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Abstract: Several neurological disorders such as Alzheimer’s disease and Parkinson’s disease have
become a serious impediment to aging people nowadays. One of the efficient methods used to monitor
these neurological disorders is the detection of neurotransmitters such as dopamine. Metal materials,
such as gold and platinum, are widely used in this electrochemical detection method; however, low
sensitivity and linearity at low dopamine concentrations limit the use of these materials. To overcome
these limitations, a silver nanoparticle (SNP) modified electrode covered by graphene oxide for
the detection of dopamine was newly developed in this study. For the first time, the surface of an
indium tin oxide (ITO) electrode was modified using SNPs and graphene oxide sequentially through
the electrochemical deposition method. The developed biosensor provided electrochemical signal
enhancement at low dopamine concentrations in comparison with previous biosensors. Therefore,
our newly developed SNP modified electrode covered by graphene oxide can be used to monitor
neurological diseases through electrochemical signal enhancement at low dopamine concentrations.
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1. Introduction

Dopamine is a key molecule in neurotransmissions in the central and peripheral nervous systems.
Therefore, dopamine is responsible for several physiological activities such as behavior, memory
and movement [1,2]. An abnormal level of dopamine causes severe neurological diseases, including
Parkinson’s disease (PD), schizophrenia and attention deficit hyperactivity disorder (ADHD) [3].
Owing to this critical role of dopamine in the nervous system, numerous studies and technologies have
been developed to monitor the level of dopamine in a sensitive and selective manner, which is highly
important for early diagnosis of these neurological diseases. High performance liquid chromatography
(HPLC) [4], immunoassay [5], spectrophotometric [6] and coulometric [7] methods have been reported
to be suitable for dopamine detection. However, most of these techniques require complex steps and
procedures, which are expensive, laborious and time-consuming.

To this end, electrochemical dopamine detection techniques have been intensively studied, owing
mostly to their simplicity, rapid response time and excellent sensitivity [8,9]. Dopamine is known
to be oxidized or reduced at specific electrical potentials and thus, can be effectively measured by
electrochemical methods without using any additional redox couples or enzymes. Nevertheless, due
to the concentrations of various other neurotransmitters in the body that exist within the range of a
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picomolar to nanomolar scale, there is a need to increase the sensitivity of electrodes in order to detect
dopamine accurately [10]. Traditionally, metal materials like gold and platinum have been widely
applied in biosensing applications largely due to their excellence in improving the electrocatalytic
property of the electrode [11,12]. However, despite these advantages, gold and platinum are not
preferred for use in actual biosensors owing to limitations such as low sensitivity, linearity at a low
dopamine concentration and limited resources [13,14].

Herein, we report upon an electrochemical dopamine biosensor wherein graphene oxide-covered
silver nanoparticles (SNPs) were utilized as a core material on an indium tin oxide (ITO) coated
electrode (Figure 1). Moreover, for the first time, electrochemically deposited SNPs were covered
by a graphene oxide sheet, in contrast to other studies where SNPs were either mixed with or
stacked on top of graphene oxide. SNPs are a great alternative metal material due to their low
expense and effective electrochemical performance compared to gold and platinum at low dopamine
concentrations. Additionally, graphene oxide is another beneficial alternative material choice owing to
its almost unlimited availability, good electrocatalytic property and stability. These materials, however,
have disadvantages when used separately because of the electrochemical instability of SNPs and the
electrical conductivity loss of graphene oxide following a chemical process, which is necessary for the
modification of an electrode. Hence, we hypothesized that SNP modification on a conducting working
electrode surface in combination with a graphene oxide modification will enhance the electrocatalytic
performance and stability of the dopamine biosensor, while the weaknesses of both SNPs and graphene
oxide will be hindered. To confirm the improved capability of the SNP modified electrode covered by
graphene oxide, we conducted experiments comparing the electrochemical signals among: (1) SNP
modified electrodes; (2) ITO electrodes covered by graphene oxide and (3) SNP modified electrodes
covered by graphene oxide, using cyclic voltammetry (CV), differential pulse voltammetry (DPV) and
the amperometric i-t method.
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Figure 1. Schematic diagram of an SNP modified electrode covered by graphene oxide and the process
of dopamine detection.

