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a b s t r a c t

Iron oxide (Fe3O4) nanoparticles prepared using co-precipitation method have been dispersed in chi-
tosan (CH) solution to fabricate nanocomposite film on indium–tin oxide (ITO) glass plate. Glucose
oxidase (GOx) has been immobilized onto this CH–Fe3O4 nanocomposite film via physical adsorption.
The size of the Fe3O4 nanoparticles estimated using X-ray diffraction (XRD) pattern and transmis-
eywords:
iosensor
hitosan
e3O4 Nanoparticle
anocomposite

sion electron microscopy (TEM) has been found to be ∼22 nm. The CH–Fe3O4 nanocomposite film
and GOx/CH–Fe3O4/ITO bioelectrode have been characterized using UV–visible and Fourier transform
infrared (FTIR) spectroscopic and scanning electron microscopy (SEM) techniques, respectively. This
GOx/CH–Fe3O4/ITO nanocomposite bioelectrode has response time of 5 s, linearity as 10–400 mg dL−1

of glucose, sensitivity as 9.3 �A/(mg dL cm2) and shelf life of about 8 weeks under refrigerated conditions.
The value of Michaelis–Menten (Km) constant obtained as 0.141 mM indicates high affinity of immobilized
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lucose oxidase GOx towards the substrate

. Introduction

Applications of nanomaterials to biosensors have recently
roused much interest. This is because these interesting mate-
ials exhibit large surface-to-volume ratio, high surface reaction
ctivity, high catalytic efficiency, and strong adsorption ability that
re helpful for the immobilization of desired biosensing molecules
ncluding glucose oxidase. Moreover, nanoparticles have a unique
bility to promote fast electron transfer between electrode and the
ctive site of the enzyme (Pandey et al., 2008). In this context, dif-
erent types of nanoparticles based on gold (AuNPs) (Pandey et al.,
007), ZnO (Wei et al., 2006; Wang et al., 2006), Fe3O4 (Rossi et al.,
004; Lu and Chen, 2006), etc., have been suggested as promising
atrices for enzyme immobilization to improve stability and sen-

itivity of a biosensor. Among the various biosensors, development
f glucose biosensor based on nanoparticles has been considered
ery important due to its application in clinical diagnostics (Pandey
t al., 2007; Wei et al., 2006; Wang et al., 2006; Rossi et al., 2004;
u and Chen, 2006).
Among the various nanomaterials, magnetic nanoparticles have
ecently gained increased interest due to promising applications
s drug delivery, hyperthermia treatment, cell separation, biosen-
ors, enzymatic assays, etc. (Rossi et al., 2004; Lu and Chen, 2006;
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ao et al., 2003; Gupta and Gupta, 2005; Cheng et al., 2005;
ouassi et al., 2005; Pisanic II et al., 2007). In this context, Fe3O4
anoparticles have been considered as interesting for immobiliza-
ion of desired biomolecules (GOx) because of biocompatibility,
trong superparamagnetic property, low toxicity, etc. (Rossi et al.,
004; Lu and Chen, 2006; Cao et al., 2003). Immobilization of
ioactive molecules on the surface of magnetic nanoparticles is
f great interest, because magnetic behavior of these bioconju-
ates is likely to improve delivery and recovery of biomolecules
or biomedical applications (Rossi et al., 2004). Recent advances
n clinical diagnostics have stimulated demand for highly sen-
itive and precise analytical methods for estimation of desired
nalytes including glucose. It may be noted that the existing prob-
em of aggregation and rapid biodegradation of Fe3O4 nanoparticles
nto a desired matrix containing GOx can perhaps be over-
ome by modifying these interesting magnetic nanoparticles using
norganic semiconductors, conducting polymers and biopolymers
polysaccharides), etc.

Among the various biopolymers, chitosan (CH) along with
anoparticles has been utilized as a stabilizing agent due to its
xcellent film-forming ability, mechanical strength, biocompatibil-
ty, non-toxicity, high permeability towards water, susceptibility

o chemical modifications, cost-effectiveness, etc. for enzyme
GOx) immobilization. Moreover, amino groups of CH provide a
ydrophilic environment compatible with the biomolecules. Many
ttempts have been made to improve the biocompatibility and
ctivity of the CH by structural modification by fabrication of

http://www.sciencedirect.com/science/journal/09565663
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anocomposites with metal oxide nanoparticles, etc. (Miao and
an, 2000; Xu et al., 2001).

