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a b s t r a c t

A sensitive enzymeless organophosphate pesticides (OPs) sensor is fabricated by using Au nanoparticles
(AuNPs) decorated graphene nanosheets (GNs) modified glassy carbon electrode as solid phase extraction
(SPE). Such a nanostructured composite film, combining the advantages of AuNPs with two dimen-
sional GNs, dramatically facilitates the enrichment of nitroaromatic OPs onto the surface and realizes
their stripping voltammetric detection of OPs by using methyl parathion (MP) as a model. The stripping
eywords:
onodispersed Au nanoparticles
raphene
olid phase extraction (SPE)
tripping voltammetric analysis
ethyl parathion

voltammetric performances of captured MP were evaluated by cyclic voltammetric and square-wave
voltammetric analysis. The combination of the nanoassembly of AuNPs-GNs, SPE, and stripping voltam-
metry provides a fast, simple, and sensitive electrochemical method for detecting nitroaromatic OPs. The
stripping analysis is highly linear over the MP concentration ranges of 0.001–0.1and 0.2–1.0 �g mL−1

with a detection limit of 0.6 ng mL−1. This designed enzymeless sensor exhibits good reproducibility and
acceptable stability.
. Introduction

In modern agriculture, extensive use of organophosphates pes-
icides (OPs) for pest control has raised serious public concern
egarding the healthiness, environment and food safety [1–3]. They
isrupt the cholinesterase enzyme that regulates acetylcholine
AChE), which often causes respiratory paralysis and death [4].
ndoubtedly, OP residues in crop, livestock, and water pose a

evere threat to human life. For the sake of human health pro-
ection and environmental control, the detection of trace level
f OPs has become increasingly important. Traditional analysis of
Ps is routinely carried out by gas/liquid chromatography or mass

pectroscopy [5–7]. These methods often require complicated pre-
reatment steps, extensive labor resources, and are not applicable
or on-site determination. Over the past few years, enzyme-based
nhibition/noninhibition biosensors, especially based on various
lectrochemical transducers, have emerged as a promising alter-
ative to detect pesticides [2,3,8–16]. Nevertheless, the operational
onditions are mostly limited by the denaturation of enzymes. To
vercome this problem, a nonenzymatic sensor, stripping voltam-

etric analysis combined with solid phase extraction (SPE) of OPs

ppears to be an ideal and highly sensitive technology [17–20].
s well known, solid phase extraction (SPE) is a most popular

∗ Corresponding authors. Tel.: +86 27 6786 7535.
E-mail addresses: jmgong@mail.ccnu.edu.cn (J. Gong),

hanglz@mail.ccnu.edu.cn (L. Zhang).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.06.016
© 2011 Elsevier B.V. All rights reserved.

method for sample preparation and separation [21,22]. For strip-
ping analysis, the design of solid-phase extractor is a considerably
critical issue, directly related with the stripping peak signal. In
this regard, zirconia nanoparticles or hollow fibers [18,23], carbon
paste [17], carbon nanotubes [24], molecularly imprinted poly-
mer [25], and layered double hydroxides-based supramolecules
[19], respectively, have been recognized as highly efficient SPE for
the enrichment of OPs. Despite these outstanding achievements
obtained, to meet the fast-developing detection requirements (e.g.
high sensitivity, portable instruments, and simple operations), it is
still a great challenge to construct a high-performance SPE platform
for sensitive and selective detection of OPs.

Graphene nanosheet (GN), as a “rising star” material, a sin-
gle layer of sp2 hybridized carbon atoms packed into a dense
honeycomb two-dimensional (2D) sheet, has attracted tremen-
dous attention since experimentally produced in 2004 [26–28].
Due to its novel properties, such as high surface areas (cal-
culated value, 2630 m2/g), exceptional thermal and mechanical
properties, and high electrical conductivity, GN provides poten-
tial applications in synthesizing nanocomposites, nanoelectronics,
electromechanical resonators, and ultrasensitive sensors [29–32].
Rafiee et al. [33] reported that the planar geometry of graphene
sheets, compared with the tube-shaped carbon nanotubes, could
be in more close contact with the surrounding matrix. Fur-

