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Abstract

A novel amperometric biosensor for hydrogen peroxide (H2O2) was developed by entrapping horseradish peroxidase (HRP) in a new
ormosil composite doped with ferrocene monocarboxylic acid–bovine serum albumin conjugate and multiwall carbon nanotubes (MWNTs).
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he ormosil was prepared using 3-(aminopropyl)triethoxysilane and 2-(3,4 epoxycyclohexyl)-ethyltrimethoxy silane as monom
ncapsulated conjugate showed excellent electrochemistry and acted as an electron transfer mediator. The presence of MWNTs
onductivity of the composite film. This matrix showed a biocompatible microenvironment for retaining the native activity of the e
RP and a very low mass transport barrier to the substrate, which provided a fast amperometric response to H2O2. The proposed H2O2

iosensor exhibited a linear range of 0.02–4.0 mM with a detection limit of 5.0�M (S/N = 3) and aKapp
M value of 2.0 mM. It could be used f

ow injection analysis of hydrogen peroxide with a liner range from 0.02 to 4.5 mM, sensitivity of 0.042�A/mM and analytical time of 20
er sample. This biosensor possessed good analytical performance and storage stability.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The rapid, accurate, reliable and reagentless analysis of
ydrogen peroxide is of great importance in chemical, bio-

ogical, clinical and many other fields. Most of the analyt-
cal techniques for hydrogen peroxide determination, such
s chromatographic, colorimetric, photometric and electro-
hemical methods, are generally time-consuming and dif-
cult for automation detection. Electrochemical sensors,
uch as amperometric biosensors, have been appeared as
he most convenient tools for hydrogen peroxide determi-
ation (Mulchandani and Pan, 1999; Liu and Ju, 2002; Yu
nd Ju, 2002; Delvaux et al., 2004). The stability and elec-
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trochemical characteristics of biosensor are governed b
enzyme immobilization on the transducer surface. The
lytical performance of the biosensors depends on bot
immobilization process and the matrix used for immobil
tion of the enzyme. Sol–gel technology has been widely
for the fixing or efficient encapsulation of biocatalysts
transducer surface (Gill, 2001; Kandimalla et al., in press).
Several HRP amperometric biosensors have been pro
for the determination of hydrogen peroxide using sol–
technology (Wang et al., 1998, 2000).

Sol–gel matrices possesses chemical inertness, ph
rigidity, negligible swelling in aqueous solution, high ph
tochemical and thermal stability and optical transpare
To improve the porosity and biocompatibility of sol–
matrices organically modified sol–gels (ormosils) have b
developed (Pandey et al., 2001a), which could efficiently
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retain the biocatalytic activity of the entrapped enzymes,
such as glucose oxidase and horseradish peroxidase (HRP)
(Pandey et al., 2001a, 2003). However, the conductive prop-
erties of ormosils are poor for the biosensing applications.
Thus, the conductive materials like carbon nanotubes (Gong
et al., 2004) and graphite (Pandey et al., 2001b, 2003)
have been doped in these matrices to enhance their conduc-
tive properties. A hydrogen peroxide sensor has also been
prepared by doping palladium in ormosil (Pandey et al.,
2001a).

However, for the electron transfer and sensitive detection
of hydrogen peroxide based on sol–gel technology, medi-
ator is highly necessary for HRP based biosensors, which
is generally added in the detection solution (Wang et al.,
1998, 2000; Yu and Ju, 2002). The encapsulation of media-
tor, such as ferrocene derivatives in a siloxane homopolymer,
for amperometric detection of peroxides has been reported
(Armada et al., 2004). However, leakage has been a main
problem for the entrapment of low molecular weight medi-
ator in sol–gel matrices. This limitation can be dissolved
through direct cross-linking of ferrocene derivatives with
long poly(oxyethylene) chain (Okawa et al., 1999) or con-
jugation with m-phenylenediamine polymer (Mulchandani
and Pan, 1999). Another way is to bind covalently fer-
rocene derivatives to flexible dendritic or polymeric back
bone and then the resulting materials are deposited on to
t rodes
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2. Experimental

