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Abstract We report on an enzymatic electrochemical glucose
biosensor based on the use of zinc oxide nanorods (ZnO NRs)
modified with gold nanoparticles (Au-NPs) and arranged in
the form of an array. The nanorods were obtained via a
hydrothermal method, and the Au-NPs were synthesized by
photo-reduction. The surface of the nanoarrays was then mod-
ified with Au-NPs via electrostatic self-assembly. GOx was
immobilized onto the surface of Au-NPs modified ZnO
nanoarrays by electrostatic adsorption. The performance of
the resulting glucose biosensors were investigated by cyclic
voltammetry and amperometry. Compared to biosensors
based on ZnO nanoarrays without Au-NPs, the ones described
here exhibit a higher sensitivity (43.7 nA cm > mM ') and a
lower K, s (0.78 mM). It is obvious, therefore, that the Au-
NPs play an important role with respect to the performance of
this biosensor.
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Introduction

Glucose biosensors always play a significant role in the field
of clinical diagnosis, biological detection and food produc-
tion. Due to high sensitivity and fast response to glucose
molecules, enzyme (glucose oxidase, GOx) coated ampero-
metric biosensor is one of the most reliable ways for glucose
detection in vitro or in vivo.

During the past decades, inorganic nanomaterials, such as
Si, MnO,, TiO,, metal oxide NPs and noble metal NPs [1-5],
were studied for the construction of biosensors since they can
provide large surface areas for enzyme coating and compatible
microenvironment to maintain the bio-activity of enzyme.
Among these nanomaterials, one-dimensional ZnO has
attracted great attention due to its outstanding properties in-
cluding favorable biocompatibility, excellent bio-safety, fine
electron transport property and easy preparation [6]. Further-
more, ZnO nanomaterials with a high isoelectric point of 9.5
are suitable for adsorbing proteins or enzymes with low iso-
electric point, such as GOx with isoelectric point 4.2 at a
physiological pH value of 7.4 by electrostatic attraction [7, 8].

Recently, the application investigation of nano-composites
was one of the most remarkable research areas to combine and
integrate the superiorities of each component [9—-12]. To en-
hance electron communication properties of inorganic
nanomaterials, attempts have been made by doping or modi-
fying with metal NPs [10, 13].

In this work, we constructed a glucose biosensor by using
Au NPs modified ZnO nanoarrays. Via the modification of Au
NPs onto the surface of ZnO, a considerable improvement in
the performance of the sensor has been presented. This work
also indicates that the Au nanoparticles modified ZnO
nanoarrays can offer a promising immobilization material for
biosensor design.
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Experimental
Reagents and chemicals

Glucose (99 %) and hydrogen peroxide (H,O,, 30 %) was
purchased from Beijing Chemical Reagent Company (http://
www.cre-bj.com/). Nafion solution (5 wt.%) and GOx (113 U
mg ") were both obtained from Sigma-Aldrich (http://www.
sigmaaldrich.com/). All the reagents were of analytical grade
and used without further purification.

Preparation and characterization of Au NPs modified ZnO
NR arrays

Aligned ZnO NR arrays on Fluorine-doped tin oxide (FTO)
glass were prepared via hydrothermal approach for 16 h [14].
Au NPs were synthesized by photo-reduction method [15] and
deposited directly onto the ZnO NR arrays by the following
procedures. First, 0.05 % HAuCl, aqueous solution, 1 %
polyvinyl alcohol solution and methanol were mixed together
with a proper ratio. The pH value of the mixed solution was
adjusted to 8 by NaOH when Au NPs protected by polyvinyl
alcohol are negatively charged while ZnO NR arrays are
positively charged. The FTO glass with ZnO NR arrays was
then immersed in the photo-reduction solution and an ultra-
vitalux lamp (OSRAM, 300 W) was used to irradiate 15 min
for the photo-reduction. Next, the obtained FTO glass was
annealed in air at 350 °C for 3 h to remove the capped
polyvinyl alcohol. The resulting substrate was applied to
construct the glucose biosensor.

The products were characterized by field emission scan-
ning electron microscopy (FE-SEM, Zeiss, SUPRA-55), en-
ergy dispersive spectrometer (EDS) and X-ray photoelectron
spectrum analyzer (XPS, AXIS ULTRAP™P, KRATOS).

Construction and performance test of glucose biosensor

ZnO NR arrays on FTO glass and Au NPs/ZnO NR arrays on
FTO glass were firstly wetted by phosphate buffer saline
(PBS, 0.01 M, pH=7.4) respectively to generate a hydrophilic
surface, and the effective surface area of the modified elec-
trode is 0.5 cm * 0.4 cm. Then, 2 uL GOx (50 g L") was
dropped onto the surface of nanoarrays respectively and dried
in air. The above procedure was repeated twice. 3 uL 0.5 wt.%
Nafion solution was further dropped onto both of the sub-
strate’s surface respectively to form a protective film. The
fabricated Nafion/GOx/ZnO NR arrays/FTO and Nafion/
GOx/Au NPs/ZnO NR arrays/FTO electrodes were stored at
4 °C overnight for further measurements.

