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bstract

Gold nanoparticles (AuNPs) were electrodeposited onto a glassy carbon (GC) electrode to increase the sensitivity of the tyrosinase (TYR)

lectrode. By controlling the applied potential and time, the coverage of AuNPs at the TYR electrode was optimized with respect to the current
esponse. The voltammetric measurements revealed a sensitive enzymatic oxidation and electrochemical reduction of substrate (phenol and
atechol). The quantitative relationships between the inhibition percentage and the pesticide concentration in various water samples were measured
t the TYR-AuNP-GC electrode, showing an enhanced performance attributed by the use of AuNPs.
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. Introduction

Pesticides are among the important environmental pollutants.
ince these are toxic and carcinogenic even at low concentra-

ion [1–8], a development of analytical methods for a quick
nalysis or an on-line monitoring is required to measure pesti-
ides. Instead of the traditional off-line measurements, enzyme
lectrode is reliable technique for fast screening of pesticides.
espite the advantages such as simplicity, selectivity, and easy
iniaturization, the enzyme electrode has limited sensitivity for

pplication in detecting low-concentration pesticides [9,10].
Recently comprehensive studies on the improvement of

he performance of an enzyme electrode by introducing gold
anoparticles were reported [11–13]. Because gold is environ-
entally benign noble metal in comparison with other metals

nd the nanoparticle (AuNP) is playing a significant role in the
iosensors allowing the communication between enzyme and
lectrode materials [14–19]. For these reasons, it is expected

hat the use of AuNP can lead to enhancement of the perfor-

ance of enzyme electrode for detection of pesticides at low
oncentration. Among the various methods for introducing gold
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anoparticles, the electrochemical deposition method is more
ttractive in electrode modification by enhancing the electrode
onductivity, facilitating the electron transfer and improving the
nalytical sensitivity and selectivity [20–22]. The method does
ot need a separate procedure because the formation and depo-
ition of nanoparticles on the electrode surface occurred at the
ame time. In addition, double-pulse deposition is an effective
ay to control the particle size distributions of depositions [23].
In this study, the AuNPs were electrodeposited by double-

ulse to improve the performance of tyrosinase (TYR) electrode
or measurement of pesticides. The effects of the applied poten-
ial and time on the particle size and coverage were investigated.
he AuNPs were modified with the formation of self-assembled
onolayer (SAM), followed by the immobilization of TYR. The

ptimum coverage on the current response of the prepared elec-
rode was examined. The electrode was characterized by the
yclic voltammetry (CV) measurements and tested for atrazine
y amperometric measurements.

. Experimental
.1. Materials

Potassium tetarachloroaurate (III) (KAuCl4), potassium fer-
icyanide (K3Fe(CN)6), potassium chloride (KCl), sulfuric acid

mailto:shmoon@gist.ac.kr
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ing force of nucleation can be varied by simply varying the
applied potential. As a preliminary experiment for determining
the nucleation potential, cyclic voltammetric measurement was
performed using a GC electrode for the Au colloid solution.
42 G.-Y. Kim et al. / Journal of Haza

H2SO4, 0.5 M), tyrosinase (from mushrooms, EC 1.14.18.1,
0,000 units/mg), 3-mercaptopropionic acid (MPA), ethanol,
-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochlo-

ide (EDC), N-hydroxysuccinimide (NHS), catechol, phenol,
nd atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-
riazine), were supplied by Sigma–Aldrich (USA). All the
hemicals used in this study were analytical reagent grade.

.2. Apparatus

The deposition and voltammetric experiments were per-
ormed in a Teflon cell of 5 mL volume using a three-electrode.
he cell was connected with a PGSTAT30/GPES system (Auto-

ab, Netherlands). A glassy carbon (GC) electrode was used as
orking electrode. A BAS MF 2030 Ag/AgCl reference elec-

rode and a Pt wire counter electrode were also employed. All
otentials in the text are expressed against NHE. Amperometric
esponse to pesticides was measured in a thin-layer flow cell
volume = 21 �L, BAS, West Lafayette, IN, USA) at 0.23 V vs.
HE, which was determined from CV measurements and 5 �L
f the test solution was delivered through a loop (Rheodyne,
SA). The geometrical area of GC electrode was measured in
e(CN)6

3−/4− according to the Cottrell equation. The coverage
f TYR-AuNP-GC electrode used in the characterization was
bout 13%.