CH–Fe3O4 nanocomposites have recently attracted much atten-
ion since surface functionalization of the nanoparticles allows
heir covalent attachment, self-assembly and organization on sur-
aces making them promising for the loading of biomolecules in

favorable microenvironment for the development of a biosen-
or (glucose). Lin and Leu (2005) have fabricated CH–Fe3O4
anocomposite-based chemical sensor for cathodic determination
f hydrogen peroxide (H2O2). Hrbac et al. (2007) have reported car-
on electrode modified by nanoscopic Fe3O4 particles to assemble
hemical sensor for estimation of H2O2 using amperometric tech-
ique. Zhang et al. (2007) have studied direct electrochemistry
f hemoglobin immobilized on carbon-coated Fe3O4 nanoparti-
les for amperometric estimation of H2O2. Zhao et al. (2006) have
eported that multilayer thin film of CH–Fe3O4 promotes direct
lectron transfer of hemoglobin. Liang et al. (2007) have syn-
hesized polysaccharide-modified iron oxide nanoparticles as an
ffective magnetic affinity adsorbent for the bovine albumin serum.
ang and Tan (2007) have reported amperometric immunosen-

or based on CH–Fe3O4 composite film for estimation of ferritin.
e report results of the studies relating to preparation, character-

zation of GOx immobilized onto CH–Fe3O4 nanocomposite film
eposited onto ITO-coated glass surface.

. Materials and methods

.1. Reagents

Ferrous chloride, ferric chloride and triethyl amine were pur-
hased from Sigma–Aldrich and have been used for the preparation
f Fe3O4 nanoparticles. Chitosan, glucose oxidase (200 U mg−1),
nd horseradish peroxidase (HRP, EC 1.11.1.7, and 200 U mg−1) were
urchased from Sigma–Aldrich (USA). All these chemicals have
een used to prepare solutions in deionized water without further
urification.

.2. Preparation of Fe3O4 nanoparticles

Fe3O4 nanoparticles have been prepared using co-precipitation
ethod. Ten milliliters of ferrous chloride (3 × 10−2 M) and 20 mL

f ferric chloride (3 × 10−2 M) were thoroughly mixed using mag-
etic stirring to obtain a clear solution of pH 4 at room temperature.
olution (5 mL) of triethyl amine (5N) was added dropwise into con-
inuously stirred solution for about 5 h until the black precipitate
as obtained. Fe3O4 nanoparticles were collected with the help
f a powerful magnet on the round-bottomed flask. These Fe3O4
anoparticles were washed several times with distilled water and
ere followed by methanol. The prepared nanoparticles were kept

n a vacuum oven at 40 ◦C for drying.

.3. Preparation of CH–Fe3O4 nanocomposite film

A CH (0.50%) solution was prepared by dissolving CH (50 mg) in
00 mL of acetate buffer (0.05 M, pH 4.2) solution. The calculated
mount of Fe3O4 nanoparticles was dispersed in the CH solution by
tirring at room temperature after which it was sonicated. Finally,
highly viscous solution of CH with uniformly dispersed Fe3O4

anoparticles was obtained. The film of nanocomposite was fabri-
ated by dispersing 15 �L solution of CH–Fe3O4 composite onto an

TO (0.25 cm2) surface and allowing it to dry at room temperature
or about 12 h in controlled environment. The surface area of the
TO-coated glass plate is maintained as 0.25 cm2. This CH–Fe3O4
anocomposite film was washed with deionized water to remove
ny unbound particles.

a
2
c
(
s
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It has been found that optimized ratio of CH and Fe3O4
anoparticles taken as 10:1 to prepare CH–Fe3O4 nanocompos-

te film exhibits maximum amperometric current and that 15 �L
f CH–Fe3O4 nanocomposite solution standardized for dispersion
nto ITO surface.

