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a b s t r a c t

A layered inorganic perovskite sub-micrometer-scale material, nanoplated bismuth titanate (Bi4Ti3O12)
sub-microspheres (NBTSMs) constructed with tens of Bi4Ti3O12 nanoplates, was for the first time synthe-
sized by a facile hydrothermal synthesis strategy. The NBTSMs were employed as a supporting matrix to
explore a novel immobilization and biosensing platform of redox proteins through a combined hydrogen
bond and electrostatic assembly process. Biocompatibility, stability, reproducibility, and electrochem-
ical and electrocatalytic properties of the resulting NBTSMs-based composite were studied by UV–vis
absorption, FTIR, and electrochemical methods. The research results revealed that the NBTSMs-based
composite was a satisfying matrix for proteins to effectively retain their native structure and bioactivity.
With advantages of the Bi4Ti3O12 layered material, facilitated direct electron transfer of the metalloen-

−1
emoglobin
ydrogen bond and electrostatic assembly
iosensor

zymes with an apparent heterogeneous electron transfer rate constant (ks) of 20.0 ± 3.8 s was acquired
on the NBTSMs-based enzyme electrode. The NBTSMs-based biosensor demonstrated significant elec-
trocatalytic activity for the reduction of hydrogen peroxide with an apparent Michaelis–Menten constant
(204 �M), wide linear range (2–430 �M), and low detection limit (0.46 �M, S/N = 3). These indicated that
the nanoplate-constructed Bi4Ti3O12 sub-microspheres were one of ideal candidate materials for direct
electrochemistry of redox proteins and the construction of the related enzyme biosensors, and may find

biom
potential applications in

. Introduction

Direct electrochemistry of redox proteins constructed on nano-
aterials has recently attracted considerable attention from

lectrochemical scientists because it can not only serve as an ideal
odel to understand electron transfer mechanisms in biologi-

al systems (Armstrong et al., 1988; Wang, 2008), but also offer
reat potential for use in many fields such as the construction
f third-generation biosensors (Jia et al., 2002), enzyme biofuel
ells (Ivnitski et al., 2006), biosensing (Cai et al., 2008), biocatal-
sis (Zhang et al., 2007), biodetection (Pal et al., 2007), and protein
dentification (Rinehart et al., 2007). However, it is difficult for pro-
eins to realize direct electron transfer on “bare” electrodes because

f their easy denaturation, deeply embedded active centers, and
ften unfavorable orientations (Heller, 1990; Liu et al., 2005). The
im to construct an electrochemical biosensor involves protein
mmobilization onto an electrode surface and efficient electron
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communication between the protein and the underlying electrode
while retaining the protein stability and bioactivity. To maintain
or acquire native structures and appropriate orientations of redox
proteins and an increased electron transfer ability between the
proteins and the electrodes, variously supporting matrices have
been explored for the construction of biosensors, such as surfactant
(Wang et al., 2007), polymer (Li et al., 2007), sol–gel (Di et al., 2007),
and nanomaterial (Zhang and Oyama, 2005; Du et al., 2007). Recent
promising work in this field is to employ nanostructured materi-
als for the fabrication of biosensors because nanomaterials possess
high surface-volume ratio and unique physical and chemical prop-
erties (Willner et al., 2007; Lu et al., 2008). Many efforts have been
made to date for designing novel sensing systems and enhancing
electrochemical performance of such biosensors through tailoring
the component, size, structure, and shape of nanomaterials (Zhang
and Oyama, 2005; Du et al., 2007).

At present, metal, semiconductor, and magnetic nanomaterials

have been extensively utilized to build electrochemical biosensors
(Xu et al., 2007a; Guo et al., 2008; Cheng et al., 2005). However, to
the best of our knowledge, fabrication and direct electrochemistry
study of biosensors based on inorganic perovskite nanomaterials
are rarely reported to date although some inorganic nanomaterials

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:jqhusc@scut.edu.cn
mailto:li.586@osu.edu
dx.doi.org/10.1016/j.bios.2009.04.037


