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a b s t r a c t

ZnO nanorods/Au hybrid nanocomposites (ZnO/Au) with Au nanocrystals growing on the surface of
ZnO nanorods were synthesized via a simple and facile hydrothermal route. The prepared ZnO/Au
nanocomposites were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM) and
transmission electron microscopy (TEM) for the morphology study. The composites had a good electron
transferring and biocompatibility. The glucose biosensor was fabricated by entrapping glucose oxidase
(GOx) in this composite matrix using cross-linking method with glutaraldehyde and Nafion solutions. The

2

nO/Au
ybrid nanocomposites
lucose oxidase
lucose biosensor

proposed biosensor responded to glucose linearly over concentration range of 0.1–33.0 �M (R = 0.9956),
and the detection limit was 10 nM (S/N = 3) at an operating potential of +0.55 V in pH 7.4 phosphate
buffered solution (PBS). The biosensor exhibited a high and reproducible sensitivity, short response time
(within 5 s), good storage stability and high affinity to GOx (Kapp

M = 0.41 mM). The effects of electroactive
interferents at the testing conditions can be negligible which showed a good selectivity of the biosensor.
It is estimated that this ZnO/Au is an attractive material for the fabrication of efficient amperometric

biosensors.

. Introduction

Glucose is a keen metabolite for living organisms, especially
n the case of patients suffering from diabetes. An accurate mea-
urement of glucose level in blood has long been recognized as an
mportant clinical test for diagnosing diabetes mellitus (Rakhi et
l., 2009; Poscia et al., 2003). Amperometric enzyme electrodes,
ased on GOx, have played a leading role for the determination
f glucose due to their high sensitivity, repeatability and simple
peration. Since the development of the first glucose biosensor,
mprovement of the response performance of enzyme electrodes
as been the main focus of biosensor research (Liu et al., 2010). Gold
anoparticles have been extensively used in biosensor due to their
nique capabilities to enhance mass transport, facilitate catalysis,

ncrease surface area, and control an electrode’s microenvironment
Rakhi et al., 2009; Scodeller et al., 2008; Du et al., 2007). Searching
or new materials and methods for immobilizing enzymes are still
ery important subjects towards more active and stable biosensors
Yang et al., 2002; Tsai et al., 2005).
Significant research efforts have been taken on multifunctional
anocrystals that comprise two or more different components
ecause of the possibility of combination and integration of prop-
rties of the materials together from the viewpoint of technique
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requirements, which usually cannot be attainable in single-
component nanocrystals (Zhang et al., 2008; Lee et al., 2006; Huh
et al., 2005). The heterostructures are mainly classified as two
types, the core–shell structures (Wang et al., 2006; Green, 2005)
and the heterodimer (Casavola et al., 2007; Gu et al., 2005). The
core-shell structures, in which a nanocrystalline core is covered by
a shell of another or several materials, for instance, two or more
types of semiconductors (Dabbousi et al., 1997), semiconductors-
magnet (Casavola et al., 2007), metal-semiconductors-magnet
(Kim et al., 2005) will improve the original properties of the
pure materials. The heterodimer structures, in which two or more
inorganic compounds are interconnected through a small inter-
face, such as semiconductor/semiconductor (Halpert et al., 2006),
metal/semiconductor (Saunders et al., 2006; Yang et al., 2006),
magnet/semiconductor (Buonsanti et al., 2006) and metal/metal
(Pellegrino et al., 2006; Choi et al., 2006) can also enhance the
properties of pure component.

Zinc oxide (ZnO) nanostructures have significant applications in
optics, optoelectronics, sensors, and actuators due to their semi-
conducting, piezoelectric, and pyroelectric properties (Tseng et
al., 2003; Li et al., 2004; Johnson et al., 2004). Extensive efforts
have been made to fabricate various kinds of chemical and bio-
chemical sensors based on ZnO nanostructures, such as fluorescent

biosensors with nanoscale ZnO platforms (Dorfman et al., 2006;
Liao et al., 2007) H2S gas sensor with single ZnO nanowire (Liao
et al., 2007), intracellular pH sensor with ZnO nanorod (Al-Hilli
et al., 2006) and ethanol sensor with flowerlike ZnO nanostruc-
ture (Feng et al., 2005). Due to their unique properties, these ZnO
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Fig. 1. Typical high-magnification FESEM images (A) and high-resolution T

