement period. For these experiments, the sensors had a particularly
low surface coverage of probe DNA molecules. During the sensor preparation procedure,
the gold disk electrodes were immersed in a 100 nM probe solution for only five minutes.

Safety Considerations
The primary hazards of this work include concentrated sulfuric acid and dimethyl sulfoxide.
All experiments with these reagents were performed in a fume hood. The researchers wore
eye protection and gloves when handling both substances.

Results and Discussion
Our objective was to develop a reusable, high signal gain, fully covalent E-DNA sensor. To
do so, we designed a commercially available, asymmetric hairpin probe, the shorter arm of
which (the “signaling strand” is modified at its 5’-end with a methylene blue redox reporter
(Fig. 1a). The two arms of the hairpin are joined together by a “T-linker,” a thymidine
nucleotide modified at its C5 position with a 12-atom chain terminating in a thiol (Fig. 1b).
This thiol anchors the probe onto a gold electrode via a site on the middle of its turn region
via the formation of a mixed monolayer with mercaptohexanol, which is used as a dilutent to
control probe packing density and to partially passivate the electrode surface. In the absence
of a complementary target, the two strands of the probe form rigid, double-helical DNA,
which limits the extent to which the attached methylene blue can approach the electrode and
transfer electrons. The hybridization of a target oligonucleotide to the longer “capture”
strand displaces part of the signaling strand, producing a much more flexible single-stranded
element (Fig. 1b). This increases the efficiency with which the methylene blue approaches
the electrode and exchanges electrons.
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The new sensor architecture achieves high signal gain, and readily detects its target at low
picomolar levels (Fig. 2) (and also Fig S3 in Supp. Info.). At saturating target concentrations
(200 nM) the observed signal increases nearly eightfold within ten minutes (Fig. 3). Because
the two arms of these new sensing elements are covalently linked, rather than held together
by hybridization, this new probe architecture can be regenerated and reused by rinsing with
a stream of dimethyl sulfoxide, which denatures double-stranded DNA. The regeneration
process, which takes less than three minutes, can be repeated multiple times (Fig. S4 in
supp. Info.).

The new architecture is specific, an attribute that is critical for applications such as
genotyping. As a test of the sensor's specificity, we challenged it with a perfectly matched
target, as well as four sequences with mismatches (at 200 nM) in various locations. Single
nucleotide polymorphisms and three-base mismatches that appear in the double-stranded
region of the probe can be easily identified. This stands to reason, since an analyte that does
not perfectly hybridize with the capture strand should not be able to easily displace the
signaling strand. Mismatches that occur in the single-stranded region of the capture probe
are also identifiable, although the difference in signaling is less pronounced.

For genotyping purposes, these sensors should be employed in a microarray format. In a
sensor with only one probe DNA sequence, mismatched analytes could be misinterpreted as
perfectly matched oligonucleotides at low concentrations. For this reason, these sensors
should be used in an array format9,10, with related but slightly mismatched capture probes
serving as controls.

Given the extremely low limits of detection that are necessary to identify pathogens in
biological samples, these sensors will invariably be used in combination with an
amplification technique such as LAMP or PCR. Doing so will be straightforward, since
these sensors function well when employed directly in PCR mix (Fig. S5 in Supp. Info.).
This is a significant advantage over optical DNA detection systems, such as microarrays,
which require lengthy incubation and washing steps following the PCR reaction.
Furthermore, the cost of amplification systems can be quite low25,26, as is the cost of E-
DNA supporting electronics27, suggesting that such a “marriage” could provide an
inexpensive and robust system for pathogen detection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

PBS Phosphate Buffered Saline

E-DNA Electrochemical DNA Biosensor

MB Methylene Blue
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Figure 1.
We have developed a fully covalent, signal-on E-DNA architecture employing an
asymmetric hairpin probe that is attached to its interrogating electrode via a commercially
available, internal linkage chemistry (shown at left). The sensor operates via a strand
displacement mechanism. When target DNA hybridizes with the longer arm of a probe
molecule, the shorter arm is liberated, increasing the efficiency with which the methylene
blue redox reporter at its end approaches the electrode surface. This results in a readily
measurable, increase Faradaic current. Vacant areas between the probe DNAs are back-filled
with mercaptohexanol, producing a stable, continuous self-assembled monolayer.
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Figure 2.
The new signal-on E-DNA architecture achieves 800% gain at saturating target
concentrations. With the recognition elements we have employed, this leads to devices
sensitive enough to detect low picomolar levels of their target oligonucleotide. The above
data were collected one hour after each addition of target.
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Figure 3.
The sensor rapidly responds to its complementary target. Here square wave voltammograms
were recorded every minute after the addition of the relevant concentration of the target
analyte. Error bars represent standard error from triplicate measurements. When blank
measurements are made over the course of an hour, the sensor signal decreases slightly.
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Figure 4.
The sensor is specific enough to recognize single nucleotide polymorphisms. Mismatched
target DNA can cause an increase in the sensor signal, but that increase is not as great as the
changes caused by perfectly matched analytes. The sensor can easily distinguish between
mismatches that occur near the T-linker, but has less specificity at its distal 3’-end. Error
bars represent standard error from triplicate measurements.
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