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Anew type of amperometric glucose biosensor based on silicon dioxide coated magnetic nanoparticle dec-
orated multiwalled carbon nanotubes (Fe304@SiO,/MWNTSs) on a glassy carbon electrode (GCE) has been
developed. MWNTs have been synthesized by catalytic chemical vapour decomposition (CCVD) of acety-
lene over rare earth (RE) based ABs alloy hydride catalyst. The as-grown MWNTSs have been purified and
further functionlized. Functionalized MWNTs have been decorated with magnetic Fe;04 nanoparticles
which have been uniformly coated with biocompatible SiO, using a simple chemical reduction method.
The characterization of magnetic nanoparticle modified MWNTs have been done by X-ray diffraction
Vibrating sample magnetometer (?(RD). Fourier t.ransform infra req spe.ctroscopy (FT-IR), scanning electron micro.scope.(SEM), transmi§-
Bioelectrode sion electron microscope (TEM), vibrating sample magnetometer (VSM), energy dispersive X-ray analysis
CNTs (EDX) and UV-vis spectroscopy. Amperometric biosensor has been fabricated by the deposition of glu-
Biosensor cose oxidase (GOD) over Nafion-solubilized Fe;0,@SiO,/MWNTs electrode. The resultant bioelectrode
retains its biocatalytic activity and offers fast and sensitive glucose quantification. The performance of the
biosensor has been studied using cyclic voltammetry and amperometry and the results have been dis-
cussed. The fabricated glucose biosensor exhibits a linear response from 1 wM to 30 mM with an excellent

Keywords:
Amperometric

detection limit of 800 nM indicating the potential applications in food industries.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic core-shell Fe;0,@SiO, nanoparticles as specially
immobilizing carrier of biomolecules have aroused great interest
in current researches. The inner iron oxide core with outer shell
of silica not only stabilizes the nanoparticles in solution but also
provides sites for surface modification with various biomedical
ligands in biomedical applications. The coating of silica on the mag-
netic nanoparticles facilitated the dispersion of nanoparticles [1,2].
Due to their unique physical, chemical, and mechanical proper-
ties, superparamagnetic composite nanoparticles (NPs) hold much
promise for biosensor applications [3-5]. Superparamagnetic iron
oxide core of individual NPs becomes more efficient at dephasing
the spins of surrounding water protons, enhancing spin-spin relax-
ation times (T, relaxation times) so that the NPs act as magnetic
relaxation switches (MRS) [6]. Carbon nanotubes (CNTs) are one of
the most studied nanomaterials for application in biosensor tech-
nologies, by immobilizing bioactive molecules on their surfaces
through covalent or non-covalent bonds. The nanodimensions of
CNTs guarantee a very large active surface area and are especially
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suited for the conception of miniaturized sensors. In addition to
this, high porosity and reactivity makes them ideal candidates for
the storage of neutral species as well as electron donors when used
as electrodes in electrochemical reactions [7-9].

Compared with the corresponding CNTs-free biosensor, the
CNTs-doped counterpart exhibited enhanced stability and sensitiv-
ity. Surface functionalization aids CNTs to become biocompatible,
improving their solubility in physiological solutions and selective
binding to biotargets. CNTs functionalization with biomolecules
may occur by adsorption, but covalent tethering provides better
stability, accessibility, selectivity and reduced leaching, and usually
occurs by an amidation reaction [10]. CNTs are also used for dra-
matically amplifying enzyme-based bioaffinity electrical sensing of
proteins and DNA [11]. Compared with single walled nanotubes
(SWNTs), much cheaper multiwalled nanotubes (MWNTSs) pro-
duced by chemical vapour deposition have more structural defects
and thus provide more sites for biomolecule immobilization [8].
Non-covalently functionalized CNTs may also immobilize glucose
and small molecules [12].