Bioelec

h
c
i
t
l
a
t
F
o
l
h
i
b

s
a
t
e
r
p
a
e
o
t
a
b
m
s
t
b
i
n
t
N
f
d

2

2

p
m
o
p
f
n
c
u
2
d
h
w

2

r
m
3
p
w
t
s

X. Chen et al. / Biosensors and

ave also been used to construct biosensors and direct electro-
hemistry studies (Zhang et al., 2007; Qiao et al., 2008). Very
nterestingly, it is much easy for inorganic ferroelectric nanoma-
erials to form layered structures (Yang et al., 2003). Recently, the
ayered porous nanostructures with flexible pore sizes and shapes
re attracting considerable interest in bioanalytical area because
he layered porous matrix permits access to the bound enzymes.
or example, Zhang et al. (2007) has reported that the composite
f Mb intercalated into layered nanosheets was useful as biocata-

ysts, which possessed an excellent catalytic performance and much
igh stability. Previous studies also showed that layered porous

norganic nanomaterials could not only maintain the activity of the
ound proteins but also improve their stability.

Bismuth titanate (Bi4Ti3O12) possessing layered perovskite
tructure is built up by the regular intergrowth of [Bi2O2]2+ layer
nd perovskite type layers [Bi2Ti3O10]2− where Bi ions occupy
welve-coordinated sites (Yang et al., 2003). As a typical ferro-
lectric, piezoelectric and electro-optic material, Bi4Ti3O12 has
elatively low coercive field, low dielectric constant, high Curie tem-
erature, high breakdown strength, and high electrical conductivity
nisotropy characters (Villegas et al., 1996). Moreover, Bi4Ti3O12
xhibits potential use in many areas such as non-volatile memory,
ptical memory, and piezoelectric and electro-optic devices. Both
he unique structure and properties of the Bi4Ti3O12 nanomateri-
ls are reasonably expected to construct promising electrochemical
iosensors. In the present work, we synthesized nanoplated bis-
uth titanate sub-microspheres (NBTSMs) by a facile hydrothermal

ynthesis strategy. The NBTSMs were combined with heme pro-
ein to fabricate electrochemical biosensor by a combined hydrogen
ond and electrostatic assembly methodology. Without introduc-

ng any cross-linking reagents, the NBTSMs could well reserve their
ative layered structure and properties to a large extent, and facili-
ated direct electron transfer of hemoglobin (Hb) entrapped in the
BTSMs has been acquired. The prepared biosensor was success-

ully employed for the detection of hydrogen peroxide (H2O2) and
isplayed good performance.

. Materials and methods

.1. Chemicals and reagents

Hemoglobin (Hb, from bovine blood) and chitosan (Chi) were
urchased from Sigma. Other chemical reagents such as bis-
uth nitrate, titanium dioxide, hydrogen peroxide, nitric acid,

xalic acid, sodium dihydrogen phosphate, disodium hydrogen
hosphate, potassium chloride, potassium ferricyanide, potassium

errocyanide, sodium hydroxide, phosphoric acid, and high pure
itrogen gas were obtained from Guangdong Guanghua Chemi-
al Reagent Company. All above reagents were analytical grade and
sed without further purification. Phosphate buffer solutions (PBS,
0 mM) with various pH values were prepared by mixing stock stan-
ard solutions and adjusting the pH with a small quantity of sodium
ydroxide or phosphoric acid. All aqueous solutions were prepared
ith Milli-Q purified water (>18.0 M� cm).

.2. Apparatus and measurements

Scanning electron microscopy (SEM) and energy-dispersive X-
ay spectroscopy (EDS) were performed with a field-emission

icroscope (LEO, 1530 VP) operated at an accelerating voltage of

0 kV. Powder X-ray diffraction (XRD) pattern was recorded on a
owder sample using a D/max-IIIA (Japan) X-ray diffractometer
ith Cu K� radiation (� = 0.15418 nm). UV–visible (UV–vis) absorp-

ion spectroscopy measurement was carried out with a U-3010
pectrophotometer (Hitachi, Japan). Fourier-transform infrared
tronics 24 (2009) 3448–3454 3449

(FTIR) spectra were obtained on Tensor 27 (Bruker Company,
German). Electrochemical impedance spectroscopy (EIS) spectra
were acquired using an AUTOLAB advanced electrochemical sys-
tem (Swiss). Electrochemical experiments were carried out at room
temperature using a CHI 660 electrochemical workstation (CH
Instruments, Inc., Austin, USA). All electrochemical measurements
were based on a three-electrode system with the film electrode
as working electrode, an Ag/AgCl (3 M KCl) electrode as reference
electrode, and a platinum wire as auxiliary electrode, respectively.
Without special statement, 20 mM pH 7.0 PBS was used as the elec-
trolyte in all experiments.

