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a b s t r a c t

A novel approach to construct a second-generation amperometric biosensor is described. The classical
redox dye nile blue (NB) as mediator and horseradish peroxidase as a base enzyme were coimmobilized
into the multiwalled carbon nanotubes (MWCNTs) modified ormosil matrix. Nafion was dispersed into
the matrix to enhance the rate of the electron transfer and prevent the cracking of the ormosil film.
The surface morphology of MWCNT/NB/NAF/HRP nanocomposite was characterized by scanning elec-
tron microscopy (SEM), atomic force microscopy (AFM) and electrochemical impedance spectroscopy
(EIS). Cyclic voltammetry and amperometry measurements were used to study and optimize the perfor-
mance of the resulting peroxide biosensor. The apparent Michaelis–Menten constant was determined toco

m.cn

rmosil
afion
WCNTs

IS

be 1.1 mM. The effect of pH, applied potential and amount of the HRP enzyme on the electrochemical
biosensor has been systematically studied. The fabricated biosensor demonstrated significant electrocat-
alytic activity for the reduction of hydrogen peroxide with wide linear range from 2 × 10−7 to 3.8 × 10−4 M,
and low detection limit 1 × 10−7 M (S/N = 3) with fast response time <3 s. The facile procedure of immo-
bilizing HRP and MWCNTs into the ormosil used in the present work can promote the development of
electrochemical research for enzymes, proteins, biosensors, biofuel cells and other bioelectrochemicalm.
devices.

. Introduction

Carbon nanotubes have emerged as promising nanomaterials
or the fabrication of electronic devices and sensor due to their
xtraordinary physical and electrical properties such as high tensile
trength, high elastic modules, high thermal conductivity and elec-
rical conductivity [1,2]. The carbon nanotubes usually have high
urface area to weight ratio of 300 m2 g–1, and most of this sur-
ace area is accessible to both electrochemistry and immobilization
f the biomolecules [3]. Unique electrical properties together with
ignificant surface enlargement make them an important compo-
ent in sensing applications. MWCNTs have been extensively used

n the fabrication of electrochemical biosensors due to their excel-
ent electrocatalytic activity and antifouling properties [4–7]. Their
se in these devices is based on the fact that MWCNTs can play

www.sp
ual roles. They can be easily used as immobilization platform
or biomolecules, while at the same time they can relay the elec-
rochemical signal acting as transducers. As electrode materials,

WCNTs can be used for promoting electron transfer between the
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electroactive species and the electron and provide a novel platform
for designing electrochemical biosensors.

The determination of hydrogen peroxide (H2O2) is exten-
sively studied in clinical diagnostics, chemical and pharmaceutical
industry and environmental control. Amperometric biosensors
based on horseradish peroxidase (HRP) have emerged as the
most convenient tools for H2O2 determination due to the sim-
plicity, high sensitivity and selectivity [8,9]. Several numbers
of MWCNTs modified amperometric peroxide biosensors have
been fabricated based on MWCNT/TH/Nf modified PIGE [10],
CNT/CHIT/HRP/SG modified GCE [11], MWCNT/HRP/Au modified
electrode [12], poly(TB)/HRP/MWCNT/CHIT modified electrode [5],
MWCNT/BSA/HRP/Fc modified electrode [13], MWCNT/HRP/MB
modified electrode [14] and MWCNT/TTF-TCNQ/HRP modified gold
electrode [15].

A series of water soluble organic dyes such as brilliant cresyl blue
[16], methylene green [17], meldola blue [18], prussian blue [19]
and celestine blue [20] have been used for the modification of elec-

trode surface and they exhibit excellent mediating ability for the
electrocatalytic reduction of H2O2. We used nile blue (NB) a phe-
noxazine dye in our investigation due to its higher sensitivity and
mediating ability toward H2O2 determination. The leaching out of
the biomolecules/dyes from the electrode surface is a crucial prob-

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:smchen78@ms15.hinet.net
dx.doi.org/10.1016/j.snb.2009.07.025
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em in the fabrication of electrochemical biosensor. To overcome
his issue, we used MWCNTs modified organically modified sol–gel
lasses (ormosil) as a biocompatible matrix to the immobilization
f HRP and NB. Ormosils are the unique matrices to encapsulate
he biomolecules [21,22], due to their inert chemical nature, high

echanical strength, excellent optical properties, tunable poros-
ty, strong adhesion property to its surface support and ease of

odification. Ormosils are more biocompatible and it increases
he long-term stability of the developed biosensor. The intersec-
ion of ormosil with multiwalled carbon nanotube provides better
anoporous matrix with high electrical conductivity for the immo-
ilization of enzymes in its native state. The ormosil/multiwalled
arbon nanotubes modified electrodes possess large potential win-
ow, low and almost constant background current over a large
otential window and fast kinetics for a large number of electro-
hemical mediators.

