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ABSTRACT

Core-shell Fe304-enzyme-polypyrrole (Ppy) nanoparticles with excellent magnetism and conductivity
were successfully prepared via the surface modification and enzyme self-encapsulation within Ppy.
A novel potentiometric glucose biosensor has been constructed by effectively attaching the proposed
Fe;04-enzyme-Ppy nanoparticles to the surface of the magnetic glassy carbon electrode (MGCE). The
optimum biosensing conditions could be provided with polymerization time of pyrrole for 6 h and
0.42 mg immobilization amount of Fe304-enzyme-Ppy nanoparticles on MGCE. The performance of the
developed glucose biosensor was evaluated and the results indicated that a sensitive glucose biosensor
could be fabricated. The obtained glucose biosensor presents shorter response time (6 s), wider linear
range (0.5 uM to 34 mM), lower limit of detection (LOD, 0.3 uM), high-selectivity monitoring of glucose
and good stability (with about 98.1% of the initial response signal retained after 20 days). The analytical
application of the glucose biosensor confirms the feasibility of glucose detection in serum sample.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Enzyme biosensors have attracted much attention in recent
years due to their potential applications in clinical diagnostics,
pharmaceutical, environmental analysis and food industry (Wang
et al,, 2008; Kotanen et al., 2012; Snyder et al., 2011). The effective
immobilization of enzyme is the key step in constructing a
biosensor. Various techniques have been developed for enzyme
immobilization on solid surfaces, such as electrodeposition
(Tan et al., 2010), self-assembly (Kim et al., 2011; Liang et al., 2013),
dip coating (Pang et al., 2009), electropolymerization (Kotanen et al.,
2013), polymer entrapment (Zhao and Ju, 2006), covalent attachment
(Hrapovic et al., 2004) and sol-gels (Pasunooti et al., 2010). Despite
many advances in enzyme biosensors, it is still a challenge to search
for some new materials and methods to improve the simplicity,
sensitivity, selectivity and stability of the biosensors.

Magnetic nanoparticles as special biomolecule carriers are of
current interest in bio-applications such as biomedicine (Zhao
et al., 2006), immunology (Vijayalakshmi et al., 2008), biocatalysis
(Wei and Wang, 2008) and separation/purification of biomolecules
(Kim et al., 2007) due to their biocompatibility, less toxicity, high
specific surface area and strong magnetic properties. The enzymes
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have also been successfully immobilized onto magnetic nanopar-
ticles modified by ionic liquids (Zhou et al., 2012), chitosan (Zhang
et al,, 2010), gum Arabic (Mahmood et al., 2013), carboxyl (Guo
et al., 2012), gold (Kalska-Szostko et al., 2012), silica (Wu et al,,
2011) and carbodiimide (Jordan et al., 2011). Among them, the
method involving binding via carbodiimide activation has
increased in popularity and is notable due to its simplicity and
high efficiency (Chen and Liao, 2002). However, the expected high
stability and activity of enzymes can not be still met due to the loss
of enzymatic functions (Xia and Ma, 2010; Jordan et al., 2011). The
encapsulation of enzyme molecules provides an efficient route to
inhibit enzyme inactivity (Yang et al., 2008). The enzymes have
been encapsulated within nanogel, Ppy and organic/inorganic
network, showing a significantly enhanced stability and activity
(Kim and Grate, 2003; Ramanavic¢ius et al., 2005, 2012; Yan et al,,
2006; Zou et al., 2010).

The MGCE supplies a simple, effective and inexpensive way to
immobilize proteins, and is promising for construction of biosen-
sors (Peng et al., 2011a, 2011b; Qiu et al., 2010). MGCE modified by
core-shell molecularly imprinted polymer has also been used as
selective sensor for metronidazole determination (Chen et al,
2013). Recently, a high performance biosensor has been con-
structed by effectively attaching the proposed glucose oxidase-
Au-polydopamine-Fe304 magnetic bionanoparticles to the surface
of the MGCE (Peng et al., 2013).

