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A facile one-pot and green method was developed to prepare a hanocomposite of gold nanoparticle
(AuNP), graphene (GP) and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS).
Graphene was first electro-exfoliated in a polystyrene sulfonate solution, followed by a one-step
simultaneous in situ formation of gold nanoparticle and PEDOT. The as-synthesized aqueous dispersion
of AUNP-GP-PEDOT:PSS was thereafter used to modify the glassy carbon electrode (GCE). For the first
time, the quaternary composite between AuNP, GP, PEDOT and PSS was used for selective
determination of dopamine (DA) and uric acid (UA) in the presence of ascorbic acid (AA). In comparison
to a bare GCE, the nanocomposite electrode shows considerably higher electrocatalytic activities toward
the oxidation of DA and UA due to a synergistic effect between AuNP, GP, PEDOT and PSS. Using
differential pulse voltammetry (DPV), selective determination of DA and UA in the presence of AA could

be achieved with a peak potential separation of 110 mV between DA and UA. The sensor exhibits wide
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Accepted 27th March 2018 linear responses for DA and UA in the ranges of 1 nM to 300 uM and 10 uM to 1 mM with detection
limits (S/N = 3) of 100 pM and 10 pM, respectively. Furthermore, the proposed sensor was also

DOI: 10.1035/c8ra01564c successfully used to determine DA in a real pharmaceutical injection sample as well as DA and UA in
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Introduction

During the last decade, nanomaterials have made a major
impact on the field of electrochemical biosensors due to their
distinctive physical, chemical and electronic properties. These
inherent features have made them the best fit for building up
novel sensing platforms with enhanced signal generation and
amplification.' Among them, graphene is one of the most widely
used materials. Graphene has extraordinary properties
including remarkable electron mobility, high electronic
conductivity, a large specific surface area and unexpected
mechanical stability. The m-conjugated electrons of graphene
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human serum with satisfactory recovery results.

can also efficiently delocalize along its 2D surface making gra-
phene very sensitive to local changes in the chemical environ-
ment. These unique properties have enabled graphene to
become an excellent sensing material.”

Graphene can be synthesized either by physical or chemical
means.* Among those various existing protocols, electrolytic
exfoliation in an aqueous polyelectrolyte solution is of partic-
ular interest. This is because the obtained graphene product is
stable and almost oxide-free.* As a result, it requires no addi-
tional reduction step, no reducing agent and no chemical waste
making this protocol a green alternative method. However, it is
well known that each of these graphene layers tend to
agglomerate through van der Waals and m-m stacking interac-
tions. To address this problem, the decoration of graphene
sheets with noble metal nanoparticles has proved to be a good
strategy to prevent the restacking process.

Besides increasing stability, metal nanoparticles decorated
graphene sheets also exhibit significantly enhanced perfor-
mance including outstanding electrocatalytic activity and high
electrical conductivity. These features have led to an increasing
use of graphene/metal nanoparticle composites in the fabrica-
tion of electrochemical biosensors.” Among the more
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commonly used metal nanoparticles, gold is the most widely
studied metal. Gold nanoparticles (AuNPs) have been broadly
reported for their high catalytic activity which could facilitate
the electron transfer rate and decrease the electrode over-
potentials.® A conventional synthesis of AuNPs usually involves
chemicals which pose health and environmental risks. As
a consequence, the need for more green methods to reduce the
metal salts to metallic nanoparticles is in high demand.

Conducting polymers have been used as electrode-modifying
materials to enhance the physico-chemical properties of bare
electrodes. They behave in particular as a redox mediator
toward several analytes, significantly improving sensitivity of
the analytical detection and even lowering the detection limit.”
Of all known conducting polymers, PEDOT:PSS has proven
itself as a promising candidate for sensor applications not only
due to its excellent anti-fouling property, but also its high
electrical conductivity. Furthermore, it also possesses good
mechanical and chemical stability.

