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a b s t r a c t

Using spontaneous cascade DNA branch migration and dual-signaling sensing strategy, we developed a
novel universal electrochemical biosensor for the highly specific and sensitive detection of nucleic acids.
A target strand (Ts) competitively hybridized with a ferrocene (Fc)-labeled signal probe (Fc-S1), which
was blocked by a protector strand (Ps), after strand displacement to form the Ts/Fc-S1 duplex. A me-
thylene blue (MB)-modified signal probe (MB-S2) was immobilized on the Au electrode surface by hy-
bridizing with a thiolated capture probe (Cp). Then, the obtained reactants (Ts/Fc-S1 and MB-S2/Cp)
suffered spontaneous DNA branch migration and produced two hybridization products (Fc-S1/Cp and
MB-S2/Ts). These reactions led to the dissociation of MB molecules and the collection of Fc molecules.
The detection mechanism of this DNA biosensor involved distance variation between the redox tags and
the Au electrode, which was associated with target-induced cascade DNA branch migration. Moreover,
we rationally designed the cascade DNA branch migration to occur spontaneously withΔG°E0, at which
slight thermodynamic changes caused by base mismatch exerted a disproportionately large effect on the
hybridization yield. This “signal-on/off” sensing system exhibited a remarkable analytical performance
and an ultrahigh discrimination capability even against a single-base mismatch. The maximum dis-
crimination factor (DF) of base mutations or alterations can reach 17.9. Therefore, our electrochemical
biosensor might hold a great potential for further applications in biomedical research and early clinical
diagnosis.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Nucleic acids are essential biomolecules that encode and reg-
ulate the expression of genetic information within living organ-
isms (Collins et al., 2003; Sauna and Kimchi-Sarfaty, 2011). In
general, small changes in nucleic acid sequences can lead to sig-
nificant biological and biomedical implications, such as human
diseases, population genetics, and bacterial drug resistance (Chen
et al., 2011; Ito et al., 2007). Therefore, the highly selective and
sensitive detection of specific nucleic acids is a crucial research
goal with an immense potential for biomedical applications.
However, the specificity of nucleic acid hybridization, which was
simply based on Watson–Crick base-pairing has been challenged
24429@qq.com (G. Xie).
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except near the melting temperature. High-temperature or che-
mical denaturation is often used to improve hybridization speci-
ficity (Zhang et al., 2012). Nevertheless, the operation near the
melting temperature or under chemically denaturing conditions is
not always feasible. Hence, new and simple methods for the spe-
cific and convenient determination of nucleic acids must be
developed.

To date, various methods have been rationally used to generate a
high specificity to the target molecule; these methods include
strand displacement (Li et al., 2011; Zhang and Winfree, 2010; Zhu
et al., 2013), chemically modified probes (Agarwal et al., 2013; Go-
mez et al., 2014), cooperative hybridization (Chen et al., 2015; Ren
et al., 2015; Zhang, 2010), hairpins (Farjami et al., 2011; Li et al.,
2014), and other structural elements. Among these devices, strand
displacement reaction, in which the invading strand displaces the
protector in binding to the substrate with partial complementary to
both, was a powerful mechanism that improves the specificity of
nucleic acid hybridization (Genot et al., 2011; Qian et al., 2011;
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Wang et al., 2014; Zhang and Seelig, 2011). Moreover, Holliday
junction, which primarily relies on double-stranded toehold ex-
change and spontaneous DNA branch migration, has been recently
known to be a mismatch-sensitive recognition structure (Krainer
et al., 2015; Panyutin and Hsieh, 1993). Double-stranded probes
were designed to hybridize spontaneously with a double-stranded
target DNA that proceeds at approximate thermodynamic equili-
brium (ΔG°E0) (Chen et al., 2013). Meanwhile, the binding affinity
is low when base mutations or alterations are present in the target
molecule by taking advantage of small energetic differences near
ΔG°E0 can result in strong differences in the hybridization yield
(Wang and Zhang, 2015). Thus, the device whose operation is based
on DNA strand displacement and Holliday junction can meet the
requirement of specificity in nucleic acids analysis.