In present work, for the first time we coimmobilized
phenoxazine dye nile blue with HRP into the multi-

alled carbon nanotubes modified nanoporous ormosil matrix
3-aminopropyltrimethoxysilane and 2-(3,4-epoxycyclohexyl)-
thyltrimethoxysilane) for the development of an amperometric
ydrogen peroxide biosensor. Because of the unique ion-exchange,
iscriminative and biocompatible properties, nafion was dispersed

nto the matrix to prevent the cracking and brittleness of the
odified film [23]. In addition, the selectivity of the biosen-

or against several possible interfering species like ascorbic acid
ould be improved because the nafion polymer contains nega-
ively charged sulfonate groups, thus preventing the negatively
harged interfering species from partitioning into an electrode sur-
ace. The widely present amino groups in nanocomposite ormosil

atrix provide a hydrophilic environment, which is compatible
ith the biomolecules [24]. The experimental results showed that

he MWCNT/NB/NAF/HRP modified GCE exhibited excellent elec-
rocatalytic activity toward the reduction of H2O2. The proposed
ydrogen peroxide biosensor exhibited better wide linear range
nd low detection limit toward to H2O2, compare to the other
iosensors earlier reported in the literature.

. Experimental

.1. Reagents and materials

Peroxidase from horseradish (POD, EC 1.11.1.7 type VI) was
btained from Sigma; nile blue and nafion (perfluorosulfonated
on-exchange resin, 5% (w/v) solution in a solution of 90%
liphatic alcohol and 10% water mixture) were purchased from
luka. 3-Aminopropyltrimethoxysilane, 2-(3,4-epoxycyclohexyl)
thyltrimethoxysilane, N,N-dimethylformamide (DMF) and mul-
iwalled carbon nanotubes (10–15 nm diameter) were purchased
rom Aldrich Chemical Co. Hydrogen peroxide (30%, w/v solu-
ion) was purchased from Wako Pure Industrial Co., Japan. The
oncentrations of more diluted hydrogen peroxide solutions were
etermined by titration with cerium (IV) to a ferroin end point.

www.sp
hosphate buffer solutions (PBS) of various pH were prepared
ith 0.1 M KH2PO4 and 0.1 M Na2HPO4 with supporting elec-

rolyte 0.1 M KCl. All other chemicals employed were of analytical
rade. All the solutions were prepared with doubly distilled
ater.

able 1
omposition of ormosil modified electrodes.

OME* APTMOSa (�l) ETMOSa* (�l) DD** Water (�l) NBa** (1 mM) (�l) HR

1 60 10 175 20 50
2 60 10 175 20 50

Ormosil modified electrode, **double distilled water, a3-amino propyltrimethoxysilane,
dase; b*nafion, b**multiwalled carbon nanotube.
tuators B 141 (2009) 557–565

2.2. Apparatus

The electrochemical measurements were performed with a
computer controlled CHI750A (TX, USA) electrochemical system.
Cyclic voltammetry and amperometric measurements were done
with a three electrode system comprising the NB/NAF/HRP/GCE
and MWCNT/NB/NAF/HRP/GCE as a working electrode, an Ag/AgCl
reference electrode and platinum wire as counter electrode. All
electrochemical measurements were carried out in 5 ml (0.1 M, pH
7.0) phosphate buffer solution. All experimental solutions were
thoroughly deoxygenated by bubbling nitrogen through the solu-
tion for at least 15 min. Hitachi scientific instruments (Japan) Model
S-3000H scanning electron microscope, CPSM model (USA) atomic
force microscope and Hitachi scientific instruments (Japan) Model
U-3300 UV–vis spectrophotometer were used for surface image
and UV–vis spectra measurements respectively.

