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In this study, a novel biomolecule immobilization approach has been proposed to the synthesis of

multi-functional core–shell glucose oxidase–Au–polydopamine–Fe3O4 magnetic bionanoparticles

(GOx–Au–PDA–Fe3O4 MBNPs) using the one-pot chemical polymerization method. Then, a high

performance biosensor has been constructed by effectively attaching the proposed GOx–Au–PDA–

Fe3O4 MBNPs to the surface of the magnetic glassy carbon electrode. Scanning electron microscope,

energy dispersive x-ray spectrometer, UV–vis spectroscopy, and electrochemical methods were used to

characterize the GOx–Au–PDA–Fe3O4 MBNPs. The resultant GOx–Au–PDA–Fe3O4 MBNPs not only have

the magnetism of Fe3O4 nanoparticles which makes them easily manipulated by an external magnetic

field, but also have the excellent biocompatibility of PDA to maintain the native structure of the GOx,

and good conductivity of Au nanoparticles which can facilitate the direct electrochemistry of GOx in the

biofilm. Hence, the present GOx–Au–PDA–Fe3O4 biofilm displays good linear amperometric response to

glucose concentration ranging from 0.02 to 1.875 mM. This efficient biomolecule immobilization

platform is recommended for the preparation of many other MBNPs with interesting properties and

application potentials in many fields, such as biosensing, biocatalysis, biofuel cells, and bioaffinity

separation.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The studies of direct electrochemistry of redox proteins/
enzymes at electrodes are of scientific importance in the inves-
tigation of the fundamental mechanism of biological redox reac-
tions and of practical significance for the development of
advanced bioelectronic devices, such as highly sensitive enzy-
matic biosensors and highly efficient biofuel cells (Ivnitski et al.,
2008; Elliott et al., 2009; Wang et al., 2009; Yan et al., 2006).
Nevertheless, establishment of direct electron transfer between
immobilized flavoprotein oxidase systems such as glucose oxi-
dase (GOx) and conventional electrodes is extremely difficult
because of the inaccessibility of the active centers. The reasons
could be due to the fact that the active center is deeply embedded
in a thick insulating protein shell, and/or occurrence of denatura-
tion of the adsorbed proteins which results in passivation of the
electrode surfaces (Cai and Chen, 2004; Wang and Yuan, 2003;
Wilson and Turner, 1992). Many attempts using casting (Guo and
Li, 2010), self-assembly (Shan et al., 2009), entrapping (Wang
et al., 2009), sol–gel (Nadzhafova et al., 2007), layer by layer
ll rights reserved.
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(Deng et al., 2010), covalent binding (Liu et al., 2010), and various
inorganic/organic substances such as graphene (Shan et al., 2009),
conducting polymer nanowires (Hong et al., 2009), nano-metal
oxides (Guo and Li, 2010) have been made to improve the
electron communication between the active site of GOx and
electrode. Although direct electrochemistry could be achieved
on the modified electrodes, only a few examples of reversible
electrochemical behavior of the immobilized GOx have been
observed. In addition, the bioactivity of the enzyme may be
weakened or even disappeared during the immobilization proce-
dure. Thus, development of a simple procedure which enables the
stability of the immobilized GOx with natural conformation to
achieve enhanced direct electrochemistry of GOx remains
challenges.

Recently, inspired by the adhesive proteins of mussle, Messer-
smith and colleagues developed a simple but versatile surface
modification approach in which self-polymerization of dopamine
at weak alkaline pH produced an adherent polydopamine (PDA)
coating on a wide variety of materials (Lee et al., 2007). The
derived films can further support a variety of secondary reactions
and create various functional PDA films. This approach is simple,
inexpensive, quick, and ‘‘green’’ (Lee et al., 2007, 2008; Yang et al.,
2011; Zhang et al., 2010, 2012). In addition, due to the good
chemical stability, excellent hydrophilic and biocompatible
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Scheme 1. Schematic illustration of the procedure for preparation of GOx–PDA–Au–Fe3O4 MBNPs film modified magnetic glassy carbon electrode.
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properties of PDA, the design and synthesis of multi-functional
PDA-based bio-nanocomposites with interesting properties has
been proven to be an efficient approach for the construction of
high performance biosensing (Fu et al., 2009, 2010a; Tan et al.,
2010; Wang et al., 2011). For example, Fu and co-workers have
prepared Au nanoparticles (NPs)/PDA–Pt NPs–GOx bionanocom-
posites with PDA as an efficient matrix to support antibody for
sandwich-type amperometric immunoassay (Fu et al., 2010b).
Tan et al. have reported the facile preparation of PDA–enzyme–
multi-walled carbon nanotube cast films for electrochemical
biosensing and biofuel cell applications (Tan et al., 2010).

