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ABSTRACT

Neodymium (Nd) substituted bismuth titanate (Bis_xNd,Ti3O12, BNTO-x) nanoplates inlaid one another
were prepared by sol-gel hydrothermal method, which was explored for protein immobilization
and biosensor fabrication. Comparative experiments witnessed that Bi>* ions in bismuth titanate
(BigTi3012, BTO) were successfully substituted with Nd3* ions, and the electrochemical properties of the
Hb-Chi-BNTO biosensors closely depended on the Nd3* ion content. With increasing the Nd3* doping
content, the electrochemical performance of the Hb-Chi-BNTO-x biosensors showed regularly variable.
Moreover, compared with the Hb-Chi-BTO and other Hb-Chi-BNTO-x biosensors, the Hb—Chi-BNTO-
0.85 biosensor had more excellent electrochemical and electrocatalytic properties such as stronger redox
peak currents (approximately three-fold), smaller peak-to-peak separation (50 mV), larger heteroge-
neous electron transfer rate (14.1+3.8s~1), higher surface concentration of electroactive redox protein
(about 8.16 x 10! mol/cm?), and better reproducibility and stability. The Nd-depended electrochemical
properties of the Hb—-Chi—-BNTO biosensors may open up a new idea for designing third-generation elec-
trochemical biosensors, and the BNTO-0.85-based biosensor is also expected to find potential applications

in many areas such as biomedical, food, and environmental detection.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

High-performance electrochemical biosensors are essential for
uncovering and understanding the kinetics and thermodynamics of
biological redox processes (Noell and Noell, 2011; Ahmadalinezhad
and Chen, 2011; Wang et al,, 2011), and exploiting their potential
applications in medical diagnosis (Shi et al., 2007), pharmaceutical
and environment controls (Moreau et al., 2008), enzyme biofuel
cells (Zafar et al., 2009), and biodetection (Soleymani et al., 2009).
To obtain high-performance electrochemical biosensors, it is of
key importance to successfully immobilize a redox protein onto
an electrode surface and form efficient electrical communication
between the redox protein and the electrode while retaining the
protein stability and bioactivity (Willner et al,, 2007; Lu et al.,
2009). Recent studies have indicated that inorganic nanomateri-
als are favorable hosts for protein entrapment due to their higher
surface-volume ratio, more chemical active sites, better electron
transfer carriers, and rigid framework (Chen et al., 2009a; Xie et al.,
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2010; Parra-Alfambra et al., 2011). It is well-known that electro-
chemical performances of nanomaterial-based biosensors closely
associate with nanomaterials’ components, sizes, structures, and
shapes (Sahoo et al., 2011; Morita et al,, 2011; Won et al., 2011).
To design novel sensing systems and enhanced electrochemical
performance of such biosensors, many efforts have been made
to date by tailoring inorganic nanomaterials’ components, sizes,
structures, and shapes (Ye et al., 2010; Chirea et al., 2009; Zhang
etal, 2011a; Feng et al,, 2011; Ahmad et al.,, 2010; Hu et al., 2011).
However, to the best of our knowledge, it is still rarely reported
to fabricate high-performance electrochemical biosensors through
partly substituting one element within multi-component inorganic
nanocrystal with another component but still preserving its intrin-
sic crystalline structure.

