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Dihydronicotinamide adenine dinucleotide (NADH) is a major biomarker correlated with lethal diseases
such as cancers and bacterial infection. Herein, we report a graphene-DNA tetrahedron-gold nanoparticle
modified gold disk electrode for highly sensitive NADH detection. By assembling the DNA tetrahedron/
graphene composite film on the gold disk electrode surface which prior harnessed electrochemical de-
position of gold nanoparticles to enhance the effective surface area, the oxidation potential of NADH was
substantially decreased to 0.28 V (vs. Ag/AgCl) and surface fouling effects were successfully eliminated.
Furthermore, the lower detection limit of NADH by the presented platform was reduced down to 1 fM,
with an upper limit of 10 pM. Both the regeneration and selectivity of composite film-modified electrode
are investigated and proved to be robust. The novel sensor developed here could serve as a highly
sensitive probe for NADH detection, which would further benefit the field of NADH related disease
diagnostics.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Dihydronicotinamide adenine dinucleotide (NADH), as an im-
portant coenzyme for almost all biological metabolic processes
(Ying, 2008), is correlated to a variety of diseases including breast
cancer (Yu and Heikal, 2009) and Parkinson's disease (Vrecko
et al., 1997). NADH is also highly correlated to cell failure and death
(Alano et al., 2004; Virag and Szabo, 2002; Ying, 2008). Besides,
the monomer number of some kinds of bacteria is positive cor-
related with the concentration of NADH since the free NADH
concentration is constant in bacterial monomer cell (Kasimova
et al., 2006; Wimpenny and Firth, 1972). Therefore, to detect NADH
concentration level with high sensitivity can provide a novel
approach for the early diagnosis of these related diseases.

Conventionally, NADH detection methods mainly include high
performance liquid chromatography (HPLC) (Yates and Merrill,
2005), enzymatic cycling method (Bernofsky and Swan, 1973) and
fluorescence method (Renault et al., 1982). Yet, HPLC is limited by
its low sensitivity (Nangreave et al., 2010), enzymatic cycling
method is time-consuming (Bernofsky and Swan, 1973), while
fluorescence method is expensive and inconvenient (Renault et al.,
1982; Yu and Heikal, 2009). Taking advantage of NADH redox
properties, in this paper, a classical “three-electrode” configuration
).
is applied to achieve high-sensitivity detection of NADH by elec-
trochemical method.

Problem inherent to electrochemical method is the large oxi-
dation potential encountered for NADH oxidation, which may
cause surface fouling on the working electrode (Blaedel and Jen-
kins, 1975; Moiroux and Elving, 1978; Samec and Elving, 1983).
With the development of nanotechnology, nanomaterials such as
carbon nanotubes (Musameh et al., 2002), carbon fiber (Wu et al.,
2007) and polymers (Manesh et al., 2008), have been used to
decrease the oxidation potential successfully. In comparison with
carbon nanomaterials, with the advantages of high specific surface
area, low cost and ease of processing and safety (Segal, 2009),
graphene receives much popularity these days. Just like a ware-
house of electrons, graphene has remarkably high electron mobi-
lity at room temperature (Geim and Novoselov, 2007), which may
benefit the reducing of NADH oxidation potential. The biological
applications of graphene for NADH detection have already been
explored by many researchers. For instance, Li et al. created a
sensitive NADH biosensor based on the combination of graphene
and gold nanorods which decreased the oxidation potential of
NADH to 0.4 V (Li et al., 2013b). Meanwhile, a nanocomposite film
consisting of electroreduced graphene oxide and polythionine was
also used to construct an amperometric biosensor on the surface
of a glassy carbon electrode (GCE) and to determinate NADH at
0.4 V (Li et al., 2013c). Shan et al. modified a GCE with ionic liquid-
functionalized graphene (IL-graphene) to decrease the oxidation
potential of NADH to 0.33 V (Shan et al., 2010). With the assistance
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of Fe3O4 magnetic nanoparticles/reduced graphene oxide na-
nosheets, the oxidation potential of NADH was even decreased to
0.05 V (Teymourian et al., 2013). Therefore, it is noted that gra-
phene fragments of excellent electric conductivity may be helpful
to decrease the oxidation potential of NADH (Shao et al., 2010). The
problem is that, through the strong van der Waals interaction and
π–π stacking, graphene fragments tend to form irreversible ag-
glomerates easily (Li et al., 2008), which may cause adverse effects
for the detection system. Hence it is significant to prevent the
aggregation via particular modification of the electrode surface.