Herein, multi-functional core–shell GOx–PDA–Au–Fe3O4

MBNPs were synthesized by a simple one-pot in situ chemical
polymerization method. As shown in Scheme 1, dopamine was
added dropwise to the aqueous mixture of GOx, HAuCl4 and
PDDA–Fe3O4 NPs (Scheme 1a). Due to the in situ chemical
polymerization of dopamine by HAuCl4 in the mixture, core–
shell enzyme–PDA–Au–Fe3O4 MBNPs was successfully prepared
(Scheme 1b). And then, with the advantages of the magnetism of
the MBNPs, the proposed MBNPs were effectively deposited on
the electrode surface by applying a constant magnetic field
(Scheme 1c), thus a high performance glucose sensor has been
constructed using the GOx–Au–PDA–Fe3O4 MBNPs. The morphol-
ogy, structure, and electrochemistry of the MBNPs were charac-
terized by scanning electron microscope, energy dispersive x-ray
spectrometer, UV–vis spectroscopy, and electrochemical methods
respectively. The modified electrode based on this GOx–PDA–Au–
Fe3O4 MBNPs film well retained the native structure of the
immobilized protein, successfully realized the direct electron
transfer of the immobilized GOx and displayed good electrocata-
lytic activity to the oxidation of glucose. The proposed method is
highly recommended as a new biosensing platform for biomole-
cule immobilizations and biocatalysis applications.
2. Materials and methods

2.1. Materials

Glucose oxidase (GOx, EC 1.1.3.4; type II from Aspergillus
niger, 150 KU g�1) and poly(diallyldimethylammonium chloride)
(PDDA) were purchased from Sigma. Dopamine was purchased
from Alfa Aesar. All other chemicals, such as glucose and
HAuCl4 �4H2O were of analytical grade and used as received. A
permanent magnet was purchased from As One Ltd. (Osaka,
Japan). 0.1 M phosphate buffer saline (PBS, pH 6.98) was used
as supporting electrolyte. All solutions were prepared with
doubly distilled water.

2.2. Synthesis of Fe3O4 NPs

The Fe3O4 NPs were prepared through a solvothermal reaction
according to Deng et al. 2005. Briefly, FeCl3 �6H2O (1.35 g) and
sodium acetate (3.60 g) were dissolved in 50 mL of ethylene
glycol under magnetic stirring. After the well-proportioned mix-
tures were dispersed, the yellow solution was transferred to a
Teflon-lined stainless-steel autoclave and sealed to heat at 200 1C.
After reaction for 8 h, the autoclave was cooled to room tempera-
ture. The obtained black magnetite particles were washed with
ethanol for several times. Finally the products were collected with
a magnet, and then dried under vacuum at room temperature.

2.3. Synthesis of PDDA–Fe3O4 NPs

The PDDA–Fe3O4 NPs were prepared according to the litera-
ture with some modification (Fang et al., 2010). A 3 mL portion of
1 mg mL�1 Fe3O4 NPs was dispersed in 12 mL of aqueous solution
containing 0.625 M potassium chloride (KCl) and 1.25 mg mL�1

PDDA. After being mixed well, the mixture was sonicated for 3 h.
Excess PDDA was removed by separation with a magnet and
rinsed with water for several times. Finally the PDDA–Fe3O4 NPs
were redispersed in 6 mL of water.

