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a b s t r a c t

In this work, we have directly grown three-dimensional nanoporous Au networks onto a Ti substrate
using the hydrothermal technique. This newly designed material with a large surface area was used as
a supporting matrix for immobilizing a redox protein, hemoglobin (Hb), to develop a high-performance
hydrogen peroxide biosensor. Scanning electron microscope (SEM), X-ray photoelectron spectroscopy
(XPS), and energy-dispersive X-ray (EDX) spectroscopy were employed to characterize the morphology
eywords:
anoporous Au
emoglobin
iosensors
ydrogen peroxide

and composition of the fabricated nanoporous Au network. Cyclic voltammetry (CV) and amperometry
were used to study and to optimize the performance of the fabricated electrochemical biosensor. Our CV
studies show the direct electron transfer of Hb immobilized on the nanoporous Au network. In addition,
amperometric H2O2 sensing experiments revealed that the nanoporous Au-network based biosensor
exhibits fast response, long linearity, a low detection limit, high stability and very good reproducibility.
Under the optimized conditions, the linearity of the developed biosensor for the detection of H2O2 spans

M wi
from 5 × 10−8 to 2 × 10−4

. Introduction

The focus of this work is to synthesis nanoporous Au mate-
ial and to explore its promising applications in electrochemical
iosensor design. Research and development in the biosensor field

s wide and multidisciplinary, found in biochemistry, physical
hemistry, electrochemistry, electronics, biotechnology, nanotech-
ology and software engineering (Batchelor-McAuley et al., 2009;
issinger, 2005; Wanekaya et al., 2008; Luong et al., 2008; Kafi and
hen, 2009). Biosensors have a wide range of applications in the
omains of clinical diagnostics, environmental monitoring, forensic
hemistry, pharmaceutical studies, food quality control, and biolog-
cal warfare detection (Wang, 2008; Yang et al., 2009). A variety of
ransducer technology has been employed for the development of
iosensors. One of the common approaches is the electrochemical
ethod due to its high sensitivity, simplicity and cost competi-

iveness (Mehrvar and Abdi, 2004; Benvenuto et al., 2009). The big
hallenge in creating biosensors is to find and develop proper con-
ugation strategies between electrodes and biological molecules
uch as enzymes (Liu et al., 2006; Tian et al., 2007). It is desirable

o detect a large number of chemical and biochemical substances
n a direct way and with low detection limits. Thus, there is great
nterest in improving the transducer technology to allow direct
etection and to increase the number of analytes that can be mea-

∗ Corresponding author. Tel.: +1 807 3438318; fax: +1 807 3467775.
E-mail address: aicheng.chen@lakeheadu.ca (A. Chen).

956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2010.04.006
th a detection limit of 2 × 10−8 M (based on S/N = 3).
© 2010 Elsevier B.V. All rights reserved.

sured using the biosensor technology. In this context, progress in
nanotechnology allows the development of highly sensitive biosen-
sors with the additional advantage of miniaturization (Gooding,
2006). Nanostructured materials have been identified as desirable
immobilization matrices due to their high active surface areas for
enzyme binding, regular structures, and good mechanical, thermal
and chemical stability (Wang et al., 2003; Katz and Willner, 2004;
Liu and Chen, 2005; Kafi et al., 2008; Highton et al., 2009). Nanos-
tructured materials are expected to possess much higher surface
areas and have attracted great attention in a wide range of elec-
trochemical applications (Michel et al., 2007; Koczkur et al., 2007;
Huang and Sun, 2005). Nanostructured gold is an emerging mate-
rial for use in various applications, notably in fuel cells, sensors,
biosensors, DNA sensors, and bioanalytical diagnostics platforms
(Beissenhirtz et al., 2007; Matthew et al., 2007; Zeis et al., 2007;
Kongcheng et al., 2008; Shulga et al., 2008; Lim et al., 2008).

