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The effective and strong immobilization of enzymes on solid surfaces is required for current biological

applications, such as microchips, biofuel cells, and biosensors. Gold-binding polypeptide (GBP),

a genetically designed peptide, possesses unique and specific interactions with a gold surface, resulting

in improved enzyme stability and activity. Herein we demonstrated an immobilization method for

biosensor applications through site-specific interactions between GBP-fused organophosphorus

hydrolase (GBP-OPH) and gold nanoparticle-coated chemically modified graphene (Au-CMG),

showing enhanced sensing capability. A flow injection biosensor was fabricated by using GBP-OPH/

Au-CMG to detect paraoxons, a model pesticide, showing higher sensitivity, lower detection limit and

better operating stability compared that of OPH/Au-CMG. This strategy, which integrates biotic and

abiotic moieties through site-specific interactions, has a great potential for use in biosensing and

bioconversion process.
Introduction

There is a great interest in the creation of enzyme-based nano-

objects that can provide bioelectrocatalytic interfaces with multi-

functionality for numerous applications, such as biocatalysis,

biosensors, biofuel cells, and bioelectronic devices.1 In particular,

an efficient biosensor can be developed by employing the bio-

catalytic capability of an enzyme combined with transducer

materials, such as carbon allotropes and metal nanoparticles

(NPs), which can produce a signal proportional to the amount of

target analyte.2 A key to the practical implementation of both

components for biosensors is the robust immobilization of

enzymes while preserving the activity and stability of the enzymes

on the surface of transducer. To this end, much effort has been

exerted to develop strategies for immobilizing enzymes stably

and functionally onto the substrates; various methods including

physical and/or chemical attachment, entrapment, and cross-

linking have been employed.3 However, problems still exist in

minimizing the inconsistency and loss of enzyme activity (or even

enzyme denaturation) because of random orientation, uncon-

trolled conformation, and different loading of enzymes. Here, we
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report the development of a strategy for the site-specific immo-

bilization of gold-binding polypeptide (GBP)-fused enzymes

onto gold (Au) NP-anchored graphene sheets and its use for the

fabrication of electrochemical biosensors. Using organophos-

phorus hydrolase (OPH) as a model enzyme, we demonstrate

that this electrochemical biosensor system can detect pesticides

with a fast response time, low detection limit, and high

sensitivity.

Genetically designed polypeptides (GDPs) have been attract-

ing much attention as molecular and nanoscale building blocks

in nanotechnology due to their specificity, selectivity and versa-

tility in the interaction with various solid surfaces and other

molecules.4 In particular, fusion proteins with dual-functionality

have been widely used to achieve effective and selective immo-

bilization of biomolecules onto the specific solid surface, while

providing the ability to interact with other molecules, including

biomolecules.5 The major advantages of the immobilization of

these fusion enzymes on biosensors are the preservation of

natural structures, high catalytic activities, and the conditions for

specific immobilization.6 For instance, GBP has been employed

as a fusion partner in sensing elements by surface plasmon

resonance.7–9 Also, the morphologies and the activities of

enzymes could be controlled through specific immobilization of

genetically fused enzymes.10 Although GDPs allow facile, simple

and robust immobilization for biomolecules, there have been few

reports on their use in electrochemical biosensors.11

Recently, chemically modified graphenes (CMGs) have

attracted much attention as candidates for diverse applications in

electronics, sensors, and energy storage/conversion, due to their

extraordinary properties as well as the possibility of their large-

scale production based on wet chemistry.12 CMGs can serve as
This journal is ª The Royal Society of Chemistry 2011
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an ideal two-dimensional nanostructure of substrates for the

