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Abstract

This study deals with electrochemical preparation of cobalt oxide modified glassy carbon electrodes decorated with gold nanoparticles
as an effective platform for dopamine (DA) detection. The experimental parameters affecting the oxidation signal of DA by square wave
voltammetry have been evaluated. Under optimal conditions, developed sensor exhibited a linear response towards to DA in the
concentration range of 6.00x10-% to 7.15x10% M. The detection and quantification limits were calculated as 2.0x10-% and 6.0x10-% M,
respectively. The repeatability and reproducibility of the electrode were calculated as 13.2 and 16.1% for 6.5x107 M (N=5), respectively.
Finally, the sensor was successfully applied for the DA analysis in artificial cerebrospinal fluid, and the mean recovery was found as

105.8 +6.5% by the standard addition method.
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1. Introduction

Dopamine (3,4-dihydroxyphenethylamine, DA)
belongs to catecholamine and phenethylamine
families. From the chemical point of view, DA is an
amine that can be produced by decarboxylation of L-
Dopa. DA is an important neurotransmitter and
plays a number of significant roles in the human
and body [1]. It is responsible for
communications of nerve cells and plays a major
role in reward-motivated behavior [2].

brain

There are several distinct dopamine pathways in
our brain and the level and neuronal activity of DA
is increased by most reward and addictive drug
types, respectively. Other dopamine systems are
responsible for motor control and in releasing of
other important hormones [3]. On the other hand, an
abnormal level of DA has been found related to
some neurological disorders such as schizophrenia,
Parkinson's and Huntington's diseases [2]. Thus, it is
very crucial to detect and quantitate the dopamine
in biological samples such as brain fluids, plasma,
and urine.

Various analytical methods have been described
in the literature including colorimetric and
fluorometric methods [4-6], gas chromatography
with tandem mass detection [7,8], high performance
liquid chromatography coupled with various
detectors [9-11], chemiluminescence [12]. These
methods, however, have some drawbacks being
labor-intensive or time-consuming, and most of
them
Electrochemical analysis methods, on the other
hand, are very popular since very sensitive and
selective methods can be developed at a very low
cost. Amperometric [13,14] and voltammetric [15-17]
methods have been developed for DA detection in
micromolar levels in the presence of ascorbic acid.
However, the oxidation peak of the dopamine is
prone to the interference of electroactive matrix
constituents and therefore, the electrode surfaces
have been modified with conductive polymers,
carbonaceous materials, conductive polymers, metal
nanoparticles, and/or metal oxides.

require expensive instrumentation.
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Recent studies utilize square wave voltammetry
for DA detection at carbon-based electrodes
including glassy carbon disk modified with reduced
graphene oxide for human serum samples [18],
nitrogen-doped graphene modified glassy carbon
electrode (GCE) [19] or carbon-fiber microelectrodes
suitable for in-vivo analysis [20]. Carbon-based
electrodes modified with cobalt phthalocyanine
complexes have been widely used for the detection
of catecholamines but weakly adsorbed complexes
suffer from the low conductivity [21]. Carbonaceous
nanomaterials, particularly graphenes are often
employed as conducting supports on the electrode
surfaces for achieving a selective and sensitive DA
determination [22, 23].

Metal oxides, on the other hand, are becoming
more popular due to their unique electrochemical
properties, stability, low-cost.
However, some metal oxides may fail to show the
desired catalytic activity and this limitation can be

chemical and

eliminated by decorating the transition metal oxide
film with noble metallic nanoparticles. This hyper d-
hypo d element combination provides a synergistic
effect and enhances the catalytic activity [24].

Among the transition metals, cobalt and its oxide
species along with their nanomaterials have drawn a
great deal of attention due to their outstanding
electronic, optical, magnetic, and catalytic properties
[25].

Various types of cobalt oxides with different
catalytic performances have been synthesized and
used for catalysis and analytical purposes [26].

Their performance is not only dependent on the
structure of the cobalt oxide but, also depends
on its fabrication process [27, 28]. Electrochemical
deposition is probably the best solution for
controlling the catalytic properties where the
potential is either cycled between two limits suitable
for the growth of the metal oxide film or applied in
the form of pulses between the limits for certain
duration times. The latter technique, also known as
the pulsed deposition, results in a more ordered film
structure with better catalytic activity in both
directions [29].

Here we report a simple, cheap, and green
methodology for the synthesis of Au nanoparticles
decorated cobalt oxide film for dopamine detection
in trace levels. The surface morphology of the
electrode was characterized by using Field-Effect
Scanning Electron Microscopy (FESEM) and then,
the analytical performance of the electrode was
investigated. The method was applied to the
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determination of dopamine at nanomolar levels in
artificial cerebrospinal fluid.

