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a b s t r a c t

A simple and reliable one-pot approach was established for the development of a novel hydrogen per-
oxide (H2O2) biosensor based on in situ covalent immobilization of horseradish peroxidase (HRP) into
biocompatible material through polysaccharide-incorporated sol–gel process. Siloxane with epoxide ring
and trimethoxy anchor groups was applied as the bifunctional cross-linker and the inorganic resource
for organic–inorganic hybridization. The reactivity between amine groups and epoxy groups allowed the
covalent incorporation of HRP and the functional biopolymer, chitosan (CS) into the inorganic polysilox-
ane network. Some experimental variables, such as mass ratio of siloxane to CS, pH of measuring solution
and applied potential for detection were optimized. HRP covalently immobilized in the hybrid matrix
ol–gel
hitosan
orseradish peroxidase
ydrogen peroxide

possessed high electrocatalytic activity to H2O2 and provided a fast amperometric response. The lin-
ear response of the as-prepared biosensor for the determination of H2O2 ranged from 2.0 × 10−7 to
4.6 × 10−5 mol l−1 with a detection limit of 8.1 × 10−8 mol l−1. The apparent Michaelis–Menten constant
was determined to be 45.18 �mol l−1. Performance of the biosensor was also evaluated with respect to
possible interferences. The fabricated biosensor exhibited high reproducibility and storage stability. The
ease of the one-pot covalent immobilization and the biocompatible hybrid matrix serve as a versatile
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. Introduction

The determination of hydrogen peroxide (H2O2) is extensively
tudied in clinical diagnostics, chemical and pharmaceutical indus-
ry, environmental control. Amperometric biosensors based on
orseradish peroxidase (HRP) have emerged as the most conve-
ient tools for H2O2 determination due to the simplicity, high
ensitivity and selectivity [1–5]. To improve the performance and
ong-term stability of the enzyme electrode, effective immobiliza-
ion of HRP onto the transducer surface through suitable matrix is
f great significance.

In recent years, microencapsulation of enzyme in the silica
ol–gel matrix has applied as a new platform for the fabrication

f biosensors. Typically, those sol–gel matrices possess physical
igidity, chemical inertness, high photochemical biodegradation
nd negligible swelling in aqueous and organic solutions [2,6–9].
owever, silica sol–gel matrices are mainly prepared by using
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ation and biosensor fabricating.
© 2008 Elsevier B.V. All rights reserved.

etramethoxysilane (TMOS) or tetraethoxysilane (TEOS) as precur-
or. The poor water solubility of such precursors usually involves
nzyme immobilization in organic solvents. Therefore, develop-
ent of enzyme biosensors based on biocompatible silica sol–gel
atrix has attracted increasing attention recently. Despite the

ffects of designing new precursors with improved water solubility
nd biocompatibility [2,10], silica-based organic–inorganic hybrids
re adopted as attractive materials for biosensor fabricating [7,11].

As a biopolymer containing functional groups of –OH and
NH2, chitosan (CS) remains a focus of study as promising matrix
or enzyme immobilization due to the unique characteristics
1,11–15]. Recently, CS-based organic–inorganic hybrid materials
ave been widely developed as functional biomaterials [2,11,16,17].
he formed organic–inorganic hybrid could overcome the disad-
antages of pure CS materials such as unsatisfying mechanical
roperty, swelling, and solubility in acidic conditions. For example,

ang and Zhang developed a new amperometric H2O2 biosen-

or based on sol–gel process of THEOS in the presence of CS. HRP
ntrapped in the hybrid matrix could retain its native biocatalytic
ctivity and provide a fast amperometric response to H2O2 [2].
espite the formation of hydrogen bonds for preparing CS-based

http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
mailto:shushzhang@qust.edu.cn
dx.doi.org/10.1016/j.talanta.2008.09.004
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ybrid materials, cross-linked organic–inorganic hybridization
sing epoxy–siloxane is proposed in the pioneering works of Liu
nd Shirosaki [18–20]. In situ cross-linking of CS and the forma-
ion of hybrid using the reactivity between amine groups and
poxy groups have been revealed by a set of investigation such
s 29Si NMR, scanning and transmission electronic microscopy.
oreover, the hybrid membrane has been proved to possess high

ydrophilicity and good cytocompatibility. Very recently, we have
eveloped a new approach for direct preparation of porous func-
ional matrix based on surface imprinting coating technique and
uch CS-incorporated sol–gel process [21,22].