Ferroelectric bismuth titanate (Bi4Ti3O12, BTO), consisting of
three TiOg octahedral layers with Bi at the A sites sandwiched
between [Bi,0,]%* layers along the c-axis (Liang et al., 2008),
has high Curie temperature, large spontaneous polarization, rela-
tively low coercive field, low dielectric constant, and high electrical
conductivity anisotropy properties (Scott and Araujo, 1989). But,
regretfully, BTO suffers from poor fatigue endurance against a
repeated switching of polarization states (Park et al., 2009),
which is probably due to its lattice defects. It has been reported
that Nd-substituted BigTi3O1 (Big_xNdxTi3O15, BNTO-x), especially
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Bi3 15Ndgg5Ti3012 (BNTO-0.85), shows an excellent fatigue-free
property with relatively large remanent polarization (Chon et al.,
2002). Moreover, Lu’s group has demonstrated that electrical prop-
erties of the BNTO crystals are highly dependent on the nature of
the A cation (wherein A cation means Bi3* or Nd3* ions) (Liang et al.,
2008). Recently, we have also successfully constructed a stable and
high-performance electrochemical biosensor through encapsulat-
ing redox proteins into Bi4Ti301> nanorods and nanosheets (Chen
et al., 2009b). Gao’s group indicated that Fe-substituted titania
nanosheets-constructed biosensor had better electrochemical and
electrocatalytic properties in comparison with titania nanosheets-
constructed biosensor (Shi et al., 2009). Therefore, it is worth
anticipating that Nd-substituted Bi4Ti3O1, nanoplates, especially
Bis.15Ndg g5Tiz 012 nanoplates, can construct more promising elec-
trochemical biosensors in comparison with similarly structured
Bi4Ti3 01, nanomaterials.

In the present study, inlaid Bis_yNdxTi3O;1, nanoplates were
synthesized by sol-gel hydrothermal method. Moreover, the BNTO
nanoplates intercalated one another were utilized, together with
hemoglobin (Hb) and chitosan (Chi), to fabricate novel electro-
chemical biosensors. With the aid of a multilayer Hb—Chi-BNTO-x
composite film, Hb could retain its native structure and bioactivity
well, and facilitated direct electron transfer of the Hb immobi-
lized in the multilayer film has been acquired. Comparative studies
revealed that the electrochemical properties of the BNTO-based
biosensors deeply associated with the Nd3* content, moreover,
relative to the biosensor based on inlaid BTO and other BNTO-x
nanoplates, the BNTO-0.85-based biosensor not only had stronger
direct electron transfer capacity, but also displayed better electro-
catalytic performance over a wider linear range, lower detection
limit, higher sensitivity, and smaller Michaelis—-Menton constant,
along with better reproducibility and stability for the detection of
H,0;.

2. Materials and methods
2.1. Materials

Hb (MW 64,500, from bovine blood) and Chi were purchased
from Sigma-Aldrich. Neodymium nitrate (Nd(NO)3-5H,0) was
obtained from Shanghai Aladdin Chemical Reagent Company.
Other chemical reagents such as bismuth nitrate (Bi(NO3)3-5H,0),
tetrabutyl titanate (Ti(OC4Hg)4), lactic acid (C3HgO3), potassium
chloride (KCI), potassium bromide (KBr), potassium ferricyanide
(K3[Fe(CN)g]), potassium ferrocyanide (K4[Fe(CN)g]), and hydrogen
peroxide (H,0,) were obtained from Guangdong Guanghua Chem-
ical Reagent Company. All above reagents are of analytical grade
and used without further purification. All aqueous solutions were
prepared with Milli-Q purified water (>18.0 M2 cm).

2.2. Preparation of inlaid BTO and BNTO-x nanoplates

In a typical procedure for the synthesis of inlaid Bi3 5Ndg 5Ti3012
(BNTO-0.5), Biz 4NdgTi3012 (BNTO-0.6), Bi33Ndg-Tiz01, (BNTO-
0.7), Bi3 15Ndgg5TizO12 (BNTO-0.85), Biz 1NdggTi3012 (BNTO-0.9),
and Bi3 gNd; gTi30q5 (BNTO-1.0) nanoplates, 0.015 mol Ti(OC4Hg )4
and the 3.5:0.5, 3.4:0.6, 3.3:0.7, 3.15:0.85, 3.1:0.9, and 3.0:1.0
molar ratios of Bi(NO3)3-5H,0 and Nd(NOs3)3-5H,0 were added
into 4.5mL lactic acid, respectively, and kept stirring for 2h to
form homogeneous solutions. The solutions were diluted with
50 mL ultrapure water and the pH values were adjusted to 2-4,
respectively. Then, the diluted solutions were heated at 70°C
for 3h to obtain dry gels. Finally, the gels were added into 3M
NaOH solutions to form suspensions and were poured into three
Teflon-lined stainless steel autoclaves with a filling capacity of
80%, respectively. The final products were obtained by heating

the autoclaves at 180 °C for 48 h, repeatedly washing with Milli-Q
water, and drying at 80°C.

