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A glucose biosensor is fabricated with immobilization of glucose oxidase onto ZnO nanotube arrays by
cross-linking method. The ZnO nanotube arrays are synthesized by chemical etching of ZnO nanorods
that are electrochemically deposited on the Au surface. Morphology and structure of ZnO nanotubes
are characterized by FESEM, HRTEM and XRD. Fourier-transform infrared spectroscopy reveals that the
glucose oxidase immobilized on the ZnO nanotubes retains its native conformation. The biosensor has a

- wide linear range for the detection of glucose from 50 uM to 12 mM (a correlation coefficient of 0.998)
Ié?ﬁ‘g;‘;redziosensor with 3 s response time. The sensitivity of the biosensor is found to be 21.7 wA/mM cm?. Moreover, its
7n0 experimental detection limit is 1 wM (S/N = 3) and the apparent Michaelis-Menten constant is calculated
to be 19 mM. The anti-interference ability and long-term stability of the biosensor are also assessed.
Compared with the biosensors based on the nanorod and flat structure, the proposed biosensor shows
expanded linear range and sensitivity. All these results demonstrate that ZnO nanotube can provide a

Nanotubes
Glucose oxidase
Electrochemical method

promising material for the biosensor designs and other biological applications.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The fast and accurate determination of glucose has profound
applications since glucose concentration is a crucial indicator in
many diseases, such as diabetes, endocrine metabolic disorder. In
recent years, many efforts have been made to develop reliable glu-
cose biosensors using electrochemical [1], chemiluminescence [2]
or other methods [3]. Among all the methods, enzyme-involved
electrochemical glucose biosensor has been intensively studied
because of its simplicity, high selectivity and relative low cost
[4-6]. In this technique, the enzyme immobilization is considered
to be one of the most important issues. Since the performance
of a biosensor much relies on the supporting materials, search-
ing of materials that provide good environment for the efficient
enzyme loading and maintenance of enzyme bioactivity is highly
desired.

Currently, the glucose oxidase (GOXx) is widely employed in most
of the glucose biosensors due to its stability and high selectivity to
glucose, especially the amperometric glucose biosensors [7-9]. It
contains two flavine adenine dinucleotide (FAD) cofactors and cat-
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alyzes the oxidation of glucose according to the following reaction
[10]:

Glucose + 02@; Gluconolactone + H;0,

Since the amount of glucose is proportional to that of the pro-
duced H,0,, the glucose concentration can be readily determined
through measuring the current derived from the electrochemical
reaction of H,0, [11]. Many methods such as covalent binding
[12], embedding method [13] and cross-linking method [14-16]
have been used to immobilize the GOx onto different supporting
materials. Moreover, the property of GOx with negative charge in
neutral pH solutions also makes it feasible to immobilize GOx onto
materials with positive charge by the physical adsorption [17,18].

Recently, zinc oxide (ZnO) nanostructures have drawn many
attentions in the application of biosensors with many advantages,
including nontoxicity, biological compatibility, fast electron trans-
fer rates and easy preparation [19-26]. The isoelectric point (IEP)
of ZnO is around 9.5, making it possible to immobilize low IEP DNA
or proteins by electrostatic adsorption in proper buffer solutions
[27]. It has been found that the microperoxidase immobilized onto
the ZnO nanoparticles can enhance its catalytic ability and promote
direct electron transfer [19]. In addition, a uric acid biosensor based
on ZnO nanorods [20] and a cholesterol biosensor by immobiliza-
tion of cholesterol oxidase onto ZnO nanoporous thin film [21] have
also been reported.
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Generally, the nanotube structure possesses lots of interesting
properties. Due to its unique structure, nanotube is expected to effi-
ciently enhance the performance of biosensors [28,29]. Recently,
various nanotubes, such as titanate nanotubes [30], and platinum
nanotubes [31] as well as polypyrrole nanotubes [28], have been
used in the biosensor designs and fabrications. In this work, a
glucose biosensor based on the ZnO nanotubes is fabricated with
immobilization of glucose oxidase onto the nanotubes. Due to
the good biocompatibility and intrinsic porous structure of ZnO
nanotubes, the fabricated glucose biosensor shows very sensitive
response and can detect as low as 1 wM glucose without any elec-
tron mediators. Compared with the biosensors based on the ZnO
nanorods and flat gold film, the biosensor using ZnO nanotubes
shows an efficiently expanded linear range and sensitivity. The
results demonstrate that the ZnO nanotubes can offer a new and
promising immobilization material for the biosensor designs.

