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A facile method, Graphene Oxide (GO) modified electrochemically pre-anodized screen-printed
carbon electrodes (SPCEs), was developed for the determination of nicotinamide adenine dinucleotide
(NADH) in neutral agueous solution. Compared with the bare SPCEs and the reduced Graphene Oxide
(rGO) modified SPCEs (rGO/SPCEs), the GO/SPCEs exhibit greatly enhanced electrocatalytic
oxidation toward NADH. The scanning electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS) provide the substantial evidence for the formation of edge-plane sites on the
surface of SPCEs, rGO/SPCEs and GO/SPCEs. The GO/SPCEs show the excellent electrochemical
character for the determination of NADH in the range from 0.8 to 500 M with a detection limit of
0.10 uM. The formation of oxidation product NAD® was confirmed by in-situ UV-Vis
spectroelectrochemistry. It shows a great promise for the design of the disposable amperometric
biosensor for NADH.
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1. INTRODUCTION

The development of electrochemical dihydronicotinamide adenine dinucleotide (NADH)
sensor has attracted extensive interests because NADH behaves as an essential cofactor in the naturally
occurring enzymatic reactions [1]. The NADH and its oxidized form, NAD", are ubiquitous bio-
molecules found in both eukaryotic and prokaryotic organisms. Known as coenzymes, the two
nucleotides transfer hydrogen and electrons from one metabolite to another in many cellular redox
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reactions. Particularly, NAD" and NADH are involved in cellular energy metabolism, including
glycolysis, tricarboxylic acid cycle and oxidative phosphorylation [2]. Consequently, there is a great
need to develop a robust detection for NADH. However, direct electrochemical detection by oxidation
of NADH to its corresponding oxidized form NAD" at bare electrodes is accompanied by very high
overpotential at platinum or carbon [3, 4]. Moreover, the strong adsorption of not only NADH itself
but also its oxidation NAD" leads to electrode surface fouling and, as a consequence, producing a
system which lacks sensitivity, reproducibility and stability [5]. Numerous efforts have been devoted
to identifying mediators that will accelerate the interfacial electron transfer between NADH and a solid
electrode, such as quinone derivatives [6, 7], thionine derivatives [8], diamines [9], ferrocene [10],
ruthenium complexes [11], catechols [12], phenazine [13] and L-glutamate [14] derivatives adsorbed
onto graphite or as electrodeposited films. Despite the extensive work carried out, these redox
mediators still need improvements, mainly in terms of stability and reproducibility because of the
water soluble mediator loss from the electrode surface. In this direction, some works employing
nanostructured carbon materials such as pyrolytic graphite [15], carbon nanofibers [16, 17], carbon
microparticles [18], especially carbon nanotubes [19-21] have been used widely to reduce the high-
overpotential for NADH oxidation, to minimize the surface fouling and to improve electron-transfer
kinetics without the help of redox mediators due to their edge-plane sites/defects present in the carbon
materials. Despite advantages of these carbon nanomaterials, there still has been significant interest in
the development of new carbon nanomaterials to accelerate the development of electroanalytical
chemistry.

The screen-printing technology has widely been preformed for the fabrication of the mass,
disposable, low-cost electrochemical sensors [22]. Normally carbon materials used as the screen-
printed mediators are widely applied in electrochemical research for the determination of biological
analytes such as glucose [23], NADH [24] and dopamine [25, 26]. Disposable pre-anodized SPCEs
have shown highly improved electrocatalytic activity toward NADH [27]. The pre-anodized SPCEs
with the introduction of edge plane carbonyl groups has been demonstrated to act similar to an edge
plane graphite or carbon nanotubes (CNTs) modified electrode. Graphene, as a two-dimensional
macromolecular sheet of carbon atoms with only one atom thickness, has been extensively used in
electrochemistry applications in the recent years because of its unique structure and electrical and
mechanical characteristics [28-32]. On the other hand, the graphene oxide (GO) and reduced GO
(rGO) have the good electrochemical characters due to the oxygen-containing groups in their edge
plane sites. Similar with carbon nanotubes, the higher proportion of edge plane defects may lead to
more rapid electron transfer [33]. As a novel carbon nanomaterial, using graphene to develop high-
performance sensors for biomolecular is highly expected.