thermore, the “wrinkly” surfaces of graphene could interlock
well with the exotic assembly or the adsorbed targets [34].
This feature provides a new avenue for utilizing graphene-based
hybrid composite as a multifunctional nanoassembly system. Metal
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anoparticles (NPs), owing to their unique properties, assem-
led on various supporting skeleton as sensing platform have
een extensively utilized in analytical electrochemistry [35–37].
he nanocomposite of 2D GNs combined with 0D metal (e.g.,
u, Pd, Pt) NPs, have also been highly concerned recently for
onstructing electrochemical sensors, such as electrochemical
etermination of glucose [38,39], �-nicotinamide adenine dinu-
leotide [40], dopamine [41], cytochrome c [42], DNA [39] and
eavy metal ions (Hg2+) [43], etc. Obviously, graphene-based
aterials (metal NPs-graphene nanocomposite) show obvious

uperiorities on sensing applications. However, to the best of our
nowledge, there is no report on the determination of OPs by using
raphene-based nanocomposite as SPE to develop enzymeless OPs
ensor.

In this work, we describe an electrochemical stripping anal-
sis of nitroaromatic OPs based on Au nanoparticles-decorated
raphene hybrid nanosheets (AuNPs-GNs) as SPE. Uniform AuNPs
ere homogenously distributed onto the graphene nanosheet
atrix, constructing a powerful sensing platform. The resulting

anocomposite combines the advantages of AuNPs (extraordinar-
ly catalytic activity, good conductivity) together with the graphene
anosheets. Furthermore, as a supporting skeleton, graphene
anosheets not only have enlarged active surface area, high elec-
rical conductivity, and unique interlock effect toward the target,
ut also posses rich �-electron in the basal plane (C� sites), which
ould have strong affinity for nitroaromatic OPs through strong
–� interactions. It is expected to dramatically facilitate the enrich-
ent of OPs and realize their rapid, stable and sensitive stripping

oltammetric detection. Encouragingly, the combination of SPE, the
anoassembly of AuNPs-2D GNs, and stripping voltammetry may
pen up new opportunities for fast, simple and sensitive analysis
f OPs.

. Experiments

.1. Reagents

Methyl parathion (MP) was obtained from Treechem Co.
Shanghai, China). Chitosan from crab shells (85% deacetylated)
as purchased from Sigma. Chitosan solution was prepared

y adding chitosan flakes into water, gradually dropping HCl
olution to the mixture to maintain the pH near 5 and then
emoving the undissolved part by a 0.45-�m syringe filter unit.
he final concentration of chitosan solution was estimated to
e 0.03 mg mL−1. Polyvinylpyrrolidone (PVP) was obtained from
inopharm Medicine Holding Co. (Shanghai, China). Ammonia
olution (28 wt%) was purchased from Aladdin Co. (Shanghai,
hina). KAuCl4 was obtained from Alfa Aesar. All other chemi-
als were of analytical-reagent grade and used without further
urification. Doubly distilled water was used. The 0.1 M phosphate
uffer solutions (PBS) of different pH values were prepared for
se.

.2. Apparatus

Electrochemical measurements were performed on a CHI 660C
lectrochemical workstation (CHI, USA) with a conventional three-
lectrode system comprising a platinum wire as an auxiliary
lectrode, a saturated calomel electrode (SCE) as reference, and the
odified or unmodified glass carbon electrode (GCE) as a working
lectrode. The general morphology of the products was charac-
erized by the scanning electron microscopy (SEM, JSM-5600).
apping-mode atom force microscopy (AFM) was conducted with a
I Nanoscope (Veeco Instruments, Inc., USA). All experiments were
arried out at ambient temperature.
(2011) 1344–1349 1345

2.3. Electrode preparation

Prior to modification, the basal GCE was polished to a mirror
finish using 1.0, 0.3 and 0.05 �m alumina slurries. After each pol-
ishing, the electrode was sonicated in ethanol and doubly distilled
water for 5 min, successively, in order to remove any adsorbed sub-
stances on the electrode surface. Finally, it was dried under nitrogen
atmosphere ready for use.