Dopamine (DA) and uric acid (UA) are small biological
molecules normally found in body fluids such as urine and
blood plasma. DA is a catecholamine neurotransmitter which
plays a crucial role in regulating neuronal functions such as
cognition, attention span, emotion and movement.® Therefore,
a deficiency of DA in the human body could lead to neurological
disorders including Parkinson's disease,’ Alzheimer's disease,'”
schizophrenia,'* restless leg syndrome (RLS)" and attention
deficit hyperactivity disorder (ADHD).** In contrast, a high level
of DA could cause an increased risk of depression* and could
also be a sign of drug addiction.” UA is a major end product of
purine metabolism. A noticeably elevated UA level could be
associated with clinical disorders such as gout, hyperuricemia,
Lesch-Nyhan syndrome and renal failure.'® The significance of
dopamine and uric acid in the clinical diagnostic perspectives
has drawn great awareness for the development of sensitive and
reliable techniques for their detection. Over the past decade,
various analytical techniques have been established including
liquid chromatography,'”*® capillary electrophoresis,* fluores-
cence spectroscopy,””** colorimetry,*** UV-Vis spectrophotom-
etry** and electrochemical analysis.***

Due to the electroactive nature of DA and UA, electro-
chemical techniques are of high interest because they offer
certain benefits such as cost effectiveness, rapid response, high
sensitivity, simple instrumentation and field portability. As DA
and UA typically coexist in biological samples, simultaneous
detection of both analytes is highly desired. Besides DA and UA,
the co-occurrence of ascorbic acid (AA) in the physiological
fluids also poses problems. Using conventional bare carbon and
metal electrodes, these three molecules are oxidized at nearly
the same potential, yielding to overlapping oxidation peaks.”” As
a result, simultaneous electrochemical determination of DA
and UA in the presence of AA is not possible. Furthermore, the
electrode fouling occurring by adsorption of electrochemical
oxidation products at the bare electrode surface also causes
relatively poor selectivity and sensitivity.”® To overcome these
problems, various materials including polymer films (chitosan,
Nafion, PEDOT),>*"** carbon nanomaterials (carbon nanotube,
graphene),*** metal nanoparticles (Au, Pt, Pd),***® metal oxides
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(TiO,, SnO,, ZnO, CuO)*’* and their composites have been
used to modify the electrode surfaces.

PEDOT modified electrodes*®** have been reported for their
selective determination of DA in the presence of AA and UA. In
comparison to the broad and overlapped voltammetric
responses of the bare electrodes, the PEDOT modified surfaces
showed well-resolved peaks which could clearly validate its
catalytic activity toward the oxidation of DA, AA and UA by
lowering their oxidation potentials and increasing their
currents. PEDOT behaves in this case as a redox mediator which
is responsible for promoting electron shuttling between the
electrode and the electroactive species.”

Graphene oxide (GO) was integrated into the PEDOT matrix
and its composite was successfully used by Weaver et al.**> for
selective determination of DA in the presence of AA and UA. It
was found that GO in its unreduced form could create the
sensitive and selective DA sensor by increasing the active
surface area of the electrode and selectively amplifying the DA
oxidation current through the electrostatic attraction between
the cationic DA molecules and the negatively charged groups
presented on the GO surface. While the DA signal could be
greatly enhanced, the oxidation currents of anionic AA and UA
remained unchanged. In addition to electrostatic forces, -
interactions between the graphitic surface of GO and the phenol
ring of DA also play a crucial role in the improved sensitivity
toward DA. Since the electrical conductivity of GO is rather poor,
Wang et al.* has used reduced graphene oxide (RGO) to modify
the electrode instead. In combination with PEDOT, the result-
ing RGO nanocomposite exhibited significantly enhanced
catalytic activity as could be realized by a considerable
improvement in the oxidative current of DA.

Synergism between the PEDOT matrix and gold nano-
particles for DA sensing was also demonstrated by Kumar et al.**
Incorporation of AuNP into PEDOT could substantially enhance
the oxidation current of DA. This could be attributed to AuUNP
which functioned in this case as electron antennae responsible
for improving the electron transfer rate between the electrode
and DA. Furthermore, favourable weak adsorption of DA on
AuNP through the interaction between the -NH, group and Au
also involved in increasing the DA oxidation current.

