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ABSTRACT

The sensitivity of structure-switchable electrochemical DNA (E-DNA) sensors is generally limited by the
irremovable redox labels that are close to or distant from the sensing interface. To address this issue, we
design a semiduplex probe inspired by the stem-loop structure, in which the “nicked loop” domain can
serve as toehold to mediate a target-responsive strand-displacement reaction. Such a reaction can fun-
damentally eliminate the post-responsive background current that arises from the irremovable probe,
and thus improve the sensitivity. This novel toehold E-DNA (tE-DNA) sensor is able to achieve a detection
limit as low as 0.2 pM, which is lower than that of the classic stem-loop structured sensor by two orders
of magnitude. Moreover, the toehold domain endows the sensor an excellent selectivity against a single-
base mismatched sequence and high binding kinetics. By combining this heterogeneous surface-based
dynamic self-assembly design with a homogeneous enzyme amplification strategy, the sensitivity can be
further improved by three orders of magnitude to sub-femtomolar level. Additionally, this unique bio-
sensor presents reliable reusability, and is capable of probing low abundance of target DNA directly in
complex matrices, such as human serum, with minimal interference. These advantages make our tE-DNA

sensor a promising contender in the E-DNA sensor family for clinical diagnostics.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

It is highly necessary to tailor-engineer a sensitive, selective
and low-cost biosensing means for nucleic acids assay, considering
the ever-increasing clinical expectation for rapid and early diag-
nosis of cancer and infectious diseases (Hsieh et al., 2015; Giljo-
hann and Mirkin, 2009). On the basis of precise Watson-Crick
pairing principle, a variety of nucleic acid bioassays have been
demonstrated (Wang et al., 2012; Chung et al., 2013; Liong et al.,
2013). However, either the slow readout or the bulk probing
component makes them incompatible with point-of-care testing.
To overcome this hurdle, several functional micro- and nanos-
tructured DNA biosensing devices, including platforms based on
microfluidics (Hong et al., 2004; Ferguson et al., 2011), nano-
plasmonics (Anker et al., 2008; Tokel et al., 2014), nanomechanics
(Lu et al., 2011) and field-effect transistor (FET) (Cai et al., 2014; Cai
et al., 2015; Yang and Zhang, 2014), have been exploited to
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perform rapid and ultrasensitive DNA quantification in multi-
component settings. Nevertheless, most, if not all, of these meth-
ods suffer from either high fabrication cost or complicated pho-
tolithography procedures. In contrast, the electrochemical DNA (E-
DNA) sensor has unique appeal in point-of-care diagnostics and
practical clinical monitoring, because of its intrinsic sensitive,
simple, portable and inexpensive attributes (Drummond et al.,
2003; Fan et al, 2003). Moreover, the electrochemical sensing
interface is compatible with advanced micro- and nanofabrication
technology as well as functional nanomaterials, and the combi-
nation can significantly enhance the sensor's response to the tar-
get sequence by maximizing mutual advantages (Zhu et al., 2014;
Zhang et al., 2007; Ferguson et al., 2009; Soleymani et al., 2009).
The performance, however, stringently depends on perfect and
rational cooperation between the sensing elements, which is hard
to control. Therefore, how to construct a simple and highly sen-
sitive E-DNA sensor is a pressing issue.

To this end, a hairpin structured E-DNA sensor has been cre-
ated, which comprises a redox-tagged conformation-switchable
stem-loop probe assembled on an interrogating gold electrode
(Fan et al., 2003). Following this structurally switchable sensing
mechanism, a family of “signal-off’ or “signal-on” E-DNA sensors
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has been engineered. These sensors feature reagentless, and are
compatible with on-site diagnostics (Xiao et al., 2005; 2006;
2007a, 2007b; Ricci et al., 2007; Lubin and Plaxco, 2010; Wu and
Lai, 2013, 2014; Idili et al., 2014). However, the covalently attached
terminal redox label is irremovable in these conformation-
switchable signaling designs, which thus suppresses the target-
responsive signal change. In addition, the heterogeneity of elec-
trode-surface distributed duplex can further degrade such a re-
sponse because of the hybridized pairs lying-down (Murphy et al.,
2009; Josephs and Ye, 2013). Of note, the specially designed DNA
structured probes, such as stem-loop (Fan et al., 2003), pseu-
doknot (Xiao et al., 2007b) and triplex (Idili et al., 2014), limit the
range of measurable target sequences because of the specific re-
quirement to maintain the structural robust and functional con-
figuration. These problems hinder the further application of the
structurally switched E-DNA sensor.