In this investigation, a novel H2O2 biosensor was devel-
ped based on in situ covalent immobilization of HRP by
ne-pot polysaccharide-incorporated sol–gel process. The silox-
ne with epoxide ring and trimethoxy anchor groups, �-
lycidoxypropyltrimethoxysiloxane (GPTMS), was applied as a
ifunctional cross-linker. The reactivity between amine groups
nd epoxy groups offered simple and convenient methodology for
ovalent incorporation of CS and HRP into inorganic polysiloxane
etwork. Such CS-incorporated sol–gel process was easily car-
ied out in aqueous medium without the addition of any organic
olvents. Due to the covalent immobilization of HRP, signal loss
esulting from the leaching out of enzyme from the electrode could
e avoided. The fabricated H2O2 biosensor showed promising per-
ormance. The preparation methodology and main characteristics
ere described and discussed in detail.

. Experimental

.1. Reagents

Horseradish peroxidase (EC 1.11.1.7, RZ > 3.0, 250 U mg−1) was
btained from Boao Biotechnology Co. Ltd., China. CS with 98%
eacetylation and an average molecular weight of 6 × 104 g mol−1

Yuhuan Biomedical Corp., China) and GPTMS (Alfa aesar) were
sed in this study. All other chemicals were of analytical reagent
rade and used without further purification. Hydrogen peroxide
olutions were prepared freshly using a 30% H2O2 solution (Nanjing
hemical Reagent Factory, China), and the concentration of H2O2
olution was determined by titration with KMnO4. The 0.02 mol l−1

hosphate buffer solutions (PBS) at various pH values were pre-
ared by first mixing the stock solutions of NaH2PO4 and Na2HPO4.
hen the pH was adjusted with 0.10 mol l−1 NaOH or H3PO4. Double
istilled water (DDW) was used throughout this work.

.2. Apparatus and instrumentations

Amperometric and cyclic voltammetric experiments were
erformed on a CHI 832B electrochemical analyzer and electro-
hemical impedance spectroscopy (EIS) was performed on a CHI
60C electrochemical analyzer (Shanghai CH Instrument Company,
hina). A conventional three-electrode system was used with bare
lass carbon electrode (GCE) or modified GCE as the working elec-
rode, Ag/AgCl electrode (saturated with KCl) or saturated calomel
lectrode (SCE) as the reference electrode, and platinum wire as
uxiliary electrode.

.3. Preparation of the H2O2 biosensor

Prior to use, bare GCE was polished with 1.0, 0.3, 0.05 �m

-Al2O3 slurry. The obtained electrode was rinsed with DDW fol-

owed by sequential sonicating in acetone, ethanol and DDW. The
RP-modified electrode was prepared by a simple casting method.
riefly, the CS stock solution (2.0 wt%) was firstly prepared by dis-
olving CS in 0.05 mol l−1 acetic acid. After stirring for 1 h, CS/HRP

G
A
p
r
G
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olution was obtained by blending such CS solution with 5 mg ml−1

RP solution at a volume ratio 2:1 (v/v). Using mass ratio of GPTMS
o CS of 3:2, GPTMS was then added. The resulting gel (10 �l) was
apidly deposited onto the pre-treated GCE surface and was dried
or 10 min at room temperature. Afterwards, the enzyme electrode
as thoroughly immersed in 0.02 mol l−1 PBS (pH 7.0) to wash out

he non-immobilized enzyme from the electrode surface.

.4. Characterization of the H2O2 biosensor

Cyclic voltammetric experiments were carried out in quiescent
olutions with the scan rate of 50 mV s−1. In steady-state ampero-
etric experiments, the potential was set at 0.05 V under magnetic

tirring. All potentials were reported versus the Ag/AgCl reference
lectrode. EIS was performed in 1.0 mmol l−1 K3Fe(CN)6/K4Fe(CN)6
1:1) mixture containing 0.1 mol l−1 KCl with the frequencies rang-
ng from 104 to 10−1 Hz. Saturated calomel electrode was used as
he reference electrode.