Sensitive detection of H2O2 is of central importance in envi-
ronmental, pharmaceutical, biomedical research, and industrial
settings (Wang and Wang, 2004; Chen and Dong, 2007). Several
electrochemical biosensors based on redox enzymatic activity such
as horseradish peroxidase (HRP) or enzymatic-like activity such
as hemoglobin (Hb) have recently been designed for H2O2 detec-
tion (Duan et al., 2008; Feng et al., 2005; Kafi et al., 2008; Zheng

et al., 2008a,b; Zhu et al., 2009). It is well known that the struc-
tural properties inherent in the enzymes/proteins such as HRP or
Hb make it difficult to achieve direct electron transfer when they
are directly immobilized on conventional electrode surfaces such
as glassy carbon, gold and platinum (Yan et al., 2005). The per-

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:aicheng.chen@lakeheadu.ca
dx.doi.org/10.1016/j.bios.2010.04.006
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ormance of a biosensor mainly depends on the properties of the
ioactive layer associated with the transducer. However, it is often
till the case that the redox enzymes/proteins are too large to inter-
ct directly with a conventional electrode without being at least
artly denaturated of biomaterials. Since the active sites of these
nzymes/proteins are deeply buried in protective protein matrixes,
n exceptional working condition is required in order to achieve
irect electron exchange with the electrode. In this context, inor-
anic nanotubes, nanoparticles (NPs) and colloids are attracting
rowing attention owing to their specific characteristics of large
pecific surface area for enzyme adsorption and good biocom-
atibility (Katz and Willner, 2004; Ahmadalinezhad et al., 2009).
anoporous gold (NPG) is a new kind of nanomaterial with promi-
ent properties which make it an attractive material in biosensor
evelopment. It is expected that nanoporous gold can be a good car-
ier for biomacromolecules due to its pore structure, large surface
rea and high-specific pore volume. To the best of our knowledge,
here is no existing efficient method to directly grow nanoporous
u except a few reports on the synthesis of nanoporous Au by
hemical/electrochemical dealloying from binary or multicompo-
ent Au-based alloys (Erlebacher et al., 2001; Zhang et al., 2007; Xu
t al., 2007).

HRP is the most commonly used enzyme for the fabrication of
2O2 electrochemical biosensors. Owing to its expensiveness and
nstableness, finding alternatives to reduce the cost and to improve
he performance of H2O2 biosensors is scientifically interesting and
mportant practically. Although Hb does not function as an enzyme
n biological systems, it is an inexpensive model system for HRP and
ts peroxidase activity is well documented (Kumar and Chaudhari,
002; Li et al., 2006). In this study, for the first time, we have

mmobilized hemoglobin (Hb) on nanoporous Au networks directly
rown on Ti substrates by the chemical reduction of an Au precursor
nder a hydrothermal condition. Our electrochemical study reveals
hat the immobilized Hb exhibits direct electrochemistry and high
atalytic activity toward hydrogen peroxide. The fabricated Au-
etwork based biosensor exhibits fast response, long linearity, a

ow detection limit, high stability and very good reproducibility for
2O2 detection.

. Experimental

.1. Reagents and materials

Hemoglobin was purchased from Sigma and used as received.
tock solutions were stored at a temperature of 4 ◦C. The chitosan
as from Aldrich. 30% hydrogen peroxide was bought from Fluka

nd the stock solutions of H2O2 were diluted from this. The experi-
ental solutions were prepared every day by appropriate dilution

f the stock solution. All other reagents were of analytical grade
nd were used as supplied. Water was purified with the nanopure
ater system and was used to prepare all solutions. All experi-
ents were performed in 0.1 M phosphate buffer solution (PBS),
aintaining different pH values with K2HPO4 and KH2PO4.

.2. Biosensor fabrication

The nanoporous Au networks used in this study were syn-
hesized by chemical reduction of an Au precursor under a
ydrothermal condition (Holt-Hindle et al., 2008; Wang et al.,
008). Briefly, a Ti plate (99.2% from Alfa Aesar, cut into small

ieces, 1.25 cm × 0.80 cm, with a thickness of 0.5 mm) was washed

n acetone followed by nanopure water, and then etched in an
8 wt% HCl solution at 85 ◦C for 10 min. The etched Ti substrate
as transferred into a Teflon lined autoclave containing 4.2 mM
AuCl4 and 0.36 wt% formaldehyde. Then the autoclave was sealed
ectronics 25 (2010) 2458–2463 2459

and heated at 180 ◦C for 8 h. After cooling to room temperature, the
Au-coated Ti plate was annealed in a tube furnace at 250 ◦C under
argon protection for 2 h and then rinsed with pure water. Finally,
20 �L of 2 mg/ml of HB was co-immobilized onto the nonporous Au-
network modified Ti electrode with 10 �L of 2 mg/ml of chitosan.
The resulting electrode is referred to as Ti/NP–Au/Hb. Chitosan has
been used for fabricating highly stable biosensors and is used here
to enhance the stability of the biosensor (Khan and Dhayal, 2008).
For comparison, two other kinds of electrodes, Ti/Hb and Ti/Au/Hb,
were fabricated using a Ti plate and a Ti substrate modified by a
sputtered Au thin film, respectively. The Au thin film was coated
onto a Ti substrate by argon plasma sputtering for 30 s. The mod-
ified electrodes were stored in a phosphate buffer solution with a
pH of 7.0 at 4 ◦C when not in use.

