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bstract

The nanocomposite composed of carboxymethyl chitosan (CMCS) and gold nanoparticles was successfully prepared by a novel and in situ process.
t was characterized by transmission electron microscopy (TEM) and Fourier transform infrared spectrophotometer (FTIR). The nanocomposite
as hydrophilic even in neutral solutions, stable and inherited the properties of the AuNPs and CMCS, which make it biocompatible for enzymes

mmobilization. HRP, as a model enzyme, was immobilized on the silica sol–gel matrix containing the nanocomposite to construct a novel H2O2
iosensor. The direct electron transfer of HRP was achieved and investigated. The biosensor exhibited a fast amperometric response (5 s), a good
inear response over a wide range of concentrations from 5.0 × 10−6 to 1.4 × 10−3 M, and a low detection limit of 4.01 × 10−7 M. The apparent

ichaelis–Menten constant (Kapp
M ) for the biosensor was 5.7 × 10−4 M. Good stability and sensitivity were assessed for the biosensor.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Direct electron transfer between an electrode and a redox
nzyme is very important for the fundamental studies and the
onstruction of biosensors. However, because of its unfavorable
rientation on the electrode surface or the adsorption of impu-
ities to make it denature, the enzyme often exhibits sluggish
lectron transfer at conventional electrodes. Some efforts have
een made to enhance its electron transfer. In some cases, media-
ors have been used to facilitate the electron transfers of enzymes
Xu et al., 2003), but the low molecular weight soluble medi-
tor can leach out from the electrode and be lost into the bulk
olution. This may lead to a significant signal loss and affect the
tability of the biosensor. The other means is the immobilization
f the enzymes on different substrates (Xiao et al., 2000; Jia et
l., 2002; Dai et al., 2004; Ferapontova, 2004; Liu et al., 2005).
Gold nanoparticles (AuNPs) have attracted much more atten-
ion in recent years especially in biological and chemical
esearches because of their biocompatibility (Daniel and Astruc,
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004). They can provide an environment that is similar to the
ature for enzyme immobilization (Crumbliss et al., 1992, 1993;
rown et al., 1996). On the other hand, the nanoparticles can
ct as tiny conduction centers to facilitate electron transfer
Ferapontova et al., 2001; Shipway et al., 2000; Bharathi et al.,
001). In most of the cases, the AuNPs were immobilized on the
lectrode by assembling (Lei et al., 2003) or physically encap-
ulating into porous sol–gel network (Bharathi and Lev, 1998).
owever, Natan (Musick et al., 1997) claimed that the step-by-

tep assembly process was time-consuming and the possibility
f contaminating gold colloid due to improper rinsing stages. On
he other hand, the nanoparticles encapsulated were always in
oose association or physical contact with the electrode and they
ould show some leakage because of their nano-sized dimen-

ions.
It is well-known that the polymer–nanoparticles composite

ossess the interesting electrical, optical and magnetic properties
uperior to those of the parent polymer and nanoparticles (Groce
t al., 1998; Huynh et al., 1999; Guo et al., 2000). Metal nanopar-

icles dispersed in polymeric matrices display the increased
tability, improved processability, recyclability and solubility in
variety of solvents (Shenhar et al., 2005). These nanocompos-

tes can be used for the selective detection of chemical vapors

mailto:jjzhu@netra.nju.edu.cn
dx.doi.org/10.1016/j.bios.2006.02.010
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Krasteva et al., 2002) or for catalysis (Crooks et al., 2001).
owever, little research has been focused on application of

he polymer–nanoparticles composites for the construction of
iosensor.

Chitosan is an inexpensive, renewable material with applica-
ions in cosmetics, pharmaceuticals, food science and biotech-
ology (Kim et al., 2003; Lei et al., 2003). The NH2 ligand
f chitosan has been used to stabilize the gold nanoparticles
n the preparation process (dos Santos et al., 2004; Huang and
ang, 2004). However, precise control over the experimental
onditions should be required to avoid the irreproducibility and
ggregation of the nanoparticles (dos Santos et al., 2004; Huang
t al., 2005) because of the poor solubility of chitosan. The
lectrode modification procedures based on chitosan and gold
anoparticles are always by immobilizing them step-by-step or
imply by blending them together before they were modified
n the electrode (Chen et al., 2003; Luo et al., 2005). Few
eports have been published directly on the application of the
hitosan–AuNPs nanocomposite.

