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Abstract

A nanohybrid electrode was prepared by functionalizing reduced graphene oxide nanosheets (GNs) with gold nanoparticles
(AuNP), CoS,, and an ionic liquid. It is shown to enable voltammetric determination of dopamine (DA). The AuNPs were
electrodeposited onto the electrode that was first modified with CoS, and the IL-GNs to obtain a well-defined 3-dimensional and
porous structure. The nanohybrid material displays high catalytic activity and an ultrasensitive cyclic voltammetric response to
DA. The peak current (best measured at a working voltage of 0.17 V vs. Ag/AgCl) increases linearly in the 0.1 to 400 uM DA
concentration range, with a 40 nM detection limit (at S/N = 3). The electrode was successfully applied to the determination of DA

in spiked serum samples.
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Introduction

Dopamine (DA) is a neurotransmitter responsible for neuron
signalling in the central nervous system of mammalian brains
[1]. The concentration distribution of DA at a specific area
determines the endocrine properties of the pituitary gland that
is closely related to neural activity. Indeed, a modification or
alteration of the DA concentration distribution may be the cause
of some neurological disorders such as the Parkinson’s disease
or schizophrenia, respectively [2]. Therefore, it is important to
develop methods able to analyze DA for the diagnosis of
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neurological disorders and related medications used in nerve
physiology [3]. The currently available analytical methods for
the determination of DA are namely high performance liquid
chromatography (HPLC) [4], UV-Vis spectroscopy [5], capil-
lary electrophoresis [6], liquid chromatography electrospray
tandem mass spectrometry [7], flow injection analysis [8], fluo-
rescence [9], and electrochemical detection [10]. Apart from the
electrochemical detection, most of the cited experimental pro-
cedures are complex, cumbersome, expensive, time consum-
ing, and require numerous and a large amount of sample [11].
The electrochemically active DA is a catecholamine that can be
directly analyzed by an electrochemical method. More specifi-
cally, DA presents an over-potential when measured on a con-
ventional electrode and exhibits a slow electron transfer rate
[12]. Consequently, exploring strategies based on the electro-
chemical properties of DA with electrocatalytic nanomaterials
are crucial in order to develop selective and sensitive DA de-
tection and monitoring methods.

According to reports, DA sensors prepared from metal
nanomaterials, such as of silver, gold, and platinum [13], have
been developed because of their suitable electrocatalytic prop-
erties. More specifically, gold nanoparticles (AuNP) have
been widely used in the fabrication of sensors due to the op-
erational simplicity of its preparation, accessible chemical
modification, and good biocompatibility [14]. The
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electrostatic forces between the negative holding potential on
the AuNP surface and protonated dopamine in physiological
pH allows significant adsorption and easy capture of the elec-
trons from DA molecules [15], and therefore inducing the
electrochemical detection of DA by the AuNP sensors. The
assembling of AuNP on the electrode’s surface increases the
electrode conductivity and facilitates the electron transfer, im-
proves the analytical sensitivity, selectivity, and stabilizes the
sensors [16]. Moreover, AuNP exhibits superior poison resis-
tivity toward the electro-oxidation of DA due to their large
surface-to-volume ratio and the presence of highly active
binding-sites on the surface of the nanoparticles.

Besides, transition-metal sulfides are regarded as a se-
rious of promising active material because they exhibit
outstanding properties which are suitable for applications
in energy, catalysis [17]. In particular, cobalt disulfide
(CoS,) becomes a potential material to modify electrode
because of its high catalytic ability and stability at the
elevated thermal decomposition temperature [18]. CoS,
coating on the surface of electrode can promote electro-
chemical performance of the electrode due to its superior
electrochemical catalysis. Furthermore, accessible chemi-
cal modification of the surface with functional groups
offers many opportunities in the development of sensors
and other fields [19, 20].

