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Hydrogen peroxide biosensor based on the silica cavity array modified indium-doped tin oxide (ITO)

electrode was constructed. An array of silica microcavities was fabricated by electrodeposition using

the assembled polystyrene particles as template. Due to the resistance gradient of the silica cavity

structure, the silica cavity exhibits a confinement effect on the electrochemical reactions, making the

electrode function as an array of ‘‘soft’’ microelectrodes. The covalently immobilized microperoxidase-

11(MP-11) inside these SiO2 cavities can keep its physiological activities, the electron transfer between

the MP-11 and electrode was investigated through electrochemical method. The cyclic voltammetric

curve shows a quasi-reversible electrochemical redox behavior with a pair of well-defined redox peaks,

the cathodic and anodic peaks are located at �0.26 and �0.15 V. Furthermore, the modified electrode

exhibits high electrocatalytic activity toward the reduction of hydrogen peroxide and also shows good

analytical performance for the amperometric detection of H2O2 with a linear range from 2�10�6 to

6�10�4 M. The good reproducibility and long-term stability of this novel electrode not only offer an

opportunity for the detection of H2O2 in low concentration, but also provide a platform to construct

various biosensors based on many other enzymes.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The electrical contact between redox proteins and the electrode
has attracted much interest, not only in fundamental studies about
charge transfer properties of the redox proteins but also for further
development of sensitive biosensors and bioelectronics devices
[1–6]. Direct electron transfer (DET) is fundamental in fabricating a
biosensor with high sensitivity and fast response. To achieve this,
the redox protein must be immobilized on the electrode surface.
Directly immobilizing a redox enzyme on the surface of a metal
electrode or a metal nanoparticles modified (in particular gold
nanoparticles) electrode are widely believed to be the most
effective ways for enhancing the electron transfer (ET) between
the enzyme and electrodes [7]. For example, microperoxidase-
11(MP-11), as a hydrolytic digestion product of cytochrome c,
consists of eleven amino acids with a covalently linked Fe III-
protoporphyrin IX heme site [8]. Owing to the small size and
relatively unshielded heme group, MP-11 could be the best
candidate to serve as the core of a biosensor. However, MP-11
has been shown, in previous studies, to be electrochemically
inactive at the bare gold electrode [9]. Consequently, over the past
two decades, great efforts have been devoted towards the
ll rights reserved.
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development of immobilization procedures to promote DET and
bioelectrocatalytic activity. The binding of redox enzymes to the
conducting nanostructures is accomplished through several meth-
ods, such as chemisorption via thiol groups, electrostatic adsorp-
tion by modifiers, or coupling by bifunctional reagents to surface
functionalities [10–14] Lötzbeyer and Schuhmann pioneered the
immobilization of MP-11 onto the gold surface [15,16]. They
demonstrated that direct and fast electron transfer could occur
when MP-11 was covalently immobilized on the cystamine mod-
ified gold electrode, which was also confirmed by Jiang et al. using
3-mercaptopropionic acid to bind MP-11 [17]. In these papers, the
self-assembled monolayers (SAMs) technique was utilized to
immobilize enzymes via a covalent link to sulphur-containing
compounds chemisorpted on a conductive substrate. With the
usage of these ‘‘flexible’’ mediators (owing to the easiness of
preparation and the possibility of changing the alkyl chain length
and the functional terminated group) [18], small molecules
(usually O2, H2O2) in the electrolyte solution can diffuse in and
react with the active centre of the enzyme immobilized on the
organosuphur molecule and then react with the electrode surface;
thus, ET between the enzyme and the electrode is achieved [19].
In addition, previous researches have revealed that the distances
between electrodes can be greatly reduced when electrochemical
reactions occur in a very small volume, resulting in the overlap or
coupling of two diffusion layers in the electrodes; therefore, high
signal intensities and optimal signal-to-noise ratios can be
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achieved under ambient analyte conditions [20–22]. Thus, it is
reasonable to expect that if MP-11 is placed into a micro or
nanoreactors to fabricate a kind of microelectrode (at least micro-
cathode), we might obtain a novel biosensor with fast response and
high sensitivity.