2.3. Instrument and electrochemical measurements

The morphology and the composition of the synthesized
nanoporous Au network was characterized by scanning elec-
tron microscope (SEM) (JEOL JSM 5900 LV) at an acceleration
voltage of 13 kV, X-ray photoelectron spectroscopy (XPS), and
an energy-dispersive X-ray (EDX) spectrometer. Electrochemical
measurements were carried out with a CHI (630B) workstation.
A three-electrode configuration was employed for these experi-
ments. The modified nanoporous Au-network–Ti electrodes were
employed as the working electrodes. A platinum coil was employed
as the counter electrode and a 3 M KCl saturated Ag/AgCl electrode
was connected as the reference electrode. Cyclic voltammetric
measurements were carried out in 0.1 M PBS by scanning the elec-
trode potential in the range between 0.1 and −0.5 V versus Ag/AgCl.
Amperometric responses were measured in 0.1 M PBS stirred by
a magnetic stirrer. All measurements were performed at room
temperature. Prior to the experiment, all electrolytes were deoxy-
genated by bubbling ultra-pure argon for 20 min and an argon
atmosphere was maintained during the course of the experiments.

3. Results and discussion

3.1. SEM, XRD and XPS studies of the nanoporous Au-network
modified Ti

The nanostructures of the fabricated nanoporous Au networks
onto the Ti electrodes was examined by SEM. Fig. 1 shows typi-
cal SEM images of the nanoporous Au networks fabricated in this
study at 3000× and 15,000× magnifications. The low magnification
SEM image (Fig. 1a) shows that the Ti substrate is well covered by
abundant gold nanoparticles and chain-like fibers. The high mag-
nification SEM image (Fig. 1b) reveals that the nanoparticles and
chain-like fibers are interconnected, forming three-dimensional
networks. The diameter of the formed randomly porous structures
varies from tens to hundreds of nanometers. Fig. 1c displays the
EDS of the synthesized Au networks. Strong Au peaks appear in
the EDS spectrum; but no discernible carbon or oxygen signals
are observed, showing that the synthesized Au-nanoporous net-
works are free of organic impurities. Fig. 1d presents the XRD
patterns of the nanoporous Au network. All the peaks labelled
by an asterisk are derived from the Ti substrate. The lattice con-
stant calculated from the pattern was 4.079 Å, consistent with the
literature a = 4.078 Å (Joint Committee on Powder Diffraction Stan-
dards file no. 04-0784). The average crystallite size was calculated

to be 22 nm, indicating that the discernible particles in the SEM
images are actually agglomerated crystallites. We further charac-
terized the nanoporous Au network using XPS. Fig. 1e displays the
XPS spectrum of the Au 4f region. The dots, dotted line, red and
blue solid lines, and black solid line represent the raw data, base
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ig. 1. (a and b) SEM images of nanoporous Au networks recorded at various magni
n asterisk is attributed to the Ti substrate. (d) XRD spectrum recorded from the synt
anoporous Au network.

ine, individual components and total fit, respectively. The two 4f
inding states of zero valences Au are identified as 4f7/2 and 4f5/2
t 84.0 and 87.7 eV, respectively, which are highly consistent with
he literature (Moulder et al., 1995). Results from the spectral area
ntegration of individual components indicate that 95.4% of the Au
xists as zero valence species, whereas the other 4.6% represents
pecies in oxidation states. This high percentage of metallic species
uggests a highly effective reduction of the gold precursor through
he applied hydrothermal process.

