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We describe the preparation and characterization of a novel type of core-shell hybrid material for appli-
cation in a novel hydrogen peroxide biosensor, where the structure consists of a continuous gold shell
that encapsulates the silica fiber. The SiO,@Au nanofibers had been synthesized by electrospinning sil-
ica sol, and then golden seeds were in situ grown on the fiber, lastly the gold-seeded silica fibers were
further coated by continuous gold shells. The above nanocomposites had satisfactory chemical stability,
excellent biocompatibility and efficient electron transfer property, which may have potential application
for the highly sensitive chemical or biological sensors. Cyclic voltammetry (CV) was used to evaluate the
electrochemical performance of the SiO,@Au nanocomposites at indium tin oxide (ITO). The biosensor
showed high sensitivity and fast response upon the addition of H,0, and the linear range to H,0, was
from 5 x 1076 to 1.0 x 10> M with a detection limit of 2 wM (S/N =3). The apparent Michaelis-Menten
constant of the biosensor was 1.11 mmol L~!. These results indicated that SiO, @Au nanocomposites have
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potential for constructing of a variety of electrochemical biosensors.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In the past several decades, Au nanoparticles (NPs) have
attracted strong interest in the fundamental sciences. Due to its
chemical and thermal stability, high biocompatibility, and very
high electron transport capacity, Au NPs have been widely inves-
tigated for their potential uses in a range of technological and
biological applications including potential uses such as photother-
mal therapies (Wijaya et al., 2009; Pissuwan et al., 2007), targeted
labeling (Eck et al., 2008), surface-enhanced spectroscopies (Ni
et al., 2008), biosensors (Li et al., 2005; Yan et al., 2008; Zhou
et al.,, 2010), and chemical catalysis (Lee et al., 2011). However,
the high surface energy of metal NPs with diameters in the low
nanometer range often leads to aggregation (Zhao et al., 1998).
To overcome this problem, Au NPs have been immobilized on
solid supports, such as carbon (Shen et al., 2011), metal oxides
(Donkova et al., 2011; Dotzauer et al., 2008), and silica (Zhu et al.,
2011). Among which, silica/Au hybrid materials have been stud-
ied extensively in the last decade (Mulvaney et al., 2000; Gao and
Koshizaki, 2011; Liaw et al., 2011). The technique of silica/metal
hybrid NPs enhancing enzyme immobilization has become widely
applied due to their high biocompatibility and conductivity (Yang
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and Zhu, 2007; Sun et al., 2007). However, the electrical contacting
of redox enzymes with electrodes is apparently the fundamental
pre-requisite for the development of bioelectronic systems (Yan
et al., 2008). Therefore, attempting to decrease the electron trans-
fer resistance between electrode surface and bioactive molecules
is of first importance. One-dimensional fibrous structure has more
advantages over the zero-dimensional spherical Au NPs in electron
transfer due to their perfect network and high surface-to-volume
ratio. They could facilitate electron transfer from the redox center
of a protein, as a high volume molecule, to the electrode surface
via the interconnected conductive paths of fibrous structure (Kang
et al, 2010).

However, research into Au NPs-decorated silica fibers or
core-shell hybrid is still very few at present. Wang et al. (2007)
reported that gold nanoshells (consisting of a silica core and
a thin gold shell) were self-assembled on the surface of 3-
aminopropyltrimethoxysilane modified indium tin oxide (ITO)
electrode. Our group has reported that mesostructured silica fibers
synthesized by electrospinning silica sol could be used as templates
for the in situ assembly of Au NPs, and the formation of continu-
ous gold shells along the fiber axis via solution-phase reduction of
an appropriate metal ion in polyvinylpyrrolidone solution (Kang
et al., 2010). Unfortunately, the complicated method of solution-
phase reduction is not conducive to industrial production. Hence,
we meliorate the method to format gold shells along the fiber
axis via formaldehyde reduction of the basic aqueous gold solution
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(K-gold solution), and tailored the thickness and morphology of
gold shell by the concentration ratio of the K-gold solution (Kuo
et al., 2008; Gruber et al., 2010; Kim and Lee, 2008). Simultane-
ously, we systematically study the performance of the electrode
and the immobilized horseradish peroxidase (HRP) onto the gold
coating of SiO,, fibers (SiO,@Au-fibers).

