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a b s t r a c t

Direct and reversible electron transfer of myoglobin (Mb), for the first time, is achieved at nanopyra-
midal gold surface, which was fabricated by one-step electrodeposition, with redox formal potential
of 0.21 ± 0.01 V (vs. Ag/AgCl) and an apparent heterogeneous electron-transfer rate constant (ks) of
1.6 ± 0.2 s−1. Electrochemical investigation indicates that Mb is stably confined on the nanopyramidal
gold surface and maintains electrocatalytic activity toward hydrogen peroxide (H2O2). The facilitated
eywords:
irect electron transfer
yramidal gold nanostructures
yoglobin (Mb)
ydrogen peroxide (H2O2)

electron transfer combined with the intrinsic catalytical activity of Mb substantially construct the third-
generation biosensor for H2O2. The positive redox potential of Mb at the nanostructured gold electrode
gives a strong basis for determination of H2O2 with high selectivity. Besides this advantage, the present
biosensor also exhibits quick response time, broad linear range, and good sensitivity. The dynamic detec-
tion linear range is from 1 �M to 1.4 mM with a detection limit of 0.5 �M at 3�. The striking analytical

nt bio
on-li
iosensor performance of the prese
potential for continuous,

. Introduction

Determination of hydrogen peroxide (H2O2) with high selectiv-
ty and sensitivity is of great importance, because H2O2 is cytoxic to
ellular life and is an indicator of oxidative stress (Yorek, 2003) and a
roduct of several biological, enzyme-catalyzed reactions (Thome-
uret et al., 1996; You et al., 2003). It is also important in terms of
eveloping biosensors for determining H2O2 in food, pharmaceu-
ical, clinical, industrial and environmental analyses (Wang et al.,
993; Kulys et al., 1993). A series of techniques were employed for
2O2 analysis, such as titrimetry (Weber et al., 2004), photometry

Vasily et al., 1995), chemiluminescence (Sakai et al., 2008), and
igh performance liquid chromatography (Schaeffer et al., 2008).
mperometric biosensors have received considerable interests
ue to their high sensitivity, real-time monitoring, and low-cost.
umerous electrochemical sensors based on the use of different
hemicals, such as Pt (Karam and Halaoui, 2008), I− (Miah and
hsaka, 2006), (3-mercaptopropyl)trimethoxysilane (Shankaran et
l., 2003), Prussian Blue (De Mattos et al., 2003; Garjonyte and
alinauskas, 1999), cyclopentadienylnickel(II)thiolato Schiffbase
Morrin et al., 2004), tris(2,2′-bipyridil)copper(II) chloride com-
lex (Sotomayor et al., 2003), hemoglobin (Hb) (Gu et al., 2001),
yoglobin (Mb) (Dai et al., 2004a), manganese hexacyanoferrate

Eftekhari, 2001), horseradish peroxidase (HRP) (Kong et al., 2003;

∗ Corresponding author. Tel.: +86 21 65987075; fax: +86 21 65982287.
E-mail address: yangtian@mail.tongji.edu.cn (Y. Tian).

956-5663/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2008.12.029
sensor, as well as the biocompatibility of gold nanostructures provided a
ne detection of H2O2 in the biological system.

© 2008 Elsevier B.V. All rights reserved.

Karyakin et al., 2000; Kenausis et al., 1997), etc., have been used
for the determination of H2O2. Because of the favorable selectiv-
ity of the enzymes, the third-generation biosensors based on the
direct electron transfer of enzymes has been attracted much more
attention.

In order to construct the third-generation biosensors, the first
step is to realize direct electron transfer of enzymes. The approach
to direct electron transfer requires interfaces that exhibit fast
electron-transfer kinetics with biocompatibility, since direct con-
tact between redox enzymes and electrode surfaces leads to
significant structural and/or functional changes of enzymes (Lu et
al., 2006a). In order to attain original conformations and bioactiv-
ities of the enzyme, the modification of the electrode (which can
increase electron transfer between the enzyme and the electrode)
has been very popular in recent 30 years (Bistolas et al., 2005; Huang
et al., 2002; Lu et al., 2006b; Liu et al., 2005).

