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Picloram, a herbicide widely used for broadleaf weed control, is persistent and mobile in soil and water
with adverse health and environmental effects. It is important to develop a sensitive method for accurate
detection of trace picloram in the environment. In this article, a type of ordered three-dimensional (3D)
gold (Au) nanoclusters obtained by two-step electrodeposition using the spatial obstruction/direction of
the polycarbonate membrane is reported. Bovine serum albumin (BSA)-picloram was immobilized on the
3D Au nanoclusters by self-assembly, and then competitive immunoreaction with picloram antibody and
target picloram was executed. The horseradish peroxidase (HRP)-labeled secondary antibody was applied
for enzyme-amplified amperometric measurement. The electrodeposited Au nanoclusters built direct
electrical contact and immobilization interface with protein molecules without postmodification and
positioning. Under the optimal conditions, the linear range for picloram determination was 0.001-
10 pg/ml with a correlation coefficient of 0.996. The detection and quantification limits were
5.0 x 10~* and 0.0021 ug/ml, respectively. Picloram concentrations in peach and excess sludge superna-
tant extracts were tested by the proposed immunosensor, which exhibited good precision, sensitivity,

selectivity, and storage stability.

Crown Copyright © 2010 Published by Elsevier Inc. All rights reserved.

Chlorinated pesticides have been used in agricultural produc-
tion and rangeland improvements to prevent and control plant dis-
eases and insect pests for more than 50years [1]. They are
refractory and persistent in environment, can accumulate in the
human body through the food chain, and become the potential
pathogenic factors [2]. Although they have been forbidden or re-
stricted to use in many countries, some of them are still frequently
used for pest or weed control. Picloram (4-amino-3,5,6-trichloro-
2-pyridinecarboxilic acid) is a herbicide used for broadleaf weed
control in pasture and rangeland, wheat, barley, oats, and woody
plant species [3]. It acts as a plant growth regulator, mimicking
naturally occurring plant auxins or the hormone indoleacetic acid
and inhibiting the synthesis of proteins [4]. Picloram is highly
water soluble (430 mg/l) and moderately or highly persistent in
the soil environment, with reported field half-lives from 20 to
300 days and an estimated average of 90 days [5]. As a result of
agricultural application and improper waste disposal, it might
leach into surface and ground waters, move from treated plants
to damage nearby nontarget crops, and pose toxic hazard to aqua-
tic species at pg/ml concentrations [6]. Recent research has indi-
cated that picloram is one type of environmental hormone with

* Corresponding author at: College of Environmental Science and Engineering,
Hunan University, Changsha 410082, China. Fax: +86 731 88823701.
E-mail address: zgming@hnu.cn (G. Zeng).

low toxicity but carcinogenicity. High levels of the herbicide can
damage the human central nervous system and reproductive sys-
tem to a certain extent or cause other health problems [7]. Accord-
ing to the U.S. Environmental Protection Agency, the maximum
contaminant level for picloram in drinking water is 0.5 pg/ml [8].
To reduce the risk of these adverse health effects, picloram must
be controlled at low concentration in the environment. Therefore,
a simple and reliable detection method is needed.

Currently, gas/liquid chromatography with electron capture
detector and capillary electrophoresis/mass spectrometry are the
common methods for detection and quantification of picloram.
They have lower limits of detection (LODs)! and are extremely
sensitive, but they frequently involve extensive sample extraction
and purification procedures and require well-equipped laboratory
installations [9,10]. Enzyme-linked immunosorbent assays (ELISAs)
and radioimmunoassays (RIAs) have been proved to be effective
methods for picloram detection [11-13], but the complicated

" Abbreviations used: LOD, limit of detection; ELISA, enzyme-linked immunosorbent
assay; RIA, radioimmunoassay; Au, gold; Pt, platinum; 3D, three-dimensional; GCE,
glassy carbon electrode; PC, polycarbonate; BSA, bovine serum albumin; HRP-G anti-
RIgG, horseradish peroxidase-labeled goat anti-rabbit immunoglobulin G; PBS,
phosphate buffer solution; SCE, saturated calomel electrode; SEM, scanning electron
micrograph; CV, cyclic voltammetry; DMF, dimethylformamide; EIS, electrochemical
impedance spectroscopy; LOQ, limit of quantification.
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washing procedure and long incubation time, or radiation hazards
and large instruments, limit their application in on-site pesticide
control. Therefore, a more convenient and economical method is
needed. An electrochemical immunosensor can overcome many of
the difficulties described above and provide a fast, on-site, and fully
automated detection method of environmental samples without
pretreatment [14-16].

