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1 The determination of glucose concentration is very
important in clinical, biological and chemical sam�
ples, as well as food processing and fermentation [1].
Chiefly glucose sensors have been studied most exten�
sively because of their need in diagnostic analysis of
diabetes [2]. In the last few years, considerable atten�
tion has been devoted to immobilization of enzymes
on electrode surface in relation to the development of
electrochemical biosensors [3] that are popular
because of high sensitivity, simple and low�cost instru�
mentation and easy signal amplification [4]. Due to
active usage of glucose biosensor and economic pros�
pects, it has led to a considerable amount of fascinat�
ing research and innovative detection strategies that
could improve the simplicity, sensitivity, stability and
selectivity [5]. Electrode surface modification with
metal nanoparticles is one of the best strategies for
improving glucose biosensor in place of conventional
sensing technologies, which has led to improve sensi�
tivity, selectivity, and stability of assay.

Metal nanoparticles are of considerable interest as
they exhibit unique electronic, optical, and catalytic

1 The article is published in the original.

properties due to the quantum size effects [6]. How�
ever, the gold nanoparticles are expected to exhibit
attractive properties in the application to glucose bio�
sensors because of their highly conducting material,
high surface, good biocompatibility and simple syn�
thetic procedure [7].

On the other hand, nowadays the magnetic nano�
particles receive increasing attention in designing
electrochemical enzyme biosensors [8, 9]. Magnetic
nanoparticles as the immobilization platforms have
some advantages such as: (1) few fouling, selective and
fast separation of the immobilized enzymes from the
reaction mixture by the application of a magnetic
field; (2) enzyme immobilization over the higher spe�
cific surface area to bind a large amount of enzymes;
(3) low mass transfer resistance; (4) immobilization of
enzyme on electrode without the need for any chemi�
cal linker or electrode modification by magnetic force;
(5) simple regeneration of magnetic�modified elec�
trodes by removing the magnetic field [10–12].
Fe@Au nanoparticles in comparison to other mag�
netic nanoparticles are more common due to simplic�
ity of synthesis, inherent biocompatibility, powerful
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super�paramagnetic effects, low toxicity and cost [13].
Fe@Au nanoparticles area very attractive composite
system with synergetic properties that leads to the
improvement in the biosensor performance. Fe@Au
nanoparticles exhibit interesting electrochemical and
biocompatible properties due to Au and magnetic
properties of Fe3O4. However, to the best of our knowl�
edge, up to now there is no report on applying Fe@Au
nanocomposite as an immobilizing platform for devel�
oping electrochemical glucose biosensor.

In this work, covalent immobilization of GOx on
amine�modified Fe@Au nano�compositeis intro�
duced as a new platform for constructing glucose elec�
trochemical biosensor using cyclic voltammetery (CV)
and square wave voltammetery (SWV) modes.

EXPERIMENTAL

Materials. GOx (EC 1.1.3.4, Type X�S from
Aspergillus niger) and β�D�(+)�glucose were pur�
chased from Sigma and used as received. FeCl2 ⋅
7H2O, FeCl3 ⋅ 6H2O, NaOH, HCl, tetramethyl
ammonium hydroxide (TMAOH) pentahydrate were
purchased from Sigma�Aldrich (Steinheim, Ger�
many). Chloroauric acid trihydrate (HAuCl4 ⋅ 3H2O),
potassium trisodium citrate, sodium metaperiodate,
ethylene glycol, potassium dihydrogen phosphate
(KH2PO4) and potassium hydrogen phosphate
(K2HPO4) were purchased from Merck and used as
delivered. The solutions were prepared in deionized
double distilled water (18 MΩ cm, Barnstead, Dubu�
que, USA) and all experiments were carried out at
room temperature (25°C).

