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for stable biosensor of hydrogen peroxide

Hui Yao, Nan Li, Shu Xu, Jin-Zhong Xu, Jun-Jie Zhu∗, Hong-Yuan Chen
Key Lab of Analytical Chemistry for Life Science, Department of Chemistry, Nanjing University, Nanjing 210093, PR China

Received 16 June 2004; received in revised form 13 August 2004; accepted 13 August 2004
Available online 8 December 2004

Abstract

A novel organic–inorganic nanocomposite of methylene blue (MB) and silicon oxide was synthesized and characterized by TEM, FTIR,
and UV–vis. The as-prepared material was able to transfer the electron of the MB to electrode and was different from other SiO2 spheres
structurally. It can be used as mediator to construct a biosensor with horseradish peroxidase (HRP) coimmobilized in the gelatine matrix
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nd cross-linked with formaldehyde. The resulting biosensor exhibited fast amperometric response and good stability to hydroge
H2O2). The linear range for H2O2 determination was from 1× 10−5 to 1.2× 10−3 M, with a detection limit of 4× 10−6 M based on S/N = 3
oreover, the lifetime is more than 3 months under dry conditions at 4◦C.
2004 Elsevier B.V. All rights reserved.
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. Introduction

In the last few years, numerous investigations have been
arried out on electrochemical biosensors, due to their pos-
ibility to couple the rapidity, selectivity, sensitivity and low
ost of chemical analysis (Kurzawa et al., 2002; Kong et al.,
003; Khoo and Chen, 2002). The simplest biosensor format
onsists of a thin layer of protein (such as enzyme, antibody,
NA), which can be used for direct measurement. However,

n addition to the leaching of the protein, various factors can
rohibit direct electron transfer between electrodes and pro-

eins, including the deep burial of the electroactive cofactors
n the protein structure, denaturation of the protein at the
lectrode surface, and unfavorable orientation of the protein.
uch effort has been focused on facilitating electron trans-

er between proteins and electrodes, including using electron
ransfer mediators, where immobilization of the mediator is

∗ Corresponding author. Tel.: +86 25 83594976; fax: +86 25 83317761.
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as important as that of the enzyme (Chaubey and Malhotr
2002).

A series of organic dyes have been used as elec
surface modifiers, such as methylene blue (Arvand et al.
2003), methylene green (Munteanu et al., 2001), prussian
blue (Karyakin et al., 2004), phenazines (Pessoa et al., 1997),
and thionin (John and Ramaraj, 2004), all displaying excel
lent mediating ability in bioelectrocatalytic reduction of
drogen peroxide. Methylene blue (MB), a cationic dye wh
electrochemical properties are well known in the solu
phase, has been used as a redox indicator since its f
potential,E◦, is between 0.08 and−0.25 V (versus SCE) i
solution with pH 2–8. This redox potential is close to tha
most biomolecular redox potentials. A modified carbon e
trode based on using this dye as an electron mediator s
may be of great interest (Dias et al., 2002). However, suc
low molecular weight soluble mediator is disadvantageo
it can leach out of the electrode, which may lead to a sig
cant signal loss and affect the stability of biosensor. In o
to overcome these shortcomings, we have developed a
956-5663/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2004.08.051
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kind of organic–inorganic nanocomposite material composed
of methylene blue and SiO2 as mediator.