deposition of inorganic nanomaterials because of the large

surface area and outstanding electrical and mechanical proper-

ties. Coupling of CMGs and NPs further provides an effective

strategy to develop multifunctional materials, offering catalytic,

magnetic, sensing and optoelectronic materials.13 Of particular

interest is the decoration of Au NPs onto graphene sheets to

fabricate a highly efficient biosensor with many advantages,

including low resistance ohmic contacts, large accessible area and

electrocatalytic effects.14 For instance, Shan et al. demonstrated

that introduction of Au NPs on graphene sheets increased the

electroactive area and facilitated electron transfer, allowing

efficient glucose detection.15

In this paper, we report the development of a general strategy

for immobilization of OPH onto the conductive Au-CMG

hybrid through strong site-specific interactions between the

GBP-fused enzymes and the Au NPs anchored on CMGs. OPH

was used as a model enzyme for its well-defined biocatalytic

activity of degrading organophosphate (OP) compounds often

used as pesticides and chemical warfare agents. The Au-CMG

hybrid immobilized with GBP-OPH fusion protein was exam-

ined for rapid electron transfer, low charge transfer resistance,

and high biocatalytic activity in flow-injection electrochemical

biosensor.

Experimental

Preparation and synthesis of Au-CMG hybrid

Graphene oxides (GOs) were prepared from graphite powder

(Sigma-Aldrich, <20 mm) via the modified Hummer.16 Prior to

synthesis of the Au-CMG nanohybrids, the dried graphite oxides

(5 mg) were dispersed in deionized (DI) water (10 mL) by using

an ultrasonic system (Fisher Scientific Model 500 ultrasonic,

350 W) for 30 min to obtain the fully exfoliated GOs. Aqueous

solution of exfoliated GOs (0.5 mg mL�1, 2 mL) was mixed with

an ethanolic solution of HAuCl4$3H2O (2 � 10�2 mmol, 2 mL)

were mixed together and sonicated in bath-type sonicator

(Branson 3510) for 5 min to obtain Au–GO nanohybrids. After

dialysis was carried out to remove unreacted Au precursor, Au–

GO nanohybrids were reduced by addition of hydrazine (10 mL)

at 85 �C. The resulting mixture was purified by filtration and

dialysis for one week to remove remaining hydrazine, and dried

overnight under vacuums at 60 �C.

Preparation of GBP-OPH fusion protein

OPH was used as a model protein for the immobilization onto

the RGO-Au electrode and the hydrolysis of the OP substrate.

Six histidine (6His) residues were introduced to facilitate purifi-

cation of fusion proteins by metal affinity chromatography. The

DNA fragment encoding incomplete 6His-GBP was first

obtained by polymerase chain reaction (PCR) amplification

using the primers P1 (50-GAAACAGCATATGCACCATCA

CCATCACCACCACGGCAAAACCCAGGCGACCAG-30) and
P2 (50-GGAATTCAGACTGAATGGTACCGCTCGTCGCTTG

GGTTTTACCGTGCATAGATT-30), and the plasmid pTGE as

a template.8 For the cloning of mature OPH (mOPH) gene,

PCR amplification was carried out using the primers P3(50-
GAAATTCCATATGCATCATCACCACCACCACGGATCGA
This journal is ª The Royal Society of Chemistry 2011
TCGGCACAGGCGA-30) and P4 (50-AAAACTCGAGTGACG

CCCGCAAGGTCGGTGA-30), and the genomic DNA of Fla-

vobacterium sp. ATCC27551 as a template. The PCR product of the

6His-GBPwas digested withNdeI andEcoRI, and the PCRproduct

of the mOPH gene was digested with EcoRI and XhoI, and then

ligated into the same sites of pET-22b(+) to construct pET-6HGBP-

mOPH. For the production of 6His-GBP-OPH fusion protein,

Escherichia coli BL21(DE3) (F-ompT hsdSB (rB
� mB

�) gal dcm

(DE3)) harboring pET-6HGBP-mOPH was cultivated in 100 mL

Luria-Bertani medium supplemented with ampicillin (100 mg mL�1)

in a shaker (37 �C, 200 rpm). After the addition of isopropyl-b-D-

thiogalactopyranoside for protein expression, cells were further

cultivated for 6 h and disrupted by sonication for 1 min at 20%

output. After centrifugation (16 000 g, 10 min, 4 �C), the insoluble
pellet fraction was stored for the protein purification.
Immobilization of GBP-OPH on Au-CMG hybrid