2.3. Fabrication of MWCNT based H2O2 biosensor

A glassy carbon electrode (GCE, 3 mm in diameter) was pol-
ished with 1.0, 0.3 and 0.05 �m Al2O3 slurry successively followed
by rinsing thoroughly with double distilled water until a mirror-
like surface was obtained. Then it was washed ultrasonically in
1:1 nitric acid, absolute ethanol and double distilled water, each
for 5 min, and allowed to dry at room temperature. Two types of
ormosil modified electrodes (OMEs) were fabricated based on the
composition given in Table 1.

2.3.1. MWCNT/NB/NAF/HRP/GCE
The sol–gel process was used for the fabrication of hydrogen

peroxide biosensor. The advantages of the strategy for fabricat-
ing hydrogen peroxide biosensor come from the following two
aspects; the proposed strategy was simple and mild and the reac-
tivity between amino groups and epoxy groups offered simple
and convenient methodology for encapsulation of HRP into the
inorganic–organic hybrid frame work [25]. 60 �l of Aminopropy-
ltrimethoxysilane, 20 �l of nile blue, 5 �l of nafion and 175 �l DD
water were mixed in a cell for 5 min. 40 �l of MWCTs (dissolved in
DMF) and 50 �l of HRP were mixed in same solution. Lastly 10 �l 2-
(3,4-epoxycyclohexyl) ethyltrimethoxysilane, and 10 �l HCl were
added in the solution to complete hydrolysis. The whole mixture
was stirred for 10 min to get homogenous solution of MWCNT mod-
ified ormosil matrix.10 �l of prepared homogeneous solution was
dispersed on the surface of glassy carbon electrode and was dried
at room temperature for 6 h.

2.3.2. NB/NAF/HRP/GCE
MWCNT was not incorporated in this modified electrode and the

rest of the process was same as that for the modified electrode A.

3. Result and discussion

3.1. Physical characterization

.co
m.cn
3.1.1. Surface characterization of MWCNT modified ormosil
nanocomposite

SEM and AFM are the excellent tools to study of surface
characterization of modified nanocomposite. A scanning electron

Pb 1.2 mg/ml (�l) NAFb* (�l) MWCNTb** (2 mg/ml in DMF) (�l) HCl (�l)

5 – 10
5 40 10

a*2-(3, 4-epoxycyclohexyl) ethyltrimethoxysilane; a**nile blue, bhorseradish perox-
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ig. 1. Typical SEM images of NB/NAF/ormosil nanocomposite film (A)
rmosils/NB/NAF nanocomposite film with HRP (B) ormosils/NB/NAF/HRP
anocomposite with MWCNT (C) on the surface of ITO glass.

icrograph (SEM) of the NB/NAF nanocomposite film, NB/NAF/HRP
anocomposite film and MWCNT/NB/NAF/HRP nanocomposite
lm are shown in Fig. 1(A, B and C). We can see the nanoporous
tructure of ormosil nanocomposite film with nafion, indicating
hat the ormosil matrix is highly porous in nature Fig. 1(A). There-
ore, the faster diffusion of analytes into the matrix is possible
hrough the interconnected porous channels in the nanocompos-
te films. The uniform porous structure of the NB/NAF ormosil
anocomposite films provided significantly enhanced effective
lectrode surface for high enzyme loading. Fig. 1(B) shows the

ww
EM of HRP into the nanoporous ormosil matrix. The bright dense
lobular shaped HRP molecules uniformly distributed into the
rmosil matrix, suggesting that HRP was successfully immobilized
n the electrode surface. Fig. 1(C) showed the immobilized MWC-
Ts into the ormosil matrix with the dimension of 150–200 nm.
tuators B 141 (2009) 557–565 559

Incorporation of MWCNTs into the ormosil matrix enhances the
electrokinetic properties and porosity of the film, which will lead to
fast diffusion of the analytes. So, the uniform and open nanoporous
structure facilitates substrate access to the enzyme and thus results
in a good biosensor response.

