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Based on the “nicking endonuclease assisted” detection strategy,
a novel electrochemical biosensor for the sequence-specific
detection of DNA with ultrahigh sensitivity and selectivity is
developed. By employing the above strategy, this DNA biosensor
can detect as low as 0.068 fM target DNA and exhibits high
discrimination ability even against a single-base mismatch.

Detection of ultralow amounts of DNA is extremely important in
clinical diagnostics, gene therapy, mutation detection and
a variety of other biomedical applications.! To date, the
detection of trace specific DNA sequences relies heavily upon
various target amplification and signal amplification methods,
such as polymerase chain reaction (PCR)* and rolling circle
amplification.> However, these methods suffer from several
drawbacks including complex handling procedures, vulnerability
to contamination and high cost. In recent years, owing to the
fact that electrochemical detectors are simple, portable, sensitive
and have a fast response and low cost, electrochemical
biosensors have been recognized as a promising tool for
DNA detection.*'® Despite these attractions, a number of
notable challenges associated with electrochemical DNA
sensors still exist, such as, relatively low sensitivity and
relatively poor specificity on the detection of a single-base
mismatch and single-nucleotide polymorphisms (SNPs).
DNA nicking endonucleases are a special family of restriction
endonucleases and occur either naturally or via gene engineering.
Nicking endonucleases can cut one strand of a double-
stranded DNA at a specific recognition nucleotide sequence
known as a restriction site and produce DNA molecules that
are “nicked” rather than cleaved.!! Until now, over 200
nicking endonucleases have been studied and many of them
are available commercially. Recently, a novel nucleic acid
detection technique called nicking endonuclease enhanced
signal amplification (NESA) has been reported by Kiesling
et al.'® As a new nucleic acid detection technique, NESA has
been reported to have distinct specificity for the detection of a
single-base mismatch. However, the sensitivity of previously
reported NESA was not high enough (only in the picomolar
level), even when molecular beacons,*a dual-labeled fluorescent
DNA probe,'* or nanoparticles'® were used to increase the
sensitivity. Furthermore, the NESA-based DNA detection
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methods previously reported have other limitations such as
complexity of fabrication and are time consuming.

In order to overcome the above limitations, we herein firstly
report a proof-of-concept nicking endonuclease assisted
current change amplification (NEACA) electrochemical
DNA biosensor, which is simple, ultrahighly sensitive and
has excellent selectivity for a single-base mismatch. The
detailed concept of NEACA is illustrated in Fig. 1A. The
hairpin capture probe (HP) contains a thiol group at the 5’ end
and a ferrocene (Fc) tag at the 3’ end. A nicking endonuclease
recognition sequence is embedded into the loop portion of the
HP. The nicking endonuclease used in this case is N.BstNB I
(New England Biolabs), which recognizes a simple asymmetric
sequence, 5-GAGTC-3’, and cleaves only one DNA strand,
4 bases away from the 3’ end of its recognition site (Fig. 1B,
the red highlighted letters are the recognition sequence of
N.BstNB I, and the arrow indicates the nicking position).
The HP is covalently attached to a gold electrode (GE)
through S—-Au bonding. Then the GE is blocked with
2-mercaptoethanol (MCH) to form a mixed monolayer
(HP/MCH/GE). The coverage of MCH can effectively prevent
the non-specific adsorption of endonuclease on the electrode
surface and displace the weaker adsorption contacts between
HP and the GE.

