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We report here the direct electron transfer of GOD and a novel glucose biosensor based on carbon-dec-
orated ZnO(C-Zn0O) nanowire array electrode. The C-ZnO nanowire array provides a novel platform for
fast direct electrochemistry of GOD, and its based biosensor shows very high sensitivity and low detec-
tion limit. Based on the direct electrochemistry of horseradish peroxidase (HRP), the H,0, biosensing

application is further demonstrated using this new C-ZnO array architecture. The high conductivity of
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carbon and good electron transfer capability of ZnO nanowires, along with their low cost and biocompat-
ibility make the C-ZnO nanowire array a promising platform for direct electrochemistry of enzymes and
mediator-free enzymatic biosensors.

© 2008 Published by Elsevier B.V.

1. Introduction

Electron transfer of enzymes with electrodes is the essential
prerequisite for the development of biofuel cells [1] and protein-
based electrochemical biosensors [2]. It can be realized by the
use of redox mediators, but has critical limitations [3-5]. As a
better approach, direct electron transfer of an enzyme with the
electrode, a direct electrochemistry can render high energy conver-
sion efficiency in biofuel cells by its reversible nature while low
interference in electrochemical biosensors from its low redox po-
tential [6]. Unfortunately, most enzymes have difficulty to enable
the direct electrochemistry at a bare electrode surface, because of
their insulation-shelled redox centers [2,7]. Direct electron transfer
has been reported only for about 50 out of 1060 redox enzymes
known today [6].

ZnO is a very economic functional material [8,9]. It can be used
to immobilize enzymes for biosensors due to its high electrochem-
ical activity and biocompatibility [4,10-12]. In particular, as com-
pare to nanoparticles, ZnO nanowires, especially in the array
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form, possess much better electron transportation capability due
to its one-dimensional (1D) feature [4,10]. Direct electron transfer
of some enzymes such as microperoxidase, cytochrome C was
investigated previously on ZnO [13-16]. However, no report on
the direct electrochemistry of glucose oxidase (GOD) at ZnO-based
electrode has been demonstrated.

Nanostructured electrodes have been adopted as a promising
way to facilitate the direct electron transfer of proteins. These
nanostructures include, for example, carbon nanomaterials
[17,18], Au nanoparticles [19], and metal oxides [20-22]. Among
them, carbon is an important versatile material due to its biocom-
patibility, high electrical conductivity and large surface area [17].
High conductivity could play an important role in the direct
electrochemistry.

We previously reported that ZnO nanowire arrays can be grown
directly on bulk electrode substrates [23], enabling robust mechan-
ical adhesion and electrical contact of every nanowire to the
substrate. Considering that conventional electrodes were almost
fabricated by post-pasting of materials [4,17-22], it is a great chal-
lenge to directly grow nanostructure array electrodes for biosen-
sors. Here, we design a new nanowire array electrode by
effectively taking advantage of the conductivity and chemical sta-
bility of carbon and the 1D channel structure of ZnO nanowires.
The electrode, fabricated simply by coating a thin layer of carbon
on the surface of ZnO nanowire array via carbonization, can be
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an inexpensive and high-performance alternative to conventional
carbon nanotube/Au film electrodes for use in biosensors.

2. Experimental

Pristine ZnO arrays on Ti substrate were prepared as described
in [23]. To fabricate carbon-decorated(C-Zn0O) nanowire array, the
prepared pristine ZnO arrays were immersed in a 50 mL 0.5 M glu-
cose aqueous solution for 10 h. Then the substrate was taken out,
dried at 60 °C and further annealed in Ar gas at 500 °C for 4 h. A
carbon shell was formed on the nanorod surface without observed
nanoparticle or aggregates. This could be ascribed to a uniform thin
layer of glucose molecules adsorbed on the nanowire surface due
to the good hydrophilicity of ZnO.