Another aspect to investigate is the adsorption of the
DA onto the surface of the sensors. Graphene oxide (GO)
is a two-dimensional material and characterized by a lay-
er of carbon atoms, bringing the many excellent proper-
ties of the material [21]. Indeed, GO exhibits comparable
or higher electrochemical performance than carbon nano-
tubes and their preparation does not require separation of
metal from the semiconductor or removal of catalyst and
other impurities [22]. Among the functionalized GO de-
veloped for different applications, ionic liquid functional-
ized grapheme oxide nanosheets (IL-GN) appear to ex-
hibit adequate properties for our purpose such as strong
electrical conductivity, large specific surface area and
convenient dispersibility and stability [23]. Due to the
positive charges, the IL-GN forms a stable composite
film with negatively charged CoS, that facilitates the ad-
sorption and sensitive detection of DA. This is not only
owe to the ionic liquids with positive charge can effec-
tively promote the enrichment of DA, but also benefited
from the network structure of IL-GN has accelerated the
electron transfer.

In this paper, a DA sensor based on AuNP/CoS,/IL-GN
modified glassy carbon electrode (GCE) was fabricated to
detect DA. This novel structure greatly enhances the electron
transfer and electrocatalytic activity. Cyclic voltammetry (CV)
was employed to evaluate the electrochemical behavior and
interference resistance of the sensor. Differential pulse volt-
ammetry (DPV) was performed to detect DA in serum.
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Experimental
Chemicals and materials

Graphene oxide nanosheets (GNs) were purchased from
Nanjing XFNano Materials Technology Company (Nanjing,
China, http://www.xfnano.com/product/pros357.aspx). The
following chemicals DA, chitosan (Chi), ascorbic acid (AA),
uric acid (UA), ethylenediamine (EN), polyvinylpyrrolidone
(PVP), sodium borohydride (NaBH,), chlorauric acid
(HAuCly), cobalt (II) acetate tetrahydrate, and 1-(3-
aminopropyl)-3-methylimidazolium bromide (IL-NH,) were
obtained from Sigma (Shanghai, China). The potassium ferri-
cyanides (K3Fe(CN)q and K4Fe(CN)g), potassium chloride
(KCl), acetic acid, and other reagents were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Beijing, China,
http://www.sinopharm.com). All reagents were of analytical
grade reagents and used as received. The water used in all the
experiments was deionized, filtered through nanosize pores,
and distilled (DDW, 18.2 MQ cm ™).

Apparatus

The experiments for CV and DPV were performed on a
CHI660C electrochemical system (Chenhua Instruments,
Shanghai, China) with a computer for data storage and pro-
cessing. The measuring unit comprised a conventional
three-electrode system, with a GCE as the working elec-
trode, an Ag/AgCl/KCI (saturated) electrode as the refer-
ence, and a platinum wire as the counter electrode. The
characterization of the different modified electrodes was
determined by CV experiments in 100 mM phosphate buft-
er (0.1 M, pH=7.0) or in a solution of K;5[Fe(CN)¢]/
K4[Fe(CN)¢] (1:1, 1 mM) containing KCI (100 mM). The
DPYV signals were recorded in the range of —0.2 to 0.4 V
(increment: 0.005 V; amplitude: 0.05 V; pulse width: 0.1 s;
sampling width: 0.02; pulse period: 0.1 s). In all electro-
chemical experiments, the soaking time before measure-
ment was 2 s.

Transmission electron microscopy (TEM, JEOL 2010F,
200 kV) was used to study the morphology and microstructure
of CoS, and nanocomposites. Scanning electron microscope
(SEM) was performed on an S-4800 electron microscope
(Hitachi, Ltd., Japan). All experiments were conducted at
room temperature.

Preparation procedure

The nanosheets of IL-GN were synthesized by an epoxide
ring-opening reaction between GNs and IL-NH, as described
in our previous report [24]. Briefly, a DDW solution (10 mL)
of GNs (5 mg), IL-NH, (10 mg) and KOH (10 mg) was sub-
jected to ultrasounds for 30 min and then heated at 80 °C for
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24 h under regular stirring. The resulting substance was cen-
trifuged and washed with ethanol and DDW. The subsequent
product was dispersed in 20 mL DDW and an aqueous solu-
tion of NaBH,; (2 M, 1 mL) was added. And the reaction
mixture was heated at 80 °C for 2 h under stirring. Finally,
the obtained IL-GN was washed three times with DDW.