With the development of nanomaterials, gold nanoparticles
(GNPs), which have been known for 2500 years, are the subject
of an exponentially increasing number of publications, because
of their fascinating research and promises for optical, electronic,
magnetic, catalytic, and biomedical applications (Kim et al., 2002,
2004; Zhang et al., 2006a; Millstone et al., 2005; Tian and Tatsuma,
2005, 2004). More importantly, additional reasons for the present

excitement in GNPs research are the complete biocompatibility
and stability of GNPs. Actually, direct contact between naked GNPs
and proteins is common in histochemistry, where it has been
demonstrated that electrostatically bound GNPs–protein conju-
gates typically retain biological activity. Indeed, Crumbliss’ group

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:yangtian@mail.tongji.edu.cn
dx.doi.org/10.1016/j.bios.2008.12.029
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impedance spectroscopy (EIS), as demonstrated in Fig. 3. The
charge-transfer resistance (Rct) of the Fe(CN)6

3−/4− redox couple is
near 116 � at the sputtered gold substrate (Fig. 3a), but it decreases
to 16 � at nanopyramidal (Fig. 3b) gold surface. The decrease in
the charge-transfer resistance at the nanopyramidal gold surface,
P. Xia et al. / Biosensors and B

ound that several enzymes could maintain their biocatalytical and
lectrochemical activities when immobilized on GNPs (Crumbliss
t al., 1993). Among various methods for preparation of protein
lms with GNPs, the layer-by-layer self-assembly technique, which

s based on the alternate adsorption of oppositely charged species
rom their solutions, has been developed into a general approach
or immobilization of Mb on GNPs (Zhang and Hu, 2007a,b; Zhang
t al., 2006b). These existing studies give support to the engineering
easibility of preparing multilayer films of GNPs/protein nanocom-
osites.

In our previous work, nanopyramidal gold surface was fabri-
ated on polycrystalline gold substrates through electrochemical
verpotential deposition (Tian et al., 2006). Direct and reversible
lectron transfer of Mb for the first time was realized at nanopyra-
idal gold surface with redox formal potential of 0.21 ± 0.01 V (vs.
g/AgCl) without any mediators or promoters. Meanwhile, Mb pro-
essed the inherent enzymatic activity after being immobilized on
anopyramidal gold surfaces. Consequently, the Mb-pyramidal gold
anocomposites were successfully fabricated for determination of
2O2 with high selectivity and broad linear range.

. Experimental

.1. Reagents

Hydrogen tetrachloroaurate(III) (HAuCl4) trihydrate was pur-
hased from Aldrich (St. Louis, MO) and used as supplied. Horse
eart myoglobin (MW 17,800) was purchased from Sigma and
sed without further purification. Phosphate buffer solution (PBS,
0 mM) was prepared by mixed stock standard K2HPO4 and KH2PO4
olutions and pH of PBS was adjusted by pH meter. Other reagents
ere of analytical grade and used as received. All the solutions were
repared with doubly distilled water and were deaerated with high
urity nitrogen for 30 min before experiments.

.2. Preparation and modification of pyramidal gold surface

Gold electrodes (1.6 mm in diameter) purchased from Bioanalyt-
cal Systems Inc. (BAS, West Lafayette, IN) were polished with emery
aper (#2000) and aqueous slurries of successively finer alumina
owder (down to 0.05 �m) on a polishing microcloth, sonicated in
ater for 10 min and finally rinsed with water. The electrodes were

hen electropolished by potential cycling in 0.05 M H2SO4 solution
n the potential range of −0.2 to 1.5 V vs. Ag/AgCl at a scan rate
f 10 V s−1 until the typical cyclic voltammogram characteristic of
clean Au electrode was obtained. Pyramidal gold nanostructure
as electrodeposited from aqueous solutions of 0.1 M HClO4 con-

aining 40 mM HAuCl4, at −0.08 V vs. Ag/AgCl for 2 min. Pyramidal
old electrode was modified with Mb by immersing the electrodes
nto PBS (pH 7.2) of Mb (0.1 mM) for over one night at 4 ◦C in refrig-
rator. (The inherent enzymatic activity of Mb solution stored in
efrigerator was monitored by UV–vis absorption spectroscopy. No
bvious UV–vis spectrum change of Mb solution was observed up to
0 days.) Hereafter, the Mb modified nanopyramidal gold electrode
ill be referred to as Au-NP/Mb. After electrochemical experiments,

he modified electrodes were rinsed thoroughly with doubly dis-
illed water and kept in PBS at 4 ◦C.

