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A sensitive and reliable dopamine biosensor was developed based
on the Au@carbon dots–chitosan composite film
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a b s t r a c t

A novel composite film of Au@carbon dots (Au@CDs)–chitosan (CS) modified glassy carbon electrode
(Au@CDs–CS/GCE) was prepared in a simple manner and applied in the sensitive and reliable
determination of dopamine (DA). The CDs had carboxyl groups with negative charge, which not only
gave it have good stability but also enabled interaction with amine functional groups in DA through
electrostatic interaction to multiply recognize DA with high specificity, and the Au nanoparticle could
make the surface of the electrode more conductive. Compared with the bare GCE, CS/GCE, and CDs–CS/
GCE electrodes, the Au@CDs–CS/GCE had higher catalytic activity toward the oxidation of DA.
Furthermore, Au@CDs–CS/GCE exhibited good ability to suppress the background current from large
excess ascorbic acid (AA) and uric acid (UA). Under the optimal conditions, selective detection of DA in a
linear concentration range of 0.01–100.0 μMwas obtained with the limit of 0.001 μM (3S/N). At the same
time, the Au@CDs–CS/GCE was also applied to the detection of DA content in DA's injection with
satisfactory results, and the biosensor could keep its activity for at least 2 weeks.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Acting as one of the excitatory neurotransmitters, dopamine
(DA) plays an important role in several physiological events such
as behavior, mood, and movement. It is also involved in some
diseases and in drug addiction. In addition, DA is available for
intravenous medication, which acts on the sympathetic nervous
system, to produce effects such as increasing heart rates and blood
pressure (Ji et al., 2012; Suzuki et al., 2013; Wightman, 2006;
Sulzer, 2011; Goldberg, 1972). Hence, determination of DA in vivo/
vitro becomes increasingly important in clinical medical practice.
Tremendous efforts have been made over the last 30 years to
detect it, such as high performance liquid chromatography (Muzzi
et al., 2008; Carrera et al., 2007), ultraviolet–visible spectropho-
tometry (Barreto et al., 2008), capillary electrophoresis (Thabano
et al., 2009; Li et al., 2010), liquid chromatography–electrospray
tandem mass spectrometry (El-Beqqali et al., 2007), fluorescence
spectrometry (Khattar and Mathur, 2013; Chen et al., 2011), etc.
Compared with other described methods, the direct electroche-
mical method for DA analysis, as a simple, rapid, and sensitive

alternative, is drawing increasing attention. However, on the bare
glassy carbon electrode (GCE) the coexisting compounds such as
uric acid (UA) or ascorbic acid (AA) in the biological samples can
cause great interference due to the similar oxidation potential
close to that of DA (Liu et al., 2013, Zhang et al., 2005). In addition,
the accumulation of the oxidation product of AA or UA on
electrode surface may lead to the electrode fouling with poor
selectivity and reproducibility (Gonon et al., 1980). To resolve this
problem, various materials have been employed to elaborate the
surface of working electrodes or as the electrode materials,
including boron-doped carbon nanotubes (Deng et al., 2009),
graphene (Kim et al., 2010), gold nanoparticle (Raj et al., 2003),
single wall carbon nanotubes (Habibi et al., 2011), Cu2O/graphene
(Zhang et al., 2011), Au nanoparticle–polyaniline nanocomposite
layers (Stoyanova et al., 2011), multiwall carbon nanotubes
(Alothman et al., 2010), hollow nitrogen-doped carbon micro-
spheres (Xiao et al., 2011), and so on. Although most of these
systems contributed to the detection of dopamine, these modified
materials had either limitations with aspect to sensitivity or the
material synthesis was sophisticated and expensive. Consequently,
it is highly desirable to develop a sensor that is not only sensitive,
selective and reliable but also simple, practical and economical in
biological, pharmacological and toxicological fields.