2. Materials and Methods

2.1. Materials

A silver (I) nitrate particle sample was purchased from Daejung Chemical & Metals
(Shiheung-City, Korea). Sodium sulfate powder was purchased from Junsei Chemical (Tokyo, Japan).
Phosphate buffered saline (PBS) (pH 7.4, 10 mM) solution used as the electrolyte in this study and triton
X-100 solution were obtained from Sigma-Aldrich (St. Louis, MO, USA). Single layer graphene oxide
(500 mg/L) dispersed in water was purchased from Graphene Supermarket (Calverton, NY, USA).
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Sylgard (Dow Corning, Midland, MI, USA) 184 silicone elastomer curing agent and Sylgard 184 silicone
elastomer base were acquired from Dow Corning (Midland, MI, USA) for polydimethylsiloxane
(PDMS) preparation. All aqueous solutions were prepared using deionized water (DIW) from a
Millipore Milli-Q water purifier operating at a resistance of 18 MΩ/cm.

2.2. Preparation of ITO Electrodes

ITO electrodes (30 mm length × 10 mm width) were cleaned by sonication for 30 min using a
triton-X 0.1% solution, DIW and ethanol, sequentially. The washed ITO electrode was then fully dried
by N2 gas. PDMS, an adhesive material, was prepared by mixing a Sylgard® 184 silicone elastomer
base and a Sylgard® 184 silicone elastomer curing agent at a 10:1 ratio. The fully mixed PDMS was
placed in a vacuum chamber to remove bubbles and stored at −4 ◦C to avoid curing. After PDMS
preparation, the bottom of a plastic chamber (20 mm length × 10 mm width × 5 mm height) was
dipped into the prepared PDMS and excess PDMS was removed to procure the area of attachment of
the plastic chamber onto ITO electrode. This plastic chamber was then attached to the ITO electrode.
Following this, the plastic chamber attached the ITO electrode was heated in a 70 ◦C oven for 30 min
to fabricate an electrode chamber with cured PDMS.

2.3. Electrochemical Deposition of SNPs and Graphene Oxide

The purchased silver (I) nitrate was dissolved in DIW to prepare a 10 mM silver nitrate solution.
In order to deposit the SNPs onto the ITO electrode electrochemically, the prepared electrode with the
attached chamber was filled with 1 mL of 50 mM silver nitrate solution. The silver nitrate solution in
the chamber was well pipetted before the voltage was applied. For the electrochemical deposition of
the SNPs onto the electrode, a voltage of −1.3 V was applied to the electrode for 5 s. The graphene
oxide solution was diluted to 50 mg/mL using DIW before deposition. This prepared graphene oxide
solution was sonicated for 30 min in order to be fully dispersed and centrifuged at 13,000 rpm for
15 min. After centrifugation, sodium sulfate was added as an electrolyte with a 0.1 M concentration.
Then, 1 mL of the supernatant of the sonicated and centrifuged graphene oxide was added to the
chamber of the SNP-deposited electrode. After that, a voltage of −1.6 V was applied to the electrode
for 30 s to obtain the electrochemical deposition of graphene oxide on the electrode. The same method
of deposition was used for the fabrication of the ITO electrode covered by graphene oxide. After each
electrochemical deposition step, washing of the surface of the modified electrode with DIW was
carried out. The structure of the modified electrode was confirmed by scanning electron microscopy
(SEM; JEOL).

