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Abstract

A new amperometric biosensor for hydrogen peroxide was developed based on cross-linking horseradish peroxidase (HRP) by glutaralde-
hyde with multiwall carbon nanotubes/chitosan (MWNTs/chitosan) composite film coated on a glassy carbon electrode. MWNTSs were firstly
dissolved in a chitosan solution. Then the morphology of MWNTs/chitosan composite film was characterized by field-emission scanning
electron microscopy. The results showed that MWNTs were well soluble in chitosan and robust films could be formed on the surface. HRP
was cross-linked by glutaraldehyde with MWNTs/chitosan film to prepare a hydrogen peroxide biosensor. The enzyme electrode exhibited
excellent electrocatalytic activity and rapid response fe®Hin the absence of a mediator. The linear range of detection towai@s H
(applied potential:-0.2 V) was from 1.6 107° to 7.40x 10~* M with correction coefficient of 0.998. The biosensor had good repeatability
and stability for the determination of,@,. There were no interferences from ascorbic acid, glucose, citrate acid and lactic acid.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction category is very convenient and simple. Raw carbon nan-
otubes are insoluble in water and many other solvents. But
Since carbon nanotubes were discovered in I19Pthey carbon nanotubes after purification can form black suspen-
have been studied and used in many fields because of theisions in ethanol, DMF, CTAB10-11], Nafion[12], 3-
unigue properties. Carbon nanotubes include two different aminopropyltriethoxysilangl3], etc. The excellent solubil-
types: single-wall carbon nanotubes (SWNTSs) and multiwall ity in these solvents facilitates the application of carbon nan-
carbon nanotubes (MWNTS). About these two types of han- otubes in many fields. Wang et f12] reported that MWNTs

otubes, many papers have been repdited]. dissolved in Nafion could be applied to construct amperomet-
The solubility and chemical modification of carbon nan- ric sensor for hydrogen peroxide. It has been reported that
otubes attract considerable interd$ts9]. By surface modi- SWNTs pretreated by ¥$0O4/H20> solution were soluble in

fication, new properties of carbon nanotubes can be observeduffer solutions with various values of f4]. Thionine can

and the resulted new materials will be applied widely. also improve the solubility of SWNTs by strong interaction

The solubility of carbon nanotubes is very important. The between thenj7]. The primary amine of thionine attached

resolved methods are divided into two categories: direct onto the surface of SWNTs can be used to further mod-

solubility of carbon nanotubes in solvents and the attach- ify SWNTSs. In the second category, functional groups are

ment of functional groups to carbon nanotubes. The first attached to carbon nanotubes by the carboxylic acid formed

in acidic pretreatment. These functional groups can improve
* Corresponding author. Tel.: +86 431 5689711; fax: +86 431 5689711. the solubility of carbon nanotubes in common organic
E-mail address: xryang@ciac.jl.cn (X. Yang). solvents.
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With good electronic properties and electric conduc-
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taraldehyde was obtained from ACROS and diluted to 7%

tivity, carbon nanotubes have been applied in electro- before use. MWNTs purchased from Shenzhen Nanotech.

chemical researcfil5-23]. The direct electron transfer of
enzymes such as cytochromg23], glucose oxidas§l0],
catalasg24], horseradish peroxidase, myogloljb] and

Port. Co. Ltd. (Shenzhen, China) were purified accord-
ing to the reported literature. MWNTs were purified and
shortened by fluxing in 3M HN@ for 48h. The puri-

hemoglobin11] in the presence of carbon nanotubes can be fied MWNTSs were characterized by field-emission scanning
observed. Carbon nanotubes also show electrocatalytic activelectron microscopy (FE-SEM) (Fig. 1A) and the average

ities towards HO,, NADH, ascorbic acid, dopamine, cate-
chol, homocysteinfl2,26-28]. The good catalytic activities

diameter is 20—60 nm. Hydrogen peroxide (30%) was from
Beijing Chemical Reagent Co. (Beijing, China). Unless oth-

towards these molecules open their applications in ampero-erwise stated all chemicals and reagents used were of ana-

metric sensors.

lytical grade. All solutions were prepared using double dis-

Chitosan is a biological cationic macromolecule with pri- tilled water. The phosphate buffer solutions were used as
mary amines. It has been widely applied because of its goodsupporting electrolytes by mixing solution NP0, and
biocompatibility and film-forming ability. Because of abun- NaH,POy,
dant amines which posed high affinity for nanoparticles, gold
nanoparticle film formed on the electrode has been used to2.2. Apparatus
immobile enzymes towards determination of hydrogen per-
oxide and glucosf29]. Cyclic voltammetric and amperometric experiments were