Nowadays, nanomaterials-based electrochemical immunoas-
says have attracted considerable interest due to their special
physical, chemical, and mechanical properties. Many types of
nanomaterials, such as Fe304 magnetic nanoparticles [17,18], gold
(Au)-platinum (Pt) bimetallic nanoparticles [19], CdS nanoparticles
[20], Ag nanoparticles [21], and Pd nanoparticles [22], have been
developed. Au nanoparticle is a popular material in related fields
due to easy synthesis and excellent electrical, mechanical, and opti-
cal properties [23-25]. In addition, Au nanoparticles can offer a large
specific surface, promote the electron transfer, and retain the bioac-
tivity of immobilized biomolecules. In Furthermore, the three-
dimensional (3D)-structure nanoparticles are especially superior
and have been employed for modifying sensor electrode surface to
immobilize biomolecules [26,27]. Many methods to synthesize 3D
nanostructure on electrode surface have been reported, including
microfabrication [28], breath figures on conducting polymers [29],
electrochemical synthesis of conducting polymers in the presence
of surfactant [30], chemical vapor deposition [31], and plasma etch-
ing of metal-filled membranes [32]. A general method for fabricating
3D nanostructure is template synthesis, during which the metal par-
ticles are grown within the cylindrical and monodisperse pores of
nanoporous membrane by electroless deposition.

In this study, the 3D Au nanocluster was synthesized to modify
the glassy carbon electrode (GCE) for the detection of picloram in
peach and excess sludge supernatant. According to Wang et al.
[33], to fabricate 3D Au nanocluster using porous polycarbonate
(PC) membrane with little modification, a more stable intact nano-
cluster was obtained. Based on the 3D nanostructure, an electro-
chemical immunosensor was developed to detect picloram using
competitive immunoreaction. Bovine serum albumin (BSA)-piclo-
ram was immobilized on the 3D Au nanoclusters and then com-
peted with target picloram to react with picloram antibody.
Horseradish peroxidase-labeled goat anti-rabbit immunoglobulin
G (HRP-G anti-RIgG) would provide detectable signal. This system
shows high sensitivity and a low LOD in picloram detection. To the
best of our knowledge, this is the first time the two-step method
has been used to synthesize 3D Au nanoclusters that modified
GCE for picloram detection.

Materials and methods
Reagents and apparatus

The analytical standards of picloram, clopyralid, fluroxypyr
methyl, quinclorac, and lontrel were purchased from J&K Chemical
(Beijing, China). HRP-G anti-RIgG was obtained from Dingguo Bio-
technology (Beijing, China). Nonfat dried milk was obtained from
Jiehui Biotechnology (Changsha, China). BSA-picloram and piclo-
ram antibody were home-synthesized [16]. All other chemicals
were of analytical grade, and all solutions were prepared in deion-
ized water of 18 MQ purified from a Milli-Q purification system.
Phosphate buffer solution (PBS) with 0.01 mol/L NaH,PO, and
0.01 mol/L Na,HPO,4 was used in this work.