.3. Preparation of AuNPs-GC electrode

The deposition of AuNPs was performed onto the surface
f pretreated GC electrode in the deaerated KAuCl4 solution
y applying potential for a programmed time period using a
ouble-pulse technique. The deposited surface area of AuNP
as calculated from charge corresponding to the reduction of
old oxides formed by CV [24].

.4. Preparation of TYR-AuNP-GC electrode

The AuNP-GC electrode was pretreated with a fresh piranha
olution (H2O2:H2SO4 = 3:7, v/v) at 80 ◦C for 5 min and
mmersed in deaerated 20 mM of MPA in ethanol/distilled water
75:25, v/v) to form a SAM layer for 24 h at room temperature
nder darkness. After rinsing of the modified electrode with
thanol and distilled water, enzyme was immobilized on the
AM layer by covalent bond with the use of EDC (0.2 M) and
HS (0.05 M). EDC converted the carboxyl group to an unsta-
le amine-reactive intermediate, and NHS was used to prevent
he hydrolysis of the unstable intermediate. Prior to the electro-
hemical measurements, the electrode was thoroughly washed
ith phosphate buffer solution (PBS, 0.1 M, pH 7).

.5. SEM analysis
Scanning electron microscopy analysis of the AuNP deposits
as carried out using a FESEM (S-4700, Hitachi, Japan) at

n acceleration voltage of 15–20 kV and a working distance of
–5 mM.

F
(
t

ig. 1. Cyclic voltammograms of GC electrode for KAuCl4 (0.2 mM) in H2SO4

0.5 M) at 100 mV/s.

. Results and discussion

.1. The effect of nucleation potential (E1) and time (t1)

In double-pulse deposition, the first pulse (E1) was used to
nitiate the formation of nuclei, and the second pulse (E2), was
sed to control the growth of the nuclei formed during the pre-
ious pulse. Nucleation is a critical process in metal deposition
or the formation of a new crystal and the growth of a perfect
ingular crystal face by formation of new layers [25]. The driv-
ig. 2. The effect of the nucleation potential (E1) (curve (i)) and time (t1) (curve
ii)) on the coverage of AuNPs ([KAuCl4] = 0.2 mM, E2 = −0.2 V vs. NHE,

2 = 60 s).
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s shown in Fig. 1, an initial cathodic current at 1.1 V and a
harp peak at 0.9 V corresponding to the reduction of adsorbed
uCl4− and solution bound Au (III) to Au (0), respectively.
his voltammetric adsorption of Au complexes to carbon elec-

rodes has been observed previously [26–28]. No anodic peak is
bserved on the reverse scan indicating the irreversibility of the
eduction of AuCl4−.

The effect of nucleation potential and time was observed
nder a growth condition, E2 = −0.2 V vs. NHE and t2 = 60 s,
t a constant nucleation time (t1 = 0.1 s) and a constant nucle-
tion potential (E1 = 1.2 V vs. NHE), respectively. In Fig. 2,
urve (i) shows the effect of an applied nucleation potential

E1) on the coverage of AuNPs. As the nucleation potential
ncreased, the coverage increased but no significant influence
n the particle size was observed for nucleation time of 0.1 s
data not shown). This may be expected because t1 (0.1 s)

p
a
t
0

ig. 3. Current transient plots and SEM photographs at different nucleation time, (a) 0.
s. NHE, t2 = 60 s).
s Materials 156 (2008) 141–147 143

s negligible in comparison to t2 (60 s), such that differences
n the particle size immediately after t1 were leveled off by
he applied growth potential [23]. As shown in curve (ii) in
ig. 2, a high coverage was obtained at t1 = 0.1 s, and beyond

hat it decreased. Dimensionless current transients were plot-
ed and SEM measurements were conducted for different t1. As
hown in Fig. 3, an instantaneous and progressive nucleation
as found at t1 = 0.01 s and 0.1 s, respectively. At a time longer

han 0.1 s, the nucleation follows neither instantaneous nor
rogressive development. The instantaneous nucleation maxi-
izes particle size monodispersity, but it is desirable to grow

articles (progressive nucleation) to control diffusion zone cou-

ling to prevent the screening of the expanding diffusion fields
round existing nuclei [29]. Therefore optimal potential and
ime of the nucleation was selected as 1.2 V vs. NHE and
.1 s.

