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a b s t r a c t

A novel 2-dimensional graphene analog molybdenum disulfide/multi-walled carbon nanotube (MoS2/
MWCNT) was synthesized by a simple hydrothermal method to achieve excellent electrochemical
properties. An ultrasensitive electrochemical DNA biosensor was subsequently constructed by assem-
bling a thiol-tagged DNA probe on a MoS2/MWCNT and gold nanoparticle (AuNP)-modified electrode
that has already been coupled with glucose oxidase (GOD). In this work, GOD was used as a redox
marker. The heteronanostructure formed on the biosensor surface appeared relatively good conductor
for accelerating the electron transfer, while the modification of GOD and AuNPs provided multiple signal
amplification for electrochemical biosensing. The multiple signal amplification strategy produced an
ultrasensitive electrochemical detection of DNA down to 0.79 fM with a linear range from 10 fM to
107 fM, and appeared high selectivity to differentiate three-base mismatched DNA and one-base
mismatched DNA. The developed approach provided a simple and reliable method for DNA detection
with high sensitivity and specificity, and would open new opportunities for sensitive detection of other
biorecognition events.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Due to the imperative requirements of molecular diagnosis,
gene therapy and early screening for tumors, the development of a
sensitive strategy for the detection of specific oligonucleotide
sequences, especially at low physiological levels, is of great
importance (Yin, 2012; Tang et al., 2012; Huang et al., 2011).
Different analytical technologies such as chemiluminescence and
electrochemistry have been used for DNA detection (Liu et al.,
2011; Wang et al., 2013a, 2013b). Electrochemical DNA sensors
have received particular interest due to the fact that they can
provide a simple, portable, and inexpensive platform for DNA
sensing (Wan et al., 2013; Yao et al., 2013). To improve on the
sensitivity in the electrochemical detection of DNA, many signal
amplification strategies based on the loading of a large number of
signal molecules on nanocarrier to label the recognition molecules
have been designed (Gao et al., 2013). Nanomaterials can provide a
promising sensing platform, because of the high surface areas for
enhanced mass transport, the high loading of receptor molecules
for synergistic amplification of the target response, and unique
electronic and catalytic properties for translating biorecognition

events to an electrochemical response. Recently, various nanoma-
terials, such as metal nanoparticles, metal oxide nanoparticles and
semiconductor quantum dots, have been extensively used as signal
molecules to significantly enhance the sensitivity and stability due
to their unique properties (Wang et al., 2014; Sui et al., 2013;
Huang et al., 2013c).

Since their discovery, carbon nanotubes (CNTs) have attracted
wide attention in electroanalysis due to their unique properties
such as large surface specific area, good mechanical stability, and
high electronic conductivity (Karadas et al., 2013). Moreover, CNTs
can promote the electron transfer rate between electroactive
species and electrodes. Therefore, CNTs have been used as a robust
and advanced carbon electrode material for the design of electro-
chemical sensing platform (Babaei and Taheri (2013); Zhou et al.,
2013). Recently, layered transition-metal dichalcogenides (such as
WS2, MoS2, SnS2 and VS2) have attracted more and more attention
in the field of electrochemistry due to their large surface specific
area and high electronic conductivity (Li et al., 2013; Huang et al.,
2013b; Hu et al., 2013; Feng et al., 2011). MoS2 is a typical family
member of transition-metal dichalcogenides. It is composed of Mo
metal layers sandwiched between two sulfur layers and stacked
together by weak van der Waals interactions (Zhang et al., 2009a,
b). The layered structure of MoS2 is expected to act as an excellent
functional material because the 2-dimensional electron–electron
correlations among Mo atoms would aid in enhancing planar
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electric transportation properties. Really, MoS2 has attracted con-
siderable attention due to its extensive applications as catalysts,
lubricants, lithium battery, supercapacitor, and so on (Rezaei et al.,
2012; Zhang et al., 2009a,b; Hwang et al., 2011; Ma et al., 2013).
However, few attentions have been put into its application as an
electrode material for sensor because the electronic conductivity
of MoS2 is still lower compared to graphite/graphene (Wang et al.,
2013a,b). The combination of MoS2 and other conducting materials
may overcome this deficiency. For example, Ma et al. (2013) have
synthesized polypyrrole/MoS2 composites and used as an advanced
electrode material for high-performance supercapacitors applications.
Most recently, we constructed a MoS2-graphene composite based
electrochemical sensor and applied to sensitively determine acetami-
nophen, ascorbic acid and dopamine (Huang et al., 2013a). The MoS2-
graphene based electrochemical method showed informative analy-
tical performance, such as high selectivity, broad dynamic range, and
low detection limit.