O-Carboxymethyl chitosan (CMCS) is a water-soluble chi-
osan. It not only has good solubility in water, but also has unique
hemical, physical and biological properties such as high viscos-
ty, large hydrodynamic volume, low toxicity and biocompatibil-
ty. The CMCS is achieved by means of carboxymethylation, and
ts structure is shown in Scheme 1A. Only parts of the OH of
hitosan were substituted by CH2COOH. Therefore, the reac-
ive ligands such as COOH and NH2 groups are still amenable
o chemical modifications. Recently it has been demonstrated
hat amine derivatives complex with gold nanoparticles in a man-

er similar to that of thiol derivatives (Selvakannan et al., 2003).
he NH2 groups in CMCS were used to stabilize the AuNPs

o form the CMCS–AuNPs nanocomposite. The nanocomposite

cheme 1. The schemes of the structure of CMCS (A) and the electrostatic
nteraction of CMCS–AuNPs nanocomposite and HRP and the electron transfer
etween the electrode and HRP (B).
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as characterized by TEM and FTIR. Horseradish peroxidase
HRP), as a model enzyme, was used to immobilize on the sil-
ca sol–gel matrix containing the nanocomposite to construct a
ew H2O2 biosensor. The silica sol–gel matrix could increase
he stability of the biosensor (Wang et al., 2000). The interaction
etween HRP and the composite was characterized with FTIR.
irect electron transfer of HRP on such matrix was investigated.
he optimized conditions of the biosensor were studied, and the
atalytic activity of the biosensor to the reduction of H2O2 was
valuated.

. Experiments

.1. Reagents

Chitosan obtained from Nantong Shuanglin Chemical
eagent Company (Nantong, China), and HRP (MW 44,000)
as obtained from Sino-American Biotechnology Co. Ltd.

HeNan, China). Sodium borohydride was purchased from
hanghai Chemical Reagent Company (Shanghai, China). A
0% hydrogen peroxide (H2O2) solution was purchased from
eijing Chemical Reagent (Beijing, China). All other chemi-
als were of analytical grade and were used as received without
ny purification process. Deionized double-distilled water was
sed for making all the solutions (18.6 M�) (Millipore Co. Ltd.).

.2. Apparatus and measurements

Transmission electron microscopy (TEM) image was
ecorded on a JEOL–JEM 200CX transmission electron micro-
cope, using an accelerating voltage of 200 keV. The FTIR
pectra of CMCS, CMCS–AuNPs nanocomposite, HRP and
RP–sol–gel-nanocomposite were measured using a Nico-

et 400 Fourier transform infrared (FTIR) spectrophotometer
Nicolet, USA). The wet value of the refrigerator was mea-
ured by Thermo-Hydro Clock (Beijing YaGuang, China). All
lectrochemical experiments were performed on a CHI 630
lectrochemical analyzer (Shanghai Chenghua, China), using
conventional three-electrode system with an HRP–sol–gel-

anocomposite modified glassy carbon electrode (GCE) (3 mm
n diameter, Shanghai Chenghua, China) as the working elec-
rode, a platinum foil as the auxiliary electrode and a saturated
alomel electrode (SCE) as the reference electrode. All the
lectrochemical experiments were carried out in 5 ml of 0.1 M
hosphate buffer saline (PBS) solution, and the solution was
urged with high purity nitrogen prior to and blanked with nitro-
en during the electrochemical experiments.

.3. Preparation of CMCS–AuNPs nanocomposite

The CMCS was prepared according to the reference
Muzzarelli et al., 1994), and then it was used in situ to sta-
ilize gold nanopariticles. The CMCS–AuNPs nanocomposite

as prepared as follows: 5 ml of 1% CMCS (W/V) aqueous

olution was added into the stirring 1 ml of 1% HAuCl4 (W/V)
queous solution. After stirring for about 5 min, 0.043 g KBH4
issolved in 5 ml of ice water was added slowly. The solution
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uickly turned into a ruby-red solution, indicating the formation
f the AuNPs. After continuing vigorously stirring the solu-
ion for 3 h, the as-prepared nanocomposite was obtained. The
esulting nanocomposite was used for all the characterizations
nd experiments. Such a nanocomposite was stable in water even
fter 3 months storage.