.4. Characterization

The structure and particle size of Fe3O4 nanoparticles have
een investigated using X-ray diffraction (XRD) and transmis-
ion electron microscopy (TEM) (Jeol, model JEM 200 CX),
espectively. Fourier transform infrared (FTIR) spectrophotome-
er (PerkinElmer, Spectrum BX II) has been used to characterize
H–Fe3O4 nanocomposite and its interaction with enzyme (GOx).
he cyclic voltammetry, electrochemical impedance spectroscopy
EIS) and amperometric measurements have been recorded on an
utolab Potentiostat/Galvanostat (Eco Chemie, The Netherlands).
he electrochemical measurements have been conducted on a
hree-electrode system in phosphate buffer (50 mM, pH 7.0, 0.9%
aCl) as the electrolyte. The activity of the immobilized enzyme
n CH–Fe3O4/ITO electrode has been estimated using UV–vis spec-
rophotometer (Phoenix 2200 DPCV). The surface morphological
tudies have been investigated using scanning electron microscope
LEO-440).

.5. Immobilization of GOx on CH–Fe3O4 nanocomposite film

The fresh solution of glucose oxidase (1 mg mL−1) was pre-
ared in phosphate buffer (50 mM, pH 7.0) and 10 �L solution of
reshly prepared GOx was mechanically spread onto the desired
H–Fe3O4/ITO electrodes. The GOx/CH–Fe3O4/ITO bioelectrode
as kept undisturbed at room temperature for about 4 h. Finally,

hese bioelectrodes were washed by phosphate buffer (50 mM, pH
.0, 0.9% NaCl) to remove any unbound enzyme from the electrode
urface. It has been found that the GOx/CH–Fe3O4/ITO bioelec-
rode shows highest catalytic behavior in phosphate buffer at pH 7
50 mM, 0.9% NaCl).

. Results and discussion

.1. Characterization of Fe3O4 nanoparticles, CH–Fe3O4
anocomposite and GOx/CH–Fe3O4/ITO bioelectrode

X-ray diffraction pattern of synthesized Fe3O4 nanoparticles
Fig. 1A) shows reflection planes that are consistent with the stan-
ard pattern for Fe3O4 (ASTM 19-629) (Wing et al., 2004). However,
he broad reflection planes are perhaps due to the nano-size of
he Fe3O4 particles. The average particle size of Fe3O4 nanoparti-
les estimated using Debye–Scherrer formula is obtained as about
2 nm. The TEM image (Fig. 1B) indicates that magnetite nanopar-
icles are nanocrystalline, though their shape is predominantly
pherical with some hexagonal shaped nanoparticles. The size of
he spherical nanoparticles varies from ∼10 to 30 nm with average
article size of ∼22 nm and corresponds to the size estimated using
-ray diffraction measurements. Moreover, Fe3O4 nanoparticles are
gglomerates due to high surface area and magnetic dipole–dipole
nteractions between particles (Reddy et al., 2007).

The UV–visible absorption spectroscopy has been employed to
haracterize the CH–Fe3O4 nanocomposite and to ascertain the
resence of GOx on CH–Fe3O4 nanocomposite. The absorption
and seen at 220 nm arising due to the �–�* transition associ-

ted with –C O group is attributed to the oligomer (Lu et al.,
006) originating from the degradation of product CH (Fig. 2A,
urve a). A broad and featureless adsorption band seen at ∼330 nm
Fig. 2A, curve b) originates primarily from the absorption and
cattering of light by the Fe3O4 nanoparticles and is characteris-
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ig. 1. X-ray diffraction pattern (A) and transmission electron micrograph (B) of
e3O4 nanoparticle.

ic of the indirect band gap of semiconductors (Zhao et al., 2006).
he absorbance of 220 nm band increases and the peak position
hifts to higher wavelength region in the CH–Fe3O4 nanocomposite
Fig. 2A, curve c). This increase in the absorbance can be associated
ith successive loading of Fe3O4 nanoparticles in CH. The resulting

nhanced Fe atom binding with CH molecules via complex for-
ation (degradation of CH by Fe3O4 oligosaccharide containing

C O groups) indicates the electroactivity of bioelectrode (Khan
nd Dhayal, 2008). The additional absorption band appearing at
75 nm (curve d) in the spectra of GOx/CH–Fe3O4 bioelectrode
ndicates the immobilization of GOx indicating that the natural
tructure of enzyme (GOx) is preserved (Luo et al., 2004).

