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A unique nanocomposite was fabricated using negatively charged manganese dioxide nanoparticles, poly
(3,4-ethylenedioxythiophene) and reduced graphene oxide (MnO,/PEDOT/rGO). The nanocomposite was
deposited on a glassy carbon electrode (GCE) functionalized with amino groups. The modified GCE was
used to electrochemically detect dopamine (DA). The surface morphology, charge effect and electrochem-
ical behaviours of the modified GCE were characterized by scanning electron microscopy, energy disper-
sive X-ray analysis (EDX), cyclic voltammetry and electrochemical impedance spectroscopy, respectively.
The MnO,/PEDOT/rGO/GCE exhibited excellent performance towards DA sensing with a linear range
between 0.05 and 135 pM with a lowest detection limit of 30 nM (S/N = 3). Selectivity towards DA
was high in the presence of high concentrations of the typical interferences ascorbic acid and uric acid.
The stability and reproducibility of the electrode were good. The sensor accurately determined DA in
human serum. The synergic effect of the multiple components of the fabricated nanocomposite were crit-
ical to the good DA sensing performance. rGO provided a conductive backbone, PEDOT directed the
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uniform growth of MnO, and adsorbed DA via pi-pi and electrostatic interaction, while the negatively
charged MnO, provided adsorption and catalytic sites for protonated DA. This work produced a promising
biosensor that sensitively and selectively detected DA.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Dopamine (DA) is a crucial neurotransmitter, playing a signifi-
cant role in the functioning of the central nervous, renal, hormonal,
and cardiovascular systems [1-3]. An abnormal level of DA in
extracellular fluid often leads to neurological disorders such as
schizophrenia, Huntington’s disease, and Parkinson’s disease
[1,4]. In the past few years, several approaches to the determina-
tion of DA have been developed, including colorimetry [5], fluo-
rometry [6,7], chemiluminescence [8], capillary electrophoresis
[9] and electrochemical sensing [10-12]. Among these approaches,
electrochemical sensing has advantages of high sensitivity, rapid
response, simple operation, and ease of miniaturization [13,14].
However, the concentration of DA in human body fluids is low.
The normal physiological level of DA is between 10> and 103
mM [15,16]. High concentrations of ascorbic acid (AA) and uric
acid (UA) in bodily fluids can interfere significantly with results
since they are easily oxidized at a potential close to the oxidization
potential of DA [17,18]. Therefore, when developing a material-
based sensor to determine DA, a major challenge is the discrimina-
tion of DA from coexisting AA and UA in human body fluids. In the
past decade, several modified electrode surfaces have been
designed and fabricated to separate oxidation peaks of DA, AA,
and UA. The modifying materials used have included conducting
polymers [19,20], carbon nanomaterials [21,22], metal/metal oxide
nanoparticles [23], and their composites [13,24]. Since DA is posi-
tively charged (pK, = 8.9) in normal physiological conditions,
whereas ascorbic acid (pK, = 4.2) and uric acid (pK, = 5.7) are neg-
atively charged, their oxidation peaks can be separated by nega-
tively charging the electrode interface to attract the cationic DA
and repel the anionic AA and UA [25,26]. One of the conducting
polymers widely used to modify electrodes for application in elec-
trochemical DA sensors is poly(3,4-ethylenedioxythiophene)
(PEDOT) [26,27]. PEDOT has a high inherent conductivity, a broad
electrochemical window, good chemical stability and is easy to
modulate [26-28]. Moreover, it can be doped with negatively
charged molecules. In electrochemical DA detection sensors, it
has been applied in composites as PEDOT/SDS [29], PEDOT-PANS
[30], PEDOT:Nafion [31], PEDOT:PSS [32], and PEDOT:Citrate [26].
However, these negatively charged molecules also have some lim-
itations since they only generate negative charges on the interface
and not electro-catalytic properties.

