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ABSTRACT

Nanosheet-based titania (TiO,) microspheres with a hollow core-shell structure have been synthesized
and employed to immobilize horseradish peroxidase (HRP) in order to fabricate a mediator-free
biosensor. The morphology and structure of the TiO, microspheres were characterized by X-ray
diffraction, scanning electron microscopy and transmission electronic microscopy. A possible growth
mechanism has been proposed. Spectroscopic and electrochemical measurements revealed that the TiO,
microspheres are an immobilization support with biocompatibility for enzymes, affording good enzyme
stability and bioactivity. Due to the nanosheet-based hollow core-shell structure of the TiO, micro-
spheres, the direct electron transfer of HRP is facilitated and the resulting biosensor displayed good
performance for the detection of HyO,, with both a low detection limit of 0.05 M and a wide linear range
of 0.4—140 pM, as well as a fast response and excellent long-term stability. The nanosheet-based TiO,
microspheres with hollow core-shell structure, can be used for the efficient entrapment of other redox-
active proteins and have wide potential applications in biosensors, biocatalysis, biomedical devices and

bioelectronics.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Enzyme immobilization has been shown to be a powerful tool to
improve almost all enzyme properties, such as stability, activity,
specificity, selectivity, and reduction of the effects of inhibitors
[1-3]. Based on new developments in the field of enzyme immo-
bilization, practical use of enzymes has been realized in various
industrial processes and products, and is being expanded in new
fields such as laboratory scale organic synthesis, biofuel cells, and
medical and analytical applications [1,4,5]. In analytical applica-
tions, immobilized enzymes are used chiefly in biosensors [6,7],
and the identity of the support and the immobilization technique
can have a significant influence on the properties of the immobi-
lized enzyme and performance of the biosensor [8,9].

Applications of the semiconductor material TiO, as catalyst
supports [10—12] and in photocatalysis [13—15] have aroused
increasing interest in recent years. Due to its good biocompatibility,
relatively high conductivity, environmentally benign nature, and
chemical and thermal stability, TiO, is a potential material for
immobilization of enzymes [16—23]. Recently, TiO, in various
forms, such as nanoparticles [16], nanotubes [17,18], nanosheets
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[19], three-dimensional macroporous matrices [20], and sol-gel
matrices [21,22], have been extensively applied in developing
biosensors. It has been shown that the morphology and structure of
TiO2 nanomaterials have an important effect on the property of the
immobilized enzyme, which determines their efficacy in biosensors
[9]. Although substantial effort has been devoted to the develop-
ment of new nanostructured materials for use in biosensors,
achieving controlled fabrication of new morphologies of TiO;
nanostructures with high performance is still a challenge.

Hollow spheres with a complex core-shell structure have
attracted significant attention recently for various applications
including photocatalysis [24], battery materials [25,26], and
sensing [27]. To the best of our knowledge, there has been no report
of the application of hollow spheres with core-shell structure as
a support for the enzyme immobilization. In this work, we have
fabricated microspheres composed of TiO, nanosheets having
a hollow core-shell structure using a simple hydrothermal method.
Such a structure should have a number of advantages as a support
for enzyme immobilization. As shown schematically in Fig. 1, by
constructing the shell of the TiO, microspheres from a large
number of nanosheets all pointing toward the center of the sphere,
a large surface area is available for enzyme entrapment. The
“trumpet”-shaped pores between the nanosheets are wider on
the exterior of the shell and funnel the adsorbed enzyme toward
the interior of the sphere where it can become immobilized on the
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Fig. 1. Schematic illustration of the hollow core-shell structure of the nanosheet-based
TiO, microspheres.

inner core of the microspheres. They also should increase the
resistance of the enzyme to leaching during the reaction with the
substrate. The substrate has easy access to the immobilized enzyme
in the hollow interior of the core-shell structure and concentration
of substrate and enzyme in this confined region will increase the
chance of effective collisions between them. Hence, such a nano-
sheet-based hollow core-shell TiO, structure should be a prom-
ising support for enzyme immobilization and have potential
applications in biosensors.

In this work, horseradish peroxidase (HRP) was selected as
a model redox protein for construction of the H,0, biosensor. The
performance of a sensor composed of HRP immobilized in the
nanosheet-based hollow core-shell TiO, microspheres was
compared with that of sensors based on solid nanosheet-based
TiO, microspheres, and the nanosheet-based hollow core-shell
TiO, microspheres after destruction of the coreshell structure by
high speed centrifugation, in order to highlight the advantages of
the nanosheet-based hollow core-shell microsphere morphology as
a support.