Here, novel 2-dimensional graphene analog molybdenum dis-
ulfide/multi-walled carbon nanotube composites (MoS2/MWCNT)
were synthesized by a simple hydrothermal method to achieve
excellent electrochemical properties. A novel reagentless and
mediatorless electrochemical biosensor was developed based on
the direct electron transfer (DET) of glucose oxidase (GOD) for the
detection of specific sequence DNA. Au nanoparticle (AuNP) was
firstly immobilized on MoS2/MWCNT-chitosan composites mod-
ified glassy carbon electrode (GCE) surface, and then GOD was
immobilized based on Au–thiol interaction. Whereafter, AuNP was
deposited on the electrode to act as an electron relay before the
specifically designed DNA probe (S1) was attached. GOD was then
used to block the remaining active sites. As a redox enzyme, GOD
is generally known to exhibit a reversible reaction between its
oxidized quinone form (flavin adenine dinucleotide; FAD) and
reduced hydroquinone form (FADH2). After the target DNA hybri-
dized with S1 to form double-stranded structure, the DET signal
decreased due to the increasing spatial blocking around GOD
molecules, giving the quantitative foundation for DNA detection.
Herein, upon immobilizing GOD to an AuNP modified MoS2/
MWCNT/GCE, more AuNPs were again attached to the modified
electrode and followed by more GOD to introduce signal amplifi-
cation capability to the biosensor, which would in turn lead to a
low detection limit. By integrating MoS2/MWCNT composites and
AuNP signal amplification with enzymatic signal readout, this
method showed a sub-femtomolar detection limit of the target
DNA with a wide linear range and good selectivity for base
discrimination. The designed strategy could be applied to ultra-
sensitive bioanalysis of DNA.

2. Experimental

2.1. Apparatus

Electrochemical measurements were performed on a CHI 660D
Electrochemical Workstation (Shanghai, CH Instruments, China) with
a conventional three-electrode system composed of a platinum wire
as an auxiliary electrode, a saturated calomel electrode (SCE) as a
reference electrode and a 3-mm diameter GCE as a working
electrode. The morphologies of the composites were recorded on a
JEM 2100 transmission electron microscope (TEM, JEOL, Tokyo,
Japan) and a Hitachi S-4800 scanning electron microscope (SEM,
Tokyo, Japan). X-ray diffraction (XRD) pattern was operated on a
model D/max-rA diffractometer (Rigaku, Japan). Fourier transform
infrared spectroscopy (FT-IR) was measured on a Bruker-Tensor 27 IR
spectrophotometer (Ettlingen, Germany). Raman spectra were
recorded at ambient temperature on a Renishaw Raman system
model 1000 spectrometer (Gloucestershire, UK). Thermogravimetric

analysis (TGA, SDTQ600, TA Instruments, New Castle DE, USA) was
performed under a nitrogen atmosphere at a heating rate of
10 1C min�1.

2.2. Reagents

Graphite powder, Na2MoO4 �2H2O, hydrazine solution (50 wt%)
and ammonia solution (28 wt%) were purchased from Shanghai
Chemical Reagent Corporation (Shanghai, China). Chitosan (MW
100,000–300,000, deacetylation degree Z95%), chloroauric acid
(HAuCl4 �4H2O), and the multiwall carbon nanotube (diameter
2–6 nm, length 0.1–10 mm, 490% purity) were purchased from
Sigma-Aldrich (St. Louis, USA). The glucose oxidase (GOD) was
purchased from Shanghai Sangon Biological Engineering Technol-
ogy and Services Ltd. (Shanghai, China).