The CoS, nanomaterial was prepared in a closed reactor by
a hydrothermal method following the steps described below
[25]. EN (0.5 mL), PVP (MW =50,000, 60 mg), and CS,
(1 mL) were successively added to an aqueous solution of
cobalt (IT) acetate tetrahydrate (498 mg, 2 mmol, 30 mL),
which was stirred during 30 min. The resulting solution was
transferred into a sealable Teflon-lined stainless steel auto-
clave and heated at 200 °C for 12 h. After cooling to room
temperature, the subsequent powder was washed several times
with DDW and then dried in vacuum at 80 °C for 12 h to
finally obtain the CoS, nanomaterial.

Preparation of the modified electrode

The adhesives, used to provide a matrix for immobilization of
nanomaterials, were prepared by heating a chitosan solution
(1 mg mL ") at 80 °C in a water bath. The CoS,, IL-GN, and
hot solution of chitosan were mixed at the volume ratio of
1:1:0.5 and submitted to ultrasounds for 30 s. Then, a solution
of the nanocomposites (5 pL) was deposited onto the GCE
surface with a micropipette to obtain the CoS,/IL-GN/GCE
after drying naturally.

The AuNP were deposited on the surface of CoS,/IL-GN/
GCE at a constant electric potential. Briefly, the GCE modi-
fied by CoS,/IL-GN composites was dipped into a KCl solu-
tion (100 mM) containing HAuCl, (2 mM) at a constant elec-
tric potential of —0.3 V for an optimal deposition duration of
300 s.

The solutions were deaerated (mainly for O, removal) by
bubbling the buffer (10 mL) and the DA standard solution
(0.1 mM) with N, gas for 5 min.

Results and discussion
Choice of materials

Compared with other sulfides, CoS, is a potential material to
modify electrode because of its high electrical conductivity
and stability at the elevated thermal decomposition tempera-
ture. CoS, coating on the surface of electrode can promote
electrochemical performance of the electrode due to its supe-
rior electrochemical catalysis.

Graphene exhibits higher electrochemical performance
than carbon nanotubes and their preparation does not require
separation of metal from the semiconductor or removal of
catalyst and other impurities. And GO has a large number of

polar oxygen groups, which causes both high chemical activ-
ity and hydrophilic activity between the layers of GO. Of the
various ways that GO has been functionalized for different
applications, ionic liquid functionalized GO (IL-GN) has par-
ticular advantages, such as strong electrical conductivity, a
large specific surface area, good dispersibility, and stability.

Morphology and characterization

The TEM micrograph illustrated in Fig. S1A shows a typical
thin flake-like nanocrystalline morphology of the CoS,
nanomaterials. Moreover, the more surface morphologies of
the different nanomaterials were investigated using SEM. In
the case of IL-GN (Fig. 1a, b), we can observe a thin layer of
IL-GN displaying a typical crumpled and wrinkled structure,
providing a large rough surface as scaffold for further chem-
ical modification. The results show that the CoS, nanomaterial
(Fig. lc, d) grew along a preferred orientation directing to-
wards a two-dimensional nanocrystalline structure. The
SEM image of a randomly chosen section of the CoS,/IL-
GN (Fig. le, f) nanomaterial indicates that CoS, were uni-
formly fixed onto the IL-GN nanosheets surface. Moreover,
the AuNP present on the surface of the IL-GN sheets exhibits
a spherical structure with diameter ranging from 100 to
150 nm (Fig. 1g, h).

The powder X-ray diffraction (XRD) patterns of the syn-
thesized CoS, and CoS,/IL-GN nanomaterials are represented
in the Fig. 2a. The distinct diffraction peaks of both samples
are attributed to the standard cubic phase of CoS, [26]. No
other obvious peaks relevant to Co or S can be further detected
in the patterns.