2. Experimental
2.1. Materials and apparatus

HRP (>250 U mg!), titanium tetraisopropoxide (TTIP, Ti
[OCH(CH3)2]4, 97 wt%) and Nafion (5 wt% solution) were
purchased from Sigma. Phosphate buffer solutions (PBS, 0.1 M)
with different pH values were prepared by mixing standard stock
solutions of NayHPO4 and NaH,PO4. All other reagents were of
analytical grade, and double distilled water was used throughout.

Scanning electron microscopy (SEM) images were obtained with
a Zeiss Supra 55 scanning electron microscope at an accelerating
voltage of 20 kV. Transmission electronic microscopy (TEM) images
were obtained on a Hitachi H-800 instrument. The structures of
the products were analyzed by powder X-ray diffraction (XRD),
using a Shimadzu XRD-6000 diffractometer operated at 40 kV and
30 mA from 5° to 80° 20 at the wavelength of Cu K, radiation
(4 =0.15406 nm). UV—vis spectra were recorded using a Shimadzu
UV-2501PC spectrophotometer. Specific surface area determina-
tion, and pore volume and pore size analysis were performed by
Brunauer—Emmett—Teller (BET) and Barrett—Joyner—Halenda
(BJH) methods, respectively, using a Quantachrome Autosorb-1C-
VP analyzer. Prior to the measurements, samples were degassed
at 200 °C for 2 h. Electrochemical measurements were carried out
on a CHI 660B electrochemical workstation (Shanghai Chenhua
Instrument Co.). A conventional three-electrode system was used,

with the as-prepared immobilized HRP electrode as the working
electrode, a platinum wire as the counter electrode, and a saturated
Ag/AgCl electrode as the reference electrode.

2.2. Synthesis of TiO, microspheres

TiO, microspheres were synthesized by a controlled hydro-
thermal method using a titanate precursor. A solution of 0.5 M TTIP
in ethylene glycol (20 mL) and 0.8 M lithium hydroxide solution
(10 mL) were added to 0.25 M cetyltrimethylammonium bromide
(CTAB) solution (20 mL). The resulting solution was mixed in an
ultrasonic bath for 10 min and then transferred into a Teflon-lined
stainless steel autoclave, which was sealed and maintained at
170 °C for a certain period of time. The precipitated powders were
filtered, washed with ethanol and deionized water, dried at 80 °C
and calcined at 300 °C in air for 2 h. The TiO, microspheres
prepared with hydrothermal reaction times of 1 h, 3 h, 6 h, 12 h,
48 h, and 96 h are denoted as TiO,—1, TiO,—3, TiO,—6, TiOy—12,
TiO,—48 and TiO,—96 respectively. The structure of TiO,—48 was
destroyed by centrifugation at 9000 rpm for 10 min and the
resulting material is denoted D—TiO,—48.

2.3. Encapsulation of HRP

10 mg of TiO2—1, TiO,—6 and TiO0,—48, were added to separate
3 mL aliquots of HRP solution (2 mg mL™'). The resulting mixtures
were continuously shaken at room temperature for 24 h to obtain
HRP-entrapped TiO,. The amount of entrapped HRP was measured
by comparing the UV absorption at 403 nm of the supernatant
solution before and after uptake of HRP by the TiO, samples.

2.4. Preparation of the enzyme electrode

Prior to use, a glassy carbon (GC) electrode with a diameter of
3 mm was successively polished on a polishing cloth with 1.0, 0.3,
and 0.05 um alumina powder and rinsed with deionized water. The
electrode was then dried with a purified nitrogen stream. The
enzyme electrode was prepared by a simple casting method. Firstly,
a TiO, microsphere (such as TiO,—1, TiO,—6 or TiO,—48) suspen-
sion was obtained by adding 2 mg of as-prepared TiO, micro-
spheres into 1 mL of water with the aid of stirring. Then,
a suspension, which finally contained 2.5 mg mL~' of HRP,
1 mg mL~! of TiO and 1.25 wt.% of Nafion, was prepared by thor-
oughly mixing appropriate volumes of HRP solution (10 mg mL ™,
dissolved in pH 7.0 PBS), TiO, suspension (2 mg mL~!) and Nafion
solution (5 wt.%). Finally, 4 pL of the suspension was cast onto the
surface of the freshly polished GC electrode to prepare the HRP/
TiO/Nafion/GC electrode. The electrode was covered with a beaker
so that water evaporated slowly in the air and a uniform film
electrode was thus obtained. The dried HRP/TiO,/Nafion/GC elec-
trode was stored at 4 °C in a refrigerator when not in use. In control
experiments, TiO,—48/Nafion/GC and HRP/D—TiO,—48/Nafion/GC
electrodes were also prepared using similar procedures as
described above.