2.3. Synthesis of nanoplated bismuth titanate sub-microspheres
(NBTSMs)

In a typical procedure for the synthesis of NBTSMs,
Bi(NO3)3·5H2O (1.6298 g) and TiO2 (0.192 g) were added respec-
tively to 80 mL 2.5 M NaOH and kept stirring for 3 h to form a
homogeneous solution. The mixture was then put into a 100 mL
Teflon-lined stainless-steel autoclave. The final product was
obtained by heating the autoclave at 160 ◦C for 48 h, repeatedly
washing with milli-Q water, and drying at 80 ◦C for 4 h while the
autoclave was cooled to room temperature.

2.4. Preparation of different modified electrodes

Glassy carbon (GC) electrode was first polished with alumina
slurry of successively smaller particles (1.0, 0.3, and 0.05 �m
diameters), respectively. Then, the electrode was cleaned by ultra-
sonication. Finally, the cleaned GC electrode was activated through
oxidizing the electrode surface at 1.8 V for 3 min and then reduc-
ing it at −1.5 V for 1 min in 0.1 M HNO3. In addition, to acquire
optimum cyclic voltammetric responses of the Hb-NBTSMs/GC, the
control experiments of NBTSMs concentrations were performed
(Fig. S1), indicating that the optimum concentration was 1 mg/mL.
In a typical procedure for the preparation of Hb-NBTSMs modi-
fied electrode, 5 �L of 2 mg/mL NBTSMs PBS was first cast onto the
activated GC electrode surface for the hydrogen bond formation
between the electrode and NBTSMs. After 10 min, an equal volume
of 4 mg/mL Hb PBS was again cast onto the electrode surface to
self-assemble between positively charged NBTSMs and negatively
charged Hb. Finally, a uniform film electrode was formed through
putting the as-prepared electrode overnight at room temperature,
and then used for electrochemical investigations or stored at 4 ◦C
in a refrigerator when not in use.

For comparison, Hb-Chi-NBTSMs/GC and NBTSMs/GC elec-
trodes were also prepared. The suspension containing 2 mg/mL
Hb, 1 mg/mL Chi and 1 mg/mL NBTSMs was used to construct the
Hb-Chi-NBTSMs/GC electrode while 1 mg/mL NBTSMs solution was
employed to fabricate the NBTSMs/GC electrode.

3. Results and discussion

3.1. Morphology and structure characterization of the NBTSMs

Fig. 1 shows SEM images of the as-prepared NBTSMs. The
NBTSMs possessed an average diameter of about 610 nm while its
comprising nanoplates had the thickness and side length of about
60 and 440 nm, respectively. It can be clearly seen that tens of the
nanoplates intercalated together from the magnified SEM image
(Fig. 1B). Such intercalated structure not only offered higher surface

area but also had numerous nanometer-scale cavities and highly
active sites, which were much useful for proteins to sequester in
the cavities or bind on the surface.

To verify the component of the sample produced thus, EDS mea-
surement was preformed. The Cu, C, Au, and Pd elements (Fig. S2)
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vated, its transfer resistance (Rct) could be estimated to be about
Fig. 1. SEM images of the NBTSMs prepared using the present method.
ere from the copper grids and spurted Au–Pd alloy made for
he SEM sample. The appearance of three elements of Bi, Ti, and

indicated that the sample was probably Bi4Ti3O12. Then, XRD
easurement was used to ascertain the sample component. The

Fig. 2. Schematic illustration of the self-assembly of the NBTSMs and Hb on the a
ctronics 24 (2009) 3448–3454

diffraction peaks of 21.7◦, 23.3◦, 30.45◦, 32.8◦, 39.7◦, 47.1◦, 52.4◦,
and 57.1◦ could be indexed to (0 8 0), (1 1 1), (1 7 1), (2 0 0), (2 8 0),
(2 0 2), (2 8 2), and (1 7 3) planes of the orthorhombic structure of
bismuth titanate (JCPDS: 35-0795), respectively (Fig. S3). No char-
acteristic peaks of impurities such as Bi2O3 and TiO2 were observed,
indicating that the sample was pure Bi4Ti3O12.