2. Materials and method

2.1. Reagents and apparatus

Analytical grade reagents and ultrapure water
obtained from Milli Pore (with 18.2 MQ resistivity)
were used throughout the study. Cobalt (II) chloride
hexahydrate, potassium gold (III) chloride,
dopamine hydrochloride, ascorbic acid, uric acid,
sodium chloride, potassium ferricyanide, potassium
ferrocyanide, = sodium  hydrogen  carbonate,
potassium chloride, sodium dihydrogen phosphate,
magnesium chloride, glucose, calcium chloride,
acetic acid, chloroacetic acid, hydrochloric acid,
phosphoric acid, boric acid, and sodium hydroxide
were purchased from Sigma Aldrich from Germany.
Britton Robinson (BR) buffer consisted of 0.08 M
acetic, phosphoric, and boric acid each, the final pH
was adjusted with 3 M NaOH solution. Chloroacetic
acid-acetate buffer solution (CAA-Ac) was prepared
from 0.1 M CAA and 0.1 M acetic acid and pH was
adjusted to pH 4.0 with 3.0 M NaOH.

Artificial cerebrospinal fluid was prepared by
mixing 119 mM NaC(Cl, 26.2 mM NaHCOs, 2.5 mM
KCl, 1 mM NaH:POq, 1.3 mM MgClz, 10 mM glucose
and 2.5 mM CaCl: dissolved in ultrapure water and
stored at 4°C. This solution was stable for 3-4 weeks.

Electrochemical measurements were performed
by using Autolab PGSTAT101 (Metrohm,
Netherland) voltammetric analyzer with a three-
electrode system consisting of Ag/AgCl (sat. KCl) as
the reference electrode, Pt wire as the counter
electrode and GCE (BASi, 3 mm diameter and a
surface area of 0.07 cm?) as the working electrode.
The inspection of the modified surfaces was made
by using an FEI Quanta 450 FESEM that was used
for SEM analysis.

2.2. Electrode modification procedure

Prior to each experiment, the GCE was polished
with 0.3-micron alumina slurry and treated with
water and ethanol mixture in an ultrasonic bath.
After rinsing with ultrapure water, the electrode was
dipped into a 0.05 M Co(I) solution in pH 4.0
CAA/Acetate buffer. The GCE surfaces have been
modified with metal oxide film by cycling the
potential in the range of 0.5 - -1.2 V for 5 times at a
scan rate of 75 mV s-1. Then, the obtained electrode
(CoOx/GCE) was immersed into a 1x104 M Au(Il)
solution prepared in 0.1 M HClI solution and further
deposition was achieved by cycling the potential
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between 0.0 and 1.2 V at a rate of 75 mV s for 15
times. The electrode obtained by this means was
denoted as Au/CoOx/GCE.

2.3. Electrochemical measurements

The electrochemical behavior of dopamine (DA) was
tested by using voltammetric techniques in the
potential range of 0 to 1.0 V at different scan rates.
Linear Sweep Voltammetry (LSV), Differential Pulse
Voltammetry (DPV), Square Wave Voltammetry
(SWV) techniques were utilized for this purpose.
Instrumental parameters of SWV were as follows;
frequency (f) 25 Hz, pulse amplitude (AE) 20 mV,
and staircase step (AEs) 5 mV and the potential
between 0.00 and 1.00 V. Efficient Surface Area
(ESA) calculation was made from the cyclic
voltammetric measurements carried out in 2.5x10°
M Ks[Fe(CN)s] and Ks[Fe(CN)s] solution containing
0.1 M KCL

3. Results and discussion

3.1. Characterization

The inspection of the surface morphology of the
modified electrode was made by the FESEM
measurements along with the Energy Dispersive
Spectroscopy (EDAX) spectra. A smooth surface of
the bare GCE was clearly seen in Fig. 1A. After the
modification with CoOx on GCE, irregular spherical
deposits were observed in the range of 70-100 nm
and the chemical composition of the deposit was
proven with the EDAX results (Fig. 1B). Fig. 1C
depicted the closer image of Au/CoOx/GCE and the
Au nanoparticles were about 70 nm-sized and
homogenously distributed onto the CoOx/GCE
surface.
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Co 3.84

0 1710

, Au 7.03
) oS 70.30

Figure 1. SEM images of A) Bare GCE, B) CoOx /GCE, C)
Au/CoOx/GCE electrode and EDAX result of Au/CoOx/GCE
electrode.
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The electrochemical characterization of the
modified surfaces was accomplished by recording
the cyclic voltammograms. A linear correlation was
observed between anodic peak current observed for
2.5 mM KsFe(CN)s and KisFe(CN)s solution and the
square root of the scan rate, indicating the diffusion-
controlled electrode process (Supplementary Figure
1). The electroactive surface area (ESA) is calculated
by applying the data obtained above to the Randles-

Sevcik equation (Eq. 1).