3. Results and discussion
3.1. Characterization of TiO, microspheres

Fig. 2 shows SEM and TEM images depicting the TiO, micro-
spheres formed with different hydrothermal reaction times, fol-
lowed by calcination. The hydrothermal reaction time has
a significant influence on the morphology of the as-synthesized
TiO, microspheres. Uniform, smooth, and solid spherical particles
(Fig. 2a) were obtained after reaction for 1 h. Small nanosheets
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Fig. 2. SEM and TEM (insets) images of the calcined TiO, microspheres prepared with different hydrothermal reaction times: 1 h (a), 3 h (b), 6 h (c), 12 h (d), 48 h (e), and 96 h (f).

began to form on the surface after reaction for 3 h (Fig. 2b) and
continued to grow with time, forming larger nanosheets (Fig. 2c—f).
It was found that the nanosheet-based solid microspheres formed
after reaction for 6 h (Fig. 2c¢). On increasing the hydrothermal
reaction time to 12 h, a dramatic change in morphology occurred,
with a transition from solid spherical particles to hollow core-shell
structured spheres (Fig. 2d). The size of the cores continued to
shrink with increasing hydrothermal reaction time (Fig. 2e—f). The
images suggest that the products undergo an Ostwald ripening
process [28,29] when the hydrothermal reaction time is prolonged.
During this process, the inner crystallized nanoparticles of the core
dissolve and redeposit and recrystallize on the nanosheets of the
shell. Comparison of the images of the material synthesized with
a hydrothermal reaction time of 48 h before (Figure S1) and after
(Fig. 2e) calcination shows that the core-shell structure was not
affected by the heat treatment. The hollow core-shell structure was
however destroyed by centrifugation of the material at 9000 rpm
for 10 min, as shown by the SEM image of the material D—Ti0,—48
in Figure S2.

The shell morphology and the core size of microspheres can
therefore be easily tuned by controlling the hydrothermal reaction
time. This suggests that if the reaction time is sufficiently long, the
inner core will dissolve completely and a hollow sphere will result.
However, prolonged reaction time resulted in disintegration of
the structures, and in order to maintain the integrity of the

microsphere structure, the longest hydrothermal reaction time
employed in this work was 96 h.

Fig. 3 shows the X-ray diffraction (XRD) patterns of the products
synthesized under hydrothermal conditions for 48 h before (Fig. 3a)
and after (Fig. 3b) calcination at 300 °C for 2 h. The pattern of the
sample before calcination indicates it is a mixture of titania and
layered titanate species, since the peaks marked 101, 004, 200 are
characteristic of the corresponding reflections of the anatase phase
of titania [24,28] and the peak at 10.5° (dp9 = 0.84 nm) is char-
acteristic of a layered titanate structure [30]. Fig. 3b shows that the
layered titanate is transformed to the anatase phase of TiO, after
heat treatment at 300 °C, while maintaining the nanosheet-based
hollow core-shell morphology. The strong and sharp diffraction
peaks indicate the good crystallinity of the resulting TiO; spheres.

Since the morphologies of TiO, microspheres changed with
increasing hydrothermal reaction time, three representative
microspheres were chosen for further study, namely the smooth,
solid TiO,—1 microspheres, nanosheet-based solid TiO,—6 micro-
spheres and nanosheet-based hollow core-shell structured
TiO,—48 microspheres. As shown in Table 1, the most probable pore
size of the microspheres increased as the reaction time was pro-
longed, whilst the surface area initially increased and then
decreased with increasing reaction time. It is possible that with
increasing reaction time, the crystallite nanoparticles dissolved
giving the microspheres a more extended mesoporous structure,
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Fig. 3. XRD patterns of the products prepared by hydrothermal reaction for 48 h
before (a) and after (b) calcination.

which resulted in the large increase in surface area. As the reaction
time was prolonged however, the core of the spheres continued to
dissolve creating the hollow core-shell structure. This results in
a reduction in the amount of mesoporous structure in the core of
the structure, leading to a reduction in surface area. The nanosheet-
based hollow core-shell TiO,—48 microsphere after destruction of
the core-shell structure by high speed centrifugation was also
studied. It was found that the specific surface area increased while
the most probable pore size remained unchanged.

