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a  b  s  t  r  a  c  t

Graphene  decorated  with  gold  nanoparticles  (AuNPs–�-CD–Gra)  has  been  synthesized  by  in  situ  ther-
mal  reduction  of  graphene  oxide  and  HAuCl4 with  �-cyclodextrin  (�-CD)  under  alkaline  condition.
The  AuNPs–�-CD–Gra  product  was  well  characterized  by infrared  spectroscopy,  X-ray  powder  diffrac-
tion,  scanning  electron  microscopy,  high-resolution  transmission  electron  microscopy,  and  selected  area
electron  diffraction.  This  material  was  used  to  fabricate  an  AuNPs–�-CD–Gra-modified  glassy  carbon
electrode  (GCE)  which  showed  excellent  electro-oxidation  of  l-ascorbic  acid  (AA),  dopamine  (DA)  and
uric  acid  (UA)  in  0.10 M NaH2PO4–HCl  buffer  solution  (pH  2.0)  by  square  wave  voltammetry  (SWV).  Three
-Cyclodextrin
lectroanalysis
-Ascorbic acid
opamine
ric  acid

well-resolved  oxidation  peaks  of  AA and  DA  and  UA  were  obtained.  The  AuNPs–�-CD–Gra/GCE  exhibits
linear  responses  to AA, DA  and  UA  in  the  ranges  30–2000,  0.5–150  and  0.5–60  �M, respectively.  The
detection  limits  (based  on  S/N = 3 and  preconcentration  time  =  3.0  min)  for  AA,  DA  and  UA  are  10,  0.15
and  0.21  �M,  respectively.  The  AuNPs–�-CD–Gra/GCE  has  been  successfully  applied  to  determine  UA
in  human  urine  with  satisfactory  results.  Our  work  provides  a simple,  convenient  and  green  route  to
synthesize  AuNPs  on  Gra which  is  potentially  useful  in electroanalysis.
ntroduction

Nanomaterials have shown unique and special properties that
re differ from the bulk materials, originating from their quantum-
cale dimensions [1]. So far gold [2–4], silver [5,6], platinum
7,8], and palladium [9] nanomaterials have attracted consider-
ble interests and studies in the past two decades. Among these,
old nanomaterials have been successfully applied to fabricate
arious types of optical [10,11], electrochemical [12,13] sensors
nd biosensors [14], owning to their good conductivity, electro-
atalytic ability, and biocompatibility. To our knowledge, a lot of

seful materials like polymer [4,15], carbon nanotubes [13,16–18],
raphene oxide (GO) and/or graphene (Gra) [19–31] have been
sed as substrates to assemble gold nanomaterials. In many of the
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developed assemble strategies of gold nanomaterials, GO  or Gra
has received much attention, attributing to its specific nanostruc-
ture and ability to enhance the performance of nanocomposites.
Tuan et al. [19] immobilized gold nanoparticles (AuNPs) on GO
sheet via an amidation reaction. Mao  et al. [23] directly assem-
bled AuNPs-antibody conjugates on thermally reduced GO sheet
to form a field-effect transistor biosensor which shows high sen-
sitivity and selectivity to specific proteins. Muszynski et al. [24]
explored a solution-based approach to anchor AuNPs on octade-
cylamine functionalized Gra and the hybrid material is very
useful for surface plasmon application. Liu et al. [31] developed
a co-electrodeposition route to synthesize Gra–Au nanocomposite
which shows potential application for electroanalysis. Malola et al.
[22] used density-functional theory to confirm that AuNPs could
be in-plane adsorbed on Gra. Since this AuNPs–Gra hybrid material
exhibits favorable electrochemical properties, it is worth to explore
its applications in various fields.
l-Ascorbic acid (AA), a soluble vitamin, is an essential nutri-
ent for humans. In living organisms, AA is an antioxidant which
can protect the body against oxidative stress [32]. Dopamine (DA)
is a catecholamine neurotransmitter which plays an important
physiological role as an extracellular chemical messenger. Uric
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cid (UA) is a relatively water-insoluble end product of purine
etabolism in humans and is excreted via urine. UA also coexists
ith AA and DA in biological fluids such as blood and urine. An