Herein, we report a simple, cost-effective, highly sensitive method for the determination of
NADH in neutral aqueous solution. The SPCEs were modified by a thin GO film on the working
electrode surface after the electrochemical pre-anodizing. Compared with the bare SPCEs and the
rGO/SPCEs, the electrocatalytic oxidation toward NADH on the GO/SPCEs enhanced greatly at the
low potential of +0.41 V. The formation of edge plane sites on the surface of SPCEs, rGO/SPCEs and
GO/SPCEs were characterized by scanning electron microscope (SEM) and X-ray photoelectron
spectroscopy (XPS) spectroscopy. Especially, a linear response was obtained in the 3 order of
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magnitude by ranging of 0.8~500 M for NADH with a detection limit of 0.10 «M on the GO/SPCEs,
which is of great interest to minimize interferences and for the design of the disposable amperometric
biosensor for NADH.

2. EXPERIMENTAL SECTION

2.1. Reagents and apparatus

Carbon ink, silver ink, and silver-silver chloride ink were obtained from Camnano Technology
Co., Ltd. Xuzhou, China. Reduced form of B-nicotinamide adenine dinucleotide was purchased from
Sigma. All solutions were prepared with Nanopure water (18 MQ cm ™) from a Millipore MilliQ
system. All chemicals used were of analytical grade and used as received without any further
purification.

All electrochemical experiments were conducted with a CHI Instruments (CHI 660C) with an
integrated screen-printed three electrode device: a carbon working electrode, a carbon counter
electrode, and an Ag/AgCI reference electrode. And all experiments were typically conducted at room
temperature (25 + 2°C). A 0.1 M phosphate buffer (0.05 M NaH,PO, and 0.05 M Na,HPQO, adjusted to
pH 7.4 containing 0.1 M KCI) solution (PBS) was used throughout since enzyme-catalysed reactions
of NADH and NADPH-dependent dehydrogenases are pH dependent with pH 7 and above.
Consequently, the pH of 7.4 used in the experiments was selected based on the previous report [34].

The scanning electron micrographs were taken out by using a JEOL JSM6360 LV scanning
electron microscope (JEOL Ltd., Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) analysis was
carried out on an AXIS HIS 165 spectrometer (Kratos Analytical) using a monochromatized Al Kr X-
ray source (1486.71 eV). Survey spectra (0-1100 eV) were taken at constant analyzer pass energy of
160 eV, and all high-resolution spectra for C;s and O;5 were acquired with a pass energy of 20 eV, a
step of 0.1 eV and a dwell time of 200 ms. The takeoff angles between the film surface and the
photoelectron energy analyzer were of 90 degree. The typical operating pressure was around 5x107°
Torr in the analysis chamber. The peaks were fit using the CasaXPS application software. The samples
for XPS measurements were prepared from dropping 2 uL sample solution onto SPCE working
electrode surface, drying in N stream.

2.2. Preparation of graphene oxide

GO was prepared from graphite powder according to the modified Hummers method [35, 36].
Briefly, graphite powder (5 g) was oxidized by adding to a hot solution (80°C) of concentrated H,SO,4
(30 mL) containing K,S,0g (10 g), and P,Os (10 g). The resultant dark blue mixture was thermally
isolated and slowly cooled to room temperature over a period of 6 h. The mixture was diluted to 300
mL and then filtrated with a 0.22 um filter membrane (Generay Biotech Co., Ltd., Shanghai, China).
The filtered product was dried overnight at 60°C. The pre-oxidized graphite powder (4 g) was added to
82 mL cold H,SO, (0°C), and 12 g KMnO, was gradually added under stirring in ice-bath. The
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resulted mixture was further stirred at 35°C for 2 h and distilled water (200 mL) was added. The
reaction was stopped with the addition of a mixture of 560 mL distilled water and 10 mL 30% H,0O..
For purification, the mixture was washed with 1:10 HCI and then with water. The GO product was re-
suspended in water to a brown dispersion, which was subjected to dialysis to remove residual metal
ions and acids. The purified GO dispersion was sonicated for about 1.5 h to exfoliate GO, and un-
exfoliated GO was removed by centrifugation (3000 rpm, 5 min). In order to obtain rGO, hydrazine
hydrate was added to the GO dispersion and stirred at 80°C for about 1 h.