Electrochemical measurements were carried out on a CHIG60B
electrochemistry system (Chenhua Instrument, Shanghai, China).
The three-electrode system used in this work consisted of a GCE
(diameter of 3 mm) as working electrode of interest, a saturated
calomel electrode (SCE) as reference electrode, and a Pt foil auxil-

iary electrode. All work was performed at room temperature
(25°C) unless otherwise mentioned. Track-etched porous PC
(0.2 pm) membrane was provided by Whatman. Scanning electron
micrographs (SEMs) of the membranes were obtained with a JSM-
6700F field emission scanning electron microscope (JEOL, Japan). A
model PHSJ-3F laboratory pH meter (Leici Instrument, Shanghai,
China) was used to test pH values. In amperometric measurement,
a magnetic stirrer was used to stir the solution. A 4K15 Sigma cen-
trifuge (Sartorius, Germany) was used in the assay.

Electrodepositing Au nanoprickle clusters on GCE

The GCE was first polished thoroughly with 0.5 mm alumina
paste; sonicated in 1:1 (v/v) HNOs, acetone, and water succes-
sively; and rinsed with water before use. The electrodeposition
was divided into two steps. First, the GCE was dipped into 1% (w/
w) HAuCly solution containing 0.5 M perchloric acid and deposited
at a potential of 0.2 V for 50 s. Second, the GCE was taken out and
maintained in the air until the surface was dry. Then a PC template
was carefully attached on the surface and fixed by a rubber O-ring.
Deposition of this step was operated in the same solution but at a
potential of 0.18 V for 300 s. After that, the PC template was dis-
solved by immersing the electrode in chloroform. Having been
rinsed with water thoroughly, the obtained electrode was ready
for the immune procedure.

Preparing picloram immunosensor

Scheme 1 is a schematic diagram of the immunosensor based on
competitive immunoreaction. The nanoclusters deposited on GCE
were covered by 15 mg/ml BSA-picloram for 2 h. Nonfat dried milk
(3%) was used to block the nonspecific binding sites of the electrode.
Next the electrode was soaked in 300 pl of various concentrations of
picloram solutions containing certain picloram antibody for 1 h. The
immobilized BSA-picloram and the target picloram would compete
to react with picloram antibody. Then the electrode was covered by
10 pl of HRP-G anti-RIgG diluted with PBS (pH 7.6) for 40 min. The
electrode was rinsed with PBS after each step, and the incubation
procedure was performed at 37 °C.

Electrochemical measurements

Alternating current impedance behavior was obtained in
5 mM Ks[Fe(CN)g]/K4[Fe(CN)s] containing 0.1 M KCl, and the fre-
quency ranged from 1 to 100,000 Hz with an AC amplitude of
+5 mV. Cyclic voltammetry (CV) was performed in 0.01 M PBS
(pH 7.4) containing 1 mM hydroquinone and 2 mM H,0,, with a
potential range from —0.4 to +0.8 V versus SCE at 100 mV/s. The
chronoamperometry was carried out in the same electrolyte at
the potential of —0.2V under increasing stirring. The current
changes reflected the catalytic activity of the HRP. The reduction
current was recorded as I,. When no picloram existed in the com-
petitive immunoreaction, the reduction current was recorded as I.
The decreased percentage (DP) of current is given by

o -1
=2

After each immunoassay and detection, the immunosensor was
regenerated and prepared for the next detection.

DP x 100.

Extraction of picloram from samples

Putinto a flask were 6 g of peach chopped in fine pieces and 20 ml
of MeOH, and the flask was shaken at 37 °C for 3 h on a mechanical
vibrator at 120 rpm. Then the solution was filtered. The container
and the residue were rinsed with 10 ml of MeOH and filtered, and



174
5 ey
53 0+0 vt e
af —» e +
o
me *

@ Aunanocluster

¥ picloram antibody +

o picloram-BSA

target picloram

Trace detection of picloram/L. Chen et al./Anal. Biochem. 407 (2010) 172-179

>0
washing +ﬂ > >0
e w o [l
>0

0 BSA

>¢ HRP-G anti-RIgG

Scheme 1. Schematic diagram of the immunosensor based on competitive immunoreaction.

the filtrate was combined with the previous filtrate. The filtrate was
diluted, and the pH value was adjusted to 7.4 with the PBS.

The excess sludge was centrifuged at 4000 rpm for 10 min, and
then the supernate was filtered. The filtrate was adjusted to pH 7.4
with the PBS.

