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In this research, a facile one-pot method was used to synthesize gold/poly-3,4-ethylene-dioxythiophene/

carbon nanotube (AuNPs/PEDOT/CNTSs) composite material. The composite material was investigated by

Fourier Transform

Infrared spectroscopy (FTIR), X-ray diffraction

(XRD) and Scanning Electron

Microscopy (SEM). Then the synthesized nanocomposite material was dropped on a bare glassy carbon

electrode (GCE) to improve the detection performance of dopamine with a high concentration of
ascorbic acid and uric acid. The electrochemical behavior of AUNPs/PEDOT/CNTs/GCE was studied by

Cyclic Voltammetry (CV),
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Differential Pulse Voltammetry (DPV) and electrochemical impedance
spectroscopy (EIS). Under optimum conditions, AuNPs/PEDOT/CNTs/GCE showed a good linear

response in the concentration range from 9.14 to 29.704 uM with a detection limit (LOD) and sensitivity
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1 Introduction

Dopamine (DA) is an important neurotransmitter that regulates
human emotions and cognition. The average content of DA in
human serum is about 10° to 10~° M. Too much or too little can
cause serious neurological diseases, such as Parkinson's disease
and schizophrenia.’® Therefore, cost-effective detection
methods are necessary. Traditional methods for detecting
dopamine include, but are not limited to, spectrophotometry,**
fluorescence spectroscopy,®” high performance liquid chroma-
tography, and electrochemical analysis.>*** Spectrophotometry
utilizes the unique enol structure of dopamine, which when
combined with certain compounds can generate colored
compounds that selectively absorb light. The method is simple
and quick to operate, but the accuracy is not high and the
sensitivity is not good. Its detection limit is usually on the order
of 10~%, which is much higher than the dopamine content in the
human body. Fluorescence spectroscopy utilizes that dopamine
has a conjugated 7 bond structure and the molecule is a rigid
plane, which can fluoresce under ultraviolet irradiation. This
method is sensitive and can detect dopamine at low concentra-
tions, but its application range is narrow and it is poor for
qualitative analysis. High-performance liquid chromatography
has high resolution and can detect low-concentration dopamine
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of 0.283 uM and 1557 pA pM~%, respectively. This sensor was applied to detect practical samples with
good average recovery. It also exhibited good reproducibility and stability.

content, but the operation is complicated and the detection time
is long. Among these detection and analysis methods, electro-
chemical analysis methods can usually meet the conditions of
cost-effectiveness and efficiency, but interfering substances such
as ascorbic acid (AA) and uric acid (UA) contained in human
serum have an oxidation potential similar to that of DA on the
bare electrode. And the concentration of interfering substances
is much higher than DA. In addition, fouling of bare electrodes
also degrades the sensor response, due to the fact that
compounds undergo many secondary reactions after earlier
electron transfer, producing insulating species that deactivate
the electrode surface.’ Therefore, researchers are devoted to
solving these problems by developing various modified elec-
trodes. Chemical modification of the electrode surface can
effectively reduce the oxidation potential of the reaction, improve
the transfer rate of electrons between the electrode, the reactive
site and the detection substance, and at the same time improve
the selective response to the detection substance.

Carbon nanotubes (CNTs) have high specific surface area
and electrical conductivity, and the surface of carbon nanotubes
after acid treatment usually contains various oxygen-containing
functional groups. It has been reported that the oxygen content
on the surface of carbon nanotubes greatly affects the adsorp-
tion capacity of pollutants.”® Compared with untreated carbon
nanotubes, acidified carbon nanotubes are highly dispersed in
solution and selectively adsorb positively charged dopamine
due to their negative energy.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Gold,**" silver, platinum'*® and other noble metal nano-
particles have attracted much attention from researchers due to
their excellent electrical conductivity and electrocatalytic prop-
erties. Gold nanoparticles (AuNPs) have promising applications
in electrochemical detection. Its special structure, low toxicity
and biocompatibility make it suitable for sensing applica-
tions.”*** However, in practical applications, gold nanoparticles
tend to agglomerate, which affects the surface area and catal-
ysis. Combining with carbon nanotubes can effectively solve
this problem, and carbon nanotubes can provide abundant
active sites for gold nanoparticles due to the existence of
defects, and improve the dispersibility and electroactive surface
properties of composites.