2.3. Preparation and modification of the electrode

The integrated three-electrode devices were mass manufactured by a screen-printing process
using an AT-25P machine (ATMA CHAMP ENT. Corp.). The fabrication of SPCEs has been reported
in our previous work [37]. On 0.5 mm thick glass fiber plate, as the substrate material, the circular
working electrode (WE) (planar area: 3.1 mm? thickness: 15 xm) and the ring-shaped counter
electrode were firstly fabricated from carbon ink and silver ink acting as conductive medium was
printed as the second layer. The reference electrode was prepared with the silver-silver chloride ink.
The insulating ink (Jelcon AC-3G, JUJO Chemical Co., Ltd., Japan) was used to provide the insulation
layer which defines the thin-layer electrochemical micro-cell. The integrated three-electrode devices
needed vacuum drying at 100°C for 30 min after each step of the printing process. Finally, the
integrated devices were vacuum dried at 140°C for 90 min, then stored in vacuum container before use.

In order to modify the working electrode at the integrated SPCEs, the SPCEs was first washed
with distilled water and dried by N, stream. Then the SPCEs was pre-anodized ina 0.1 M (pH = 7.4)
PBS containing 0.1 M KCI by applying an anodic potential of +1.9 V (vs. Ag/AgCl) for 120 s [38].
The rGO/SPCEs (or GO/SPCEs) was prepared by coating 5 pL 0.3 mg/mL of the rGO (or GO)
homogeneous suspension onto the SPCEs and then dried at room temperature overnight. All modified
electrodes were cleaned by cyclic voltammetric technique between —0.5 and +0.5 V at a scan rate of 50
mV/s in PBS (pH 7.4) until a stable cyclic voltammetric response was obtained, and then rinsed with
water and dried under a nitrogen stream.

3. RESULTS AND DISCUSSION

3.1. Characterization of GO (or rGO) modified SPCEs

Scanning Electron Microscope (SEM) could provide an image of the surface details, and
produce the signals containing the information about the surface topography, composition and other
properties. Fig. 1 presents the surface SEM images of bare SPCEs, rGO/SPCEs and GO/SPCEs. Some
fractions on the SPCEs surface are exposed after the modification with rGO, which is due to the weak
dispersion of rGO. However, GO could disperse very well in aqueous solution because of a large
number of oxygen-containing groups on the surface, such as epoxy/ether group, the carbonyl carbon
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and the carboxylate carbon. Thus, GO could be spread uniformly on the surface of SPCEs, which
provides the large amount of edge plane sites for the electrocatalytic oxidation toward NADH.

Figure 1. SEM images of SPCEs (A), GO/SPCEs (B) and rGO/SPCEs (C).

X-ray photoelectron spectroscopy (XPS) is a quantitative surface analysis technique that
measures the elemental composition, empirical formula, chemical state and electronic state of the
elements. The chemical composition of the bare SPCEs, GO/SPCEs and rGO/SPCEs were monitored
by XPS. The high-resolution spectra for Cys and Oy are shown in Fig. 2A, B, C and E, F, D,
respectively. The peak fitting of Cis and Ojs spectra was applied the mixed Gaussian/Lorentzian
function to fit peak shape after a Shirley background correction. The C;s XPS spectra could be
deconvoluted into five components corresponding to carbon atoms in different oxygen-containing
functional groups[39]: (a) the non-oxygenated C at ~284.5 eV, (b) the carbon in C-O at ~285.5 eV, (c)
the epoxy/ether group (C-O-C, ~286.5 eV), (d) the carbonyl carbon (C=0, ~288 eV), and (e) the
carboxylate carbon (H-O-C=0, ~289 eV). The assignment of peak in Oy spectra can further confirm
the analysis information of C;s components. The Oy chemical shift at ~ 530.5 eV, ~532 eV and ~533.5
eV are assigned the contributions from C-O, C=0 and H-O-C=0 group, respectively. Table 1 shows
the components of oxygen-containing functional groups on the surface of pre-anodized SPCEs,
GO/SPCEs and rGO/SPCEs. A large number of oxygen-containing groups on the surface of the pre-
anodized SPCEs and GO/SPCEs are observed (50.42 % and 52.23 % respectively), while it is greatly
decreased to 36.02 % on the rGO/SPCEs surface. There is a significantly decreased component for the
epoxy/ether groups (from 12.80 % to 11.12 %) and carbonyl groups (from 15.22 % to 3.59 %). All
these results supported the hypothesis that epoxy/ether and hydroxyl/alkoxide groups are generated by
the ring-opening reduction reaction of epoxides [40]. In addition, it could be further inferred that the
edge plane sites contain a large number of oxygen-containing groups on the GO/SPCEs surface [41]. It
has been reported that the oxidation of NADH is actually redox-mediated by such kind of oxygen-
containing groups on the surface of some carbon materials, such as carbon nanotubes [42, 43], carbon
nanofibers [44], and graphite [45]. The further CVs measurements were conducted to verify this
conclusion as well.
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Figure 2. Deconvoluted the Cysand O XPS spectra of the pre-anodized SPCEs (A, D), GO/SPCEs
(B, E) and rGO/SPCEs (C, F). Solid square symbol: experimental data; solid line: fitting curve.