Microreactors provide a microenvironment for chemical reac-
tions to occur inside it and acts as a microdevice for material and
energy conversion [23], which gives us an approach that enables a
chemical reaction to be studied on a molecular level. There are
several methods for fabricating micro or nanodevices, such as
lithographic methods, nano-imprinting and scanning probe micro-
scope (SPM) writing techniques [24,25]. However, the relatively
high cost of these facilities is beyond the purchasing power of most
laboratories. Compared to lithographic methods and SPM writing
processes, template-based methods are time-saving approaches
with low equipment cost for preparing surface nanostructures [26].
A general method for fabricating bowl-shaped nanovoid architec-
tures was introduced by Velev et al. [27,28], and has been well-
developed by the same group and many other groups [24,29–34].
With highly ordered monodispersed nanoparticles (usually silica
and PS particles) as a template, functional materials can be
deposited into the interspace of the template particles. Cavities
that are opened at both the top and bottom are obtained after the
template is removed, with the same shape and size as the
template. To a certain extent, microelectrodes can be fabricated
on the condition that the micro or nanovoids were arranged on a
conductive substance; the nanobowls may then be used as ultra-
small containers for holding fluids at nanoscale volumes. The
species in the solution are provided direct access, through the
open pore and exposed bottom, to the underlying surface.

In this paper, we report a novel hydrogen peroxide biosensor
based on a silica cavity array electrode. A two dimension array of
hemispherical silica cavities, opened at top and bottom, was
fabricated on the surface of ITO electrodes using 2 mm diameter
polystyrene (PS) as the template, and followed by the electro-
chemical deposition of gold nanoparticles (GNPs) at the bottom of
the cavities. A monolayer of 4-mercaptobenzoic acid (MBA) was
then attached to the GNPs through S–Au bond, and acted as a
mediator to covalently immobilize MP-11. Scanning electron
Scheme 1. Schematic illustration of the procedures for fabricating the MP
micrographs (SEM), electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) were employed to characterize
and delineate the electrochemical performance of this novel
electrode. It was found that the SiO2 cavity provided a favorable
microenvironment for MP-11 to achieve its direct electron trans-
fer and to maintain its electrocatalytic activities. The electrocata-
lytic performance of the modified electrode to hydrogen peroxide
was also investigated.
2. Experimental section

2.1. Materials and apparatus

Microperoxidase-11 was purchased from Sigma-Aldrich, 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysucini-
mide (NHS), 4-mercaptobenzoic acid and polyvinylpyridine (PVP),
tetramethoxysilane (TMOS) were purchased from J&K (Japan). A
fresh solution of H2O2 was prepared before being used. The
supporting electrolyte was 0.1 M KH2PO4/K2HPO4 phosphate buffers
solution (pH 6.0–8.0). Polystyrene (PS) particles were synthesized by
a dispersion polymerization of styrene in ethanol–water mixtures
according to literature [35]. Ultrapure water used in washings and
all buffer solutions preparations was produced in Millipore-Q

system.
The SEM were observed on a Hitachi S4700 (Japan) field

emission scanning electron microscope. Cyclic voltammograms
(CV) and electrochemical impedance spectroscopy (EIS) were
recorded on a CHI 660D electrochemical station (Shanghai Chen-
Hua Instruments CO LTD., China). A bare or modified ITO elec-
trode was employed as the working electrode. In order to
maintain the constant surface area of the working electrode, the
surface of the electrode was sheltered by a sticker, only a circular
portion of 0.5 cm diameter was exposed to the solution. A
platinum and an AgjAgCl (saturated KCl) electrode were used
as the auxiliary and reference electrodes, respectively. All electro-
chemical measurements were conducted in argon-purged
(at least 30 min and kept under an argon atmosphere during
whole course) solution and at room temperature.
-11 modified electrode and the conventional three-electrode system..
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2.2. Preparation of modified electrodes