For protein immobilization, 10 pL GOD/horseradish peroxidase
(HRP) solution (15 mg mL~!, 0.01 M PBS, pH 7.0) was dropped onto
0.5 x 0.5 cm? C-ZnO array Ti electrode surface. After the evapora-
tion of water, the electrode was stored at 4 °C for one day. Prior to
the measurement, the electrode was rinsed in 0.01 M PBS to re-
move the unimmobilized GOD/HRP, a 5 pL 0.5 wt.% Nafion solution
was further introduced to form a tight membrane on the surface.
The electrochemical properties were examined with a dual channel
electrochemical workstation (CHI) utilizing a conventional three-
electrode system, which consists of a Pt wire as the counter elec-
trode, a saturated calomel electrode (SCE) as the reference, and a
C-ZnO nanowire array on Ti as the working electrode. The electro-
lyte was 0.1 M pH 7.0 PBS solution.

The array product was characterized using powder X-ray dif-
fraction (XRD, Bruker D-8 Avance), transmission electron micros-
copy (TEM, JEM-2010FEF), scanning electron microscopy (SEM,
JSM-6700F), and Raman spectroscope (Witech CRM200, 532 nm).
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Nitrogen adsorption-desorption measurements were conducted
at 77.35 K on a Micromeritics Tristar 3000 analyzer. The BET sur-
face areas were estimated using adsorption data.

3. Results and discussion

As shown in Fig. 1a, the C-ZnO nanowire array has the similar
morphology to the pristine ZnO array [23]. The nanowires are typ-
ically ~5 pm in length and spaced apart sufficiently. Peaks in XRD
pattern (Fig. 1b) can be well indexed to c-axis oriented ZnO except
for those arising from Ti substrate. Fig. 1c¢ displays the Raman spec-
trum of the array, which shows two strong peaks located at
1340(D-band) and 1588 cm~!(G-band) in addition to the charac-
teristic peak of ZnO at 438 cm~'. The broad D-band as well as
the shift of G-band to high wavenumber with respect to the spec-
trum of pure graphite crystals (1575 cm ') suggests the low de-
gree of graphitization [24]. By TEM observations, we can find in
most cases that ZnO nanowire is decorated by a thin shell of carbon
(~12 nm) (Fig. 1d). The HRTEM image of the shell reveals the dis-
ordered lattice planes of carbon.

The detection of glucose levels in blood is of great importance
for diagnosis and therapy of diabetes [20,25]. Cyclic voltammo-
gram (CV) of Nafion/GOD/C-ZnO nanowire array electrode is
shown in Fig. 2a. This electrode exhibits a pair of well-defined re-
dox peaks at —0.43 and —0.48 V, resulted from the direct electron
transfer of the immobilized GOD [17,20]. By contrast, no peaks are
observed at both Nafion/GOD and Nafion/C-ZnO nanowire array
modified electrodes. Meanwhile, only very weak peaks are de-
tected for Nafion/GOD/pristine nanowire array electrode. Appar-
ently, the carbon deposited on the nanowire surface plays a
crucial role in the direct electron transfer. The impedance results

Zno (002) (b)
‘;‘ * Ti substrate
s
=
= _
S 2
£ e.
et 138

30 40 50 60 7

(=]

80

Fig. 1. (a) Typical SEM image of the C-ZnO nanowire array. (b) XRD and (c) Raman spectrum of the array. (d) TEM and HRTEM images of an individual nanowire.
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Fig. 2. (a) CVs of different electrodes in Nj-saturated PBS solutions at 0.5Vs~!: Nafion/C-ZnO; Nafion/GOD/C-ZnO; Nafion/GOD; Nafion/GOD/Pristine ZnO. (b)
Electrochemical impedance spectroscopy measurements of 10 mM [Fe(CN)g]* /4~ in 1.0 M KCI using C-ZnO and pristine ZnO electrodes.
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Fig. 3. (a) CVs of Nafion/GOD/C-ZnO electrode in N»-saturated PBS solution at different scan rates. Inset shows the plots of peak currents versus scan rate. (b) CVs of the
Nafion/GOD/C-ZnO electrode in N,- and air-saturated PBS solutions with and without the addition of 2 mM glucose. Scan rate: 0.5Vs™. (c) Current-time curve of the Nafion/
GOD/C-Zn0 electrode for successive additions of glucose to air-saturated and stirred PBS solution at —0.45 V. (d) Amperometric response of the Nafion/HRP/C-ZnO electrode
to H,0, in PBS solution at —0.4 V. Inset is the calibration curve.