Apparatus and measurements. All electrochemical
experiments were performed with an Autolab poten�
tiostat (PGSTAT 101). Electrochemical studies were
performed using a single�compartment conventional
three�electrode cell (volume 300 μL). A gold�disk
working electrode with a diameter of 2 mm equipped
with a permanent magnet under it, a saturated sil�
ver/silver chloride (Ag/AgCl) reference electrode,
containing 3 M KCl (from Azar electrode, Iran), and
a platinum rod auxiliary electrode were used. All
potentials were measured and reported versus the
Ag/AgCl reference electrode. The morphology of the
synthesized Fe@Au nanoparticles was obtained using
a scanning electron microscope (SEM) Model LEO
440i, UK. The UV�Vis spectra were carried out using
a Cary spectrophotometer, 100 Bio�model (Japan).
The electrochemical behavior of GOx and detection
of glucose was carried out in an air�saturated solution
for similarity of in vivo usage.

Preparation of the gold�coated iron oxide nanopar�
ticle (Fe@Au). The Fe@Au was prepared by the proce�
dures described in literature [14]. In short, 5.4 g FeCl2 ⋅
7H2O and 2.0 g FeCl3 ⋅ 6H2O were dissolved in 25 mL
of 10 mM HCl and the solution was added drop wise
to 250 mL of 1.5 M NaOH solution under vigorous

stirring. A black precipitate was immediately formed.
It was washed with distilled water to remove the NaOH
excess and heated at 60°C to dryness. In order to
encapsulate the iron nanoparticles with the gold
shells, 5 mL of iron oxide nanoparticles suspended in
0.1 M TMAOH solution (pH12) was added to 95 mL
of citric acid (5 mM) and stirred vigorously. Finally,
0.2 M NH2OH · HCl and 1% HAuCl4 ⋅ 3H2O were
alternatively added into the magnetite solution until
the solution became purple.

Oxidation of glucose oxidase. GOx molecule was
oxidized with periodate to convert carbohydrate−OH
groups on the peripheral surface of the protein to alde�
hydes according to established procedures [15].
Briefly, 1 mL of 10 mg/mL GOx solution provided in
0.1 M phosphate buffer solution (PBS, pH 6.8) was
reacted with 30 mg of sodium metaperiodate for
15 min at room temperature in the dark. The reaction
was stopped with the addition of 10 μL of ethylene gly�
col (30 min, 25°C). Finally, the oxidized GOx was dia�
lyzed (molecular weight cutoff 30000) against PBS
(pH 6.8) for overnight at 4°C and freeze�dried.

Surface modification of the Fe@Au and electrode
preparation. The modified gold�coated magnetic
nanoparticles were prepared in two sequential steps: at
the first step, 100 μL of 0.01 M cysteamine was added
to 500 μL of suspended Fe@Au and the mixture was
stirred for 20 min. The modified NH2−Fe@Au nano�
particles were collected by magnet and the additional
cysteamine was removed. At the second step, the acti�
vated NH2−Fe@Au nanoparticles were equilibrated in
phosphate buffer (0.1 M, pH 6.8), and transferred to
the 20 μL (10 mg/mL) solution of oxidized GOx fol�
lowed by shaking at 180 rpm for 5 h. During this step,
the amine groups on NH2−Fe@Au reacted with the
aldehyde groups of the GOx, giving rise to covalent
bonds. Then, to remove the additional and loosely
bound GOx molecules, GOx/NH2−Fe@Au were col�
lected by a permanent magnet and washed with the
PBS three times. GOx bearing NH2−Fe@Au was fixed
on the gold plate electrode using a permanent magnet.
The prepared electrode was stored at 4°C before use.