01 s, (b) 0.1 s, and (c) 1 s ([KAuCl4] = 0.2 mM, E1 = 1.2 V vs. NHE, E2 = −0.2 V
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ig. 4. The effect of the E2 (curve (i)) and t2 (curve (ii)) on the coverage of
uNPs (a) and SEM photographs (b) ([KAuCl4] = 0.2 mM, E1 = 1.2 V vs. NHE,

1 = 0.1 s).

.2. The effect of growth potential (E2) and time (t2)

The effect of the growth potential on the coverage of AuNPs

as investigated. As shown in Fig. 4 (a), the coverage increased
ith a negative increase in the growth potential (E2) (increasing
verpotential). From the SEM photographs (Fig. 4 (b)), increase
n the number of visible AuNPs with negatively increasing E2

G
d
w
e

ig. 5. (a) The effect of total deposition time on the coverage of AuNPs and
b) the effect of coverage on the current response of TYR-AuNP-GC electrode
or1 mM catechol in O2-saturated PBS (0.1 M, pH 7) at 0.23 V vs. NHE.

as observed. Since growth potential is related with the particle
ize in a double-pulse deposition, a sufficient growth potential
hould be supplied to grow efficient size of particles although
uclei were formed within a nucleation step. In addition, the
overage increased with increasing growth time (t2) to 60 s, but
tendency for a decreasing coverage was observed with further

ncreasing due to a destabilization of the cluster [22].

.3. The effects of total deposition time and coverage

Based on the obtained conditions, AuNPs deposited GC
lectrode was prepared by applying multiple pairs of double-
ulse. Fig. 5(a) shows the increase of coverage with the total
eposition time (or number of pulse pairs). As the coverage
ncreased until around 13%, the current response of TYR-AuNP-

C electrode increased, while further increase of the coverage
oes not induce enhancement of current signal (Fig. 5(b)). It
as assumed that the further increase of the coverage did not

nhance the interaction of the enzyme with the electrode due to
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Scheme 1. The enzymatic oxidation and electrochemical reduction at tyrosinase
electrode.

Table 1
The electrochemical properties of bare, AuNP-, and TYR-AuNP-GC electrodes
for 1 mM of catechol in O2-saturated PBS (0.1 M, pH 7) at 25 mV/s

Type of electrode Bare GC AuNP-GC TYR-AuNP-GC TYR-Au

Epa [V] vs. NHE 0.600 0.505 0.592 0.616
Epc [V] vs. NHE 0.269 0.300 0.232 0.250
�Ep [V] 0.331 0.295 0.360 0.366
Ipa [mA/cm2] 0.046 0.048 0.029 0.016
Ipc [mA/cm2] −0.046 −0.049 −0.056 −0.026
|
T

r
w
l
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w

a
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m
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d
e
t
i
c pc
induced the increase of �Ep and it lowers the applied potential.
From the higher current response and |Ipc/Ipa| of TYR-AuNP-
GC electrode than TYR-Au electrode, it was confirmed that
ig. 6. (a) Cyclic voltammograms of bare, AuNP-, and TYR-AuNP-GC elec-
rode for 1 mM of phenol in O2-saturated PBS (0.1 M, pH 7) at 25 mV/s and (b)
he linear relationship of Ipa and Ipc with (scan rate)1/2.

he possible existence of the attractive Van der Waals interac-
ion and repulsive electrostatic interaction between neighboring
io-macro-molecules [30].

.4. Characterization of TYR-AuNP-GC electrode

A detection of phenol, which is typically used as a substrate,
t the prepared TYR electrode was examined by the measure-
ents of cyclic voltammograms. As shown in Fig. 6(a), there
ere no significant redox peaks at the bare and AuNP-GC elec-

rodes. However, in the case of TYR-AuNP-GC electrode, an
nodic and a cathodic peak were observed near 0.6 and 0.2 V vs.
HE, respectively. These coincide with the redox peak poten-

ial of catechol. That is, the phenol was oxidized by tyrosinase
nd converted to catechol. It was further oxidized by enzymatic
eaction as well as electrochemical reaction with generation of
uinone. Therefore the anodic peak was due to the electrochem-

cal oxidation of catechol, which is the oxidation product of
henol by tyrosinase (Scheme 1). However, the cathodic peak
as due to the reduction of quinone, which was the oxidation
roduct of catechol (or phenol) not only by the electrochemical