DNA oligonucleotides were purchased from Shanghai Sangon
Biological Engineering Technological Co. Ltd. (Shanghai, China). All
DNA sequences were synthesized using standard phosphoramidite
chemistry and purified using reversed phase high-performance
liquid chromatography, and dissolved in 0.01 M phosphate buf-
fered saline (PBS, pH 7.4) with 1 M NaCl before use. Their base
sequences are listed below:

Probe ssDNA (S1): 5′-SH-(CH2)6-TCT TTG GGA CCA CTG TCG-3′;
Target ssDNA (S2): 5′-CGA CAG TGG TCC CAA AGA-3′;
One-base mismatched ssDNA (S3): 5′-CGA CAG TGG TCC CAA
CGA-3′;
Three-base mismatched ssDNA (S4): 5′-CGA CAA TGG CCC CAA
CGA-3′;
Noncomplementary ssDNA (ncDNA) (S5): 5′-GCA TCG AGC GAG
CAC GTA-3′.

2.3. Preparation of Au nanoparticle

AuNP was prepared according to a previous protocol (Jiang
et al., 2008). Hundred milliliter 0.01% HAuCl4 solution was boiled
with vigorous stirring, and 2.5 mL of 1% trisodium citrate solution
was then quickly added to the boiling solution. The solution
turned deep red, indicating the formation of AuNP. Upon contin-
ued stirring and cooling own, the resulting Au colloidal solution
was stored in brown glass bottles at 4 1C before use.

2.4. Synthesis of MoS2/MWCNT composites

The MoS2/MWCNT composites were prepared as follows:
firstly, 0.017 g MWCNT was ultrasonically dispersed in 40 mL
deionized water, and 0.30 g Na2MoO4 �2H2O was then added and
ultrasonically dispersed for 20 min. After adjusting the pH value to
6.5 with 0.1 M NaOH, 0.80 g L-cysteine was added and the mixture
was diluted with water to 80 mL, and then the solution was
vigorously stirred for about 1 h. After that, the mixture was
transferred into a 100 mL Teflon-lined stainless steel autoclave
and heated at 180 1C for 48 h. After cooling, the MoS2/MWCNT
composites were collected by filtration, washed with distilled
water and absolute ethanol for three times, and dried in vacuum
at 80 1C for 20 h. Herein, L-cysteine played a role of reducing agent
and sulfur donor during the whole synthesis process, in which
L-cysteine released H2S as a sulfide source as well as a reducing
agent, resulting in the reduction of MoO4

2� to MoS2. The reaction
routes could be expressed as follows:

HSCH2CHNH2COOH þ H2O- CH3COCOOH þ NH3 þ H2S (1)

4MoO4
2� þ 9H2S þ 6CH3COCOOH -

4MoS2 þ SO4
2� þ 6CH3COCOO� þ 12H2O (2)
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The MoS2 was synthesized with the similar procedure in the
absence of MWCNT.

2.5. Preparation of DNA biosensor and electrochemical
measurements

Chitosan has been widely used for constructing sensors due to
its attractive properties including excellent film-forming ability,
high permeability, good adhesion and nontoxicity. It also facilitates
the electron transfer after its swelling in reaction mixture due to
its hydrophilic nature (Ling et al., 2009; Batra and Pundir, 2013).
In addition, chitosan has the abundant amino groups and could
provide active sites for further AuNP and GOD immobilization.

For electrode preparation, 1 mg MoS2/MWCNT and 1 mg chit-
osan was dispersed in 1 mL acetic acid (36%) solution. The GCE was
polished carefully with 0.5 and 0.05 mm alumina slurry, and
sonicated in ethanol and deionised water, respectively. Then,
8 mL MoS2/MWCNT-chitosan composites were applied on the
pretreated GCE and dried at room temperature to obtain the
modified electrode MoS2/MWCNT/GCE. Afterwards, The MoS2/
MWCNT/GCE was incubated in AuNP (3 mL, 2.5 nM) for 6 h at
room temperature to prepare AuNP/MoS2/MWCNT/GCE. Then, 8 mL
mixed solution containing 20 mg mL�1 GOD and 0.25% chitosan
was coated on the AuNP/MoS2/MWCNT/GCE and dried at 4 1C in
refrigerator to obtain GOD/AuNP/MoS2/MWCNT/GCE.

