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Abstract

A water-soluble chitosan derivation O-carboxymethyl chitosan (CMCS) was developed for the efficient immobilization
of horseradish peroxidase (HRP) to construct a H2O2 biosensor. Fourier Transform Infrared (FT-IR) spectrophotometer,
Atomic Force Microscope (AFM) and electrochemical method were used to characterize the biosensor. The biosensor was
used to determine hydrogen peroxide (H2O2) quantitatively in the presence of methylene blue which was used as a mediator
to transfer electrons between the electrode and HRP. It offered a linear range of 2.0 · 10�6–3.7 · 10�5 and 4.2 · 10�5–
4.57 · 10�4 M, with a detection limit of 5.32 · 10�7 M estimated at a signal-to-noise ration of 3. The apparent Michae-
lis–Menten constant ðKapp

M Þ of the biosensor was 3.544 · 10�5 M.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Enzymes have been widely used in food industry,
biosensor and many other areas [1]. Compared with
the conventional chemical catalysts, they exhibit a
number of advantageous features such as selectivity
and efficiency [2]. However, there still exist some
practical problems in the use of them, such as the
short operational lifetimes and the instability of
the structures once they are isolated from their nat-
ural environments. Therefore, methods should be
proposed to overcome these shortcomings. The
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most successful one is the immobilization of
enzymes on different substrate. Compared with free
enzymes in solution, the immobilized enzymes are
more robust and have the advantages as more con-
venient handling, easy separation from the product,
operational stability, more resistant to environmen-
tal changes and feasibility of the reuse. Many meth-
ods have been applied for the immobilization of
enzymes, such as the attachment of them to the pre-
fabricated carriers by covalent, adsorption or ionic
bindings, cross-linking [3–6] with other multifunc-
tional reagents and encapsulation or inclusion in
membranes or sol–gel matrix [7].

The silica sol–gel technique has been widely used
in recent years [8]. It possesses the characters such as
biocompatible, physical rigidity, chemical inertness
.
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and thermal stability [9–12]. However, the single
inorganic sol–gel film is easy to crack which hinders
its wide adoption as an immobilization matrix for
biomolecules. In order to improve the performance
of the sol–gel materials, some polymers such as
polyvinyl alcohol [13], polyethylene oxide [14] and
chitosan [15] have been hybridized into the sol–gel
matrix. The hybridized matrix can combine the mer-
its of sol–gel matrix with the intrinsic properties of
the hybrid polymers.

Chitosan, as one of the most promising natural
polymer with the advantages such as biodegradabil-
ity, chemical inertness, nontoxicity, biocompatibil-
ity, high mechanical strength, good film-forming
properties, and low cost [13,16], has been widely
used for the immobilization of enzymes with silica
sol–gel method. Several enzymes such as urease
[17], lipase [18], tyrosinase [19], and HRP [15] have
been immobilized on the matrix containing chitosan
by silica sol–gel method.

Despite some recent researches into the utiliza-
tion of chitosan, the poor solubility in aqueous solu-
tion prevents its widespread utilization. Thus we try
to use the water-soluble chitosan derivation O-carb-
oxymethyl chitosan (CMCS) as a substitute for the
immobilization of enzymes. CMCS is an aliphatic
ether derivative, and is achieved by means of car-
boxymethylation, and only –OH of chitosan was
substituted by –CH2COOH. The –COOH and –
NH2 groups could be functionalized with various
biomolecules with their covalent coupling. On the
other hand, CMCS is not only soluble in water,
but also has unique chemical, physical and biologi-
cal properties such as high viscosity, large hydrody-
namic volume, low toxicity and biocompatibility
[20]. The good film forming capabilities made it per-
fect in the immobilization of enzymes and the con-
struction of biosensors. However, to the best of
our knowledge, the CMCS has never been used as
the enzyme immobilization matrix in biosensor sys-
tems so far. In the present paper, the CMCS was
combined with silica sol–gel method for the immo-
bilization of HRP to construct a H2O2 biosensor.
As direct electron transfer between an enzyme and
the electrode can be comparatively slow and difficult
to detect, mediators, such as (2-aminoethyl)ferro-
cene, quinone derivatives, ruthenium complexes,
ferricyanide, phenothiazine compounds and organic
conducting salts [21] have been employed to shuttle
electrons between the enzyme and the electrode. In
this sensor, methylene blue was used as a mediator.
The biosensor was characterized by Fourier transform
infrared (FT-IR) spectroscopy, Atomic Force
Microscopy (AFM). The optimized conditions of
the immobilization of the enzyme were also studied,
and the analytical performance of the biosensor was
evaluated.

