
Electrochemical DNA Sensor
DOI: 10.1002/ange.201103482

Polarity-Switching Electrochemical Sensor for Specific Detection of
Single-Nucleotide Mismatches**
Kuangwen Hsieh, Ryan J. White, Brian S. Ferguson, Kevin W. Plaxco, Yi Xiao,* and
H. Tom Soh*

Single-nucleotide polymorphisms (SNPs)—genetic variations
that involve only a single DNA base-pair—can directly affect
transcriptional regulations and protein functions.[1, 2] Thus,
SNP genotyping serves as an important diagnostic for genetic
diseases[3–5] and drug responses.[6, 7] To date, methods of
detecting such single-nucleotide mismatches can be broadly
categorized into enzyme-aided[8–13] and hybridization-
based[14–16] approaches. The enzyme-aided approach typically
involves a two-step, multi-component assay, in which a single-
nucleotide-specific enzymatic reaction, such as primer exten-
sion,[8, 9] ligation,[10, 11] or cleavage,[12, 13] is coupled with a
downstream detection of reaction products. As such, these
methods are inherently complex, and the assay specificity is
limited by both the activity of the enzyme and the sensitivity
of the detection technique. In contrast, hybridization-based
methods utilize DNA probes[17–20] and various measurement
techniques[17, 21–23] to report the hybridization difference
between perfectly matched (PM) and single-nucleotide
mismatched (SM) targets in a single-step. However, to resolve
the small difference in thermodynamic stability between the
two targets, these detection methods generally require com-
plex probe designs[18–20] and the careful control of hybrid-
ization conditions such as buffer composition,[14, 16] washing
stringency,[14, 16] and melting temperature.[15]

In addition to these complex requirements, both enzyme-
aided and hybridization-based approaches are susceptible to
false-positives because they can only measure the difference
in the signal amplitude between PM and SM targets—and
signal amplitude measurements are prone to fluctuation in

target/probe concentrations, background contaminants, and
other experimental perturbations (e.g., enzyme activity,
washing stringency or temperature). Thus, for robust detec-
tion of single-nucleotide mismatches, there is a need for
alternative sensor architectures that are less prone to errors
from fluctuations in the signal amplitude.

Toward this end, we present a single-step, room-temper-
ature electrochemical sensor that detects single-nucleotide
mismatches with a “polarity-switching” response. Our “bipo-
lar” sensor reports a decreased output signal (signal-off) when
hybridized with a PM target (Figure 1a, top right) but reports
an opposite, increased signal (signal-on) when hybridized
with a SM target (Figure 1a, bottom right). The output signal
of the sensor is generated by the redox reporter methylene
blue (MB), which is covalently attached to an electrode-
bound DNA probe. The polarity-switching response is
achieved by tuning two key parameters—the structural
flexibility of the probe[24–28] and its interaction with the MB
tag[29–40]—that control the electron transfer between the MB
tag and the electrode. In this work, we describe the design
principles of the bipolar sensor and demonstrate its perfor-
mance in discriminating SM and PM targets under various
conditions. Furthermore, we elucidate the mechanism behind
the polarity-switching behavior and quantify the relative
contributions of the two parameters that govern the sensor
output.

The change in the output Faradaic current of our sensor is
caused by alterations in the rate of electron transfer to the
gold interrogating electrode, which is governed by the
equilibrium probability of the DNA-bound MB tag approach-
ing the electrode surface.[41] In our sensor design, we exploited
the structural flexibility of the DNA probe[24, 26–28] and the
interaction between MB and DNA (e.g., intercalation and
groove binding) to achieve mismatch detection through
polarity switching. Regarding the probe flexibility parameter,
the higher flexibility of single-stranded DNA (ssDNA)
relative to rigid double-stranded DNA (dsDNA) increases
the MB electron transfer rate and yields higher Faradaic
currents.[24, 26–28] In parallel, the interaction between the MB
tag and dsDNA decreases the electron transfer rate, thus
reducing the Faradaic current. This decreased electron trans-
fer is presumably due to the confinement of the MB tag within
the DNA duplex, which lowers the probability of the MB
approaching the electrode.[40, 41] Of note, this MB-dsDNA
interaction depends on the DNA sequence,[29, 39] which there-
fore needs to be evaluated prior to sensor design. In the
present case, we have experimentally determined that the
interaction between MB and poly(thymine–adenosine) (T-A)
duplexes effectively slows MB electron transfer rate com-
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pared to related mismatches, and have exploited this finding
for the sensor design.

