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An interface of gold nanoshells (GNSs) was constructed on the surface of the 3-aminopropyl tri-
ethoxysilane (APTES) modified ITO glass substrates by a simple self-assemble method to form
the GNSs-coated ITO electrode. UV-vis spectroscopy, scanning electron microscopy (SEM), and
cyclic voltammetry were used to characterize the GNSs interface architectures. SEM and UV-vis
spectroscopy showed that an interconnected and stable GNSs interface was formed on the APTES
modified ITO glass substrate. The cytochrome bgg, (Cyt bgg,) was selected to observe electron
transfer reactions of redox protein at the GNSs-coated ITO electrodes. Quasi-reversible electro-
chemistry of Cyt bgs, was obtained and its electrochemical behaviors were discussed.
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1. INTRODUCTION

Efficient and durable electronic communication between
electrode and redox proteins requires a special tunnel for
electrons to traverse freely and rapidly, which has a wide
range of applications in mediator-free biosensors, biore-
actors, and biofuel cell.'® Numerous modified electrodes
have been fabricated to construct such tunnels to achieve
a sufficiently high rate of electrochemical conversion in
studying the dynamic of redox proteins on the conduct-
ing solid support. Widely investigated interfacial archi-
tectures include titanate nanotube,'® polymers,''~'? carbon
nanotubes,'® macroporous metal materials,'*'¢ and poly-
electrolyte multilayers,'” which allow immobilization of
relatively large quantities of proteins and promote the
direct electron communication of the loading redox pro-
teins by shortening the tunneling path of electrons. Redox
proteins at these modified electrodes facilitate relatively
faster electron transfer and catalytic activity than that at
the bare electrodes. 83!

Gold nanoshells (GNSs) are composite nanoparticles
consisted of a dielectric silica core surrounded by a thin
gold shell. With such core—shell structure, the plasma reso-
nant frequencies of GNSs depend on the geometry of the
nanoparticles, i.e., on the relative ratio of the core and
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shell. Adjusting the fabricating condition, the optical reso-
nances of GNSs can be located in the near infrared region
of the spectrum. The unique optical feature of GNSs has
had a wide variety of applications including modulated
drug delivery, blood immunoassay, imaging and therapy of
cancer, and biosensing.’>** Gold nanoparticles had been
self-assembled into 2D and 3D structures through cross-
linker*® or adhere to 3D frame* to obtain increased sur-
face area electrodes in detection of direct electron transfer
of protein or enzyme in electrochemistry. But the elec-
tron transmission in cross-linker was weaker than in gold
nanoparticles inevitably resulting in decreasing of detec-
tion sensitivities and the frame might hinder the electron
shuttling to certain extent. With the development of self-
assembly technique, interfacial architectures of GNSs can
be created on the surface of 3-Aminopropyl triethoxysilane
(APTES) modified ITO electrode via the complexation
between GNSs and amine groups. We expect such a GNSs
interface may provide a suitable microenvironment for
immobilizing biomolecules and keeping their activity to
a great extent due to the outstanding electrical conduc-
tivity and biocompatibility of GNSs. However, there has
no report on the electrochemical properties of the GNSs-
coated ITO electrodes, and the electrochemical behaviors
of redox protein adsorbed on the GNSs-coated ITO elec-
trodes are not yet understood in detail. The redox protein
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cytochrome bsg, (Cyt bsg,),* an 11.8 kDa monomeric pro-
tein, is found in Escherichia coli. This small soluble heme
protein coordinates to the heme iron through ligands of
methionine 7 and histidine 102 and is an ideal candidate
to observe electron transfer reactions of redox protein at
the GNSs-coated ITO electrodes.