Zhang et al.[30] reported that carbon nanotubes dis- carried out with a CHI 630B (Shanghai, China). A three-
solved in biocompatible chitosan could be applied for electro- electrode system was employed with a GCE as working
chemical measurements based on dehydrogenase enzymeslectrode, an Ag/AgCI (saturated potassium chloride) as ref-
Luo et al. [31] reported that nanocomposite of chitosan erence electrode, a platinum foil as counter electrode. All
and carbon nanotubes could be electrodeposited and usedolutions were deoxygenated by pure nitrogen for at least
for biosensors. Compared with other solvents, chitosan canl5 min, and a continuous flow of nitrogen was maintained in
prevent biological molecules from denaturing. Moreover, the experiments.
enzymes can be attached to chitosan molecules by the pri- The FE-SEM images were obtained on PHILIPS XL-
mary amines of them. Glutaraldehyde is often used to link 30 ESEM. The samples for FE-SEM were prepared by
enzymes and chitosan and many biosensors have been devetirop-casting one drop of the MWNTs/chitosan (10 mgHl
oped by this method. A hydrogen peroxide biosensor hassolution onto the indium-doped tin oxide (ITO) conductive
been reported32]. But it was used to determine B, glass and dried in air before experiments. The samples were
in the presence of a mediator. Here, the work was firstly coated with thin Au film to well characterize the film of
reported to develop a hydrogen peroxide biosensor basedVIWNTs/chitosan.
on HRP cross-linked by glutarahyde with MWNTSs/chitosan
composite film on a glassy carbon electrode (GCE). More- 2.3. Procedures
over, hydrogen peroxide could be measured in the absence
of a mediator. MWNTs were dissolved in a chitosan 2.3.1. Preparation of the MWNTs/chitosan coated
solution and then MWNTs/chitosan solution was dropped electrode
onto the surface of GCE and this resulted in composite A 0.5wt.% chitosan solution was prepared according to
film of MWNTs/chitosan formed on the electrode. Glu- the reported methofB0]. A 5mg chitosan was dissolved in
taraldehyde was used as the cross-linked reagent to attaci ml 0.05M HCI and pH of solution was adjusted .0
HRP onto the composite film. Electrochemical property with concentrated NaOH. MWNTSs were dissolved in $00
of MWNTs/chitosan and electrocatalytical activity of the of 0.5wt.% chitosan solution with the aid of ultrasonic agita-
enzyme electrode were characterized by cyclic voltammetric tion. This resulted in a homogeneous black solution. By this
methods. The amperometric response foilObl repeata- method, 5 and 10 mg mt black solutions were prepared. A
bility and stability of the enzyme electrode were also 2.5mgmisolutionwere prepared by diluting with 0.5 wt.%
studied. chitosan solution.

The GCE (diameter 3 mm) was first polished with alumina
slurry (followed by 1.0, 0.3 and 0.Q&m) and ultrasonically
cleaned with ethanol and double distilled water and dried
in nitrogen. The MWNTs/chitosan coated electrode was pre-
pared by dropping a il of MWNT solution on the electrode.
Before used for experiments, the electrode was put in air at
the room temperature for some time in order to evaporate
solvent. The chitosan coated GCE was prepared by the same
procedure except for dropping aubof 0.5wt.% chitosan
solution on the electrode surface.

2. Experimental
2.1. Chemical and reagents

Low molecular weight chitosan (Mw 4000) was obtained
from Aldrich and used as received. HRP (R3A.0,
250 Umg 1) was from Sino-American biotechnology Co.
(Beijing, China) and used without further purification. Glu-
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Fig. 1. FE-SEM images of MWNTSs purified by 3M HNG@nd of MWNTs/chitosan composite films on the surface of ITO glass: (A) MWNTSs purified by
HNO;3, (B) MWNTSs/chitosan composite. (B), (C), and (D) corresponding to images at different locations and magnification.

2.3.2. Preparation of the enzyme electrode ITO glass (Fig. 1B)Fig. 1C and D showed the images of dif-
The MWNTs/chitosan coated electrode was dipped in ferent locations and magnifications. These images revealed

a 7% glutaraldehyde solution for 30 min. After that, the thatrobustand nonuniform film of MWNTSs could be formed

electrode was rinsed with water to remove excess physicalon the ITO surface by dissolving them in a chitosan solution.

adsorbed glutaraldehyde and dried in nitrogen. Then it was

immersed in a 20 mg mit HRP solution (pH 6.9) for 30 min. ~ 3.2. Electrochemical properties of MWNTs/chitosan