For biosensing electrodes, Au nanoparticle is an excellent
choice due to its conductivity, stability, biocompatibility and large
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surface area (Hsu et al., 2012). Carbon dots (CDs) as a class of ‘zero-
dimensional’ carbon nanomaterials have recently received con-
siderable attention because of their advantageous characteristics.
Compared with conventional semiconductor quantum dots, CDs
are superior in terms of low cytotoxicity, excellent biocompat-
ibility, simple synthesis, economy and remarkable conductivity
(Liu et al., 2012; Dai et al., 2012; Chen et al., 2013). The CDs can
provide abundant carboxyl groups at the surface which can
significantly enhance the redox response of dopamine. In this
paper, we reported the synthesis of Au@carbon dots (Au@CDs),
and the Au@CDs nanostructures could be used as electrochemical
labels with signal amplification technique as the CDs could
increase surface area of the electrode and Au nanoparticle could
make the surface of the electrode more conductive. Then a novel
composite film of Au@CDs–chitosan (CS) modified GCE (Au@CDs–
CS/GCE) was prepared, and introduced it into a sensor for the
rapid, simple and sensitive determination of DA. Under the
optimal conditions good linearity was observed between the
differential pulse voltammetric peak current and the concentra-
tion of DA in the range from 0.01 μM to 100 μM in a pH
7.0 phosphate buffer solution. Meanwhile, the Au@CDs–CS/GCE
was applied to the detection of DA content in injection solution.

2. Experimental

2.1. Reagents and instrumentation

Sucrose, chitosan, chloroauric acid and dopamine were obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Oil acid,
glacial acetic acid, ascorbic acid, citric acid and polyethylene glycol-200
were purchased from Xilong Chemical Co., Ltd. (Guangdong, China).
Phosphate buffer solution was from Shanghai Kangyi Instrument Co.,
Ltd. (Shanghai, China). All other reagents are analytical reagents.
Nanopure deionized and distilled water (18.2 MΩ) was used through-
out all experiments.

Electrochemical experiments such as cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) were carried out on a
CHI 650D electrochemical workstation (Shanghai ChenHua Instru-
ments Co., China). A conventional three-electrode systemwas used
for all electrochemical experiments, which consisted of a platinum
wire as auxiliary electrode, an Ag/AgCl/saturated KCl as reference
electrode, and a bare or modified GCE as working electrode.
The pH measurements were carried out on a pHS-3C exact digital
pH metre (Shanghai Mettler-Toledo Instruments Co., Ltd.), which was
calibrated with standard pH buffer solutions. The UV–vis absorption
was registered by a mapada UV-1800PC (Shanghai China). The surface
morphology of the Au@CDs–CS film was observed with atomic force
microscopy (AFM, CSPM5500, China). Transmission electron micro-
scope (TEM) was performed on a JEM-1230 electron microscope (JEOL,
Ltd., Japan) at 300 kV. All experiments were conducted at room
temperature.

2.2. Synthesis of CDs, Au nanoparticle and Au@CDs

According to Chen's method (Chen et al., 2013), 10 g sucrose
and 20 ml oil acid were put into a three neck flask at 215 1C for
5 min under vigorous magnetic stirring and nitrogen protection to
yield CDs. The sucrose slowly melted at 180 1C and turned from an
orange suspension to a clear brownish solution. After cooling, the
supernatant liquid was discarded and the solid brownish product
was obtained at the bottom of flask. The precipitate was dissolved
with 40 ml water, and then it was extracted with hexane several
times in order to remove remaining oil acid. At last, the CDs were
dialyzed for 24 h with the dialysis membranes of 1000 cutoffs,
diluted to 500.00 mL with water and then stored at 4 1C for use.

Au nanoparticle was prepared according to the literature
(Frens, 1973): 25 mL of HAuCl4 (0.01% by weight) was heated to
boiling; then, 375 mL aqueous solution of sodium citrate (1% by
weight) was added. After reaction for 30 min, a wine red suspen-
sion of Au nanoparticle was obtained.

