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An electrochemical method for nicotinamide adenine dinucleotide (NAD*) detection with high sensitivity
and selectivity has been developed by using molecular beacon (MB)-like DNA and Escherichia coli DNA
ligase. In this method, MB-like DNA labeled with 5'-SH and 3’-biotin was self-assembled onto a gold elec-
trode in its duplex form by means of facile gold-thiol chemistry, which resulted in blockage of electronic
transmission. It was eT OFF state. In the presence of NAD*, E. coli DNA ligase was activated, and the two
nucleotide fragments which were complementary to the loop of the MB-like DNA could be ligated by
the NAD*-dependent E. coli DNA ligase. Hybridization of the ligated DNA with the MB-like DNA induced
a large conformational change in this surface-confined DNA structure, which in turn pushed the biotin
away from the electrode surface and made the electrons exchange freely with the electrode. Then the
generated electrochemical signals can be measured by differential pulse voltammetry (DPV). Under opti-
mized conditions, a linear response to logarithmic concentration of NAD* range from 3 nM to 5 uM and
a detection limit of 1.8 nM were obtained. Furthermore, the proposed strategy had sufficient selectivity
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to discriminate NAD* from its analogues.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

Nicotinamide adenine dinucleotide (NAD*) is a ubiquitous bio-
logical molecule that participates in many biological processes,
including the regulation of energy metabolism [1,2], DNA repair
[3], and transcription [4,5]. For example, NAD* is required in sev-
eral important signaling pathways in mammalian cells, including
poly(ADP-ribosyl)ation in DNA repair [3], G-protein-coupled sig-
naling [6]. NAD" can also dominate some significant life process
correlated with the metabolism in many organisms [7-9]. It has
been confirmed that the NAD* level played the pivotal role in the
yeast cell senile regulation [10,11]. Furthermore, recent studies
showed that the change in NAD* level has been found to be closely
related to many diseases; Kelley et al. [12] found that the diabetes
had lower ability to regulate the NAD* level. Torabi et al. [13] found
that NAD* concentration in cancer tissues was higher than that in
normal tissues. Murray et al. [14] reported that HIV-1 infection of
human cells in vitro leaded to significant decreases in the intracel-
lular concentration of NAD*. Therefore, the determination of NAD*
is essential for biochemical study as well as clinic diagnosis.

Many methods have been carried out to detect NAD* both
in vitro and in vivo, such as UV absorbance in combination with
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HPLC separation [15], fluorescence of a NAD* derivative [16-18],
chemiluminescence [19], nuclear magnetic resonance (NMR) spec-
trometry [10,20], capillary electrophoresis [21-23], electrospray
ionization mass spectrometry (ESI-MS) [24]. For example, Yamada
et al. [25] developed a liquid chromatographic-tandem mass spec-
trometric method that simultaneously measured cellular NAD* and
related compounds. Xie et al. [23] reported an in-capillary enzy-
matic cycling assay that was developed to determine the NAD* and
NADH contents of a single cell. Unfortunately, these approaches are
complex, time consuming, they also need expensive, high-power
consumption, cumbersome equipments or expensive light sources.
Furthermore, these methods are not sensitive or specific enough.
Therefore, other avenues need to be explored to have a convenient,
rapid, high specific and sensitive method to assay the negligible
amount of NAD*.

As all we known, some methods for target biomolecules detec-
tion based on the biomolecules-dependent enzymatic reaction
have been gaining wide attention in recent years. The target
biomolecules, as a substrate or an important factor of enzyme,
can be indirectly detected through monitoring the biomolecules-
dependent enzymatic reactions [26]. The methods display high
selectivity because the enzymatic reaction cannot occur in the
absence of certain biomolecule. For example, ATP-dependent
luciferase-luciferin reaction for ATP detection [27,28], pyrrolo
quinoline quinone (PQQ)-dependent redox enzyme for PQQ detec-
tion [29], NADP-dependent diaphorase reaction for NADP detection
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Table 1
Sequence of oligonucleotides.

Oligonucleotide Sequence (5'-3")

MB-like DNA HS-(CH, )g-CCTCTCCGTGTCTTG
TACTTCCCGTCAGAGAGG-biotin

Oligo A p-TACAAGACAC

0Oligo B GACGGGAAG

[30]. NAD*, as an important biomolecule, is also prerequisite
in many enzymatic reactions. Enzymes that utilize NAD* as a
substrate include some NAD*-dependent DNA ligases [31], NAD*-
dependent oxidoreductases [32,33], poly(ADP-ribose) polymerase
(PARP) [3] and the recently characterized Sir2p family [34], NAD*-
dependent deacetylases [35,36]. Therefore, it is highly desirable to
develop NAD" detection method by combination NAD*-dependent
enzymatic reaction with bioluminescence, fluorescence, electro-
chemistry or other analytical technologies.