In the present work, combining the advantages of superpar-
amagnetism from Fe3O, nanoparticles and high stability from
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enzyme within conductive Ppy, core-shell Fes04—enzyme-Ppy
nanoparticles have been prepared and a novel potentiometric
biosensor has been developed for the determination of glucose
based on the modification of Fe;04-enzyme-Ppy nanoparticles
onto MGCE through magnetic immobilization. The constructed
biosensor shows excellent performance for glucose determination.

2. Experimental
2.1. Materials and apparatus

Glucose oxidase (GOD, EC 1.1.3.4, Type II, 200 Umg ™!, from
Aspergillus niger) and 1-ethyl-3-(3-dimethyl amino propyl) car-
bodiimide hydrochloride (EDC) were purchased from Sigma Chem.
Co. and used as received. Pyrrole monomer was obtained from
Merck and distilled before use. Glucose was supplied by Sino-
pharm Chemical reagent Co., Ltd.. All other chemicals were of
analytical grade and used without further purification. Deionized
(DI) water (resistivity of 18 MQ cm) was obtained from a Millipore
Milli-Q Water System (Millipore Inc.), and was used for rinsing and
for makeup of all aqueous solutions.

A Gamry potentiostat (model 600, USA) in a conventional
three-electrode arrangement equipped with a glassy carbon work-
ing electrode, a platinum wire counter electrode and an Ag/AgCl
reference electrode was employed to perform electrochemical
studies. Transmission electron microscope (TEM) image was
obtained at 120kV on a Hitachi model H-800 transmission
electron microscope. Infrared (IR) spectra were recorded on Nico-
let 200SXV Fourier transform infrared (FTIR) spectrometer using a
KBr wafer. The magnetization measurements were carried out
using model 155 vibrating magnetometer. The conductivity of
Fe304,~GOD-Ppy nanoparticles at room temperature was mea-
sured by the conventional four-point probe technique with a
digital multimeter and a programmable dc voltage/current source
on compressed pellets of dried powders.

2.2. Preparation of Fes0,~GOD-Ppy nanoparticles

Magnetic Fe304 nanoparticles were prepared by the co-
precipitation of Fe?* and Fe** ions in ammonia solution and treat-
ment under hydrothermal conditions (Shaw et al., 2006). Typically,
2.52 g of FeCl3-6 H,O and 0.93 g of FeCl,-4 H,O (molar ratio 2:1)
were dissolved in 100 mL DI water under nitrogen atmosphere.
Chemical precipitation was achieved by adding 10 mL of 26% NH,OH
solution at 25 °C under vigorous stirring. After incubation for 30 min
at 80 °C, the resulting magnetite precipitates were separated by
magnetic decantation and washed several times with DI water.
Finally, the obtained Fe30,4 nanoparticles were dried by purging with
nitrogen for 24 h and stored for future use.

The immobilization of GOD on Fe;0,4 nanoparticles was per-
formed by the following procedure. Fe;04 nanoparticles (100 mg)
were firstly introduced into a 2.5 mL EDC solution (2 mg mL™1).
The resultant suspension was sonicated for 6 min, and then 2.5 mL
of GOD solution (3.0 mgmL~') was added. Subsequently, the
mixture was sonicated sufficiently for 20 min and stored at 4 °C.
After reaction for 2 h, the GOD-bound nanoparticles were recov-
ered by placing the container on a strong permanent magnet, and
then washed several times in DI water. Finally, the Fe;04,-GOD
nanoparticles were freeze-dried and stored at 4 °C.

The GOD immobilized onto Fe304 nanoparticles was encapsu-
lated by polymerization of pyrrole in 0.05 M phosphate buffer
solution (PBS, pH 7.0) containing 3.0 mgmL~' of Fe;04,-GOD,
15 mM of glucose and 150 mM of pyrrole. The glucose solutions
were prepared at least 24 h before use and the polymerization
reaction was performed at room temperature in air atmosphere.
The polymerization of pyrrole was carried out for 6 h unless

otherwise stated. Finally, the Fe;04~GOD-Ppy nanoparticles were
obtained and stored at 4 °C for use.