Inspired by the DNA origami technology, constructing scaffolds
to insert graphene fragments may not only prevent the aggrega-
tion but also increase the effective contact area. DNA origami has
been researched for construction of nanoscale objects for nearly 30
years (Nangreave et al., 2010), which has been used to study sin-
gle-molecule chemical reactions (Voigt et al., 2010), to assemble
water-soluble probe tiles for label-free RNA hybridization (Ke
et al., 2008), to organize a variety of relevant molecules including
carbon nanotubes (Maune et al., 2010) and metal nanoparticles
(Ding et al., 2010; Pal et al., 2010), and to probe distance-depen-
dent multivalent ligand–protein binding effects (Rinker et al.,
2008). Scaffolded DNA origami technology has been developed
from two-dimensional (2D) structures to three-dimensional (3D)
objects (Nangreave et al., 2010), and as one of them, DNA tetra-
hedrons, which are used to serve as scaffolds in this paper, re-
ceives much popularity these days. DNA tetrahedrons were con-
structed from the self-assembling of three thiolated 55-base oli-
gonucleotides and one 55-base oligonucleotide (Pei et al., 2010)
3D-structured probes for DNA detection (Pei et al., 2010) due to
their advantages of easily controlling the orientation and density,
and good passivation of the modified surface (Pei et al., 2013). And
then, by using the self-assembled DNA tetrahedron nanostructures
as the capture probes, Wen et al. reported an electrochemical
biosensor to detect cocaine with a remarkably low detection limit
of 33 nM. (Wen et al., 2011), while the DNA tetrahedron nanos-
tructures were also applied in the fields of smart drug delivery
nanocarriers (Li et al., 2013a) and intracellular logic sensors (Pei
et al., 2012).

With unique properties such as great conductivity, electro-
chemical stability, biological compatibility and enhanced catalysis,
gold nanoparticles were used for signal amplification in numerous
biosensing applications (Cao et al., 2011). As for NADH detection,
carbon-supported gold nanoparticle (AuNP/C) modified electrode
showed remarkable properties than glassy carbon (GC), carbon
(C) and gold nanoparticles (AuNP) towards NADH oxidation (Shim
et al., 2013). Tiwari and Gupta constructed a newly gold nano-
particles/neutral red/MWCNTs modified glassy carbon electrode to
detect NADH with better adhesion over the electrode surface and
good stability (Tiwari and Gupta, 2014). Because of the three thiol
function groups at the bottom of the ‘pyramid’, the DNA tetra-
hedrons can anchor strongly and readily on gold and/or gold na-
noparticle surface (Pei et al., 2013). In order to further increase the
surface area and the electron mobility, the gold nanoparticles were
introduced in this work.

Therefore, in this paper, a graphene-DNA tetrahedron-gold
nanoparticle modified gold disk electrode was prepared and its
electrochemical sensing behaviors for NADH detection were in-
vestigated firstly. Compared with previously reported sensors, as
for NADH detection, this newly developed electrode exhibited
great performance for decreasing of NADH oxidation potential.
Both the regeneration and selectivity of composite film-modified
electrode were explored and proved to be robust. The novel sensor
developed could serve as a highly sensitive device for NADH
concentration detection, which would further benefit the field of
NADH related disease diagnostics.
2. Experimental

2.1. Reagents and materials

DNA was obtained from Takara (Dalian, PRC), which is purified
by HPLC. XF005-4 import amino-graphene TEPA (four amino) was
brought from XFNANO Materials Tech CO., Ltd (Nanjing, PRC).
NADH was obtained from Acros, USA. All other reagents and ma-
terials were of analytical grade or better. By mixing the solutions
of NaCl (Acros, USA), KCl (Vetec, USA), Na2HPO4 (Acros, USA) and
KH2PO4 (Adamas, PRC), phosphate buffer solution (PBS, 0.1 M, pH
7.4) was prepared. TE buffer containing the aqueous solutions of
10 mM Tris (99.8%, Acros, USA) and 1 mM EDTA (99%, Acros, USA)
and TM buffer, the mixture of 20 mM Tris and 50 mMMgCl2 �6H2O
(99%, Adamas, PRC) were adjusted at pH 8 and applied to construct
DNA tetrahedrons. Meanwhile, 30 mM Tris (2-carboxyethyl)
phosphine (TCEP, Acros, USA) solution was prepared with TM
buffer. Cell lysis was mixed by 0.04% Triton-X100, 2 mM HEPES,
0.2 mM dithiothreitol, 0.01% bovine serum albumin and 0.1%
phenol red (pH 7.5). Milli-Q water was obtained from Milli-Q
Academic systerm (Millipore, USA) and used to prepare all aqu-
eous solutions.