Recently, our group has developed a kinase-based ATP fluo-
rescence assay using molecular beacon [37] and ligase-based ATP
electrochemical assay using molecular beacon (MB)-like DNA [38],
respectively. Both of the two methods took advantages of the
enzymatic reaction mediated conformation change of DNA in the
presence of ATP. They both demonstrated simple, fast and enough
selectivity to discriminate ATP from its analogues. By compari-
son with kinase-based ATP fluorescence assay, the ligase-based
ATP electrochemical assay promoted the detection limit with 400
times without employing cumbersome and expensive optics, light
sources, or photodetectors. Escherichia coli (E. coli) DNA ligase
is an NAD*-dependent enzyme that catalyzes the formation of
phosphodiester bonds between complementary 3’-hydroxyl and
5’-phosphoryl termini of dsDNA. Here, we developed an electro-
chemical method for NAD* detection by using MB-like DNA and
E. coli DNA ligase. The electrochemical properties of MB-like DNA
modified electrode and experimental conditions were studied in
detail.

2. Experimental
2.1. Reagents and materials

E. coli DNA ligase was purchased from Takara Biotechnology Co.,
Ltd. (Dalian, China). Mercaptohexanol (MCH), nicotinamide ade-
nine dinucleotide (NAD*) and the reduced form of nicotinamide
adenine dinucleotide (NADH), nicotinamide adenine dinucleotide
phosphate (NADP), nicotinamide adenine dinucleotide phosphate
hydride (NADPH), adenosine-5’-triphosphate (ATP) and adenosine
monophosphate (AMP) were obtained from Sigma-Aldrich (Shang-
hai) Trading Co., Ltd. (Shanghai, China). All other chemicals were
obtained from Reagent & Glass Apparatus Corporation of Changsha
and were used without further purification (Changsha, China). The
solutions in the experiments were prepared with ultrapure water
(Milli-Q 18.2 M2 cm, Millipore (Shanghai) Trading Co., Ltd., Shang-
hai, China). All synthetic oligonucleotides were purchased from
Takara Biotechnology Co., Ltd. (Dalian, China). The sequences of
oligonucleotides used in this work are listed in Table 1.

2.2. Instruments

The electrochemical signals were measured at room temper-
ature by using a CHI660A electrochemical workstation (Shanghai
Chenhua Instrument Corporation, Shanghai, China). The electro-
chemical cell consisted of a three-electrode system, with a gold
or modified gold disk electrode (2.0 mm in diameter, CHI 101; CH
Instrument) as the working electrode, a platinum foil as counter
electrode, and a saturated calomel electrode (SCE) as the reference
electrode, respectively. All the potentials in this paper were with

respect to SCE. And all solutions were deaerated with high-purity
nitrogen and kept under a nitrogen atmosphere throughout the
electrochemical measurements.

2.3. Experimental details

2.3.1. Experiment principle

The principle for electrochemical detection of NAD* based on
MB-Like DNA and E. coli DNA ligase was demonstrated in Fig. 1.
As elucidated in Fig. 1(a), the MB-like DNA dually labeled with
5’-SH and 3’-biotin was self-assembled onto gold electrodes in a
stem-loop structure via gold-sulfur affinity. We reasoned that the
biotin tagged on the end of the DNA approached the electrode sur-
face and the MB-like DNA occupied a large area, thus the electrode
could not efficiently exchange electrons with the solution. It was eT
OFF state. When the two nucleotide fragments (oligo A and oligo B)
which were complementary to the loop of the MB-like DNA were
added, the MB-like DNA was hybridized with the two half-match
oligos to form a nick. However, it was still eT OFF state because there
was no ligation between the two oligos. In the presence of NAD",
the E. coli DNA ligase would be activated and catalyzed the liga-
tion reaction to form the whole-match oligo to open MB-like DNA
completely, which in turn released the biotin from the electrode
surface and induced the change of the DNA from a stem-loop to an
extended structure (Fig. 1(b)). Therefore, the ferricyanide could be
allowed to easily access to the surface, and the electrons exchanged
freely with the electrode. It generated measurable electrochemi-
cal signals (eT ON). The DPV was then adopted to determine the
concentration of NAD*. On the contrary, E. coli DNA ligase cannot
be activated to catalyze the two nucleotide fragments juncture if
the DNA ligation solution was absent of NAD*. Thus the ligation
reaction still could not happen, and it remained eT OFF state.

