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Abstract

Gold nanoshells (GNSs), consisting of a silica core and a thin gold shell, were self-assembled on the surface of 3-aminopropyltrimethoxysilane
(APTES) modified indium tin oxide (ITO) electrode. The resulting novel GNSs-coated ITO (GNSs/APTES/ITO) electrode could provide a
biocompatible surface for the adsorption of hemoglobin (Hb). The UV-visible (UV-vis) spectra indicated that Hb adsorbed on the GNSs interface
retained the native structure. Electrochemical impedance spectra and cyclic voltammetric techniques were employed to evaluate the electrochemical
behaviors of Hb, the results demonstrated that GNSs could act as electron tunnels to facilitate electron transfer between Hb and the electrode. Based
on the activity of Hb adsorbed on the GNSs/APTES/ITO electrode toward the reduction of hydrogen peroxide, a mediator-free H,O, biosensor was
constructed, which showed a broad linear range from 5 uM to 1 mM with a detection limit of 3.4 uM (S/N = 3). The apparent Michaelis—Menten

constant was calculated to be 180 wM, suggesting a high affinity.
© 2007 Published by Elsevier B.V.
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1. Introduction

Incorporation of metal nanoparticles (MNPs) into electro-
chemical applications has attracted extensive interest owing
to their extraordinary catalytic properties and their interface-
dominated properties over bulk-metal electrodes. These
MNPs-modified electrodes have been focused on studying the
direct electrochemistry of protein, especially heme protein (such
as cytochrome c [1,2], hemoglobin (Hb) [3-5], myoglobin [6,7],
horseradish peroxidase [8,9] and so on), and further applica-
tions in mediator-free biosensors and catalysis [10,11]. Many
kinds of metal and their oxide nanoparticles, such as Au, Ag,
Pt, TiO», FezO4, ZrO, and MnO; nanoparticles, were imposed
to catalyze electrochemical reaction and enhance the electron
transfer between enzyme and electrodes. For example, Willner
and co-workers [12] incorporated gold nanoparticles (GNPs)
into apo-glucose oxidase and constructed the glucose biosen-

* Corresponding author. Tel.: +86 25 83795719; fax: +86 25 83795719.
E-mail address: wqian@seu.edu.cn (W. Qian).

0039-9140/$ — see front matter © 2007 Published by Elsevier B.V.
doi:10.1016/j.talanta.2007.01.026

sor, which exhibited seven times faster of the electron transfer
between the enzyme redox centre and the electrode than that
between glucose oxidase and its natural substrate, oxygen.
Caruso and co-workers [13] fabricated dense GNPs films by the
hybrid of GNPs in polyelectrolyte multifilms, and revealed that
GNPs could improve the electron-transfer characteristics of the
films and they further utilized the films as high-sensitive electro-
chemical sensors for nitrous oxide. Recently, Hempelmann and
co-workers [14] fabricated highly ordered macroporous gold
films for increasing electroenzymatic oxidation of glucose with
glucose dehydrogenase.

Many researches have been focused on the electrochemical
applications of single-component nanoparticles including
single-component MNPs or nonmetal nanoparticles such as
SiO; nanoparticles [15]. However, the electrochemical prop-
erties of composite nanoparticles, which are not completely
similar to single-component nanoparticles, have not been
studied clearly. Recently, the composite nanoparticle of GNS,
consisted of a silica core covered by a thin gold shell, was
studied in many application fields, such as drug delivery [16],
tissue repair [17], contrast agents for imaging [18], cancer
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therapy [19], surface enhanced Raman scattering (SERS) [20],
immunoassay [21] and so on. These significant applications
could not only ascribe to their unique chemical, physical prop-
erties and good biocompatibility, but also to their controllable
resonance peak over a broad region ranging from the near-UV
to the mid-infrared. However, there are no reports on the
electrochemical properties of the GNSs-modified electrodes,
and the electrochemical behaviors of redox protein adsorbed
on the GNSs-modified electrodes are not yet understood in
detail.