Inlaid BTO nanoplates were prepared using the same procedure
except without Nd (NOs3)3-5H,0.

2.3. Preparation of Hb—Chi-BTO and Hb-Chi-BNTO-x modified
electrodes

The modified electrodes were prepared by a simple casting
method. 3.0mg/mL BTO and BNTO-x suspension solutions were
first obtained by dispersing 3.0 mg BTO and BNTO-x powders in
1.0 mL ultrapure water and ultrasonically dispersing for 30 min,
respectively. Then, equal volumes of 3 mg/mL BTO or BNTO-x solu-
tions, 6 mg/mL Hb PBS, and 4.5 mg/mL Chi acetic acid solution
(2 wt%) were mixed, respectively. Finally, 6 L of the mixtures were
cast onto the freshly prepared bare glass carbon (GC) electrodes
to form uniform film electrodes, respectively. The dried electrodes
were stored at 4°C in 20 mM pH 7.0 PBS when not in use.

2.4. Apparatus and measurements

Scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) were performed with a field-emission
microscope (LEO, 1530 VP) operated at an accelerating voltage of
30kV. Powder X-ray diffraction (XRD) pattern was recorded on
a powder sample using a Dmax-IIIA (Japan) X-ray diffractometer
with Cu Ko radiation (A =1.5418 A). UV-visible (UV-vis) absorp-
tion spectroscopy measurement was carried out with a U-3010
spectrophotometer (Hitachi, Japan). The UV-vis samples were
prepared by casting, respectively, Hb, Hb-Chi, Hb-Chi-BTO, and
Hb-Chi-BNTO-0.85 solutions onto quartz glass slides and letting
them dry naturally in air. Fourier-transform infrared (FTIR) spec-
tra were obtained on Tensor 27 (Bruker Company, German). The
FTIR samples were prepared according to the following proce-
dure: Hb, Hb-Chi, Hb-Chi-BTO, and Hb-Chi-BNTO-0.85 solutions
were first cast onto glass slides, respectively. Then, the glass slides
were naturally dried in air. Finally, the dry films adhered to the
glass slides were stripped off and tableted with KBr powder for
FTIR measurement. Electrochemical experiments were performed
at room temperature using a CHI 660 electrochemical workstation
(CH Instruments, Inc., Austin, USA). All electrochemical measure-
ments were based on a three-electrode system with the prepared
modified electrode as working electrode, an Ag/AgCl (3M KCl)
electrode as reference electrode, and a platinum wire as auxiliary
electrode.

3. Results and discussions

3.1. Morphology and structure characterization of the BTO and
BNTO-x nanoplates

From representative SEM images of the as-prepared BTO and
BNTO-0.85 (Fig. 1A and B), it could be clearly seen that both BTO and
BNTO-0.85 had a well-defined three-dimensional (3D) structure
and consisted of many nanoplates intercalated one another. The
inlaid nanoplates easily formed a lot of cavities and porous struc-
tures and had high surface area and highly active sites, which were
much useful for proteins to sequester in the cavities or bind on the
surface. The thickness and side lengths of the inlaid BTO and BNTO-
0.85 nanoplates were about 50 and 25 nm and 200 and 140 nm,
respectively. Compared with the BTO, the BNTO-0.85 constructed
by the smaller sizes should have higher surface area and more active
sites, which was probably because the substitutions of Nd3* ion
with smaller ionic radius resulted in the uniformity increase of the
preferred orientation of the crystal (Zhong et al., 2005). EDS spec-
tra of the as-prepared BTO and BNTO-0.85 are shown in Fig. 1C and
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Fig. 1. (A, B) SEM images and (C, D) EDS spectra of inlaid BTO and BNTO-0.85 nanoplateds prepared using the present method, respectively. Scale bar: (A) 1 wm and (B)

500 nm.

