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We developed a new strategy for construction of a biosensor for the neurotransmitter dopamine. The
biosensor was constructed by one-step electrochemical deposition of a nanocomposite in aqueous so-
lution at pH 7.0, consisting of molybdenum disulfide, multi-walled carbon nanotubes, and polypyrrole. A
series of analytical methods was performed to investigate the surface characteristics and the improved
electrocatalytic effect of the nanocomposite, including cyclic voltammetry, electrochemical impedance
spectroscopy, field-emission scanning electron microscopy, atomic force microscopy, and Raman spec-
troscopy. The constructed biosensor showed high sensitivity (1.130 mAmM�1cm�2) with a dynamic
linearity range of 25e1000 nM and a detection limit of 10 nM. Additionally, the designed sensor
exhibited strong anti-interference ability and satisfactory reproducibility. The practical application of the
sensor was manifested for the ex vivo determination of dopamine neurotransmitters using brain tissue
samples of a mouse Parkinson's disease model.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Dopamine (DA), a catecholamine neurotransmitter, plays a
critical role in the functioning of human metabolism, and in the
cardiovascular, central nervous, renal, and hormonal systems [1].
An abnormal level of DA neurotransmission is related to various
neurological disorders such as Parkinson's disease (PD) [2]. Hence,
the accurate determination of DA in body fluids is crucial to di-
agnose diseases. Various analytical studies have indicated that an
polypyrrole; PD, Parkinson's
pyridine; Rct, charge transfer
, tyrosine hydroxylase.
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electrochemical route represents one of the most attractive and
suitable techniques for DA detection, and has often been utilized in
clinical analyses [3]. However, the direct electrochemical detection
of DA in real samples is quite limited because the electrochemical
potential window of DA is close to that of numerous other biolog-
ical substances in the blood, urine, or central nervous system, such
as ascorbic acid (AA). To overcome this limitation, some attempts
have been made to develop biosensors that could improve the
selectivity with high sensitivity in DA analysis [4].

During the last decade, molybdenum disulfide (MoS2) nano-
composites have been employed as a “next-generation nano-
material” [5,6] for nano-electronics and electrochemical biosensors
[7,8]. Currently, MoS2 nanosheets produced by thermal methods
are commercially available and several other methods have been
employed for the preparation of MoS2 nanocomposites [9]. Among
these methods, electrochemical methods show great advantages in
the sensor fabrication process. They are green, efficient, inexpen-
sive, rapid, and it is easy to control the thickness of the film on the
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electrode surface without additional treatment. However, most of
the MoS2 nanocomposites reported to date required a “multi-step”
fabrication process, including a poly (xanthurenic acid)-MoS2 film
for guanine and adenine [10], MoS2-graphene nanocomposite for
folic acid in human serum [11], and gold nanoparticles-MoS2
microcubes for microRNA-21 [12]. Carbon nanotubes (CNTs) have
also been utilized in electrochemical biosensors, and multi-walled
CNTs (MWCNTs) showed selective and high electrocatalytic activity
toward DA [13]. However, multi-step procedures were required to
cross-link the modifiers or binders, which are laborious and time-
consuming. Therefore, there is an urgent need to adopt a “one-
step” sensor fabrication process. To realize this approach, we hy-
pothesized that a combined nanocomposite with MoS2 and
MWCNT could be deposited by a one-step electrochemical process
for the effective determination of DA. To deposit the nano-
composite, the direct electrochemical polymerization and deposi-
tion of a biocompatible conducting polymers, polypyrrole (PPy),
can be applied as a suitable one-step approach. Although PPy has
been intensively employed to construct electrochemical biosensors,
its electrochemical deposition has generally been carried out in
highly acidic solutions [14,15].