The prepared samples were spiked with different concentration
of picloram separately and stored at 4 °C.

Regeneration of biosensor

When the immunoassay procedures were over, the electrode
was regenerated by rinsing consecutively in 0.2 M NaOH solution
containing 0.5 M NaCl for 10 min and then in dimethylformamide

(DMF) for 20 min. The resulting electrode was ready for the next
immunoassay.

Results and discussion
Characterization of Au nanoclusters

Fig. 1 is the SEM image of the Au nanoclusters of the two-step
deposition. Fig. 1A shows the low-magnification image of the first

1pm WD 8.1mm

NONE

step deposition. The Au nanoclusters dispersed densely on the
electrode surface with nonuniform size. However, the nanocluster
morpha can be seen clearly in the high-magnification image
(Fig. 1B). The nanocluster looks like a pellet with some prickles
around it, and its average diameter was approximately 300 nm.
After the second step deposition, the nanoclusters were densified
and changed uniformly in a low-magnification image (Fig. 1C).
The nanoclusters were turned into a multisheet columnar struc-
ture in high-magnification image, and the average diameter
increased slightly to 500 nm (Fig. 1D), with each columnar struc-
ture consisting of thin slices with a diameter of 200 nm.

The two-step electrodeposition of Au nanoclusters was different
from the one-step deposition. The nanoparticles by one-step depo-
sition fell off easily during the PC membrane dissolution process.
To improve the fixing, a thin layer of Au nanoparticles was depos-
ited directly on the electrode surface at first. The first deposited Au
nanoparticles were “seeds” that acted as catalysts for the reduction
of AuCl,~. The Au nanoparticles formed in the first step could guide
the growth of Au nanoparticles in the second step, and then Au
nanocluster stability was improved.

We supposed that these Au nanoclusters grew up along the
channel of the PC membrane pores for orientation. The columnar

50KV X50000 100nm WD 94mm

SEI 50KV X50000 100nm WD 8 1mm

Fig. 1. Typical SEM images of Au nanoclusters: (A) low-magnification image of the first step deposition; (B) high-magnification image of the first step deposition; (C) low-
magnification image of the second step deposition; (D) high-magnification image of the second step deposition.
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structure significantly increased the specific surface area of each
cluster, and this was effective for biomolecule immobilization. In
addition, the Au nanoclusters on the electrode surface could
remarkably facilitate the electron transfer. The great specific sur-
face area of Au nanoclusters and their enhanced electron transfer
capability could offer more response sites and cause a fast amper-
ometric response.

Preparation of picloram immunosensor and immunoassay

Electrochemical impedance spectroscopy (EIS) was carried out
in a background solution of 5 mM KsFe(CN)g/K4Fe(CN)g in the pres-
ence of 0.1 M KClI to investigate the features of surface-modified
electrode. The Au nanoclusters, BSA-picloram, picloram antibody,
and HRP-G anti-RIgG were successively modified onto the GCE
and measured. The typical impedance spectrum (present in the
form of a Nyquist plot) includes a semicircle portion at higher fre-
quency corresponding to the electron transfer limiting process and
a linear part at a lower frequency range representing the diffusion
limiting process. The semicircle diameter in the impedance spec-
trum equals the electron transfer resistance, R.;, which shows its
blocking behavior for the redox couple. Thus, the diameter can
be used to describe the resistance interface properties of the elec-
trode, and its increasing value exactly characterizes the immobili-
zation for each step.