AFM technique was employed to confirm the self-assembled
process of the peroxide biosensor fabrication. Typical AFM images
(tapping mode) of the NB/NAF/HRP and MWCNT/NB/NAF/HRP in
ormosil nanocomposite were shown in Fig. 2(A and B). The bright
globular images of HRP were uniformly dispersed in the ormosil
matrix with smooth surface. A large bright spherical shape also
showed up due to aggregation of HRP molecules Fig. 2(A). Nafion
was equally spread out into the film as shown in figure and was
not prominent due to immobilization of HRP into the matrix. The
thickness of the NB/NAF/HRP layer was ∼43 nm with Rrms 0.843.
After incorporation of MWCNTs in film the Rrms changed to 5.99 nm,
indicated that MWCNT was successfully immobilized on the mod-
ified electrode surface. The roughness of the MWCNT/NB/NAF/HRP
was increased due to coimmobilization of HRP and MWCNT in the
matrix and the thickness of the MWCNT/NB/NAF/HRP modified film
was ∼69 nm (estimated by AFM image) as shown in Fig. 2(B). The
height difference between the bright region and the dark ground
was about 10 nm. Such morphological characteristics might result
in high loading of enzyme and fast response to the substrate.

3.2. Electrochemical impedance spectroscopy (EIS) study of
ormosil nanocomposite film

EIS is a convenient and effective tool to provide useful informa-
tion on the impedance changes of the electrode surface during the
fabrication process. The Nyquist plot of impedance spectra includes
a semicircle portion and a linear portion. The semicircle portion
at higher frequencies corresponds to the electron transfer limiting
process and its diameter is equal to the electron transfer resistance
and linear portion at lower frequencies corresponds to diffu-
sion process [26]. Fig. 3 displays the Nyquist plot of NB/NAF/GCE
(a), NB/NAF/HRP/GCE (b) and MWCNT/NB/NAF/HRP/GCE (c) in
5.0 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) containing 0.1 M KCl. The Ret

(2248 �) of NB/NAF/HRP/GCE was much larger than that of
NB/NAF/GCE (Ret 544 �), suggesting that the HRP immobilized
in ormosil film obstructs the electron transfer of the electro-
chemical probe Fig. 3(b). After the modification of MWCNTs
(MWCNT/NB/NAF/HRP/GCE), the Ret decreased unceasingly to
about 1092 � Fig. 3(c), indicating that the MWCNTs formed high
electron conduction pathway between the electrode and elec-
trolyte, and obviously improved the diffusion of [Fe(CN)6]3−/4−

toward the electrode surface. These results also demonstrated that
HRP and MWCNTs had been successfully coimmobilized on the
surface of modified electrode.

3.3. Electrochemical properties of MWCNT/NB/NAF/HRP and
NB/NAF/HRP modified glassy carbon electrodes

Cyclic voltammetry was used to study the main electroanalyti-
cal properties of the fabricated peroxide biosensor. Fig. 4 shows the
cyclic voltammograms of NB/NAF/HRP and MWCNT/NB/NAF/HRP
modified GCE in 0.1 M PBS (pH 7) at different scan rate in poten-
tial range 0.0 to −0.6 V. Fig. 4(B) shows the symmetrical and good
redox behavior of nile blue in ormosil matrix and contributing to the
significance of MWCNTs. Multiwalled carbon nanotubes not only
increased the current response, they also improved the reversible

.co
m.cn
character of nile blue in ormosil nanocomposite film because it
increases the effective surface area of modified electrode and pro-
vides the sufficient space for fast electrochemical phenomenon and
maximum enzyme loading on the modified electrode surface. The
oxidation (∼100 mV) and reduction peak (∼50 mV) shifts toward



560 A.K. Upadhyay et al. / Sensors and Actuators B 141 (2009) 557–565

rmosil

m
o
o
p
T
a
t
p
a
t
d

ww.sp
m.co

m.cn
Fig. 2. AFM images of the ormosil/NB/NAF/HRP nanocomposite film (A) o

ore positive potential for MWCNT modified electrode than with-
ut MWCNT modified electrode, which helps the electrocatalysis
f hydrogen peroxide at low over potential with the removal of
ossible interferences during the analytical determination of H2O2.
he cathodic peak potential and anodic peak potential obtained
t MWCNT/NB/NAF/HRP/GCE were −400 mV and −240, respec-
ively. The formal potential [E◦ = (Epa + E /2] was −320 mV. The

w

pc)
eak separation (�Ep) was ∼140 mV at the scan rate of 50 mV/s
nd the anodic peak currents (Ipa/Ipc ∼ 1) were almost the same as
he corresponding cathodic peak currents and the peak potential
id not change with increasing the scan rate for MWCNT mod-
/NB/NAF/HRP nanocomposite film with MWCNTs (B) coated on ITO glass.

