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a b s t r a c t

A sensitive macroporous Au electrode with a highly rough surface obtained through the use of with Pt
nanoparticles (macroporous Au-/nPts) is reported. It has been designed for nonenzymatic free-cholesterol
biosensor applications. A macroporous Au-/nPts electrode was fabricated by electroplating Pt nanopar-
ticles onto a coral-like shaped macroporous Au electrode structure. The macroporous Au-/nPts electrode
was physically characterized by field emission scanning electron microscopy (FESEM). It was confirmed
that the Pt nanoparticles were well deposited on the surface of the macroporous Au electrode. The
porosity and window pore size of the macroporous Au electrode were 50% and 100–300 nm, respec-
tively. The electroplated Pt nanoparticle size was approximately 10–20 nm. Electrochemical experiments
showed that the macroporous Au-/nPts exhibited a much larger surface activation area (roughness factor
lectroplating
onenzymatic
ree-cholesterol

(RF) = 2024.7) than the macroporous Au electrode (RF = 46.07). The macroporous Au-/nPts also presented
a much stronger electrocatalytic activity towards cholesterol oxidation than does the macroporous Au
electrode. At 0.2 V, the electrode responded linearly up to a 5 mM cholesterol concentration in a neutral
media, with a detection limit of 0.015 mM and detection sensitivity of 226.2 �A mM−1 cm−2. Meanwhile,
interfering species such as ascorbic acid (AA), acetaminophen (AP), and uric acid (UA), were effectively
avoided. This novel nonenzymatic detection electrode has strong applications as an electrochemically
based cholesterol biosensor.
. Introduction

Cholesterol and its fatty acid esters are one of the main con-
tituents of mammalian cell membranes and precursors of other
iological materials, such as bile acid and steroid hormones. Esti-
ation of cholesterol in blood is considered as a very important

arameter for the diagnosis and prevention of several kinds of
eart disease, hypertension, arteriosclerosis, cerebral thrombosis
nd other disorders that require continuous monitoring of blood
holesterol (Solanki et al., 2009; Malhotra and Chaubey, 2003;
humyantseva et al., 2004). The normal concentration of choles-
erol in human serum is in the range of −5.17 mM, of which 30% is
resent as sterol and 70% is esterified with fatty acids (MacLachlan
t al., 2000), along with various interfering species, such as uric
cid and ascorbic acid. Cholesterol level is commonly determined

y employing nonenzymatic spectrophotometric techniques, using
olored substances. This method, however, involves complex pro-
edures for the precipitation of lipoproteins fractions and suffers
rom various drawbacks, such as low specificity, instability of
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reagents and high cost. It is thus desirable and crucial to develop
techniques for cost-effective, convenient, rapid, sensitive and selec-
tive estimation of cholesterol levels in blood. Therefore, various
electrochemical methods have been used for cholesterol assays
(Khan et al., 2009).

Several electrochemical cholesterol detection electrodes includ-
ing enzymatic and nonenzymatic methods have been reported
(Solanki et al., 2009; Brahim et al., 2001; Srivastava et al., 2000).
However, these often have certain difficulties like lack of specificity
and selectivity due to the presence of various interfering reac-
tions and the use of unstable and corrosive reagents. Recent efforts
have been focused on using enzymes immobilized on electrodes for
electrochemical detection (Martin et al., 2003). Immobilization of
enzymes is generally carried out either by direct physical adsorp-
tion or through mediators or entrapment in polymers (Brahim et al.,
2001). There is no doubt that the use of enzymes in the fabrication
of sensor electrodes has obvious advantages, but the stability of the
sensor electrode is mainly affected by the stability of the enzymes,

which are easily affected by temperature, humidity, pH, etc. Unlike
the enzyme-based electrode, a nonenzymatic detection electrode
has several attractive advantages, such as stability, simple fabrica-
tion, reproducibility, low cost, and freedom from oxygen limitation
(Park et al., 2006).

dx.doi.org/10.1016/j.bios.2010.07.048
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
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Especially, in order to achieve a truly nonenzymatic electrode,
he fabrication of porous structured electrodes is very promising
n electrochemical sensing applications. The main characteris-
ics of such porous electrodes in the electro-analytical domains
re their high surface/volume ratio, thereby being favourable for
he interaction with external reagents, excellent conductivity,
nd the interconnectivity between the pores, which makes them
ery attractive for the miniaturization of electrochemical devices
Szamocki et al., 2007). If they are electrically conducting, such

aterials deposited as thin films on other electrode surfaces can
ontribute to an increase in the electro-active surface area by sev-
ral orders of magnitude, with a commensurate enhancement in
he sensitivity of the resulting device.