Fig. 2 shows the Nyquist plot of electrochemical impedance
spectra for the stepwise assembly. The electron transfer resistance
gradually increased with the assembly procedure. The Au nanocl-
usters modified electrode exhibited a nearly straight line (curve
a), which showed good electron transfer capability. After BSA-
picloram was immobilized onto the electrode, the semicircle diam-
eter increased remarkably (curve b). We supposed that a large
amount of BSA-picloram was immobilized on the binding sites in
the Au nanoclusters. When picloram antibody was added, the
diameter of the semicircle increased further (curve c), indicating
that the immunoreaction had finished. The transfer resistance
sequentially increased with the introduction of the HRP-G anti-
RIgG onto the electrode surface (curve d). The correspondingly
increasing resistance indicated that the construction of the immu-
nosensor was feasible.
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Fig. 2. Nyquist diagrams of electrochemical impedance at different stages: (a) GC
electrode modified with Au nanoclusters; (b) BSA-picloram immobilized electrode;
(c) BSA-picloram immobilized electrode exposed to picloram antibody solution; (d)
BSA-picloram/picloram antibody modified electrode after incubation with HRP-G
anti-RIgG. The frequency range was from 1 Hz to 100 kHz, whereas the amplitude of
the alternating voltage was 5 mV. All measurements were performed in 10 mM PBS
(pH 7.4) containing 0.1 M KCI and 5 mM Kj[Fe(CN)g]/Ka[Fe(CN)s].

CV and chronoamperometry measurement were carried out to
study the immunosensor electrochemical behaviors. From the CV
curve, we can see that the immunosensor displayed a low back-
ground current without observable electrochemical response in
blank PBS (pH 7.4) (Fig. 3, curve a). When hydroquinone and
H,0, were added, the electrochemical response showed an obvious
increase of the reduction current and a negligible oxidation current
(Fig. 3, curve b) that was attributed to the enzymatic catalysis of
the immobilized HRP for the hydroquinone and H,0,.

In the presence of H,0,, the hydroquinone was first oxidized to
quinone compounds by HRP. Then the quinone compounds were
subsequently reduced at the electrode with an applied potential
of —0.2 V versus SCE. Thus, a detectable current was generated.

Fig. 4 displays a typical current-time curve for the addition of 0,
0.5, and 2 pg/ml picloram for the three electrodes at —0.2 V. We
can see that when no picloram was present, the current is maxi-
mum (curve a). The current decreased when 0.5 and 2 pg/ml piclo-
ram was added (curves b and c). Picloram would compete with
BSA-picloram to combine picloram antibody, thereby reducing
the amount of HRP-G anti-RIgG and causing the current decrease.
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Fig. 3. Cyclic voltammograms of HRP-G anti-RIgG/antibody/BSA-picloram/Au
nanocluster GCE in blank PBS (pH 7.4) (a), with the addition of 1 mM hydroquinone
and 2 mM H,0, (b), at 50 mV/s.
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Fig. 4. Current-time curves of 0 pg/ml picloram (a), 0.5 pg/ml picloram (b), and
2 pg/ml picloram (c). All measurements were performed in the presence of 1 mM
hydroquinone and 2 mM H,0, at —0.2 V under increasing stirring.
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Optimization of measurement variables

The pH value of the detection solution is an important factor of
the immunosensor performance. Most enzymes display good activ-
ity only in a limited pH range. Taking account of this factor, we
investigated the pH influence of the immunosensor over the pH
range of 4.6-8.5. The highest signal-to-background current was

A12

Current change (pA)

Current change (pA)
[=1]

-} T T T T T T
0 10 20 30 40 50 60 70

Incubation time (min)

Current change (pA)

Picloram antibody concentration ( pg/ml)

0 100 200 300 400 500 600

detected in the pH range of 7.0-7.5. Therefore, the optimal current
response was obtained in the pH range of 7.0-7.5. To achieve the
maximum sensitivity, pH 7.4 was chosen in subsequent experi-
ments and was also a general pH value in immunology (Fig. 5A).
The effect of hydroquinone concentration on the HRP electrode
response was studied in the presence of excess H,0,. The response
current increased sharply, with the hydroquinone concentration
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Fig. 5. (A) Effects of pH value of the detection solution on the current response of the immunosensor in PBS containing 1 mM hydroquinone and 2 mM H,0,. (B) Effects of
hydroquinone concentrations on current response in PBS (pH 7.4) at optimized applied potential of —0.2 V. (C and D) Effects of incubation time for antibody (C) and HRP-G
anti-RIgG (D) for immunoreaction with 300 pl of antibody at pH 7.4 on current response. (E) Dependence of current response of immunosensor on picloram antibody
concentration in immunoreaction for 60 min at pH 7.4. (F) Optimization of dilution rate of HRP-G anti-RIgG under optimized conditions.
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increasing from 0.2 to 0.6 mM and then leveling off (Fig. 5B).
Therefore, 1 mM hydroquinone was used in further experiments.
At this point, the concentration of H,0, was investigated. The cur-
rent response reached saturation at the concentration of 2 mM
H,0,.