anosensors show higher sensitivity and lower limit of detection
LOD) as compared to those prepared from bulk ZnO devices. For
nzyme-modified nanosensors, the ZnO nanostructure is one of
he most promising substrates for immobilizing enzyme because
f their properties including biocompatibility, vast surface-to-bulk
atio, relative chemical stability in physiological environment, and
lectrochemical activity (Tian et al., 2002; Rodriguez et al., 2000).
oreover, ZnO has a high isoelectric point (IEP) of about 9.5, which

hould provide a positively charged substrate for immobilization of
ow IEP proteins or enzyme such as GOx (IEP ≈ 4.2) at the physio-
ogical pH of 7.4. In recent years, heterostructures of ZnO/metal
anocomposites (e.g., ZnO/Au (Subramanian et al., 2003; Wang
t al., 2007), ZnO/Ag (Zheng et al., 2007)) and their optical prop-
rties have attracted intense attention. To our best knowledge,
ontrolled synthesis of water-soluble ZnO/Au hybrid nanocompos-
tes and based electrode enhance the sensitivity for analytes as
emonstrated by the detection of glucose without the presence of
mediator has not been reported so far. In this paper, we report
facile solution strategy to synthesize ZnO nanorods/Au hybrid

anocomposites and enhance the sensitivity and LOD of glucose
iosensor.

. Experimental details

.1. Reagents and apparatus

Glucose, glucose oxidase type VII (136 000 units/g, EC 1.1.3.4.
rom Aspergillus niger) and Nafion were purchased from Sigma.
n(Ac)2·2H2O and other reagents were of analytical grade, pur-
hased from Shanghai Chemical Factory (Shanghai, China). Serum
amples were kindly provided by the Hospital of East China Normal
niversity (Shanghai, China) and used with dilution. Amperometric
etections were carried out on CHI 660C electrochemical work-
tation (CH Instruments, USA) with a three-electrode system, a
nO/Au/GOx/Nafion modified electrode as working electrode, a
g/AgCl as reference electrode and a platinum electrode as counter
lectrode. All experiments were performed at ambient temperature
25 ± 1 ◦C).

The XRD patterns were collected on a Bruker D8 Advance instru-
ent using Cu–K� radiation. The morphologies of as-prepared

roduct were observed with a JEM-2100 high resolution trans-
ission electron microscope (HRTEM) (JEOL Co. Ltd., Japan)
perated at an acceleration voltage of 200 kV and HITACHI S-
800 scanning electronic microscopy (Hitachi Co. Ltd., Tokyo,
apan). UV spectrum was obtained at ambient temperature
sing a Cary 50 Conc UV–Visible Spectrophotometer (Varian,
SA).
ages (B) of the as-synthesized ZnO nanorods/Au hybrid nanocomposites.

2.2. Synthesis of ZnO nanorods/Au nanocomposites

The synthesis of the ZnO nanorods was described in Supplemen-
tary data. Gold nanocrystals formed directly onto the ZnO nanorods
in the following procedure. The washed ZnO nanorods (0.40 mM)
were redispersed in a 50 mL diluted trisodiuom citrate solution
by ultrasonic treatment. 0.2 mL of HAuCl4 solution (0.01 M) was
dissolved in 10 mL of water and added dropwise into ZnO solu-
tion. Then, the mixed solution was stirred at 80 ◦C for about 12 h.
The pink-colored product was then collected by centrifugation and
washed with distilled water and ethanol several times for further
characterization.

2.3. Preparation of biosensor

For the fabrication of glucose biosensors, the as-synthesized
ZnO nanorods/Au hybrid nanocomposites were coated on the pre-
treated glassy carbon electrode (GCE) (Wei et al., 2010), wetted
by PBS solution (pH = 7.4) and dried by high-purity nitrogen gas.
For immobilization of GOx, cross-linking method was employed
and in a typical reaction process, ∼100.0 �L GOx solution, 50.0 �L
(2.5%) glutaraldehyde and 50.0 �L (0.5%) Nafion solutions were
mixed thoroughly. Thereafter, ∼2.0 �L above mixture solution was
applied onto the GCE/ZnO/Au electrode surface and allowed to dry
in air at room-temperature. Finally, 2.0 �L 0.5% Nafion was fur-
ther coated on the modified electrode to eliminate the possible
fouling and prevent the leaching of the enzyme. When not in use,
the modified GCE/ZnO/Au/GOx/Nafion electrodes were stored in
PBS at 4.0 ◦C. The electrochemical experiments were carried with a
conventional three-electrode configuration.