In the present study, we developed a new one-step electro-
chemical deposition technique to fabricate nanocomposite DA
biosensors (Fig. 2A). A homogeneous mixture solution of MoS2,
MWCNT, and pyrrole was produced and the MoS2/MWCNT/PPy
nanocomposite was electrochemically formed in aqueous solution
at pH 7.0. To the best of our knowledge, this one-step electro-
chemical deposition procedure has never been used for a neutral
solution or applied for the selective determination of DA. The
proposed nanocomposite biosensor showed improved electro-
catalytic activity towards DA and was successfully applied for the
ex vivo determination of DA in the brain tissue of a mouse PD
model.

2. Materials and methods

2.1. Materials and chemicals

MWCNTs (outer diameter: 6e9 nm; diameter: 5.5 nm; length:
5 mm; purity: >95%), Na2MoO4$H2O, pyrrole monomer (Py), dopa-
mine hydrochloride (DA), epinephrine (EP), AA, uric acid (UA), and
K3[Fe(CN)6] were purchased from Sigma Aldrich (USA). All other
chemicals were of analytical grade and used as received. All
aqueous solutions were prepared using deionized water (Milli-Q
water purifying system, 18 MU cm�1).

2.2. Instrumentation

Cyclic voltammetry (CV) and amperometry were carried out
using a potentiostat (CompactStat, Ivium Technologies, the
Netherlands) with a conventional three-electrode cell system
consisting of a glassy carbon electrode (GCE; 3 mm in diameter),
Ag/AgCl reference electrode, and platinumwire auxiliary electrode.
Electrochemical impedance spectroscopy (EIS) was performed us-
ing an electrochemical workstation (VersaSTAT, Princeton Applied
Research, USA) in the frequency range of 100 kHz to 0.1 Hz at a DC
potential of 250 mV and AC potential of ±5 mV. To investigate the
surface characteristics, field-emission scanning electron micro-
scopy (FE-SEM), atomic force microscopy (AFM), and Raman
spectroscopy were carried out using the sensors modified onto
iridium tin oxide electrodes. SEM was performed using FE-SEM
(Hitachi S-4200, Japan) operated at 15 kV, 150 W. The surface
topography of the modified biosensors was characterized using
AFM analysis [16]. Raman spectra were recorded on a LabRAM HR
Raman spectrometer (HORIBA Scientific, France). X-ray diffraction
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(XRD) patterns were collected on an X-ray D/max-2200vpc (Rigaku
Corporation, Japan) operated at 40 kV and 20 mA using Cu ka ra-
diation (K ¼ 0.15406).
2.3. Nanocomposite biosensor preparation

MoS2 nanosheets were synthesized and treated with HNO3/
H2SO4 (1:1, v/v) using the method reported previously [17]. The
MoS2/MWCNT/Py suspension was prepared by mixing 10 mg of
MoS2 with 5 mg of MWCNT, which was dispersed in 14.9 mL of
1 M H2SO4, and then 0.1 mL of 0.05 mM pyrrole monomer solution
prepared in 1 M H2SO4 was added to form a homogeneous brown
color suspension. This mixed suspensionwas vigorously stirring for
60 min and then sonicated for 30 min at ambient conditions. The
suspension was centrifuged for 30 min at 10,000 rpm and washed
with water three times (10 min at 10,000 rpm each) to eliminate
any loosely adsorbed carbonmetal-containing particles and pyrrole
monomers. The resulting product was redispersed into 15 mL of
water to form a 1 mg/mL suspension. The MoS2/MWCNT/Py sus-
pension was collected and stored at 4 �C until use. A bare GCE was
polished using 0.3-mmalumina slurries and sonicated in ethanol for
10 min. After sonication, the GCE was rinsed thoroughly with
distilled water and dried at ambient temperature. Prior to nano-
composite deposition, an 8-mL aliquot of the suspension was drop-
casted onto the surface of the GCE and dried in ambient conditions.
CV was then carried out to deposit the nanocomposite by potential
sweeping from �0.2 V to þ0.8 V for 15 cycles at a scan rate of
50 mVs�1 in 0.1 M phosphate-buffered saline (PBS, pH 7.0). The
constructed biosensor is denoted as GCE-MoS2/MWCNT/PPy.
2.4. MPTP-induced PD model and immunohistochemistry