Herein we introduced gold seeds onto fiber surface by in situ
reduction of AuCl,~ on self-assembled polyelectrolyte (poly ally-
lamine hydrochloride, PAH). This seed-mediated growth is further
used to form continuous gold shells around the silica nanofibers.
The integrity and thickness of the gold shell could be tailored by
the concentration ratio of the K-gold solution. After immobiliz-
ing HRP onto the composite to construct a biohybrid system, the
novel H,0, biosensor could be used as a component for investi-
gating bio-electrochemical activity. SiO,@Au-fibers and HRP are
co-immobilized into biocompatible polymer chitosan (CS), which
possesses anumber of attractive properties such as high permeabil-
ity toward water, good adhesion, biocompatibility and good film
formation, and then the mixture is modified on ITO to fabricate the
working electrode (Zhou et al., 2010). Electrochemical measure-
ments were conducted to investigate the catalytic performance of
the proposed biosensor.

2. Experimental
2.1. Preparation of SiO,@Au-fibers

SiO, fibers, the hard templates, were synthesized according to
the method we reported previously (Kang et al., 2010). The SiO,
fibers were coated with gold by the following two steps. Firstly,
the gold seed particles were attached to the surfaces of SiO, fibers
via the layer-by-layer (LBL) self-assembled method (Kang et al.,
2010; Zhu et al., 2011). Subsequently, the complete gold shells
were grown on the gold-seeded SiO, fibers cores in a variety of
ways (Oldenburg et al., 1998; Pham et al., 2002). The K-gold solu-
tion was prepared by mixing K,CO3; and HAuCl4-H,O in ultrapure
water. The solution changed from yellow to colorless within 40 min,
and was stored in the refrigerator overnight without exposure
to light before being used. The fibers carrying gold seeds were
then added to the K-gold solution. The mixture was under ultra-
sonication for 10 min, and then the formaldehyde was added to
reduce the K-gold solution. Depending upon the concentration
ratio of the K-gold solution, the color of the solution changed
from colorless to blue (or brown, green), indicating the different
thicknesses of gold shells (see SI). Finally, the SiO, @Au-fibers were
washed three times by centrifugation and redispersion in ultrapure
water.

2.2. Sensor fabrication

The ITO (resistivity<15€2) was used as the substrate for
electrode buildup and was cleaned by sonicating sequentially
for 20min each in acetone, 10% KOH in ethanol and ultrapure
water. After the treatment, the different samples of SiO,@Au-
fibers were dispersed in 0.5% CS acetic acid solution with a few
minutes of ultrasonication to achieve a 0.5 mg/mL concentration
(Si0,@Au-fibers-CS), respectively. After the pH of SiO, @Au-fibers-
CS was adjusted above 5 by using 1M NaOH, the suspension
was spin-coated onto the ITO (denoted as fibers1/ITO, fibers2/ITO,
fibers3/ITO, fibers4/ITO, respectively, according to the coating
concentration of HAuCl4 on gold shell). Then 1 mL of SiO,@Au-
fibers4-CS and 0.25 mL of HRP solution (10 mg/mL, dissolved in
0.1M PBS, pH 6.5) were mixed adequately. Finally, the mix-
ture was spin-coated onto the ITO (SiO, @Au-fibers4-CS-HRP/ITO).

The modified ITO was dried and kept under dry condition
at4°C.

2.3. Electrochemical measurements

Electrochemical measurements were carried out with a CHI
660C workstation (CH Instruments, Chenhua, Shanghai, China) con-
nected to a personal computer. A three-electrode configuration
was employed, consisting of an ITO serving as a working elec-
trode, whereas Ag/AgCl (3M KCI) and platinum wire served as
the reference and counter electrodes, respectively. The area of an
ITO electrode exposed to the solution was maintained at a con-
stant 1.0 cm?. All electrochemical experiments were carried out at
room temperature and all experimental solutions were deaerated
by nitrogen for at least 15 min, then a nitrogen atmosphere was
kept during the whole electrochemical measurements.