Poly-3,4-ethylenedioxythiophene (PEDOT) is an excellent
conducting polymer that has been widely used in electrochem-
istry for its excellent mechanical, electronic and chemical prop-
erties.”” For example, its biocompatibility and environmental
stability are superior to other conductive polymers, and the
sulfur element it contains can form stable chemical bonds with
gold nanoparticles to improve the conductivity of the composite.

In recent years, researchers have focused on binary compos-
ites of carbon nanomaterials,*2* noble metals,>*?® transition
metal oxide nanoparticles,” ' and biomolecules.**** There are
few studies on ternary composites based on carbon nano-
materials. As far as we know, the research on electrochemical
detection of DA mainly focuses on the research of carbon
nanomaterials-metal or polymer-metal binary composites, and
the preparation and modification process is relatively compli-
cated and tedious. In this study, the ternary nanocomposites of
gold  nanoparticles/poly-3,4-ethylenedioxythiophene/modified
carbon nanotubes (AuNPs/PEDOT/CNTSs), without the addition
of other oxidants and stabilizers, through easy one-pot prepara-
tion, an electrochemical sensor capable of efficiently detecting
DA in the presence of high concentrations of AA and UA was
designed for the first time.

2 Experimental

2.1 Chemical and reagents

3,4-Ethylenedioxythiophene (EDOT), hydrated chloroauric acid
(HAuCL,-4H,0), absolute ethanol, potassium chloride (KCl),
dipotassium hydrogen phosphate (K,HPO,), potassium dihy-
drogen phosphate (KH,PO,), lemon sodium (C¢HsNazO,-2H,0)
and carbon nanotubes were purchased from McLean, dopa-
mine hydrochloride (20 mg:2 mL) was purchased from
Shanghai Harvest Pharmaceutical. Co., Ltd., 98% concentrated
sulfuric acid and concentrated nitric acid were purchased from
Xilong Chemical Co., Ltd., potassium ferricyanide (Ks[Fe(CN)¢])
was purchased from Shanghai Shanpu Chemical Co., Ltd.
Except for carbon nanotubes, other reagents were of analytical
grade and were used directly without further processing.

2.2 Instrumentation

The physical characterization of the synthesized products was
obtained by Fourier transform infrared spectroscopy (FTIR) of
Nicoley iS10, X-ray diffraction (XRD) and scanning electron
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microscope (SEM) of regulus8100. Shanghai Qingkai electro-
chemical workstation is used for cyclic voltammetry (CV),
differential pulse voltammetry (DPV) and electrochemical
impedance (EIS) measurements of three-electrode systems. A
bare glassy carbon electrode (3 mm in diameter) was used as
the working electrode, a platinum sheet electrode with
a diameter of 1 mm was used as the auxiliary electrode satu-
rated and the calomel electrode was used as the reference
electrode.

2.3 Gold/poly3,4-ethylene-dioxythiophene/carbon nanotube
(AuNPs/PEDOT/CNTs) nanocomposite material was
synthesized via the facile one-pot method

Acid-treated CNTs were prepared according to the work of Luo®
et al. 200 mg of CNTs was dispersed in 100 mL of 3:1
concentrated H,SO, and HNO; solution, sonicated for 2 h, and
the suspension kept at room temperature for 24 h. After the acid
treatment, the carbon nanotubes were washed with deionized
water until the washing solution was neutral. Finally, the
carbon nanotubes were dried at 60 °C.

