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Abstract: This article accounts for a novel impedance immunosensor based on the specificity reaction of the
antigen-antibody and the sensitivity of the interdigitated array microelectrode (IDAM) for the determination
of chlorpyrifos residues. The basic knowledge of immunoassay was in relation to its IDAM electrode surface
modification, antibody immobilization, bovine serum albumin (BSA) blocking and sample detection. The SPA
was dropped onto the surface of IDAM electrode, used for binding antibody Fc fragments. Next, antibody was
immobilized on the SPA modified electrode. Finally, BSA was employed to block the possible remaining active
sites avoiding any nonspecific adsorption. Target chlorpyrifos was then captured by the immobilized antibody,
resulting in a change in the impedance of the IDAM microelectrode surface. The fabrication procedure of the
immunosensor and the sample detection were characterized by electrochemical impedance spectroscopy (EIS).
The influences of the experiment parameters were investigated. Under optimized conditions, an excellent
biosensor was fabricated. Many of the antibodies, enzymes and other reagents integral to immunoassays were
very expensive, often hundreds of dollars per milligram, therefore miniaturization reduces reagent costs
drastically. In this article the volume of the reagents was micro upgrade, the antibodies, SPA and BSA were
30 uL, the chlorpyrifos sample and detection solution were 50 pL. The advantages of the immunosensor were
exhibited in its better specificity, stability, selectivity and regeneration. The proposed method was proven
to be a feasible quantitative method for chlorpyrifos analysis in vegetables and fruits. Copyright © 2014 |FSA
Publishing, S L.

Keywords: Immunosensor, Interdigitated array microelectrode, Electrochemical impedance spectroscopy,
Parameter optimization, Chlorpyrifos immunosensor.

1. Introduction
Chlorpyrifos (O, O-diethyl-O- (3, 5, 6-trichloro-2-

pyridyl)-phosphorothioate), a broad spectrum OP
insecticide, is one of the most widely used

Article number P_2029

organophosphate as a very potent insecticide and
acaricide in agriculture to control pests and enhance
production [1].

Chlorpyrifos is moderately toxic to humans [2].
Poisoning from chlorpyrifos may affect the
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central nervous system, the cardiovascular system,
and the respiratory system. It is also a skin and
eye irritant [3]

They are a potential threat for the human health
safety and environmental protection purposes.
Therefore, it is necessary to develop sensitive and
fast detection technology for pesticide residues.
Considerable effort has been directed towards the
development of electrochemical biosensors can
substitute the current analytical methods such as
liquid chromatography [4], gas chromatography [5]
enzyme-linked immunoabsorbant assays [6] by
simplifying or eliminating sample preparation, thus
decreasing the analysis time and cost [7].

Electrochemical biosensors can be divided into
amperometric, potentiometric and conductimetric
(impedimetric) biosensor, they are highly sensitive,
rapid, inexpensive, and are suitable for designing
integrated microsystems [8, 9].

In recent years the electrochemical impedance
spectroscopy  has  gained  widespread  use
in developing biosensors for monitoring formation
of antibody-antigen [10, 11]. Impedance detection
works by measuring the impedance change caused
by binding of target molecules to receptors
(proteins, DNA, antibodies, and other bio-recognition
elements) immobilized on the surface of the
electrodes [8, 12-15].

In order to miniaturize the sensor and improve the
sensitivity, microelectrode has been considered as
a potential candidate to combine with traditional
detection methods. Microelectrodes favor a greater
rate of reactant supply (while macroelectrodes cause
greater depletion of reactants) and can perform
impedance measurement even in low conductivity
solution, where macroelectrodes may not be
sensitive.  [16,17].  Among  microelectrodes,
interdigitated array microelectrodes (IDAM) present
promising advantages such as low ohmic drop, fast
establishment of steady-state, rapid reaction kinetics,
and increased signal-to-noise ratio.

IDAM consist of a series of parallel microband
electrodes in which alternating microbands are
connected together, forming a set of interdigitating
electrode fingers The typical dimensions of an
individual micro-band “finger” are 0.1-0.2 pm
in height, 1-20 pm in width; 2-10 mm in length, with
a gap of 1-20 pm between the fingers [18].

Fig. 1 shows the schematic design of a typical
planar interdigitated array microelectrode chip
that metal interconnects or bonding pads
are for connecting electrodes to the impedance
analyzer and the interdigitated microelectrodes
are for sensing.