The immobilization of GBP-OPH on Au-CMG hybrids was

carried out in phosphate-buffered saline (PBS, pH 7.4) solution

at room temperature. In brief, 200 mL of GBP-OPH solution was

added into 2 mL Au-CMG hybrid solution and allowed to the

self assembly for �30 min through the site-specific affinity of

GBP with Au NPs. In addition, the control OPH/Au-CMG was

prepared by a same protocol of GBP-OPH/Au-CMG.
Characterization

Transmission electron microscopy (TEM) measurements were

carried out with a JEM-2100F high-resolution TEM (HR-TEM)

at acceleration voltage of 200 kV. The scanning electron

microscopy (SEM) images were obtained using a field emission

SEM (FEI Sirion model) equipped with a Schottky emitter in

high stability. The atomic forced microscopy (AFM) images were

recorded on XE-100 instruments (Park Systems) in the non-

contact mode with silicon probes at scanning rate of 1 Hz. The

X-ray diffraction (XRD) data were obtained on a Rigaku D/max

IIIC (3 kW) with a q/q goniometer equipped with a Cu-Ka

radiation generator. The diffraction angle of the diffractograms

was in the range of 2q ¼ 2�–90�. The X-ray photon spectroscopy

(XPS) data were obtained using a VG multilab 2000 (Thermo

VG Scientific) with a monochromatic Mg-Ka X-ray source

(hn ¼ 1253.6 eV) under 10�7 Torr vacuum analysis chamber. The

high resolution scans of C and low resolution survey scans were

analyzed for each sample at least two separated locations. All

circular dichroism (CD) spectra were taken using a Jasco J-815

spectropolarimeter fitted with a 150W xenon lamp, scan speed of

50 nm min�1, and response time of 5 s. Quartz cells of 0.5 mm

optical path length were used. Thermogravimetric analysis

(TGA) was performed on a TGAN1000 (Shinco) using a heating

rate of 10 �Cmin�1. Cyclic voltammetry (CV) and AC impedance

were analyzed by a CHI 760D electrochemical workstation (CH

Instruments) with a conventional three-electrode electrochemical

cell using a glassy carbon working electrode, an Ag/AgCl (3 M

KCl) reference electrode, and a platinum wire counter electrode.

All potentials were recorded with respect to the reference elec-

trode. AC impedance was carried out in range from 0.01 Hz to

100 kHz at constant 10 mV amplitude. A homemade flow cell

with the interdigitated electrodes was connected to syringe pump
Nanoscale, 2011, 3, 2950–2956 | 2951
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for flow injection anlaysis (FIA). The amperometric responses

were then performed with FIA systems in N2-saturated PBS

solution at a polarization potential of 0.85 V and at a flow rate of

1 mL min�1 from the hydrodynamic voltammetric data.
Fig. 1 (a) Tapping-mode AFM images of Au-CMG hybrids. The inset

represents the line scan of that sample. (b–c) TEM images of the

Au-CMG hybrids at different magnifications. The inset shown in panel

(c) represents the size distribution plot of Au NPs in Au-CMG hybrids.

(d) HR-TEM images of Au-CMG hybrids.
Results and discussion

Scheme 1 illustrates the site-specific immobilization strategy for

development of a GBP-OPH/Au-CMG hybrid and subsequently

for fabrication of a flow-injection electrochemical biosensor to

detect OPs. The stable and oriented immobilization of enzymes

on the solid surface in electrochemical biosensors is of prime

importance in order to effectively transducer biological activities

to electrical signals. The GBP-OPH fusion protein used in this

study was constructed by genetic engineering strategies and

produced in recombinant E. coli. The Au-CMG hybrids were

prepared as transducer materials that can convert detection of

target analytes into the electrical signal and amplify the signal.

Prior to the preparation of hybrids, the exfoliated GO prepared

based on Hummer method16 was dispersed in DI water/ethanol

bisolvent through sonication. The quality of GO was confirmed

by AFM and TEM analysis (Fig. S1 and S2 in ESI†). After

adding Au precursor (HAuCl4$3H2O), the mixture was treated

with sonication for 5 min at room temperature. GO has abun-

dant oxygen-containing groups such as carboxylic groups at the

edges and hydroxyl and epoxy groups on the basal plane.17 These

oxygenated defects on GO readily provide nucleation sites for the

growth of AuNPs in bisolvent by sonication.18 The prepared Au-

GO sheets were reduced by the addition of hydrazine and incu-

bated at 85 �C to obtain the Au-CMG hybrids, as verified by

XPS data (Fig. S3 and S4 in ESI†).