2.2.1. Preparation of ordered microcavities

The fabrication of the silica cavity modified ITO is schemati-
cally illustrated in Scheme 1. For the fabrication of highly ordered
PS sphere template, 0.5 mL water/ethanol containing monodis-
perse PS spheres (5 wt%) was injected slowly onto the surface of
Millipore-Q water in a Petri dish, the PS spheres spread freely over
the top surface of water until it covered nearly the whole surface
area. A few drops of 2 wt% SDS solution were then added onto the
water surface to lower the surface tension and to make the PS
spheres closely packed. The whole system was kept under an
environment free from outside disturbance to sedimentate the
suspended PS particles in the water for 24 h. Then the close
packed PS particles were transferred onto the surface of an ITO
electrode and dried at 110 1C for 1 h, this was done to remove the
remaining solvent in the monolayer and generate a highly
ordered template structure of the close-packed PS particles. Silica
was electroplated through the templates from a sol–gel bath. A
typically composition of the plating solutions contains 5 mL of
0.2 M KCl, 5 mL of ethanol, 1 mL of TMOS and 0.6 mL of 0.1 M HCl.
For preparation, the solution was left under continuous stirring
for 1 h at room temperature before the addition of 50 mM H2O2.
Potentials in the range of �0.4 to �0.8 V were applied to the
working electrode for a period of 5–30 min. After that, the
electrode was taken out of the cell, rinsed softly with water,
and dried overnight at a relative humidity of 35%, room tempera-
ture (Scheme 1 step 1). Then the electrode was immersed into
toluene to dissolve the PS spheres, leaving an ordered array of
interconnected sphere segment voids (Scheme 1 step 2). The
obtained structured silica spherical cavities were robust and
adhered well to the ITO electrode.

2.2.2. Immobilization of MP-11

The electrodeposition of GNPs on the bottom of silica cavities
was performed potentiostatically at �0.9 V in a 0.1 M KNO3
Fig. 1. SEM images of (a) ordered PS particles and the silica cavities array formed at diff

(c) is a blowup of single cavity.
solution containing 1 mM HAuCl4 for 40 s (Scheme 1 step 3).
The structured ITO electrode was then rinsed twice with water
and modified with MBA by soaking into a 10 mM solution in
ethanol for 4 h at room temperature. The freshly prepared
electrode was rinsed with water and incubated in 100 mM EDC
and 50 mM NHS pH 6.0 PBS for 6 h at room temperature to
activate the terminal carboxylic group of MBA. Subsequently,
the electrode was rinsed thoroughly and immersed into 1 mg/mL
MP-11 pH 7.0 PBS at 4 1C overnight. Finally, the electrode was
copiously rinsed with water and dried in a jet of argon and stored
at 4 1C.

Additionally, physisorption of Au nanoparticles on bare ITO
electrode was according to the following protocol: an ITO elec-
trode was immersed in a saturated PVP ethanol solution for 24 h
to form a positive charged surface, after being completely washed
with ethanol and water, the ITO electrode was then immersed in a
colloid solution of the GNPs for 12 h. After that, the surface of the
ITO was covered with a monolayer of the GNPs. Immobilization of
MP-11 on the result electrode was the same as the procedure
mentioned above.
3. Results and discussion

3.1. Preparation and characterization of ordered microcavities

The PS particles can be spontaneously assembled into a 2-D
monolayer with a large area at the air/water interface, due to the
lateral capillary force and convective flow, resulting from an
imbalance in the surface force arising from differences in the
curvature of the liquid surface and the evaporation of the liquid,
respectively. As the monolayer of PS particles is transferred onto
the surface of the ITO electrode, the highly ordered assembly
structure of the PS particles can be preserved. The SEM image of
the PS particles assembled on the ITO electrode is shown in
Fig. 1a. It can be seen that the PS particles are well assembled into
erent electrodeposition times (b) 5 min and (c) 15 min and (d) 30 min. The inset of
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a close-packed two-dimensional structure. Silica cavities were
formed by electrodeposition using the highly ordered PS particles
as the template. In a H2O2-containing solution, H2O2 can be
reduced to generate OH� ions at a proper potential on the
electrode surface. The resulting OH� ions consequently catalyze
the hydrolysis of the alkoxysilane (TMOS in this work) to form the
silica at the ITO electrode surface. The advantages of the electro-
deposition method for the formation of the silica cavities include:
(1) the silica film uniformly grows at the surface of the ITO
electrode, ensuring the high quality of the silica cavities because
no silica could be coated at the top of the PS particles during the
first stage of the electrodeposition; (2) the depth of cavities can be
easily controlled through the electrodeposition parameters, such
as deposition time, potential and ingredient of the electrolyte.
Fig. 1b–d display the SEM images of the silica cavities formed on
the surface of ITO electrodes at �0.6 V. As the deposition time
was less than 5 min, the interspaces among the PS particles were
only partially filled with silica (Fig. 1b), resulting in the exposure
of the underlying ITO surface at interstice among the cavities.
Prolonging the deposition time to 15 min led to a complete
formation of the semispherical silica cavities (Fig. 1c). The
arrangement of the silica semispherical cavities exactly reflects
the assembled structure of the PS particles. As the electrodeposi-
tion time was more than 30 min, a further increase in the depth of
the cavities was observed (Fig. 1d). The extra amount of SiO2