2. Experimental

2.1. Reagents and apparatus

Horseradish peroxidase (HRP) (250 U/mg) was
obtained from Sino-American Biotechnology Co.
Ltd (Hebei, China). Methylene blue (MB, not fur-
ther purified before use) was purchased from Tian-
jin Chemical Reagent Company (Tianjin, China).
KH-550 (H2N(CH2)3Si(OCH2CH3)3) and a 30%
hydrogen peroxide solution were purchased from
Nanjing Chemical Reagent Company (Nanjing,
China). Chitosan was obtained from Nantong Shu-
anglin Chemical Reagent Company (Nantong,
China). All the other chemicals were of analytical
grade and were used as received. Ultra-pure water
was obtained with a Milli-Q plus water purification
system (Millipore Co. Ltd., USA) (18.6 MX). All
the electrochemical measurements were performed
with a CHI 630 electrochemical workstation
(Shanghai Chenghua, China). A three-electrode sys-
tem was selected in the experiments. The HRP/
CMCS/sol–gel film modified glassy carbon elec-
trode (3 mm in diameter, Shanghai Chenghua,
China) was used as the working electrode, a satu-
rated calomel electrode (SCE) and a platinum wire
were used as the reference electrode and counter
electrode, respectively. The electrolyte solutions
were deaerated by high purity nitrogen prior to each
experiment, and a nitrogen atmosphere was kept
over the solutions during measurements. FT-IR
spectra of CMCS, CMCS/sol–gel, HRP and HRP/
CMCS/sol–gel were measured using a Nocolet 400
Fourier transform infrared (FT-IR) spectrophotom-
eter (Nocolet, USA). Atomic force microscopy
(AFM) images acquired were obtained using a
SPI3800 controller operates in tapping mode with
acquisition frequency of 1.5 Hz and line density if
512.2 · 2 lm scans.

2.2. Carboxylmethylation of chitosan

Ten grams of chitosan (70 KD) was suspended in
25 ml of 50% sodium hydroxide solution overnight.
After drying, the frozen alkali chitosan was trans-
ferred to 50 ml of 2-propanol, and stirred at 40 �C
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Fig. 1. FT-IR spectrum of: (a) CMCS; (b) CMCS/sol–gel; (c)
HRP; (d) HRP/CMCS/sol–gel.
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for an hour. Then, heating was applied to bring the
reaction temperature to 65 �C for another 3 h. After
the procedure, HCl was added to the mixture to
adjust the pH to 7.0. The CMCS salt was filtered
and washed with ethanol. After dialyzing against
deionized water for 3 days, the product was vacuum
dried at room temperature [22].

2.3. Preparation of electrodes

The CMCS solution (1%) was prepared by dis-
solving 0.01 g CMCS in 1 ml of distilled water. A
homogeneous stock sol–gel–CMCS solution was
prepared by vigorously mixing 180 ll of methanol,
50 ll of KH-550, 75 ll 1% of CMCS (w/v), 30 ll
of H2O in a small test tube at room temperature.
This matrix formation was changed accordingly
when certain experimental parameters were investi-
gated. Then, 10 ll of HRP solution (2 mg of HRP
dissolved in 1 ml of 0.1 M phosphate buffer, pH
7.0) was added into 10 ll of sol–gel/CMCS and
the mixture was mixed completely. Subsequently,
10 ll of the mixture was dropped on the surface of
a glassy carbon electrode. After drying at 4 �C in
a refrigerator, 5 ll of 2.0% glutaraldehyde was
piped on the electrode to cross-link the member.
The constructed enzyme biosensors were stored at
4 �C in a refrigerator under dry conditions when
not in use.