The influencing factors of immunoreaction were also investi-
gated, including picloram antibody concentration and incubation
time, dilution ratio, and incubation time of HRP-G anti-RIgG. The
response current increased with the increasing incubation time
and reached plateaus at 60 and 40 min for antibody incubation
and HRP-G anti-RIgG incubation, respectively (Fig. 5C and D). The
investigated picloram antibody concentrations ranged from 100
to 500 pg/ml. The response current reached the maximum at a
concentration of 300 pg/ml (Fig. 5E). Therefore, 300 pg/ml piclo-
ram antibody was chosen as the optimized concentration. In addi-
tion, the optimal dilution rate of HRP-G anti-RIgG was 1:300
(Fig. 5F).

Response of the immunosensor to picloram concentration

Under the optimal immunoreaction and detection conditions,
the target picloram molecules in sample solution would compete
with the immobilized BSA-picloram to react with the limited mol-
ecules of dissociative picloram antibody to form immunocomplex.
The current response decreased gradually with the increase of the
concentration of target picloram (Fig. 6). The average decreasing
percentage is linearly related to the natural logarithm of picloram
concentration in the range from 0.001 to 10 pg/ml. The corre-
sponding regression equation is

y = (2.778 + 0.3468)x + (30.76 + 1.998),

where y is the current decrease percentage, x is the natural loga-
rithm of picloram concentration, and the correlation coefficient is
0.996. The lower LOD is 5.0 x 10~ ug/ml, which resulted in a cur-
rent signal that equals the mean value of background signals plus
three times the standard deviation of background signals. The limit
of quantification (LOQ) is 0.0021 pg/ml, which was obtained from
LOQ = 10(Sp/m), where Sy, is the standard deviation of current mea-
surements of the blank solution at the concentration range between
0.001 and 10 pg/ml and m is the slope of the analytical curve.

Each of the calibrations is conducted three times with the stan-
dard deviations of current response no more than 3.87%.
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Fig. 6. Calibration curve of immunosensor for picloram determination under the
optimal experimental conditions. Inset: Linear regression of decrease percentage
versus the natural logarithm of picloram concentration. The vertical bars designate
the standard deviations for the mean of three replicative tests.

The LOD is lower, and the linear range is larger, than in our pre-
vious work, and this may be attributed to three reasons. First, the
formed chitosan film hinders the diffusion of electrons toward
the electrode surface because of its relatively poor conductivity.
Second, our previous work used the entrapment method to immo-
bilize BSA-picloram, which is simple and convenient, but the en-
trapped randomly oriented biomolecules may lose bioactivities.
In the current study, the BSA-picloram was combined with func-
tional group. It is a better strategy to immobilize biomolecules
for better biomolecules orientation and to increase the biomole-
cule density. Third, due to the large surface area of the special 3D
structure, the proposed nanomaterial might be effective for the
immobilization of biomolecules. It can combine a much greater
number of biomolecules than the solid electrode. At the same time,
there are spaces among columnar structures acting as an electron
transfer channel, and the contact area with the electrolyte gets ex-
panded, thereby promoting the electron transfer. That is why the
LOD improves.

The LOD is smaller than those for the previously reported assay
methods for picloram determination described in the introductory
paragraphs of this article. We consider that a small LOQ is favored
by good conductivity, good electron transfer ability, and large sur-
face area. In addition, there are other weaknesses of previously de-
scribed methods. For example, it is difficult to recover used Hg in
the hanging mercury drop electrode method, and this will lead to
environmental pollution. In addition, it involves extensive sample
extraction and purification procedures and well-equipped labora-
tory installations in gas/liquid chromatography with electron cap-
ture detector and the capillary electrophoresis/mass spectrometry
method.