2. Experimental
2.1. Materials

Glucose oxidase (GOx, EC 1.1.3.4 from Aspergillus niger,
100 U/mg), bovine serum albumin (BSA >98%) and glutaraldehyde
(50% solution) were purchased from Shanghai Sangon Co., Ltd.
Zinc nitrate hexahydrate (ZnNO3-6H,0, 99%) and hexamethylenete-
tramine (HMT, 99%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. D-(+)-glucose (99.5%) and Nafion (5 wt%) were pur-
chased from Sigma-Aldrich. 0.1 M phosphate buffer (PB) solution
was prepared from K;HPO4 and KH,PO,4 (Sigma-Aldrich), the pH
was adjusted to 7.0 by H3PO4. Glucose stock solution was kept at
least 24 h after preparation for mutarotation. The deionized (DI)
water (R > 18.2 M2 cm) used in all experiments was produced by
the Millipore system.

2.2. Synthesis of ZnO nanotubes

In this work, ZnO nanotubes (ZnONT) were synthesized on an
Au electrode which was composed of 300nm RF sputtered Au
film on a silicon wafer (2 mm x 2 mm) with 300 nm SiO, insulating
layer. The synthesis process contained two steps [32]. Firstly, ZnO
nanorods (ZnONR) were deposited with a simple electrochemical
cell controlled by a CHI 660A electrochemical workstation (Shang-
hai Chenhua Instruments Co.). A conventional three-electrode
configuration was used in this process, in which the Au elec-
trode was working electrode while a platinum wire and saturated
calomel electrode (SCE) as the counter and the reference electrode,
respectively. The electrolyte was 10 ml aqueous solution contain-
ing 20 mM Zn(NO3); and equimolar HMT. The applied voltage was
—0.8V and the solution temperature was kept at 85 °C. After 7000 s
deposition, ZnONR arrays were obtained on the Au surface. In
order to attain ZnONT, the Au electrode with as-formed ZnONR
was dipped into 0.125M NaOH solution and maintained for 1.5h
at 85°C. After the reaction, the Au electrode was rinsed by DI water
for three times to remove unnecessary chemicals and then ready
for the construction of glucose biosensor.

2.3. Glucose biosensor fabrication

Before the immobilization of GOx, ZnONT modified electrode
was rinsed with PB solution to generate a hydrophilic surface. An
enzyme solution was prepared by dissolving 10 mg GOx and 20 mg
BSA in 200 w1 PB solution. 1 ul of the above mixture was applied
onto the surface of as-prepared electrode. The electrode was then
left in air for 2 h to dry, which also allowed GOx and BSA to adsorb
onto the ZnONT. The cross-linking procedure was carried out by
adding 1 .l aqueous solution containing 2.5% glutaraldehyde and

0.5% Nafion onto the electrode. After dried at room temperature,
1.5 pl of 0.5% Nafion solution was further dropped onto the elec-
trode surface to prevent possible enzyme leakage and eliminate
foreign interferences. (It has been reported that Nafion, as a cover-
ing membrane, can provide biocompatible environment for enzyme
and also enhance the anti-interference ability of the biosensor
[33,34].) Finally, the electrode was immersed in DI water to remove
unimmobilized enzymes. All prepared enzyme electrodes were
stored in dry condition at 4°C when not in use. For the comparison
of the significance of the ZnONT structure, two electrodes based on
the ZnONR and Au film as the supporting material were made with
the identical procedure, respectively.