ified electrode, as shown in Fig. 4(B). As shown in Fig. 4(C), the
peak currents increased linearly with the scan rate between 5
and 200 mV/s as expected for a surface confined process. Thus it
is clear that NB immobilized with MWCNTs undergoes electron
transfer reactions and multiwalled carbon nanotubes facilitated
the reversible electrochemical behavior of NB. On the other hand,
NB/NAF/HRP modified glassy carbon electrode showed the poor

reversible electrochemistry for NB Fig. 4(A). An ill defined and
insignificant redox peaks were observed for NB/NAF/HRP/GCE. The
anodic and cathodic peaks were rather broad and the magnitude
of the peak current was significantly less than that observed on
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ig. 3. Electrochemical impedance spectroscopy for NB/NAF/GCE (a) NB/NAF/HRP/
CE (b) and MWCNT/NB/NAF/HRP/GCE in a solution of 5.0 mM K4Fe(CN)6/K3Fe(CN)6

ith Ag/AgCl as reference electrode.

he MWCNT/NB/NAF/HRP composite electrode. Furthermore, the
Ep was relatively large (∼170 mV, scan rate-50 mV/s), suggesting
sluggish electron transfer kinetics. From this result, we con-

rmed that MWCNT/NB/NAF/HRP nanocomposites have excellent
eversible electrochemical properties.

Surface coverage (� ) for the electroactive species was estimated
y using Eq. (1)

= Q

nFA
(1)

here A (0.70 cm2) is the area of the working GCE, n (n = 2) the
umber of electron per reactant molecule, Q (2.27 × 10−6 C) the
harge obtained by integrating the anodic peak at low voltage scan
ate (5 mV/s), and F is the Faraday Constant. In the present case,
he calculated surface coverage for the electroactive species was
.68 × 10−11 mol cm−2.

.4. Electrocatalysis of H2O2 on MWCNT/NB/NAF/HRP/GCE and
B/NAF/HRP/GCE

Fig. 5 shows the cyclic voltammograms of plane NB modified
lectrode and NB/NAF/HRP/GCE and MWCNT/NB/NAF/HRP/GCE
n the presence of 0.2 mM hydrogen peroxide in PBS (pH 7) at
he scan rate of 50 mV/s. A small cathodic current response was
bserved for H2O2 reduction at NAB/NAF/HRP/GCE in the pres-
nce of 0.2 mM hydrogen peroxide at potential range 0.0 to −0.6 V
ig. 5 (curve b). In contrast in the same operating conditions at
he MWCNT/NB/NAF/HRP/GCE, a cathodic peak with higher cur-
ent appears at more positive potential for the reduction of H2O2
nd this dramatic increase of current indicates the significant
atalytic activity of NB immobilized MWCNT to H2O2 reduction
ig. 5 (curve c). The reduction catalytic current of hydrogen per-
xide started at −0.10 V and obviously catalytic reduction peak
ppeared at the potential of −0.4 V. This demonstrates that the
WCNT could act as a promoter to enhance the electrochem-

cal reaction and to increase the rate of electron transfer [27].
WCNT not only increased the electrocatalytic current, also low-

red the overpotential (∼100 mV than NB/NAF/HRP/GCE) for the
lectrocatalytic reduction of hydrogen peroxide to reduce the inter-
erences in the measurements. There was no significant effect of

2O2 on the plane NB modified GCE electrode Fig. 5 (curve a). Fig. 6

www.sp
resents the CVs of addition of various concentrations of hydro-
en peroxide at the scan rate of 20 mV/s in (0.1 M, pH 7.0) PBS for
WCNTs modified electrode. This shows a typical electrocatalytic

eduction process. The cathodic peak current was dramatically
ncreased and anodic peak current disappeared, indicating the
(A) and presence (B) of MWCNTs in 0.1 M PBS (pH 7.0) at the scan rate of 5,
20, 50, 70, 100, 150 and 200 mV/s. (C) Plots of peak current vs. the scan rate of
MWCNT/NB/NAF/HRP/GCE.

