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a b s t r a c t
On the basis of the unique physical and chemical properties of nanoporous gold (NPG), which was
obtained simply by dealloying Ag from Au/Ag alloy, an attempt was made in the present study to
develop NPG-based electrochemical biosensors. The NPG-modified glassy carbon electrode (NPG/GCE)
exhibited high-electrocatalytic activity toward the oxidation of nicotinamide adenine dinucleotide
(NADH) and hydrogen peroxide (H2O2), which resulted in a remarkable decrease in the overpotential
of NADH and H2O2 electro-oxidation when compared with the gold sheet electrode. The high density of
edge-plane-like defective sites and large specific surface area of NPG should be responsible for the elec-
trocatalytic behavior. Such electrocatalytic behavior of the NPG/GCE permitted effective low-potential
amperometric biosensing of ethanol or glucose via the incorporation of alcohol dehydrogenase (ADH)
or glucose oxidase (GOD) within the three-dimensional matrix of NPG. The ADH- and GOD-modified
NPG-based biosensors showed good analytical performance for biosensing ethanol and glucose due
to the clean, reproducible and uniformly distributed microstructure of NPG. The stabilization effect of

NPG on the incorporated enzymes also made the constructed biosensors very stable. After 1 month
storage at 4 ◦C, the ADH- and GOD-based biosensors lost only 5.0% and 4.2% of the original current
response. All these indicated that NPG was a promising electrode material for biosensors construc-
tion.1
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. Introduction
In recent years, the use of nanostructured materials to construct

lectrochemical sensors and/or biosensors has aroused the interest
f analysts (Manso et al., 2008; Pingarron et al., 2008; Wang, 2005;
ang and Musameh, 2003; Zhou et al., 2008). As far as Au nanopar-

icles are concerned, the great enhancement in electrochemical
esponse toward nicotinamide adenine dinuclcotide (NADH) and
ydrogen peroxide at the Au nanoparticle-modified electrode
akes them attractive for the construction of dehydrogenase- and

xidase-based biosensors (Jena and Raj, 2006; Manesh et al., 2008;
ingarron et al., 2008). It is now believed that the excellent cat-
lytic activity of Au nanoparticles relies on the low-coordinated Au
toms, i.e., the atoms on the corners and edges (Hvolbæk et al.,
007).

Nanoporous gold (NPG) is another kind of nanostructured gold.

t possesses a three-dimensional spongy morphology with tunable
ore and ligament sizes at nanometer scale (Ding et al., 2004; Xu
t al., 2007). As compared with Au nanoparticle, NPG has a series
f unique characteristics: (1) it is bulk in nature yet nanoscale in∗ Corresponding author. Tel.: +86 531 88365433; fax: +86 531 88365433.
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microstructure, which means it can be easily applied and recov-
ered; (2) its pore size is tunable in a wide range from a few
nanometers to many microns, which facilitates the study on the
pore size-dependent effect; (3) prepared by simply dealloying Ag
from Ag/Au alloys in concentrated HNO3, NPG has very clean sur-
faces, which eliminates the possible poisoning or passivating effects
from unwanted molecules or ions such as polymer surfactants
and Cl−, as often used in Au nanoparticle preparation; (4) unlike
Au particles, NPG avoids the particle aggregation, thus improving
the stability of the NPG-based electrode and prolonging its life-
time.

In addition to its excellent catalytic activity (Xu et al., 2007;
Yin et al., 2008; Zhang et al., 2007), NPG was also demonstrated
to be a good carrier for biomacromolecule due to its well-ordered
pore structure, high-specific surface area and high-specific pore
volume (Qiu et al., 2008, 2009; Shulga et al., 2007). Compared with
porous silica materials that are electronic semiconductors, NPG is
an excellent conductor. Thus, for electrochemical sensors and/or
biosensors construction, NPG may have some advantages over Au

particles as well as porous silica. In this work, an attempt was made
to construct NPG-based electrochemical biosensor. A comparison
between the NPG-based biosensors and the gold sheet-based ones
was also made to demonstrate the advantages of the NPG as an
electrode material.

