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An ultrasensitive ﬂuorescence assay for nicotinamide adenine
dinucleotide (NAD+) was developed by target-triggered ligation–
rolling circle ampliﬁcation (L-RCA). This novel approach can
detect as low as 1 pM NAD+, much lower than those of previously
reported biosensors, and exhibits high discrimination ability even
against 200 times excess of NAD+ analogs.
Nicotinamide adenine dinucleotide (NAD+), a ubiquitous
biological molecule, participates in many biological processes and
plays a crucial role in cell proliferation, apoptosis, transcriptional
regulation, DNA repair, calcium homeostasis, and calorierestriction mediated life-span extension.1 It functions as a
cofactor of numerous redox reactions as well as a consumable
substrate for several classes of NAD+-dependent enzymes.2
Abnormal changes in NAD+ levels and/or the NAD+/reduced
nicotinamide adenine dinucleotide (NADH) ratios correlate with
several age-associated diseases, such as cancer, diabetes, and
neurodegenerative diseases.1d,3 Therefore, the development of a
NAD+ assay is of great signiﬁcance for clinical diagnosis and
therapy as well as understanding its roles in biological processes.
Traditional approach for NAD+ determination is based on
an enzymatic cycling strategy, allowing a sensitivity of picomolar
range per assay.4 Since both NAD+ and NADH can initiate the
cycling, the assay is unable to discriminate NAD+ from NADH or
other analogues. The accurate determination of NAD+ in a single
cell has been reported by combining the sensitivity of enzymatic
cycling assay with the separation power of capillary electrophoresis.5 Other alternative strategies have also been developed
for NAD+ detection, such as high performance liquid chromatography coupled with electrospray ionization tandem mass
spectrometry (HPLC-ESI-MS/MS),6 HPLC-UV detection,7
carbon 13 nuclear magnetic resonance (13CNMR) spectrometry,8 and ﬂuorescence methods.9 Unfortunately, these
methods are either extremely complicated, not selective
enough for practical applications, or lacking sensitivity and
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requiring expensive equipment. Utilizing NAD+ as an indispensable cofactor for E. coli DNA ligase to catalyze the ligation
of two oligonucleotides, the electrochemical and molecular beacon
(MB) based ﬂuorescence biosensors have been reported for
NAD+ detection with detection limits down to 1.8 nM and
0.3 nM, respectively.10 More recently, a novel ligation-triggered
DNAzyme cascade method has also been developed for ampliﬁed
ﬂuorescence detection of NAD+, resulting in a lower detection
limit of 50 pM.11 These assays exhibit high speciﬁcity in distinguishing NAD+ from its analogs. However, such measurements
are not sensitive enough for the detection of low-abundance
NAD+ in small amounts of biological samples. Therefore, the
development of a novel and signal-ampliﬁed approach for
further improving sensitivity is still an urgent demand.
Rolling circle ampliﬁcation (RCA) is an isothermal DNA
replication technique12 and can amplify a short DNA primer
to generate long linear single-stranded DNA (ssDNA) molecules
containing many tandem repeated sequences which are complementary to the circular DNA template.13 Due to its simplicity,
robustness, high speciﬁcity, and powerful signal ampliﬁcation,14
RCA has received considerable attention as a highly versatile
DNA ampliﬁcation tool and has been widely applied in the
ultrasensitive detection of DNA,15 RNA,14b,16 proteins,17 as
well as small molecules.18 Herein, we developed a ﬂuorescence
sensing strategy for ultrasensitive and selective detection
of NAD+ by taking advantage of the great ampliﬁcation
capability of RCA and the extreme ﬁdelity of E. coli DNA
ligase toward its substrates. The designed strategy is depicted
in Scheme 1. The ten 3 0 - and 5 0 -terminal bases of the 59-mer
padlock probe were designed to be perfectly complementary to
the half sequences of 20-mer DNA (cDNA) (see ESIw). In the
presence of NAD+, the E. coli DNA ligase could catalyze the
ligation between 3 0 -OH and 5 0 -PO4 ends of the padlock
probes, triggering the formation of a circular DNA template.
Using the cDNA as primer, RCA was subsequently initiated
by the high-displacement activity of the phi29 DNA polymerase
in the presence of dNTPs. The long ssDNA product containing
tandem repeats was generated in large quantities by RCA
and could serve as an excellent template for periodic binding
of 29-mer MBs with partial loop regions complementary to the
middle 15-mer units of each repeated sequence. This would
result in the opening of the numerous MBs and produce the
dramatic increase in ﬂuorescent signals with very little quenching
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Scheme 1 Schematic representation of target-triggered ligation–rolling
circle ampliﬁcation (L-RCA) assay for nicotinamide adenine dinucleotide
(NAD+).

