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a  b  s  t  r  a  c  t

In  this  study,  an  enzymatic  electrochemical  biosensor  for l-lactate  detection  was proposed.  The  device
was  developed  based  on  gold  nanoparticles  (Au  NPs)  modified  zinc  oxide  nanorods  (ZnO  NRs).  The  sensing
performance  of  the device  was  examined  by cyclic  voltammetry  and  amperometry.  Compared  with  pris-
tine ZnO  based  biosensor,  Au/ZnO  based  sensor  exhibited  higher  sensitivity  of  24.56  �A  cm−2 mM−1,
smaller  Kapp

M of  1.58  mM,  lower  detection  limit  of  6 �M and  wider  linear  range  of  10  �M–0.6  mM  for
l-lactate  detection.  The  introduction  of  Au  NPs  enhances  electro-catalytic  ability  and  electron  migra-
eywords:
inc oxide
old nanoparticles
lectrochemical biosensor

tion,  which  contributes  to the  improvement  of  the  sensing  performance.  Hence,  the  results  confirm  the
essential  character  of Au  NPs  in such  semiconductor  based  electrochemical  biosensing  system.

©  2015  Elsevier  B.V.  All  rights  reserved.
-Lactate
actate oxidase

. Introduction

l-lactate, a biochemical compound produced from pyruvate,
s an important analyte in clinical analysis, food industry, etc.
onsequently, measurement of lactate is of great importance [1].
hromatography and spectrophotometry have been reported for
he determination of l-lactate [2,3]. However, those methods are
ime-consuming, costly, nonselective or need large sample quanti-
ies. Electrochemical enzyme biosensing is an alternative candidate
hich is inexpensive, rapid, well selective and reliable for l-lactate
etection [4].
Please cite this article in press as: Y. Zhao, et al., Gold nanoparticles c
sensing, Colloids Surf. B: Biointerfaces (2015), http://dx.doi.org/10.10

To date, one-dimensional nanomaterials have attracted great
ttention due to their high surface-to-volume ratio and novel
lectron transport properties. Nanobiosensors based on carbon
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927-7765/© 2015 Elsevier B.V. All rights reserved.
nanotubes [5,6], silicon nanowires [7,8], conducting polymer
nanowires [9], gold nanowires/nanorods [10,11], copper oxide
nanowires [12], have been investigated and reported previously.
However, the unstable surfaces of silicon nanowires, the chiral-
ity and defects of carbon nanotubes may  degrade device reliability
and sensitivity, and gold nanowires/nanorods based biosensors are
costly [13]. Besides, both silicon nanowires and carbon nanotubes
require harsh conditions for synthesis, and conducting polymer
nanowires are mechanically weak and likely to be broken easily
[14].

Given the advantages of large specific surface area, high iso-
electric point (9.5), excellent charge transport abilities and good
biocompatibility of one-dimensional ZnO nanomaterials [4], they
have been applied to the biosensing of glucose [15,16], lactic acid
[4,17], uric acid [18], etc.

Noble metal nanoparticles adopted in biosensing have aroused
much interest because of their excellent surface-enhanced Raman
scattering, enhanced electron transfer rate and minimized over-
potential, as well as high electrochemical activity [19–21]. Lu
[21] has designed a palladium NPs/graphene based nonenzymatic
electrode, which displays a very high electrochemical activity for
oated zinc oxide nanorods as the matrix for enhanced l-lactate
16/j.colsurfb.2014.12.053

electro-catalytic oxidation of glucose. Wang [22] has developed a
hydrogen peroxide biosensor based on nanosilver/DNA, and the
sensor exhibits marked catalytic activity in the presence of silver
nanoparticles. Lamas-Ardisana [23] has introduced platinum NPs

dx.doi.org/10.1016/j.colsurfb.2014.12.053
dx.doi.org/10.1016/j.colsurfb.2014.12.053
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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mailto:yuezhang@ustb.edu.cn
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nto carbon nanofibers based lactate biosensor, which results in
fficient electro-catalysis towards H2O2 oxidation and high sensi-
ivity of the device. Wu [24] has proposed a glucose biosensor based
n multilayer films composed of multi-wall carbon nanotubes, Au
Ps and glucose oxidase, and the structure demonstrated effective

ow-potential amperometric detection of glucose. However, sys-
ematic analysis for the modification effect of Au NPs on l-lactate
iosensor has rarely been studied and reported.