Nanoparticles frequently display unusual physical (struc-
tural, electronic, magnetic, and optical) and chemical (cat-
alytic) properties. All these properties make nanoparticles
suitable for application in different fields of analytical chem-
istry, such as optoelectronics and chemical- and bio-sensing.
Furthermore, because of the large specific surface area and
high surface free energy, nanoparticles can also be used in
constructing electrochemical biosensors. For example, metal
nanoparticles such as gold or silver nanoparticles can be used
to promote electron transfer between proteins and electrodes
(Su et al., 2001; Cai et al., 2002). Willner and co-workers
applied semiconductive nanoparticles to organize the bio-
electrochemical devices (Katz et al., 2004). These nanopar-
ticles were often fabricated on the surface of electrode by
self-assembling method. However, the above fabrication pro-
cess of generation of biosensors is relatively complicated.
Recently, silica based solid support has been used effectively
for the immobilization of various bimolecular such as en-
zymes, proteins, and DNA (Fang et al., 1999; Yakovleva
et al., 2003; Cox et al., 2003). Although the sol–gel tech-
nology can provide an efficient means to prepare a three-
dimensional network suited for the encapsulation of a vari-
ety of biomolecules, the silica cannot transfer electron from
biomolecules to electrodes. Organic–inorganic nanocompos-
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Shanghai Chemical Reagent Company (Shanghai, China).
The concentration of the diluted hydrogen peroxide solu-
tions prepared was determined by titration with cerium(IV)
to a ferroin endpoint. All other reagents were of analytical
grade. All the solutions were prepared with doubly distilled
water.

2.2. Apparatus and measurements

All electrochemical experiments were carried out in a
three-electrode cell controlled by CHI 660 electrochemical
workstation (CH Instruments, USA). A H2O2 biosensor was
used as the working electrode. Reference and counter elec-
trodes were a SCE and platinum wire, respectively. Fourier
transform infrared (FTIR) spectra by KBr pellets were ob-
tained in the range of 500–4000 cm−1 on a Bruker 22 FTIR
spectrometer at room temperature. UV–vis absorption spec-
tra were obtained with UV-3100 spectrophotometer (SHI-
MADZU) at room temperature. The images for transmission
electron micrographs (TEM) were obtained with a JEOL-
JEM 200CX electron microscope.

2.3. Preparation of silica/MB composites

An amount of 0.1 g of MB was dissolved in a mixed solu-
tion of 2 ml TEOS and 10 ml ethanol in a 50 ml beaker. Then
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tes have become attractive for many new electronic,
ical or magnetic applications in catalysis (Mecking and
homann, 2000), chromatography (Bottoli et al., 2002), and
ptics (Amalvy et al., 2001). However, to the best of o
nowledge, there are few reports about organic–inorg
anocomposite as mediator on their application of ele
nalysis.

In this paper, a novel organic–inorganic nanocompo
ombining the efficient electrocatalytic properties of M
ith the physical properties of the SiO2 was synthesized an
as used for immobilization of enzyme to construct a hy
en peroxide (H2O2) biosensor. A natural polymer, gelat
as used as a structural material for designing functi

ayers. Gelatin was selected here because of its exc
embrane-forming ability, good adhesion, biocompatib
nd non-toxicity (Segtnan et al., 2003). The optimized cond

ions of the enzyme electrode were studied, and the anal
erformance of the biosensor was evaluated.

. Experimental

.1. Reagents

Horseradish peroxidase (HRP, BE 1841) was obta
rom Sigma (USA). Tetraethyl orthosilicate (TEOS) w
btained from Tianjin Reagent Factory (Tianjin, Chin
ethylene blue (MB, not purified before use) was p

hased from Third Chemical Factory of Shanghai (Sh
ai, China). H2O2 (30% w/v solution) was purchased fro
ml ammonia and distilled water were added till the total
me rose to 50 ml. This solution was irradiated with a h

ntensity ultrasonic horn (Sonics, Model VCX750, 1.25
i-horn, 20 kHz, 100 W/cm2) under ambient air for 30 m
nd a blue colloid solution was obtained. After cooled
oom temperature, the colloid were centrifuged and wa
y ethanol and distilled water in sequence for two times
pectively.

.4. Construction of the SiO2–MB/gelatine modified
RP electrode

Gelatine solution (1%) was prepared by dissolving g
ine flake in hot doubly distilled water.

