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Reversible redox inter-conversion of biologically
active NAD+/NADH derivatives bound to a gold
electrode: ToF-SIMS evidence†

Ruo-Can Qian, ‡ Li-Jun Zhao,‡ Jian Lv, Xin Hua and Yi-Tao Long *

The realization of the reversible inter-conversion between NADH

and NAD+ is a long-term challenge in biological and energy-related

chemistry. Here, we achieve the electrochemical reversible redox of

NAD+/NADH derivatives by the functionalization of a gold electrode

with a specially designed NAD+ derivative, and the electrochemical

redox products are characterized by time-of-flight secondary ion

mass spectrometry (ToF-SIMS).

As a ubiquitous biomolecule in all living cells, nicotinamide
adenine dinucleotide (NAD+) is involved in many important energy
and electron transport processes.1 However, researchers are still
plagued by the irreversible inter-conversion during the electro-
chemical redox of NAD+.2 Previous studies indicate that two steps
may be involved in the electrochemical reduction of NAD+. In the
first step, NAD+ is reduced to NAD+ radicals, which is the rate-
determining step. In the second step, the generated NAD+ radicals
could be converted into two different reduction products (an
inactive dimer NAD2 and enzymatically-active NADH) by different
ways. Meanwhile, the formation of dimer NAD2 is far faster than
the generation of NADH, and the enzymatically-active NADH could
hardly be regenerated during NAD+ electrochemical reduction.3

To date, only a few strategies have been proven to be effective
for the electrochemically reversible inter-conversion of NAD+/
NADH. In a recent work, a ubiquinone mediated hybrid lipid
bilayer membrane system is used to realize the electrochemi-
cally reversible interconversion between NADH and NAD+.4

Another research work reported the use of a liquid crystal
membrane electrode to regenerate enzymatically active NADH
from NAD+.5 In addition, the redox inter-conversion between
NAD+ and NADH can also be easily realized in vivo, and the
standard potential is �0.56 V vs. saturated calomel electrode
(SCE).3 Although the electrochemical redox inter-conversion of

NAD+/NADH has been successfully implemented, the construction
of these biomimetic membrane systems is still rather complex and
instable. Therefore, there is an urgent need to explore more simple
and stable systems to realize the inter-conversion of NAD+/NADH.

In the past research studies, the electrochemical behaviors
of various redox electroactive molecules on electrode surfaces
have been explored and shown to present favourable properties
in electrocatalysis, molecular scale devices, battery electrodes
and electrochemical analysis and so on.6 However, the electro-
chemical research of NAD+ on the electrode surface is still
underexplored due to the complex structure modification of
NAD+ molecules and unfavorable surface analysis techniques.
Due to the far reaching application potential of the ToF-SIMS
surface analysis technique in the field of molecular analysis,7

we are inspired to explore the surface electrochemical behaviour
of NAD+ with the help of ToF-SIMS.

In this work, we focused on the electrochemical research
studies of NAD+ molecules on the surface of gold electrodes
based on electrochemical surface analysis and the ToF-SIMS
technique, which enabled the realization of the electrochemically
reversible inter-conversion of NAD+/NADH. A special benzyl sulfide
functionalized NAD+ derivative, PhSNAD, was designed and used
for the modification of the gold electrode. The benzyl sulfide group
modified on the C-6 of the adenine ring was beneficial for the
conjugation of the PhSNAD molecules to the gold electrode surface
with little effect on the biological activities of natural NAD+.8 As
shown in Scheme 1, the PhSNAD molecules were locked on the
surface of gold electrode. Therefore, the intermediate products of
electrochemical reduction, NAD+ radicals, would then transform to
the enzymatically active NADH instead of the inactive dimer NAD2.
By analysing the electrochemical redox products of NAD+ on the
electrode surface, related characteristic fragment ions of the NADH
and NAD+ were observed, demonstrating the reversible inter-
conversion of the NAD+/NADH derivatives. This approach to
modify PhSNAD molecules on the gold electrode surface allows
for the reversible inter-conversion of NAD+/NADH and the
development of a new convenient tool for the study of NAD+/
NADH-evolved biopathways.
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According to the previous studies, the electrochemical activity
of the thiol NAD+ derivative (substituted on the C-6 of the adenine
ring) is mainly from the nicotinamide part, and its electro-
chemical activity in solution is similar to that of natural NAD+.9