Nanocomposite materials may play an important role for
improving functionalized electrodes envisaging commercial appli-
cations. Nanoparticles, especially metal nanoparticles, are an
emerging issue in biosensor design, and they have been combined
with CNTs to modify a glassy carbon electrode, thus improving the


http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
mailto:ramp@iitm.ac.in
dx.doi.org/10.1016/j.talanta.2009.11.010

T.T. Baby, S. Ramaprabhu / Talanta 80 (2010) 2016-2022 2017

GOD/Te;0,@8i0,/MWNTs/GCE

GCE

Fig. 1. Schematic of fabricated GOD/Fe;0,@SiO,/MWNTSs/GC electrode.

electroactivity and selectivity for glucose [13]. Metal nanoparticles
have been applied as catalysts in numerous biosensor applications,
due to their superior stability and complete recovery in biochemical
redox processes. However, other groups showed that immobiliza-
tion of the Au nanoparticles (or other metal nanoparticles) on the
electrode surface would also cause similar catalytic effect on the
electrochemical responses. Amperometric detection of glucose was
developed using Au nanoparticles and CNT-multilayer membranes
[14].

An electrochemical study with cyclic voltammetry and
impedance analysis confirmed that glucose oxidase molecules
suffer minimal structure changes after being immobilized on
the surface of CNTs, retaining the ability to interact with small
biomolecules (e.g., ethidium bromide) [7]. In this present study,
MWNTs functionalized with nitric acid, in order to introduce
carboxylic acid groups, have been used for the preparation
of Fe304@SiO,/MWNTs-based electrodes. Prior to immobiliza-
tion, glucose oxidase (GOD) was physically adsorbed on these
modified electrodes. Here, we show a good performance, fast
response, nice stability and reproducibility, and a low detec-
tion limit of Fe30,@SiO,/MWNTs nanocomposite based on the
reduction of H,0, by immobilizing glucose oxidase on the
composite.

2. Experimental
2.1. Materials

Glucose oxidase (GOD, from Aspergillus niger), tetraethoxysi-
lane (TEOS) were purchased from Sigma. 0.1 M phosphate buffer
solution (PBS, pH 7) prepared using potassium phosphate diba-
sic anhydrous and potassium dihydrogen orthophosphate. Ferric
chloride (FeCl3-6H,0), ferrous sulphate (FeSO4-7H,0), ethanol and
ammonium hydroxide (25%) were of analytical grade and deionised
(dI) water was used throughout.

2.2. Sample preparation

Carbon nanotubes were synthesized by catalytic chemical
vapour deposition over an alloy hydride catalyst. Rare earth based
AB3 alloy hydride was made by arc melting followed by sev-
eral cycle of hydrogen absorption/desorption process. The catalyst
was kept inside a furnace and acetylene (carbon precursor) was
allowed at a temperature range 650-750°C, in an inert atmo-
sphere. Pyrolysis of acetylene was taken place at that temperature
and MWNTs start growing. The as-grown MWNTs were puri-
fied before using for any applications. The amorphous carbon can
be removed by heating the as-grown sample in oxygen atmo-
sphere. Refluxing in concentric acids has been shown to be an
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Fig. 2. X-ray diffractograms of (a) pure MWNTs, (b) Fe304/MWNTs and (c)
Fe;0,4@SiO;/MWNTs.
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Fig. 3. FT-IR spectrum of (a) pure MWNTs, (b) Fe304/MWNTs and (c)
Fe;04@SiO; /MWNTs.

effective method for the separation of the catalytic impurities
[15].

Hydrated ferric chloride and ferrous sulphate precursors were
dissolved in 100ml water and heated to 90°C, and then two
solutions, 10 ml of ammonium hydroxide (25%) and 0.5 g of func-
tionalized MWNTs dissolved in 50 ml of water, were added rapidly
and sequentially. The mixture was stirred at 90°C for 30 min and
then cooled to room temperature. The black precipitate was col-
lected by filtrating and washed to neutral with water. The obtained
black precipitate was Fe304/MWNT nanoparticles and was ready
for use.