2.1. Chemicals

Horseradish peroxidase (HRP EC 1.11.17, Sigma),
ferrocenemonocarboxylic acid (FMC, Sigma), poly ethyle-
neglycol (PEG, Sigma),N-hydroxysuccinimide (NHS,
Sigma), bovine serum albumin (BSA, Sigma), 3-(amino-
propyl)triethoxysilane (APTES, Fluka),N-(3-dimethylami-
nopropyl)N-ethylcarbodiimidhydrochlorid (EDC, Merck-
Schuchardt, Hohenbrunnbei München) and 2-(3,4
epoxycyclohexyl)-ethyltrimethoxy silane (Epoxy, Fluka)
were purchased from standard sources and used as received.
Multiwall carbon nanotubes (length 1–2�m, external
diameter 10–20 nm and surface area 40–300 m2 g−1) were
procured from Shenzhen Nanotech Port Co. (China). 30%
H2O2 purchased form Shanghai Jinlu Chemical engineering
Ltd. Co., China). 0.1 M pH 6.8 phosphate buffer (PBS) was
used as electrolyte solution.

2.2. Electrode modification

FMC–BSA conjugate was prepared using a carbodiimide
coupling reaction (Padeste et al., 2000) in a molar ratio of
1:30 (BSA:FMC). The glassy carbon electrode (GCE, 3-
mm diameter) was polished with emery paper (No. 2000),
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m et-
he surface or incorporated into the carbon paste elect
Losada et al., 1997; Koide and Yokoyama, 1999). This pape
emonstrated a novel approach for both encapsulatio

he mediator in ormosil and improvement of the conduc
ty using both ferrocene monocarboxylic acid–bovine se
lbumin (FMC–BSA) conjugate and multiwall carbon n
tubes (MWNTs). BSA is a well-known inert protein w
30–35 reactive primary amino groups and can pro

hermostabilization to several enzymes through hydro
ic interactions (Chang and Mohaney, 1995). Compared with
ther high molecular weight active proteins, BSA is ch
nd can conjugate a number of redox molecules (m

or) by that good electron mediation and high signal ca
enerated. This work used BSA to entrap ferrocene m
tor, thus a reagentless biosensor for hydrogen per
ould easily be developed by entrapping horseradish p
dase in the new ormosil composite doped with FMC–B
onjugate and MWNTs. The latter has appeared as h
onductive and catalytic nanomaterials in electrochem
pplications due to their unique mechanical, chemical
lectrical properties (Gavalas et al., 2001; Gong et a
004; Jiang et al., 2004). The presence of MWNTs in th
omposite facilitated the electron transfer among imm

ized enzyme, mediator and electrode. The conjugatio
ediator ferrocene to inert protein BSA was comparati

onvenient and could inhibit its leakage away from e
rode surface. The proposed biosensor exhibited good
ytical performance towards the quantification of hydro
eroxide.
.3- and 0.05-�m alumina slurry on a woollen cloth, resp
ively, then sonicated under a water bath for 10 min follo
y rinsing thoroughly with doubly distilled water. MWNT
ere sonicated in water bath for 20 min and ethanol

or another 30 min and dried at 80◦C for 30 min. Twenty
ve milligrams per millilitre of MWNTs suspension w
repared.

The FMC–BSA/MWNTs/ormosil composite was p
ared by mixing 125.0�l double distilled water with 25.0�l
% PEG, 17.0�l sol–gel precursors APTES, 9.0�l Epoxy,
.0�l 25 mg/ml MWNTs suspension, 10.0�L FMC–BSA
onjugate (2.64 mg protein/ml) and 2.0�l 0.1 M HCl sequen
ially. 3.0�l of the resulting homogeneous solution w
ast on well-polished glassy carbon electrode surface, w
as kept at room temperature (28◦C) for 4 h and 4◦C

or 20 h for the formation of FMC–BSA/MWNTs/ormos
omposite film. The formed ormosil film was wash
ith PBS and stored at 4◦C till use. For the preparatio
f HRP incorporated composite film, 10.0�l 3700 IU/ml
RP in pH 6.8 PBS was added to the mixture be
asting.

.3. Electrochemical studies

Electrochemical experiments were performed on a B
00B electrochemical analyzer (Bioanalytical Systems
ith a three-electrode system comprising a platinum wir
uxiliary electrode, a saturated calomel electrode (SC
eference and HRP/FMC–BSA/MWNTs/ormosil compo
odified GCE as working electrode. The cyclic voltamm
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ric (CV) and amperometric experiments were performed in
a thermostated electrochemical cell at 28◦C. The electrolyte
solutions were purged with highly pure N2 for at least 10 min
to remove O2 and kept under N2 atmosphere during the mea-
surements. Amperometric experiments were carried out in a
stirred system by applying a potential step of +220 mV to
the working electrode and adding successively freshly pre-
pared aliquots of H2O2 standard solution to the solution.
Current–time data were recorded after steady state current
achieved. The difference of the response (iss) upon addition
of H2O2 and the background current (i0) was reported as
currenti.