2.3.2. MB-like DNA probe immobilization on the electrode

Prior to MB-like DNA probe immobilization, the gold electrode
was polished with 0.3 and 0.05 pm alumina powder, respectively.
The polished electrode was then cleaned ultrasonically sequen-
tially in ultrapure water, ethanol, and ultrapure water for 10 min
each, followed by electrochemically cleaning in 0.1 M H,SO4 by
potential scanning between —0.2 and 1.6V until a reproducible
cyclic voltammogram was obtained. The clean electrode was rinsed
with ultrapure water and dried in a mild nitrogen stream. 20 L of
1.5 wM MB-like DNA solutions was placed on the cleaned gold elec-
trode that was held upside down and kept 2 h at room temperature.
During the modification process, the electrode dropped with MB-
like DNA solution was further covered with a plastic cap to avoid
the solution evaporation. After being exposed to a 1 mM mercapto-
hexanol (MCH) solution (in 0.1 M PBS buffer, pH 7.4) for 20 min to
block the remaining bare region [38], the resulting electrode was
ready for the NAD* detection.

2.3.3. Detection of NAD*

By immersing the MB-like DNA/MCH modified electrodes into
a 20 pL freshly prepared DNA ligation solution (containing NAD*
with certain concentration, 20U E. coli DNA ligase, 1 wM oligo
A, 1 uM oligo B, 5mM MgCl, and 20 mM Tris-HCl, respectively),
the ligation reaction of the two oligonucleotides and subsequent
hybridization reactions of the ligated DNA fragments to the MB-like
DNA probes were conducted in a moist hybridization chamber at
40°C for 2 h. Thereafter the electrodes were thoroughly rinsed with
ultrapure water to remove any nonspecifically bound species. The
electrodes were subsequently dried with nitrogen purge. Then, a
three-electrode electrochemical cell was used to detect the electro-
chemical signals by DPV. All electrochemical measurements were
performed in 0.5 mM K3[Fe(CN)g]/K4[Fe(CN)g] and 0.4 M KNO3 at
room temperature.
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Fig. 1. (a and b)Principle of electrochemical detection of NAD* based on molecular beacon-like DNA and E. coli DNA ligase.

2.3.4. Regeneration of the MB-like DNA modified electrode

The procedure was performed by immersing the used electrodes
into ultrapure water at 95°C for 5min to remove the nucleotide
which was complementary to the loop of MB-like DNA. Then, the
electrodes were transferred to the ice-cold PBS buffer solution to
refold the MB-like DNA probe again. The regenerated electrode was
reused for detecting the target of NAD* using the same procedure
as in Section 2.3.3.

3. Results and discussions

3.1. Characterization and feasibility investigation of the
electrochemical assay

DPV had been performed to investigate the feasibility of this
electrochemical assay. Fig. 2(a) presented the DPV of bare gold
electrode, the MB-like DNA/MCH modified gold electrode, the
MB-like DNA/MCH modified electrode treated with ligation solu-
tion without NAD* (20U E. coli DNA ligase, 1 wM oligo A, 1M
oligo B and ligation buffer) and the MB-like DNA/MCH mod-
ified electrode treated with ligation solution (3 wM NAD®*, 20
U E. coli DNA ligase, 1 uM oligo A, 1M oligo B and ligation
buffer)in 0.5 mM K3[Fe(CN)g]/K4[Fe(CN)g] and 0.4 M KNO3, respec-
tively. The DPV for the bare gold electrode (curve 1) exhibited
a high currents signal, which indicated the electrons exchanged
freely with the electrode. When gold electrode was modified
with MB-like DNA/MCH, a weak currents signal was obtained
(curve 2) due to the electronic transmission block came from
the immobilized MB-like DNA/MCH. Obvious peak current was
obtained after the modified electrode was treated with NAD* lig-
ation solution (curve 3), this was due to the biotin molecules
were away from the electrode after NAD*-induced the currents
from a signal-off to a signal-on state, which was in good agree-
ment with the assay principle. When the modified electrode was
treated using ligation solution without NAD", it showed a weak
current signal (curve 4). The reason for this was that the E. coli

DNA ligase would not catalyze ligation reaction in the absence of
NAD*.