.4. Construction of the HRP–sol–gel-nanocomposite
odified electrode

A homogeneous stock sol–gel solution containing the
anocomposite was prepared by vigorously mixing 600 �l of
thanol, 50 �l of TEOS, 60 �l of nanocomposite and 10 �l of
mM NaOH in a small test tube at room temperature. The HRP

tock solution was prepared by dissolving 12 mg of HRP in 1 ml
f water. Then, 10 �l of the HRP solution was mixed with 10 �l
f the sol–gel-nanocomposite solution. Ten microliters of the
ixture was pipetted onto the surface of a glassy carbon elec-

rode, and distributed gently over the entire surface. The final
nzyme amount was about 60 �g. The electrode was left to dry
n air. Finally the modified electrode was immersed into 0.1 M
BS 7.0 to wash off the loosely adsorbed HRP and nanocom-
osite. The electrode was stored at 4 ◦C in a refrigerator under
ry conditions (wet value 31% RH) when not in use.

. Results and discussion

.1. Characterization of the CMCS–AuNPs nanocomposite
nd HRP–sol–gel-nanocomposite film

The CMCS played an important role in the synthesis of the
anocomposite. The amino group has been used to stabilize

etal nanoparticles (Selvakannan et al., 2003), so we suggested

hat the free NH2 ligands of CMCS might bind to the gold
anoparticles and stabilized them. In contrast, when the raw chi-
osan was used in place of the CMCS as the stabilized polymer,

T
o
3
w

Fig. 2. FTIR of CMCS–AuN
Fig. 1. TEM image of the CMCS–AuNPs nanocomposite.

he obtained AuNPs were aggregated because of the insolubility
f chitosan in neutral or basic solutions (dos Santos et al., 2004).
ig. 1 shows the TEM image of the CMCS–AuNPs nanocom-
osite. It could be observed that the AuNPs were encapsulated
y CMCS, and their sizes were in the range of 20–30 nm. Unlike
ost gold colloid, a considerable amount of non-spherical par-

icles was observed. These non-spherical particles seemed to
e fabricated by coalescence of two or three spherical particles
uring the nucleation process (Bharathi et al., 1999).

The formation of the CMCS stabilized AuNPs was further
nvestigated by FTIR spectroscopy. Fig. 2 shows the FTIR spec-
ra of the CMCS–AuNPs (A) and CMCS (B), respectively. The
road band at 3353–3500 cm−1 corresponds to the amine and
ydroxyl groups. For the nanocomposite, there is a little change
n the shape and frequencies of the bands in this region, indi-
ating that the NH2 group may be involved in the reaction.

hough some difference in the two figures were observed, both
f them showed the basic characteristic peaks for CMCS at
422 cm−1 (O–H stretch) and 2960–2970 cm−1 (C H stretch),
hich indicated that the CMCS can adsorb on the formed gold

Ps (A) and CMCS (B).
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Fig. 3. Cyclic voltammograms of HRP in sol–gel-CMCS (a), sol–gel-
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anoparticles in the preparation process. The nanocomposite
as a good dispersal in water. It was very stable, and no visible
ggregation was observed even after storage for several months.
he presence of the CMCS shell not only renders the AuNPs
ater-soluble and biocompatible, but also promotes the immo-
ilization of biomolecules by the amino, carboxyl and hydroxyl
roups. In addition, the covalent bond between the CH3COOH
f CMCS and OH of the silica sol–gel matrix enables the
ncrease of the incorporated nanocomposite, reduces leaching
roblems, and, in special cases, leads to stabilizing effects, pos-
ibly by isolating the nanocomposite from each other. Compared
ith other methods, this process increased the assembly effi-

iency of gold nanoparticles.
The formed nanocomposite is water-soluble, and its

ydrophilic character provides a more biocompatible environ-
ent for protein immobilization. The zeta-potential of the