eﬀect due to the eﬀective spatial separation of the ﬂuorophore
and quencher not only within MBs but also between adjacent
MBs on the ssDNA product. In contrast, in the absence of
target NAD+, E. coli DNA ligase would lose its catalysis
activity for the ligation of padlock probes, and the RCA process
could not proceed. Therefore, there was no ﬂuorescence enhancement. In this way, we successfully converted each NAD+-triggered
ligation event into the detectable ﬂuorescent signals, which were
signiﬁcantly ampliﬁed by RCA in an isothermal fashion.
Typical ﬂuorescence spectra characteristics of the sensing
strategy in response to NAD+ are shown in Fig. S1 in ESI.w
Compared with the background ﬂuorescence of the MBs,
10 mM NAD+ resulted in a signiﬁcant ﬂuorescence enhancement
while a control experiment without NAD+ only exhibited a
negligible ﬂuorescence change. The result provided a convincing
proof of the detection mechanism of the proposed sensing strategy
shown in Scheme 1.
In this novel strategy, RCA was a crucial step, which
mediated the generation and ampliﬁcation of the ﬂuorescence
signal. In order to achieve the system’s best sensing performance,
several experimental parameters aﬀecting RCA were investigated
(Fig. 1). The NAD+ concentration was set at 5 mM for the
subsequent optimizations. The NAD+-triggered ligation reaction
has a signiﬁcant inﬂuence on the RCA process. The full
hybridization equilibrium between the padlock probe and
cDNA is a key factor for ensuring eﬃcient ligation reaction.
Therefore, the eﬀect of molar ratio of the padlock probe to
cDNA was evaluated using a ﬁxed concentration of cDNA,
namely 10 nM. As shown in Fig. 1a, the ﬂuorescence intensity
increased with the increase in molar ratio. When the ratio

Fig. 1 Dependence of the ﬂuorescence response of the sensing strategy
on molar ratio of padlock probe to cDNA (a), the concentration of
cDNA (b), and the reaction time of RCA (c). The concentration of
target NAD+ was 5 mM. Fluorescence intensity was recorded at 518 nm
with an excitation wavelength of 495 nm. The error bar was calculated
from three independent experiments.
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value reached 3 : 1, the maximum ﬂuorescence intensity was
achieved. Thereafter, the ﬂuorescence response exhibited a
gradual decrease with a further increase in the molar ratio.
This was probably because a large excess of padlock probes
disturbed their hybridization with the cDNA in a head-to-tail
fashion and the subsequent L-RCA reaction.19 As a result, the
molar ratio of 3 : 1 was selected for further investigation. The
hybridization of cDNA with the padlock probe is a prerequisite
for NAD+-triggered ligation. In addition, cDNA also serves as
a primer for RCA reaction after circularization of the padlock
probe. Fig. 1b shows the variance of ﬂuorescence intensity with
the concentration of cDNA. Finally, 10 nM was selected as the
optimal concentration due to its strongest ﬂuorescence intensity.
In theory, more complementary copies of the circular template
are generated with the elongation of RCA reaction time;
stronger signal ampliﬁcation will be produced. So the eﬀect of
RCA reaction time on the ﬂuorescence signal was examined,
which is shown in Fig. 1c. The ﬂuorescence intensity enhanced
quickly with the increase in reaction time, and nearly reached a
plateau after 70 min. This might be attributed to the fact that the
RCA reaction had reached equilibrium caused by exhaustion of
the RCA substrates or inactivation of phi29 DNA polymerase.20
Therefore, 70 min was chosen as the optimum time for the RCA
reaction. This time was in agreement with the reported RCA
reaction time of 1–2 h.20,21
The feasibility of the ﬂuorescent biosensor was veriﬁed by
agarose gel electrophoresis and ethidium bromide staining. As
shown in Fig. S2 in ESIw, the long ssDNA products of L-RCA
triggered by NAD+ were observed in lane 1 (10 nM NAD+)
and 2 (1 mM NAD+), respectively, in which the RCA products
showed extremely low mobility. A brighter band was observed
in lane 2, indicating that the higher concentration of NAD+
would result in generating more RCA products. In contrast,
no band appeared in the absence of NAD+ in lane 3, indicating
no RCA products were generated in the control experiment.
Although the experiments might not give a reliable assessment of
the molecular weight of the RCA products due to diﬀerence in
electrophoretic behavior between single-stranded and doublestranded DNA, they provided immediate evidence for the high
molecular weight of the ssDNA products.22 These results indicated
that NAD+ acted as a trigger of the RCA reaction and the signal
enhancement had a positive correlation with the NAD+ level.