As an effective method to probe the interface properties of mod-
ified electrodes, electrochemical impedance spectroscopy (EIS) was
also used to evaluate the interfacial electron-transfer state at dif-
ferent stages of assay preparation. As displayed in Fig. 2(b), at the
bare Au electrode, very small electron-transfer resistance (Ret),
which was measured as the radius of the semicircle in the EIS,
was presented (curve 1), suggesting a free electron-transfer pro-
cess at such electrode. Compared with the bare Au electrode, the
MB-like DNA/MCH-modified electrode showed a larger Re (curve
2). It was mainly due to the reason that a large amount of biotin
modified MB-like DNA would form a big barrier to prevent the
[Fe(CN)]3~/4- anions from getting access to the electrode surface.
After treated with the ligation solution containing NAD*, the MB-
like DNA/MCH-modified electrode showed a relatively small Re¢
(curve 3)relative to curve 2. This was attributed to fact that the MB-
like DNA was opened in the presence of NAD*, which induced the
biotin away from the electrode surface. Therefore, the electrochem-
ical impedance decreased. While the MB-like DNA/MCH-modified
electrode was treated with ligation solution without NAD*, there
was also a large semicircle domain (curve 4). The reason for this
was that the E. coli DNA ligase could not catalyse two nucleotide
fragments ligation reaction in the absence of NAD*. Therefore, the
DPV results and interface characterization by EIS indicated the elec-
trochemical assay could be used to detect NAD*.

3.2. Optimization of experimental conditions

3.2.1. Effect of surface-modifying time of MB-like DNA

DNA probe surface-modifying time is an important parame-
ter in optimizing the signal gain of electrochemical DNA (E-DNA)
sensors. We employed the concentration of 1.5 uM MB-like DNA
to fabricate the modified electrode according to the previous
report [38]. As can be seen from the current signal of MB-like
DNA gold electrode (Fig. 3(a)), the current signal was decreased



940 X. He et al. / Talanta 83 (2011) 937-942

a 7.0 42— PRSP B SR T RR A M PR T M A i A o |

6.0 1 L
5.0 1 s
4.0 - -

3.0 1 F

Current / le-6A

2.0 1 F

104 4 d
2
0 T T T T T T T
0.60 0.50 0.40 0.30 0.20 0.10 0 -0.10 -0.20
Potential / V
b 3000 L L L 1 n I 1 L 1 1 L 1 n 1 n n L 1
2700 | F

2400 | i
2100 | E
1800 | Gl L B _ X
1500 1 o’ e 04 L

-Z" / ohm
*

1200 p k" Oy -
900 1
600
00 @ .. 1 I

0 T T T T T
0 1000 2000 3000 4000 5000 6000
Z' [ ohm

Fig.2. Differential pulse voltammograms (DPV)(a)and Nyquist plots (b) of bare gold
electrode (1), MB-like DNA/MCH modified gold electrode (2), MB-like DNA/MCH
modified electrode treated with ligation solution (3), and MB-like DNA/MCH
modified electrode treated with ligation solution without NAD* (4). Supporting elec-
trolyte, 10 mM PBS (pH 7.4) containing 0.5 mM [Fe(CN)6]*~/#~ and 0.4 M KNOs. DPV,
pulse amplitude 50 mV; pulse period, 0.2 s. Nyquist plots in electrolyte at 210 mV;
frequency range 0.1-100 kHz; ac amplitude 5 mV.

with increasing surface-modifying time. As the surface-modifying
time was increased to 60 min, the current signal reached a rel-
ative minimum value. Further increase of the surface-modifying
time would not decrease the current signal. Thus 60 min was cho-
sen as the appropriate surface-modifying time for the following
experiments.

3.2.2. Effect of different ligation temperature

To set an optimum ligation temperature is also very important
to obtain accurate results. Fig. 3(b) showed the effect of ligation
temperature on response current. The response current increased
with increasing temperature from 25 to 40 °C. At high temperature,
the enzyme is easy to be denatured, and lower temperature will
result in difficulty of MB-like DNA conformational change. There-
fore, 40 °C was chosen as the optimum temperature for the ligation
of the assay.

3.2.3. Effect of different ligation time

When the targets and two nucleotide fragments reach the MB-
like DNA at the surface of the electrode, it would take time for
opening the stem-loop structure of the MB-like DNA [39]. As
shown in Fig. 3(c), it was demonstrated the electrochemical sig-
nal increased dramatically and then tended to change only slightly
when the ligation time was increased from 10 to 180 min. So a liga-
tion time of 120 min was selected for the following NAD* detection.
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Fig. 3. Optimization of experimental conditions: (a) effect of surface modification
time of MB-like DNA: 10-960 min. (b) Effect of hybridization temperature: 25-50°C.
(c) Effect of hybridization time: 10-180 min.