Detection of picloram in samples

Picloram, which is usually used for prevention and control of
the fruit moth class, red spider, white spider, and cabbage caterpil-
lar, or the bollworm on vegetables, is easy to move and difficult to
degrade. Peach extract and excess sludge supernatant were spiked
with different concentration of picloram analyzed by the immuno-
sensor. The results of the samples are shown in Table 1, which indi-
cates that the immunosensor was a reliable determination method
for picloram in the environmental samples.

Each detection was done three times, with the standard devia-
tions of current response not being more than 9.24%.

Specificity of immunosensor

To evaluate the selectivity of the biosensor, some possible inter-
fering substances, such as clopyralid, fluroxypyr methyl, quincl-
orac, and lontrel, were examined under the same conditions for
the picloram determination. From the results (Table 2), we could
infer that the interference of these chemicals to the immunosensor

Table 1
Picloram concentration in peach and excess sludge supernatant determined by
proposed immunosensor.

Sample Concentration Concentration Recovery Relative
added found (png/ml) (%) signal
(pg/ml) deviation
(%)
Peach 0.01 0.011 £ 0.003 110 4.19
0.2 0.187 £ 0.063 93.5 9.24
5 5.17 £0.37 103.4 5.77
Excess sludge 0.2 0.201 £0.006  100.5 6.03
supernatant 1 0.98 £ 0.42 98 2.11
5 5.26 +0.89 105.2 7.37
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Table 2
Comparison of the immunosensor response to picloram and other structurally related
compounds under the same conditions.

Interferent Concentration  Decrease percentage  Current
(pg/ml) of current (1A) response (%)
Picloram 0.5 27.33 9.48
Clopyralid 0.5 4.61 12.45
Fluroxypyr methyl 0.5 2.39 13.12
Quinclorac 0.5 3.10 12.66
Lontrel 0.5 1.77 12.82

was negligible, although all of them contained the same pyridyl
structure as that of picloram.

Stability and reusability

The performance stability of the immunosensor was examined.
The Au nanoclusters modified GCE was stored at 4 °C when not in
use. The current of the biosensor kept an invariable value for
approximately 15 days with a negligible decrease. This observation
indicated that the stability of this biosensor might be sufficient for
practical applications. The bioactivity remained unchanged owing
to biocompatibility in the microenvironment of Au nanocluster.

One of the concerns about the immunosensor is its reusability.
The regeneration of the immunosensor was successively carried
out in NaOH solution containing 0.5 M NaCl and in DMF. By this
means, the immunocomplexes and the resultants of enzymatic cat-
alytic reaction were released from the sensing surface and the
regenerated Au nanoclusters modified electrode can be used to
fabricate a new sensing interface. After that, the regenerated Au
nanoclusters modified electrode could be used for the next detec-
tion. After regeneration, the response of the same sample was
nearly the same as the original signal. Having been regenerated
for five runs, 85% of the original current response was observed.

Conclusion

A picloram biosensor has been developed for detecting trace
picloram in the environment on the basis of the immunoreaction.
BSA-picloram, picloram antibody (competing with target piclo-
ram), and HRP-labeled secondary antibody were immobilized on
the 3D Au nanoclusters modified GCE in turn. The optimized exper-
imental conditions for the operation of the picloram biosensor
were studied. The newly developed immunosensor based on Au
nanoclusters possesses advantages such as simple fabrication, fast
response, low LOD, wide linear range, easy regeneration, excellent
reproducibility, and long stability. The relatively wide linear range
and high sensitivity can be attributed to the electrodeposited Au
nanoclusters with good biocompatibility, large specific surface
area, and high electron exchange capability. All of these observa-
tions clearly illustrated that this immunosensor could be used for
the on-site monitoring of trace picloram in environmental matrices
in further studies.
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