The FT-IR spectrum of IL-GN is shown in the Fig. 2b. The
bands at 2935 and 2843 cm ! are ascribed to the CH;3(N) and
CH,(N) stretching vibrations, respectively. In particular, the
stretching vibration of the C-N bonds in the imidazole ring is
clearly observed at 1637 cm ' [27], further indicating the suc-
cessful synthesis of the CoS,/IL-GN nanomaterial. Besides,
the strong peak around 1060 cm ' is attributed to Co=S
stretching in CoS, [28]. The CoS,/IL-GN nanomaterial is fur-
ther examined using X-ray photo-electron spectroscopy
(XPS) and the results are shown in the Fig. 2 and S1. The
XPS spectrum of CoS,/IL-GN (Fig. 2¢) confirms the presence
of the four expected elements: C, N, O, S, and Co. Moreover,
the Cls spectrum shown in Fig. SI1C indicates three main
types of carbon bonds in the CoS,/IL-GN nanomaterial,
named C-C, C-N, and epoxyl-carbon appearing at 284.6,
285.9, and 287.7 eV, respectively [29]. Interestingly, the
N1 s band at401. 7 eV (Fig. 2d) presents a shoulder at a lower
binding energy of 397.9 eV, which clearly confirms the pres-
ence of IL-graphene. The positions and relative intensities of
the Co2ps,, (Fig. S1C) and S2p3,, (Fig. S2D) are correspond
to the values reported in the literature [19] and confirm the
presence of CoS, in the nanomaterial.
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Fig. 1 SEM images of IL-GN (a
and b), CoS, (¢ and d), CoS,/IL-
GN (e and f), and Au/CoS,/IL-
GN/GCE (g and h)

Cyclic voltammetric behaviors of DA on the sensor

The CV behaviors of bare GCE, AuNP/GCE, CoS,/IL-
GN/GCE, and AuNP/CoS,/IL-GN/GCE plunged in phos-
phate buffer were recorded using 0.1 mM DA. As
depicted in the Fig. 3, the CV plot for the bare GCE
shows an oxidation peak current at 2.629 pA and a reduc-
tion peak at —1.474 pA, attributed to the lowly electron
transfer between the DA solution and the electrode. As
the AuNP covered the same electrode, increase of the

@ Springer
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oxidation and reduction currents is observed by 149.7%
and 273.7%, respectively. The results indicate that the
oxidation and reduction currents on the CoS,/IL-GN/
GCE are associated to an oxidation peak current at
3.832 pA and a reduction peak at —1.158 pA, respective-
ly. More interestingly, the oxidation and reduction cur-
rents further increase by 458.2% and 811.1% on the
AuNP/CoS,/IL-GN/GCE, which indicates the highest sen-
sitivity among these modified electrodes because the
higher signal means higher sensitivity for the constant
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Fig. 2 a XRD pattern of CoS, (b)
(red) and CoS,/IL-GN (black). b ’;
FTIR spectra of CoS,/IL-GN. i
XPS patterns of (¢) CoS,/IL-GN > ~
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concentration DA. Indeed, the higher peak current of the
oxidation of DA on the AuNP/CoS,/IL-GN/GCE com-
pared to the CoS,/IL-GN/GCE, indicates a higher and
synergistic electrocatalytic activity of the AuNP and
CoS, towards DA [30]. Moreover, no obvious signal can
be detected for the electrode modified with AuNP/CoS,/
IL-GN in phosphate buffer when DA is not present (Fig.3
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Fig. 3 The CV curves of DA (0.1 mM) recorded on bare GCE (a), Au/
GCE (b), CoSy/IL-GN/GCE (¢), and Au/CoS,/IL-GN/GCE (d) in phos-
phate buffer , scan rate set at 100 mV s ! Inset: the CV curves of Au/
CoS,/IL-GN/GCE in phosphate buffer without (black curve) and with
(red curve) 0.1 mM DA, scan rate set at 100 mV s!

0.0 0.6

insert), which highlights that no redox reaction occurs with
the composite.