bnormally high level of UA (DA and/or AA) is usually a symptom
f illness. Therefore, simultaneous determination of these com-
ounds is of particular importance [33]. Since these compounds
how voltammetric responses on traditional bare electrodes (e.g.,
lassy carbon electrode) at very close working potentials, it is rather
ifficult to simultaneously determine their contents in biological
amples without sample pretreatment [34]. Various active materi-
ls including polymers [6,8,35–42], noble metal/alloy nanoparticles
NPs) [6,8,43–45], oxides [46,47], and carbon-based materials
9,41,48–54] have been applied to simultaneously determine AA,
A and UA with moderate success. Recently Han et al. [53] used

 chitosan-Gra modified electrode to well resolve the oxidation
otentials of AA, DA and UA. Similarly, Liu et al. [31] demonstrated
hat Gra–Au nanocomposite is a promising material for simultane-
us electroanalysis of AA, DA and UA. As such, to move forward,
e incorporated both AuNPs and �-cyclodextrin (�-CD) on Gra to

abricate a modified glassy carbon electrode (GCE). The AuNPs–�-
D–Gra/GCE shows better analytical performance for simultaneous
etermination of AA, DA and UA.

In this work, we propose a simple green one-pot synthesis
f AuNPs on Gra by in situ thermal reduction of hydrogen tetra-
hloroaurate(III) (HAuCl4) and GO with �-CD in alkaline condition.
uring the synthesis process, �-CD on Gra sheet not only acts as
ispersant and stabilizer for HAuCl4 but also serves as a reducing
gent to reduce GO and AuCl4– to Gra and AuNPs, respectively. The
esulting AuNPs–�-CD–Gra composite can be easily purified, stored
nd redispersed in water without any further chemical treatment.
inally, the GCE modified with AuNPs–�-CD–Gra has been used to
imultaneously determine AA, DA and UA by square wave voltam-
etry (SWV). Additionally, it has been successfully applied to

etermine the UA content in human urine with satisfactory results.
ur work demonstrates that the developed AuNPs–�-CD–Gra/GCE

hows potential in biomedical or clinical analysis.

xperimental

hemicals and reagents

Graphene  oxide was purchased from ACS Material (Warwick, RI,
SA). l-Ascorbic acid, �-cyclodextrin, dopamine, hydrochloric acid

HCl), hydrogen tetrachloroaurate(III), sodium dihydrogen phos-
hate dihydrate (NaH2PO4·2H2O), sodium hydroxide (NaOH), and
ric acid were obtained from Sigma–Aldrich (St. Louis, MO,  USA).
ll chemicals of analytical reagent grade or above were used as
eceived without further purification. Buffer solutions were pre-
ared from NaH2PO4·2H2O and HCl in the pH range 1.0–5.0. Freshly
repared solutions of AA, DA and UA were used in all experiments.
ouble distilled water (DDW) was used throughout the work.

nstrumentation
Scanning  electron microscopic (SEM) images were obtained
rom a Hitachi S4800 SEM (Tokyo, Japan). High-resolution trans-

ission electron microscopic (HRTEM) image and selected area

Scheme 1. Schematic illustrates the rea
3 (2012) 79– 85

electron  diffraction (SAED) pattern were acquired on a FEI Tecnai
G2 20 HRTEM (Hillsboro, OR, USA). X-ray powder diffraction (XRD)
was conducted on a TD-3500 XRD (Tongda Instrument Co., Dan-
dong, China) with Cu K� radiation source. Infrared (IR) spectra were
collected on a Thermo Scientific Nicolet 6700 Fourier transform IR
spectrometer (Sugar Land, TX, USA). The pH measurements were
taken on a Thermo Origin 720A+ pH/ion meter (Thermo Electron
Corporation, Waltham, MA,  USA).