Graphite oxide was synthesized from graphite by a modified
Hummers method [44,45]. PVP-protected graphene was prepared
by a modified method according to the literature [38]. Because
graphene sheets tend to form irreversible agglomerates or even
restack to graphite through strong �–� stacking and van der Waals
interaction [28], it is difficult for graphene to be directly dispersed
into solvents to form a uniform dispersion. This brings about the dif-
ficulty for the construction of electrochemical sensing platforms.
Here, chitosan was selected as a stabilizer to disperse graphene
into an aqueous solution. Due to its excellent capability for film
formation, nontoxicity, biocompatibility, mechanical strength, and
good water permeability, chitosan is commonly used to disperse
nanomaterials and immobilize enzymes for constructing biosen-
sors [46–48]. A certain amount of PVP-protected graphene was
dispersed into 0.5 mL of 0.03 mg mL−1 chitosan to form a homoge-
nous dispersion under mild ultrasonication for 2 h. 10 �L of the
resulting chi-graphene dispersion was dropped onto the surface
of the cleaned GCE and was kept at room temperature till dry
(labeled as chi-GNs/GCE). The further modification of AuNPs onto
chi-GNs/GCE was conducted by CV scanning from 0.2 to 1.0 V in
0.1 M KCl solution containing 2 mM KAuCl4 at a scan rate of 50 mV/s
for 7 cycles. After modification, the electrode (denoted as AuNPs-
chi-GNs/GCE) was thoroughly rinsed with water and kept at room
temperature for further use.

2.4. Measurement procedure

The AuNPs-chi-GNs-modified GCE was first immersed into a
stirred sample solution containing the desired MP concentration
for a given time, and rinsed with water. Then, it was transferred into
the blank electrolyte (0.1 M, pH 5.7 PBS) for SWV measurements.
Multiple successive SWV scanning was used to remove the bound
MP until the anodic stripping response disappeared. Also, it made
the regeneration of the sensor surface. Before electrochemical mea-
surements, the electrolyte solution was purged with nitrogen gas
for 10 min.

3. Results and discussion

3.1. Characterization of the modified electrode surface

Typical SEM image of the as-synthesized graphene powder
shows 2D nanosheet morphologies (Fig. 1A), exhibiting a few thin
wrinkles onto the surface. From the atomic force microscopy (AFM)
image, the thickness of most GNs was less than 1.0 nm (Fig. 1B), con-
sistent with the thickness of an individual graphene layer. With the
successive deposition onto chi-GNs/GCE, uniform AuNPs of ∼30 nm
in average diameter formed randomly on the sheet (Fig. 1C). Obvi-
ously, the generated AuNPs were homogenously distributed onto
the graphene nanosheet matrix, constructing a monodispersed
AuNPs-decorated graphene hybrid nanosheet assembly.

3.2. Electrochemical reactivity
The capability of electron transfer of different electrodes was
investigated by electrochemical impedance spectra (EIS), shown
in Fig. 2. It can be seen that EIS of the bare GCE is composed
of a semicircle and a straight line featuring a diffusion-limiting
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ig. 1. Typical SEM images of the as-synthesized chi-graphene (A); AuNPs-coated c
ica and its section analysis (C).

tep of the Fe(CN)6
4−/3− processes (curve a). With the modification

f graphene onto GCE, the diameter of the semicircle decreased.
t shows the consistency with the fact that graphene possesses
igh electrical conductivity with deceased charge transfer resis-
ance (Rct). Compared with the EIS of the bare GCE, the diameter
f the semicircles was successively decreased in the order from
hi-GNs/GCE (curve b) to AuNPs-chi-GNs/GCE (curve c), indicat-
ng the increasingly facile heterogeneous electron transfer kinetics.
his demonstrates that the electrochemical activity of AuNPs-chi-

Ns/GCE is higher than that of chi-GNs/GC and GC electrodes.

