
Journal of
Materials Chemistry B

PAPER

Pu
bl

is
he

d 
on

 0
5 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Il

lin
oi

s 
at

 C
hi

ca
go

 o
n 

14
/1

1/
20

14
 0

2:
59

:3
6.

 

View Article Online
View Journal
Designed self-as
aCollege of Chemistry and Environment,

363000, P.R. China. E-mail: zhengjianzho

Fax: +86 596 2591445; Tel: +86 596 259144
bZhangzhou Environmental Monitoring Stat
cFujian Provincial Key Laboratory of Mod

Technology, Zhangzhou 363000, P. R. China

Cite this: DOI: 10.1039/c4tb01713g

Received 16th October 2014
Accepted 2nd November 2014

DOI: 10.1039/c4tb01713g

www.rsc.org/MaterialsB

This journal is © The Royal Society of
sembled hybrid Au@CdS core–
shell nanoparticles with negative charge and their
application as highly selective biosensors

Wuxiang Zhang,a Jianzhong Zheng,*abc Changhui Tan,ac Xuan Lin,ac Shirong Hu,ac

Jianhua Chen,ac Xiuli You*ac and Shunxing Liac

A novel and general strategy for the synthesis of a monodispersed Au@CdS core–shell structure with

uniform morphology and size through a self-assembly process is proposed here. The obtained

negatively charged Au@CdS hybrid core–shell nanoparticles (NPs) are highly selective to dopamine (DA),

in the presence of oxidation of ascorbic acid (AA) and uric acid (UA), based on electrostatic interaction.

The fabricated biosensor shows a wide linear range from 0.002 to 800 mmol L�1, with a lower detection

limit of 0.55 nmol L�1 (n ¼ 5, S/N ¼ 3), revealing the high-sensitivity properties. Electrostatic charge plays

an important role in the selective electrocatalytic activity of Au@CdS hybrid core–shell nanoparticles,

that is the formation of an electrostatic system between the negatively charged Au@CdS hybrid core–

shell NPs and the DA cation. The modified electrode is used to achieve the real-time quantitative

detection of DA for biological applications, and satisfactory results are obtained. Due to the advantages

of the biosensor, its selectivity, sensitivity and stability, it will have a bright future in the field of medical

diagnosis.
1. Introduction

Functional materials composed of two or more components
have received more and more attention, due to the combination
of the unique properties of each component, or the new prop-
erties achieved due to the synergistic effect.1–5 Recently, the
synthesis of functional materials in the eld of biosensors has
focussed on their various applications in medical diagnostics
and environmental monitoring. Among the various fantastic
structures, the core–shell structure is an excellent candidate,
not only from the point of view of facility and importance of the
synthesis method,6–9 by tailoring both the properties of the
shells and the interior cores,10,11 but also the properties, such as
electronic and catalytic properties relative to a single-compo-
nent composition.12–17 Moreover, enhancement in activity,18–21

selectivity,22 sensitivity and stability 23,24 are achieved compared
to pure metal components, due to the synergistic effects
between the metal core and the shell of the semiconductor
core–shell nanostructures. Therefore, to date, electrochemical
applications based on Au@SiO2,25 Au@SnO2,26 Ag@Ag2O,27

Pt@meso-SiO2,28 Fe@Fe2O3
29 and Ni/NiO30 have been gradually
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investigated and applied. Therefore, introducing metal-semi-
conductor core–shell nanostructured materials into biosensors
may pave the way for applications in the elds of
biosensors.24,31–33

Noble metal nanomaterials fabricated into the core–shell
structure have played an important role in hybrid nano-
materials.34–37 Au nanoparticles (NPs) have been the subject of
intense research and various applications are anticipated in
sensing,38–40 catalysis,41 and imaging.42,43 Recently, Lee et al.44

have reported the selective determination of DA using
quantum-sized gold nanoparticles. Zhao et al.45 have success-
fully prepared functional Fe3O4@Au nanocomposites for
hydrolase biosensor design, which showed excellent properties.
In the past decade, semiconductor nanoparticles with excellent
physicochemical properties have also attracted increasing
attention due to their unique size-dependent chemical and
physical properties.46–51 Semiconductor nanocrystals are of great
interest.52,53 Specically, high-quality CdS nanoparticles are
employed to develop sensor54 and biosensor systems,55–57 light-
emitting diodes,58 and lasers.59,60 Zhu and coworkers have
developed a novel label-free biosensor of CdS nanoparticles
with co-reactant K2S2O8 for the detection of low density lipo-
protein.61 Wang and coworkers have demonstrated that the CdS
nanoparticles formed on the surface of multi-walled carbon
nanotubes can react with the co-reactant of H2O2 in a neutral
PBS solution.62