Meanwhile, nano-sized metal particles have been used for sev-
ral impressive applications such as catalysis, sensors (Bonnemann
nd Waldofner, 2002). However, these nanoparticles need the sup-
orting material which enables them to be highly dispersed and
table. Pt nanoparticles supported on carbon nanotubes, TiO2, and
arbon were also employed as high-efficiency electrocatalysts (Cao
t al., 2007). The Pt or Pt-based nanoparticles are still indispensable
nd are shown to be the most effective option for the enhancement
f electrocatalytic activity at present. The electrocatalytic activity of
he Pt particles is dependent on many factors, such as particle size
nd dispersion (Katsuaki et al., 1990), preparation methods (Loffler
t al., 2001), and the supporting materials (Gloaguen et al., 1997).
urthermore, the activity of the catalyst is strongly dependent on
he structure of the supporting materials (Yu et al., 2002). Support-
ng materials with large surface area are essential in order to reduce
he Pt loading under the condition of maintaining the high catalytic
ctivity. The supporting materials also promote electron transfer
nd demonstrate catalytic activity for many electrochemical reac-
ions. Additionally, the macroporous electrode and nanoparticles
an be used effectively for developing a highly sensitive biosensor.

In this paper, we first present a macroporous Au electrode with
coral-like shape and a highly rough surface achieved through the
se of Pt nanoparticles (macroporous Au-/nPts). This electrode is

ntended for extremely high sensitive and selective nonenzymatic
ree-cholesterol detection. The open interconnected macroporous
tructures of the three-dimensional Au electrode provides an effi-
ient means of enlarging the surface area and ensuring accessibility
f the reactants to the surface active sites in the electrodes.
he Pt nanoparticles are also promising for the enhancement of
he surface roughness and electrochemical catalytic activity. The

acroporous Au electrode is fabricated by the use of a templat-
ng method. The Pt nanoparticles are then formed on the surface
f the macroporous Au electrode by the use of a nonionic sur-
actant and electroplating technique. The surface morphology of
he fabricated macroporous Au-/nPts was checked by the use of
field emission scanning electron microscope (FESEM). Also, the
acroporous Au-/nPts electrode was characterized in a sulfuric

cid solution for the purposes of monitoring its surface roughness
y cyclic voltammetry. In order to evaluate its electrochemical cat-
lytic characteristic and applicability, the macroporous Au-/nPts
lectrode was characterized in various cholesterol concentrations
ith interfering species, respectively.

. Experimental

.1. Reagents
All the chemicals used were analytical reagent grade. All
olutions were prepared with deionized water (resistivity ≥18 M�-
m). The aluminum precursor (aluminum sec-butoxide), sur-
actants (stearic acid and magnesium stearate), gold precursor
HAuCl4), acid etchant (mixture of 11.8 M H3PO4 and 0.6 M HNO3),
lectronics 26 (2010) 1353–1358

and sodium tetrahydridoborate (NaBH4) were prepared for the
coral-like macroporous Au electrode (Kim et al., 2009). The elec-
troplating mixture for the Pt nanoparticles was comprised of
42% (w/w) C16EO8 (octaethylene glycol monohexadecyl ether,
98% purity, Fluka), 29% (w/w) deionized water (18 M�-cm) and
29% (w/w) HCPA (hexachloroplatinic acid hydrate, 99.9% purity,
Aldrich) (Attard et al., 1997).

The surface roughness of the fabricated electrode was measured
in a 1 M sulfuric acid (H2SO4, 95–98%, ACS, Sigma–Aldrich) solution
by the use of cyclic voltammograms. A 1 M H2SO4 solution was
prepared by dilution in deionized water. The cholesterol, Triton
X-100, and 2-propanol were purchased from Sigma–Aldrich. The
cholesterol did not dissolve well in a standard buffer solution. So,
surfactant Triton X-100 and 2-propanol were used to enhance the
solubility of the cholesterol in the preparation of a cholesterol con-
taining solution. After homogenization, the volume was made up
to 100 ml with a 0.1 M phosphate buffered saline (PBS, pH 7.0) and
thermostated at 35 ◦C (Kumar et al., 2001). The 0.1 M ascorbic acid
(AA, 98%, Sigma), acetaminophen (AP, 99%, Sigma), and uric acid
(UA, 99%, Sigma) were prepared by diluting them in a phosphate
buffered saline (PBS, 0.1 M, pH 7.4) solution, respectively.