.2. Direct electrochemistry of Hb immobilized onto the
anoporous Au network

The direct electrochemistry of Hb immobilized onto the
anoporous Au network was investigated using cyclic voltamme-
ry. Fig. 2a displays the CVs of the Ti/NP–Au/Hb (dashed line) and
he Ti/NP–Au electrode (solid line) recorded in the potential range
rom −0.5 to 0.1 V at a scan rate of 20 mV/s in 0.1 M PBS (pH
.0). As expected, the CV of the Ti/NP–Au electrode is featureless.

n contrast, the Ti/NP–Au/Hb electrode shows a couple of well-
efined peaks, the oxidation peak at −0.125 V and reduction peak
t −0.21 V. The formal potential E0 of Hb was thus calculated to
e −0.167 V, which is more negative than the redox potential of

ative Hb (−0.048 V). This is likely due to the interactions between
he immobilized Hb and the nanostructured surface, leading to

structural alternation from the closed structure in the native
tate of Hb to an open conformation and thereby resulting in a
ecrease in the redox potential (Yan et al., 2005). Normally redox
ns. (c) EDS spectrum of the synthesized nanoporous Au networks; peak labelled by
d nanoporous Au network. (e) XPS spectra of the Au 4f region for the as-synthesized

proteins/enzymes do not show any electroactivity at conventional
bare electrodes under the same conditions (Gao and Gao, 2007),
and no redox peaks are seen in the CVs of the Ti/Hb and Ti/Au/Hb
electrode (data not shown). The above results reveal that the redox
peaks are attributed to the direct electron transfer of the immobi-
lized Hb onto the nanoporous Au network and that the nanoporous
Au network plays an important role in the enhancement of the
electroactivity of the immobilized Hb.

Fig. 2b shows the CVs of the Ti/NP–Au/Hb electrode recorded in
0.1 M pH 7.0 PBS at different scan rates. A pair of nearly symmetric
anodic and cathodic peaks appears with almost equal peak currents
when the scan rates were varied from 5 to 100 mV/s. This is due
to the fact that the electroactive Hb Fe (III) immobilized on the
nanoporous Au is reduced to Hb Fe (II) on the forward scan and
then reoxidized to Hb Fe (III) during the reverse scan. In addition,
the peak-to-peak separation increases with the increase of the scan
rate. As seen in Fig. 2c, the anodic peak current and the cathodic
peak current linearly increase with the increasing of the scan rate,
showing that the redox process of the immobilized Hb is quasi-
reversible and surface controlled (Murray, 1984).

3.3. Catalytic activity to H2O2 reduction
Electrocatalytic reduction of H2O2 on the Ti/NP–Au/Hb elec-
trode was further examined. Fig. 3 shows the voltammograms of
the Ti/NP–Au/Hb electrode recorded in 0.1 M pH 7.0 PBS in the pres-
ence (ii and iii) and the absence of H2O2 (i). Comparison of Plot i
(dotted line) and Plot ii (dashed line) shows that after the addition of
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Fig. 2. (a) Cyclic voltammograms of the Ti/NP–Au/Hb (dashed) and the Ti/NP–Au
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lectrode (solid) in 0.1 M PBS with pH 7.0 at a scan rate of 20 mV/s. (b) Cyclic voltam-
ograms of the Ti/NP–Au/Hb electrode with different scan rates in 0.1 M PBS with

H 7.0. The scan rates were from 5 to 100 mV/s. (c) Oxidation and reduction current
ersus scan rates.

.25 mM H2O2, the reduction peak current increases accompanied
y a decrease of the oxidation peak current. However, no notice-
ble response was found at the Ti electrode and very low response
o H2O2 was found for the Ti/Hb electrode (data not shown here),
howing that the catalytic reduction of H2O2 indeed originates from
he Hb immobilized on the nanoporous Au network. The reduction
urrent increases with the increment of the H2O2 concentration
rom 0.25 (ii) to 0.5 mM (iii). The above results indicate that the
mmobilized Hb in the Au films retained its bioactivity on the elec-

rode surface and show excellent electrocatalytic activity for the
eduction of H2O2. The generic reaction for reduction of H2O2 by
b can be expressed as the following (Wang et al., 2009):

b(Fe3+) + H2O2 → CompoundI(Fe4+ O) + H2O (1)
Fig. 3. Cyclic voltammograms of the Ti/NP–Au/Hb electrode (i) in the absence of
H2O2 and in the presence of 2.5 × 10−4 M (ii) and 5 × 10−4 M (iii) H2O2 in PBS with
pH 7.0 at the scan rate of 20 mV/s.