In this work, Au nanoparticles were introduced to the ZnO
anorods based l-lactate biosensor due to their excellent electro-
atalytic property, outstanding electron transport property and
avorable bio-safety. The performance of pristine ZnO and Au/ZnO
ased sensor was systematically compared and investigated.
imultaneously, the effect of Au NPs was discussed accordingly.

. Materials and methods

.1. Reagents and chemicals

l-lactate (90% solution in water) was purchased from Acros
rganics. Lactate oxidase (LOx, from Pediococcus, lyophilized
owders, ≥20 units mg−1 solid), Nafion solution (5 wt.%) and hex-
methylenetetramine (HMTA) were obtained from Sigma.  All the
eagents were of analytical grade and used without further purifi-
ation. Phosphate buffer saline (PBS) of 0.1 M was  prepared by
issolving appropriate quantity of Na2HPO4 and NaH2PO4 into
eionized water, and the pH was adjusted to 7.4.

.2. Preparation and characterization of Au/ZnO composites

Aligned ZnO NR arrays on fluorine-doped tin oxide (FTO) glass
ere grown in a 50 mL  aqueous solution of equimolar (0.05 M)
Please cite this article in press as: Y. Zhao, et al., Gold nanoparticles 

sensing, Colloids Surf. B: Biointerfaces (2015), http://dx.doi.org/10.10

inc nitrate and HMTA at 95 ◦C for 16 h. Au NPs were synthesized
y photo-reduction method [25] and adsorbed onto ZnO via
lectrostatic self-assembly. First, 0.05% HAuCl4 aqueous solution,
% polyvinyl alcohol solution (dispersant) and methanol were

ig. 1. (a) FE-SEM image of ZnO NR arrays grown on FTO glass; FE-SEM image (b) and EDS
R;  (d) XPS spectrum of Au 4f region.
 PRESS
Biointerfaces xxx (2015) xxx–xxx

mixed together with a suitable ratio. The pH of the mixed solution
was adjusted to 8 by NaOH. FTO glasses with ZnO NR arrays
were then immersed in the solution and irradiated for 15 min  by
an ultra-vitalux lamp (OSRAM, 300 W).  After placed for 6 h, the
ZnO NRs were modified with Au NPs via electrostatic adsorption.
Finally, the samples were annealed at 350 ◦C in air for 3 h to remove
the capped polyvinyl alcohol. Hereto, Au NPs/ZnO NR arrays were
successfully prepared.

The synthesized Au/ZnO nanocomposites were characterized by
field-emission scanning electron microscope (FE-SEM, SUPRA-55,
Zeiss), transmission electron microscopy (TEM, JSM 2010, JEOL),
energy dispersive spectrometer (EDS, Inca X-Max, Oxford Instru-
ments) and X-ray photoelectron spectrum analyzer (XPS, AXIS Ultra
DLD, Kratos).

2.3. Construction and performance test of l-lactate biosensor

ZnO NRs and Au NPs/ZnO NRs were then transferred to the
columnar Au electrodes, respectively. Here, all the standard gold
electrodes we  used are with a diameter of 2 mm,  and the effec-
tive working area is therefore calculated to be 3.1416 mm2. The
fabrication of the bioelectrodes was  previously reported [26]. A
series of electrochemical experiments were performed on an elec-
trochemical workstation (SI 1287, Solartron) with a conventional
three-electrode system at room temperature. A platinum wire
behaved as the auxiliary electrode and an Ag/AgCl electrode acted
as the reference electrode. The fabricated Nafion/LOx/ZnO/Au or
Nafion/LOx/Au@ZnO nanocomposites/Au electrode was  the work-
ing electrode.