Metal oxide nanoparticles have shown some advantages in
electrochemical analysis because they not only exhibit unique
electro-catalytic performances [33], but their surfaces can also
be negatively charged [34,35]. Among metal oxide nanoparticles,
manganese dioxide (MnO,) nanoparticles are also commonly
used for catalysis and electrochemical sensor applications
because they possess good catalytic properties, high specific
capacitance, are non-toxic and, compared to nickel oxide, ruthe-
nium oxide, cobalt oxide, and cerium oxide, low-cost [36-38].
There are many reports of DA sensors that integrated electrodes
modified with MnO, combined with carbon materials (multi-
walled carbon nanotubes and graphene) which showed high
electrocatalytic oxidation of DA [37,39]. The properties of PEDOT
can be tailored with MnO, nanoparticles decorated on the PEDOT
interface. The decoration is a facile procedure performed by let-
ting MnO, nanoparticles directly grow on PEDOT via a redox
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exchange of KMnO, precursor with the sulfur sites on PEDOT
structures [36,38]. The negatively charged MnO, nanoparticles
on the PEDOT surface can enhance the electrochemical detection
of DA because PEDOT can interact with DA molecules via
hydrophobic interaction, and the negative surface charges on
MnO, nanoparticles can accumulate the positively charged DA
before electro-catalysis. These properties of MnO, nanoparticles
and PEDOT could be used as a selective component for a DA
detection transducer.

Another important factor of electrode modification is the effi-
ciency of conductivity and the electro-active surface area of the
composite electrode. In the past decade, the introduction of two-
dimensional (2D) carbon materialsd, especially, graphene (Gr)
has received great attention in electrochemical sensor applications.
The highly delocalized m-conjugation system of Gr endows the
material with excellent electrical conductivity and a large specific
surface area, which accelerated interfacial electron transfer
[36,37,40,41]. For this reason, graphene is frequently applied as
an electrode component to increase electrode conductivity and
surface area.

We herein report a facile approach to the direct fabrication of
a unique nanocomposite comprising negatively charged MnO,
nanoparticles decorated on poly(3,4-ethylenedioxythiophene)
(PEDOT) and supported by chemically reduced graphene oxide
on a glassy carbon electrode (GCE) (MnO,/PEDOT/rGO/GCE) and
its application in sensitive and selective DA detection. The fabri-
cation process was schematically presented in Scheme 1. The
morphology of the nanocomposite was characterized using scan-
ning electron microscopy (SEM), and energy dispersive x-ray
analysis (EDX). The electrochemical behaviors, the surface charge
effect of each nanocomposite, and electrode kinetics were proved
by cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy. The performance of the nanocomposite-based sensor
towards DA oxidation detection was investigated and compared
with the performances of control samples including the MnO,/
rGO/GCE, PEDOT/rGO/GCE, rGO/GCE and the bare GCE. The repro-
ducibility, stability, and long-term stability of the proposed sen-
sor were tested. The accuracy of the MnO,/PEDOT/rGO/GCE
sensor was evaluated by determination of spiked DA in real
human serum.

2. Experimental
2.1. Chemical and reagents

Potassium permanganate (KMnO4, Sigma-Aldrich), 3-
aminopropyl triethoxysilane (APTES, CoH,3NO3Si, Sigma-Aldrich),
ascorbic acid (CgHgOs, Aldrich), 3,4-ethylenedioxythiophene
(EDOT, CgHgO,S, Aldrich), lithium perchlorate trihydrate (LiClOg4-
-3H,0, Aldrich), DA hydrochloride (CgH;;NO,-HCl, Sigma), uric acid
(CsH4N403, Sigma), and graphite powder (purum, Fluka) were
reagent grade quality and used without further purification. All
other chemicals were analytical grade and obtained from Sigma-
Aldrich. All solutions were prepared using deionized (18 MQ-cm)
from a Milli-Q water purifier. Phosphate buffer solution (PB,
0.1 M, pH 6.60) was prepared from K;HPO4 and KH,PO,. Solutions
of DA, AA, and UA were freshly prepared before use.
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Scheme 1. Fabrication procedure of the rGO/GCE, PEDOT/rGO/GCE, MnO,/rGO/GCE, and MnO,/PEDOT/rGO/GCE. The inset shows the proposed mechanism of DA detection.

2.2. Synthesis of reduced graphene oxide (rGO)

GO was synthesized by oxidation of natural graphite powder
according to a reported modified Hummers method using NaNOs,
H,S0,4, and KMnOy4 [42]. The oxidized material was purified by
washing with 10% (V/V) HCl solution, repeatedly rinsing with copi-
ous amounts of Milli-Q water, and vacuum filtering. GO was
obtained by dissolving the as-prepared oxidized material in dis-
tilled water to a concentration of 0.2 mg ml~, followed by sonica-
tion under ambient conditions for 60 min. The solution was then
centrifuged. The above GO solution was converted to rGO by
hydrazine reduction.