Finally, 200 mg of GBP-OPH fusion protein was added for its

immobilization onto the Au-CMG hybrids by site-specific

interaction between the GBP and Au NPs. These hybrids were

transferred to the interdigitated Au electrode, and then the

electrodes were covered with plastic cover on holes for inlet,

outlet, and two reference and counter electrodes. The resulting

flow-injection biosensor device was used for the electrochemical

detection of OP compounds.

Graphene is an ideal supporting material for making

Au-CMG hybrid due to its two-dimensional nanostructure with

large surface area and excellent electrical and mechanical
Scheme 1 Schematic diagram of fabrication of a GPB-OPH/Au-CMG flo

WE: working electrode).

2952 | Nanoscale, 2011, 3, 2950–2956
properties.12 AFM and TEM images show the uniform decora-

tion of Au NPs on the surface of CMG as shown in Fig. 1. To

examine the morphology of Au-CMG hybrid, the samples were

dropped on the cleaved mica surface and examined by AFM

imaging. Au NPs were deposited on the CMG surface with the

mean thickness of 10.03 nm (Fig. 1a). In addition, TEM images

show that Au NPs were uniformly distributed on CMG sheets

without aggregation (Fig. 1b and c). These results were consistent

with that observed by energy dispersive X-ray spectroscopy

(EDS) mapping (Fig. S5 in ESI†), showing that the average size

of Au NPs was 8.1 � 0.67 nm. The lattices in HR-TEM images

have an interfringe distance of 2.35 �A, corresponding to (111)

plane of Au NPs (Fig. 1d). The molecular binding of GBP onto

the Au surface has been known to occur by the interaction with

Au (111) plane structure through conformational recognition

and internal stabilization.19

The percentage of Au NPs decorated on the surface of CMG

was determined to be about 13.8 wt% by TGA of GO and

Au-CMG hybrids (Fig. S6 in ESI†). In the case of GO, the TGA

trace shows the first weight loss at around 100 �C due to the

removal of physisorbed water. Two other significant drops in
w injection biosensor (RE: reference electrode, CE: counter electrode,

This journal is ª The Royal Society of Chemistry 2011
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weight take place at around 220 �C and 570 �C due to the

pyrolysis of oxygen-containing groups on the surface of GO

sheets, yielding CO, CO2, and steam.20 Compared with GO,

Au-CMG shows higher thermal stability, indicating the

successful removal of oxygen-containing groups by chemical

reduction.21 The Au (111) plane of Au-CMG hybrids was also

characterized by the XRD (Fig. S7 in ESI†), whose profile

exhibited several peaks from the Au NPs with a dominant

diffraction peak at 38.1� for Au (111).22 In addition, the broad

graphite reflection was observed at 24.2�, indicating that

Au-CMG hybrids were comprised of few layers.23 Thus, the

CMG sheets served as the well-defined mat for the assembly of

Au NPs with uniform size distribution, and consequently

provided binding sites for GBP-OPH fusion proteins.

To investigate molecular binding of GBP onto the Au surface,

the Au 4f XPS spectra were analyzed before and after the

immobilization of GBP-OPH on Au-CMG hybrids. As shown in

Fig. 2a, the doublet peaks at 84.11 and 87.81 eV corresponding to

Au0 4f7/2 and Au0 4f5/2, respectively, were observed. After

immobilization of GBP-OPH on Au-CMG hybrids, the peak

positions of Au0 4f7/2 and Au0 4f5/2 shifted to lower binding

energies with decreased intensities, indicating the disorder or

heterogeneity in the binding sites of Au NPs due to the highly

attractive interface interactions of GBPs with the Au (111) planes
Fig. 2 (a) XPS spectra of Au-CMG (black line) and GBP-OPH/Au-

CMG (red line). (b) CD spectra of OPH (blue inverted triangle), GBP-

OPH (red open triangle), GBP-OPH/Au-CMG (black open circle) and

OPH/Au-CMG (blue open diamond).