The FTIR spectra of pure CH (curve a, Fig. 2B) displays bands
t 3200–3400 cm−1 due to the stretching vibration mode of OH
nd NH2 group, 1745 cm−1 peak is assigned to the C–O stretching
C O in carboxylic acid), 1650 cm−1 is due to amide I group (C–O
tretching along with N–H deformation mode), 1560 cm−1 peak is
ttributed to the NH2 group due to N–H deformation, 1460 cm−1 is
ssigned to the symmetrical deformation of CH3 and CH2 group,
425 cm−1 peak is due to C–N axial deformation (amine group
and), 1380 cm−1 peak is due to COO− group in carboxylic acid salt,
151 cm−1 is assigned to the special broad peak of � (1–4) glucosidic
and in polysaccharide unit, 1096 cm−1 is attributed to the stretch-

ng vibration mode of the hydroxyl group, 1028 cm−1 stretching
−1
ibration of C–O–C in glucose circle and 1060–1015 cm bands

orresponds to CH–OH in cyclic compounds (Tian et al., 2003).
The FTIR spectra (curve b, Fig. 2B) of the CH–Fe3O4 nanocom-

osite film exhibits characteristic IR bands of the functional group
orresponding to pure CH and the Fe3O4 nanoparticles. The IR

e
d
s
t
b
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ands corresponding to the –NH and OH stretching modes are
hifted to the lower wave number in the IR spectra of the CH–Fe3O4
anocomposite film (curve b), corresponding to pure CH. This indi-
ates that amine group of CH is involved in the assembling of
e3O4 nanoparticles. The absorption band of Fe3O4 nanoparticle
ppears at 582 cm−1 belonging to the stretching vibration mode
nd the torsional vibration mode of Fe–O bonds in the tetrahe-
ral sites and in the octahedral sites. The FTIR spectra of the
Ox/CH–Fe3O4/bioelectrode (curve c, Fig. 2B) exhibits character-

stic infrared bands of GOx (curve d) and CH–Fe3O4 nanocomposite
curve b, Fig. 2B). In CH–Fe3O4 nanocomposite, the presence of CH
acilitates immobilization of biomolecules via amine and hydroxyl
roup. In addition, the electrostatic interaction between CH and
e3O4 nanoparticles through hydrogen bonding and weak inter-
ctions reduces leaching of the enzyme leading to the improved
tability of the bioelectrode. However, the shape of the absorption
eaks becomes broader due to the overlapping of the functional
roup of the GOx and CH–Fe3O4 nanocomposite film indicating the
mmobilization of GOx on nanocomposite matrix.

Surface morphological studies of CH/ITO film, CH–Fe3O4/ITO
anocomposite and GOx/CH–Fe3O4/ITO bioelectrode have been

nvestigated using scanning electron microscopy (Fig. 2C). The
orous film of chitosan contains pin holes as shown in SEM micro-
raph (image a). Image b shows that Fe3O4 nanoparticles are
niformly embedded in the porous CH network and are stable
ith minimum aggregation. The granular porous surface of the
H–Fe3O4/ITO nanocomposite film is suitable for the immobiliza-
ion of biomolecules. As GOx is immobilized onto the CH–Fe3O4
anocomposite matrix, the morphology of the surface changes
o the well-regulated form. The surface of GOx immobilized
H–Fe3O4 nanocomposite shows a homogeneous globular mor-
hology (image c) revealing the immobilization of GOx.

.2. Mechanism of immobilization of GOx onto CH–Fe3O4/ITO
lectrode

Fig. 3 shows the proposed mechanism for the immobilization
f GOx onto CH–Fe3O4 nanocomposite film. It is known that CH is
cationic amine-rich polysaccharide (pH 4.2). It appears that the

urface charged Fe3O4 nanoparticles (Reddy et al., 2007) interact
ith –NH2/OH groups of CH (Zhao et al., 2006) via electrostatic

nteraction and hydrogen bonding. These electrostatic interactions
etween Fe3O4 nanoparticles and CH have been confirmed by FTIR
pectra. However, GOx is negatively charged biomolecule at pH
.0 (Pandey et al., 2007) that can be easily immobilized onto the
ositively charged CH–Fe3O4 nanocomposite matrix via electro-
tatic interaction. The immobilization of GOx has been confirmed
y UV–vis and IR studies (Fig. 2A and B).