2.4. Biosensor characterization and electrochemical
measurements

The morphology and structure of ZnONT were characterized
by field emission scanning electron microscopy (FESEM, Raith e-
Line, Germany), high-resolution transmission electron microscopy
(HRTEM, JEOL-2010, Japan), and X-ray diffraction (XRD, D/Max-rA
with Cu Ko of 1.54056 A, Japan). Fourier-transform infrared (FT-
IR) spectroscopy (Nicolet 8700, USA) was employed to evaluate the
influence of ZnO on the bioactivity of glucose oxidase. In FT-IR mea-
surement, the electrode was prepared by just adding GOx solution
onto the ZnONT without BSA treatment, because BSA had the sim-
ilar amide band with the GOx and complicated the result [35]. The
cyclic voltammograms (CV) were acquired from —0.2V to +0.8V
at a scan rate of 0.1V/s in 10ml of 0.1 M pH 7.0 PB solution. The
amperometric response of biosensor to glucose was recorded in
stirring (400 rpm) PB solution at +0.8 V versus SCE. All electrochem-
ical experiments were performed at room temperature (typically,
25°C).

3. Results and discussion
3.1. Characterization of the fabricated biosensor

Fig. 1A and B shows the SEM images of as-grown ZnONT and
ZnONR arrays, respectively. It can be seen that both of the ZnONT
and ZnONR are well-aligned in hexagonal structure, with an aver-
age diameter of around 250 nm. The length of ZnONT is about 1 wm
and the wall thickness is estimated to be several tens of nanometers
(45 +8nm, 60 counts). HRTEM and corresponding selected area
electron diffraction (SAED) of a single ZnONT in Fig. 1Cand D reveals
that the ZnONT grow uniformly along (000 1) direction with no
obvious defects. Energy dispersive spectrometry (EDS) in Fig. 1E,
only demonstrating the elements of Zn and O (Cu signal in the spec-
trum is derived from copper grid used in TEM experiments), further
confirms the high purity of ZnONT. Moreover, the atom ratio of Zn to
0 is quantitatively calculated to be 1.6:1, indicating that there still
exists a certain amount of oxygen vacancies in the nanotubes. With
regard to the mechanism of the formation of ZnONT, it is reported
that a defect-selective etching process plays an important role [32].
Briefly, upon etching by the NaOH, the etching starts preferentially
from the defect-rich polar (0 00 1) plane of the ZnONR. Additionally,
the etching rate of the metastable (0 00 1) plane is much faster than
that of nonpolar planes. Both above factors lead to the formation of
tubular ZnO nanostructure.

XRD pattern of the as-synthesized ZnONT on Au surface is shown
in Fig. 2. All diffraction peaks, except those of Au(111), Au(222)
and Si(11 1) originated respectively from the Au film and substrate,
can be well indexed as wurtzite ZnO (space group: P63mc, JCPDS
Card No. 36-1451), indicating that the ZnONT are well crystallized.
According to the XRD data, the ZnONT lattice constants can be calcu-
lated to be 3.247 A and 5.204 A, well matching those of the bulk ZnO
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Fig.1. FESEM images of ZnONT (A) and ZnONR (B) arrays. HRTEM (C), corresponding
SAED pattern (D) and EDS spectrum (E) of a ZnO nanotube.
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Fig. 2. XRD pattern of as-synthesized ZnO nanotubes.
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Fig. 3. FT-IR spectra of GOx immobilized on the ZnONT.

materials (a=3.250 A, c=5.207 A). Furthermore, the strongest peak
ZnO (0002) suggests that ZnONT has the preferential orientation
along c-axis, which is consistent with the SEM results.

The maintenance of enzyme activity on the supporting materials
is crucial in the biosensor designs, because the secondary confor-
mational variations of the enzyme can affect its activity markedly.
Herein, FT-IR is utilized to check the secondary conformation vari-
ations of the polypeptide chain of GOx on the ZnONT. As shown
in Fig. 3, two infrared bands of GOx with the center positions at
1645cm~! and 1565cm~! can be observed. The former band is
related to C=0 stretching vibrations of the peptide linkages in the
backbone (AmideI)and the latter one is ascribed to the combination
of C-N stretching and N-H in-plane bending (Amide II) [36-38].
This result reveals that the secondary structure and bioactivity of
GOx molecules can be reserved when immobilized on the ZnONT.