2.4. Electrochemical Measurement of the Modified Electrode

Electrochemical experiments on the fabricated SNP modified electrode covered by graphene oxide
were performed using a potentiostat (CHI-660A, CH Instruments, Inc., Austin, TX, USA) to confirm the
electrochemical signal enhancement. CV, DPV and the amperometric i-t method were performed using
a three-electrode system composed of the SNP-modified electrode covered by graphene oxide as the
working electrode, a platinum (Pt) wire electrode as the counter electrode and a silver/silver chloride
(Ag/AgCl) electrode as the reference electrode. The electrochemical buffer solution (PBS solution) was
used for the electrochemical measurement. The parameters of this experiment were a sensitivity of
1.0 × 10−5 A/V, scan rate of 100 mV/s, quiet time of 2 s and sample interval of 1 mV. The range of the
applied potential voltage for CV and DPV was from −0.2 V to 0.6 V. Considering the amperometric i-t
technique, −0.3 V, 0.1 s and 1.0 × 10−5 A/V were used for the respective initial potential, sampling
interval and sensitivity. Chemical neurotransmitters, namely dopamine, uric acid and ascorbic acid,
were dissolved in PBS at various concentrations of dopamine and 50 µM of both uric acid and
ascorbic acid.
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3. Results and Discussion

3.1. Structure of the SNP Modified Electrode Covered by Graphene Oxide

The SNP modified electrodes covered by graphene oxide were fabricated using various
concentrations of silver nitrate solution and graphene oxide solution with an electrochemical deposition
technique in order to find the optimal size of SNPs and thickness of graphene oxide. A plastic
chamber was used in both the fabrication process and dopamine detection. A constant inner surface
area (19.6 mm length × 8.0 mm width) and a constant volume of silver nitrate, graphene oxide and
dopamine could be achieved by using the plastic chamber. Since the volume of the solution was fixed,
variables relating to the volume change were removed. The size of SNPs increased or decreased
in proportion to the amount of time the voltage was applied for. Likewise, the density of the
SNPs on the surface becomes more densely packed as the concentration of silver nitrate solution
increased. However, at high a concentration of silver nitrate solution, the number of deposited SNP
increased. This resulted in a non-uniform surface of the SNP modified electrode resulting in irregular
electrochemical signals. For these reasons, the deposition of SNPs was optimized using a 50 mM
silver nitrate solution and 5 s of voltage application time. In a similar way, various concentrations
of graphene oxide solution and voltage application times were tested to optimize the condition of
graphene oxide deposition. The SEM images of the surface of electrode became dimmer as the
concentration of graphene oxide solution increased because of the increased amount of graphene
oxide deposition. The voltage application time and sodium sulfate used as an electrolyte for graphene
oxide deposition affected the thickness of the graphene oxide. Additionally, graphene oxide was
deposited in a sheet structure and if the thickness was too large, the SNP surface would be covered
to a great extent. This resulted in a decrease in the electrochemical signal of dopamine and therefore
an optimized condition was required. As the concentration of the graphene oxide solution and the
voltage application time increased, the thickness of the graphene oxide sheet increased similarly to the
relationship between the size of the SNPs and the concentration of silver nitrate and voltage application
time. From these results, the condition for optimal graphene oxide deposition was achieved using
a 50 mg/mL graphene oxide solution, 30 s of voltage application time and a 0.1 M concentration of
sodium sulfate.

The morphology of the electrode is shown in Figure 2. The deposited SNPs and graphene oxide
on the ITO electrode were confirmed by SEM. The SNPs were deposited spherically and had a diameter
of about 100 to 200 nm, as shown in Figure 2c. On the other hand, graphene oxide was deposited
as if the small pieces covered the electrode surface, as shown in Figure 2b. Lastly, the surface of
the SNP modified electrode covered by graphene oxide was seen as dimmer than the SNP modified
electrode without graphene oxide, as shown in Figure 2e. This result became clearer when the SEM
image was magnified. As shown in Figure 2d,f, thin sheets of graphene oxide are observed above the
spherical SNPs on the surface of the SNP modified electrode covered by graphene oxide, while the
SNP modified electrode without graphene oxide contained no sheet above the SNPs. Furthermore,
Raman spectroscopy was carried out to precisely confirm the existence of graphene oxide above
the ITO electrode and SNPs. As shown in Figure 3g, D (1350 cm−1) and G (1580 cm−1) peaks were
observed for the ITO covered by graphene oxide and SNP modified electrode covered by graphene
oxide, while the bare ITO electrode possessed no peak. The G band was caused by vibration of
the SP2-carbon system and the D band was caused by a structural deficit of the graphene oxide.
From these results, the presence of the graphene oxide film on the SNP modified electrode was
confirmed. Therefore, it could be confirmed that the surface of the ITO electrode, SNP modified
electrode, ITO electrode covered by graphene oxide and SNP modified electrode covered by graphene
oxide had been successfully fabricated.
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Figure 2. SEM images of the (a) ITO electrode; (b) ITO electrode covered by graphene oxide; (c) SNP
modified electrode; (d) magnification of the SNP modified electrode; (e) SNP modified electrode
covered by graphene oxide and (f) magnification of the SNP modified electrode covered by graphene
oxide; (g) Raman spectroscopy of the ITO electrode, ITO electrode covered by graphene oxide and SNP
modified electrode covered by graphene oxide.
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3.2. Confirmation of Signal Enhancement of the SNP Modified Electrode Covered by Graphene Oxide