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:xrhuang@sdu.edu.cn
dx.doi.org/10.1016/j.bios.2009.03.011
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.1. Reagents

Glucose oxidase (GOD), alcohol dehydrogenase (ADH) and
afion were purchased from Sigma–Aldrich. NADH and NAD+ were
btained from Bio Basic Inc. Au/Ag alloy (50:50, wt%; 100 nm in
hickness) was obtained from Changshu Noble Metal Co. Other
hemicals used were of analytical grade. Triply distilled water and
.1 M PBS (pH 7.2) were used throughout the experiments.

.2. Apparatus

All electrochemical experiments were performed on a CHI 630C
lectrochemical workstation (CH Instrument Company, Shanghai,
hina) at ∼25 ◦C. A three-electrode system was used, including
modified electrode as working electrode, a platinum wire as

ounter electrode and a saturated calomel electrode (SCE) as ref-
rence electrode. All the potentials given in this paper were vs. SCE.
he surface morphology of NPG was characterized with a JEOL JSM-
700F field emission scanning electron microscope, equipped with
n Oxford INCA x-sight energy-dispersive X-ray spectrometer (EDS)
or compositional analysis.

.3. Preparation of NPG and NPG-based modified electrode

NPG was prepared by dealloying Au/Ag alloy in concentrated
NO3 for 1.5 h, then washing to neutral pH with triply distilled
ater. The glassy carbon electrode (GCE) was polished to a mirror-

ike surface with 0.05 �m Al2O3, and then sonicated in water for
min. The NPG-modified GCE (NPG/GCE) was made by affixing the
PG leaf to the surface of a GCE (3 mm in diameter).

.4. Preparation of enzyme electrodes and biosensing of ethanol
nd glucose

The enzyme loaded NPG/GCE was made by the following pro-
edure: first, a certain amount of an enzyme solution (16 mg mL−1)
as coated on NPG/GCE and dried at 4 ◦C for 5 h, then, to avoid leak-

ge of enzymes, a 2 �L of Nafion (5 wt%) was cast and dried at 4 ◦C
or 5 h. When not in use, the prepared Nafion/ADH-NPG/GCE and
afion/GOD-NPG/GCE were kept in a refrigerator at 4 ◦C. Prior to
se, they were immersed in 0.1 M PBS (pH 7.2) at ∼25 ◦C for 10 min.
he enzyme-modified gold sheet electrode was also made by the
ame procedure.

The current–time curves for biosensing of ethanol or glucose
ith the enzyme electrodes were recorded at +0.5 V (ethanol) or

0.4 V (glucose) in 10 mL of stirred PBS (pH 7.2, 0.1 M) containing
.5 mM NAD+ (for ethanol) or 10 mL of stirred air-saturated PBS (pH
.2, 0.1 M). An aliquot of ethanol (1.0 M) or glucose (2.0 M) stock
olution was injected into the base solution at regular intervals.
ach addition increased the concentration of ethanol or glucose by
.0 mM (ethanol) or 2.0 mM (glucose).. Results and discussion
.1. Characterization of NPG and NPG/GCE

Selective dissolution of silver from Ag/Au alloy results in an
pen bicontinuous nanoporous microstructure comprised almost
ntirely of gold. The unusual aspect of the appearance of porosity

uring dealloying is that the resultant structure is formed dynami-
ally during the etching process. It is not a simple excavation of one
hase from a two-phase bicontinuous microstructure. To explain
he formation mechanism of the nanoporous structure in the deal-
oying process, an atomistic model was proposed by Erlebacher et al.
Fig. 1. CVs of NPG/GCE (a) and gold sheet electrode (b) in 0.1 M PBS (pH 7.2). Scan
rate: 50 mV s−1. The inset was the SEM image of the NPG with a pore size of ∼40 nm.

