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� We developed functionalized gra-
phene oxide (FGO) as a platform for
biosensors.

� Abundant affinity groups on FGO
resulted in an excellent enzyme
loading.

� The modified electrodes exhibited
great short-term and long-term sta-
bility.

� The FGO biosensors showed a detec-
tion limit of 0.65 nM to paraoxon.
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A B S T R A C T

There is an increasing need to develop biosensors for the detection of harmful pesticide residues in food
and water. Here, we report on a versatile strategy to synthesize functionalized graphene oxide
nanomaterials with abundant affinity groups that can capture histidine (His)-tagged acetylcholinesterase
(AChE) for the fabrication of paraoxon biosensors. Initially, exfoliated graphene oxide (GO) was
functionalized by a diazonium reaction to introduce abundant carboxyl groups. Then, Na,Na-bis
(carboxymethyl)-L-lysine hydrate (NTA-NH2) and Ni2+ were anchored onto the GO based materials step
by step. AChE was immobilized on the functionalized graphene oxide (FGO) through the specific binding
between Ni-NTA and His-tag. A low anodic oxidation potential was observed due to an enhanced
electrocatalytic activity and a large surface area brought about by the use of FGO. Furthermore, a
sensitivity of 2.23 mA mM�1 to the acetylthiocholine chloride (ATChCl) substrate was found for our
composite covered electrodes. The electrodes also showed a wide linear response range from 10 mM to
1 mM (R2 = 0.996), with an estimated detection limit of 3 mM based on an S/N = 3. The stable chelation
between Ni-NTA and His-tagged AChE endowed our electrodes with great short-term and long-term
stability. In addition, a linear correlation was found between paraoxon concentration and the inhibition
response of the electrodes to paraoxon, with a detection limit of 6.5 �10�10M. This versatile strategy
provides a platform to fabricate graphene oxide based nanomaterials for biosensor applications.
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1. Introduction

Pesticide biosensors based on acetylcholinesterase (AChE)
inhibition have been developed as a promising technique for the
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analysis of organophosphate and carbamate pesticides [1–3].
These toxic compounds compose a significant class of pesticides
that inhibits the normal function of AChE, which is a serine
protease found at the central nervous system and functions in the
synaptic transmission process, by blocking the active site on AChE
[4,5]. Moreover, these pesticides that exist in food, water and soil
would considerably impact safety of agricultural products and
consumers’ health, especially in developing countries [1]. There-
fore, the development of sensitive, rapid and reliable biosensors for
the detection of organophosphate and carbamate pesticides is
relevant [6]. Pesticide biosensors hold the potential to complement
or replace traditional analytical methods such as gas chromatog-
raphy, mass spectrometry, and high-performance liquid chroma-
tography, through the simplification or even elimination of sample
preparation and the decrease of analysis time and cost [1,2]. In
biosensing configurations, AChE serves as the biological element
that recognizes acetylthiocholine (ATCh) and is sensitive to the
inhibition by organophosporous pesticides (OP) [7,8].

Biosensors based on AChE inhibition usually employ an
electrochemical detection system and involve AChE immobiliza-
tion on electrode surfaces [2,3,9,10]. In an enzymatic biosensor
system, the enzyme immobilization is crucial and requires the firm
association between the enzyme and the substrate material,
without the loss of bioactivity [11]. Immobilization methods
including adsorption, entrapment and covalent coupling were
applied in various nanomaterial systems for the biosensor
construction [2,9,12–16]. However, adsorption and entrapment
could cause enzyme leakage, leading to a poor stability of
biosensors; whereas covalent coupling might result in enzyme
denaturation or may not be applicable to a large range of systems.
The rapid development of nanotechnology significantly impacted
biosensor fabrication by providing new nanomaterials as substrate
materials and novel immobilization approaches [11,17].