2.4. Synthesis of GOx–PDA–Au–Fe3O4 MBNPs

The GOx–PDA–Au–Fe3O4 MBNPs were prepared as follows.
300 mL of 2% HAuCl4 and 5.0 mg GOx were added to 1.0 mL PBS
containing 0.5 mg mL�1 PDDA–Fe3O4 NPs under vigorous stirring
at 4 1C. Then, 500 mL of 60 mM (excess) dopamine was added
dropwise to the mixture, the reaction mixture was stirred to
allow a complete reaction for 20 min to form GOx–PDA–Au–Fe3O4

MBNPs. After reaction, the product was collected with a magnet
and washed with water for several times, finally suspended in
1 mL PBS (pH 6.98) and stored at 4 1C when not used.
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2.5. Electrode preparation

The magnetic glassy carbon electrode (MGCE) was prepared
according to our previous method (Qiu et al., 2010). Briefly,
paraffin oil (1.2 mL) was mixed with graphite powder (10 mg)
thoroughly to get homogeneous paste. A copper wire was put into
a Teflon tube (3 mm in diameter and 50 mm in depth) which was
initially filled with a portion of the resulting paste, and a
nummular magnet (3 mm in diameter and 2 mm in thickness,
0.2 T at the surface) was embedded with a depth of 2 mm from
the surface of electrode. Then a glassy carbon (3 mm in diameter
and 2 mm in depth) was inserted in the tube to immobilize the
magnet and the edge of the glassy carbon was sealed by the
adhesive. After carefully polishing with 1.0, 0.3 and 0.05 mm
alumina slurry successively and then ultrasonicating in water
for a few minutes, 10 mL of the GOx–PDA–Au–Fe3O4 MBNPs
solution was dripped onto the bare MGCE, the solid GOx–PDA–
Au–Fe3O4 MBNPs were firmly attached to the electrode surface
with the help of magnetic force. After drying for 1 h, the electrode
surface was washed with PBS. When not in use, the modified
electrode was stored in a moist state at 4 1C.
2.6. Characterization

Electrochemical experiments were performed on an Autolab
PGSTAT30 electrochemical workstation (Eco Chemie). A three-
electrode system was used with a saturated calomel electrode
(SCE) as the reference electrode, a platinum wire as the auxiliary
electrode, and the modified MGCE as the working electrode. The
electrolyte solutions were purged with N2 for at least 20 min to
remove O2 and kept under N2 atmosphere during measurements.
Scanning electron microscopy (SEM) images were collected on a
Fig. 1. SEM (A, B) and TEM (a, b) images of Fe3O4 NPs and GOx–PDA–Au–Fe3O4 MBNPs

GOx–PDA–Au–Fe3O4 MBNPs in absence (left) and presence (right) of external magneti
Quanta 200F scanning electron microscope (FEI, USA). The trans-
mission electron microscope (TEM) was performed on JEOL 2010
transmission electron microscopy operated at an accelerating
voltage of 200 kV. To analyze the elements of GOx–PDA–Au–
Fe3O4 MBNPs, energy dispersive X-ray (EDS) analysis was also
carried out. UV–vis absorption spectra were acquired with a UV-
2450 spectrophotometer (Shimadzu).
3. Results and discussion

3.1. Preparation and characterization of the

GOx–PDA–Au–Fe3O4/MGCE

As illustrated in Scheme 1, GOx, HAuCl4 and PDDA–Fe3O4 NPs
were dissolved in a pH 6.98 PBS (Scheme 1a), and then dopamine
was added dropwise to yield Au NPs and PDA. In this experiment,
dopamine as a reductant and a monomer was oxidized to PDA by
the HAuCl4, resulting in the formation of PDA and Au NPs. Due to
the in situ chemical polymerization of dopamine triggered by
oxidizing reagent HAuCl4 in the mixture, core–shell enzyme–
PDA–Au–Fe3O4 MBNPs was successfully prepared (Scheme 1b).
SEM and TEM images were used to confirm the formation and
observe the morphologies of the GOx–PDA–Au coating deposited
on the Fe3O4 surface (Fig. 1). As can be seen from the SEM images,
both the Fe3O4 NPs and GOx–PDA–Au–Fe3O4 MBNPs are mono-
dispersed and have uniformed size (Fig. 1A and B). The Fe3O4 NPs
with a diameter of 160–180 nm show rough surface morphology
(Fig. 1A). After the in situ polymerization reaction, many densely
dispersed Au NPs are homogeneously produced inside and out-
side the PDA film without aggregation, and the diameter of the
GOx–PDA–Au–Fe3O4 MBNPs increased by �25 nm (Fig. 1B). As
can be seen from TEM image, the Fe3O4 NPs are an assembly of
. (C) The EDS spectrum of the GOx–PDA–Au–Fe3O4 MBNPs. (D) Photograph of the