2.2. Apparatus and measurements

Electrochemical measurements were carried out by CHI660E
electrochemical workstation (CH Instruments, USA). A conven-
tional three-electrode configuration was established with a gold
disk electrode (diameter: 2 mm) as the working electrode, a pla-
tinum sheet as the counter electrode, and a Ag/AgCl electrode (c
(KCl)¼3 mol/L) as the reference electrode. The gold printed elec-
trodes (DRP-220AT, DropSens, Spain) were adopted as gold plate
electrodes for the Atomic force microscope (AFM, Bioscope, Bru-
ker, Germany) test.

2.3. Construction of DNA tetrahedron

Construction of DNA tetrahedron was according to the protocol
published before (Pei et al., 2010) with a little modification. Four
well-designed DNA strands applied in this research were listed as
follows:

Strand A:5′-ACATTCCTAAGTCTGAAACATTACAGCTTGCTACACG
AGAAGAGCCGCCATAGTA-3′

Strand B:5′-HS-C6-TATCACCAGGCAGTTGACAGTGTAGCAAGCT
GTAATAGATGCGAGGGTCCAATAC-3′

Strand C:5′-HS-C6-TCAACTGCCTGGTGATAAAACGACACTACGTG
GGAATCTACTATGGCGGCTCTTC-3′

Strand D:5′-HS-C6-TTCAGACTTAGGAATGTGCTTCCCACGTAGTGT
CGTTTGTATTGGACCCTCGCAT-3′

16 groups of the DNA mixture solutions (the formulas of them
were shown in Table S1 in supporting information) were obtained
and vibrated for 2 min, incubated at 95 °C for 2 min and cooled
down to 4 °C quickly. Then DNA agarose gel electrophoresis was
used to explore the result of DNA tetrahedron construction.

2.4. Dispersion of graphene fragments

0.25 mg/mL amino-graphene solution was ultrasonic-con-
cussed (DH95-IIDN, Dihao, PRC) for several hours and then cen-
trifuged for 20 min at 3000 r/min. The supernatant was obtained
to have Transmission electron microscopy (TEM) test (JEM-2010
transmission electron microscopy, USA) operating at 120 kV.

2.5. Fabrication of the developed biosensor

Gold disk electrodes were polished by a MP-1B polishing and



Scheme 1. Construction process for the graphene-DNA tetrahedron-gold nano-
particle modified gold disk electrode.
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burnishing machine (Wanheng, Shanghai) with 0.05 μm alumina
slurry, soaked in Piranha Solution (mixed with 98% H2SO4 and 35%
H2O2,v/v 3:1) for 10 min then washed ultrasonically in water and
acetonitrile for 5 min each.

Gold nanoparticles were electrochemically deposited on the
well-polished gold disk electrode in 0.5 M H2SO4 aqueous solution
containing 10 mM HAuCl4 at �0.2 V for 60 s (Su et al., 2013). Then
it was immersed in 250 nM DNA tetrahedron solution for 3 h to
establish a firm self-assembled monolayer. After raised with Milli-
Q water, 10 μL of the ultrasonic-concussed amino-graphene solu-
tion was dropped on the DNA tetrahedron-modified gold disk
electrode surface. After a while, the graphene-modified electrode
was raised with Milli-Q water. The last two steps were repeated
several times to finally construct the graphene-DNA tetrahedron-
gold nanoparticle modified gold disk electrode. AFM was used to
prove the construction of the composite film modified electrode.
The schematic structure of the newly graphene-DNA tetrahedron-
gold nanoparticle modified gold disk electrode was shown in
Scheme 1.