Inspired by the classic E-DNA stem-loop conformation (Fan
et al., 2003), we herein report a semiduplex DNA structured probe
that harbors an unhybridized domain acting as a toehold to trigger
strand displacement reaction (SDR) (Zhang and Winfree, 2009),
through which the influence of the terminal electroactive reporter
is minimized upon hybridization with its complementary se-
quence. This toehold mediated E-DNA (tE-DNA) sensor is com-
posed of a prehybridized stem-toehold probe, akin to “split” stem-
loop strand. One strand of the probe anchors on the interrogating
gold electrode surface via Au-S chemistry, and the other strand
brings its terminally linked redox molecule (methylene blue, MB)
close to the electrode surface for signaling. Such a structure is able
to make the toehold domain exposed to an opposite direction. In
the presence of target DNA, the toehold fuels a rapid SDR (10 min)
with excellent selectivity against even a single-mismatch sequence
ascribed to the inherent high selectivity and reaction dynamics of
toehold. Additionally, such a facile design renders tE-DNA sensor a
high sensitivity (sub-picomolar level) because of the complete
release of the signaling strand. As compared to the SNP-oriented
locked nucleic acid (LNA) toehold design (Gao et al., 2014), our tE-
DNA sensor focuses on how to eliminate the irremovable signaling
molecule in structurally switchable E-DNA sensor, and more im-
portantly, this simple design is compatible with homogeneous
enzyme-based signal amplification strategy, which can further
improve the sensitivity by three orders of magnitude (up to
0.18 fM). This work provides a simple and universal strategy for
highly sensitive and selective detection of nucleic acids directly in
human serum.

2. Experimental methods
2.1. Materials

All oligonucleotides (Table S1) were synthesized and purified
by Sangon Inc. (Shanghai, China). Capture probe 1 (CP1) is thio-
lated with a-(CH;)s-spacer at the 5’ end. Target DNA 1 (T1) is a 26-
base sequence that contains a perfectly complementary sequence
to CP1. Signal probe 1 (MB1) is tailed with methylene blue (MB) at
the 3’ end. One-mismatch (1 M), two-mismatch (2 M) and three-
mismatch (3 M) sequences are the mutated counterparts of T1,
which contains single-nucleotide, two-nucleotide and three-nu-
cleotide mismatch to CP1, respectively. The noncomplementary
DNA (NC) is a random sequence that is noncognate to T1. Capture
probe 2 (CP2) is thiolated at the 3’ end with a-(CH;)g-spacer. Signal
probe 2 (MB2) is terminated with MB at the 5’ end. Target DNA 2
(T?) is a sequence with hot mutation spots of a breast cancer gene,
BRCA1. Exonuclease Il (Exo III) was purchased from New England
Biolabs Co. Ltd. (Beijing, China). Health human serum was pro-
vided by the affiliated hospital of Hubei University of Chinese

Medicine (Wuhan, China). Other reagents and buffers are listed in
the supporting information (SI).

2.2. Preparation of the sensor

The detailed experimental procedure can be found in previous
literature (Zhang et al., 2007) and the SI. Briefly, 5 pL of CP1 (5’ SH
terminal) at appropriate concentrations were dropped on the
electrode for overnight at room temperature to form self-as-
sembled monolayers (SAMs). The surface probe density could be
modulated by varying the assembly concentration of capture
probes. The DNA modified electrodes were subsequently treated
with 2 mM MCH for 1h to fill the unoccupied region and thus
assist the SAMs to adopt a favorable interfacial orientation. After
that, the functional electrodes were rinsed with Milli-Q water and
dried with nitrogen for subsequent hybridization. Signal probes of
the corresponding concentration were added to the modified
electrodes, allowing for CP1-MB1 binding at 37 °C in a hybridiza-
tion oven (UVP, HB-1000) with constant temperature and hu-
midity for 40 min in hybridization buffer. Prior to square wave
voltammetry (SWV) measurement, the electrodes were ex-
tensively rinsed with washing buffer and dried under a stream of
nitrogen.