Our insights in controlling these two parameters to tune
the MB electron transfer have allowed us to rationally design
a probe that specifically differentiates the PM target from the
SM target with opposite signal polarities. Specifically, our
probe consists of a 12-base-pair (bp) stem and a 17-nucleotide
(nt) loop (Figure 1a, left; Figure 1b, left). The thiolated 3’
terminal is immobilized onto the gold electrode, and the MB
molecule is modified onto a thymine base located at the

center of the single-stranded loop. In the absence of target,
the double-stranded stem creates proximal rigidity and the
single-stranded loop prevents undesired MB-DNA interac-
tion.[34] The high ionic strength of our high-salt phosphate
buffer (HSPB) also effectively shields any electrostatic
interaction between MB and DNA.[35, 39] Subsequently, PM
and SM target hybridization both displace the double-
stranded stem and form target-probe hybrids that become
single-stranded near the electrode. Although the structural
flexibility is increased for both targets, only the PM target
forms a T-A matched duplex that allows MB to interact with
the dsDNA, presumably by groove binding to the poly-T-A
region.[38] This decreases the rate of electron transfer, result-
ing in a signal-off response (Figure 1a, top right; Figure 1b,
center). In contrast, the T-C mismatched bases in the SM
target-probe hybrid disrupt MB-dsDNA interaction, increas-
ing the rate of electron transfer and producing a signal-on
response (Figure 1a, bottom right; Figure 1b, right). In this
way, our sensor reports mismatches with an opposite signal
polarity rather than differences in signal amplitude.

We experimentally verified the polarity-switching
response of our sensor by challenging it with 21-nt PM and
SM (5’ end-mismatched cytosine, denoted 21-nt 21C; Fig-
ure 1b, right) targets and measuring the sensor responses with
alternating current voltammetry (ACV). In the absence of
target, the sensor yielded an approximately 70 nA Faradaic
redox peak current (Figure 2a, black), which served as the
reference point. When challenged with the PM target (T-A
match), we observed a signal-off behavior, with a 35%
decrease in peak current (ca. 45 nA, Figure 2a, blue).
Conversely, we detected a clear signal-on response from the
21-nt 21C SM target (T-C mismatch), displaying a 220%
increase in the peak current with respect to the no-target
signal (ca. 225 nA, Figure 2a, red).

We subsequently determined the optimal condition of the
hybridization time, the ACV operating frequency, and the
surface probe density to maximize the sensor performance.
The sensor response was relatively rapid, as opposite signal
polarities caused by the PM or the SM targets were observed
within 10 min (Supporting Information, Figure S1). For
typical experiments, however, we used a 2 h incubation time
to saturate the sensor signal. Next, we optimized the ACV
frequency[26,28] to obtain the greatest difference between the
PM target and the SM target output responses. The sensor
exhibited bipolar functionality between 1 to 20 Hz with a
maximal differential output at 10 Hz, which was used
throughout this work (Supporting Information, Figure S2).
Finally, we found the optimal probe surface density by
adjusting the probe concentration from 0.05 to 1.5 mm during
sensor fabrication. We observed polarity-switching responses
at all concentrations, and found that surface probe density of
1.62� 0.17 pmol cm�2 (fabricated with 0.5 mm of the probe)
showed the best sensor response (Supporting Information,
Figure S3a and S3b).[42–44]

