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ABSTRACT: Although various strategies have been reported
for single-nucleotide polymorphisms (SNPs) detection, develop-
ment of a time-saving, specific, and regenerated electrochemical
sensing platform still remains a realistic goal. In this study, an
ON−OFF switching of a regenerated biosensor based on a
locked nucleic acid (LNA)-integrated and toehold-mediated
strand displacement reaction technique is constructed for
detection of SNPs. The LNA-integrated and methylene blue-
labeled capture probe with an external toehold is designed to
switch on the sensing system. The mutant-type DNA probe
completes complementary with the capture probe to trigger the
strand displacement reaction, which switches off the sensing
system. However, when the single-base mismatched wild-type
DNA probe is presented, the strand displacement reaction cannot be achieved; therefore, the sensing system still keeps the ON
state. This DNA sensor is stable over five reuses. We further testify that the LNA-integrated sequence has better recognition
ability for SNPs detection compared to the DNA-integrated sequence. Moreover, this DNA senor exhibits a remarkable
discrimination capability of SNPs among abundant wild-type targets and 6000-fold (m/m) excess of genomic DNA. In addition,
it is selective enough in complex and contaminant-ridden samples, such as human urine, soil, saliva, and beer. Overall, these
results demonstrate that this reliable DNA sensor is easy to be fabricated, simple to operate, and stable enough to be readily
regenerated.

Single-nucleotide polymorphisms (SNPs) are the most
common form of genetic variation in human genes,

which are closely associated with various phenotypes and
genetic diseases.1,2 Highly selective and sensitive detection
methods for SNPs are essential in clinical diagnosis and
research uses.3,4 Currently, the reported SNPs discrimination
methods can be mainly categorized into two groups, namely,
enzyme-assisted discrimination and specific hybridization-based
methods.5,6 Enzyme-assisted discrimination has been widely
used, such as endonuclease,7,8 ligation chain reaction,9−11 and
rolling circle amplification.12,13 However, the inherent draw-
backs such as unstable activity of enzyme and rigorous
experimental conditions limit its applications in biosensors. It
is desired to develop a sensitive and selective enzyme-free
method to meet specific needs for SNPs detection. The other
strategy, a hybridization-based method, has high sensitivity and
is able to discriminate the difference between perfectly matched
and single-nucleotide mismatched targets.14−16 In addition, the
simplicity and straightforwardness of a hybridization-based
method provides the possibility of detecting SNPs genotyping
of real samples.17

Recently, the strand displacement reaction (SDR) has been
explored as a powerful strategy to control and construct DNA

hybridization.18−20 Toehold is a short, single-stranded, and
overhang region, typically consisting of 5−8 nucleotides (nt).18
Hybridization is initiated by the exposed toehold, leading to a
branch migration process that displaces another strand from the
substrate. In addition, the rate of the strand exchange reaction
can be enhanced by a factor of 106 using toehold-mediated
SDR.21 A variety of SNPs genotyping methods have been
developed based on toehold-mediated SDR, such as fluo-
rescence microscopy,22 quartz crystal microbalance,6 and
atomic force microscope imaging.23 However, these methods
still have some limitations, such as being time consuming and
having high cost. It is necessary to develop a highly sensitive
and simple method to meet the specific need for SNPs
detection based on toehold-mediated SDR.
Locked nucleic acid (LNA) has attracted considerable

attention in recent years due to its unique structure.24−28

LNA is a conformationally restricted ribonucleotide analogue
containing a methylene linkage between the 2′-O atom and the
4′-C atom of the ribose ring.29,30 The constraint on the sugar
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moiety results in higher affinity and a higher melting
temperature (Tm) value for the nucleic acid duplex.31 It is
noteworthy that the Tm reduction (ΔTm) for the mismatch-
bearing LNA/DNA hybrids is much greater than that of DNA/
DNA hybrids according to theoretical calculations by Kurita et
al.32 The unique structural features make LNA an ideal research
tool for SNPs detection.
Although strand displacement reaction and LNA-integrated

probes techniques for detection of target DNA have achieved
impressive results,6,22,29 these methods are generally cumber-
some and unreusable, and thus, development of a generally
regenerated sensing platform for rapid detection of such targets
remains a compelling goal. Here we report a reusable DNA
sensor to detect SNPs, combining the features of enzyme-free,
LNA-integrated, and toehold-mediated SDR techniques in an
ON−OFF manner for the first time. The target sequence used
in this study is a part of codon 273 mutation in the p53 tumor
suppressor gene, which is a site-specific mutation of cytosine to
thymine. This DNA sensor is easily fabricated and readily
regenerated and functional even in contaminant-ridden
samples, such as human urine, soil, saliva, and beer.