In the absence of target DNA, the nicking endonuclease
cannot cut the HP. So the formation of a hairpin-like
conformation brings the Fc group close to the surface of GE
and results in a high redox signal being observed. However,
when a perfectly matched target DNA hybridizes to the HP, a
full recognition site will form for the nicking endonuclease.
Then the nicking endonuclease can bind to and nick the
recognition site. After nicking, the HP is cleaved into two
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Fig. 1 (A) Sketch of the concept and the experimental principle of the
NEACA electrochemical DNA sensor. (B) Recognition sequences of
Nt.BstNBI. The recognition sequence, GAGTC, is highlighted in red
and the cleavage site is indicated by small arrows.
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pieces and the Fc labeled piece dissociates from the GE. At the
same time, the affinity of the target DNA and the HP is
reduced and the target DNA dissociates from the HP. The
released target DNA can then hybridize to another HP and
initiate the second cycle of cleavage. Eventually, each target
strand can go through many cycles, resulting in the cleavage of
many HPs. As a result, the peak current of Fc dramatically
decreases to approximately zero. Therefore, this NEACA
strategy will have ultrahigh sensitivity for the detection of
target DNA. Furthermore, the nicking reaction is highly
specific since it requires complete complementarity between
the HP and the target at the restriction site and sufficient
complementarity to allow hybridization outside of the enzyme
recognition site.'* By employing this strategy, we demonstrate
that the NEACA based DNA biosensor has good discrimination
for the detection of a single-base mismatch.

To prove the design, the electrochemical behavior of
ferrocene at different sensing interfaces was investigated, and
the results are shown in Fig. S3. In the absence of target DNA,
the stem-loop structure of the hairpin probe held the ferrocene
tag in close proximity with the electrode surface, thus ensuring
rapid electron transfer and efficient redox of the ferrocene
label. Consequentially, a significant signal was achieved. A
relatively low peak separation (about 40 mV) between the
anodic and cathodic potential demonstrated the successful
immobilization of the ferrocenyl-labeled HP on the gold
surface. The full width at half-height of either the cathodic
or anodic wave was estimated to be 125 mV, somewhat larger
than the theoretically expected value, (94.2 mV) for an ideal
Nernstian process of a one electron redox system (Fc/Fc™) at
37 °C, suggesting no significant inter-molecular interaction
between the immobilized redox moieties.'® The dependence of
CVs on the scan rates was also investigated. The background-
corrected current intensities were plotted against the scan
rates, and the results showed that the peak current increased
linearly with the increase of the potential scan rate, reflecting
the existence of a surface-confined Faradaic reaction. This
provided further evidence for the conclusion that ferrocene
was confined at the electrode surface by the formation of the
stem-loop structure.

On hybridization with the target sequence, a change in
redox currents was observed. This was because the ferrocene
label was separated from the electrode surface (Fig. S3, Inset
curve b). When the target DNA concentration was high
enough, hybridization between target DNA and the HP could
produce enough signal difference for target DNA detection.
This kind of electrochemical strategy has so far been employed
for the detection of DNA,!” however, it generally suffers from
the problem of low sensitivity. We also detected the same
target DNA by using the same strategy without nicking
enzyme, and the results showed that with 1 pM target DNA,
there was only a partial loss of signal after 60 min (Fig. S3,
Inset curve c). This meant that this concentration was already
below the detection limit of the hybridization assay without
the nicking enzyme. On the other hand, in the nicking
endonuclease assisted system, it was found that 1 pM of the
target became detectable immediately after the nicking
endonuclease was added. Furthermore, the intensity of the
current decreased to nearly zero in about half an hour (Fig. S3,
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Fig. 2 Background-subtracted DPVs for the HP/MCH/GE in the
presence of complementary DNA at 0, 0.1, 0.3, 0.4, 0.5, 0.7, 0.9, 1.0
and 10 fM (from a to i). The nicking reaction time was fixed at 30 min.
The electrolyte is 1M NaClO4. Inset shows the calibration curve
demonstrating peak height versus target concentration.

Inset curve a). This indicated that the endonuclease could bind
and cleave the HP, and the process continued until either all
the HPs were cleaved or the enzyme was inactive. After
cleavage, the ferrocene tag fragment of the cleaved HP can
be easily removed by washing which results in electronic
signals of nearly zero. By employing this nicking endonuclease
assisted strategy, we demonstrated that this prototype sensor
had ultrahigh sensitivity and can be used to detect an otherwise
undetectable amount of target DNA.