D, respectively. The Cu, C, and Au elements were from the copper
grids and spurted Au made for the SEM samples. The appearance
of Bi, Ti, and O elements (Fig. 1C) indicated that the BTO was per-
haps formed. Compared with Fig. 1C, Fig. 1D presented a new Nd
element, suggesting that the Nd3* ions were perhaps incorporated
into the lattice of the BTO through partly substituting Bi3* ions to
form the BNTO-0.85 product.

To further confirm the formation of the inlaid BTO and BNTO-x
nanoplates, XRD measurements were performed. Fig. S1 gives XRD
patterns of the as-prepared BTO and BNTO-x nanoplates, respec-
tively. It was important to note that all diffraction peaks of patterns
b-d were completely consistent with those of pattern a. All the
diffraction peaks of 21.5°, 23.3°, 27.1°, 30.1°, 32.9°, 37.1°, 38.5°,
39.7°,47.3°,51.5°,57.1°, 62.7°, 64.3°, 69.6°, 77.2°, and 78.6° could
be indexed to (080),(111),(0100),(171),(200),(062),(0140),
(280),(202),(0142),(173),(1113),(1213),(3151),(373),and
(1193) planes of the orthorhohbic structure of bismuth titanate
(JCPDS: 35-0795), respectively, demonstrating that the samples
prepared using the sol-gel hydrothermal method were pure BTO or
BNTO. The XRD patterns b-d in Fig. S1 displayed that no secondary
phase was formed, which documented that partly Bi3* ions were
successfully substituted by Nd3* ions and BTO and BNTO-x had the
same crystal structure.

3.2. UV-vis and FTIR spectroscopic characterizations of the
Hb-Chi-BTO and Hb-Chi-BNTO-x composite films

UV-vis absorption spectroscopy is usually employed to char-
acterize the conformational change of heme protein and thus

probe their possible denaturation because it can monitor pos-
sible changes of the Soret absorption band in the heme group
(Xiao et al., 2009). Fig. 2A shows UV-vis absorption spectra of
dry Hb, Hb-Chi, Hb-Chi-BTO, and Hb-Chi-BNTO-x films. An obvi-
ous UV-vis absorption peak at around 408 nm from dry Hb film
could be clearly discerned, which is a characteristic Soret absorp-
tion band (curve a, Yue et al.,, 2011). When Hb was entrapped in
the Chi film, the position of the Hb spectrum peak was similar to
that of pure Hb film although its intensity slightly weakens (curve
b). Moreover, compared with the Hb-Chi film, both peak position
and intensity of the Hb entrapped in Hb—Chi-BTO (curve c) and
Hb-Chi-BNTO-x (curve d) were nearly similar, suggesting that the
Hb retained the essential features of its native secondary structure
in the Hb-Chi-BTO and Hb-Chi-BNTO-x composite films and had
good biocompatibility with the BTO and BNTO-x.

It is well known that the shapes and positions of the amide
I (1700-1600cm~!) and amide II (1600-1500cm~1) infrared
transmission bands of proteins can provide detailed information
on the secondary structure of polypeptide chain of the pro-
teins (Kauppinen et al., 1981). FTIR spectra of dry Hb, Hb-Chi,
Hb-Chi-BTO, and Hb-Chi-BNTO-x composite films (Fig. 2B)
showed that the spectra of amide I and II bands of Hb in
Hb-Chi-BTO and Hb-Chi-BNTO-x composite films were nearly the
same as those obtained for native Hb and Hb-Chi. The similarities
of the spectra further suggested that the Hb retained the essential
feature of its native secondary structure in the Hb-Chi-BTO and
Hb-Chi-BNTO-x films and had good biocompatibility with the BTO
and BNTO-x. The good biocompability of Hb entrapped in the BTO
and BNTO-x could perhaps be attributed to its rigid framework and
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Fig. 2. (A) UV-vis absorption and (B) FTIR spectra of dry (a) Hb, (b) Hb-Chi, (c)
Hb-Chi-BTO, and (d) Hb-Chi-BNTO-x films.

high chemical activity, which was available to hide or bind Hb and
thus restrained its conformational change and unfolding.