Modification of Fe30,~GOD nanoparticles by polyaniline (PANI)
layer was performed in terms of the method described previously
(Kausaite-Minkstimiene et al., 2011), and Fe304—Ppy nanoparticles
were prepared according to Yao’s protocol (Yao et al., 2013).

2.3. Fabrication of glucose biosensor

The MGCE was prepared according to Peng’s method with little
modification (Peng et al., 2013). Briefly, paraffin oil (1.2 mL) was
mixed with graphite powder (10 mg) thoroughly to get homo-
geneous 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. The prepared MGCE was
carefully polished with 0.3 and 0.03 pm alumina slurries sequen-
tially and then washed using DI water, followed by ultrasonic
irradiation in ethanol-water solution and dried by air at room
temperature. Subsequently, Fe;0,~GOD-Ppy aqueous suspension
(0.5 mgmL~!) was dripped onto the treated MGCE, the solid
Fe304~GOD-Ppy nanoparticles were magnetically attracted down
to the electrode surface immediately from the suspension, and the
amount of Fe304,~GOD-Ppy modified onto MGCE can be controlled
and determined according to the volume changes of Fe304,~GOD-
Ppy aqueous suspension. The obtained Fe304,~GOD-Ppy/MGCE
biosensor was air-dried and kept at 4 °C when not in use.

2.4. Electrochemical measurements

The potentiometric response of the as-prepared glucose bio-
sensor was performed in a two-electrode cell configuration with
Fe;04-GOD-Ppy/MGCE as the working electrode and Ag/AgCl as
the reference electrode. All measurements were conducted in
5.0 mL solution at about 25 °C and the glucose concentrations
were prepared in 0.1 M PBS (pH 6.0).

The sensing principle of the electrochemical glucose biosensor
is based on an enzymatic reaction catalyzed by GOD according to
the following equation:

GOD
Glucose + H,0 + O, — Gluconolactone + H,0,

As a result of this reaction, gluconolactone and H,0, are
produced. The glucose can be detected through the two products
and the oxygen consumption. Due to the presence of water,
gluconolactone is spontaneously converted to gluconic acid, the
charged species of gluconate and hydronium ions are generated as
shown in the equation below:

spontaneous
Gluconolactone ——————— > gluconate- + H*

This proteolytic reaction can be used for the determination of
the glucose concentration (Shaw et al, 2003). Concentration
changes of ions surrounding the Fe;04-GOD-Ppy/MGCE will
change the electrode potential.
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3. Results and discussion

3.1. Preparation and characterization of the Fes0,~GOD-Ppy/MGCE
The MGCE modified by Fe30,~GOD-Ppy was fabricated as
follows. As illustrated in Fig. 1, Fes04 nanoparticles were firstly
prepared by co-precipitation of Fe?* and Fe3* ions in ammonia
solution. Subsequently, the binding of GOD to Fe;0,4 nanoparticles
was accomplished via the reaction between a carboxyl group on
the enzyme and an amine group on the nanoparticle surface
(specifically, the C-O to C-N conversion) in the presence of EDC
(Huang et al., 2003; Jordan et al., 2011). The resultant Fe;04-GOD
nanoparticles were mixed with the solution containing pyrrole
and glucose, gluconic acid and H,O, were generated by the
catalytic reaction of GOD-glucose system, gluconic acid deceased
the pH value, leading to optimal conditions for the H,0, initiated
polymerization of pyrrole (Ramanavicius et al, 2005;
Ramanaviciene et al., 2006), self assembly of Ppy started on the
surface of enzyme molecule under such favourable conditions and
the core-shell Fe;0,~GOD-Ppy nanoparticles were successfully
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Fig. 1. Schematic illustration of the construction of Fe304,-~GOD-Ppy modified
magnetic glassy carbon electrode.
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prepared. The obtained Fe30,~GOD-Ppy nanoparticles were mod-
ified onto the MGCE surface, and then the glucose biosensor was
fabricated.