This journal is ª The Royal Society of Chemistry 2011
of Au-CMG hybrids. The conformational changes of GBP-OPH

and OPH after immobilization onto Au-CMG hybrids were

studied by CD spectroscopy as shown in Fig. 2b. The CD spec-

troscopy has been widely used to monitor the folding, stability,

and conformational changes of proteins in solution or immobi-

lized onto the colloidal surface, which arise from p–p* and n–p*

transitions.24 The secondary structure of GBP-OPH after

immobilization onto the surface of Au-CMG hybrids was quite

similar to that of free GBP-OPH, indicating no conformational

changes of GBP-OPH during immobilization. However, the

slight shift in negative peaks from 212 and 220 nm to 209 and

217 nm with a decrease in intensity revealed after immobilization

of OPH onto the Au-CMG hybrid. This result indicates that the

secondary structure of OPH was altered upon its immobilization

on the surface of hybrids without GBP. Thus, the use of GBP-

fusion approach for the immobilization of OPH on the Au NPs

allows preservation of the native structure.

The electrochemical properties using the interdigitated Au

electrodes modified by GBP-OPH/Au-CMGwere examined. The

surface of GBP-OPH/Au-CMG deposited onto the electrode was

characterized by SEM as shown in ESI† (Fig. S8). The specific

binding interactions between GBP-OPH fusion proteins and

Au-CMG hybrids resulted in good immobilization of enzymes

without aggregation. In order to verify the electron transfer of

GBP-OPH/Au-CMG at the bioactive interface, CV analysis was

performed in an electrolyte solution of Fe(CN)6
3�/4�. It is well

known that Fe(CN)6
3�/4� exhibits a surface-dependent behavior

on the carbon electrode, which allows the characterization of the

nature of the electrode surface and the kinetics of catalytic

reaction.25 Fig. 3a shows the typical CVs of Au-CMG hybrid

with peak-to-peak separation (DEp) of 64 mV, which is related to

the electron transfer rate. The ideal electron transfer rate is

59 mV for one electron transferred on the electrode.26 In general,

the peak current (Ip) decreases and the DEp increases after

enzyme immobilization due to the blocking of the electron

transfer. The GBP-OPH/Au-CMG showed a higher value of Ip
and a smaller value of DEp than those of OPH/Au-CMG.

Furthermore, there is a well-defined linear relationship between

Ip and square root of scan rate (n1/2) for the GBP-OPH/Au-CMG,

which means that the reaction is quasi-reversible and controlled

by diffusion (Fig. S9 in ESI†). The electroactive surface area (A)

for nanobio-hybrids was obtained by Randle-�Sev�c�ık equation,26

which assumes mass transport only by diffusion.

Ip ¼ 2.69 � 105n2/3AD1/2n1/2C* (1)

The electroactive area for the GBP-OPH/Au-CMG was

0.289 cm2 and that for OPH/Au-CMG was 0.205 cm2. Thus, the

electroactive fraction ofGBP-OPH/Au-CMGwas 94.5%and that

of OPH/Au-CMG was 67.1%, which indicated that GBP-OPH

was more stable and retained higher bioactivity on Au-CMG

hybrids. The surface coverage (T*) ofGBP-OPH andOPHon the

Au-CMG hybrids estimated to be 1.85 � 10�9 mol cm�2 and

1.32 � 10�9 mol cm�2, respectively.26 In both cases, an electro-

active monolayer of enzymes on the surface of Au-CMG hybrids

was formed. These results suggest that the self-associative

behavior of GBP allows efficient immobilization of bioactive

OPH on Au-CMG hybrids and enhanced accessibility of elec-

troactive species, yielding excellent electrochemical properties.
Nanoscale, 2011, 3, 2950–2956 | 2953
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Fig. 3 (a) CVs of the CMG (dashed line), Au-CMG (black line), GBP-

OPH/Au-CMG (red line), OPH/Au-CMG (blue line) in solution con-

taining 5 mMFe(CN)6
3�/4� and 0.1 MKCl at a scan rate of 50 mV s�1. (b)

CV on the GBP-OPH/Au-CMG (red line) and the OPH/Au-CMG (black

line) in 1 mM paraoxon solution at a scan rate of 50 mV s�1. The inset

shows the Tafel plot obtained from CV.