.3. Electrochemical impedance spectroscopic studies

Electrochemical impedance spectroscopy (EIS) studies of
H/ITO film, CH–Fe3O4/ITO electrode and GOx/CH–Fe3O4/ITO bio-
lectrodes have been investigated in phosphate buffer (50 mM, pH
.0, 0.9% NaCl) in the frequency range, 0.01–105 Hz. In the EIS, the
emicircle part corresponds to the electron transfer limited pro-
ess; its diameter is equal to the electron transfer resistance, RCT,
hich controls the electron transfer kinetics of the redox probe

t the electrode interface. Fig. 4A presents the Nyquist plots of
he impedance spectroscopy of the CH/ITO film, CH–Fe3O4/ITO

lectrode and GOx/CH–Fe3O4/ITO bioelectrode, respectively. The
iameter of semicircle for CH–Fe3O4 nanocomposite (curve b) is
maller than that of CH film (curve a). These results suggest that
he electron transfer in the CH–Fe3O4 nanocomposite film is easier
etween the solution and electrode, i.e. Fe3O4 nanoparticles not
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ig. 2. UV–visible absorption (A) and FTIR transmission spectra (B) of (a) CH, (b) nano
lectron microscopic images of (a) CH, (b) CH–Fe3O4 and (c) CH–Fe3O4–GOx on ITO
nly provide the hydrophilic surface, but also act as a nanoscale
lectrode and promote electron transfer due to permeable struc-
ure of CH/ITO. However, the diameter of the semicircle obtained
or the GOx/CH–Fe3O4/ITO bioelectrode further increases (curve c).

I
b
c
p

Fig. 3. Proposed mechanism of formation of CH–Fe3O4 nanocomposite a
osite–CH–Fe3O4/ITO, (c) GOx/CH–Fe3O4/ITO bioelectrode and (d) GOx; (C) scanning
d glass.
t appears that GOx layer acts as a barrier for the electron transfer
etween the electrode surface and the redox probes in the solution
onfirming immobilization of GOx onto the CH–Fe3O4 nanocom-
osite matrix.

nd immobilization of glucose oxidase on nanocomposite matrix.
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Fig. 4. (A) Electrochemical impedance spectra of CH (a), CH–Fe3O4 (b) and
GOx/CH–Fe3O4/ITO bioelectrose. (B) Cyclic voltammogram of CH (a), CH–Fe3O4 (b)
and GOx–CH–Fe3O4 (c). (C) Cyclic voltammogram of GOx/CH–Fe3O4 bioelectrode on
increasing scan rate from 10 to 100 (a–g), in phosphate buffer solution (50 mM, pH
7) containing 0.9% NaCl.
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.4. Cyclic voltammetric studies

The cyclic voltammograms of CH/ITO, on CH–Fe3O4/ITO
anocomposite film and GOx/CH–Fe3O4/ITO bioelectrodes in phos-
hate buffer (50 mM, pH 7.0, 0.9% NaCl) are shown in Fig. 4B. In
ase of the CH/ITO electrode surface, oxidation and reduction peaks
re obtained at 0.22 and 0.13 V, respectively (curve a). When Fe3O4
anoparticles are incorporated into the CH matrix, the increased
xidation peak current is obtained (curve b). This may be assigned
o the presence of Fe3O4 nanoparticles with increased electron

obility at the electrode surface resulting in enhanced electron
ransfer. The CV spectra of GOx/CH–Fe3O4/ITO (curve c) bioelec-
rode shows increased peak current with stable and well-defined
edox peaks obtained at about 0.22 and 0.13 mV as compared to
hat of CH–Fe3O4/ITO electrode. This result is attributed to the
edox characteristics of the electroactive centers of the immobi-
ized GOx indicating enhanced electron transfer between GOx and
H–Fe3O4/ITO electrode. It appears that CH–Fe3O4 nanocompos-

te provides a biocompatible environment for GOx, and that Fe3O4
anoparticles act as electron mediator accelerate electron trans-

er between GOx and electrode (Zhang et al., 2007). The results of
xperiments repeated a number of times have been found to be
eproducible.

