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Abstract We report on a biosensor for organophosphate pes-
ticides (OPs) by exploiting their inhibitory effect on the activ-
ity of acetylcholinesterase (AChE). A boron-doped diamond
(BDD) electrode was modified with a nanocomposite pre-
pared from carbon spheres (CSs; with an average diameter
of 500 nm) that were synthesized from resorcinol and form-
aldehyde, and then were coated with gold nanoparticles
(AuNPs) by chemically growing them of the CSs. Compared
to a bare BDD electrode, the electron transfer resistance is
lower on this new electrode. Compared to an electrode with-
out Au-NPs, the peak potential is negatively shifted by 42 mV,
and the peak current is increased by 55 %. This is ascribed to
the larger surface in the AuNP-CS nanocomposite which
improves the adsorption of AChE, enhances its activity, and
facilitates electrocatalysis. Under optimum conditions, the
inhibitory effect of chlorpyrifos is linearly related to the neg-
ative log of its concentration in the 107" to 10" M range,
with a detection limit of 1.3x10~'* M. For methyl parathion,
the inhibition effect is linear in the 10~'% to 10~® M range, and
the detection limit is 4.9x107'* M. The biosensor exhibits
good precision and acceptable operational and temporal
stability.
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Introduction

Organophosphate pesticides (OPs) are widely used to ensure
high agricultural productivity because of their insecticidal ac-
tivity [1]. However, irrational use of OPs may cause the prob-
lem of pesticide residue, which threatens environment and
human health. In view of the major concerns regarding their
toxicity, it is necessary to develop fast, sensitive, and econom-
ical methods for OPs monitoring and analysis. Although nu-
merous methods including chromatography and mass spectros-
copy are generally performed for OPs detection with good
sensitivity and accuracy, they are very expensive, time-
consuming and laboratory-oriented methods [2—4]. Acetylcho-
linesterase (AChE) based electrochemical biosensors are excel-
lent candidates in low-cost and on-site detection due to their
rapid response, ease of operation and small size [5, 6].

For fabrication of stable and sensitive biosensors, the strat-
egy for immobilization of the enzyme onto the electrode surface
is one of the most important factors. Because gold nanoparticles
(AuNPs) [7, 8] can provide large surface area, high loading
efficiency and fast electron transfer, a lot of AuNPs-based
nanomaterials have been successfully used to immobilize
AChE [9-11]. On the other hand, numerous functionalized
carbon nanotubes-based nanomaterials have also been widely
used to immobilize AChE and other molecules due to their
advantages such as unique structural and electromechanical
properties, and good biocompatibility [12—18]. Recently, some
studies show that carbon spheres (CSs) possess better tunability
of particle size and shape, homogeneity of particle size, and
porous nanostructure for large loading of guest molecules, as
compared with carbon nanotubes [19-22]. These advantages
make CSs potentially beneficial for immobilizing enzymes.
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On the other hand, as a novel electrode material, the boron-
doped diamond (BDD) electrode has been demonstrated to be
superior to the glassy carbon electrode and other electrodes in
terms of high signal-to-noise ratio, long-term stability, high
sensitivity, and good reproducibility [23-25].

‘We describe here a novel biosensor for OPs based on a BDD
electrode modified with AuNPs-CSs nanocomposite. CSs with
desired diameter and narrow particle size distribution are syn-
thesized by the extension of the Stober method of the polymer-
ization of resorcinol and formaldehyde, which is a facile and
versatile procedure for making polymer beads and is considered
to be low cost and suitable supports for loading biological
molecules [26]. Then, AuNPs are supported on CSs surface
by chemically growing method to obtain AuNPs-CSs nano-
composite. Using BDD as working electrode, AChE biosensor
is firstly constructed based on AuNPs-CSs for OPs detection.