deposited under this circumstance resulted in a decrease in the
size of the opening of the cavities. It is important to note that the
bottom of the cavities was not fully covered with SiO2, a
magnified SEM graph of a single cavity suggested that a defect
site with a diameter of 600 nm was formed in each cavity (inset of
Fig. 1c). Therefore, the surface of the ITO electrode is exposed at
the bottom of the SiO2 cavities.

To verify the accessibility of the silica cavity to an electro-
chemical reaction, the electrodeposition of gold metal was per-
formed with the silica cavity-modified ITO electrode in a solution
containing 1 mM HAuCl4. The reduction of the Au complex-ion
was carried out at �0.9 V vs. Ag/AgCl. A SEM image of the
electrode after the gold deposition was taken and the result is
shown in Fig. 2. As can be seen, the nano-sized gold particles were
uniformly deposited at the bottom of the cavities. No gold particle
grew on the outer surface of the cavities. This result demonstrates
that the electrochemical reaction is limited to inside the cavities
and occurs only at the bottom of each silica cavity.
Fig. 2. SEM image of silica cavity array after GNPs electrodeposition.
3.2. Preparation and characterization of modified electrodes

MP-11, an excellent electrochemical catalyst for the reduction
of hydrogen peroxide, was tentatively selected to functionalize
the GNPs inside the silica cavities on the ITO electrode: so that the
bioelectrochemical reaction of the MP-11 molecules could occur
in a confined volume at the microliter level. In order to immobi-
lize the MP-11 molecules onto the GNPs, in this case, the surface
of the GNPs is first modified with the MBA molecules, which in
turn, serve as the linker between the MP-11 molecules and the
GNPs. That is, the thiol group of the MBA molecules is attached to
the GNPs through the formation the surface Au–S covalent bond,
the carboxylic group of the MBA molecules, on the other hand,
can be crosslinked with the ammo acid residues of the MP-11
molecules under the activation of the EDC molecules.
3.2.1. UV–vis absorption spectra

It is well-known that GNPs display surface plasmon resonance
(SPR) bands in the visible spectral region. Fig. 3 shows typical
UV–vis spectra for GNPs at different stages of modification. The
SPR of immobilized GNPs occurred at 545 nm (Fig. 3a) with a
relatively broad peak, corresponding to the aggregation of the
GNPs resulting from interparticle interactions adsorbed on the
electrode surface [36], which was consistent with SEM observa-
tions. After chemisorption of the MBA molecules to the surface of
nanoparticles, a red shift to 561 nm together with a small broad-
ening of the SPR band in the long wavelength region was
observed (Fig. 3b). In general, the locations of the dipolar and
quadrupolar modes of the SPR strongly depend on the shape, size
and the environment of the metal nanoparticles [37]. In this case,
the red shift of the SPR band upon the adsorption of the MBA
molecules likely resulted from a change in the dielectric property
of the media surrounding the GNPs. A further shift of the SPR
band to 578 nm was observed after the immobilization of the MP-
11 molecules. In addition, new bands appeared at ca. 408 and
535 nm, corresponding to the characteristic Soret-band and Q
band of MP-11, respectively (Fig. 3c). This Soret-band has been
attributed to the p–p* transition of the porphyrin cycle in the
heme group of the MP-11 molecule [38], and the similarity of the
Soret-band for the immobilized and the free MP-11 molecules
indicates that no evident structure alteration of the MP-11
molecules occurs during the immobilization process.
Fig. 3. UV–vis spectra of (a) Au/SiO2 cavity modified ITO electrode, (b) MBA/