RESULTS AND DISCUSSION

UV�Vis spectroscopic and SEM characterization of
synthesized Fe@Au nanoparticles. The UV�Vis absorp�
tion spectra of iron oxide nanoparticles, Au nanopar�
ticles as reference samples and Fe@Au nanoparticles
were observed (Fig. 1). The black magnetic nanoparti�
cle do not show absorption peaks in UV�Vis spectra
(spectrum 1). Red color gold colloid and Fe@Au col�
loid with a black�red color do exhibit an absorption
band with maxima at 526 and 538 nm, respectively.
The result show confirms the gold coating of the iron
oxide nanoparticles in spectrum (spectrum 3). Fur�
thermore, spectrum (3) is broader than spectrum (2).
The red shift and broadening in the surface plasmon
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absorption of the Fe@Au colloid relative the pure Au
colloid reveals that the size distribution of pure Au
nanoparticles is narrower than that of the Fe@Au
nanoparticles and the aggregation of Fe@Au nanopar�
ticles is wider than the pure Au nanoparticles [11].

GOx bearing NH2−Fe@Au were fixed on the gold
plate electrode using a permanent magnet. Figure 2
shows the SEM images of Fe@Au (a) and
GOx/NH2−Fe@Au (b) after dropping on gold elec�
trode and evaporating in air. Figure 2a shows the
Fe@Au is spherical and their average diameter is
around 50 nm. Also, it is clear in Fig. 2b that the mor�
phology of Fe@Au was changed by addition of GOx.
This indicates that the GOx has been successfully
immobilized onto NH2−Fe@Au surface.

Electrochemical properties of GOx on Fe@Au elec�
trode. The direct electrochemistry of GOx immobilized
on NH2−Fe@Au/Au electrode was investigated using
CV. Figure 3 shows the CVs of the bare Au electrode (1),
NH2−Fe@Au and GOx/NH2−Fe@Au/Au electrode,
(2) and (3), respectively, in 0.1 M PBS (pH 6.8) and air�
saturated conditions. Neither curve (1) nor (2) shows
redox peaks. However, it is obvious that the modified
electrode exhibits excellent and quasi�reversible redox
peaks, as shown in curve (3). At the same time, the
NH2−Fe@Au/Au electrode did not show any response.
The anodic and cathodic peak potentials were –350 and
–190 mV, respectively, with a peak potential separation
of 160 mV. The direct electron transfer of GOx immo�
bilized onto the heterogeneous surface is due to the
redox reaction of FAD, which is bound to the enzyme
molecule and can be expressed as [16]:

GOx–FAD + 2H + 2e  GOx–FADH2. (1)
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Fig. 1. UV�Vis absorption spectra of Fe3O4 nano�
particles (1), Au nanoparticles (2), Fe@Au nanoparticles (3).

500 nm

(a)

(b)

500 nm

Fig. 2. SEM images of Fe@Au nanoparticles (a) and
GOx/NH2−Fe@Au (b) on Au electrode.

40

20

0

–20

–40

2

0.20–0.8 –0.4–0.6 –0.2

60

E, V

3

1

I, μA

Fig. 3. CVs of bare gold electrode (1), Fe@Au/Au elec�
trode (2), GOx/Fe@Au/Au electrode (3) in 0.1 M PBS
(pH 6.8). The scan rate was 50 mV/s at air�saturated con�
ditions.



JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 70  No. 10  2015

THE ELECTROCHEMICAL STUDY OF GLUCOSE OXIDASE 1257

The formal potential (E0) has been calculated by
average of the cathodic and anodic potentials that is
⎯270 mV (vs. Ag/AgCl) for GOx. This result suggests
that most of the GOx molecules preserved their native
structure after the covalent attachment on magnetic
nanoparticles.

Figure 4a shows the cyclic voltammograms of
GOx/NH2−Fe@Au/Au electrode in PBS (0.1 M,
pH 6.8) at different scan rates. Figure 4b shows the
plot of cathodic and anodic peaks current (Ip) against
the scan rate (v). Both the anodic and cathodic peak
currents increased linearly with square scan rate in
the region of 5–500 mV/s indicating surface con�
trolled redox reaction, as expected for immobilized
systems [17].