3. Results and discussion

3.1. Characteristics of CMCS/sol–gel and HRP/

CMCS/sol–gel films

3.1.1. FT-IR analysis of the CMCS/sol–gel films and
enzyme entrapped in the film

FT-IR spectroscopy was used to describe the
interaction between the CMCS/sol–gel and HRP.
Fig. 1(a) displayed the FT-IR spectrum of the pure
CMCS. The broad band at 3353–3500 cm�1 corre-
sponded to the amine (–NH2) and hydroxyl (–OH)
groups. The other bands at 2900–2940 cm�1 (C–H
stretch), 1597–1610 cm�1 (–C@O stretching vibra-
tion), 1100–1090 cm�1 (C–O stretch) were the char-
acters of CMCS [23]. When CMCS was mixed with
silica sol–gel, no major changes and shifting were
observed from those bands among the CMCS and
the CMCS/sol–gel, as shown in Fig. 1(b). It was a
strong indication that the CMCS could preserve
its characters in the sol–gel matrix. FT-IR spectros-
copy is also a sensitive technique to probe the
secondary structure of proteins. Fig. 1(c) showed
the profiles of the amide I/I 0 and II/II 0 regions of
the native HRP. The amide I band (1700–
1600 cm�1) is attributed to the C@O stretching
vibration of peptide linkage in the background of
protein. The amide II band (1625–1500 cm�1) is
assigned to the combination of N–H bending and
C–N stretching [24]. Fig. 1(d) displayed the FT-IR
spectrum of HRP in the CMCS/sol–gel matrix. In
the spectrum, it could be observed that the spectrum
of amide I and amide II bands in the HRP/sol–gel
film were nearly the same as that of HRP
(Fig. 1(c)), which suggested that the HRP retained
the essential feature. Therefore, the CMCS/sol–gel
system can provide a biocompatible environment
for the immobilization of HRP.

3.1.2. Atomic force microscopy characterization
To investigate the microstructure of the as-pre-

pared films, AFM measurements were used to pro-
vide surface topographies in the absence and
presence of HRP. Fig. 2 revealed the surface topog-
raphy images of CMCS/sol–gel and HRP/CMCS/
sol–gel films immobilized on glass slides. The thick-
ness of the CMCS/sol–gel layer, estimated from the
AFM image, was about 5–10 nm and a network-like
structure was observed (Fig. 2(a)). On the other
hand, the HRP/CMCS/sol–gel film showed the den-
sely distributed small spots and the thickness of the
HRP/CMCS/sol–gel film was ca. 138 nm. It is well
known that HRP is a globular glycoprotein whose
molecular weight is ca. 44,000 Da [25]. These



Fig. 2. AFM image of: (a) CMCS/sol–gel film and (b) HRP/CMCS/sol–gel film on a glass slide.
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differences in AFM images indicated the interaction
between the HRP and CMCS/sol–gel film [26]. This
surface morphology and the spot size were essen-
tially similar to those of other study dealing with
HRP cast film [26].

3.2. Cyclic voltammetry

The electrocatalytic behaviors of HRP in the sol–
gel/CMCS matrix were evaluated by cyclic voltam-
metry. Fig. 3 showed the cyclic voltammograms of
the modified electrode in pH 7.0 phosphate buffer
saline (PBS) containing 4 · 10�6 M MB (a) in the
absence (b) and presence of H2O2. In the absence
of H2O2, only the cyclic voltammogram of MB was
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Fig. 3. Cyclic voltammograms of the biosensor (a) in the absence
of H2O2 and (b) in the presence of 10�4 M H2O2 at a scan rate of
100 mV/s in pH 7.0 PBS solution.
observed. When 1.0 · 10�4 M H2O2 was added into
the solution, an electrocatalytic characteristic appea-
red with an increase of the reduction current and a
decrease of the oxidation current. The response was
dependent on the concentration of the H2O2. With-
out HRP, no change of the cyclic voltammograms
was observed when 1.0 · 10�4 M H2O2 was added
into the solution. These results strongly indicated
of the enzyme-dependent catalytic reduction of
H2O2 that originated from the HRP reaction medi-
ated by MB. Thus, MB could effectively shuttle elec-
trons from the electrode surface to the redox center
of HRP. The reaction mechanism of the biosensor
can be summarized as follows [27]:

Firstly, HRP reduces hydrogen peroxide to
water.

H2O2 + HRP!H2O + HRP-I

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

HRP-Iþ ðMBÞred! HRP-IIþ ðMBÞox

HRP-IIþ ðMBÞred! HRPþ ðMBÞox

ðMBÞoxþ 2e� ! ðMBÞred

At last, the MB can be recycled at the electrode as
the mediator leading to an increase of its reduction
current.

Fig. 4 showed the typical cyclic voltammograms
of the HRP/CMCS/sol–gel biosensor in 0.1 M
PBS containing 4 · 10�6 M MB at different scan
rates. Well-characterized redox peaks were observed
at potential range from �150 to �350 mV/s. As
shown in the Fig. 4, the peak currents were propor-
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Fig. 4. (a) Typical cyclic voltammograms of the electrode in 0.1 M PBS containing 4 · 10�6 M MB at different scan rates from 10 to
200 mV/s. (b) Pots of peak current vs. m1/2.
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tional to the square roots of the scan rates, which
showed a typical diffusion-controlled electrochemi-
cal behavior [28].