To suppress the response of AA and selectively amplify the
signal of DA, negatively charged compounds such as sulfonated
chitosan,?® Nafion,* poly(p-aminobenzene sulfonic acid) (p-
ABSA),* polystyrene sulfonate (PSS)* and sodium dodecyl
sulfate (SDS)***” have been used to modify the electrodes. As
reported by Atta et al.,***” a negatively charged layer of SDS was
formed by adsorption of the anionic surfactant on top of the
PEDOT modified electrode. While AA was expelled from the SDS
layer via the repulsive force, accumulation of DA at the electrode
surface was on the other hand driven by the electrostatic
attraction.

According to a literature survey, there are no previous reports
using a composite between AuNP, GP, PEDOT and PSS for DA
detection. Therefore, we herein combine those materials to
prepare a highly sensitive electrochemical sensor for selective
determination of DA. In this work, we demonstrate a facile
synthesis of AuNP-GP-PEDOT:PSS nanocomposite under
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Scheme 1 Schematic representation of nanocomposite based elec-
trochemical sensor: (a) synthesis of AUNP-GP-PEDOT:PSS aqueous
dispersion, (b) preparation of nanocomposite modified electrode and
electrochemical determination of DA and UA.

ambient condition comprising of two simple steps as depicted
in Scheme 1. Firstly, graphene is prepared by electrolytic exfo-
liation of graphite in an aqueous polystyrene sulfonate solution.
The roles of PSS are not only to intercalate and trigger the
exfoliation but also to disperse and stabilize the exfoliated
graphene flakes, as well as to prevent the oxidation of graphene
during the peel-off process.* PSS will also assist the dissolution
of EDOT monomer, facilitate the polymerization and then
behave as a counter anion to compensate the positively charged
PEDOT. In the second step after adding HAuCl, and EDOT
monomer to the GP-PSS dispersion, gold nanoparticles and
PEDOT are formed simultaneously via in situ reduction of
HAuCl, and oxidative polymerization of EDOT. Without using
any other chemical reagents, this step is thus considered green.
The resulting AuNP-GP-PEDOT:PSS dispersion is drop casted on
a glassy carbon electrode and the modified electrode is then
used as an electrochemical sensor to detect DA and UA. This is
for the first time that a quaternary composite between AuNP,
GP, PEDOT and PSS is used for the sensitive and selective
detection of DA in the presence of UA and AA. Combining the
advantageous features of AuNP, GP, PEDOT and PSS, the
sensitivity of the sensor can be greatly enhanced and the elec-
trode overpotentials are significantly minimized.

Experimental
Materials

Dopamine, ascorbic acid and uric acid were purchased from
TCI Chemicals. Hydrogen tetrachloroaurate (III) (HAuCl,-3H,-
0), 3,4-ethylenedioxythiophene (EDOT), polystyrenesulfonate
(PSS), potassium hexacyanoferrate (III) (K;Fe(CN)s) and potas-
sium hexacyanoferrate (II) trihydrate (K,Fe(CN)s-3H,0) were
obtained from Sigma-Aldrich. A human serum assayed control
(Liquid Assayed Multiqual® Levels 1) was purchased from BIO-
RAD. All buffer salts and organic solvents were acquired from
Merck. Ultrapure water was used throughout this work.
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Apparatus

The morphology of the gold nanoparticles in the dispersion was
examined by a transmission electron microscope (TEM, JEOL
JEM-2010). The surface morphology and functional groups of
the nanocomposite film were characterized by a scanning
electron microscope (SEM, Hitachi S-3400N), a Fourier trans-
form infrared spectrometer (Perkin Elmer System 2000) and
a confocal Raman spectrometer (Perkin Elmer System 2000).
XRD was carried out on an X-ray diffractometer (PANalytical -
X'Pert PRO). All electrochemical experiments were performed
using a potentiostat from PalmSens.

Synthesis of AuUNP-GP-PEDOT:PSS composite

Two graphite rods were immersed in 1% (w/v) of poly(sodium 4-
styrenesulfonate) solution and a constant potential of 8 V was
applied between electrodes for 5 hours. AuNP-GP-PEDOT:PSS
was subsequently synthesized by in situ reduction of HAuCl,
with EDOT monomer in the preformed GP-PSS dispersion.
HAuCl,-3H,0 was dissolved in 25 mL of GP-PSS solution under
continuous stirring and an EDOT aqueous solution was then
slowly added. After 12 hours, AuUNP-GP-PEDOT:PSS aqueous
dispersion was obtained.

