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ABSTRACT: An ultrasensitive protocol for electrochemical detection of DNA
is designed with quantum dots (QDs) as a signal tag by combining the template
enhanced hybridization process (TEHP) and rolling circle amplification (RCA).
Upon the recognition of the molecular beacon (MB) to target DNA, the MB
hybridizes with assistants and target DNA to form a ternary ‘‘Y-junction’’. The
target DNA can be dissociated from the structure under the reaction of nicking
endonuclease to initiate the next hybridization process. The template enhanced
MB fragments further act as the primers of the RCA reaction to produce
thousands of repeated oligonucleotide sequences, which can bind with
oligonucleotide functionalized QDs. The attached signal tags can be easily
read out by square-wave voltammetry after dissolving with acid. Because of the cascade signal amplification and the specific
TEHP and RCA reaction, this newly designed protocol provides an ultrasensitive electrochemical detection of DNA down to the
attomolar level (11 aM) with a linear range of 6 orders of magnitude (from 1 × 10−17 to 1× 10−11 M) and can discriminate
mismatched DNA from perfect matched target DNA with high selectivity. The high sensitivity and specificity make this method a
great potential for early diagnosis in gene-related diseases.

Sequence-specific analysis of nucleic acid with extremely low
abundance is essential to genetic research of diseases,

clinical diagnosis, and clinical therapy. A number of techniques
such as molecular biology,1 electrochemistry,2−4 spectrosco-
py,5−9 and colorimetry10−13 have been applied to achieve
sensitive detection of nucleic acids. Especially, signal
amplification strategies have been introduced into these
detection tools to achieve the ultrasensitive detection of DNA
at a low level, even in single molecule detection.14,15 Besides
the common polymerase chain reaction, the signal amplification
can generally be achieved by two ways: amplifying the signal by
large loading of signal labels such as enzymes16,17 or
nanomaterials18,19 and enhancing the intermediate product by
target cycling. The latter means that a single target can be
amplified to cyclically produce many hybridization events.
Typically, the target DNA cycling methods via nuclease, e.g.,
endonuclease,20−24 polymerase,25−27 and exonuclease28,29 have
been widely employed to realize the trace level detection of
target DNA with the specific recognition of sequences.
Recently, nicking endonuclease has been of increasing

interest for applications in biological detection due to its
strong recognition for DNA sequences.20−24 For example, a
homogeneous colorimetric DNA detection has been developed
by nicking endonuclease assisted amplification for 103-fold
improvement of selectivity in distinguishing a single-base
mismatch oligonucleotide.20 However, nicking endonuclease
is sequence-specific, which limits the range of detectable target
DNA sequences. To address this problem, a Y-shaped junction

structure consisting of three complementary oligonucleotide
branches has been introduced to overcome the disadvantage of
limited nicking endonuclease recognition.30,31 The Y-shaped
structure can be cleaved in the presence of nicking
endonuclease to release the target DNA and signal labels
such as fluorescent molecules30,32,33 and an electrochemical
active probe.34 The released target DNA then initiated the next
hybridization process, leading to a so-called “template enhanced
hybridization process” (TEHP) for isothermal amplification of
the cleaved nucleic acids, which possess the same amount as the
released signal labels.30−34 This work further combined the
TEHP with rolling circle amplification (RCA) for prolonging
the cleaved molecular beacon (MB) fragments. Upon a binding
process with oligonucleotide functionalized signal labels, the
combination of two signal amplification ways led to the
attachment of a mass of signal labels on the prolonged MB
fragments, leading to an extremely sensitive strategy for
detection of target DNA with low abundance.
As an advanced DNA amplification technique, RCA can

achieve a great signal amplification via production of thousands
of repeated sequences. This technique possesses the significant
advantages such as mild reaction conditions, speediness, high
efficiency, good sensitivity, and specificity.35 Thus, it has widely
been employed for the analysis of proteins and nucleic acids by
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coupling with electrochemistry,36−39 chemiluminescence,40,41