In this paper, we use self-assembly technique to con-
struct an interfacial architecture of GNSs on the surface of
APTES-modified ITO glass substrates to form the GNSs-
coated ITO electrode. With such a GNSs interfacial archi-
tecture, the prepared electrode has the unique advantages:
First, the electrode has nanoscale voids, which provide
the friendly microenvironment for protein loading and
improve the stability of the entrapped protein molecules;
Second, the electrode has a larger surface than a planar
gold electrode to load functional biomolecules. Further-
more, cytochrome bs,, (Cyt bsg,) was observed to show
high sensitive electron transfer reactions on the GNSs-
coated ITO electrode. Therefore, the GNSs interfacial
architecture provides an attractive tunnel to facilitate charge
transfer for protein voltammetry studies and biosensors.

2. MATERIALS AND METHODS
2.1. Reagents and Measurement

Silica colloidal particles of ~110 nm in diameter were
obtained from Nissan Chemical Corporation (Japan).
Cytochrome bs, was the gift from Dr. Fang Yu in

O

=

Max-Plank-Institute for polymer research in Mainz
(Germany). 3-Aminopropyltriethoxysilane (APTES) was
obtained from Aldrich. All other chemicals, such as chlo-
rauric acid, phosphate, and perchlorate were of analytical
grade unless otherwise indicated. B-R buffered solutions
with various pH values (pH 4.10 to 6.09) were prepared
by changing the ratio of phosphoric acid, ethanoic acid,
metaphosphoric acid, and sodium hydrate. All the solu-
tions were prepared with Milli-Q water.

UV-vis spectra were employed to investigate the optical
properties and stability of the GNSs-coated ITO electrode
and performed with a Shimadzu UV3150 UV-vis spec-
trophotometer in a transmission mode. Scanning electron
microscopy (SEM) characterization was carried out on
a SIRION FEI SEM to observe the morphology of the
surface of the GNSs-coated ITO electrode. Electrochemi-
cal measurements were performed using a CHI650B elec-
trochemistry workstation (ShangHai CH Instruments Co.,
China). All experiments were carried out using a con-
ventional three-electrode system with a GNSs-coated ITO
electrode as working electrode, a platinum wire as counter
electrode, and a saturated calomel electrode (SCE) as ref-
erence electrode. Solutions were degassed with nitrogen to
remove O,. The electrochemical impedance measurements
were carried out in a solution of KCI (0.1 molL™") con-
taining 1.0 x 107 mol L™! K;[Fe(CN),]/K,[Fe(CN),] (1: 1
mixture) as a redox probe at a potential of 0.09 V. The
alternative current voltage was 5 mV, and the frequency
range was 0.01 Hz-100 kHz.
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2.2. Preparation of GNSs

By reduction of chloroauric acid with sodium borohydride,
aqueous suspensions of gold nanoparticles (GNPs) with 2—
5 nm in diameter were prepared according to literature pro-
cedures with some modifications.*® Typically, 3 ml of 1%
HAuCl, was mixed with 200 ml of triply distilled water
with vigorous stirring, followed by the addition of 1 ml
of aqueous solution of K,CO; (0.2 M). Afterwards, 9 ml
of NaBH, (0.5 mg ml~!") was quickly added to the mix-
ture. The wine-red solution was stored at 4 °C until use.*’
GNSs were prepared as described previously.**>! APTES
was used to functionalize silica colloidal particles.48 Then,
GNPs were attached to APTES-functionalized silica col-
loidal particles. The attached GNPs served as nucleation
sites for the deposition of more gold, resulting in the for-
mation of a complete gold shell on each silica colloidal
particle. !

2.3. Fabrication of GNSs-Coated ITO Electrodes

ITO glass (Xiamen ITO Photoelectricity Industry Co.,
Ltd., China) was used as a substrate for GNSs-coated
ITO electrodes. The ITO glass sheets were sonicated> for
30 min in each of the following solvents: soapy water,
water and acetone, then were immersed in an ethanol solu-
tion of 1% (V/V) APTES for 12 hours. Substrates were
rinsed with Milli-Q water and allowed to dry at 120 °C
for 3 hours before they were immersed in the solution
containing GNSs with a concentration of 1.24 x 10!! parti-
cles L=! and form interfacial architectures of GNSs via the
complexation between GNSs and amine groups. With this
method, GNSs-coated ITO electrode can be fabricated suc-
cessfully with excellent electrochemical characteristics and
stability. The fabrication procedure is shown in Scheme 1.