The enhancement of electrochemical signal was confirmed by comparison among the ITO
electrode, SNP modified electrode, ITO electrode covered by graphene oxide and SNP modified
electrode covered by graphene oxide. The concentration of dopamine was fixed at 50 µM for
comparison. Dopamine was detected at the oxidation peak (0.276 V) by CV. The detection of dopamine
was achieved by the adsorption and oxidation of dopamine to the electrode surface. This oxidation
of dopamine is an irreversible electrochemical reaction. An oxide layer was thought to be formed
when the electrolytic solution was cycled. Since oxide layers increase the adsorption of cationic species,
the electrostatic force between the electrode surface and dopamine was increased by the formed
oxide layer. Additionally, the achieved electrochemical signal could be unstable when the electrode
surface was modified; however, the fabricated electrode surface was constant due to the use of the
plastic chamber. For the quantitative assay, an anodic current peak (Ipa) was used throughout the
experiment. Figure 3a shows the CV measurements of the various electrodes at a 50 µM concentration
of dopamine. The SNP modified electrode covered by graphene oxide provided the highest oxidation
peak current, while lower oxidation peak currents were provided by the ITO electrode covered by
graphene oxide, SNP modified electrode and ITO electrode, in decreasing order. Figure 3b shows the
comparison of the absolute Ipa values provided by the various electrodes. The electrochemical property
of electrode was enhanced compared to the ITO electrode, SNP modified electrode and ITO electrode
covered by graphene oxide. This enhancement of the electrochemical peak current was induced by the
properties of the SNP and graphene oxide [15]. Since SNP is well-known metal nanoparticle with high
conductivity, such that they may provide amplification of electrochemical signals in order to clarify a
current peak. Furthermore, graphene oxide was introduced for the enhancement of the electrochemical
signal. Graphene oxide is a nearly nonconductive material; however, graphene oxide was reduced in
the process of electrochemical deposition thus an oxide layer was made. Since the oxide layer increased
the adsorption of dopamine, enhancement of the electrochemical dopamine signal was increased.
Therefore, the properties of SNP and graphene oxide may provide an increased electrochemical signal
detected by a modified electrode similarly to SNPs [16]. Finally, with the combination of the properties
of SNPs and reduced graphene oxide, the electrochemical deposition of graphene oxide on a SNP
surface would provide significantly enhanced electrochemical signals. Additionally, graphene oxide
could protect the surface of the SNPs from surface oxidation [17–19].
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addition of a 50 µM dopamine solution using (a) CV measurements and (b) comparison of the absolute
Ipa values.
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3.3. Detecting the Performance of the SNP Modified Electrode Covered by Graphene Oxide