Here a novel NAD+ derivative, PhSNAD, was synthesized by
modifying the C-6 with benzyl sulfide for the modification of
the gold electrode. Fig. S1 (ESI†) shows the synthetic procedure
of PhSNAD. Benzyl mercaptan was treated with 2-chloroethyl-
amine hydrochloride in the presence of sodium ethoxide to give
a primary amine b-2 by a Friedel–Crafts type condensation
reaction.10 The benzyl sulfide-modified adenine nucleotide
d-2 was prepared by the condensation of the resulting primary
amine b-2 with the adenine nucleotide d-1.11 Then the benzyl
sulfide-modified adenine nucleotide d-2 was phosphorylated with
POCl3 to give a vitamin B8 derivative d-3. The generated vitamin B8
derivative d-3 was further activated with morpholine to give d-4,
which was then coupled with nicotinamide mononucleotide
b-NMN+ to afford PhSNAD.12 All compounds were characterized
by 1H NMR, 13C NMR and mass spectroscopy, and the compounds
d-3, d-4 and PhSNAD were also characterized by 31P NMR.

The coenzyme activity of the synthetic compound PhSNAD
was firstly investigated by UV-vis spectroscopy. A typical enzymatic
oxidation of ethanol to acetaldehyde catalyzed by alcohol dehydro-
genases (ADH) was used to assess the coenzyme activity of
PhSNAD.13 After the addition of PhSNAD, the intensity of the
absorption peak at 267 nm decreased while that of the peak at
340 nm increased with the incubation time (Fig. 1A), which was
similar to the situation in the presence of NAD+ (Fig. 1B). The
above results demonstrated the excellent coenzyme activities of
PhSNAD. Thus, the designed PhSNAD was perfectly suitable for
researching the superficial electrochemical redox process and
mechanism of NAD+.

The CVs of compound PhSNAD were firstly investigated
in PBS (0.1 M, pH 7.0) with glassy carbon (GC) electrodes
(3 mm in diameter). As shown in Fig. 2, the reduction potential

and oxidation potential of PhSNAD were determined to be
�1.15 V and 0.14 V, respectively. Under the same conditions,
the reduction potential and oxidation potential of NAD were
measured to be �1.13 V and 0.12 V, respectively (Fig. S2, ESI†).
Thus, the synthetic PhSNAD showed similar electrochemical
properties to those of NAD.

Nevertheless, significant overpotentials still existed, which
are 0.5 V for the anodic peak and 0.8 V for the cathodic peak,
respectively. As mentioned previously, these overpotentials
were mainly attributed to the formation of the NAD+ dimer
during the reduction of NAD+ to NADH in the solution state. In
this case, next we investigated the electrochemical behaviours
of PhSNAD fixed on the surface of a gold electrode.

In order to research the electrochemical behaviours of NAD+

on the surface of the electrode, a NAD+ modified electrode was
prepared and characterized by X-ray photoelectron spectroscopy
(XPS) and ToF-SIMS, respectively. The elements change in the
XPS spectra of the electrode surface after PhSNAD modification,
which confirmed the successful modification of the NAD+

Scheme 1 The molecular structures of (A) NAD+ and (B) PhSNAD.
(C) Schematic illustration of the PhSNAD modified electrode and electro-
chemically reversible redox of NAD+ on the electrode surface.

Fig. 1 UV-vis spectra of PhSNAD (A) or NAD+ standard (B) after incubation
with alcohol dehydrogenase (ADH) in the presence of ethanol at 25 1C for
0 min (a), 5 min (b), 10 min (c), 15 min (d), 20 min (e) and 30 min (f).