3. Results and discussion

3.1. Characterization of ZnO nanorods/Au hybrid nanocomposites

Supplementary Fig. 1A and Fig. 1A exhibits the typical SEM
images of as-synthesized ZnO nanorods/Au hybrid nanocompos-
ites which reveal that the obtained structures are grown in very
high density and multiply Au decorated ZnO nanorods. This can be
attributed to the single ionized oxygen vacancies (Vo

+) on the tip
or the side of the ZnO nanorods. The surface energy of the “acti-
vated centers” is higher than that of the nonpolar planes and is
energetically favored to Au deposition (Diebold et al., 2004). The

lengths of the ZnO nanorods range from 50 nm to 100 nm and
the diameters of Au nanoparticles are about 15 nm which can be
affirmed by Supplementary Fig. 1B and Fig. 1B. The X-ray diffraction
patterns are in good agreement with the standard data of typi-
cal wurtzite structure of ZnO (JCPDS 36-1451) (Supplementary Fig.
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Table 1
Determination of glucose in serum samples.

Samples Added (10−6 M) Found (10−6 M) (n = 6) R.S.D. (%) Recovery rate (%)

a 0.0 1.12 1.2 –
2.0 3.07 0.9 98
5.0 6.31 1.8 104

b 0.0 1.25 0.8 –
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Additional experiments were carried out to test the repro-
ducibility and stability. The reproducibility of the response currents
2.0 3.28
4.0 5.04

and b The determination of glucose in samples with different electrodes.

A). In addition to the peaks of ZnO, three weak diffraction peaks,
ttributing to Au (1 1 1), Au (2 0 0) and Au (2 2 2) planes, are also
bserved (JCPDS 04-0784). In addition, no other crystalline impu-
ities and no remarkable shift of all diffraction peaks are detected.
he HRTEM images show that there is strong interfacial contigu-
ty between Au nanoparticles and ZnO nanorods (Fig. 1B). Fig. 1B
hows that Au nanoparticle can grows very well on the surface of
nO nanorod, which is possibly due to the small lattice mismatch of
u on ZnO at the respective crystallographic planes, i.e. 0.26 nm for
nO (0 0 2) plane and 0.24 nm for Au (1 1 1) plane. Further, the mole
atio of Au/Zn in starting reactants is much small, so correspond-
ngly, the mole ratio of Au/ZnO in the products is much small, too.
herefore, the peak intensity of Au is weaker than that of ZnO. The
bsorption spectra of ZnO nanorods/Au hybrid nanocomposites has
ntensity gold plasmon peak (520 nm) compared with ZnO nanorod
Supplementary Fig. 2B). The red-shift of the surface plasmon spec-
ra of the ZnO nanorods/Au hybrid nanocomposites indicates that
he interfacial interactions between Au and ZnO result in deficient
lectron population on Au, which favors that electrons transfer
rom Au to ZnO.

.2. Electrocatalytic oxidation of glucose

Fig. 2A exhibits the schematic of glucose detection by electro-
hemical method using ZnO nanorods/Au hybrid nanocomposites
odified GCE. Supplementary Fig. 3A shows the Nyquist plots of

he corresponding electrode. The electron transfer resistance (Ret)
f the Fe(CN)6

4+/Fe(CN)6
3+ redox reactions decreased drastically

hen the Au nanoparticles dropped on the ZnO nanorod which
ndicate the Au nanoparticles accelerate the electron transfer on
he surface of the ZnO. Supplementary Fig. 3B shows the cyclic
oltammetric (CV) of GCE/ZnO/Au/GOx/Nafion electrode between
he potentials of −0.2 and +0.6 V with respective to the Ag/AgCl
3.0 M KCl) reference electrode in 0.1 M PBS (pH = 7.4) at scan rate
f 100 mV/s in the absence and presence of 2.0 mM glucose. No
eak has been observed in CV curve in the absence of glucose (red-

ine); however, a dramatic change in the CV curve was seen by the
CE/ZnO/Au/GOx/Nafion electrode by the addition of 2.0 mM glu-
ose (black line). It can be seen that the current begins to rise at
.2 V in PBS with 2.0 mM glucose compared to that in PBS without
lucose, indicating the good response to glucose by the modified
lectrode.

