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Abstract One-dimensional Ag-nanowires@TiO, core-shell
nanostructures (ANTNs) have been synthesized via a simple
solvent thermal method and employed to immobilize hemo-
globin (Hb) in order to fabricate a mediator-free biosensor.
Immobilized Hb on ANTNs protected by nafion film exhibit-
ed good bioactivity, stability, and remarkable electron transfer
rate because of its unique core-shell structure and compose.
The morphology and structure of the ANTNs were character-
ized by scanning electron microscopy (SEM) and X-ray dif-
fraction (XRD). Electrochemical measurements revealed that
the ANTNs were an immobilization support with biocompat-
ibility for enzymes, affording good enzyme stability and
bioactivity. Due to the unique Ag-nanowires@TiO, core-
shell nanostructures, the resulting biosensor displayed good
performance for the detection of H,O,, with both a low
detection limit of 1.3 uM and a wide linear range of 4—
152 uM, as well as a fast response and excellent long-term
stability.

Keywords Cyclic voltammetry - Biosensors - Core-shell
structure - Nanocomposites

Introduction

Recently, metal oxide-based semiconductors have attracted

much more attention and wide applications in microelectron-
ics, optoelectronics, catalysis, and optical devices because of
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their superior physical and chemical properties [1-3]. Due to
its good biocompatibility, environmentally benign nature, and
chemical and thermal stability, TiO, has become a potential
material for immobilization of enzymes [4-6]. As we all
know, the morphology and structure will affect the perfor-
mance of the immobilized enzyme [7]. Nowadays, TiO, with
various morphologies, such as nanowires [8], nanotubes [9,
10], and nanosheet [11, 12], have been applied in developing
biosensors. During these forms, TiO, nanowires have
attracted much more attention owing to its unique structure
and superior ability in immobilization of enzymes [8]. How-
ever, the relatively low direct electron transfer rates of rare
TiO, nanowires still limits the further application in the
mediator-free biosensors.

Many modifiers, such as noble metal [13, 14], carbon
materials [15—17], etc., have been introduced into TiO, in
order to solve the problem. Noble metal could not only pro-
vide a friendly microenvironment to maintain the biocompat-
ibility of immobilized enzymes, but also act as the conducting
tunnel to facilitate the electron transfer rates in electron path-
way [18-20]. Ag nanoparticles have become important com-
positions for improving the electron transfer rates of Ag-TiO,
hybrid materials because of its much stronger extinction co-
efficient of surface plasmon band and synergistically en-
hanced chemical activities than that of others (such as Au)
with the same size [13, 14, 21]. Furthermore, to the best of our
knowledge, rare works have reported the Ag-TiO, hybrid
nanomaterials for constructing electrochemical biosensors.
Nowadays, the synthesized methods of Ag-TiO, hybrid ma-
terials are mainly about chemical reduction [22], photo depo-
sition [23], and electrochemical reduction [24], whose com-
plex processes need to regulate and control all kinds of pa-
rameters accurately. Besides, metal nanoparticles could easily
aggregate and migrate from TiO, when the active metal spe-
cies only attached on the surface of TiO, so as to largely limit
their wide applications in biosensor and fields.
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It is worth noting that combining the advantages of Ag and
TiO, and fabricating the Ag@TiO, heterostructured
nanomaterials with Ag cores and TiO, shells can construct
more promising electrochemical biosensors in comparison
with Ag or TiO, nanoparticles. Herein, one-dimensional Ag-
nanowires@TiO, core-shell nanostructures (ANTNs) were
synthesized via a simple in situ hydrothermal method and
their application to mediator-free biosensors. On the one hand,
the rough TiO, shell that possessed good biocompatibility
could adsorb abundant protein in order to improve the immo-
bilization of enzymes. On the other hand, the silver core that
existed in the ANTNs could accelerate the electron transfer
between TiO, and hemoglobin. Therefore, all of which could
enhance the immobilization of hemoglobin and accelerate
electron transfer in the electrochemical reaction so as to im-
prove the property of mediator-free biosensor.