The cyclic voltammetric experiments were further carried out
y using Fe(CN)6

3− as the electrochemical probe. CV curves of

ig. 2. Nyquist plots obtained at GC electrode (a), chi-GN/GCE (b), and AuNPs-chi-
N/GCE (c) in 10 mM Fe(CN)6

3−/4− containing 0.1 M KCl. The frequency range is from
Hz to 100 kHz. Inset: cyclic voltammograms of 10 mM Fe(CN)6

3−/4− at GC electrode
d), chi-GN/GCE (e), and AuNPs-chi-GN/GCE (f) in 0.1 M KCl.
aphene/GCE (B); typical AFM image of the as-prepared chi-graphene nanosheet on

GC modified with different materials (inset of Fig. 2) show con-
sistence with EIS results. It can be seen that Fe(CN)6

4−/3− redox
reaction at the bare GCE gave a couple of well-behaved CV
peaks at Em of 0.210 with �Ep of 65 mV. With the modifica-
tion of graphene (chi-GNs/GCE), and the further decoration of
AuNPs (AuNPs-chi-GNs/GCE), respectively, the peak currents were
increased apparently with �Ep decreased successively. Moreover,
a great enhancement of the background current was observed at
AuNPs-chi-GNs/GCE, assigned to enlarged surface areas. Obviously,
the modification of AuNPs-chi-GNs onto GCE greatly enhances the

active area of the surface, providing an advantageous and high-
performance platform for sensing applications.

Fig. 3. UV–vis spectra of MP solution before SPE (a) and after SPE (b). MP concen-
tration before SPE: 1.0 �g mL−1; extraction time: 20 min.
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.3. UV–vis spectra

To prove that AuNPs-decorated graphene nanoassembly can
e used for SPE of methyl parathion, UV–vis spectra of MP solu-
ion before (curve a) and after SPE (curve b) were shown in
ig. 3. The freshly prepared MP solution (1.0 �g mL−1) showed a
aximum absorbance (�max) at 265 nm, which was the charac-

eristic absorbance peak of methyl parathion solution [49]. After

he AuNPs-chi-GNs/GCE was immersed in the methyl parathion
olution for ∼20 min, the absorbance showed a great decrease, indi-
ating the decrease of the amount of methyl parathion in solution
ue to the strong SPE ability of the present nanoassembly toward
ethyl parathion, while no obvious change of the absorbance
as observed when a pretreated GCE without AuNPs-GNs layer
as immersed in the solution. The phenomenon confirmed that
uNPs-decorated graphene hybrid nanosheet assembly provides
n efficient platform as the host of nitroaromatic OPs, it provides a
acile approach to attach OPs onto an electrode surface.
.4. Effect of methyl parathion on response of AuNPs-chi-GNs/GCE

Fig. 4 displays the CV of MP captured on AuNPs-chi-GNs/GCE in
.1 M PBS (pH 5.7). During the potential range from −0.8 to 0.5 V, no

ig. 4. Cyclic voltammograms of AuNPs-chi-GN/GCE (a), MP captured onto AuNPs-
hi-GN/GCE (b) in 0.1 M PBS (pH 5.7). Scan rate: 100 mV/s. Inset: stripping
oltammograms obtained at AuNPs-chi-GN/GCE in the absence of MP (c), the solu-
ion containing 0.2 �g mL−1 MP without preconcentration (d), and after SPE in
.2 �g mL−1 MP (e). SWV conditions: scanning potential range, −0.4 to 0.3 V; fre-
uency, 25 Hz; potential increment, 4 mV; amplitude of the square-wave, 20 mV.
lectrolyte: 0.1 M PBS pH 5.7.
(2011) 1344–1349 1347

obvious redox peak appeared in the absence of MP (curve a). How-
ever, a pair of well-defined redox peaks (Epa, −0.01 V; Epc, −0.07 V)
and an irreversible reduction peak (Epc, −0.57 V) were observed
(curve b) with the capture of MP onto AuNPs-chi-GNs/GCE. The irre-
versible reduction peak corresponds to the reduction of the nitro
group to the hydroxylamine group (reaction (1)). The reversible
redox peaks are attributed to a two-electron-transfer process (reac-
tions (2) and (3)), shown as below. These profiles are consistent
with those described elsewhere for nitroaromatic OPs [17–20].

