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’ INTRODUCTION

In the past few years, fluorescent sensing systems for biological
small molecules have demonstrated such unique advantages as
high sensitivity, rapid analysis with spatial resolution, and little
proclivity to sample or cell damage.1�4 The recognition of
adenosine-triphosphate (ATP) is of particular importance, be-
cause ATP is not only a universal energy source, but also an
extracellular signaling mediator in many biological processes.5�7

Many fluorescent chemosensors based on organic molecules
have been developed for selective detection of ATP.8�14 In
addition, an anti-ATP DNA aptamer has also been isolated and
converted into fluorescent biosensors using various strategies.15�19

These reported fluorescent sensors have all shown high selectivity
to ATP over other nucleosides and other biological small
molecules. However, most of them also exhibit only moderate
sensitivity with detection limits for ATP in the micromolar range,
and most cannot distinguish ATP from its analogues, such as
adenosine, AMP, and ADP.

Nicotinamide adenine dinucleotide (NAD+) is another bio-
logically important molecule. In addition to serving as a cofactor

of many oxidoreductive enzymes,20 it plays a critical role in
transcriptional regulation,21,22 DNA repair,23 caloric restriction-
mediated lifespan extension,24 calcium homeostasis,25 and cell
proliferation.26 Furthermore, several age-associated diseases,
such as diabetes, cancer, and neurodegenerative diseases, have
been reported to be associated with changes in NAD+ levels and/
or the NAD+/NADH ratios.22,27 Although a few fluorescence
methods have been developed for NAD+ by converting it into its
fluoresced derivatives,28,29 they show low sensitivity, as well as an
inability to discriminate NAD+ from NADH or other analogues.
Therefore, a new fluorescent sensing design, having both high
sensitivity and selectivity for these biological small molecules, is
highly desirable.

Two different strategies have been widely employed to improve
the sensitivity of a sensor: lowered background signal and
amplified detection. In the first case, gold nanoparticles, carbon
nanotubes, and graphene oxide have been widely applied as
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ABSTRACT: Many types of fluorescent sensing systems have
been reported for biological small molecules. Particularly,
several methods have been developed for the recognition of
ATP or NAD+, but they only show moderate sensitivity, and
they cannot discriminate either ATP or NAD+ from their
respective analogues. We have addressed these limitations and
report here a dual strategy which combines split DNAzyme-
based background reduction with catalytic and molecular
beacon (CAMB)-based amplified detection to develop a ligation-
triggered DNAzyme cascade, resulting in ultrahigh sensitivity.
First, the 8-17 DNAzyme is split into two separate oligonu-
cleotide fragments as the building blocks for the DNA ligation
reaction, thereby providing a zero-background signal to improve overall sensitivity. Next, a CAMB strategy is further employed
for amplified signal detection achieved through cycling and regenerating the DNAzyme to realize the true enzymatic multiple
turnover (one enzyme catalyzes the cleavage of several substrates) of catalytic beacons. This combination of zero-background
signal and signal amplification significantly improves the sensitivity of the sensing systems, resulting in detection limits of 100 and
50 pM for ATP andNAD+, respectively, much lower than those of previously reported biosensors. Moreover, by taking advantage
of the highly specific biomolecule-dependence of the DNA ligation reaction, the developed DNAzyme cascades show
significantly high selectivity toward the target cofactor (ATP or NAD+), and the target biological small molecule can be
distinguished from its analogues. Therefore, as a new and universal platform for the design of DNA ligation reaction-based
sensing systems, this novel ligation-triggered DNAzyme cascade method may find a broad spectrum of applications in both
environmental and biomedical fields.
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nanoquenchers to lower background signal and, hence, improve
the sensitivity of fluorescent biosensors.30�33 While designing a
sensor with zero-background signal is attractive, it remains
challenging. In the second case, an excellent example of amplified
detection is the use of protein enzymes, such as horseradish
peroxidise (HRP) or an HRP-mimicking DNAzyme, for ampli-
fied electrochemical and colorimetric signal to achieve large
signal-to-noise ratios.34�38 However, in contrast to the many
amplified electrochemical and colorimetric sensors, few ampli-
fied fluorescence sensors have been reported. Moreover, to the
best of our knowledge, no research efforts have yet found a way to
combine these strategies into one system with high sensitivity.
We recently proposed a catalytic and molecular beacon (CAMB)
strategy for amplified detection of Pb2+ by employing amolecular
beacon (MB) substrate to realize the true enzymatic multiple
turnover (one enzyme catalyzes the cleavage of several substrates)
of DNAzyme.39Here, we propose combining CAMBwith a zero-
background strategy into one system to achieve a novel sensing
platform with a predictably high sensitivity.