Experimental
Materials and reagents

Acetylcholinesterase (Type C3389, 500 Umg ' from electric
eel), acetylthiocholine chloride and bovine serum albumin were
purchased from Sigma—Aldrich (http://www.sigma-aldrich.com/)
and used as received. Chlorpyrifos and methyl parathion (99 %)
were obtained from Dr. Ehrenstorfer (Augsburg, Germany, http://
www.ehrenstorfer.com/). 0.1 M phosphate buffer solution was
prepared by mixing stock solutions of NaH,PO, and Na,HPO,
and adjusting the pH with 0.1 M HCl or 0.1 M NaOH. All other
chemicals were of analytical-reagent grade and used without
further purification. Double distilled water was used throughout
the experiments.

Apparatus

All the electrochemical experiments were performed on a CHI
660D Electrochemical Workstation (Shanghai Chenhua Instru-
ment Corporation, China). A three-electrode system comprised
platinum wire as auxiliary electrode, Ag/AgCl as reference
electrode and the modified or unmodified BDD as working
electrode.

The prepared materials were characterized by transmission
electron microscopy (TEM, JEM-2100UHR, Japan) operating
at 200 kV. The structures of AuNPs were determined on an X-
ray diffraction (XRD) using Cu K« radiation source on
Rigaku D/max-2500.

Preparation of the gold nanoparticles-carbon spheres
nanocomposite

Carbon spheres (CSs) were synthesized by using resorcinol/
formaldehyde as precursors according to the extension of the
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Stober method reported recently by Liu et al. [26]. The pre-
pared CSs (0.023 g) were added into 40 mL double distilled
water solution under stirring vigorously for several hours to
allow complete dispersion. Then, 0.6 mL of 1 % HAuCl, was
added into 40 mL of CSs suspension with vigorous stirring,
followed by the addition of 0.2 mL of an aqueous solution of
K,CO; (0.2 M). Under vigorous stirring, 0.4 mL of a freshly
prepared aqueous solution of NaBH, (0.5 mg'mL ") was then
quickly added to the mixture 3—5 times until the solution
turned wine-red in color. The AuNPs-coated CSs were
obtained by the above-mentioned approaches. After being
rinsed repeatedly with deionized water, the AuNPs-coated
CSs dispersion were diluted to 20 mL with water, then
HAuCl; (1 wt.%, 0.3 mL) and NH,OH-HCI (0.04 M,
1.2 mL) were added under stirring for 15 min to increase
and stabilize the amount of AuNPs grown on the CSs surface.
The AuNPs-CSs nanocomposite was obtained by the above-
mentioned approaches.

Fabrication of acetylcholinesterase biosensor

BDD was sequentially ultrasonicated in acetone, double dis-
tilled water, and dried at room temperature. The AChE/
AuNPs-CSs/BDD biosensor was prepared as follows: Firstly,
5 mg AuNPs-CSs nanocomposite was ultrasonically dis-
persed in 10 mL double distilled water for 30 min to form a
homogeneous ink. The BDD electrode was spread with 8 uL
AuNPs-CSs nanocomposite solution, and dried at room tem-
perature. Then 10.0 uL. AChE solution (containing 1 % bo-
vine serum albumin to maintain the stability of AChE) was
dropped on AuNPs-CSs/BDD electrode and incubated at
25 °C for 30 min. After evaporation of water, the modified
electrode was washed with phosphate buffer solution to re-
move the unbound AChE, and the obtained AChE/AuNPs-
CSs/BDD biosensor was stored at 4 °C when not in use.