The electrochemical characterization of the biosensor is inves-
tigated by cyclic voltammetry between —0.2V and 0.8V versus
SCE in pH 7.0 PB solution at scan rate of 0.1V/s. Fig. 4 shows the
cyclic voltammogram of the biosensor without glucose (curve A)
and upon addition of 2 mM glucose (curve B). It can be found that
the reduction current is suppressed while the oxidation current
increases significantly, which relates to the oxidation of glucose by
GOx catalysis. Moreover, a broad shoulder peak shows up appar-
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Fig. 4. Cyclic voltammograms of the biosensor without (A) and with 2 mM glucose
(B)in 0.1 M pH 7.0 PB solution at scan rate of 0.1V/s.
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ently at around 0.6V which can be ascribed to H,0O, generated
during the oxidation of glucose [23]. These results indicate that the
GOx can be well affined to ZnONT and the fabricated biosensor has
good detection ability to glucose.

3.2. Response behavior of the glucose biosensor

Various experimental parameters, such as pH value, applied
voltage and temperature, may affect the performance of abiosensor.
In this work, these parameters were first studied to ascertain the
optimal working conditions. The relationship between the response
current of fabricated biosensor and the applied voltage is shown in
Fig. 5A. It can be found that the current increases very slowly when
the voltage is below 0.5V. However, if the voltage excesses 0.5V,
the current first rises drastically and then shows the saturation
behavior when voltage reaches at +0.8 V. Based on the above obser-
vations, the applied voltage was set to be +0.8V in the following
experiments.

The pH effect on the biosensor performance was investigated by
measuring the current response to 1 mM glucose at +0.8 V. Because
the ZnO is a kind of amphoteric compound and not stable in both
strong acid and base solutions, the pH value ranging from 4.0 to 8.0
was adopted in this study. As seen in Fig. 5B, the biosensor shows
an optimal response at pH 7.0. In this case, the buffer solution was
adjusted to pH 7.0 and used in all experiments below.

The effect of varying temperature on the biosensor response was
also examined between 20 °C and 65 °C. As illustrated in Fig. 5C, the
current response gradually increases with the increasing of temper-
ature and reaches to its maximum value at 50 °C. This is because the
enzyme activity increases at higher temperature. After 50 °C, the
response decreases which is caused by the natural thermal degra-
dation of the enzymes. Although the biosensor shows a maximum
response at 50°C, room temperature (25 °C) is still chosen for this
work in order to prevent possible solution evaporation at higher
temperature and ease of operations.

Under the optimized conditions, the steady-state amperomet-
ric response of the glucose biosensor is investigated by successively
adding various concentrations of glucose into PB solution. As shown
in Fig. 6A and its inset, the biosensor has a fast and sensitive
response to glucose, and it reaches 95% of the maximum steady-
state current in 3 s. Fig. 6B illustrates the calibration plot of response
current to different glucose concentrations. The linear response
range is obtained from 50 uM to 12mM and the linear regres-
sion equation is I (wA)=0.298 +0.866C, (mM) (R=0.998), where
I'is current and Cg is the glucose concentration. The sensitivity is
calculated to be 21.7 pA/mMcm? as well. Additionally, the exper-
imental limit of detection (LOD) of the biosensor is measured to
be 1 wM based on a signal-noise ratio of 3 (inset of Fig. 6B). With
respect to the benefit of the ZnO nanotube structure in the con-
struction of biosensors, comparison was performed by measuring
the amperometric response of biosensors using the ZnONR and Au
film as immobilization materials. From Fig. 6B, the ZnONR modi-
fied biosensor shows a sensitivity of 7 wA/mM cm? and the linear
range is up to 4.3 mM, while the Au film modified biosensor only
shows a sensitivity of 5.5 wA/mM cm? and its linear range is up to
2mM. Since the nanotube structure has higher surface area than
nanorod and flat surface, the introduction of ZnO nanotubes in
the biosensor design may increase the electrode surface area for
the enhancement of GOx loading. Besides, the unique 3D structure
may not only prevent the GOx from stacking together which usu-
ally happens in the flat surface case, but also allow the generated
H,0, diffuse to the electrode rapidly and get oxidized efficiently.
Consequently, we conclude that the performance of biosensor is
enhanced dramatically when ZnONT is employed.