Preparation of AuNPs–ˇ-CD–Gra composite

The preparation of Gra [55] and synthesis of AuNPs through
�-CD reduction [56] were based on literature methods with mod-
ifications to a one-pot synthesis. In essence, GO, �-CD and HAuCl4
were mixed and heated in an alkaline solution at 60 ◦C for 2 h.
The reaction mixture was  then subject to centrifugation, cleansed
with DDW and finally vacuum dried to obtain the AuNPs–�-CD–Gra
product. The reaction mechanisms are illustrated in Scheme 1 and
the preparation details are deposited in Supplementary data. For
comparison, AuNPs–Gra, Gra–�-CD and AuNPs–�–CD composites
were also prepared in similar procedures.

Fabrication of AuNPs–ˇ-CD–Gra modified electrode

A homogeneous dispersion of AuNPs–�-CD–Gra aqueous solu-
tion was  prepared by sonication of 1.0 mg  AuNPs–�-CD–Gra
composite in 1.0 mL  DDW for 30 min. Before electrode modi-
fication, a GCE (3.0 mm diameter) was polished with 0.1, 0.3
and 0.05 �m Al2O3 slurry sequentially to mirror-like smoothness,
rinsed with DDW, and followed by sonication in nitric acid solution
(1:1 v/v), absolute ethanol and DDW. Then the clean GC elec-
trode was  immersed in a 0.50 M H2SO4 and cyclic voltammetry
(CV) from −0.20 to +0.80 V for 20 cycles at 50 mV/s were per-
formed. These CV scans aid to remove any impurities/residues and
also introduce some active functional groups such as COOH or

OH on the freshly polished glassy carbon electrode. This typical
electrochemical polish procedure permits GCE to have more repro-
ducible and well-defined electrochemical behavior. Afterwards, the
GC was  rinsed with DDW and dried with a stream of nitrogen
(N2), an aliquot of 5.0 �L AuNPs–�-CD–Gra aqueous solution was
dropped onto the surface of the GCE and dried under an IR lamp
for 1 h to obtain the AuNPs–�-CD–Gra modified GCE  (AuNPs–�-
CD–Gra/GCE). In the control experiments, 5.0 �L of 1.0 mg/mL
Gra–�-CD suspension, AuNPs–�-CD and �-CD solution were also
cast onto bare GCEs to obtain the Gra–�-CD/GCE, AuNPs–�-CD/GCE
and �-CD/GCE, respectively.

Electrochemical measurement

All  electrochemical measurements were performed on a Lanlike
LK2006 electrochemical workstation (Tianjin, China). The conven-
tional three-electrode system, comprising a bare or modified GCE as
the working electrode, a saturated calomel electrode (SCE) as the

reference electrode and a platinum foil as the counter electrode,
was used. A single compartment electrochemical cell at ambi-
ent conditions was  used throughout the work. The solutions were
deoxygenated with a stream of high purity N2 (99.99%) at least

ction steps of AuNPs–�-CD–Gra.
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0 min  prior to each electrochemical measurement and blanketed
nder N2 atmosphere to keep oxygen from the solutions. Known
oncentrations of AA, DA and UA standards were spiked into the
ell. Preconcentration of analytes on the modified GCE at open cir-
uit potential (OCP) under constant stirring was conducted. After

 specific time, CV or SWV  at various scan rates was  performed in
uiescent solution. The SWVs were recorded by applying a positive-
oing SWV  potential scan (0.00–0.70 V) under optimal conditions:
tep potential 1 mV,  frequency 15 Hz and amplitude 40 mV.