In this paper, GNSs were constructed on the surface of
APTES-modified ITO (APTES/ITO) electrode by the self-
assembly technique to form GNSs/APTES/ITO electrode. This
self-assembled GNSs film could provide large surface area,
superior conductivity and favorable microenvironment for
retaining the biological activity of the adsorbed hemoglobin
(Hb) and facilitate the direct electron transfer between the Hb
and the ITO electrode, as confirmed by electrochemical and
attenuated UV—vis spectroscopy. The electrochemical behavior
of Hb was discussed in detail, and an effective H,O, biosensor
was constructed.

2. Experimental
2.1. Reagents and materials

Bovine hemoglobin (Hb, MW 64,500) and 3-aminopropyl-
trimethoxysilane (APTES, 97%) were purchased from Sigma,
and tetraethoxysilane (TEOS, 98%) was purchased from Alfa
Aesar, hydrogen tetrachloroaurate(III) hydrate, hydrogen perox-
ide (H>03, 30%), potassium carbonate (K,CO3, 99%), sodium
borohydride (NaBHy), formaldehyde and ethanol (99%) were
purchased from Nanjing Sunshine Biotechnology Ltd., China.
All chemicals were used as received. Silica colloids (~110 nm
in diameter) were obtained from Nissan of Japan. ITO glasses
(<200 2/cm?) were purchased from Xiamen ITO Photoelectric-
ity Industry Co., Ltd. of China. Triply distilled water was used
in our experiments.

2.2. Preparation of GNSs

GNSs were prepared according to the method described by
Halas and co-workers [22] with some modifications, as reported
in our previous work [23,24]. Silica colloids were purified by
centrifuging and redispersing for five times in ethanol. And then
0.275 mL of APTES was added to 35 mL of purified silica col-
loids (0.12 g/mL in ethanol) under vigorous magnetic stirring at
45 °C for 3h. APTES-functionalized silica colloids were puri-
fied by centrifuging and redispersing in ethanol. On the other
hand, GNPs with an average diameter of 2—5 nm were prepared
as reported in our previous work [25,26]. APTES-functionalized
silica colloids (~5.3 x 10!! particles/mL in ethanol) were added
dropwise to the 200 mL of gold sol under vigorous magnetic stir-
ring (600 rpm) to form gold-attached silica colloids (Au/SiO»
nanoparticles). After centrifugation and removing the super-
natant for three times, 200 mL of Au/SiO; nanoparticles were
redispersed in 45 mL of water.

Under continuous stirring, various amounts of gold-attached
silica colloids were added to 60 mL of the aged HAuCl4/K,CO3
solution, followed by 0.15mL of formaldehyde to form the
GNSs [23]. The amount of the added gold-attached silica col-
loids was depended on the intended thickness of the gold shells.
In this process, the color of the suspension changed from color-
less over violet and blue to a strongly scattering brown solution.
The suspensions were centrifuged to concentrate the GNSs for
further use and to remove excess reagents.

2.3. Modification of ITO electrode

A sheet of ITO was sonicated in detergent solution, triply dis-
tilled water, acetone and ethanol for 15 min, respectively. After
dried with a stream of high purity nitrogen, the substrate was
immersed in an ethanol solution of 1% (v/v) APTES for 30 min
at 75 °C, rinsed five times in ethanol with sonication, and dried
at 120 °C for 3 h. The silanized ITO was subsequently immersed
overnight in GNSs solution (~1.24 x 10'! particles/mL in
water) to form the GNSs/APTES/ITO electrode. After that the
modified ITO electrode was dried by nitrogen.

2.4. The adsorption of Hb to GNSs/APTES/ITO electrodes

GNSs/APTES/ITO electrodes were immersed in 0.1 M phos-
phate buffer solution (PBS, pH 7.0) containing 5 mg/mL Hb
at 4 °C. After incubated for 12 h, the modified electrodes were
thoroughly rinsed with triply distilled water. They were stored
in PBS solution at pH 7.0 and 4 °C until use.

2.5. Characterization

All electrochemical experiments were carried out on a
CHI650b electrochemical workstation (CH Instruments, USA)
in a conventional one-compartment cell. The standard three-
electrode system was used for measurements. A saturated
calomel electrode was used as the reference electrode, a Pt
wire was used as the counter electrode, and the bare ITO elec-
trode or modified ITO electrode with an exposed geometric
area of ca. 0.12cm? was employed as the working electrode.
A JEM2000EX transmission electron microscopy (TEM) was
used to collect the image of GNSs. SEM characterization was
carried out on a LEO 1530 VP SEM to image the morphol-
ogy of the GNSs/APTES/ITO electrode. UV-vis spectra were
employed to investigate the plasmon resonance band of GNSs
and the Soret band of Hb by using a Shimadzu UV3150 UV-vis
spectrophotometer in a transmission mode. Modified ITO elec-
trode was measured by mounting it (upright to the incidence of
light) in the sample cell of the spectrophotometer with a bare
ITO electrode in the reference cell.