2.3. Toehold mediated SDR and enzymatic amplification

In the first design, different concentrations of T1 were dropped
onto the well-prepared functional electrodes with toehold probe
to trigger a displacement reaction. After 20 min incubation at
room temperature, the electrodes were rinsed thoroughly using
washing buffer, 10 mM phosphate buffered saline (PBS, pH 7.4).
Then, the displaced strands (MB1) were removed from electrode
surface and followed by SWV measurement. Exo III was introduced
into the second design, where electrodes were decorated with
another toehold probe formed by CP2 and MB2. Prior to mea-
surement, diverse concentrations of T2 coexisted with 1 unit/pL
Exo IIl, were incubated in reaction buffer (20 mM Tris-HCI con-
taining 20 mM MgCl, and 50 mM Nacl, pH 8.0) for 20 min at 37 °C.
Then, the resulting electrode was thoroughly rinsed again for
subsequent SWV measurements as previously described.

2.4. Electrochemical measurements

All electrochemical measurements were performed with a
CHI660D electrochemical workstation (CH Instruments Inc., Aus-
tin, TX). A conventional three-electrode configuration was em-
ployed all through the experiment, which comprised a gold
working electrode, a platinum wire auxiliary electrode, and an Ag/
AgCl reference electrode. SWV measurements were performed by
scanning the potential from —0.4V to —0.1 V in 20 mM Tris-HCl
buffer (20 mM MgCl, and 50 mM NaCl, pH 7.4) with a step po-
tential of 4 mV, a frequency of 25 Hz, and an amplitude of 25 mV.
CV and electrochemical impedence spectroscopy (EIS) were car-
ried out in 0.01 M PBS containing 0.1 M KCl and 5 mM [Fe(CN)g]>~/
4= with the potential window from —0.2 to 0.6 V under a scan
rate of 0.1 V/s and a bias potential (0.224V), frequency range
(0.1 Hz to 10 kHz ), amplitude (5 mV), respectively. Prior to mea-
surements, the electrolyte solution should be completely purged
with high purity nitrogen for 15 min, to avoid the interference
from the reduction of oxygen.
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3. Results and discussions
3.1. Sensor design and signaling mechanism

As demonstrated in Fig. 1A, the irremovable redox labels and
the lying-down orientation of electrode surface-bound DNA
probes would lead to signal degradation (Josephs and Ye, 2013; Xia
et al., 2010). For example, the uprightly oriented duplex complex
with a top redox molecule on electrode surface can also produce
Faradaic current, and even higher in the “supersandwich” structure
(Xia et al., 2010). To address this issue, we here present a highly
sensitive E-DNA sensor using a simple pre-hybridized semiduplex
probe with a toehold domain (akin to a nicked “loop”) inspired by
the stem-loop structure (Fig. 1B). In the presence of target se-
quence, the toehold triggers a rapid SDR by forming a toehold-
target duplex complex and releases the signaling strand that is
covalently linked with a redox MB. Thus, a larger, readily mea-
surable signal change can be observed (Fig. 1B). In contrast to the
classic stem-loop E-DNA sensor (Fan et al., 2003), such a binding-
release responsive mechanism via complete removal of signaling
probe can greatly improve the sensor's sensitivity. Interestingly, in
the presence of the mutant sequence, the toehold will suppress
the SDR because of its inherent high discrimination ability to
single-base mismatch (Fig. 1B) (Khodakov et al., 2013), and thus a
high Faradaic current signal is generated due to the original probe
design bringing the electroactive reporter, MB, close enough to the
interrogating electrode surface (Fan et al, 2003). More im-
portantly, such a simple design is compatible with the next signal
amplification technology. By incorporation of enzyme-mediated
target recycling, the sensitivity of this sensor can be further en-
hanced (Fig. 6A), which is crucial significant in measuring low
abundance of target sequences in complex biofluids.

