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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
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.
3. 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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Scheme 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
Table 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.
(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).