3.3. Optimization of conditions of enzyme electrode

preparation

Since the fabrication process influences the thick-
ness of the sol–gel film for the enzyme immobiliza-
tion, which would has an important effect on the
response, the volumes of the KH-550 and CMCS
were varied to study their effect on the sol–gel/
CMCS matrix. It was found that the amount of
KH-550 has a profound effect on the electrode
response. It may influence the porosity of the as-pre-
pared sol–gel matrix [3]. When no or least amount
of KH-550 (10 ll) was used, the pore size of the
sol–gel matrix was small, and the film obtained
was not stable. This could affect the electrode
response in two ways: the small pore size slows the
diffusion from substrate to the enzyme electrode
leading to small electrode response; and the active
redox center of the enzyme could likely be partially
covered leading to lower activity when the pore size
was small. This also decreased the interaction of
substrate with the enzyme. With the increase of
KH-550, the sensitivity increased. The maximum
response was obtained when KH-550 was 50 ll.
However, when KH-550 was further increased to
100 ll, the pores became too big and the enzyme
could easily leach out of film.

The effect of the volume of CMCS in the stock
sol–gel solution used for the preparation of elec-
trode was also studied. When the volume of CMCS
was larger than 50 ll, the sensitivity decreased. It
may be due to the reason that thick film formed
which leads to the high diffusion barrier for the sub-
strate, product and mediator. When there was no
CMCS, the response time became longer and not
more enzyme activity was retained. The electrode
would crack slowly. Therefore, the presence of
CMCS provided friendly surroundings for the
immobilization of enzymes, and 50 ll of 1% CMCS
solution was chosen for the construction of the
biosensor.

The electrodes modified with CMCS/sol–gel were
found to be unstable in aqueous solutions. The
addition of peroxide would result in the detachment
of the membrane from the electrode surface in buf-
fer. In most of the cases, glutaraldehyde was used to
cross-link the chitosan [29]. Though it has been
reported that when the glutaraldehyde cross-linking
process was performed in wet conditions, parts of
the enzyme activity would be lost [30]. However,
when the process was processed in dry conditions,
the activity of the enzyme could be retained [31].
On the other hand, more stable and reactive enzyme
layers could be obtained in the presence of the
amino presented compounds such as bovine serum
albumin (BSA), collagen, or gelatin [32]. In our
experiment, the cross-linking process was performed
after the HRP/CMCS/sol–gel layer was dried, and
CMCS and sol–gel provided more amino groups
for the association with aldehyde groups of glutaral-
dehyde [33]. Although the enzymes in the top layer
lose their activity, those in the inner layer retain
their activity and enable the progress of the reac-
tion. Compared with the biosensor prepared in the
absence of glutaraldehyde, only 8% current signal
decrease was observed. On the other hand, the
release of the enzyme and the instability of
CMCS/sol–gel were completely overcome by the
cross-linking effect of glutaraldehyde, and the
obtained film was more stable.
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3.4. Optimization of the measurement variables

The experimental variables affecting the ampero-
metric determination of H2O2 were studied.

The MB concentration could affect the sensitivity
of the biosensor, so it was investigated from 1.0 ·
10�6 to 1.0 · 10�4 M. The current response of the
biosensor increased with the increasing concentra-
tion of mediator between 1.0 · 10�6 and 4.0 ·
10�6 M and reached a constant value at 4.0 ·
10�6 M or above. Therefore, 4.0 · 10�6 M was cho-
sen as the optimum concentration of the mediator.

The effect of the applied potential on the steady-
state current of the biosensor was shown in Fig. 5.
The electroreduction of H2O2 could be observed at
0 V and the steady-state current increased as the
applied potential shifted negatively from 0 to
�0.35 V, which might be due to the increased driv-
ing force for the fast reduction of HRP at low
potential [34]. A further increase of the negative
potential resulted in very little change in current
response as the limiting potential had been reached.
So �0.35 V was selected as the working potential.