fast electrocatalytic reduction of peroxide on the MWCNTs mod-
ified GCE electrode. The overall summary of the reduction of
H2O2 catalyzed by HRP and mediated by NB can be described as
follows:

H O + 2H+ + HRP → HRP + 2H O
HRPox + NBred → HRPred + NBox

NBox + H+ + 2e → NBred
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Fig. 5. Cyclic voltammograms of (A) plane NB incorporated in ormosil (B) and
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C) are the CVs of NB/NAF/HRP/GCE and MWCNT/NB/NAF/HRP/GCE respectively
n the presence of 0.2 mM H2O2 in 0.1 M PBS (pH 7.0) at the scan rate of
0 mV/s.

here HRPox and HRPred represent the oxidized and reduced form
f HRP, and NBox and NBred represent the oxidized and reduced
orm of NB, respectively.

.5. Optimization of experimental conditions

The experimental variables such as enzyme concentration, oper-
ting potential and pH were explored for optimum analytical
erformance of the hydrogen peroxide biosensor. The effects of
hese experimental variables were investigated using steady-state
mperometry. The effect of the operational potential on the biosen-
or response was studied over the potential range of −0.24 to
0.45 V with 0.2 mM H2O2 in 0.1 M PBS at pH 7 Fig. 7(A). The

teady-state reduction current increases gradually as the applied
otential decreases from −0.24 to −0.38 V. The maximum reduc-
ion current was achieved at around −0.38 V. At more negative
otentials, there may be interfering reactions from other elec-
roactive species in the solution. Therefore, we chose the applied
otential of −0.38 V as the working potential for this proposedsp
iosensor. This potential is superior to the previous reported
ork [7].

The performance of a biosensor also strongly depends on the
H value of electrolytes. Effect of the solution pH on the elec-

ig. 6. Cyclic voltammograms of MWCNT/NB/NAF/HRP/GCE in the presence of var-
ous concentrations of H2O2: 0.05, 0.1, 0.3, 0.5, 0.7, 1.0, 1.2, 1.5 mM in 0.1 M PBS (pH
.0) at the scan rate of 20 mV/s.

Fig. 7. (A) Effect of potential on the sensor response for 0.2 mM H2O2 in 0.1 M
PBS (pH 7.0). (b) Influence of pH on the H2O2 sensor, study-state current mea-

www.
sured in the presence of 0.2 mM H2O2 in 0.1 M PBS (pH 7.0) at applied potential
of −0.38 at 25 ◦C. (c) Influence of the amount of HRP on the fabrication of
biosensor.

trolytic reduction of H2O2 was investigated in the pH range of
5.0–9.0. Fig. 7(B) presents the amperometric response of the
MWCNT/NB/NAF/HRP/GCE at different pH in the presence of
0.2 mM H2O2. The steady-state reduction current is increases with
the increasing of the pH from 4.0 to 7.0; however, the amperomet-
ric response decreases, when the pH further increases from 7.0 to
9.0. As the maximum response current was observed at pH 7.0. So,
this pH was selected as optimum pH for the fabrication of hydrogen
peroxide biosensor.

The amount of peroxidase enzyme in the biosensor fabrica-

tion process strongly affects the biosensor performance in terms
of sensitivity and dynamic range. Therefore, the effect of the
amount of enzyme doped into the MWCNT modified ormosil com-
posite film on the biosensor response was examined for 0.2 mM
H2O2 in 0.1 M PBS at pH 7. As seen in Fig. 7(C), the biosensor
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esponse increases as the amount of enzyme loading increases
p to 1.8 mg/ml. However, a slight decrease in the biosensor
esponse was observed with additional enzyme loading above
.8 mg/ml. The further increase in the amount of enzyme load-

ng might be leading to the increase of the diffusional resistance
or the enzymatically reduced substrate to arrive to the electrode
urface and contributes the decrease in the biosensor response
28]. So, an optimal loading of 1.8 mg/ml was used for subsequent
xperiments.

The effect of temperature on the sensor was examined between
5 and 60 ◦C. The response signal of the H2O2 sensor increased
s the temperature varied from 20 to 40 ◦C. But at tempera-
ure lower than 20 ◦C, the activity of the enzyme was rather
ower and the response time was relatively longer. On the other
and, at temperatures higher than 40 ◦C, the activity of enzyme
ecreased rapidly due to the partial denaturation of the enzyme.
aking both the lifetime and response time into considera-
ion, 25 ◦C was the selected temperature for the fabrication of
iosensor.