SWV analysis has a higher sensitivity than that of other elec-
trochemical techniques. As shown in the inset of Fig. 4, no anodic
stripping peak was observed at AuNPs-chi-GNs/GCE in blank PBS
(curve a). Evidently, a very sharp and well-defined stripping peak
at a potential of about 0.056 V vs. SCE (curve c) appeared with the
capture of MP into the nanoassembly. Compared with the direct
measurement in MP sample solution (curve b), the stripping peak
current at MP captured AuNPs-chi-GNs/GCE was greatly enhanced.
This may be attributed to the enlarged surface area, the enhanced
electron transfer, the strong �–� interactions and the unique inter-
lock effect of graphene toward the target of MP. Obviously, the
presence of an AuNPs-chi-GNs film plays a great role, providing
an advantageous platform for the preconcentration of MP. The SPE
through the capture of MP into the nanoassembly of AuNPs-chi-
GNs, leads to the enrichment of MP onto the surface of the electrode,
and is therefore responsible for the significant enhancement of the
current response.

3.5. Optimization for the detection of MP at AuNPs-chi-GNs/GCE

We further optimized the experimental parameters to get high-
performance stripping analysis of OPs. First, as the supporting
skeleton, the amount of graphene dispersed onto GCE sharply influ-
enced the electrochemical response. With casting the different
dispersion concentration of graphene onto GCE, the final strip-
ping response of MP at AuNP-chi-GNs modified GCE rose at first
up to 0.40 mg mL−1 and then decreased at higher concentration
(Fig. 5A). In other word, when the concentration of graphene was
0.4 mg mL−1, the stripping peak current of MP was best.

Since the AuNPs-based ensemble plays an important role in the
performance of sensors, the influence of the amount of monodis-
persed AuNPs onto the sheet was investigated by controlling the
cycles of CV scanning (in 2 mM KAuCl4 + 0.1 M KCl). The potential
scanning cycles would directly affect the size distribution of AuNPs.
As shown in Fig. 5B, with the potential scanning cycles increased,

the stripping peak current of MP rose at first up to 7 cycles and
then decreased. It is likely related to the nanostructural platform
ensembled by AuNPs-chi-GNs onto the electrode. The enhanced
surface area from the modification of metal NPs enables more avail-
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peak currents of MP varied slightly. It is likely due to the strong
�–� interaction between the nanoassembly of AuNPs decorated
GNs and nitroaromatic OPs. Also, such a low stripping potential of
ig. 5. Effects of the amount of chi-graphene precasted onto the substrate (A), the
C), and the extraction time (D) toward the adsorption of MP onto AuNPs-chi-GN/G

ble active sites on the electrode surface for MP capture. While the
otential scanning cycles were further increased, the metal NPs
ould be continuously generated, even coalesced and finally aggre-

ated, resulting in the decreased sensing performance. Thus, the
ondition of 7 potential cycles was optimal for the preparation of
uNPs-chi-GNs modified GCE.

The response of MP was also dependent on pH of adsorption
edia. The stripping signal was enhanced with an increase of pH up

o 5.7, but decreased at higher pH (Fig. 5C). Since basic media would
esult in the degradation of OP compounds and H+ was involved in
he irreversible reduction of MP, a pH value of 5.7 was selected for

easurements in this study [50].
It was found that extraction time was another one of the most

nfluential parameters in pesticide analysis. The peak currents
ncreased rapidly with an increase of immersion time, and then
ended to be stable at ∼20 min. This indicates that the uptake of

P into the nanoassembly reaches saturation (Fig. 5D).

.6. Analytical performance for the detection of methyl parathion

Fig. 6 displays the SWV response of adsorbed MP by the
PE process at AuNPs-chi-GNs/GCE. Well-defined peaks, pro-
ortional to the concentration of the corresponding MP, were
bserved in two ranges, 0.001–0.1 and 0.2–1.0 �g mL−1. The
inearization equations were i/�A = 16.81 + 256.3c/�g mL−1, and
/�A = 47.61 + 11.17c/�g mL−1, with the correlation coefficients of
.9908 and 0.9987, respectively (inset of Fig. 6). At relatively low
oncentrations of the analyte, the outer more accessible active sur-
ace area could be fully covered with a lower competition for the
urface. It ensures a more efficient uptake of methyl parathion,
eading to a higher sensitivity for the lower concentrations. There-
ore, two linear ranges with a “switch” in slope appeared. The
imilar results have ever been reported in other systems [51,52].