surface-enhanced Raman,42 and colorimetry.43,44 On the basis
of our previous work,37 this work immobilized MB on a
substrate by a highly specific biotin-streptavidin (SA) system to
recognize the target DNA and produce a Y-shaped junction
structure for performing the TEHP (Scheme 1). The TEHP

could cleave a large number of immobilized MB with the
initiation by a few target DNA molecules. Every cleaved MB
fragment was then used as the primer to trigger the RCA
reaction. Using oligonucleotide functionalized quantum dot
(QDs) as a model of a signal tag to bind the repeated
oligonucleotide sequences, an extremely sensitive method for
electrochemical detection of low abundance DNA was thus
proposed by stripping voltammetric analysis. This protocol
could detect DNA down to the attomolar level with a linear
range of 6 orders of magnitude and could discriminate
mismatched DNA from perfectly matched target DNA. This
strategy of cascade signal amplification could be extended to
other analytical techniques by changing the signal tag. This
method provided a versatile tool in detecting nucleic acids with
extremely low abundance in bioanalysis and clinical biomedi-
cine.

■ EXPERIMENTAL SECTION
Materials and Reagents. The SA-coated microplates were

purchased from Greiner bio-one (Germany). Tris-(hydrox-
ymethyl) aminomethane (Tris) and polyethylene glycol
sorbitan monolaurate (Tween-20) were purchased from
Sigma-Aldrich Inc. Mercaptoacetic acid and cadmium chloride
hemipentahydrate (CdCl2·2.5H2O) were purchased from Alfa
Aesar China, Ltd. Phi29 DNA polymerase, RCA buffer, and
dNTP were obtained from Fermentas (Lithuania). T4 DNA
ligase and ligase buffer were obtained from Promega.
Hybridization buffer (pH 7.4) contained Tris (10 mM),
ethylenediaminetetraacetic acid (EDTA) (1 mM), and NaCl
(100 mM). Rinsing buffer (pH 7.4) contained Tris (10 mM),
EDTA (1 mM), NaCl (100 mM), and Tween-20 (0.1%).
Ultrapure water obtained from a Millipore water purification
system (≥18 MΩ, Milli-Q, Millipore, Billerica, MA) was used
in all runs. Nicking endonuclease (Nt.BbvCI) and NEB buffer 4

were purchased from New England Biolabs (Ipswich, MA) and
used without further purification. All other reagents were of
analytical grade without further purification. The oligonucleo-
tides were purchased from Sangon Biological Engineering
Technology & Co. Ltd. (Shanghai, China) and purified using
high-performance liquid chromatography: (a) target DNA, 5′-
CCGAAGAGACCTTTCCGTTCGAC-3′; (b) assistant DNA,
5′-GCTGAGGAAAAAAGGTCTCTTCGG-3′; (c) MB, 5′-
b i o t i n - T T TTTTCTGTGTCATTAGACCGTC -
GAACGGTCCTCAGCAATGAAAGACACAG-3′; (d) pad-
lock probe, 5′-p-GACGGTCTAAACCCAACCCGCCC-
TACCCAAAACCCAACCCGCC CTACCCAAAACC-
CAACCCGCCCTACCCAAGGACCGTTC-3′; (e) DNA for
f u n c t i o n a l i z a t i o n o f Q D s , 5 ′ - S H - ( C H 2 ) 6 -
GGGTAGGGCGGGTTGGG-3′; (f) control probe, 5′-SH-
(CH2)6-GGACCGTTCGACGGTCTAATGACACAG-3′.

Apparatus. Electrochemical measurements were performed
on a CHI 430A electrochemical workstation (CH Instruments
Inc.) with conventional three-electrode system consisting of
mercury film modified glassy carbon electrode as the working
electrode, a saturated calomel electrode as the reference
electrode, and a platinum wire as the counter electrode. The
UV−vis absorption and photoluminescence spectra were
recorded with a UV-3600 UV−vis-near-infrared (NIR)
spectrophotometer (Shimadzu, Japan) and a F900 fluorescence
spectrometer (Edinburgh Instruments Ltd., U.K.).

