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The vital function of Fe3O4@Au nanocomposites for
hydrolase biosensor design and its application in
detection of methyl parathion†

Yuting Zhao,a Weiying Zhang,b Yuehe Linb and Dan Du*a

A nanocomposite of gold nanoparticles (AuNPs) decorating a magnetic Fe3O4 core was synthesized using

cysteamine (SH–NH2) as linker, and characterized by TEM, XPS, UV and electrochemistry. Then a hydrolase

biosensor, based on self-assembly of methyl parathion hydrolase (MPH) on the Fe3O4@Au nanocomposite,

was developed for sensitive and selective detection of the organophosphorus pesticide (OP) methyl

parathion. The magnetic nanocomposite provides an easy way to construct the enzyme biosensor by

simply exerting an external magnetic field, and also provides a simple way to renew the electrode

surface by removing the magnet. Unlike inhibition-based enzyme biosensors, the hydrolase is not

poisoned by OPs and thus is reusable for continuous measurement. AuNPs not only provide a large

surface area, high loading efficiency and fast electron transfer, but also stabilize the enzyme through

electrostatic interactions. The MPH biosensor shows rapid response and high selectivity for detection of

methyl parathion, with a linear range from 0.5 to 1000 ng mL�1 and a detection limit of 0.1 ng mL�1. It

also shows acceptable reproducibility and stability. The simplicity and ease of operation of the proposed

method has great potential for on-site detection of P–S containing pesticides and provides a promising

strategy to construct a robust biosensor.
Introduction

Organophosphorus (OP) compounds have been widely used as
pesticides, and some have been developed as chemical nerve
agents, such as soman, sarin, tabun, VX (O-ethyl S-diisopropyla-
minomethyl methylphosphonothiolate) and others.1,2 They exert
their toxicity through irreversible phosphorylation and inactiva-
tion of acetylcholinesterase (AChE) in the central nervous system,
oen leading to perturbation of the nerve conduction system and
to the rapid paralysis of vital functions of living systems.3,4

Although liquid or gas chromatography coupled with mass
spectrometry (LC/GC-MS) is generally performed for detection of
OP compounds with good sensitivity and accuracy,5,6 they are very
expensive, time-consuming and laboratory-oriented methods.
Enzyme based electrochemical biosensors are excellent candi-
dates in low-cost and eld-deployable detection due to their rapid
response, ease of operation and small size. Several enzymes, such
as AChE, ascorbate oxidase, and tyrosinase have been applied in
biosensors for the detection of target analytes.7–9 Among these,
AChE biosensors are most attractive.10–12 However, such
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inhibition biosensors are not specic to OPs, since AChE is also
the target of carbamate pesticides. Differing from AChE, the
organophosphorus hydrolase (OPH) biosensor is based on the
hydrolysis of OPs to produce less toxic electroactive products
such as p-nitrophenol (PNP) and diethyl phosphate.13 This
process is reversible and the obtained signal is positively
proportional to the amount of OPs.14

For fabrication of stable and sensitive biosensors, the
strategy for immobilization of the enzyme onto the electrode
surface is one of the most important factors. Most reported
methods such as physical adsorption and entrapment can
maintain the activity of the immobilized enzyme but may cause
leakage from the electrode surface; covalent binding gives a
rm immobilization of the enzyme but tends to partially
denature its activity.15 Electrostatic adsorption, combining the
advantages of both physical adsorption and covalent binding, is
a good method for biosensor design.16 The sensitivity of the
biosensor can be further enhanced by using various nano-
material-based amplications. Au nanoparticles (AuNPs) have
shown remarkable advantages including high conductivity,
high catalytic efficiency, excellent biocompatibility and little
cytotoxicity even in vivo. They are also easily functionalized to
immobilize biomolecules.17–21 Core–shell-structured magnetic
Fe3O4@Au nanocomposites have attracted enormous interest in
bio-assays. For example, Sun et al.22,23 successfully prepared
dumbbell-like Fe3O4@Au nanoparticles which show excellent
Nanoscale, 2013, 5, 1121–1126 | 1121
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optical and magnetic properties and can act as target-specic
nanocarriers to deliver platin into Her2-positive breast cancer
cells with strong therapeutic effects. Li's group24 synthesized
bifunctional Fe3O4@Au nanoparticles for separating proteins.
Chen et al.25 reported the preparation of a Fe3O4–Ppy–Au
nanocomposite which exhibits excellent electrocatalytic activity
to ascorbic acid. Our group also developed a novel oxidative
desorption of thiocholine assembled on core–shell Fe3O4@Au
magnetic nanocomposites for determination of AChE activity in
human serum.26