.6. Kinetic analysis

The apparent Michaelis–Menten constant (KM), a reflection of
he enzyme affinity, was evaluated from the electrochemical ver-
ion of the Lineweaver–Burk equation,

1
Iss

= 1
Imax

+ KM

Imax
× 1

C

here Iss is the steady-state current after the addition of sub-
trate, C is the bulk concentration of the substrate and Imax is the
aximum current measured under saturated substrate condi-

ion. The KM value was determined by analysis of the slope and
ntercept for the plot of the reciprocals of the cathodic current
ersus H2O2 concentration. The KM value of the H2O2 sensor
as determined by steady-state amperometric response and

ound to be 1.1 × 10−3 M. This value was lower than those of
.1 mM for sol–gel/nafion/MG electrode [17], 4.6 × 10−3 M for
RP immobilized in sol–gel/hydrogel modified electrode [29],
.51 × 10−3 M for HRP on AuNP/CHIT/SPCE [30], 4.04 × 10−3 M for
RP on TTF/TCNQ/MWCNT modified electrode [15], 2.5 × 10−3 M

or HRP immobilized on a ferrocene containing polymer electro-
hemically deposited onto a Pt electrode [31], 5.12 × 10−3 M
or SBP (soybean peroxidase) immobilized in sol–gel thin
lm [32], 2.0 mM for HRP immobilized on FMC-BSA/MWCNT
rmosil composite-modified GC electrode [13] and was close to
.9 × 10−3 for HRP/SiO2/MB/Gelation/GCE [33] and 1.3 × 10−3 for
DDA/HRP/DNA-Ag/Au modified electrode [34]. The low value
f KM means that HRP immobilized into the MWCNT/NB/NAF
anocomposite retains well its bioactivity and has a high affinity
o H2O2.

.7. Amperometric response of the hydrogen peroxide biosensor
nd calibration plot

Fig. 8(A) records the Amperometric current–time curve of dif-
erent ormosil modified electrodes toward H2O2 upon successive
ddition of H2O2 to a continuous stirred 0.1 M PBS (pH 7) under
ptimized conditions. The amperometric response curve of the
WCNT/NB/NAF/HRP/GCE was displayed in Fig. 8(A) (curve a).
ith the addition of hydrogen peroxide, drastic increase in the

esponse current was observed (curve a). Moreover, this biosen-

www.sp
or exhibited a rapid response for the addition of H2O2, and
chieved 95% of the steady-state current within 3 s. Fig. 8(B) (curve
) pictured the calibration plot of the MWCNT/NB/NAF/HRP/GCE
or H2O2 determination. A good linear relationship was found
etween the chronoamperometric current and H2O2 concentra-
b) NB/NAF/HRP/GCE in a stirred 0.1 M PBS (pH 7.0) after successive hydrogen
peroxide additions at applied potential −0.38 V vs. Ag/AgCl Fig. 8(A). The lin-
ear calibration plot of catalytic currents vs. hydrogen peroxide concentrations for
MWCNT/NB/NAF/HRP/GCE (curve a) and NB/NAF/HRP/GCE (curve b), Fig. 8(B).

tion from 2 × 10−7 to 3.8 × 10−4 M with a correlation coefficient
of 0.9917 (n = 10). From the slope of the calibration curve, the
detection limit of 1.0 × 10−7 was estimated at signal-to-noise ratio
of three. The higher sensitivity of the sensor may result from
the biocompatible microenvironment around the enzyme [35]. As
controlled experiments, the amperometric response was also mea-
sured at NB/NAF/HRP/GCE Fig. 8(A) (curve b) to discern the role
of MWCNTs in biosensor fabrication. For NB/NAF/HRP modified
electrode Fig. 8(B) (curve b), the linear range for the determina-
tion of H2O2 was 3.5 × 10−6 to 4 × 10−4 M with a detection limit
of 3 × 10−6 M. On the basis of comparative study of above two
modified electrodes, it can be seen that the proposed biosensor,
i.e. the MWCNT/NB/NAF/HRP/GCE exhibited a broader liner range
and a lower detection limit than the NB/NAF/HRP/GCE. This obser-
vation demonstrated clearly that the presence of MWCNTs into
ormosil matrix facilitated the electron transportation in the film
and remarkably improved the catalytic activity of the biosensor
for the determination of hydrogen peroxide at lower over poten-
tial. The linear range, response time and limit of detection observed
with MWCNT/NB/NAF/HRP modified electrode is in general compa-
rable with most of the modified electrode reported in the literature
(Table 2).