2.2. Apparatus

Electrochemical experiments were performed on the fabricated
electrode at room temperature with the use of an electrochemi-
cal analyzer (Model 600B series, CH Instruments Inc., USA) at room
temperature. A three-electrode system was used, including a fab-
ricated electrode functioning as a working electrode, a flat Pt bar
as a counter electrode, and an Ag/AgCl reference electrode with a
3 M NaCl solution, respectively. The surface morphology of the fab-
ricated electrodes was characterized with a Hitachi S-4300 field
emission scanning electron microscope (FESEM). Amperometric
measurements were carried out in a 0.1 M PBS (pH 7.0, 20 ml vol-
ume) solution under continuous stirring by diluting the cholesterol
(0.1 M) with a uniform concentration. The 0.1 M cholesterol was
diluted in a 0.1 M PBS by controlling its injection volume, such as
0.015 mM (3 �l) and 0.5 mM (100.5 �l). The response current was
recorded after stabilizing the background current at a nearly con-
stant value and the prepared cholesterol was periodically injected
at 50 s intervals.

2.3. Preparation of coral-like macroporous Au-/nPts

Fig. 1 represents a simplified fabrication sequence for the coral-
like macroporous Au and Au-/nPts electrodes. As shown in Fig. 1(A),
the coral-like macroporous Au was formed through the use of
aggregated Au nanoparticles. A similar phase separation was found
in the preparation of the monolithic TiO2 via a template-free
sol–gel process (Konishi et al., 2006). The aluminum precursor
(Al sec-butoxide) and surfactants (stearic acid and magnesium
stearate) were separately dissolved in sec-butyl alcohol. Au precur-
sor (HAuCl4) was added to a solution of the dissolving surfactant.
These two solutions were mixed and followed by slow addition of
water at the rate of 1 ml/min. NaBH4 was used as a reducing agent
for the Au precursor. Also the mixture was stirred continuously
for 24 h. Subsequently the mixture was dried at 80 ◦C and calcined
at 550 ◦C in air. At this calcination step, the surfactant was eas-
ily removed, and the resulting material had a nanoporous alumina
structure with a sintered Au network. The alumina network with
nanopores was etched selectively by etching with acid etchants

(11.8 M H3PO4 and 0.6 M HNO3). After etching, an additional heat-
ing process was conducted at 150 ◦C for 20 min in order to remove
defects from the Au nanoparticles. Then the macroporous Au was
obtained, namely, the reverse phase of the alumina network. The
fabricated macroporous Au was pressed at room temperature into a
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Fig. 1. Fabrication processes of macroporous Au (Kim et al., 2009) (A) and macr

ircular mold for the purposes of making a sensor working electrode
applied pressure; 10 kgf cm−3, mold radius; 3.5 mm).

Fig. 1(B) shows the fabrication sequences of the macroporous
u electrode with Pt nanoparticles. An electroplating mixture for

orming the Pt nanoparticles was well mixed and heated up to 85 ◦C,
fter which the mixture became transparent and homogeneous.
he macroporous Au electrode was dipped into the mixture and
he temperature was lowered to 25 ◦C. At this stage, the liquid crys-
alline structure of the nonionic surfactant C16EO8 was formed on
he surface of the macroporous Au electrode. Next, the Pt nanoparti-
les were electroplated on the macroporous Au electrode by means
f a constant potential (−0.12 V vs. Ag/AgCl) and charge condition of
0 mC. The electrode was then soaked in distilled water for several
ours to remove the C16EO8 (Lee et al., 2008). Finally, the macrop-
rous Au electrode with Pt nanoparticles was formed.

. Results and discussions

.1. Surface morphology
The surface morphology of the fabricated coral-like macro-
orous Au electrode, after it had been electroplated with Pt
anoparticles, was examined by the use of FESEM. As shown in
ig. 2(A), the fabricated macroporous Au-/nPts had a coral-like
tructure. The primary branch with a ca. 2–3 �m size has the shape

Fig. 2. FESEM images of macroporous Au
us Au-/nPts (B) electrodes by templating method and electroplating technique.

of a bumpy branch that resembles a one-directional link of spheri-
cal particles (ca. 200–400 nm), which are made up of aggregated Au
nanoparticles (ca. 10–30 nm). The porosity and window pore size
of the fabricated macroporous Au-/nPts were approximately 50%
and 100–300 nm, respectively. Fig. 2(B) shows apparently formed
Pt nanoparticles on the surface of the macroporous Au electrode.
The Pt nanoparticles (white dots in Fig. 2B) were uniformly well
electroplated on the macroporous Au electrode and exhibited sizes
ranging from 10 to 20 nm. (The measured atomic ratios of Au
and Pt by dispersive X-ray spectroscopy (JSM-6700F (Jeol)) were
91.88% and 8.12%, respectively.) The density and size of the Pt
nanoparticles could be controlled by varying the charge condition
of the electroplating process, since the electroplating current is the
dominant influence in the formation of metal particles (Lee et al.,
2008; Boonyongmaneerat et al., 2009). The FESEM images demon-
strated that the macroporous Au-/nPts structure possesses a greatly
enhanced surface roughness.