Glassy carbon working electrodes (GCE, 3 mm diam
ere polished successively with 1.0, 0.3, and 0.05�m alu-
ina powder on chamois leather, and rinsed thoroughly
oubly distilled water between each polishing step. Next
olished electrode was sonicated in 1:1 nitric acid, ace
nd doubly distilled water and then allowed to dry at ro

emperature.
An amount of 0.2 mg of HRP and the same amoun

iO2–MB composite were dissolved in 0.5 ml of gelatine
ution (1%), and then 10�l of formaldehyde solution wa
dded into the enzyme solution. The mixture was hand-m
ompletely. The GCE was coated with a drop of 10�l of the
esulting mixture and then was left for at least 24 h at 4◦C.
hus, HRP and SiO2–MB composite were entrapped in t
embrane. The enzyme biosensors were stored at 4◦C in a

efrigerator when not in use.
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3. Results and discussion

3.1. Characteristics of the material

The TEM images (Fig. 1) exhibited the structure of the
SiO2–MB composite nanoparticles. The composites were
uniform spheres with the average size of ca.120 nm. Com-
pared with the smooth SiO2 spheres prepared in the same
condition in the absence of MB, the composite spheres were
much rougher on surface. As shown in the TEM image
(Fig. 1b), a single sphere was congregated with many smaller
colloid particles. What is more, many dispersed small colloid
nanoparticles were also found during the reaction, and the
percentage and size of spheres increased with time. It proved
that the TEOS would first decompose and combine to small
particles and the spheres were congregated by these initial
particles gradually. For this growth mechanism, we can also
control the size of the spheres from decades to hundreds of
nanometer. Because MB can dissolve in the TEOS/EtOH so-
lution, once the TEOS decomposed and combined to SiO2
nuclei and particles, MB would be adsorbed on their surface
or combine with SiO2 continuously. At last, the homogeneous
SiO2–MB composites were formed after the congregation.
The structure of the composite we prepared was quite differ-
ent from the general SiO2 sphere with MB adsorbed on the
surface, and the simple core-shell structure in which the MB
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Fig. 2. UV–vis spectra (A) and FTIR spectra (B). Curves: (a) MB, (b) SiO2,
(c) MB–SiO2.

Fig. 2A showed the UV–vis spectra of the MB, SiO2 and
MB–SiO2 composites in water from 200 to 900 nm. It was
thus observed that the UV–vis spectrum for the MB–SiO2
composites from 200 to 400 nm appeared to be a simple over-
lapping of two spectra for the dye and SiO2. However, there
existed a slight blue shift for the composites. It suggested cer-
tain interactions between MB and SiO2 in the composites. It
can be observed inFig. 2A that MB has a prominent peak
at around 664 nm and a hump at around 614 nm. In the case

ges of S
as enwrapped by a SiO2 shell. For the general SiO2 sphere
he quantity of MB was low and the MB molecules were e
o desorbing. For the simple core-shell structural MB/S2
he electron transfer capability between the MB and elec
as low due to the poor conductivity of SiO2 shell. The as
repared product was much more stable and containe
B molecules in a high concentration. On the other han

he case of the composite sphere, the MB molecules h
eneously presented inside the inner and easily trans
lectron through the nanoparticles directly. Furthermore

ormed rough surface was also more effective in adsor
f the protein molecule.

Fig. 1. TEM ima
 iO2/MB particles.
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of MB–SiO2 composites (Fig. 2A, curve c), the absorption
peaks at 664 nm disappeared, with the reaction of the SiO2,
whereas the peak at around 614 nm shifted slightly towards
lower wavelength (by about 10 nm). This was normally at-
tributed to the dimeric form of the dye (Jockusch and Turro,
1995).

