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A novel sandwich structured SiO2 gel/cytochrome c (Cyt c)/SiO2 gel was designed and constructed on
conductive boron-doped diamond (BDD) film substrate. A SiO2 gel membrane was first in situ deposited
on the pretreated positive charged H-terminated BDD electrode with a simple and artful surface vapor
sol–gel method. Cyt c was subsequently immobilized onto the SiO2 membranes by electrostatic attrac-
tion, followed by another SiO2 gel layer in situ depositing on it. The SiO2 interlayer was conceived to play
an important role in the resultant sandwich structured SiO2/Cyt c/SiO2/BDD electrode as a selective
‘‘semi-open’’ medium, which guaranteed the immobilized Cyt c to maintain high stability and perform
good electrochemistry and biocatalysis responses. The bioactivity of Cyt c was well protected and the
immobilized biomolecule even didn’t denature at extremely high or low pH condition. More attractively,
Cyt c in the sandwich structured electrode could be further oxidized into highly reactive Cyt c p-cation by
two-step electrochemical oxidation, which could oxidize NO2

� into NO3
� in the solution. A sensitive de-

termination approach of nitrite was accordingly built up based on this biocatalytic oxidative interaction
for the first time and a possible mechanism of the interaction was herein proposed.

� 2008 Elsevier Ltd. All rights reserved.
m
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1. Introduction

Cytochrome c (Cyt c) has drawn a lot of research interest due to
its electrochemistry activity and the role of transferring electrons in
respiration process [1]. It is also well accepted that Cyt c exhibits
peroxidase activities, which can catalyze the reductive reaction of
hydrogen peroxide. Determinations to H2O2 based on such catalytic
interactions are widely reported [2,3]. Effective immobilization and
maintenance to the bioactivity on a proper substrate are essential
to get a stable and sensitive response signal. Many methods for
protein immobilization are extensively investigated, such as phys-
ical methods [4,5]. However, decrease of signal resulting from high
charge transfer resistance is unavoidable, meanwhile, the bio-
activity and electroactivity are also restrained. Great efforts have
been taken to covalent interaction technique, since it promises
firmly immobilization and ordered orientation of biomolecule [6,7].
Therefore, most of the key-and-lock sensors developed nowadays
employ covalent coupling. However, the activity of biomolecule is
highly influenced by environment, such as temperature and pH.
The covalent immobilized biomolecules are entirely exposed to the
electrolyte in such ‘‘full-open’’ system, which makes the bio-
molecule denature and deactivate easily.
ax: þ86 21 65 982 287.
o).

All rights reserved.
Embedded method [8,9] has the advantage of providing mild
microenvironment to the trapped biomolecule, which helps to
maintain its bioactivity and offers a possibility to extend the ap-
plication of biodevices in complex conditions. Thus, more research
interest has been drawn. Choice of matrix materials is crucial for
embedded method, since it acts as not only the biomolecule carrier
but also the electron transfer tunnel between the trapped bio-
molecule and substrate electrode. Ideal embedded material must
be stretchy and moist, which mimics the biomembrane, and offers
mild microenvironment for the inner biomolecule, such as lecithoid
membrane. In view of this, a ‘‘semi-open’’ property is favored and
essential, which permits the communication between inner bio-
molecule and outer environment, and protects the biomolecule
from the influence of extreme environment simultaneously. Be-
sides, the electron transfer must be ensured. SiO2, as one kind of
promising inorganic nanomembrane materials, has recently
attracted much attention due to its many superior properties such
as tunable porosity, high thermal stability, chemical inertness, and
so on [10–13]. Novel structures, such as layer-by-layer [12] and
core–shell [13], have been designed to increase the quantity of
embedded biomolecules and maintain the bioactivity.