Here, we reported a strategy of decorating AuNPs on the
Fe3O4 core using cysteamine (SH–NH2) as a linker. We further
fabricated an electrochemical biosensor based on self-assem-
bling one member of the OPH family, methyl parathion
hydrolase (MPH), onto core–shell-structured Fe3O4@Au nano-
composites. Positively charged MPH (pI 8.3) is quickly and
strongly adsorbed onto the negatively charged Fe3O4@Au
nanocomposite. Self-assembly is easy and fast to realize
through electrostatic interaction. We are also aiming to look at
the vital function of AuNPs for biosensor design and its appli-
cation for the detection of OP pesticides (Scheme 1).

Experimental methods
1 Reagents

Methyl parathion, cysteamine, N-hydroxysuccinimide (NHS), 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) and phosphate buffer saline (PBS) were purchased from
Sigma-Aldrich Co. (St. Louis, USA). Chloroauric acid
(AuCl3$HCl$4H2O, Au 47.8%) was obtained from Sinopharm
Chemical Reagent Co. Ltd (Shanghai, China). Carboxylated
Fe3O4 was purchased from Tianjin Baseline ChromTech
Research Centre (Tianjin, China). Trisodium citrate, NaBH4 and
other reagents used were analytical reagent grade and obtained
from Shanghai Chemical Reagent Co. (Shanghai, China). Methyl
parathion hydrolase (MPH) was isolated and puried by Prof.
Deli Liu's lab.27

2 Synthesis of Fe3O4@Au magnetic nanocomposites

AuNPs with average diameter of 13 nm were synthesized
according to the citrate reduction of HAuCl4.28 The method is
briey depicted as follows: A 100 mL aqueous solution of 0.01%
HAuCl4 was heated to boiling and vigorously stirred in a 250 mL
Scheme 1 Preparation of Fe3O4@Au nanocomposite or Fe3O4 based MPH
biosensor (MPH-Fe3O4@Au/SPE, MPH-Fe3O4/SPE) and its application for detec-
tion of methyl parathion.
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round-bottom ask; rapid addition of 2 mL of 1% trisodium
citrate to the solution resulted in a colour change from pale
yellow to wine-red aer 60 s. Boiling was continued for an
additional 10 min, then the heating mantle was removed, and
the solution kept stirring for another 15 min. The colloids were
stored in dark bottles at 4 �C. Different sizes of AuNPs were
obtained by varying the ratio of HAuCl4 to trisodium citrate.

The puried carboxylated Fe3O4 nanoparticles were rstly
functionalized with SH–NH2. Briey, 2.0 mL carboxylated Fe3O4

(1.0 mg mL�1) was mixed with 400 mM EDC and 100 mM NHS
for a reaction time of 1 h. The reactivated Fe3O4 was separated
by using a magnet at the bottom of the tube and washed with
double-distilled water three times to remove excess EDC and
NHS. It was re-dispersed in 4.0 mL SH–NH2 solution (50 mM)
and kept for 3 h, then magnetically separated and washed with
double-distilled water to remove excess SH–NH2. Aer that, 10
mL synthesized AuNPs solution was mixed with the SH–NH2/
Fe3O4 collection and kept stirring for another 3 h. The resulting
Fe3O4@Au nanocomposite was separated and washed three
times with double-distilled water. It was re-dispersed in 4.0 mL
PBS and kept at 4 �C for the following experiment.
3 Fabrication of biosensor

4.0 mL Fe3O4@Au was dispersed into 4.0 mL MPH solution for
incubation overnight. The resulting MPH-Fe3O4@Au nano-
composites were washed and separated by magnetic steps, and
re-dispersed in 4.0 mL pH 7.4 PBS. For comparison, MPH-Fe3O4

was prepared by directly mixing the EDC-NHS activated Fe3O4

with MPH solution. Aer that, a volume of 10 mL MPH-
Fe3O4@Au or MPH-Fe3O4 was pipetted onto the working area of
the screen printed electrode (SPE) with a magnet beneath it.
4 Characterization and electrochemical measurements

Transmission electron microscopy (TEM) micrographs were
performed on a JEOL 2000 transmission electron microscope
operating at 200 kV. UV spectra were recorded using a UV-2501
spectrophotometer (Shimadzu, Japan). X-ray photoelectron
spectroscopy (XPS) measurements were carried out with a
Thermo Electron instrument MultiLab 2000 (Thermo Fisher,
USA). Electrochemical measurements were performed on a CHI
660C workstation (CH Instruments Co., Shanghai, China). A
disposable SPE consisting of a carbon working electrode, a
carbon counter electrode, and an Ag/AgCl reference electrode
were purchased from DropSens (Oviedo, Spain).
Results and discussion
1 Characterization of Fe3O4@Au magnetic nanocomposites