The synthesis of Au@CDs is as follows: 100 μL aqueous solution
of HAuCl4 (1.0 mg mL�1) was added to 100 μL CDs solution
(8.0 mg mL�1). The mixed solution was kept at 100 1C for 80 min
to yield a stable purple solution of Au@CDs (Luo et al., 2012).
Scheme S1 (see Scheme S1 in the Supplementary materials) shows
the synthesis of CDs and Au@CDs.

2.3. Electrode preparation

The GCE was polished to a mirror-like surface with 1.0 μm,
0.3 μm, and 0.05 μm α-alumina slurry then washed successively
with distilled water, ethanol and distilled water in an ultrasonic
bath, and dried in air before use.

Synthesis of Au@CDs–CS composite film: 100 μL 1.0% CS solu-
tion was added to 200 μL Au@CDs solution with vigorous ultra-
sonication. Then with a microinjector, 5.0 μL of the mixture
solution was cast on the surface of GCE, and left to dry in an oven
at 60 1C for 30 min.

3. Results and discussion

3.1. Characterization of CDs, Au@CDs and CDs–CS/GCE

The morphology of CDs (see Fig. S1A in the Supplementary
materials) and Au@CDs (see Fig. S1B in the Supplementary
materials) was characterized by TEM; typical UV–vis absorption
spectra of CDs (a), Au (b) and Au@CDs (c) was shown in Fig. S1C
(see Fig. S1C in the Supplementary materials). The Au@CDs had
strong absorption bands at 282 nm and 536 nm. These values are
consistent with previous reports (Chen et al., 2013; Luo et al.,
2012).

AFM images of bare GCE and Au@CDs–CS/GCE film are shown
in Fig. S2 (see Fig. S2 in the Supplementary materials). They show
that the bare GCE surface is relatively smooth with the average
roughness of 1.13 nm (see Fig. S2A in the Supplementary materi-
als) whereas the average roughness of GCE is 117 nm after being
modified by Au@CDs–CS (see Fig. S2B in the Supplementary
materials), and irregular round islands appeared, which explains
how the surface morphology changed the roughness. This result
demonstrated that Au@CDs–CS film was deposited on the GCE
surface.

3.2. Cyclic voltammetric behavior of DA on the Au@CDs–CS/GCE

The electrochemical responses of DA at GCE, CS/GCE, CDs–CS/
GCE and Au@CDs–CS/GCE were examined using CV in 0.2 mM DA
solution. As shown in Fig. 1, at a bare GCE (a), a pair of redox peaks
appeared. After casting CS on the GCE (b), the redox peaks
disappeared and the CDs-CS (c) or Au–CS (d) was fixed on the
GCE surface, the redox peaks increased a little. However, for
Au@CDs–CS modified GCE (e), the redox peaks increased consid-
erably, which was due to the unique properties of Au@CDs and CS;
the CS backbone together with Au@CDs introduced obviously
sensitized the electrochemical redox of DA. Hence, this electro-
chemical platform based on CS and Au@CDs offered enhanced
determination sensitivity for DA. A possible reaction mechanism of
Au@CDs–CS/GCE with DA is discussed, which is shown in Scheme
S2 (see Scheme S2 in the Supplementary materials). The CS is
a biological cationic macromolecule with primary amines, and
there are diols, amine functional groups, and phenyl in the DA
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molecules; therefore, it makes the system have a higher degree of
irreversibility, However, the CS could make the Au@CDs to be on
electrode membrane easily and it could avoid the interference of AA
and UA (Fernandes et al., 2010; Ge et al., 2009) in the phosphate
buffer solution of pH¼7.0. Meanwhile, the CDs had carboxyl groups
with negative charge, which not only gave it have good stability but
also enabled interaction with amine functional groups in DA
through electrostatic interaction to multiply recognize DA with
high specificity; the Au nanoparticle could also increase the current
as it could make the surface of the electrode more conductive.