Dopamine, an important neurotransmitter, has been exten-
sively studied,63 as it plays an important part in the functions of
J. Mater. Chem. B
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the central nervous system and cardiovascular system.64,65

Worse still, an abnormal dopaminergic neuron process may
lead to neurological diseases.66,67 Therefore, rapid detection of
dopamine is very important and meaningful for the analysis
and diagnosis of neurological disorders.68 As to the electroactive
properties of DA, electrochemical methods have been proposed
as a viable technique for the determination of DA because of its
advantages of high sensitivity, and low operating and instru-
mental expenses.69–71

Here we report a novel method for the fabrication of mon-
odispersed core–shell nanostructures with charged sodium
citrate stabilizer, composed of a single gold core surrounded by
CdS quantum dots (QDs). Sodium citrate protected Au@CdS
hybrid core–shell NPs are immobilized on a glassy carbon
electrode (GCE) for selective determination of DA in the pres-
ence of AA and UA. The method shows stable performance, high
sensitivity and low detection limit down to 0.55 nM for DA,
which is sensitive for characterizing DA levels in many biolog-
ical systems. Finally, real samples have also been tested to
validate the utility of this sensor toward selective determination
of DA.
2. Experimental
2.1. Materials

Typically, Cd(ClO4)2$6H2O, NaOH, sodium citrate dehydrate and
thioacetamide were purchased from Alfa Aesar. HAuCl4$3H2O
was bought from Sinopharm Chemical Reagent Co. Ltd.
Phosphate buffer solution (PBS) was from Shanghai Kangyi
Instrument Co., Ltd. Dopamine, uric acid and ascorbic acid were
obtained from Shanghai Sinopharm Chemical Reagent Co., Ltd.
Real samples (human serum and urine) were provided from
Zhangzhou hospital. All other reagents are analytical reagents.
All chemicals and solvents were used as received. All aqueous
solutions were prepared using ultrapure water (18.2 MU cm)
from a Milli-Q system (Millipore).
2.2. Synthesis of CdS QDs and self-assembly of hybrid
Au@CdS core–shell NPs

Synthesis of CdS QDs and self-assembly of hybrid Au@CdS
core–shell NPs: for CdS QD preparation, 3.4 � 10�4 mol sodium
citrate and 1.6� 10�4 mol Cd(ClO4)2$6H2O were dissolved in 86
mL water, followed by adjusting the pH to the range 7.9–9.5 by
0.5 mol L�1 NaOH. The solution was deaerated by nitrogen
bubbling for 15 min. Under vigorous stirring, 4.0 � 10�5 mol
thioacetamide solution was injected into the above system.
Aerwards, the resulting solution mixture was heated to 80 �C
and reuxed under owing nitrogen for 24 h.

CdS QDs assembled around preformed Au NPs formed
hybrid Au@CdS core–shell NPs. Spherical Au NPs with average
diameter 13 nm were synthesized according to the citrate
reduction of HAuCl4.72,73 The method is briey depicted as
follow: 2.5� 10�5 mol HAuCl4 was dissolved in 99 mL water, the
solution was brought to boil while being stirred, and the cor-
responding amount of 1 mL 8.75 � 10�5 mol sodium citrate
solution was added quickly. The solution was then boiled for an
J. Mater. Chem. B
additional 30 min and cooled to room temperature. Subse-
quently, in order to coat CdS shells on the Au NPs, 40 mL
solution containing Au NPs was diluted to 80 mL using water,
and 2.0 � 10�5 mol sodium citrate and 9.0 � 10�6 mol
Cd(ClO4)2$6H2O were added, followed by adjusting the pH to
9.3 by 0.5 mol L�1 NaOH. Aer the mixture solution was dea-
erated by bubbling argon for 15 min, 3.0 � 10�6 mol thio-
acetamide (in 1 mL water) was injected under vigorous stirring.
The resulting solution was further heated to 70 �C and reuxed
under owing nitrogen for 12 h.
2.3. Characterizations