To confirm the generality of the bipolar sensor, we
characterized the sensor performance in detecting various
SM targets containing different mismatches at the same
position (Figure 2b). As expected, we observed reproducible
signal-off responses from the 21-nt PM target (T-A match;

Figure 1. a) The bipolar sensor exploits the probe flexibility and the
MB-dsDNA interaction to tune the electron transfer between the MB
tag and the electrode, so that the sensor reports a “signal-off”
response from the PM target, but an opposite “signal-on” response
from the SM target. b) In the absence of target, the double-stranded
stem of the probe creates proximal rigidity while the centrally-located
MB does not interact with the single-stranded DNA loop. Upon target
hybridization, both PM and SM target–probe hybrids are single-
stranded at the proximal end, enhancing structural flexibility. In the
PM hybrid the MB can interact with the double-stranded, poly-T-A
region (center). The mismatched T-C bases in the SM hybrid disrupt
this interaction (right), giving rise to the opposite signal polarity.
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�35.4� 4.9%) and signal-on responses from 21-nt SM targets
in which the mismatched base was guanine (21-nt 21G; T-G
mismatch: + 233.3� 24.1 %), thymine (21-nt 21T; T-T mis-
match: + 264.3� 19.8%) or cytosine (21-nt 21C; T-C mis-
match: + 228.8� 9.0%), suggesting that the sensor discrim-
inates all three mismatched bases equally well.

Next, we tested the sensor against mismatched bases at
different positions within the 21-nt target. We fixed the
mismatched base as cytosine, but moved the SM position
stepwise from base 21 to base 18 in the 5’-to-3’ direction (i.e.,
21-nt 21C to 21-nt 18C). While signal-on polarity remained
consistent, the signal amplitude decreased as the mismatch
position moved from 21C to 18C (Figure 2b). Compared to
the signal from 21C SM target (+ 228.8� 9.0%), the 20C,
19C, and 18C SM targets yielded signal gains of + 148.78�
8.4%, + 71.6� 9.1%, and + 14.7� 3.8%, respectively. This

location-dependent signal decrease is due the fact that, as the
mismatch moves further from the MB tag, the tag begins to
interact with the duplex. This result indicates that the
mismatch needs to be located within three nucleotides of
the MB-modified thymine to preserve polarity-switching.

Importantly, we verified the sensor functionality in a
complex mixture, and chose to do so in a polymerase chain
reaction (PCR) mix because PCR is often utilized in clinical
SNP detection assays. Without any targets, the bipolar sensor
did not respond to the background contaminants in the PCR
mix, and produced a minimal signal (0.6� 2.3%; Figure 2c,
black). In the PCR mix, our sensor reported its signature
polarity-switching responses for the PM and SM targets,
producing a �24.0� 3.7 % PM response (21-nt, Figure 2c,
blue) versus a 271.5� 9.9% SM response (21-nt 21T, Fig-
ure 2c, red), which are comparable to the measurements in
buffer (Figure 2b).

In addition to the homozygous samples, which contain
only either the PM targets or the SM targets, we also tested
our sensor against a heterozygous mixture of 21-nt PM and
21-nt 21T SM targets at equal concentrations in the PCR mix.
This heterozygous sample is representative of conditions
where the mismatch occurs in only one of the two alleles. In
this test, we measured a near-zero response of �6.5� 2.4%
(Figure 2c, purple). We note that this signal is clearly
distinguishable from the sensor response to PM and SM
targets and suggests that, in addition to the signal-on or signal-
off responses, the sensor may be optimized to report a third
state (zero-response state) for the detection of heterozygous
samples.