2.4. Adsorption of Cyt by,

For Cyt bsg, entrapping, the GNSs-coated ITO electrodes
were inserted into the solution containing 1.0 x
107% mol L™! Cyt bsg,. Cyt bss, was adsorbed on the gold
surfaces of the GNSs-coated ITO electrode via the cys-
teine or/and NH; -lysine functional groups of the Cyt bsg,.
The process of adsorption of Cyt bss, at the GNSs-coated
ITO electrode and the electron transfer between them are
also shown in Scheme 1.

3. RESULTS AND DISCUSSION

3.1. Spectroscopic and Morphological
Characterizations of GNSs-Coated
ITO Electrodes

We constructed an interfacial architecture of GNSs on
the surface of an APTES-modified ITO glass substrate to
form a GNSs-coated ITO electrode. The optical properties
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Fig. 1. The UV-vis absorption spectra of GNSs: (a) dispersed in water,
and (b) self-assembled on the surface of an APTES-modified ITO glass
substrate.

and morphology of the electrodes were assessed through
UV-vis absorption spectra and SEM. Figure 1 shows the
UV-vis spectra of an aqueous solution of GNSs with a con-
centration of 1.24 x 10! particles L~! (curve a in Fig. 1)
and a GNSs-coated ITO electrode formed in the same
solution (curve b in Fig. 1). The characteristic surface
plasmon resonance (SPR) peak of the GNSs-coated ITO
electrode appeared. The data indicated that the GNSs had
been formed on the APTES-modified ITO glass substrate.
Figure 2 shows a typical SEM image of the GNSs inter-
facial architecture on the ITO glass substrate. As can be
seen from this SEM image, the GNSs aggregated together
to form a cross-linked porous nanoarchitecture.

3.2. Electrochemical Behavior of
the GNSs-Coated ITO Electrodes

The GNSs-coated ITO electrode was evaluated electro-
chemically in 1.0 molL~' H,SO, solution at a scan rate
of 0.1 V s~ (Fig. 3). Compared to a bare ITO electrode
(Fig. 3, curve 1) with the same geometric surface area,
the cyclic voltammograms (CVs) of the GNSs-coated ITO
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10.0kVv 3.0 40000x TLD 49
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Fig. 2. A typical SEM image of GNSs self-assembled on the surface of
an APTES-modified ITO glass substrate.
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Fig. 3. Cyclic voltammograms of a bare ITO electrode (1) and a GNSs-
coated ITO electrode (2) in 1.0 mol L' H,SO, solution at a scan rate of
0.1 Vsl

electrode (Fig. 3, curve 2) showed the oxidation and sub-
sequent reduction waves of the interfacial architecture of
GNSs. By integrating the charge required for reducing the
gold oxide formed in the positive sweep, the real surface
area of the GNSs-coated ITO electrode was determined to
be 0.79 cm? (assuming that the reduction of a monolayer
of gold oxide requires 386 uC cm~2).5%%* Compared to the
geometrical area of the bare ITO electrode, 0.09 cm?, the
GNSs-coated ITO electrode has a much larger real surface
area due to the porous configuration of the interconnected
GNSs, which can provide a good microenvironment for
the efficient electron shuttle of protein molecules.