3.2. Self-assembly and spectroscopic analysis of Hb-NBTSMs/GC
composite film

The Hb-NBTSMs composite film on the activated GC electrode
was acquired through a hydrogen bond and electrostatic self-
assembly process, as illustrated in Fig. 2. The cleaned GC electrode
was first activated at diluted nitric acid through cyclic voltammetry
method. Previous studies have demonstrated that the electrochem-
ically treated GC surface possesses microporous structure (Nagaoka
and Yoshino, 1986) and contains functional groups of –COOH,
–COH, –C6H5OH, –OH, etc. (Shi et al., 2007). Consequently, the
NBTSMs possessing sub-micrometer-scale size and copious oxygen
atoms easily self-assembled onto the activated electrode through
hydrogen bond when the NBTSMs PBS was added (Fig. S4). The for-
mation mechanism of the hydrogen bond was consistent with that
previously reported (Wang et al., 2002). The electrophoresis mea-
surement (Fig. S5) documented that the NBTSMs were positively
charged with electricity. Therefore, introducing negatively charged
Hb (isoelectric point was about 6.8) in pH 7.0 PBS on the surface of
the as-prepared electrode, multi-layer self-assembly film contain-
ing NBTSMs and Hb was obtained through electrostatic attraction
(Chen et al., 2008).

To evaluate the self-assembly process and interfacial elec-
tron transfer property of the Hb-NBTSMs modified electrode, EIS
was preformed. Previous studies have proved that the impedance
spectrum involving a semicircle portion at high frequencies corre-
sponds to the electron transfer limiting process (Pei et al., 2001),
using which the electron transfer resistance (Rct) can be gained
by measuring its diameter. When a bare GC electrode was acti-
480 � (curve a in Fig. S6). But, when the NBTSMs self-assembled
onto the electrode, a small increase of the interfacial resistance
(about 890 �) was observed (curve b in Fig. S6), which was
probably due to the spatial resistance between NBTSMs and the

ctivated GC electrode through hydrogen bond and electrostatic attraction.
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Fig. 4. (A) Cyclic voltammograms of (a) NBTSMs, (b) Hb-Chi-NBTSMs, and (c) Hb-
Fig. 3. UV–vis spectra of dry (a) Hb and (b) Hb-NBTSMs films.

robe molecule, Fe(CN)6
3−/4−. With further introducing Hb onto

he NBTSMs electrode, negatively charged Hb orderly assembled
nto the positive electrode surface through electrostatic attraction,
hich was demonstrated by the tremendous increase resistance

about 3300 �) at the Hb-NBTSMs electrode (curve c in Fig. S6). The
reat interfacial resistance also indicated that Hb hindering elec-
ron transfer pathway was successfully immobilized on the surface
f the Hb-NBTSMs electrode.

.3. UV–vis and FTIR spectroscopic characterizations of
b-NBTSMs composite film

Fig. 3 shows UV–vis absorption spectra of dry Hb and Hb-
BTSMs films. An obvious UV–vis absorption peak at around
05 nm from dry Hb film could be clearly discerned, which was
characteristic Soret absorption bands (curve a). When Hb was

ntrapped in the NBTSMs films, the position and intensity of the
b spectrum peak were similar to that of pure Hb film (curve b),

uggesting that the Hb retained the essential features of its native
econdary structure in the Hb-NBTSMs composite film and had
ood biocompatibility with the NBTSMs.

It is well known that the shapes and positions of the amide I
1700–1600 cm−1) and amide II (1600–1500 cm−1) infrared trans-

ission bands of proteins can provide detailed information on
he secondary structure of polypeptide chain of the proteins
Kauppinen et al., 1981). FTIR spectra of dry Hb and Hb-NBTSMs
omposite films (Fig. S7) showed that the spectra of amide I and II
ands of Hb in Hb-NBTSMs composite film (1650 and 1538 cm−1)
ere nearly the same as those obtained for native Hb (1653 and

540 cm−1). The similarities of the two spectra further also sug-
ested that the Hb retained the essential feature of its native
econdary structure in the NBTSMs film and had good biocompat-
bility with the NBTSMs. The good biocompability of Hb entrapped
n the NBTSMs could perhaps be attributed to its rigid framework
nd high chemical activity, which was available to hide or bind Hb
nd thus restrained its conformational change and unfolding.