c field.



Fig. 2. UV–vis spectra of PDDA–Fe3O4 (a) GOx (b) GOx–PDA–Au–Fe3O4

(c) solutions.

Fig. 3. (A) CVs of GOx (a), PDA–Au–Fe3O4 (b), bare (c), GOx–PDA–Au–Fe3O4

(d) modified electrodes in 0.1 M pH 6.98 PBS at a scan rate of 100 mV s�1.

(B) CVs of the GOx–PDA–Au–Fe3O4/MGCE in PBS (pH 6.98) at different scan rates.

Scan rate (from internal to external) is 5, 10, 20, 50, 100, 200, 300, 400, 500, 600,

700, 800, 900 and 1000 mV s�1. Inset: Plots of the anodic and cathodic peak

currents as function of scan rate. In all these measurements, dissolved oxygen in

solution was removed by bubbling nitrogen for 20 min.
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many small Fe3O4 nanocrystals (Deng et al., 2005) and these
particles are spherical and remarkably uniform and well dis-
persed in aqueous solution (Fig. 1a). After formation of GOx–PDA–
Au–Fe3O4 MBNPs with well-defined core–shell structures through
in situ polymerization reaction, the TEM image shows that all the
Fe3O4 cores (dark) are wrapped by the composite PDA (gray)
coating layer (Zhou et al., 2010), and there are many Au NPs
homogeneously decorating on/in the MBNPs (Fig. 1b). Thus, we
can speculate that the GOx molecules would be immobilized both
on the surface and in the porous structures of the Fe3O4 NPs,
which greatly increase the loading of the GOx and no obvious
changes in size or shape of the Fe3O4 cores are observed. The
energy dispersive x-ray spectrometer (EDS) measurement of the
MBNPs reveals the existence of C, N, O, Fe, P, Cl and Au elements
(Fig. 1C), confirming the successful formation of the core–shell
GOx–PDA–Au–Fe3O4 MBNPs by the present one-pot in situ poly-
merization approach. As shown in Fig. 1D, the GOx–PDA–Au–
Fe3O4 MBNPs suspension is homogeneous and black. Once an
external magnetic field is applied, the GOx–PDA–Au–Fe3O4

MBNPs are attracted immediately toward the magnet, leaving
the bulk solution clear and transparent. These results demon-
strate that with the advantage of the inherent magnetic property
of the Fe3O4 NPs, the prepared GOx–PDA–Au–Fe3O4 MBNPs can
be simply assembled on a MGCE by applying a constant magnetic
field, thus fabricating a high performance glucose biosensor
(Scheme 1c). In the presented system, GOx with remaining
bioactivity can be efficiently trapped in the formed matrix at
high load and due to the gentle in situ polymerization process of
dopamine and the excellent biocompatible microenvironment
provided by the PDA and Au NPs. The entrapped GOx molecules
are stable due to the excellent adhensive property of the as-
formed PDA (Lee et al., 2007). Furthermore, the positive charged
PDDA shell over the magnetic NPs prevents the agglomeration of
the mixture, and the magnetic properties of the MBNPs make
them easily manipulated by an external magnetic field. Compared
with the conventional methods, this method greatly simplifies the
biomolecule immobilization methodology and well retains its
bioactivity due to the inherent magnetism of Fe3O4, the excellent
biocompatibility of PDA, the absence of other special agents and
no complex immobilization process. Besides, due to the good
conductivity of the Au NPs in MBNPs, enhanced electron commu-
nication between GOx and electrode can be achieved (Scheme 1e).