Substrate plays a leading role in the performance of modified
electrode. A lot of biosensors based on conventional substrates, such
as glass carbon [14] (GC), gold [15] and other materials, have been
reported. However, disadvantages as low stability and inhibition are
also found. Electrically conducting boron-doped diamond (BDD)
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thin-film exhibits many superior electrochemical properties [16–
20], and it is widely considered to be biocompatible. Hence, the BDD
electrodes attract much interest for electrochemical and biological
applications, such as electroanalysis, electrosynthesis, electro-
chemical wastewater treatment, etc [21–27]. Application of BDD in
electroanalysis is a brisk field and has been well summarized by
Compton et al. [28], either on as-grown BDD or functionalized BDD,
both in detecting biological samples [21,25,26] and organic pollut-
ants [22–24,27], and so on. Good sensitivity and repeatability were
obtained owing to its resistance to fouling. However, such inertness
also makes BDD difficult to be modified. Therefore biosensors based
on the substrate have not been abundantly reported.

In our present work, BDD electrode was chosen as the substrate.
A sandwich structure was finally designed and constructed. The
‘‘semi-open’’ SiO2 interlayer retained the bioactivity and electro-
activity of Cyt c, and permitted good communication between inner
Cyt c and outer bulk electrolyte simultaneously. Further more,
biocatalytic oxidative property to nitrite was observed, and a pos-
sible mechanism was proposed. Our need and desire to monitor
nitrite ion are unquestionable, yet their ubiquity can pose a signif-
icant challenge to the analytical community. Strategies were com-
prehensively surveyed by Moorcroft and coworkers [29]. Metal and
metal oxide modified electrode have good catalytic properties to
nitrite, either oxidative [30–32] or reductive [33,34]. Those sensors
possess advantages including ease of construction, comparative
detection limit, low cost, and so on. Nitrite biosensors [35–39] have
been widely reported since many proteins are proven to catalyze
the reductive reaction of nitrite. However, these biosensors are all
attributed to the electroreductive reactions, which is complicated
and the products are complex. Furthermore, many of them are
conducted under weak acidic medium, in which dismutation will
often happen and influence the detection a lot. Electrooxidative
properties of Cyt c are seldom reported [40,41]. To our best
knowledge, up till now, no electrochemical nitrite biosensors have
been fabricated based on Cyt c, especially on the electro oxidative
reactions, although it is indicated that there are interactions be-
tween Cyt c and nitrite [42–46]. Herein, a nitrite biosensor was
designed based on the simple electro oxidative interaction with
nitrate as the unique product for the first time. Satisfactory linear
range and detection limit were obtained with good sensitivity.

2. Experimental

2.1. Materials

Horse heart cytochrome c (Cyt c, MW 12,384), was purchased from Sigma, and
used as received. Tetraethyl orthosilicate (TEOS) was purchased from Sinopharm
Chemical Reagent Co., Ltd (China). All other chemicals were of analytical reagent
grade and used without further purification. NaNO2 solution was freshly prepared.
The supporting electrolyte was 25 mM phosphate buffer solution (PBS), which was
prepared with KH2PO4 and Na2HPO4. The pH was adjusted with H3PO4 or NaOH.
Acetate buffer solution (ABS, 0.2 M, pH 4.5) was prepared by mixing stock standard
solutions of HAc and NaAc. All solutions were made up with twice-distilled water.

2.2. Construction of the sandwich and layer-by-layer structure

First, the BDD electrode of 15 mm2 area was pretreated by cyclic voltammetry
method between �3.0 and 0 V, 120 cycles in 1 M H2SO4 solution. Second, an aliquot
of 10 mL ABS was dropped onto the pretreated surface. The electrode was suspended
upside down above liquid TEOS in a sealed plastic tubule at required temperature
and time. The SiO2 sol–gel layer was formed through hydrolysis of TEOS vapor. Third,
the electrode was washed and dried in air at ambient temperature. Then, it was
immersed into a pH 6.86 PBS containing 1�10�4

M Cyt c for 30 min. Thus one bilayer
was obtained. The second step was conducted once more to obtain a sandwich-like
modified electrode, or the second and third steps were repeated for desired times to
get a layer-by-layer modified electrode.