Experimental
Preparation of ANTNs and Hb-ANTNs-Nafion/GC-based

biosensor Phosphate buffer solution (PBS; 0.1 M, pH 7.0)
was prepared with NaH,PO, and Na,HPO,. All chemicals

were analytical grade and used without further purification. In
a typical synthesis, 1 g tetrabutyl titanate (TBOT; Beijing
Chemical Regent Co., China) was added dropwise into
39 mL ethylene glycol (EG; Tianjin Kermel Chemical Regent
Co., Ltd., China) containing desired amounts of AgNO;
(Guanghua Chemical Reagent Co., Ltd., China). Having been
stirred for 30 min, the above solution was transferred into
70-mL stainless steel autoclave and maintained at 160 °C for
several hours. Then, the reaction was stopped and cooled to
room temperature. The precipitate was collected and rinsed
with ethanol four times and dried at 60 °C for 12 h in a
vacuum oven, and calcined at 500 °C for 2 h. The as-
prepared sample was marked as Ag-nanowires@TiO, core-
shell nanostructures (ANTNS).

In a typical procedure, 0.5 mL of 2 mg/mL ANTNSs sus-
pension aqueous, 0.25 mL of 10 mg/mL Hb PBS (0.1 M,
pH 7.0), and 0.25 mL of Nafion (5 wt%) were kept ultrason-
ically dispersing for 30 min and then 4 puL of as-prepared
mixture was cast onto a cleaned GCE surface to form uniform
film electrode.

For comparison with Hb-ANTNs-Nafion/GC, the sample
of TiO, nanowires with relative smooth surface (denoted as
TiO, (s)) was synthesized and used for the fabrication of Hb-
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Fig. 1 SEM images of the core-shell structures, before (a, b) and after calcined (¢) higher images of ANTNS, and (d) XRD pattern of the ANTNs. The
inset in b gives the schematic plot and their corresponding diameters of the as-prepared ANTNs core-shell structures
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TiO,(s)-Nafion/GC electrodes with similar procedures as de-
scribed above. Figures S1 and S2 (Supporting Information)
give the SEM images and XRD patterns of the solid TiO; (s)
nanowires with an average diameter of about 100 nm.

Characterization The products were analyzed by X-ray dif-
fraction (XRD, D/max-2200) using CuK, radiation (A=
0.154 nm). The morphology and characterization of the prod-
ucts were performed by field emission scanning electron
microscopy (FE-SEM; Hitachi S-4800 & Hiroba EDX elec-
tron microscopy). The electrochemical properties of the
ANTNSs-based biosensor were performed at room temperature
using a CHI 660 workstation (CH Instruments, Inc., China). A
conventional three-electrode cell was used, including a glassy
carbon electrode as the working electrode, an Ag/AgCl elec-
trode as the reference electrode, and a platinum foil as the
counter electrode.

Results and discussion

Figure 1 exhibits the typical SEM images and the XRD pattern
of ANTNs. Obviously seen from Fig. la, the well
monodispersed and uniform precursors were composed of
large quantities of one-dimensional nanostructures with the
diameter of about 80—-120 nm. As for the typical Ag@TiO,
core-shell structures, the silver nanowires were encapsulated
by a layer of amorphous TiO,. Typically, the thickness of the
TiO, shell was about 20—30 nm, and the diameter of the silver
core was around 50-80 nm (Fig. 1b). Besides, the inset in b
gives the schematic plot and their corresponding diameters of
the as-prepared ANTNs core-shell structures. After calcina-
tion, amorphous TiO, shell became further crystalline to
unique rod-like nanoparticles (Fig. 1c). Therefore, the ANTN's
could possess a comparatively rough surface so as to enhance
the immobilization of hemoglobin, and thus accelerating the
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Fig. 2 EDX and elemental mapping of the as-prepared ANTNs precursor, a SEM image of ANTNs precursor, b EDX spectroscopy of ANTNs
precursor, and c¢—e correspond to the EDX elemental mapping images of Ti, O, and Ag, respectively
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Fig. 3 Cyclic voltammograms of different modified electrode in pH 7.0
PBS with scan rate of 0.1 V s ' a ANTNs-Nafion/GC, b Hb-Nafion/GC,
¢ Hb-TiO,(s)-Nafion/GC, d Hb-silver nanowires-Nafion/GC, and e Hb-
ANTNs-Nafion/GC