2.3. Fabrication of MnO,/PEDOT/rGO/GCE

The fabrication process of the MnO,/PEDOT/rGO/GCE was
schematically presented in Scheme 1. The GCE was polished to a
mirror finish with light pressure following a figure-8 pattern using
1, 0.3 and 0.05 um alumina slurries. The polished electrode was
sonicated in deionized water and dried in a nitrogen stream. The
rGO modified GCE was fabricated as previously reported [43].
The polished GCE surface was activated using cyclic voltammetry
in 0.05 M H,S0,4 scanning for 10 cycles from 0 to 2000 mV versus
an Ag/AgCl reference electrode at a scan rate of 50 mV s~ . The acti-
vated electrode was then washed with copious amounts of deion-
ized water and dried in a nitrogen stream. The activated GCE was
then modified with aminopropyltriethoxysilane (APTES), which
acted as a cross-linker between GCE and rGO. The activated GCE
was immersed in 1% APTES anhydrous toluene solution for 15 h,
thoroughly rinsed with anhydrous toluene and dried in a nitrogen
stream. In this step, APTES molecules were assembled on the acti-
vated GCE surface via the C—0—Si bond. The APTES modified GCE
was immersed in 0.1 mg ml~! rGO for 4 h, to let rGO form siloxane
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bonds (-Si-0-Si-) with APTES-GCE, thereby leading to the cover-
ing of rGO on GCE to obtain rGO/GCE. The rGO/GCE was covered
with PEDOT film by electrochemical polymerization in 0.1 M
H,S0,4 containing 0.01 M EDOT and 0.2 M LiClO4 using ten scans
of CV in a potential range from 200 to 1200 mV versus an Ag/AgCl
reference electrode at a scan rate of 50 mV s~'. The PEDOT/rGO/
GCE was then washed with copious amounts of deionized water
and dried in a nitrogen stream. MnO, nanoparticles were deco-
rated on the PEDOT/rGO/GCE by immersing the PEDOT/rGO/GCE
in 10 mM KMnO, for 10 min [38]. MnO, nanoparticles directly
grew on PEDOT via a redox exchange of KMnO4 with the sulfur
sites on the PEDOT structure [36,38]. The electrode was thoroughly
rinsed with deionized water and dried with a stream of nitrogen. A
control sample of MnO, nanoparticles was decorated on the rGO/
GCE via the intercalation and adsorption of manganese ions onto
rGO, followed by the nucleation and growth of MnO, as previously
reported [44].

2.4. Apparatus and electrochemical measurements

The morphology of samples was investigated by field emission
scanning microscopy (SEM, JSM-6700F, Japan). Cyclic voltammetry
(CV), linear sweep voltammetry (LSV) and amperometric measure-
ments were performed using an Autolab model PGSTAT30
(Metrohm-EcoChemie) controlled by a personal computer using
GPES software version 4.9 from. All the electrochemical measure-
ments were carried out using a conventional three-electrode sys-
tem with an Ag/AgCl reference electrode and a platinum wire
auxiliary electrode. The surface charge effect of each nanocompos-
ite was evaluated using CV in 0.1 M KCl containing both positively
charged and negatively charged redox probes. The electrochemical
behaviours of DA, AA and UA were characterized by CV in 0.1 M PB
(pH 6.60) by applying potential from —200 to 800 mV at a scan rate
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of 50 mV s~ ! versus an Ag/AgCl reference electrode. LSV was used
to check interference effects from AA and UA in DA detection,
which was carried out in 0.1 M PB by applying potential from
—200 to 800 V versus an Ag/AgCl reference electrode with sweep
scan of 50 mV s~!. Amperometric measurement of DA in spiked
human serum samples was performed in 0.1 M PB (pH 6.60) by
applying a constant potential of 195 V versus an Ag/AgCl reference
electrode. For all electrochemical measurements, a few microliters
of standard DA, AA and UA solutions were injected with a micro-
pipette into an electrochemical cell filled with 5 mL of PB and
the current due to direct oxidation of the analyte was measured.
All experiments were performed at room temperature.