Electrochemical methods were one of the most promising ap-
proaches for nucleic acid detection because of their rapid and
sensitive response, low cost, operational convenience, and suit-
ability for mass production (Hu et al., 2014; Liu et al., 2011).
However, most of these electrochemical biosensors employ only
one signaling mechanism, i.e., either “signal-on” or “signal-off”
(Hu et al., 2014; Qian et al., 2015). It is no doubt that the si-
multaneous use of multiple electrochemical labels can provide
additional electrochemical information at various redox potentials
and robustly detection of specific target molecule (Wei et al., 2014;
Xiang et al., 2011; Xiong et al., 2015). Meanwhile, the combination
of a biosensor system combined and superimposed dual signal
changes as an amplification strategy could be used to analyze
target molecule sensitively (Wu et al., 2013; Yang and Lai, 2012).
Thus, a truly dual-signaling biosensor that features both “signal-
on” and “signal-off” elements was desirable.

Considering the above findings, we first reported a universal
electrochemical DNA biosensor based on the spontaneous cascade
DNA branch migration strategy and the dual-signaling sensing
method for specific and sensitive detection of nucleic acids. A
target strand (Ts) competitively hybridized with a ferrocene (Fc)-
labeled signal probe (Fc-S1), which was blocked by a protector
strand (Ps), after strand displacement to the form Ts/Fc-S1 duplex.
A methylene blue (MB)-modified signal probe (MB-S2) was trap-
ped close to the Au electrode surface with the hybridization be-
tween the MB-S2 and a thiolated capture probe (Cp). Then, the
duplexes (Ts/Fc-S1 and MB-S2/Cp) initiated Holliday junction and
formed the Ts/Fc-S1/MB-Sp2/Cp complex. Finally, the obtained
four-stranded complex suffered spontaneous DNA branch migra-
tion and produced two hybridization products (Fc-S1/Cp and MB-
S2/Ts), which resulted in MB molecule departure and Fc molecule
conglutination on the Au electrode surface. The detection me-
chanism of this DNA biosensor involved distance variation be-
tween the redox tags and the Au electrode, which was associated
with Ts-induced strand displacement reaction and Holliday junc-
tion. The proposed biosensor provided a universal and promising
method for the selective and sensitive detection of nucleic acids
with remarkable advantages, including perfect analytical cap-
ability, ease of fabrication, and straightforward operation. Fur-
thermore, dual recognition according to the spontaneous cascade
DNA branch migration strategy exhibited an ultrahigh dis-
crimination capability even against single-base mutation.
2. Experimental

2.1. Chemicals and materials

Ethylenediaminetetraacetic acid (EDTA) and Tris (2-carbox-
yethyl) phosphine hydrochloride (TCEP) were purchased from
Sigma-Aldrich Co. (St. Louis, USA). Tris (hydroxymethyl) amino-
methane (Tris) and 6-mercapto-1-hexanol (MCH) were supplied
by Aladdin Chemistry Co., Ltd. (Shanghai, China). A 20 bp DNA
ladder and loading buffer (6� ) were purchased from TaKaRa
Biotechnology Co. Ltd. (Dalian, China). Agarose G-10 was obtained
from Biowest, Inc. (Val de Loire, France). Other reagents were of
analytical grade and used as received. All solutions were prepared
using ultrapure water (Milli-Q 18.2 MΩ cm, Millipore System Inc).
HPLC-purified oligonucleotide sequences were purchased from
Sangon Biotechnology Inc. (Shanghai, China) and listed in Table S1.
The detailed kinetic parameters of the sequences were provided in
Table S2.