Au/SiO2 cavity modified ITO electrode, (c) MP-11/MBA/Au/SiO2 cavity modified

ITO electrode. Inset is a partial enlarged detail of curve c. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)
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3.2.2. Electrochemical impedance spectroscopy (EIS)

of the modified electrode

In order to characterize the interfacial features of ITO electrodes
during the modification process, EIS were performed at 0.2 V in a
phosphate buffer (pH 7.0) solution containing 0.1 M KNO3 and
5 mM Fe(CN)6

3�/4�; the results are shown in Fig. 4A. The electron
transfer resistance (Ret) values of the ITO surface before and after
the modification of the silica cavity were estimated to be 23 (curve
a) and 275 O (curve b), respectively. Then the GNPs were electro-
deposited at the bottom of the silica cavities. It was found the
diameter of the semicircle decreased, and the Ret value was
estimated to be 54 O (curve c), indicating an effective improve-
ment in the heterogeneous electron transfer kinetics between the
redox couple and electrode interface. However, the Ret value
increased to 138 O after the MBA molecules were adsorbed on
the GNPs (curve d), which could be attributed to electrostatic
repulsion due to the negatively charged COO� and Fe(CN)6

3�/4�.
As for the MP-11/MBA-Ag-cavities/ITO electrode (curve e), the
Ret value was further increased to ca. 187 O, confirming the
successful immobilization of MP-11 on the surface of the
electrodes.
Fig. 4. EIS and CVs of different electrodes in the presence of 0.1 M KNO3 solution

with 5 mM Fe(CN)6
3�/4� . (A) Nyquist plots of: (a) SiO2 cavity modified ITO

electrode, (b) Au/ITO with cavities, (c) MBA/Au/SiO2 cavity modified ITO electrode

and (d) MP-11/MBA/Au/SiO2 cavity modified ITO electrode. The applied electrode

potential was 0.20 V vs. AgjAgCl, frequency range was 100 kHz–5 mHz. (B) Cyclic

voltammograms obtained on (a) bare, (b) SiO2 cavity modified ITO electrodes. Scan

rate: 100 mV/s.
3.2.3. Confinement effect of the SiO2 cavities on electrochemical

reactions

Due to the low conductivity of SiO2 and the exposure of the
bottom of the cavities, it is expected that the bottom part of each
SiO2 cavity should be the favorable pathway for the electron
transfer from the ITO electrode to the species in solution, thus
the electrochemical reaction occurred in a confined volume,
resulting in a faster mass transfer and electron transfer process.
To verify this point, the cyclic voltammetric responses of 5 mM
Fe(CN)6

3�/4� in 0.1 M KNO3 solution were examined on the bare
ITO and the silica cavity modified ITO electrodes; the results are
shown in Fig. 4B. On the bare ITO electrode (curve a), a pair of
anodic and cathodic peaks at 0.338 and 0.035 V, respectively, was
observed, corresponding to the reversible redox reaction of the
Fe(CN)6

3�/4� couple. While on the SiO2 cavity-modified electrode
the anodic peak shifted to 0.324 V and the cathodic peak shifted to
0.078 V (curve b). That is, the modification of the SiO2 cavities on
the electrode surface results in a reduction in the potential
separation between the anodic and cathodic peaks, indicating an
acceleration in electron transfer. This observation is very similar to
our previous report on a ZnO cavity modified ITO electrode [39].
Moreover, the CV of the Fe(CN)6

3�/4� couple shows definite anodic
and cathodic currents, giving a sigmoidal shaped I–E curve,
indicating the predominance of radial diffusion to electrode sur-
face [40]. To a certain extent, the CV behavior is similar to that for
the array of microelectrodes in that there is some overlap of the
individual diffusion layers, as indicated by the non-steady-state
current and a hysteresis between the forward and backward scans
[30]. The results also fit well with the characteristics of the
microelectrode in low current, a small iR drop and fast response
[41]. It seems to indicate that the resistance gradient of the SiO2

cavities and the specific shape confinement of the electrochemical
reaction zone make the ITO electrode function as an array of ‘‘soft’’
microelectrodes.