3.2. Optimization of the sensor

EIS was first employed to characterize a step-by-step con-
struction of the sensing interface by using the redox pair of [Fe
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(CN)g]> /4~ (Fan et al., 2012). As showed in Fig. 2Aa, no impedance
was observed for the bare gold electrode, reflecting the barrier-
free diffusion of [Fe(CN)g]>~/4~ to the electrode surface. Also, we
observed a pair of well-defined, quasi-reversible redox peaks (CV)
bearing the maximum current intensity (Fig. Sla). After im-
mobilization of CP1/MCH on the sensing interface, the interfacial
electronic resistance increased significantly. This is caused by
strong electrostatic repulsion between the negatively charged
phosphate backbone of DNA probes and the same negatively
charged [Fe(CN)g]> ~/#~, making the indicator difficult to approach
the electrode surface (Fig. 2Ab, Fig. S1b). Similarly, a significant
decrease in redox currents and an increase in peak separation
were observed (Fig. S1), which also confirmed the results. Sub-
sequent hybridization with the signaling strand further improved
the electrochemical impedance (Fig. 2Ac), because the absolute
amount of electrode surface-confined DNA increased with con-
comitant enhanced electrostatic repulsion. This newly formed
duplex brought the redox MB close to the interrogating electrode
surface, and thus a high Faradaic current signal was produced via
SWV readout (Fig. 2B). In the presence of the complementary
target sequence (10 nM), a high-efficient SDR occurred. This re-
leased the signaling probe to the solution at a 1:1 ratio (Fig. 2Ad),
leading to a large signal change (Fig. 2B). These results reveal the
successful fabrication of the toehold-mediated sensing interface
and demonstrate its great potential in sensitive detection of target
sequences.

To achieve optimal performance of our tE-DNA sensor, we
emphatically investigated two critical parameters, including CP1
to MB1 ratio (Ccp/Cumg) (SI) and reaction time. As demonstrated in
Fig. 2C, while 1 pM target DNA was incubated for 10 min, the
signal change first increased along with the ratio across the range
of 1:0.5 to 1:3, and then appeared stable even at the ratio of 1:4,
indicating a saturated dynamic hybridization at 1:3. Given the cost
(MB probe is relatively expensive) and the minimal discrepancy of
signal change between 1:2 and 1:3, we chose 1:2 as the optimal
surface probe ratio in the next assay. Consistent with the previous
report, the assembly concentration of capture probe here was fixed

E/IV

E/IV

E/V

Fig. 1. Schematic representation of the tE-DNA sensor evolved from the classic stem-loop structured E-DNA sensor. (A) The classic stem-loop structured E-DNA sensor with
the possible signaling from either upright or lying-down MB-tethered duplex, which can suppress the target-responsive signals. (B) A nicked stem-loop (dot-line box)
inspired semiduplex probe with a protruding toehold was employed to measure the complementary oligonucleotides and the mutant sequences, respectively.
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Fig. 2. (A) EIS (Nyquist plots) of a) bare gold electrode, b) CP1/MCH, c) CP1/MB1, and d) CP1/T. (B) SWV of a) CP1/MCH, b) CP1/MB1, and c) CP1/T (1 pMT). (C) The
optimization of Ccapture probe/CmB probe t0 Maximize the target-responsive signal change (defined as (Ip-lrarget/lo) x 100%). The orange column indicates the optimal ratio
(10 min incubation). (D) Comparison of the signal change varying with time (i.e., 10, 20, 30, 40, 50 min) of toehold mediated SDR (1 pM T). The orange column indicates the

optimal time. Error bars represent standard deviations of measurements (n=3).
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Fig. 3. Typical SWV curves of electrode surface-tethered toehold probes response
to target sequence at a series of concentrations, from top to down (red arrow):
0pM, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 100 nM, and 1 pM. Logarithmic plot (in-
set) of signal change versus target sequence concentrations (from 1 pM to 1 pM).
Error bars represent standard deviations of measurements (n=3). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

at 1 pM, which renders a more favorable probe orientation (Yang
et al., 2014a).