UV-Vis spectra of aqueous solutions containing CdS supra-
particles or Au@CdS core–shell supraparticles were obtained
using a Hitachi-U-3010 spectrophotometer at room tempera-
ture. The morphologies of the samples were observed by scan-
ning electronmicroscopy (SEM, Hitachi S-4800, Japan) under an
accelerating voltage of 10 kV. Transmission Electron Micros-
copy (TEM) was conducted on a FEI Tecnai G2 S-TWIN and the
accelerating voltage used was 200 kV. Scanning transmission
electron microscopy (STEM) and energy dispersive X-ray spec-
troscopy (EDX) mapping investigations were performed in G2
F20 U-TWIN (FEI, America) using a high-angle annular dark
eld (HAADF) detector. High-resolution TEM was also per-
formed using a G2 F20 U-TWIN TEM operating at 200 kV. NPs in
solution were analyzed for x-potential values using dynamic
light scattering (Zetasizer Nano ZS series, Malvern Instruments)
with 633 nm laser wavelength and a measurement angle of 173�

(backscatter detection) at 25 �C. All electrochemical measure-
ments were performed on a CHI650E electrochemical worksta-
tion (ChenHua Instruments Co., Shanghai, China). A
conventional three-electrode system was employed, with the
modied glassy carbon electrode (GCE, 3 mm in diameter) as
the working electrode, a saturated Ag/AgCl electrode as the
reference electrode and a platinum wire as the auxiliary elec-
trode. The pH measurements were carried out on a PHS-3C type
precise pH meter (KangYi Instrument Co., Ltd, Shanghai,
China).
2.4. Fabrication of the modied electrode

The glassy carbon electrode (GCE) was polished to a mirror
nish with a piece of diamond paper and 0.05 mm alumina
slurry sequentially and then cleaned ultrasonically in ethanol
and water for 1 min, respectively. The cleaned GCE was dried
with nitrogen steam for the next modication. Then 5.0 mL of
the Au@CdS core–shell NP dispersion was dropped onto the
GCE surface and dried at room temperature. Then the modied
electrodes were obtained.
2.5. Electrochemical measurement

Cyclic voltammetry (CV) and differential-pulse voltammetry
(DPV) measurements were carried out with a CHI 660E elec-
trochemistry workstation in 0.1 M phosphate buffered saline
with a conventional three-electrode system comprising a plat-
inum wire as the auxiliary electrode, a saturated Ag/AgCl
This journal is © The Royal Society of Chemistry 2014
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electrode as the reference electrode and the modied GCE as
the working electrode.
3. Results and discussion
3.1. Preparation of Au@CdS core–shell NPs and the
corresponding characterization

The morphologies and microstructure of the samples were
characterized by means of transmission electron microscopy
(TEM). Fig. 1a and b illustrate the typical TEM images of Au NPs
and CdS supraparticles, respectively. The Au NPs were clearly
identiable and appeared uniform in size with a diameter of
�13 nm. The TEM image (Fig. 1c) clearly shows that all the
Au@CdS products having core–shell structures with uniform
size 22 nm and shape were successfully synthesized by self-
assembly of in situ formed CdS NPs. The formation of such
monodispersed core–shell nanostructures and supraparticles
can be attributed to the balanced van der Waals attraction and
Fig. 1 TEM images of (a) Au NPs, (b) CdS supraparticles and (c)
Au@CdS core–shell nanostructures; (d) HRTEM image of a core–shell
Au@CdS NP. (e) Ultraviolet-Visible spectra of Au NPs, CdS supra-
particles and Au@CdS core–shell nanostructures. (f) HAADF-STEM
image of core–shell Au@CdS NPs with a shell and EDX (Energy-
dispersive X-ray spectroscopy) elemental mapping of the Au@CdS
core–shell nanostructures.