To verify that our proposed electron transfer-based
signaling mechanism is indeed responsible for the perfor-
mance of our bipolar sensor, we performed two control
experiments and show that, without the electrochemical
signaling, the stem-loop probe structure cannot discriminate
SM from PM targets. First, we directly hybridized our probe
with PM (21-nt) and SM (21-nt 21C) targets in HSPB
solution, and analyzed the hybridized products by gel electro-
phoresis. We observed that the PM and SM hybrid bands were
equivalent in length and similar in band intensity, suggesting
that both targets hybridize equally well to the probe
(Supporting Information, Figure S3). In the second control
experiment, we used a molecular beacon version of our probe,
with a fluorophore-quencher pair located at the ends (CAL
FLUOR RED 610 at the 5’-end and BHQ-2 at the 3’-end;
DNA sequence shown in Supporting Information, Table S1).
We then hybridized this modified molecular beacon with the
PM and SM targets in HSPB and measured the fluorescence
change. Both targets were able to completely open the
molecular beacon probe, yielding similar intensity of fluores-
cence signal (Supporting Information Figure S4). These two
experiments indicate that the stem-loop structure itself has
minimal effect in differentiating mismatched bases and does
not contribute to the polarity switching behavior. These
results are consistent with the fact that the standard Gibbs
free energy of the PM hybrid (�46.34 kcalmol�1) closely
matches that of the SM hybrid (�44.39 kcalmol�1).

The output signal of our bipolar sensor is the net result of
two signaling parameters—probe flexibility and MB-dsDNA

Figure 2. a) AC voltammograms show that relative to the no-target
redox peak current (black), the sensor yields an decrease in the peak
current (signal-off) when hybridized with the PM target (blue) but an
increase in the peak current (signal-on) with a SM target (red). b) The
sensor reports signal-on responses with similar magnitudes for all
three mismatched bases at the fixed position (21-nt 21C, 21G, and
21T). The sensor maintains its signal-on response, when the position
of the mismatched cytosine is moved stepwise from 21C to 18C.
c) Sensor functionality in PCR mix: the sensor can differentiate back-
ground contaminants from the PCR mix (black), homozygous
PM (blue), homozygous SM (red), and heterozygous mixture contain-
ing both PM and SM targets (purple). The values and error bars in this
Figure and subsequent figures represent the mean and the standard
deviation from triplicate measurements.
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interaction. Thus, in order to determine the contribution of
only the probe flexibility parameter to the sensor output, we
had to minimize the contribution of MB-dsDNA interaction
to the sensor output. For this evaluation, we employed two
short targets in a two-step hybridization experiment that first
increased the probe flexibility and then restored the original
probe rigidity and measured the sensor responses of each
step. Importantly, both short targets minimize the signaling
contribution from MB-dsDNA interaction because the ends
of the double-stranded elements in the resulting hybrid are
located at least two nucleotides away from the MB tag, which
is beyond the reach of the short C6 linker that tethers the MB
to the probe. We first challenged the probe (Figure 3a, left)
with a 19-nt target that forms a proximally flexible target-
probe hybrid (Figure 3a, center); subsequently, we chal-
lenged the hybrid with an additional 12-nt target comple-
mentary to the single-stranded element—analogous to
reforming the original probe stem (Figure 3 a, right). As
expected, from the increased probe flexibility due to the first
hybridization, the sensor reported a 246.7� 19.9 % increase in
redox peak current relative to the no-target signal (Figure 3a,
center). When the original probe rigidity was restored by the
second hybridization, the signal change diminished to a mere
12.2� 1.5% with respect to the no-target signal (Figure 3a,
right). Thus, this two-step experiment clearly indicated that
increased probe flexibility near the electrode was essential to
increased output signal.

