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a  b  s  t  r  a  c  t

Development  of  a highly  sensitive  nanostructured  electrochemical  biosensor  based  on  the  integrated
assembly  of  horseradish  peroxidase  (HRP)  and  single-walled  carbon  nanotubes  (SWNTs)  is described.  In
this  study,  we  describe  the  use  of a  sodium  cholate  suspension-dialysis  method  to  adsorb  the horseradish
peroxidase  (HRP)  onto  single-walled  carbon  nanotubes  (SWNTs).  We  demonstrate  that  HRP–SWNTs  con-
jugates  can  be assembled  into  amperometric  biosensors  which  l-cysteine  were  assembled  on  a  gold
electrode  through  the  covalent  bond  of S–Au  and  was  used  as a substrate  for the  immobilization  of
enzymes.  Direct  electron  transfer  of  HRP  is  realized  at  SWNTs,  and  both  anodic  and  cathodic  currents  of
the redox  reaction  at the l-cysteine–HRP–SWNTs-modified  gold  film  upon  electrocatalysis  are  amplified.
Meanwhile,  experimental  results  reveal  that  HRP  is  stably  immobilized  onto  the  SWNTs  and  maintains
inherent  enzymatic  activity  toward  H2O2.  The  modified  electrode  shows  high  sensitivity  toward  H2O2.

−12
A linear  response  to hydrogen  peroxide  measurement  is obtained  over  the  range  from  1.0  ×  10 to
1.0  × 10−11 M  and  an  amperometric  detection  limit  of  2.1  × 10−13 M due  to  its bioelectrocatalytic  reduc-
tion  based  on  direct  electron  transfer  between  gold  electrode  and  the  active  site  of  the  HRP. The  biosensor
displays  excellent  operational,  storage  stability  and  highly  sensitive.  The  excellent  performance  validates
the  integrated  assembly  as  an  attractive  sensing  element  for the  development  of  a  new  hydrogen  peroxide
amperometric  biosensor.
. Introduction

Electrical communication between redox sites of enzyme and
lectrode is the basis for developing various amperometric biosen-
or devices [1].  Nevertheless, direct electron transfer is usually
mpossible with most enzymes because their redox centers are
ocated deep inside the insulated protein shells. Therefore, some
arbon materials, such as carbon nanotubes [2,3], carbon nanofibers
4], and highly ordered mesoporous carbons [5,6], are required in
rder to establish an electrical connection between these redox
enters and the electrode [7] for fabricating a third-generation
nzyme biosensor.

Single-walled carbon nanotubes (SWNTs) possess highly unique
lectronic, mechanical, and optical properties, making them the
ubject of intense study because of their discovery in 1993 by
ijima [8,9]. A large length-to-diameter ratio and a good conduc-

ivity of the SWNTs, make it possible to form a three-dimensional
onducting matrix that can be used for immobilization of enzymes
nd proteins, more importantly, direct electron transfer of those

∗ Corresponding author. Tel.: +86 931 7971276; fax: +86 931 7971323.
E-mail addresses: luxq@nwnu.edu.cn, taaluxq@126.com (X. Lu).

927-7765/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier B.V. All ri
oi:10.1016/j.colsurfb.2011.09.045
Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.

biomacromolecules [10] enhanced faradaic responses [11]. How-
ever, As-synthesized single-walled carbon nanotubes (SWNTs) are
bundled, preventing their efficient application [12]. To improve
upon the properties of the SWNTs, low-cost and simple approaches
utilizing a sodium cholate suspension-dialysis process to their
debundled modification have been much pursued vigorously in
recent times [13–15].  In this way, the proteins were adsorbed to
form a stable solution-phase complex with SWNTs, neither the
native structure and biological activity of proteins nor the unique
propertie of SWNTs was  lost.