2.4. FIA experiments

The FIA experiments were carried out with a thin-layer
flow cell equipped with above three electrodes that were con-
nected to BAS 100B at a poised potential of +220 mV. A
BT00-100M peristaltic pump (Baoding, China) was used to
deliver flow stream at a flow rate of 1.0 mL min−1. 0.1 M pH
6.8 PBS was used as carrier buffer.

3. Results and discussion
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Fig. 2. Cyclic voltammograms of (A) ormosil (a), FMC-BSA/ormosil (b)
and FMC–BSA/MWNTs/ormosil composite film modified electrodes (c)
in 0.1 M pH 6.8 PBS at 100 mV/s and (B) FMC–BSA/MWNTs/ormosil
composite film modified electrode in 0.1 M pH 6.8 PBS at 5, 25, 100 and
150 mV/s (from internal to external).Inset: Plot of anodic peak current vs.
v1/2.

3.2. Electrochemical behavior of
FMC–BSA/MWNTs/ormosil composite

The cyclic voltammogram of the FMC-BSA/ormosil mod-
ified electrode showed a couple of obvious redox peaks +165
and +235 mV at 100 mV/s (Fig. 2A). Compared curve b with
curve a inFig. 2A, this couple of redox peaks could be
attributed to the reduction and oxidation of the immobilized
ferrocene group. In the composite film of MWNTs/ormosil,
the reduction and oxidation peak currents of the conjugate
increased from 0.45 to 0.86�A and 0.39 to 1.33�A (curve c
in Fig. 2A). Although larger background current occurred in
presence of MWNTs the FMC–BSA/MWNTs/ormosil com-
posite film showed a better CV shape, which was due to
the close interaction of MWNTs with the mediator. The
doped MWNTs improved greatly the conductivity of the
ormosil film and the electron shuttle between the medi-
ator and electrode. Furthermore, with a continous cyclic
scan the voltammetric responses of both modified electrodes
were stable, while the cyclic voltammograms of both the
FMC/ormosil and the FMC/MWNTs/ormosil composite film
modified electrodes showed decreasing peak currents (not
shown), indicating the leakage of FMC from electrode sur-
face. Thus, the encapsulation of FMC in a conjugated form
was significant.

NTs/or lm.
.1. Morphologies of ormosil composite film

Scanning electron micrographs (SEMs) were used to
ate the physical appearance and surface characteris

he ormosil composite (Fig. 1). The ormosil film was ver
mooth and crack free (Fig. 1a). After MWNTs were dope
n the ormosil film, the SEM showed homogeneous di
ution of the MWNTs in the film (Fig. 1b). The furthe
ntrapment of FMC–BSA in the/MWNTs/ormosil comp

te resulted in more bright particles of FMC–BSA conjug
olecules, which were distributed regularly and showe

slandlike structure (Fig. 1c). These features would help
etaining of dopants for long time and improving the elec
hemical behavior of the film. The presented gelatin prot
as very simple and fast and it did not require sonication

he homogenization of the precursors.

Fig. 1. Scanning electron micrographs of (a) ormosil film, (b) MW
 mosil composite film and (c) FMC–BSA/MWNTs/ormosil composite fi
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Fig. 3. Cyclic voltammograms of HRP/FMC–BSA/MWNTs/ormosil com-
posite film modified electrode (a) in absence and (b) in presence of 6.0 mM
H2O2 in 0.1 M pH 6.8 PBS at 100 mV/s.Inset: Cyclic voltammograms of
FMC–BSA/MWNTs/ormosil composite film modified electrode in absence
(a) and presence (b) of 6.0 mM H2O2 in 0.1 M pH 6.8 PBS at 100 mV/s.

With an increasing scan rate the CV peak currents of
the FMC-BSA/ormosil modified electrode increased and the
peak potentials almost kept at the constant values in the scan
rate range of 5–150 mV/s (Fig. 2B). The plot of the reduc-
tion peak current versus the square root of scan rate showed
a linear relation (inset inFig. 2B), which might be attributed
to a slow electron hoping across the matrix of the composite
membrane.