The amperometric i-t technique was performed in order to determine the detecting performance
of the SNP modified electrode covered by graphene oxide. To verify the detection limit of the SNP
modified electrode covered by graphene oxide, the amperometric i-t technique was conducted with
the addition of dopamine at various concentrations (0.001, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10,
20, 50 and 100 µM). As shown in Figure 4a, the current value was maintained at about −0.28 µA
until the addition of 0.1 µM of dopamine. However, as 0.2 µM of dopamine was added, the current
value increased to −0.30 µA. After that, the current value increased as the concentration of the added
dopamine was increased. With this result, the detection limit of the SNP modified electrode covered
by graphene oxide was estimated to be 0.2 µM. The linearity of the peak current values and dopamine
concentrations was confirmed by comparison of those two values obtained by the amperometric i-t
technique. The peak current values of dopamine showed good linearity with the use of different
dopamine concentrations in the range of 0.1 µM to 100 µM, as shown in Figure 4b. The coefficient
of determination value, R2, was 0.9914, which indicates excellent linearity. Average values and error
bars were obtained by the standard deviation (SD) of three measurements. The detection limit of this
electrode was more sensitive and comparable to that of other electrodes used for dopamine detection,
as shown in Table 1. Moreover, the linear range of the SNP modified electrode covered by graphene
oxide was found to be superior to other electrodes such as the gold nanoparticle-graphene oxide
modified electrode, as can be seen in Table 1.
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Table 1. Comparison of some electrochemical characteristics of different graphene-based or SNP-based
electrodes for the detection of dopamine.

Electrode Methods Linear Range (µM) Detection Limit (µM) Reference

pGO 1-GNP 2-pGO CV, AM 9 0.1–30 1.28 [13]
Pdop 3@Gr 4/MWCNTs 5 DPV 7–297 1.0 [20]

Ag-CNT 6/CPE 7 DPV 0.8–64 0.3 [21]
SNP/GO 8 CV, AM 0.1–100 0.2 This work

1 Porous graphene oxide; 2 Gold nanoparticle; 3 Polydopamine; 4 Graphene; 5 Multi-walled carbon nanotubes;
6 Carbon nanotube; 7 Carbon-paste electrode; 8 Graphene oxide; 9 Amperometry.

3.4. Electrochemical Selective Detection of Dopamine in the Presence of Uric Acid and Ascorbic Acid

Uric acid and ascorbic acid coexist with dopamine in the body and demonstrate similar
electrochemical properties to those of dopamine [22,23]. Thus, the selective electrochemical detection
of dopamine in the presence of uric acid and ascorbic is an important factor when considering the
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practical use of an SNP modified electrode covered by graphene oxide. Figure 5a shows the efficient
selective amperometric response of the SNP modified electrode covered by graphene oxide with
additions of 10 µM of each of dopamine, uric acid and ascorbic acid, continuously. The SNP modified
electrode covered by graphene oxide demonstrated an amperometric response to dopamine and
did not respond to uric acid and ascorbic acid. Figure 5b showed successful DPV measurements of
dopamine obtained from the SNP modified electrode covered by graphene oxide in the presence of
uric acid and ascorbic acid. The concentration of dopamine was varied from 10 µM to 100 µM and
concentrations of uric acid and ascorbic were fixed to 50 µM. The electrochemical peak current was
increased without disturbance of the uric acid and ascorbic acid as the concentration of dopamine
increased. From these results, the electrochemical selective detecting performance of the SNP modified
electrode covered by graphene oxide was confirmed.
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Figure 5. (a) Amperometric i-t measurement with the continuous addition of 10 µM of each of
dopamine, uric acid and ascorbic acid; (b) DPV for the concentration of dopamine ranging from 10 µM
to 100 µM in the presence of 50 µM of both uric acid and ascorbic acid.