3. Results and discussion
3.1. Morphology characterization
The morphology of samples was characterized by SEM. The bare

GCE had quite a rough surface (Fig. 1A). The rGO/GCE showed a
layer of thin film with clearly observed wrinkles (Fig. 1B). Wrinkles
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are a common characteristic of graphene sheets deposited on flat
surfaces [17]. The electrodeposition of PEDOT produced a uniform
film composed of ultra-small nanoparticles (~10 nm) (Fig. 1D),
indicating a good interaction between PEDOT and graphene, which
might be from the 7-7 interaction between the six-atom ring of the
PEDOT molecule and the six-carbon ring of graphene. After the
growth of MnO, on the PEDOT/rGO/GCE, nanospheres were formed
as seen in the low magnification SEM image (Fig. 1E). Under high
magnification SEM image (Fig. 1F), it can be seen that the nano-
spheres were uniformly nanoscale with a size around 50 nm.
MnO; nanoparticles were also grown directly on rGO via the inter-
calation and adsorption of manganese ions without the use of
PEDOT, followed by the nucleation and growth of MnO, nanopar-
ticles on the rGO surface [44]. The resulting structure was compact
and non-uniform (Fig. 1C). These results demonstrated that PEDOT
played an important role in the uniform growth of MnO, nanopar-
ticles on the rGO surface. It was suggested recently that MnO, can
also be directly grown on PEDOT via a redox reaction [36,38]. Thus,
for the uniform deposition of MnO,, PEDOT might not only provide
anchoring sites to promote the initial nucleation but also be an

200 nm | 50k x

T 25m  m ~Hm

Fig. 1. SEM images of surfaces of the GCE (A), rGO/GCE (B), MnO,/rGO/GCE (C), PEDOT/rGO/GCE (D) at 50,000x magnification and MnO,/PEDOT/rGO/GCE at 10,000 x
magnification (E) and 50,000x (F). (G) EDX spectrum and (H) EDX mapping of the MnO,/PEDOT/rGO compoite.
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active agent to grow MnO,. EDX measurement from area analysis
of the MnO,/PEDOT/rGO electrode showed the presence of C, O,
S, Mn, and K at percentages of about 44.8%, 37.7%, 8.3%, 7.9%, and
1.3%, respectively (Fig. 1G). This was an important indication of
the formation of MnO,/PEDOT/rGO nanocomposites on the elec-
trode surface. EDX mapping of MnO,/PEDOT/rGO revealed a uni-
form distribution of carbon, oxygen, sulfur, potassium, and
manganese (Fig. TH), which was indicative of the successful cou-
pling of rGO, PEDOT and MnOs,.

3.2. Surface charge characterization

To prove the surface charge effect of modified electrode, a pos-
itively charged Ru(NH;)2*** redox probe and a negatively charged
Fe(CN)2 /4~ redox probe were applied. In the positively charged Ru
(NH5)3"* system (Fig. 2A), the bare GCE (curve a) produced a pair
of redox peaks. At the rGO/GCE (curve b) the redox peak of the
probe increased due to the larger background charge currents,
indicating the enhanced conductivity of the electroactive surface
area of the electrode. At the MnO,/rGO/GCE (curve c), the back-
ground charge current was similar to the current at the rGO/GCE,
but the redox peaks of the Ru(NH;)2/3* were higher. This was
due to the surface charge effect of the negatively charged MnO,.
The background charge currents dramatically increased at the
PEDOT/rGO/GCE (curve d) and the redox peaks of the probe were
no longer present. This was probably due to the positively charged
surface of PEDOT [26,28] which repelled the Ru(NH3)2*/** probe.
Furthermore, at the MnO,/PEDOT/rGO/GCE (curve e), the redox
peak of Ru(NH;)2"/3* probe reappeared. This result indicated that
the positively charged Ru(NH;3)2"* probe was electrostatically
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attracted to the electrode surface by the negatively charged
MnO; nanoparticles [45-47].

In the negatively charged Fe(CN) probe system (Fig. 2B), a
pair of reversible redox peaks were produced at the bare GCE
(curve a), while at the rGO/GCE (curve b), the redox peak of the
probe was clearly increased by comparison with the bare GCE. This
was attributed to the excellent electronic conductivity of rGO and
the large surface area of its wrinkled structure [17]. The redox peak
clearly decreased at the MnO,/rGO/GCE (curve c). This was proba-
bly due to the negatively charged surface of MnO, [35,48], which
repelled the Fe(CN)2 /4~ probe. At the PEDOT/rGO/GCE (curve d),
the background charge current sharply increased with the
increased redox current of the Fe(CN)2~/4~ probe. This was proba-
bly due to the high energy storage capacity, good electrical conduc-
tivity and the positive charge in the PEDOT backbone, which
attracted the Fe(CN)2 /4~ probe to the electrode surface [28]. On
the other hand, at the MnO,/PEDOT/rGO/GCE (curve d), the back-
ground charge currents decreased, and the redox peak current
decreased dramatically. This suggested that the negatively charged
probe did not reach the negatively charged surface of the MnO,/
PEDOT/rGO/GCE due to electrostatic repulsion [46,47,49]. More-
over, to evaluate the electroactive surface area of the different
modified electrodes, CV information of Fig. 2B can be applied to
calculate the electroactive surface area via the Randle-Sevcik equa-
tion (Ip, = 2.69 x 10° n*2ACD'? v!/2). The electroactive surface
area of 0.054, 0.071, 0.063, 0.082, and 0.100 cm? were calculated
for the bare GCE, rGO/GCE, MnO,/rGO/GCE, PEDOT/rGO/GCE and
MnO,/PEDOT/rGO/GCE, respectively.