3.3. Direct electrochemistry of the modified electrode in PBS

The direct electrochemistry of MP-11 further demonstrated
that as-prepared ‘‘soft’’ microelectrodes can accelerate the DET
between the electroactive center of MP-11 and the electrode
surface. Typical cyclic voltammograms (CVs) of the bare ITO and
modified electrodes with and without MP-11 adsorbed on the
surface of the electrodes are shown in Fig. 5. No redox peak was
observed at the bare ITO, Au/ITO (figures not given), and MBA/Au
ITO electrodes in 0.1 M PBS (pH 7.0) with 0.2 mg/mL MP-11
(curve a), indicating that direct electron transfer of MP-11 on
these electrodes was too slow to be observed. For the MP-11
immobilized on the MBA/Au/SiO2 cavity modified ITO electrode
(curve c), a pair of well-defined redox peaks clearly appeared, in
the potential region between �0.5 and 0.1 V, corresponding to
the direct electron transfer between the heme active site of MP-
11 and the electrode surface. The cathodic and anodic peaks are
located at �0.26 and �0.15 V, respectively, The peak-to-peak
separation DEp¼Epa�Epc¼110 mV, and the ratio of the anodic
peak current to the cathodic Ipa/Ipc was 0.9270.02, suggesting a
quasi-reversible one-electron electrochemical reaction for the
immobilized MP-11 molecules. For the electrode without mod-
ification of the SiO2 cavity, the cathodic and anodic peaks for the
MP-11 immobilized on it are �0.28 and �0.08 V, respectively
(curve b). The peak potential separation is about 200 mV and the
peak current is significant lower than that at the MBA/Au/SiO2

cavity modified ITO electrode. The result suggests that the MP-11
molecules also undergo a quasi-reversible electrochemical reac-
tion, but with increased irreversibility. In this case, we estimate
the apparent surface coverage of the SiO2 cavity (y) according to
y¼1�Ret/Ret

0, where Ret and Ret
0 represent the electron transfer



Fig. 5. Cyclic voltammetric curves of (a) MBA/Au ITO electrode in pH 7.0 PBS

containing 0.2 mg/mL MP-11, (b) MP-11covalently attached to MBA without and

(c) with silica cavities on ITO electrode in pH 7.0 PBS at scan rate 100 mV/s.

Fig. 6. Effect of scan rate on the CVs of MP-11 modified electrode in pH 7.0 PBS

(from inner to outer curves: 20, 40, 60, 80,100, 120, 140,200, 250, 300 and

350 mV/s). Inset: Plot of peak current vs. scan rate from 20 to 1000 mV/s.

Fig. 7. Relationship between the peak potential (Ep) and the natural logarithm of

scan rate for MP-11/MBA-Au-cavities/ITO electrode in pH 7.0 PBS.
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resistance of electrode before and after SiO2 cavity modification,
respectively. Thus, the coverage of SiO2 cavity is calculated to be
ySiO2
¼1�Ret/Ret

0 ¼1�23/275¼92%, which means there is only 8%
effective electrode area available for the electrochemical reactions
on the modified electrode. Consequently, the acceleration of the
electron transfer and the increase of the redox current should not
be simply explained by the influence of surface area and unique
electrical conductivity of the GNPs. As the only difference
between the two electrodes is the structure of the deposited
SiO2 cavity, it is reasonable to attribute the faster electron transfer
to the contribution of SiO2 cavity, due to its confined volume for
electrochemical reaction.