The functionalized single-walled carbon nanotubes (SWNTs) are
promising materials as carriers for enzyme immobilization [16,17].
The main advantage of using functionalized SWNTs is that the
biomolecules can be immobilized firmly onto the SWNTs through
covalent binding at the functional sites or noncovalent methods.
Benefits of covalent immobilization are that it provides a strong
linkage of the protein to the SWNTs and may  increase the stability
of the protein [18]. However, covalent coupling normally damages
the sidewalls of SWNTs and disrupts their unique, electrical and

optical properties [19–21].  In contrast, noncovalent methods can
allow for the electronic structures and the geometric structures
of the SWNTs [14,22–26] to be retained. Recently, a noncova-
lent method of protein attachment to SWNTs utilizing a sodium
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holate suspension-dialysis process has been developed [13,14].
his method has been successful in coupling both the enzyme glu-
ose oxidase [13] and horseradish peroxidase to SWNTs [14].

Among many different strategies used for the modification of
lectrode surfaces, the self-assembly technique exhibits unprece-
ented flexibility to tailor interfacial properties and presents
iologically relevant groups, which makes it well-suited for the
ontrol of biomolecular density and orientation at the solid-liquid
nterface to obtain better reproducibility and higher efficiency [25].
t is well known that alkyl or aromatic disulfides and thiols form

 close-packed ordered monolayer, “self-assembled monolayer”
SAM), on gold or silver surfaces via chemisorptive S–Au or S–Ag
onds [27–29].  The strength of this covalent bond is 40 kcal/mol
30]. Based on this principle, l-cysteine can form self-assembled

onolayers on gold surfaces.
The direct electron transfer of immobilized proteins such

s HRP [31], cytochrome C [32], and hemoglobin [33] with
egard to Fe(III) to Fe(II) conversion has been well studied
nd extensively employed for biosensing and the preparation
f mediator-free biosensors [34]. Direct electrical contacting of
edox proteins to electrodes has been accomplished through
elf-assembling monolayers, polycation layering, sol–gel and con-
ucting polymers, clay colloids, or carbon paste, all of which
rovide electron-conducting pathways between the protein and
he electrode [35–42].  The relatively low amperometric detection
imit obtained for l-cysteine–HRP–SWNTs-modified electrode is
ower than the 2.5 × 10−7 M reported for HRP immobilized in ZrO2-
rafted Collagen/DMSO Membranes [43], 1 × 10−7 M for HRP–CPE

ncorporating the graphite powder [44], and 2.5 × 10−7 M for HRP-
hi-BMIM·BF4/GC electrode [45]. Recently, a method to determine
ydrogen peroxide in macrophage RAW 264.7 cell extracts with
he detection limit of 5.6 nM were reported [46].

Hydrogen peroxide which present in aerobic cells as a metabo-
ite in low concentrations is generated by nonenzymatic and
uperoxide dismutase-catalyzed dismutation reactions. The active
xygen species H2O2, superoxide anion and hydroxyl radical have
een implicated as a cause of cellular death [47]. H2O2 causes
NA single-strand break in human fibroblasts. Thus, the method to
etermine H2O2 of low concentration is desired for constructing.

n the present study, by combining the advantageous features of
WNTs and S–Au, a novel H2O2 biosensor has been constructed. The
dvantages of l-cysteine–HRP–SWNTs-modified gold electrode are
he low detection limit and the high activity of HRP. We  have
eveloped a hydrogen peroxide biosensor, in which horseradish
eroxidase was immobilized onto a functionalized SWNT through
oncovalent method and the carboxylic groups of the functional-

zed SWNT was immobilized onto an amino-terminated l-cysteine
elf-assembled monolayer (SAM) performed on the Au electrode.
he low detection limit obtained in this work is attributed to
he intimate contact resulting from the close proximity between
nzyme and electrode, attached by SWNTs.

. Experimental

.1. Materials

Single-walled carbon nanotubes were purchased from
anoport. Co. Ltd. (Shenzhen, China). Horseradish peroxidase

HRP) was obtained from Sigma. l-Cysteine, sodium cholate,
-(3-dimethylamino)propyl-N-ethylcarbodiimide hydrochloride

EDC) and N-hydroxysulfosuccinimide (NHS) were purchased from

ldrich. A phosphate buffer saline solution (PBS) was prepared by
odifyng 0.01 M disodium hydrogen phosphate (Aldrich) with the

dmixture of 0.01 M sodium dihydrogen phosphate (Aldrich) with
.1 M sodium chloride. All other reagents used were of analytical
: Biointerfaces 90 (2012) 62– 67 63

reagent grade. Deionized water was  used throughout to prepare all
solutions, and a high purity nitrogen atmosphere was maintained
in the cell during the whole period of experiments.