Preparation of nanocomposite electrode

The glassy carbon electrode (GCE) was sequentially polished
with different sizes of alumina slurry including 1.0, 0.3 and 0.05
um, thoroughly rinsed with ultrapure water after each step and
dried under a nitrogen stream. The AuNP-GP-PEDOT:PSS
nanocomposite (1.5 pL) was casted on the pre-clean GCE and
dried in a desiccator at room temperature overnight.

Electrochemical measurements

All electrochemical experiments were performed in a three-
electrode system using a PalmSens electrochemical worksta-
tion with a bare or a modified glassy carbon electrode as the
working electrode, a Pt wire as the counter electrode and a Ag/
AgCl (3 M NaCl) electrode as the reference electrode. The sup-
porting electrolyte in all experiments was 100 mM phosphate
buffer (pH 7.0). Prior to the measurement, the electrolytes were
deoxygenated and kept under nitrogen atmosphere. CV was
recorded within the potential range from —0.3 to 0.6 V at a scan
rate of 50 mV s~ '. DPV was performed within the potential
range from —0.3 to 0.6 V, with a pulse amplitude of 100 mV and
a scan rate of 10 mV s~ . A baseline correction of the resulting
voltammograms was performed and the peak current was
recorded. Solutions of dopamine, uric acid and ascorbic acid
were freshly prepared prior to the measurement.

Determination of DA and UA in real samples

Determination of DA and UA in real samples was carried out by
DPV using the modified electrode. For a dopamine hydrochlo-
ride injection (250 mg/10 mL), solutions of different concen-
trations were prepared by appropriate dilution with 100 mM
phosphate buffer (pH 7.0). For a human serum sample, prior to
the measurement the sample was filtrated and diluted with

This journal is © The Royal Society of Chemistry 2018
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100 mM phosphate buffer (pH 7.0). Known amounts of DA and
UA were added to the real samples and the recovery results of
the spiked samples were calculated.

Results and discussion

Synthesis and characterization of AuNP-GP-PEDOT:PSS
composite

The synthesis of AuNP-GP-PEDOT:PSS aqueous dispersion
could be achieved by two mild simple steps. Graphene was first
electrolytic exfoliated in PSS solution. The light brown homo-
geneous dispersion of GP-PSS was obtained (Fig. Slat) and
found to be stable for several months without any sign of
precipitation. The morphology of the GP-PSS was confirmed
using TEM. As shown in Fig. S1b,} a sheet-like structure with an
irregular shape of graphene was observed. The obtained GP-PSS
was also characterized by Raman spectroscopy. Fig. S1cf shows
Raman spectra of the GP-PSS composite in comparison to the
neat PSS. As expected, two prominent D and G bands were
observed in GP-PSS at 1348 and 1601 cm ™', respectively. The D
band is typically ascribed to the structural defects or edged
areas in graphene, whereas the G band is attributed to the
vibration of sp® carbon atoms. The intensity ratio of the D and G
bands (Ip/Ig) could therefore reflect the average size of the sp>
domains and the degree of disorder of the graphene sheets. In
this work, the Ip/Ig ratio of GP-PSS is equal to 1.08, suggesting
a higher extent of defects in the graphene sheets typically
caused by the exfoliation process*®** or a more disordered
structure of graphene stemming from the adsorption-induced
charge transfer between graphene and PSS.*

To the solution of GP-PSS, HAuCl, was added. Under
continuous stirring, EDOT was subsequently added, yielding to
a formation of PEDOT via the in situ oxidative polymerization
process. This was confirmed by a gradual change in solution
color from light brown to deep dark blue (Fig. 1a). At the same

- 200 nm

Fig. 1 (a) Photograph, (b) TEM image with low magnification and (c)
TEM image with high magnification of the as-prepared AuNP-GP-
PEDOT:PSS.
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time, AuNPs were also formed through the in situ reduction of
HAuCl, using EDOT monomer as a reducing agent. This could
be directly observed in the TEM image (Fig. 1b and c), showing
AuNPs as black spots decorated on the surface of the graphene
sheet.