Preparation of DNA Functionalized CdTe QDs. The
synthesis of water-soluble mercaptopropionic acid (MPA)-
capped CdTe QDs referred to the method reported
previously.37 The obtained QD solution was subjected to
ultrafiltration using a Vivaspin concentrator (Sartorius, 10 000
MW) at 10 000g for 10 min to remove excessive MPA. The
upper phase was washed twice with water and diluted to a
certain concentration with water. The resulting CdTe QDs
solution could be stable for 3 months, and the concentration
and the size of QDs were calculated with the UV−vis
absorption. Then MPA-capped CdTe QDs (20 nmol) were
mixed with 100 nmol of thiolated DNA probe in 500 μL of 50
mM, pH 7.4 Tris-HCl buffer and left overnight under shaking
and free of light. The resulting mixture was ultrafiltrated using
the Vivaspin concentrator (10 000 MW) at 10 000g for 10 min
at 4 °C to remove the nonconjugated DNA. The obtained
conjugates were washed thrice with 50 mM Tris-HCl buffer by
ultrafiltration to obtain the CdTe QD-DNA probe, which was
kept at 4 °C prior to use.

Immobilization of MB on Substrate. The wells of the
SA-coated plates (growth area, 0.35 cm2; total volume, 323 μL)
with high capacity were used as the substrate. After the well was
washed twice with 100 μL of ultrapure water, the MB was
conjugated to the substrate by adding 5 μL of biotin labeled
MB solution (1.0 × 10−5 mol/L) and 45 μL of hybridization
buffer into the well and incubating for 2 h at room temperature.
The solution was then removed. In order to remove the
unconjugated DNA on the substrate, the well was washed three
times with 100 μL of rinsing buffer and two times with 100 μL
of ultrapure water, respectively.

Template Enhanced Hybridization. The TEHP was
performed in 50 μL of reaction solution which contained 1×
NEB buffer 4, 5 nM assistant DNA, 1 U Nt.BbvCI, and varying
concentrations of target DNA. After incubation at 37 °C for 30
min, the well was washed three times with 100 μL of rinsing
buffer and two times with 100 μL of ultrapure water,
respectively.

Scheme 1. Schematic Representation of the Cascade Signal
Amplification Strategy for DNA Detection
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Rolling Circle Amplification and QD Tagging. A volume
of 50 μL of solution containing 1× ligase buffer, 5 nM padlock
probe, 1 U T4 ligase was hybridized with the MB fragments
produced in TEHP on the substrate at 37 °C for 1 h. The
introduction of the T4 ligase made the 5′ and 3′ termini of the
padlock probe link together to form a circular template. The
excess circular template was removed by washing three times
with 100 μL of rinsing buffer and twice with 100 μL of
ultrapure water, respectively. The RCA reaction was initiated by
addition of 1 U of phi29 DNA polymerase and 10 mM dNTP
in 50 μL of RCA buffer and incubated for 1 h at 37 °C.
After the wells were carefully washed thrice with 100 μL of

rinsing buffer and twice with 100 μL of ultrapure water, 100 μL
of 20 nM QD-DNA probe was added to each well and
hybridized at 37 °C for 30 min. After the microplates were
carefully washed thrice with 100 μL of rinsing buffer to remove
the excess QD-DNA probe, 100 μL of 0.1 M HNO3 was added
to each well to dissolve the tagged QDs under sonication. The
resulting Cd2+ solutions were used for electrochemical
detection.
Electrochemical Detection. The obtained solutions of