Some enzymatic reactions show specific dependence on
certain biomolecules (cofactors), which, in turn, provides an
efficient platform for constructing highly selective sensing sys-
tems for these cofactors. To develop sensing systems for ATP
and NAD+ with high selectivity, we turned our attention to DNA
ligases, as there are two kinds of DNA ligases which specifically
employ ATP and NAD+ as cofactors, respectively, and their
catalytic activities are cofactor-dependent.40�42 In this work, we
employed a dual strategy, which combines split DNAzyme-based
background reduction with a CAMB-based amplified detection
to develop a ligation-triggered DNAzyme cascade (Scheme 1),

for amplified sensing of small molecules such as ATP and NAD+

with sensitivity superior to that of previously reported sensors.
First, the 8-17 DNAzyme is split into two separate oligonucleo-
tide fragments for the first time as the building blocks for the
DNA ligation reaction, thereby providing a zero-background
signal for improved sensitivity to target biological small mol-
ecules. 8-17 DNAzyme has been previously employed for
amplified detection of various targets through an allosteric
strategy.43,44 However, in these sensing systems, the enzyme
stand of the 8-17 DNAzyme existed in a whole molecule before
and after the introduction of the target analytes, which make it
possible for some enzyme stands to hybridize with substrate
strands in the absence of target, and therefore result in a back-
ground signal to some extent. A CAMB strategy is further
employed for amplified signal detection, achieved through the
cycling and regenerating of DNAzyme to realize true enzymatic
multiple turnover of catalytic beacons.

’EXPERIMENTAL SECTION

General Procedures. T4 DNA ligase, Escherichia coli DNA ligase,
and all synthetic oligonucleotides were purchased from Takara Biotech-
nology Co., Ltd. (Dalian, China). Adenosine triphosphate (ATP), adeno-
sine, uridine triphosphate (UTP), guanosine triphosphate (GTP), and
cytidine triphosphate (CTP) were obtained from Sigma-Aldrich. Nico-
tinamide adenine dinucleotide (NAD+), the reduced form of nicotinamide
adenine dinucleotide (NADH), nicotinamide adenine dinucleotide
phosphate (NADP), nicotinamide adenine dinucleotide phosphate
hydride (NADPH), adenosine diphosphate (ADP), and adenosine
monophosphate (AMP) were obtained from Amresco. All other

Scheme 1. Design Strategy of the DNAzyme Cascade for Amplified Fluorescence Detection of Biological Small Moleculesa

a (a) The process for the production of activated DNAzyme; (b) amplifying fluorescence signal by the catalytic and molecular beacon. The enzyme
strand of the 8-17 DNAzyme is split into two separate fragments, DNA 1 and 2 (blue and orange), which are inactive to MB substrate in the absence of
DNA ligase and target cofactor. However, in the presence of DNA ligase and its cofactor, DNA 1 and 2 can be ligated to produce an activated 8-17
DNAzyme. Then, with the introduction of invasive DNA after the ligation completed, 8-17 DNAzyme can be liberated from template C-DNA and
hybridized with a hairpin-structured MB substrate to form a catalytic and molecular beacon system, thus, achieving an amplified fluorescence signal for
the target cofactor. The red in the molecular beacon is a cleavable ribonucleotide.
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chemicals were obtained from Shanghai Chemical Reagents (Shanghai)
and used without further purification. All solutions were prepared in
Milli-Q water (resistance >18 MΩ 3 cm) from a Millipore system. The
pH measurements were carried out on a Mettler-Toledo Delta 320 pH
meter. All fluorescence measurements were carried out on an F-7000
spectrometer (Hitachi, Japan). The instrument settings were chosen as
follows: λex = 494 nm (bandpass 5 nm), λem = 518 nm (bandpass 5 nm),
PMT detector voltage = 950 V. The sequences of oligonucleotides used
in this work were given in Table 1.
Ligation Procedure. The buffer containing 66 mM Tris-HCl