For further investigate the kinetic behavior, some kinetic
parameter can be calculated from Laviron’s Eq. [31]:

2.303RT RTK® 2.303RT
_ 10
Ep=E"+ < onF >10g anF + < onF )logv (1)
2.44RT  0.0626
12 anF an ( %8 ) ( )

Where W, is the half width of peak; v is the scan rate; and R,
T and F are molar gas constant, temperature, and Faraday’s
constant, respectively. Besides, according to Bard and
Faulkner, & can be given as:

47.7

oO=—
E,~E,)

mV(298K) (3)
where E, is peak potential, and E,, is the half peak potential
where current is at half of the peak value. Thus, « of the elec-
trode was calculated to be 0.74, while it of CoS,/IL-GN/GCE
was 0.48 and AuNP/GCE was 0.95. Moreover, the numbers of
electron transferred (n) in the electrochemical oxidation at three
modified electrodes were calculated to be 1.21, 0.59 and 0.53,
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Fig. 4 Plot of the anodic peak currents of a solution of DA (0.1 mM) in

phosphate buffer) recorded at the Au/CoS,/IL-GN/GCE against the
deposition duration. Scan rate set to 100 mV s~

respectively. Obviously, the n value at AuNP/CoS,/IL-GN/
GCE was higher than that of CoS,/IL-GN/GCE and
AuNP/GCE, which affirmed that this electrode enhances the
electron transfer and electrocatalytic activity due to the syner-
gistic reaction between AuNP and CoS,.

Effect of electrodeposition times

The electrochemical properties of the sensor fabricated at differ-
ent electrodeposition durations were evaluated. To investigate
the electrocatalytic activity of the obtained AuNP/CoS,/IL-
GN/GCEs after depositing Au nanostructures, we conducted
the electrocatalytic oxidation of DA in a 100 mM phosphate
buffer containing 0.1 mM of DA and the results are shown in
Fig. 4. Increasing the deposition duration enhanced the electro-
catalytic activity of the electrode, which results from an exten-
sion of the electrochemical active surface area provided by the
dense gold nanostructures as evidenced in previous studies [32].
However, increasing the deposition duration beyond 300 s do
not significantly enhance the catalytic activity of the sense plat-
form towards DA oxidation, implying that this maximum

Table1 Influences of some co-existing substances on the determination
of the DA concentration fixed at 0.1 mM

Co-existing substance Concentration (mM) Relative error (%)

Na* 10 1.14
K* 10 1.23
Cr 10 1.19
NO;~ 10 0.87
Nohs 10 1.17
Ca** 5 1.76
Zn** 5 1.68
Mg 5 1.57
Tartaric acid 2 2.03
Sodium acetate 2 2.31
UA 2 3.21
Lysine 2 1.56
Cysteine 2 2.35
Glucose 2 2.79

@ Springer

duration is the limit reached for the available electrochemically
active surface area. Indeed, the nanostructures that grew at a later
stage cover the active sites of the nanostructures formed at the
beginning of the deposition, and the increased amount of AuNP
available as the deposition duration increased (depositing after
300 s) can easily detach from the surface of the GC electrode
during the CV measurement. Therefore, a value of 300 s was
selected as the optimal deposition duration.

Other optimizations of experimental conditions were given
in the Electronic Supporting Material (ESM).

Interference on the DA detection

Furthermore, we investigated the influence of common sub-
stances co-existing with DA in samples. The electrode was
tested in the presence of common interfering in-vivo sub-
stances and chemicals, such as epinephrine, 3-
methoxyphenol, quercetin, vanillin, serotonin, tyramine, and
dopa, in order to evaluate the implied disturbance by the co-
existing substance on the result of the DA detection. When the
relative error (E,) exceeded 5%, the tested substance is con-
sidered to be an interfering agent. The results of Table 1 show
that all the tested substances do not interfere with the response
of DA at the AuNP/CoS,/IL-GN/GCE. Indeed, it is found that
most ions and common substances caused only negligible
change even at high concentrations, i.e. Na*, K*, CI", NO;3~,
SO4* (100 fold); Ca**, Zn>*, Mg** (50 fold); tartaric acid,
sodium acetate, AA, UA, lysine, cysteine and glucose (20
fold). The results showed in Table 1 and indicate that the
sensor exhibits an enhanced selectivity for the DA detection
with the currently known substances. Meanwhile, the interfer-
ence of AA to the DA detection was shown in the ESM.