To investigate the ex vivo application of the biosensor, we used a
well-known neurotoxin 1-methyl-4-phenyl-1, 2, 5, 6-
tetrahydropyridine (MPTP)-induced PD model. MPTP was found
to be a neurotoxin that can induce Parkinsonism [18]. MPTP induces
the selective loss of dopaminergic neurons in the nigrostriatal
pathway resulting in DA loss in striatum (STR). Male C57BL/6 mice
(6 weeks old, 18e21 g) were obtained from Daehan Biolink Co. Ltd.
(Chungbuk, Korea). Animals were housed under temperature- and
light-controlled conditions (20e23 �C, 12-h light/dark cycle) with
free access to food and drinking water. The mice were randomly
divided into two groups of five mice per group (control and MPTP
group) and then acclimatized for one week prior to drug admin-
istration. To induce the PD model, MPTP was administered intra-
peritoneally at 20 mg/kg body weight four times in one day with 2-
h intervals. The mice were killed 24 h after MPTP administration,
and the STR was dissected and lysed with 0.1 M PBS (pH 7.0) for DA
analysis. For the control group, the same volume of 0.1 M PBS (pH
7.0) was administered intraperitoneally to the mice, and then the
mice were killed, and the STR and cortex were collected and pre-
pared for DA analysis. All samples were normalized to the same
amounts of protein. For histological study, we followed the protocol
described previously [19]. Briefly, micewere intracardially perfused
with a 4% paraformaldehyde in 10 mM PBS. Brains were cry-
opreserved with 30% sucrose solution. Brains were sectioned at
40 mm in the coronal plane and immunostaining was conducted on
sections containing STR or cortex with primary anti-tyrosine hy-
droxylase (TH, dopaminergic neuronal marker). Images were ac-
quired using a Nikon ECLIPSE TE 200-Umicroscope (Nikon, Tokyo).
The animal protocol used in this study was reviewed and approved
by the Pusan National University-Institutional Animal Care Com-
mittee (PNU-IACUC; Approval Number PNU-2011-000330).
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Fig. 1. FE-SEM and AFM images of (A) PPy, (B) MoS2, (C) MoS2/PPy, (D) MoS2/MWCNT/PPy, and (E) MWCNT modified ITO electrodes.
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3. Results and discussion