I, = (269 x 105)n3/2ADV/2C " p1/2 @

Here; Ip is the anodic peak current of
ferrocyanide, n is the numbers of the electron
reaction (n=1), A is the
electroactive surface area (cm?), D is the diffusion
coefficient (6.7x10¢ c¢cm? s! at 25°C), C* is the
concentration of KsFe(CN)s (2.5 mM) and v is scan
rate of potential scan (V s?) [30]. The ESA of GCE,
CoOx/GCE, and Au/CoOx/GCE were calculated as

0.05, 0.08, 0.13 cm?, respectively.

processed in redox

3.2. Electrochemical behavior of DA

After the characterization of the Au/CoOx/GCE
electrode, well-known voltammetric techniques
have been applied for revealing the electrochemical
behavior of DA. CV, LSV, DPV, and SWV
measurements recorded in 6.52x10¢ M DA in pH
2.00 BR buffer and on the basis of the current signal,
the SWV has resulted in the most sensitive results
(Data shown). Therefore, further
experiments were performed with the SWV
technique while the CV was utilized for the
optimization studies.

The comparison of step-by-step modified
electrodes is given in Fig. 2. DA has displayed an
oxidation peak at 0.57 V with a peak current of 7.0
HA on the bare GCE surface. After the modification
with CoOx (CoOx/GCE), DA peak was shifted to
0.51 V and the peak current has arisen to 10.3 pA.
Further decoration with AuNP (Au/CoOx/GCE) has
led to a 30 mV potential shift to the negative
direction while the peak current has increased to
21.0 pA. Gold nanoparticles decorated bare GCE
(Au/GCE) were also prepared for comparison, and
this electrode has exhibited an oxidation peak at 0.53
V with a peak current of 13.0 pA. The enhancement

not have

in the peak current can be attributed to the
synergistic effect between CoOx and AuNP due to
the hyper d-hypo d attraction.
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3.3. Electrochemical characterization of DA and
optimization studies

The effects of the experimental parameters on the
DA signal were investigated by using 6.52x10¢ M
DA. The initial parameter was chosen the pH of the
electrochemical cell and this parameter was studied
in the pH range of 2.0 - 11.0 by using BR buffer.

30

a) GCE d

—— b) CoOX/GCE
20 4 ¢) Au/GCE
—— d) Au/Co0,/GCE

1/ pA
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Figure 2 The comparative CV voltammograms of step-by-step
modified electrodes for 6.52x10¢ M DA in pH 2.0 BR buffer.

The results were given in Fig. 3. The anodic peak
current of DA was increased by increasing pH up to
6.0, after this pH the anodic peak current was
diminished. The optimum pH was designated as 6.0
and used for further studies. On the other hand, the
oxidation peak potential (Eox) has shifted to a
negative direction with increasing medium pH,
meaning the hydronium ion has participated in the
electrochemical process.

a) pH 2,00
b) pH 5,00
c) pH 6,00

60 -

—— d) pH 7,00
—— e) pH 8,00
—— ) pH 9,00
—— g) pH 11,00

40 -

Ty

-20 4

0,0 02 04 0,6 0.8 1,0
E/V

Figure 3. Effect of measurement medium pH on 6.52x106 M DA
signal.

The relation between pH and Eox was found
linear with an equation of Ep = -0.063 pH + 0.6548 in
the range of 2 to 8. The slope of the pH curve is close
to the identical value of 0.059 V, indicating the equal
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number of protons and electron transferred in the
electrochemical process [31]. Further electrochemical
information for the DA oxidation mechanism was
obtained by changing the CV scan rate in the range
of 5 to 1000 mV s?. The relationship between
oxidation peak current (Ipa) of 6.52x10¢ M mol L
DA and the square root of the scan rate (v2) was
found linear with an equation of Ip== 3.657 (SR)'2 -
8.07 and correlation coefficient of (R?) 0.9901. These
results were indicating that mass transportation was
controlled by diffusion.

The thickness of the deposits grown on the
electrode is related to the cell
concentration of precursor ions, deposition cycle
numbers, Accordingly, Co(II)
concentration was varied between 0.005 - 0.5 M and
005 M was found as an optimal value
(Supplementary Figure 2). Another parameter is the
deposition scan rate applied during the CoOx
deposition. The scan rate was changed between 5 to
100 mV st and 75 mV s was given the best result
(Supplementary Figure 3). Finally, the repetitive
cycle number is another important parameter to film
growth, and therefore the thickness can be
controlled by changing this parameter. Repetitive
cycle number was started from 2 and increased up
to 40 cycles and the voltammograms have revealed
that the oxidation peak current of DA has given a
maximum at 5 cycles, after this value the oxidation
peak current has reached a plateau (Supplementary
Figure 4). Therefore, consecutive five cycles were
used for further studies. Similar parameters were
investigated for Au nanoparticle deposition and
overall results were summarized in Table 1.

generally

and scan rate.