Core-shell Fe30,@SiO,/MWNT nanoparticles were prepared
by growing silica layers onto the surface of the Fe304/MWNTSs
as described by Lu et al. [16]. Twenty-five milliliters of ethanol,
1 ml water, 1ml ammonium hydroxide and 150 .l of TEOS were
added in a 250ml three neck flask in a 40°C water bath. Add
Fe304/MWNTSs to the above solution under mechanical stirring.
Aliquots of the mixture were takes out after 12 h by centrifugation
and washed with dI water and vacuum-dried at 50 °C overnight.
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Fig.4. VSM study of Fe304/MWNTs (red line) and Fe304@SiO, /MWNTs (black line).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

2.3. Fabrication of the amperometric immunosensor

The GCE (3-mm diameter) was first polished on chamois leather
with 0.05- wm alumina slurry and then washed ultrasonically in
doubly distilled water, anhydrous ethanol, and doubly distilled
water, respectively. The cleaned GCE was allowed to dry at room
temperature.

Fe304@Si0,/MWNTs was sonicated in 0.5% Nafion solution
to give a concentration of ~1 mg/ml. For example, four micro-
liters of the Fe304@Si0O,/MWNTs suspension was film-cast onto
the surface of the GC electrode and allowed to dry slowly.
Films formed from Nafion-solubilized MWNTs are more uni-
form and stable than those cast from organic solvents. Nafion
assists the dispersion of Fe30,@SiO,/MWNTs, whereby the
Fe304@SiO,/MWNTSs remains well dispersed on prolonged stand-
ing. 16 wl of 100U GOD solution was film-cast onto the surface of
the Fe30,@Si0,/MWNTSs/GC electrode and allowed to dry slowly at
4°C. The obtained Fe30,4@SiO,/MWNTSs/GC electrode was washed
carefully with DI water and dried at less than 4°C. Fig. 1 shows
the schematic of fabrication of Fe304,@SiO,/MWNTSs/GC electrode.
These Fe304@Si0,/MWNTs/GC electrodes were coated with an
extra 2.5 pl layer of 0.5% Nafion. The electrodes were rinsed with
pH 7 phosphate buffer solution (PBS) and stored in the buffer at
4°C prior to use.

2.4. Characterization methods

The electrochemical measurements were performed with CH
Instruments CHI 608C Electrochemical Analyzer/Workstation. A
platinum wire counter electrode, Ag/AgCl (3 M KCI) reference elec-
trode and glassy carbon electrode (GCE, diameter 3 mm) were
inserted into a modified 5-10ml glass cell for the measurement.
All potentials are referred to the Ag/AgCl reference electrode. The
samples were characterized using different techniques. Powder
X-ray diffraction studies were carried out using a X'Pert PRO, PAN-
alytical diffractometer with nickel-filtered Cu Ko radiation as the
X-ray source. The sample was scanned in steps of 0.016° in the
20 range 10-90°. Identification and characterization of functional
groups were carried out using PerkinElmer FT-IR spectrometer in
the range 300-4000cm~!. The surface morphology of the sam-
ple was done by using scanning tunneling microscope (SEM) (FEI;
QUANTA scanning electron microscope) with EDX system. The EDX
system attached with the SEM enables the elemental analysis of the
samples. The TEM images were obtained on a transmission electron
microscope (TEM, JEOL JEM-2010F). UV absorption spectra of the
samples in deionized water were recorded on JASCO Corp., V-570
spectrophotometer. Magnetic study of the samples had been done
by vibrating sample magnetometer (VSM).