3.1. Surface characteristics of the nanocomposite electrodes

The morphological information of PPy-, MoS2-, MoS2/PPy-,
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MoS2/MWCNT/PPy-, and MWCNT-modified surfaces was obtained
using FE-SEM images. Pure PPy showed a spherical-like
morphology (Fig. 1A(1)), whereas the FE-SEM image of MoS2
nanosheets showed a flower-like morphology [20] (Fig. 1B(1)).
Compared to the sole MoS2, the electrochemically deposited MoS2/
ction of a molybdenum disulfide/multi-walled carbon nanotubes/
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Fig. 2. A: A schematic representation of the one-step construction of MoS2/MWCNT/PPy nanocomposite DA biosensor. B: Raman spectra of (a) PPy, (b) MoS2, (c) MoS2/PPy, (d)
MoS2/MWCNT/PPy, and (e) MWCNT surfaces. C: X-ray diffraction pattern of MoS2 nanostructures. D: EIS of (a) GCE-PPy, (b) GCE-MoS2, (c) GCE-MoS2/PPy, and (d) GCE-MoS2/
MWCNT/PPy containing 5 mM K3Fe(CN)6 in 0.1 M KCl.
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PPy (Fig. 1C(1)) showed both a spherical and flower-like
morphology due to the electrostatic interaction between MoS2
and PPy. When the MWCNTs were incorporated electrochemically
onto the MoS2/PPy (Fig. 1D(1)) surface, spherical, flower, and
nanowire-like morphologies were observed compared to the pris-
tine MoS2/PPy (Fig. 1C(1)) and MWCNTs surfaces (Fig. 1E(1)), indi-
cating synergistic effects among MoS2, MWCNTs, and PPy. These
morphological and roughness changes were confirmed by the
additional AFM analysis. As shown in Fig. 1A(2), the formation of
the PPy film by the electrochemical polymerization of pyrrole was
confirmed by the appearance of small-sized globular particles
(roughness 14.5 nm) due to the gravel-like polymer structure. The
surface roughness of the MoS2 layers was calculated to be 16.7 nm,
which was greater than that obtained from only the PPy-modified
layer (Fig. 1B(2)). The surface roughness of MoS2/PPy was also
calculated to be 10.7 nm (Fig. 1C(2)) and the roughness was
decreased compared to that of the MoS2-modified layers, sug-
gesting a stronger interaction of MoS2/PPy. Similarly, as shown in
Fig. 1E(2) the only MWCNTs-modified layers showed an approxi-
mately 50% decrease of the surface roughness (6.3 nm) compared to
the electrochemically deposited MoS2/MWCNT/PPy (13.5 nm,
Fig. 1D(2)). Therefore, these AFM results clearly confirmed the
grain, globular, and nanowire structures of the MoS2/MWCNT/PPy
nanocomposite layers, and the successful electrochemical deposi-
tion of the nanocomposite.

The structural changes of (a) PPy, (b) MoS2, (c) MoS2/PPy, (d)
MoS2/MWCNT/PPy, and (e) MWCNTs were further evidenced by
Raman analysis (Fig. 2B). The Raman spectrum of the electro-
chemically deposited PPy film showed strong peaks at 1335 cm�1

and 1583 cm�1 attributed to pyrrole-ring stretching and C¼C bond
stretching [21]. The Raman spectra indicated the presence of
characteristic peaks of MoS2 in the region from
200 cm�1 to 2000 cm�1 as indicated by two bands at 382 cm�1 and
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405 cm�1 due to E2g and A1g modes [22], respectively. After the
deposition of MoS2/PPy, the peak intensity decreased remarkably
(1335 cm�1 and 1583 cm�1) compared to that of PPy alone [23]. The
Raman spectrum of the MWCNTs and MoS2/MWCNT/PPy displayed
two intensive peaks at 1355 cm�1 and 1590 cm�1, which resembled
the described D and G bands. The Raman results from MoS2/
MWCNT/PPy further confirmed that the two bands at 388 cm�1 and
at 408 cm�1 in the range of 350e450 cm�1, can be caused by the
formation of MoS2 with comparison to the Raman spectrum of
MWCNTs without distinct peaks. The intensity of Raman peaks
from MWCNTs without MoS2 (D and G bands) was remarkably
higher than that from MoS2/MWCNT/PPy. This dramatic increase
could be ascribed to improvement of the defect in the concentra-
tion of MWCNTs during the electrochemical deposition of MoS2/
MWCNT/PPy [24]. XRD was performed to study the crystal struc-
ture of the MoS2 layers. The spectra diffraction peaks at 14�, 27�,
34�, 39�, and 59� are attributed to the (002), (004), (100), (102), and
(110) planes of MoS2, respectively (Fig. 2C). These spectra also
confirmed the formation of the MoS2 layers [17].