2.3. Characteristic study

Ultraviolet and visible (UV–vis) absorption spectra were recorded at the wave-
length ranging from 190 to 1100 nm at room temperature using Aglient 8453 UV–vis
cn

spectrophotometer. SEM images were obtained on Quanta 200 FEG scanning elec-
tron microanalyzer (FEI Company, Japan), and AFM images on Benyuan CSPM-4000
(China) with a platinum cantilever operated in tapping mode. X-ray diffraction
(XRD) was done with D8 Advance XRD spectra (Bruker Co., Ltd., Germany), using
a CuKR source at 40 kV and 120 mA with a scan rate of 3�/min.

2.4. Electrochemical measurements

Electrochemical measurements were carried out on a CHI 660C electrochemis-
try working station (CH Instrument, USA). A conventional three-electrode cell was
used with a saturated calomel electrode (SCE, Shanghai Precision and Scientific
Instrument Co., Ltd, China) as the reference, a platinum wire as the counter, and
a BDD or modified BDD electrode as the working electrode. Cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) were conducted in PBS, containing NaNO2

with different concentrations. Electrochemical independence spectroscopy (EIS)
was performed in 0.1 M KCl with 5.0 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) mixture as
electroactive probe, using an alternating voltage of 5.0 mV. The impedance mea-
surements were recorded at a potential of 200 mV within the frequency range of
10�2–105 Hz. Before each measurement, solutions were purged with purified ni-
trogen for at least 15 min, and a nitrogen environment was then maintained over the
solutions during the experimental processes. All experiments were performed at
ambient temperature.
.co
m3. Results and discussion

3.1. Design and construction of SiO2/Cyt c/SiO2 sandwich structure
on BDD electrode

The construction process of sandwich structured SiO2/Cyt c/SiO2

on BDD electrode was shown in Scheme 1. A simple electrochemical
cathodic method, that is, CV scanning between 0 and �3.0 V (vs
SCE) for 120 cycles, was first developed to pretreat the BDD elec-
trode, resulting in the H-terminated and positively charged BDD
surface [47,48]. Compared with other substrates, it was much easier
to functionalize the surface of BDD. For example, when GC [49] or
pyrolytic graphite [50] (PG) was used, a precursor such as poly
(diallyldimethylammonium) (PDDA) must be introduced to make
the electrode surface positively charged.

Surface vapor sol–gel method evolved from Hu’s previous report
[51] was used here to generate SiO2 gel onto the BDD surface, as
shown in Scheme 1b and c. Compared to Hu’s method, our pro-
cedure was much more time-saving. The main improvements lied
in both the acidic condition of the hydrolysis medium and the
temperature of TEOS.

Hydrolysis of TEOS may be a multiple process, but can be
summarized as the following equation: (CH3CH2O)4Siþ 2H2O /

SiO2þ 2C2H5OH, which is usually catalyzed by strong acid or strong
base. Here, pH 4.5 ABS was chosen as the hydrolysis reaction so-
lution, which allowed a satisfactory TEOS hydrolysis rate, and
wasn’t harmful to the activity of Cyt c. Further more, the isoelectric
point (pI) of SiO2 is 2–3, which means the produced SiO2 gel is
negatively charged in pH 4.5 ABS and can firmly adhere to the
positively charged BDD substrate.

Since the vapor pressure and hydrolysis activity of TEOS are
influenced greatly by the temperature, increasing the temperature
will be an effective way to accelerate the hydrolysis rate. It’s very
interesting and attractive that, Cyt c has very good thermal stability
after immobilized into the SiO2 gel. UV–vis study showed that the
soret band of Cyt c in the SiO2 gel didn’t change even after thermal
treated for 60 min at 100 �C. It might be because that the SiO2 gel
could hamper the unfolding of peptide chains and hence indicated
a significant beneficial effect on the thermal stability of Cyt c. In
virtue of this, a higher temperature could be adopted in surface
vapor sol–gel process.