2.6. Detection of NADH

The newly developed graphene-DNA tetrahedron-gold nano-
particle modified gold disk electrode was applied in PBS solutions
containing NADH of different concentrations. Differential pulse
voltammetry (DPV) was conducted at a certain voltage range to
explore the electrochemical response of the composite film-
modified electrode to NADH. As for regeneration, DPV curve in
1 pM NADH/PBS solution of the composite film-modified electrode
was obtained firstly. Then the used composite film-modified
electrode was rinsed with 0.01 M PBS (pH 7.4) thoroughly to re-
move the NADH molecules which were potentially adsorbed on
the surface of the composite film-modified electrode. The re-
generated composite film-modified electrode was applied to
electrochemical detection in the fresh PBS solution containing
Fig. 1. (A) TEM image of amino-graphene fragment in group A. (B) TEM image of amino-g
C. (D) Statistic results of amino-graphene fragments' average dimension of group A, B a
1 pM NADH by DPV. Additionally, prepared cell lysis was diluted
50 times and used to compound 1 pM NADH solution to simulate
cellular environment. DPV curve of the composite film-modified
electrode immersed in this cell lysis was also recorded to testify
the selectivity of the developed NADH biosensor.
3. Results and discussion

3.1. Construction of DNA tetrahedron

To serve as scaffolds for graphene fragments, DNA tetrahedrons
were investigated and constructed firstly. DNA agarose gel elec-
trophoresis was introduced to prove the successful assembling of
the four well-designed DNA strands following the principle of
complementary base pairing. DNA agarose gel electrophoresis, as a
method for separation and analysis of DNA molecules, can esti-
mate the size of DNA molecules since small ones move faster and
migrate farther than large ones due to the bigger hindrance of
larger molecules through the pores of the agarose gel. The results
raphene fragment in group B. (C) TEM image of amino-graphene fragment in group
nd C.



Fig. 2. AFM images of the bare gold electrode (A) modified with gold nanoparticles (B), gold nanoparticles/DNA tetrahedrons (C) and gold nanoparticles/DNA tetrahedrons/
graphene (D).
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were shown in Fig S1 in supporting information. 50 bp DNA Lad-
der Marker was on the left to be scale. Control studies showed that
the DNA tetrahedrons (line o and p, close to 200 bp) moved more
slowly than either the single DNA strand (line a, b, c, d, close to
50 bp) or any other combinations lacking one (line k, l, m, n, close
to 150 bp) or two strands (line e, f, g, h, i, j, close to 100 bp),
confirming the fact that the DNA nanostructures were assembled
successfully.

3.2. Dispersion of graphene fragments

Appropriate graphene fragments were needed to cooperate
with well-constructed DNA tetrahedrons. Therefore, three ex-
periment conditions of graphene dispersion were explored before
combination of graphene fragments on the electrode. 0.25 mg/mL
amino-graphene solution of group A was ultrasonically dispersed
for 4 h, while group B for 6 h and group C for 8 h. Fig.1(A–C) were
the representative TEM images from each group. Fig.1D showed
the tendency of average diameter of the amino-graphene frag-
ments changing over ultrasonic time. As seen from Fig.1D, the
longer the ultrasonic concussion lasted, the smaller the average
diameter of amino-graphene fragments was. After ultrasonic
concussion for 8 h, the mean diameter of the amino-graphene
fragments was decreased to 100 nm, which was appropriate to
cooperate with DNA tetrahedrons (Pei et al., 2010) to form the
organic/inorganic composited film on gold disk electrode surface.
3.3. Characterization of the composite film modified gold disk
electrodes

Self-assembled monolayers (SAMs) can serve as good platforms
to build molecular level interface because of the high degree of
order, diversity and good stability. With a strong affinity for thiol
compounds, gold disk electrode usually serves as platform for
SAMs (Li et al., 2010). Therefore, thiols were designed and mod-
ified at the terminals of B, C and D DNA strands to form the thiol-
DNA tetrahedrons, which can anchor strongly and readily on gold
surface (Pei et al., 2013). Meanwhile, the subsequent exposure of a
pristine gold surface and the reliable removal of contaminants
inherent on ambient surfaces sensitively affect the ability of fab-
ricating high-quality self-assembled layers (Tkac and Davis, 2008).
So the gold disk electrode needs to be well polished before the
electrochemical deposition of gold nanoparticles. The electro-
chemical method was used to testify the well-polishment. The
cyclic voltammograms from 0 to 1.5 V at 0.1 V/s in 1 M H2SO4

obtained at the well-polished bare gold electrode were shown in
Fig S2 in supporting information. With the increasing numbers of
scan cycles, the cyclic voltammetry curves gradually stabilized,
and there was a broad anodic peak with peak potential of around
1.2 V and a single sharp reduction peak with peak potential be-
tween 0.9 and 1.0 V, which was consistent with the typical gold
electrode cyclic voltammograms (Tkac and Davis, 2008), indicating
that the gold disk electrode was correctly pretreated to composite



Fig. 3. (A) DPV curves of the bare gold disk electrode, graphene-modified gold disk
electrode, DNA tetrahedron-modified gold disk electrode, graphene/DNA tetra-
hedron-modified gold disk electrode and the composite film-modified electrode in
1 pM NADH in PBS (pH 7.4) (B) DPV curves of the composite film-modified elec-
trode detecting NADH of different concentrations (1 fM, 10 fM, 100 fM, 1 pM, 10 pM
and 100 pM). (C) Amperometric response to NADH concentration.