3.2. Encapsulation of HRP in the TiO, microspheres

HRP uptakes by the three microsphere samples TiO,—1, TiO2—6,
TiO,—48 and D—Ti0O,—48 was studied, and the maximum loadings
are given in Table 1. The uptake of HRP on TiO,—6 microspheres was
larger than on TiO,—1, consistent with the larger surface area of the
former. Interestingly, uptake of HRP on TiO,—48 microspheres was
even larger than for TiO,—6 and D—Ti0O,—48, despite the lower
surface area of the former. Compared with solid spheres of a similar
size (TiO,—6), the hollow structure (TiO,—48) enabled both the
shell and core of the material to encapsulate HRP. Compared with
TiO,—48 microspheres after destruction of the core-shell structure
(D—Ti0,—48), the hollow core-shell structure (TiO>—48) increased
the resistance of the adsorbed enzyme to leaching. Therefore the
unique nanostructure and properties of the hollow core-shell
TiO,—48 microspheres make them particularly promising for
applications in enzyme immobilization.

The Soret absorption bands of heme proteins provide informa-
tion about the conformational integrity of the proteins. From Fig. 4,
HRP entrapped in either a TiO,—48 film (curve b) or a TiO,—48/
Nafion film (curve c) has a characteristic Soret absorption band at
403 nm, the same as that for the native state of a HRP film (curve a).

Table 1
Textural properties of TiO, microspheres prepared with different hydrothermal
reaction times and TiO,—48 after destruction.

Sample Most probable BET surface HRP loading
pore size [nm] area [m%g '] [wt.%]

TiOy—1 3 4.0 3.0

TiO,—6 7 94.8 7.5

TiO,—48 10 54.6 20.2

D—Ti0,—48 10 77.5 19.8
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Fig. 4. UV—vis spectra of HRP (a), HRP/TiO, (b) and HRP/TiO,/Nafion (c).

This suggests that the TiO, microspheres have good biocompati-
bility and do not lead to significant denaturation of the protein.

3.3. Direct electrochemistry of HRP at TiOy/Nafion films

Fig. 5 depicts the typical cyclic voltammograms (CVs) of diff-
erent modified electrodes in 0.1 M pH 7.5 PBS at a scan rate of
0.1 V s~L No redox peak is observed at the TiO,—48/Nafion/GC
electrode, which indicates TiO,—48 is electroinactive in the
potential window. HRP/Nafion/GC electrode shows slight redox
peaks because the redox-active center of HRP is deeply seated in
a cavity and therefore not easily accessible for conduction of elec-
trons to the electrode surface. The HRP/TiO,—48/Nafion/GC elec-
trode exhibits a couple of stable redox peaks that are attributed to
the redox of immobilized HRP. The formal potential (E*" = (Epa +
Ep)/2) of HRP was —0.384 V vs. Ag/AgCl, characteristic of HRP-
Fe(IlI)/HRP-Fe(Il) redox couples previously reported in various
films [31,32]. The potential difference (AE,) between the anodic and
cathodic peak potentials was about 52 mV. Such a small AE, value is
indicative of a fast and quasi-reversible electron transfer process,
indicating TiO,—48 can facilitate the electron transfer between the
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Fig. 5. Cyclic voltammograms of the TiO,—48/Nafion/GC electrode (a), HRP/Nafion/GC
electrode (b), HRP/TiO,—1/Nafion/GC electrode (c), HRP/TiO,—6/Nafion/GC electrode
(d) and HRP/TiO,—48/Nafion/GC electrode (e) in 0.1 M pH 7.5 PBS with a scan rate of
01Vs™
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electroactive center of HRP and electrode. For comparison, HRP/
TiO,—1/Nafion/GC and HRP/TiO,—6/Nafion/GC electrodes have also
been carried out (curve c and d in Fig. 5). The two electrodes also
exhibit a couple of stable redox peaks with which the same formal
potential of HRP/TiO,—48/Nafion/GC electrode and the peak
currents are smaller than that of HRP/TiO,—48/Nafion/GC elec-
trode. It results from the unique hollow core-shell structure of
TiO,—48, which has advantages on enzyme immobilization as
described above and results in a large current response.