Measurement procedure

Using chlorpyrifos and methyl parathion as model compound,
the performance of the prepared AChE/AuNPs-CSs/BDD
biosensor for OPs detection were studied. Firstly, the prepared
AChE/AuNPs-CSs/BDD was immersed in phosphate buffer
solution (pH 7.3) containing different concentrations of stan-
dard chlorpyrifos and methyl parathion solution for 10 min
and then transferred to an electrochemical cell of phosphate
buffer solution (pH 7.3) containing 1.0 mM acetylthiocholine
chloride as substrate to study the electrochemical response by
differential pulse voltammetry. The peak current produced by
thiocholine oxidation, hydrolysis product of acetylthiocholine
chloride, is related with the activity of immobilized AChE,
which can be used as an indicator for quantitative measure-
ment of the inhibition action of OPs on the activity of
immobilized AChE. The inhibition of chlorpyrifos and methyl
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parathion is calculated as follows: inhibition (%) = [(I5—1)/Iy]
% 100 %. where I, is the peak current of thiocholine oxidation
and [ is that with chlorpyrifos and methyl parathion inhibition.

Results and discussion

Characterization of gold nanoparticles-carbon spheres
nanocomposite

Figure 1a presented the TEM image of the CSs. It can be seen
that the obtained CSs had smooth surfaces with an average
diameter of 500 nm. Figure 1b showed the TEM image of
AuNPs-CSs. It can be seen that little agglomeration of parti-
cles was observed on the CSs supports, indicating that the
AuNPs were adhered to the CSs surface. The TEM image
indicated that the spherical morphology was basically retained
after the incorporation of AuNPs. Figure 1¢ showed the XRD
patterns of AuNPs. The crystal structure of AuNPs was con-
firmed by the diffraction peaks at 38.4°, 44.4°, 64.8°, 77.6°
and 81.8°. These peaks correspond to (111), (200), (220),
(311) and (222) facets of the face-centered cubic structure of
AuNPs crystal, respectively.

Characterization of the AChE/AuNPs-CSs/BDD biosensor

Figure 2 showed the Nyquist plots of different electrodes in the
frequency range of 0.05 Hz to 10 KHz using 1x107% M
[Fe(CN)6]>* redox couple as the electrochemical probe.
The electron transfer resistance of the AuNPs-CSs/BDD
(Fig. 2c) was about 410 €2, which was smaller than that of the
bare BDD (about 591 €, Fig. 2a) and that of the CSs/BDD
(about 485 €2, Fig. 2b), suggesting that the presence of AuNPs-
CSs nanocomposite on the electrode surface could improve the
reactive site, reduce the interfacial resistance, and make the
electron transfer easier. The remarkable increase of semicircle
diameter on the AChE/AuNPs-CSs/BDD c¢lectrode (about
1,020 €, Fig. 2d) confirmed the successful immobilization of
AChE.

Electrochemical behaviors on different electrodes

Differential pulse voltammetry response of 1.0 mM
acetylthiocholine chloride in pH 7.3 phosphate buffer solution
on different electrodes was studied, and the results are shown in
Fig. 3. Obvious oxidation peaks were showed on different elec-
trodes, which came from the oxidation of thiocholine, hydrolysis
product of acetylthiocholine chloride, catalyzed by the
immobilized AChE. The oxidation peak current of thiocholine
was 1.542 pA at ~0.224 V on the AChE/BDD electrode
(Fig. 3a), and 2.419 pA at ~0.182 V on the AChE/AuNPs-CSs/
BDD electrode (Fig. 3b). In comparison with AChE/BDD elec-
trode, on AChE/AuNPs-CSs/BDD electrode, the peak potential
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Fig.1 TEM Images of (a) CSs and (b) AuNPs-CSs; (¢) XRD patterns of
AuNPs

negatively shifted by 42 mV, and peak current increased by
55 %, which were ascribed to that the AuNPs-CSs nanocompos-
ite could increase the surface area, promote AChE adsorption,
enhance the activity of AChE, promote the electrocatalytic abil-
ity, and accelerate the electron transfer. When AChE/AuNPs-
CSs/BDD was immersed in 1 nM chlorpyrifos solution for
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Fig. 2 Nyquist plots of different electrodes in 0.1 M KCI solution
containing 1x1072 M [Fe(CN)¢]>* at (a) bare BDD, (b) CSs/BDD,
(c¢) AuNPs-CSs/BDD, and (d) AChE/AuNPs-CSs/BDD

10 min, the oxidation peak current of thiocholine decreased from
2.419 pA to 1.079 pA, and the inhibition was 55.39 % (Fig. 3c).
This was ascribed that chlorpyrifos could irreversibly inhibit
AChE activity, which reduced the yield of thiocholine.