Under the optimal conditions, the sensitivity of the sensing
strategy was examined by ﬂuorimetric titration. Fig. 2a depicts
ﬂuorescence emission spectra of the sensing system upon the
addition of NAD+ at diﬀerent concentrations. The ﬂuorescence intensities increased remarkably when the concentration
of NAD+ was raised from 0 pM to 5 mM, and then leveled oﬀ
beyond 5 mM (data not shown). Fig. 2b shows the relationship
between the ﬂuorescence response and the diﬀerent concentrations
of target NAD+. The change in ﬂuorescence intensity (DF) was
proportional to the logarithmic value of the NAD+ concentration
over a 6-decade range from 5 pM to 5 mM with a linear correlation
coeﬃcient of 0.9905. The detection limit, calculated as three times
the signal-to-noise ratio, was 1 pM, which is remarkably lower
than those of 0.3 nM for MB based bioassays, and 1.8 nM for an
electrochemical biosensor,10 and 50-fold lower than that for the
ligation-triggered DNAzyme cascade method.11 The ultrahigh
sensitivity was attributed to the following factors. First, the
Chem. Commun., 2012, 48, 3354–3356
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Fig. 2 (a) Fluorescence emission spectra recorded at diﬀerent concentrations of target NAD+. (b) Fluorescence intensity changes (DF) upon the
addition of diﬀerent concentrations of NAD+. The inset of (b) displays the
linear relationship between DF and the logarithmic value of the NAD+
concentration (5 pM–5 mM). DF was calculated by F  F0, where F and F0
represent ﬂuorescence intensity in the presence and absence of NAD+,
respectively. Error bars show the standard deviation of three experiments.

introduction of NAD+ would trigger the ligation between 30 -OH
and 50 -PO4 ends of the padlock probe, and eventually the long
ssDNA product containing many tandem repeated detection sites
was generated in large quantities by RCA, substantially amplifying
each target-triggered ligation event. Second, MBs showed
relatively low background ﬂuorescence and could be opened
upon hybridization with the detection sites, which dramatically
increased the ﬂuorescence signal.
In addition to the detection sensitivity, speciﬁcity is another
critical factor to evaluate the practicality of the ﬂuorescent
biosensor. The speciﬁcity of the sensing strategy was determined
by challenging it with the NAD+ analogs such as NADH,
nicotinamide adenine dinucleotide phosphate (NADP+), reduced
nicotinamide adenine dinucleotide phosphate (NADPH), adenosine
triphosphate (ATP), adenosine diphosphate (ADP) and adenosine
5 0 -monophosphate (AMP) respectively. Fig. 3 presents the
histograms of ﬂuorescence intensity for the blank and solutions
containing NAD+ (50 nM) and its analogs (10 mM). It could be
observed that the NAD+ analogs exhibited almost the same
ﬂuorescence response as the blank solution without NAD+, and
did not induce any signiﬁcant signal. The results demonstrate
that the proposed strategy exhibits high selectivity for NAD+,
which makes it promising for practical applications. The
excellent speciﬁcity was attributed to the intrinsically extreme
ﬁdelity of E. coli DNA ligase for NAD+.
In summary, a novel ﬂuorescence sensing strategy for the
ultrasensitive detection of NAD+ was reported in this study. The
method takes advantage of the intrinsically extreme ﬁdelity of
E. coli DNA ligase to NAD+, the powerful signal ampliﬁcation

Fig. 3 The diﬀerence in ﬂuorescence intensity between the blank and
solutions containing NAD+ and its analogs. Concentration of NAD+:
50 nM, concentration of NAD+ analogs: 10 mM.
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capability of RCA and the signiﬁcant increase in ﬂuorescence signal
associated with the speciﬁc hybridization of MBs with L-RCA
products. By exploiting the strategy, each NAD+-triggered ligation
event is translated into a detectable ﬂuorescence response. An
extremely low detection limit as low as 1 pM for the target
NAD+ is achieved with a wide detection range of 6 orders of
magnitude. The picomolar sensitivity is much lower than those of
previously reported biosensors. At the same time, this proposed
approach exhibits extreme speciﬁcity towards NAD+, even against
200 times excess of NAD+ analogs. In addition, it is worthwhile to
point out that no sophisticated equipment is required. These
advantages endow the NAD+ sensing strategy with a great
potential for practical applications without sample puriﬁcation,
despite the fact that our assay involves several separate steps which
makes it a little complicated and time consuming (about 2.5 h).
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