3. Results and discussion

3.1. Preparation and characterization of the
GNSs/APTES/ITO electrode

Scheme 1 represents the fabrication procedures for a
GNSs/APTES/ITO electrode. As shown in the inset A of Fig. 1,
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Scheme 1. Fabrication procedures for a GNSs/APTES/ITO electrode, the process of Hb adsorption on its surface, the electron transfer between the heme center of

Hb and the ITO electrode via GNSs, and the H>,O, biosensor.

GNSs were fabricated with shell thickness of ~25nm, which
was estimated according to the known size (~110nm in diam-
eter) of silica core. GNSs can be assembled on the APTES/ITO
electrode by complexation between GNSs and the amino groups
[26], as shown in the inset B of Fig. 1. The plasmon resonance
peak of GNSs dispersed in water was significantly at 725 nm.
After assembled on ITO electrode, the resonance peak of GNSs
was 660 nm in air, as shown in Fig. 1. The blue shift of resonance
peak was mainly ascribed to the change of the environmental
refractive index. These data indicate that the GNSs had been
assembled successfully on the APTES-modified ITO electrode.
The stability of the GNSs on ITO electrode was studied by insert-
ing the GNSs/APTES/ITO electrode into the cuvettes filled with
water, ethanol and benzene in turn prior to perform the spectral
measurements. The analysis by the UV-vis spectra (data not
shown) shows no discernible difference between pre- and post-
immersing, suggesting that the solvents did not cause the GNSs
to detach from the ITO glass substrate.
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Fig. 1. UV-vis absorption spectra of GNSs (a) dispersed in water and (b) assem-
bled on ITO electrode in air. Inset A: A TEM image of a GNS (the scale bar is
50nm). Inset B: A SEM image of GNSs assembled on the surface of ITO (the
scale bar is 2 pum).

The GNSs/APTES/ITO electrodes were characterized elec-
trochemically in 0.5M H,SO4 at a scan rate of 0.1 V/s. The
cyclic voltammograms of GNSs/APTES/ITO electrode exhibits
the characteristic peaks with an oxidation peak starting at 1.1 V
in the positive scan and a reduction peak at 0.8 V in the reverse
scan, whereas no Faradaic current responds on the bare ITO
electrode, as shown in Fig. 2. The appearance of obvious redox
peaks exhibited on the GNSs/APTES/ITO electrode was mainly
ascribed to their great real surface area. And the reduction peak at
0.8 V can be attributed to the reduction of the gold oxide formed
during the anodic cycle. The charge density associated with the
reductive process is 0.707 mC/cm? for the GNSs/APTES/ITO
electrode, as shown in Fig. 2b, with R.S.D. value of 3.69% for
four independent electrodes. This result shows that the elec-
trode area of the GNSs adsorbed on ITO electrode is 1.83 times
higher than that of the planar Au electrode (assuming that the
reduction of a monolayer of gold oxide requires 0.386 mC/cm?)
[27]. Assuming that all of the GNSs surfaces are involved in
the electrochemical reaction, the surface coverage of the GNSs
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Fig. 2. Cyclic voltammograms of (a) bare ITO and (b) GNSs/APTES/ITO elec-
trodes in 0.5 M H,SOy4 at 0.1 V/s.
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is estimated to be ca. 2.28 x 10° particles/cm?, which is little
higher than the number estimated with the SEM image (the inset
B of Fig. 1). This may be ascribed to the rough and unshaped
surface of the gold shells.

