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We demonstrate a facile procedure to efficiently prepare Prussian blue nanocubes/reduced graphene
oxide (PBNCs/rGO) nanocomposite by directly mixing Fe** and [Fe(CN)g]*~ in the presence of GO in
polyethyleneimine aqueous solution, resulting in a novel acetylcholinesterase (AChE) biosensor for
detection of organophosphorus pesticides (OPs). The obtained nanocomposite was characterized by
X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM) and energy-
dispersive X-ray (EDX) microanalysis. It was clearly observed that the nanosheet has been decorated
with cubic PB nanoparticles and nearly all the nanoparticles are distributed uniformly only on the
surface of the reduced GO. No isolated PB nanoparticles were observed, indicating the strong
interaction between PB nanocubes and the reduced GO and the formation of PBNCs/rGO
nanocomposite. The obtained PBNCs/rGO based AChE biosensor make the peak potential shift
negatively to 220 mV. The over-potential decreases ~460 mV compared to that on a bare electrode,
suggesting that PBNCs/rGO has a high electrocatalytic activity towards the oxidation of thiocholine.
The AChE biosensor shows rapid response and high sensitivity for detection of monocrotophos with a
linear range from 1.0 to 600 ng mL ! and a detection limit of 0.1 ng mL~'. These results suggest that the
PBNCs/rGO hybrids nanocomposite exhibited high electrocatalytic activity towards the oxidation of
thiocholine, which lead to the sensitive detection of OP pesticides.
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Introduction

Because of the high toxicity of organophosphorus pesticides
(OPs), they still remain a serious health threat to humans across
the world. Rapid detection of these toxic agents has become
increasingly important for health protection." Although gas or
liquid chromatography and mass spectrometry are accurate and
routinely performed for analyzing OPs,** these methods have a
number of disadvantages, limiting their applications for rapid
analyses under field conditions. Development of a simple, rapid,
sensitive and inexpensive method with real-time output to detect
OPs is of considerable interest.

Enzyme-based biosensors have emerged in the past few years
as the most promising alternative technique for on-site detection
of pesticides.®” Various inhibition and non-inhibition biosensor
systems, based on the immobilization of acetylcholinesterase
(AChE) or OP hydrolase (OPH) have been developed. The key
step for enhancing the sensitivity of the biosensors is to improve
the biosensor design and the electrochemical detection of the
enzymatic product. In order to reduce the oxidation potential of
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enzymatic product thiocholine on conventional electrodes,®®
mediators such as cobalt(i1) phthalocyanine'®! and Prussian
blue'>!® have been used. The ideal biosensor should provide a
large surface area for large quantities of enzymes to be immo-
bilized and provide a favorable microenvironment to maintain
the enzyme activity.

The recent discovery of graphene in 2004 (ref. 14) has
attracted much attention for its two-dimensional structure and
novel physical properties and potential applications in nano-
electronic devices and transparent conductors.’**® Tt is an ideal
material for electrochemistry because of the large surface area,
excellent electrical conductivity and low cost.'”” More recently,
different kinds of metal nanoparticles have been introduced into
graphene, such as Au,?** TiO,,*?* SnO, (ref. 24) to strengthen
the activity. Graphene-based nanocomposites have been devel-
oped as an enhanced sensing platform for biosensors, because
these kinds of nanocomposite films may generate synergistic
effect to enhance the sensitivity. However, it is difficult to
synthesize graphene sheet-based nanocomposites using exfoli-
ated graphene sheet directly because of their limited solubility in
solution.?® Graphene oxide (GO), achieved in large scale by
exfoliating graphite oxide with the assistance of ultrasound
radiation, has as large a surface area as graphene and possesses
large numbers of oxygen-containing functional groups, such as
hydroxyl, carboxyl and epoxy groups,®s2® offering us a
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potential precursor for such nanocomposite fabrication. For
example, GO-silica,” GO-sulfonated polyaniline®*® and GO-
metal nanocomposites®*? were synthesized and further con-
verted to graphene sheet-based nanocomposites by chemical
deoxygenation. Moreover, GO can also improve the properties
of nanoparticles on their surface.*® Chen reported an ultrafine
Pd nanoparticles-GO nanocomposite surface which expresses
higher activity in formic acid and ethanol oxidation compared
with a commercial Pd/C catalyst.** Moreover, PB nano-
composites decorated on graphene® or graphene oxide*® has
been reported, with excellent electrocatalytic activity towards
H202.