Graphene-based materials nowadays arouse great interest
among scientists in various fields. The single-layered carbon
atoms with only sp2 bonds confer graphene outstanding properties
including a considerably large specific surface area, super high
mechanical strength, superior electronic properties, etc [18,19]. On
the basis of their remarkable properties, graphene-based materials
are found to impact the development of biomedicine [20].
Nevertheless, pure graphene tends to aggregate in aqueous
solution and lacks processing capacity, rendering it to be difficult
to use in biomedical systems [21]. Hence, graphene oxide (GO) and
other chemically modified graphene are more widely applied in
the biomedical field. With a host of oxygen functional groups on
the basal plane and the sheet edge, GO displays good water
solubility, good biocompatibility, and the capacity for further
functionalization [21–23]. Therefore, GO was selected as the
material platform for the biosensor design presented herein.
Previously published work substantiate the impact of GO on the
biomedical field including biosensor fabrication [13,24,25]. These
studies showed that functionalization of GO can be used to achieve
better biocompatibility, improved solubility in electrolyte solu-
tions, or to obtain interaction with biomolecules or organisms at
the nano/bio interfaces [26,27]. Accordingly, the development of
functionalization strategies is the foundation of enzyme immobi-
lization on graphene based nanomaterials at the nano/bio
interfaces for biosensor fabrications.

The immobilization of AChE within graphene based nano-
materials introduced tremendous momentum to pesticide biosen-
sor fabrication. A nanocomposite of chemically reduced GO and
gold nanoparticles with the assistance of poly(diallyldimethylam-
monium chloride) (PDDA) for dispersion was synthesized for the
immobilization of AChE by electrostatic interaction and ultrasen-
sitive detection of paraoxon [13]. In another report on organo-
phosphate pesticide detection, TiO2 and graphene hybrids were
Please cite this article in press as: H. Zhang, et al., Functionalized graphe
(2014), http://dx.doi.org/10.1016/j.aca.2014.04.014
developed for AChE immobilization by adsorption [14]. Similarly,
AChE was immobilized by adsorption within the hybrid of ionic
liquid and graphene [28]. The immobilization method using
specific binding was also developed for AChE in a GO/gold
composite system, exhibiting great potential for specific binding
immobilization in terms of repeatability and stability of biosensors
[29]. Graphene based nanomaterials have been used for the
immobilization of various enzymes. For instance, tyrosinase-gold
nanoparticles was immobilized on GO based composites for
catechol detection [30]; a simple immobilization of horseradish
peroxidase and lysozyme on GO was also achieved, in the absence
of coupling reagents or any surface functionalization [31]. In a
study where a robust immobilization approach was applied, the
GO/Pt-black nanocomposites fabricated on an aqueous media
platform were used to improve the sensitivity of glucose sensors
[22]. In this system, glucose oxidase was crosslinked onto the
GO/Pt-black composite using glutaraldehyde, which could cause
enzyme activity loss and is not a versatile linker [32]. Consequent-
ly, finding novel strategies for graphene functionalization towards
enhanced performance enzymatic biosensor applications is still of
interest.

Here, we report on the synthesis of functionalized graphene
oxide (FGO) with abundant affinity binding sites for His-tagged
AChE and the application of these materials towards the
fabrication of paraoxon biosensors. His-tag is widely used for
recombinant protein purification, since it can be expressed at
either C- or N-terminus of basically any protein with little effect on
its structure and properties. This tag has affinity to Ni-NTA, which
in turn can covalently react with carboxyl groups [33]. The affinity
binding of His-tagged AChE with nickel(II) or cobalt(II) has been
applied for AChE immobilization and the construction of pesticide
biosensors in different systems, except in GO based systems
[34–38]. To increase the amount of carboxyl groups especially on
the basal plane of GO, we functionalized GO with 4-aminobenzoic
acid (PABA) on the surface by a diazonium reaction. The PABA
functionalized GO was referred to as cGO indicating the abundant
carboxyl groups on it. The widely distributed Ni-NTA endowed the
FGO with the ability to capture His-tagged proteins with good
loading capacity. The composites were used to construct pesticide
biosensors for the detection of paraoxon as a model biosensor
system. The improved biosensor performance showed that the
FGO could provide excellent enzyme immobilization with high
enzyme loading and keep the enzyme activity for a long time.