The CV studies have been carried out on GOx/CH–Fe3O4/ITO bio-
lectrode as a function of scan rate varying from 10 to 100 mV s−1

Fig. 4C). The variation of the redox peak height with sweep rate,
s shown in the inset of Fig. 4C. It is observed that the peak height
aries directly with the sweep rate (with linear regression coeffi-
ient 0.9937), indicating improved electrocatalytic behavior. It has
een shown that this novel composite of CH–Fe3O4 can be used
or the immobilization of GOx providing sufficient accessibility to
lectrons to shuttle between the enzyme and the electrode.

The surface concentrations of the CH/ITO, CH–Fe3O4/ITO elec-
rode and GOx/CH–Fe3O4/ITO bioelectrode have been calculated
sing Brown–Anson model by following equation (Solanki et al.,
007):

p = n2F2I∗AV

4RT
(1)

here n is the number of electrons transferred (1), F is the Fara-
ay constant (96,485 C/mol), I* is the surface concentration (I*)
f the CH–Fe3O4/ITO film (mol cm−2), A is the surface area of the
lectrode (0.14 cm2), V is the scan rate (10 × 10−3 V s−1), R is the
as constant (8.314 J mol−1 K−1) and T is the absolute temperature
298 K). The surface concentration of GOx/CH–Fe3O4/ITO bioelec-
rode (2.46 × 10−10 mol cm−2) is higher than that of CH–Fe3O4/ITO
1.48 × 10−10 mol cm−2) and pure CH (1.644 × 10−11 mol cm−2). The
igher surface concentration of CH–Fe3O4 electrode suggests that

oading of Fe3O4 nanoparticles increases the electroactive sur-
ace area. However, the increase in the surface concentration of
Ox/CH–Fe3O4 bioelectrode suggests high loading of glucose oxi-
ase onto CH–Fe3O4 nanocomposite matrix.

. Response characteristics of GOx/CH–Fe3O4/ITO
ioelectrode

.1. Electrochemical response studies

Fig. 5A shows results of the cyclic voltammetric (CV) studies
arried out to investigate the activity of the GOx/CH–Fe3O4/ITO bio-

lectrode as a function of glucose concentration (10–400 mg dL−1)
n phosphate buffer (50 mM, pH 7.0, 0.9% NaCl) at scan rate of
0 mV s−1. It can be seen that no redox peak relating to the gen-
ration of H2O2 is observed in the CV measurements (Fig. 5A).
his could perhaps be attributed to the nanocomposite matrix of
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Fig. 5. (A) Electrochemical response studies of GOx/CH–Fe3O4/ITO bioelectrode (inset: variation in current obtained as a function of glucose concentration). (B) Effect of
interference on GOx/CH–Fe3O4/ITO bioelectrode (inset: variation in current obtained as a function of interference). (C) Photometric response of GOx/CH–Fe3O4 bioelectrode as
a function of glucose concentration (10–400 mg dL−1) in phosphate buffer (50 mM, pH 7.0) containing 0.9% NaCl. (D) Effect of temperature on GOx/CH–Fe3O4/ITO bioelectrode
from 10 to 45 ◦C. (E) Arrhenius plot between log(1/Abs) and 1/T (K) for GOx/CH–Fe3O4/ITO bioelectrode calculated the activation energy.
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Table 1
The glucose sensing characteristics of GOx/CH–Fe3O4/ITO bioelectrode are summarized along with those reported in literature (based on nanoparticle, CH and nanocomposite
of CH and nanoparticles)

Material Detection limit Linearity Sensitivity Km value Response time (s) Shelf life Ref.