We then investigated the toehold mediated reaction time to
further improve the performance of this sensor. As shown in
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Fig. 4. Selectivity investigation of the tE-DNA sensor for diverse DNA sequences,
including blank, NC, 3 M, 2 M, 1 M~(C, G, A) and Target. The concentration of the
perfectly complementary T is 100 nM, and that of the other four sequences (i.e., NC,
1M, 2 M, 3 M) is identical at 200 nM. Error bars represent standard deviations of
measurements (n=3).

Fig. 2D, a gradual increase of the signal change occurred along
with the elongation of SDR time spanned from 10 min to 50 min,
in the presence of 1 pM target DNA and Ccp/Cyp 0f 1:2 (Ccp=1 pM,
Cvp=2 pM). Of note, the increasing amplitude of signal reduction
slowed down over a reaction time of 20 min. However, prior to
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Fig. 5. (A) SWV responses of the regenerated tE-DNA sensor. Upon assembly of toehold probe on the interrogating electrode, a well-defined peak current occurred (curve a).
In the presence of target sequence (1 uM), the peak current decreased dramatically (curve b). After regeneration, the current recovered 97.7% of the original current (curve c).
(B) Reusability of our tE-DNA sensor over five cycles. (C) Signal change of SWV responses for the tE-DNA sensing in buffer and other interfering matrices. Error bars represent

standard deviations of measurements (n=3).

that, the signal variation was relatively intense. It is probably due
to the highly frequent collisions between toehold and freely dif-
fused target sequence, which enables a high-efficient SDR in the
primary reaction period. With the ongoing depletion of target
DNA, the reaction efficiency gradually declined, indicating that
reaction equilibrium achieved after 20 min. The reaction time was
thus fixed at 20 min, although ~ 60% of signal change (equal to
75% of that at 50 min) could be realized within 10 min.

3.3. Sensitive detection of target DNA

We then employed the optimized tE-DNA sensor to challenge
with a series of complementary DNA concentrations ranging from
1 pM to 1 pM. As showed in Fig. 3, the SWV peak current gradually
decreased along with increase of target DNA concentrations, sug-
gesting an obvious concentration-dependent signal response. A
calibration curve was demonstrated for quantitative analysis of
target sequence (Fig. 3 inset), in which the signal reduction ratio
was logarithmically related to the concentration of target DNA,
spanning a response range of 6 orders of magnitude, from 1 pM to
1 pM. The regression equation is expressed as s=0.08 Ig c+0.10, (s
is the signal change ratio and c is the concentration of the target
DNA), with a correlation coefficient value (R?) of 0.998. The de-
tection limit of 0.2 pM could be estimated using 3c/S (o is stan-
dard deviation of the blank signal and S is the slope of the fit line
in Fig. 3 inset). Such a low detection limit for a 1:1 input-output
sensor is comparable to or even more sensitive than that of other
structural responsive E-DNA sensors and methods involved en-
zyme-based target recycling or complicated signal amplification
strategies (Fan et al., 2003; Xiao et al., 2006, 2007b; Xuan et al.,
2012). This is probably attributed to the high-efficient SDR, in
which the rigid duplex stem structure renders the toehold an
“upright” orientation for enhanced molecular recognition, and the
complete release of signaling probe to suppress the post-re-
sponsive interfering signals. To better show the advantages of this
tE-DNA sensor, the associated performance parameters (e.g., re-
sponsive strategy, detection limit, range and regeneration) have
been compared with those obtained by other similar strategies
and listed in Table S2.