2.2. Apparatus and measurements

All electrochemical measurements were carried out by using a
CHI660D electrochemical workstation (Shanghai CH Instruments
Co., China) at room temperature (RT, 2572 °C). A conventional
three-component electrochemical cell comprising a modified Au
working electrode (3 mm diameter), a platinum wire auxiliary
electrode, and a KCl-saturated Ag/AgCl reference electrode was
used. Real-time fluorescence measurements were performed using
a Cary Eclipse Fluorescence Spectrophotometer (Agilent, Cali-
fornia) with a quartz fluorescence cuvette (45 mm�
12.5 mm�7.5 mm; path length¼5 mm; inside width¼1 mm).
Parameters: Scan time, 60 min; Scanning interval, 1 min; Excita-
tion wavelength, 480 nm; Emission wavelength, 520 nm. An
electrophoresis apparatus (DYY-6C, LIUYI, China) was used in the
agarose gel electrophoresis experiment. Gel image was recorded
by using an imaging system (Bio-Rad Laboratories, USA).

2.3. Electrode pretreatment

The Au electrode was mechanically polished on a microcloth
with 0.3 and 0.05 μm alumina powder to obtain a mirror-like
surface, followed by successive sonication in ultrapure water,
ethanol, and ultrapure water for 5 min each. Then, the electrode
was cleaned by immersion in freshly prepared piranha solution
(3:1 v/v mixture of 98% H2SO4 and 30% H2O2) for 10 min (Caution:
Piranha solution dangerously attacks organic matter!). The Au
electrode was further electrochemically pretreated by scanning in
H2SO4 (0.1 M) between �0.2 and 1.6 V until a stable cyclic vol-
tammogram was obtained, and then the cleaned electrode was
rinsed thoroughly and dried with nitrogen gas.

2.4. Preparation of the biosensor

A 2 mM thiol-labeled Cp was first treated with 10 mM TCEP in
hybridization buffer (10 mM phosphate buffer, 150 mM NaCl,
70 mM MgCl2, 2.7 mM KCl, pH 7.4) for 1 h at RT to reduce the
disulfide bond. MB-S2/Cp conjugation was performed by in-
cubating 1.6 mM Cp with 1.6 mM MB-S2 in the hybridization buffer
at 37 °C for 40 min in the dark. The cleaned Au electrode was
immersed in a 0.8 mM MB-S2/Cp duplex for 9 h at RT in the dark,
and then incubated with 1 mM MCH solution for 1 h at 37 °C to
block the uncovered Au electrode surface. The electrode was
rinsed thoroughly and ready for the next treatment.

2.5. Electrochemical detection

A 0.8 mM Fc-S1 was first incubated with a 1.2 mM Ps in the
hybridization buffer at 37 °C for 40 min to obtain the Fc-S1/Ps
duplex. Various concentrations of Ts were further added into the
resulting Fc-S1/Ps solution and then incubated at 37 °C for 1 h to
displace Ps and form the Ts/Fc-S1 duplex. Subsequently, the ob-
tained mixture solution was dropped on the modified Au elec-
trode. This process was performed in the dark at 37 °C for 80 min
and was terminated by repeatedly washing. Finally, square wave
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voltammetry (SWV) measurements were performed with a step
potential of 4 mV, a frequency of 25 Hz, and an amplitude of
25 mV by scanning the potential from �0.5 V to 0.5 V in working
buffer solution (20 mM Tris–HCl, 140 mM NaCl, 5 mM MgCl2, pH
7.4). All analyses were performed in triplicate.

2.6. Real-time fluorescence measurements

Two fluorescence experiments were used to verify the spon-
taneous cascade DNA branch migration with two pairs of 6-car-
boxylflouorescein (FAM-) or Dabcyl-modified probes. The FAM- or
Dabcyl-modified oligonucleotide sequences were listed in Table
S1. In the first experiment, 5′-FAM-labeled S1 (FAM-S1) was pre-
mixed with 3′-Dabcyl-labeled Ps (Dabcyl-Ps) at 37 °C for 40 min,
and then incubated with Ts. In the second experiment, Ts was first
hybridized with the S1/Ps duplex for 40 min at RT to form the Ts/
S1 duplex. The obtained mixture was reacted with the FAM-S2/
Dabcyl-Cp duplex. Real-time fluorescence of the samples was
measured using a fluorescence spectrophotometer for 1 h. The
concentrations of each probe and target were 100 nM and 50 nM,
respectively.