4. Conclusions

In this study, an electrochemical biosensor based on electrochemically deposited SNP and
graphene oxide was fabricated for use in dopamine detection with an enhanced electrochemical
signal, high selectivity and high sensitivity. To achieve the electrochemical signal enhancement,
for the first time, SNP was electrochemically deposited onto the ITO electrode followed by the
electrochemical deposition of graphene oxide. Compared with previous methods that simply mix
SNPs and graphene oxide and deposit the SNPs on graphene oxide, this newly proposed method was
attempted. The surfaces of modified electrodes were confirmed by SEM. The electrochemical signal
enhancement of the modified electrodes was confirmed by CV. With the deposition of graphene oxide
on the SNP surface, the SNP modified electrode covered by graphene oxide showed a much higher
enhancement of the electrochemical signal than the SNP- or graphene oxide-modified electrodes.
The high selectivity of this biosensor was also confirmed by DPV and an amperometric i-t technique.
Dopamine in concentrations ranging from 10 µM to 100 µM was successfully detected in the presence
of 50 µM of uric acid and 50 µM of ascorbic acid. The amperometric i-t dopamine detection showed
high selectivity towards dopamine. Lastly, the high sensitivity of this electrode was confirmed by
the amperometric i-t technique from dopamine concentrations of 0.1 µM to 100 µM as expressing
linearity and 0.2 µM as the detection limit. In conclusion, our newly developed biosensor could
provide a method for the fabrication of a sensing platform with an enhanced electrochemical signal,
high selectivity and high sensitivity in order to detect dopamine in various fields.
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Supplementary Materials: The following are available online at www.mdpi.com/1424-8220/17/12/2771/s1,
Figure S1: FE-SEM images and EDS of (a) SNP modified electrode and (b) SNP modified electrode covered by
graphene oxide, Figure S2: Comparison of CV peaks of dopamine with uric acid and uric acid, Figure S3: (a) Linear
sweep voltammetry and (b) comparison of peak current of different electrodes for electroactive area comparison,
Figure S4: Amperometric i-t curve of SNP modified electrode covered by graphene oxide with 4% human serum,
Figure S5: Electrochemical peak current comparison between SNP modified electrode and SNP modified electrode
covered by graphene oxide at 0 h and 24 h, Table S1: Parameters comparison between different electrodes.
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Abbreviations

PD Parkinson’s Disease
ADHD Attention Deficit Hyperactivity Disorder
HPLC High Performance Liquid Chromatography
SNP Silver Nanoparticle
ITO Indium Tin Oxide
CV Cyclic Voltammetry
DPV Differential Pulse Voltammetry
PDMS Polydimethylsiloxane
DIW Deionized Water
SEM Scanning Electron Microscopy
SD Standard Deviation

References

1. Schapira, A.H.V. Dopamine Agonists and Neuroprotection in Parkinson’s Disease. Eur. J. Neurol. 2002, 9,
7–14. [CrossRef] [PubMed]

2. Gubernator, N.G.; Zhang, H.; Staal, R.G.W.; Mosharov, E.V.; Pereira, D.B.; Yue, M.; Balsanek, V.; Vadola, P.A.;
Mukherjee, B.; Edwards, R.H.; et al. Fluorescent False Neurotransmitters Visualize Dopamine Release from
Individual Presynaptic Terminals. Science 2009, 324, 1441–1444. [CrossRef] [PubMed]

3. Li, D.; Sham, P.C.; Owen, M.J.; He, L. Meta-analysis Shows Significant Association between Dopamine
System Genes and Attention Deficit Hyperactivity Disorder (ADHD). Hum. Mol. Genet. 2006, 15, 2276–2284.
[CrossRef] [PubMed]

4. Muzzi, C.; Bertocci, E.; Terzuoli, L.; Porcelli, B.; Ciari, I.; Pagani, R.; Guerranti, R. Simultaneous
Determination of Serum Concentrations of Levodopa, Dopamine, 3-O-methyldopa and α-Methyldopa
by HPLC. Biomed. Pharmacother. 2008, 62, 253–258. [CrossRef] [PubMed]

5. Nichkova, M.; Wynveen, P.M.; Marc, D.T.; Huisman, H.; Kellermann, G.H. Validation of an ELISA for
Urinary Dopamine: Applications in Monitoring Treatment of Dopamine-related Disorders. J. Neurochem.
2013, 125, 724–735. [CrossRef] [PubMed]

6. Moghadam, M.R.; Dadfarnia, S.; Shabani, A.M.H.; Shahbazikhah, P. Chemometric-Assited
Kinetic-Spectrophotometric Method for Simultaneous Determination of Ascorbic Acid, Uric Acid
and Dopamine. Anal. Biochem. 2011, 410, 289–295. [CrossRef] [PubMed]

7. Musso, N.R.; Vergassola, C.; Pende, A.; Lotti, G. Reversed-Phase HPLC Separation of Plasma Norepinephrine,
Epinephrine and Dopamine, with Three-Electrode Coulometric Detection. Clin. Chem. 1989, 35, 1975–1977.
[PubMed]