Influence of hydrolysis time and temperature of TEOS on the
ability of trapping biomolecule and the activity as electron transfer
medium to the SiO2 gel was investigated. Experiment results got
from direct electrochemistry under different conditions are listed
in Table 1. It could be seen that the SiO2 gel constructed at 50 �C,
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nScheme 1. The SiO2/Cyt c/SiO2 sandwich structure construction process on BDD.
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30 min acted as the best electron transfer tunnel. This was mainly
due to the different thickness as a result of different construction
conditions. At low temperature, when time was short, the SiO2 gel
layer was too thin to cover the substrate or offer enough adsorption
position to Cyt c. However, when hydrolysis time was too long at
high temperature, the gel became so thick that even blocked the
electron transfer between Cyt c and the substrate. Therefore, 50 �C
and 30 min were chosen as the optimized temperature and time,
respectively.

Immobilization of Cyt c was realized by self-assembly in Cyt c/
PBS (pH 6.86), as shown in Scheme 1c and d. The pI of Cyt c was
10.5, which indicated that the Cyt c molecule was positively
charged in the neutral medium. Therefore, Cyt c could be trapped in
the SiO2 gel layer by electrostatic attraction since the fabricated
SiO2 gel was negatively charged in the same medium. Results of the
direct electrochemistry showed that 30 min was enough to get
a saturated adsorption of Cyt c and also the maximum direct
electrochemistry response. As clearly shown in Scheme 1, the ori-
entation of the immobilized Cyt c molecule was characterized by
the positively charged part pointed to the substrate electrode, due
to unequal charge distribution on the surface of the molecule,
which would also improve the direct electrochemistry of bio-
molecule dramatically.

Layer-by-layer method is widely used to increase the quantity
of immobilized biomolecule in order to improve electrochemistry
signal. In the present study, surface vapor sol–gel and adsorption
steps were repeated for desired times and accordingly the layer-
by-layer structure was obtained, signified as (Cyt c/SiO2)n,
n stands for the number of (Cyt c/SiO2) bilayers.

As illustrated in Fig. 1, the redox peak currents decreased with
increasing n. (Cyt c/SiO2)1 showed well shaped redox peaks (Fig. 1a,
curve 1), but the peak current decreased a lot for (Cyt c/SiO2)5
wwTable 1
The influence of deposited time and temperature on the direct electrochemistry of
immobilized Cyt c

T/�C Time/min Formal potential/V Ipa/mA Ipc/mA

30 30 – – �4.958
60 �0.072 55.08 �85.84
90 �0.035 11.98 �17.80

120 0 8.78 �10.02
40 30 �0.069 39.45 �49.10

60 0.016 27.02 �38.39
90 – – �5.960

120 – – �7.580
50 30 �0.075 68.09 �90.07

60 0.026 18.62 �29.75
90 – – –

120 – – –

Formal potential, oxidation current (Ipa) and reduction current (Ipc) are listed; (–)
means no direct electrochemistry signal was detected.
.c(Fig. 1a, curve 2). As to (Cyt c/SiO2)12, the redox peaks even could
not be defined (Fig. 1a, curve 3). It implied that the quantity of
electroactive Cyt c could not be increased by increasing the number
of the bilayers. In other words, the electroactivity of Cyt c was
greatly influenced by the distance between biomolecules and
substrate, or the thickness of SiO2 gel.
Fig. 1. (a) CVs of (Cyt c/SiO2)n (n¼ 1, 1.5, 5 and 12, respectively)/BDD electrode in PBS
(first scan, scan rate 0.1 V/s); (b) relationship between anodic peak current Ipa of (Cyt c/
SiO2)n/BDD electrode with scan times (1st, 10th and 20th cycles) and layer number n
(n¼ 1, 1.5 and 5, respectively).



m

cnFig. 2. The AFM images of SiO2/BDD (a), Cyt c/SiO2/BDD (b) and the SEM image of SiO2/BDD profile (c) fabricated at optimized condition.