Additionally, IDAM eliminates the need for
a reference electrode which is comparatively simpler
to detect as compared to three or four electrode
systems and provides simple means for obtaining
a steady-state current response [19, 20]. Their low
response time also favors rapid detection.
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Fig. 1. The Schematic representation of interdigitated
array microelectrodes.

2. Experimental and Methods
2.1. Reagents and Materials

Anti-chlorpyrifos monoclonal antibody,
chlorpyrifos, protein A and bovineserum albumin
(BSA, 96-99 %) were all purchased from Sigma (St.
Louis, MO, USA). Different concentration
of anti-chlorpyrifos monoclonal antibody was
prepared by dissolving with 0.01 M phosphate buffer
solution (PBS, pH 7.5) processed by high pressure
sterilization and stored at 4°C. Ethanol and other
chemicals were used of analytical grade.

PBS (10 mM, pH 5.5-8.5) containing 5SmM [Fe
(CN) ¢ (1:1 mixture) and 0.1 M KCL were used
as the detection solution. Protein A and BSA were
both reconstituted in PBS. Bovine serum albumin
(BSA, w/v) was prepared in PBS as a blocking
solution. All other solutions were prepared with
deionized water from  Millipore  (Milli-Q,
182 MQ-cm). The rest of the reagents are
analytically pure or above.

2.2. Apparatus
Electrochemical impedance spectroscopy
(EIS) was performed with a CHI 660D

electrochemical workstation (Shanghai Chenhua Co.,
Shanghai, China).

The working electrode, reference and auxiliary
electrodes were integrated on gold interdigitated
array microelectrodes (IDAM, IME AU-1550.5), and
it was purchased from AB-tech Scientific Inc.
(Richmond, VA). Each electrode had 50 digital pairs
with 15pum digit width, 15pm interdigitated spaces,
and
a digit length of 4985um. The electrode area was
calculated as 14.88 mm”.

2.3. Preparation of the Biosensor

The bare IDAM electrode was cleaning according
to the reference literature [21], which we had
mentioned in our previous literatures, and a little
change was made: the IDAM electrode was cleaned
by immersing in 1 M NaOH for 15 min, rinsed with
deionized water, immersing in 1 M HCL for 15 min,
rinsed with deionized water, and then wiped gently
with alcohol wetted lens paper for 5 min. After final
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rinsing with deionized water, the electrode was dried
with a stream of nitrogen after each pretreatment.
After above cleaning procedure, the IDAM
electrode was ready for surface modification and
antibody immobilization.

Then, it was observed under microscope (40*40)
to check for irregular features, damaged
microelectrode, or foreign objects on the
microelectrode. If no irregular feature was observed,
impedance could be measured for the microelectrode
in the detection solution which the pH was optimized.
This impedance value would be compared
with previous impedance value measured for a bare
electrode. If a similar value was obtained, new
antibodies can be immobilized, whereas if the value
is different, the cleaning step should be repeated.

30 uL of protein a solution (10 pg/mL, SPA) was
dropped onto the surface of the cleaning IDAM
electrode at room temperature (22-25 °C) for 50 min.
Following the incubation, the microelectrode was
then rinsed with deionized water to remove loosely
adsorbed SPA and dried with nitrogen stream and
then incubated with antibody (100 pg/mL, 30 pL)
for further 1h at 4°C. After rinsing with deionized
water and drying with nitrogen, the microelectrode
was incubated with 5 % BSA (30 pL) as a blocking
solution at room temperature for 1 h. After another
rinsing with deionized water and drying with nitrogen
stream, the microelectrode was ready
for use in detection tests. All impedance test were
performed in 50 pL [Fe(CN)s*’* dropped on the
electrode surface.

The mechanism diagram of impedance biosensor
by EIS detection on IDAM electrode was illustrated
in Fig. 2 as follows.

Electron transfer activity between electrode - Electron transfer activity weakened

e ¢ ¢ 3
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| A Glass Substrate. ‘ B- Glass Substrate.

Fig. 2. Impedance biosensor detection mechanism diagram
on IDAM electrode.

2.4. Parameter of the Immunosensor
Optimization

The experimental parameters, including the
antibodies concentration, the pH of the detection
solution, BSA concentration and chlorpyrifos sample
incubation time can affect the current response of the
immunosensors and were thus investigated in 50 pL
[Fe(CN)¢]*"* as the redox probe by EIS.