2. Experimental

2.1. Synthesis of cGO

GO was generated and purified as described in our previous
work using a modified Hummers’ method [39,40]. The obtained GO
was dispersed in deionized (DI) water (0.5 mg mL�1, 100 mL),
followed by the addition of 0.107 g PABA and 100 mL HNO3

(68–70%). Then this mixture and 2 mL NaNO2 solution (39 mM)
were preheated to 65 �C. After mixing these two solutions, the
mixture was shaken vigorously and kept at 65 �C for 4 h. When the
reaction is completed, cGO was harvested by centrifugation at
12,000 rpm and washed with copious DI water. cGO was dispersed
in DI water at a concentration of 2 mg mL�1 as the stock solution for
further experiments.

2.2. Synthesis of cGO-NTA-Ni

The binding of NTA and Ni2+ onto cGO was performed using a
modified method for the functionalization of carbon nanotubes
[33]. Na,Na-Bis(carboxymethyl)-L-lysine hydrate (NTA-NH2) was
added in 2 mg mL�1 cGO to reach a concentration of 30 mM for
ne oxide for the fabrication of paraoxon biosensors, Anal. Chim. Acta
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NTA-NH2, which is much higher than the equivalent PABA
concentration to guarantee sufficient NTA-NH2 binding. The
mixture was left overnight at room temperature for the reaction.
The redundant NTA-NH2 was eliminated by dialysis against DI
water using 10 k MWCO dialysis tubing (Pierce). Before adding
Ni2+, the cGO-NTA solution was adjusted to reach a pH of 11 for a
better binding ratio [33,41,42]. Then, NiCl2 was introduced with a
final concentration of 30 mM, an equimolar amount of original
added NTA-NH2, to offer adequate Ni2+ to chelate with NTA. After
4-h incubation of the mixture at room temperature, dialysis was
applied against DI water again to remove the free Ni2+ together
with other undesired ions. A portion of the cGO-NTA-Ni dispersed
in DI water was taken out for characterization, while the rest was
dialyzed against phosphate buffer saline (PBS, 0.01 M, pH 7.4, the
same as below) for biosensor fabrication using 10 k MWCO dialysis
tubing (Pierce). Parallel experiments were performed with GO to
connect with Ni-NTA (GO-NTA-Ni) as control.

2.3. Characterization

Raman spectra were collected using a Craic Tech spectrometer
with 785 nm laser excitation. For X-ray photoelectron spectroscopy
(XPS), Fourier transform infrared (FTIR), and Energy-dispersive
X-ray spectroscopy (EDS) tests, the solutions of our graphene-
based materials were placed on silicon chips and air-dried to form
thin films. XPS analysis was performed using a Kratos Ultra Axis
DLD spectrometer with Al Ka monochromatic X-ray radiation
(1486.69 eV). EDS data were obtained using a Philips XL-40 SEM
equipped with an energy-dispersive X-ray detector. A Spectrum
100 FTIR spectrometer with a universal ATR sampling accessory
(PerkinElmer) was used to record FTIR spectra. Transmission
electron microscopy (TEM) images were collected with a Philips
CM200 TEM operating at 200 kV.

2.4. Preparation of the pesticide biosensor

The genetically modified AChE with His-tag at the place of
glycolipid anchor, which is used for in vivo linkage of the enzyme to
membranes, was provided by Dr. Jean Louis Marty of University of
Perpignan, France [43]. The AChE concentration before the mixture
with cGO-NTA-Ni was measured based on the enzyme activity
using Ellman’s assay [44]. Briefly, the enzymatic activity UV/vis
measurements were carried out at 412 nm (e = 13,600 M�1 cm�1)
by monitoring the appearance of a yellow compound (thionitro-
benzoate) resulted by the reaction of thionitrobenzoic acid with
thiocholine, the product of the enzymatic hydrolysis of acetylth-
iocholine substrate. 100 mL of cGO-NTA-Ni in PBS was mixed with
100 mL His-tagged AChE in PBS. After the incubation of the mixture
of cGO-NTA-Ni and AChE at 4 �C overnight, excessive AChE was
eliminated by dialysis against PBS using the Nanosep centrifugal
device with a pore size of 200 nm (Pall). To prepare the biosensors,
an aliquot of 10 mL cGO-NTA-Ni-AChE solution was placed on each
glassy carbon electrode (GCE) and air-dried at room temperature.
Parallel experiments were conducted with GO-NTA-Ni to form
GO-NTA-Ni-AChE and evaluate the effect of diazonium reaction.
The electrodes were stored in PBS at 4 �C before usage.