Fig. 4. (A) DPV curves of the successive five detection in 1 pM NADH/PBS solution
with the reused composite film-modified electrode for regeneration investigation.
(B) Histogram for the peak currents of successive five detection.
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the rest materials.
Gold nanoparticles were deposited on the gold disk electrode

through electrochemical method to increase the effective surface
area and the electron mobility. The cyclic voltammograms from
0 to 1.5 V at 0.1 V/s in 1 M H2SO4 obtained at the well-polished
bare gold electrode and the gold nanoparticle modified gold disk
electrode were shown in Fig S3 in supporting information. The
tremendous increase of both the anodic peak and the reduction
peak indicated the successful deposition of gold nanoparticles.
Then the well-constructed DNA tetrahedrons, served as scaffolds
for graphene fragments, were self-assembled on the gold nano-
particle modified gold disk electrode through their three thiol
ends.

Under the optimum conditions, the composite film-modified
electrode was constructed as Scheme 1 shown and the fabrication
process was investigated by AFM. As Fig.2A showed, a mean
roughness of 42.5 nm was obtained from an original bare gold
plate electrode. Fig.2B was the AFM image of the gold electrode
after electrochemical deposition of gold nanoparticles, with the
roughness of 65.2 nm. Fig.2C was obtained from the DNA tetra-
hedrons self-assembled gold nanoparticle-covered electrode,
meanwhile the roughness was increased to 80.3 nm indicting the
successful anchoring of DNA tetrahedrons on the gold disk elec-
trode surface. After dropping amino-graphene solution on the
modified gold disk electrode surface, the amino-graphene frag-
ments were adsorbed on the DNA tetrahedron-assembled gold
surface because of the interaction between electropositive amino-
graphene fragments and electronegative DNA tetrahedrons. As for
Fig.2D, the mean roughness of 81.5 nm was closed to 80.3 nm in
Fig. 2C which demonstrated the fact that the amino-graphene
fragments were inserted among DNA tetrahedrons rather than
lying flat on the top of DNA tetrahedrons. Obviously, the graphene
fragments of “standing” position showed more effective area than



Fig. 5. (A) DPV curves of the composite film-modified electrode immersed in 1 pM
NADH dissolved in 0.01 M PBS (pH 7.4) and cell lysis for selectivity test.
(B) Histogram for the peak currents of the two different solution.
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“lying down” ones, which probably offer more opportunity to
adsorb and react with NADH molecules.

3.4. Electrochemical response of NADH detection with the developed
biosensor

Since the composite film-modified electrode was demonstrated
to be constructed successfully, it served as a newly constructed
working electrode (vs. Ag/AgCl) to detect NADH through electro-
chemical method. Differential pulse voltammetry (DPV) was in-
troduced to explore the electrochemical response of the composite
film-modified electrode to NADH. Fig.3 A showed the DPV results
obtained from bare, graphene-modified, DNA tetrahedron-mod-
ified and graphene/DNA tetrahedron-modified gold disk electro-
des (all served as control studies) and the developed composite
film-modified gold disk electrode in 1 pM NADH/PBS (0.1 M, pH
7.4) as electrolyte. Because of the cooperation of gold nano-
particles, DNA tetrahedrons and graphene fragments, there was an
obvious oxidation peak of NADH at 0.28 V conducted with the
composite film-modified electrode while there were less or no
oxidation peaks aroused from the rest of electrodes invovled in the
control experiments. Compared with the results reported with
other graphene-modified electrodes, such as ionic liquid-functio-
nalized graphene (IL-graphene) (0.33 V) (Shan et al., 2010), gra-
phene-modified gold nanorods (0.4 V) (Li et al., 2013b) and elec-
troreduced graphene oxide-polythionine nanocomposite film
(0.4 V) (Li et al., 2013c), the NADH oxidation reaction occurred at a
lower potential with the developed composited film-modified
electrode.
The enhanced activity of graphene modified electrodes toward