3.3. Direct electron transfer of the modified electrodes

Fig. 3 gives representative cyclic voltammograms of different
modified electrodes in 20 mM pH 7.0 PBS at the scan rate of 0.2 V/s.
No redox peaks were observed at the Chi-BNTO-0.85/GC electrode
(Fig. 3a), indicating that the Chi and BNTO-0.85 were not electroac-
tive materials in the potential range. Nevertheless, the Hb—Chi-BTO
(Fig. 3b) and Hb-Chi-BNTO-x (Fig. 3c—e) electrodes displayed a
pair of well-defined and nearly reversible redox peaks of Hb for
the Hb(Fe!ll)/Hb(Fe!') redox couple transformation, which could
be attributed to the direct electron transfer between the Hb and
the underlying electrodes. It could be clearly seen from Fig. 3 that
the electrochemical properties of the BNTO-x-based biosensors
showed a regular change with increasing Nd3* ion doping content.
With the increase of the Nd3* doping content from 0.0 to 0.85, the
peak current intensity of the BNTO-x-based biosensor gradually
increased. When the Nd doping was 0.85, the BNTO-0.85-based
biosensor had the strongest peak intensity. However, further
increasing the Nd3* doping content, e.g., 0.9 and 1.0, its peak cur-
rent intensity would decrease (Fig. S2). The strongest peak intensity
of the 0.85 Nd doping was perhaps attributed to the lowest lattice

2.0

02 0.0 02 04 06 0.8
E (V) vs. Ag/AgCl

Fig. 3. Cyclic voltammograms of (a) Chi-BNT0-0.85/GC, (b) Hb-Chi-BTO/GC, (c)
Hb-Chi-BNTO-0.5/GC, (d) Hb-Chi~-BNTO-1.0/GC, and Hb-Chi-BNTO-0.85/GC elec-
trodes in 20 mM pH 7.0 PBS with the scan rate of 0.2 V/s.

distortion of the BNTO-0.85 nanocrystals and thus resulted in
the most effective tunnel for the electron transfer between the
Hb and the underlying electrode. The apparent formal potential
E°’ of the Hb at the Hb-Chi-BNTO-0.85/GC electrode was about
—0.32V (vs. Ag/AgCl), a characteristic of Hb(Fe!V!') redox couples
in composite films (Chen et al., 2009b; Lu et al., 2009). The E°’ was
very close to that (—0.345V) gained from the Hb immobilized on
nanosheet-based ZnO microspheres (Lu et al., 2008). Especially
interestingly, compared with the BTO-based and other BNTO-based
biosensors, the BNTO-0.85-based biosensor had stronger peak
currents (about three times) and smaller peak-to-peak separation
(AEp, 50 and 60mV for the BNTO- and BTO-based biosensors,
respectively), revealing that the BNTO-0.85-based biosensor had
faster and more quasi-reversible electron transfer process than
the BTO-based and other BNTO-based biosensors. Moreover, Fig. 3
also suggested that Nd3* doping content played an important role
in the electrochemical properties of the BTO-based biosensors.
Using Faraday’s law, Q=nFAI™* (Q, n, F, A, and I"* represent the
quantity of charge, the number of electron transferred, Faraday con-
stant, effective electrode area, and surface average concentration
of electroactive redox protein, respectively), the I'* of the elec-
troactive Hb in the Hb-Chi-BNTO-0.85 film was estimated to be
about 8.2 x 10~!! mol/cm? (assuming a one-electron transfer reac-
tion), which was three-fold higher than that in the Hb-Chi-BTO
film (about 2.5 x 10~1! mol/cm?) and four-fold higher than that of
the theoretical monolayer coverage (about 1.9 x 10~11 mol/cm?2)
(Wang, 2005). The total amount of adsorbed Hb (I") was about
2.6 x 102 mol/cm?, indicating that the electroactive Hb in the
Hb-Chi-BNTO-0.85 film was about 3.2% of the total Hb content
deposited on the electrode, which was much higher than those of
Hb-CoxFe3;_,04-chitosan and Hb-poly(lactic-co-glycolic acid)-ILs
composite films (Yang et al.,, 2011; Zhang et al., 2011b). To sum
up, BNTO-0.85 offered significant advantages over BTO and other
immobilization films in facilitating direct electron transfer of redox
proteins. Moreover, it should be noted that only difference between
BTO and BNTO-0.85 was Nd3* doping content, that is to say, Nd3*
doping played a decisive role in the enhanced electrochemical
performance of the BTO-based biosensor. This could be perhaps
explained by considering that Nd substitution greatly lowered the
lattice stress and the ion displacement of A sites in the pervoskite
layer in which Bi3* strongly deviated from the center of the 12
coordinated sites in BTO (Liang et al., 2008). The decreased lattice
distortion caused by Nd substitution would be available to offer
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Fig. 4. Plots of oxidation peak currents and reduction peak currents versus scan
rates for the Hb-Chi-BNTO-0.85 electrode. Scan rates: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8,0.9, 1.0V/s (Inset a) and 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0 V/s (Inset b).