3. Results and discussion
3.1. XRD and FT-IR studies of the samples

The XRD pattern in Fig. 2 indicates that the crystal structure of
magnetic nanocomposites comprises MWNTS, two phases of cubic
Fe304/MWNTSs and Fe304@Si0,/MWNTs. Well-resolved diffraction
peaks reveal the good crystallinity of the Fe304 specimens, which
are located at 26 of 30.28°, 35.56°, 43.3°, 53.68°, 57.36° and 62.72°,
respectively. These data matched well with the peer Ref. [17]. The
peaks in the Fe30,@SiO,/MWNTs reveal that even after the SiO,
coating the sample retains its crystallinity [ 18]. The absence of SiO,
peak in the XRD pattern in the composite is due to its amorphous
structure coated on the Fe304 nanoparticles. The diffraction peak
at 26 =26.4° is the typical Bragg peak of pristine MWNTs and can be
indexed to the (002) reflection of graphite. Judging from the pat-
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Fig.5. UV-vis absorbance study of pure MWNTs (green), Fe304/MWNTSs (black) and
Fe304@Si0,/MWNTs (red). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

tern, the third phase does not exist. The average grain size (D) of the
Fe304 particles was calculated using Scherrer’s formula described
by

0.91

- B cos() M

2019

X is wave length of X-ray used, 8 is FWHM of diffraction peak and 6
angle corresponding to the peak. The calculated average grain sizes
using 35.56° diffraction peak were ~25 nm. Moreover, the diffrac-
tive peaks of Fe304 are broadened, implying that the crystalline size
of Fe304 particles is quite small.

Selectivity of MWNTs-based biosensors may be introduced by
anchoring on the MWNTs surface, specific functional groups that
selectively bind specific target molecules. All types of MWNTs show
peaks between 1300 and 1100cm~!, which are ascribed to the
phenyl-carbonyl C-C stretch bonds (Fig. 3(a)). The peak between
3300-3500cm™! is normally due to stretching vibration mode of
OH and NH group. The peak at 3457 cm~! in curve (a) and curve
(b) is due to OH group (due to oxidation with HNOs3) and in curve
(c) it is due to both OH and -NH (from ammonia solution). One
can see a small broadening of this peak in the case of curve (c). As
seen from Fig. 3(b), the peak at 568 cm~! is the stretching vibration
due to the interactions of Fe-O-Fe in Fe304 and the peaks at 1383,
2850 and 2928 cm™! are attributed to the in-plane bending vibra-
tion of methyl (-CHs3 ) and the symmetric and asymmetric vibration
of methylene (-CH,-). Compared with the two spectra (b and c), the
existence of the characteristic Si-O-Si peak at 1080 cm~! in Fig. 3(c)
is direct evidence to verify the formation of the silica shell. From
Fig. 3(b) and (c), we can also see that the characteristic Fe-O-Fe
peak of Fe304/MWNTs at 568 cm~! shift to 580 cm~! in the spec-
trum of SiO, coated magnetic nanoparticles. It is inferred that the
silica shell is linked to the surface of the magnetic nanoparticles by a
Fe-0-Si chemical bond [19]. It is generally accepted that the inter-
pretation of surface groups can only be qualitative, as they cannot
be expected to behave as isolated functional groups [20].
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Fig. 6. TEM image of (A) pure MWNTs, (B) Fe304@Si0, /MWNTs, (C) SEM image of pure MWNTs and (D) EDX for Fe304@SiO, /MWNTs.
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Fig. 7. (A) Fe30,@Si0;/MWNTs modified electrode at different scan rates in PBS (0.1 M, pH 7) and (B) the plot of peak anodic peak current vs. v!/2,

3.2. Magnetic and optical studies of samples

Fig. 4 exhibits the hysteresis loop of the as-prepared sample
at room temperature. It can be seen that the saturation magneti-
zation of Fe304@SiO,/MWNTs (~44 emu/g) is almost comparable
to that of Fe304/MWNTSs (~46 emu/g), which indicates that Fe304
nanoparticles covered by a silica network can preserve their super-
paramagnetic properties.