NADH oxidation may be attributed to the high density of the edge-
plane-like defective sites among graphene fragments, which was
further confirmed by Lin et al. (2009). It was reported that much of
the catalytic activity and chemical reactivity of graphitic electrodes
was at the surface defect sites, in particular edge-plane-like defect
sites, which provided active sites for electron transfer to small
biomolecules such as NADH (Banks et al., 2005). Pumera et al.
proved that the carboxylic groups present in sp2 carbon materials
were formed at the edges and edge-like defects of graphene due to
spontaneous oxidation in air and had the contribution to the
NADþ adsorption (Pumera et al., 2009). Additionally, the DNA
tetrahedrons serving as scaffolds could keep graphene fragments
“standing” among them instead of lying down on the surface,
which offered more opportunities for graphene fragments to ad-
sorb and react with NADH molecules. The gold nanoparticles were
involved to increase the effective surface area of gold electrode.
Accordingly, the oxidation potential of NADH was decreased with
the developed composite film-modified electrode. However, the
recondite mechanisms still need more researches and
investigations.

The freshly prepared graphene-DNA tetrahedron-gold nano-
particle modified gold disk electrode was applied to detect NADH
at different concentrations by DPV from 0 to 0.5 V. Fig.3B showed
the DPV results of the composite film-modified gold electrode
conducted in NADH solutions of different concentration from 1 fM
to 100 pM. The peak current was increased as the concentration of
NADH solution increased. To be more precise, Fig.3C was plotted
by using lg (CNADH) as abscissa and the peak current as ordinate. As
seen from Fig.3C, the lower detection limit of NADH by the com-
posite film-modified electrode was reduced down to 1 fM, with a
10 pM upper limit. Compared to the detection limit of the gra-
phene/nanostructures combined material mentioned above, such
as graphene-Au nanorods nanocomposites (6.0 μM) (Li et al.,
2013b), Fe3O4 magnetic nanoparticles/reduced graphene oxide
nanosheets (0.4 μM) (Teymourian et al., 2013) and electroreduced
graphene oxide-polythionine nanocomposite film (0.1 μM) (Li
et al., 2013c), the graphene-DNA tetrahedron-gold nanoparticle
modified gold disk electrode exhibited a much lower detection
limit of NADH.

3.5. Regeneration and selectivity of the developed biosensor

The graphene-DNA tetrahedron-gold nanoparticle modified
gold disk electrode can be easily regenerated by thoroughly rinsed
with PBS to remove the potentially adsorbed NADH molecules. By
successive five detection in 1 pM NADH/PBS solution, the reused
composite film-modified gold electrode exhibited stable DPV re-
sponse (Fig. 4A). As shown in Fig. 4B, the histogram of the de-
tection peak current after regeneration was established with the
RSD of 6.04% (n¼5), indicating the regeneration possibility of the
graphene-DNA tetrahedron-gold nanoparticle modified gold disk
electrode.

The selective detection of NADH in simulative cellular en-
vironment was also investigated with the graphene-DNA tetra-
hedron-gold nanoparticle modified gold disk electrode. Cell lysis
was diluted and used to prepare 1 pM NADH, mimicking cellular
environment. Fig.5A showed the two overlapped DPV curves ob-
tained from 1 pM NADH dissolved in PBS and cell lysis with the
composite film-modified gold electrode. Fig. 5B showed the his-
togram of the DPV peak current. It is clear that there are almost no
statistical differences between the two groups. Therefore, the
newly constructed graphene-DNA tetrahedron-gold nanoparticle
modified gold disk electrode was demonstrated to be feasible to
selectively detect NADH in a simulative cellular environment.
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4. Conclusion

A graphene-DNA tetrahedron-gold nanoparticle modified gold
disk electrode for highly sensitive and stable low-potential am-
perometric detection of NADH has been explored and developed in
this paper. The graphene-DNA tetrahedron-gold nanoparticle
modified gold disk electrode remarkably decreases the oxidation
voltage of NADH to 0.28 V and eliminates surface fouling effects. At
the same time, the composite film-modified gold electrode re-
duced the lower limit of NADH detection to 1 fM, with an upper
limit of 10 pM, which can achieve the purpose to detect NADH in
low concentration range. The regeneration and selectivity of the
composite film-modified gold electrode were both excellent. Thus,
the novel sensor we developed here could serve as a highly sen-
sitive, rapid and reproducible probe for NADH detection. More-
over, the applicability of this sensor to the rapid diagnosing of
NADH related diseases shows the great potential for practical
application.
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