in Fig. 2b show that the electron transfer resistance at C-ZnO nano- from the carbon deposited on ZnO. At Nafion/GOD/C-ZnO nano-
wire array electrode for Fe(CN)g]>~/4~ is ~85 ©, much smaller than wire array electrode, the redox peak current increases as the scan
that at the pristine nanowire array electrode (~400 Q), indicating rate increases and is linearly proportional to the scan rate ranging
its much improved electroactivity. The high electrocatalytic activ- from 0.05 to 1Vs~! (Fig. 3a), indicating a surface-controlled elec-
ity is most likely ascribed to both good conductivity and large spe- trochemical process [17]. The electron transfer rate constant kgr

cific surface area (C-ZnO: 55.4m? g '; Pristine Zn0:10.4m?g') s calculated to be about 4.7 +1.2s~! using kgr = mnFv/RT [22],
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which is much larger than those of GOD immobilized on SWCNT/
MWCNT, TiO, and sol-gel silica modified electrodes [20,22,25]. It
is believed that after the electron transfer from GOD to carbon,
1D single-crystal ZnO structures provide direct electron pathways
for transferring electrons immediately from carbon to the elec-
trode substrate.

In air-saturated PBS, dissolved oxygen could participate in the
redox process [20], and a glucose biosensor can be readily devel-
oped based on the decrease of the reduction current upon the addi-
tion of glucose [22], as shown in Fig. 3b. Fig. 3c illustrates the
amperometric response of the biosensor to successive additions
of glucose at —0.45 V. The subsequent successive addition of glu-
cose gives a continuous decrease of the current, with a fast average
response time of ~5 s. The calibration plot is shown in the inset of
Fig. 3c (A). It reveals a linear response range for glucose from 0.01
to 1.6 mM (r=0.999, n = 15). From the slope the sensitivity of our
biosensor is determined to be as high as 353 pAmM~!cm 2,
better than many previous reports [14,15,20] and even higher than
that of the biosensor constructed with Pt/CNTs(30 pA mM~! cm™2)
[26]. The detection limit is further estimated as 1 M at a signal-
to-noise ratio(S/N) of 3. According to the Lineweaver-Burk
equation [6], the apparent Michaelis—Menten constant Ky, an indi-
cator of enzyme-substrate reaction kinetics, is calculated to be
~1.54 mM, indicating a high affinity of GOD to glucose on C-ZnO
[4,10].

The low detection potential (—0.45 V) could eliminate the inter-
ference of other substrates such as ascorbic acid (AA) and dopa-
mine (DA). The interference was investigated by using the
relevant physiological levels (~0.1 mM) of these common interfer-
ing species, showing negligible responses (inset of Fig. 3c, B). When
the biosensor was stored at 4 °C and measured at intervals of 5
days, it retained about 95% of its original sensitivity after one
month. The fabrication reproducibility of five electrodes, made
independently, showed reproducibility with the cumulative varia-
tion (CV) of 2.3% for the detection of glucose.

As another example, the detection of H,0, based on the direct
electron transfer of HRP [22] was also performed using the array
electrode. Fig. 3d displays the amperometric response of Nafion/
HRP/C-ZnO electrode upon the addition of H,0, solution. The de-
signed H,0, biosensor also exhibits very good electrochemical per-
formance with high sensitivity (237.8 pAmM~'cm™2) and fast
response (4 s). The detection limit is 0.2 uM (S/N = 3), lower than
previous results [19,21].

4. Conclusions

In summary, the fast direct electrochemistry of GOD was real-
ized at a C-ZnO nanowire array electrode (Ti foil). An novel amper-

ometric glucose biosensor based on the direct electrochemistry of
GOD was constructed and showed high sensitivity and low detec-
tion limit. The H,0, biosensor based on direct electrochemistry of
HRP was also fabricated using C-ZnO array and also demonstrated
good performance. With the combination of the merits of carbon
and ZnO nanowire array on a conductive substrate, C-ZnO nano-
wire array represents an excellent platform for direct electrochem-
istry of proteins and biosensors.

Acknowledgement

This work was financially supported by Singapore A*STAR un-
der Grant No: 052 117 0031 and the National Natural Science
Foundation of China (No. 50872039). L. Liao acknowledges support
for this work from the Singapore Millennium Foundation 2008
fellowship.