Direct covalent modification of the GOD/AuNP/MoS2/MWCNT/
GCE with DNA was conducted according to the following proce-
dure. Firstly, 10 mL of the AuNP solution was again applied to the
surface of GOD/AuNP/MoS2/MWCNT/GCE to give AuNP/GOD/
AuNP/MoS2/MWCNT/GCE for immobilization of probe ssDNA S1,
to which 8 mL of 1.0�10�6 M probe HS-ssDNA (i.e. S1) was
covalently attached (based on Au–thiol chemistry) for 10 h at
25 1C to obtain S1/AuNP/GOD/AuNP/MoS2/MWCNT/GCE. Finally,
the above electrode was modified with 6 mL GOD (20 mg mL�1)
solution to obtain the biosensor GOD/S1/AuNP/GOD/AuNP/MoS2/
MWCNT/GCE. The hybridization reaction was carried out by
applying 8 mL target DNA to the GOD/S1/AuNP/GOD/AuNP/MoS2/
MWCNT/GCE and then incubating at 30 1C for 50 min. After that,
the electrode was rinsed three times with buffer to remove the
non-hybridized target DNA.

The procedure for DNA biosensor fabrication is illustrated in
Scheme 1.

For DNA sensing, cyclic voltammetry (CV) was carried out in
PBS (pH 6.0) containing 0.9% NaCl between �0.7 V and 0 V at a
scan rate of 100 mV s�1.

3. Results and discussion

3.1. Characterization of MoS2/MWCNT composites

The MoS2/MWCNT composites were prepared by a hydrother-
mal method. Fig. 1A–C displays the SEM images of MoS2, MWCNT
and MoS2/MWCNT composites, respectively. The SEM image
revealed few-layer flexible wrinkled sheets of the MoS2 (Fig. 1A),
illustrating the flakelike shape of MoS2. The SEM image of MWCNT
is shown in Fig. 1B. Many nanocarbon tubes with diameters
ranging from 20 to 30 nm were observed. Fig. 3C shows the SEM
image of the as-prepared MoS2/MWCNT composites, illustrating a
3D architecture that MWCNT insert and entwine the layered MoS2
nanosheets. The 3D architecture was helpful to increase the
specific area of the composites. Furthermore, the overlapping or
coalescing of the MoS2 in the 3D MoS2/MWCNT composites would
form an interconnected conducting network, and provided a
feasible pathway for electron transfer. These properties would

permit the construction of an electrocatalytic platform for
biosensing.

In order to reveal the fine microstructure, the as-synthesized
MoS2 and MoS2/MWCNT composites were further characterized by
TEM. As shown in Fig. 1D, the MoS2 showed the typical thin layers
folded and tangled together structure. From Fig. 1E, MWCNT was
clearly observed to have been inserted and entwined the layered
MoS2 nanosheets. In the preparation process, MWCNT served as
the substrate for the nucleation and growth of MoS2 into a layered
structure. On another hand, the intervention of MWCNT disturbed
the well-growth of MoS2 layered crystal structure, resulting in
formation of the few-layer MoS2, which had positive effects on the
improvement in the electrochemical performances of MoS2/
MWCNT hybrid as electrochemical material.

FT-IR measurement was carried out between 4000 and
400 cm�1 in order to obtain the bending and stretching vibrations
of functional groups present on the MoS2 and MoS2/MWCNT.
There was no significant difference between the spectra with
respect to the wavenumber of major bands for the MoS2 and
MoS2/MWCNT composites as shown in Fig. 1F. The bands at
3400 cm�1 and 1240 cm�1 appeared at both MoS2 and MoS2/
MWCNT FT-IR spectra were mainly assigned to stretching vibra-
tions of the O-H bonds, and the peak at 1620 cm�1 was attributed
to CQC stretching deformation of quinoid. The weak peak at
about 600 cm�1 was assigned to Mo–S vibration Li and Li, 2004).