Table 1. Optimal condition for CV deposition of CoOx and Au.

Parameter Range Optimum value
Co (II) 0.005 - 0.5 0.05
Cell Cone. M) pucle - 0.0001
CoOx 5-100 75
-1
Scan rate (mV s?) AuNP 5-100 75
CoO 2-40 5
Cycle number oVx
AuNP 2-20 15

3.4. Analytical characteristics of the method

After the characterization of the modified surface
characteristics and electrochemical process of DA,
the analytical performance of the developed surfaces
was tested. Au/CoOx/GCE electrode was exhibited
linear response in the concentration range of 6.0x108
to 7.15x10¢ M DA. The SWV voltammograms and
the calibration curve were given Fig. 4 and the linear
equation was calculated as Ip = 526258 Cpa + 0.303
with a correlation coefficient (R?) of 0.9983.

18



Kuscu et al.

Signal to noise (5/N) was set to three for the limit
of detection (LOD) and five for the limit of
quantification (LOQ) were
calculated as 20 and 60 nM, respectively. The
repeatability (interday, N=5) and reproducibility
(intraday, N=5) were determined as relative
standard deviation (RSD) and figured out as 13.2
and 16.1% for 6.5x107M, respectively.

and these values

3.0

2.5 1

2.0

1.5 1

I/ pA

1.0 4

0.5 1

0.0 T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

E IV vs. Ag/AgCl(sat. KCI)

T

0 2 a 6

DA conc. (uM)
Figure 4. SWV voltammograms of 6.0x10% to 7.15x106 M
dopamine and the calibration curve.

The accuracy of the calibration curve was tested
by analyzing quality control samples with a
concentration of 6.5x107 M and the recovery of the
sample was found as 107.3% for this concentration.
The possible interference of 1.0 mM of NaCl,
NaHCOs, KCI, NaH:POs, MgClz, glucose, CaCly,
50.0x10-¢ M ascorbic acid, and uric acid was tested.
No interference was observed for the 6.5x107 M DA
signal. The stability of the electrode was tested by
analyzing 6.5x107 M DA, and the electrode
developed was shown 98% of its initial activity after
50 measurements. The method developed was
applied to DA analysis in ACSF by the standard
addition method. A satisfactory recovery value
(105.8+6.5%) was obtained for 6.5x107 M DA in
ACSF.
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The developed sensor performance was
compared with the literature studies in Table 2.
According to the literature survey, the sensor
developed is a good candidate for the trace analysis
of DA. The analytical characteristics of the
developed sensor were found comparable with the
literature in terms of detection limit and linear
range.

Table 2. Comparison of AuNPs/CoOx/GCE analytical
performance with previous reported electrochemical methods.
Electrode Technique Linear Range  LOD Ref.
(uM) (uM)
BCNTs/GCE DPV 0.02 - 75.00 0.001 [32]
Gr/AuNPs/GCE/ DPV 5.0 - 1000 1.860 [33]
AuNPs/Ch/GCE/ DPV 0.2-80 0.120 [34]
Gr/Pt/GCE Amperometry 0.03-8.13 0.030 [35]
RGO-Pd/GCE LSV 1-150 0.230 [36]
Methylene blue/
MWCNT/GCE DPASV 0.4-10 0.200 [37]
AuNPs/CoOx/GCE ~ SWV 006-715 0020 LS
study
(BCNTs: Boron-doped carbon nanotubes, AuNPs: Gold

nanoparticles, Gr: Graphene, Ch: Choline, CoOx: Cobalt oxide,
MWCNT: multi-walled carbon nanotube, Pt: Platinum, RGO:
reduced graphene oxide, Pd: Palladium, DPV: Differential pulse
voltammetry, LSV: Linear scan voltammetry, DPASV: Differential
pulse anodic stripping voltammetry, SWV: Square wave
voltammetry)

4. Conclusion

The present study reported, metal/metal oxide
modified electrode for sensitive DA analysis.
Au/CoOx/GCE/ electrode was prepared via CV
technique and characterized by various methods.
Au/CoOx/GCE electrode exhibited a catalytic signal
towards DA  oxidation. Three-fold current
enhancement was obtained while the peak potential
shifted 100 mV negative to the negative direction.
The synergetic effect between CoOx and AuNP is
responsible for the current enhancement due to the
hyper-hypo d  attraction. =~ The  analytical
characteristics were found comparable with the
literature values.
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