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NiO hollow nanospheres were synthesized by controlled precipitation of metal ions with urea using
carbon microspheres as templates, which were for the first time adopted to construct a novel amperomet-
ric glucose biosensor. Glucose oxidase was immobilized on the surface of hollow nanospheres through
chitosan-assisted cross-linking technique. Due to the high specific active sites and high electrocatalytic
activity of NiO hollow nanospheres, the constructed glucose biosensors exhibited a high sensitivity of
3.43 pA/mM. The low detection limit was estimated to be 47 wM (S/N=3), and the Michaelis-Menten
constant was found to be 7.76 mM, indicating the high affinity of enzyme on NiO hollow nanospheres
to glucose. These results show that the NiO hollow nanospheres are a promising material to construct

© 2008 Published by Elsevier B.V.

1. Introduction

Numerous efforts have been focused on the development of
biosensors in recent years because of their applications in bio-
logical and chemical analysis, clinical detection, environmental
monitoring, and food processing industries [1,2]. There is always
a demand for highly sensitivity, stable and disposable biosensors
in determining glucose in blood and urine for the diagnosis of
diabetes. Enzyme immobilization is considered as an important
factor in biosensor technologies. The search for novel materials
to design electrochemical biosensors is of significant at present.
Recently, nanostructures such as ZnO nanowires, ZrO, nanopar-
ticles, carbon nanotubes, polyaniline nanofibers, and polypyrrole
nanotubes have been widely investigated as alternative matrices
for immobilization of enzyme due to their exceptional electrical,
optical, biocompatible properties [3-6]. Besides, their large surface
area can immobilize more enzyme molecules and provide direct
electron transfer between the active sites of enzyme and elec-
trode. Among the nanomaterials, NiO nanostructures have received
considerable attention in recent years due to their broad applica-
tions such as catalyst, battery cathode, gas sensors, electrochromic
films, and magnetic material [7-9]. However, the application of
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NiO nanostructures in biosensors is rare. As NiO is a biocom-
patible material with a high isoelectric point (IEP) of about 10.7,
which make it suitable for adsorption of proteins with low IEPs
by electrostatic interaction. Moreover, NiO nanostructures with
high chemical stability, high electrocatalysis, and high electron
transfer capability are promising for biosensor application. In
this letter, a biosensor with high sensitivity based on NiO hol-
low nanospheres was fabricated. NiO hollow nanospheres were
synthesized by a controlled precipitation of Ni2* in the presence
of carbon microspheres as templates. Due to the hollow struc-
ture of NiO nanomaterials, the immobilized glucose oxidase (GOy)
showed high loading and fast electron transfer rate. The resulting
biosensor exhibited high sensitivity, low detection limit to glu-
cose. All the results provided that NiO hollow nanospheres were
good matrices for protein immobilization and biosensors prepara-
tion.

2. Experimental details
2.1. Reagents

The glucose oxidase (GOy, E.C 1.1.3.4, from Aspergillus niger,
200unitsmg~'), B-D-(+)-glucose, and chitosan (CHIT) were
obtained from Sigma-Aldrich. All the other chemicals were of ana-
lytical grade supplied by Shanghai Chemical Reagent (Shanghai,
China) and were used without further purification. The phosphate
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Fig. 1. (a) XRD pattern of as-grown NiO hollow nanospheres. (b) SEM image of NiO hollow nanospheres. (c) and (d) TEM images of a single hollow nanosphere.

buffer solutions (PBS, pH 6.98) were prepared from 0.04 M Na, HPO,4
and 0.027 M KH;POg4. All the solutions were prepared with dou-
bly distilled water, which was purified with a Milli-Q purification
system.

2.2. Apparatus

The electrochemical experiments were carried out with a CHI
660A electrochemical workstation (Shanghai, China) with a con-
ventional three-electrode cell. The modified or unmodified glassy
carbon (GC) electrodes were used as the working electrode. The
Pt wire and a saturated calomel electrode (SCE) were used as the
counter and reference electrodes, respectively. All the solutions
were purged with high purity nitrogen for at least 20 min prior to
experiments and a nitrogen environment was then kept over the
solution in the cell. The morphology and size of the synthesized
NiO hollow nanospheres were characterized by scanning electron
microscopy (SEM) [JSM-6700F] and transmission electron micro-
scope [JEOL-3010F]. The operating voltage of SEM and TEM were
5kV and 200KV, respectively. The crystal structure of the sample
was determined by X-ray diffraction (XRD) [D/max 2550V, Cu Ka
radiation].