3. Results and discussion
coated zinc oxide nanorods as the matrix for enhanced l-lactate
16/j.colsurfb.2014.12.053

3.1. Characterization of synthesized products

Fig. 1a–c show the morphology of synthesized ZnO NR arrays
and Au NPs/ZnO NR arrays. The ZnO NRs have uniform morphology

 pattern (inset of b) of Au NPs/ZnO NR arrays on FTO; (c) TEM image of Au NPs/ZnO

dx.doi.org/10.1016/j.colsurfb.2014.12.053
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Fig. 2. Cyclic voltammetry characteristics of pristine ZnO NRs (a) and Au NPs/ZnO NRs (b) based electrode in PBS (black line) and 0.3 mM l-lactate (red line) at a scan rate
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f  50 mV s−1; Cyclic voltammograms of pristine ZnO (c) and Au/ZnO (d) based elect
f  (c) and (d) depict corresponding curves of peak current vs. scan rate. (For interp
ersion of this article.)

ith diameter of 100–200 nm,  and Au NPs with average diameter
f 10–18 nm were homogeneously absorbed onto the ZnO NRs. The
DS pattern in the inset of Fig. 1b demonstrates the existence of Au
lement except for Zn and O elements. The XPS spectrum of Au 4f
egion is shown in Fig. 1d, and the peaks of 84.1 and 87.9 eV are
scribed to metallic Au [27].

.2. Cyclic voltammetry measurement

Cyclic voltammetry was firstly used to characterize the perfor-
ance of ZnO nanorods based biosensors with and without Au
odification. Fig. 2a displays the voltammetric curves of pristine

nO NRs based electrode in PBS (0.1 M,  pH = 7.4) in the absence and
resence of 0.3 mM l-lactate. The response currents were larger for
-lactate than that for PBS, due to the oxidation reaction of l-lactate
atalyzed by LOx [26]. For Au NPs/ZnO NRs based electrode, the cur-
ent response to l-lactate increased dramatically in comparison to
hat of blank PBS, and a pair of redox peaks appeared at 0.56 V and
.06 V, respectively (Fig. 2b). This can be attributed to the enhanced
lectro-catalytic ability of the bioelectrode facilitated by Au.

Cyclic voltammograms of the pristine ZnO and Au/ZnO based
lectrodes in 0.3 mM l-lactate were collected at different scan rates
Fig. 2c and d). The peak currents were enhanced and peak poten-
ials shifted positively with the increase of scan rates. Moreover,
eak currents were linear versus scan rates for both of pristine ZnO
nd Au/ZnO electrodes, demonstrating a surface-controlled pro-
ess [28]. This suggests the Au/ZnO nanocomposite can be applied
s an friendly immobilization matrix for LOx and effective electron
ransfer channel between the LOx and Au electrode [28].
Please cite this article in press as: Y. Zhao, et al., Gold nanoparticles c
sensing, Colloids Surf. B: Biointerfaces (2015), http://dx.doi.org/10.10

.3. Amperometric response

Fig. 3a displays the amperometric response of pristine ZnO
Rs based biosensor to l-lactate with varying concentrations at
t various scan rates (with an interval of 20 mV s−1) in 0.3 mM l-lactate, and insets
n of the references to color in this figure legend, the reader is referred to the web

+0.6 V. The response current step appeared for l-lactate of 10 �M
(inset of Fig. 3a). Hence, the concentration of 10 �M is considered
as the detection limit. The corresponding calibration curve is
shown in Fig. 3b. The linear range is 0.02–0.6 mM with R2 = 0.9976.
The slope of the fitted line indicates that the sensitivity was
13.1 �A cm−2 mM−1.

The amperometric curve of Au/ZnO based biosensor is shown
in Fig. 3c. The detection limit is 6 �M (inset of Fig. 3c). The
linear range is 0.01–0.6 mM (R2 = 0.9925) with a sensitivity of
24.56 �A cm−2 mM−1 (Fig. 3d). Compared with prisitine ZnO based
biosensors, Au/ZnO based devices exhibited higher sensitivity and
lower detection limit. This is related to the excellent electro-
catalytic property introduced by Au, which can facilitate the
enzymatic reaction [29]. Moreover, the interfacial interactions
between Au and ZnO lead to deficient electron population on Au,
which facilitates the electron transfer from Au to ZnO and fur-
ther enhances the electron migration between the enzymatic active
sites and the electrode [30].