Next, we minimized the contribution from the change in
probe flexibility and evaluated the contribution from the MB-
dsDNA interaction to the sensor output signal by comparing
the difference in signal between 21-nt PM and 21-nt 21C SM
targets using ACV and square-wave voltammetry (SWV)
measurements. Due to the nearly identical structural flexi-
bility of the two hybrids, differences in the output signal can
be directly attributed to differences in the MB-dsDNA
interaction. ACV measurements showed a large signal differ-
ence between the PM (�35.4� 4.9%) and SM (+ 228.8�
9.0%) targets (Figure 2b), clearly indicating the role of
MB-dsDNA interaction in decreasing the output signal upon
PM binding. To further support this observation, we measured
the apparent MB electron transfer rates of the PM and SM
hybrids with the SWV technique.[28,45, 46] We used the critical
frequency (fcr)

[46] (defined as the frequency at which the
maximal value of SWV frequency-normalized peak current
(Ipeak/f) is observed) of each hybrid to quantify electron
transfer between MB and electrode. Since fcr is linearly
proportional to the transfer rate, a smaller fcr represents
slower electron transfer. We obtained a fcr of approximately
1.8 Hz for the PM hybrid (Figure 3b, blue) versus approx-
imately 5.4 Hz for the SM hybrid (Figure 3b, red), suggesting
that the MB-dsDNA interaction in the PM hybrid reduces the
apparent MB electron transfer rate by a factor of approx-
imately 3, giving rise to the decreased sensor signal.

We recombined the two parameters to evaluate the net
signaling effect and identify the point at which the output
signal switches polarity. We measured the output from four
PM targets of increasing length (19- to 22-nt; Figure 4). We
note that the proximal end of each target-probe hybrid is
single-stranded and flexible; however, the MB-dsDNA inter-
action becomes stronger as the target is lengthened. For
example, for the 19-nt target, we found that probe flexibility
dominates the output signal because the end of the hybrid is
located two nucleotides away from the MB molecule,

Figure 4. Using PM targets of increasing length (19- to 22-nt), the
point at which the output signal changes its polarity can be identified.
This point is where the MB-dsDNA interaction begins to dominate the
output signal.

Figure 3. a) Increasing the probe flexibility by disrupting the stem
increases the output signal (center). Restoring the rigidity of the stem
returns the signal to its initial value (right). b) Plot of critical
frequencies (fcr) obtained from square-wave voltammetry (SWV) of 21-
nt PM (blue) and 21-nt 21C SM (red) target–probe hybrids. The PM
hybrid exhibits lower fcr, indicating slow electron transfer.
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minimizing its MB-dsDNA interaction. When the target was
lengthened from 20- to 21-nt, we observed a switch in the
response from signal-on (+ 140.3� 2.2%) to signal-off
(�35.4� 4.9%). This signal crossover represents the point
at which the influence of the MB-dsDNA interaction begins
to dominate over the probe flexibility. This polarity crossover
closely matched the responses observed with PM and SM
targets. From these observations, we conclude that increased
probe flexibility is a prerequisite to the polarity-switching
responses; however, the crossover point is dependent on the
strength of the MB-dsDNA interaction.

In summary, we report a single-step, room-temperature
electrochemical sensor that identifies single-nucleotide mis-
matches with a polarity-switching output. Compared to
previous detection methods, our bipolar sensor offers sim-
plicity and robustness because it reports the mismatch with a
switch in its signal polarity, rather than differences in its signal
amplitude, which are prone to false-positives. This important
feature is obtained by tuning the probe structural flexibility
and the strength of the interaction between MB and double-
stranded DNA. Specifically, we observe that increased
flexibility in the proximal end of the DNA probe increases
the sensor signal, whereas strong interactions between MB
and double-stranded DNA slow down electron transfer,
yielding a decreased output signal. We found that the
polarity-switching responses are independent of mismatch
base substitutions, but begin to diminish as the mismatch
location is moved away from the DNA-bound MB redox
reporter, and we identified the crossover point at which the
output signal changes its polarity. Furthermore, we show that
the operation of our bipolar sensor in complex mixtures such
as PCR mixes does not affect its performance. With further
optimization of the probe design, as well as the integration
with clinical sample processing, we believe our bipolar sensor
platform may provide an alternative strategy for rapid and
robust SNP genotyping.
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