■ EXPERIMENTAL SECTION
Materials and Apparatus. Tris(2-carbozyethyl)phosphine

hydrochloride (TCEP), 6-mercaptohexanol (MCH), and 2-
amino-2-(hydroxymethyl)-1,3-propanediol (tris) were pur-
chased from Aladdin Chemistry Co., Ltd. (Shanghai, China)
and used without further purification. Other reagents of
analytical reagent grade were purchased from Chengdu Kelong
Chemical Reagents Factory (China) and used as received.
Shancheng beer was purchased from a local supermarket
(Chongqing, China). The buffer solution involved in this study
was 20 mM Tris-HCl buffer (100 mM NaCl, pH 7.4). All
solutions were prepared with Milli-Q water (18.2 MΩ cm)
from a Milli-Q water system. The experiment temperature was
kept with a SD-101-005DB super digital thermostat bath (Sida
Experimental Equipment Ltd., Chongqing, China). DNA
oligonucleotides were synthesized by Sangon Inc., Shanghai,
China. Denatured herring sperm genomic DNA was purchased
from Sangon Inc., Shanghai, China. All DNA sequences are
listed in Table S1 (Supporting Information). A thiolated DNA
probe was activated with 10 mM TCEP and stored in the dark
at 4 °C for 2 h. All DNA samples were prepared by dissolving
in 20 mM Tris-HCl solution (100 mM NaCl, pH 7.4).
Electrode Preparation and Electrochemical Measure-

ments. The immobilized modified sensor was fabricated using
gold electrodes (2 mm diameter, CHI Co., Ltd., Shanghai,
China). Electrodes were prepared using our previous method.33

In brief, the gold electrode was carefully polished for 3 min
using alumina powder (0.3 μm) and followed by polishing for
10 min using 0.05 μm alumina powder. After that, the polished
electrode was rinsed with ultrapure water thoroughly and
sonicated in ultrapure water, ethanol, and ultrapure water for
each 3 min to remove the remaining alumina powder on gold
surface. Then, the gold electrode was electrochemically cleaned
in 0.5 M H2SO4 using cyclic voltammetry in the range from
−0.3 to 1.6 V at a scan rate of 0.1 V/s for 25 cycles and finally
dried with nitrogen.
Alternating Current Voltammetric Measurement

Procedure. Alternating current voltammetry (ACV) was
carried out on a CHI660B electrochemical station (Chenhua
Instruments Co., Shanghai, China) in a conventional three-
electrode cell with a gold working electrode, a platinum counter

electrode, and an Ag/AgCl reference electrode. In addition, the
cell was enclosed in a grounded Faraday cage. ACV scan from
−0.5 to 0 V was performed in phosphate-buffered (PB) (100
mM phosphate, pH 7.4) solution with a step potential of 5 mV,
amplitude of 25 mV, and frequency of 10 Hz. All measurements
were obtained after the electrode was immersed in PB solution
for 10 min.
The thiolated DNA (T-P) solution (100 nM) was dropped

on the surface of polished gold electrode for 12 h at 25 °C of
hybridization. Then, the electrode was dipped into 2 mM MCH
solution for 1 h to minimize the nonspecific adsorption. Next,
the gold surface was immersed in 100 nM LNA-integrated
capture probe solution (MB-L) to hybridize for 40 min. Then,
ACV measurement was performed in PB solution. Afterward,
100 nM mutant-type target DNA (TM-7) or wild-type DNA
(WT) was dropped onto the gold surface. After hybridization
for 20 min at 45 °C, the strand displacement reaction was
finished and ACV measurement was conducted again. The
released T-P-modified electrode can be used to start another
round of detection.