Thiolated gold 50–400 mg dL−1 3.75 mM 30 180 days Pandey et al. (2007)
ZnO nanocomb 0.02 mM 2.02–4.5 mM 15.33 �A mM−1 2.19 mM Wei et al. (2006)
ZnO nanorod 0.01 mM 0.001–3.45 mM 23.1 �A mM−1 cm−2 2.6 mM 5 Wang et al. (2006)
Fe3O4 1–100 mM Rossi et al. (2004)
Fe3O4/SPCE 33.3 mM 1.74 �A mM−1 15 Lu and Chen (2006)
Fe3O4 @ SiO2 3.25 × 10−6 M (1–4) × 10−5 mM 10 Qiu et al. (2007)
Sol–gel–CH 2–14 mM 21 mM 30 30 days Chen et al. (2003)
Thiolated gold–CH 1 × 10−2 mM 4.9 nA mM−1 20 Miscoria et al. (2006)
Au–CH/Pt 7.0 �M 0.5–16 mM 0.555 �A mM−1 10.5 mM 8 30 days Wu et al. (2007)
Au–CH 13 �m 5 × 10−5 to 1.3 × 10−3 mM 3.5 mM 10 Du et al. (2007)
Au–Pt alloy–CH 0.2 �M 0.001–7 mM 8.52 �A mM−1 5 Kang et al. (2007)
Au–CH 2.7 �M 5 �M to 2.4 mM 7 5 weeks Luo et al. (2004)
CH–Au/Pt 6.9 × 10−7 M 1 × 10−6 to 1.6 × 10−3 M 69.29 �A mM−1 6.8 mM L−1 3 Xue et al. (2006)
CNT–CH 0–7.8 mM 0.52 �A mM−1 8.2 mM 15 days Liu et al. (2005)
CNT–PtNP–CH–MTOS 3 × 10−7 M 1.3 × 10−6 to 6 × 10−3 mM 2.08 �A mM−1 7.9 mM 5 30 days Kang et al. (2008)
P mM−1

F A mM
C A mM
C M−1
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t–MWCNT–CH–SiO2 1 �M 1–23 �M 58.9 �A
erri-CH–SPCE 1.38 mM 0.677 �
H–ZrO2 1 × 10−5 M 1 × 10−5 to 9.5 × 10−3 M 0.028 �
H–Fe3O4 0.5 mM 0.5–22 mM 9.3 �A m

H and Fe3O4 nanoparticles that act as better electron acceptor
ver molecular oxygen from the reduced enzyme (Matharu et al.,
007). During the reoxidation of GOx after enzymatic reaction, the
anocomposite CH–Fe3O4 nanocomposite film accepts electrons

rom the reduced enzyme, thereby causing increase in the oxida-
ion current of CH–Fe3O4 (Fig. 5A). The magnitude of the oxidation
eak increases linearly with increase in the glucose concentration
Fig. 5A). The response time of the GOx/CH–Fe2O3/ITO bioelectrode
as been found to be about 5 s and is attributed to faster electron
ommunication feature of CH–Fe3O4 nanocomposite. It is revealed
hat GOx/CH–Fe3O4 film/ITO bioelectrode (inset of Fig. 5A) can be
sed to estimate glucose from 10 to 400 mg dL−1. The sensitivity of
he GOx/CH–Fe3O4 film/ITO bioelectrode calculated from the slope
f curve has been found to be 9.3 �A/(mg dL cm2). The standard
eviation and correlation coefficient from the linear regression
nalysis for the bioelectrode have been found to be 0.00316 �A and
.9935, respectively.

The selectivity of GOx/CH–Fe3O4/ITO bioelectrodes has been
etermined by comparing the electrochemical response by adding
he normal concentration of interferents (Fig. 5B) such as choles-
erol (5 mM), ascorbic acid (0.05 mM), uric acid (0.1 mM) and urea
1 mM) with glucose (100 mg dL−1) in phosphate buffer (50 mM,
H 7, 0.9% NaCl). It can be seen that the value of the amperometric
urrent remains nearly same except for cholesterol wherein there
s a decrease of about 6%.

.2. Photometric response studies

The UV–visible experiments have been carried out to estimate
he enzyme (glucose oxidase) activity, stability, effect of inter-
erents and shelf life of GOx/CH–Fe3O4/ITO bioelectrodes. The
ioelectrode is dipped in reaction mixture containing 3 mL PBS
olution, 25 �L of HRP (1 mg mL−1 in PBS), 25 �L of o-dianisidine
ye (1% in deionized water), and 100 �L of glucose solution
100 mg dL−1) and is kept for about 3 min.