. Results and discussion

.1. Fabrication of the H2O2 biosensor

In the present investigation, in situ covalent immobilization of
RP via one-pot polysaccharide-manipulated sol–gel process was
sed for the fabrication of HRP/CS/GPTMS/Au biosensor. Due to the
ossession of epoxy group and trimethoxy anchor groups, GPTMS
cted as both inorganic resource and bifunctional cross-linker.
n the one hand, polysiloxane network for the organic–inorganic
ybrid formed resulting from self-hydrolysis and self-condensation
f GPTMS. On the other hand, the reactivity between amine groups
nd epoxy groups offered simple and convenient methodology for
ovalent incorporation of CS and HRP into the inorganic framework
18–22].

The advantages of the strategy for fabricating H2O2 biosen-
or come from the following three aspects. Firstly, the proposed
trategy was simple and mild. No addition of organic solvents and
ther catalysts were involved in CS-manipulated sol–gel process
23,24]. It was different from the microencapsulation of enzyme
sing sol–gel process of TMOS or TEOS. Secondly, a versatile way
or the fabrication of biosensors using covalent incorporation of
he enzyme was developed. The reactivity of amine groups on the
nzyme molecules appears to be universal [25–29]. The reaction
etween such amine groups and epoxy groups allowed in situ cova-

ent incorporation of HRP and CS into the inorganic polysiloxane
etwork. Thirdly, the CS/GPTMS hybrid materials have been proved
o possess high hydrophilicity [20].

.2. Effect of the mass ratio of GPTMS/CS in casting solution on
he characteristics of the biosensor

In the present investigation, the electrode was modified with
RP/CS/GPTMS hybrid film. The characteristics of the deposited
ybrid film could be controlled by changing the mass ratio of
PTMS to CS in casting solution. The modified electrodes prepared
ith different ratio of GPTMS/CS were investigated by evaluating

he peak current to 15 �mol l−1 H2O2 in the presence 1.0 mmol l−1

4Fe(CN)6. The concentration of all CS stock solutions was con-
rolled at 2.0 wt%. Results were shown in Fig. 1. The mass ratios of

PTMS to CS were 1:2, 1:1, 5:4, 3:2, 7:4, 2:1 and 5:2, respectively.
s shown, the molar ratios of GPTMS to CS greatly influenced the
erformance of the biosensor. It was found that too low GPTMS/CS
atio resulted in thin and unstable CS films. With the increase of
PTMS/CS ratio, the thickness of the hybrid films increased and the



1306 F. Li et al. / Talanta 77 (2009) 1304–1308

F
H
c

a
t
s
f
s

3
b

i
S
t
u
t
7
d
i
r

F
c
(

F
(
3
s

f

H

K
o

a
p
I
p
t

ig. 1. Effect of the mass ratio of GPTMS/CS on the peak current of the
RP/CS/GPTMS-modified electrode to 15 �mol l−1 H2O2 in 0.02 mol l−1 PBS (pH 7.0)
ontaining 1.0 mmol l−1 K4Fe(CN)6 at the applied potential of 0.05 V versus Ag/AgCl.

ttachment of the films to electrode became tight. However, too
hick film by high GPTMS/CS ratio would result in large noise and
low response of biosensors [30]. To make stable biosensors with
ast and large response, a mass ratio of GPTMS to CS of 3:2 was
elected for further investigation.

.3. Electrochemical characteristics of the developed H2O2
iosensor

The electrocatalytic behavior of HRP covalently incorporated
n the hybrid material was evaluated by cyclic voltammetry.
ince the proposed HRP electrode did not show direct elec-
ron transfer between immobilized HRP and GCE, K4Fe(CN)6 was
sed as the electron mediator. Cyclic voltammograms (CVs) of
he HRP/CS/GPTMS-modified electrode in 0.02 mol l−1 PBS (pH

−1
.0) were given in Fig. 2. When 40 �mol l H2O2 was intro-
uced, an obvious electrocatalytic response was observed with the

ncrease of reduction current and the decrease of oxidation cur-
ent. The response process of the biosensor may be expressed as

ig. 2. CVs of the HRP/CS/GPTMS-modified electrode in 0.02 mol l−1 PBS (pH 7.0)
ontaining 1.0 mmol l−1 K4Fe(CN)6 at a scan rate of 50 mV s−1 (a) without H2O2 and
b) with 40 �mol l−1 H2O2.

t
i
(
f
A

F
t
w

ig. 3. Typical CVs of the HRP/CS/GPTMS-modified electrode in 0.02 mol l−1 PBS
pH 7.0) containing 1.0 mmol l−1 K4Fe(CN)6 under different scan rates from 10 to
00 mV s−1. Inset showed the plots of peak current versus the square root of the
can rate.

ollows [31,32]:

2O2 + 2Fe(CN)6
4− + 2H+ HRP−→2H2O + 2Fe(CN)6

3−

In the presence of immobilized HRP, K4Fe(CN)6 was oxidized to
3Fe(CN)6 and K3Fe(CN)6 was subsequently reduced at the surface
f the electrode.