3.3. Detection of NAD*

The detection performance of the NAD* assay was evaluated by
exposing the sensor to a series of NAD* concentrations under the
same experimental condition. The electrochemical response to dif-
ferent concentrations of NAD* was illustrated in Fig. 4. As can be
seen, one observed dynamically increased DPV peak currents in the
presence of increasing target concentration within the range from
0.5nM to 25 wM. Linear relationship between the peak current and
the logarithmic concentration of NAD* was observed in the range
of 3-5000nM with a correlation factor 0.987. The linear regres-
sion equation was y =0.7403x + 0.3146 (here, x was the logarithmic
concentration of NAD* (nM), and y was the response peak current).
Meanwhile, the detection limit was 1.8 nM as calculated according
to the rule of three times standard deviation over the background
signal. The results indicated that the present method could success-
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Fig. 4. (a) Differential pulse voltammograms of modified gold electrode incubated
with different concentrations of NAD* (from bottom to top: 0 nM to 25 uM). The LOD
base on S/N=3is 1.8 nM. (b) The response curve obtained with different logarithmic
concentrations of NAD". Inset showed linear relationship between the current and
the logarithm of the NAD* concentration from 3 nM to 5 .M.

fully detect the NAD* with high sensitivity. The detection limit of
this electrochemical NAD* assay based on molecular beacon-like
DNA and E. coli DNA ligase was 3-4 orders of magnitude lower
than that of reported dehydrogenase-based NAD* amperometric
method [40]. Moreover, under the optimum conditions, the RSD of
this method (n=>5) was found to be 4.1%, the regression equation
was Y=3.2048/(1+exp ((1.7607—-x)/0.8257)) (x was the logarith-
mic concentration of NAD*; Y was the peak current, 1076 A; n=5,
R?=0.9908). It was shown that this biosensor had an acceptable
reproducibility for the detection of NAD*.

3.4. Selectivity of the electrochemical assay

The ability to be specific to the analytes is very critical for anideal
biosensor strategy. The selectivity of the target biomolecules detec-
tion based on monitoring the biomolecules involved enzymatic
reaction generally attributed to the fact that the enzymatic reac-
tion cannot occur in the absence of target biomolecules [27-30].
This correlation was also observed for the NAD* electrochemical
assay reported here. As exhibited in Fig. 5, the selectivity of this
NAD" electrochemical assay was investigated by comparing the
current signal change of samples containing NAD* with that of
NADH, NADP, NADPH, ATP and AMP, respectively. The current sig-
nal change was measured individually after NAD*, NADH, NADP,
NADPH, ATP and AMP with the same concentration of 3 wM in the
samples. It was clearly demonstrated that a significant increase
induced only by the interaction of the MB-like DNA and the NAD*
ligation solution was observed compared to the other five ana-
logues samples, obviously indicating that the proposed strategy
had sufficient selectivity in NAD* detection, and was able to dis-

3.0

2.5

2.0

1.51

Current/le-6A

1.04

I i PSR s

NADH NADP NADPH ATP AMP

NAD Mixture

Fig. 5. Selectivity of the NAD* detection assay. The concentration of NAD*, NADH,
NADP, NADPH, ATP, AMP is 3 wM, respectively. And the mixture was composed of
NAD*, NADH, NADP, NADPH, ATP and AMP with the same concentration of 3 .M.

criminate NAD* from its analogues. In addition, when NADH, NADP,
NADPH, ATP and AMP were coexisted in NAD* with the same con-
centration of 3 wM, the signal did not changed much compared with
NAD*. The result indicated that this assay would hopefully be used
to perform the analysis of real samples.

3.5. Sensor regeneration

The regeneration of the E-DNA is important for the E-DNA
applications [41]. Here the sensing interface regeneration in our
experiments was performed by immerging in hot water. We have
successfully recovered up to ~81% of the original signal under iden-
tical conditions after ten rounds of regeneration. This means that
the sensor can be completely regenerated for repeated usage.

4. Conclusions

In summary, we have developed a novel electrochemical
method for NAD* detection using NAD*-dependent E. coli DNA
ligation reaction and MB-like DNA. The method takes advantage
of the sensitive MB-like DNA conformation change when the two
nucleotide fragments which are complementary to the loop of the
MB-like DNA are ligated by the E. coli DNA ligase in the presence of
NAD*, and accompanying measurable electrochemical signals. By
using of the NAD*-dependent enzymatic reaction, the sensitivity is
substantially enhanced and the assay system is furnished with high
selectivity and cost-efficiency. This method is capable of selectively
determining NAD* from other five NAD* analogues. Detection limit
of NAD* can reach down to 1.8 nM. Furthermore, by employing this
platform, various kinds of biomolecules can be detected based on
the biomolecules-dependent enzymatic reaction.
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