The presence of PEDOT in the as-synthesized nano-
composite could be confirmed by the FTIR spectrum. As shown
in Fig. S2a,f functional groups of PEDOT and PSS were
observed. The vibrations at 1506 and 1324 cm™ " were ascribed
to the C=C and C-C bonds of thiophene, respectively. The
adsorption bands at 983, 845 and 691 cm™* were correlated to
the C-S bond of the thiophene moiety. The peaks at 1183, 1122
and 1065 cm ™' were attributed to the C-O-C bond of the eth-
ylenedioxide unit. The S = O vibration at 1209 cm ™" and the
0-S-O signal at 1031 cm™ " were accredited to the sulfonic
group of PSS. The nanocomposite was further characterized by
XRD and its pattern was shown in Fig. S2b.f

The diffraction features at 38.18°, 44.39°, 64.58° and 77.55°
are attributed to the (111), (200), (220), and (311) planes of the
cubic lattice structure of Au. The average particle size of AUNP
could be estimated by the Scherrer equation:

D = kAlB cos 6

where D is the crystalline size (nm),  is a dimensionless shape
factor (0.9), A is the wavelength (1.5406 A, CuKa), § is the full
width at half maximum (FWHM) intensity of the peak and 6 is
the peak position. The peak at 38.18° was chosen within this
work for the calculation and the particle size was estimated to
be around 8 nm. The morphology of the modified electrode was
characterized by SEM. As shown in Fig. 2, a film with evenly
dispersed bright nanoparticles was observed. This indicates
a uniform distribution of AuNPs all through the
nanocomposite.

Electrochemical characteristics of the composite electrodes

Electrochemical properties of AuNP-GP-PEDOT:PSS/GCE and
other related electrodes including AuNP-PEDOT:PSS/GCE, GP-
PEDOT:PSS/GCE, PEDOT:PSS/GCE and bare GCE were initially

Fig. 2 SEM image of the AuNP-GP-PEDOT:PSS nanocomposite
modified electrode.
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assessed using [Fe(CN)s>"*~. As shown in Fig. 3, all the
composite electrodes showed increased oxidation/reduction
peak currents compared with the bare GCE. The highest
current response was observed on AuNP-GP-PEDOT:PSS/GCE.
Meanwhile, the smallest peak potential separation (AE,) of
113 mV could also be observed on AuNP-GP-PEDOT:PSS/GCE in
comparison with those on AuNP-PEDOT:PSS/GCE (116 mV), GP-
PEDOT:PSS/GCE (160 mV), PEDOT:PSS/GCE (187 mV) and GCE
(206 mV). These electrochemical behaviours indicated that the
AuNP-GP-PEDOT:PSS composite possessed the highest catalytic
activity and the fastest electron transfer. This is possibly due to
a profound synergistic effect between AuNP, GP and PEDOT.

Electrochemical behaviors of AA, DA and UA in a mixture
solution

To investigate the reliability of the sensor for selective deter-
mination of DA and UA in the presence of AA, cyclic voltam-
mograms (Fig. 4) of a ternary mixture solution at different
composite electrodes (i.e., AuNP-GP-PEDOT:PSS/GCE, AuNP-
PEDOT:PSS/GCE, GP-PEDOT:PSS/GCE and PEDOT:PSS/GCE)
were recorded. As shown, the voltammetric peaks of these
three analytes severely overlapped at the bare GCE, while well
separated oxidation peaks with higher current responses were
observed under identical conditions at the composite elec-
trodes. Among them, AuNP-GP-PEDOT:PSS/GCE showed the
highest current response and peak separation. Such an
enhancement in the peak current by the AuUNP-GP-PEDOT:PSS
composite could be explained by the effective movement of
electrons through graphene, AuNPs and the highly conductive
PEDOT matrix. On the other hand, the improvement in the peak
separation could be primarily described by a decrease in the
oxidation peak width and a shift in the peak location of each
analyte. As shown in the individual oxidation of AA and DA at
the AuUNP-GP-PEDOT:PSS electrode, a significant leftward shift
of 198 mV in the oxidation potential of AA (from 0.241 V to
0.043 V, Fig. S3at) and a moderate negative shift of 82 mV in the
oxidation peak of DA (from 0.266 V to 0.184 V, Fig. S3b¥) were
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Fig.4 CVs of a ternary mixture solution containing 1 mM of AA, 50 uM
of DA and 200 uM of UA at AuNP-GP-PEDOT:PSS/GCE, AuNP-
PEDOT:PSS/GCE, GP-PEDOT:PSS/GCE, PEDOT:PSS/GCE and bare
GCE.