TEM was employed to characterize the morphology and size of
as-prepared Fe;0,-GOD-Ppy nanoparticles. As seen in Fig. 2A, the
Fe;04-GOD-Ppy nanoparticles are almost spherical or ellipsoidal
and well dispersed, and these microspheres have an average
diameter of about 48 nm, larger than the average diameter of
12.5 nm of the neat Fe304 nanoparticles, suggesting the encapsu-
lation of GOD-Ppy on the surface of Fes04 nanoparticles and the
formation of core-shell structure. The monodispersed character-
istics of Fe304~GOD-Ppy nanoparticles can be related to the GOD-
Ppy, which creates repulsive forces to balance the magnetic
attractive forces and the van der Waals attractive forces of the
magnetic nanoparticles and affect colloidal stability. The high
dispersivity of these magnetic nanoparticles in solution is favor-
able for their immobilization to the MGCE surface. The structure of
the resultant nanoparticles was characterized by FTIR spectra, as
shown in Fig. 2B. In the FTIR spectrum of Fe;04,-GOD-Ppy, the
peaks at 1554 and 1400 cm ! refer to the fundamental vibration
of the pyrrole rings (Liu and Wan, 2000), the bands observed at
1313, 1185 and 1046 cm ™! relate to the =C-H in-plane deforma-
tion vibration (Zhang et al., 2004), the =C-H out-of-plane bending
vibration is found at 617 and 918 cm~! (Bellamy, 1980), the peak at
573 cm~! corresponds to the Fe-O stretching vibration of Fe;04
(Chen et al., 2003), and the peak at 1654 cm~! is attributed to
C=0/C-N stretching vibration of amide I (Yang et al., 2008).
Moreover, it was worth noting that the weak characteristic peak
of Fe304 should be due to the presence of GOD-Ppy coating layer
on Fe304, which further indicated that Fe304 nanoparticles were
encapsulated inside GOD-Ppy shell. FTIR results strongly confirm
the formation of core-shell Fe;0,~GOD-Ppy nanoparticles. Fig. 2C
presents the magnetization curve of the nanoparticles measured
at room temperature. A hysteresis loop was observed, indicating
that the Fe304,~GOD-Ppy nanoparticles were of ferromagnetic
property. The nanoparticles exhibited a saturation magnetization
(Ms) of 9.5 + 0.3 emu g~ ! and coercivity value (Hc) of 54 + 4.8 Oe

- - -
* " #&do,GoD-Ppy

2
[ L " 3

300 nm

-4000 -2000 0 2000 4000
H (Oe)

Fig. 2. TEM image (A), FTIR spectra (B), and magnetization curve (C) of synthesized Fe;0,~GOD-Ppy nanoparticles.
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Fig. 3. Effects of Ppy polymerization time (A) and Fe;04-~GOD-Ppy amount modified on MGCE (B) on the response potential of glucose biosensor to 1.0 mM glucose in 0.1 M

PBS (pH 6.0) at 25 °C. Average of three measurements (mean + S.D.).

(mean +S.D. n=3), which were quite different from the pure
Fe;04 nanoparticles with the Ms of 84 emu g~! and Hc of 500-
800 Oe (Yang et al., 2007). A reduction of Ms for Fe304,~GOD-Ppy
nanoparticles can be attributed to the presence of nonmagnetic
GOD-Ppy shells, which decrease the magnetism of magnetic
materials, whereas the low Hc may be resulted from the small
size of Fes04 nanoparticles. In addition, it was worth noting that
the remanence of the Fe304,~GOD-Ppy nanoparticles was zero
once the applied magnetic field was removed, indicating the
superparamagnetic behavior of the nanoparticles. The results
suggest that the obtained Fe;04,~GOD-Ppy nanoparticles possess
excellent magnetic property, which is an advantage to their
bioassay applications.