2.5. Electrochemical measurements

All electrochemical measurements were performed with a
well-established method reported previously by our group [2,3,9].
The electrodes were tested in a cell with 3 mL PBS using a three
electrode system: working electrode (modified GCE), auxiliary
electrode (Pt), and reference electrode (Ag/AgCl). Acetylthiocho-
line chloride (ATChCl) substrate was dissolved in 0.9 wt% NaCl.
Cyclic voltammetric as well as amperometric tests were carried out
Please cite this article in press as: H. Zhang, et al., Functionalized graphe
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to characterize cGO-NTA-Ni-AChE biosensors. A calibration curve
was obtained by the measurements of current responses to
sequential addition of the substrate at 200 mV. As explained in
Section 3, 1 mM (final concentration) was selected as the optimum
substrate concentration for the subsequent amperometric tests.
The operational stability testing was carried out by repetitively
measuring the current response to the additions of 1 mM ATChCl.
The cell was rinsed between measurements. The long-term
stability was investigated by measuring the current response to
1 mM ATChCl every week. The electrodes were stored in PBS at 4 �C.
Inhibition tests were conducted according to a two-step batch
procedure [2,3]. Paraoxon, regarded as a model organophosphate
pesticide, was dissolved in DI water. The current responses to 1 mM
substrate were measured before and after the 10-min incubation of
electrodes in paraoxon solutions with the concentration ranging
from 10�10 to 10�5M. At least three electrodes were used for each
measurement.

3. Results and discussion

3.1. cGO

The exfoliated GO was synthesized as reported in our previous
work using a modified Hummers’ method [39,40,45]. The
functionalization process is illustrated in Fig. 1. GO was function-
alized with PABA using a diazonium reaction to introduce
abundant carboxyl groups. Raman spectroscopy was used to
characterize the functionalization (Fig. 2). There is no significant
difference on the morphology of GO and cGO in TEM images
(Fig. S1A and B). The G band located at around 1594 cm�1 was
accounted for the sp2 carbon signature, and the D band at about
1325 cm�1 was indicative of disordered aromatic structure of sp2

carbons [46,47]. This disorder might be caused by surface defects,
edges, or by the formation of sp3 bonds, as observed in graphene
functionalization. The integrated intensity ratios of D band to G
band (ID/IG) of GO and cGO are about 0.855 and 0.972, respectively.
The increase of this ratio after the diazonium reaction indicated the
conversion from sp2 to sp3 as a result of the covalent attachment
with the benzoic group onto GO surface [48].

To better investigate the functionalization of GO, XPS was
applied to analyze the composition of GO and cGO. The C/O atomic
ratio in GO was 2.533 based on an XPS survey scan (Fig. S2A and
Table 1). By introducing benzoic acid, which has a relatively high C/
O atomic ratio (3.5), this ratio increased to 3.098 for cGO, indicating
a successful functionalization (Fig. S2B and Table 1). The C/O
atomic ratios of GO and cGO calculated by XPS were similar with
the results obtained by EDS (Table 2). Moreover, the connection of
the benzoic group onto GO surface was also evidenced from the
high resolution analysis of O1s spectra (Fig. 3A and B). As GO
reacted with PABA, C��C bonds from the benzene ring increased
along with CQO from carboxyl groups, making it difficult to
evaluate the diazonium reaction in terms of C1s peaks. O1s spectra,
however, were suitable for detecting the content increase of
carboxyl groups by the functionalization, through which all the
oxygen added were from carboxyl groups. Three major peaks
decomposed from O1s spectra at 530.8 eV, 532.3 eV, and 534.2 eV
were assigned to Ar��C(O)��OH, Ar��C(O)��OH, and C��OH
(aromatic), in which Ar denoted aromatic carbon and the
contributing oxygen atoms were underlined
[49–51]. Table 3 showed these peaks and the corresponding
atomic percentages. Considering that the diazonium reaction did
not introduce new C��OH groups into the system, the atomic
percentages of C��OH decreased from 27.8% to 2.1% implying that a
considerable amount benzoic acid were connected. Consequently,
abundant carboxylic acid groups were bound to the GO surface for
further functionalization.
ne oxide for the fabrication of paraoxon biosensors, Anal. Chim. Acta
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Fig. 1. Illustration of the functionalization process of GO and the resulting FGO for biosensor construction.
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3.2. cGO-NTA