ample  analysis

Known standard mixtures of AA, DA and UA were injected into
he electrolyte and analyzed under the optimal SWV  conditions.
he voltammetric peak currents of AA, DA and UA were recorded
nd used for constructing calibration curves. Human urine samples
ere supplied by a local hospital. Without any sample pretreat-
ent, an aliquot of 50 �L human urine was directly added into the

lectrolyte and analyzed by SWV. The peak currents of the analytes
ere recorded and their concentrations were determined. Recov-

ry tests were conducted by adding known amounts of AA, DA and
A to the urine samples and followed with the same SWV  analysis.
ll sample analyses were repeated three times.

esults and discussion

reparation  of AuNPs on graphene

Stable Gra suspension could be quickly prepared in strong alka-
ine condition through heating under moderate temperatures [55].
t has been reported that �-CD could reduce some metals (gold
nd silver) or alloy to NPs under strong alkaline condition [56]. As
uch, an alkaline �-CD solution was used to prepare our Gra–AuNPs
ybrid material. Scheme 1 illustrates the synthetic mechanisms of
uNPs–�-CD–Gra composite. �-CD and HAuCl4 were added to a
O suspension to promote the interaction of Au(III) complex and
-CD with oxygen moiety on the GO surface [57]. Fig. 1S (Supple-
entary data) displays the optical images of the reaction mixtures
ith different concentrations of HAuCl4. GO was  deoxygenated to
ra by OH– [55] while Au(III) complex was reduced to AuNPs by
-CD [56]. When a higher concentration of HAuCl4 is used, more
uNPs are formed and the solution turns to light purple (Fig. 1Sd).

n essence, our proposed one-pot synthesis affords the growth of
uNPs on Gra by using alkaline �-CD at moderate temperature.
haracterization of AuNPs–ˇ-CD–Gra composite

The as-prepared AuNPs–�-CD–Gra composite was  fully char-
cterized by XRD, IR, SEM, HRTEM, and SAED. The XRD patterns

ig. 1. (A) SEM image of AuNPs–�-CD–Gra on an aluminum substrate. Top right inset di
uNPs–�-CD–Gra at a higher magnification. (B) HRTEM image and (C) SAED pattern of Au
3 (2012) 79– 85 81

and  IR spectra of �-CD, GO, �-CD–Gra, and AuNPs–�-CD–Gra are
displayed in Figs. S2 and S3. The results indicate the presence
of �-CD on Gra and the complete reduction of GO to Gra of the
AuNPs–�-CD–Gra sample [53]. The detailed interpretation of the
IR spectra and XRD patterns can be found in Supplementary Data.
The morphology of the as-prepared AuNPs–�-CD–Gra was stud-
ied by SEM and depicted in Fig. 1A. The AuNPs–�-CD–Gra contains
about 125 × 400–500 nm of nanosheets and the top right inset dis-
plays the magnified view of the nanosheets. It clearly shows the
ribbon-like Gra sheets but AuNPs are difficult to observe. However,
white dots (NPs) were clearly seen on the Gra nanosheets when
the image was further magnified as shown in the bottom left inset.
In order to confirm the identity of these NPs, HRTEM image and
SAED pattern were captured and depicted in Fig. 1B and C, respec-
tively. The SAED pattern was  assigned to the diffraction from the
(1 1 1), (2 2 0), (2 0 0) and (3 1 1) planes of the face-centered cubic
gold crystal which is consistent with the JCPDS card no. 5-8601. The
HRTEM shows the 0.23 nm inter-planar spacing of the AuNPs, indi-
cating that the (1 1 1) crystal plane of the AuNP orientates on the Gra
sheet. The AuNP is about 17 nm in diameter which is larger than that
of the literature [56], possibly due to the long reaction time. These
results confirm the successful synthesis of AuNPs on Gra sheets by
in situ �-CD reduction and the as-prepared AuNPs–�-CD–Gra can
be applied to electroanalysis (infra vide).

CV and SWV  studies of AA, DA and UA at AuNPs–ˇ-CD–Gra/GCE

Fig. 2 depicts the CV responses of AA, DA and UA at AuNPs–�-
CD–Gra/GCE under various scan rates. The plots of the redox peak
current as function of the square root of scan rates are shown in the
insets of Fig. 2.