R. Geng et al. / Biomaterials 29 (2008) 2794–2801 2797
Nevertheless, as shown in Fig. 1b, opposite to the peak current,
stability of the modified electrode, which was estimated by the
peak current value variation after successive scanning in PBS, im-
proved obviously with increasing the number of bilayers. That is to
say, peak current of (Cyt c/SiO2)1/BDD decreased greatly with the
numbers of CV scan, but as to (Cyt c/SiO2)n/BDD (n> 1), this dis-
advantage was restrained. Since the stable current reached the
maximum value when n was 1.5 (as shown in dotted curve in
Fig. 1b), a sandwich-like framework, SiO2/Cyt c/SiO2 structure
(n¼ 1.5) was thereafter constructed and chosen to be the optimized
case to obtain sensitive electrochemistry response and good sta-
bility. Although the peak current in the first scan decreased a little
compared to (Cyt c/SiO2)1/BDD, the peak shape almost didn’t
change in successive CV scans (Fig. 1a, curve 4). When a stable CV
curve was obtained (about 20 scans), direct electrochemistry of
sandwich/BDD was much better than (Cyt c/SiO2)1/BDD. The result
proved that the electroactivity of Cyt c could be well displayed in
the sandwich, and the outer gel layer effectively prevented
immobilized Cyt c from desorption.
 p

Fig. 3. The XRD patterns for bare BDD (a) and SiO2/BDD (b).
www.s3.2. Characterization of SiO2/Cyt c/SiO2 sandwich structure

Micromorphology of the modified electrodes was investigated
by AFM and SEM. The fluctuation of the electrodes surfaces, which
was closely related to the structure, scale and formation of the
species on the electrode, could be clearly evaluated from the AFM
images. Results indicated that the fluctuation decreased gradually
along with the hydrolysis time of TEOS in the step of in situ growth of
SiO2 gel. Bare BDD had a fluctuation about 170 nm (image not given).
After 10 min hydrolysis at 50 �C, the fluctuation reduced to 120 nm
(image not shown), indicating that the lower part of the BDD surface
was filled by SiO2 gel. When the hydrolysis time was extended to
30 min, fluctuation of 70 nm was observed, implying that the BDD
surface was well covered by SiO2 gel (Fig. 2a). SEM image of SiO2/
BDD profile (Fig. 2c) also provided obvious evidence that a SiO2 gel
layer was in situ fabricated on the BDD surface. The fluctuation of
morphology would be only 20 nm if hydrolysis time was increased
to 120 min (image not shown). When Cyt c was immobilized on the
SiO2/BDD, the fluctuation of the resultant Cyt c/SiO2/BDD decreased
ulteriorly (Fig. 2b), but obvious change of the surface morphology
well proved the successful immobilization of Cyt c.

Fig. 3 shows the XRD patterns of bare BDD and SiO2 gel covered
BDD. There were two sharp peaks in the response of bare BDD in 2q

values of 28� and 44�, corresponding to the Si substrate and
diamond (111), respectively. When SiO2 gel was fabricated on the
BDD substrate, there was a wide peak that appeared at 2q values
.

between 20� and 30�, which attributed to the amorphous SiO2

generated from hydrolysis of TEOS vapor.
.co
m3.3. Biocompatibility and bioactivity maintenance ability study

Biocompatibility of SiO2 gel was estimated by UV–vis absorption
spectra. The Soret absorption band of Cyt c was known at about
410 nm (Fig. 4a). Fig. 4b was recorded by directly casting Cyt c PBS
(pH 6.86) onto a glass sheet. It could be seen that the peak shape
became much broader. However, the situation was different when
Cyt c molecule was immobilized on the SiO2 gel matrix. The peak
was well shaped and no shift was observed (Fig. 4c). This implied
that the SiO2 gel matrix had good biocompatibility and was helpful
for the Cyt c molecule to maintain its native conformation and
bioactivity.