3.3. Effects of scan rate

The effect of scan rate on the redox of DA was also investigated.
Fig. 2A reveals the CV of 0.200 mM DA at Au@CDs–CS/GCE with
different scan rates. The redox peaks current increased gradually
with the increase of scan rate. As shown in Fig. 2A, the redox peak
current of DA increased linearly with the square root of scan rate
in the range of 0.01–0.4 V s�1, which indicated that the electro-
redox of DA on Au@CDs–CS/GCE is a typical diffusion controlled
process. Moreover, with the increased scan rate, the redox poten-
tial of DA shifted positively. The relationship between the potential
and scan rate could be described through the following equations
by Laviron (Laviron, 1979):

Epa ¼ E0
0 þ 2:3RT

ð1�αÞnF log ν ð1Þ

Epc ¼ E0
0�2:3RT

αnF
log ν ð2Þ

log ks ¼ α log ð1�αÞþð1�αÞlog α� log
RT
nFv

�ð1�αÞαnFΔEp
2:3RT

ð3Þ

where α is the electron transfer coefficient, n is the number of
transfer electrons, ks is the standard heterogeneous rate constant,
R, T and F have their usual significance, Epa is the oxidation peak
potential and Epc is the reduction peak potential. Generally, in the
electrochemical reaction, the value of α, n can be easily calculated
from the slope of Epa–log ν and Epc–log νwith the linear regression
equations were Epa (V)¼0.0966 log v (V s�1)þ0.389 (R¼0.995)
and Epc (V)¼�0.0637 log v (V s�1)þ0.0806 (R¼0.993), which is
shown in Fig. 2B. After computations α¼0.40, n¼1.82, ks¼
0.22 s�1, which illustrating that the electrochemical oxidation of
DA at the Au@CDs–CS/GCE is a diffusion-controlled process and
not a surface-controlled process (Prasad et al., 2013; Qian et al.,
2013).

3.4. pH effect

The effect of buffer pH on the current response of 0.5 mM
phosphate buffer solution and 0.3 mM DA solution on Au@CDs–
CS/GCE was investigated in the pH range from 5.0 to 9.0 by CV; the
result is shown in Fig. S3 (see Fig. S3 in the Supplementary
materials). The oxidation peak potential shifted negatively with
the increase of pH value, indicating that protons are involved in
the electrode reaction. A good linear relationship between Epa and
pH was constructed with linear regression equation as Epa (V)¼�
0.0612 pHþ0.833 (R¼�0.992). The slope value of �61.2 mV/pH
shows that the electron transfer was accompanied by an equal
number of protons, which is consistent with that reported in
literatures (Raj and Osaka, 2001). At the same time, when the pH
value increased from 5.0 to 7.0, the anodic peak current of DA
increased. Nevertheless, when the pH was beyond 7.0, the peak
current conversely decreased. This phenomenon was probably due
to the dissociation of the phenolic moiety to produce the corre-
sponding anion. Therefore, considering the sensitive determina-
tion for DA, the phosphate buffer solution of pH¼7.0 was chosen
for the subsequent analytical experiments.

3.5. Interference effect

As known, using a bare GCE, the oxidation peak potentials for
ascorbic acid (AA), uric acid (UA) and DA are very close to each
other and thus it is difficult to separate these compounds due to
their overlapping signals (Zhang et al., 2005a). This problem can
be eliminated by electrostatic attraction; since the Au@CDs–CS
film is in its anionic form at the working electrode surface in the
pH 7.0 phosphate buffer solution, both AA (pKa¼4.1) and UA
(pKa¼5.75) are negatively charged, but DA (pK¼8.89) is positively

Fig. 1. CV of 0.20 mM DA recorded on bare GCE (a), CS/GCE (b), CDs–CS/GCE (c),
Au–CS/GCE (d) and Au@CDs–CS/GCE (e) in the pH 7.0 phosphate buffer solution.