In this paper, we demonstrate a facile procedure to efficiently
prepare Prussian blue nanocubes/reduced graphene oxide
(PBNCs/rGO) nanocomposites by directly mixing Fe** and
(Fe(CN)g)*~ in the presence of GO in polyethyleneimine
aqueous solution. The PBNCs/rGO nanocomposite was used
for fabrication of an AChE biosensor by directly coating an
AChE layer over the nanocomposite film on the electrode
surface (Scheme 1). Prussian blue (PB) differs favourably from
many other modifiers applied in enzyme sensors by its high
efficiency of electron transfer in a wide pH range, by the
stability of its electrochemical characteristics and the simple
procedures for deposition and activation.’” It was found that
the obtained PBNCs/rGO hybrids nanocomposite modified
electrode exhibited high electrocatalytic activity towards the
oxidation of thiocholine, a hydrolysis product of the AChE
substrate, which prevented the potential interference from other
electroactive species.

Experimental
1. Reagents

Monocrotophos was purchased from Dr Ehrenstorfer GmbH
(Augsburg, Germany). Human AChE, acetylthiocholine chlo-
ride (ATCI), pralidoxime iodide, chitosan and phosphate buft-
ered saline were purchased from Sigma-Aldrich Co. (St. Louis,
USA). Polyethyleneimine (PEI) was obtained from Aladdin
Chemistry Co. (Shanghai, China). Graphite powder, potassium
ferricyanide (K;3;Fe(CN)g), potassium chloride (KCI), ferric
chloride (FeCls-6H,0), hydrochloric acid (HCI), sulfuric acid
(H,SO,4), potassium permanganate (KMnO,) and hydrogen
peroxide solution (H,O,, 30 wt%) were obtained from Shanghai
Chemical Reagent Co. (Shanghai, China).

H,S0,/KMnO, Fe3*/(Fe(CN)e)* AChE
===< Oxidation PEI ¥ Chitosan
Sonication Reduction

[ J

/—Xcetylthiocholine
KFellFe!(CN)g Thiocholine,eq
e- X
K FellFell(CN)g Thiocholine,,

%" Graphite PBNCs/rGO

@ AChE AChE-PBNCs/rGO

Scheme 1 Preparation of PBNCs/rGO nanocomposite-based AChE
biosensor and the electrocatalytic mechanism for ATCI oxidation.
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Fig. 1 (A) SEM image and (B) EDX pattern of PBNCs/rGO nano-
composite. (C) TEM image of GO and (D) TEM of PBNCs/rGO
nanocomposite.
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Fig.2 (A) XPS spectra of GO, (B) PBNCs/rGO nanocomposite, (C) Cls

of GO, (D) Cls of PBNCs/rGO nanocomposite, (E) N1s of PBNCs/rGO

nanocomposite and (F) Fe2p of PBNCs/rGO nanocomposite.
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Fig. 3 (A) Contact angle graphs of bare electrode (a) and PBNCs/rGO
nanocomposite modified electrode (b). (B) Cyclic voltammograms of
bare SPE in PBS (a); AChE-PBNCs/rGO/SPE in PBS in the absence of
ATCI (b) and AChE-PBNCs/rGO/SPE in PBS in the presence of ATCI
(¢). (C) Hydrodynamic voltammograms obtained at AChE/SPE (a);
AChE-PB/SPE (b) and AChE-PBNCs/rGO/SPE (c) in PBS containing
3.0 mM ATCI. (D) Calibration curve of the inhibition percentage and

different concentrations of monocrotophos.