observed due to the electrocatalytic effect of the nanocomposite
on the oxidation reactions. These changes in peak position were
responsible for the peak separation between AA-DA and DA-UA
in the voltammogram of the mixture solution (Fig. S3d+t). Unlike
AA and DA, a slightly shifted peak position of UA (from 0.344 V
to 0.304 V, Fig. S3ct) only had a small effect on the peak
separation.

Using differential pulse voltammetry (DPV), the capacitive
current due to the charging of PEDOT:PSS could be minimized
and thereby enhancing the accuracy of the faradaic current
measurement.”” As displayed in Fig. 5, only two broad oxidation
peaks were observed at the bare GCE. The overlapped peaks
could be resolved into three peaks with enhanced oxidative
currents at the PEDOT:PSS modified electrode. These improved
electrochemical behaviours were observed in previous
reports***** and were attributed to PEDOT which could

100 ] AuNP-GP-PEDOT:PSS/GCE
AuNP-PEDOT:PSS/GCE
80 i - GP-PEDOT:PSS/GCE
— PEDOT:PSS/GCE
— GCE
< 60
S 40 A
3 20
0 4
‘20 T T T T T T 1
04 -02 00 02 04 06 08 10

Potential / V

Fig. 5 DPVs of a ternary mixture solution containing 1 mM of AA, 50
uM of DA and 200 pM of UA at AuNP-GP-PEDOT:PSS/GCE, AuNP-
PEDOT:PSS/GCE, GP-PEDOT:PSS/GCE, PEDOT:PSS/GCE and bare
GCE.
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Fig. 6 DPVs of different concentrations of (a) DA and (b) UA and their
corresponding linear relationship between currents and concentra-
tions of (c) DA and (d) UA, respectively (n = 9).
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facilitate electron shuttling between the electrode surface and
the electroactive species through its redox mediation.** The
peak currents were even higher when GP was integrated into the
composite. This is especially for DA where the increment of the
peak height was almost double compared with AA and UA. This
favourable enhancement in the peak current of DA at the GP-
PEDOT:PSS electrode was due in part to the -7 interactions
between the graphitic surface of GP and the phenol ring of DA.*
In addition, DA which had a pkK, of 8.9 (aminoethyl group) was
present in a cationic form at the neutral pH of the measuring
buffer, while the nanocomposite carried a net negative charge of
PSS. This would cause the electrostatic attraction of DA to the
negatively charged electrode surface and thus even enhanced
the oxidative current of DA.*" In the case of AuNP-PEDOT:PSS/
GCE, the peak currents of DA and UA increased, while the AA
peak signal remained unchanged in relative to that of the GP-
PEDOT:PSS composite. The increase in oxidation currents of
DA and UA at the AuNP-PEDOT:PSS electrode was ascribed to
the adsorption of DA and UA on the AuNP surfaces through
favourable interactions of nitrogen bases (i.e., -NH,, NH) with
Au.*** When the AuNP-GP-PEDOT:PSS/GCE was used, the
highest current responses of DA and UA were obtained sug-
gesting that AuNP together with GP, PEDOT and PSS could
efficiently cooperate with each other and thereby could maxi-
mize the signal currents through a synergistic effect. In addi-
tion, the AuNP-GP-PEDOT:PSS modified electrode also
exhibited the highest peak resolution with the peak-to-peak
separation of 150 mV and 110 mV between AA-DA and DA-
UA, respectively. Therefore, AuNP-GP-PEDOT:PSS was consid-
ered within this work as the most promising composite material
and was further used to fabricate a highly sensitive and selective
electrochemical sensor for DA.