The effect of inhibition time on AChE/AuNPs-CSs/BDD
biosensor response

The effect of inhibition time on AChE/AuNPs-CSs/BDD
biosensor response was investigated. The AChE/AuNPs-
CSs/BDD biosensor was incubated in a constant concentra-
tion of 1 nM chlorpyrifos (Fig. 4a) and 1 nM methyl parathion
(Fig. 4b) standard solution for different time. As shown in
Fig. 4a and b, the inhibition showed obvious increase with the
increase of inhibition time within 10 min. However, there was
no obvious inhibition improvement when the inhibition time
is longer than 10 min, indicating an equilibration state. So, the
optimum inhibition time was chosen as 10 min.

Current / uA

0.0 0.1 0.2 0.3 0.4 0.5
Potential / V (vs. Ag / AgCl)
Fig. 3 Differential pulse voltammetry response of 1.0 mM
acetylthiocholine chloride in pH 7.3 phosphate buffer solution obtained
on (a) AChE/BDD electrode, (b) AChE/AuNPs-CSs/BDD, and (c)
AChE/AuNPs-CSs/BDD with inhibition in 1 nM chlorpyrifos solution
for 10 min
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Fig. 4 Effect of inhibition time on the response of AChE/AuNPs-CSs/
BDD biosensor. (a) chlorpyrifos and (b) methyl parathion

Calibration curve for chlorpyrifos and methyl parathion
detection

Based on the optimum conditions, the inhibition effect of OPs
on the response of the biosensor was investigated. Figure 5
showed the relationship between inhibition of the AChE/
AuNPs-CSs/BDD biosensor and different concentrations of
chlorpyrifos (Fig. 5a) and methyl parathion (Fig. 5b). Obvious-
ly, the inhibition increased sharply at low pesticide concentra-
tion then changed slowly at high pesticide concentration with
increasing chlorpyrifos and methyl parathion concentrations
ranging from 10" to 107> M, which indicated that the bonding
interaction between chlorpyrifos or methyl parathion and AChE
tended to saturation. For chlorpyrifos, good linear relationship
between inhibition% and —Log [chlorpyrifos] was obtained in
the range of 10 ''=10"7 M with the regression equation of
Inhibition (%) = —9.522x +137.736 (%) (R*=0.993), and the
detection limit was 1.29%10'* M (calculated for 15 % inhibi-
tion rate). For methyl parathion, good linear relationship be-
tween inhibition % and —Log [methyl parathion] was obtained
in the range of 107'*~107° M with the regression equation of
Inhibition (%) = —8.6x +120.874 (%) (R*=0.994), and the
detection limit was 4.9 x 10™"* M (calculated for 15 % inhibition
rate). The performance of the fabricated biosensor was com-
pared with those of other reported AChE biosensors. As shown
in Table 1, the performance of AChE/AuNPs-CSs/BDD was
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Fig. 5 The inhibition of the AChE/AuNPs-CSs/BDD biosensor versus —
Log [chlorpyrifos] (a) and —Log [methyl parathion] (b)

Table 2 Recovery of chlorpyrifos and methyl parathion in cucumber
juice samples (n=3)

Pesticide AddedM  Found/M Recovery/%  RSD/%

Chlorpyrifos 5x107"" 4.56x107"" 912 5.7
510" 4.12x107"" 824 48

Methyl parathion ~ 5x107""  4.67x107"" 934 54
5x107"" 428x107"" 856 6.3

superior to other reports [11, 13, 15, 27-32]. This result may be
attributed to the advantages of AuNPs-CSs including high
accessible surface area, the effective immobilization of AChE,
good biocompatibility to retain the AChE activity, and satisfy-
ing conductivity.