For further characterization of the as-prepared materials, the XRD
pattern of MWCNT, MoS2 and the MoS2/MWCNT composites was
recorded (Fig. 1G). It could be seen that diffraction of MoS2 alone
showed the typical crystalline peaks at 14.81, 331, 401 and 591, which
correspond to (002), (100), (103), and (110) planes of MoS2 (JCPDS
No. 37-1492), respectively (Liu et al., 2012). The diffraction of
MWCNT showed crystalline peaks at 25.91 (002) and 42.81 (100),
which attributed to the hexagonal graphite structure, indicating
MWCNT had high electrical conductivity. The main diffraction peaks
of MoS2 were observed in the XRD pattern of the MoS2/MWCNT
composites. However, the major diffraction peaks of MWCNT showed
very weak, indicating MoS2 nanosheets densely covered on the
surface of MWCNT. The poor crystallinity of MoS2 was attributed to
the incorporation of the MWCNT inhibited the growth of the layered
MoS2 crystal during the hydrothermal process.

Further insights of the structural and electronic properties of
composites were obtained from Raman spectrum (Fig. 1H). The
Raman spectrum of MWCNT exhibited the D band at 1342 cm�1

that arose from sp3-hybridized carbon, and the G bands at
1586 cm�1 which represented the E2g zone center mode of the
crystalline graphite. The MoS2/MWCNT composites showed the
characteristic bands at 357.3 cm�1 and 409.2 cm�1, which were
assigned to the E2g and A1g peaks of the MoS2 and then the
1342 cm�1 and 1586 cm�1 bands as observed in the spectrum of
MWCNT, confirming the presence of the MWCNT and MoS2 in the
composites. These results were also in agreement with the find-
ings in the XRD diffraction studies.

TGA measurement was carried out to study the thermal
stability of MoS2, MWCNT, and MoS2/MWCNT composites
(Fig. 1I). All materials above showed an initial weight loss at
approximately 100 1C, which was attributed to the evaporation of
surface adsorbed water molecules. For the MoS2, the weight loss of
27% from 100 to 410 1C was associated with water in the MoS2
nanosheets. For the MWCNT, it exhibited approximate one-step
degradation procedure. The initial degradation temperature was at
about 350 1C. For the MoS2/MWCNT composites, the decomposi-
tion temperature of 100–410 1C was attributed to the loss of
co-intercalated water molecules. The weight loss of 32% in the
temperature range of 410–625 1C was related to the degradation
and decomposition of MWCNT. It was obvious the thermal stability
of the MoS2/MWCNT composites was better than MWCNT.
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3.2. Electrochemical characterization

CV was used to characterize the different electrodes (Fig. 2A).
The CV at the bare GCE electrode showed the lowest peak current
of 24 μA (curve a). The presence of MWCNT on the bare electrode
yielded a peak current of 42 μA (curve b) due to a reduced electron
transfer resistance. When a MoS2/MWCNT film was immobilized
on the electrode, a corresponding peak current of 102 μA (curve c)
was observed due to the good conductor of the MoS2/MWCNT
composites for accelerating the electron transfer. The results
proved that the good electrochemical performance of the MoS2/
MWCNT composites.