In  all cases good linear relationships were observed, indicating
that all these compounds are electro-active under diffusion-
controlled processes at the AuNPs–�-CD–Gra/GCE. Fig. 2 shows
that AA and UA are irreversibly electro-oxidized while DA dis-
plays a quasi-reversible response at the AuNPs–�-CD–Gra/GCE.
The  �Ep = |Epa − Epc| is 111 mV for DA at 50 mV/s. The anodic and
cathodic peak potentials of DA at various scan rates are summarized
in Table S1. The electro-oxidation of DA fits the case VII (i.e., catalytic
reaction with reversible charge transfer) based on the Nicholson
and Shain criteria (Fig. S4) [58]. The electro-oxidation mechanisms
of AA, DA and UA at AuNPs–�-CD/GCE are illustrated in Scheme 2.

Although AuNPs–�-CD–Gra/GCE responds well to AA, DA and
UA, the oxidation potentials for these analytes are so close that it

is difficult to accurately quantify them. Fortunately, when they are
analyzed by SWV  (infra vide), their oxidation peaks are much better
resolved and the background current is lower (Fig. S5), allowing
their simultaneous determination.

splays the SEM image of �-CD–Gra and bottom left inset shows the SEM image of
NPs in the AuNPs–�-CD–Gra composite.
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Fig. 2. CVs of (A) 1.0 mM AA, (B) 25 �M DA and (C) 25 �M UA in 0.10 M
NaH2PO4–HCl buffer solution (pH 2.0) at AuNPs–�-CD–Gra/GCE at different scan
rates  (10–200 mV/s). The insets display the plots of peak current against square root
of scan rate.

Scheme 2. The electro-oxidation of AA, DA and UA at AuNPs–�-CD-Gra/GCE.

Fig. 3. SWVs of 500 �M AA, 15 �M DA and 15 �M UA in 0.10 M NaH2PO4–HCl buffer
solution  (pH 2.0) at different electrodes: (a) bare GCE, (b) �-CD/GCE, (c) AuNPs–�-

CD/GCE,  (d) �-CD–Gra/GCE and (e) AuNPs–�-CD–Gra/GCE. Square wave frequency:
15  Hz, amplitude: 40 mV and step potential: 1 mV, preconcentration time: 3.0 min.

Fig. 3 shows the SWV  of AA, DA and UA at the AuNPs–�-
CD–Gra/GCE.  For comparison, bare GCE, �-CD/GCE, �-CD–Gra/GCE
and AuNPs–�-CD/GCE were also studied. For the bare GCE, a rather
broad oxidation peak at 0.352 V is observed which is derived from
the simultaneous oxidation of AA, DA and UA [34]; unfortunately,
the individual AA, DA and UA cannot be distinguished (Fig. 3a). Sim-
ilarly, SWV  of these analytes on �-CD/GCE or AuNPs–�-CD/GCE
cannot resolve the individual compound (Fig. 3b and c).�-CD
induces a slightly negative shift of the broad oxidation peak, infer-
ring that AA, DA and UA are oxidized at lower working potential
than that on bare GCE. AuNPs–�-CD can slightly resolve these ana-
lytes but the sensitivity is lower. The oxidation peaks for AA, DA and
UA are better resolved at the �-CD–Gra/GCE (Fig. 3d) and AuNPs–�-
CD-Gra/GCE (Fig. 3e), indicating that the presence of Gra on GCE
indeed improves the resolution of these compounds. The oxida-
tion potentials for AA, DA and UA are 0.222, 0.426 and 0.546 V,
respectively, and the peak-to-peak separations (�Ep) of AA–DA
and DA-UA are 204 and 120 mV,  respectively. AuNPs on the �-
CD–Gra/GCE do not shift the oxidation potential of these analytes
but it can lower the background current and increase the oxidation
currents by 3.0%, 13.8% and 35.4% for AA, DA and UA, respectively.
These results obviously demonstrate that AuNPs can enhance the
oxidation of DA and UA on the �-CD–Gra/GCE. Furthermore, the
stability and reproducibility of the AuNPs–�-CD–Gra/GCE were
examined by evaluating the SWV  currents of 500 �M AA, 15 �M
DA and 15 �M UA at this electrode. The RSDs (n = 7) were 0.3%,
1.7% and 1.9% for AA, DA and UA, respectively, indicating that
the results are highly reproducible. This work and the findings
lay a solid foundation for simultaneous determination of AA, DA
and UA in real sample which will be discussed in the later sec-
tion.