3.4. Selectivity of tE-DNA sensor

Due to the significance of sensor selectivity, especially in SNP
assays, we next evaluated the discrimination capability of our tE-

DNA sensor by using a series of control sequences, comprising
single-base (1M-G, A, C), two-base (2 M), three-base (3 M) mis-
matched sequences and noncognate DNA sequence (NC) as targets.
We found all the mismatched sequences could be readily dis-
tinguished from the perfectly complementary DNA, in which the
concentration of the perfectly matched sequence (100 nM) is
halved to that of the mismatched counterparts (200 nM) (Fig. 4). It
was noticed that only the fully matched DNA exhibited prominent
signal change, while the alteration caused by all the other mis-
matched oligonucleotides was negligible. Such an excellent se-
lectivity of the sensor may benefit from the toehold design, in
which a protruded functional domain (7-nt in length), serving as a
fueling probe to trigger SDR, possesses an outstanding ability
capable of differentiating single-base mismatch sequence (Wang
et al.,, 2012). It should be noted that our novel sensor can easily
distinguish a single-base mismatch DNA at room temperature
without relying on stringent thermal control. It is anticipated that
the selectivity might be further improved by using highly specific
LNA or peptide nucleic acid (PNA) as capture probes, and such an
excellent selectivity combined with the sub-picomolar sensitivity
will make our novel sensor more suitable for SNP analysis (Gao
et al,, 2014).

3.5. Regeneration, stability and anti-interference of tE-DNA sensor

Besides sensitivity and selectivity, regenerability is another
important feature for biosensors in practical applications. We
found the tE-DNA sensor could be easily regenerated by rinsing
the sensor in urea (8 M) for 5 min at room temperature to de-
nature the hybridized duplex, and rehybridizing with the target
DNA sequence. After regeneration, the Faradaic current recovered
97.7% of the original current signal (Fig. 5A). By repeating this
regeneration process for 5 cycles, our sensor still retained its ori-
ginal hybridization efficiency with a standard deviation of 2.4% for
the measurements (Fig. 5B).

In addition, our tE-DNA sensor demonstrated high stability
(RSD=4.7%) in the repeated SWV readout of the target-responsive
currents, which was performed every 24 h for a week storage at
4 °C (Fig. S2). After storage of 7 days, the sensor retained 89% of its
initial response, meaning that the sensor has a good stability.

To further demonstrate the superiority of the tE-DNA sensor, it
was challenged directly in complex samples by spiking DNA tar-
gets (100 pM) in multiple matrices, such as 2.5% BSA, 4% soil, 50%
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human saliva, urine and serum. Fig. 5C showed a negligible signal mainly contributed by the excellent base pairing ability of se-
change as the functionalized sensor was incubated either in buf- quence-specific hybridization and the toehold-mediated high-ef-

fered saline or in the interfering substances, despite its extremely ficient strand displacement.
complex and multicomponent nature that might degrade the
performance of the sensor. Such impressive anti-interference is



38 F. Yang et al. / Biosensors and Bioelectronics 82 (2016) 32-39

3.6. Enzyme-mediated Ultrasensitive detection of tumor DNA

Interestingly, the simple design strategy of the tE-DNA sensor
could be easily extended to couple with enzyme mediated target-
recycling amplification to further improve the sensor's sensitivity.
As schemed in Fig. 6A, in the presence of target sequence, a pre-
hybridized “stem-toehold” DNA structured probe well-arranged on
the heterogeneous interrogating electrode can trigger a SDR to
form a toehold-target duplex (3’ toehold domain and MB reporter
coexist on the signaling probe in this design). The duplex is then
released into homogeneous solution and digested by Exo Ill with a
higher efficiency than that on heterogeneous surface (Xuan et al.,
2012). It should be noted that Exo Il catalyzes the stepwise re-
moval of mononucleotides from 3’ terminus of the released dou-
ble-stranded DNA, and its preferred substrates are blunt or re-
cessed 3’ termini (Zuo et al., 2010). Moreover, because the spacer is
needed to ensure blunt 3’ terminus, the terminal MB reporter is
relatively distant from the interrogating surface in contrast to the
design in original tE-DNA sensor, thus achieving a relative low
background signal (Fig. S3). After complete digestion of the toe-
hold strand from toehold-target duplex, the signaling molecule of
MB is freed, leading to considerable signal variation. Meanwhile
the left target strand will rejoin the target-responsive SDR until
the depletion of the electrode surface-attached toehold probes
(Fig. 6A). Finally, a significantly enlarged signal change (input
1 and output N) will be achieved.