AuNPs/PEDOT/CNTs composites material was synthesized
by CNTs, EDOT and reduction of Au(ur) with the addition of
CeH5Naz0;. Taking 500 pL of 2% chloroauric acid solution and
CNTs into 100 mL of deionized water, heating and stirring until
it boils. Then 10 pL EDOT mixed with 5 mL ethanol and 160 mg
Ce¢H5Naz0, was added and kept stirring for 3 h. Finally, the
suspension was washed with ethanol and deionized water by
centrifugation, and dried at 60 °C for 18 h.

2.4 Preparation of modified electrodes by drop coating

CNTs and AuNPs/PEDOT/CNT composites material were
prepared at a concentration of 1 mg mL™". The synthesized
composites material were dispersed in deionized water and
sonicated for 30 min. On the other hand, the bare glassy carbon
electrode (GCE) was polished with alumina and then ultrason-
ically cleaned with deionized water, 1:1 ethanol aqueous
solution, and deionized water for 1 min, respectively. After
passing the test in potassium ferricyanide solution, rinsed and
washed thoroughly. 8 uL of suspension solution was dropped
on the surface of bare GCE, and dried at room temperature for
2 h.

2.5 Electrochemical measurement

All electrochemical experiments were carried out by using an
electrochemical workstation (Shanghai Qingkai Experimental
Equipment Co., Ltd.). A three-electrode system was used for
each electrochemical analysis. The modified GCE was used as
the working electrode, and the saturated calomel electrode and
the platinum electrode were used as the reference electrode and
auxiliary electrode, respectively. The CV and EIS curves of the
electrodes were studied in a mixed solution of 5 mM potassium
ferricyanide and 0.1 M KCI. The frequency range of EIS was
0.1 Hz to 1 MHz and the amplitude was 5 mV. The DPV curves of
the electrodes were investigated in 0.1 M PBS solution with an
amplitude of 100 mV.

RSC Adv, 2022, 12, 15038-15045 | 15039
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3 Results and discussion

3.1 AuNPs/PEDOT/CNTs formation mechanism of
composite materials

Hydroxylated or carboxylated carbon nanotubes are negatively
charged in solution. EDOT monomer and Au ions are adsorbed
on carbon nanotubes. Due to the existence of defects, Au will
use defects as nucleation sites, and form nanoparticles in the
presence of reducing agents. The acidified CNTs acted as
dopants to balance the positive charges in the PEDOT backbone
and intercalated as part of the formed polymer.

Fig. 1(a) showed that gold nanoparticles embedded and grew
at the end of CNTs. The size of gold nanoparticles was about 25—
50 nm. Fig. 1(c) and (d) showed the composite situation of the
three materials. PEDOT film was also formed at the end of
CNTs. It can be attributed to bonding effect of Au-S. The CNTs
were pure and couldn't see any impurities. The diameter of
CNTs was about 25-35 nm, and they wound randomly among
each other to form 3D network structure.

FTIR is one of the most widely used tools for determining
functional groups of compounds. It can be seen from Fig. 2 that
the peaks at 1570 cm™ ' and 1390 cm ™' can be attributed to the
stretching vibration of C=C and Cs-Cg in the thiophene ring;"
the peaks at 1250 cm™ " and 1070 cm ™' can be attributed to
C-O-C stretching vibration in ethylenedioxy; the peaks at

Fig.1 SEM and TEM of composite material.
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Fig. 2 FTIR spectra of composite material.

1 1

630 cm ~ and 897 cm ~ can be attributed to C-H in-plane
bending vibration the peaks at 839 cm ™" and 668 cm ™' can be
attributed to C-S stretching vibration in thiophene ring.*

The XRD pattern of PEDOT showed a broad characteristic
peak at approximately 260 = 25.9°, which is associated with
intermolecular -7 stacking and can be attributed to the (020)
reflective polymer backbone.*” Furthermore, the characteristic
peaks at 26 = 38.20°, 44.36°, 64.75° and 77.60° correspond to the
(111), (200), (220) and (311) planes of Au, respectively (Fig. 3).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD spectra of composite materials.