All the electrochemical measurements were then carried
out at room temperature utilizing an electrochemical worksta-
tion (SI 1287, Solartron Analytical) with a three-electrode
system, in which the constructed electrode was used as
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working electrode, a columnar platinum electrode as auxiliary
electrode and Ag/AgCl electrode as reference electrode.

Results and discussion
Characterization of the products

The vertically aligned ZnO NR arrays are found to be uni-
formly distributed with an average diameter of 50~100 nm
and a length of about 2.5 pum (Fig. 1a). As depicted in Fig. 1b
and c, the average diameter of Au NPs was 8~10 nm and the
distribution of them over ZnO NRs is fairly uniform. EDS
patterns shown in the insets of Fig. 1a and b indicate that ZnO
NR arrays are composed of the elements Zn with an atomic
ratio 55.75 % and O with 44.25 %, and Au NPs/ZnO NR
arrays are composed of the elements Au with an atomic ratio
4.05 %, Zn with 38.84 % and O with 57.11 %. Fig. 1d displays
the XPS spectrum of the Au 4fregion. Au peaks are located at
83.6 and 87.3 eV, corresponding to the binding energy of
metallic Au [16].

Electrochemical characterization

The sensing mechanism of GOx/Au NPs/ZnO NR arrays
modified electrode in glucose solution is illustrated in
Fig. S1 (Electronic Supplementary Material, ESM). GOx
can selectively catalyze the oxidation of glucose to
gluconolactone and H,0, in the presence of O,, and the
accumulation of H,O, generated by the oxidation of increas-
ing glucose results in continuous enhancement of the response
current. Hence, the concentration of glucose can be indirectly
examined by quantification of the produced H,O, under O,
saturation. The electro-catalytic ability of GOx/Au NPs/ZnO
NR arrays based electrode towards H,O, was firstly investi-
gated at +0.6 V vs. Ag/AgCl, and the real-time current re-
sponse was presented in Fig. S2. It can be seen that the
response current was enhanced obviously as the concentration
(1 uM~4 mM) of H,0, increased.

To preliminarily evaluate the performance of Au NPs/ZnO
NR arrays based electrode towards glucose, cyclic voltamm-
etry characteristics of the two fabricated electrodes at a scan
rate of 50 mV s~ ' were examined, as shown in Fig. 2a.
Compared to the electrode based on ZnO NR arrays (black
line), the current of Au NPs/ZnO NR arrays based electrode in
PBS (blue line) is several times enhanced, which could be
ascribed to the larger electrode surface area and increased
electro-catalytic ability induced by Au NPs. A pair of current
peaks (E,, at 0.164 V, E, at 0.11 V) appear when the GOx/Au
NPs/ZnO NR arrays based electrode was immersed in the
1 mM glucose solution (red line), which can be attributed to
the formation of H,O, [17]. In Fig. 2b and the insert, the I,
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Fig.1 FE-SEM images of (a) top
view of ZnO NR arrays; (b) top
view of Au NPs/ZnO NR arrays;
(¢) side view of Au NPs/ZnO NR
arrays; (d) XPS pattern of Au 4f
region. The insets of (a) and (b)
are the corresponding EDS
patterns

and I,. are sequentially increased and linearly proportional to
the square root of scan rate respectively at the scan rates from
20 to 120 mV s ' in 1 mM glucose, indicating a diffusion-
controlled process [18].

The amperometric responses of biosensors based on ZnO
NR arrays (black curve) and Au NPs/ZnO NR arrays (red
curve) to different concentration glucose were examined un-
der air saturation at an applied potential of +0.6 V vs. Ag/
AgCl, as shown in Fig. 3. Both of the biosensors presented
well-defined steady-state current responses to increasing glu-
cose concentration. For the GOx/Au NPs/ZnO NR arrays
modified biosensor, the response current to 3 uM glucose is
4 times as much as that when 1 puM glucose was added, as

a 1

Current (uA)
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Fig. 2 a Cyclic voltammetry characteristics of GOx/ZnO NR arrays
based electrode in PBS (black line), GOx/Au NPs/ZnO NR arrays based
electrode in PBS (blue line) and in 1 mM glucose (red line); b Cyclic

Intengity
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shown in the inset of Fig. 3. The detection limit is 3 uM ata
signal-to-noise ratio larger than 3 (S/N>3).