Fig. 4 (a) The Nyquist plot of GBP-OPH/Au-CMG (red circle) and

OPH/Au-CMG (black inverted triangle) in 1 mMparaoxon solution. The

inset is the equivalent circuit used for the analysis. (b) The plots of real

part of impedance (Z0) versus u�1/2 obtained from the above solution at

GBP-OPH/Au-CMG (red circle) and OPH/Au-CMG (black inverted

triangle).
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The GBP-OPH/Au-CMG hybrid biosensor system was then

examined for its capability to detect OP compounds by electro-

chemical analysis. As an example, paraoxon is chosen as a model

OP chemical. Fig. 3b presents the CVs obtained with the GBP-

OPH/Au-CMG and OPH/Au-CMG in a solution containing

1 mM paraoxon. The GBP-OPH/Au-CMG showed a substan-

tially larger anodic signal and a lower onset point than the

OPH/Au-CMG, likely resulting from a larger electroactive area

and a higher electron transfer rate on the interface surface. In

order to understand the possible reasons for facilitated electron

transfer by employing the GBP-OPH fusion protein, the Tafel

slope, related to the activation energy for electrochemical reac-

tions, was estimated from the Butler-Volmer equation.26

log i ¼ log i0 þ aAnF

2:303RF
h (2)

The Tafel slope for GBP-OPH/Au-CMG (82.3 mV dec�1) was

smaller than that for OPH/Au-CMG (107.3 mV dec�1), indi-

cating that the GBP-OPH fusion protein requires a lower acti-

vation energy for the hydrolysis of paraoxon than OPH without

GBP.

To understand the electron transport phenomena at the

bioactive interfaces with GBP and without GBP, the Randle0s
equivalent circuit was chosen to fit the obtained impedance data.

The Nyquist plot represents the reaction kinetics and diffusion

behavior, and is related to the charge transfer resistance (Rct) in

series with Warburg impedance (Zw).
26 As shown in Fig. 4a, the
2954 | Nanoscale, 2011, 3, 2950–2956
diameter of the semicircle corresponding to the value of Rct for

OPH/Au-CMG (70.39 U) was larger than that of GBP-OPH/Au-

CMG (47.45 U) at a high frequency region. This indicates that

the charge transfer became more efficient by using the GBP

fusion protein, consistent with the CV results in Fig. 3a. At the

low frequency region, the slope of the plot is linear due to the

fractal geometry effects of the surface, suggesting a diffusion

control system. According to the eqn (3),27 the real (Z0) or

imaginary (Z0 0) part of the Warburg impedance is proportional

to the reciprocal of the square root of the angular frequency

(u�1/2). Fig. 4b exhibits the plot of Z0 versus u�1/2, in which the

slope at low frequency region provides the Warburg coefficients

(s) of both nanobio-hybrids. The s values of GBP-OPH/Au-

CMG were lower than those of OPH/Au-CMG. The diffusion

coefficient (D) of electroactive molecules at the interfacial region

was evaluated with eqn (4).26

Zw ¼ su�1/2(1 � j) (3)

s ¼ RT

n2F 2A
ffiffiffi
2

p
 

1

D
1=2
O C�

O

þ 1

D
1=2
R C�

R

!
(4)

From the results shown in Fig. 4b, the hydrolyzed p-nitrophenol

(PNP) at the GBP-OPH/Au-CMG interface diffused onto the
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 (a) Amperometric responses to subsequent injection of 2 mM

paraoxon to the flow cell transferred GBP-OPH/Au-CMG (red line) and

OPH/Au-CMG (black line). The inset shows calibration curves of the

current versus concentration of paraoxon. (b) The operating stability of

GBP-OPH/Au-CMG (top) and OPH/Au-CMG (bottom), respectively.