Cd2+ were mixed with 900 μL of 0.2 M, pH 4.6 HAc-NaAc
buffer to perform square-wave voltammetric (SWV) analysis
using a mercury film coated glassy carbon electrode. The
mercury film coated working electrode was prepared by 4 cycles
of alternate deposition at −1.0 V for 40 s and scan from −0.9 to
−0.3 at 0.1 V s−1 in 0.2 M, pH 4.6 HAc-NaAc buffer containing
40 μg mL−1 Hg2+ under N2 atmosphere. The SWV detection
was carried out by electrodepositing cadmium at −1.1 V for 6
min and stripping from −0.9 to −0.3 V under N2 atmosphere
using a square wave with 25 mV amplitude, 4 mV potential
step, and 25 Hz frequency.

■ RESULTS AND DISCUSSION
Design of Strategy. In order to realize the ultrasensitive

detection of target DNA, the cascade signal amplification was
performed with the nicking endonuclease assisted TEHP, RCA,
QDs tagging, and stripping voltammetric analysis. As shown in
Scheme 1, the biotinylated MB was first attached to the SA-
coated 96-plates via the biotin-SA affinity binding. After
washing out the excess biotinylated MB, a mixture of target
DNA, assistant DNA, and nicking endonuclease Nt.BbvCI was
added on the MB modified substrate for incubation at 37 °C.
The target DNA, assistant DNA, and MB hybridized to form a
stable “Y” junction structure. In this structure, the double-
stranded DNA consisted of assistant DNA and MB provided
the specific nucleotide sequence for recognition and cleaving by
nicking endonuclease Nt.BbvCI. After the nicking endonuclease
cleaved the specific nucleotide sequence on MB, the target
DNA and assistant DNA spontaneously dissociated from the Y
structure at the surface of the substrate. Therefore,
amplification is accomplished by hybridization of the
dissociated assistant DNA and target DNA with another MB
to continue the strand-scission cycle, which meant one target
DNA resulted in the cleavage of many MBs to form MB
fragments. On the contrary, in the absence of target DNA,
although assistant DNA has some matched bases with the MB,
they could not form a stable double-stranded structure due to
the short matched nucleotide bases.
After the circular template was formed by incubating the

padlock probe and T4 ligase on the MB fragment captured
substrate, the RCA reaction was initiated by adding Phi29 DNA
polymerase and dNTPs. The RCA product contained hundreds

of tandem-repeat sequences for the attachment of a large
number of CdTe QD-DNA probes. Lastly, the cadmic
component of the resulting QD-tagged RCA product was
dissolved with HNO3 and quantified by the SWV method. This
strategy could present a target DNA recognition event to a
large number of quantum dot tags for greatly enhancing the
signal. Moreover, the QDs contained a large number of
detection reporters, and the stripping voltammetric analysis
further enhanced the sensitivity of the proposed protocol. The
cascade signal amplification strategy provided a new possibility
for ultrasensitive detection of DNA.

Characterization of QD-DNA Probe. The fluorescence
spectrum and UV−vis absorption of QDs were examined to
prove the successful synthesis of QDs and the QD-DNA probe.
From the UV−vis absorption spectrum of the MPA-capped
CdTe QDs solution (Figure 1, curve a), the size of QDs was

calculated to be 2.8 nm with a narrow distribution.45 This result
was also verified by the photoluminescence (PL) spectrum with
a half-wave width less than 46 nm (Figure 1, inset). For tagging
QDs to the tandem-repeat sequences of the RCA product, the
CdTe QDs were further functionalized with a thiolated
oligonucleotide probe, which possessed a complementary
sequence with RCA products. The obtained QD-DNA probe
was confirmed by comparison of absorption spectra of QDs,
the DNA functionalized QDs, and pure DNA (Figure 1). The
pure QDs only showed an absorption peak around 539 nm
(curve a). A new absorption peak of the DNA functional QDs
appeared at 260 nm (curve b), which should be contributed to
the adsorption of DNA (curve c). This result indicated the
successful functionalization of QDs with the oligonucleotide
probe via Cd−S chemistry between the thiolatled oligonucleo-
tide probe and the MPA-capped CdTe QDs.