This journal is © The Royal Society of Chemistry 2014
electrostatic repulsion between CdS QDs.74 Results from high-
resolution transmission electron microscopy (HRTEM) imaging
indicate that the spacing between two adjacent lattice planes is
about 0.34 nm and 0.20 nm (Fig. 1d), which is in agreement
with the spacing of the (002) and (220) planes of CdS, respec-
tively, indicating that the shells in the core–shell NPs are CdS.

The optical properties of colloidal Au NPs, CdS QDs and
Au@CdS core–shell nanostructures suspension solutions are
further investigated for conrming monodispersed Au@CdS
core–shell NPs by UV-Vis absorption spectra and the results are
shown in Fig. 1e. Both the Au NP and Au@CdS core–shell
nanostructure suspension solutions display absorption peaks at
519 nm and 544 nm, respectively, which is the characteristic
band of well dispersed Au NPs. The small red-shi might result
from the interaction between Au NPs and CdS. Furthermore, the
composition of the core–shell NPs is studied in high-angle
annular dark eld scanning transmission electron microscopy
(HAADFSTEM) imaging and energy-dispersive X-ray (EDX)
elemental mapping (Fig. 1f). The results of the HAADF-STEM
image (Fig. 1f) demonstrate that NPs have a typical core–shell
structure, and EDX elemental mapping indicates that the
element Au is located in the core and that the elements Cd and S
of CdS are homogenously distributed throughout the whole NP
(Fig. 1f), showing that a Au NP core is surrounded with a
uniform CdS shell.
3.2. Electrocatalysis of the Au@CdS core–shell NPs sensor
against DA

The electrocatalytic activities of Au@CdS core–shell NPs
toward DA, AA and UA have been investigated by cyclic vol-
tammetry (CV), as shown in Fig. 2a and b. In the absence of
DA, no obvious peaks were obtained for Au@CdS NPs due to
reduction. However, with Au@CdS core–shell NPs, they have
been used to modify electrodes along with charged sodium
citrate stabilizer for the selective determination of DA in the
presence of AA and UA. A possible reaction mechanism was
discussed here, as illustrated in Scheme 1. It is well known
that Au NPs have high surface energies and tend to aggregate
and fuse; as a result the intriguing properties observed for
the NPs disappear and difficulties arise for long term storage,
processing, and applications. Therefore, great efforts have
been devoted to develop novel strategies to stabilize NPs.
First, the surrounding CdS QDs not only acted as physical
barriers to protect the Au NPs from aggregation and chemical
poisoning by offering more reactive sites in the electro-
chemical reaction, but also act as an electron transfer
channel, accelerating the electron transfer between Au NPs
and the CdS shell.75,76 Second, the negatively charged
Au@CdS NPs not only act as electrocatalysts, but also serve as
selective reagents, which attract positive charge and repel
negatively charged analytes such as AA and UA. In other
words they are selective for the positively charged DA analyte
by electrostatic interaction.77,78 In conclusion, the combina-
tion of the above two factors brings an electrocatalytic
synergy to DA. To conrm this assumption, zeta potential
measurement of the sample in aqueous solution is carried
J. Mater. Chem. B
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Fig. 2 (a) CV of 0.1 mM DA on CdS supraparticles (A), Au NPs/GCE (B), core–shell Au@CdS NPs/GCE (C) in 0.1 M PBS (pH 7.0) at scan rate
0.1 V s�1. (b) CV demonstrating the electrocatalytic oxidation of DA, AA and UA in 0.1 M PBS (pH 7.0) at scan rate 0.1 V s�1; curves A–D correspond
to CV of core–shell Au@CdS NPs in the presence of 0, 0.5 mM AA and 0.5 mMUA, 0.1 mMDA, 0.1 mMDA and (B), respectively. (c) Zeta potential
of citrate-capped spherical Au@CdS core–shell NPs.