(2001). This model involves a kind of “interfacial phase separation”
in which silver atoms are dissolved and gold atoms left from the
alloy/electrolyte interface self-organize and form islands (poros-
ity also forms). Once the porosity forms, due to the extremely fast
surface diffusion of gold in an electrolyte, further dealloying still
occurs. The dealloying can be easily stopped by simply removing
a sample from the etching acid and transferring it to water. The
pore/ligament size is thus tunable by changing the etching time.
Considering the pore size of NPG, previous results indicated that
the catalytic activity of NPG depended on the pore size of NPG. NPG
with smaller pore size had relatively higher catalytic activity, but
the smaller the pore size, the more unstable the nanoporous struc-
ture of NPG especially in acidic environment. The porous structure
was more stable when the pore size was larger than 30 nm due to
a more complete dissolution of Ag (Yin et al., 2008; Zhang et al.,
2007). In addition, a relatively large pore size was necessary for the
immobilization of a macromolecule enzyme and for the free access
of small molecule substrates and cofactors to the enzyme (Qiu et al.,
2008, 2009; Shulga et al., 2007). So, NPG with a pore size of ca. 40 nm
was chosen. The inset in Fig. 1 was the SEM image of the NPG sam-
ple, which was obtained by dealloying Au/Ag alloy in concentrated
HNO3 for 1.5 h. EDS result indicated that Ag atoms in this NPG were
almost completely removed. The cyclic voltammograms (CVs) in
Fig. 1 showed that the surface of NPG was more active than the good
sheet based on the fact that both the oxidation and reduction peaks
of the NPG/GCE were negatively shifted as compared with the gold
sheet electrode. The CVs of K3[Fe(CN)6] at the two electrodes (see
Fig. S-1, Supporting Information) also suggested that the NPG/GCE
exhibited a faster electron transfer than the gold sheet electrode
(Bard and Faulkner, 1980), because the potential difference (�Ep)
between the anodic and cathodic peaks at NPG/GCE (80 mV) was
much lower than that at the gold sheet electrode (140 mV). All these
indicated that NPG was a good candidate as an electrode material
for biosensors construction.

3.2. Electrochemical oxidation of NADH and hydrogen peroxide
and their detection

The cyclic voltammograms of NADH at both the NPG/GCE and the
gold sheet electrode were shown in Fig. 2. At the gold sheet elec-
trode, the electro-oxidation of NADH produced an anodic peak at

0.72 V. At the NPG/GCE, however, the anodic peak occurred at 0.52 V.
In addition, the peak current at the NPG/GCE was ca. 2.3 times as
high as that at the gold sheet electrode. The marked decrease in
overpotential and increase in peak current were obviously resulted
from the electrocatalytic activity and the large surface area of NPG.
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NPG/GCE and the gold sheet electrode upon successive additions
of H2O2. For the oxidation of H2O2, the potential was set at +0.4 V
(Fig. 5A); for the reduction, the potential was at −0.15 V (Fig. 5B).
As shown, the NPG/GCE was very sensitive to the changes in the
ig. 2. CVs of NADH (1 mM) at NPG/GCE (a) and gold sheet electrode (b) in 0.1 M PBS
pH 7.2). Scan rate: 50 mV s−1.

s for the catalytic sites of NPG, Hvolbæk et al. argued, based on
he density functional calculation, that the activity of a gold catalyst

ostly relies on the low-coordinated gold atoms, i.e., the atoms on
he corner and edges of gold nanoparticles (Hvolbæk et al., 2007).

ore recently, Zeis et al. also suggested, based on their investigation
n the electrocatalytic reduction of oxygen at NPG, that the active
ites of NPG were the gold atoms located in the defect sites (step
dges) not those parts of the crystalline surface that contributed to
he geometric area (i.e., terraces) (Zeis et al., 2008).