References

[1] S.C. Barton, ]. Gallaway, P. Atanassov, Chem. Rev. 104 (2004) 4867.
[2] A. Heller, Acc. Chem. Res. 23 (1990) 128.
[3] X.Q. Cui, C.M. Li, J.F. Zang, S.C. Yu, Biosens. Bioelectron. 22 (2007) 3288.
[4] J.F. Zang, CM. Li, X.Q. Cui, J.X. Wang, XW. Sun, H. Dong, C.Q. Sun,
Electroanalysis 19 (2007) 1008.
[5] C.M. Li, C.S. Cha, Front. Biosci. 9 (2004) 3324.
[6] XJ. Zhang, H.X. Ju, J. Wang, Electrochemical Sensors, Biosensors and Their
Biomedical Applications, Elsevier, New York, 2008.
[7] 1. Willner, E. Katz, Angew. Chem., Int. Ed. 39 (2000) 1180.
[8] J. Liu, Y. Li, X. Huang, G. Li, Z. Li, Adv. Funct. Mater. 18 (2008) 1448.
[9] Z.L. Wang, ]. Phys.: Condens. Matter 16 (2004) R829.
[10] (a) J.X. Wang, X.W. Sun, A. Wei, Y. Lei, X.P. Cai, C.M. Li, Z.L. Dong, Appl. Phys.
Lett. 88 (2006) 233106;
(b) A. Wei, X.W. Sun, J.X. Wang, Y. Lei, X.P. Cai, C.M. Li, Z.L. Dong, W. Huang,
Appl. Phys. Lett. 89 (2006) 123902.
[11] E. Topoglidis, A.E.G. Cass, B. O’'Regan, ].R. Durrant, Electroanal. Chem. 517
(2001) 20.
[12] Z.F. Dong, Y. Tian, X. Yin, Q. Rui, H.Q. Liu, Y.P. Luo, Electrochem. Commun. 10
(2008) 818.
[13] Z. Deng, Q. Rui, X. Yin, H. Liu, Y. Tian, Anal. Chem. 80 (2008) 5839.
[14] C.L. Zhang, M.C. Liu, P. Li, Y.Z. Xian, Y.X. Chen, F.F. Zhang, X.L. Wang, L.T. Jin,
Chin. J. Chem. 23 (2005) 144.
[15] X. Zhy, L. Yuri, X. Gan, I. Suzuki, G. Li, Biosens. Bioelectron. 22 (2007) 1600.
[16] G. Zhao, ].J. Xu, H.Y. Chen, Anal. Biochem. 350 (2006) 145.
[17] S. Wu, H. Ju, Y. Liu, Adv. Funct. Mater. 17 (2007) 585.
[18] (a) C.X. Cai, ]. Chen, Anal. Biochem. 332 (2004) 75;
(b) Y. Liu, X.Q. Zou, SJ. Dong, Electrochem. Commun. 8 (2006) 1429.
[19] T. Tangkuaram, C. Katikawong, W. Veerasai, Biosens. Bioelectron. 22 (2007)
2071.
[20] S.J. Bao, C.M. Lj, ].F. Zang, X.Q. Cui, Y. Qiao, ]. Guo, Adv. Funct. Mater. 18 (2008)
591.
[21] L. Zhang, Q. Zhang, ].H. Li, Adv. Funct. Mater. 17 (2007) 1958.
[22] S. Liu, A. Chen, Langmuir 21 (2005) 8409.
[23] J. Liu, X. Huang, Y. Li, X. Ji, Z. Li, X. He, F. Sun, J. Phys. Chem. C 111 (2007) 4990.
[24] F. Tuinstra, J.L. Koenig, J. Chem. Phys. 53 (1970) 1126.
[25] O. Nadzhafova, M. Etienne, A. Walcarius, Electrochem. Commun. 9 (2007)
1189.
[26] S. Hrapovic, Y.L. Liu, K.B. Male, J.H.T. Luong, Anal. Chem. 76 (2004) 1083.



	Carbon-Decorated Carbon-decorated ZnO Nanowire Array: a Novel Platform nanowire array: A novel platform for direct electrochemistry of enzymes and Biosensing Applicationsbiosensing applications
	Introduction
	Experimental
	Results and Discussiondiscussion
	Conclusions
	Acknowledgement
	References