Electrochemical detection of DA and UA

DPV was used to investigate the performance of the modified
electrode, since it showed better sensitivity and higher peak
resolution than CV. The individual determination of DA and UA
at the composite electrode was carried out in the potential
window of —0.3 to 0.6 V in phosphate buffer (pH 7.0). As shown
in Fig. 6a, the electrochemical response of DA increases with the
increase in DA concentration. A linear correlation between the
peak current and the DA concentration (Fig. 6¢) was observed
from 1 nM to 300 pM with a correlation coefficient (R*) of 0.997
and a detection limit of 100 pM based on the signal-to-noise
ratio (S/N = 3). Such a low limit of detection could be clearly
realized by a highly electrocatalytic activity and a fast electron
transfer occurring in the nanocomposite. These are principally
due to a synergistic effect between the increased surface area
and high catalytic activity of AuNP, as well as the superior
conductivity of GP and PEDOT. As illustrated in Fig. 6b and d,
the peak current increases linearly with the increase of UA
concentration over the range of 10 uM to 1 mM (R* = 0.994). A
detection limit of 10 pM based on the signal-to-noise charac-
teristics (S/N = 3) could be achieved. Although the detection
limit of UA found in this work is not as low as those obtained
from the literature reports, it is still lower than the normal UA
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level in serum, making this material possible for real sample
analysis.

In the ternary mixture, the concentration of one analyte was
varied, while those of the other two species were kept constant.
As the concentration of DA increased, those of AA and UA were
fixed at 100 uM and 20 pM, respectively. Due to the unfavorable
interactions between the modified electrode surface and AA, the
anodic peak of AA was not clearly observed (Fig. 7a).

As illustrated in Fig. 7a, the peak current of DA increases
with the increasing concentration of DA, whereas that of UA
remains unaltered. A linear response of DA was observed from
1 nM to 300 uM (R*> = 0.993) (Fig. 7c). Even in the presence of AA
and UA in the solution, a detection limit of DA could still be as
low as 1 nM (S/N = 3). As depicted in Fig. 7b, the concentration
of UA was altered, while those of AA and DA were kept
unchanged at 100 uM and 5 uM, respectively. A linear correla-
tion between the concentration of UA and the current signal
(Fig. 7d) was realized over a wide concentration range of 10 uM
to 1 mM (R*> = 0.989) with a limit of detection of 10 uM (S/N = 3).

Reproducibility and stability

To investigate the inter-electrode reproducibility, nine inde-
pendent composite electrodes were prepared under the same
conditions and were used to determine DA and UA at different
concentrations. It was found that the relative standard devia-
tions (RSDs) of the peak currents were 2.32% and 3.30% (n = 9)
for DA and UA, respectively, indicating excellent reproducibility
of the prepared composite electrode. To further study the intra-
electrode reproducibility, the modified electrodes (n = 3) were
measured for 25 successive scans in a solution containing 500
uM DA. The current responses were recorded and the RSD was
found to be 3.96%, suggesting exceptional reproducibility, as
well as outstanding antifouling ability of the modified elec-
trode. To evaluate the storage stability, the nanocomposite
electrodes were stored in a dry state for 4 and 8 weeks and then
used to measure the current response of 500 uM DA. As shown
in Fig. S4,T the sensor responses remained 99.68% and 98.04%
in comparison to its initial value after 4 and 8 weeks, respec-
tively. This clearly indicates that the prepared sensor has good
stability over a period of at least 8 weeks.

Real sample analysis

To prove the feasibility of using the modified electrode for real
sample analysis, a dopamine hydrochloride injection and
human blood serum were used. The DA contents in the diluted
injection samples at two different concentration levels were
examined using the nanocomposite electrode. As shown in
Table S1,T the recoveries were found to be in the range of 93.0-
109.0% and the relative standard deviations (RSDs) were less
than 4.00%. For the serum sample, a spike and recovery method
was performed and the results are summarized in Table 1.
Known amounts of both analytes were spiked into the sample
solutions and the final concentrations were measured. The
recoveries of DA and UA were in the range of 97.4-106.6% with
excellent RSDs of less than 3.83%. The overall results could

This journal is © The Royal Society of Chemistry 2018
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Table 1 Determination of dopamine and uric acid in diluted blood
serum (n = 9)

Analyte Spiked (uM) Found (uM) Recovery (%) RSD (%)

DA 10.0 10.3 103.0 3.83
100.0 104.1 104.1 1.99
250.0 250.2 100.1 2.18

UA 100.0 97.4 97.4 1.97
500.0 533.1 106.6 2.79
1000.0 1000.0 100.0 2.03

indicate a good performance of the sensor for real biological
sample analysis.