3.2. Optimization of biosensing conditions

In order to maximize the detection sensitivity of the Fe3O4-—
GOD-Ppy modified MGCE, the experimental conditions including
the GOD immobilization on Fe;0,4 nanoparticles, polymerization
time of pyrrole and the immobilization amount of Fe304,~GOD-
Ppy on MGCE have been optimized. The response potential of
glucose biosensor was performed in 1.0 mM glucose solution (pH
6.0) at 25°C. Our experiments indicated that the saturation
immobilization of GOD on Fes0,4 nanoparticles could be obtained
after reaction for 2 h in 3.0 mg mL~' enzyme solution at 4 °C. The
response potential of the glucose biosensor depended on the
polymerization time of pyrrole. As seen in Fig. 3A, the response
potential increased with the increasing polymerization time from
1 to 6h, and then decreased. Such phenomena can be closely
related to Ppy amount in Fe;04-GOD-Ppy nanoparticles, which
increases with the increase in polymerization time (Ramanavicius
et al., 2005). The Ppy modified at the surface of Fe;0,~GOD will be
poor at a short polymerization time, the electron translation
between Fe304—GOD-Ppy nanoparticles and MGCE may be inhib-
ited and the enzyme activity may be decreased, causing a low
potential response. However, the exorbitant Ppy content may
hinder migration of glucose molecules into Fe304—~GOD-Ppy
nanoparticles and affect the binding of Fe;04,-GOD-Ppy nanopar-
ticles on MGCE, resulting in a decrease of response potential at a
long polymerization time. Therefore, Fe304,~GOD-Ppy nanoparti-
cles with polymerization time of pyrrole for 6 h were used to
fabricate glucose biosensor. The electrical analysis indicated that
the conductivity of the as-prepared Fe304,~GOD-Ppy nanoparticles
measured by standard four-probe method was 3.2 x 1072Scm™ .
Fig. 3B shows the effect of Fe;0,-~GOD-Ppy amount modified on
MGCE on the response potential of the glucose biosensor. The
maximum response potential was observed when the Fe3;04-
GOD-Ppy amount was increased to 0.42 mg, and then decreased
gradually. Actually, the response potential depends on the GOD

0 :r\:egrgr;;\ge 0.5 pM-34 mM i i i
E(mV) = 233.6 + 19.4log[glucose, M]
200 §
% 160 E
—_ 120 E
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E 0] 07— 1
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7 5 5 4 3 2 -1

Log[glucose, M]

Fig. 4. Calibration graph obtained for the glucose biosensor in a glucose concen-
tration range from 0.3 pM to 55 mM. The inset shows the linear part of the
calibration graph. Average of three measurements (mean + S.D.).

amount on MGCE and steric hindrance, the GOD amount will
increase with the increasing Fe;0,-~GOD-Ppy amount, showing an
enhanced response potential. However, the higher immobilization
amount of Fe3;0,-GOD-Ppy on MGCE may hinder mass and
electron transfer, causing a decrease in response potential. The
relation between response potential and Fe;04,~GOD-Ppy amount
suggest the optimal amount of Fe3;0,-GOD-Ppy modified on
MGCE is 0.42 mg.

3.3. Biosensing performance

The dynamic range of the glucose biosensor was studied by
monitoring the glucose solution in the concentration range from
0.3 pM to 55 mM. Fig. 4 presents the calibration curve between the
response potential and the glucose concentration. A good linearity
was observed in the wide concentration range (0.5 pM to 34 mM)
(see the inset in Fig. 4). The linear regression equation was E
(mV)=233.6+19.4 log[glucose, M], R=0.9979, n=10. The limit of
detection (LOD), on basis of the definition by IUPAC
(CLop=3.3 S, m~ ") (Irving et al., 1981), was found to be 0.3 uM,
which was lower than that reported by other researchers (Ciftci
et al,, 2013; Khun et al., 2012; Peng et al., 2013), indicating the high
sensitivity of the sensor. The wide range of detection shown by the
glucose biosensor can be attributed to the good enzyme loading
capacity and large surface-to-volume ratio of Fe304,-GOD-Ppy,
which are favorable for oxidization of glucose molecules.
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Fig. 5. Interference test protocols of the glucose biosensor to the interfering species
(0.1 mM) in the presence of 1.0 mM glucose.