Fig. 1A shows photographs taken during the synthetic proce-
dure. The colloidal AuNPs solution is stable and displays a
typical red color (a). Aer adding SH–NH2 functionalized Fe3O4

(b) and ultrasonication (c), a homogeneous and dark purple
suspension was achieved. The resulted Fe3O4@Au magnetic
nanocomposites were easily and quickly separated by using an
external magnet, leaving a clear and transparent bulk solution
(d). This result demonstrated that AuNPs were successfully
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 (A) Photographs taken during the synthesis of Fe3O4@Au nano-
composites. (B) The UV-vis absorption spectra of colloidal AuNPs (a), Fe3O4@Au
nanocomposites suspension (b) and the supernatant after magnetic separation
(c). (C) TEM images of Fe3O4, (D) AuNPs and (E) Fe3O4@Au nanocomposites.

Fig. 2 (A) XPS spectra of Fe3O4 (a) and Fe3O4@Au nanocomposites (b), (B) Fe2p
of Fe3O4 (a) and Fe3O4@Au nanocomposites (b), (C) Au4f of Fe3O4 (a) and
Fe3O4@Au nanocomposites (b).
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adsorbed on the Fe3O4 surface. When removing the magnetic
force, the nanocomposites were easily re-dispersed with soni-
cation, indicating that the magnet only attracted the nano-
composites to the corresponding position and did not cause any
structural change.29 This property allows them to be easily
deposited on the SPE by applying magnetic force.

The UV-vis absorption spectra of colloidal AuNPs (curve a),
Fe3O4@Au nanocomposites suspension (curve b) and the super-
natant aer magnetic separation (curve c) were further shown in
Fig. 1B. Both of them display an absorption peak at 518 nm and
528 nm, respectively, which is the characteristic band of well-
dispersed AuNPs. The small red-shi might result from the
interaction between AuNPs and Fe3O4. From the loss of intensity,
we make a rough estimation that more than 95% of AuNPs have
been loaded on the Fe3O4. Aer magnetic separation the super-
natant did not show measurable absorbance, which further
indicates that AuNPs are effectively adsorbed on the Fe3O4.

Fig. 1C–E show the typical TEM images of Fe3O4 (C), AuNPs
(D) and Fe3O4@Au nanocomposites (E). A uniform spherical
morphology of Fe3O4 was observed with an average diameter of
120 nm. The AuNPs were clearly identiable and appeared
uniform in size with a diameter of�13 nm. As shown in Fig. 2E,
the synthesized Fe3O4@Au nanocomposites were clearly
observed and the AuNPs were scattered uniformly on the Fe3O4.

XPS was further employed to compare the two interfaces of
Fe3O4 and Fe3O4@Au nanocomposites. As shown in the full
This journal is ª The Royal Society of Chemistry 2013
spectra of Fig. 2A, both Fe3O4 (curve a) and Fe3O4@Au nano-
composites (curve b) present distinct peaks at 726.5 eV, 710.3 eV
and 528.9 eV, which are attributed to Fe2p1/2, Fe2p3/2 and O2� of
the O1s, respectively. New peaks at 397.6 eV and 163.3 eV
appeared in curve b. They are the positions of N1s and S2p,
indicating the introduction of SH–NH2 during the synthesis of
Fe3O4@Au nanocomposites. The peak doublet appearing at 83.7
eV (Au4f7/2) and 86.9 eV (Au4f5/2) is assigned to Au0. This
conclusion was also supported by high-resolution XPS spectra
of Fe2p and Au4f, as shown in Fig. 2B and C. The groups at 726.5
eV and 710.3 eV correspond to Fe2p1/2 and Fe2p3/2, respectively.
It can be seen that the intensity in curve b decreases compared
with curve a. In Fig. 2C, two peaks of Au 4f5/2 and Au 4f7/2 are
clearly observed in Fe3O4@Au nanocomposites (curve b) while
no peaks in Fe3O4 (curve a) are seen.
2 Function of AuNPs for biosensor design