8. Kim, Y.-R.; Bong, S.; Kang, Y.-J.; Yang, Y.; Mahajan, R.K.; Kim, J.S.; Kim, H. Electrochemical Detection of
Dopamine in the Presence of Ascorbic Acid using Graphene Modified Electrodes. Biosens. Bioelectron. 2010,
25, 2366–2369. [CrossRef] [PubMed]

www.mdpi.com/1424-8220/17/12/2771/s1
http://dx.doi.org/10.1046/j.1468-1331.9.s3.9.x
http://www.ncbi.nlm.nih.gov/pubmed/12464116
http://dx.doi.org/10.1126/science.1172278
http://www.ncbi.nlm.nih.gov/pubmed/19423778
http://dx.doi.org/10.1093/hmg/ddl152
http://www.ncbi.nlm.nih.gov/pubmed/16774975
http://dx.doi.org/10.1016/j.biopha.2007.10.018
http://www.ncbi.nlm.nih.gov/pubmed/18158229
http://dx.doi.org/10.1111/jnc.12248
http://www.ncbi.nlm.nih.gov/pubmed/23530945
http://dx.doi.org/10.1016/j.ab.2010.11.007
http://www.ncbi.nlm.nih.gov/pubmed/21078280
http://www.ncbi.nlm.nih.gov/pubmed/2776329
http://dx.doi.org/10.1016/j.bios.2010.02.031
http://www.ncbi.nlm.nih.gov/pubmed/20307965


Sensors 2017, 17, 2771 10 of 10

9. Vidya, H.; Swamy, B.E.K.; Schell, M. One Step Facile Synthesis of Silver Nanoparticles for the Simultaneous
Electrochemical Determination of Dopamine and Ascorbic Acid. J. Mol. Liq. 2016, 214, 298–305. [CrossRef]

10. Rowe, D.B.; Le, W.; Smith, R.G.; Appel, S.H. Antibodies from Patients with Parkinson’s Disease React with
Protein Modified by Dopamine Oxidation. J. Neurosci. Res. 1998, 53, 551–558. [CrossRef]

11. Yu, A.; Liang, Z.; Cho, J.; Caruso, F. Nanostructured Electrochemical Sensor Based on Dense Gold
Nanoparticle Films. Nano Lett. 2003, 3, 1203–1207. [CrossRef]

12. Guo, S.; Wen, D.; Zhai, Y.; Dong, S.; Wang, E. Platinum Nanoparticle Ensemble-on-Graphene Hybrid
Nanosheet: One-Pot, Rapid Synthesis and Used as New Electrode Material for Electrochemical Sensing.
ACS Nano 2010, 4, 3959–3968. [CrossRef] [PubMed]

13. Choo, S.-S.; Kang, E.-S.; Song, I.; Lee, D.; Choi, J.-W.; Kim, T.-H. Electrochemical Detection of Dopamine Using
3D Porous Graphene Oxide/Gold Nanoparticle Composites. Sensors 2017, 17, 861. [CrossRef] [PubMed]

14. Zeis, R.; Mathur, A.; Fritz, G.; Lee, J.; Erlebacher, J. Platinum-Plated Nanoporous Gold: An Efficient, Low Pt
Loading Electrocatalyst for PEM Fuel Cells. J. Power Sources 2007, 165, 65–72. [CrossRef]

15. Chen, A.; Chatterjee, S. Nanomaterials Based Electrochemical Sensors for Biomedical Applications.
Chem. Soc. Rev. 2013, 42, 5425–5438. [CrossRef] [PubMed]

16. Shao, T.; Wang, J.; Wu, H.; Liu, J.; Aksay, I.A.; Lin, Y. Graphene Based Electrochemical Sensors and Biosensors:
A Review. Electroanalysis 2010, 22, 1027–1036. [CrossRef]

17. Chen, S.; Brown, L.; Levendorf, M.; Cai, W.; Ju, S.-Y.; Edgeworth, J.; Li, X.; Magnuson, C.W.; Velamakanni, A.;
Piner, R.D.; et al. Oxidation Resistance of Graphene-Coated Cu and Cu/Ni Alloy. ACS Nano 2011, 5,
1321–1327. [CrossRef] [PubMed]

18. Hu, J.; Ji, Y.; Shi, Y.; Hui, F.; Duan, H.; Lanza, M. A Review on the Use of Graphene as a Protective Coating
Against Corrosion. Ann. J. Mater. Sci. Eng. 2014, 1, 16.