Conditions were follows; applied potential, +0.85 V; flow rate,

1 mL min�1; paraoxon concentration, 6 mM.
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surface of Au-CMG hybrids was much faster compared with the

OPH/Au-CMG interface. This seems to be due to that the self-

associative behavior of GBP with Au NPs allowed construction

of well-oriented structures at the interface of Au-CMG hybrid

and enhances accessibility of PNP on the Au-CMG hybrid.

The degradation and detection mechanism of paraoxon by

using GBP-OPH/Au-CMG are depicted in Scheme 2. The OPH

triggers enzymatic hydrolysis of paraoxon coupled with releasing

electroactive PNP, according to reaction 1.28 The GBP-OPH/Au-

CMG allowed not only retaining the enzyme activity without

conformational change but also facilitating electron transfer of

PNP. The successful construction of interface based on the

hybrid system was based on two important factors. First, the

GBP fusion protein provided binding specificity, enzyme

stability, and well-oriented enzyme morphology, which resulted

in high enzymatic activity and accessibility of chemicals to be

detected. Second, CMG served as a good conductive support for

facilitating electron transfer, preventing aggregation of Au NPs

and large loading of Au NPs. Thus, the GBP-OPH/Au-CMG

provides a synergistic platform for simultaneous functions of

biocatalysis, electron transport and mass transfer, as confirmed

by CV and impedance analyses.

To characterize the performance of the GBP-OPH/Au-CMG

as an agrichemical biosensor, FIA with amperometric detection

was performed. Fig. 5a shows the amperometric responses of

GBP-OPH/Au-CMG and OPH/Au-CMG with increasing para-

oxon concentrations (2 mM steps). At a polarization potential of

0.85 V, the anodic current increased temporally within 3 s and

returned back to the buffer signal level. The resulting calibration

plots showed a linear relationship in amperometric response. The

sensitivities were 55.54 nA mM�1 for GBP-OPH/Au-CMG and

1.80 nA mM�1 for OPH/Au-CMG. The limits of detection (LOD,

S/N¼ 3) were 9.54� 10�8 and 4.67� 10�7 M for GBP-OPH/Au-

CMG and OPH/Au-CMG, respectively. As shown in Fig. 5b, the

biosensor employing GBP-OPH showed a good operating

stability compared with that using the native OPH; while the

OPH/Au-CMG showed a gradual decrease of signal, a stable

response was observed over the entire operation when using the
Scheme 2 Schematic representation of paraoxon hydrolysis by OPH

(reaction 1) immobilized through GBP on the Au-CMG, and further

oxidation of PNP (reaction 2).

This journal is ª The Royal Society of Chemistry 2011
GBP-OPH/Au-CMG. The detection performance of the GBP-

OPH biosensor developed in this study is compared with those of

other biosensors (see Table S1, ESI†). The GBP-OPH biosensor

shows a higher sensitivity and a shorter response time for the

paraoxon detection compared with other biosensors without

using the GBP as a fusion partner.
Conclusions

In summary, we reported the development of an electrochemical

biosensor system by stable and highly functional immobilization

of GBP-fusion enzyme onto the Au-CMG, and its use for a rapid

and sensitive electrochemical detection of an agrichemical. The

high enzyme activity and rapid electrical communication of

GBP-OPH/Au-CMG result from the well-oriented structure and

unique properties of the system, such as large surface area and

excellent catalytic and electrical properties. This GBP-OPH

biosensor system was successfully applied for the detection of

paraoxon as a model OP compound with a sensitivity of
Nanoscale, 2011, 3, 2950–2956 | 2955
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55.54 nA mM�1, LOD of 9.54� 10�8 M, and response time of less

than 3 s. Furthermore, the GBP-OPH/Au-CMG displayed

a well-defined linear electrical response to the varying concen-

trations (2 to 20 mM) of paraoxon. Although we used OPH as

a model enzyme and paraoxon as a target chemical to detect in

this study, various applications can be realized by employing

different enzymes to detect other chemicals using GBP as

a fusion partner and Au-CMG as a conductive surface. It is

expected that this hybrid electrochemical sensor system would be

widely applicable in developing point-of-care devices for sensing

chemicals.
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