Fig. 2. (A) CV of 0.25 mM DA on Au@CDs–CS/GCE in the pH 7.0 phosphate buffer
solution at various scan rates (a–k: 0.01, 0.03, 0.05, 0.07, 0.1, 0.15, 0.20, 0.25, 0.30,
0.35, 0.40 V s�1). (B) the relationships of Epa (a) and Epc (b) with log v.

Fig. 3. (A) DPV of DA with increasing concentration (from a to l: 0.01, 1.0, 5.0, 10.0,
20.0, 30.0, 40.0, 50.0, 60.0, 70.0, 100.0 μM). (B) The relationship of the Ipa with the
concentration of DA.
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charged at physiological pH¼7.0 (Wang et al., 2009b). So,
Au@CDs–CS, as a cationic exchanger at the GCE surface, selectively
attracts cationic DA and allows it to pass through to the electrode
surface. Additionally, the CDs had carboxyl groups with negative
charge, which could prevent anionic AA and UA from reaching the
electrode surface. As a result, AA and UA did not exchange
electrons with the electrode. As shown in Fig. S4 (see Fig. S4 in
the supplementary materials), it could be concluded that the
presence of AA (A) and UA (B) did not interfere in the DA
determination.

In addition, other influences from common co-existing substances
were also investigated. When the relative error (Er) exceeded 5%,
each substance was considered as an interfering agent. It was found
that most ions and common substances at high concentration caused
only negligible change: Naþ , Kþ , Cl� , NO3

� , SO4
2� (4500 fold),

Ca2þ , Zn2þ , Mg2þ , (150 fold), lysine, cysteine, glucose, citric acid and
aspartic acid (100 fold). The results indicated that the Au@CDs–CS/
GCE exhibited good selectivity for DA detection.

3.6. Calibration plot and limit of detection

By using the more sensitive differential pulse voltammetry
(DPV) as the detection method, the Au@CDs–CS/GCE was further
used for the DA detection. Under the optimal conditions, the
oxidation peak current (Ipa) of DA increased with its concentration
in the range from 0.1 μM to 30 μM with typical DPV shown in
Fig. 3, with the linear regression equations as Ipa (μA)¼�0.0353C
(μM)�0.212 (R¼0.997). The detection limit was calculated as
1.0 nM, which is lower than those of some previous reports (see
Table S1 in the Supplementary materials), which illustrates that
Au@CDs–CS/GCE has good sensitivity and wide linear range. The
electrode was put into a vacuum drying oven at 25 1C, and DA
samples were determined every 48 h. Fig. S5 (see Fig. S5 in the
Supplementary materials) shows that the electrode had a wonder-
ful stability after 2 weeks.

3.7. Application of the probe

In order to evaluate the applicability of the proposed method to
the determination of DA in pharmaceutical preparations, we
examined this ability in differential pulse voltammetric determi-
nation of DA concentration in an injection solution based on the
repeated differential pulse voltammetric responses (n¼5) of the
diluted analytes and the samples that were spiked with specified
concentration of DA, and using the standard addition method,
measurements were made of DA concentrations in the pharma-
ceutical preparations and of the recovery rate of the spiked
samples. The results are listed in Table S2 (see Table S2 in the
Supplementary materials).

4. Conclusions

In this study, we developed and characterized a new DA sensor
based on the Au@CDs–CS/GCE electrode with high sensitivity, nice
specificity and good stability. Under the optimal conditions,
selective detection of DA in a linear concentration range of 0.01–
100.0 μM was obtained with the limit of 0.001 μM (3S/N).
Furthermore, Au@CDs–CS/GCE electrode exhibited good ability to
suppress the background current from large excess AA and UA.
Meanwhile, the Au@CDs–CS/GCE was applied also to the detection
of DA content in DA's injection with satisfactory results, and the
biosensor could keep its activity for at least two weeks. Therefore,
Au@CDs–CS/GCE electrode is a promising analytical platform for
detecting dopamine.
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