3.3. Electrochemical response of
HRP/FMC–BSA/MWNTs/ormosil composite to H2O2

Upon addition of 6.0 mM H2O2 to electrolyte an obvious
electrocatalytic response was observed. The reduction peak
current of the HRP/FMC–BSA/MWNTs/ormosil compos-
ite film increased and the oxidation peak current decreased
(Fig. 3), while the FMC–BSA/MWNTs/ormosil composite
film modified electrode did not show any change (inset in
Fig. 4). The formal potential of ferrocene derivative FMC-
BSA was obtained to be about +200 mV (versus SCE) from
its redox peak potentials, which was more positive than
that of −220 mV (versus SCE) for native HRP in solu-
tion (Harbury, 1957). These phenomena illustrated that the
HRP was entrapped efficiently and catalyzed the reduction
of H2O2 in presence of ferrocene. This process might be
e ties
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Fig. 4. Influence of applied potential on amperometric response of biosensor
in 0.1 M pH 6.8 PBS containing 3.0 mM H2O2. Inset: Effect of buffer pH
on amperometric response at an applied potential of +220 mV.

3.4. Optimization of measurement variables

Firstly, the effect of applied potential on the amperometric
response of the biosensor was evaluated in the range of +600
to +100 mV. The reduction of H2O2 was already observed
at an applied potential of around +400 mV. Upon decreasing
the applied potential from +400 to +220 mV, the steady-state
current increased due to the increased driving force for the
fast reduction of the mediator at the lower potentials (Fig. 4).
The reduced form of the mediator reduced further the oxi-
dized form of HRP to form reduced HRP, which catalyzed
the reduction of H2O2. The response approached a plateau
value at +220 mV, which was selected as the working poten-
tial for amperometric determinations of H2O2. The working
potential was much more positive than those of−150 mV (Yu
and Ju, 2002), −100 mV (Wang et al., 2000), –300 mV (Xiao
et al., 2000) and +100 mV (Mulchandani and Pan, 1999),
indicating a lower overpotential for H2O2 reduction at the
proposed biosensor.

With increasing of buffer pH the amperometric response
of the biosensor increased till pH 6.8. The further increase of
buffer pH led to decrease of the response, indicating that the
catalytic response were controlled by the enzymatic activity
in this region. Decrease in the response at high pH was pos-
sibly due to the decrease of enzymatic activity. The optimal
pH value was closer to other reports (Okawa et al., 1999;
D th
i lue
o
e 002;
D

o an
i f the
b rode
s rent
i due
t site,
w mo-
xplained by the biocatalytic oxidation of ferrocence moie
n the composite film by HRP in the presence of hyd
en peroxide and re-reduction of ferrocenium groups a
pplied potential (Armada et al., 2004, 2003). The porou
tructure of the composite film made the substrate ea
pproach the immobilized enzyme and facilitated the ap
riated interaction of the enzymatic redox centers with

errocence moieties. Thus, the composite film modified e
rode could be used as a biosensor for detection of hydr
eroxide.
elvaux et al., 2004). Enzymatic activity usually varies wi
ts vicinity (microenvironment), hence the optimal pH va
f HRP is varied from 5.5 to 7.4 in different reports (Okawa
t al., 1999; Mulchandani and Pan, 1999; Yu and Ju, 2
elvaux et al., 2004).
The concentration of enzyme in composite was als

mportant factor affecting the amperometric response o
iosensor. With increasing of enzyme level on elect
urface up to 0.55 IU per electrode the catalytic cur
ncreased (Fig. 5a), the response then reduced slowly
o the increased protein concentration in ormosil compo
hich restricted the approach of the substrate to the im
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Fig. 5. Dependence of amperometric response of biosensor in 0.1 M pH 6.8 PBS containing 3.0 mM H2O2 at +220 mV on amounts of (a) enzyme loading, (b)
FMC–BSA conjugate and (c) MWNTs in FMC–BSA/MWNTs/ormosil composite film.

bilized enzyme and reduced the conductivity of the com-
posite or both. Similarly, the level of FMC–BSA conjugate
also influenced greatly the signal (Fig. 5b). The maximum
response occurred at the conjugate amount of 0.013% (w/v)
in the composite. When the amount increased from this value
to 0.04% (w/v) the amperometric decreased by 15%. The
response decrease might be due to the restriction of the elec-
tron transfer and the transnational degree of movement of
encapsulated ferrocene and the decrease of enzyme-substrate
kinetics. Although MWNTs could improve the conductive
property of the composite film, which increased the ampero-
metric response of the resulting biosensor, a quick decrease
of the response was observed when the MWNTs amount in
the ormosil film was more than 0.05% (w/v) (Fig. 5c). The
similar appearance was also reported for determination of
dopamine and ascorbic acid (Jiang et al., 2004). Hence, the
amounts of 0.55 IU per electrode, 0.013% (w/v) conjugate
and 0.05% (w/v) MWNTs were used for biosensor prepara-
tion.