The CVs of GOD at different modified electrodes in 0.1 M PBS
(pH 6.0) containing 0.9% NaCl are shown in Fig. 2B. No obvious
redox peak was observed at AuNP/MoS2/MWCNT/GCE (curve a).
After the immobilization of GOD, a pair of well defined oxidation
peak at �0.37 V and reduction peak at �0.45 V, attributable to the
redox reaction between FAD and FADH2, was observed (curve b).
In this experiment, a peak current ratio (r) of reduction peak to
that at GOD/AuNPs/MoS2/MWCNTs/GCE was estimated. At AuNP/
GOD/AuNP/MoS2/MWCNT/GCE, a corresponding r of 1.06 was
obtained (curve c), suggesting the formation of electron transfer
tunnels by AuNP that facilitated electron transfer. However, the r

was reduced to 0.63 after S1 was attached to the electrode (curve
d). This was likely to have arisen from blockage by the large
oligonucleotides for electron transfer on the electrode. Subse-
quently, when the biosensor was blocked by GOD, the r value
obviously increased to 0.78 (curve e). Following the hybridization
between ssDNA and the target DNA, a dramatic decrease in r to
0.48 was observed (curve f), attributing to the form of DNA
double-stranded structure retardation of the electron transfer
tunnel. The results proved that the biosensor worked indeed as
described in the principle scheme.

3.3. Optimization of the experiment conditions

To obtain excellent analytical performance, several experimen-
tal conditions were optimized. The GOD concentration was an
important parameter affecting the signal readout. As shown in
Fig. 3A, with the increasing concentration of GOD, the electro-
chemical response rose gradually and then tended to a constant
value at 20 mg mL�1, which was chosen as the optimized GOD
concentration.

The pH values of PBS played the key role during the procedure of
electrochemical detection since the activity of the immobilized GOD
was pH dependent. As demonstrated in Fig. 3B, the electrochemical

Scheme 1. Schematic diagram of the electrochemical DNA biosensor.
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response increased with the increasing of pH value from 4.0 to
6.0 and reached the maximum at pH 6.0. A decrease in the
electrochemical response was observed when the pH value was
more than 6.0. Thus, a pH 6.0 of 0.1 M PBS solution was used in
subsequent studies.

The temperature and duration of probe ssDNA covalently
immobilized on the AuNP/GOD/AuNP/MoS2/MWCNT/GCE by the
Au–thiol chemistry affected the electrochemical performance of
the proposed sensor for detection DNA target. The effects of these
two factors on the electrochemical response were investigated.

Fig. 1. SEM images of MoS2 nanosheets (A), MWCNT (B) and MoS2/MWCNT composites (C); TEM images of MoS2 nanosheets (D) and MoS2/MWCNT composites (E); FT-IR
spectra of MoS2 nanosheets and MoS2/MWCNT composites (F); XRD patterns of MoS2 nanosheets, MWCNT and MoS2/MWCNT composites (G); Raman spectra of MWCNT and
MoS2/MWCNT composites (H); and TGA plots of the MoS2, MWCNT, and MoS2/MWCNT composites at a heating rate of 10 1C min�1 under N2 atmosphere (I).

Fig. 2. (A) CVs of different electrodes in 1.0 mM [Fe(CN)6]3�/4� containing 0.1 M KCl with the frequency sweep from 104 to 0.1 Hz: (a) bare GCE, (b) MWCNT/GCE, and
(c) MoS2/MWCNT/GCE; (B) CVs of different electrodes in 0.1 M PBS (pH 6.0) containing 0.9% NaCl: (a) AuNP/MoS2/MWCNT/GCE, (b) GOD/AuNP/MoS2/MWCNT/GCE, (c) AuNP/
GOD/AuNP/MoS2/MWCNT/GCE, (d) S1/AuNP/GOD/AuNP/MoS2/MWCNT/GCE, (e) GOD/S1/AuNP/GOD/AuNP/MoS2/MWCNT/GCE, and (f) S2/GOD/S1/AuNP/GOD/AuNP/MoS2/
MWCNT/GCE.
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The results showed that the change in electrochemical response
increased along with the increase of the reaction temperature
in the range of 0–25 1C, and then decreased from 25 1C to 50 1C.
So the temperature of 25 1C was chosen. The change in electro-
chemical response was intensified when reaction time increased
from 0 to 10 h, and tended to a stable value when further increases
the time. Thus, 10 h reaction time was used in all subsequent works.