Precision and stability of the AChE/AuNPs-CSs/BDD
biosensor

The repeatability of the AChE/AuNPs-CSs/BDD biosensor
was assessed through repetitively measuring chlorpyrifos
levels for eight times in 1.0 mM acetylthiocholine chloride
after being treated with 1 nM chlorpyrifos for 10 min. The
results indicated that the method possessed good repeatability
with relative standard deviation 0f4.93 %. The reproducibility
was estimated by fabricating six AChE/AuNPs-CSs/BDD
biosensors, and the relative standard deviation was 7.27 %.
The prepared AChE/AuNPs-CSs/BDD biosensor was stored
at 4 °C when not in use. After a 30-day storage period, the
biosensor retained 84.72 % of its initial current response,
indicating the acceptable stability.

Table 1 Comparison with other reported AChE biosensors for chlorpyrifos and methyl parathion detection

Electrode material Linearity/M Detection limit/M  Analyte References
AuNPs-CSs modified BDD 107'2-10° 49x10°" Methyl parathion ~ This work
AuNPs-CSs modified BDD 107"'-1077 129x107" Chlorpyrifos This work
PANI/CNT wrapped with ssDNA/Au 1.0x107"-1.0x107° 1x107"2 Methyl parathion  [13]
Chlorpyrifos
AuNPs—PPy nanowires/GCE (0.018-0.45) x 10~ and (1.89-17.0) x 107 7.5%x107° Methyl parathion ~ [11]
Carbon nanotube/screen-printed electrode (0-200) x 10°© 5x1078 Methyl parathion  [27]
Calcium carbonate—chitosan/GCE (0.018-0.759) x 10°® and (2.84-14.24) x 10°° 3.7x107° Methyl parathion ~ [28]
Silica sol—gel film/carbon paste 3.7x10719-1.8x107° 3x1071° Methyl parathion ~ [29]
Fe;04/c-MWCNT/Au (0.1-50) x 107° 1x1071° Chlorpyrifos [15]
Bromothymol blue doped sol-gel film 0.14-5.7) x 10°° 1.1x1077 Chlorpyrifos [30]
ZnS and poly(indole-5-carboxylic acidyAu  (1.5-40) x 107° 1.5x107° Chlorpyrifos [31]
Tyr/nano-Pt/graphene/GCE 0.071-2.9) x 108 57x1071° Chlorpyrifos [32]
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Analysis of real samples

The contents of chlorpyrifos and methyl parathion in cucum-
ber juice samples were detected by AChE/AuNPs-CSs/BDD
biosensor. A standard addition method was adopted to assess
the reliability of the prepared biosensor. As shown in Table 2,
for chlorpyrifos detection, the recoveries were found to be
between 82.4 % and 91.2 %. For methyl parathion detection,
the recoveries were found to be between 85.6 % and 93.4 %.
These results indicated that this method could be used for
assay of real samples.

Conclusion

A simple and novel AChE biosensor based on AuNPs-CSs
nanocomposite was developed for OPs detection. The results
showed that AuNPs-CSs not only increased satisfying con-
ductivity and the accessible surface area of the electrodes, but
effectively promoted immobilization of AChE and enhanced
the enzymatic activity. The prepared AChE/AuNPs-CSs/BDD
biosensor exhibited higher sensitivity, lower detection limit,
good reproducibility and acceptable stability toward OPs de-
tection, which may meet the requirements of rapid OPs detec-
tion for food safety and environment protection. The present
results suggest that the design and preparation of nanocom-
posite is helpful for the fabrication of sensitive and stable
biosensors. Ongoing and further studies will develop a variety
of useful nanomaterials for the sensing platform.
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