19. Prasai, D.; Tuberquia, J.C.; Harl, R.R.; Jennings, G.K.; Bolotin, K.I. Graphene: Corrosion-Inhibiting Coating.
ACS Nano 2012, 6, 1102–1108. [CrossRef] [PubMed]

20. Wang, C.; Li, J.; Shi, K.; Wang, Q.; Zhao, X.; Xiong, Z.; Zou, X.; Wang, Y. Graphene Coated by
Polydopamine/Multi-Walled Carbon Nanotubes Modified Electrode for Highly Selective Detection of
Dopamine and Uric Acid in the Presence of Ascorbic Acid. J. Electroanal. Chem. 2016, 770, 56–61. [CrossRef]

21. Tashkhourian, J.; Nezhad, M.R.H.; Khodavesi, J.; Javadi, S. Silver Nanoparticles Modified Carbon Nanotube
Paste Electrode for Simultaneous Determination of Dopamine and Ascorbic Acid. J. Electroanal. Chem. 2009,
633, 85–91. [CrossRef]

22. Deng, C.; Chen, J.; Yang, M.; Nie, Z.; Si, S. Electrochemical Determination of Dopamine in the Presence of
Ascorbic Acid Based on the Gold Nanorods/Carbon Nanotubes Composite Film. Electrochim. Acta 2011, 56,
8851–8856. [CrossRef]

23. Noroozifar, M.; Khorasani-Motlagh, M.; Taheri, A. Preparation of Silver Hexacyanoferrate Nanoparticles
and Its Application for the Simultaneous Determination of Ascorbic Acid, Dopamine and Uric Acid. Talanta
2010, 80, 1657–1664. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.molliq.2015.12.025
http://dx.doi.org/10.1002/(SICI)1097-4547(19980901)53:5&lt;551::AID-JNR5&gt;3.0.CO;2-8
http://dx.doi.org/10.1021/nl034363j
http://dx.doi.org/10.1021/nn100852h
http://www.ncbi.nlm.nih.gov/pubmed/20568706
http://dx.doi.org/10.3390/s17040861
http://www.ncbi.nlm.nih.gov/pubmed/28420085
http://dx.doi.org/10.1016/j.jpowsour.2006.12.007
http://dx.doi.org/10.1039/c3cs35518g
http://www.ncbi.nlm.nih.gov/pubmed/23508125
http://dx.doi.org/10.1002/elan.200900571
http://dx.doi.org/10.1021/nn103028d
http://www.ncbi.nlm.nih.gov/pubmed/21275384
http://dx.doi.org/10.1021/nn203507y
http://www.ncbi.nlm.nih.gov/pubmed/22299572
http://dx.doi.org/10.1016/j.jelechem.2016.03.038
http://dx.doi.org/10.1016/j.jelechem.2009.04.028
http://dx.doi.org/10.1016/j.electacta.2011.07.075
http://dx.doi.org/10.1016/j.talanta.2009.10.005
http://www.ncbi.nlm.nih.gov/pubmed/20152393
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of ITO Electrodes 
	Electrochemical Deposition of SNPs and Graphene Oxide 
	Electrochemical Measurement of the Modified Electrode 

	Results and Discussion 
	Structure of the SNP Modified Electrode Covered by Graphene Oxide 
	Confirmation of Signal Enhancement of the SNP Modified Electrode Covered by Graphene Oxide 
	Detecting the Performance of the SNP Modified Electrode Covered by Graphene Oxide 
	Electrochemical Selective Detection of Dopamine in the Presence of Uric Acid and Ascorbic Acid 

	Conclusions 