The hybridization temperature and time were also evaluated.
The experiments were conducted by placing GOD/S1/AuNP/GOD/
AuNP/MoS2/MWCNT/GCE in DNA target solution for 20, 30, 40, 50,
60, 70 1C, respectively, and then recording the electrochemical
signal. The results showed that the largest change in electroche-
mical signal occurred at 30 1C hybridization temperature. Simi-
larly, the experiments were carried out at different hybridization
time (0, 30, 40, 50, and 60 min) at 30 1C. The result demonstrated
that the change in electrochemical signal increased gradually from
0 to 50 min, and then slightly decreased. Therefore, the hybridiza-
tion conditions were chosen as 30 1C and 50 min.

3.4. Analytical performance of designed biosensor

Under the optimal experimental conditions, the CVs obtained
after immobilizing synthetic target oligonucleotides of different
concentration at the GOD/S1/AuNP/GOD/AuNP/MoS2/MWCNT/
GCE are shown in Fig. 3C. The reduction peak currents linearly
decreased with the logarithm of target DNA concentration (10–
107 fM), and the corresponding regression equation was ip (μA)¼
5.51–1.71� log C (M) with a correlation coefficient of 0.991. The
detection limit of this method, estimated as three times the
standard deviation of the blank sample measurements, was about
0.79 fM. Compared to other methods reported previously for the
detection of DNA (Table 1), the electrochemical DNA biosensor
based on MoS2/MWCNT composites, GOD and AuNP multiple

signal amplification strategy showed significant improvement of
the detection limit (Hu et al., 2012; Liu et al., 2013; Du et al., 2012;
Zhang et al., 2009a,b; Wang et al., 2012; Feng et al., 2006; Li et al.,
2012). These results revealed that MoS2/MWCNT composites as
carrier not only increased the immobilization of GOD, but also
facilitated the electron transfer. In addition, the double layers of
GOD membrane greatly enhanced the electrochemical signal,
which improved the sensitivity of the biosensor.

The specificity of the developed DNA biosensor was investi-
gated. Fig. 4A shows the CV signals at the GOD/S1/AuNP/GOD/
AuNP/MoS2/MWCNT/GCE before and after hybridization with
different DNA targets, including the complementary sequence,
the one-based mismatch sequence, the three-base mismatched
sequence, and the noncomplementary sequence. A couple large
redox peaks with Ipa of 29.5 μA and Ipc of 28.2 μA were observed at
GOD/S1/AuNP/GOD/AuNP/MoS2/MWCNT/GCE (curve a), indicating
good electrochemical performance of AuNP/MoS2/MWCNT com-
posites film. After the ssDNA probe hybridized with the comple-
mentary sequence of S2, the Ipa decreased to 18.7 μA (curve e),
which indicated that the formation of double-helix DNA. When
the noncomplementary sequence of S5 was hybridized, the change
in the peak current (curve b) was little (Ipa¼27.1 μA) compared
with that of the ssDNA probe-modified electrode, which indicated
that the hybridization reaction was not achieved for S5. The
specificity of the sensor was also evaluated by hybridization with
the one-base mismatched sequence of S3 (curve d) and the three-
base mismatched sequence of S4 (curve c). The result showed that
peak current for three-base mismatched DNA (Ipa¼24.6 μA) was
diminished relative to that on GOD/S1/AuNP/GOD/AuNP/MoS2/
MWCNT/GCE, but was still significantly higher than that obtained
from hybridization with S2 (18.7 μA). On the other hand, the peak
current for one base mismatched DNA sequence was higher
(Ipa¼24.6 μA) than the complementary sequence but lower than

Fig. 3. The effect of the concentration of immobilized GOD (A) and pH value of the substrate solution (B) on the amperometric responses; (C) the CVs of the proposed
aptasensor after incubation in different concentrations of target ssDNA standard solution (from a to i): 0.00001, 0.00005, 0.0001, 0.001, 0.01, 0.1, 0.5, 5 and 10 nM under the
optimal conditions. The inset is the calibration plots for target ssDNA with the proposed DNA biosensor.

Table 1
Comparison between the proposed sensor and other sensor for DNA detection.