The UV-vis absorption spectrum of different samples in deion-
ized water is illustrated in Fig. 5. A very broad absorption peak
appeared at about 267 nm, which originated from the C=C struc-
ture of MWNTs [21]. The optical properties of all the magnetic
nanoparticles used (with or without silica coating) are dominated
by a broad featureless absorption tail characteristic of indirect band
gap semiconductors. In the wavelength of >330 nm region, a broad
featureless adsorption could be observed in the curves with SiO,
and without SiO,, originates primarily from the absorption and scat-
tering of light by magnetic particles, which is in accordance with
the previous literatures [22], and is the characteristic of indirect
band gap semiconductors [23].
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3.3. SEM and TEM analysis of the samples

The morphology of the purified MWNTs is clearly visible
from the SEM image shown in Fig. 6(C). Fig. 6(A and B) illus-
trates the TEM images of the synthesized MWNTs and prepared
Fe30,4@SiO,/MWNTs core-shell nanoparticles. The open end of
the MWNTs are clearly visible from the TEM image. The diame-
ter of the MWNTs is ~25 nm. With the help of references [24,25]
and the TEM and EDX shown in Fig. 6(B and D) we can see
that the sample is nearly in core-shell structures, with black
color shows Fe304 and ash color is the SiO, shell. This indicates
the successful coating on the surface of the magnetic particles
with silica. The EDX shown in Fig. 6(D) confirms the presence
of iron and silicon in the sample. Inorganic compound func-
tionalized iron oxide NPs can greatly enhance the antioxidation
properties for naked iron oxide NPs, and its corresponding scope
of application has been greatly extended. Moreover, inorganic
compounds functionalized iron oxide NPs are very promis-
ing for application in catalysis, biolabeling, and bioseparation
[26].
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Fig. 8. (A) displays the CV of the Fe304@SiO,/MWNTs modified electrode (a) in PBS (b) with 0.3 mM H,0; and (c) 15 mM glucose solution and (B) study of interference due
to ascorbic acid and uric acid with and without a selective Nafion film on the GOD/Fe;04 @SiO,/MWNTs modified electrode.
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3.4. Cyclic voltammetry and electrocatalytic properties of the
GOD/Fe304@Si0,/MWNTs modified electrode toward hydrogen
peroxide

Cyclic voltammetry peak currents of the GOD/
Fe30,@SiO,/MWNTs modified electrode increased with scan
rate and the peak separation (AE;) was nearly independent of the
scan rate (Fig. 7(A)). The anodic peak currents increased linearly
with the increase of the square root of scan rate, suggesting that
the electrochemical reaction is a diffusion-controlled process
(Fig. 7(B)).

Fig. 8(A) shows the cyclic voltammograms of the GOD/
Fe30,4@SiO,/MWNTs/GC electrode in the absence (curve a), in
the presence of 0.3mM H,0, (curve b) and in 15mM glucose
solution (curve c). The GOD/Fe304@SiO,/MWNTs/GC electrode
exhibits significant electrocatalysis to the oxidation and reduc-
tion of Hy O, starting around 0.1V, which is even lower than that
obtained with the GOD/MWNTs electrode by covalent binding
immobilization (0.2 V)[27]. The good performance of the fabricated
GOD/Fe304@SiO, /MWNTs/GC electrode toward the oxidation of
H,0, makes it attractive for glucose sensing applications. When
MWNTs were treated with the acid solution, the carboxylic acid
functional groups introduced at the end points and surface of
MWNTs allow them to adsorb the enzyme of GOD. Since this
adsorption was fulfilled through a covalent bond, the link between
MWNTs and GOD was more close and stable. Moreover, because the
MWNTs have large surface area, they could enhance a large amount
of GOD to be immobilized within the nanotubes. The more quan-
tity of GOD made the biosensor possible to engender high response
current and expand the detectable range when in a glucose
solution.

3.5. Effect of electroactive interferents

The interference of some electroactive compounds to the glu-
cose response was examined. To study this we added 0.2 mM
of ascorbic acid (AA) and uric acid (UA) to the solution
and checked the GOD/Fe304,@SiO,/MWNTs/GC electrode with
Nafion coating and without Nafion coating. The upper curve
in Fig. 8(B) which had been done without Nafion shows the
presence of AA and UA. The lower curve in Fig. 8(A) shows
the interference study with Nafion coated GOD/Fe304@SiO,/
MWNTSs/GC electrode. There is not much change in the current due
to AA and UA. Which clearly shows that 2.5 pl of 0.5 wt% Nafion on
the surface of GOD/Fe30,@Si0,/MWNTSs/GC electrode prevent the
interference.