3.2 Electrochemical characterization of modified electrodes

The redox behaviors of bare GCE, CNTs/GCE and AuNPs/
PEDOT/CNTs were investigated by cyclic voltammetry (CV).
The electrochemical behaviors of the three electrodes at
different scan rates were studied in the potential range of —0.2-
0.6 V. Compared with other modified electrodes studied,
AuNPs/PEDOT/CNTs showed more pronounced redox peaks
(Fig. 4(a)). This means that AuNPs/PEDOT/CNTs have the best
catalytic ability. It can be seen from Fig. 4(c) that the redox
current and peak interval of AuNPs/PEDOT/CNTs/GCE increase
with the increase of scan rate. The peak current is proportional
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to the square root of the scan rate(Fig. 4(d)). According to
theory, eqn (1) and (2), if the peak interval AE is 59 mV, the ratio
of peak currents is approximately 1, both parameters indicating
that the process is an ideal reversible reaction.*® Therefore
AuNPs/PEDOT/CNTSs/GCE has quasi-reversible property.

AE =E,, —

Epe (1)

|1pa/1pc‘ =1 (2)

The diffusion coefficient values for each modified electrode
were calculated according to the Randles-Sevcik eqn (3) (Table
1). The results showed that, compared with other modified
electrodes, the AuNPs/PEDOT/CNTSs modified electrode has the
highest diffusion rate of 8.0 x 10~® ¢cm® s™". The thickness of
the diffusion layer increases with time, and the [Fe(CN),]*~ ions
in solution diffuse on the surface of the modified electrode
because there is no agitation during the analysis, which results
in a short diffusion layer and greater electron transfer rate. It
can be seen from the Nyquist plots (Fig. 4(b)) that the modified
electrode has a smaller charge transfer resistance R, which is
about 70.59 ohms. The Nyquist plots consists of two parts, the
semicircular in the higher frequency region involves in the
electron transfer limited process, and the linear part at lower
frequency region stands for diffusion-limited process of the
electrochemical reaction in this experiment. Scan rate of
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(a) Cyclic voltammograms of different modified electrodes in 5 mM K4[Fe(CN)gl and 0.1 M KCL mixture, (b) electrochemical impedance

diagrams of different modified electrodes, (c) cyclic voltammograms of different scan rates of AUNPs/PEDOT/CNTs/GCE in a mixture of 5 mM
K4[Fe(CN)gl and 0.1 M KCl, (d) the relationship between the square root of scan rate and current density.
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Table 1 Bare GCE, CNTs/GCE, AuNPs/PEDO and AuNPs/PEDOT/CNTs relationship between the square root of scan rate and peak current

Peak current (pA)

R R Slope  Slope Epi Exe AE  107°D
Modified electrode ~ v(mvs™) v I, e (Ipa v5. V) (Ipe vs. v (Ia) (Ipe) (mv) (mv) (mv) (cm®s™)
Bare GCE 50 7.07 75.59 —87.73 0.9988 0.9987 11.100 —-10.379 249 164 85 8.0
100 10.00 105.60 —121.1 255 158 97
150 12.25 133.50 —142.4 258 154 104
200 14.14 15320 -—162.4 261 151 110
250 15.81 17190 -—-179 264 149 115
CNTs/GCE 50 7.07 74.6 —87.71 0.9959 0.9964 12.5469 —12.6250 245 158 87 7.9
100 10.00 113.8 —122.5 251 152 99
150 12.25 143.1 —149.8 254 147 107
200 14.14 1674 —-173.1 259 143 116
250 15.81 182.7 —199.6 263 139 124
AuNPs/PEDOT/CNTs 50 7.07 93.46 —107.1 0.9997 0.9982 18.6549 —17.6992 237 155 82 9.9
100 10.00 145.7 —155.1 243 149 94
150 12.25 1889 —194.3 248 144 104
200 14.14 2245 —229.2 253 139 114
250 15.81 256 —262.2 257 135 122
100 mV s~ was chosen because fast analysis was required and 40
AE was closer to the theoretical value. %
I, = 0.4463nFAc(nFvD/RT)"> 3) 2oL
<
3 10r
‘q&‘) L
3.3 Redox behavior of dopamine § or
The electro-oxidation of DA was analyzed by CV to explore the 10 |
electrochemical behavior of the modified electrode in neutral
. . . 20
buffer solution and DA mixed solution. The results showed
that the AuNPs/PEDOT/CNTs/GCE has the highest oxidation 30 |-
: : : : T 1 n 1 n 1 L 1 n 1 n 1 n 1 L 1 1
peak current for dopamine detection, which indicates that the 03 02 o1 00 o1 oz o3 o2 o5 os