Fig. 6A shows the CVs of the HRP/TiO,—48/Nafion/GC electrode
with scan rates from 0.05 to 0.5 V s~ L. With increasing scan rates, the
cathodic and anodic peak currents of HRP both increase, whilst the
cathodic and anodic peak potentials show a small shift and the peak
to peak separations become slightly enlarged. The cathodic and
anodic peak currents increase linearly with scan rates from 0.05 to
0.5 V s~ as shown in Fig. 6B. This shows that the electron transfer
between HRP and a GC electrode can be easily performed in the
HRP/TiO,—48/Nafion composite film and that a surface-controlled
electrochemical process is involved. Using the Laviron method for
a surface-controlled electrochemical system [33], the average
electron transfer rate constant (ks) of HRP immobilized on TiO,—48/
Nafion/GC was estimated to be about 5.4 s~!, which is higher than
the value reported for HRP immobilized on TiO, nanotube arrays
(3.82 s 1) [34], suggesting a faster electron transfer process. This
means that the nanosheet-based hollow core-shell structure of TiO»
microsphere facilitates the direct electron transfer of HRP.
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Fig. 6. (A) Cyclic voltammograms of the HRP/TiO,—48/Nafion/GC electrode in 0.1 M pH

7.5 PBS with increasing scan rates from 0.05 to 0.5 V s~ . (B) Plot of cathodic and anodic
peak current vs. scan rate.

The direct electrochemistry of HRP immobilized on the
TiO,—48/Nafion/GC electrode showed a strong dependence on
solution pH. Fig. 7 shows the CVs of the HRP/TiO,—48/Nafion/GC
electrode in PBS with different pH values. CVs with stable and well-
defined peaks were observed in the pH range 6.0—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 HRP-Fe(1II)/HRP-Fe(II) redox couple. The E® value of
HRP varied linearly in the range of pH from 6.0 to 8.0, with a slope
of —58.8 mV pH™ . This value is very close to the theoretical value
for the transfer of one proton and one electron in a reversible
reduction (—58 mV pH™! at 25 °C) [34].

3.4. Biosensor performance of the HRP/TiO,/Nafion/GC electrode

When HRP is immobilized on an electrode surface with reten-
tion of its conformation, it normally exhibits electrocatalytic
activity for oxygen, hydrogen peroxide, trichloroacetic acid, and
nitrite. By using hydrogen peroxide as a probe, the electrocatalytic
properties of the HRP/TiO,/Nafion/GC electrode were studied. Fig. 8
shows the bioelectrocatalytic activity of the HRP/TiO,—48/Nafion/
GC electrode toward the reduction of H,0, at a scan rate of 0.1 Vs,
A pair of reversible CV peaks appeared in the absence of H,0O,
(curve a). Upon addition of H,0, to the pH 7.5 PBS, the reduction
peak current of immobilized HRP increased dramatically and the
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Fig. 7. (A) Cyclic voltammograms of the HRP/TiO,—48/Nafion/GC electrode in 0.1 M
PBS with different pH values: 6.0 (a), 6.5 (b), 7.0 (c), 7.5 (d), and 8.0 (e). (B) Plot of
formal potential vs. pH value.
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Fig. 8. Cyclic voltammograms of the HRP/TiO,—48/Nafion/GC electrode in 0.1 M pH 7.5
PBS containing 0 (a), 3 (b), 10 (c), 25 (d), 50 (e), 80 (f), 130 (g), and 200 uM (h) H,0,
with a scan rate of 0.1 Vs~

oxidation peak current decreased. The reduction peak current
increased with increasing H,O, concentration (curves b—h), dis-
playing the obvious electrocatalytic behavior of HRP for the
reduction of Hy0; [35]. These results indicated that the immobi-
lized HRP on TiO,—48/Nafion film retains its electrocatalytic
activity for the reduction of H,0,.