The kinetic parameters of electron transfer coeffi�
cient (α) and apparent charge transfer rate constant (ks)
can be calculated using Laviron’s model [18]. Laviron
derived general expressions for the linear potential

sweep voltammetric response for the case of surface�
confined electroactive species at small concentrations,
Eqs. (2)–(5):

(2)

(3)

(4)

(5)

where m = (RT/F)(ks/n), ks is the apparent charge
transfer rate constant, v is the charge transfer coeffi�
cient, n is the number of electrons transferred in the
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rate�determining reaction, ΔEp is the peak potential
separation; R, T, and F have their usual meanings (R =
8.314 J/(mol K), T = 298 K, F = 96483 C/mol) and v
is the scan rate. α can be calculated using the plot of
peak potentials (Ep) vs. logarithm of scan rate (logv).

The slope of the linear section in cathodic and
anodic peaks in Fig. 4c is equal to –2.303RT/αcF and
2.303RT/αanF, respectively. As seen in Fig. 4d, it was
found that for scan rates above 200 mV/s, ΔE = ΔEp –
ΔE0' was proportional to the logv, as indicated by
Laviron. Therefore, we extracted the average value of
0.25 and 1.4 s–1 for α and ks, respectively. The obtained
ks value is higher than that reported for GOx immobi�
lized on self�assembled monolayer (0.026 s–1) [19] and
close to GOx immobilized on CNTs (1.53 s–1) [20].

Using Eq. (6), the amount of glucose oxidase (Γ)
immobilized on the NH2–Fe@Au/Au electrode was
estimated to be 1.68 × 10–12 mol/cm.

(6)

where v is the sweep rate, A is the surface area
(0.0314 cm2) of the modified electrode, and the other
symbols are well�known constants. From the slope of
cathodic peak currents vs. scan rate, the surface concen�
tration of GOx is calculated. This suggests the formation
of an approximate monolayer of GOx on the surface of
the NH2−Fe@Au/Au electrode. This value is close to
those obtained at GOx/CdTe−CNTs/Nafion/GC elec�

Ip
n2F2

vAΓc

4RT
��������������������,=

trode (8.77 × 10–11 mol/cm) [21] and GOx−
SWNTs/GC electrode (2.85 × 10–13 mol/cm) [22].

Effect of pH on the peak potential. The voltammet�
ric behavior of the GOx/NH2−Fe@Au/Au electrode
was investigated at various pH by CV. Figure 5 shows
peak currents of the electrode in PBS at various pH
ranging from 5.8 to 8. As seen in Fig. 5, the cathodic
peak current rose with pH change from 5.8 to 6.8 and
then decreased from pH 6.8 to 8. The maximum
cathodic current was obtained at pH 6.8, therefore it
was chosen as the optimal pH for further experiments.

As illustrated in Fig. 5 (inset b), the formal poten�
tial (E0) of GOx/NH2−Fe@Au/Au electrode would
be linearly pH dependent. An increase in solution pH
caused a negative shift in both cathodic and anodic
peak potentials. The results showed that the slope
(E0/pH) is 55.08 mV/pH over a pH range from 5.8 to 8.
This slope was close to the Nernstian value of
59.2 mV for a two�electron, two�proton process [16].

Determination of glucose by square wave voltamme�
try. As described above, direct electrochemistry of
GOx occurs according to Eq. (1). In air saturated con�
dition, oxidized GOx produced in Eq. (7) reacts with
O2 to reproduce reduced GOx (Eq. 8), oxygen is used
as the electron acceptor. The electrocatalytic process
is expressed as follows [23]:

  GOx(FADH2), (7)

  GOx(FAD) + H2O2. (8)
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Fig. 5. CVs of GOx/Fe@Au/Au electrode in 0.1 M PBS at pH 5.8, 6.2, 6.8, 7.2, 7.6 and 8.0 from right to left, respectively. Insets (a)
and (b) show the plot of Ipc vs. pH and E0 vs. pH, respectively. The scan rate was 50 mV/s at air�saturated conditions.
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When glucose was added into air�saturated PBS, the
electrocatalytic reaction was restrained to the enzyme�
catalyzed reaction between the oxidized form of GOx,
GOx (FAD), and glucose (Eq. 9):