Proteins often denature in high or low pH, which greatly limits
the application of biosensors. Therefore, influence of pH to Cyt c
activity was investigated as following: sandwich/BDD was dipped
in a series of PBS (pH 3–12) for 30 min, respectively; then it was
taken out and incubated in pH 7 PBS for 5 min. Then CV was per-
formed. As shown in Fig. 5a, formal potential shifted negatively
along with increase of pH. A linear relationship was obtained be-
tween the formal potential and pH, suggesting that the electro-
chemistry of Cyt c involved a proton process. Under extreme pH, the
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Fig. 4. The UV–vis absorption spectra for (a) 10 mM Cyt c in pH 6.86 PBS; (b) Cyt c
directly cast on glass sheet and (c) Cyt c immobilized on SiO2 gel membrane.

Fig. 5. (a) The formal potential shift of the SiO2/Cyt c/SiO2/BDD electrode along with
the pH of PBS; (b) CVs of the SiO2/Cyt c/SiO2/BDD electrode in pH 7 PBS directly (1) and
after dipped in pH 12 PBS for 30 min (2) and after dipped in pH 3 PBS for 30 min (3)
and then incubated in pH 7 PBS for 5 min.

R. Geng et al. / Biomaterials 29 (2008) 2794–28012798
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shape of redox peaks was not so symmetrical. But when the elec-
trode was incubated in pH 7 solution, the redox peaks became
symmetrical again (see Fig. 5b) which indicated that Cyt c did not
denaturalize irreversibly. The result showed that the sandwich
structure could remarkably restrain the denaturation of the protein
in extreme pH. This resulted from the rigidity of SiO2, which didn’t
allow the protein to undergo denaturing unfolding motion [52], or
the pH of internal film was different from that in bulk solution [53].
The SiO2 gel was hence conceived to be ‘‘semi-open’’, which per-
mitted the communication between immobilized Cyt c and the ions
in solution, and simultaneously, well shielding Cyt c from extreme
outer environment.

EIS was carried out to investigate the changes of electron
transfer resistance (Ret) that aroused from every surface modifi-
cation step. Fig. 6 shows the curves of different electrodes. Ret can
be directly measured as the semicircle diameter [54]. As shown in
Fig. 6, Ret of SiO2/BDD dramatically increased compared with bare
BDD, suggesting that SiO2 gel membrane was successfully fabri-
cated. After further immobilization of Cyt c, it decreased, since the
anion in PBS approached the attached Cyt c (pI 10.5, positively
charged in neutral medium) easily, which was also an evidence of
successful immobilization of Cyt c, similar to the previous reports
[2]. If another layer of SiO2 was constructed continually, Ret in-
creased again, but still smaller than that of SiO2/BDD, implying that
the electron transfer tunnel was successfully constructed.
ww3.4. Direct electrochemistry behavior of immobilized Cyt c on
sandwich/BDD

The electrochemical behavior of Cyt c immobilized between the
SiO2 gel interlayer in PBS (pH 6.86) was investigated by CV. A pair of
well shaped redox peaks were observed at about �0.036 V (vs. SCE,
Fig. 7a), characteristic of the Cyt c heme FeIII/FeII redox couples,
which could not be observed on either bare BDD (Fig. 7a, dotted
curve 1) or SiO2/BDD electrode (Fig. 7a, dotted curve 2). It could be
seen that the CVs of SiO2/Cyt c/SiO2/BDD electrode were almost
symmetrical and the redox peak currents increased linearly with
the scan rates between 0.1 and 0.5 V s�1 (Fig. 7b), suggesting that
electrode reactions were typical of the surface-controlled pro-
cesses. The value of the electron transfer rate constant (ks) was
1.39 s�1, which could be estimated according to Laviron [55]. It was
much higher than that of Cyt c adsorbed on mesoporous niobium
oxide film/ITO (0.28 s�1) [56] and NaY zeolite/GCE (0.78� 0.04 s�1)
[57], slightly higher than that on colloidal Au/carbon paste
(1.21�0.08 s�1) [58], and L-cysteine/Au (1.25� 0.10 s�1) [40]. This
faster electron transfer rate indicated that SiO2 gel was an excellent
promoter for the electron transfer between Cyt c and the BDD base,
and meanwhile, a good matrix for the immobilization of Cyt c.