The effect of pH was studied between 4.0 and 8.0.
As shown in Fig. 6, the current response increased
from pH 4.0 to 7.0, and decreased from pH 7.0 to
8.0, which was in agreement with that reported for
soluble HRP [35]. Thus the CMCS/sol–gel matrix
did not change the optimal pH value for the bio-
electrocatalytic reaction of the immobilized HRP
to H2O2. Therefore, the pH 7.0 was used in further
experiments and determination of H2O2.
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Fig. 5. Influence of the applied potential on the peak current of
the electrocatalytic H2O2 oxidation at the HRP/CMCS/sol–gel
film modified electrode in the presence of 10�4 M H2O2 in 0.1 M
PBS solution.
The effect of temperature on the steady-state
amperometric response was also investigated in the
range of 10–50 �C, which was showed in Fig. 7.
The response increased with the increase of temper-
ature (0.038 lA/�C) and reached a maximum at
50 �C, and then the response decreased. It might
be caused by the denaturation of HRP or the insta-
bility of the films in the high temperature.

The dependence of amperometric current on tem-
perature in an initial region can be expressed as an
Arrhenius relationship

iðT Þ ¼ i0 expf�Ea=RTg
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PBS solution.
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where i0 represents a collection of currents, R is the
gas constant, T is the temperature in Kelvin degrees,
and Ea is the activation energy. The activation en-
ergy for enzymatic reaction was calculated to be
2.32 kJ mol�1 from the slope of I � 1/T in the adop-
tive region of temperature. This Ea value obtained
was smaller than those reported by Yang and Mu
[36] for HRP immobilized on the polyaniline films.
The smaller Ea value means that the HRP immobi-
lized on the CMCS/sol–gel film possesses higher
enzymatic activity.

3.5. Steady-state amperometric response to hydrogen

peroxide

Fig. 8(a) showed the typical current–time response
on successive addition of H2O2 under the optimized
experimental conditions. It could be observed clearly
that the biosensor responded so rapidly to the sub-
strate that it could obtain 95% of the steady –state
current within 5 s. Fig. 8(b) displayed the calibration
curve of the biosensor for the measurement of H2O2.
The biosensor had a dynamic range of 2.0 · 10�6–
4.57 · 10�4 M H2O2, and the linear range was bet-
ween 2.0 · 10�6–3.7 · 10�5 and 4.2 · 10�5–4.57 ·
10�4 M with a detection limit of 5.32 · 10�7 M esti-
mated at s signal-to-noise ratio of 3. Compared with
the biosensor prepared with chitosan/sol–gel film as
the immobilization matrix, lower detection limit
was obtained [15].

The apparent Michaelis–Menten constant ðKapp
M Þ,

which gives an indication of the enzyme-substrate
kinetics, can be calculated from the electrochemical
version of the Lineweaver–Burk equation

1=I ss ¼ I=Imax þ Kapp
M =ImaxC

where Iss is the steady-state current after the addi-
tion of substrate, C is the bulk concentration of
the substrate and Imax is the maximum current mea-
sured under saturated substrate condition. The Kapp

M

was determined by analyzing the slope and intercept
for the plot of the reciprocals of the cathodic current
versus H2O2 concentration. The Kapp

M value of the
H2O2 biosensor was found to be 3.544 · 10�5 M.
which was a little smaller than that was reported be-
fore by Tan et al. [3]. The smaller Kapp

M value means
higher enzymatic activity.

3.6. Stability and reproducibility

The stability of this biosensor was determined.
Little apparent change was found for the response
to 10�4 M H2O2 within a month by every day use
and stored in 0.1 M PBS 7.0. The stability may be
due to the strong interactions between HRP and
the CMCS/sol–gel film. The repeatability of one
electrode to determine 1 · 10�4 M H2O2 was also
fairly good. The relative standard deviation was
5.7% for 12 successive assays. The electrode-to-elec-
trode reproducibility was estimated from the
response to 10�4 M H2O2 at 8 different biosensors.
This yielded RSD of 4.6%. Good reproducibility
could be obtained.

3.7. Interference

The influence of chemical interferents on amper-
ometric determination of H2O2 was evaluated by
adding the interferents at a concentration of
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5 · 10�4 M in the presence of 10�4 M H2O2. Glu-
cose, sucrose, ethanol, acetic acid, citric acid, oxalic
acid and nitrate do not cause any interference under
the present experimental conditions.

4. Conclusion

O-carboxymethylated chitosan, as a biocompati-
ble polymer, has been shown to be an attractive mate-
rial for immobilization of enzymes to construct
biosensors. HRP immobilized on the CMCS/sol–
gel matrix maintains its activity. We have developed
a reliable, low cost and sensitive biosensor for
H2O2. The biosensor had a variety of good character-
istics including high sensitivity, good repeatability
and reproducibility, rapid response and long-term
stability.
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