To understand the function of AuNPs in biosensing, we
compared photometric and electrocatalytic responses of MPH/
Fe3O4 and MPH/Fe3O4@Au. It is known that MPH catalyzes the
hydrolysis of methyl parathion (lmax ¼ 274 nm) to release an
equimolar amount of PNP (lmax ¼ 405 nm).30 Thus, UV-vis
spectroscopy can be used to measure the enzymatic product of
OP. As shown in Fig. 3A, the peak at 274 nm decreased greatly
aer the MPH/Fe3O4 (curve b) and MPH/Fe3O4@Au (curve c)
were exposed to 100 ng mL�1 methyl parathion for 10 min
compared to the control of pre-exposure, i.e. methyl parathion
solution (curve a). A new peak appeared at 405 nm corre-
sponding to PNP. The decrease in methyl parathion absorption
at 274 nm is paralleled by an increase in PNP absorption at 400
nm, which indicates that MPH/Fe3O4@Au has a higher hydro-
lysis activity than MPH/Fe3O4.
Nanoscale, 2013, 5, 1121–1126 | 1123
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Fig. 3 (A) UV-vis spectroscopy of 100 ng mL�1 methyl parathion solution (a),
after exposure of MPH/Fe3O4 (b) and MPH/Fe3O4@Au (c) to 100 ng mL�1 methyl
parathion for 10 min, respectively. (B) SWV measurements of MPH/Fe3O4@Au/
SPE in pH 7.4 PBS in the absence of methyl parathion (a), MPH/Fe3O4/SPE (b) and
MPH/Fe3O4@Au/SPE (c) in pH 7.4 PBS in the presence of 100 ng mL�1 methyl
parathion. (C) Hydrodynamic voltammograms of 100 ng mL�1 methyl parathion
at bare SPE (a), MPH/Fe3O4/SPE (b) and MPH/Fe3O4@Au/SPE (c). (D) EIS
measurements at bare SPE (a), Fe3O4@Au/SPE (b), Fe3O4/SPE (c), MPH-
Fe3O4@Au/SPE (d) and MPH-Fe3O4/SPE (e). The electrochemical impedance
experiment was carried out in 10 mM Fe(CN)6

4�/3� with frequencies ranging
from 100 kHz to 0.1 Hz with an amplitude of 5 mV.

Fig. 4 Effect of the amount of AuNPs (A) and the size of AuNPs (B) on the
response.

Nanoscale Paper

Pu
bl

is
he

d 
on

 2
6 

N
ov

em
be

r 
20

12
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Pr

in
ce

 E
dw

ar
d 

Is
la

nd
 o

n 
30

/1
0/

20
14

 2
1:

52
:2

9.
 

View Article Online
The hydrolysis product, PNP, is also electroactive and can be
oxidized to generate measurable current which is related to the
concentration of methyl parathion. As shown by square wave
voltammetry (SWV) in Fig. 3B, no peak was observed at MPH/
Fe3O4@Au/SPE (curve a) in pH 7.4 PBS in the absence of methyl
parathion. Aer adding 100 ng mL�1 methyl parathion to the
PBS, a well-dened oxidative peak appeared for both MPH/Fe3O4/
SPE (curve b) and MPH/Fe3O4@Au/SPE (curve c). Obviously, this
peak arose from the oxidation of PNP, which is the hydrolysis
product of methyl parathion. Furthermore, the peak current on
MPH/Fe3O4@Au/SPE was 2-fold higher and the peak potential
shied 70 mV negatively compared to those on MPH/Fe3O4/SPE.
This was because of the presence of AuNPs, with their inherent
conductive properties and high catalytic behaviour, which
provides a conductive pathway for electron transfer and
promotes electron-transfer at a lower potential.

The data from hydrodynamic voltammograms also
conrmed the results in SWV measurements. It can be seen
from Fig. 3C that methyl parathion (100 ng mL�1) did not show
measurable response on the bare SPE (curve a). The current
response started at 0.6 V and increased to a maximum at �0.80
V and �0.75 V on MPH/Fe3O4/SPE (curve b) and MPH/
Fe3O4@Au/SPE (curve c), respectively. The AuNPs-containing
MPH electrode displayed a higher current than the “AuNPs-
free” biosensor, indicating that AuNPs play an important role in
electron transfer.