3.2. Adsorption of Hb on GNSs/APTES/ITO electrodes

After immersion of the GNSs/APTES/ITO electrode in a
solution containing Hb, this protein can be adsorbed on the GNSs
surface by the interactions between the cysteine or NHy4*-lysine
functional groups of the Hb and the GNSs. Fig. 3 shows the
UV-vis absorption spectra of the GNSs/APTES/ITO electrode
before and after incubation of Hb for 12 h in PBS (pH 7.0) solu-
tion, and the absorption peak at 407 nm (Fig. 3c) was attributed to
the Soret band [28] of Hb adsorbed on the surface of GNSs. Pre-
vious studies have demonstrated that the absorption band would
diminish upon the native protein denaturation [29], and UV—-vis
spectroscopy is an effective means to probe the characteristic
structure of proteins [30-32]. Compared with the absorption
peak of native Hb in PBS solution (Fig. 3a), the same absorp-
tion peak at 407 nm of Hb adsorbed on GNSs demonstrates that
the adsorbed Hb molecules retain their native structure [33,34].
Furthermore, the data in Fig. 3 shows that the plasmon resonance
peak of GNSs on ITO electrode shifts little after the adsorption
of Hb, indicating that the adsorption of Hb did not influence the
stability of GNSs.

Cyclic voltammetry of an electroactive species such as
K3[Fe(CN)g] is a valuable convenient tool for testing the kinetic
barrier of the interface because the electron transfer between
solution species and the electrode must occur by tunneling
either through the barrier or through the defects in the bar-
rier. Therefore, it was chosen as a marker to investigate the
changes of electrode behavior after each assembly step. Fig. 4
shows the cyclic voltammograms of differently modified elec-
trodes in 0.1 M PBS (pH 7.0) containing 5 mM K3[Fe(CN)g].
As expected, ferricyanide exhibits quasi-reversible behavior
on a bare ITO electrode (Fig. 4a) with a peak-to-peak sep-
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Fig. 3. UV-vis absorption spectra of (a) 0.5 mg/mL Hb in PBS (pH 7.0), (b) the
GNSs/APTES/ITO electrode in PBS (pH 7.0) and (c) the GNSs/APTES/ITO
electrode after incubating for 12 h in PBS (pH 7.0) containing Hb (5 mg/mL).
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Fig. 4. Cyclic voltammograms of (a) bare ITO, (b) GNSs/APTES/ITO and
(c) Hb/GNSs/APTES/ITO electrodes in PBS (pH 7.0) containing 5 mM
K3[Fe(CN)g]. Scan rate, 0.1 V/s.

aration (AEp) of 0.28V at a scan rate of 0.1 V/s. At the
GNSs/APTES/ITO electrode, a little decrease in the redox peak
and the AE, was widened to 0.35V, which may be due to
the electrostatic repulsion between Fe(CN)g3~ or Fe(CN)g*~
anion and the negatively charged surface of GNSs. This elec-
trostatic repulsion would hinder the diffusion of ferricyanide
toward the electrode interface and slacked the electron-transfer
kinetics [35]. And the great widening of AE, at the Hb
adsorbed GNSs/APTES/ITO electrode mainly ascribes to its
large impedance.

Electrochemical impedance spectroscopy was employed
to characterize the interfacial properties of ITO electrodes
after GNSs modification and Hb adsorption using 10 mM
[Fe(CN)g]?~/[Fe(CN)g]*~ as the redox probe. Fig. 5 shows the
impedance spectra in the form of Nyquist diagrams of various
ITO electrodes. The diameter of the semicircle usually equals the
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Fig. 5. Electrochemical impedance spectroscopy of (a) bare ITO, (b)
APTES/ITO, (c) GNSs/APTES/ITO and (d) Hb/GNSs/APTES/ITO electrodes
in 10mM K3Fe(CN)g/K4Fe(CN)g (1:1) containing 0.10 M KCI. Applied poten-
tial: 0.19V; frequency range: 0.1 Hz to 100kHz. The inset is the Randle’s
equivalent circuit using a CPE instead of capacitance and adding an addition
resistance of modified film parallel to the CPE.
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electron-transfer resistance (R), which controls the electron-
transfer kinetics of the redox probe at the electrode interface
[36]. When APTES layer was successively adsorbed on the sur-
face of ITO electrode, the electron-transfer resistance (R.¢) value
increased from 347 to 412 2, while decreased to 320 2 after
GNSs adsorption on the APTES surface due to better conduc-
tivity of GNSs, suggesting effectively improved heterogeneous
electron-transfer kinetics between the redox couple and elec-
trode interface. After incubation of Hb on the GNSs/APTES/ITO
electrode, a semicircle with significantly large diameter was
observed, indicating that the adsorbed Hb lead to a great increase
in resistance. This effect possibly arises from the insulated
polypeptide backbone of the protein.