3.2. Electrochemical characterization

3.2.1. Electrochemical impedance spectroscopy
EIS can provide important information of the impedance

changes at the interface between an electrode and electrolyte [25].
Fig. 2D depicts the Nyquist diagrams of (a) GCE-PPy, (b) GCE-MoS2,
(c) GCE-MoS2/PPy, and (d) GCE-MoS2/MWCNT/PPy. The PPy
showed an increased the charge-transfer resistance (Rct) value of
242 U because of the poor conductivity, and the electrochemically
deposited MoS2/MWCNT/PPy showed an Rct value of 29 U, which is
smaller than that of PPy. The Rct value from the MoS2/MWCNT/PPy
surface was nearly 8.3-times lower than that of PPy, and MoS2/
MWCNT/PPy had the lowest Rct value compared to PPy, MoS2, and
uction of a molybdenum disulfide/multi-walled carbon nanotubes/
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MoS2/PPy. These observations indicate a synergistic effect of the
MoS2/MWCNT/PPy nanocomposite, which provides better elec-
trochemical performance through the improved electrical con-
ductivity to accelerate interfacial electron transfer.

3.2.2. Cyclic voltammetry
As shown in Fig. 3A, CV measurements were carried out using

four differently modified electrodes for 50 mMDA prepared in 0.1 M
PBS (pH 7.0) at a scan rate of 50 mVs�1: (a) GCE-PPy, (b) GCE-MoS2,
(c) GCE-MoS2/PPy, and (d) GCE-MoS2/MWCNT/PPy. PPy showed no
distinct current response, and the anodic peak current (ipa) of DA at
MoS2/PPy was slightly higher than that of MoS2 alone. Moreover,
for MoS2/MWCNT/PPy, ipa of DA dramatically increased (10.37 mA)
compared to those of MoS2/PPy (4.50 mA), MoS2 (1.89 mA), and PPy
(0.96 mA). A reasonable explanation for this finding is that the
improved electrochemical deposition of the nanocomposites can
only occur if the MWCNTs have many active sites with high elec-
trocatalytic activity, a large effective surface area, and improved
electrical conductivity [26]. CV measurements were repeated with
different concentrations of DA (0e50 mM) using the GCEs-MoS2/
MWCNT/PPy sensor. The ipa gradually increased with an increase in
DA concentration, which was due to the electrocatalytic effect of DA
(inset, Fig. 3A). This increase suggests that the nanocomposite
could possess significantly improved electrocatalytic activity and a
fast electron transfer rate towards the detection of DA.

3.2.3. Amperometry
To achieve optimum sensor performance conditions, the effects

of applied potential, pH, and temperature were investigated. Hy-
drodynamic voltammograms were constructed using the GCE-
MoS2/MWCNT/PPy sensor following the addition of 250 nM DA.
The maximum response of the electrodes was obtained at a po-
tential of 0.30 V, and the signal response decreased dramatically
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beyond this potential. Accordingly, 0.30 Vwas used as the operating
potential in all experiments. The optimum pH and temperature
were assessed using the GCE-MoS2/MWCNT/PPy sensor in PBS (pH
5e9) at temperatures varying from 25 �C to 40 �C with the addition
of 250 nMDA at 0.30 V. Themaximum responsewas obtained using
the sensor in PBS at pH 7.0 at 25 �C. This pH and temperature were
chosen as the optimal operating conditions and used in subsequent
experiments. The electrocatalytic behavior of the sensor was
investigated using amperometric measurements. The sensitivity of
(a) GCE-PPy, (b) GCE-MoS2, (c) GCE-MoS2/PPy, and (d) GCE-MoS2/
MWCNT/PPy was calculated to be 0.45, 0.58, 0.71, and
1.13 mA mM�1 cm�2, respectively (Fig. 3B). These results revealed
that the simple one-step electrochemical deposition of the MoS2/
MWCNT/PPy nanocomposite demonstrated better electrochemical
performance, which improved the sensitivity of the DA biosensor.