2.2. Apparatus

2.2.1. Electrochemical measurements
Electrochemical experiments were carried out using a CHI 660

(CH Instruments Co. Ltd., Austin, USA) with a three-electrode cell.
The gold (or modified gold) electrode, a platinum wire, and satu-
rated calomel electrode (SCE) were used as working, counter and
reference electrode, respectively.

2.2.2. UV–vis spectrophotometry
To monitor the biosensor, we assembled L-cysteine–

HRP–SWNTs and L–cysteine–SWNTs on ITO substrates deposited
gold nanopaticles. Absorption spectra were taken with a UV-
1102 vis spectrophotomer (Tianmei Science Instruments Co. Ltd.,
Shanghai, China) of films fabricated with HRP.

Scanning electron microscope (SEM) measurements. Surface
images of the L–cysteine-modified gold film before and after
integrating the HRP–SWNTs were obtained by SEM (JSM-6701F,
Electron Optics Co., Japan) measurement.

2.3. Preparation of enzyme electrodes

2.3.1. Purification and oxidation of SWNTs (Fig. 1a)
Hydrogen peroxide (30%, 50 ml)  was measured into a graduated

cylinder followed by careful addition of concentrated hydrochloric
acid (36%, 50 ml). The acid mixture was slowly added to the flask
containing with SWNTs (100 mg), and the mixture was sonicated
for 6 h. The resulting nanotubes were then filtered through a PTFE
0.2 �m membrane and washed with deionized water to neutral pH.

2.3.2. Adsorption of enzyme to SWNTs (Fig. 1b)
Highly dispersed and debundled SWNTs were prepared by the

sodium cholate suspension-dialysis method [8,9]. In this method
SWNTs were first debundled with the bile salt sodium cholate, the
adsorbed cholate was subsequently replaced by horseradish per-
oxidase (HRP), and the sodium cholate was  removed by dialysis.
Initially, a saturated suspension of single-wall carbon nanotubes
(SWNTs) was made by first adding 3 mg  of SWNTs with carboxylic
groups to 7 ml  of a 2 wt% aqueous solution of sodium cholate. Next,
the mixture was  sonicated for 1 h using a homogenizer (22% ampli-
tude, Cole-Parmer model CPX750) resulting in a dark black liquid.
Then, the SWNTs solution was centrifuged at 30,100 × g for 1 h
at temperature 4 ◦C, and the supernatant was  retained. Sodium
phosphate was added to 5 ml of supernatant SWNTs solution to
give a concentration of 20 mM.  Next 20 mg  of HRP was added to
the SWNTs solution and mixed well. The sodium cholate that was
displaced as the HRP adsorbed onto the SWNTs was removed by
dialysis with a 10 KDa dialysis membrane (Spectrum Laborato-
ries) and 1.5 L of a 20 mM phosphate buffer (pH 7.5) for 12 h at
4 ◦C. Next the resulting HRP–SWNT solution was  transferred to a
100 kDa dialysis membrane (Spectrum Laboratories) and dialyzed
at 4 ◦C to remove any unabsorbed HRP, with a change of the buffer
frequently. The final suspension was  centrifuged at 29,600 × g for
1 h and the supernatant was  retained.

2.3.3. Self-assembled l-cysteine on gold electrode (Fig. 1c)
The Au disk electrode (diameter 3.0 mm)  was  polished with 0.3,

and 0.05 �m alumina powders consecutively to get a mirror-like

surface and then sonicated in deionized water for 5 min. Prior to
use, the electrode was electrochemically pretreated by cycling the
potential from −0.2 to +1.6 V in 0.5 M H2SO4 solution at the scan
rate of 0.10 V s−1 to get a stable voltammogram. Modification by
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the Soret band and the decrease in its absorbance may  be due to
the interaction between SWNTs and proteins for the surface poten-
tial energy and adsorption [26]. Such interactions neither destroy
Fig. 1. Schematic of prep

-cysteine was accomplished by immersing the well pretreated
old disk electrode in 0.01 M l-cysteine for 4 h. Then, the treated
lectrode was rinsed with deionized water.