To further evaluate the electrochemical properties of individual
materials present in the nanocomposite, EIS was carried out in a
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Fig. 2. CVs of 0.1 M KCl containing 5.0 mM Ru(NH3)27** (A) and 5.0 mM Fe(CN); /4~ (B) on bare GCE (a), rGO/GCE (b), MnO,/rGO/GCE (c) PEDOT/rGO/GCE (d) and MnO,/
PEDOT/rGO/GCE (d) at a scan rate of 50 mV s~ . (C) Nyquist plots fitted with equivalent electrical circuit (inset).
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5.0 mM Fe(CN)2~/4~ containing 0.1 M KCI solution, and the corre-
sponding Nyquist plots are presented in Fig. 2C. All the Nyquist
plots for each modified electrode material composed of a semicir-
cle in the high-frequency region corresponding to the charge trans-
fer process with the semicircle diameter equivalent to the charge
transfer resistance (R) and a linear part at a low frequency relat-
ing to the diffusion process. These Nyquist plots were well fitted
with equivalent Randles circuit (Fig. 2C (inset), Compared to the
bare GCE (curve a) (27.4 kQ cm™2), the R values of the rGO/GCE
(curve b) showed smaller (7.3 kQ cm~2), indicating that the rGO/
GCE promotes electron transfer and improves the conductivity of
the surface of the electrode. While the MnO,/rGO/GCE (curve c),
the R value was increased to 10.7 kQ cm™2, this may be attributed
to the repulsion of the negatively charged redox probe by the neg-
atively charged surface of MnO,. At the PEDOT/rGO/GCE (curve e),
the R¢; value dramatically decreased to 0.04 kQ cm~?, indicating a
good electrical conductivity with a positive charge of the PEDOT/
rGO/GCE. In contrast, when presents MnO, on PEDOT/rGO/GCE
(curve d), the R value was increased slightly (0.08 kQ cm~2), sug-
gesting that the negatively charged surface of the MnO, on PEDOT/
rGO/GCE repel the negatively charged probe owing to electrostatic
repulsion effect.

3.3. Electrochemical behaviors of AA, DA, and UA at different modified
electrodes

The electrochemical behaviors of different electrodes were
studied by comparing the cyclic CVs and sensitivity toward AA,
DA and UA at different concentrations (10-283 puM) at the bare
GCE, rGO/GCE, MnO,/rGO/GCE, PEDOT/rGO/GCE, and MnO,/
PEDOT/rGO/GCE. CVs of responses at the bare GCE exhibited a
broad anodic potential peak for AA, DA, and UA at 283, 252,
and 357 mV, respectively, with relatively low response (Fig. 3A
(a1), (a2) and (a2)). Compared to the GCE, the anodic peak
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potentials of AA at the rGO/GCE (Fig. 3A (b1)), DA (Fig. 3A
(b2)), and UA (Fig. 3A (b3)) appeared nearly the same, but the
anodic current peak and sensitivity of DA (Fig. 3B) were higher
possibly due to m-m interaction between rGO and DA molecules
[21,50]. In addition, the anodic peaks of AA, DA and UA at the
GCE and rGO/GCE overlapped. These results indicated that rGO
increased the response toward DA, but its selectivity was still
poor. In the case of the MnO,/rGO/GCE, the anodic peaks of DA
(Fig. 3A (c2)) and UA (Fig. 3A (c3)) were separated by 110 mV
and sensitivity was increased (Fig. 3B), which was very likely
the result of the attraction of positively charged DA molecules
to negatively charged MnO, nanoparticles prior to electro-
catalysis (Scheme 1). However, the anodic peak response of AA
still overlapped with that of DA from 0 to 800 mV (Fig. 3A
(c1)). For the PEDOT/rGO/GCE, the anodic response and sensitiv-
ity of DA were enhanced compared with the rGO/GCE (Fig. 3A
(d2) and Fig. 3B), which might have been due to the hydropho-
bic interaction between DA and PEDOT [51] (Scheme 1). The
interference of AA was also eliminated (Fig. 3A (d1)), which
can be explained as follows. At neutral pH, the anion of AA can-
not react through electrostatic interaction with PEDOT/rGO due
to counter-ion charge balancing between the positive charge of
PEDOT and the negative charge of rGO. On the other hand, the
anodic peak of DA on PEDOT/rGO/GCE was still broad and over-
lapped the peak of UA (Fig. 3A (d3)). The interference of AA was
eliminated at the MnO,/PEDOT/rGO/GCE and peak potentials of
DA and UA were around 140 mV apart (Fig. 3A (el), (e2)) and
(e3)). In addition, sensitivity toward DA was highest on the
MnO,/PEDOT/rGO/GCE, possibly due to the synergetic effect of
MnO, and PEDOT, which could react via hydrophobic interaction.
Also, the uniform distribution of negatively charged MnO,
nanoparticles could efficiently accumulate the positively charged
DA molecules to its surface prior to electro-catalytic oxidation of
DA to DA o-quinone, as shown in Scheme 1.
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Fig. 4. (A) CVs of MnO,/PEDOT/rGO/GCE at different scan rates (a — I; 25 to 500 mV s~') in PB at pH 6.60 containing 100 uM DA. (B) The plot between anodic peak current
versus the square root of the scan rate. (C) Chronoamperograms of MnO,/PEDOT/rGO/GCE at different concentrations of DA. (D) the slope of the plot of I versus t~*/? and DA