.4. Direct electrochemical property of the film electrodes
Fig. 4A shows cyclic voltammograms of different modified elec-
rodes in PBS at 0.2 V s−1. No peak was observed (curve a) at the
BTSMs electrode, showing that the NBTSMs were not an elec-

roactive material in the potential range. However, the Hb-NBTSMs
NBTSMs electrodes in PBS with the scan rate of 0.2 V s−1. (B) Plots of oxidation peak
currents and reduction peak currents versus scan rates for the Hb-NBTSMs electrode.
Scan rates: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 V s−1 (inset a) and 1.5, 2.0, 2.5,
3.0, 3.5, 4.0, 4.5, 5.0 V s−1 (inset b).

electrode exhibited a couple of nearly reversible and well-defined
peaks (curve c), which could be attributed to the direct electron
transfer between the Hb and the underlying electrode (Lu et al.,
2008). Interestingly, compared with the Hb-NBTSMs/GC electrode
fabricated by the self-assembly strategy, the redox peaks observed
at the Hb-Chi-NBTSMs/GC (curve b) that was prepared using a
common method, wherein, Chi was used to immobilize Hb and
NBTSMs onto the activated GC electrode, were much smaller (less
than 3.5-fold). This was probably because the micropores of the
activated GC electrode and nanometer-scale cavities among inter-
calated nanoplates were filled with Chi and thus that the active
sites available for electron transfer greatly decreased. Moreover,
the lengthened electron transfer path at the Chi-based electrode
would weaken the electron transfer capacity, too. The apparent for-
mal potentia E◦′ estimated by (Ep,a + Ep,c)/2 was about −0.261 V,
where Ep,a and Ep,c are the anodic and cathodic peak potentials,
respectively. The E◦′ was very close to that (−0.26 V) obtained from
the carbonized TiO2 nanotubes (Guo et al., 2008), and shifted pos-
itively than those (e.g., −0.270, −0.286, −0.345 V, etc.) gained from
the Hb immobilized on MWNTs/PASE/AuNPs composite (Yang et al.,

2008), hollow CdS nanospheres (Dai et al., 2008), and nanosheet-
based ZnO microspheres (Lu et al., 2008), respectively. Furthermore,
the E◦′ shifted negatively 20 mV and even more as compared with
that obtained from the MWNTs matrix (Qi et al., 2006) and other
matrixes (Salimi et al., 2006; Yang et al., 2007). The studies indicated
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hat the component and shape of nanomaterials played a decisive
ole in the formal potential of proteins. The peak-to-peak separa-
ion (�Ep) was about 60 mV at 0.2 V s−1, which was smaller than
hose reported for the Hb in Fe3O4 nanoparticles (Cao and Hu, 2006)
nd mesoporous silica matrix (Dai et al., 2004) observed at the
ame scan rate. Such a smaller �Ep value revealed more reversible
ehavior for faster electron transfer of Hb than those previously
eported.

Using Faraday’s law, Q = nFA� * (Q, n, F, A, and � * represent the
uantity of charge, the number of electron transferred, Faraday con-
tant, effective electrode area, and surface average concentration of
lectroactive enzyme, respectively), the � * of the electroactive Hb
n the NBTSMs film was estimated to be about 1.20 × 10−10 mol/cm2

assuming a one-electron transfer reaction). The total amount of
dsorbed Hb (� ) was about 4.38 × 10−9 mol cm−2, indicating that
he electroactive Hb in the NBTSMs film was about 2.74% of the
otal Hb content deposited on the electrode. The � * was six times
igher than that of the theoretical monolayer coverage (about
.9 × 10−11 mol cm−2) (Wang, 2005). This suggested that six lay-
rs of the self-assembly Hb molecules closest to the electrode
articipated in transferring electrons to the underlying electrode,
hich could be ascribed to the following advantages. First, NBTSMs

ossessed plentiful oxygen vacancies and thus had good electron
ransfer carrier. Second, any cross-linking reagents (e.g., chitosan,
errocene derivatives, nafion, etc.), which, to some extent, possi-
ly restrain electron transfer between enzymes and underlying
lectrodes, were not used. Third, the intercalated structure among
he nanoplates resulted in numerous nanometer-scale cavities and
ighly active sites, which may be available to bind Hb and provide an
fficient electron-conducting tunnel. Finally, the sub-microspheres,
erved as a rigid framework, could hide Hb and thus restrained its
onformational change and unfolding for favoring the appropriate
onformation.