2.3. Synthesis of NiO hollow nanospheres

The NiO hollow nanospheres were synthesized by controlled
precipitation method and the as-prepared carbon microspheres
were used as templates [10,11]. Briefly, the carbon microspheres
were synthesized through the polycondensation reaction of glu-
cose under hydrothermal condition. In a typical procedure, 8 g of
glucose was dissolved in 40 ml of deionized water. The solution was

then transferred to a 40 ml Teflon-lined autoclave and maintained
at 180°C for 6h. Black products were obtained after centrifuga-
tion. 5 mmol of Ni(NO3), was dissolved in a mixture of 10 ml of
deionized water and 80 ml of ethanol to form a clear solution. 0.5 g
of as-prepared carbon microspheres was dispersed in the solution
above with the aid of ultrasonication to give a suspension. 3 g of urea
was then added to the suspension with vigorous stirring. Finally, the
mixture was transferred into a round bottom flask, and kept at 60 °C
for 2 days. The obtained products were subjected to four centrifu-
gation/water and ethanol wash/redispersion cycles and then dried
at 80°C for 12 h in an oven, followed by calcinations at 500 °C in air
atmosphere. Then an ashen product was collected.

2.4. Preparation of CHIT/GOx/NiO/GC electrode

The GC electrode was polished by 0.3 and 0.05 pm aluminum
slurries, and then was cleaned by dipping into 1:1 (v/v) aqueous
solution of HNO3, deionized water and ethanol with the assistance
of ultrasonication prior to the experiment. The as-prepared NiO hol-
low nanospheres were dispersed in ethanol by ultrasonication for
1 h to give a 3 mg/ml suspension. Firstly, 8 .1 of the mixture of NiO
hollow nanospheres and ethanol was firstly cast on the surface of
GC electrode and dried at room temperature. Secondly, 5 I of GOy
solution (10 mg/ml, dissolved in 0.067 M PBS, pH 6.98) was dropped
onto the surface of GC electrode modified by NiO nanospheres.
Finally, 5 pl of 0.5 wt.% CHIT solution dissolved in acetic acid solu-
tion was dropped onto the surface of GOx/NiO/GC electrode to avoid
the leakage of the enzyme. The device was dried at 4°C overnight
in a refrigerator, followed by washing step to remove the unimmo-
bilized GOx. The CHIT/GOx/NiO/GC electrode was stored in PBS and
kept at 4°C in a refrigerator when not in use.



C. Liet al. / Talanta 77 (2008) 455-459 457

3. Results and discussions
3.1. Characterization of NiO hollow nanoshperes

The XRD pattern of the as-prepared product is shown in Fig. 1(a),
where all the diffraction peaks could be well assigned to cubic-
phase of NiO (JCPDS file No. 01-1239) with a lattice parameter
of 0.4195nm. The absence of impurity peaks suggests the high
purity of NiO hollow nanospheres. The crystal size of the NiO par-
ticles is estimated by Scherrer formula (D =0.94/(8 cos 6)) from the
(200) crystal surface to be about 12 nm [12], which is in agreement
with the TEM image (Fig. 1(c)). Fig. 1(b) is a typical SEM image
of the NiO hollow nanospheres with diameters of about 150 nm.
And it clearly shows that the product consists of interconnect-
ing hollow nanospheres. TEM image (Fig. 1(c) and (d)) shows that
the hollow nanospheres are composed of many NiO nanocrystals,
which are interconnected with each other to form the NiO hollow
nanospheres. The brighter region around the nanocrystals indicates
alarge amount of pores exist in the NiO hollow nanospheres, which
is useful for the adsorption of proteins.