The surface coverage of the electroactive substance was
calculated according to the Laviron equation [42],

Ip ¼ n2F2AGvð4RTÞ�1
¼ nFQvð4RTÞ�1

where Ip represents the anodic or cathodic peak current, G is the
surface coverage of the electroactive substance (mol/cm2), v is the
scan rate, A is the electrode area (cm2, in this case, it is
pr2
¼3.14� (0.5/2)2

¼0.2 cm2) and Q is the quantity of charge
(C) calculated from the peak area of the voltammograms, n is the
number of electron transferred. F is the Faraday constant; R is the
gas constant; T is the absolute temperature. In our present work,
the Ip at 100 mV/s scan rate was about 3.1 mA, the quantity of
charge transferred Q was estimated to be 2.81�10�6 C, then n

was calculated to be 1.09 (which is almost similar to the
theoretical value). The amount of adsorbed MP-11 was calculated
to be 1.34�10�10 mol/cm2.

Fig. 6 shows the CVs of the MP-11/MBA/Au/SiO2 cavity
modified ITO electrode in PBS at various scan rates. The peak
potential separation increases with scan rate ranging from 20 to
350 mV/s; however, the formal potential remains constant
(�0.21 V). The inset in Fig. 6 shows the linear dependence of
peak current on scan rate from 20 to 1000 mV/s. As can be seen,
the peak currents rise linearly with an increase in the scan rate in
the range from 20 to 500 mV/s, which indicates that the electron
transfer of the MP-11 molecules was a surface-confined process.

Moreover, only a slight increase in the potential separation of the
cathodic and anodic peaks was observed, implying a fast electron
transfer rate for the immobilized MP-11 molecules on the electrode.
The relationship between the cathodic peak potential and the scan
rate follows Laviron’s equation [42,43].The relationship between the
peak potentials (Epc and Epa) and the natural logarithm of the scan
rate (ln n) for MP-11 on this type of modified electrode in 0.1 M PBS
(pH 7.0) are shown in Fig. 7. As can be seen, in the range from 0.5 to
1 V/s, the Epc and Epa change linearly versus ln n with linear
regression equations of y¼�0.04553x�0.3056 and y¼0.04905
x�0.08317, respectively; an is calculated to be 0.58 (a and n

corresponding to transfer coefficient and electron transfer number
of controlled step, respectively). Given that 0.3oao0.7, it can be
concluded that n¼1, indicates the redox reaction between MP-11and
the conductive substrate was a single electron transfer process.
The electron transfer rate constant (ks) of the MP-11 immobilized
on the GNPs in the silica cavities on the ITO electrode, is calculated to
be ca. 22.6 s�1.

The reproducibility and the stability of this electrode were also
tested. The reduced peak currents were measured for 15 times of
consecutive cycling at 50 mV/s (after 5 cycles to remove the possible
physisorption of MP-11), the result showed a relative standard
deviation (RSD) of 7.6%. As for five different electrodes, the RSD
was 9.8%. The modified electrode was stored at 4 1C over 20 days
and 90% of its original peak current was observed. The long-term
property can be attributed to the excellent stability of this electrode.

3.4. Primary application as an hydrogen peroxide biosensor

H2O2 is a strong oxidant, yet its electrochemical reduction
proceeds with a high overpotential. MP-11 exhibits high



Table 1
Electrocatalytical properties of MP-11 modified electrodes.

Electrode preparation Range of

linearity (mM)

Detection

limit (mM)

Surface coverage

(�10�10 mol/L)

Proposed electrode in this

paper

2–600 0.6 1.34

Entrapped in lipid

membrane [45]

20–2400 0.8 –

Immobilized on carbon

nanotubes [40,46]

3.3–38.4 0.7 8.4

Phospholipid

functionalized graphene

[47]

2–450 0.72 –

In chitosan embedeled

gold nanoparticles [48]

1–7 0.27 3.5

Nano-ZnO/MP-11/

pyrolytic graphite [4]