Fig. 4B gives representative cyclic voltammograms of the Hb-
BTSMs electrode scanned at low and high scan rates, respectively.

t can be seen that both the reduction and oxidation peak currents
ncreased linearly with increasing scan rates up to 5 V s−1, indicat-
ng that all of the electroactive Hb in the film were reduced on the
orwarded cathodic scan and the reduced Hb was then converted
o the oxidized form on the reverse anodic scan. This result indi-
ated that the NBTSMs provided a friendly microenvironment for
he intercalated Hb to maintain its activity to a great extent and it
as a surface-confined electrochemical process. The kinetic param-

ter ks of the Hb immobilized on the NBTSMs modified electrode
as estimated using the model of Laviron (Laviron, 1974):

og ks/s−1 = ˛ log(1 − ˛) + (1 − ˛) log ˛

− log

[
RT/nF�

s

]
− ˛(1 − ˛)nF�Ep

2.3RT

here ˛, ks, �Ep, n, R, T, and � mean charge transfer coefficient,
eterogeneous electron-transfer rate constant, peak separation, the
umber of electrons transferred, gas constant, absolute tempera-
ure, and scan rate, respectively. By taking ˛ as 0.5 and � > 0.2 V s−1,
he average ks was determined to be 20.0 ± 3.8 s−1, which was

uch larger than those at the reported CNTs (1.16 s−1) and BCNTs
1.56 s−1) modified electrodes (Deng et al., 2008). This implied that
he NBTSMs modified electrode facilitated more effectively electron
ransfer between the redox-active sites of enzyme and the electrode
han some commonly nanomaterial-modified electrodes.

The influence of the solution pH on the electrochemistry behav-

or of Hb at the Hb-NBTSMs electrode was also evaluated. Fig. 5 gives
yclic voltammograms of the Hb-NBTSMs electrode in the solutions
ith different pH values. Stable and well-defined cyclic voltammo-

rams could be observed in the pH range of 4.0–8.0. With increasing
H from 4.0 to 8.0, both the reduction and oxidation peaks shifted
Fig. 5. Cyclic voltammograms of the Hb-NBTSMs electrode with pH values of 4.0,
5.0, 6.0, 7.0, and 8.0 (from left to right). Inset: plot of the apparent formal potentials
versus pH values. Scan rate: 0.2 V s−1.

linearly to the negative (the inset of Fig. 5). All these voltammet-
ric peak potentials switched among pH values were reversible. The
slope from the linear plot of E◦′ versus pH was about −53.4 mV/pH,
which was close to the theoretical value of −58.0 mV/pH for a sin-
gle proton transfer coupled to a reversible single electron transfer.
Therefore, the reaction could be represented as follows:

Hb[Heme(FeIII)] + H+ + e− → Hb[Heme(FeII)]

3.5. Electrocatalytic property of the Hb-NBTSMs/GC electrode

As one of the most extensively studied proteins, Hb plays a crit-
ical biological role in many fields such as biosensing, biocatalysis,
and biodetection because bioactive hemoglobin immobilized on an
electrode surface usually exhibits good electrocatalytic activity for
oxygen, hydrogen peroxide, trichloroacetic acid, nitrite, etc. (Huang
et al., 2002). In the biosensing system, electrocatalytic property
of the Hb-NBTSMs/GC electrode was studied through taking H2O2
as a model. When H2O2 was added to PBS, the voltammograms
of the Hb-NBTSMs/GC electrode showed a significant increase in
the reduction peak current at about −0.30 V with the disappear-
ance of the oxidation peak current (Fig. 6A), suggesting that an
electrocatalytic reduction of H2O2 occurred. The reduction peak
current increased with increasing H2O2 concentration. However,
there were no peaks observed at the NBTSMs/GC electrode in a
potential range of 0.2 to −0.8 V in the presence of H2O2, indicat-
ing that the NBTSMs/GC electrode did not possess electrocatalytic
capacity towards H2O2. The possible mechanism of electrocatalytic
reduction of H2O2 should be similar to that reported recently (Lu
et al., 2008), which could be expressed as follows:

Hb[Heme(FeIII)] + H2O2 → compoundI + H2O (1)

CompoundI + H2O2 → Hb[Heme(FeIII)] + H2O + O2 (2)

Hb[Heme(FeIII)] + H+ + e−

→ Hb[Heme(FeII)] at electrode (3)

Hb[Heme(FeII)] + O2 → Hb[Heme(FeII)]–O2 fast (4)
Hb[Heme(FeII)]-O2 + H+ + e−

→ Hb[Heme(FeIII)] + H2O2 at electrode (5)
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ig. 6. (A) Bioectrocatalysis of the biosensor towards H2O2 in PBS with the scan rate
f 0.2 V s−1 and H2O2 concentrations of (a) 0, (b) 60, (c) 120, (d) 180, (e) 240, and
f) 300 �M. (B) Plot of electrocatalytic currents (Icat) versus H2O2 concentrations for
he Hb-NBTSMs/GC electrode in PBS.