After rinsed clearly, the enzyme electrode was stored in the coated electrode

buffer solution at 4C before use. ] ] o
The electrochemical and electrocatalytic activity of

SWNTs have been studied and the redox of carboxylic

3. Results and discussion acid groups was observed in cyclic voltammogr&gi2@].
Fig. 2 showed the cyclic voltammograms of bare and
3.1. FE-SEM images of MWNTs/chitosan composite MWNTSs/chitosan coated GCE in phosphate buffer solution

(pH 6.9) at a scan rate of 100mVs A couple of peaks,

As a common biomacromolecule, chitosan is insoluble at the cathodic and anodic peak potentials at abel®0 and
alkaline and neutral, but it can well dissolve in acidic solution —25mV were observed (curve b). This attributed to the
(pH < 6). In acidic medium, the amino functions of chitosan reduction and oxidation of carboxylic acid groups at the sur-
are protonated and this results in polycations appeared. As weface of MWNTSs. These groups were reduced-t©H,OH
all know, sidewalls and end of carbon nanotubes are func- coupled with four electrons and the background current was
tionalized with carboxylic acid groups after purification in very large compared with that of bare GCE (curve a) because
3M HNO3;. So MWNTSs are negative charged because of of the increased surface char@®]. This showed that chi-
the presence of carboxylic acid groups. When MWNTSs and tosan did not affect electrochemical activity of MWNTSs. The
chitosan were mixed by ultrasonication, chitosan molecules peak current did not obviously change after 10 cyclic scans.
were adsorbed on the surface of MWNTSs by electrostatic This indicated the MWNTSs/chitosan film on the electrode
interaction which resisted MWNTs aggregating and resulted surface was very stable.
in forming a black solution. This indicated that MWNTSs The electrochemical activity of MWNTSs/chitosan com-
were well soluble in chitosarkig. 1B-D corresponded to  posite coated GCE with different content of MWNTSs in
FE-SEM images of 10 mgml MWNTs/chitosan solution  phosphate buffer solution was also studied. With amount of
dropped on an ITO glass. Robust and nonuniform thin film MWNTSs increasing, peak current increased. Electrochem-
of MWNTs/chitosan could be produced on the surface of the ical activity of MWNTs/chitosan modified GCE could be
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Fig. 2. Cyclic voltammograms in phosphate buffer solution (0.1M,

pH 6.9) at a scan rate of 100mVv%s (a) bare GCE and (b) 5ml

2.5 mg mrt MWNTSs/chitosan coated GCE. Fig. 3. Cyclic voltammograms in phosphate buffer solution (0.1 M, pH 6.9)
at a scan rate of 20mV4: (a) MWNTs/chitosan composite film coated

adjusted by changing amount of MWNTSs in chitosan. Car- GCE and (b) enzyme modified GCE.

bon nanotube showed electrocatalytic activities for many

molecules such as ascorbic acid, NADH;®3, etc. So the compared with that obtained from buffer solution without
MWNTs/chitosan modified GCE could be used to deter- H>O» (curve a). With amount of bD, increasing, the reduc-
mine many substrates and the catalytic behaviors should betive peak currents increased and peak potential negatively
adjusted. Moreover, the primary amines of chitosan could be shifted (curves b and c). When the content ofGd was
chemically modified with other biomolecules. This could be more than 1.46 mM (curve d), reductive current did not obvi-

applied to develop different type of enzyme biosensors. ously increase and this was character of electrocatalysis. This
indicated the enzyme electrode showed excellent catalytic

3.3. Electrocatalysis for H>O> of the activity for H,O. The electrocatalytic reduction mechanism

enzyme modified GCE of HRP towards HO, could be explained by the following

cycles[36,37]:

Many methods were reported for immobilizing HRP to
develop biosensors. Gold nanoparticle, biomembrane andHRP+ H202 — Compound H- H>0
surfactants were often used. Tang ef38] reported that the
direct redox reaction of HRP was observed when HRP was Compound K- e — Compound I
immobilized in a lipid film. The third generation hydrogen
peroxide biosensor based on self-assemble gold nanoparti-
cles was reportefB4]. The reaction of glutaraldehyde with
a primary amino group was also applied to covalently bind
enzyme and compoundid5]. Here, the bifunctional reagent
glutaraldehyde was used to cross-link MWNTs/chitosan
composite and HRP.

Electrocatalyical behavior of the enzyme electrode was
characterized by cyclic voltammetric experimenfsy. 3
showed cyclic voltammograms of the enzyme modified
GCE in pH 6.9 phosphate buffer solution at a scan rate of
20mV s L. There were obviously redox peaks of carboxylic
acid before cross-linking (curve a). But peak current slightly
decreased for enzyme electrode (curve b) and this possibly
attributed to the resistance of electron transfer.