3.3. Sensor characteristics and calibration for DA

Sensor characteristics and calibration curves for DA were
investigated using the GCE-MoS2/MWCNT/PPy sensor. Fig. 3C
shows a calibration curve of DA with a dynamic linear range of
25e1000 nM andwith a linear regression equation of i (mA)¼ 79.08
CDA (nM) þ 0.0064 (R2 ¼ 0.997). Each point represents the mean
value of five measurements and error bars represent one standard
deviation. The limit of detection was found to be 10 nM and the
sensor sensitivity was calculated to be 1.13 mA mM�1 cm�2. Hence,
the one-step deposition of the MoS2/MWCNT/PPy nanocomposite
represents a suitable strategy to construct an amperometric
biosensor for DA sensing. The relative standard deviation as a
measure of inter-electrode reproducibility was calculated to be
7.4%, and only a 3.5% loss of the initial sensor sensitivity was
observed after 22-day storage at 4 �C. In addition, selectivity is one
of the important characteristics to verify the performance of the
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Fig. 4. A: Chronoamperometric response of GCE-MoS2/MWCNT/PPy in PBS and three different mouse brain tissues: NS (normal STR), MS (MPTP damaged STR), and CT (cortex).
Inset: each bar means ex vivo current change of five measurements and error bar represents one standard deviation. B, C and D: Images from immunestained mouse brain tissue
sections, Scale bar equals 100 mm.
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sensor, because real samples may also contain some potentially co-
existing compounds that are common in biological systems such as
DA, EP, AA, and UA. Fig. 3D shows the signal of the biosensors
following the addition of 0.5 mMDA,1 mMEP,1 mMAA,1 mMUA, and
a second addition of 1.0 mM DA. There was no significant change in
the signal in response to EP, AA, and UA, indicating no substantial
interference on the detection of DA. These results indicated that the
constructed biosensor exhibited enhanced electrochemical per-
formance for DA and can be applied for ex vivo application.

3.4. Real sample analysis

The GCE-MoS2/MWCNT/PPy sensor was successfully applied for
real sample analysis. Three different mouse brain tissues were
prepared: (NS) normal STR that receives dopaminergic inputs, (MS)
MPTP damaged STR taken from the MPTP-induced PD mice, and
(CT) cortical brain region lacking DA signals used as a negative
control. The real samples were diluted ten times with 0.1M PBS (pH
7.0) and chronoamperometric analysis was performed under the
operating conditions. Current responses of DA were observed
(Fig. 4A) and each current change was measured at 100 s. The inset
in Fig. 4A represents the mean value of five measurements and
error bars represent one standard deviation. The highest signal
response of DAwas achieved in group NS (63 ± 11 nA), followed by
MS (41 ± 7 nA), CT (8 ± 4 nA), and the PBS injection control group
(1 ± 2 nA). These findings demonstrate that the proposed sensor
could effectively discriminate DA levels between the STR DA and
cortex as DA-positive and -negative brain tissues, respectively. TH
immunohistochemistry clearly indicated that TH-positive signals
were only seen in STR (Fig. 4C and D) not in cortex (Fig. 4B). More
interestingly, it is promising that the proposed sensor could
discriminate differences of DA levels between the normal STR
(Fig. 4C) and damaged STR taken from MPTP-induced PD mice
(Fig. 4D), which are also observed in TH immunohistochemistry. To
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further test the feasibility of the MoS2/MWCNT/PPy sensor, the
mouse brain sample (NS) was diluted twenty times with 0.1 M PBS
(pH 7.0), and the concentration of DA was measured using a stan-
dard addition method. The results showed very satisfactory re-
coveries ranging 97.6e101.6%. These observations demonstrate that
the developed biosensor is a simple, fast, and reliable tool for
ex vivo DA determination in different tissues from the brain of
normal and PD model mice.

In summary, we developed an MoS2/MWCNT/PPy nano-
composite constructed by the “one-step” electrochemical deposi-
tion procedure in aqueous solution at pH 7.0, which could be used
for the determination of DA. This method was proven useful for the
ex vivo determination of neurotransmitter DA in mouse brain tissue
samples. Further research is currently underway to develop a new
ex vivo and in vivo micro-sensor platform for DA determination.
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