Fig. 2B showed the FTIR spectra of the MB, SiO2, and
their composites. The characteristic peaks of SiO2 at∼3430,
1103,∼965, and∼801 cm−1 and of MB at∼1600,∼1398,
∼1351,∼1338, and∼882 cm−1 appeared in the MB–SiO2
nanocomposites. However, there were some differences be-
tween the IR spectra of MB–SiO2 and the spectra of MB
and SiO2. For MB (Fig. 2B, curve a), the adsorption band
at 1600 cm−1 corresponding to the vibration of the aromatic
ring shifted to 1605 cm−1 in the IR adsorption of the com-
posites. For SiO2 (Fig. 2B, curve b), the adsorption band at
1103 cm−1 attributed to Si O Si stretching vibration shifted
to 1096 cm−1. Thus, it can be concluded that the MB formed
a composite with the SiO2 by a bonding interaction between
the Si–O groups of SiO2 and the nitrogen of the aromatic ring
of MB (Watanabe et al., 1999).

3.2. Electrochemical studies

3.2.1. Electrochemical characteristics of the
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Fig. 4. Cyclic voltammograms of SiO2–MB–gelation-GC in the absence of
H2O2 (a) and in the presence of 2.1 mM H2O2 (b) in pH 7.0 PBS at scan
rate of 100 mV/s.

portional toυ at the above scan rate range, suggesting that
peak currents were surface-confined. This suggested that the
mediator was immobilized in the surface of the electrode suc-
cessfully (Xu et al., 2003).

3.2.2. Electrochemical response to hydrogen peroxide
Fig. 4showed the cyclic voltammetric behavior of the en-

zyme electrode. In blank phosphate buffer, the enzyme elec-
trode only gave the electrochemical behavior of methylene
blue. There was a pair of quasi-reversible anodic and ca-
thodic waves. When 2.1 mM H2O2 was added into the solu-
tion, cathodic peak current increased significantly. With an
increase of reduction peak current, the oxidation peak cur-
rent decreased. A small peak-potential shift towards negative
direction with the increase of H2O2 concentration was ob-
served. The reaction mechanism of the sensor was summa-
rized as follows (Aoki and Kaneko, 1988):

HRP reduced hydrogen peroxide to water:

H2O2 + HRP → H2O + HRP-I

HRP can be regenerated by using a mediator through two
separate one-electron steps:

HRP-I + (MB–SiO2)red → HRP-II + (MB–SiO2)ox

H

(

M lead-
i that
m ely
s ctive
c

oimmobilization of HRP and MB–SiO2 nanocomposite
n gelatine membrane modified GC electrode

Typical cyclic voltammograms of MB–SiO2/HRP in
.1 M phosphate buffer solution (pH 7.0) at different s
ates were shown inFig. 3. It was clear that the peak poten
as independent of the scan rate in the range between 2
00 mV s−1. From this result, we confirmed that MB–Si2
omposites have good electrochemical reversibility. Both
nodic peak current and the cathodic peak current were

ig. 3. Typical cyclic voltammograms of MB–SiO2/GCE at different sca
ates (from inner to outer): 25, 50, 75, 100, 120, 140, 160, 180, 200
00 mV s−1 in the 0.1 M phosphate buffer (pH 7.0). Inset shows the
urrent dependence on the scan rate,υ.
RP-II + (MB–SiO2)red → HRP + (MB–SiO2)ox

MB–SiO2)ox + 2e → (MB–SiO2)red

B can then be recycled at the electrode as the mediator
ng to an increase of its reduction current. This indicated

ethylene blue incorporated in this matrix could effectiv
huttle electrons between the base GCE and the bioa
enter of HRP in the membrane.
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3.2.3. Optimization of hydrogen peroxide monitoring
In order to determine the optimal working potential for

H2O2 sensing, a plot of chronoamperometric current versus
working potential was made. It was observed that the steady-
state current changed with an increase of applied potential
from −0.2 to–0.5 V, the potential reached−0.3 V, the elec-
troreduction of H2O2 reached a plateau. Hence, the potential
of −0.3 V was selected as the optimized monitoring potential.