.3. Apparatus and measurements

A CHI 660A and CHI 832 electrochemical work station (CH

nstruments, USA) was employed in all electrochemical mea-
urements, which were carried out with a conventional two
ompartment three-electrode electrochemical cell. The reference
lectrode was a KCl-saturated Ag/AgCl electrode, while the aux-
lliary electrode was a platinum wire. A about 50-nm-thick Au
tronics 24 (2009) 2470–2474 2471

film was sputtered onto the clean ITO-coated glass with a high-
vacuum metal sputter coater EMS-550X (EMS Inc., USA). An atomic
force microscope SPA-300HV (Seiko Instruments Inc., Japan) was
employed to record the images of the nanostructured gold surfaces.
The UV–vis absorption spectrum of the solution was recorded by
an Agilent 8453 UV–vis spectrophotometer (Agilent Instruments).
All of the electrochemical measurements were performed at labo-
ratory temperature (25 ± 1 ◦C).

3. Results and discussion

3.1. Surface properties of gold nanopyramids

The morphology of the nanopyramidal gold surface was char-
acterized by atomic force spectroscopy (AFM) as shown in Fig. 1.
The background—a sputtered gold surface shows a spherical image
with diameter of around 50 nm (Fig. 1a). As Fig. 1b depicts, nanopy-
ramidal structures with 50–200 nm edge length of bottom and
several hundreds nanometers height were obtained at a potential
of −0.08 V vs. Ag/AgCl in a 40 mM HAuCl4 solution.

To characterize electrochemical properties of the nanopyra-
midal gold surface, cyclic voltammetry of an electron-transfer
indicators such as Fe(CN)6

3−/4− was studied at the nanopyrami-
dal gold electrode, compared with that at sputtered gold substrate.
As depicted in Fig. 2a, redox behavior of Fe(CN)6

3−/4− was obtained
at sputtered gold substrate with a peak-to-peak separation (�Ep)
of about 125 mV at a potential scan rate of 100 mV s−1. However,
at the nanopyramidal gold surface (Fig. 2b), a pair of well-defined
redox peaks was observed with a �Ep of ∼ 60 mV and a near unity
of anodic-to-cathodic peak current ration (Ia

p/Ic
p), which is a typical

characteristic of the reversible process of the redox species in solu-
tion phase. The standard electron-transfer rate constant (k0) was
calculated by Nicholson theory (Nicholson, 1965) to be 0.23 cm s−1

at nanopyramidal (Fig. 2b) gold surface, which is much greater than
that obtained at sputtered gold of about 0.06 cm s−1. It indicates
that electron transfer is greatly facilitated at the nanopyrami-
dal gold surface, which was further confirmed by electrochemical
Fig. 1. AFM images of (a) a sputtered gold surface and (b) pyramidal gold surface.
Similar images were observed when different spots were scanned.
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ig. 2. CVs obtained at (a) sputtered gold substrate and (b) nanopyramidal gold
anostructured electrodes in 0.1 M KCl solution containing 1 mM [Fe(CN)6]3−/4− .
otential scan rate: 100 mV s−1.

ndicates that gold nanopyramids intrinsically enhance the electron
ransfer of the Fe(CN)6

3−/4− redox couple.

.2. Electrochemistry of Mb on the nanopyramidal gold surface

Fig. 4 shows typical cyclic voltammograms (CVs) obtained at
are gold substrate (a), Au/Mb (b), gold nanopyramids (c), and Au-
P/Mb (d) in 10 mM PBS (pH 7.2) solution at the potential scan

ate of 100 mV s−1. Only charge currents were obtained at the bare
old (a) and nanopyramidal (c) gold surfaces. However, a pair of
ell-defined redox peaks was observed at the Au-NP/Mb electrode,

lthough no response of Mb was observed at bare gold substrate
b), suggesting that direct electron transfer was only achieved
etween Mb and nanopyramidal gold electrode (Fig. 4d). The for-

al potential (E0 ′ = (Ep,a + Ep,c)/2) of Au-NP/Mb was estimated to be

.21 ± 0.01 V (vs. Ag/AgCl).
CVs of Au-NP/Mb in PBS (pH 7.2) at various scan rates were also

btained (Supporting Information, Fig. S1). We found that both the

ig. 3. Nyquist plots obtained at (a) sputtered gold substrate, (b) Au-NP and (c)
u-NP/Mb electrodes in 0.1 M KCl solution containing 1 mM [Fe(CN)6]3−/4− . EIS con-
itions: potential, 0.28 V; alternative voltage, 5 mV; frequency range, 0.1–105 Hz.
Fig. 4. CVs obtained at (a) bare Au, (b) Au/Mb, (c) Au-NP and (d) Au-NP/Mb electrodes
in 10 mM PBS (pH 7.2). Potential scan rate: 100 mV s−1.