Effect of HAuCl4 concentration on AuNPs–ˇ-CD–Gra/GCE for SWV

It has been determined that AuNPs at AuNPs-�-CD-Gra/GCE can
increase its SWV  response to AA, DA and UA. In addition, the forma-
tion of AuNPs was  mainly governed by the oxygen functionality on
the surface of GO [57]. Thus it is essential to optimize the amount
of HAuCl4 for the synthesis of AuNPs–�-CD–Gra. Various AuNPs
at AuNPs–�-CD–Gra/GCE were prepared from different concentra-

tions of HAuCl4. Fig. S6A displays the SWV  peak currents of these
modified electrodes against the concentration of HAuCl4. It was
determined that 0.050 mM HAuCl4 produced the best response to
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Fig. 4. SWVs of AA, DA and UA at AuNPs–�-CD–Gra/GCE in 0.10 M NaH2PO4–HCl
buffer  solution (pH 2.0): (A) 0.0–2200 �M AA in the presence of 5.0 �M DA and UA.
The  inset displays the plot of peak current of AA against concentration of AA. (B)
0.0–300 �M DA in the presence of 500 �M AA and 5.0 �M UA.  The inset depicts
the  plot of logarithm of DA peak current against logarithm of DA concentration. (C)
X. Tian et al. / Tal

A, DA and UA; and was  thus chosen as the optimal concentration
f HAuCl4 for synthesis of AuNPs–�-CD–Gra hybrid material.

ffect of pH

In  most cases, the electrolyte pH is an important parameter to
he electrochemical reaction. Fig. S6B and C displays the effect of
H on the anodic peak potentials (Epa) and current responses of
A, DA and UA at AuNPs–�-CD–Gra/GCE in 0.10 M NaH2PO4–HCl
uffer solution. The anodic peak potentials for AA, DA and UA
hift negatively with the increase in pH (1.0–5.0). The linear
egression equations are Epa = −0.0567 pH + 0.400 (r = 0.991) for
A, Epa = −0.0470 pH + 0.0580 (r = 0.999) for DA and Epa = −0.0479
H + 0.689 (r = 0.999) for UA, demonstrating that the electro-
hemical reaction is a two-proton and a two-electron transfer
rocess [33,59]. The peak currents of AA and DA do not change
uch at different pHs. However, for UA, the current decreases
ith the increase in pH (1.0–4.0) and then increases slightly at
H 5.0. The background current increases with the acidity of
he buffer solution and the anodic peaks of DA and UA can-
ot be completely separated. Hence, pH 2.0 was  chosen in this
ork.

ffect of preconcentration time

Fig. S6D depicts the effect of preconcentration time at OCP on
he peak currents of AA, DA and UA. The currents increase with the
ncrease in the preconcentration time, attributing to the adsorption
f these analytes on the AuNPs–�-CD–Gra via hydrogen bond-
ng between the carbonyl functionalities of the oxidized form of
-CD and analytes [56]. These results are consistent to that of
uNPs modified with over-oxidized polypyrrole for determination
f epinephrine and UA [43]. For AA, the current increases slightly
ith a 3.1% enhancement for the first 1.0 min  and then reaches the
lateau for further increase in time. For DA and UA, the currents

ncrease dramatically for the first 1.0 min  and then level off gradu-
lly as the time increases. The enhancements in current for DA and
A are 57.5% and 114% at 3.0 min  of preconcentration. Although the
urrent response for UA continues to increase slightly after 3.0 min,
he increase is very small. As such, 3.0 min  was chosen as the opti-

al preconcentration time for AA, DA and UA in our subsequent
ork.