The overall reaction of (1–5) would be:

2O2 + 2H+ + 2e− → 2H2O (6)

As shown in Fig. 6B, the cathodic reduction currents increased
inearly with increasing H2O2 concentrations and the linear range

as from 2.0 × 10−6 to 4.3 × 10−4 M (R = 0.9999, n = 11), which was
uch wider than the reported value (Lu et al., 2008). The detection

imit of H2O2 at the Hb-NBTSMs electrode was 4.6 × 10−7 M when
ignal-to-noise ratio (S/N) was 3. The sensitivity of the enzyme elec-
rode was calculated to be about 84 mA cm−2 M−1, indicating a good
ioelectrocatalytic activity towards H2O2.

At higher H2O2 concentrations, the plot tended to level off,
hich was characteristic of enzyme-based catalysis. The apparent
ichaelis–Menton constant (Kapp

M ) could be estimated according to
he Lineweaver–Burk equation (Kamin and Wilson, 1980):

−1
ss = I−1

max + Kapp
M C−1I−1

max

here Iss, Imax, and C stand for the steady-state response current
fter the addition of substrate, the maximum current measured
nder saturated substrate condition, and the bulk concentration

f the substrate. In this biosensing system, Kapp

M was estimated to
e about 204 �M, which was smaller than those reported (Yang et
l., 2007; Xu et al., 2007b). The relatively small Kapp

M indicated that
he Hb-NBTSMs/GC electrode had high catalytic efficiency to the
eduction of H2O2.
tronics 24 (2009) 3448–3454 3453

3.6. Reproducibility and stability of the biosensor

The reproducibility of the biosensor was evaluated at a given
concentration in the linear range by cyclic voltammetric measure-
ments. The relative standard deviation (R.S.D.) of the biosensor
response to 60 �M H2O2 for 6 successive measurements was
2.6%, indicating a good reproducibility. To evaluate electrode-to-
electrode reproducibility, three biosensors were prepared under
the same and independent conditions. The R.S.D. of the biosensors
was 3.1%, indicating a good electrode-to-electrode reproducibility.

The stability of the biosensor was studied by comparing the
cyclic voltammetric peak currents of the Hb entrapped in the
NBTSMs with time intervals of 4 h. The decrease of the cathodic
peak current of the biosensor immersed in PBS for 4 h was less than
1.7%, indicating that the biosensor possessed a good stability. More-
over, the biosensor could retain 96.4% of its initial response after
20-day storage, suggesting a good long-term stability. Of particular
mention here is the fabrication of our biosensor without using any
cross-linking reagents, so the reproducibility and stability of the
biosensor were desirable and satisfying. The good reproducibility
and stability can be ascribed to the unique microstructure, shape
and good biocompatibility of the NBTSMs.

4. Conclusion

Nanoplated bismuth titanate sub-microspheres constructed
with tens of Bi4Ti3O12 nanoplates were synthesized by a facile
hydrothermal synthesis strategy. The sub-microspheres with plen-
teous oxygen atoms and highly active sites were explored for the
construct of direct electrochemical biosensor through a combined
hydrogen bond and electrostatic assembly process, and have also
been proved to be a good matrix for protein immobilization and
electrochemical biosensor construction. With advantages of the
Bi4Ti3O12 inorganic material, enhanced direct electron transfer and
good biocatalytic activity could be easily obtained through entrap-
ping metalloenzymes into the Bi4Ti3O12-based composite material.
These results revealed that Hb entrapped in the composite film
retained its essential secondary structure and the NBTSMs-based
biosensor displayed good electrochemical performance such as a
wide linear range, low detection limit, good reproducibility and
stability, and good long-term stability for the detection of H2O2.
The nanoplate-constructed Bi4Ti3O12 sub-microspheres are also
expected to find potential applications in biomedical, food, and
environmental analysis and detection.
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