The apparent Michaelis–Menten constant (Kapp
M , reflection of

enzymatic affinity) can be calculated from the Lineweaver–Burk
equation:

1
i

= Kapp
M

imax

1
C

+ 1
imax

where i is the current, imax is the maximum current, and C is
the l-lactate concentration. The calculated Kapp

M values of ZnO and
Au/ZnO based electrode are 1.82 and 1.58 mM,  respectively. This
implies the better affinity of the LOx to l-lactate in the presence of
Au NPs.
oated zinc oxide nanorods as the matrix for enhanced l-lactate
16/j.colsurfb.2014.12.053

3.4. Interference, stability and reproducibility study

Furthermore, electroactive species like glucose, uric acid
(UA) and ascorbic acid (AA) were adopted in the interference

dx.doi.org/10.1016/j.colsurfb.2014.12.053
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Fig. 3. The amperometric response of ZnO NRs (a) and Au NPs/ZnO NRs (c) based biosensor in PBS for l-lactate of different concentrations at an applied potential of +0.6 V,
and  the response current vs. concentration (insets); corresponding calibration curve and linear fitting curve of pristine ZnO (b) and Au/ZnO (d) based biosensor.
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ig. 4. (a) Selectivity study of Au NPs/ZnO NRs based l-lactate biosensor under t
Ps/ZnO NRs based l-lactate biosensor after stored at 4 ◦C for a month.

xperiments. As shown in Fig. 4a, the Au/ZnO based biosensor was
Please cite this article in press as: Y. Zhao, et al., Gold nanoparticles 
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nsensitive to 1 mM  glucose, 0.1 mM UA and 0.02 mM AA. How-
ver, the response current showed pronounced increase for 0.1 mM
-lactate, indicating acceptable selectivity of the biosensor for l-
actate detection.

able 1
omparison of the l-lactate biosensor with those reported earlier.

Materials Limit of detection 

Polysulfone/carbon nanotubes 3.4 �M 

Polyaniline-co-fluoroaniline fllms 0.1 mM 

(3-Mercaptopropyl)-trimethoxysilane 4 �M 

Hydroxymethylferrocene 10 �M 

Meldola’s Blue-Reinecke Salt 0.55 mM 

Hydrogen titanate nanotubes 200 �M 

Multi-walled CNT/Pt nanoparticles 0.3 �M 

Hydrogel microstructures – 

Au NPs/ZnO NRs 6 �M 
erference of 1 mM glucose, 0.1 mM UA and 0.02 mM AA. (b) Stability study of Au

The storage stability of LOx/Au@ZnO based electrode was also
coated zinc oxide nanorods as the matrix for enhanced l-lactate
16/j.colsurfb.2014.12.053

evaluated by testing the cyclic voltammogram in 0.3 mM l-lactate
after stored at 4 ◦C for a month. 86% of the original peak current
remained, illustrating good long-term stability of the electrode
(Fig. 4b). Besides, Nafion/LOx/Au@ZnO/Au electrodes displayed

Linear range Sensitivity Reference

5–500 �M 10.47 �A cm−2 mM−1 [31]
0.1–5.5 mM 1.18 �A mM−1 [32]
50–250 �M 3.4 �A mM−1 [33]
10–300 �M 0.77 ± 0.08 �A mM−1 [34]

0.55–10 mM 4.2092 nA mM−1 [35]
0.5–14 mM 0.24 �A cm−2 mM−1 [36]
0.2–2 mM 6.36 �A cm−2 mM−1 [37]

0–10 mM 1.1 �A cm−2 mM−1 [38]
10–600 �M 24.56 �A cm−2 mM−1 This work

dx.doi.org/10.1016/j.colsurfb.2014.12.053
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deal reproducibility with a relative standard deviation of 4.23%
n = 5).

Table 1 illustrates the performance of l-lactate related biosen-
ors. Most of the analytical parameters in our work are comparable
r even better than those of others, implying its more promising
rospects for l-lactate determination.

. Conclusions

In summary, Au NPs/ZnO NRs were successfully prepared
hrough facile synthesis and applied to fabricate l-lactate biosen-
ors. In comparison to pristine ZnO based biosensor, the one with
u NPs displayed higher sensitivity of 24.56 �A cm−2 mM−1 and

ower detection limit of 6 �M for l-lactate detection. The improved
ensing performance can be ascribed to the enhanced electro-
atalytic ability and higher conductivity facilitated by Au NPs.
u/ZnO based l-lactate biosensor also exhibited good selectivity,
torage stability and reproducibility. All the results implies that Au
Ps coated ZnO NRs can be employed as an effective matrix to fab-

icate biosensors for the detection of l-lactate and other biological
nd chemical species.
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