Electrocatalytic activity of the enzyme electrode faid
was also studied in pH 6.9 phosphate buffer solutieg. 4
corresponded to the cyclic voltammograms of the enzyme
electrode in buffer solution at a Scar_] rate of 20mV.s Fig. 4. Cyclic voltammograms of enzyme electrode in phosphate buffer
When 30ul of 50 mM H20, was added into 3 ml phosphate  sojution (0.1 M, pH 6.9) with different amount of #; at a scan rate of
buffer solution, the reductive currents increased (curve b) 20mvs: (a) 0, (b) 0.50mM, (c) 1.46 mM, and (d) 2.38 mM.
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Fig. 6. Calibration curves of enzyme electrodes with different content of
MWNT for concentration of HO, in the range of 0.1-0.7 mM in phosphate
buffer solution (0.1 M, pH 6.9): applied potential0.2 V; (a) 2.5 mg 1,

(b) 5mgmtt, and (c) 10 mg mit.

Fig. 5. Calibration curve for the concentration op®p in the range of
0.1-0.7 mM in phosphate buffer solution (0.1 M, pH 6.9): applied potential,
—0.2V, (a) MWNTSs coated GCE and (b) enzyme electrode.

could also keep electrocatalytic activity and catalyze the
reduction of HO,. Good electrocatalyitc activity of the
HRP was firstly oxidized to a first intermediate (Compound €N2Zyme electrode for D, was attributed to the presence
1). Compound | obtained one electron and was reduced to®f MWNTs and HRP. MWNTs showed good conductivity,
the second intermediate (Compound I1). At last, Compound electrocatalytic activity and biocompatibility which facil-
Il was reduced to the HRP on the electrode surface. So theltated electron transfer between electrode and redox pro-
reductive current increased in the presence g4 tein and these resulted in effective catalytic activity. The
The effect of pH on the D, biosensor response was MWNTs/chitosan composite film could be used as conduc-
also studied. The sensitivity of enzyme electrode was high V€ a@nd sensing platform. HRP attached onto the surface
between pH 6.0 and 7.0 which was consistent with that of still kept electrocatalytic activity and the modified electrode
the reported literaturf82]. This indicated that the biosensor €Xhibited higher response and sensitivity fei®3 reduction

could be used for the determination 0f® in the range of compared with that of MWNTSs/chitosan m_odified GCE.
pH 6.0-7.0. The amount of MWNTSs was very also important for the

In order to study the effect of MWNTS, electrocatalytic response of biosensor;. So_the effect of amount of MWNTSs
behavior towards bD, of the enzyme electrode without was studied. The relationship between response .current and
MWNTs was also studied. The amperometric response of € amount of MWNTs was presented fiig. 6. With the
enzyme modified GCE showed that the current did not gmount of MWNTlncreasmg., response current and sensitiv-
increase when solutions 0B, were added into the buffer 1ty Of the enzyme electrode increased (curve a—c). 94, 5
solution. So a mediator had to be used for this enzyme elec-Of 10mgmi= MWNT solution was chose to obtain better
trode[32]. This indicated that the presence of MWNTs was S€nsitivity and response forz®; in our experiments.
very important because of their good conductivity.

It was reported that MWNTSs could also electrocatalyze 3.4. Amperometric response of the enzyme electrode for
H207 [12]. We also studied the catalytic behavior towards H,0;

H>0, of MWNTs/chitosan coated GCEig. 5corresponded

to the calibration curve of the MWNTs/chitosan modified The current response of HRP modified GCE was inves-
electrode and enzyme electrode in concentration gOH tigated in the stirring buffer solution, and200 mV was
between 0.1 and 0.7 mM. The amperometric response ofselected as the applied potential according to the results
MWNTSs/chitosan modified electrode (curve a) was smaller of cyclic voltammograms (Fig. 7). When solution ob®&,

than that from the enzyme electrode (curve b). Moreover, was added into the buffer solution, the reductive currents
the sensitivity would decrease when the concentration of increased rapidly and reached stability. This indicated it was
H>02 was more than 0.3mM. So the enzyme electrode afastelectrocatalytic process because of the biocompatibility
showed higher electrocatalytic activity compared with the of chitosan and good conductivity of MWNTEIg. 7 corre-
MWNTSs/chitosan coated GCE. This suggested that HRP sponded to the calibration curve of biosensor.

Compound IH- e — HRP
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9 showed excellent electrocatalytical activity of the biosen-
2l . sor for H,O,. With good repeatability and stability, different
] __." enzyme biosensors can be prepared by this method.
7 4 ..I.
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