anodic and cathodic peak currents (Ia
p and c

p) vary linearly with the
potential scan rate (v) in the range of 10–300 mV s−1 (the inset in
Fig. S1), indicating a surface-controlled process. In addition, the
CVs remained essentially unchanged upon consecutive potential
scanning up to 100 cycles at a sweep rate of 20 mV s−1, indicating
that Mb is stably confined on nanopyramidal gold surfaces. Accord-
ing to Laviron’s procedure (Laviron, 1979), from the potential scan
rate dependence of the anodic and cathodic peak potentials, the
relevant kinetic parameters of the electrode reaction, that is, the
rate constant of the electrochemical process (ks) and the anodic
and cathodic transfer coefficients (˛a and ˛c), were estimated:
ks = 1.6 ± 0.2 s−1, ˛a = 0.55 ± 0.06, ˛c = 0.45 ± 0.06 at nanopyramidal
gold surface.

The adsorbed behavior of Mb and its surface coverage immobi-
lized on the nanostructured gold surfaces could also be followed
by EIS. Fig. 3c shows Nyquist plot obtained at Au-NP/Mb electrode.
The charge-transfer resistance of Mb-immobilized nanopyramidal
gold electrode increased by a factor of ∼102, compared with that
obtained at bare nanopyramidal gold surfaces as shown in Fig. 3b.
It confirmed again that Mb adsorbed onto nanopyramidal gold sur-
face and inhibited the electrochemical communication between
the electron-transfer indicator (Fe(CN)6

3−/4−) and the nanopyra-
midal gold electrode. The surface coverage (�) of Mb confined at
the nanopyramidal gold surface can be derived from the equa-
tion � = 1 − Rct/RMb

ct , where Rct is the charge-transfer resistance
of the nanostructured gold surfaces, and RMb

ct is the correspond-
ing resistance of Mb-immobilized surfaces. The surface coverage
of Mb confined at nanopyramidal surfaces was estimated to be
99.2%. The average surface adsorption amount of electroactive Mb
(� , mol cm−2) was also estimated from the charge integration of the
reduction peak of the cyclic voltammogram of Au-NP/Mb, using the
formula of � = Q/nFA, where Q is the charge (C), n is the number of
transfer electrons, F is the Faraday constant, and A is the surface
area of the Au-NP electrode (cm−2). The average surface amount of
electroactive Mb was calculated to be (3.1 ± 0.14) ×10−11 mol cm−2.
Standard deviations are given from at least six electrodes.

3.3. Electrocatalytic activity of Mb confined on gold

nanopyramids

As demonstrated above, nanopyramidal surface facilitates the
electron transfer of Mb itself, and Mb is stably confined on the gold
nanostructures. This result formed a strong basis for the develop-
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ig. 5. CVs obtained at Au-NP/Mb electrode in the absence (a) and presence (b) of
0 �M H2O2 in 10 mM PBS (pH 7.2). Potential scan rate: 100 mV/s.

ent of a third-generation biosensor for H2O2 because the heme
as been well documented as the active site for the catalysis to the
eduction of H2O2 (Zhao et al., 2005; Dai et al., 2004b). The electro-
atalytic activity of electrode toward H2O2 was investigated by CV.
ig. 5 displays CVs obtained at Au-NP/Mb electrode in the absence
a) and presence (b) of 10 �M H2O2 in 10 mM PBS (pH 7.2). The
ddition of 10 �M H2O2 to 10 mM PBS (pH 7.2) obviously increases
he cathodic current and decreases the anodic currents of the Mb
onfined on nanopyramidal gold electrodes, indicating the good
lectrocatalytic activity of the immobilized Mb for the reduction
f H2O2.