After analysis and calculation, it can be found that the
current response to glucose concentration was enhanced ob-
viously in the linear range of 3 pM~3 mM for both of the two
biosensors mentioned above. The linear equation for the bio-
sensor based on ZnO NR arrays is y=0.0243x+0.0084 (R*=
0.9971), where y and x stand for the current density
(1A cm ) and the glucose concentration (mM), respective-
ly. The equation slope demonstrates that the sensitivity of
the biosensor is 24.3 nA cm > mM . For the biosensor
based on Au NPs/ZnO NR arrays, the linear equation is y=
0.0437x+0.0402 (R*=0.9899), indicating a higher
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voltammetry curves of GOx/Au NPs/ZnO NR arrays based electrode at
various scan rates in | mM glucose, and the inset shows the peak current
vs. the square root of scan rate
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sensitivity of 43.7 nA cm 2 mM . This is because of the
increased electrode surface area to immobilize more GOx
and fine electro-catalytic ability to facilitate the aforemen-
tioned enzymic catalytic reaction induced by Au NPs that
were adsorbed on ZnO NRs surface [16, 19].

The apparent Michaelis-Menten constant (K, 1), a mea-
sure of the enzyme-substrate kinetics of the glucose biosensor,
can be calculated from the Lineweaver-Burk equation [18]:.

1/1 = (Kapp,M/Imax) (1/C) + l/Imalx

where I,,,, is the saturation current. For GOx/Au NPs/ZnO
NR arrays and GOx/ZnO NR arrays modified biosensors, the
Kpp,m can be determined to be 0.78 mM and 1.58 mM,
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Fig. 4 The cross sensitivity of the GOx/Au NPs/ZnO NR arrays modi-
fied glucose biosensor
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respectively. The smaller K, 1, of GOx/Au NPs/ZnO NR
arrays based biosensor means that the immobilized GOx
possesses a higher enzymatic activity and improved affinity
for substrate glucose [18, 20].

Cross sensitivity, reproducibility and stability of GOx/Au
NPs/ZnO NR arrays modified biosensor

The cross sensitivity of the GOx/Au NPs/ZnO NR arrays
based biosensor was then evaluated, as demonstrated in
Fig. 4. Several most possible interfering compounds, uric acid
(UA), ascorbic acid (AA) and dopamine (DA) [21] were
examined. It can be found that UA, AA and DA do not bring
obvious interference to the detection of 2 mM glucose.

The reproducibility of the GOx/Au NPs/ZnO NR arrays
based electrode was also investigated by measuring the cur-
rent response to 1 mM glucose in 0.01 M PBS. Three bio-
electrodes, prepared independently under the same condition,
showed a relative standard deviation (R.S.D.) of 4.39 %.

The storage stability of the GOx/Au NPs/ZnO NR arrays
modified electrode was examined by comparing the response

Table 1 Reliability of Au NPs/ZnO NR arrays based biosensor in real
blood sample

Blood Concentration given Determined Relative
sample by hospital (mM) concentration (mM) error (%)
1 4.82 4.67 3.11

2 5.36 5.19 3.17

3 5.78 5.61 2.94

4 6.12 5.93 3.1

5 8.03 7.79 2.99
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Table 2 Comparison of the
present glucose biosensor with Methods/Materials Detection  Linear range Sensitivity Reference
others reported previously limit (LM)
pH sensitive polymer 1,200 2.5~20 mM - [23]
L-tyrosine 0.62 1~10 uM - [24]
Eggshell membrane 10 uM~1.3 mM - [25]
Nylon net 18 uM~1.1 mM - [26]
Zirconia/Nafion composite film 30 uM~15.08 mM 34 pA mM ! [27]
Fe;04/Prussian-blue NPs 0.5~80 uM - [28]
Au NPs/Eggshell membrane 833 uM~0.966 mM  — [29]
Au NPs/ZnO NR arrays 3 uM~3 mM 437nA cm >mM ' This work

currents to 1 mM glucose in 0.01 M PBS. Dry stored at 4 °C
for a week, the same electrode still maintains about 87 % of'its
original activity.

Real sample analysis

To evaluate the reliability of the fabricated biosensor
based on Au NPs/ZnO NR arrays, the glucose concen-
tration in real blood samples provided by a local hos-
pital was analyzed here. The amperometric experiment
was implemented by adding 500 pL of the blood sam-
ple into 10 mL PBS (0.01 M, pH 7.4). The blood
glucose concentration was calculated according to the
linear equation for the biosensor, and the results agree
well with those learned from hospital, as shown in
Table 1, demonstrating the high reliability of this meth-
od for detecting glucose in real samples.

The performance of glucose biosensor in this work was
compared with those reported earlier in Table 2. The relatively
lower detection limit of 3 pM and the linear range of 3 UM~
3 mM of the sensor make it practical in the determination of
tear glucose levels in humans (the average normal value
138 uM) [22].

Conclusions

In summary, ZnO NR arrays have been successfully prepared
and modified by Au NPs via photo-reduction method com-
bined with electrostatic self-assembly technique. The Au NPs/
ZnO NR arrays based glucose biosensor performed better
performance in comparison to that based on ZnO NR arrays,
which can be ascribed to larger surface-to-volume ratio and
excellent electro-catalytic ability of the Au NPs modified ZnO
NR arrays. It is expected that Au NPs modified ZnO NR

arrays will have promising application prospects for the de-
tection of glucose and other biological species.
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