(pH = 7.6), 6.6 mM MgCl2, and 10 mM dithiothreitol was used for both
ligation reaction and fluorescence detection. To detect ATP, a mixture
containing 0.15 μM of DNA 1, 0.15 μM of DNA 2, and 0.1 μM of
template C-DNA was prepared in a ligation buffer of 42 μL volume in the
presence of varying concentrations of ATP. The mixture was heated to
90 �C for 5 min and then cooled to room temperature. T4 DNA ligase
at a final concentration of 0.04 U/μL was then introduced into the mixture
to induce the ligation. The reaction was allowed to proceed at 37 �C for
30 min. Subsequently, the invasive DNA at a final concentration of
0.3 μMwas added to the resultingmixture to inhibit the ligation reaction by
forming a more stable invasive C-DNA hybrid and releasing the active
8-17DNAzyme to perform its catalytic function. The producedmixturewas
directly introduced into the next kinetic fluorescence assay step. For
the detection of NAD+, a procedure similar to that used for ATP
detection was conducted, except for the use of E. coli DNA ligase at a
final concentration of 0.06 U/μL instead of T4 DNA ligase to trigger the
ligation and the use of NAD+ at varying concentrations instead of ATP as
cofactor. Different ligation conditions, including varying concentrations of
DNA ligase, different molar ratios of DNA segments (1 and 2) to the
template C-DNA (fixed at 0.1μM), and different incubation times, were also
employed in the above ligation procedures for optimization.
Fluorescence Assay Procedures. To conduct the fluorescence

assay for target cofactor, 0.2 μM of MB2 and 100 μM Zn2+ were then
added to the as-prepared free 8-17 DNAzyme-containing mixture in a
100 μL quartz cuvette. After thoroughly mixing the components, the
cuvette was quickly placed in a fluorometer thermostatted at 25 �C, and
the rate of the fluorescence increase was recorded. The excitation and
emission wavelengths were set at 494 and 518 nm, respectively. To study
the effect of the sequence of substrate strand, 0.2 μM of MB substrate
with different sequences (MB1 andMB2) was incubated with 0.1 μMof
purchased 8-17 DNAzyme at room temperature for 20 min in a 100 μL
quartz cuvette in the fluorometer. After the initial reading, the quartz
cuvette was removed, and 100 μM Zn2+ was added to induce the
cleavage reaction. After vortexing, the cuvette was quickly placed back
into the fluorometer to continue the kinetics assay. The effect of the
concentration of cofactor Zn2+ was also investigated using a similar
procedure by incubating 0.2 μM of MB2 with 0.1 μM purchased 8-17
DNAzyme in the presence of varying concentrations of Zn2+.

To investigate the effect of ligation conditions on the sensing
performance of the system, MB2 at 0.2 and 100 μM of Zn2+ was mixed
with the crude products obtained using different ligation conditions, by

varying the concentration of T4 DNA ligase, the molar ratio of DNA
segments (1 and 2) to the template C-DNA (fixed at 0.1 μM), and the
incubation time. The catalytic reaction was allowed to proceed for
25 min, and a fluorometer was then used to record the fluorescence
intensity change at 518 nm upon excitation at 494 nm. A similar
procedure was also used to investigate the effect of molar ratio of the
MB2 to template C-DNA by fixing the concentration of template DNA
C at 0.1 μM and changing the concentration of MB2.