3.5. Analytical performance of biosensor

Under optimized conditions the typical current–time
response showed a good analytical performance (Fig. 6).

F cces-
s
c

Upon addition of H2O2 the amperometric response increased
and reached a maximum value within 5 s, indicating a fast
response. The faster response than those of HRP in silica
sol–gel (Li et al., 1996) and sol–gel/hydrogel composite
film (Wang et al., 2000) was mainly due to the biocompat-
ible microenvironment, good porosity and well conductive
properties of the MWNTs doped ormosil composite. The
sudden current decrease was observed at low H2O2 con-
centration due to the fast catalysis of HRP, which led to a
uneven concentration on electrode surface. With the increas-
ing H2O2 concentration the amperometric response increased
linearly in the range from 0.02 to 4.0 mM (R = 0.998) (inset
in Fig. 6). The detection limit was 5.0�M at a signal to
noise ratio of 3. At higher H2O2 concentration the plot
showed a Michaelis–Mentien type response. The appar-
ent Michaelis–Mentien constantK

app
M was calculated to be

2.0 mM from the Lineweaver–Burk plot (Kamin and Wilson,
1980) (inset in Fig. 6). This K

app
M value was smaller than

those of 4.8 mM (Li et al., 1996) and 4.6 mM (Wang et al.,
2000) for H2O2 biosensors based on sol–gel, 7.6 mM based
on sol–gel gold nanotubes (Delvaux et al., 2004), and close
to those of 2.3 mM based on gold colloid/cysteamine mod-
ified gold electrode (Xiao et al., 2000) and 2.5 mM based
on siloxane homopolymer (Armada et al., 2004). Low K

app
M

value indicated that the enzyme immobilized in the ormosil
composite retained its activity with a low diffusion barrier.
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ig. 6. Typical amperometric response of biosensor at +220 mV to su
ive addition of 0.5 mM H2O2 to 0.1 M pH 6.8 PBS.Inset: (a) Calibration
urve and (b) Lineweaver–Burk plot.
.6. Flow injection analysis

In order to evaluate the automatization possibility of
etection device and the stability of the biosensor in

inuous operation, flow injection analysis was carried o
poised potential of +220 mV. pH 6.8 PBS was used

arrier buffer, the flow rate was optimized to be 1.0 ml/
ased on the peak height and response time. As sho
ig. 7, the amperometric response increased linearly.

inear range was from 0.02 to 4.5 mM (R = 0.996) with a
ensitivity of 0.042�A/mM. To check the reproducibility o
esponse 2.0 mM H2O2 was injected for eight times su
equently, the response was stable with an RSD of
108± 2 nA), indicating that the response was reproduc
ach analysis could be completed within 20 s (Fig. 7) due
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Fig. 7. Flow injection analysis at flow rate of 1.0 ml/min 0.1 M pH 6.8 PBS
at an applied potential of +220 mV with successive injection of 0.02, 0.5,
2.0, 3.0 and 4.5 mM H2O2 (from peaks a to e) and eight successive additions
of 2.0 mM H2O2 (f).

to the porous and conductive properties of the ormosil
film.

3.7. Storage stability and fabrication reproducibility of
the H2O2 biosensor

The storage stability was determined by storing the per-
oxide biosensor at 4◦C under dry condition. After a storage
period of 3 months the biosensor kept 95% of its initial
response, indicating good stability due to the high biocom-
patibility of the ormosil composite. Six biosensors made
independently showed the relative standard deviations of
2.1% (47.6± 1.0 nA) and 1.3% (153± 2.0 nA) for current
detection of 0.5 and 3.0 mM H2O2 at +220 mV, displaying
an acceptable reproducibility.

3.8. Real sample analysis

In order to demonstrate the applicability of the pro-
posed biosensor for real sample analysis 0.5 and 2.0 mM
hydrogen peroxide solution were spiked in to milk sam-
ples, respectively. The recovery of the biosensor was 102%
(0.51± 0.05 mM,n = 3) and 106% (2.13± 0.29 mM,n = 3),
respectively. The milk sample without spiking H2O2 did not
show any detectable signal.

4

C–
B he
b osite
p pati
b elec
t sen-
s e
l era-

tional and storage stability. The entrapped enzyme is highly
stable and shows good affinity towards the substrates due to
the less diffusional barrier.
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