F
c

Ipc/Ipa| 1 1.021 1.931 1.625

he coverage of AuNP was about 13%.

eaction but also by the enzymatic reaction. Also those two peaks
ere linearly correlated with (scan rate)1/2 implying a diffusion

imited process (Fig. 6(b)). Another cathodic peak at −0.4 V vs.
HE was attributed to the reduction of dissolved oxygen, which
as obtained from the voltammograms in the absence of phenol.
Table 1 shows comparison of redox signals of bare, AuNP-,

nd TYR-AuNP-GC and TYR-Au electrodes in the presence
f catechol. The data were obtained from the CV measure-
ents. When AuNPs were deposited at the electrode, the anodic

nd cathodic peak current (Ipa and Ipc) increased while peak
eparation, �Ep, decreased. After enzyme immobilization, Ipa
ecreased while Ipc and �Ep increased. The amount of cat-
chol oxidized by electrochemical reaction decreased while
he amount of quinone reduced by electrochemical reaction
ncreased due to the amplification nature of substrate recy-
ling process between TYR and electrode [31]. The shift of E
ig. 7. The cyclic voltammograms of TYR-AuNP-GC electrode for various
oncentrations of catechol in O2-saturated PBS (0.1 M, pH 7) at 25 mV/s.
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Fig. 8. Inhibition effect of TYR-AuNP-GC electrode with the addition of
atrazine in buffer solution (pH 7, 13.9 mS/cm), filtered river water (pH 7.1,
0
C
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Table 2
The fitted lines were determined according to the theoretical model, I
(%) = a/((b/CI) + 1) × 100, b = KI(1 + (Cs/K)), where Cs and K were determined
as 1 and 0.82 mM from the experiments in the flow cell, respectively

Buffer solution River water Tap water (soft) Tap water (Hard)

a
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.17 mS/cm), soft tap water (pH 7.1, 0.10 mS/cm, total hardness 20 ppm as
aCO3), and hard tap water (pH 6.9, 0.13 mS/cm, total hardness 128 ppm as
aCO3) (flow rate: 1.2 mL/min, incubation time: 200 s, catechol: 1 mM).

uNPs improved the current signal as well as high efficiency
f the TYR immobilization [32]. In order to confirm the current
esponse of the TYR immobilized electrode to addition of cate-
hol, cyclic voltammograms were measured with the increasing
oncentration of catechol. As shown in Fig. 7, the redox peak cur-
ent of TYR-AuNP-GC electrode increased with the increasing
oncentration of catechol, while the increasing rate diminished
t higher concentrations.

.5. Application of the TYR-AuNP-GC electrode in various
ater samples

To determine the concentration of pesticide in various water
amples, a quantitative relationship between the inhibition per-
entage (I %) and the pesticide concentration (C) should be
stablished. The relationship at the TYR-AuNP-GC electrode
s identified by the amperometric response of the electrode to
substrate prior to and after the exposure to the pesticides, A0

nd Ai, respectively. Thus the inhibition percentage was calcu-
ated by the equation: I (%) = (1 − (Ai/A0)) × 100. The inhibition
xperiments were conducted in a flow cell system under the opti-
ized conditions, flow rate = 1.2 mL/min, substrate concentra-

ion = 1 mM, and incubation time = 200 s. The TYR-AuNP-GC
lectrode was tested using buffer solution, filtered river water
rom Youngsan River, soft and hard tap water samples. From
he results, a logical relationship between I and C for atrazine in
arious water samples was obtained (Fig. 8). Based on the report
n the reversible and competitive inhibition mechanism of TYR
y atrazine, the inhibition curves were fitted and it was known
hat the inhibition of the immobilized TYR is controlled by the
nzyme kinetics and the affinity of the immobilized TYR to each

esticides was estimated from b, related with KI (equilibrium
onstant in the formation of enzyme–pesticide complex): tap
ater < soft tap water < river water < buffer solution (Table 2). A