3.2. UV–vis spectroscopy

UV–vis spectroscopy has been employed to monitor the
formation of GOx–PDA–Au–Fe3O4 MBNPs and study the effects
of the MBNPs on the microstructures of GOx. As shown in Fig. 2,
in the case of PDDA–Fe3O4, no obvious absorption peak is
observed (curve a). The GOx solution exhibits an intense band
at 278 nm and two well-defined peaks of light absorption at 375
and 450 nm (curve b), which is in agreement with the result in
literature (Zhao et al., 2006). The above peaks can also be
observed in the GOx–PDA–Au–Fe3O4 MBNPs solution and nearly
have no difference in the site (curve c), indicating the GOx keeps
its natural structure in the GOx–PDA–Au–Fe3O4 MBNPs. Besides, a
novel absorption peaks occurred at 560 nm is observed which due
to the absorption of the nanosized Au NPs in MBNPs. Thus, the
UV–vis absorbance spectrum further confirms the formation of Au
NPs by this simple one-pot in situ chemical polymerization
method, and the entrapped GOx in the GOx–PDA–Au–Fe3O4

MBNPs retains its native structure. This result may be explained
as follows. The GOx–PDA–Au–Fe3O4 MBNPs provide a biocompati-
ble microenvironment by the PDA and Au NPs to preserve the
biological activity of the immobilized biomolecule. Furthermore, the
MBNPs are formed in situ in the suspension, and the solution-state
protein molecules of high conformational freedom may be more
adaptable to the in situ enwrapping. Thus, the biomolecules suffer
little from distortion in conformation and its bioactivity can be more
effectively retained in the composites (Fu et al., 2008).

3.3. Direct electrochemistry and electrocatalytic activity

of the GOx–PDA–Au–Fe3O4/MGCE

Fig. 3A shows the cyclic voltammograms (CVs) in 0.1 M pH
6.98 PBS. As expected, the GOx-modified MGCE does not show
discernible redox peaks (curve a), indicating that direct electro-
chemistry of the immobilized GOx does not occur due to the



Fig. 4. CVs of GOx–PDA–Au–Fe3O4/MGCE in PBS with pH values of 4.0 (a), 5.0 (b),

6.0 (c), 6.98 (d), 8.0 (e), and 9.0 (f) at a scan rate of 200 mV s�1. Inset: Plot of

formal potential vs. pH.

Fig. 5. (A) CVs of GOx–PDA–Au–Fe3O4/MGCE in oxygen-saturated 0.1 M pH 6.98

PBS containing 0 (a) 0.1 (b) 0.3 (c) 0.42 (d) 0.58 (e) 0.9 (f) and 1.1 mM (g) glucose

at 200 mV s�1. Inset: The enlarged curves from �0.6 V to �0.3 V.

(B) Amperometric responses of GOx–PDA–Au–Fe3O4/MGCE at �0.5 V to succes-

sive addition of glucose in a stirred 0.1 M PBS (pH 6.98). Inset: Plot of the cathodic

current as a function of glucose concentration.
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inaccessibility of the active site, unfavorable orientation and/or
the denaturation of the protein molecules at the bare MGCE
surface. The PDA–Au–Fe3O4/MGCE only shows an increased back-
ground curve (curve b) as compared to the bare electrode (curve
c) due to the three-dimensional matrix of the PDA–Au–Fe3O4 film.
For the GOx–PDA–Au–Fe3O4/MGCE, a pair of well-defined redox
peaks at �436 and �480 mV appears, showing the character-
istics of reversible electron transfer process of redox active center
(flavin adenine dinucleotide, FAD) in GOx (curve d) (Shan et al.,
2009). The formal potential of GOx is �458 mV, which is very
close to the standard electrode potential of �460 mV (vs. a
saturated calomel electrode) for FAD/FADH2 at pH 7.0 (25 1C)
(Wu et al., 2007), indicating that the entrapped GOx molecules
retain their native structure in the GOx–PDA–Au–Fe3O4 film. The
good electrochemical response of GOx may be mainly due to
penetration of the Au NPs in MBNPs to the active center of GOx
which greatly shortens the electron tunneling path. The anodic
and cathodic peak currents increase linearly with the scan rates
(Fig. 3B), which suggests that direct electron transfer reaction of
GOx is a surface-controlled process (Guo et al., 2011).