According to Laviron’s equation [59]: Ip¼ n2F2vAG/4RT, the av-
erage surface coverage of Cyt c adsorbed on the electrode was
2.22�10�9 mol/cm2, higher than monolayer adsorption. This was
due to the good immobilization ability of SiO2 gel to biomolecule.

3.5. Biocatalytic oxidative property to nitrite

Two anodic peaks on the sandwich electrode were observed at
0.06 V (peak I) and 0.6 V (peak II), respectively, when studied by DPV
in pH 6.86 PBS, as shown in Fig. 8, curve 1. More attractively, when
0.5 mM NaNO2 was added into the bulk solution, another anodic
peak appeared at 0.7 V (Fig. 8, curve 2, peak III); while this peak
didn’t appear on SiO2/BDD electrode. The peak current increased
along with the NaNO2 concentation (Fig. 8, curves 3 and 4). This peak
was herein attributed to the interaction between Cyt c and nitrite.

According to literatures [60], heme proteins can be oxidized into
oxoiron(IV) proteins and oxoiron(IV) proteins p-cation radicals via
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one-electron and two-electron oxidation by chemical oxidants or
direct electrochemical oxidation [41,61]. Here we suggested that
peak II was attributed to the further oxidation of Cyt c, and the
product could catalyse the oxidation of nitrite, which resulted in
www.sp
m

Fig. 7. (a) CVs of the SiO2/Cyt c/SiO2/BDD electrode (solid curves) at different scan rates
(from inner to outer: 0.1, 0.2, 0.3, 0.4 and 0.5 V s�1, respectively) and bare BDD elec-
trode (dotted curve, 1) and SiO2/BDD electrode (dotted curve, 2) at 0.1 V s�1 in 25 mM

PBS (pH 6.86); (b) the plot of cathodic (C) and anodic (-) currents versus scan rate of
the SiO2/Cyt c/SiO2/BDD electrode.
.co
mthe peak III. A possible mechanism was accordingly proposed. As

reported, NO2
� could be oxidized by heme peroxidases in the

presence of H2O2 [62,63], since these heme proteins could be
chemically peroxidized to highly active protein p-cation. Lei and
coworkers [61] studied the oxidative reaction of NO and NO2

� cat-
alyzed by iron porphyrin, which was well known as the electro-
active center of Cyt c. Results showed that iron porphyrin could be
oxidized to oxoiron and p-cation by stepwise direct oxidation, but
only p-cation could interact with nitrite while oxoiron just selec-
tively oxidized NO. As shown in Fig. 8, peak I was attributed to the
oxidation of ferrous Cyt c to ferric form, corresponding to reaction I
listed in Scheme 2. Further oxidation product must be Cyt c p-
cation since it could interact with NO2

�. There was only one anodic
peak, which might be because the ferric Cyt c could be oxidized to
Cyt c p-cation by one-step direct electrochemistry oxidation, re-
action II in Scheme 2, similar to H2O2 to heme peroxidase. This
might be in virtue of the outstanding properties of BDD substrate,
on which the generation of Cyt c p-cation was easier. Nitrogen di-
oxide radical (�NO2) and oxoiron Cyt c were considered to be the
intermediate and they could further interact, with NO3

� and ferric
Cyt c as the product. Reaction III in Scheme 2 describes the two-step
interaction.

The biocatalytic oxidation property of Cyt c p-cation to nitrite
brought the possibility to detect nitrite in solution. Fig. 9 shows the
variation of current with time obtained at the SiO2/Cyt c/SiO2/BDD
electrode, with the operating potential of 0.7 V (vs. SCE). The oxi-
dation current was proportional to the concentration of nitrite in
the range of 1.0�10�6–1.0�10�3

M, and the detection limit was
0.5 mM at S/N of 3, with a sensitivity of 0.17 mA mM

�1 cm�2. It is no-
table that this detection limit is obviously lower than the results
obtained at some nitrite biosensors such as Hb/colloidal gold
nanoparticles/TiO2 sol–gel film modified GCE [36] or Mb–ZnO-
modified GE [64], and comparable or lower than detection limits
obtained with other electrochemical methods such as lead(IV) ox-
ide–graphite composite electrodes (0.9 mM) [31] and manganese
dioxide–graphite composite electrodes (0.4 mM) [32], indicating
that the fabricated sandwich structured biosensor can potentially
be used for monitoring of the concentration of nitrite sensitively.