ffect of square wave frequency and amplitude

For SWV  analysis, the square wave frequency not only affects
he analysis time but also influences the peak potential and current.
ig. S6E depicts the current responses for AA, DA and UA against the
quare wave frequency. 15 Hz was chosen as the working square
ave frequency because it produces the highest currents for both
A and UA and is only −12.0% to that at 25 Hz for AA. In addition, it

s essential to choose an optimum square wave amplitude in order
o obtain the highest peak current and minimize background cur-
ent. Fig. S6F displays the SWV  of AA, DA and UA at various square
ave amplitudes. 40 mV  was chosen as the optimal square wave

mplitude for most of our work since it produces the highest peak
urrents and the peaks are well resolved.

imultaneous determination of AA, DA and UA

The determination of AA, DA and UA at AuNPs–�-CD–Gra/GCE
as  performed under the optimal SWV  conditions. Fig. 4A shows
he SWVs of different concentrations of AA with 5.0 �M DA and
A. The peak current increases proportionally to the concentra-

ion of AA (30–2000 �M)  with a LOD of 10 �M.  The inset displays
he peak current IAA (�A) against AA concentration CAA (�M) and
0.0–60 �M UA in the presence of 500 �M AA and 5.0 �M DA. The inset shows the
plot  of logarithm of UA peak current against logarithm of UA concentration. The
optimal SWV  conditions are used.

the linear regression equation is: IAA = 0.00921 CAA + 3.91 (r = 0.999).
Fig. 4B displays the SWVs of different concentrations (0.0–300 �M)
of DA with 500 �M AA and 5.0 �M UA. The peak current does
not increase proportionally with the concentration of DA. Instead,
the logarithm of DA peak current against logarithm of DA con-

centration is linearly related as shown in the inset of Fig. 4B.
It has been reported that this logarithm relationship is mainly
attributed to the formation of the so-called microscopic phases
upon the interaction of an electron with the deposited metal on
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Table  1
Comparison of analytical performance of AuNPs–�-CD–Gra/GCE with other modified electrodes in the literature.

Electrode l-Ascorbic acid (�M) Dopamine (�M) Uric acid (�M) Ref.

Linearity LOD Linearity LOD Linearity LOD

AuNPs/GCE 8–5500 3 – – 0.6–850 0.6 [33]
PPy-TDS/Au  1–500 0.4 1–500 0.4 1–500 0.6 [34]
AuNPs-PPyox/GCE – – – – 0.050–0.28  0.03 [43]
OT-HDT/Au  300–1400 90 200–1200 90 – – [44]
Chitosan-Gra/GCE 50–1200 50 1.0–24 1.0 2.0–45 2.0 [53]
l-Cys–AuNPs/GCE 2–800 – – – 2–1000 – [62]
AuNPs–�-CD–Gra/GCE 30–2000 10 0.50–150 0.15 0.5–60 0.21 This work

Table 2
Determination and recovery test of L-ascorbic acid (AA), dopamine (DA) and uric acid (UA) in urine samples.