Since nDEpo200 mV (Ep: peak potential), the direct electron-
transfer rate constant (Ks) of the immobilized GOx on the
GOx–Au–PDA–Fe3O4/MGCE can be obtained by Eq. (1) (Laviron
1979),

logKs ¼ a log 1�að Þþ 1�að Þloga�log
RT

nFv
�a 1�að Þ

nFDEp

2:3RT
ð1Þ

where a is the charge-transfer coefficient, DEp is the peak
potential separation, v is the scan rate, n is the number of electron
transferred, and F is Faraday’s constant. Our experimental results
show that the scan rate in the range of 5�1000 mV s�1 did not
affect the Ks value. Taking the charge-transfer coefficient a of 0.5,
at a scan rate of 100 mV s�1, the Ks of the immobilized GOx on the
GOx–Au–PDA–Fe3O4/MGCE is calculated to be 3.8 s�1. The value
is much larger than those ever reported ones (Kang et al., 2009;
Yang et al., 2008), indicating that the enhanced direct electron
transfer of the GOx–PDA–Au–Fe3O4 biofilm. According to the
Laviron eq. (2) (Laviron, 1979),

Ip ¼
n2F2AvG

4RT
¼

nFQv

4RT
ð2Þ

where G (mol cm�2) is the surface amount of the adsorbed
protein on electrode surface, A is the electrode area (cm2), v is
the scan rate, Ip is the peak current, n is the number of electron
transferred, Q is the charge involved in the reaction, and F is
Faraday’s constant. The average surface amount (G) of the
immobilized GOx on the GOx–PDA–Au-Fe3O4/MGCE is estimated
to be 8.4�10�11 mol cm�2, which is 29.3 times larger than that
(2.86�10�12 mol cm�2) at the bare GCE (Liu and Ju, 2003). The
increased functional density of GOx molecules can be attributed
to the three-dimensional matrix of the GOx–PDA–Au–Fe3O4/
MGCE. Another possibility is that the chemical oxidation poly-
merization can result in the high-load immobilization of the
enzyme (Fu et al., 2008).

It is well known that the direct electrochemistry of GOx is a
two-electron coupled with a two-proton reaction. Therefore, the
solution pH should influence the electrochemical behavior of the
immobilized GOx on GOx–PDA–Au–Fe3O4/MGCE. Fig. 4 shows the
CVs of the GOx–PDA–Au–Fe3O4/MGCE in the PBS solutions with
different pH values in the absence of oxygen. With the increase of
solution pH from 4.0 to 9.0, a negative shift of both cathodic and
anodic peak potentials is observed due to the proton transfer from
FAD to the reduced FADH2 (FADþ2Hþþ2e�" FADH2). In addi-
tion, all changes in the peak potentials and currents with solution
pH are reversible. Furthermore, it is found that the formal
potential of the GOx–PDA–Au–Fe3O4/MGCE decreases linearly
with the pH in the range of 4.0–9.0 with a slop of �57.7 mV pH�1

(inset in Fig. 4), which is close to the expected value of
�58.6 mV pH�1, indicating a two-proton reaction coupled with
a two-electron transfer process (Liu and Ju, 2003).