3.2. Roughness factor of the macroporous Au and Au-/nPts
electrodes
In order to electrochemically characterize the real surface of the
fabricated electrode, cyclic voltammogram measurements were
performed in a 1 M H2SO4 solution. The cyclic voltammogram was
obtained at a scan rate of 20 mV/s and the potential ranged from

-/nPts (A) and its close-up view (B).
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Fig. 3. Cyclic voltammograms of macroporous Au (A) and macroporo

0.4 V to 1.2 V vs. Ag/AgCl. The roughness factors (RFs) of these
lectrodes were calculated as follows (McNaught and Wilkinson,
997):

oughness factor (RF) : fr = Ar

Ag

here Ar is the real (true, actual) surface (interface) area and Ag

s the geometrical surface (interface) area. As shown in Fig. 3(A),
he amount of surface oxide formed can be measured by integra-
ion of the Au oxide reduction peak in a cathodic scan (shadow
rea). The RF of the Au electrode is usually calculated in the basis
f the electrochemically deposited oxygen monolayer on the sur-
ace of the electrode and the measurement of charge corresponding
o the monolayer (Woods, 1976; Oesch and Janata, 1983). Since
he charge/area ratio is different for the different planes of an
u-crystal, it is usually considered to be about 0.4 mC cm−2 for
regular polycrystalline Au electrode (Trasatti and Petrii, 1991).

he accumulated charge density (18.42 mC cm−2) in shadow area
f Fig. 4(A) was divided by aforementioned charge density of the
xygen monolayer (0.4 mC cm−2). Thus, the calculated RF of the
acroporous Au electrode was approximately 46.07.
Meanwhile, the determination of the RF of the Pt electrode is

ased on the formation of a hydrogen monolayer electrochemi-
ally adsorbed at the surface of the electrode (Woods, 1976). As
hown in Fig. 3B, Pt nanoparticles deposited on the surface of the
acroporous Au electrode showed redox peaks, which is similar to
hat happens with a conventional Pt electrode. In Fig. 3(B), the first

athodic peak indicates the reduction of oxygen, which is quickly

ollowed by the dual peak related to the reduction of hydrogen
shadow area). Since the charge is necessary to form a monolayer
f adsorbed hydrogen and the electrode area is covered by each
ydrogen atom, the electrochemical RF is easily calculated. The
F of the macroporous Au-/nPts is determined as the value of the

ig. 4. Cyclic voltammograms of macroporous Au (A) and macroporous Au-/nPts (B) electro
.1 M PBS, pH 7.0; scan rate: 20 mV/s.
-/nPts (B) electrodes in 1 M sulfuric acid solution. Scan rate: 20 mV/s.

adsorption charge divided by 0.21 mC cm−2 (Biegler et al., 1971).
The accumulated charge density (425.18 mC cm−2) in shadow area
of Fig. 4(B) was divided by aforementioned charge density of the
adsorbed hydrogen monolayer (0.21 mC cm−2). The calculated RF
was 2024.7, which was the highest value in the previous reported
ones. This was caused by the synergistic effect of the macroporous
Au structure and Pt nanoparticles. The result was also supported by
the aforementioned FESEM images. Also, these results imply that
the second metal is a crucial factor affecting the electrochemical
activity of bimetallic nanocatalysts.

3.3. Electrochemical measurements and the determination of
free-cholesterol

The voltammetric behaviors of the macroporous Au (Fig. 4A) and
Au-/nPts (Fig. 4B) electrodes were obtained at a scan rate of 20 mV/s
and the potential ranged from −0.4 V to 1 V vs. Ag/AgCl in 0.1 M PBS
solution containing different concentrations of cholesterol (0, 1, 2,
and 3 mM). Upon the addition of 1 mM cholesterol, the change in
the oxidation currents for the macroporous Au and Au-/nPts elec-
trodes at 0.3 V and 0.2 V was observed. The voltammetric response
increased with increasing concentration of cholesterol as shown in
Fig. 4. In both cases, the response currents evidently increased with
increasing increments of cholesterol concentration, because of the
increase in electron transfer force. Applied potentials of 0.3 V and
0.2 V would be used as working potentials for amperometric mea-
surements. Low applied potentials are effective in the avoidance of
direct oxidation of the AA and AP on the surface of the electrode.
Fig. 5A illustrates the amperometric responses of the macro-
porous Au and Au-/nPts electrodes towards the oxidation of
cholesterol in PBS at 7.0 pH. Measurements at 50 s regular intervals
were performed at potentials of 0.3 V and 0.2 V after stabilizing the
background current at a nearly constant value. A 0.5 mM choles-