Scheme 1 Schematic illustration of the reaction mechanism of the
Au@CdS core–shell structure with DA in the presence of UA and AA.
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out. As shown in Fig. 2c, the zeta potential of the citrate-
capped spherical Au@CdS core–shell NPs is �33.4 mV. The
pKa values of DA, UA and AA are 8.9, 3.9 and 4.1, respectively,
indicating that DA exists as a cation and UA and AA an anions
at neutral pH. The result shown in Fig. 2 therefore suggests
that the Au@CdS core–shell NPs could exhibit selective
electrocatalytic activity towards DA, based on the electro-
static interaction between negatively charged Au@CdS core–
shell NPs and positively charged DA analytes.
J. Mater. Chem. B
3.3. Optimization of the DA biosensor

In this work, pH value and scan rate, which are the important
parameters in biosensing, were studied to ascertain the optimal
working conditions of the DA biosensor. Since the electro-
catalytic reaction at the Au@CdS core–shell NP biosensor is a
two electron, two proton process, the pH effect on the biosensor
performance was investigated by measuring the electro-
chemical response in 0.1 M pH 7.00 PBS, with pH values
ranging from 4.0 to 9.0. The electrochemical responses
increased with pH from 4.0 to 9.0 (Fig. 3a), as high pH can
potentially drive the reaction forward more favorably. A good
linear relationship between Epa and pH was constructed with a
linear regression equation of oxidation peak potentials (Epa) of
DA on the Au@CdS core–shell NPs, with a linear equation of
Epa/V ¼ �0.0758 pH + 0.8265 (R ¼ 0.9975) (Fig. 3b). As illus-
trated in Fig. 3b, a larger response current was obtained within
the range of pH 7.0. In addition, as pH 7.0 is close to physio-
logical levels, a phosphate buffer solution of pH 7.0 was chosen
and used in all experiments below.

The inuence of scan rates (n) on the electrochemical
response of 0.1 mM DA in 0.1 M pH 7.00 PBS at core–shell
structured Au@CdS NPs was examined by varying the scan rates
from 20 to 700 mV s�1 (Fig. 4a). On increasing the scan rate,
both anodic and cathodic peak currents increased gradually, yet
anodic and cathodic peak potentials slightly shied to more
positive and negative potentials, respectively, generating
increased potential separations (DEp). A good linear depen-
dence of redox peak currents on the scan rate was obtained, but
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (a) CV of 0.1 mM DA on the Au@CdS core–shell structure in 0.1 M PBS at different pH of 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0 (from left to right)
(scan rate: 0.1 V s�1). (b) The plots of Ipa (B) and Epa (A) with pH values.

Fig. 4 (a) CV of core–shell Au@CdS NPs in 0.1 mM pH 7.0 PBS con-
taining 0.1 mM DA at different scan rates of 20, 40, 60, 80, 100, 200,
300, 400, 500, 600 and 700 mV s�1 (from inside to outside). The inset
shows the plots of anodic and cathodic peak currents vs. scan rates. (b)
The plot of peak potentials (Ep) on the neperian logarithm of scan rates
(ln n), with linear fitting from scan rates 20–700 mV s�1. The inset
shows the dependence of peak potential separation (DEp) on ln n.
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without its square root (inset of Fig. 4a); linear regression
equations (Rpa ¼ 0.9943 and Rpc ¼ 0.9967):

Ipa (mA) ¼ 8.44 � 10�3 n (mV s�1) + 0.6417

Ipc (mA) ¼ �1.13 � 10�2 n (mV s�1) � 2.374

Integration of the area under anodic peaks led to really close
charge values (Q) independent of the scan rate. These results
signify that the electrochemical reaction is controlled via
surface adsorption of DA molecules. As for a quasi-reversible
adsorption-controlled process, surface coverage concentration
of redox species (G) and the number of electrons (n) can be
acquired according to Laviron's equation:

Ip ¼ n2F 2

4RT
AGv ¼ nF

4RT
Qv (1)

where A is the electrode surface area, F is Faraday's constant, T
is the temperature and R is the ideal gas constant. From Fig. 4a,
Q is calculated to be 4.358� 10�7 C and together with the slope,
n is calculated to be 1.99, indicating a two-electron and two-
proton process at the sensor interface consistent with the result
in the literature.79 In addition, the relationship between redox
peak potentials and ln n was also built (Fig. 4b) and linear
dependence can be found at scan rates from 20 to 700 mV s�1,
expressed as:
This journal is © The Royal Society of Chemistry 2014
Epa (V) ¼ 0.0308 � ln n (V s�1) + 0.3615 (R ¼ 0.9986)
Epc (V) ¼ �0.0252 � ln n (V s�1) + 0.0446 (R ¼ 0.9946)
which can be represented by Laviron models:80,81