In addition, the interfacial double-layer capacitance between
an electrode and a solution is related to the surface condition of
the electrode. Since the surface of the ITO electrode is highly
modified, in order to fit the impedance data of the modified
electrode, we modified the Randle’s circuit model by using a
constant phase element (CPE) instead of the classical capaci-
tance, and adding an addition resistance of the modified film
(Rfim) parallel to the CPE [37], as shown in the inset of Fig. 5.
For bare ITO electrode, there is no Rgy, element in this case
because there is no film present. The additional parameter Z,
accounts for the Warburg impedance. All parameters of the cir-
cuit element were evaluated by fitting the impedance data to
the equivalent circuits with data analytical software Zview (data
not shown). By comparing the Rgjy, of the GNSs/APTES/ITO
electrode (Rfim =645 2, 0.59%) with that of the APTES/ITO
electrode (Rfim =890 %2, 1.31%), we can infer that the GNSs
could effectively decrease the resistance of the modified film.

3.3. Direct electrochemical behavior of Hb on
GNSs/APTES/ITO electrode

Cyclic voltammograms of different electrodes were mea-
sured in PBS (pH 7.0), as shown in Fig. 6. Compared with
GNS/APTES/ITO electrode, the Hb/GNS/APTES/ITO elec-
trode gave a couple of well-defined redox peaks at —0.21 and
—0.32 'V, atascanrate of 0.1 V/s. These results show that a direct
electron transfer process takes place between the adsorbed Hb
and the GNS/APTES/ITO electrode. However, as reported in
the previous work of Zhang and Oyama [38], no redox peak was
observed at the Hb/Au/ITO electrode. This means that compared
with gold naoparticles, GNSs may act as more effective adsorp-
tion sites that can penetrate easily to the active center of the Hb
molecules. Furthermore, GNSs of the films would provide mul-
tiple adsorption sites for Hb molecules, retaining the bioactivity
of the adsorbed Hb.

The inset A of Fig. 6 shows the relationship between the
peaks current of Hb/GNSs/APTES/ITO electrode and the scan
rate. With an increasing scan rate ranging from 50 to 800 mV/s
the anodic and cathodic peak potentials of the Hb showed a small
shift and the redox peak currents increased linearly, indicating a
surface-controlled electrode process. The peak-to-peak separa-
tions of the cyclic voltammograms of the Hb/GNSs/APTES/ITO
electrode at 100, 200, 300, 400 and 500 mV/s were 110, 111,
113, 115 and 118 mV, respectively. Supposing the charge trans-
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Fig. 6. Cyclic voltammograms of (a) GNSs/APTES/ITO and (b) Hb/GNSs/
APTES/ITO electrodes in pH 7.0 PBS at the scan rate of 0.1 V/s. Inset A: Cyclic
voltammograms of the Hb/GNSs/APTES/ITO electrode in PBS (pH 7.0) at the
scan rates of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.8 V/s (from inner to outer). Inset
B: Plot of the cathodic and anodic peak currents vs. scan rate.

fer coefficient was between 0.3 and 0.7, the electron transfer
rate constant (ks) was estimated to be (2.39 +0.7) s~ ! accord-
ing to Laviron’s model with the formula ks =mnFv/RT [39],
where m is a parameter related to the peak-to-peak separa-
tion. This value is significantly higher than the 0.49s~! at the
Hb/GNPs/cystamin/Au electrode as reported previously [40],
suggesting a reasonably fast electron transfer between the immo-
bilized Hb and the electrode ascribed to the presence of GNSs.

3.4. Electrocatalysis of Hb/GNSs/APTES/ITO electrode
toward H>O»

Cyclic voltammograms of the Hb/GNSs/APTES/ITO before
and after injection of 0.6 mM H,O, solution in pH 7.0 PBS
were shown in Fig. 7A. After addition of H,O,, an increase
in reduction current for the Hb/GNSs/APTES/ITO electrode
could be observed when the potential is lower than —0.1 V.
This phenomenon was not observed clearly at a bare ITO or
a GNSs/APTES/ITO electrode. Thus, the catalysis reduction of
H,0O, was ascribed to the presence of Hb.