To evaluate the analytical performance of the NPG/GCE, we
ecorded the amperometric response toward the oxidation of NADH
t NPG/GCE (at +0.5 V, the near peak potential at the NPG/GCE,
ut the onset potential at the gold sheet electrode) with succes-
ive addition of 0.1 mM NADH (see Fig. 3). Compared with the
old sheet electrode, the NPG/GCE exhibited wider linear range
0.02–1.0 mM), lower detection limit (9.5 �M) and higher sensitiv-
ty (6.9 �A mM−1). In addition, the amperometric response toward
ADH at the NPG/GCE was much more stable. For a stirred 0.5 mM
ADH solution, the amperometric response at the NPG/GCE at
0 min remained 80% of its initial value; while at the gold sheet
lectrode, only 40% of the initial value was obtained. This meant
hat the NPG/GCE had a better resistance to fouling. This feature
as very attractive for real applications. Compton et al. reported

hat at carbon-based electrodes the dense edge-plane-like defec-

ive sites on carbon materials had the effect of resistance to fouling
Banks and Compton, 2005). We thought that it was probable that
he defective sites on NPG (which were the active sites) might have
he same effect. In addition, the improved electron transfer kinet-ig. 3. Current–time curves obtained at the NPG/GCE (a) and the gold sheet electrode
b) at +0.5 V upon successive addition of 0.1 mM NADH. Inset: calibration curves for
ADH at the NPG/GCE (c) and the gold sheet electrode (d).
Fig. 4. CVs of H2O2 (4 mM) at the NPG/GCE (a) and the gold sheet electrode (b) in
0.1 M PBS (pH 7.2). Scan rate: 50 mV s−1.

ics of NPG and the free transport of reactants and products in the
3D nanoporous structure of NPG also contributed to the improved
signal stability.

The electrochemical behaviors of H2O2 at the NPG/GCE and the
gold sheet electrode were shown in Fig. 4. At the NPG/GCE, the oxi-
dation of H2O2 started at ∼0.2 V with an oxidation peak at ∼0.4 V; at
the gold sheet electrode, however, almost no signal was observed.
For the reduction of H2O2, at the NPG/GCE, it started at ∼0 V with a
peak at −0.35 V. At the gold sheet electrode, the reduction started at∼−0.2 V and the signal over the potentials from −0.2 to −0.6 V was
very low. All these indicated that NPG exhibited a higher electrocat-
alytic activity for both oxidation and reduction of H2O2, which, as
mentioned earlier, resulted from the unique structure of NPG that
had high density of edge-plane-like sites.

Fig. 5 showed the amperometric responses toward H2O2 at the
Fig. 5. Current–time curves obtained at the NPG/GCE (a) and the gold sheet electrode
(b) at +0.4 V (A) and −0.15 V (B) upon successive addition of 0.2 mM H2O2. Inset:
calibration curves for H2O2 at the NPG/GCE at the two potentials.
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Fig. 6. (A) Current–time curves obtained at Nafion/ADH-NPG/GCE (a) and
Nafion/ADH/gold sheet electrode (b) with successive addition of 1 mM ethanol at
+0.5 V. Electrolyte: 0.1 M pH 7.2 PBS containing 3.5 mM NAD+. Inset: calibration
H. Qiu et al. / Biosensors and B

oncentration of H2O2 at the two potentials and responded rapidly
within 5 s). However, no obvious responses were observed at the
old sheet electrode. It was concluded that for the sensitive and
ow-potential amperometric detection of H2O2, the NPG/GCE had

any advantages over the gold sheet electrode.

.3. Stability of the NPG/GCE and possible interferences

Like the gold sheet electrode, the NPG/GCE was very stable at
oom temperature. For 1 mM NADH or 2 mM H2O2, no obvious
hanges in current response were observed after 2 months storage
f the NPG/GCE. We also found that 0.2 mM ascorbic acid (AA) or
ric acid (UA) did have some interferences to the detection of 1 mM
ADH or 2 mM H2O2 at the NPG/GCE. Coating a thin Nafion mem-
rane as an effectively permselective barrier on NPG/GCE might
liminate the interferences (Wang et al., 2003).