effective tunnel for the electron transfer between the Hb and the
underlying electrode.

Cyclic voltammograms of Hb-Chi-BNTO-0.85/GC electrode
scanned at low and high scan rates are shown in Fig. 4. As
shown, both reduction and oxidation peak currents increased lin-
early with scan rates from 0.1 to 5.0 V/s. This result demonstrated
that the BNTO-0.85 provided a friendly microenvironment for the
intercalated Hb to maintain its activity to a great extent and it
was a surface-confined electrochemical process. According to the
Laviron method (Laviron, 1979), the apparent heterogeneous elec-
tron transfer rate constant (ks) of the Hb immobilized on the
Hb-Chi-BNTO0-0.85/GC was estimated:

logsk%1 =alog(1 — o)+ (1 —«) loga — log [(RT/:FU>}

B o(1 — a)nFAEp
2.3RT

where «, ks, AEp, n, R, T, and v mean charge transfer coefficient,
heterogeneous electron-transfer rate constant, peak separation, the
number of electrons transferred, gas constant, absolute tempera-
ture, and scan rate, respectively. By taking « as 0.5 and v>0.2V/s,
the average ks was determined to be about 14.1+3.8s~!, which
was larger than that of the Hb immobilized on Hb-Chi-BTO/GC
(11.9+3.2s71) and much larger than those of the Hb immo-
bilized on Hb-Nafion-GMC/GC (1.20s~!, Lu et al., 2009) and
Hb-Nafion-CNTs/GC (2.54s~1, George and Lee, 2009), suggesting
that the BNTO-0.85-based biosensor had a faster electron transfer
process in comparison with the BTO-based biosensor.

The influence of the solution pH on the electrochemistry behav-
ior of Hb at the Hb-Chi-BNTO-0.85 electrode was also evaluated.
Fig. S3 gives cyclic voltammograms of the Hb-Chi-BNTO-0.85
electrode in the solutions with different pH values. Stable and well-
defined cyclic voltammograms could be observed in the pH range
of 5.0-9.0. With increasing pH from 5.0 to 9.0, both the reduction
and oxidation peaks shifted linearly to the negative (Fig. S4). All
the voltammetric peak potentials switched among the pH values
were reversible. The slope from the linear plot of E°’ versus pH was
about —53.3 mV/pH, which was close to the theoretical value of
—58.0mV/pH for a single proton transfer coupled to a reversible
single electron transfer. Therefore, the reaction could be repre-
sented as follows:

Hb[Heme(Fe")] + Ht + e~ <~ Hb[Heme(Fe')]

adA

I 5 I L ' I 5 I

T T
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(73] - th
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Fig. 5. Electrocatalysis of the (A) Hb-Chi-BTO and (B) Hb—Chi-BNTO-0.85 biosen-
sors towards H, O, in PBS with the scan rate of 0.2 V/s and H,0, concentrations of
(a)0,(b) 60, (c) 120, (d) 180, (e) 240, (f) 300, (g) 360, (h) 420, (i) 480, (j) 540, and (k)
600 M.

3.4. Electrocatalytic property of the Hb—Chi-BNTO-0.85/GC
electrode

To evaluate and compare electrocatalytic property of the Hb
entrapped on inlaid BNTO-0.85 nanoplates, the cyclic voltammetry
of the Hb-Chi-BNTO-0.85/GC electrode towards H,0, was inves-
tigated by comparing with the Hb-Chi-BTO/GC electrode. Fig. 5
records cyclic voltammograms of the Hb—Chi-BNTO-0.85/GC and
Hb-Chi-BTO/GC electrodes in the PBS containing different H,O,
concentrations in the absence of oxygen. With the addition of H, 05,
the reduction peak currents (about —0.36 V) of both Hb—Chi-BNTO-
0.85/GC and Hb-Chi-BTO/GC electrodes dramatically increased
with the gradual decrease and even disappearance of the oxida-
tion peak, suggesting an occurrence of electrocatalytic reduction
of H,0, for both the Hb-Chi-BNT0-0.85/GC and Hb-Chi-BTO/GC
electrodes. Moreover, it was easily inferred from Fig. 5 that
the Hb-Chi-BNTO-0.85 electrode had larger reduction peak cur-
rent under the same H,0, concentration than the Hb-Chi-BTO
electrode, revealing that the BNTO-0.85-based biosensor pos-
sessed more excellent electrocatalytic property in comparison
with the BTO-based biosensor. In addition, Fig. 5 indicated that
the reduction peak potentials of both Hb-Chi-BNT0-0.85/GC and
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Fig. 6. Plot of electrocatalytic currents versus H,0, concentrations for the (a)
Hb-Chi-BTO/GC and (b) Hb-Chi-BNT0-0.85/GC electrodes in PBS.

Hb-Chi-BTO/GC electrodes shifted negatively with the gradual
increase of H,0,, which could be ascribed to the different elec-
trode reaction kinetics of different H,O, concentrations. Above
results (Fig. 4) have demonstrated that the electrode reaction of the
BNTO-0.85-based biosensor was a surface-confined electrochemi-
cal process. Therefore, with increasing H,O, concentrations, H,0,
was more difficult to completely diffuse into the electrode surface,
which resulted in the requirement of more negative potential for
the H, 0, catalysis (Mazzei et al., 2009).

As shown in Fig. 6, the linear range of the BNT0O-0.85-based
biosensor for the detection of H,0, (Fig. 6b) was from 2.0 x 10-6
to 5.3 x107%4M (R=0.999, n=20), which was much wider than
that (from 2.0 x 1076 to 4.0 x 10~4 M) of the BTO-based biosensor
(Fig. 6a) and other reported values (Lu et al., 2008; Wu et al., 2011).
The detection limit of H,0, at the Hb—Chi—-BNTO-0.85 electrode
was 4.2 x 10-7 M when signal-to-noise ratio (S/N) was 3, which
was lower than that (7.4 x 10~7 M) of the Hb-Chi-BTO electrode.
The sensitivity of the Hb—Chi-BNTO-0.85 electrode was calculated
to be about 83mAcm~2M-!, which was much larger than that
(50mAcm~2M-1) of the Hb-Chi-BTO electrode. These indicated
that the Nd doping greatly improved electrocatalytic activity of the
BTO-based biosensor towards H, 0.