3. Results and discussion
3.1. Characterization of SiO,@Au-fibers

In this research, the hard template SiO, fibers play a key role
in fabricating an excellent biohybrid system. The fibers are syn-
thesized by electrospinning silica sol, and then the golden seeds
were in situ grew on the fiber by LbL electrostatic self-assembly
(Kang et al., 2010). The SiO, fibers presented apparently uniform
diameter about 750 nm. And gold-seeded silica fibers showed the
smooth surfaces of bare SiO, fibers, the surface of nanoparticle-
decorated fibers look rough and there are many fine particles. The
uniform distribution of biding sites created dense and homoge-
neous gold NPs ca. 4nm, and the crystal lattice can be observed
directly, with a spacing d of 0.24 nm, which corresponded to Au
(111) (see SI). The gold-seeded silica fibers are further coated by
continuous gold shells via formaldehyde reduction of the K-gold
solution. SEM images show SiO, @Au-fibers prepared by reducing
K-gold solution (denoted as fibers1, fibers2, fibers3 and fibers4,
according to HAuCl4:SiO, (m/m)=1; 2; 3; 4, respectively) (see
SI). With the increase of HAuCl,, more and more gold ions were
reduced and absorbed on the surface of gold seeds formed at the
self-assembled stage, and then gradually grew into larger par-
ticles to form continuous gold shell (Fig. 1). The TEM images
indirectly verify that low concentration of the K-gold solution only
results in small granules rather than larger nanograins, the possi-
ble reason of which is the structure of shell may be incomplete or
defective.

For further illustrate the structure of the gold shell on the SiO,
fibers, Fig. 1 shows representative TEM images of SiO, @Au-fibers
coated with different depths of gold shell. It can be seen that
the average thickness of gold shell basically increases with the
concentration of HAuCl,. With continuous increasing in the con-
centration, more gold particles were absorbed onto the fiber surface
and combined with each other to form complete shells. To verify the
formation of gold shell, we employed X-ray diffraction (XRD, see SI)
and measured the powder patterns before and after forming gold
shell (A: SiO, fibers; B: SiO; fibers supporting gold seeds; C and D:
SiO, @Au-fibers with fibers2 and fibers4, respectively). The specific
XRD patterns of pure gold, characterized by four peaks positioned
at 26 values of 38.2°,44.4°,64.7° and 77.7° which correspond to the
(111),(200),(220)and (31 1)lattice planes of the cubic-phase Au,
were not all present in the samples. The fibers carrying gold seeds
only have a weak intensity peak at 260 =38.21° which is an index
of (11 1) lattice planes, while for the core-shell fibers, all expected
diffraction peaks for the face-centered cubic structure of gold are
presented. And with the increasing of HAuCly, the XRD patterns
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Fig. 1. Cross-section TEM images of SiO,@Au core-shell fibers: (A) fibers1, (B) fibers2, (C) fibers3 and (D) fibers4, respectively.

of Si0, @Au-fibers show strong diffraction peaks for the large gold
NPs.

3.2. The electron transfer properties of SiO,@Au-fibers-CS/ITO

Au NPs exhibit unique or improved electronic and optical
properties. They can be easily modified using a wide range of
biomolecules or chemical ligands and also facilitate electron trans-
fer (Wang and Musameh, 2003), which make them one of the most
promising materials to fabricate high performance biosensors. The
impedance Nyquist plots spectra of the SiO, @Au-fibers-CS/ITO are
displayed in Fig. 2A. The data were recorded in the presence of 1 mM
Fe(CN)g3/4~ at E=0.2 V (vs. SCE) with an ac potential modulation
amplitude of 10 mV and for frequencies ranging between 100 mHz
and 10 kHz. In these experiments Fe(CN)33~/4~ was used as a redox
label in solution, and the semicircle diameters lying on the X-axis of
the plots are correspond to the interfacial electron transfer resis-
tances at the electrode-solution interfaces. It is well established
that the introduction of SiO,@Au-fibers yields an electric layer on
the electrode, resulting in a low electron transfer resistance (Kang
et al., 2010). As compared to fibers4/ITO, the interfacial electron
transfer resistance correspondingly decreased from ca. 2302 to
ca. 100 2. The results indicate that the SiO,@Au-fibers dramati-
cally improved the ability of electronic transfer with the formation
of the gold shell, because the electrons can be transported via the
perfect network of the gold shell on the SiO; fibers.