.4. Toward biosensing applications based on the
lectro-oxidation of NADH and H2O2

When coupled with alcohol dehydrogenase (ADH) and glucose
xidase (GOD), the NPG/GCE may be used for the sensitive detection
f ethanol and glucose based on the high-electrocatalytic activ-
ty of NPG for the electro-oxidation of NADH and H2O2. NPG was
emonstrated to be a good carrier for an enzyme (acetylcholine
sterase and laccase) (Qiu et al., 2008, 2009; Shulga et al., 2007).
he rationale for the immobilization of an enzyme was based on
he spatial confinement of the enzyme to the microstructure of
he NPG and the possible interaction between the gold surface
nd the enzyme via either –NH2 groups (lysine–gold) or sulfur-
ontaining amino acids on the enzyme (cysteine–gold). Because of
he large pore size of the NPG used, when the enzymes interact
ith the porous surface, the enzymes have enough degrees of free-
om to take a preferred orientation. Compared with planar gold for
nzymes immobilization, NPG also has the following advantages:
1) its large surface area allows more enzymes to be immobilized,
hich is important for the rapid response and large signal of an

nzyme electrode; (2) its nanoscale porous structure is unfavorable
or enzyme leaching; (3) the immobilized enzymes in NPG are more
esistant to thermal and time induced denaturalization (Qiu et al.,
008). This stabilization effect is very similar to that observed when
orous silica or carbon-based material was used as a carrier for an
nzyme immobilization (Sotiropoulou et al., 2005; Vamvakaki and
haniotakis, 2007).

For the quick conversion of ethanol, the amounts of the loaded
DH and the added its cofactor NAD+ were separately optimized.
or 5 mM ethanol, the amperometric response of the Nafion/ADH-
PG/GCE increased with the increase of the amount of the loaded
DH (from 0.01 to 0.09 mg ADH, [NAD+] = 2 mM). Higher enzyme

oadings were not considered in order to not increasing the biosen-
or cost. At an ADH loading of 0.09 mg, the current signal increased
inearly with the concentration of NAD+ from 0.2 to 3.5 mM and then
eveled off (data not shown). So, 0.09 mg ADH and 3.5 mM NAD+

ere chosen to make the calibration curve for ethanol. As shown
n Fig. 6A, the Nafion/ADH-NPG/GCE responded quickly (wthin
0 s) over the studied ethanol concentration range of 1–8 mM.
he calibration curve was linear (R = 0.997) with a sensitivity of
.19 �A mM−1 and a detection limit of 120 �M (S/N = 3). AA or UA
t a physiological level of 0.2 mM did not show any interference to
thanol detection (2 mM) at pH 7.2 at the Nafion/ADH-NPG/GCE.

his should be attributed to the Nafion membrane which acted as
n effective permselective barrier (Wang et al., 2003). Our results
t Nafion/ADH-NPG/GCE were reproducible. For 2 mM ethanol, the
verage current signal of five Nafion/ADH-NPG/GCEs (prepared in
he same way) was 0.4 �A with a relative standard deviation of 4.5%.
curves of ethanol at Nafion/ADH-NPG/GCE. (B) Current–time curves obtained at
Nafion/GOD-NPG/GCE (a) and Nafion/GOD/gold sheet electrode (b) with successive
addition of 2 mM glucose at +0.4 V. Electrolyte: air-saturated 0.1 M pH 7.2 PBS. Inset:
calibration curve of glucose at Nafion/GOD-NPG/GCE.