easonable detection range was from 0.001 to 0.5 ng/mL show-
1.00 0.81 0.72 1.10

I 1.13 × 10−2 1.44 × 10−2 1.49 × 10−2 6.11 × 10−1

ng 20–90% of inhibition in buffer solution. Although R.S.D. at
lower concentration was a little higher than that at a higher

oncentration, the intra-assay R.S.D. values in the range of
.7–14.0% (n = 5). As shown in Fig. 8, the inhibition effects in
iver and soft tap water were slightly reduced due to lower con-
uctivity and ionic strength compared to the buffer solution. Still,
he electrode performed reasonably in river and soft tap water
amples to measure the pesticide concentrations from the inhibi-
ion percentage. When the enzyme electrode measurement was
erformed directly in the natural water sample in the presence
f total hardness of CaCO3 of about 128 ppm, the lowest inhibi-
ion percentage value was obtained. This was probably due to the
igher hardness concentration, which retards the rate of response
33]. Various types of TYR electrodes for atrazine detection
ave been reported; McArdle and Persaud described the TYR-
u electrode which has 1.08 �g/mL of LOD [34]; Védrine

t al. reported TYR-PEDT-GC electrode for 5–40 �g/mL
LOD = 1 �g/mL); El Kaoutit et al. developed the TYR-PPy-GC
lectrode for 0.05–0.5 �g/mL of detection range and 0.1 �g/mL
f LOD [35]; Campanella et al. presented TYR-Kappa-
arrageenan gel electrode detecting 0.432 ng/mL–43.2 �g/mL
LOD = 0.1 ng/mL, R.S.D. = 8%) [36]. In this study, the
etection limit and range was observed as 0.35 pg/mL and
.001–0.5 ng/mL, respectively. In addition, it was observed that
he prepared electrode is possible to use approximately 10 con-
inuous assays without loss of enzyme activity.

. Conclusion

In this study, AuNPs were electrodeposited by controlling
otential and time to improve the current response of the tyrosi-
ase based enzyme electrode. The coverage of AuNPs was
ptimized with respect to the sensor signal of TYR-AuNP-
C electrode. A sensitive current response was obtained at the
YR-AuNP-GC electrode attributed by the use of AuNPs and

he feasibility of the electrode for pesticide measurements was
uccessively demonstrated.

cknowledgment

This work was supported by the Research Center for
iomolecular Nanotechnology at GIST.

eferences
[1] W.K. Lafi, Z. Al-Qodah, Combined advanced oxidation and biological
treatment processes for the removal of pesticides from aqueous solutions,
J. Hazard. Mater. 137 (2006) 489–497.



rdou

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

G.-Y. Kim et al. / Journal of Haza

[2] H.J. Yeh, C.Y. Chen, Toxicity assessment of pesticides to Pseudokirchner-
iella subcapitata under air-tight test environment, J. Hazard. Mater. 131
(2006) 6–12.

[3] R. Zhou, L. Zhu, K. Yang, Y. Chen, Distribution of organochlorine pesti-
cides in surface water and sediments from Qiantang River, East China, J.
Hazard. Mater. 137 (2006) 68–75.

[4] G.R.P. Malpass, D.W. Miwa, S.A.S. Machado, P. Olivi, A.J. Motheo, Oxi-
dation of the pesticide atrazine at DSA® electrodes, J. Hazard. Mater. 137
(2006) 565–572.

[5] C. Badellino, C.A. Rodrigues, R. Bertazzoli, Oxidation of pesticides by
in situ electrogenerated hydrogen peroxide: study for the degradation of
2,4-dichlorophenoxyacetic acid, J. Hazard. Mater. 137 (2006) 856–864.

[6] H. Mercan, E. Yilmaz, R. Inam, Determination of insecticide pymetrozine
by differential pulse polarography/application to lake water and orange
juice, J. Hazard. Mater. 141 (2007) 700–706.

[7] N. Daneshvar, S. Aber, A. Khani, A.R. Khataee, Study of imidaclopride
removal from aqueous solution by adsorption onto granular activated car-
bon using an on-line spectrophotometric analysis system, J. Hazard. Mater.
144 (2007) 47–51.

[8] H. Cheng, W. Xu, J. Liu, H. Wang, Y. He, G. Chen, Pretreatment of wastew-
ater from triazine manufacturing by coagulation, electrolysis, and internal
microelectrolysis, J. Hazard. Mater. 146 (2007) 385–392.
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