Selectivity and Specificity Measurement. After the T-
P/MB-L hybrids formed, selectivity was assessed by incubating
the electrode for 20 min at 45 °C in human urine or saliva
(both collected, diluted 50% with the buffer solution, and used
within 20 min), soil (soil stock solution was prepared by
diluting 400 mg of soil to a final volume of 1 mL with the buffer
solution), or beer (Shancheng beer was diluted 50% with the
buffer solution). In addition, specificity was assessed by
incubating the electrode for 20 min at 45 °C in the presence
of TM-7/WT mixture or excess genomic DNA sample. The
genomic DNA sample was prepared as follows: 0.2 mg/mL
denatured herring sperm genomic DNA was spiked with 32 ng
(100 nM) of TM-7. Then, ACV measurement was performed
in PB solution. Each experiment was conducted using three
independent electrodes.

Melting Temperature Measurement. Melting curves of
MB-L/TM-7, MB-L/WT, MB-D/TM-7, and MB-D/WT
duplexes were carried out using a circular dichroism
spectrometer (Applied Photophysics Ltd., UK). The experi-
ment was conducted in a 20 mM Tris-HCl buffer (100 mM
NaCl, pH 7.4), and the final concentration of each DNA
sample was 1 μM. DNA samples were denatured at 90 °C for 5
min and slowly cooled to room temperature. Absorbance at 260
nm was recorded from 30 to 90 °C with a 2 °C increase per
minute.

■ RESULTS AND DISCUSSION
Reaction Mechanism of Regenerated Biosensor. The

DNA sensor architecture and signaling mechanism are depicted
in Scheme 1. The fabrication process of the sensor involves
immobilization of a thiolated DNA probe (T-P) onto gold
surface. The capture probe is methylene blue labeled and LNA
integrated (MB-L), containing a toehold-mediated region. We
design the mismatched site, modified with LNA base, at the
inner end of toehold region, which possesses the highest
discrimination ability as reported.6,22 Alternating current
voltammetry has been conducted to evaluate the sensor
performance. Upon introduction of MB-L, the peak current is
enhanced by formation of MB-L/T-P hybrids, because the MB
tag is close to the gold surface to allow electron transfer. Thus,
the system presents the ON state. The exposed overhang
initiates a strand displacement reaction in the presence of a
mutant-type target DNA molecule (TM-7). In the process of
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hybridization with TM-7, T-P is released, leaving MB-L/TM-7
hybrids in solution. Thus, the peak current is reduced, and the
system presents the OFF state. The released T-P can be used to
bind another MB-L to start another round of target recycling-
oriented reaction. Thus, consecutive reversible ON−OFF
switching is established. However, the displacement process is
prevented in the presence of the wild-type target (WT),
because the single-base mismatch causes inhibition of hybrid-
ization between MB-L and WT. Thus, the peak current still
stays at high level (ON state). On the basis of the phenomena
mentioned above, a difference of current can be measured,
which offers specific discrimination for SNPs detection.
Feasibility Tests of Discrimination for Single-Nucleo-

tide Polymorphisms. As can be seen in Figure 1, a sharp and
well-defined peak current appeared due to formation of MB-L/
T-P hybrids (curve a). After addition of TM-7 solution in a T-
P/MB-L hybrids system, a nearly 91.6% decrease in current was
observed (curve b), revealing a strong affinity of MB-L to target

DNA. However, when the single-base mismatched wild-type
DNA was presented, the current signal hardly changed (curve
c), indicating that the LNA-integrated sequence has a strong
discrimination ability for a single-base mismatched sequence.
To further validate the strong affinity of LNA, we chose the
pure DNA-integrated sequence (MB-D) as the capture probe.
As shown in Figure 1, the current generated was only about
72.5% of that by MB-L at the same condition (curve d), and
only a 69.6% signal decrease was obtained after the SDR
completed (curve e), implying that the affinity of DNA is not as
strong as that of LNA. Of note, nearly 33% signal change was
observed (curve f) when the single-base mismatched wild-type
DNA was added in the sensing system. This result further
demonstrates that the LNA-integrated sequence has better
recognition ability for SNPs detection than the DNA-integrated
sequence does.