Ferricyanide is always used as a probe to monitor the charge
transport within the modified electrode. Fig. 2B shows the cyclic

voltammograms (CV) of fibers1/ITO (a), fibers2/ITO (b), fibers3/ITO
(c) and fibers4/ITO (d) in 5mM K4Fe(CN)g containing 1 mM KCI.
A pair of redox peaks corresponding to the redox reaction of ferri-
cyanide was observed. With the increase of the gold shell thickness,
the peak currents both increased drastically while the peak-to-peak
separation decreased. Further experimental data showed SiO, @Au-
fibers with the complete gold shell had better electron transport
properties.

3.3. Electrochemical behaviors of the biosensor

The effect of the scan rate (v) on the peak currents (ipa, and ip¢)
has been investigated in the range of 10-100 mV s~!. Fig. 2C shows
the CVs of the electrode denoted as SiO, @Au-fibers4-CS-HRP/ITO
at different scan rates in the potential range of —0.7 to +0.4V in
pH 6.5 PBS. As shown in the figure, the electrode displays promi-
nent cathodic peak and anodic peak currents, suggesting that direct
electron transfer was realized. And the peak currents and differ-
ence between peak potentials increased with the increasing of scan
rate. The inset of Fig. 2C shows that the relationship between peak
currents and the scan rates for the redox reaction of HRP are lin-
ear, indicating that the electrode process is a diffusionless system
(Salimi and Ghadermazi, 2001). These findings suggest that the HRP
has been successfully adsorbed onto the hybrid fiber surface.

The CVs of SiO,@Au-fibers4-CS-HRP/ITO in different concen-
trations of H,0, were also investigated. As shown in Fig. 2D, the
cathodic peak current increased dramatically upon the addition of
H,0,, which is a typical representation of the catalytic reduction
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Fig. 2. (A) Faradaic-impedance spectra (Nyquist plots) of SiO,@Au core-shell fibers. (B) Cyclic voltammograms of SiO,@Au core-shell fibers in 5 mM K4Fe(CN)g containing
1mMKClatascanrate of 20mVs~!.(a) fibers1/ITO, (b) fibers2/ITO, (c) fibers3/ITO and (d) fibers4/ITO, respectively. (C) Cyclic voltammograms of SiO, @Au-fibers4-CS-HRP/ITO
in 0.1 M PBS buffer solution (pH 6.5) at different scan rates: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s~', respectively (from inner to outer). Inset: the relationship between
peak currents and the scan rates for the redox reaction of HRP. (D) Cyclic voltammograms of SiO, @Au-fibers4-CS-HRP/ITO with successive addition of 0.05mM H,0; at a

scan rate of 0.1Vs~!. Inset: the calibration curve of the amperometric response.

of H,0,. The catalytic mechanism of the immobilized HRP to H,0,
can be explained by the following scheme:

HRP(Fe3*) + H,0, — Compound I(Fe**=0) + H,0 (1)
Compound (Fe**=0) + e~ +H* — CompoundII (2)
CompoundIl + e~ +Ht — HRP(Fe3*) + H,0 (3)

HRP reacts with H,0, to form a first intermediate (Compound
I), which is a two-equivalent oxidized form containing an oxyfer-
ryl heme (Fe**=0) and a porphyrin 7 cation radical. Compound I
shows the catalytic activity, and its porphyrin radical abstracts an
electron from the electrode to form a second intermediate (Com-
pound II), then Compound II is reduced back to the native HRP by
accepting one electron from the electrode (Kafi et al., 2008). And
the amperometric response of the electrode with successive injec-
tion of H,0, was increased in Fig. 2D. The inset of Fig. 2D shows
the calibration curve of the amperometric response. The biosen-
sor has a good linear relationship with H,0, to 1 x 10-3 M with a
correlation coefficient of 0.997, which is similar to other hydrogen
peroxide biosensors (Lei et al., 2004; Wang et al., 2009).