electron transfer because of the silver nanowires existing in
the unique one-dimensional Ag-nanowires@TiO, core-shell
nanostructure. As shown in Fig. 1d, four strong and sharp
peaks were observed, which were attributed to the diffraction
of (111), (200), (220), and (311) planes of 3C-silver (JCPDS
Card No. 87-0720), respectively [25]. Furthermore, one weak
diffraction peak in the patterns was assigned to the diffraction
of (101) plane of anatase TiO, (JCPDS Card No. 21-1272),
which might be due to the low amount of TiO, shell [26].
Figure 2b is the corresponding energy dispersive X-ray
spectroscopy of the sample of ANTNs precursor shown in
Fig. 2a, which shows that the obtained one-dimensional mi-
crostructures with the diameter of about 80-120 nm are com-
posed of the elements Ti, O, and Ag. Figure 2c—¢ corresponds
to the EDX elemental mapping images of Ti, O, and Ag,
which shows that the distribution of the Ti and O species on
the surface of silver nanowires with the diameter of about 50—
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80 nm are homogeneous, and also confirms the formation of
the unique Ag-nanowires@TiO, core-shell structures.

We also observed the FTIR spectra of (a) Hb and (b) Hb—
AgNW@TiO,-Nafion composite film (Supporting Informa-
tion Fig. S3). The characteristic peaks at approximately 1,658
and 1,540 cm ' (curve a) could be ascribed to the FTIR
spectra of amide' (1,700-600 cm™') and amide™ (1,620
1,500 cm™ ') bands of native Hb, respectively, (curve a) [27,
28]. As shown in curve b, the spectra of Hb in the Nafion-
ANTNSs films were similar with that of curve a, suggesting
that the ANTNs heterojunctions have good biocompatibility
with Hb.

Figure 3 depicts typical cyclic voltammograms of different
modified electrodes in 0.1 M pH 7.0 PBS. A pair of stable and
well-defined redox peaks of Hb for the Hb(Fe")/Hb(Fe")
redox couple transformation, which could be ascribed to the
direct electron transfer between the Hb and the ANTNs-
Nafion/GC electrode (Fig. 2d), is observed clearly. The formal
potential E”(E" = (Epat Ep0)/2) of Hb was —0.345 V versus
Ag/AgCl, characteristic of Hb(Fe"/") redox couples. The
potential difference AE, between the anodic and cathodic
peak potentials, which is directly related to the electron trans-
fer rate, was about 50 mV. Such a small AE, value revealed a
fast and quasi-reversible electron-transfer process. The redox
peaks observed at the Hb-Nafion/GC (Fig. 3b) were much
smaller than that of Hb-ANTNs-Nafion/GC electrode, which
may be attributed that the ANTNs could enhance the direct
electron transfer of Hb by the synergetic effect with Nafion.
Moreover, Nafion is a good proton-conducting polymer; the
good conductivity of the ANTNs-Nafion composite contrib-
utes to the efficient electron transfer. Besides, the redox peaks
of Hb-TiO,-Nafion/GC were much smaller than that of Hb-
ANTNs-Nafion/GC. The AE, of Hb-TiO,-Nafion/GC was
100 mV, which was larger than that of Hb-ANTNs-Nafion/
GC (50 mV), indicating a slower electron transfer rate of Hb
on Hb-TiO,-Nafion/GC than on Hb-ANTNs-Nafion/GC. The

Fig.4 a Bioelectrocatalysis of the biosensor towards H,O, in pH 7.0 PBS with scan rate 0.1 V s!, H,0, concentrations (uM):a0,b4,¢8,d 16,e32,f
52,g72,h 112,i 152, g 192, and k 232. b The calibration curve of cathodic reduction current versus H,O, concentration
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redox peaks of Hb-silver nanowires-Nafion/GC was also
smaller than that of Hb-ANTNs-Nafion/GC, which maybe
due to the lower adsorption for Hb caused by the much
smoother surface of silver species (Supporting Information
Fig. S4). Therefore, the unique ANTNs core-shell structure
could combine adsorption of TiO, shell with the conductivity
of silver nanowires core so as to improve the electrochemical
activities of Hb-ANTNs-Nafion/GC-based biosensor.