.3.4. Construction of the enzyme electrodes (Fig. 1d)
N-(3-dimethylamino)propyl-N-ethylcarbodiimide hydrochlo-

ide (EDC) and N-hydroxysulfosuccinimide (NHS) as a coupling
gent was added in 1 ml  of HRP–SWNTs for 45 min. Then the cou-
ling agent unused was removed by dialysis. The enzyme electrode
as accomplished by immersing the modified gold electrode in the
RP–SWNTs treated with EDC and NHS for 48 h.

. Results and discussion

.1. Characterization of the l-cysteine–HRP–SWNTs-modified
old film

SEM is a powerful tool to characterize the morphologies of
ifferent composites. Fig. 2 shows the SEM images of the l-
ysteine-modified gold film before (Fig. 2a) and after integrating
he HRP–SWNTs (Fig. 2b). After the covalence of the HRP–SWNTs
Fig. 2b), SWNTs were seen to be distributed on the surface of l-
ysteine-modified gold film and some of them intercalated into the
nterior film.

.2. Electrochemical characteristics of the modified electrode

Cyclic voltammetry (CV) is especially well-suited to study of
lectron-transfer kinetics of electroactive species. Fig. 3 shows the
yclic voltammograms of different electrodes in 0.01 M pH 7.0 PBS.
he l-cysteine–HRP–SWNTs-modified electrode gives a couple of
table and well-defined redox peaks at −0.203 and −0.394 V at
.05 V s−1 (curve d in Fig. 3), while no redox peak is observable at the
are gold electrode (curve a in Fig. 3), l-cysteine-modified electrode
curve b in Fig. 3) and l-cysteine–SWNTs-modified electrode (curve

 in Fig. 3). Obviously, the response of the L–cysteine–HRP–SWNTs-
odified electrode is attributed to the redox of the electroactive

enters in the HRP.
The cyclic voltammograms of the l-cysteine–HRP–SWNTs-

odified electrode displays a well-defined peak shape at different
can rates (Fig. 4). Cathodic peak currents vary linearly with the
can rates, as shown in the inset of Fig. 4, indicating a surface-
ontrolled electrode process.

.3. UV–vis characterizations
HRP contains heme as a prosthetic group, which is also the
rotein active site, and it can catalyze the hydrogen peroxide-
ependent one-electron oxidation of a wide variety of substrates.
n of enzyme electrodes.

UV–vis spectroscopy is an effective means for monitoring the pos-
sible change of the Soret absorption band in the heme group region.
The band shift may  provide information on the tertiary structure
of HRP, especially that conformational change around the active
site of the HRP [45,48]. Fig. 5 shows the spectra of HRP in PBS
solution of pH 7.5 (curve a) and l-cysteine–HRP–SWNTs assembled
layers on ITO glass deposited gold nanopaticles (curve b). For HRP
in PBS, the Soret band lies at 402 nm,  while it is shifted to 408 nm
in the l-cysteine–HRP–SWNTs assembled film. The slight shift in
Fig. 2. SEM images of the films. (a) l-Cysteine-modified gold film. (b) l-
Cysteine–HRP–SWNTs-modified gold film.
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Fig. 3. Cyclic voltammograms of the electrodes at different stages: (a) bare gold elec-
trode, (b) l-cysteine-modified electrode, (c) l-cysteine-SWNTs-modified electrode,
and (d) l-cysteine–HRP–SWNTs-modified electrode. The curves were obtained in
0.01 M PBS (pH 7.5) and scan rate 50 mV  s−1.