To further illustrate the steady-state amperometric response to
H, 0, and the sensitivity of the proposed H, 0, biosensor, the typical
current-time plot of the enzyme electrode resulted from successive
injections of H,0, was observed in the stirred buffer solution, as
shown in Fig. 3. In the range between 0.4 and —0.7 V, the response
increased first and then reached a pseudo-plateau for lower than
—0.4V, as shown in Fig. 2. Thus —0.4V was selected as applied
potential in subsequent experiments. When an aliquot of H,0,

was added into the stirring buffer solution, the reduction current
rose sharply to reach a steady-state value. The biosensor responded
rapidly when H,0, was added and reached a steady state (95% of
the maximum value) within 3's, indicating a fast process and the
immobilized HRP could well catalyze the reduction of H,0,. It is
faster than the reported results of HRP that immobilized on AuNPs
modified ITO electrode (>5s) (Wang et al., 2009; Zhao et al., 2002)
and similar to that of HRP in AuNPs doped graphene electrode (Zhou
et al., 2010). The faster response was mainly attributed to the fol-
lows: first, H,O, can freely diffuse to the HRP molecules which are
exposed to the surface of gold shell. Second, the SiO,@Au-fibers
with the complete network structure are favorable to the orienta-
tion of the HRP molecule and could provide a necessary conductive
pathway to transfer electrons.

Fig. 3A shows the corresponding calibration plot of the
biosensor. The currents had a good linear relationship with the
concentration of H,0; in the range of 5 wmolL-! to 1.0mmol L~!
with a correlation coefficient of 0.993. The biosensor has a detec-
tion limit of 2.0 wmol L~ estimated at a signal to noise ratio of 3.
The plot shows the corresponding Lineweaver-Burk curve while
the concentration of H,O, remains at a lower level. The apparent
Michaelis—-Menten constant (K, ), a reflection of both the enzymatic
affinity and the ratio of microscopic kinetic constants (Kamin and
Wilson, 1980), the K;;; value for the SiO,@Au-fibers-CS-HRP/ITO
electrode was found to be 1.11 mmol L~ (Fig. 3B). This result fur-
ther shows that the biosensor exhibits higher biological affinity to
H,0, and the HRP enzyme on the gold shell kept its activity with a
low-diffusion barrier.
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Fig. 3. (A) Current-time response of SiO,@Au-fibers4-CS-HRP/ITO for successive
addition of H,0; in 0.1 M PBS (pH 6.5). Inset: amplification of part A. Operating
potential: —0.4V. (B) Calibration curve between the current and the concentration
of H,0,. Inset: the corresponding Lineweaver-Burk plot.

The novel biosensor possessed good stability at 4 °C. The biosen-
sor exhibited no obvious decrease in current response in the first
week and maintained above 85% of its initial value after a month.
The repeatability of the measurement was obtained by detecting
0.1 mM H,0, 10 times using the same electrode. And five electrodes
were prepared utilizing the same method to check the reproducibil-
ity of the biosensor. Both of the relative standard deviations were
found to be below 5%, which were acceptable.

4. Conclusions

To sum up, a novel hydrogen peroxide biosensor based on
SiO,@Au-fibers hybrid system has been presented. The SiO,@Au-
fibers have efficient electron transfer property and higher biological
affinity, which may find potential application for the highly sen-
sitive chemical or biological sensors. And the developed H,0,
biosensor had high sensitivity, wide linear range, low detection
limit and good reproducibility. Furthermore, the promising plat-
form presented here could be not only be used for fabrication of
disposable biosensors based on HRP, it can be a promising option

for the development of various oxidase-based biosensors and bio-
electronic devices.
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