CompoundI(Fe4+ O) + 2e + 2H+ → Hb(Fe3+) + H2O (2)

Given the above reaction, the added H2O2 increases the oxi-
dation form of the heme group in the proximity of the electrode,
resulting in increased cathodic current and the disappearance of
the anodic current.

3.4. Optimal conditions for working with the biosensor

Working under suitable applied potential is very important for
biosensors in order to obtain maximum response. Thus the effect
of applied potential on the response of the Ti/NP–Au/Hb electrode
to H2O2 was examined. As shown in Fig. 4a, when the applied
electrode potential was decreased from +0.1 to 0.0 V, the reduc-
tion current slightly increased; then dramatically increased when
the electrode potential was decreased from 0.0 to −0.3 V; further
decreasing the electrode potential, the reduction current slightly
decreased. At more negative potentials there is a chance of inter-
ference reactions from other electroactive species in the solution.
The electrode potential −0.3 V was thus selected as the optimized
potential after an overall consideration of the detection sensitiv-
ity, where the background current is minimized and unexpected
interfering reactions of other electroactive species can be avoided
effectively.

The pH value of the buffer solution is another key factor that
could affect the behavior of the H2O2 biosensor. Fig. 4b shows
the steady-state reduction current response of the Ti/NP–Au/Hb
biosensor to H2O2 at different pHs of PBS at the applied poten-
tial of −0.3 V. The current increases with the increasing of the pH
from 3.0 to 6.0; however, the amperometric response decreases
when the pH is further increased from 7.0 to 9.0. At the lower pH
ranges, the current response is very low, which might be due to the
denaturation of the biomolecules (Kafi et al., 2008). Moreover, at
low pH values the adsorbed Hb is positively charged and the sat-
uration adsorption capacity decreases due to gradually increasing
columbic repulsive forces between the positively charged protein
amide acids. Consequently, the protein molecules require more
electrode surface space, resulting in a decrease in peak current
with decreasing pH. However, in pH higher than 6, the adsorbed
protein molecules are negatively charged, thus the electrostatic

repulsion between the protein molecules on the electrode surface
can decrease the saturation adsorption capacity of Hb (Wang et al.,
2005). Since the maximum amperometric response is achieved at
pH 6.0, we chose the PBS buffer solution with a pH value of 6.0 as
the optimized pH.



2462 A.K.M. Kafi et al. / Biosensors and Bioelectronics 25 (2010) 2458–2463

F
p
(
2

3

T
T
c
t
(
e
w
H
r
d
g
m
T
o

Fig. 5. (a) Steady-state amperometric response of the Ti/Hb electrode (i), the
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ig. 4. (a) Dependence of current responses of the biosensor at different applied
otentials measured in 0.1 M pH 7.0 PBS containing 2.5 × 10−5 mol /L H2O2 and
b) effect of pH on the catalytic current of the biosensor in the presence of
.5 × 10−5 mol /L H2O2 in PBS at the potential of −0.3 V.

.5. Amperometric response and calibration of the biosensor

The response of the biosensor was examined by testing the
i/NP–Au/Hb electrode with H2O2 in increasing concentrations.
he amperometric experiment was carried out in a stirred cell
ontaining 0.1 M PBS (pH 6.0) under the optimized operating elec-
rode potential of −0.3 V. The cathodic current responses of the
i) Ti/Hb, (ii)Ti/Au/Hb, and (iii) Ti/NP–Au/Hb electrode to H2O2 for
ach successive addition of 1 × 10−5 M are presented in Fig. 5a. A
ell-defined reduction current proportional to the concentration of
2O2 is observed at the Ti/NP–Au/Hb electrode. The reaction occur-

ing at the Ti/NP–Au/Hb electrode (Plot iii) very quickly reaches a
ynamic equilibrium upon each addition of the sample solution,

enerating a steady-state current signal within 5–10 s. However,
uch lower current responses are found both at the Ti/Hb and

i/Au/Hb electrodes. Fig. 5b shows the typical calibration curves
f the (i) Ti/Hb, (ii) Ti/Au/Hb, and (iii) Ti/NP–Au/Hb electrode. The

able 1
omparison of the performances of the various types of H2O2 biosensors.