The effect of the concentration of antibodies on
the current response was investigated with the
concentration from 10 pg/mL to 500 pg/mL
(10 pg/mL, 20 pg/mL, 30 pg/mL, 50 pg/mL,
80 pg/mL, 100 pg/mL, 120 pg/mL, 150 pg/mL,
200 pg/mL, 300 pg/mL, 500 pg/mL) by EIS.

The pH of the detection phosphate buffer is an
important influencing factor for the sensitivity
of immunosensors. The effect of pH of the detection
solution on the impedance response of the proposed
immunosensor was studied in series of 0.1 M PBS
containing 5.0 mM [Fe (CN) ¢** and 0.1 M KCI
with the pH from 5.5 to 8.5 (5.5, 6, 6.5, 7, 7.5, 8, 8.5)
by EIS.

The effect of the concentration of BSA on the
current response was investigated with the
concentration from 1 mg/mL to 10 mg/mL (1 mg/mL,
2 mg/mL, 3 mg/mL, 4 mg/mL, 4.5 mg/mL, 5 mg/mL,
55 mg/mL, 6 mg/mL, 6.5 mg/mL, 7 mg/mL,
8 mg/mL, 9 mg/mL, 10 mg/mL) by EIS.

The incubation time was an important parameter

before and after capturing chlopyrifos by
immusensor. It was studied from 0 to 160 min
(0, 20 min, 40 min, 60 min, 80 min, 120 min,
160 min).

The tested frequency range was from 1 Hz
to 1MHz with amplitude of 5mV. Bode
(impedance and phase vs. frequency) and Nyquist
(imaginary impedance vs. real impedance) diagrams
were recorded.

3. Results and Discussion

3.1. Electrochemical Characterization
of the Modifying Process

Impedance spectroscopy was a powerful tool
for analysis surface-modified electrodes and
theoretical analysis of impedance properties [22-25].

Characterization of stepwise changes
in electrochemical properties upon the formation
of each layer were carried out using electrochemical
impedance  spectroscopy in  the  presence
of [Fe (CN) ¢]*"* as a redox couple.

Fig. 3 presents the impedance spectra of (a) the
bare electrode, (b) the protein A modified electrode,
(c) the antibody immobilized electrode, and (d)
parathion bound electrode in the presence
of [Fe(CN)s]*™ as the redox probe in PBS. The
frequency range is from 1 Hz to 1000 kHz. Each step
was measured three times. As shown in Fig. 3, in the
frequency range from 1 to 1000 Hz, the impedance
value at a given frequency 100 Hz increased upon the
addition of (b) protein A, (c) the antibody layer, and
(d) the BSA blocking electrode and (e) chlorpyrifos
to the electrode surface compared to (a) the bare
electrode. At frequencies higher than 10 kHz,
no significant difference is observed between spectra
a,b,c,dande.

Impedance changes of the open IAM sensor
as a function of frequency for different
chlorpyrifos samples are investigated. The detection
signals for different concentrations (0.001 pg/mL
to 100 pg/mL) were distinguishable from each other.
The quantitative detection could be achieved in this
study. So we could use this biosensor in subsequent
quantitative detection.
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Fig. 3. Impedance-frequency and phase-frequency in bode diagrams of 5.0 mM [Fe(CN)s]*”* with 0.1 M KCl at different
electrodes (a) the bare electrode, (b) the protein A modified electrode, (c) the antibody immobilized electrode, (d) the BSA

blocking electrode and (e) chlorpyrifos bound electrode in the presence of [Fe(CN)g]

3.2. Optimization of the Experimental
Parameter

The experimental parameters included the
antibodies concentration, the pH of the detection
solution, BSA concentration and antigen incubation
time. As shown in Fig. 4.

Fig. 4a shows the effect of the concentration
of antibody (Ab) captured by SPA on the IDAM
electrode. The impedance change (AR) curve of
ADb/SPA attaching on the surface of IDAM electrode
before and after was recorded with a different
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Ab concentration. The AR increased with the
increasing of the Ab concentration ranges from 0
to 100 pg/mL, and then a little change took place as
the Ab concentration increased further ranges
from 100 to 500 pg/mL. In the other hand, the
biospecific antibody binded onto the sensor surface
existed competition, which led to a reduction of the
number of available antibody binding sites
for capturing the chlorpyrifos.  Therefore,
antibody loading of 100 pg/mL was chosen in all
following experiments.
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Fig. 4. Optimization of experimental parameters: (a) Influence of anti-chlorpyrifos antibody concentration in the range
from 0 to 500 pg/mL on impedance signal; (b) Influence of working buffer pH range from 5.5 to 8.5 on impedance signal;
(c) Influence of BSA concentration in the range from 1 to 10 pg/mL on impedance signal; (d) Influence of incubation time