Signal Amplification of RCA and TEHP. To prove the
signal amplification of the RCA strategy, the DNA function-
alized QDs were directly hybridized with the cleaved MB
fragments for comparison. In absence of RCA, the strategy
integrating TEHP with functionalized QDs only showed a
detection limit of about 10 fM for target DNA (Figure 2). In
contrast, after RCA, the electrochemical response to target
DNA at the same concentration was significantly higher than
that without RCA. After subtracting the response of the blank
solution, the peak currents obtained with the RCA method for
100 and 10 fM of target DNA were about 10.9 and 18.0 times
higher than those without RCA, respectively. Moreover, the
signal for 10 fM of target DNA was even higher than that for 10
pM target DNA without RCA, showing the remarkable

Figure 1. Absorption spectra of MPA-capped CdTe QDs (a), DNA
functionalized QDs (b), and pure DNA (c). Inset: PL emission
spectrum of MPA-capped CdTe QDs.
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amplification performance of RCA. A more large scale QD-
tagged RCA product could be generated at lower target DNA
concentration due to the excess substrate and decreasing steric
inhibition. Thus, the amplification efficiency increased with the
decreasing of target DNA concentration, which greatly
improved the sensitivity of the designed strategy for detection
of low abundance DNA. The stripping voltametric measure-
ments showed low background response, which could be
attributed to the highly specific recognition of the immobilized
MB to the target DNA and the specific TEHP and RCA.
Further, an experiment was investigated to confirm the signal

amplification of the TEHP. As shown in Figure 3, the stripping

voltammogram without nicking endonuclease did not show an
obvious electrochemical response of the cadmic cation reporter
(curve a). This indicated that the “Y” structure could not
dissociate in the absence of nicking endonuclease, thus the
RCA reaction could not happen. On the contrary, in the
presence of target DNA, assistant DNA, and nicking
endonuclease, the electrochemical response of the cadmic
cation reporter enhanced by 29.1 times in comparison to the
signal in the absence of nicking endonuclease (curve b)
indicates the high amplification efficiency of TEHP. In addition,
the electrochemical response in the absence of target DNA was
very low due to the lack of stable cleaving sites, because the
reaction temperature of 37 °C was higher than the melting
temperature of the hybridization product of assistant DNA and
the MB (curve c). These results showed that the TEHP was
significant for improving the electrochemical signal and
obtaining the high signal-to-noise ratio.

Time Dependence of Cascade Signal Amplification.
The SWV signal was dependent on the amount of cleaved MB
fragments, which could be bound with the RCA circular
template. As shown in Figure 4A, with the increasing reaction

time, more cleaved MB fragments could be formed in TEHP,
which produced more RCA circular templates and led to
rapidly increased peak current. The peak current trended to a
constant value at 30 min, indicating the saturated cleavage of
the immobilized MB due to the decreased activity of nicking
endonuclease. Although a long time of TEHP was expected to
generate more complementary cleaved MB fragments for the
RCA circular templates, considering the convenience and the
sensitivity, 30 min was selected as the optimal time for the
TEHP.
The effect of RCA reaction time on the electrochemical

signal was also investigated. As shown in Figure 4B, the peak
current increased rapidly with the augment of the reaction
duration since more repeated sequences could be formed and
hybridize with the QDs-DNA probe. The maximum peak
current was observed when the RCA reaction was maintained at
about 60 min. Afterward, the peak decreased slightly possibly
due to the entanglemant of RCA products with each other,36

which hindered the hybridization with the QDs-DNA probe.
Therefore, 60 min was chosen as the reaction duration for
RCA.
Upon the dissolution of CdTe QDs with HNO3, the

dissolved cadmic cation reporter could be conveniently
detected by SWV. A distinct stripping voltammetric peak of
cadmic cation reporter could be observed around −0.70 V in
0.2 M, pH 4.6 HAc-NaAc buffer. To achieve a sensitive and
stable electrochemical signal, the predeposition time was
optimized. As shown in Figure 4C, with the increasing
predeposition time, the SWV response increased and reached
a plateau at 6 min. Thus, 6 min was selected as the optimal time
for all the electrochemical measurements.