Fig. 5C shows the variation of the difference between the ini-
ial and final absorbance value obtained at 500 nm after 3 min of
ncubation of the substrate (glucose). It can be seen (Fig. 5C) that

he value of absorbance increases linearly with glucose concentra-
ion in the range of 10–400 mg dL−1. The experiments carried out in
riplicate sets have been found to be reproducible within 1% error.

The value of apparent Michaelis–Menten constant (Km) esti-
ated using Lineweaver–Burke plot, i.e. graph between inverse of

b
n
s
e
l

14.4 mM 5 Zou et al. (2008)
−1 20 Lee et al. (2006)
−1 10 30 days Yang et al. (2004)
cm−2 0.141 mM ∼5 8 weeks Present work

bsorption and inverse of glucose concentration has been found
o be 2.54 mg dL−1 (0.141 mM). The lower value of Km compared
o the value reported for metal oxide- and CH-based matrices
Table 1), suggests that the CH–Fe3O4 nanocomposite matrix helps
he immobilized glucose oxidase to achieve better conformation
or faster enzymatic reaction resulting in the enhanced enzymatic
ctivity.

The apparent enzyme activity (U cm−2), defined as one unit of
nzyme activity that results in the conversion of 1 �mol of glu-
ose into glucolactone per minute, has been calculated using the
ollowing equation (Solanki et al., 2007):

enz
app (U cm−2) = AV

εSt
(2)

here A is the difference in absorbance before and after incuba-
ion, V is the total volume (3.015 cm3), ε is the millimolar extinction
oefficient (7.5 for o-dianisidine at 500 nm), t is the reaction time
3 min), and s is the surface area (cm2) of the electrode. The
pparent enzyme activity has been found to be ∼0.0305 (U cm−2)
ndicating that 0.0305 units of enzyme per cm2 actively participate
n the enzymatic reaction.

The activity of GOx/CH–Fe3O4/ITO bioelectrode has been mea-
ured at temperature varying from 10 to 45 ◦C in phosphate buffer
aline solution at pH 7.0 (Fig. 5D). The reaction rate is found to
ncrease with temperature up to 35 ◦C (Fig. 5D), where after it
hows a sharp decrease, indicating that GOx gets denatured after
35 ◦C. The activation energy, estimated using the Arrhenius plot
f log(absorbance) with reciprocal of temperature (K) (Fig. 5E) has
een found to be 18 kJ mol−1 in the lower temperature range.

The shelf life of GOx/CH–Fe3O4/ITO bioelectrode has been mon-
tored as a function of absorbance with respect to time, with regular
nterval of 1 week. It is observed that these bioelectrodes retain
bout 80% of glucose oxidase activity even after about 8 weeks
data not shown) when stored in refrigerated conditions (4 ◦C). It
as been found that this glucose biosensing electrode has higher
ffinity to glucose.

The glucose sensing characteristics of the GOx/CH–Fe3O4/ITO

ioelectrode along with those reported in literature (based on
anoparticle, CH and nanocomposite of CH and nanoparticles) are
ummarized in Table 1. It can be seen that GOx/CH–Fe3O4/ITO bio-
lectrode reveals improved performance with fast response time,
ow Km value, high sensitivity and better shelf life.
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. Conclusions

Fe3O4 nanoparticles have been successfully embedded in
he chitosan matrix and GOx has been immobilized on the
H–Fe3O4/ITO electrode. CH prevents the aggregation of Fe3O4
anoparticles without changing its optical and electrical proper-
ies. The immobilized GOx displays excellent catalytic property
o glucose, and Fe3O4 nanoparticles in the biosensing interface
ffer not only friendly environment to immobilize GOx but also
mprove the electron transfer between analyte (glucose) and
H–Fe3O4/ITO electrode surface. GOx/CH–Fe3O4/ITO bioelectrode
hows high sensitivity, low detection limit and fast response for glu-
ose. In addition, the GOx/CH–Fe3O4/ITO glucose biosensor exhibits
oth good reproducibility and long-term stability. It should be

nteresting to investigate the effect of porosity of the CH–Fe3O4
anocomposite on the performance of the glucose bioelectrode.
fforts should also be made to fabricate other biosensors based on
his interesting nanocomposite.
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