concentrations and (E) the plot of I/l vs t'/2.
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3.4. Scan rate and electro-kinetics of DA at MnO,/PEDOT/rGO/GCE

The electrochemical oxidation behavior of DA on the MnO,/
PEDOT/rGO/GCE was investigated. Both the anodic current peak
and cathodic current peak were affected by the scan rate. The
redox peak currents gradually increased as the scan rate was
increased (Fig. 4A). The calibration curve of anodic peak current
versus the square root of the scan rate over a range from 25 to
500 mV s~! showed a good linear relationship (Fig. 4B). The linear
regression equation was I (uA) = 6.96 x (v/mv s~1)!/? —28.54, with
a correlation coefficient of 0.9993. The good linear relationship
indicated that the electrochemical oxidation of DA on MnO,/
PEDOT/rGO/GCE was a diffusion-controlled process.

To evaluate the diffusion coefficient in the diffusion-limited
electrocatalytic process of DA oxidation on the MnO,/PEDOT/
rGO/GCE, a series concentration of DA (0.05, 0.10, 0.15, 0.20, and
0.25 mM) was measured in PB (pH 6.60) by chronoamperometry
at 195 mV. Cottrell’s equation (1) was applied to calculate the dif-
fusion coefficient (D):

Journal of Colloid and Interface Science 597 (2021) 314-324

[ = nFADY2 Cymr -2 t-112

(1)

where D, Cy, F, n, and A, respectively, refer to the diffusion coeffi-
cient of the analyte (cm? s~!), analyte bulk concentration (mol
cm3), the Faraday constant, the numbers of electrons, and the elec-
trode geometric area. Linear curves of I versus t~/ were plotted
from the raw chronoamperometric data for different concentrations
of DA (Fig. 4C (a)). Based on the straight-line slope between DA con-
centrations and the slope of the plot of I versus t~'/2 (Fig. 4D), the
diffusion coefficient of DA on MnO,/PEDOT/rGO/GCE was calculated
to be (3.28 £ 0.05) x 107> cm? s~ . Moreover, to quantify of the cat-
alytic contribution of MnO, on PEDOT/rGO/GCE to DA was investi-
gated via the catalytic rate constant (ke) value using the
chronoamperometric data (Fig. 4C). Therefore, the ke, value for
the reaction between DA and the MnO,/PEDOT/rGO/GCE was calcu-
lated based on Galus using equation (Icy/lL = /2 ¥ 12 = 1'2 (Kear-
Cpt)'?)[52], where Ice and I, respectively, are the currents
measured in the presence and absence of DA, kcat is the catalytic
rate constant (mol~! L s™!), C is the bulk concentration (M) and t
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Fig. 5. LSVs of the GCE (A), rGO/GCE (B), MnO,/rGO/GCE (C), PEDOT/rGO/GCE (D), and MnO,/PEDOT/rGO/GCE (E) at different concentration ratios of AA:DA:UA (a — g; 0:0:0

(blank), 0:10:0, 2.5:10:2.5, 25:10:25, 125:10:125, 250:10:250, 500:10:500 uM).