Fig. 2 (A) CVs of the PhSNAD modified electrode in PBS (0.1 M, pH 7.4).
(B) CVs of the bare GC electrodes in PBS (0.1 M, pH 7.4) containing 1 mM
PhSNAD. Scan rates: 100 mV s�1. (C) Relationships of peak currents with
scan rates: 20, 50, 100, 150, 200, 250, 300, 350 and 400 mV s�1. (D) Linear
relationships were determined to be: y = 0.0030x + 0.0670, R = 0.9939;
y = �0.0040x � 0.1506, R = 0.9973, respectively.
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molecules on the gold electrode (Fig. S3, ESI†). Importantly, from
the ToF-SIMS spectra, we further investigated the modification of
NAD+ on the electrode surface with direct evidence. As shown in
Fig. S4 (ESI†), the ToF-SIMS spectra of the gold electrodes showed
significant changes before and after the modification of NAD+.
For the bare gold electrode, the ToF-SIMS spectra showed no
characteristic ion peaks of NAD+ except some background signals
of gold (Fig. S4A, ESI†). After NAD+ modification, several char-
acteristic ion peaks of NAD+ were observed at 814.16 (Fig. S4B-a,
ESI†), 135.16 and 136.16 (Fig. S4B-b, ESI†) and 123.05 (Fig. S4B-c,
ESI†), respectively. Among these characteristic ion peaks, the
peak at 814.16 is attributed to the molecular ions [M + H]+ of
PhSNAD; the peaks at 135.16 and136.16 could be assigned to the
nicotinamide fragment ions [M]+ and [M + H]+; and the peak at
123.05 could be assigned to the nicotinamide fragment ion [M]+,
respectively. Moreover, a control experiment was also performed
using a pure PhSNAD coated silicon wafer, which showed the
same characteristic ion peaks at 814.16 (Fig. S4C-a, ESI†), 135.16
and 136.16 (Fig. S4C-b, ESI†), and 123.05 (Fig. S4C-c, ESI†),
demonstrating the fabrication of NAD+ modified electrodes.

The CVs of the NAD+ modified electrodes were recorded in
pH 7.0 PBS (38 mL 0.1 M NaH2PO4, 62 mL Na2HPO4). As shown in
Fig. 2A, a couple of redox peaks were observed at a lower potential,
and the oxidation potential and reduction potential were �0.53 V
and �0.35 V, respectively. The surface coverage (G, mol cm�2) of
NAD+ was calculated to be B1.64 � 10�10 mol cm�2 using the
integrated charge (Q) of both cathodic and anodic peaks according
to eqn (1),

G = Q/nFA (1)

where n is the number of electrons exchanged per NAD+

molecule (considering the two-electron process for the NAD+/
NADH couple, n = 2), A is the area of the electrode and F is the
Faraday constant. The result was consistent with a theoretical
coverage of 1.68 � 10�10 mol cm�2, obtained according to the
size of the PhSNAD molecules and the areas of the electrodes.14

Furthermore, the relation between the Faradaic peak current
and the scan rate was investigated. As demonstrated in Fig. 2B, the
Faradaic peak current was proportional to the scan rate, suggesting
an adsorption controlled electrode process. In addition, the redox

peaks of NAD+ reached a stable state after cycling from 0.1 to
�0.7 V for 20 sweeps (Fig. S5, ESI†), which indicated the good
stability of the NAD+ modified electrodes. According to the
previous hypothesis explaining the electrochemical reaction
mechanism of NAD+ molecules in solutions, when the NAD+

molecules are immobilized on the surface of electrodes, the
formation of NAD+ dimer will be blocked, thus inducing the
formation of enzymatically-active NADH from the NAD+ radicals.
Therefore, we deduced that the obtained CV redox peaks were
probably attributed to the NAD+/NADH derivative redox couple.

To determine the corresponding electrochemical redox products,
ToF-SIMS was used to further monitor the surface changes of the
NAD+ electrodes during the CV experiment. As shown in Fig. 3A
(inset), there were no obvious ion peak observed for the bare gold
electrode in the range of 120 to 130. However, the characteristic
fragment ions of NAD+ were observed at 123.05 after modifying
the electrode with NAD+ (Fig. 3A), which could be assigned to
the nicotinamide fragment ion [M]+ as described above. The
ToF-SIMS spectrum of the NAD+ standard on the surface of a
silicon wafer was also analysed, and the same fragment ion peak
of the nicotinamide fragment ion [M]+ was acquired at 123.05
(Fig. 3C, inset), which confirmed that the fragment ion peak in
Fig. 3A was from the nicotinamide part. After reducing the NAD+