Optimum Conditions for the System. A series of
experiments was performed to optimize the conditions for
the system.

Influence of Incubation Time between T-P and MB-L. In
order to obtain the optimal experimental condition, the
hybridization time between T-P and MB-L was optimized by
ACV measurement at various time points (Figure S1,
Supporting Information). After measurements, the peak current
at each time point was recorded. We note that the current
rapidly increases with increasing hybridization time up to 40
min and then remains stable. Thus, the sensor was incubated
for 40 min in our assay to allow the sensor to reach peak
current saturation.

Influence of Different Lengths of Toehold for Strand-
Displacement Reaction. Of particular importance for SDR is
the length of the toehold. It is one of the key parameters that
affect the thermodynamics and kinetics of SDR. The
intermolecular forces between DNA molecules may be
complicated due to the presence of LNA base. Thus, it will
be helpful to understand the influence of toehold length on the
kinetics of SDR.
We changed the length of the mutant-type p53 gene

fragment, named TM-4, TM-5, TM-6, TM-7, and TM-8
(Table S1, Supporting Information), and made it equivalent to
toehold length varying from 4 to 8 nt. Obviously, the SDR
equilibrium time decreased with increasing length of toehold
(Figure S2, Supporting Information). With the use of the 7 nt
toehold probe, SDR can be completed after 20 min incubation,
and it shows the shortest equilibrium time compared with TM-
4, TM-5, and TM-6. The possible reason might be that the
toehold exchange breaks the coupling between the thermody-
namics of the reaction and the kinetics of strand displace-
ment.34,35 As a result, faster strand displacement reactions are
more thermodynamically favorable with the use of longer
toehold probe. Interestingly, we found that TM-8 also had an
equilibrium time of about 20 min, indicating that a toehold
length of 7 nt is the optimal length in our assay. Thus, TM-7
was chosen as the target strand.

Influence of the Longer DNA Targets. To demonstrate
that longer DNA strands can also be detected by this DNA
sensor, 34-mer and 44-mer oligonucleotides were hybridized
onto the DNA sensor. The capture probe was still the 24 nt
LNA-integrated sequence used before. Thus, the complemen-
tary domain between capture probe and target was 24 nt long
and located in the 5′-ends of the target oligonucleotides. The
nonhybridized target sequences were oriented into the solution
(10 and 20 nt overhang, respectively, see Table S1, Supporting

Scheme 1. Schematic Representation of Regenerated DNA
Biosensor Architecture and ON−OFF Switching Signaling
Principle for SNPs Detectiona

aThe symbol “SDR” means strand displacement reaction.

Figure 1. Alternating current voltammograms of the sensor. Each
concentration of DNA probe used in the assay is 100 nM. Data shown
are average measurements from three different electrodes. All
measurements were performed in PB solution (100 mM phosphate,
pH 7.4).
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Information; mutant-type target DNA probe TM-34 and 44,
Supporting Information). As shown in Figure S3, Supporting
Information, the calculated percent changes of ACV signals
slightly decreased with increasing target length. The reason
might be that the steric hindrance effect of target DNA
becomes obvious when extending the length of the DNA
sequence. However, it is worth noting that the signal
suppression of longer DNA sequences is good enough when
compared with that of mismatched DNA. Therefore, the DNA
sensor is able to detect a longer DNA strand. It should be
mentioned that it provides the potential for detection of a DNA
fragment which can be extracted through the DNA
amplification protocol, for example, the real-time polymerase
chain reaction amplification, in real sample.
Selectivity, Specificity, and Sensitivity of the DNA