The selectivity of a glucose biosensor is closely related to the
enzyme-analyte reaction and selective measurements. The
enzyme-analyte reaction is very specific due to the nature of the
glucose oxidase functionality. The glucose oxidase can only react
with glucose because of its specific catalysis of glucose. In the
work, some potential interferences such as uric acid (UA), ascorbic
acid (AA) and fructose which were present in the human serum
and well-known interferents with amperometric glucose oxidase
methods were used to conduct the interference test, and the
obtained results were shown in Fig. 5. As clearly seen from the
output response of the sensor, a steady-state response potential
reached within 6 s after addition of glucose into detector cell, the
response signals of UA, AA, and fructose were essentially negli-
gible, and no significant interference was observed upon the
successive addition of 0.1 mM interferents into 1.0 mM glucose.
These results suggest that the proposed Fes04,~GOD-Ppy/MGCE
has high selectivity, and the interfering species do not influence
glucose determination.

The storage stability, or the ability of GOD to maintain activity
over a long period of time, is an important aspect to be considered
in the practical application of the glucose biosensor. To evaluate
the long-term storage stability of the glucose biosensor, the
operational stability of the Fe;04-GOD-Ppy, Fe304-GOD-PANI,
Fe;0,-GOD and Fe304-Ppy electrodes were investigated by the
repeated measurements of analytical signals towards to 1.0 mM
glucose within 20 days. Three consecutive measurements of
1.0 mM glucose were performed to get each point indicated in
(Supplementary information Fig. S1). The electrodes were stored
at 4 °C when not in use. The results obtained revealed that no
obvious response potential was observed on Fe;04-Ppy electrode
(this is not shown in the graph). Potentiometric response of Fe304—
GOD electrode decreased rapidly, leading to a poor stability.
In contrast, Fe304~GOD-Ppy and Fe30,-GOD-PANI electrodes
exhibited a good stability, and response signals remained about
98.1% and 92.1% of their initial values after 20 days, respectively.
Moreover, it was noted that Fe30,~GOD-Ppy electrode was more
stable than Fe304,—GOD-PANI electrode. The excellent stability
may be mainly attributed to the strong binding of Fe;04,~GOD-Ppy
nanoparticles on MGCE and self-encapsulation of enzyme within Ppy,
which improve resistance to leakage and denaturation of GOD
molecules.

In order to demonstrate the feasibility of the glucose biosensor
in real sample analysis, the biosensor was employed to measure
glucose in human blood sample. The recovery test was performed
by spiking with different concentrations of glucose to 5.0 mL

Table 1
The recovery determination of glucose in serum sample and PBS.

Added Serum sample PBS
(mM)
Found (mM) Recovery Found (mM) Recovery
(%) —_—
Mean® RS. Mean® R.S.
D.>(%) D.”(%)
0.01 0.0098 2.8 98 0.01 2.2 100
0.5 050 3.0 100 049 26 98
3.0 297 5.7 99 298 44 99.3
12.0 11.82 43 98.5 12.04 35 100.3
20.0 20.16 3.6 100.8 196 40 98
30.0 29.10 5.2 97 30.07 5.0 100.2

¢ Average of three determinations.
b Relative standard deviation.

serum sample and PBS. The serum samples were diluted 100
times before measurement and the obtained results were tabu-
lated in Table 1 for comparison. The recoveries for the assays of
0.01-30.0 mM glucose in serum sample and PBS reached 97-
100.8% and 98-100.3%, respectively, indicating that serum sample
had no significant effect on glucose determination. The results
indicate the glucose biosensor is feasible for practical analysis.

4. Conclusions

TEM, FTIR and magnetization analysis confirmed the formation
of core-shell Fe304~GOD-Ppy nanoparticles. A novel glucose
biosensor was fabricated based on immobilization of Fe304-
GOD-Ppy nanoparticles onto MGCE. The response of the biosensor
was optimized and the optimal experimental conditions were
polymerization time of pyrrole with 6 h and 0.42 mg immobiliza-
tion amount of Fe30,~GOD-Ppy nanoparticles on MGCE. Under
the optimal conditions, the developed biosensor exhibited excel-
lent activity and stability for the detection of glucose with a linear
range from 0.5 pM to 34 mM, a low LOD (0.3 uM), fast response
(6 s), high selectivity and stability.
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