Detection of DA in a serum sample

Under the optimal experimental conditions, the oxidation
peak current (I,,) of DA increases as its concentration

30

25

20

I/pA

0 100 200 300 40

15 c¢/pM

10

5 1 1 1 1 1
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

E/V
Fig. 5 The DPV curves of DA recorded on the Au/CoS,/IL-GN/GCE in

phosphate buffer (pH 7.0) with increasing concentrations of DA from
0.10 to 400.0 uM (a-k)
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Table 2 Comparison of the

parameters obtained from the Sensors Method Linear range (1M) Detection limit (uM) References
electrochemical detection of DA PANCUGO" N 20220 02 2l
ith different methods and - mperometry . :
gl dified electrod CeO,/Au Amperometry  0.01-40 0.056 [35]
odrhied electrodes DAR® DPV 1-12 0.1 [36]
PEDOTYAu DPV 0.15- 150 0.07 [37]
MoS,/rGO DPV 5-545 0.05 [38]
GO-MWCNT/MnO,/AuNP®  Amperometry 0.5 - 2500 0.17 [39]
pCu,O NSLGO DPV 0.05-109 0.015 [40]
Au/CoS,/IL-GN/GCE DPV 0.1-400 0.04 This study

? palladium nanocubes
® reduced graphene oxide
¢ dendritic Au rod

9 Poly(3,4-ethylenedioxythiophene)

¢ gold nanoparticles
fporous Cu,O nanospheres

increases from 0.1 to 400.0 uM (Fig. 5). The DPV curve
shown in Fig. 5 can be fitted by the linear regression equation
Ioa (LA)=0.04332cps (UM) +10.2004 (R*=0.9983) with
sensitivity of 0.6129 pA-uM '-cm 2. The detection limit is
0.04 uM (S/N=3), which is lower than the ones reported in
previous reports [33, 34], illustrating that the modified elec-
trode exhibits the higher sensitivity for the DA detection and a
wide linear range. The Table 2 summarizes a comparison of
methods, linear ranges, and detection limits obtained on Pd,
Ni, and other nanomaterials used for electrochemically deter-
mination of DA in phosphate buffered solution.

Application of the DA sensor in real samples

The utilization of the electrode for a real sample analysis was
investigated by the direct detection of DA in fetal bovine
serum. The determination of the DA concentration in a fetal
bovine serum was estimated based on the repeated DPV re-
sponses (n =5) of the diluted analytes (Fig. S6). The samples
were spiked with a specified concentration of DA by using the
standard addition method, and we measured the DA concen-
tration of the spiked samples. The recovery rates showing in
Table S1 are all satisfying as the lowest value is 98.2% and the
highest one is 102.4% within a DA concentration ranging
from 0.5 to 200 uM.

Conclusions

We constructed a DA sensor based on AuNP/CoS,/IL-GN
nanocomposites by electrodeposition. The nanocomposites
were thoroughly characterized by scanning electron micros-
copy, spectroscopy and electrochemical methods and these
results reveal unique structural features and excellent electro-
chemical properties. Moreover, the sensor exhibits a higher
DA-detection sensitivity and more resistance against interfer-
ence stemming from common co-existing substances, which

may present in real samples. The determination of the DPV
curves provides satisfactory results which can be character-
ized by a linear response for DA concentrations ranging from
0.1 to 400.0 uM. The DA sensor was successfully tested for
the detection of trace amounts of DA in real samples. The
results obtained from our study, open a new avenue for the
detection of DA in real biological samples, and also present a
new application of CoS, nanomaterials for electrochemical
sensors. However, the clinical application of this method re-
mains to be studied.
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