The immobilized GOx in the PDA–Au–Fe3O4 shows excellent
bioactivity. As shown in Fig. 5A, addition of glucose to the PBS
results in the decrease of reduction current at negative potentials
originating from reduction of O2. The decreased cathodic current
decreases with the increase of glucose concentration because of
the consumption of O2. Based on this phenomenon, the concen-
tration of glucose can be determined. Fig. 5B illustrates the
amperometric response of the biosensor at �0.5 V to successive
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addition of glucose. The present biosensor displays good linear
amperometric response to glucose concentration ranging from
0.02 to 1.875 mM with a detection limit of 6.5 mM at signal to
noise ratio of 3 (Fig. 5B, inset). When glucose concentration is
high, the curvature from the initial straight line shows the
characteristics of Michaelis–Menten kinetics. The apparent
Michaelis–Menten constant (Kapp

m ), an important parameter to
reveal enzyme-substrate reaction kinetics, can be calculated by
the electrochemical version of the Lineweaver–Burk Eq. (3)
(Kamin and Wilson, 1980):

1

Iss
¼

Kapp
m

Imax

1

C
þ

1

Imax
ð3Þ

here, Iss is the steady state current after the addition of substrate,
C is the bulk concentration of the substrate, and Imax is the
maximum current measured under saturated substrate condi-
tions. The Kapp

m value for the enzymatic activity of the GOx–Au–
PDA–Fe3O4/MGCE to glucose is calculated to be 1.67 mM, which is
smaller than those reported for GOx immobilized on highly
ordered polyaniline nanotubes (2.37 mM), GOx entrapped in
polypyrrole films (19 mM), and GOx in Nafion film (14.91 mM)
(Wang et al., 2009; Mousty et al., 2001; Ozoemena and NyoKong,
2006). The smaller value of Kapp

m validates that the immobilized
GOx in GOx–PDA–Au–Fe3O4 MBNPs possesses higher enzymatic
activity.

3.4. Interference study

The effect of possible interfering species such as uric acid (UA),
ascorbic acid (AA) and glycine on glucose detection has been
examined. The electrochemical responses of 0.01 mM UA, AA or
glycine in the absence of glucose are essentially negligible, and no
significant interference is observed upon addition of 0.01 mM UA,
AA or glycine in 0.1 mM glucose. These results suggest that the
proposed GOx–PDA–Au–Fe3O4/MGCE has high selectivity, and no
interference from coexisted electroactive substances due to the
low operating potential.

3.5. Reproducibility and stability of the biosensor

The reproducibility of the proposed biosensor has been exam-
ined as well. The relative standard deviation (RSD) of the
biosensor response to 1.0 mM glucose is 4.1% for 8 successive
measurements. The RSD for detection of 1.0 mM glucose with five
sensors prepared under the same conditions is 5.6%. The enzyme
electrode is stored at 4 1C when not in use. It can retain 95% of its
initial amperometric response after storage for 4 weeks. The
excellent reproducibility and stability of the biosensor may be
mainly attributed to the good biocompatibility of the MBNPs and
the enzyme immobilization approach preventing leakage of
biomolecules.

3.6. Determination of glucose in serum samples

To illustrate feasibility of the glucose sensor as a fundamental
application, glucose concentration in human serum sample has
been measured. An appropriate dilution of the sample with the
supporting electrolyte before measurement is performed. Five
parallel determinations are carried out. The glucose level is
determined to be 5.56 mM close to the 5.46 mM determined by
spectrophotometry, showing a good accuracy. The recoveries for
the assays of 0.10–0.80 mM glucose are between 93% and 106%
for eight measurements. The results are satisfactory and agree
closely with those detected by the automated standard colori-
metric technique in the hospital.
4. Conclusions

In summary, a simple biomolecule immobilization approach
has been proposed to the synthesis of multi-functional GOx–PDA–
Au–Fe3O4 core–shell MBNPs using a facile one-pot in situ chemical
polymerization. The GOx–PDA–Au–Fe3O4 core–shell MBNPs retain
magnetic response property and thus a GOx–PDA–Au–Fe3O4 core–
shell MBNPs modified electrode can be easily prepared. The
entrapped GOx retains its bioactivity due to the excellent bio-
compatibility of PDA and can communicate electrons with the
electrode efficiently due to the electron rely function of gold
nanoparticles. This work not only provides a versatile platform
for biomolecule immobilization, but also provides a new insight
into the preparation of many other magnetic bionanocomposites
with interesting properties for potential applications in fields, such
as molecularly imprinted polymers, drug delivery, biosensing,
biocatalysis, biofuel cells, and bioaffinity separation.
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