To realize efficient recognition and binding to specific macro-
molecules, the cGO was further functionalized by NTA-NH2 and Ni2
+ step by step. The high resolution O1s spectrum of cGO-NTA-Ni
Fig. 2. Raman spectra of cGO and GO.

Please cite this article in press as: H. Zhang, et al., Functionalized graphe
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(Fig. S3) exhibited a new peak at around 531.8 eV that could be
attributed to OQC��N as reported in a XPS study on tens of
polymers, suggesting that a reaction of nucleophilic substitution
occurred between carboxyl group and NTA-NH2 [33,49]. Further-
more, that the CQO peak of the carboxyl group in cGO (1718 cm�1)
shifted to 1690 cm�1 (amide I band) in cGO-NTA-Ni indicated the
amide bond formation as shown in the FTIR spectra (Fig. 4) [24].
Also, the peak at 1280 cm�1 in cGO-NTA-Ni might be ascribed to
the newly formed C��N amine bond (amide III band), compared
with the C��O peak at 1235 cm�1 from carboxyl groups in cGO [33].

3.3. cGO-NTA-Ni

Given that the excess small molecules such as NTA-NH2 and Ni2
+ were removed by dialysis, the XPS measurements on Ni would
illustrate the connection of NTA and Ni2+ onto the surface of cGO. A
main peak at 855.4 eV accompanied by an associated wide satellite
peak located at around 5.5 eV higher binding energy was identified
in the high resolution spectrum of Ni 2p3/2 for the cGO-NTA-Ni
Table 1
The atomic percentage of major elements in GO and various functionalized GO
measured by XPS. The unconcerned trace elements were neglected.

GO cGO GO-NTA-Ni cGO-NTA-Ni

C (%) 71.69 75.20 63.77 69.41
O (%) 28.31 24.80 34.81 27.21
Ni (%) – – 1.42 3.38
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Table 2
The atomic percentage of major elements in GO and cGO measured by EDS. The
trace elements that were unconcerned were neglected.

GO cGO

C (%) 71.54 74.95
O (%) 28.46 23.62
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sample (Fig. 3C and D), which accorded with previous reports on
the high resolution XPS spectrum of Ni 2p3/2 [41,42,52,53]. The
appearance of the Ni 2p3/2 peak confirmed the successful
functionalization of cGO by NTA-NH2 and Ni2+. The nickel atomic
percentage in cGO-NTA-Ni was 3.35%, higher than the value (1.33%)
in GO-NTA-Ni, calculated according to XPS measurements
(Table 1). During the whole functionalization process, each nickel
atom was introduced into the system along with 26 other atoms.
Accordingly, the actual functionalization ratio by diazonium
reaction should be much higher than 3.35%. Consequently, the
cGO-NTA-Ni composite would provide adequate amount of active
sites for the capture of His-tagged macromolecules.

3.4. Electrochemical characterization of the pesticide biosensors

The resulting cGO-NTA-Ni composite with immobilized AChE
by nickel-histidine binding was applied to fabricate AChE-based
pesticide biosensors. Considerable amount of AChE particles were
bound onto the cGO surface by chelation as shown in figure S1D,
whereas most of the AChE were eliminated by dialysis when cGO
Fig. 3. XPS analysis of cGO and GO. O1s spectra of cGO (A)

Please cite this article in press as: H. Zhang, et al., Functionalized graphe
(2014), http://dx.doi.org/10.1016/j.aca.2014.04.014
were simply mixed with AChE without the functionalization with
Ni-NTA (Fig. S1C). The AChE-based biosensors work in an indirect
electrochemical route based on the inhibition of AChE. Upon the
association with AChE, ATCh is hydrolyzed into thiocholine (TCh),
which is further oxidized under the applied voltage, and acetic acid
if there is no inhibitor in the studied solution [3,9,12,54]:

ATCh þ H2O !AChE thiocholine þ acetic acid (1)

2 thiocholine !anodic oxidation
disulfide þ 2Hþþ2e� (2)

The electrochemical responses of cGO-NTA-Ni-AChE biosensors
were on account of the anodic oxidation current of TCh (Eq. (2)). As
shown in the cyclic voltammograms (CVs) of ATChCl substrate in
Fig. 5, cGO-NTA-Ni-AChE covered glassy carbon electrode (GCE)
exhibited a well-defined oxidation peak of TCh at around 200 mV,
whereas no such peak was observed on the GO + AChE (simply
mixed) covered electrode. This oxidation peak was relatively low in
potential compared with some other electrode materials, such
as a gold nanoparticles-graphene composite (470 mV) [13], a
TiO2-decorated graphene hybrid (700 mV) [14], and a type of
reduced GO based nanocomposites (685 mV) [29]. The low anodic
oxidation potential has been observed in previous reports and could
beattributedtotheelectrocatalytic activityandthe largesurfacearea
of GO based materials [2,3,54]. Moreover, on the GO-NTA-Ni-AChE
covered GC electrode, a weak oxidation peak at the same potential
could be seen indicating considerable improvement in AChE loading
in the GO based composite upon the functionalization of GO.
 and GO (B). The survey spectra of cGO (C) and GO (D).
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Table 3
Analysis of O1s binding energies and the atomic percentage of oxygens in different
chemical states of GO and cGO.

Ar��C(O)��OH
(530.8 eV) (%)

Ar��C(O)��OH
(532.3 eV) (%)

C��OH (aromatic)
(534.2 eV) (%)

GO 3.2 69.0 27.8
cGO 10.2 87.7 2.1
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The amperometric responses to ATChCl were investigated by
successively adding the substrate (Fig. 6A). cGO-NTA-Ni-AChE
biosensors exhibited a ATChCl sensitivity of ca. 2.23 mA mM�1,
which was more than 4 times that of biosensors modified by GO-
NTA-Ni-AChE (0.53 mA mM�1), and more than 27 times that of free
AChE covered electrode (0.08 mA mM�1). As reported previously,
the incorporation of GO based composite on the electrodes
could improve the biosensing performance as a result of the large
surface area and the good electrochemical properties of GO
materials [22,55]. The enhanced ATChCl sensing performance of
Fig. 5. Cyclic voltammetry (CV) studies of cGO-NTA-Ni-A

Please cite this article in press as: H. Zhang, et al., Functionalized graphe
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cGO-NTA-Ni-AChE biosensors could be ascribed to the signifi-
cantly improved AChE loading by the functionalization. Further-
more, the corresponding calibration curve (Fig. 6A inset) was used
to determine the optimum concentration of ATChCl, which should
be in the linear range of current response and close to the upper
limit [3,54]. The electrodes coated by cGO-NTA-Ni-AChE displayed
a wide linear response range spanning the concentration of ATChCl
from 10 mM to 1 mM (R2 = 0.996), showing better performance than
other graphene-based material modified electrodes [13,28]. The
detection limit was estimated to be 3 mM (S/N = 3) [14,28,54]. This
value is lower than the detection limits reported in the literature
[54,56–58]. On the basis of the calibration results, 1 mM was
selected as the optimum substrate concentration for the following
tests.