At higher H,0, concentrations, the plots tended to level off,
which were characteristics of redox protein-based catalysis (Jena
and Raj, 2011). The apparent Michaelis-Menton constant (Ky;")
could be estimated according to the Lineweaver-Burk equation
(Kamin and Wilson, 1980):

I = Ik + Ky P C M indx

where Iss, Imax, and C stand for the steady-state response current
after the addition of substrate, the maximum current measured
under saturated substrate condition, and the bulk concentration
of the substrate. In the BNTO-0.85-based biosensor, K;F” was esti-
mated to be about 103 wM, which was much smaller than that
(175 wM) of the BTO-based biosensor and others reported (Zeng
et al., 2010). The relatively small K;” indicated that the BNTO-
0.85-based biosensor had high catalytic efficiency to the reduction
of H,0,.

3.5. Reproducibility and stability of the modified electrodes
The reproducibility and stability of the modified electrodes

were also evaluated by cyclic voltammetry. The relative stan-
dard deviations of the BTO- and BNTO-0.85-based biosensors

response to 120 wM H,0, for seven successive measurements
were 4.6% and 3.1%, respectively, suggesting good reproducibility.
To investigate electrode-to-electrode reproducibility of the BTO-
and BNTO-0.85-based biosensors, seven biosensors were fabricated
independently under the same conditions. The relative standard
deviations of the BTO- and BNTO-0.85-based biosensors were 9.0%
and 5.8%, respectively, indicating accepted electrode-to-electrode
reproducibility.

By comparing the cyclic voltammetric peak currents of the Hb
entrapped in BTO and BNTO-0.85 with time intervals of 4h, the
biosensor stabilities were studied. The decrease of the cathodic
peak currents of the BTO-based and BNTO-0.85-based biosensors
immersed in PBS for 4 h were less than 4.7% and 2.4%, respectively,
revealing that the biosensors possessed good stability. Moreover,
the BTO-based and BNTO-0.85-based biosensors could retain 93.3%
and 95.8% of their initial responses after three-week storage,
suggesting good long-term stability. To sum up, the BTO- and
BNTO-0.85-based biosensors had good reproducibility and stabil-
ity. Moreover, the BNTO-0.85-based biosensor possessed better
reproducibility and stability in comparison with the BTO-based
biosensor, which could be ascribed to the following advantages:
(1) the BNTO-0.85 nanoplates showed an excellent fatigue-free
property with relatively large remanent polarization; (2) the Nd
substitution lowered the lattice defect and the ion displacement of
A sites in the pervoskite layer in which Bi3* strongly deviated from
the center of the 12 coordinated sites in BTO; (3) the decreased
lattice distortion caused by Nd substitution would be available for
proteins to sequester in the cavities or bind on the surface and build
an effective tunnel for the electron transfer between the Hb and the
BNTO-0.85-based electrode.

4. Conclusions

In summary, we have successfully synthesized inlaid
Bis 15Ndg g5Tis01; nanoplates by sol-gel hydrothermal method,
using which a novel H,0, biosensor was constructed through
combining Chi and Hb. The underlying results disclosed that
Nd3* ions successfully substituted for partial Bi3* ions into BTO
layered structure. Comparative studies demonstrated that the
BNTO-x-based biosensors had more excellent electrochemical
performance and showed regularly variable in comparison with
the Hb-Chi-BTO. Especially, the Hb-Chi-BNTO-0.85 biosensor
had more excellent electrochemical and electrocatalytic proper-
ties such as stronger redox peak currents, smaller peak-to-peak
separation, larger heterogeneous electron transfer rate, higher
surface concentration of electroactive redox protein, and better
reproducibility and stability. This indicated that the Nd3* doping
greatly improved the electrochemical properties of the layered
pervoskite BTO, which presented a new idea for designing high-
performance electrochemical biosensors through substituting
original component with new component while keeping original
crystal structure. Moreover, the BNTO-0.85-based biosensor may
find potential applications in biomedical, food, and environmental
detection.
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