-0.8-0.6-0.4-0.20.00.20.4

-4

-2

0

2

4

6

8

10

g

a

C
ur

re
nt

 /μ
Α

 

Potential / V (vs.SCE)

0 50 10 0 150 200 25 0 30 0

2

3

4

5

6

Cu
rre

nt
 / 

μA

Sca n rate  / mV s-1

Fig. 4. Cyclic voltammograms of the l-cysteine–HRP–SWNTs-modified electrode in
0.01 M pH 7.5 PBS at different scan rates. The scan rates form inner to outer are
(a)  20, (b) 40, (c) 60, (d) 80, (e) 100, (f) 200, and (g) 300 mV s−1. Inset: The plot of
cathodic peak currents vs. scan rates.
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Fig. 5. UV–vis spectra for (a) HRP in PBS (pH 7.5) and (b) l-cysteine–HRP–SWNTs
assembled layers on ITO glass deposited gold nanopaticles.
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Fig. 6. Linear sweep voltammograms of the biosensor in PBS pH 7.5 without (a) and
with 3.0 × 10−12 M H2O2. (b) Scan rate 50 mV s−1.

the structure nor change the fundamental microenvironment of the
biomolecules.

3.4. Linear sweep voltammetric response of biosensor to H2O2

The electrocatalytic reactivity of the l-cysteine–HRP–SWNTs
electrode toward H2O2 is investigated by linear sweep voltamme-
try (LSV). Fig. 6 depicts the electrocatalytic response of the electrode
in pH 7.5 PBS with and without the presence of H2O2. A pair of
oxidation–reduction peak is observed in the blank PBS (Fig. 6, curve
a), which contributes to the redox reaction of HRP. Upon the addi-
tion of 3 × 10−12 M H2O2 in the substrate solution, the reduction
peak current increases obviously from 2.36 to 2.55 �A, while the
oxidation current has no change (Fig. 6, curve b), suggesting a
typical electrocatalytic reduction process of H2O2. Good electro-
catalytic activity of the modified electrode for H2O2 is attributed
to the presence of SWNTs and HRP. This result indicates that the
SWNTs could effectively shuttle electrons from the base electrode
surface to the redox center of HRP.

3.5. Effect of pH on the biosensor response
It is known that pH influences the conformation of the enzyme
and its bioactivity, which is studied by measuring the current
response to PBS of 0.01 M in the pH range of 6.0–9.0. Fig. 7 shows
that HRP of this biosensor exhibit best activity in the solution of pH
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Fig. 7. Effect of PBS pH on the electrocatalytic responses of the l-
cysteine–HRP–SWNTs-modified electrode. Error bar = ±S.D. and n = 3.
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.5, it may  be due to the adsorbed HRP that it maintains its higher
ioactivity at such a pH. It is observed that the sensor response

s significantly deteriorated after being exposed to buffers of pH
alues smaller than 7.0 or greater than 8.0.

.6. Amperometric response and calibration curve

Fig. 8 shows the dynamic amperometric response of the modi-
ed electrodes, characterized by a well bioelectrocatalytic response

or H2O2. Fig. 9 shows the corresponding calibration curve between
mperometric current and H2O2 concentration. The linear response
ange is from 1.0 × 10−12 to 1.0 × 10−11 M with a correlation
oefficient of 0.9986 and a detection limit of 2.1 × 10−13 M at a
ignal-to-noise ratio of 3.

. Conclusion

In this study, we demonstrate that HRP–SWNTs conjugates pro-

uced by the sodium cholate suspension-dialysis method were
ighly dispersed and retained a significant amount of native
nzymatic activity. We  also demonstrate that these HRP–SWNT
onjugates can be combined with l-cysteine assembled on the gold

[

[
[
[

: Biointerfaces 90 (2012) 62– 67

electrode by the self-assembly technique to fabricate highly sensi-
tive sensors to H2O2. HRP–SWNTs were constructed in order to
improve the enzyme immobilization on the substrate. A most sig-
nificant aspect of this work is the high biocatalytic response of the
sensors, and the detection limit is lowest ever reported biosen-
sors based on HRP. A second important aspect of this work is
that this method may serve as a model to improve the quality
of many other analytical biodevices and allow for miniaturiza-
tion in biosensor development and for increased power output
in biofuel cell applications. Future generations of arrayed elec-
trochemical sensors and studies of direct electron transfer of
enzymes can benefit from protein electrodes prepared by this
method.
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