3.8. Reproducibility, stability and interference determination

The biosensor showed a good reproducibility for the determina-

.c
tion of H2O2 in its linear range. The concentration of 0.2 mM H2O2
was measured consecutively for 10 times and relative standard
deviation (R.S.D.) of 3.1% was obtained. The storage stability of the
proposed sensor was also studied. When not in use, the biosensor
was stored dry at 4 ◦C and measured at intervals of a week, and it lost
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Table 2
Comparison of the efficiency of MWCNT/NB/NAF/HRP modified GCE used in determination of H2O2.

Electrode Method Electrolyte LOD LCR (M) RT (s) Ref.

MWCNT/MB/HRP/GCE CV pH 7 PBS 1 �M 4 × 10−6 to 2 × 10−3 <30 [14]
MWCNT/PS/HRP/SPE CV pH 7 PBS 25 �M 2 × 10−5 to 5 × 10−4 – [36]
MWCNT/FMC-BSA/HRP/GCE CV, FIA pH 6.8 PBS 5 �M 2 × 10−5 to 4.5 × 10−3 20 [13]
MWCNT/TB/HRP CV pH 7 PBS 1.7 �M Up to 4 × 10−4 8 [5]
SG/MG/Nafion/HRP/GCE CV pH 7 PBS 0.1 �M 5 × 10−7 to 1.6 × 10−3 20 [17]
MWCNT/NB/HRP/CHIT CV pH 7 PBS 0.
MWCNT/NB/NAF/HRP/GCE CV pH 7 PBS 0.

LCR, linear concentration range; LOD, limit of detection; RT, response time.

Table 3
Interferences studies.

Interferents Current ratio

Ascorbic acid 1.00
Oxalic acid 1.00
NADH 1.00
Citric acid 1.02
Uric acid 1.00
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Glucose 0.97
Cysteine 1.00
Dopamine 0.98

nly 4.9% of the initial response after 4 weeks and maintained more
han about 91.6% of the initial values after storage for 50 days. Such
good stability of the biosensor was attributed to the excellent film

orming ability of nafion and MWCNT with ormosil and this MWCTs
odified ormosil matrix provided a favorable microenvironment

or retaining the biological activity of enzymes.
The selectivity and anti-interference ability of the fabricated

iosensor was also studied. In order to investigate the effect of some
ossible interfering substances on the biosensor, 8 interfering sub-
tances were used for measurement in our experiments. The results
re listed in Table 3. The current ratio were calculated by reading
he current of the biosensor in the assay solution containing 0.2 mM
nterfering species and 0.2 mM H2O2 and comparing with it with
he current from the biosensor in the same assay solution contain-
ng only 0.2 mM H2O2. According to the results of current ratio,

e can find that the influence of interfering species tasted on the
2O2 response was negligible, indicating a high selectivity of the
roposed peroxide biosensor.

. Conclusions

We have developed a new approach to fabricated hydrogen per-
xide biosensor based on MWCNTs/ormosil modified electrode.
ile blue (redox mediator) and HRP were coimmobilized into

he ormosil matrix with nafion. Nafion not only promoted the
lectron transfer rate, it also reduced the brittleness of the film.
esult showed that the presence of the MWCNTs could effectively

ncrease the amount of immobilized enzyme and greatly enhance
he electrical conductivity of the resulting films. The fabricated
iosensor based on MWCNT/N/NAF/HRP ormosil nanocomposite-
odified electrode showed excellent linear range with significant

ow limit of detection (1 × 10−7 M), good operational stability and
nti-interference ability toward H2O2 determination. The response
ime of developed biosensor was very prompt (<3 s). This method
s simple and easy to control. It is hopeful that this method could be
sed to immobilize other enzymes to construct a range of biosen-
ors.
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