The CVs of the developed biosensor to various scan rates were
lso investigated. As shown in Fig. 3, well-characterized redox
eaks were observed when scan rate ranged from 10 to 300 mV s−1.

n addition, it was found from inset that the peak currents were
roportional to the square roots of the scan rates, which showed a
ypical diffusion-controlled electrochemical behavior.

EIS has been used to characterize the interface properties of
he modified electrodes. Fig. 4 showed the typical results of AC

mpedance spectra of the bare GCE (curve a), CS/GPTMS/GCE
curve b), and HRP/CS/GPTMS/GCE (curve c). The electron trans-
er resistance (Ret) of a bare GCE was estimated to be 1172 �.
fter CS/GPTMS hybrid film formed on the surface of GCE, the

ig. 4. EIS for (a) bare GCE, (b) CS/GPTMS/GCE, and (c) HRP/CS/GPTMS/GCE in a solu-
ion of 0.1 mol l−1 KCl containing 1.0 mmol l−1 Fe(CN)6

3− and 1.0 mmol l−1 Fe(CN)6
4−

ith SCE as the reference electrode.
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Fig. 5. (a) Typical amperometric response of the fabricated biosensor to succes-
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alue of Ret was found to be 3703 �, implying CS/GPTMS hybrid
lm that obstructs the electron transfer of the electrochemical
robe. When HRP was incorporated into the hybrid material, the
et of HRP/CS/GPTMS/GCE electrode was calculated and equalled
o 8409 �. The increase of Ret resulted from the hindered pathway
f electron transfer by HRP. The results demonstrated that HRP was
uccessfully immobilized into the CS/GPTMS hybrid film.

.4. Influence of pH and applied potential on biosensor response

The dependence of the biosensor response on pH of the mea-
urement solution was investigated. The pH of the solution ranged
rom 6.0 to 8.0. The current response increased from pH 6.0
nd reached the maximum at pH 7.0. Then, the current response
ecreased from pH 7.0 to 8.0. Therefore, the suitable pH with the
aximum activity of the immobilized HRP was at pH 7.0, which
as in agreement with that reported for soluble HRP [2]. The cova-

ent immobilization of HRP and the GPTMS/CS hybrid matrix did
ot alter the optimal pH value for the catalytic behavior of HRP.

Further studies were performed to investigate the dependence
f the biosensor response on the applied potential. Amperometric
esponses of the proposed biosensor to H2O2 at different potentials
ere examined. Results showed that applied potential possessed

ignificant effect on the response of the biosensor. Little current
as seen at 0.20 V, but current was highly increased at 0.10 V. The

urrent response arrived at a maximum value at 0.05 V and a flat
tep was observed from −0.05 to −0.15 V. As a result, the operating
otential of 0.05 V was determined to give a good sensitivity for
urther study.

.5. Amperometric response of the developed H2O2 biosensor

Amperometric response of the HRP/CS/GPTMS/GCE electrode to
uccessive addition of H2O2 in 0.02 mol l−1 PBS (pH 7.0) containing
.0 mmol l−1 K4Fe(CN)6 was given in Fig. 5. The concentration of
2O2 in the solution was also indicated in Fig. 5. When H2O2 was
dded to the stirring PBS, the biosensor responded rapidly and 95%
f the steady-state current could be obtained within 5 s (Fig. 5a).
uch a rapid response could attribute to the fast diffusion of the
ubstrate in the porous and open frameworks of sol–gel hybrid
lm. Moreover, well-defined current proportional to H2O2 con-
entration has been observed. Fig. 5b displayed calibration curve
f the amperometric response of the biosensor to the concentra-
ion of H2O2. Inset showed the linear part of the calibration curve.
he linear range of the proposed biosensor for the determination
f H2O2 was found to be 2.0 × 10−7 to 4.6 × 10−5 mol l−1 with a
lope of 84.3 �A ml mol−1 and a correlation coefficient of 0.9991
n = 26). The detection limit of 8.1 × 10−8 mol l−1 was estimated at
signal-to-noise ratio of 3.