Comparison with previously reported modified electrodes

The sensor performances in terms of a limit of detection and
linear range of calibration, in addition to the simplicity of the
fabrication process of the proposed sensor, were compared with
other previously reported sensors for electrochemical determi-
nation of DA, as summarized in Tables S27 and S3.7 In Table
S2,T the reports published in the literature for selective deter-
mination of DA on PEDOT-based modified electrodes are listed.
In comparison to the neat PEDOT coated electrodes,***" the
graphene-PEDOT**** and AuNP-PEDOT** modified sensors
exhibited a significant improvement in limits of detection by
taking the advantage of the signal enhancing characteristics of
the embedded graphene and AuNP within the conducting
PEDOT. In the presence of SDS, the detection limit of the
PEDOT modified electrode was even one order of magnitude
lower than that obtained from the assay without the anionic
surfactant as reported by Atta et al.*® The same phenomenon
was also observed on the AuNP-PEDOT modified sensor*” where
the limit of detection could be lowered down to 390 pM by using
SDS. This clearly confirms that the presence of the negatively
charged compounds could efficiently enhance the diffusion and
accumulation of the positively charged DA to and at the elec-
trode surface via the electrostatic attraction and thus increasing
the oxidation current of DA, as well as lowering its detection
limit. Compared to all of those PEDOT-based modified elec-
trodes, our sensor shows a broader concentration range and
a lower limit of detection. This clearly indicates that a syner-
gistic combination of AuNP, GP, PEDOT and PSS could signif-
icantly improve sensitivity of the analytical detection and
thereby lowering the limit of detection.

The detection limits of all the selected sensors in Table S3+
are all lower than 10 nM and are among the best values reported
so far for DA sensors. As far as the DA level in serum (sub-
nanomolar) is concerned, only some of these reported mate-
rials are applicable. As shown, our established sensor has
a better limit of detection and a wider linear range in compar-
ison to most of the sensors. Although the detection limit of our
modified electrode is not as low as what was reported by Qian
et al. (2014),°* our sensor offers a wider linear response. In
addition, it should be noted that our synthesis protocol is much
greener, milder and simpler as compared to the others, which
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are mainly based on harsh chemical reactions, such as
Hummers method, solvothermal technique and conventional
chemical reduction via hydrazine and borohydride.

Conclusions

In this work, a facile strategy to prepare the AuNP-GP-
PEDOT:PSS based electrochemical sensor was demonstrated.
The synthesis protocol is considered as a green method because
environmentally friendly water based reactions are used
throughout all the preparation steps. In addition, there is no
use of hazardous chemicals such as hydrazine and borohydride.
This could significantly reduce the production of chemical
waste. Moreover, the synthesis route is very versatile and could
be wused for the preparation of other nanocomposites
comprising of graphene, metal nanoparticle (e.g., PtNP, PANP,
AgNP) and conductive polymer (e.g., polypyrrole, polyaniline). A
synergistic effect of GP, AuNP and PEDOT:PSS could contribute
to greatly enhanced sensitivity and reduced electrode over-
potentials. Furthermore, the modified electrode could also
provide well resolved oxidation peaks of DA and UA, as well as
a significant suppression of AA signal. This could make
a determination of DA and UA in the presence of AA feasible. An
outstanding detection limit of 100 pM, as well as a wide linear
response of 1 nM to 300 uM toward DA achieved in this work is
among the greatest values reported for the nanocomposite
based electrochemical sensors. The as-prepared -electrode
shows excellent reproducibility and high stability over at least 8
weeks without any significant change in its electrochemical
response. There was also no electrode fouling observed, even
after 25 successive scans. Additionally, such a sensor could be
successfully demonstrated for real sample analysis with satis-
factory accuracy and precision. This in turn indicates that our
established electrochemical sensor could be a potential candi-
date for bioanalytical applications.
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