Sensor. Selectivity. Since signal-off sensors are susceptible to
false-positive responses if, for example, the DNA is degraded by
sample contaminants, it will be meaningful to examine the
effect of the contaminant-ridden samples on our DNA
sensor.36,37 The selectivity was assessed by incubating each
electrode in human urine, soil, saliva, and beer. As shown in
Figure 2, TM-7-free samples of human urine, soil, saliva, and

beer produced no significant change in ACV peak current.
When these contaminant-ridden samples were spiked with 100
nM TM-7, the current signal change was similar to that
observed in a pure buffer containing 100 nM TM-7. The reason
might be that the signal generation in this sensor is based on a
target binding-induced conformational change, rather than on
nonspecific adsorption.
Specificity. The DNA sensor is capable of discriminating

single-base mismatched DNA among abundant perfectly
complementary targets and genomic DNA. The DNA sensor
is reliable, and we readily detect the target DNA against a 6000-
fold (m/m) excess of genomic DNA (Figure 3A). The signal
changed by 24.7 ± 2.5% when wild-type DNA was incubated in
the genomic DNA and by 76.1 ± 1.3% when target DNA TM-7
was added to the genomic DNA solution. These results
demonstrate that the sensor has high specificity, which has no
interference in the presence of abundant genomic DNA. In
addition, the signal changes of ACV current response to
different concentrations of target DNA with and without
genomic DNA have been investigated, and the results are
presented in Figure 3B. Although the sensor performance in the
complicated biological matrixes is slightly inferior to the assay

in pure target DNA, the DNA sensor provides the potential for
detection of target DNA in real samples.
Moreover, the DNA sensor is capable of discriminating

between single-base mismatched targets and perfectly comple-
mentary DNA. We found that 2% mutant DNA could be
detected in the TM-7 and WT mixtures (Figure 4). The results
reveal that the DNA sensor is reliable to distinguish
mismatched targets from perfect match targets.
To evaluate the interference of different mismatches, we used

three different mismatched targets, including mutant A, mutant

Figure 2. Signal change of different contaminant-ridden samples, in
which TM-7 is mixed with human urine, soil solution, saliva, and beer,
respectively. Percent change of the peak current ((IMB‑L− IMIX)/IMB‑L,
where IMB‑L and IMIX are the peak currents before and after addition of
the mixture samples, respectively) of ACV was recorded from three
different electrodes.

Figure 3. (A) Specificity of DNA sensor is demonstrated in the
presence of 6000-fold (m/m) excess denatured herring sperm genomic
DNA. (B) Percentage change of ACV current ((IMB‑L − ITM‑7)/IMB‑L,
where IMB‑L and ITM‑7 are the peak current before and after addition of
TM-7, respectively) responses to the various concentrations of TM-7
without (orange bar) and with (blue bar) genomic DNA. All data
shown are average measurements from three different electrodes.

Figure 4. In heterozygous samples, TM-7 and WT are mixed together
at various ratios (TM-7/ (WT + TM-7) = 0, 2%, 10%, 20%, 50%, and
100%) with a total concentration of 100 nM. Percent change of the
peak current ((IMB‑L− IMIX)/IMB‑L, where IMB‑L and IMIX are the peak
currents before and after addition of the DNA mixture, respectively) of
ACV increased with increasing percentage of mutant-type DNA in
sample solutions. Data shown are average measurements from three
different electrodes.
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C, and random DNA sequences (Table S1, Supporting
Information). Figure S4, Supporting Information, shows the
signal changes from ACV experiments after incubating the
DNA sensor with different targets. The ACV response of
mutant A and mutant C has much lower signal changes than
that of mutant T. In addition, as expected, almost no change of
ACV signal is observed for the capture probe hybridized with
noncomplementary sequence, since hybridization hardly occurs
between the capture and the noncomplementary sequence.
These results illustrate that the proposed DNA sensor is able to
effectively detect the mutant T DNA with high specificity.
Sensitivity. The sensitivity of this method was evaluated

using different concentrations of TM-7 (0, 0.5, 1, 2, 5, 10, 20,
50, 100, and 200 nM). As shown in Figure 5, the signal

decreases with increasing concentration of target DNA. The
regression equation was expressed as y = 3.2342x + 2.0614 (x is
the concentration of TM-7, y is the signal decrease percentage).
The detection limit, based on 3σ/slope (where σ is the standard
deviation), was calculated to be 58 pM with a correlation
coefficient R value of 0.9984, which can be detected
experimentally (Figure S5, Supporting Information). This
approach is much more sensitive than previous methods.6