(9)

Thus, according to Eq. (9), with the increase of the
concentration of glucose, the reduction peak currents
at the GOx/NH2−Fe@Au/Au electrode gradually
decreased as shown in Fig. 6. This study was carried
out by SWV. Figure 6 shows the relationship between
the decrease of the reduction peak current and the glu�
cose concentration at the GOx/NH2−Fe@Au/Au
electrode. The current values linearly change with the
concentration of 2.4–54 mM with a correlation coef�
ficient (R) of 0.9905 and with detection limit of
0.5 mM at S/N = 3. The analytical characteristics of
glucose determination using different biosensors are
compared in table.

Based on the decrease of the reduction current,
glucose can be detected without the interference of
co�existing electroactive substances, which is different
from the common glucose amperometric sensors
based on the detection of the consumption of oxygen
or the production of hydrogen peroxide [28].

Reproducibility and stability of the GOx/NH2−

Fe@Au modified electrode. The reproducibility of the
biosensor response toward glucose was investigated
using by the same electrode but carried out on differ�
ent days. It showed acceptable reproducibilities with
RSD of 4.9, 3.7 and 4.6% for five assays of glucose at
concentrations of 2, 20 and 40 mM, respectively.

After a storage period of more than two weeks in
refrigerator, the biosensor showed no observable change
in the cyclic voltammograms. This indicates that not
only the covalent binding between NH2−Fe@Au and
oxidized GOx brings about a satisfactory stability but
also the magnetic nanocomposite could provide a bio�
compatible microenvironment for GOx.

Glucose GOx FAD( )+

Gluconolactone GOx FADH2( ).+

Determination of glucose in serum sample. This
glucose biosensor could be applied to assay the real
blood glucose. Fresh serum samples were prepared by
the affiliated hospital. The serum sample of blood was
diluted with phosphate buffer (pH 6.8) to 5 mL. The
glucose concentration was determined to be 7.5 ±
0.4 mM (n = 3), close to the value of 8.6 ± 0.2 mM
(n = 3) obtained by spectrophotometry [29].

* * *

We propose a new strategy to prepare a fast, easy and
renewable biosensor by immobilizing gold�coated mag�
netic nanoparticles. GOx was attached to the surface of
nanoparticles by cysteamine. The GOx immobilized on
the modified electrode exhibits a direct and quasi�
reversible electrochemical reaction. The responsibility
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Fig. 6. Calibration curve for the GOx/Fe@Au/Au elec�
trode by SWVs in 0.1 M PBS (pH 6.8) containing various
concentrations of glucose (2.4, 7.4 13.4 20.9, 30.4, 42 and
54 mM) at the air�saturated conditions. Inset shows the
SWVs of glucose biosensor at scan rate 50 mV/s. 

Comparison of the analytical parameters obtained in the present work with those reported in the literature

Electrode substrate Linear range, mM Detection limit, µM Sensitivity, µA/mM Reference

GOx/AuNPs/CPE* 0.04–0.28 10 8.4 [24]

Electrodeposited 
GOx/AuNPs/Chito�
san/Au

0.005–2.4 2.4 Not reported [25]

Nafion/GOx/f�G�
AuNPs**/GCE

Up to 30 1 Not reported [26]

Graphene/AuNPs/GOx/
Chitosan/Au

2–10 180 99.5 [27]

GOx/NH2–Fe@Au/Au 2.4–54 510 0.057 This work

*—CPE—carbon paste electrode, **—f�G�AuNPs—functionalized graphene sheets with nanocrystalline Au particles.
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and linear range is in the scale of glucose in human
blood. The constructed biosensor shows a good repro�
ducibility and stability. The procedure is very fast, easy,
economical and does not require electrode polishing. It
can be use as a glucometer for diabetes patients.
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