for different times from 0 to 160 min on impedance signal.
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Fig. 4b  illustrates AR  of  chlorpyrifos/
/BSA/Ab/SPA/IDAM  in  detection  solutions
of different pH in the range from 5.5 to 8.5. The
impedance responses increased with the increase
of pH from 5.5 to 7.5, and then decreased as pH
increased further. The reason for that was the
antigen-antibody complex could easily be dissociated
in a detection solution with unsuitable pH. It was
easy to lose the activity of Ab irreversibly at the
lower or higher pH values. Obviously, in order to get
the highest sensitivity, suitable pH value should be
chosen on the Ab/SPA/IDAM sensor. The pH 7.5
of PBS was used as working solution in the
subsequent experiment.

Fig. 4c indicates that AR of Ab/SPA/IDAM
in different BSA concentration range from 1
to 10 ug/mL. The AR increased with the increasing
of the BSA concentration ranges from 1 pg/mL
to 5 pg/mL, and then slight changes happen as the
BSA concentration increased further range from 5
to 10 pg/mL. So the BSA concentration
of 5 pg/mL was used as best choice in the
subsequent experiment.

The incubation time was an important parameter
for capturing chlopyrifos. The immunosensor was
incubated in a concentration of 10 pg/mL chlopyrifos
standard solution for different time. The influence
of incubation time on response signals was also
investigated. The immunosensor was incubated
with a standard chlopyrifos solution (10 pg/mL)
for different times from O to 160 min, and then tested
in 00lM PBS (pH 7.5). Because the
immunoreaction of the antigens with Ab and
immunocomplexes formation needs some time, as
shown in Fig. 4d, the AR increased with increasing
incubation time and reached a maximum value
at 60 min and after that the immunoreaction variation
was slowed, indicating immunoreaction Ab
with chlopyrifos was saturated. Thus, the incubation
time of 60 min was selected.

3.3. Specificity of the Detection and
Regeneration Performance

The IDAMs based impedance immunosensor
were evaluated for specificity by testing other
non-target small molecule pesticides such as
methomyl, dichlorophos, Carbofuran, phoxim and
mixture as shown in Fig. 5. The specificity of the
immunosensor was mainly dependent upon the
antibodies that were immobilized on the
electrode surface.

The results indicated the proposed
immunosensor had a high degree of selectivity
for chlorpyrifos detection.

Good regeneration performance is an important
index for the popularization and application of the
immunosensor used common electrode. The
generating process was tedious, regenerating steps
was very complex and regenerating time was
too long.
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800 -
600
400 -
200
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Fig. 5. Immunsensor specificity analysis.

Many bioreagent integral to immunoassays was
very expensive, such as the antibodies, enzymes and
other reagents often hundreds of dollars per
milligram, while miniaturization reduces reagent
costs drastically. In our article the volume of the
reagents were micro upgrade, the antibodies, SPA
and BSA were 30 pL, the chlorpyrifos sample and
detection solution were also only 50 pL.

Now the reality is that microelectrode is too
expensive. Low cost, mass production technology is
not yet mature. In the near future, if we could buy
disposable microelectrode at a very low price, the
repeatability and regeneration problem based
on microelectrode biosensor would be solved.

4. Conclusions

In this work, a sensitive and stable label-free
impedance immunosensor has been developed for the
fast and direct detection of chlorpyrifos residues
based on the immobilization of chlorpyrifos
antibody on IDAM electrode by SPA. In order
to improve the capacity of antibody and enhance the
detection sensitivity, the experimental parameters
were optimized.

The presence of the SPA not only promoted
impedance signal, but also increased the surface area
to capture a large amount of antibodies, thus
increased  detection  sensitivity.  This  result
demonstrated that SPA was suitable bio-receptor for
the selective detection of small molecules.

The constructed immunosensor processing
prominent characteristic and performance such as
better specificity, reproducibility and economical
efficiency have potential application for the detection
of other pesticides or compounds. This biosensor
system could be implemented for detection of
chlorpyrifos analysis in real filed sample such as
contaminated food products after further optimized.
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