’RESULTS AND DISCUSSION

Design andOptimization of theDNAzymeCascade-Based
Sensing System. The design of this new DNAzyme cascade is
shown in Scheme 1. The 8-17 DNAzyme was chosen as the
catalytic unit for the amplified sensing system based on its highly
catalytic activity and the ability to expand its functionality by
adopting either Pb2+ or Zn2+ as cofactors. The enzyme strand of
the 8-17DNAzymewas split into two separate fragments, DNA 1
and 2, which are inactive to MB substrate in the absence of DNA
ligase and target cofactor Zn2+, thus, providing a zero-back-
ground for the sensing system. However, both oligonucleotide
fragments can be separately hybridized to the template C-DNA
to form a ligatable nick. Therefore, in the presence of T4 DNA
ligase, together with the cofactor ATP, or E. coli DNA ligase,
together with the cofactor NAD+, the two oligonucleotides can
be ligated to produce activated 8-17 DNAzyme in an amount that
is positively related to the concentration of the cofactor ATP or
NAD+. With the introduction of invasive DNA, 8-17 DNAzyme
can be liberated from C-DNA by the formation of a more stable
duplex of invasive DNA and C-DNA. The liberated 8-17
DNAzyme can then be hybridized with a hairpin-structured
MB substrate to form the CAMB system.29 Upon the addition
of the cofactor metal ions, the DNAzyme catalyzes the cleavage
of the MB substrate, causing the quenched MB fluorophore/
quencher pair to be separated, thereby producing a dramatic
increase of fluorescent signal. Eventually, each released 8-17
DNAzyme can undergo many cycles to trigger the cleavage of
many MB substrates, providing an amplified detection signal for
the target ATP or NAD+.
To achieve the best sensing performance, the sequence of the

MB substrate, the concentration of cofactor Zn2+, and the
ligation conditions were optimized. Similar to previously re-
ported findings,39 anMB substrate calledMB2with a 7 base pairs
stem could provide satisfactory performance with a 12.3-fold
fluorescence enhancement in the presence of 100 μM Zn2+

(see Supporting Information, Figure S1); therefore, this optimized
MB2 substrate was chosen for further investigation. Experi-
mental results showed that the following conditions could
provide maximum S/N ratio for the sensing system: 100 μM

Table 1. Sequences of Oligonucleotides Used in This Worka

oligonucleotide sequences (from 50 to 30)

MB2 /FAM/-CCACCACATTCAAATTCACCAACTATrAGGAAG-AGATGTTACGAGGCGGTGGTGG-/BHQ/

DNA 1 CATCTCTTCTCCGAGCCGGTCG

DNA 2 P-AAATAGTGGGTG

C-DNA CCCCCCCCCCACCCACTATTTCGACCGGCTCGGCCCCCCC

Invasive DNA GGGGGGGCCGAGCCGGTCGAAATAGTGGGTGGGGGGGGGG

8�17 DNAzyme CATCTCTTCTCCGAGCCGGTCG AAATAGTGGGTG
aThe underlined sequences in MB2 represent the stem of MB, and rA denotes adenosine ribonucleotide at that position, while all others are
deoxyribonucleotides.
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Zn2+, 0.04 U/μL of T4 DNA ligase, a molar ratio of 1.5:1 for
DNA segments (1 and 2) to the template C-DNA (fixed at 0.1
μM) with incubation time of 30 min for the ligation reaction,
and a molar ratio of 2:1 for the MB substrate to the template
C-DNA (see Supporting Information Figures S2�S4).
Application of the DNAzyme Cascade toward ATP Detec-

tion. T4 DNA ligase was first chosen to construct the sensing
system for its cofactor ATP. As shown in Figure 1a, no
fluorescence enhancement was observed in the absence of
ATP, indicating that the DNA ligase was fully inactive and could
not catalyze the ligation reaction of DNA 1 and 2. Under these
conditions, the separated DNA 1 and 2 segments could neither
form an active DNAzyme to catalyze the cleavage of the hairpin-
structured substrate in the presence of Zn2+ nor efficiently
hybridize with the MB substrate. The result is a zero-background
signal in the absence of ATP. However, in the presence of ATP,
the two oligonucleotides could be ligated to produce an activated
8-17 DNAzyme, and the introduction of invasive DNA could then
release 8-17 DNAzyme to catalyze the cleavage of the hairpin-
structured substrate to induce a fluorescence enhancement. In
addition, the initial rate of fluorescence enhancement increased
with the increase of ATP concentration (Figure 1a).