Stripping Voltammetric Analysis of Target DNA. In
view of the outstanding ability for signal amplification, the

Figure 2. Stripping voltammetric signals of DNA functionalized QDs
without RCA (red) and with RCA (green) for detection of target
DNA.

Figure 3. Stripping voltammetric curves of cadmic cation responding
to 1 pM target DNA without (a) and with (b) nicking endonuclease
and in the absence of target DNA (c).

Figure 4. Effects of (A) time of TEHP, (B) RCA reaction time, and
(C) predeposition time of the cadmic cation on stripping voltammetric
signals responding to 1 pM target DNA.
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dynamic range of the designed method for target DNA was
examined (Figure 5). The stripping peak current of the cadmic

cation was proportional to the logarithm value of the target
DNA concentration over a 6-decade range from 10 aM to 10
pM with a linear correlation coefficient of 0.995. The
corresponding detection limit was calculated to be 11.0 aM
by evaluating 3 times the average standard deviation of the
blank response, which corresponded to 0.55 zmol of DNA
target in 50 μL of solution. The detection limit of this method
was much lower than the combination of RCA with surface
enhanced Raman (10 pM),42 colorimetric detection of RCA
with gold nanoparticle aggregates (70 fM),43 and competitive
with that of the PCR technique.1 Thus the results identified
that this signal amplification method was efficient for
ultrasensitive electrochemical detection of DNA hybridization.
The specificity of the proposed detection method was

investigated by exposing the immobilized MB to four kinds of
DNA sequences, including perfect complementary target,
single-base mismatched oligonucleotide, three-base of mis-
matched oligonucleotide, and noncomplementary oligonucleo-
tide at the same concentration (1 pM). The perfect
complementary target showed a signal of 3.8-fold, 5.7-fold,
and 6.6-fold of single-base mismatched oligonucleotide, three-
base mismatched oligonucleotide, and noncomplementary
oligonucleotide, respectively (Figure 6). This method exhibited
good performance to discriminate perfect complementary
target and the base mismatched targets and great potential
for single nucleotide polymorphism analysis.

■ CONCLUSIONS
This work has designed an electrochemical platform for
ultrasensitive DNA detection based on the combination of
two typical signal amplification ways. TEHP can produce a
large number of cleaved MB fragments with the initiation of a
few target DNA molecules, which then act as the primers of the
RCA to initiate the reaction of the RCA for realizing the dual
signal amplification as reported previously.46 The amount of
target DNA can be easily read out through the dissolved cadmic
cation with SWV measurement. By integrating molecular
biological technology, nanobiotechnology, and electrochemical
detection, this novel cascade signal amplification strategy can
detect target DNA down to the attomolar level with high
selectivity to differentiate mismatched DNA. The high
sensitivity and selectivity of this strategy might be attributed
to three factors: (1) the TEHP and QD-tagged RCA products
offer an enormous ratio of metal component to target DNA
and dramatically increase the sensitivity; (2) the specific
cleaving site of the ‘‘Y-junction’’ provides excellent selectivity
toward sequence mismatch DNA, showing great potential for
single nucleotide polymorphism analysis; (3) the specific
TEHP and RCA reaction provides low background. This
primary research opens new horizons for integrating different
disciplines. Moreover, this strategy of cascade signal amplifica-
tion is suitable for combining with other analytical techniques
by changing the signal tag. This method provides a versatile
tool in detecting nucleic acids for bioanalytical and clinical
biomedicinal applications.
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