Modified electrode Linear range (M) Detection l

HRP/Au 1.0 × 10−4 to 3.9 × 10−3 2.0
HRP/Au/TiO2 nanotube 5.0 × 10−6 to 4.0 × 10−4 2.0
HRP/Carbon NT/MB 4.0 × 10−6 to 2.0 × 10−3 1.0
Hb in TiO2 nanotube 4.0 × 10−6 to 6.4 × 10−5 4.6
Hb in polymer/Au 1.0 × 10−5 to 45 × 10−4 0.5
NPG/GCE 2.0 × 10−4 to 2.5 × 10−3 ND
Hb/Ti/nano-Au network 5.0 × 10−8 to 2.0 × 10−4 0.02

b, hemoglobin; HRP, horseradish peroxide; NT, nanotube; MB, methylene blue; NPG, na
Ti/Au/Hb electrode (ii) and the Ti/NP–Au/Hb electrode (iii) with the successive addi-
tions of 1 × 10−5 M H2O2 in 0.1 M PBS (pH 6.0) at the operating potential of −0.3 V.
(b) Calibration plots for the Ti/Hb electrode (i), the Ti/Au/Hb electrode (ii) and the
Ti/NP–Au/Hb electrode (iii) with the same experimental conditions as in (a).

calibration plot of the Ti/NP–Au/Hb electrode for H2O2 detection
shows a linear response up to 2.5 × 10−4 M H2O2 with a correla-
tion coefficient of 0.997. The detection limit was determined to be
2 × 10−8 M (based on S/N = 3).

The Michaelis–Menten constant (Km) gives information regard-
ing the enzyme–substrate kinetics (Shu and Wilson, 1976).
According to the Michaelis–Menten equation:

Imax

Is
= Km

C + 1

where I is the steady-state catalytic current, Imax is the max-
imum current measured under saturated conditions, C refers
Michaelis–Menten constant. The Km was estimated to be 0.261 mM
for Ti/NP–Au/Hb; the small Km value indicates that the immobilized
Hb on the nanoporous Au networks possesses high enzymatic-like
activity for H2O2 reduction.

imit (�M) Stability Reference

96% (30 days) Camacho et al. (2008)
95% (45 days) Kafi et al. (2008)
80% (2 weeks) Xu et al. (2003)
90% (21 days) Zheng et al. (2008a,b)
82% (21 days) Mingrui et al. (2006)
ND Qiu et al. (2009)
95% (45 days) This work

noporous gold; GCE, glassy carbon electrode.
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.6. Stability and reproducibility of the biosensor

The stability of the biosensor was studied over a period of
5 days with storage of the Ti/NP–Au/Hb electrode in a PBS buffer
olution with the pH value of 7.0 at 4 ◦C. The biosensor retained 95%
f its initial sensitivity after 45 days of operation. The repeatability
f a Ti/NP–Au/Hb electrode was tested in the presence of 0.25 mM
f H2O2 in 0.1 M PBS (pH 6.0). The repeatability of the biosensor was
alculated by five repetitive experiments on the same day under the
ptimal working conditions. The relative standard deviation was
.2% for the five successive assays and 5.1% for 3 electrodes fabri-
ated in the same manner for the H2O2 amperometric detection.
he response of the fabricated Ti/NP–Au/Hb electrode to the com-
on interfering species ascorbic acid and uric acid (which usually

oexist in samples) was also evaluated under the optimized exper-
mental condition (−0.3 V), showing that there was no response to
.1 mM ascorbic acid and 0.1 mM uric acid. The performance of the
i/NP–Au/Hb biosensor developed in this study was compared with
ther biosensors as listed in Table 1. This reveals that our proposed
iosensor shows excellent performance in terms of low detection

imit, long linear range and high stability.

. Conclusions

In conclusion, nanoporous Au networks were directly grown
nto a Ti substrate by chemical reduction of an Au precursor under
hydrothermal condition. Direct electrochemistry of Hb immobi-

ized on the nanoporous Au network was observed. The fabricated
i/NP–Au/Hb biosensor effectively sensed successive increases of
2O2 with long linear range, low detection and short response time.
he biosensor shows very high sensitivity, good reproducibility
nd long-time stability. Under the optimized conditions, the lin-
arity of the developed biosensor for the detection of H2O2 spans
rom 5 × 10−8 to 2 × 10−4 M with a detection limit of 2 × 10−8 M
based on S/N = 3). The promising results presented in this study
how that the nanoporous Au networks are an excellent matrix for
nzyme immobilization, opening a new door for the development
f high-performance electrochemical biosensors.
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