When H2O2 concentration was larger than 4.6 × 10−5 mol l−1,
he current response showed a level-off tendency and the curve
ended to maximum at 8.8 × 10−5 mol l−1 H2O2, demonstrating the
ypical Michaelis–Menten kinetic characteristic of enzyme-based
lectrode.

The apparent Michaelis–Menten constant (Kapp
M ) can give an

ndication of the enzyme–substrate kinetics. It could be calculated
rom the electrochemical version of the Lineweaver–Burk equation
33]:

1 1 Kapp
Iss
=

Imax
+ M

ImaxC

where Iss was the steady-state response current after the addi-
ion of substrate, Imax was the maximum current measured under
aturated substrate conditions, C referred to the bulk concen-

e
f
t
t
t

ive addition of H2O2 into stirring 0.02 mol l PBS (pH 7.0) containing 1.0 mmol l
4Fe(CN)6. Applied potential was 0.05 V versus Ag/AgCl and (b) calibration curve
etween the current and the concentration of H2O2. Inset showed the linear part of
he calibration curve.

ration of the substrate. In our work, Kapp
M was estimated to be

5.18 �mol l−1. This value was much smaller than HRP entrapped in
HEOS–CS gel and TMOS sol–gel [2,34], indicating that the present
lectrode exhibits a higher affinity for H2O2. The covalent immobi-
ization of HRP for the fabrication of as-prepared electrode appears
o be beneficial to improve biosensor’s performance.

.6. Reproducibility and stability of the developed H2O2 biosensor

The reproducibility and its storage stability of the developed
iosensor in a drying state at 4 ◦C were investigated. Results showed
hat the current response to 15 �mol l−1 H2O2 was not lowered
fter the biosensor was tested continuously for 30 times. To evalu-
te the electrode-to-electrode reproducibility, six biosensors were
repared under the same conditions independently. The R.S.D.
3.1%) obtained with the present method indicated an acceptable
lectrode-to-electrode reproducibility. The storage stability of the

abricated biosensor was examined by intermittently measuring
he current response to H2O2 standard solution every 3 days in
he period of 2 months. The catalytic current response could main-
ain about 81% of its original response in 2 months. The good



1308 F. Li et al. / Talanta 77 (2

Table 1
H2O2 concentration in real samples tested by the developed H2O2 biosensor

COriginal (�mol l−1) CAdded (�mol l−1) CFound (�mol l−1) Recovery (%)
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1.000 1.500 2.469 97.9
8.000 6.000 14.110 101.8
0.000 5.000 25.276 105.5

eproducibility and storage stability were ascribed to the covalent
mmobilization of HRP in CS/GPTMS hybrid films which provided a
iocompatible microenvironment [20,21,35].

.7. Selectivity and recovery experiments of the developed H2O2
iosensor

The selectivity of the developed H2O2 biosensor was evalu-
ted by studying the effect of substances that might interfere with
he determination of H2O2. The current obtained for each poten-
ial interfering substance (0.10 mmol l−1) in the presence of H2O2
30.0 �mol l−1) was compared. Glucose, sucrose, ethanol, acetic
cid, citric acid and cystine did not cause any observable inter-
erence. Only ascorbic acid interfered significantly. Ascorbic acid
an reduce the hexacyanoferrate(III) produced in the peroxidase
eaction and thus interfered the determination of H2O2.

In order to demonstrate the analytical applicability of developed
2O2 biosensor, recovery experiments of three real H2O2 samples
ere performed by standard addition method. As listed in Table 1,

he recovery rate was in the range 97.9–105.5%. It can be seen that
he results in Table 1 were satisfactory.

. Conclusion

The successful preparation of the H2O2 biosensor demonstrated
he efficiency of in situ covalent immobilization of enzyme using
olysaccharide-incorporated sol–gel process. Such one-pot process
ffered simple and convenient methodology and could be easily
arried out in aqueous medium without the addition of any organic
olvents. The enzyme covalently immobilized in such biocompati-
le hybrid matrix possessed high electrocatalytic activity and fast
mperometric response to H2O2. The ease of the one-pot covalent

mmobilization and the biocompatible matrix endowed the elec-
rode with high reproducibility and storage stability. The promising
erformance of the developed biosensor makes this methodologi-
al study and application attractive in enzyme immobilization and
abrication of biosensors.
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