Table 1 Current-time response of AChE biosensor in PBS

Current/pA Response time/s
AChE/SPE 1.4 26
AChE-PB/SPE 10.7 20.6
AChE-PBNCs/rGO/SPE 15.2 10.9
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Fig. 4 Effects of incubation concentration (A) and incubation time (B)
of pralidoxime iodide on reactivation efficiency.

Table 2 Recovery studies of monocrotophos in cucumber samples

Amount spiked/ng

Sample no. mL™! Found/ng mL™! Recovery(%)
1 5 5.13 102.6
2 10 9.91 99.1
3 100 102.5 102.5
4 300 309.8 103.3
5 500 488.7 97.7

2. Synthesis of graphene oxide (GO)

The preoxidized graphite was reoxidized by the Hummer’s
method. Briefly, 0.5 g pretreated graphite was put into 20 mL
cold concentrated H,SO,4 (0 °C). Then, 1.5 g KMnO,4 was added
gradually under stirring with the system temperature below 20 °C
by an ice bath. The mixture was then stirred at 35 °C for 2 h,
followed by the addition of distilled water (50 mL), and stirring
was continued for 15 min. To complete the reaction, distilled
water (140 mL) was then added to the mixture. Subsequently,
30% H,0, (2 mL) was added drop-by-drop and the color of the
mixture changed to bright yellow. The mixture was filtered and
washed with an aqueous HCI solution (v/v 1 :10) (250 mL) to
remove metal ions, followed by a wash with distilled water to
remove the acid until the solution became neutral. Exfoliation
was carried out by sonicating the GO dispersion (0.5 mg mL™")
for 1 h.

3. Synthesis of Prussian blue nanocubes/reduced graphene
oxide (PBNCs/rGO) nanocomposite

The PBNCs/rGO nanocomposite was synthesized similarly to a
reported method.?® Briefly, 10 mL K;Fe(CN)g (5 mM, pH 1.1),
1.0 mL of 3% PEI, and 10 mL FeCl;-6H,0 (5 mM, pH 1.1) were
added to 10 mL of GO dispersion (0.5 mg mL~!, pH 1.1) under
stirring, and the mixture was heated and refluxed for 3 h. The
colour of the mixture gradually changed from yellow to dark
cyan, indicating the successful preparation of PBNCs/rGO
nanocomposite. The obtained product was washed with distilled
water three times and collected by centrifugation.

4. Characterization

Scanning electron microscopy (SEM) and energy-dispersive X-
ray (EDX) microanalysis were performed by using an S-4800
field-emission scanning electron microscope (HITACHI, Japan).
SEM-EDX analyzes were performed on the surface of silica and
at least five analyses at different spots were performed for each
sample to obtain an average value. Transmission electron
microscopy (TEM) images were obtained with JEM 1230
transmission electron microscope (JEOL, Japan) operated at
160 KV. The static water contact angle of PBNCs/rGO was
measured at 25 °C by a contact angle system OCA 20 (Data-
physics, Germany). X-Ray photoelectron spectroscopy (XPS)
measurements were carried out with a thermoelectron instrument
MultiLab 2000 (Thermo Fisher, USA). Electrochemical char-
acterization was carried out with a CHI 660C Electrochemical
Workstation (Shanghai Chenhua Instrument Co., China).
Before electrochemical measurement, 3.0 pL of the above
PBNCs/rGO nanocomposite was first coated on a pretreated
screen printed electrode (SPE). After drying for 1 h, 5.0 uL
AChHE chitosan (0.05%) solution was introduced onto the
PBNCs/rGO nanocomposite modified electrode to obtain an
AChE biosensor. Monocrotophos was used as a model OP
compound for this study. The inhibition efficiency (/%) was
calculated as: I% = 100% x (io — i)/iy, where iy and i are the peak
currents of ATCI before and after monocrotophos inhibition.
The inhibited AChE modified electrode was reactivated with
5.0 mM pralidoxime iodide for 15 min, then added 50 pL 3.0 mM