modified electrode has the best detection ability. This may be
related to the synergistic effect between gold nanoparticles,
acidified carbon nanotubes and PEDOT. By studying the effect
of different scan rates on the dopamine response, it was found
that the redox peak current was proportional to the scan rate,
and the characteristic peak potential did not change much,
which indicated that the electron-transfer reaction of dopa-
mine at the electrode surface is a diffusion-controlled
process,*® the reaction kinetics between the redox sites is
stable (Fig. 5).
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Fig. 6 Cyclic voltammograms of AuNPs/PEDOT/CNTs modified
electrodes in PBS buffer solution (0.1 M) containing 9.14 uM DA at
different pH values.

The effect of pH on AuNPs/PEDOT/CNTs modified electrodes
was investigated by CV in 0.1 M PBS solutions with pH values of
3,5,7,9,and 12 (Fig. 6). It can be seen that a higher redox peak

50

b
40 -
-
30 -
= 2F - 1,, = 3.3289x - 112739
2 . =
2 0 R? = 0.9901
£
14
5 of
o .- I, = -2.4287x + 10.6879
or —e R = 0.9810
20| e
-
30 ¢
0 . . . . .
6 8 10 12 14 16
V"2 (mVis)'"?

(a) Cyclic voltammograms of AuNPs/PEDOT/CNTs modified electrodes at different scan rates in PBS buffer solution (0.1 M) containing

9.14 uM DA, (b) relationship between the square root of scan rate and peak current.
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Fig. 7 (a) DPV of AuNPs/PEDOT/CNTs modified electrode with different DA concentrations in (pH = 7) 0.1 M PBS solution, (b) relationship

between peak current and DA concentration.

is displayed under neutral conditions, and a lower redox peak is
displayed under acid-base conditions, which indicates that DA
can be effectively oxidized under neutral conditions and acidic
conditions. Under alkaline conditions, the positively charged
DA is not easily accessible to the surface of the modified elec-
trode; under alkaline conditions, the stability of DA
decreases,*>* resulting in the ineffective oxidation of DA. The
peak potential shifted negatively with increasing pH, which
confirmed that protons were involved in the oxidation of DA. In
order to sensitively detect dopamine in the AuNPs/PEDOT/
CNTs/GCE, a buffer solution of pH = 7 was selected, and the
conditions were also closer to human serum.

In order to study the electrocatalytic performance of the
AuNPs/PEDOT/CNTs modified electrodes, we further investi-
gated the linear concentration range, sensitivity and detection
limit of the modified electrodes for DA detection by DPV. The
DPV curve changes were shown in Fig. 7. It can be seen from
Fig. 7(b) that the oxidation peak current of DA in 0.1 M PBS (pH
= 7) increases linearly with the concentration of DA in the range
of 9.14-29.704 uM, the sensitivity is 1.557 pA uM ', and the
detection limit LOD is 0.283 uM. Compared with other litera-
ture, it shows better detection performance (Table 1).