The effect of pH on the enzyme electrode was investigated
in the pH range 5.0–9.0 in the presence of 0.05 mM H2O2 at a
working potential−0.30 V. It can be observed that the current
response of the electrode was suitable in the pH range 5–7.5;
however, it dropped quickly in the pH range 7.5–9. Therefore,
we chose pH 7.0 phosphate buffer solution throughout this
study, which is close to the optimum pH 7.0 observed for
soluble peroxidase (Maehly, 1995).

The effect of temperature on the biosensor was examined
between 15 and 55◦C. It was observed that an increase of
temperature enhanced the sensitivity of the electrode to hy-
drogen peroxide, which reached a maximum value at 30◦C.
However, the further increasing temperature led to a decrease
of the response possibly, because of the partial denaturation
of the enzyme and the possible dissolution of the gelatine
film (Segtnan et al., 2003).
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0.01 to1.2 mM. The detection limit was 4�M when the signal
to noise ratio is 3.

The apparent Michaelis–Menten constantK
app
M was gen-

erally used to evaluate the biological activity of immobi-
lized enzyme and it could be calculated according to the
Michaelis–Menten equation:

i = imax − K
app
M

(
i

C

)

wherei is the steady-state catalytic current,imax the maxi-
mum current measured under saturated substrate conditions,
C referred to the H2O2 concentration andKapp

M stands for the
apparent Michaelis–Menten constant of the system.K

app
M ,

in this work, was evaluated as 0.9 mM (Kamin and Wilson,
1980), which revealed that the whole system was controlled
by the catalytic kinetic process of the enzyme. The stability
of the biosensor was investigated by amperometric measure-
ments in the presence of 0.05 mM H2O2 periodically. It was
found that the biosensor retained its original response after
1 month of testing. When not in use, it was stored under
dry conditions at 4◦C in a refrigerator. The response of the
sensor was maintained about 70% of the initial values after
storage for more than 3 months. The good long-term stabil-
ity can be attributed to the great stability of the mediator and
the excellent biocompatibility and the stabilizing microen-
vironment around the enzyme provided by the organically
m
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.2.4. Steady-state amperometric response to hydroge
eroxide

Fig. 5 displayed the dynamic response of the elect
nder the optimal experimental conditions with succes

njections of H2O2 to the phosphate buffer solution und
tirring. The trace clearly demonstrated the fast respons
igh sensitivity of the electrode to H2O2. The time require

o reach 95% of the maximum steady-state current was
han 20 s. The response to H2O2 was linear in the range fro

ig. 5. Dynamic response of the H2O2 biosensor to successive addition
a–b) 0.02 mM, (b–c) 0.05 mM, (c–d) 0.1 mM, (d–e) 0.5 mM H2O2 steps in
he solution at the working potential of−0.3 V. Inset shows the calibratio
lot between the current and the concentration of H2O2.
odified gelatine composite matrix.

. Conclusions

We have developed a novel organic–inorganic nano
osite as mediator, which is composed of MB and SiO2. The
rganic–inorganic nanocomposites and HRP have been
essfully immobilized in the gelatine cross-linked matrix
he electrode. The biosensor that was studied exhibite
esponse, good reproducibility, and long-term stability.

In this paper, several merits of utilizing the organ
norganic nanoparticles are highlighted. First, the as-prep

B–SiO2 nanoparticles were congregated with many sm
omogeneous MB–SiO2 composites and quite different fro

he simple core-shell MB–SiO2 in structure. Therefore, the
anoparticles can act as tiny conduction centers and fac
ffectively the transfer of electrons from the base elect

o the bioactive center of HRP in the membrane. Second
anocomposite can provide a three-dimensional interfa
bsorb the enzyme, thus, it can increase the enzyme loa
hird, the nanocomposite is about 120 nm that can be
essfully entrapped into gelatine cross-linked matrix. T
t can avoid the mediator leaching from the surface of e
rode under the operation conditions. The resulting biose
xhibits high sensitivity and good stability implying that t
anocomposite can provide a suitable microenvironmen
nzyme. In addition to the use of this nanocomposite
ediator, other applications are being developed in our
ratory.
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