modified electrode at �0.6 V for 5 min, the ToF-SIMS spectrum
showed that the nicotinamide fragment ion peak at 123.05
disappeared and a new ion peak appeared at 125.07 (Fig. 3B).
We deduced that the new ion peak was from the generated
NADH at the surface of the electrode. Compared with NAD+, one
hydrogen proton was added in position 4 of the pyridine ring
and the positively charged nitrogen was transformed into a
neutral nitrogen atom for NADH. In the positive ion mode, the
new fragment ion peak at 125.07 could be attributed to the
reduced nicotinamide part from the regenerated NADH. In
order to further test the above deduction, the ToF-SIMS spectrum
of the NADH standard on the surface of a cleaning silicon wafer
was also analysed (Fig. 3B, inset). The same characteristic peak of
the reduced nicotinamide was acquired, which demonstrated the
generation of NADH during the electrochemical reduction of NAD+

on the electrode surface.
To prove the reversible properties of NAD+ electrochemical

redox on the surface of the electrode, the modified gold electrode

Fig. 3 The redox products of the PhSNAD modified electrodes monitored by TOF-SIMS with Bi3
++ primary ion beams. (A) Open circuit potential (OCP),

inset: TOF-SIMS spectrum of the bare gold electrodes; (B) an applied potential of �0.60 V vs. SCE, inset: TOF-SIMS spectrum of the commercial NADH
coated silicon wafer; (C) an applied potential of �0.20 V vs. SCE, inset: TOF-SIMS spectrum of the commercial NAD+ coated silicon wafer.
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was then electrochemically oxidized at �0.2 V for 5 min. By ToF-
SIMS analysis, we found that the ion peak at 125.07 sharply
decreased and the ion peak at 123.05 reappeared (Fig. 3C),
which demonstrated that the generated NADH was reoxidized to
NAD+ on the surface of the electrode. In addition, a controlled
experiment was performed using the NAD+ dimer. As shown in
Fig. S6 (ESI†), the ToF-SIMS spectrum of the NAD+ dimer was
recorded, and a significant special peak of the NAD+ dimer was
observed at 269.04. The characteristic peak at 269.04 could be
attributed to the reduced nicotinamide dimer part from the
NAD+ dimer, which demonstrated that the generation of a NAD+

dimer was successfully blocked in this system. Thus, an electro-
chemically reversible redox of NAD+/NADH derivatives was
realized on the electrode surface.

For the generated NADH on the surface of the electrode, we
also investigated its coenzyme activity for ADH. Generally, ADH
could catalyze the reduction of acetaldehyde to ethanol in the
presence of NADH, which is oxidized to NAD+.15 Here, we
performed an enzymatic experiment of the electrochemically
generated NADH by immersing the reduced NAD+ derivative
modified electrodes in a mixture of acetaldehyde and ADH.
Thus the enzymatic triggered changes of NADH/NAD+ could be
monitored by ToF-SIMS. As described above, a typical fragment
ion peak was detected at 125.07 for the reduced NAD+ derivative
modified electrodes (Fig. 3B). However, after incubating the
reduced NAD+ modified electrodes in the mixture solution of
acetaldehyde and ADH at 37 1C for 30 min, the fragment ion
peak of NADH significantly degraded and another typical
fragment ion peak of NAD+ emerged at 123.05 (Fig. S7, ESI†),
demonstrating that the generated NADH maintained favorable
coenzyme activity.16

In conclusion, we have synthesized a special benzyl sulfide-
modified NAD+ derivative, PhSNAD, and realized the electro-
chemically reversible inter-conversion between NADH and
NAD+ using NAD+ derivative modified electrodes. The CVs of the
NAD+ modified gold electrode shows a couple of quasi-reversible
redox peaks, demonstrating the reversible inter-conversion of the
NAD+/NADH derivatives. In addition, we monitored the corres-
ponding electrochemical redox products of the NAD+ molecules
modified on the surface of the electrode and researched the
enzymatic activity of the regenerated NADH on the surface of the
electrode using ToF-SIMS. Therefore, this work provides a different
method to monitor the electrochemically reversible redox of NAD+/
NADH derivatives simultaneously on an electrode surface, showing
great potential for the further investigation of NAD+/NADH-evolved
biopathways.
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