detection limit of 0.6 ng mL−1 was obtained with the calcula-
ion based on signal-noise ratio equal to 3. It is significantly lower

han 13.2 ng mL−1 at a carbon-paste electrode by using stripping
nalysis [17,18], lower than those reported with enzyme-based
nhibitor electrochemical sensors [13–15,19], and comparable with
hose obtained using ZrO2 or LDHs-based SPE [17–20]. Our results
tial scanning cycles in 2 mM KAuCl4 + 0.1 M KCl (B), the pH of adsorption medium
V conditions are the same to those in Fig. 4.

demonstrated that the proposed AuNPs-chi-GNs composite film
was reliable for the determination of OPs. The relative standard
deviation was 5.6% for 10 replicate determinations of 0.1 �g mL−1

MP, indicating acceptable reproducibility.
The stability of the AuNPs-chi-GNs modified electrode could be

maintained by being stored at 4 ◦C in a dry condition. No obvious
decrease in the response of MP was observed in the first 10-day
storage. After a 30-day storage period, the sensor retained 86% of its
initial current response. Interferences arising from other electroac-
tive nitrophenyl derivatives such as p-nitrophenol, nitrobenzene,
p-nitroaniline, trinitrotoluene (TNT) and other oxygen-containing
inorganic ions (PO4

3−, SO4
2−, NO3

−) were used to evaluate the
selectivity of the AuNPs-chi-GNs/GCE to MP. As shown in Fig. 7,
one can see that no obvious interferences were observed with the
Fig. 6. Stripping voltammograms of increasing MP concentrations (from bottom to
top, 0, 1, 10, 30, 80, 200, 600, and 1000 ng mL−1, respectively). The inset shows the
calibration curve. Electrochemical stripping detection conditions are the same to
those in Fig. 4.
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Fig. 7. Stripping signals of 200 ng mL−1 MP in the absence and presence
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f 2 �g mL−1 p-nitrophenol, 2 �g mL−1 nitrobenzene, 2 �g mL−1 p-nitroaniline,
�g mL−1 trinitrotoluene, 0.4 mM PO4

3− , 0.4 mM SO4
2− , and 0.4 mM NO3

− , respec-
ively. Electrochemical stripping detection conditions are the same to those in Fig. 4.

.056 V applied could avoid the interference efficiently since the
xidation potentials of those phenol compounds are more than
.3 V.

To further demonstrate the practicality of the present electrode,
t was evaluated by processing real samples. We performed the
ecovery tests by adding different amounts of MP into real sam-
les, including garlic, cabbage and tea. Results are summarized as
able S1. The original MP concentration in the cabbage sample was
ested to be 5.86 ng mL−1, while the original MP in the tea sample
as 6.17 ng mL−1. The recoveries of the spiked MP are from 96.2%

o 105.0% for the real samples. The results indicate that the pro-
osed method is highly accurate, precise and reproducible. It can
e used for direct analysis of relevant samples.

. Conclusions

This work has successfully demonstrated a simple and efficient
trategy for stripping analysis of OPs at AuNPs-chi-GNs modi-
ed GCE. Monodispersed AuNPs are homogenously distributed
nto 2D graphene nanosheet matrix, constructing a nanoassembly
f AuNPs-decorated 2D graphene hybrid nanosheets. The as-
repared composite matrix, combining the advantages of graphene
anosheets together with AuNPs, greatly facilitated the preconcen-
ration of MP onto the surface with the stripping current response
reatly enhanced. The resulting biosensor showed both good repro-
ucibility and ideal stability. This work has expanded the scope
f the metal NPs-graphene nanocomposite material to the field of
lectroanalytical chemistry, and holds great promise for the routing
ensing and biosensing applications. We believe that the combina-
ion of the nanoassembly of AuNPs-2D GNs and SPE as well as SWV
ill pave the new way for electrochemical detection of OPs.
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