Fig. 2B depicts a current–time plot for the biosensor on succes-
ive step changes of glucose concentration at the applied potential
f 0.55 V. The calibration curve for the biosensor under the opti-
ized experimental conditions is shown in Fig. 2B. The biosensor

isplayed a linear response to glucose in the concentration range
rom 0.1 �M to 33.0 �M (R2 = 0.9956). The linear equation was I
�A) = 0.8141 +0.0669 C (�M), and the sensitivity of the biosen-

or was 1492 �A/mM/cm2, which was higher than values found
n the literature previously (Deng et al., 2009; Santhosha et al.,
009). The detection limit of the biosensor was estimated to be
0 nM at a signal/noise ratio of 3 with a fast current response
ime (within 5 s), which was lower than previous method (Qiu
1.9 102
1.4 96

et al., 2009). The average relative standard deviation (RSDav) of
the plots was 2.2% (n = 10). The biosensor modified with ZnO
nanorods/Au hybrid nanocomposites had been compared with
the ZnO nanorods-modified electrode (Liu et al., 2009) and gold
nanoparticles-modified electrode (Du et al., 2007). It had a lower
detection limit (10 nM) than the ZnO nanorods-modified electrode
(3 �M) and gold nanoparticles-modified electrode (3.5 mM).

To evaluate the biological activity of the immobilized GOx, the
apparent Michaelis–Menten constant Kapp

M is generally used (Wei
et al., 2010). According to the Lineweaver–Burk equation: 1/i =
Kapp

M /imax(1/C) + (1/imax), where i is the current, imax is the maxi-
mum current measured under saturated substrate conditions, and
C is the glucose concentration. According to the Lineweaver–Burk
plot, the Kapp

M was calculated to be 0.41 mM. This low Kapp
M indi-

cated good bioactivity of the immobilized GOx. The high sensitivity
of the enzyme electrode can be attributed to the excellent adsorp-
tion ability, highly enhanced electrocatalytic activity of GOx and
good biocompatibility of ZnO nanorods/Au hybrid nanocompos-
ites. Moreover, the high conductivity of ZnO nanorods/Au hybrid
nanocomposites provides high electron communication features
which enhance the direct electron transfer between the active sites
of enzyme and the electrodes.

3.3. Application to real samples

The applicability of this biosensor was assessed by the detection
of glucose concentration in diluted human serum samples utilizing
the standard addition method. The results were given in Table 1
and Supplementary Fig. 4A. The recoveries were in the range of
96–104% which demonstrated that the glucose biosensor offered an
excellent method and a satisfactory reproducibility (RSDav = 1.3%,
n = 6) for the determination of glucose in diluted human serum and
could be used clinically.

3.4. Selectivity, reproducibility and stability

To affirm the selectivity of the glucose biosensor, possible inter-
ference was investigated by measurement of 0.01 mM glucose in
PBS containing a specified concentration of the interfering com-
pounds uric acid (UA), l-cysteine (l-cys), glutamate (GA) and
ascorbic acid (AA). In Supplementary Fig. 4B, 0.1 mM UA, 0.1 mM
l-cys, 0.1 mM GA and AA did not cause any observable interference
to the sensor’s response to glucose. So the effect of interferents on
the current response of enzyme catalysis could be negligible under
the testing conditions.
of different biosensors was made by the same procedure in 0.01 mM
glucose. The relative standard deviation was calculated to be 3.8%
(n = 10). The biosensor was stored at 4 ◦C when not used, and it
retained about 90% of its original bioactivity after 3 months, indi-
cating a good stability.
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ig. 2. (A) Schematic of glucose detection by electrochemical method using ZnO na
f the biosensor upon various concentrations of glucose in PBS in pH 7.4, 0.1 M PBS

. Conclusions

In this study, we have shown that the synthesis of the
nO nanorods/Au hybrid nanocomposites via a simple and facile
ydrothermal route. The ZnO/Au nanocomposites can transfer
lectron better between enzyme and electrode surface and had

good biocompatibility with GOx. The constructed biosensor
xhibited a high sensitivity, fast amperometric response, low detec-
ion limit, wide linear dynamic range, high anti-interferent, good
eproducibility and stability. These results demonstrate that ZnO
anorods/Au hybrid nanocomposites are an attractive material for
he fabrication of efficient amperometric biosensors.
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