3.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) was used
to obtain the information about the electrical properties
of the interface of the GNSs-coated ITO electrode.’> ¢
Figure 4 shows the impedance spectra of the bare ITO
electrode (curve 1) and the GNSs-coated ITO electrode
(curve 2). The calculated R, of them were 406 () and
385 O respectively, indicating the porous structure of
the interfacial architecture of GNSs had better effect on
the surface electron-transfer reaction than bare ITO elec-
trode. The longer time the GNSs-coated ITO electrode
had been immersed in the Britton-Robinson (B-R) buffer
solution containing Cyt bse,, a higher electron-transfer
resistance was obtained, as shown by the enlarged semi-
circle domains in Figure 4. It illuminated that the Cyt
bse, molecules had been adsorbed on the surface of the
GNSs-coated ITO electrode and the amount of adsorption
increased with time. The inset of Figure 4 is the Ran-
dles circuit. In the Randles circuit, it was assumed that
the resistance to charge transfer (R,) and the diffusion
impedance (W) were both in parallel to the interfacial
capacity (Cg). This parallel combination of R, and C
gave rise to a semicircle in the complex plane plot of Z;
against Z,.
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Fig. 4. Nyquist diagrams (imaginary part Z,, versus real part Z, ) for
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the electrochemical impedance measurements of electrode in a solution
of KCI (0.1 molL™") containing Fe(CN)}~ (1.0 x 1072 molL™"), and
Fe(CN){=(1.0 x 107> molL™"): (1) a bare ITO electrode; (2) a GNSs-
coated ITO electrode; (3)—(5) a GNSs-coated ITO electrode with incu-
bating times of 60, 180, and 240 min, respectively, in B-R buffer solution
(pH 5.0) containing Cyt b, (1.0 x 107° mol L~"). The frequency range:
0.01 ~ 100 KHz, at the formal potential of the Fe(CN)g_/ *~ redox cou-
ple and with a perturbation potential of 5 mV. The inset is the Randle’s
equivalent circuit using a constant phase element instead of capacitance
owing to the rough surface.

3.4. Electrochemical Behaviors of Cyt by, at the
GNSs-Coated ITO Electrode

The electrochemical properties of a GNSs-coated ITO
electrode in solution of Cyt by, molecules were examined.
Figure 5(A) shows the CVs of a GNSs-coated ITO elec-
trode in a B-R buffer solution (pH 5.0) without (curve 1)
and with Cyt bsg, (curve 2). No redox peaks were observed
in the solution absence of Cyt bs, while a pair of dis-
tinct quasi-reversible redox peaks emerged in the solution
containing 1.0 x 107% molL~! Cyt by, due to the direct
electron transfer between the adsorbed Cyt by, and the
GNSs-coated ITO electrode. A saturated monolayer of Cyt
bse, on our GNSs-coated ITO electrode was obtained by
immersing the electrode in B-R buffer solution of 1.0 x
107% mol L™! Cyt by, for 6 hours. Both the anodic and
cathodic peak currents of the saturation-adsorbed GNSs-
coated ITO electrode increased with the increase of scan
rate as shown in Figure 5(B). The inset of Figure 5(B)
shows the linear relationship between both the anodic
and cathodic peak currents and the square root of scan
rate, indicating that the electrode reactions were diffusion-
controlled processes.

Figure 6(A) shows the relationship between pH and the
peak current of the saturation-adsorbed GNSs-coated ITO
electrode. It could see that the peak current increased with
pH from 4.0 to 5.0 but decreased with pH from 5.0 to
6.0. The peak current reached a maximum at pH 5.0, just
consistent with the isoelectric point (pI) of Cyt bsg,. The
influence of pH on the peak potential of the direct electron
transfer of saturation-adsorbed Cyt by, was also observed.
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Fig. 5. (A) Cyclic voltammograms of a GNSs-coated ITO electrode Fig. 6. Influence of solution pH on (A) the cathodic current and

in B-R buffer solution (pH 5.0) in (1) the absence and (2) the pres-
ence of 1.0 x 107® mol L~ Cyt by, scan rate = 0.05 Vs~! (B) Cyclic
voltammograms of a GNSs-coated ITO electrode saturation-adsorbed
with Cyt bsg,(adsorption time: 6 hours) in B-R buffer solution (pH 5.0)
containing Cyt bsg, (1.0 x 107® mol L") at different scan rates. From
inner to outer CVs, the scan rates are 0.02, 0.05, 0.1, 0.2, 0.3, and
0.5 Vs~!. Inset is the plot of the anodic and cathodic peak currents versus
(scan rate)'/?.