For the biosensing of glucose, the amount of GOD added was first
optimized (the base solution was always air-saturated). For 20 mM
glucose, a GOD loading of 0.08 mg was appropriate for the quick
conversion of glucose and the fast response of the Nafion/GOD-
NPG/GCE to H2O2. Fig. 6B displayed the current–time responses
of glucose at the Nafion/GOD-NPG/GCE and the Nafion/GOD/gold
sheet electrode at pH 7.2 (applied potential +0.4 V). To avoid any
possible interference of O2, a current signal from electro-oxidation
(not electro-reduction) of H2O2 at high potential was monitored. As
shown in Fig. 6B, the Nafion/GOD/gold sheet electrode responded
little to each addition of glucose, but the signal at the Nafion/GOD-
NPG/GCE electrode was large enough for accurate measurement
due to the electrocatalytic activity of NPG toward H2O2. The current
signal at the Nafion/GOD-NPG/GCE reached a steady state within
10 s. It had a good linear range from 1 to 18 mM (R = 0.996) for
glucose sensing with a sensitivity of 0.049 �A mM−1 and a detec-
tion limit of 196 �M (S/N = 3). Like at the Nafion/ADH-NPG/GCE, the
physiological level of AA (0.2 mM) and UA (0.2 mM) only resulted
in a negligible amperametric response at the Nafion/GOD-NPG/GCE
due to the existence of Nafion membrane which acted as an effec-
tive permselective barrier (Wang et al., 2003). All these suggested
that the NPG-based biosensor might satisfy the need for the fast

and stable detection of plasma glucose (ca. 3–8 mM). In addition,
the Nafion/GOD-NPG/GCE was also reproducible. For 5 mM glucose,
the average current signal of five Nafion/GOD-NPG/GCEs (prepared
in the same way) was 0.28 �A with a relative standard deviation of
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.2%. The uniformly distributed pores and ligaments of NPG should
e responsible for the good reproducibility.

After 1 month storage at 4 ◦C, the Nafion/ADH-NPG/GCE and
afion/GOD-NPG/GCE lost 5.0% and 4.2% current response, respec-

ively. This meant the enzyme-modified NPG-based biosensors
ere also stable. The good stability of the enzyme electrodes should
e attributed to the excellent stability of NPG and the protection
stabilization) effect of its nanoporous structure on the confor-

ation of the enzymes (Qiu et al., 2008). For validation of the
ccuracy of the present biosensors, two real samples (liquor and
lucose injection) were tested and the results obtained using the
resent biosensors were compared with those obtained using the
hinese pharmacopoeia method. As shown in Table S-1 (Sup-
orting Information), our results were in good agreement with
hose of the pharmacopoeia method. We also compared the ana-
ytical characteristics of the present biosensors with literature
ata. Due to the widespread use of Au colloid, carbon nanotube
nd mesoporous carbon in electrochemical sensor design, these
aterial-based electrochemical sensors were chosen for the com-

arison. The present sensors were comparable to those sensors
n terms of linear range, detection limit and sensitivity (Table S-
, Supporting Information). Moreover, the NPG-based biosensors
ave the following advantages: (1) there is no particle aggrega-
ion in NPG, which results in a better stability; (2) NPG is very
asy in preparation and handling and no binder is need for the
onstruction of the NPG-based sensors; (3) its clean and repro-
ucible porous structure not only improved the reproducibility and
nalytical performance of the biosensors but also stabilized the
nzymes.. Conclusions

In the present study, NPG was used as electrode material for
iosensors construction. Compared with the gold sheet electrode,
he NPG/GCE exhibited greatly enhanced electrocatalysis toward
ADH and H2O2, which made the NPG/GCE a sensitive amperomet-

ic sensor for the detection of NADH or H2O2. When coupled with
DH and GOD, the enzyme-modified NPG-based biosensors were

repared. The Nafion/ADH-NPG/GCE and Nafion/GOD-NPG/GCE
xhibited good analytical performance for biosensing ethanol and
lucose due to the unique physical and chemical properties of NPG.
ompared with mostly used Au nanoparticles, NPG holds some
dvantages in a way that it can be easily prepared, recovered, and
tronics 24 (2009) 3014–3018

recycled. These may make NPG to be another “popular” material for
electrochemical sensors/biosensors construction.Acknowledgments
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