2.7. Gel electrophoresis

Samples for agarose gel electrophoresis assays were prepared
as follows: (1) only Fc-S1 was incubated with Ts; (2) only Fc-S1
was incubated with Ps; (3) Fc-S1 was premixed with Ps for 40 min
at 37 °C, and then incubated with Ts. The samples were incubated
at 37 °C for 40 min and then subjected to a 3.5% (w/w) agarose gel
electrophoresis in 1� TBE buffer (45 mM Tris–Boric acid, 10 mM
Scheme 1. Illustration of the spontaneous cascade DNA branch migration strategy for ta
reader is referred to the web version of this article.).
EDTA, pH 8.0) at a constant voltage of 100 V for 40 min. The
concentration of each sample in agarose gel was 1 μM.
3. Results and discussions

3.1. Mechanism of the proposed biosensor

The detailed principle of this sensing system was illustrated in
Scheme 1A. Fc-S1 was first hybridized with Ps to block the orange
domain at the 5′ end of Fc-S1 to reduce the background. Green
domains of the Fc-S1/Ps duplex and Ts could initiate DNA branch
migration to form the Ts/Fc-S1/Ps complex. This complex was in-
herently unstable, and Ps dissociated from the Ts/Fc-S1/Ps com-
plex, completing the strand displacement reaction and releasing
the hybridized product Ts/Fc-S1 duplex. MB-S2 was designed to be
partially complementary to the Cp, which allowed the formation
of the MB-S2/Cp duplex. The obtained duplexes (Ts/Fc-S1 and MB-
S2/Cp) were two primarily double-stranded DNA molecules, and
each duplex contained single-stranded overhangs at the 5′ term-
inal of one strand and at the 3′ terminal of the other. The over-
hangs with matching color (orange and purple) were com-
plementary to each other. The overhangs of the reactants (Ts/Fc-S1
and MB-S2/Cp) served as “initiation toeholds” to initiate Holliday
junction and promote the formation of the Ts/Fc-S1/MB-S2/Cp
complex. The four-stranded complex then suffered DNA branch
migration through a series of intermediate iso-energetic states.
When the toehold-mediated DNA branch migration reached the
distal terminus, the “dissociation toeholds” (blue and green)
spontaneously fell apart to release two hybridization products
rget DNA detection. (For interpretation of the references to color in this scheme, the
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(Fc-S1/Cp and MB-S2/Ts). We designed the MB-S2/Cp duplex ra-
tionally to react with the Ts/Fc-S1 duplex with ΔG°E0, at which
slight thermodynamic changes caused by base mismatch exerted a
disproportionately large effect on the hybridization yield. The
above cascade DNA branch migration strategy (step1 and step2 in
Scheme 1A) provided a dual improved specificity in nucleic acid
detection.

MB and Fc were used as the electroactive molecules to produce
electrochemical signals in this “signal-on/off” sensing system
(Scheme 1B). The MB-S2/Cp duplex was first self-assembled on the
Au electrode surface through Au–S bond, and then kept upright
because of the immobilized MCH. Hence, the MB molecule was
confined near the electrode surface, producing an intense current
signal. When challenged with the Ts/Fc-S1 duplex, MB-S2 dis-
sociated from the MB-S2/Cp duplex into the solution, and Fc-S1
attached to Cp. These changes led to the decrease of the redox
current of MB (IMB), accompanied by the increase of that of Fc (IFc).
Analysis of Ts relied on the simultaneous monitoring of MB signal
suppression and Fc signal enhancement. The value of ΔIFcþ |ΔIMB|
was used to quantify target concentration and thus amplify the
signal. These designs significantly improved the selectivity and
sensitivity of nucleic acid detection.