Urine samples Analyte Detected (�M) R.S.Da (%) Added (�M) Found (�M) R.S.Da (%) Recovery (%)

1
AA NDb – 500 504 0.8 101
DA ND – 10 10.6 0.6 106
UA 0.82 2.8 10 11.1 1.9 103

2
AA ND – 500 542 1.0 108
DA ND – 10 10.9 1.7 109
UA 0.99 1.2 10 11.3 1.8 103

3
AA ND – 500 514 0.4 103
DA ND – 10 9.8 2.0 98.0

10 10.6 0.6 97.1

a

b

t
r
t
r
l
D

(
t
U
f
t
r
l
U

p
o
w
p
t
f

R

s
i
d
i
m
o

U
A
d
v
U

UA 0.89 4.1 

Three repeat samples are determined.
ND: not detected.

he electrode, or by a decrease in reversibility of the electrode
eaction at small amounts of deposit [60,61]. The curve follows in
wo linear segments at 0.50–4.0 �M (log IDA = 0.342 log CDA + 0.568;

 = 0.999; LOD = 0.15 �M (S/N = 3)) and 4.0–150 �M (log IDA = 0.453
og CDA + 0.511; r = 0.999; LOD = 4.0 �M (S/N = 3)), where IDA is the
A peak current (�A).

Fig.  4C displays the SWVs of different concentrations
0.0–60  �M)  of UA with 500 �M AA and 5.0 �M DA. Again,
he peak current does not increase proportionally with
A concentration rather a linear logarithm relationship is

ound as shown in the inset of Fig. 4C. The curve follows in
wo segments at 0.50–4.0 �M (log IUA = 0.355 log CUA + 0.486;

 = 0.999; LOD = 0.21 �M (S/N = 3)) and 4.0–60 �M (log IUA = 0.545
og CUA + 0.362; r = 0.999; LOD = 0.21 �M (S/N = 3)), where IUA is the
A peak current (�A) and CUA is the UA concentration.

Table 1 summarizes the analytical performances of our pro-
osed AuNPs–�-CD–Gra/GCE and the literature methods in terms
f linearity and LOD. Our method has the lowest LOD for DA
hereas the linearity working ranges for AA, DA and UA are com-
arable to the literature methods. These results demonstrate that
he AuNPs–�-CD–Gra/GCE method could be an alternative choice
or determining AA, DA and UA.

eal samples analysis

Since  the AuNPs–�-CD–Gra/GCE possesses good sensitivity and
electivity for the simultaneous determination of AA, DA and UA,
t was applied to analyze the UA content in human urine. Fig. 5
epicts the SWVs of 0.10 M NaH2PO4–HCl buffer solution (pH 2.0)

n the absence and presence of human urine sample using the opti-
al  SWV  conditions. A large increase in peak current at 0.546 V is

btained, indicating that UA is in the urine sample.
Table 2 summarizes the analysis and recovery test of AA, DA and
A in human urine samples by using the AuNPs–�-CD–Gra/GCE.
ll  the samples do not require pretreatment and can be analyzed
irectly. The results show that our proposed method is simple, con-
enient and reliable for simultaneous determination of AA, DA and
A in urine.
Fig. 5. Typical SWVs at AuNPs–�-CD–Gra/GCE in 25 mL 0.10 M NaH2PO4–HCl buffer
solution  (pH 2.0) in the absence and presence of 50 �L human urine.

Conclusion

A novel modified glassy carbon electrode has been successfully
fabricated by using graphene decorated with gold nanoparticles.
The AuNPs–�-CD–Gra/GCE exhibits good electro-activity to the
oxidation of AA, DA and UA. The oxidation peaks are well separated
by applying SWV. The detection limit of DA and UA are 0.15 and
0.21 �M,  respectively. The AuNPs–�-CD–Gra/GCE provides good
stability, sensitivity and selectivity to determine DA and UA in the
presence of AA. The sensitivity of AuNPs–�-CD–Gra nanocomposite
could be significantly enhanced by AuNPs, possibly attributing to
the increase in electric conductivity and the effective surface area
of AuNPs. The proposed method is a promising tool for simultane-
ous determination of AA, DA and UA in urine. It is anticipated that

further surface modification of Gra with other metal NPs could be
promising strategy for developing other highly efficient and selec-
tive electrochemical sensors. Further work is being conducted and
the results will be published in due course.
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