The enhanced linear range and sensitivity expands the appli-
cations of the biosensor, especially in the glucose determination
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Fig. 5. The amperometric current of the biosensor varies with the applied voltage
(A), pH value (B), and temperature (C).

in serum samples. Besides, our biosensor exhibits a much wider
linear range than reported multi-wall carbon nanotubes modified
polymer electrode (0.02-2.2 mM) [39] and nano-SiO, /Pt nanoclus-
ters modified platinum electrode (0.27-4.08 mM) [40]. The LOD
is significantly lower than previous reports using mesocellular
silica-carbon nanocomposite foam (34 wM) [41] and Au/Pt het-
erostructure (39.8 wM) [42] as immobilization materials.
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Fig. 6. Amperometric response of the biosensor based on ZnONT to different con-
centrations of glucose at 0.8V in stirring pH 7.0 PB solution (A). Calibration curves
for the response of the biosensors using ZnONT (a), ZnONR (b) and Au film (c) as
enzyme immobilization materials (B). Inset of (A) shows the biosensor response to
different concentrations of glucose; inset of (B) shows the biosensor response to the
1 uM glucose.

From Fig. 6B, one can further observe that the biosensor
response gradually deviates from the linear feature as the glucose
concentration up to 12mM. This is the characteristic of a typ-
ical Michaelis-Menten kinetics. The apparent Michaelis-Menten
constant K3’P, which depicts the enzyme-substrate kinetics of
biosensor, can be calculated from the Lineweaver-Burk equation:
1/Iss = (KPP [Imax )(1/C) + 1/Imax, where Cis the concentration of sub-
strate, Iss is the steady-state current and Ipnax is the maximum
current measured under substrate saturation [43]. Therefore the
values of the KiPP and Imax in this work can be calculated to be
19 mM and 24 p.A, respectively. The obtained KPP is lower than the
recent reported glucose biosensors based on ZnO:Co nanoclusters
(21 mM) [22], polypyrrole films (37.6 mM) [44], and nano-CaCO;
(21.4 mM) [45]. The lower KPP means the higher enzymatic activ-
ity of immobilized GOx, thus the above result further indicates that
the ZnONT modified biosensor possesses a high affinity to glucose.

3.3. Anti-interference and stability of biosensor

It is well known that some electroactive species in serum, such
as ascorbic acid (AA), L-cysteine (L-Cys) may influence the perfor-
mance of glucose biosensor. In this work, 0.5 mM urea, L-Cys and
AA were consecutively added into PB solution containing 1 mM glu-
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Fig.7. (A)Effect of interfering species to the response of the biosensor. (B) Long-term
stability of the fabricated biosensor.

cose to study the anti-interference ability of the fabricated glucose
biosensor. As can be seen from Fig. 7A, the urea has not any obvi-
ous effect on the biosensor, while L-Cys can cause negligible 2.1%
current increment compared with that of 1 mM glucose. However,
9.0% current increment can be observed when AA is added. Con-
sidering that the concentration of AA in physiological condition is
below 0.5 mM (around 0.1 mM) [46] and much smaller than that of
glucose (normal range: 4-7 mM)), it also brings negligible effect for
the glucose detection in serum samples. All the above results imply
that the constructed biosensor has a good anti-interference ability.
The reproducibility of biosensor was also examined by measur-
ing the response towards 1 mM glucose in 10 ml pH 7.0 PB solution.
Four biosensors constructed independently give a relative standard
deviation (R.S.D.) of 8.2%. As for one biosensor, the R.S.D. is 2.2%
for 13 continuous assays. The long-term stability of biosensor was
evaluated by measuring its performance every few days. It can be
seen from Fig. 7B that the biosensor retains around 90% of initial
response after three weeks. After 60 days, the biosensor is still active
and retains around 70% of the initial response, indicating that the
immobilized GOx can efficiently retain their bioactivity for a quite
long time due to the good microenvironment provided by ZnONT.

4. Conclusions

A biosensor towards the glucose detection is fabricated by
immobilization of glucose oxidase onto the ZnO nanotubes via
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cross-linking method. The biosensor shows a fast response to glu-
cose and has a quite wide linear range from 50 uM to 12mM as
well as its experimental limit of detection can be achieved as low as
1 wM. It also possesses good anti-interference ability and stability.
All these advantageous features can make the designed biosensor
applicable in medical, food or other areas. Moreover, the investi-
gation also exhibits that the ZnO nanotubes may be applied as a
potential novel immobilization material for a variety of biosensor
designs.
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