The chronoamperometric curve is recorded on Hb/GNSs/
APTES/ITO electrode under the conditions of continuous stir-
ring of the solution and successive injection of aliquot HyO»
at —0.25V (as shown in Fig. 7B). As the HyO, was added
into the stirring buffer solution, the biosensor responded rapidly
to the substrates. The inset b of Fig. 7B exhibits the plot of
catalytic current of the Hb/GNSs/APTES/ITO electrode versus
H> O, concentration. A good linear relationship is found between
the catalytic current and HyO» concentration from 5 x 107% to
1.0 x 1073 M. The linear regression equation is expressed as
y=1.547 x+2.981 pA, with a correlation coefficient of 0.999
(n=14). The detection limit (S/N =3) is estimated to be 3.4 uM.
When the concentration of HO» is higher than 1.0mM, a
platform emerges in the catalytic peak current, showing the
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Fig. 7. (A) Cyclic voltammograms of the Hb/GNSs/APTES/ITO electrode in
pH 7.0 PBS (a) without and (b) with 0.6 mM H,O; at the scan rate of 50 mV/s.
(B) Chronoamperometric responses observed at the Hb/GNSs/APTES/ITO elec-
trode in 0.1 M PBS (pH 7.0) after successively injecting 0.01 mM H,O,. Applied
potential: —0.25 V. Inset a: Plot of catalytic current vs. HyO, concentration. Inset
b: Linear calibration curve of the biosensor.

characteristics of Michaelis—Menten kinetics. The apparent
Michaelis—Menten constant (K5f?), which gives an indication of
the enzyme-substrate kinetics, is 0.18 mM as calculated by the
Lineweaver—Burk equation 1 /sy = 1/Inax + K"/ Imax C [41],
where Iy, Imax and C stand for steady state current, maximum
current and H,O» concentration, respectively. It is well known
thatasmaller Kqi" represents a higher catalytic ability. Since this
is smaller than the 0.31 mM obtained at Hb/ZrO,/DMSO/PG
[34], 1.4mM at Hb/Chit-Aus/Cys/Au [42], 1.30mM at Mb-
sliver NPs/PG [43] and 0.2 mM at Cyto-c/nano-LTL-zeolite/ITO
electrode [44], it is indicated that Hb immobilized on GNSs is
of a higher affinity to HyO».

3.5. Stability and reproducibility of the modified electrode

To evaluate the stability and reproducibility of the elec-
trode, the Hb/GNSs/APTES/ITO electrode was stored in PBS
at 4°C when it was not in use. It remained 90% of its ini-
tial catalytic current after 3 weeks storage. The response of a
Hb/GNSs/APTES/ITO electrode was examined for six measure-
ments in 0.6 mM H;O» in pH 7.0 PBS, and the catalytic current

at —0.25 V shows a relative standard deviation (R.S.D.) of 4.5%.
The fabrication of five electrodes, made independently with the
same bare electrode, showed an acceptable reproducibility with
a R.S.D. value of 5.6% for the catalytic current at —0.25V in
pH 7.0 PBS with 0.6 mM H,0,.

4. Conclusion

GNSs/APTES/ITO electrodes were successfully constructed
by self-assembly of GNSs on ITO substrates. The results of
UV-vis spectra showed that Hb retained its native structure after
its adsorption on these electrodes, which may be ascribed to
the high surface area and good biocompatibility of GNSs. The
self-assembly of GNSs onto the electrode surface provided the
necessary conduction pathways and allowed efficient electron
tunneling, which realized the direct electron transfer from Hb
to the electrode surface. And a couple of well-defined redox
peaks can be observed at the Hb/GNSs/APTES/ITO electrode.
In addition, the resulted Hb/GNSs/APTES/ITO electrode exhib-
ited excellent electrocatalytic properties toward the reduction of
H>03;, low detection limit and broad linear range. Compared
with GNPs, GNSs may provide more effective adsorption sites
that can be accessed easily to the active center of adsorbed pro-
tein molecules. Therefore, the GNSs interface architecture offers
an opportunity for obtaining high-quality detectors for bioelec-
troanalysis, capillary electrophoresis, miniaturized total analysis
systems and other fields.
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