To further investigate the electrochemical characteristics of
the Hb-ANTNs-Nafion/GC electrode surface, the dependence
of the peak currents on the scan rate was systemically studied
in the range of 0.1-0.8 V s ' (Supporting Information
Fig. S5). With increasing scan rates, the cathodic and anodic
peak currents of Hb both increase, while the cathodic and
anodic peak potentials showed a small shift and the peak to
peak separations became slightly enlarged (Fig. S5a). The
cathodic and anodic peak currents increased linearly with scan
rates from 0.1 to 0.8 V s ™' (Fig. S5b), which revealed that the
electron transfer between Hb and a GC electrode could be
easily performed in the Hb-TiO,-Nafion composite film and
that a surface-controlled electrochemical process is involved.
According to the Laviron method for a surface-controlled
electrochemical system [29], the average electron transfer rate
constant (k) of Hb immobilized on ANTNs-Nafion/GC was
estimated to be about 4.7 s~!, which is higher than the value
reported for Hb immobilized on ZnO microspheres (3.2 s ')
[27], suggesting a faster electron transfer process. This means
that the Ag-nanowires@TiO, core-shell nanostructures accel-
erate the direct electron transfer of Hb.

The direct electrochemistry of Hb immobilized on the
ANTNs-Nafion/GC electrode showed a strong dependence
on the solution pH. Figure S5 shows the CVs of the Hb-
ANTNSs-Nafion/GC electrode in PBS with different pH values
(Supporting Information Fig. S6). CVs with stable and well-
defined peaks were observed in the pH range 6.0 to 8.0, but
increasing pH caused a negative shift of both cathodic and
anodic peak potentials. This attributed to the involvement of
proton transfer in the Hb-Fe(""")/Hb-Fe(") redox couple. The
E” value of Hb varied linearly in the pH range from 6.0 to 8.0,
with a slope of —=50.2 mV/pH. This value is very close to the
theoretical value for transfer of one proton and one electron in
a reversible reduction (=58 mV/pH at 25 °C) [12, 30].

Figure 4a reveals the bioelectrocatalytic activity of the
enzyme electrode for the reduction of H,O, at a rate of
0.1 V s . A pair of reversible CV peaks appeared in the
absence of H,O, (curve a). Upon addition of H,O, to the
pH 7.5 PBS, the reduction peak current of immobilized Hb
increased and the oxidation peak current decreased (curve b—
k). These results indicated that the immobilized Hb on
ANTNs-Nafion film maintained its electrocatalytic activity
for the reduction of H,O,. Figure 4b revealed cathodic reduc-
tion currents at about —0.36 V increased linearly with the
increasing H,O, concentration. The linear range was from 4

to 152 uM (R*=0.9986), depicting that the enzyme electrode
had good bioelectrocatalytic activity for H,O,. Further in-
creasing the H,O, concentration resulted in a rise in the
catalytic current up to a limiting value; such saturation behav-
ior was characteristic of enzyme-based catalysis.

The long-term stability of the Hb-ANTNs-Nafion/GC elec-
trode electrochemical sensor was investigated by examining
its current response during storage in a refrigerator at 4 °C.
The electrochemical sensor exhibited no obvious decrease in
current response in the first week and maintained about 93 %
of its initial value after 3 weeks. The reproducibility of the
biosensor was investigated by determining 15 and 30 uM
H,O, in PBS (pH 7.0). The relative standard deviation
(RSD) was 2.5 and 3.1 %, respectively, for four successive
measurements, indicating the good reproducibility.

Conclusions

We have constructed a simple but practical Hb-ANTNs-
Nafion/GC-based biosensor and studied the electrochemical
behavior of Hb with this modified GC electrode. Cyclic
voltammetric results showed that TiO, shell could provide a
microenvironment to immobilize Hb and silver core could
further accelerate the direct electron transfer at the electrode
surface. The as-prepared Hb-ANTNs-Nafion/GC-based bio-
sensor can be used for the efficient entrapment of other redox
active proteins and have wide potential applications in bio-
sensors, biocatalysis, biomedical devices, etc.
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