Table 1. XPS spectra results for Cy5 and Oy in the samples of SPCE, GO/SPCEs and rGO/SPCEs.

PRE-ANODIZED GO/SPCES RGO/SPCES
SPCES

Group Binding Area Binding Binding
Energy (eV) % Energy (eV) % Energy %
(eV)

Cis c-C 284.7 46.56 284.7 47.77 284.6 63.98
Cc-O 285.4 25.22 285.3 17.67 285.4 16.92
C-0-C 286.6 14.92 286.7 12.80 286.4 11.12

C=0 288.5 5.91 287.7 15.22 287.5 3.59
H-O-C=0 289.6 3.02 288.9 6.54 289.0 4.40

O1s C-O 530.4 6.17 530.7 2.68 530.6 3.03
C=0 532.3 79.87 532.2 42.97 532.2 77.93
H-O-C=0 533.5 13.97 533.2 55.36 533.6 19.03

3.2. Electrocatalytic oxidation of NADH

The electrochemical performance of both GO/SPCEs and rGO/SPCEs towards the oxidation of
NADH in PBS was investigated by cyclic voltammetry. As shown in Fig. 3, there is no electrocatalytic
oxidation peak of NADH in the cyclic voltammograms (CVs) of bare SPCEs, GO/SPCEs and
rGO/SPCEs in the absence of NADH in PBS. Interestingly, a couple of redox peaks in the CVs of
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GO/SPCEs and rGO/SPCEs at a formal potential (Ei,) of —0.07 V and —0.04 V were observed in
background solution. These may be caused by the electrochemical redox of the oxygen-containing
groups at the edge plane sites of GO and rGO, which could be supported by the components of C=0 in
the XPS Cys spectrum (Table 1).

For the GO/SPCEs, as shown in Fig. 3B, a remarkable oxidation peak is observed starting
around -0.1V with a peak at +0.41 V in the presence of 0.5 mM NADH in pH 7.4 PBS. The peak
current of electrocatalytic oxidation of NADH at GO/SPCEs increases more significantly at +0.41V
compared with SPCEs and rGO/SPCEs after the successive addition of NADH into the solution.
However, the oxidation activity is observed at the SPCEs (Fig. 3A) and rGO/SPCEs (Fig. 3C) starting
ca. 0.1 V and 0.05 V with peaks at +0.49 V and +0.51 V, respectively. Obviously, the oxidation peak
potential at the GO/SPCEs is more negative than that at the bare SPCEs (Fig. 3A) and rGO/SPCEs
(Fig. 3C), suggesting that the electron transfer kinetics for NADH oxidation on GO/SPCEs is
essentially faster than the bare SPCEs and rGO/SPCEs. The effect of scan rates on electron transfer
between NADH and the surface of electrode was evaluated (not shown). With an increasing scan rates,
the anodic peak potential of NADH shifted to a more positive value, and the oxidation current were
proportional to the square root of scan rates, indicating a diffusion-controlled behavior. From these
demonstrations, we may conclude that the fast electron transfer kinetics for the NADH oxidation at the
GO/SPCEs could be mainly associated with the presence of the oxygen-containing groups at this kind
of carbon materials with edge plane sites.
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Figure 3. Cyclic voltammograms curves of SPCEs (A), GO/SPCEs (B) and rGO/SPCEs (C) in 0.1 M
PBS containing various concentration of NADH, a), 0; b),0.1; ¢), 0.2; d), 0.3; e), 0.4; f), 0.5
mM, pH = 7.4, scan rates: 10 mV/s.