Electrodes Analytical technique Linear range (nM) LOD (pM) References

Ph–NH2/GO/GCE EIS 0.001–100 0.11 Hu et al. (2012)
Gr–AuNPs/GCE Amperometric current–time curve 0.00005–100 0.0034 Liu et al. (2013)
Gr/polyaniline/GCE DPV 0.0001–700 0.032 Du et al. (2012)
CeO2–SWNTs–BMIMPF6/GCE EIS 0.001–100 0.23 Zhang et al. (2009)
CS–CeO2–ZrO2/Au DPV 0.000163–16.3 0.1 Wang et al. (2012)
CeO2/CS/GCE DPV 0.0159–116 10 Feng et al. (2006)
4-ATP/AuNPs/Au DPV 0.014–2 9.5 Li et al. (2012)
GOD/AuNPs/MoS2/MWCNTs/GCE CV 0.00001–10 0.00079 This work

Ph, Phenylenediamine; SWNT, single-walled carbon nanotubes; 4-ATP: 4-aminothiophenol; BMIMPF6, 1-butyl-3-methylimidazolium hexafluorophosphate.
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the three-base mismatched DNA. These results indicated that the
developed biosensor had high selectivity and efficiency for the
hybridization detection.

3.5. The precision and stability of the DNA biosensor

The precision and stability of the fabricated biosensor were
investigated. In the precision study, the reproducibility (intra-
assay) and repeatability (inter-assay) of the developed biosensor
were tested at three different concentrations of target DNA (0.05,
0.5 and 5 pM). Intra-assays of the three samples were performed
in three duplicates with the same biosensor and inter-assays with
different biosensors using the same manufactured batch. For intra-
assays, the relative standard deviation (RSD) varied from 2.1% to
4.8%, while that for inter-assay varied from 2.5% to 3.6%, indicating
the fabrication procedure of the developed biosensor was reliable.

The stability of the DNA sensor was studied by measuring its
cyclic voltammetric response at the electrode in pH 6.0 PBS. The
results obtained using 0.1 pM complementary oligonucleotide are
shown in Fig. 4B. After fifty successive scans, the RSDs were found
to be 3.2%. The longtime stability of the modified electrode was
also studied on a 15-day period. The cyclic voltammetric responses
of the DNA sensors were compared to those obtained on the first
day. An average response decrease of 1.8% was observed after
3 days, 2.8% after 10 days and 3.9% after 15 days. This good stability
was mainly attributed to the AuNP/MoS2/MWCNT composites film
which possessed excellent environmental and chemical stability.

3.6. Detection of serum samples

The developed method was used to detect the target DNA in
serum samples. Firstly, the serum sample was diluted to 1:10 with
PBS (pH 6.0). 0.1 M PBS (pH 6.0) and the serum sample were then
spiked with three target DNA concentrations (0.01 pM, 10 pM,
6.5 nM), respectively, and the reduction peak current was recorded
at the GOD/S1/AuNP/GOD/AuNP/MoS2/MWCNT/GCE. The peak
current of three spiked target DNA concentrations was close in
serum (19.3, 23.1, and 28.7 μA) and in 0.1 M PBS (19.5, 23.8, and
29.3 μA), indicating good potential of the developed assay for
clinical applications.

4. Conclusion

In summary, we have developed a simple and ultrasensitive
electrochemical DNA biosensing method for convenient detection
of specific DNA sequence through integrating MoS2/MWCNT

composites and AuNP signal amplification with enzymatic signal
readout. The MoS2/MWCNT composites film possessed large spe-
cific surface area and excellent biocompatibility, which not only
increased the immobilization of GOD, but also retained the active
immobilized biomolecules and enhanced the stability of the DNA
probe. In addition, the double layer GOD membranes as tracer
brought about higher current response and higher sensitivity. The
proposed DNA sensor showed relatively low detection limit
(0.79 fM), wide linear range (10 M to 107 fM) and satisfactory
selectivity, and it would be attractive for genetic target analysis in
bioanalytical and clinic biomedical application.
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