Our CAMB strategy could further improve the sensitive
detection of ATP by realizing the true enzymatic multiple
turnover of DNAzyme. A linear relationship is observed between
the fluorescence enhancement and target DNA concentration up
to 300 nM (Figure 1b), with a detection limit of 100 pM (3σ/
slope). This detection limit is much lower than that of the
previously reported anti-ATP DNA aptamer-based fluorescence
sensing systems (detection limit in the μM range).15�19 The
ultrahigh sensitivity indicates the success of our dual strategy
design.
Achieving highly selective response to the analyte of interest

over other potentially competing species is required for biosensors
with applications to practical samples. Although several anti-ATP
DNA aptamer-based fluorescent biosensors have been reported
with satisfactory sensitivity, almost none of them can distinguish
ATP from its analogues, such as adenosine, adenosine-monopho-
sphate (AMP), and adenosine-diphosphate (ADP). Because an
enzymatic reaction cannot occur in the absence of target bio-
molecules, our system achieves improved selectivity by using the
T4 DNA ligase-based ligation reaction. The selectivity of this
method has been tested by comparing the fluorescence signal
change rates of samples containing ATP with those of its analogues,
including adenosine (A), AMP and ADP, uridine triphosphate
(UTP), cytidine triphosphate (CTP), and guanosine triphosphate
(GTP), as shown in Figure 2. When 0.5 μM of ATP, A, AMP,
ADP, UTP, CTP, and GTP were added, respectively, to the
reaction mixture, only ATP caused a marked fluorescence
increase. This result obviously indicated that the proposed
strategy had sufficient selectivity in ATP detection and was able
to detect ATP among its analogues. The selectivity of the sensing
system is obviously better than that of previously reported anti-
ATP DNA apatmer-based fluorescent biosensors.15�19

Application of the DNAzyme Cascade to NAD+ Detection.
To demonstrate the generality of this design, a dual-strategy
ligation reaction-based sensing system was also designed for NAD+

using E. coliDNA ligase instead of T4 DNA ligase. To obtain the
best performance of the sensing system, the ligation conditions
were first optimized. Experimental results indicated that a
concentration of 0.06 U/μL of ligase and a molar ratio of 1.5:1
for DNA segments (1 and 2) to the template C-DNA with

Figure 1. Sensitivity of the DNAzyme cascade for ATP detection. (a)
Time-dependent fluorescence response over background fluorescence
with varying concentrations of ATP. The concentrations for template
C-DNA, DNA 1, 2 andMB2 are 0.1, 0.15, 0.15, and 0.2 μM, respectively,
using 0.04 U/μL of T4 DNA ligase. The buffer contained 66 mM Tris-
HCl (pH = 7.6), 6.6 mM MgCl2, and 10 mM dithiothreitol. Inset:
Responses at low ATP concentrations. (b) Calibration curve of the
DNAzyme cascade for ATP. The curve was plotted with the initial rate of
fluorescence enhancement vs ATP concentration. Inset shows the linear
responses at low ATP concentrations.

Figure 2. Selectivity of the DNAzyme cascade for ATP compared to its
analogues. The initial rate of fluorescence enhancement of the sensing
system induced by different compounds at a concentration of 0.5 μM is
shown. The concentrations for DNA 1, 2, and MB2 are 0.15, 0.15, and
0.2 μM, respectively, using 0.04 U/μL of T4 DNA ligase. The buffer
contained 66 mM Tris-HCl (pH = 7.6), 6.6 mM MgCl2, and 10 mM
dithiothreitol.
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incubation time of 30 min for the ligation reaction could provide
maximum S/N ratio for the sensing system (see Supporting
Information, Figure S5). Similar to the ATP sensing system,
E. coliDNA ligase is inactive in the absence of NAD+ and cannot
catalyze the ligation reaction of A and B, again providing a zero-
background signal for the sensing system (Figure 3a). In the
presence of NAD+, DNA 1 and 2 can be ligated to produce an
activated 8-17 DNAzyme, which can then be liberated by the
introduction of invasive DNA and can subsequently catalyze the
cleavage of the hairpin-structured substrate to induce a fluores-
cence enhancement. Similar to ATP results, the fluorescence
enhancement rate increased with increasing concentration of
NAD+ (Figure 3a). The initial rate of fluorescence increased
proportionally to the concentration of NAD+ within the range of
0.1 to 100 nM, and a detection limit of 50 pM (3σ/slope) was
estimated for NAD+ (Figure 3b). The detection limit of the
newly designed NAD+ sensing system is 2�3 orders of magnitude
lower than that of previously reported fluorescent methods.28,29