In order to evaluate the detection performance of the
modified electrode under the interference of high concentra-
tions of ascorbic acid AA and uric acid UA, we tested its anti-
interference ability by continuously adding DA to the buffer
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solution mixed with 0.35 mM AA and 0.013 mM UA. It can be
seen from Fig. 8 that the modified electrode can still detect DA
well at high concentrations of AA and UA. For the bare elec-
trode, since the characteristic peak potentials of DA, AA and UA
are similar, they are often indistinguishable during detection.
The modified electrode can distinguish the three substances,
which may be related to the carboxyl functional group on the
surface of the modified material. Since DA is positively charged,
it can be specifically adsorbed on the surface of the modified
material while repelling negatively charged AA. Under the
condition of high concentration of interfering substances, the
modified electrode still showed a good linear detection range,
the detection limit LOD was 0.75 pM, and the sensitivity was
1.1051 pA pM* (Table 2).

Table 2 Electrochemical detection of dopamine with different
modified electrodes

Sensing material Linear range LOD Reference
Pd/rGO 6-469.5 pM 2.3 uM 1
PEDOT/AuNPs 0.15-330 uM 0.07 pM 36
Au/rGO/GCE 6.8-41 pM 1.4 uM 42
Au-Pd alloy nanoparticles  1.2-160 pM 0.83 uM 43
CNS/Pt/PANI/GCE 10-80 uM 0.6 uM 44
Poly(phenosafranine) 50-500 uM 20 uM 45
AuNPs/PEDOT/CNTs 9.14-29.704 pM 0.286 pM This work
60
b
&
55 s
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< sof e
§ et ¥
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y = 1.1051x + 22.1039
P R? = 0.9950
35 P
¥
30
5 1I0 1‘5 2‘0 2‘5 3‘0 35
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(a) DPV at different DA concentrations in 0.1 M PBS containing 0.35 mM AA and 0.013 mM UA, (b) peak current versus concentration.
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Fig. 9 Interference behavior of other ions in the detection of DA.

Table 3 Determination of DA content in dopamine hydrochloride

Sample Theoretical Detection value Recovery
(DA injection) value (LM) (M) rate%
Sample 1 5.273 5.001 95.00
Sample 2 10.549 10.474 99.32
Sample 3 15.819 16.589 104.86
Sample 4 21.093 22.943 108.77
Sample 5 26.366 29.571 112.16
35
97.21%
30 9349% 59729
1470 88.09%
25 -
ftgzo -
5
—_
S15f
O
10 |
5
0 I I I
3 6 9 12
Day

Fig. 10 Stability of modified electrode.

We also tested the response of the modified electrode to DA
in the presence of other interfering compounds ions, such as
K', Na', CI” and NO;~. The concentration of each interfering
compounds ion is 1 mM. According to the change of current in
Fig. 9, these ions hardly interfere with DA.

3.4 Detection in real sample

The detection accuracy of the modified electrodes was investi-
gated by injecting dopamine hydrochloride. Dopamine hydro-
chloride for injection was accurately added to the PBS blank

15044 | RSC Adv, 2022, 12, 15038-15045
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solution after dilution, and the detection results of the modified
electrode are shown in Table 3. It can be seen that the modified
electrode has high accuracy and precision.

The stability of AuNPs/PEDOT/CNTs modified electrodes
stored at room temperature was investigated by DPV. The
modified electrode was tested for its response to 9.14 uM DA in
PBS buffer solution every 3 day, and the corresponding reaction
results are shown in Fig. 10. It can be seen that the response of
the modified electrode decreased by 2.79%, 5.51%, 10.28% and
11.91%, respectively. This indicates that the modified electrode
has excellent stability.

4 Conclusions

In conclusion, the modified electrodes prepared by a facile one-
pot method using AuNPs/PEDOT/CNTSs as composite materials
exhibited good performance. It has a limit of detection LOD of
0.283 uM and a sensitivity of 1.557 pA pM ™", Under the inter-
ference of high concentrations of AA and UA, it showed excel-
lent anti-interference ability. During the actual detection of
samples, excellent accuracy is shown. High reproducibility and
stability are maintained after a period of storage at room
temperature. Nonetheless, its detection capability needs to be
further improved. The composites based on AuNPs/PEDOT/
CNTs are expected to be promising candidates for the detec-
tion of electroactive species.
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