3.2. Characterization of the sensing system

To verify the concept of the cascade branch migration strategy,
Fig. 1. Characterization of the sensing system. (A) Fluorescence intensity of: (a) FAM-S
presence of Ts. Dotted lines showed simulation results (sim) calculated with the second
(3) Fc-S1/PsþTs. (C) CVs of: (a) MB-S2/Cp/Au; and (b) MB-S2/Cp/AuþFc-S1/Ps in the pre
Cp/Au.
the mecA gene in methicillin-resistant Staphylococcus aureus was
selected as the model target to test whether or not our design
functions as intended. We first carried out two experiments to
verify the spontaneous cascade DNA branch migration using two
pairs of FAM- or Dabcyl-modified probes (Fig. 1A). Clearly, no
signal was obtained when Ts was omitted from the reaction (curve
a in Fig. 1A) because Dabcyl can quench FAM fluorescence upon
the hybridization between FAM-S1 and Dabcyl-Ps. By contrast, the
fluorescence intensity gradually increased when the FAM-S1/
Dabcyl-Ps duplex was incubated with Ts (curve b in Fig. 1A), im-
plying that the strand displacement reaction was successfully in-
itiated. This process was further confirmed by gel electrophoresis
(Fig. 1B). The gel electrophoresis of the strand displacement re-
action products showed that a band (lane 3) lying in the position
of the Ts/Fc-S1 duplex (lane 1). This suggested that the Ts dis-
placed the Ps successfully. The significant fluorescence variation
upon the hybridization between the Ts/S1 and FAM-S2/Dabcyl-Cp
duplexs reflected that the toehold-mediated Holliday junction
spontaneously occurred (curve c in Fig. 1A). Therefore, the above
results demonstrated the successful design of the sensing system.

The stepwise fabrication of this biosensor was monitored using
cyclic voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS). CV measurements were employed to characterize the
changes in electrochemical properties during the modification
process. As exhibited in Fig. 1C, a couple of strong redox peaks of
MB was observed at �0.28 and �0.29 V in the potential window
1/Dabcyl-Ps; (b) FAM-S1/Dabcyl-PsþTs; and (c) FAM-S2/Dabcyl-CpþS1/Ps in the
order reaction. (B) Agarose gel electrophoresis of: (1) Ts/Fc-S1; (2) Fc-S1/Ps; and

sence of Ts. (D) EIS of: (a) bare Au electrode; (b) MB-S2/Cp/Au; and (c) MCH/MB-S2/



T. Wang et al. / Biosensors and Bioelectronics 78 (2016) 464–470468
(curve a), which indicated that the MB-S2/Cp duplex was im-
mobilized on the surface of the Au electrode. When hybridized
with the Ts/Fc-S1 duplex, the redox current of MB declined
Fig. 2. Feasibility of the dual-signaling electrochemical biosensor. SWVs of: (a) MB-
S2/Cp/Au; (b) MB-S2/Cp/AuþFc-S1/Ps in the presence of Ts; and (c) MB-S2/Cp/
AuþFc-S1/Ps in the absence of Ts (blank).

Fig. 3. Optimization of the experimental conditions. Effects of (A) MB-S2/Cp duplex conce
S1 concentration on the electrochemical response in this sensing system. The used conce
the others kept on their optimal conditions. The target DNA concentration was 2 nM. E
whereas that of Fc dramatically increased (curve b). Such changes
implied that a large amount of MB molecules moved away from
the electrode surface, and that a large amount of Fc molecules
were loaded onto the Au electrode. The CV results in Scheme 1A
demonstrated the success of DNA branch migration in double-
stranded DNA according to step2. EIS was also employed to char-
acterize the fabrication of this sensing system (Fig. 1D). The bare
Au electrode showed a very small semicircle domain (curve a),
which demonstrated the excellent electron transfer ability of the
Au electrode. The impedance increased after immobilization of the
MB-S2/Cp duplex (curve b), suggesting that the MB-S2/Cp duplex
was successfully combined on the electrode surface through Au–S
bond. The semicircle further increased after MCH immobilized on
the Au electrode (curve c), implying that the immobilized MCH
inhibited electron transport to the electrode surface with non-
conductive properties. Similarly, these observations showed the
success of the stepwise modification.