ATCl in PBS to study the electrochemical response.
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The reactivation efficiency (R%) was estimated as: R(%) = 100%
x (i; — /iy — i), where i, was the peak current of ATCI with
pralidoxime iodide reactivation. Square-wave voltammetric
(SWYV) measurement was used for detection with the potential
range from —0.2 to 0.8 V at 50 mV s~' scanning rate.

Results and discussion

The typical morphology of a PBNCs/rGO nanocomposite is
shown in an SEM image (Fig. 1A), which exhibits a large
quantity of cubic nanoparticles with average size of ~50 nm. The
EDX measurements further confirm the high content of iron and
carbon in the nanocomposites. A typical spectrum is presented in
Fig. 1B, where peaks associated with Fe, Si, C, O and Cl can be
distinguished. The oxygen and silicon are presumably due to the
thickness of the silicon oxide layer. The large amount of chlorine
is assigned to the electrolyte of KCl remaining in the synthesis.

In addition, overall morphological information on the reduced
GO and PBNCs/rGO nanocomposites were provided by the TEM
images. The reduced GO displayed a silk-like structure with single
or very thin layers (Fig. 1C). It is observed that the nanosheet has
been decorated with cubic PB nanoparticles and nearly all the
nanoparticles are distributed uniformly only on the surface of the
reduced GO (Fig. 1D). The TEM images further reveal that there
is no observation of isolated PB nanoparticles, indicating the
strong interaction between PB nanocubes and the reduced GO,
and the formation of a PBNCs/rGO nanocomposite.

Details of the chemical changes during in situ reduction of GO
for the preparation of the PBNCs/rGO nanocomposite were
further characterized by XPS measurements. Both the fully
scanned spectra of GO (Fig. 2A) and PBNCs/rGO nanocomposite
(Fig. 2B) demonstrate the existence of C and O elements, whereas
N1s and Fe2p peaks also appeared in the PBNCs/rGO nano-
composite (Fig. 2B). It is observed that after the reduction, the
residual oxygen functionalities were still present on the reduced
GO surface. However, the O/C ratio of the reduced GO in the
PBNCs/rGO nanocomposite is much lower than that of GO,
suggesting considerable deoxygenation during the reduction
process. More detailed information on different C bonds of GO
and reduced GO is shown in Fig. 2C and D, respectively.
Generally, there are four different C groups in GO and reduced
GO, including (1) C-Cat 284.4¢eV, (2) C-O at 286.3 eV, (3) C=0
at287.4eV, and (4) O-C=0 at 288.5 ¢V. Compared with GO, the
reduced GO in the PBNCs/rGO nanocomposite presents a strong
suppression of the oxygen-containing components, indicating
that GO has been reduced leaving a small number of oxygen
functionalities. In addition, there was an additional component at
285.7 eV in Fig. 2D corresponding to the C-N in [Fe(CN)g]*~ and
PEI. Furthermore, the main core-level peak of N1sin the PBNCs/
rGO nanocomposite can be resolved into three peaks at 397.6,
391.2 and 402.3 eV, as shown in Fig. 2E. We further pay attention
to the Fe spectra of the PBNCs/rGO nanocomposite. The binding
energies of Fe2p;/, and Fe2p,, are observed at 712.2and 721.2¢eV,
respectively, which are due to the presence of Fe** (Fig. 2F). The
peak at 708.3 eV represents the existence of Fe2ps, in
[Fe(CN)g]*~.* All these results demonstrate successful prepara-
tion of the PBNCs/rGO nanocomposite.