Increasing pH caused a negative shift of both the cathodic
and the anodic peak potentials. Figure 6(B) shows the rela-
tionship between the anodic peak potential and solution
pH. A slope of 53 mV pH™' indicated one proton par-
ticipating in the electron transfer process, which can be
represented as Eq. (1):Y

Cyt(Fe’*) + H"(GNS) + e~ = Cyt(Fe*")H(GNS) (1)

According to the Laviron equation,”® the average surface
amount (I') of Cyt bsg, can be estimated when a saturation
adsorption of Cyt bss, on the GNSs-coated ITO electrode
at the monolayer level occurred from the slope of the 7,
Versus v curve.

I n’F?Alv _ nFQv
N ~ 4RT

P 4RT )

I' is the surface amount of Cyt bsy, adsorbed on the
GNSs-coated ITO electrode surface (mol cm™2), A is the
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(B) the cathodic potential. Dates were obtained from the CVs of a GNSs-
coated ITO electrode saturation-absorbed with Cyt bsg,(adsorption time:
6 hours) in B-R buffer solution containing Cyt bsg, (1.0 x 107 mol L™).
Scan rate = 0.1 Vs

electrode real area (cm?), Q is the quantity of charge
(C) that calculated from the peak area of the voltam-
mogram, F is Faraday constant, R is thermodynamics
constant, 7 is thermodynamics temperature. The number
n of electrons of the direct-electron-transfer reaction of
Cyt bss, was calculated to be n = 0.92, so the redox
reaction of the adsorbed Cyt bss, on a GNSs-coated ITO
electrode was a single-electron-transfer reaction. In addi-
tion, the average surface amount of the adsorbed Cyt bsg,
on the three-dimensional GNSs-coated ITO electrode was
5.10 x 1071 mol cm~2.

When nAEp < 200 mV, the electron-transfer rate con-
stant K of Cyt bss, on the GNSs-coated ITO electrode can
be obtained by Eq. (3).%

logK, = alog(l1—a)+ (1 —a)loga
RT  a(l—a)nFAE,
nFy 2.3RT

©)

Taking the charge-transfer coefficient a of 0.5, the
electron-transfer rate constant k, is 0.62 s~! at a scan rate
of 0.1 Vs
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3.5. Stability of the GNSs-Coated ITO Electrode

To test the stability of the GNSs on ITO glass substrates,
we inserted the GNSs-coated ITO electrode into the
cuvettes filled with water, ethanol, and benzene in turn
prior to performing the spectral measurements. The anal-
ysis 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. The stability of
GNSs-coated ITO electrode was also examined by CV
experiments. When kept in air for two weeks, the elec-
trochemical signal of the modified electrode decreased by
about 5%. After 30 days, the signal decreased by about
10%. This means that the electrode was very stable. Addi-
tional, after the Cyt by, saturated GNSs-coated ITO elec-
trode was continuously measured in buffer solution for 3 h,
the CV reduction peak current decreased by about 6%.
This means that the absorption of Cyt by, on GNSs-coated
ITO electrode was stable.

4. CONCLUSIONS

A stable construction of an interface of gold nanoshells
(GNSs) on the surface of the APTES modified ITO glass
substrates has been prepared by a simple self-assembly
method. The characteristics of the GNSs interface were
well studied by UV-vis spectroscopy, SEM, and cyclic
voltammetry. Effective electron transfer reactions of redox
protein were achieved on the interface of gold nanoshells
(GNSs) on the APTES modified ITO glass substrates and
Cyt by, absorbed on the GNSs-coated ITO electrodes
demonstrated direct, quasi-reversible voltammograms. The
results indicated that this GNSs-coated ITO electrode dis-
played good electrochemical characters and showed a
much larger adsorption capacity and free orientation pos-
sibility of proteins. The favorable electron transfer of a
GNSs-coated ITO electrode shows its huge potential use
for studying of protein electrochemistry. Work along these
lines is now in progress.
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