3.3. Feasibility of the dual-signaling electrochemical biosensor

The SWV responses of the different modified electrodes were
measured (Fig. 2) to demonstrate the feasibility of the proposed
“signal-on/off” biosensor for target detection. After the im-
mobilization of the MB-S2/Cp duplex, only a well-defined current
peak of MB at approximately �0.29 V was measured because the
MB molecule transferred the electrode efficiently (curve a). When
the modified Au electrode was further incubated in Fc-S1/Ps
ntration; (B) self-assembly time; (C) concentration ration of Fc-S1 versus Ps; (D) Fc-
ntrations were 0.4, 0.6, 0.8, 1.0, 1.2 mM, respectively. When one parameter changed,
rror bars represented standard deviations of the measurements (n¼3).



Fig. 4. Analytical performance of the DNA biosensor. (A) SWVs of the “signal-on/
off” system with the increasing concentrations of Ts (from 1 to 10: 0, 0.1, 0.2, 0.4,
0.8, 1, 1.5, 2, 3, and 4 nM, respectively). (B) Calibration curve of ΔIFcþ |ΔIMB| versus
the logarithm of Ts concentrations. Inset: the relationship between the ΔIFcþ |ΔIMB|
and the concentrations of Ts. Error bars represented standard deviations of the
measurements (n¼3).
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solution in the presence of Ts, the MB response was significantly
suppressed, whereas the Fc response increased (curve b). As a
result, the observed variation in the MB and Fc currents originated
from the MB-S2 dissociation and the Fc-S1 collection during the
DNA branch migration. Moreover, the redox currents of MB and Fc
slightly changed in the absence of Ts because the Fc-S1/Ps duplex
was unable to react with the MB-S2/Cp duplex without the target
(curve c). The above results suggested that the Fc-S1 acted as a
conventional “signal-on” probe in this sensing system, whereas
the MB-S2 acted as a “signal-on” probe. In conclusion, this de-
veloped electrochemical biosensor produced a readily measured
current variation that could be related to the presence and con-
centration of Ts.

3.4. Optimization of the experimental conditions

The corresponding experimental conditions were selectively
optimized to achieve the perfect sensing performance. The im-
mobilization order of Cp and MB-S2 probes was firstly optimized.
As shown in the Fig. S1, curve a was obtained when Cp was im-
mobilized on the gold surface at the first and then hybridized with
MB-S2, curve b was obtained when Cp hybridized with S2 at the
first. The electrochemical signal of curve a was much less than that
of curve b which suggesting the second method was better for this
electrochemical biosensor. Previous studies indicated that the
hybridization efficiency increases with increasing probe density,
but signal suppression increases with increasing probe density.
Hence, the concentration and the incubation time of the MB-S2/Cp
duplex should be optimized. As shown in Fig. 3A, ΔIFcþ |ΔIMB|
increased with MB-S2/Cp concentration from 0.4 mM to 0.8 mM.
The concentration further increased with a slight decrease in
signal variation. The dependence of ΔIFcþ |ΔIMB| on the im-
mobilization time of MB-S2/Cp was studied in the range of 5–13 h
(Fig. 3B). The results showed that the current variation gradually
increased with prolonged time and then stabilized after 9 h.
Therefore, 0.8 mM and 9 h were selected as the optimal con-
centration and immobilization time of the MB-S2/Cp duplex, re-
spectively. The concentration ration of Fc-S1 versus Ps and the
concentration of Fc-S1 were also optimized to maximize the sig-
nal-to-noise ratio and the detection sensitivity. As illustrated in
Fig. 3C and D, the no color filling pillar represented the current
variation obtained in the presence of Ts. The color filling pillar
represented the background signal. Results indicated that the
optimal concentration ration of Fc-S1 versus Ps and the optimal
concentration of Fc-S1 were 2:3 and 0.4 mM, respectively. Basing
from the optimized conditions mentioned above, we also in-
vestigated the time and temperature of the Holliday junction (Fig.
S2). Results suggested that an optimum time of 80 min and a
temperature of 37 °C were the ideal reaction conditions for the
following experiments.