After successful construction of the enzyme-oriented nucleic
acid sensing interface (Fig. S4), the introduction of Exo Il could
significantly enhance the Faradaic current signal change from
0.95 PA (Io-Itarger) of nonenzymatic tE-DNA sensor to 1.86 pA (Io-
ITarget+enzyme), Ne€arly 200% increase in the detection of 1 pM
breast cancer gene sequence (T2, Table S1) (Fig. 6B). Fig. 6C clearly
demonstrated the results of enzymatic signal amplification in
measuring target gene sequence at 1 pM and 10 pM, respectively.
In both cases, the response increased by more than two-fold over
that of nonenzymatic sensor, suggesting a compatible and attrac-
tive catalytic ability of Exo Ill toward our sensor. Next, this enzyme
mediated tE-DNA sensor was challenged with gradient con-
centrations, ranging from 1 fM to 10 pM of the target gene se-
quence. The sensor showed concentration-dependent signal re-
sponse (Fig. 6D), and a favorable linear relationship was obtained
with a regression equation expressed as s=8.5 Ig c+10.5, with a
correlation coefficient value (R?) of 0.996 (Fig. 6D inset). This novel
sensor achieved a detection limit of 0.18 fM (estimated with
3 times the standard deviation of the blank), which is lower than
that of nonenzymatic tE-DNA sensor (0.2 pM) by three orders of
magnitude. This unique sensor also exhibited impressive re-
generability of sensing interface. As displayed in Fig. 6E, the signal
change was reduced less than 15%, after consecutive regeneration
of 5 times by simple exposure to urea (8 M) for denaturation. Such
a strong regenerating ability is mainly ascribed to the facile target-
responsive binding-and-release design. Of note, this enzyme-
based tE-DNA sensor could realize an accurate measurement of
target sequence even in complex 50% human serum with negli-
gible signal degradation (Fig. 6F). All these advantages, especially
the ultrahigh sensitivity, enable this sensor to be an appealing
sensing platform for the bioassay of low-abundance biomarkers.

4. Conclusions

In summary, we have tailor-engineered a tE-DNA sensor for
highly sensitive, label-free and sequence-specific electrochemical
readout of target DNA (including breast cancer gene sequence) in
human serum using a toehold-contained semiduplex structured
probe. This unique sensing mechanism, upon target-responsive

complete elimination of signaling probe, appears to be more effi-
cient than the traditional E-DNA sensor requiring an exquisite
design of structurally folded or switchable probe, and competes
well with them in terms of sensitivity and selectivity. Beyond that,
this novel sensor has several impressive advantages. First, such a
design facilitates the probe-target hybridization via the protruded
toehold domain (as compared to that of stem-loop probe, in par-
ticular those with long stem), allowing a complete release of the
signaling strand to enhance the target-responsive signal change.
Meanwhile, such a mechanism can circumvent the signal de-
gradation that stems from the orientation heterogeneity of elec-
trode surface-confined DNA probe. Second, toehold endows this
sensor not only an outstanding discriminating capability between
wild-type and mutant sequence, but also high hybridization effi-
ciency. More importantly, toehold triggered SDR is easily extended
to cooperate with enzyme-mediated target recycling for further
enhancement of sensor's sensitivity. Third, our novel sensor is
easily regenerated, and can be employed directly in human serum
(50%) with minimal signal degradation. By synergizing with other
emerging technologies, such as nanostructured electrode-based
electrocatalysis (Lapierre et al., 2003), electric field enhanced hy-
bridization and single-step delivery coupled microscale electro-
chemical sensing array (Kaiser and Rant, 2010; Yang et al., 2014b),
this unique DNA sensor will be a more promising nucleic acid
readout strategy for clinical diagnostics.
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