The stable nickel-histidine binding between cGO composite and
AChE promised efficient enzyme immobilization, resulting in good
short-term and long-term stabilities. Fig. 6B showed the opera-
tional stability of cGO-NTA-Ni-AChE electrodes performed by
repetitively measuring the current response to the additions of
ChE, GO-NTA-Ni-AChE and AChE modified electrodes.

ne oxide for the fabrication of paraoxon biosensors, Anal. Chim. Acta
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Fig. 6. (A) Representative current-time response to ATChCl of the electrodes modified by cGO-NTA-Ni-AChE, GO-NTA-Ni-AChE, GO + AChE (simply mixed), and AChE. Inset:
the corresponding calibration curve of cGO-NTA-Ni-AChE modified electrodes. (B) The operational stability of cGO-NTA-Ni-AChE biosensors examined by repeated
measurements. (C) The long-term stability of cGO-NTA-Ni-AChE biosensors. (D) The inhibition curve of cGO-NTA-Ni-AChE biosensors to different concentrations of paraoxon.
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1 mM ATChCl. All electrodes displayed good operational stability
for at least 5 assays with less than 4% response variation. Moreover,
the electrodes maintained more than 97% of the enzyme activity
over 4 week storage in 0.01 M PBS (pH 7.4) at 4 �C with increased
current response variation (Fig. 6C). After 4 weeks, the sensitivity
started to notably decrease but still maintained more than 75% of
the original value after 7 weeks. The shelf life of the designed
biosensors was significantly improved when compared with the
biosensors based on the enzyme absorption [3,9] and entrapment
[57]. Consequently, the cGO-NTA-Ni material prevented AChE from
leaching and kept the enzyme activity for a long time.

In presence of paraoxon, reaction (1) is reduced or even totally
inhibited. The oxidation current is found to be correlated to the
pesticide concentration if certain exposure time is applied. The
current response of cGO-NTA-Ni-AChE modified electrodes was
measured in the absence of paraoxon and then measured again
after 10 min incubation of the electrodes in paraoxon solution with
different concentration. The paraoxon concentration was quanti-
tatively related to the decrease of current response by the
inhibition, which was calculated based on the following reaction
[3,9]:

Inhibitionð%Þ ¼ initial current�final current
initial current

� 100 (3)

The relation of paraoxon concentration and the inhibition
response was plotted in Fig. 6D. As shown, the reduction current as
Please cite this article in press as: H. Zhang, et al., Functionalized graphe
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a result of AChE inhibition was basically linearly correlated
to the log of paraoxon concentration in the measurement
range with a linearity regression equation of y ¼ 16:96log10x þ
175:78 ðR2 ¼ 0:998Þ , in which y is % inhibition and x is the
paraoxon concentration. A paraoxon detection limit of
6.5 �10�10M was calculated for 20% inhibition. The detection
limit was lower than other biosensors reported previously
(Table S1).Although good biosensor performance in terms of
short- and long-term stability and sensitivity to paraoxon was
achieved with the reported configuration, the inherent weakness
of enzyme inhibition-based biosensors, i.e., the lack of selectivity,
might limit their application. Specifically, in addition to organo-
phosphate and carbamate pesticides, which are the target analytes,
many other chemicals, such as metal cations, organic compounds,
and inorganic species could inhibit the activity of AChE, thereby
leading to false positive results [59,60]. Consequently, inhibition-
based pesticide biosensors could probably be best used for general
sample screening before significant advances in the selectivity are
made. Here, we focused our efforts on the development of a new
strategy to fabricate FGO with abundant affinity groups towards
His-tagged AChE. Accordingly, the selectivity problem of enzyme
inhibition-based biosensors was not addressed by the scope of this
report. Finally, a benefit of the FGO with abundant affinity groups
developed in current research is that it can theoretically bind to
any His-tagged proteins, and hence provide a potential platform for
versatile biosensor design.
ne oxide for the fabrication of paraoxon biosensors, Anal. Chim. Acta
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4. Conclusion

In this work, we developed FGO with strong affinity to His-
tagged AChE for the fabrication of paraoxon biosensors. The AChE
was selected as the model enzyme to evaluate the functionaliza-
tion and the potential of FGO as versatile enzyme immobilization
nanomaterials for the biosensor deign. With diversified character-
ization techniques, adequate amount of Ni-NTA was found to
connect on the GO surface, which led to good enzyme loading,
improved electrocatalytic activities and sensitivity. Moreover,
excellent short-term and long-term stability were also observed
due to the stable binding between Ni-NTA and His-tagged AChE.
The inhibition response was linearly correlated to the paraoxon
concentrations with a detection limit of 6.5 �10�10M. The
designed FGO composite can be adapted to versatile biosensor
fabrication.
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