One of the most important reasons for improving SNPs
discriminating ability is that the ΔTm value of LNA/DNA
hybrids is much larger than that of DNA/DNA hybrids. This
indicates that LNA-integrated strand has much more binding

force to target sequence and better recognition ability of single-
base mismatches. As shown in Figure S6, Supporting
Information, the melting temperature of LNA−DNA perfectly
matched duplex (71.1 °C) was higher than that of DNA−DNA
perfectly matched duplex (61.5 °C). Moreover, Tm of LNA-
DNA mismatched duplex was decreased to 51.2 °C, which was
much lower than that of DNA−DNA mismatched duplex (57.4
°C). The ΔTm value of LNA/DNA hybrids became larger,
suggesting that the SDR is much easier to occur when mutant-
type DNA is present and the SDR is much harder to occur
when wild-type DNA is present. Thus, it is greatly helpful to
improve the sensitivity and selectivity in the detection of SNPs.

Regenerability of the DNA Sensor. T-P was covalently
attached on gold surface through the Au−S bond, which
allowed the sensor to be stable enough to regenerate and
establish ON−-OFF switching. As shown in Figure 6A,

compared with the initial peak current (curve a), the peak
current produced a signal suppression of 91.6 ± 1.8% after
hybridization between MB-L and TM-7 (curve b) and
regenerated 98 ± 2.2% of the original signal successfully
(curve c) by immersing the regenerated electrode in the MB-L
solution. The sensor could reproducibly detect TM-7 over five
tested reuses (Figure 6B). It demonstrates that this DNA
sensor has good reversibility. Thus, regeneration is another
appealing advantage for the sensing system.

Figure 5. (A) Alternating current voltammograms of the sensor with
addition of TM-7 solution at concentrations of 0, 0.5, 1, 2, 5, 10, 20,
50, 100, and 200 nM (from top to buttom). (B) Linear relationship
between the signal decrease percentage ((IMB‑L − ITM‑7)/IMB‑L, where
IMB‑L and ITM‑7 are the peak current before and after addition of TM-7,
respectively) and the concentration of TM-7. All measurements were
performed in PB solution (100 mM phosphate, pH 7.4). Data shown
are average measurements from three different electrodes.

Figure 6. (A) ACV responses of the regenerated sensor. In the
presence of MB-L (100 nM), a well-defined peak current is obtained
(curve a). When TM-7 was added, the peak current decreased
dramatically (curve b). After regeneration, the current recovered 98%
of original current (curve c). (B) Reversibility of the sensor over five
cycle uses. Relative intensity is calculated with the initial IMB‑L and
ITM‑7 values as 100% and 0%, respectively. Data shown are average
measurements from three different electrodes.
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■ CONCLUSIONS
We proposed a sensitive ON−OFF switching DNA sensor with
high SNPs discrimination ability by employing LNA-integrated
and toehold-mediated SDR methods. As a proof-of-concept,
this strategy provides an easily regenerated platform, as well as a
highly sensitive and selective detection for SNPs. This strategy
has several excellent features. First, our method provides an
ON−OFF switching sensor, which has the characteristics of
easy regeneration and good stability. In this sensing system, the
wild-type DNA or mutant-type DNA can be detected by the
ON or OFF state. Second, we introduce LNA and SDR
techniques into the SNPs sensing system, which improve the
detection capability and reaction rate. Third, this sensing
system manifests a remarkable discrimination capability of
SNPs with high selectivity and specificity toward single-base
mismatched DNA among abundant wild-type targets and
genomic DNA. This DNA sensor even works in complex,
contaminant-ridden samples. Finally, the DNA sensor for
detection of SNPs can be fabricated without any kind of
enzyme. We may expect this approach to provide an inspiring
strategy for SNPs detection and offer the groundwork for the
design of other regenerated platforms for biosensing
applications, such as detection of metal ions and proteins.
Our further research will focus on improvement of the
sensitivity and propose a more practical sensor for SNPs
analysis in real samples.
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