321



K. Promsuwan, A. Soleh, K. Saisahas et al.

is time (s) elapsed. From the slope of Ic./I; vs. t'/? (Fig. 4E), the Kear
value was calculated to be (2.01 + 0.05) x 10* mol~' L s~1.

3.5. Interference study

Interference effects were studied in detail from linear sweep
voltammograms (LSVs) with different ratios of AA:DA:UA (0:0:0
(blank), 0:10:0, 2.5:10:2.5, 25:10:25, 125:10:125, 250:10:250,
500:10:500 uM) (Fig. 5). The GCE (Fig. 5A), rGO/GCE (Fig. 5B),
and MnO,/rGO/GCE (Fig. 5C) all exhibited serious overlapping in
the voltammograms of both AA and UA to DA. In addition, when
the concentration of DA was kept constant at 10 uM, the anodic
peak current increased with increments of AA and DA concentra-
tion from 2.5 to 500 uM (Fig. 5A, B, and C; c to g). These results
indicated the poor selectivity of the GCE, rGO/GCE and MnO,/
rGO/GCE towards both AA and DA. The PEDOT/rGO/GCE (Fig. 5D)
did not give any response towards AA. However, its anodic peak
responses towards DA and UA could not be differentiated. More-
over, its anodic peak currents towards DA increased with incre-
ments of UA concentration (Fig. 5D; ¢ to g), indicating poor
selectivity towards UA. In contrast, the MnO,/PEDOT/rGO/GCE
(Fig. 5E) exhibited an excellent selectivity for DA detection and
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effectively eliminated the AA interference while differentiating
the anodic peak of DA and UA. In addition, the anodic peak of DA
on the MnO,/PEDOT/rGO/GCE remained constant even in higher
concentrations of AA and UA up to 500 uM (Fig. 5E; ¢ to g) The
MnO,/PEDOT/rGO/GCE demonstrated excellent selectivity toward
DA.

3.6. Amperometric DA detection using MnO,/PEDOT/rGO/GCE

Fig. 6A shows the calibration curves of the anodic current from
amperometric measurement versus the concentration of DA at the
MnO,/PEDOT/rGO/GCE and the PEDOT/rGO/GCE. The MnO,/
PEDOT/rGO/GCE exhibited a linear range from 0.05 to 135 uM with
a linear regression equation of I (anodic current, 1075 A cm~2) = (0.
247 +0.002) x DA concentration (uM) + (0.45 + 0.09) and a corre-
lation coefficient of 0.999. In addition, the detection limit of the
MnO,/PEDOT/rGO/GCE was 30 nM (at a signal-to-noise ratio of
3). Fig. 6B presents the amperometric response of the MnO,/
PEDOT/rGO/GCE to successive additions of various concentrations
of DA, AA and UA. The anodic current response toward DA reached
about 95% of the steady-state current within 8 s while no anodic
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Fig. 6. (A) The linear relationships between anodic current and DA concentration of the MnO,/PEDOT/rGO/GCE Inset: Current-time response of MnO,/PEDOT/rGO/GCE at
195 mV to successive additions of various concentrations of DA in 0.1 M PB (pH 6.60). (B) Current-time response of MnO,/PEDOT/rGO/GCE at 195 mV to successive additions

of various concentrations of DA, AA, and UA in 0.1 M PB (pH 6.60).

Table 1

Comparison of analytical performances in the determination of DA at various PEDOT-based composite modified electrodes.
Electrode Technique Linear range/uM LOD/uM Ref.
Citrate:PEDOT/GCE DPV 1-85 0.15 [26]
CD/NF/PEDOT/Au DPV 2-320 0.003 [53]
SDS/PEDOT/Pt LSV 0.5-25, 30-100 0.061 [29]
Tonic liquid/PEDOT /GCE Amperometry 0.2-312 0.051 [54]
PEDOT/CNT/CPE DPV 0.1-20 0.02 [55]
Pd/PEDOT/GCE DPV 0.5-1 0.5 [56]
NiO/PEDOT/CNT/ GCE DPV 0.03-20 0.026 [24]
Ce0,/PEDOT/MWCNTSs/GCE DPV 0.10-10 and 40-400 0.03 [13]
MnO,/PEDOT/rGO/GCE Amperometry 0.05-135 0.03 This work

Table 2

Recovery of DA from human serum samples (n = 5).
Human Serum Spike(pM) Found(pM) %RSD(n = 5) %Recovery(n = 5)
1 2.0 1.90 + 0.06 3.1 97 +3
2 4.0 3.8+0.1 3.0 95+3
3 5.0 4.90 + 0.09 19 98 +2
4 6.0 6.10 = 0.05 0.9 102 £1
5 8.0 83 +0.1 14 104 +1
6 10.0 9.6 £0.2 24 96 +2
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current responses were produced for the interfering species of AA
and UA.