Epa ¼ E00 þ RT

ð1� aÞanF ln
ð1� aÞnF

RTks

þ RT

ð1� aÞnF ln v (2)

Epc ¼ E00 � RT

anF
ln

anF

RTks

� RT

anF
ln v (3)

Therefore, from the slopes, the electron transfer coefficient a
is estimated to be 0.512, close to the theoretical value of 0.5 for a
quasi-reversible process. From eqn (2) and (3), the following can
be obtained:

DEp ¼ RT

ð1� aÞanF
�
a lnð1� aÞ þ ð1� aÞln a� ln

RT

nF
� ln ks

�

þ RT

ð1� aÞanF ln v

(4)

From the intercept of graph of DEp vs ln n (inset of Fig. 4b,
R ¼ 0.9984), the apparent heterogeneous electron transfer rate
constant ks can be obtained as 1.478 s�1, indicating a fairly fast
electron transfer during the electrocatalytic reaction.
3.4. Calibration plot and limit of detection

Voltammetric current responses of successive additions of DA
were recorded by differential pulse voltammetry (DPV) to check
the sensitivity of the sensor. DPV curves of various concentra-
tions of DA at core–shell structured Au@CdS NPs are shown in
Fig. 5. Under optimal conditions, the oxidation peak current
(Ipa) of DA increased linearly with increasing DA concentration
in the range 0.002 mM to 800.0 mM (inset of Fig. 5), with
linear regression equations Ipa (mA) ¼ �0.3967C (mM) � 17.367
(R¼ 0.9983). The limit of detection was estimated to be 0.55 nM
based on S/N of 3 and the relative standard derivation (RSD,
n ¼ 5) was less than 2.6%. Furthermore, an important
parameter for a biosensor is its ability to discriminate between
the interfering species commonly present in similar physio-
logical environments. The inuences from common co-existing
substances were also investigated, such as NaCl, K2SO4 and
J. Mater. Chem. B
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Fig. 5 DPV for different concentrations of DA at Au@CdS hybrid core–
shell NPs in 0.1 M PBS with pH 7.0 (scan rate: 0.1 V s�1). The total
concentration of DA in each step (from top to bottom: 0, 0.002, 0.1, 1,
20, 30, 200, 400, 500, 600, 700, 800 mM). Inset: the calibration plot of
oxidation peak current vs. accumulated concentration of DA in each
step.

Table 2 Determination of DA levels in real samples using the Au@CdS
hybrid core–shell NPs and DPV in 0.1 M PBS (pH 7.0)

Sample Detected (mM) Add (mM) Found (mM)
Recovery
(%) RSD (%)

Serum 1 0.08 5 5.1 � 0.5 99.6 2.3
10 10.1 � 0.7 101.5 1.9
15 15.3 � 1.2 101.2 1.6

Serum 2 0.17 5 5.2 � 1.4 102.1 2.5
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CaCl2 solutions (300 fold), lysine, cysteine, AA, UA and glucose
solutions (100 fold). The oxidation peak potential and current of
DA showed almost no interference in the presence of any of
these inuences. In addition, the proposed method has been
highlighted by a comparison of the linear range, detection limit
and biological applications for Au@CdS hybrid core–shell
nanoparticles (NPs) with other dopamine sensors reported in
the literature, as shown in Table 1, indicating that the analytical
performance for Au@CdS/GCE is comparable and even better
than those obtained at several electrodes reported recently.
Therefore, the Au@CdS hybrid core–shell NPs are excellent as
promising candidates for dopamine sensors with a wide linear
range, low detection potential, and high sensitivity.
10 10.3 � 0.5 100.8 1.4
15 14.9 � 1.2 98.6 2.2

Urine 1 0.9 5 4.9 � 1.8 99.7 2.1
10 10.4 � 1.3 100.3 1.9
15 15.9 � 1.6 101.4 1.7

Urine 2 1.3 5 5.3 � 1.0 101.9 2.7
10 10.4 � 0.8 98.9 2.3
15 16.1 � 1.3 102.9 1.8
3.5. Reproducibility and stability of the core–shell
structured Au@CdS NPs electrode