3.2. Electrochemical performance of the modified electrodes

The enzyme electrode was characterized by cyclic voltam-
metry between the potentials of —0.3V and 0.5V, as shown in
Fig. 2(a). Curves a and b are the cyclic voltammetric responses
of CHIT/GOx/NiO/GC electrode in stirred 0.067M (pH 6.98) PBS
in the absence and presence of 1mM hydroquinone. No electro-
chemical response is observed in the absence of hydroquinone
(curve a). The results indicate that hydroquinone could be used as a
diffusional electron-transferring mediator. In the present of hydro-
quinone, a pair of redox peaks with formal potential at —0.14 V and
+0.35 V versus reference electrode was clearly observed, which can
be assigned to two-electron reversible redox reaction of benzo-
quinone/hydroquinone. With the addition of 2 mM, 3 mM, 4 mM,
5mM glucose into the buffer solution containing hydroquinone,
a sharp current increase at potential above 0.35V was observed.
The electrocatalytic peak current increases with the increasing
concentration of glucose in PBS. These results indicate that the
immobilized GOy on NiO nanoparticles retains its electrocatalytic
activity for the oxidation of glucose. The typical enzyme-dependent
catalytic process can be described as follows:

QH; -2e - Q (1)
k

GOL(FAD) + G = GOx(FAD — G)~% GO(FADH,) + GI )
k_q

GOX(FADH,) + Q-2 GOL(FAD) + QH, 3)

where GOy (FAD) and GOy (FADH2) represent oxidized and reduced
forms of glucose oxidase, Q and QH, are the benzoquinone and
hydroquinone, and G and Gl are [3-p-(+)-glucose and glucono-
D-lactone, respectively. As the addition of glucose, the cathodic
current decreased because the reduced form of the enzyme
restrained the reduction of the benzoquinone at the electrode.
Simultaneously, hydroquinoe was regenerated and then reoxidized
at the electrode, resulting in the increase of oxidation current. In the
absence of mass transport limitations, the increase of the oxidation
current (icat) can be expressed as

i1 1, 1 (l+ L )
icat  2FksSTP [Qlo * 2FSTY \k2 * kiealG1/~

where F is the Faraday’s constant, S the electrode area, FEO the
surface concentration of enzyme, [Q]p, the mediator concentra-
tion, G the glucose concentration in PBS, kpeq=kika/(k_1+k2)
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Fig. 2. (a) CVs of the electrode in the presence of glucose with different concentra-
tions. Inset: CVs of the electrode in the presence (curve a) and absence (curve b) of
hydroquinone. (b) CVs of the electrode in 0.067 M PBS (pH 6.98) containing 1 mM
hydroquinone at different scan rate.

[13,14]. According to the equation, the surface concentration of
GO, immobilized on the electrode surface was estimated to
1.7 x 1013 mol/cm?, which is due to the large surface-to-volume
ratio and high IEP of NiO hollow nanospheres.

Fig. 2(b) shows the cyclic voltammograms (CVs) of
CHIT/GOx/NiO/GC electrode in PBS (pH 6.98) at different scan
rates. Peak-to-peak separation increases with increasing scan
rate, suggesting a quasireversible behavior. Both the cathodic
and anodic peaks currents are linearly proportional to the
square root of scan rate in the range from 20 to 200mV/s (Lin-
ear regression equations: Pa: y=0.09717+0.94924x, r=0.999;
Pc: y=-1.68145 —1.53808x, r=-0.999), which shows a typical
diffusion-controlled electrochemical behavior.

Fig. 3(a) is a typical amperometric response of the glucose
biosensor after addition of successive aliquots of 0.3 mM glucose
in PBS (pH 6.98) at an applied potential of 0.35V. It is found
that the biosensor shows a rapid and sensitive response to the
change of glucose concentration, which is ascribed to the good elec-
trocatalytic property of CHIT/GOx/NiO/GC electrode. Besides, the
response time is around 8 s for the electrode to reach 95% steady-
state current, indicating a fast electron exchange between GOy and
NiO. The corresponding calibration curve is shown in Fig. 3(b). The
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Table 1

Glucose content determination in serum sample
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Samples Content determined by local hospital (mmol-") Content determined by current method? (mmol-1) R.S.D. (%) Relative error (%)
1 5.51 5.35+0.06 2.3 —2.90
2 4.72 4.90+0.05 2.8 +3.81
3 4.85 5.05+0.1 35 +4.12
4 4.90 4.74+0.06 2.5 -3.26
5 5.24 5.38+0.08 32 +2.67