The analytical performances of the MnO,/PEDOT/rGO/GCE
toward DA were compared with those from other reported works
that used electrodes modified with PEDOT-based composites
(Table 1). Compared with other PEDOT-based electrodes, the pro-
posed MnO,/PEDOT/rGO/GCE exhibited good performances with
respect to both the linear detection range and the limit of detec-
tion. However, our MnO,/PEDOT/rGO/GCE also had some limita-
tions in terms of the lengthy multi-step fabrication process.

3.7. Reproducibility and stability

The reproducibility of the preparation of the MnO,/PEDOT/rGO/
GCE was tested by checking the sensitivity (slope) of five elec-
trodes. The mean value of sensitivity was 0.03 pA pM~! and the rel-
ative standard deviation (RSD) was 3.3%. These results indicated
the good reproducibility of the preparation process. The response
reproducibility of the electrode towards oxidation of DA was ana-
lyzed from 30 measurements of the amperometric response in
0.1 M PB pH 6.60 containing 2 pM DA. The RSD was as low as
2.7%, confirming the very good response reproducibility. The
long-term stability of the proposed modified electrode was evalu-
ated by measuring the sensitivity for six weeks storage at room
temperature. The sensitivity of the MnO,/PEDOT/rGO/GCE retained
more than 83% of the initial value, which is reasonably good.

3.8. Real sample analysis

To evaluate the practical application of the MnO,PEDOT/rGO/
GCE for DA detection, human serum samples were selected for
analysis. The accuracy and recovery tests were conducted by
preparing human serum samples spiked with defined DA concen-
trations. The spiked samples were then injected directly into
5.0 mL 0.1 M PB (pH 6.60) without any pretreatment. The
responses from six spiked samples were summarized in Table 2.
The percentage recoveries of DA in human serum samples were
in the range of 95 + 3 to 104 + 1% with RSDs between 0.9 and
3.1%. These results demonstrated that the MnO,-PEDOT/rGO/GCE
is a practical means of DA detection in real biological samples.

4. Conclusions

We reported a unique nanocomposite of manganese dioxide
nanoparticles (MnO,), poly (3,4-ethylenedioxythiophene) (PEDOT)
and reduced graphene oxide (rGO) on a glassy carbon electrode
(GCE) and the excellent performane of the modified electrode
towards DA detection. PEDOT played bi-functional roles in the uni-
form distribution of MnO,, as a provider of anchoring sites to pro-
mote the initial nucleation and as an active agent to grow MnO,
with a negative charge. The results reveal that each component
in the nanocomposite played an important role in DA sensing.
rGO provided the conductive sites and increased the surface area
of the electrode, PEDOT directed the uniform growth of MnO,
and adsorbed DA via hydrophobic interaction while MnO, with
its negatively charged surface attracted the positively charged
DA. The MnO,/PEDOT/rGO/GCE provides the sensitivity higher
than 5.26-fold, 3.77-fold, 2.85-fold, and 2.23-fold for the controls
of the bare GCE, rGO/GCE, MnO,/rGO/GCE, and PEDOT/rGO/GCE.
The developed electrode effectively eliminated interference from
high concentrations of ascorbic acid and uric acid. In addition,
the MnO,/PEDOT/rGO/GCE exhibited a low detection limit
(30 nM), and good reproducibility and stability. The electrode
accurately determined DA in human serum. The excellent analyti-
cal performances of the MnO,/PEDOT/rGO/GCE make this electrode
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a promising platform for sensitive and selective DA detection. Fur-
ther development of miniaturized microelectrode systems would
be possible by integrating the nanocomposite with a carbon-fiber
microelectrode to monitor neuronal activity in the brain by DA
detection. In addition, this alternative MnO,/PEDOT/rGO/ electrode
composite can be useful and pave to possible application in other
fields such as biosensors, biofuel cells, and supercapacitors in the
future.
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