To investigate the hydrophilicity of the PBNCs/rGO nano-
composite modified electrode, contact angles were measured, as

shown in Fig. 3A. One can see that the results of bare electrode
and PBNCs/rGO modified electrode are 60.1° and 24.4°,
respectively, indicating the fine hydrophilicity of the PBNCs/
rGO nanocomposite, which may provide a suitable microenvi-
ronment for retaining the activity of biomolecules.* In addition,
the PBNCs/rGO nanocomposite dispersion is very stable without
precipitation for more than 1 month at ambient conditions.

Electrochemical measurements were also used to evaluate the
ACHhE biosensor based on PBNCs/rGO nanocomposite modified
SPE (AChE-PBNCs/rGO/SPE). Determination of thiocholine is
in fact usually carried out to evaluate the degree of inhibition of
AChE and achieve indirect OP pesticides measurements. Fig. 3B
compares the cyclic voltammograms of bare electrode and
AChE-PBNCs/rGO/SPE in the presence of ATCI. The oxidation
of thiocholine, a hydrolysis product of ATCl by AChE, reaches
maximum oxidative current at 680 mV obtained at AChE
modified SPE (curve a). In the case of AChE-PBNCs/rGO/SPE
in PBS buffer, a pair of reversible peaks typifying the oxidation
and reduction of PB is clearly observed (curve b). The small
distance between peak potentials indicates its adsorption on the
electrode surface. When adding 3.0 mM ATCI to the PBS, the
oxidation current obtained at AChE-PBNCs/rGO/SPE (curve ¢)
obviously increases compared to that observed in the absence of
ATCI (curve b) and the peak potential shifts negatively to
220 mV (curve c). The over-potential decreases ~460 mV
compared to curve a, suggesting that PBNCs/rGO has an elec-
trocatalytic activity towards the oxidation of thiocholine. We
further studied the amperometric response of ATCl by it
measurements at the potential of 0.2 V obtained at different
AChE modified electrodes including bare SPE, PB/SPE and
PBNCs/rGO/SPE, and the results were summarized in Table 1.
The oxidation current of thiocholine at bare SPE reached the
maximum steady-state current (1.4 pA) with 26 s, while it
increased to 10.7 pA at PB/SPE with response time of 20.6 s due
to the good electron conductivity of PB and its high electro-
catalytic activity. However, when PBNCs/rGO nanocomposite
was introduced onto the electrode, further increased current
(15.2 pA) and decreased response time (10.9 s) were observed.
The results demonstrate that the largest catalytic current is
observed at the PBNCs/rGO electrode because of the synergistic
effects between the reduced GO and the PB nanocubes on thio-
choline oxidation. Other researchers explained the observed
synergy by the hypothesis that introducing carbon nanotubes
into the polymer matrix containing redox mediators improved its
electronic and ionic transport capacity and electron self-
exchange in the polymer film.**** This hypothesis can also be
applied to our system of a PBNCs/rGO nanocomposite modified
electrode. The reduced GO in the nanocomposite improves the
electronic and potassium ionic transport capacity, resulting in an
enhancement of the electrocatalytic activity. The general reac-
tions on the electrode surface could be as follows:

Acetylthiocholine ﬁ» Thiocholine + HA (acetic acid) (1)

PB, + Thiocholine,,y — PB,. + Thiocholine 2)

PBreg 4_67> PB 3)

This journal is © The Royal Society of Chemistry 2012
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The catalytic thiocholine oxidation in the case of PB can be
achieved with the redox centre active at ~220 mV, which greatly
lowers the oxidation potential for thiocholine detection. The
peak current increased and the peak potential shifted slightly
with increasing scan rate (data not shown). The peak currents
exhibited a linear dependence on the scan rate ranging from 10 to
200 mV s7!, indicating a typical surface-controlled electrode
process.