2 Average of the three measurements.

linear detection range of NiO hollow nanospheres-based glucose
biosensor is 1.5-7 mM. This kind of biosensor has a low detec-
tion limit of 47 wM (be estimated based on the signal-to-noise
characteristics of these data (S/N=3)) and a high sensitivity of
4.3 pA/mM. The high sensitivity of the enzyme electrode can be
attributed to the excellent adsorption ability, high electrocatalytic
activity and good biocompatibility of the NiO hollow nanospheres.
The Michaelis-Menten constant of the system (Kg?) in this work
can be calculated from the well-known Lineweaver-Burk equa-
tion and is found to be 7.76 mM, which gives an indication of the
enzyme-substrate kinetics for the glucose biosensor. The value of
Ki#P for GOy in this work is much smaller than GO, immobilized
by sol-gel organic-inorganic hybrid material, 22 mM, GOy immobi-
lized by chitosan and gold nanoparticles, 10.5 mM, GO, entrapped
in polypyrrole films, 19 mM, and glucose oxidase in Nafion film,
14.91 mM [15-18]. The results implied that the GC electrode mod-
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Fig. 3. (a) Amperometric responses of CHIT/GO,/NiO/GC electrode with the succes-
sive addition of 0.3 mM glucose to the 0.067 M PBS (PH 6.98) under stirring. (b) The
calibration curve of NiO/GOy biosensor and the Lineweaver-Burk plot. The straight
line is the linear fit to the calibration curve. A potential of +0.35V (vs SCE) was
applied on the working electrode in the measurement.

ified by NiO hollow nanospheres exhibits a higher affinity to
glucose.

3.3. Repeatability and reproducibility

The reproducibility of response current of the GOy enzyme elec-
trode was investigated by comparing the response currents of 8
enzyme electrodes. The relative standard deviation (R.S.D.) was
5.3% at a glucose concentration of 0.2 mM. In order to evaluate the
repeatability, an enzyme electrode was used to determine 1 mM
glucose for 10 times continuously, and the R.S.D. of the response
current was 3.5%.

3.4. Stability of the enzyme electrode

The CHIT/GOx/NiO/GC electrode was stored in PBS (pH 6.98)
at 4°C when not in use. The stability of the biosensor was inves-
tigated using the same PBS containing 1 mM glucose. Every few
days the cyclic voltammogram was recorded and using the same
electrode. The peak current decreased with the increase of storage
time. However, the electrode can still retain about 85% of the initial
response after 20 days storage. The above results indicate that the
CHIT/GOx/NiO/GC electrode has a good stability.

3.5. Interference and real sample analysis

We also examined the interference of some electroactive com-
pounds to the glucose response. The deviation of response was
calculated according to (Ij —Ig)/lg, where I; and I; were the
steady-state current recorded for solutions containing glucose and
interferent or glucose alone. The interference was investigated in
the presence of physiological normal level with a glucose concen-
tration of 5.6 mM. At CHIT/GOx/NiO/GC electrode, the deviations
caused by ascorbic acid (0.1 mM) and uric acid (0.5 mM) were 1.9%
and 3.2%, respectively. This indicates that the biosensor suffers
some influence from the coexistents in serum samples. However,
the influence of ascorbic acid and uric acid on the glucose response
was weak under the testing conditions. In order to validate the reli-
ability of the biosensor, the determination of glucose in human
serum samples was performed with the CHIT/GOx/NiO/GC elec-
trode. Fresh serum samples were first analyzed in the local hospital
with ASCA AG-II Chemistry System (Landmark, USA). The samples
were then reassayed with the CHIT/GOx/NiO/GC electrode. For cur-
rent method, a serum sample was added into the stirred 5 ml PBS
(pH 6.98), and amperometric response was recorded at 0.35V. The
results were shown in Table 1. The glucose levels determined in this
work were close to the values declared by local hospital, indicating
that the fabricated glucose biosensor has practical potential.

4. Conclusions

We have fabricated an amperometric glucose biosensor by
immobilizing glucose oxidase on the surface of NiO hollow
nanospheres, which were synthesized by controlled precipitation
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of metal ions with urea. The fabricated CHIT/GOx/NiO/GC elec-
trode exhibits high sensitivity and linear response in the range of
1.5-7 mM glucose concentration due to the large specific surface
area and high electrocatalytic activity of NiO hollow nanospheres.
The low value of Michaelis—-Menten constant of 7.76 mM indicated
high enzyme affinity of glucose oxidase. The results clearly sug-
gest that NiO hollow nanospheres provide an attractive matrix for
effective immobilization of biomolecules.
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