anocomposite was −22.9 mV, so it was negatively charged.
he positively charged HRP (IEP 8.91) is expected to show high
ffinity for the anionic surface of the nanocomposite just as other
ositively charged proteins (Kumar and Chaudhari, 2000). The
inding of HRP to the charged nanocomposite was dominated by
lectrostatic interactions. In most of the cases, when the enzyme
as immobilized on the substrate by electrostatic force, there is a

ittle change in its FTIR spectrum (Kumar and McLendon, 1997;
e et al., 2004). FTIR spectroscopy, as a sensitive technique, was

lso used to probe into the secondary structure of proteins. The
rofiles of the amide I and amide II infrared bands for HRP
rovided the detailed information on the secondary structure of
he polypeptide chain (Kumosinski, 1994). The amide I band
1700–1600 cm−1) is attributed to the C O stretching vibration
f peptide linkage in the background of protein. The amide II
and (1625–1500 cm−1) is assigned to the combination of N H
ending and C N stretching. As shown in Fig. 2, the spectra
f amide I and amide II bands in HRP (Fig. 2C) and those in
he HRP–sol–gel film (Fig. 2D) were nearly the same. Only
bout 2–3 cm−1 shift was observed in amide I′, indicating the
lectrostatic interaction between HRP and the nanocomposite.
t suggested that the matrix containing the nanocomposite might
esult in a high retention of enzyme structure and activity.

.2. Direct electrochemistry of HRP and electrocatalysis of
iosensor to H2O2

Fig. 3 shows the cyclic voltammograms (CVs) of the
RP–sol–gel-nanocomposite (a) and the HRP–sol–gel-CMCS

b) modified electrode in PBS 7.0 at 100 mV/s, respectively.
s were shown in the CVs, only when HRP was embedded

n the matrix containing the nanocomposite, a pair of redox
eaks could be observed. The peaks located at about −0.305
nd −0.173 V are characteristic of the HRP heme Fe2+/Fe3+

edox couples. The formal potential (E0′), that was the average
alue of the anodic and cathodic peak potentials, was −0.239 V,
hich was slightly positive than that obtained by Li et al. (Xu et
l., 2004). Apparently, the presence of the nanocomposite is an
ssential component for the direct electron transfer of HRP. It
ay provide a native environment for the enzyme molecules to

rient in conformations more favorable for direct electron trans-

s
3
a
t

anocomposite matrix (b) and HRP–sol–gel-nanocomposite film modified GCE
n the presence of 0.2 mM H2O2 (c) in 0.1 M PBS 7.0 solution, scan rate:
00 mV/s.

er. CMCS has many functional groups. When it is exposed to
he solution, those functional groups can be served as adsorp-
ion sites that promote electron transfer. As the carboxylic ligand
ontaining compounds have been proved to enhance the electron
ransfer of proteins (Tarlov and Bowden, 1991), CMCS could
rovide favorable electrostatic binding with HRP and enhance
he electron transfer from HRP to the electrode. We suggest that
arboxyl of CMCS could interact with amino which is attached
o the protein shell of enzyme in the process of mixing the
anocomposite with the enzyme solution. The complex stabi-
ized by electrostatic interaction is shown in Scheme 1B. On the
ther hand, the electrons can be transferred from the electrode to
he active site of the enzyme via the possible conducting chan-
els that provided by Au-nanoparticles, which are within the
lectron transfer distance between the electrode and HRP. The
resence of gold nanoparticles will reduce the effective electron
ransfer distance thereby facilitate charge transfer. The biosensor
ased on the nanocomposite showed very stable electrochemical
esponses even after 500 cycles measurements, which made it
uitable for further investigations and applications.