As anticipated, the nicking reaction was extremely rapid. In
the presence of 10 fM complementary target DNA and 10 U of
enzyme, the nicking endonuclease cleaved approximately
100% of the HP in 30 min (Fig. 2, curve i). However, we
didn’t see any apparent changes in the current signal when the
target concentration was lower than 0.05 fM until after 1 h,
compared with 0 fM target (negative control, Fig. 2 curve a).
We also found that the nicking reaction rate slowed down with
decreasing target concentration (see Fig. S2 in the ESI¥). This
conclusion was consistent with the result obtained in the
previous report.'?

The sensitivity of the electrochemical DNA biosensor for
the detection of the target DNA was investigated by varying
the target DNA concentration. The sensor was hybridized
with different concentrations of the target and incubated in the
nicking endonuclease buffer solution for the same amount of
time. Then, the response of the current to Fc was measured
with DPV. The average currents showed a good linear correlation
with the concentration of the complementary target DNA in
the range of 0.1-1.0 fM (Fig. 2).

The detection limit (36/S, where & is the standard deviation
of the blank solution, » = 8) was calculated to be 0.068 fM
for the complementary target. Compared to the existing
electrochemical methods based on the conformational change
of the redox-labeled probe strategies’*!”!%¢ and other
strategies, * 121820 the proposed NEACA method can get a
lower detection limit and has a higher sensitivity. The relative
standard deviations (RSD) of the sensor for 8§ replicate
determinations of 0.5 fM is 5.8%.

Previous studies have demonstrated that nicking endo-
nucleases have a high specificity in distinguishing the target
from other sequences.'®!? In this study, the selectivity of the
sensor was also investigated by using HP/MCH/GE to
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Fig. 3 Background-subtracted DPVs for the HP/MCH/GE (a) and
hybridization with 1 pM non-complementary sequence (b), one-base
mismatch sequence (c), and complementary sequence (d) after 30 min
nicking reaction, respectively. The electrolyte is 1M NaClOy,.

hybridize with various DNA sequences (complementary DNA
T1, one base mismatch DNA T2 and non-complementary
DNA T3, see ESI{ for the DNA sequences). As shown in
Fig. 3, the highest peak current of Fc was observed on the
HP/MCH/GE (Fig. 3a). After hybridization with T1, the peak
current of Fc dramatically decreased to approximately zero
(Fig. 3d). However, when HP/MCH/GE was hybridized with
T2, the peak current of Fc only decreased slightly (Fig. 3c),
indicating that a single-base mismatch was sufficient to inhibit
the cleavage of the HP. It has been reported that N.BstNBI
has two structural domains: the N-terminal domain for DNA
binding and the C-terminal domain for DNA cleavage.'® In
the current study, the position of the mismatch is at the linker
region between the binding site and nicking site. The mismatch
“bubble” causes the linker region to become floppy, which
weakens the coupling between enzyme binding and cleavage,
and as a result, slows down the cleavage rate.'> We also found
that the DNAs with one base mismatch at the binding or
nicking site lead to a slight decrease in the DPV signal
compared with T1. In addition, no significant change of peak
current was observed after hybridization with T3 (see Fig. 3a
and b), since no successful hybridization occurs due to the
sequence mismatch between the HP and the non-complementary
sequence. These facts clearly indicated that our sensor had
excellent discrimination ability for the detection of a single-base
mismatch.

In summary, a novel electrochemical DNA biosensor for the
sequence specific detection of DNA targets based on NEACA
is reported in this study. The sensor exhibits ultrahigh
sensitivity and discrimination ability even for the detection
of a single-base mismatch. These features, as well as its other
advantages, such as ease of fabrication and operation
convenience, make it a promising alternative to conventional
SNP analysis and genotyping. Since the sensor reported in this
work is an electrochemical biosensor, one might expect the
design of an integrated, portable and low cost device for DNA
detection based on NEACA described in this study. It must be
mentioned that the DNA biosensor based on NEACA can
only be applied to the DNA sequence containing the recognition
site of the nicking endonuclease. But with more and more
nicking enzymes available commercially, this limitation will be
no longer a problem.
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