des to various cholesterol concentrations (0, 1, 2, and 3 mM). Supporting electrolyte:
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Fig. 5. Amperometric current responses of macroporous Au and Au-/nPts electrodes to s
respectively. Inset shows limit of detection of macroporous Au-/nPts (A) and calibration p
(B).
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ig. 6. Current–time curve of macroporous Au-/nPts electrode to the successive
ddition of 1 mM cholesterol, 0.1 mM AA, AP, and UA at 0.2 V of applied potential.
upporting electrolyte: 0.1 M PBS, pH 7.0.

erol solution was injected at regular 50 s intervals. As shown in
ig. 5A, the response current of the macroporous Au-/nPts grad-
ally increased as the concentration of cholesterol increased. The
esponse current increased linearly up to 5 mM cholesterol, and
urther increases in cholesterol concentration led to a slow rise of
he current, whilst the response current of the macroporous Au
lectrode did not appear with incremental increase of the choles-
erol concentration. This result indicates that the catalytic activity
f the macroporous Au-/nPts towards cholesterol is caused by
he Pt nanoparticles electroplated on the surface of the macro-
orous Au electrode. The lower left trace in Fig. 5(A) shows the
mperometric response of the macroporous Au-/nPts to succes-
ive injections of cholesterol with a low cholesterol concentration.
s indicated, the limit of detection was 0.015 mM. Fig. 5B shows
calibration curve obtained when the electrode is exposed to

ifferent concentrations of cholesterol. In order to test the repeata-
ility of the free-cholesterol detection modified electrode, three
lectrodes were fabricated by the same method and measured in
arious cholesterol concentrations. In the linear range up to 5 mM,
hey exhibited a maximum relative standard deviation (RSD) value
f 12.1%. Furthermore, the fabricated macroporous Au-/nPts are
asily regenerated by electrochemical cleaning and chemically sta-
le. Thus, it is suitable for non-disposable free-cholesterol sensor
pplications. The free-cholesterol sensitivity of the macroporous
u-/nPts was 226.2 �A mM−1 cm−2 in the range up to 5 mM, which

as much higher than the value reported in our previous work (Lee

t al., 2009).
Fig. 6 shows the amperometric responses of the macroporous

u-/nPts to consecutive additions of a 1 mM cholesterol solution
uccessive addition of 0.5 mM cholesterol at 0.3 V and at 0.2 V of applied potential,
lot, concentration of cholesterol (up to 8 mM) vs. current for macroporous Au-/nPts

and a 0.1 mM solution of interfering species (e.g. AA, AP, UA) in a
stirring PBS. One of the most important analytical factors for amper-
ometric bio-molecule detection is the ability of the electrode to
discriminate the interfering species having electroactivities sim-
ilar to the target analyte. The oxidizable compounds such as AA,
AP, and UA normally co-exist in real samples. The normal physio-
logical level of cholesterol concentration is under 5.17 mM, which
is much higher than the concentrations of interfering species like
AA (0.1 mM), AP (0.1 mM), and UA (0.1 mM). As shown in Fig. 6, the
response current of the macroporous Au-/nPts was stable and linear
without being affected by the interfering species. Also, upon injec-
tion of cholesterol at regular intervals, a rapid increase in currents
was observed.

4. Conclusions

In this paper, a new highly roughened and coral-like shaped
macroporous Au electrode, obtained through the use of Pt nanopar-
ticles has been reported. It has been characterized for its suitability
for highly sensitive nonenzymatic free-cholesterol biosensor appli-
cations. A macroporous Au-/nPts was fabricated by the use of
a templating method and electroplating technique. It was then
characterized by the use of FESEM and cyclic voltammetric meth-
ods. The electrode showed a highly improved surface roughness
factor, higher than all value previously reported. The highly rough-
ened electrode surface of the macroporous Au-/nPts exhibited an
extremely high sensitivity for cholesterol detection due to the
enlarged activation surface area, without any redox mediator or
enzyme and without being affected by interfering species as AA,
AP, and UA. The electrochemically deposited Pt nanoparticles on
the surface of the macroporous Au electrode led to significant
improvement in the real surface activation area and it exhibited
an extremely high sensitivity for cholesterol detection. In addition,
it showed other attractive features such as a fast response. Thus,
we believe than the new electrode will have strong applications in
the development of nonenzymatic free-cholesterol biosensors.
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