3.5. Analytical performance of the DNA biosensor

Under the optimal experimental conditions, the sensitivity of
the fabricated biosensor was determined using a series of Ts
concentrations. As shown in Fig. 4A, the MB current decreased and
the Fc current increased with increasing concentrations of Ts
(curves 1–10). The dependence of the variation of MB current or Fc
current on the logarithm of Ts concentration was analyzed on the
basis of the individual MB or Fc signals (Fig. S2A). Both of the re-
sulting calibration curves exhibited a linear relationship in the
range of �10 to �8.4, and the detection limits were 114 and
161 pM (S/N¼3) corresponding to the MB and Fc signals, respec-
tively. To amplify the electrochemical response, ΔIFcþ |ΔIMB| was
used as the response signal to determine quantitatively the con-
centration of Ts (insert in Fig. 4B). The value of ΔIFcþ |ΔIMB| was
linear with the logarithm of Ts concentration (Figs. 4B and S3B).
The regression equation was expressed as ΔIFcþ |ΔIMB| (mA)¼
4.899þ0.473 log C (M) with a coefficient of determination (R2) of
0.997, where C is the concentration of Ts (n¼3). The detection
limit was estimated at 85 pM (S/N¼3). Obviously, the proposed
method in this study showed good performance in terms of ana-
lytical range and detection limit.

3.6. Specificity of this sensing system

The specificity of the fabricated spontaneous cascade DNA
branch migration strategy and the dependence of the differ-
entiating ability on the mutant type were also evaluated using Ts, a
series of mutant target (Mt) molecules (Table S1) and blank. These
base changes were distributed at the middle position along the
testing region and included insertions, deletions and mismatch. As
shown in Fig. 5, various mutant sequences all produced slight
current changes, which were considerably lower than the current
variation in the presence of Ts. The ΔG° of hybridization changed
with the types of mutation, which resulted in different dis-
crimination capacities (insert in Fig. 5). The discrimination factor



Fig. 5. Specificity of this sensing system. SWVs of: blank; (Ts) complementary
target; (Tm) mismatch target; (Ti) insert target; and (Td) delete target. Inset: the
dependence of the discrimination factors (DF¼ΔITs/ΔIMt) on different mutate types.
The DNA concentration was 2 nM. Error bars represented standard deviations of
the measurements (n¼3).

T. Wang et al. / Biosensors and Bioelectronics 78 (2016) 464–470470
(DF¼ΔITs/ΔIMt) quantified the specificity of this sensing system as
the ratio of the current change generated by equal concentrations
of Ts and Mt molecules. The highest DF was obtained with the
mismatch sequence and DFs of the mutant sequences ranged from
7.8 to 17.9, with a median of 12. These above results clearly de-
monstrated that the present sensing system based on the cascade
recognition strategy had a high sequence specificity to distinguish
Mt.
4. Conclusion

In short, using the spontaneous cascade DNA branch migration
reaction and dual-signaling sensing strategy, we first introduced a
universal electrochemical biosensor for the highly specific and sensi-
tive detection of nucleic acids. With the aid of the truly dual-signaling
amplification method and the simple signal transduction manner, the
proposed electrochemical biosensor exhibited remarkable advantages
including perfect analytical capability, ease of fabrication and
straightforward operation. The spontaneous cascade DNA branch mi-
gration strategy also exhibited an apparent improved specificity and
an ultrahigh discrimination capability even against single-base muta-
tion because of dual recognition. Importantly, this electrochemical
DNA biosensor could be conveniently applied to other nucleic acids
simply by altering the corresponding DNA sequences. Therefore, the
proposed DNA biosensor has a great potential for further applications
in biomedical research, food safety, early clinical diagnosis, and en-
vironmental monitoring.
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