The reproducibility and stability of the core–shell structured
Au@CdS NP modied electrode were examined. Repeated DPV
experiment were run in 5.0� 10�6 M DA in 0.1 M pH 7.00 PBS. A
Table 1 Comparison of the performance of various dopamine sensorsa

Author Electrode materials Linear

Teymourian et al.82 Fe3O4/r-GO 0.4–160
Wang et al.83 Pd NPs/graphene/chitosan 0.5–200
Zhang et al.84 Cu2O/graphene 0.1–10
Sun et al.85 Pt/graphene 0.03–8.
Xue et al.86 Au@polymer 0.02–0.
Mahshid et al.87 Au/Pt/Pd/TiO2 NTs 0.05–30
Yang et al.88 Graphene/SnO2 NPs 0.1–10
Yu et al.25 Au@SiO2–MIPs 0.048–5
Qian et al.89 Polypyrrole@r-GO 0.06–8
Li et al.90 MIPs–OAP–gold 0.02–0.
Gai et al.91 N-PCNPs 0.5–30
This work Au@CdS NPs 0.002–8

a Au/Pt/Pd/TiO2 NTs ¼ Au/Pt/Pd/TiO2 nanotubes, Au@SiO2–MIPs ¼ Au@
imprinted polymers–o-aminophenol–gold, N-PCNPs ¼ Nitrogen doped po

J. Mater. Chem. B
relative standard deviation (RSD) of about 1.98% aer 15
successive measurements was obtained, indicating that the
core–shell structured Au@CdS NP modied electrode has
excellent reproducibility. The long-term stability of the core–
shell structured Au@CdS NP modied electrode was evaluated
by measuring its CV response to 5.0 � 10�6 M DA in 0.1 M pH
7.00 PBS and then repeating the same experiment aer one
month. The electrode was stored at room temperature under
normal conditions when not in use. The oxidation current
response maintained 97.49% of the original peak current value
aer one month, indicating good stability of the fabricated
electrode.
3.6. Determination of DA in human real samples

To evaluate the potential application of the core–shell struc-
tured Au@CdS NP modied electrode, the detection of human
real samples was carried out by the standard addition method.
The real samples were diluted 5 times with 0.1 M PBS (pH 7.0)
before measurement. Then different amounts of known
concentrations of DA were added to the sample to obtain the
appropriate concentrations. Table 2 represents the results
range (mM) Detection limit (nM) Real-time detection

80 No
100 No
10 No

13 30 No
54 7.8 Yes

30 Yes
80 Yes

0 20 Yes
6 No

25 1.98 No
11 No

00 0.55 Yes

SiO2–molecularly imprinted polymers, MIPs–OAP–gold ¼ molecularly
rous carbon nanopolyhedra.

This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4tb01713g


Paper Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 0
5 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Il

lin
oi

s 
at

 C
hi

ca
go

 o
n 

14
/1

1/
20

14
 0

2:
59

:3
6.

 
View Article Online
obtained for ve measurements. The recovery of the spiked
samples ranged between 98.6% and 102.9% (n ¼ 5), and the
relative standard deviation (RSD) values were calculated to be
under 2.7%, indicating the potential of the method for detec-
tion of DA in real samples.

4. Conclusion

In conclusion, core–shell structured Au@CdS NPs with charge
selective stabilizer and uniform morphology/size, in which a
single Au nanoparticles core is coated with CdS QDs by an in situ
self-assembly method, have been prepared. In addition, the
proposed hybrid materials have been successfully applied in the
detection of dopamine, which exhibited advantages such as
efficient detection, sensitivity and good selectivity for dopamine
detection in the presence of ascorbic acid and uric acid. A
detection limit for dopamine of as low as 0.55 nM was obtained.
Furthermore, the proposed method was applied to the deter-
mination of DA in real samples with satisfactory results, which
could have a bright future in the eld of biological applications.
This work demonstrated that a charge selective electrochemical
sensor could be developed based on core–shell structured
Au@CdS NPs protected with a charge selective stabilizer and
have a bright future in the eld of developing highly selective
electrochemical sensors for specic samples.
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