For a thin layer, the integration of the CV peak gives the total
mount of charge passed through the electrode for the reduction
r the oxidation of electroactive species in the thin films. The
urface concentration (Γ *) of the active proteins can be deduced
rom the following equation (Bard and Faulkner, 1980)

= Q

nFA

here Q is the charge, n the electron transfer number, F the
araday constant and A denotes the geometric area of the work-

ng electrode. From the integration of the anodic peak of the

ensor, the amount of the active HRP in film is estimated to be
.91 × 10−9 mol/cm2 (12.1 �g). Only about 20.17% of the total
mount of HRP is deposited on the electrode, which indicates
he presence of a sub-monolayer of electroactive HRP on the
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ig. 4. Amperometric response of the H2O2 biosensor to successive addition o
0.4 V. Inset shows the calibration plot between the current and the concentrati

urface of the electrode. This may suggest that only those HRP
olecules that contact with the nanocomposite with a suitable

rientation can exchange electrons with the electrodes. How-
ver, compared with the surface coverage of HB or MB in the
ol–gel matrix (Wang et al., 2004), the surface coverage of HRP
n our system was increased. It may be due to the high loading of
he nanocomposite in the sol–gel matrix. On the other hand, the
ol–gel matrix containing the nanocomposite provided a three-
imensional matrix, which also increased the loading amount of
he bioactive enzymes (Jia et al., 2002).

The electrochemical catalytic reduction of the H2O2 by HRP
as examined by cyclic voltammetry. Fig. 3c illustrated that
hen 0.2 mM H2O2 was presented in pH 7.0 buffer, the cathodic

esponse of the sensor was remarkably enhanced while the
nodic peak decreased concomitantly, indicating that the cat-
lytic reduction of H2O2 was performed on the sensor. The
lectrocatalytic process can be expressed as follows (Ruzgas
t al., 1995):

RPFe(III) + H2O2 → compound I + H2O (1)

ompound I + 2e− + 2H+ → HRPFe(III) + H2O (2)

n the presence of the nanocomposite, the heterogeneous elec-
ron transfer of step 2 can be carried out at a reasonable rate.

A typical current–time plot was obtained under the opti-
ized experimental condition (Fig. 4). The sensor responded

apidly and approached about 98% of its steady state current
ithin 5 s. Such a fast response may be ascribed to the pres-

nce of the AuNPs in the matrix. The presence of AuNPs would
ncrease the conductivity of the sol–gel matrix, and HRP in
uch matrix would quickly transfer the electron to the elec-
rode. The resulting calibration plot is presented in the inset

f Fig. 4. A linear range spans the concentration of H2O2 from
.0 × 10−6 to 1.4 × 10−3 M, with a slope of 6.24 × 10−4 A/M.
he sensitivity of the sensor is higher than that of the sen-
or based on sol–gel–ferrocene/HRP/sol–gel. This may result
ferent concentration of H2O2 0.1 M PBS 7.0 solution at the working potential of
f H2O2.

from the biocompatible microenvironment around the enzyme.
The detection limit of 4.01 × 10−7 M was estimated at a signal-
to-noise ratio of 3. The apparent Michaelis–Menten constant
K

app
M is calculated to be 0.57 mM according to Lineweaver–Burk

equation (Kamin and Wilson, 1980), which is smaller than the
reported value in pure sol–gel matrix (Li et al., 1996). This
suggests that the present sensor exhibits a higher affinity for
hydrogen peroxide.

3.3. Reproducibility and stability of the biosensor

The reproducibility of the sensor was evaluated at a H2O2
concentration of 0.1 mM, and the relative standard deviation
was 1.87% (n = 6). For the inter electrode repeatability of six
electrodes from the same batch, the relative standard deviation
was 6.8% at a H2O2 concentration of 0.1 mM. The stability of
the sensor was investigated. Its response remained stable after
continuously detecting H2O2 for about 2 h. When the electrode
was put in a refrigerator at 4 ◦C and measured everyday, the cur-
rent response only decreased by 6% of the original value after
20 days. Good stability may be attributed to the aspect that the
nanocomposite was stable in the sol–gel matrix and the sol–gel
technology retains the biological activity of HRP to a larger
extent (Dave et al., 1997).

4. Conclusion

A new biocompatible nanocomposite composed of CMCS
and AuNPs has been successfully developed. Such a nanocom-
posite has the advantages that are superior to CMCS and AuNPs.
It was used with silica sol–gel method to immobilize HRP to con-
struct a H2O2 biosensor. Direct electron transfer of HRP was

studied. The resulting biosensor exhibits high sensitivity and
superior stability implying that this nanocomposite can provide
a suitable microenvironment for enzyme immobilization. The
nanocomposite may be further developed for other applications.
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