EIS was further performed to give information on electron-
transfer kinetics at the electrode surface. As shown in Fig. 3D, a
1124 | Nanoscale, 2013, 5, 1121–1126
small resistance was exhibited on the bare SPE (curve a). Aer
the electrode was treated with Fe3O4@Au, the EIS increased
slightly (curve b). If Fe3O4 was directly coated on the SPE, a
much higher resistance was observed (curve c). Further intro-
ducing MPH to the Fe3O4@Au modied electrode surface led to
a signicant increase of resistance (curve d) because the protein
layer insulates the conductive support and perturbs interfacial
electron-transfer, which also conrmed the immobilization of
MPH on the electrode surface. While if MPH was coated on the
Fe3O4/SPE without AuNPs, the resistance continued increasing
(curve e). This result also conrmed the high electronic
conductivity of AuNPs.31
3 Optimization of the nanocomposites preparation

The amount of AuNPs plays an important role in the sensitivity of
the biosensor. As shown in Fig. 4A, the current response
increased with increasing AuNP content in the nanocomposites
due to an increased conductivity and reached a maximum at the
volumetric ratio of 5 (AuNPs/Fe3O4). Further increasing the
amount of AuNPs led to a decrease in response, possibly because
the conglomerate of nanoparticles increases the interfacial
resistance, as reported in other amperometric biosensors.32

The size of AuNPs is another factor affecting the signal.
Fig. 4B showed the current responses of the biosensor with
different sizes of AuNPs from 8 nm to 50 nm. The maximum
response was obtained at 8–13 nm AuNPs. Small-sized AuNPs
have an increased density on the Fe3O4 surface and provide
more active binding sites for immobilization of MPH, thus
exhibit the largest response. Since 8 nm AuNPs are not very
stable and occasionally accumulate easily, 13 nm AuNPs were
used in the experiment.
4 Analytical performance

Under the optimized conditions, the MPH/Fe3O4@Au/SPE was
used for detection of methyl parathion. As shown in Fig. 5A, the
current increased with the increase of pesticide concentration.
It is proportional to methyl parathion concentrations in the
range of 0.5–1000 ng mL�1 (curve a, Fig. 5B), with the detection
limit of 0.1 ng mL�1. For comparison, MPH/Fe3O4/SPE was also
used for methyl parathion detection. As expected it showed
much lower sensitivity and a narrow linear range (curve b,
Fig. 5B).
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 (A) SWV measurements of methyl parathion with different concentra-
tions of 0.5 (a), 1.0 (b), 5.0 (c), 10 (d), 50 (e), 100 (f), 200 (g), 500 (h), 1000 ngmL�1

(i). (B) Calibration curves obtained at MPH/Fe3O4@Au/SPE (a) and MPH/Fe3O4/
SPE (b). Analysis parameters of SWV measurements include the applied potential
range of 0.1 V to 1.2 V, a step potential of 4 mV, an amplitude of 25 mV, and a
frequency of 15 Hz.
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Interferences arising from carbamate pesticides, other OP
pesticides such as dimethoate, monocrotophos and malathion,
and oxygen-containing inorganic ions (SO4

2�, NO3
�) were

further detected (ESI, Fig. S1†). They do not interfere with the
detection of methyl parathion due to the high selectivity of MPH
to P–S containing pesticides.

Since MPH is not poisoned by OP pesticides, unlike AChE,
the MPH-biosensor is reusable and suitable for continuous
measurement. The intra-assay precision was evaluated by
assaying one enzyme electrode for six replicate determinations
in 100 ng mL�1 methyl parathion and the relative standard
deviation (RSD) was 4.6%. Similarly, the inter-assay precision,
i.e. fabrication reproducibility, was estimated at six different
electrodes and the RSD was 7.8%. These results indicated
acceptable precision and reproducibility. When the enzyme
electrode was not in use, it was stored at 4 �C under dry
conditions. No obvious decrease in response was observed in
the rst 7 days of storage. Aer a 30 day storage period, the
sensor retained 80% of its initial current response, indicating
acceptable stability (ESI, Fig. S2†).

Conclusions

In summary, we have reported a sensitive and selective hydro-
lase biosensor based on self-assembly of MPH for detecting
methyl parathion and demonstrated the particular function of
AuNPs in biosensing. Several advantages of the proposed
method should be highlighted. First, due to the high electronic
conductivity, high catalytic efficiency, large surface area and
excellent biocompatibility of AuNPs, the constructed MPH
biosensor presents a fast and sensitive response. Second, the
electrostatic interaction between positively charged MPH and
negatively charged AuNPs prevents the enzyme from aggre-
gating on the Fe3O4 core and enhances the stability of the
immobilized enzyme. Third, the magnetic nanocomposite
provides an easy way to construct an enzyme biosensor by
simply exerting an external magnetic eld, and also provides a
simple way to renew the electrode surface by removing the
magnet. Fourth, the high selectivity of MPH towards P–S con-
taining pesticides precludes other possible interference. This
This journal is ª The Royal Society of Chemistry 2013
nanoassembly protocol is expected to be used for immobiliza-
tion of various enzymes and proteins, leading to robust
biosensors.
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