1–700 0.3 3.5
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bioelectrocatalytic activities for the reduction of O2, H2O2, organic
peroxides and can be applied into biofuel cells and biosensors. In
the present case, the MP-11 molecules were immobilized on the
functionalized GNPs and assembled inside the silica cavities so
that the electrocatalytic reduction of H2O2 could occur in a
confined volume at the microliter level. It is expected that high
sensitivity and low detection limits can be achieved due to the
confinement effect, as discussed above. Typical cyclic voltam-
metric curves of the MP-11/MBA-Au/SiO2 cavity modified elec-
trode in the absence and presence of H2O2 are shown in Fig. 8. The
dotted line corresponds to the MP-11/MBA-Au/SiO2 cavity mod-
ified electrode in an argon saturated PBS (curve a). A pair of
distinct peaks, corresponding to the redox couple for MP-11, are
similar to those in Fig. 6. The presence of H2O2 in the solution
results in a remarkable increase in the reduction peak current and
a shift of the peak potential to less cathodic potentials, accom-
panied by the disappearance of anodic current (curves b–f). The
mechanism of the electrocatalytic process involves the formation
of a supervalent ironoxoporphyrin cation radical, followed by two
one-electron reduction reactions [44].

MPFeIII H2O2
_ H2O

[MPFeIV=O ]
MPFe
IV

OH

+ e
+ H+_ H2O + H +

+ e
An increase in the concentration of H2O2 gives rise to the
catalytic current increasing at the same time; moreover, there is a
linear relationship between the catalytic current and H2O2 con-
centration, with the linear regression equation expressed as
y¼0.2107xþ11.041 (r¼0.998, n¼19), when the range of linearity
is described from 2�10�6 to 6�10�4 M. The lowest detectable
limit was 6�10�7 M (S/N¼3), which is lower than that of MP-11
immobilized on carbon nanotubes modified Pt microelectrodes
[40] and entrapped in lipid membrane [45]. Table 1 compares the
surface coverage, the range of linearity and the detection limit of
present method with some other reports on hydrogen peroxide
biosensor based on MP-11. In addition, this MP-11 electrode
exhibited a very rapid response to the changes in H2O2 concen-
tration, the steady-state current being reached in 6 s upon
successive 1�10�5 M H2O2 additions. To perform a comparison,
Fig. 8. Cyclic voltammetric curves of MP-11 modified electrode in pH 7.0

PBS (a) without H2O2, (b) with 2�10�5 M, (c) 3�10�5 M, (d) 4�10�5 M,

(e) 5�10�5 M and (f) 4�10�4 M H2O2 at scan rate 100 mV/s. Inset: calibration

curve of electrocatalytic current vs. H2O2 concentration (a) with and (b) without

microcavities modified at scan rate 100 mV/s.
a plate ITO electrode was fabricated with electrodeposited GNPs
but without silica cavities. The GNPs were functionalized with the
MP-11 molecules through the MBA-linker in a similar manner as
described above. The electrocatalytical ability of the electrode
was also measured. Although the catalytic current was also
linearly proportional to the H2O2 concentration, the range of
linearity was limited to the range from 1�10�5 to 2�10�4 M,
which is much narrow than that of the silica microcavities
modified electrode. Besides, the limit of detection was estimated
as only ca. 5�10�6 M. Therefore, the micro-sized silica cavity
array structure could play an important role in the wide linear
range and fast response of these modified electrodes. The mod-
ification of the cavity array structure on the electrode surface
means that the electrochemical reaction only takes place inside
each cavity. That is, the cavities on the electrode generate an array
of ‘‘soft’’ microelectrodes. In the present case, the diameter of the
cavities is �2 mm, determined by the size of the templating PS
spheres. Very small current would yield in each cavity due to the
small effective area for the electrochemical reaction. Because of
the edge effect of each cavity with a confined volume, the
semispherical diffusion layer and a steady diffusion limited
current for the electrochemical reaction could be rapidly achieved
inside the cavities.
4. Conclusions

Two dimensional ordered silica cavities were successfully
constructed on an ITO electrode. The electrochemical reaction
was confined inside the cavities, leading to the electrodeposition
of GNPs which was localized at the bottom of the cavities. The
MP-11 molecules were subsequently immobilized onto the GNPs
inside the cavities through the adsorbed MBA molecules acting as
the linker. The electrode had a fast rate of transfer for electrons
between the MP-11 molecules, via the GNPs, and the ITO
electrode. The confinement effect of the silica cavities endues
the electrode with excellent electrocatalytical capability for H2O2

reduction, providing a wide linear concentration response range
and low limit of detection. Thus, the silica cavity-modified
electrode can be applied as a H2O2 biosensor.
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