Taken together, these experimental results also indicate successful
fluorescence amplification for NAD+ recognition, further de-
monstrating the feasibility of our novel dual-strategy, ligation
reaction-based sensing system in the context of overall improved
sensitivity.
Previously reported fluorescence methods for NAD+ necessi-

tated the conversion of NAD+ into its fluoresced derivatives, such

as NADH, thus, limiting the ability of these methods to dis-
criminate NAD+ from NADH or other analogues. An inherent
advantage of our ligation reaction-based sensing system is its high
specificity. To test the selectivity of the biosensor toward NAD+,
the fluorescence responses of several potential interferents were
also recorded separately with excitation fixed at 497 nm and
emission at 518 nm (Figure 4). Experimental results showed that
the addition of 1 μM of NADH, nicotinamide adenine dinucleo-
tide phosphate (NADP), nicotinamide adenine dinucleotide
phosphate hydride (NADPH), ATP, ADP, or AMP yielded only
negligible fluorescence changes when compared to the yield of
NAD+, indicating that the proposed ligation reaction-based
sensing system achieved high selectivity for the detection of
NAD+ and was able to discriminate NAD+ from its analogues.

’CONCLUSION

In summary, we have developed a ligation-triggered DNA-
zyme cascade by combining a split DNAzyme-based background
reduction strategy with CAMB-based amplification in one sys-
tem, resulting in ultrahigh sensitivity. The 8-17 DNAzyme was
split into two separate oligonucleotide fragments as the building
blocks for the DNA ligation reaction, which could then provide a
zero-background signal in the absence of target for the sensing
system, thus, affording high sensitivity for the detection of target
biological small molecules. A CAMB strategy was further employed
to amplify the detection signal by cycling and regenerating the
DNAzyme to realize true enzymaticmultiple turnover of catalytic
beacons. Combining zero-background signal and CAMB-based
signal amplification significantly improves the sensitivity of the
sensing systems, resulting in a detection limit of 100 and 50 pM
for ATP and NAD+, respectively, much lower than those of
previously reported biosensors. By taking advantage of the highly
specific biomolecule-dependence of the DNA ligation reaction,
the proposed DNAzyme cascades showed significantly high selec-
tivity toward target cofactor (ATP or NAD+) and could
distinguish the target biological small molecules from their
analogues. Thus, the ligation-triggered DNAzyme cascade provides
a new and universal platform for the design of novel DNA ligation
reaction-based sensing systems for detection of cofactors,

Figure 3. Sensitivity of the DNAzyme cascade for NAD+ detection. (a)
Time-dependent fluorescence response over background fluorescence
with varying concentrations of NAD+. The concentrations for DNA 1, 2,
and MB2 are 0.15, 0.15 , and 0.2 μM, respectively, using 0.06 U/μL of
E. coli DNA ligase. The buffer contained 30 mM Tris-HCl (pH = 8.0),
4 mM MgCl2, and 10 mM (NH4)2SO4. Inset: Responses at low NAD+

concentrations. (b) Calibration curve of the DNAzyme cascade for
NAD+. The curve was plotted with the initial rate of fluorescence
enhancement vs NAD+ concentration. Inset shows the linear responses
at low NAD+ concentrations.

Figure 4. Selectivity of the DNAzyme cascade for NAD+ compared its
analogues. The initial rate of fluorescence enhancement of the sensing
system induced by different compounds at a concentration of 1 μM is
shown. The concentrations for DNA 1, 2, and MB2 are 0.15, 0.15, and
0.2 μM, respectively, using 0.06 U/μL E. coli DNA ligase. The buffer
contained 30 mM Tris-HCl (pH = 8.0), 4 mM MgCl2, and 10 mM
(NH4)2SO4.
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monitoring activity of DNA ligases,45 and real-time investigation
of nucleic acids phosphorylation process,46 and, as such, may find
wide applications in environmental and biomedical fields.
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