The biosensor performance of the HRP/TiO,—48/Nafion/GC
electrode was also studied by the amperometric current—time
method. Fig. 9 illustrates a typical current—time curve of the HRP/
TiO,—48/Nafion/GC electrode at —0.35 V with successive addition of
H,0,. When H,0, was added to the stirred PBS, the reduction
current increased rapidly and 95% of the steady-state current was
obtained within 3 s (Fig. 9A). Moreover, a well-defined linear rela-
tionship between the current and the H,O, concentration was
observed. Under the optimized experimental conditions, the
biosensor showed a very wide linear range in amperometric
response to H,0, ranging from 4.0 x 1077 to 1.4 x 10~% M, with
arelative coefficient of 0.9999 (Fig. 9B). Table 2 shows a comparison
of different H,O, biosensors employing TiO, nanomaterials as an
immobilization substrate. The morphology and structure of the
nanomaterial has an important effect on the properties of the cor-
responding biosensor. Although high surface area materials such as
nanoparticles [36], nanotubes [37], sol-gel [38], nanosheets [19] and
three-dimensionally ordered macroporous materials can give
a decrease in the detection limit of biosensor, their linear range is
relatively narrow [20]. The hollow core-shell TiO,—48 microsphere-
based biosensor has both a low detection limit and wide linear
range. Moreover, compared with TiO,—1, TiO,—6 and D—Ti0,—48
which do not have the hollow core-shell structure (Fig. 2a,c and
Figure S2, respectively), the TiO,—48 based biosensor has a wider
linear range (Table 2 and Figure S3). There are several reasons why
the TiO,—48/Nafion composite has a lower detection limit whilst
retaining a wider linear range. Firstly, both the outer shell and inner
core of the TiO,—48 microspheres can provide a protective micro-
environment for the enzyme, allowing it to retain its stability and
activity. More importantly, the pores formed by the accumulation of
nanosheets are “trumpet” shaped. The open framework of the pores
allows the substrate to easily enter the sphere and in the confined
space of the core-shell hollow structure, there is an increased
chance of effective collisions between substrate and enzyme leading
to improved performance of the enzyme electrode.

The long-term stability of fabricated biosensor was investigated
by examining its current response after storage in a refrigerator at
4 °C. The biosensor exhibited no obvious decrease in current
response in the first week and maintained about 95% of its initial
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Fig. 9. (A) Typical current-time response of the HRP/TiO,—48/Nafion/GC electrode at
—0.35 V to successive addition of H,0, in a stirred 0.1 M pH 7.5 PBS. (B) Plot of steady-
state current vs. H,O, concentration.

value after three weeks. The relative standard deviation (R.S.D.) of
the biosensor response to 10 uM H0, for 5 successive measure-
ments was 2.1%. Five electrodes were prepared utilizing the same
method to check the reproducibility of the biosensor. When
detecting the same concentration of 10 uM H,0,, the results

Table 2
Comparison of the performances of various H,0, biosensors employing different
TiO, nanomaterials as an immobilization substrate.

Modifed electrode Linear Detection  Response References
range limit (uM)  time (s)
(nM)
HRP/TiO,—48/Nafion/GCE 04-140 0.05 3 This work
HRP/TiO,—1/Nafion/GCE 04-28 0.1 3 This work
HRP/TiO,—6/Nafion/GCE 0.4—-60 0.1 3 This work
HRP/D—TiO,—48/Nafion/GCE  0.4-15 0.1 3 This work
Nafion/HRP—GNSs—TiO, 41-630 5.9 3 35
colloids/GCE
HRP—TiO, nanoparticle/PGE ~ 7.5-123 2.5 36
TiO, sol—gel/HRP/GCE 80-560 1.5 5 38
HRP/3DOM Ti0O,/OTE 0.5-6 0.01 20
HRP/Au/TiO;, nanotube 5—400 2.0 5 37
arrays/Ti
HRP/TiO; nanosheet/GCE 2.1-185 0.7 19

GNSs, gold nano-seeds (2—5 nm); PGE, pyrolytic graphite electrode; 3DOM,
three-dimensionally ordered macroporous; OTE, optically transparent electrode.
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showed a R.S.D. of 2.9%, indicating an acceptable electrode-to-
electrode reproducibility.

4. Conclusions

Nanosheet-based TiO, microspheres with a tailorable hollow
core-shell structure have been successfully fabricated through
a facile hydrothermal method followed by calcination. The unique
TiO, microspheres have been verified to be a good immobilization
matrix for HRP and the prepared mediator-free biosensor possesses
good performance, especially displays both a lower detection limit
and a wider linear range than those other morphological TiO,
nanomaterials. The improved performance of the biosensor can be
contributed to the unique structure of TiO, microspheres, whose
outer shell and inner core can immobilize enzymes. More impor-
tantly, in the confined space of the hollow core-shell structure there
is an increased chance of effective collisions between substrate and
enzyme. The nanosheet-based TiO, microspheres with hollow core-
shell structure have been proved to be a promising matrix for the
fabrication of electrochemical biosensors, and may find wide
potential applications in biomedical detection and environmental
analysis.
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