It is well known that ascorbic acid (AA) is an interference component during the
electrochemical detection of NADH in biological samples. Furthermore, in order to eliminate the
interference of ascorbic acid, electrodes can either be modified with anionic polymers or immobilize
with ascorbate oxidase [46, 47]. However, modification with anionic polymers can also exclude
NADH as it is negatively charged in neutral pH. The detection of NADH at the GO/SPCEs and
rGO/SPCEs were examined in the presence of ascorbic acid in PBS. Fig. 4 shows the CV responses for
equimolar concentration of ascorbic acid and NADH in pH 7.4 PBS. In the case of GO/SPCEs, there
are two individual peaks at +0.13 and +0.41 V for ascorbic acid and NADH, respectively, with a peak
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separation of over than 270 mV. In contrast, for the rGO/SPCEs, there are two small peaks at +0.22 V
and +0.50 V respectively, which are not stable in the subsequent scan cycles. This suggests that the
GO/SPCEs could be used to detect NADH and ascorbic acid simultaneously.
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Figure 4. Cyclic voltammograms of the GO/SPCEs (solid line) and rGO/SPCEs (dot line) in 0.1 M
PBS in the presence of 0.5 mM NADH and 0.5 mM AA. pH = 7.4, scan rate: 10 mV/s.

3.3. Amperometric detection of NADH

The electrochemical performance of GO/SPCEs towards the electrocatalytic oxidation of
NADH in PBS (pH = 7.4) containing different concentration of NADH was investigated by the
current-time response. As shown in Fig. 5A, a fast well-defined response was observed with the
successive additions of NADH from 30 uM to 500 pM when the potential was applied at +0.40 V and
the response current increased linearly with the additions of NADH. This experiment was repeated
(Fig. 5A, insert) with trace additions over the linear range from 0.8 to 28.4 uM. The relationship (Fig.
5B) between the current and the concentration of NADH is following the linear equation: I/uA =
2.52C/mM + 0.31 (R* = 0.998), and a low limit of detection (LOD) of 0.10 xM was obtained (S/N =
3). In addition, it is worth to note that there is no significant electrode deactivation during continuous
oxidation of NADH on the modified electrode, and the response time is less than one second, which is
valuable in the development of NADH biosensor. The pre-anodized SPCEs was reported for the
determination of NADH at the linear range of 10~500 xM with a LOD of 0.15 M [26]. The carbon
nanofibers (linear range: 0.2~686 M / LOD: 0.11 M), the carbon nanotubes (linear range: 20~5000
uM [ LOD: 0.5 uM) and the highly oriented pyrolytic graphite (LOD, 0.3 xM) could also reach low
detect limit respectively [33, 48, 49]. By contrast, the GO/SPCEs could present the excellent analytical
performance in the determination of NADH. The in-situ UV-Vis spectroelectrochemical measurement
was performed to further confirm the electrocatalysis oxidation of NADH at GO/SPCE in PBS. As
shown in Fig. 5C, with applying the constant potential at 0.4 V, the UV-Vis spectra of NADH were
recorded simultaneously. The absorbance peak, which is the characteristic band of NADH located at
340 nm, was gradually decreasing and with the time and disappeared after 90s. At the same time,
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absorbance peak at 259 nm was increased slightly, which is present of the formation of NAD". The
results provided the evidence of the oxidation process of NADH to NAD".
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Figure 5. (A) Current—time curves of GO/SPCEs in PBS with various concentration of NADH, (B)
The liner relationship of electrocatalytic oxidation current and concentration. (C) Real-time
UV-vis spectrum of 0.2 mM NADH at different time, curve 1: 0s; curve 2: 10s; curve 3: 30s;
curve 4: 90s. PBS: pH 7.4, applied potential: 0.4 V.

3.4 Stability of the biosensor

Long-term stability is one of the most important properties for biosensor application. The
stability of GO/SPCEs was investigated by cyclic voltammetry. The response currents can retain
almost constant upon continuous 20 cyclic sweeps over the applied potential ranging from —0.2 to +0.7
V with the scan rate of 10 mV/s. After stored in refrigerator at 4 °C for 90 days, the potentials of
oxidation peak in CVs remained at the same positions and the peak currents decreased by only about
3.3% of its initial current response.

4. CONCLUSIONS

The present investigation reveals that the GO/SPCEs shows excellent electrocatalytic oxidation
activity towards NADH with a remarkable decrease in overpotential and enhanced stability compared
to the performance observed at a bare SPCEs and rGO/SPCEs. This could be attributed to the oxygen-
containing functional groups on the surface of SPCEs, rGO/SPCEs and GO/SPCEs. The results of XPS
provide a solid support to the oxygen-containing groups of edge plane sites on the surface of SPCEs,
rGO/SPCEs and GO/SPCEs. The disposable SPCEs could act as the edge plane graphite electrode in
the electrocatalytic oxidation of NADH. The detection range of GO/SPCEs is 0.8 to 500 uM with a
lower detection limit of 0.10 M. These facts offer a boarder application in the disposable
amperometric NADH biosensors with immobilizing GO on the SPCEs surface.
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