The data from hydrodynamic voltammograms further
confirms the electrocatalytic activity of different AChE modified
electrodes (Fig. 3C). For comparison, the responses of ATCI on
AChOE/SPE (curve a), AChE-PB/SPE (curve b), and AChE-
PBNCs/rGO/SPE (curve ¢) under the same conditions are dis-
played. The bare SPE yields a detectable but small response to
thiocholine (curve a). The presence of PB nanoparticles
improved the electrocatalytic current due to the mediated redox
process of PB (curve b). As expected, the PBNCs/rGO nano-
composite exhibits the highest electrochemical response to thio-
choline (curve c¢), which is consistent with the results of cyclic
voltammetric measurement.

The square-wave voltammetric measurement of thiocholine
was used for detection of OP pesticides by determining the
residual activity of AChE. The decrease in peak current increased
with the increase of pesticide concentration. As shown in Fig. 3D,
the inhibition efficiency increased with the concentration of
monocrotophos from 1.0 to 600 ng mL~". The detection limit was
calculated to be 0.1 ng mL~!, taken as the concentration equiva-
lent to a 10% decrease in signal. It is lower than that of 5ngmL™",
from the electrodeposited chitosan layer modified AChE
biosensor** and the AChE/choline oxidase bienzyme ampero-
metric acetylcholine biosensor;* and comparable to 0.9 ng mL™!
from the 3-mercaptopropionic acid SAM electrode.*

The inhibition of AChE by OP pesticides can be reversed by
use of nucleophilic compounds such as pralidoxime iodide. With
increasing concentration of pralidoxime iodide the reactivation
efficiency increased. It is observed that AChE on electrode
surface inhibited by monocrotophos can resume 90% of its
original activity after immersion in 5.0 mM pralidoxime iodide
(Fig. 4A). With increasing reactivation time, the reactivation
efficiency increased and reached a constant value after 15 min
(Fig. 4B). Based on this reactivation procedure the proposed
biosensor could be used repeatedly. The intra-assay precision of
the biosensors was evaluated by assaying one enzyme electrode
for six replicate determinations in 3.0 mM ATCIL. Similarly, the
inter-assay precision, or fabrication reproducibility, was esti-
mated at six different electrodes. The RSD of intra-assay and
inter-assay were found to be 4.9% and 7.2%, respectively, indi-
cating acceptable reproducibility. When the enzyme electrode
was not in use, it was stored at 4 °C in dry conditions. No
obvious decrease in the response was observed in the first 10-day
storage. After a 30-day storage period, the sensor retained 80% of
its initial current response.

To further demonstrate the practicality and accuracy of the
proposed biosensor, a series of monocrotophos spiked cucumber
samples were used. These samples were prepared by spiking
different amounts of monocrotophos with known concentrations
to cucumber solution. The results are summarized in Table 2,
which shows that the recoveries were in the range of 97-104%,
indicating that the proposed electrochemical method is reliable.

Conclusions

In summary, we have developed an AChE biosensor for detec-
tion of OPs based on Prussian blue nanocubes/reduced graphene
oxide nanocomposite, which was prepared by directly mixing
Fe** and [Fe(CN)g]* in the presence of GO in polyethyleneimine
aqueous solution. The graphene nanosheet not only acts as a
frame to load large amount of cubic PB nanoparticles but also
provides a large surface area for large quantities of enzymes to be
immobilized. The PBNCs/rGO nanocomposite based AChE
biosensor exhibits high electrocatalytic activity towards the
oxidation of thiocholine, thus resulting in a rapid response, high
sensitivity and low detection potential. The inhibited AChE can
be reactivated completely in a short time and therefore the AChE
biosensor can be used repeatedly. We are currently working on
the disadvantage that the inhibition based AChE biosensor is not
specific to particular kinds of organophosphate and carbamate
pesticides. However, this does not necessarily compromise its
value based on this mode. The ease of performance and the cost
effectiveness of the proposed AChE biosensor have a great
potential for application in on-site detection of the total amount
of pesticides.
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