The sandwich electrode exhibited high stability. It showed no
fading for voltammetric current when cycled between �0.5 and
0.5 V (vs. SCE) in PBS (pH 6.86) for 50 times. When stored in PBS
(pH 6.86) at 4 �C, the current response almost stabilized for at least
one week. Even after long time dip in strong acidic or alkaline
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Scheme 2. The reaction mechanisms for Cyt c and nitrite.
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solution (pH 3 or pH 12), the sensitivity was retained. In addition,
no obvious fading in response to NO2

� was observed after 30 days.
The preparation of seven electrodes with the same method showed
an acceptable reproducibility, with a RSD of 5.6% for the current
determined at 50 mM NO2

�. The good stability and repeatability
resulted from the sandwich structure, which protected the bio-
molecule against dry and severe environment. On the other hand,
the mass transfer was guaranteed between inner Cyt c and outer
bulk electrolyte through the ‘‘semi-open’’ SiO2 gel membrane,
which ensured the sensitive response. The good maintenance of
bioactivity of Cyt c could be attributed to the outstanding proper-
ties of BDD substrate and the novel sandwich structure. Therefore,
it opened a hopeful prospect for designing an oxidative ampero-
metric biosensor to nitrite. Meanwhile, its high stability and sen-
sitivity effectively made the biosensor display a reasonable longer
using-life and more determination times, which would greatly re-
duce its one-time using cost, indicating prospective economical
and practical significance.
.sp

4. Conclusions

In this study, SiO2/Cyt c/SiO2 sandwich structure was designed
and constructed. With a simple surface vapor sol–gel method, SiO2

gel membrane was fabricated on the pretreated BDD electrode. The
growth rate of SiO2 gel was accelerated evidently by optimization of
the temperature and the pH values of the hydrolysis solution in the
surface vapor sol–gel process. Cyt c was immobilized between the
SiO2 gel membranes through electrostatic attraction via carefully
controlling the pH of the solution. The bioactivity of Cyt c was
retained well by the sandwich structure. Meanwhile, it was proved
that the sandwich was semi-opened. This structure had two
www

Fig. 9. Typical current–time plot for successive additions of 10 mM NaNO2 on the SiO2/
Cyt c/SiO2/BDD electrode. The inset is the relationship between the current and cor-
responding concentration of NaNO2.
om
.cn

significant advantages: permitted the communication between
biomolecule and bulk solution, and protected the biomolecule from
the influence of extreme environment. Cyt c immobilized in the
sandwich structure not only exhibited good direct electrochemis-
try, but also could be oxidized to Cyt c p-cation, a strong oxidant
which could oxidize NO2

� to NO3
�. A possible mechanism was pro-

posed to this electrocatalytic oxidation reaction. The ferrous Cyt c
was directly oxidized to Cyt c p-cation by two direct electro-
chemistry steps; while the Cyt c p-cation was highly reactive and
could oxidize nitrite to nitrate through a two-step reaction. Elec-
trochemical experiments indicated that the response signal in-
creased along with the concentration of nitrite. Thus an oxidative
amperometric biosensor to nitrite with satisfactory linear range
and detection limit was proposed for the first time. A facile and
simple way to immobilize biomolecule was thus provided and
a promising prospect was hence opened for designing oxidative
nitrite biosensor.
m
.
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[31] Šljukić B, Banks CE, Crossley A, Compton RG. Lead(IV) oxide–graphite
composite electrodes: application to sensing of ammonia, nitrite and phenols.
Anal Chim Acta 2007;587:240–6.
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