3.6. Study of amperometric i-t and calibration curve

The amperometric responses at the GOD/Fe304@SiO,/
MWNTs/GC electrode for successive addition of different
concentration of glucose are presented in Fig. 9 (inset). Well-
defined current responses for glucose were obtained at the
GOD/Fe304@Si05/MWNTSs/GC electrode. The reaction occurring
at the biosensor is very fast in reaching a dynamic equilib-
rium upon each addition of the sample solution, generating a
steady-state current signal within 3-6s. Using the optimum
conditions established in the above studies, the calibration of
the GOD/Fe304@SiO,/MWNTs/GC electrode is depicted in Fig. 9.
The steady-state currents gradually increased with increasing
concentration of glucose, and exhibited a linear relationship
with the concentration of glucose in the range from 1uM to
30mM with a detection limit of 800nM (estimated at S/N=3)
with a correlation coefficient of 0.9994. The performance of
GOD/Fe30,4@Si0,/MWNTs/GC electrode is superior than the
reported value of GOD/Fe30,@SiO,/GC electrode which is having
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Fig. 9. The calibration curve of the fabricated GOD/Fe;04@SiO,/MWNTSs/GC elec-
trode. Amperometric i-t curve with addition of different concentration of glucose
solution (inset).

a linear range 1.0 x 10~ to 4.0 x 10-3 M with a detection limit of
3.2 uM [28].

From Fig. 9, it was observed that the biosensor response gradu-
ally deviates from the linear feature as the glucose concentration up
to 30 mM. This is the characteristic of a typical Michaelis—Menten
kinetics. The apparent Michaelis—-Menten constant K®PPm, which
depicts the enzyme-substrate kinetics of biosensor, can be calcu-
lated from the Line weaver-Burk equation:

1 K3PPm 1 1

n= (o) (€) " 1om (2)
where C is the concentration of substrate, Iss is the steady-state
current and Imax is the maximum current measured under sub-
strate saturation [29]. Therefore the values of the K®PPm and Ipax
in this work can be calculated to be 13 mM and 25 pA, respec-
tively. The lower K®PPm means the higher enzymatic activity of
immobilized GOD thus the above result further indicates that the
Fe30,@SiO,/MWNTs modified biosensor possesses a high affinity
to glucose [30].

Since MWNTSs have excellent electrical conductivity, MWNTSs as
well as iron oxide dispersed MWNTs attached to the protein shell of
enzyme could improve the transfer of electrons between the active
redox center of the enzyme. This effect could accelerate the regen-
eration of GOD and increase the relative activity of the enzyme
finally. It is thought to be the mean reason of why the current
response of MWNTs and iron oxide dispersed MWNTs modified
glucose biosensor was higher than that of the other biosensors.

4. Conclusion

Fe304 nanoparticles can be successfully stabilized by SiO,
and Fe304@Si0O,/MWNTSs can be deposited on GCE. GOD can be
effectively immobilized on Fe30,@Si0,/MWNTs/GC electrode to
produce a fast direct electron transfer. The immobilized GOD main-
tains its bioactivity and native structure. Its reduced form can be
oxidized by dissolved oxygen to cause an electrocatalytic reaction,
which is restrained by glucose due to the reaction between the
oxidized form of GOD and glucose. Based on the decrease of electro-
catalytic response, a novel glucose sensor has been developed and
the resulting sensor displays a high sensitivity (58.9 wA/mM cm?)
and a linear range from 1 wM to 30 mM for glucose determination,
and can efficiently exclude the interference of commonly coexisted
uric and ascorbic acid. Because of its convenient preparation and
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good properties, this biosensor can be used for glucose determina-
tion in food industries.
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