.4. Analytical performance of the H2O2 biosensor

The typical amperometric responses of Au-NP/Mb to succes-
ive concentration changes of H2O2 were examined at the applied
otential of 50 mV, and the corresponding current–time responses
re shown in Fig. 6. Well-defined steady-state current responses

ere obtained at nanopyramidal gold electrode, and the currents

ncreased stepwise with successive additions of H2O2. The calibra-
ion plots are shown in the inset of Fig. 6. The steady-state currents
t nanopyramidal gold electrode were proportional to H2O2 in the

ig. 6. Typical steady-state amperometric responses obtained at Au-NP/Mb elec-
rodes at the applied potential of 50 mV in 10 mM PBS solution (pH 7.2) upon the
uccessive addition of 10 �M H2O2. The inset is a plot of catalytic peak current against
he concentration of H2O2.
tronics 24 (2009) 2470–2474 2473

examined range of 1 �M–1.4 mM with a correlation coefficient of
0.999 (n = 10). The linear range is wider than those obtained on
Mb–gold nanoparticles surfaces (Zhang et al., 2006b; Yang et al.,
2006; Zhang and Oyama, 2005; Liu and Ju, 2003; Cao et al., 2008).
The sensitivity of Au-NP/Mb was estimated to be 33 �A/(cm2 mM).
The detection limit was evaluated on the basis of a signal-to-noise
ratio of 3:1 and calculated to be 0.5 �M at nanopyramidal gold sur-
face. The response time of the sensor was measured as the time to
reach 95% of the maximum change in response to a step injection
of H2O2 and was found to be less than 8 s.

When the concentration of H2O2 is higher than 1.4 mM,
a response plateau is observed, showing the characteristics
of the Michaelis–Menten kinetic mechanism. The apparent
Michaelis–Menten constant (Kapp

M ), which gives an indication of the
enzyme–substrate kinetics, can be obtained from the electrochem-
ical version of the Lineweaver–Burk equation (Kamin and Wilson,
1980):

1
Iss

= 1
Imax

+ Kapp
M

ImaxC

where ISS is the steady-state current after the addition of sub-
strate, which can be obtained from amperometric experiments,
Imax is the maximum current under saturated substrate condi-
tion and C is the bulk concentrate of the substrate. Kapp

M is the
apparent Michaelis–Menten constant and a characteristic param-
eter of the enzyme–substrate kinetics. The value of the apparent
Michaelis–Menten constant (Kapp

M ) can be calculated from the slope
(Kapp

M /Imax) and the intercept (1/Imax) for the plot of the reciprocals
of the steady-state current (ISS) vs. H2O2 concentration (C). In this
work, the Kapp

M value for the Au-NP/Mb electrode is estimated to
be 0.27 mM, smaller than that of Hb/nano-Au/l-cys/nano-Au/nano-
Pt-CHIT electrode (Yang et al., 2008) and Hb/Au–ZrP/chitosan/GCE
(Feng et al., 2005a). The low value of Kapp

M indicates that Mb immo-
bilized on the Au-NP/Mb electrode retains its bioactivity and has a
high biological affinity to H2O2.

For the stability test, the 100 continuous cyclic scans was carried
out in the potential range from 0 to 0.5 V with a 50 mV/s scan rate,
only 5% decrease of the initial response is observed. On the other
hand, the storage stability of the proposed biosensor was also stud-
ied. When not in use, the electrode was suspended above 10 mM
phosphate buffer at 4 ◦C in a refrigerator. The cathodic responses for
H2O2 were recorded four times each day, and the current responses
were found to be constant for at least 2 weeks. The stability can be
attributed to the compatibility of the Au-NP, and it may also be due
to the fact that Au-NP was biocompatible so that Mb was attached
firmly onto the surface. In addition, with the successive addition of
10 �M H2O2 for 10 times, we have found that the deviation of the
current responses of 10 sensors prepared with the same method
did not exceed 5% (RSD).

In addition, at the applied potential of 0.05 V, the common inter-
ferences like AA, UA, DA, DOPAC, glucose, l-cysteine, NO2

−, NO3
−,

and SO3
2− were negligible (< 1%) at Au-NP/Mb electrode, indicating

that the present H2O2 biosensor showed high selectivity.

4. Conclusions

A facile, but effective way to realize direct electron transfer of Mb
was developed at nanopyramidal gold surface without any media-
tors or promoters. The redox formal potential of Mb was obtained
to be 0.21 ± 0.01 V (vs. Ag/AgCl) at the nanostructured gold surface

and an apparent heterogeneous electron-transfer rate constant (ks)
was calculated to be 1.6 ± 0.2 s−1. Experimental results suggested
that Mb was stably confined on the nanopyramidal gold surface
and processed electrocatalytic activity toward H2O2. The facilitated
electron transfer combined with the intrinsic catalytical activity
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f Mb substantially constructed the third-generation biosensor
or H2O2. Besides high selectivity, the present third-generation
iosensor also displayed wide linear range, low detection limit, fast
esponse, and good long-term stability for the detection of H2O2.
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