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ABSTRACT

An impedimetric immunosensor based on polypyrr&ley) nanowires was developed and
applied for atrazine (ATZ) herbicide detection. this work, the PPy nanowires were
synthesized by an electrochemical free-templatdhotebnto an interdigitated platinum micro-
electrode (IDPE). The immunosensors were prepayednimobilization of monoclonal anti-
atrazine antibodyo-ATZ) onto a PPy surface using glutaraldehyde asrass-linker. The
electrodes were characterized using scanning etechicroscopy (SEM), cyclic voltammetry
(CV) and Fourier transform infrared spectroscop¥-(R) techniques. The ATZ analysis is
based on the immunoreaction of ATZ amd\TZ attached on top of the IDUE area (fingers and
inter-digits space) by means of electrochemical eidgmce spectroscopy (EIS). Thanks to
immunoreagent specificity, these sensors exhilih héelectivity and sensitivity for ATZ
detection with a threshold of 10 ng/mL.

Keywords:atrazine, polypyrrole nanowires, immunosensorpgitimetric.

1. INTRODUCTION

Pesticides and herbicides are widely used in atwi@iand horticulture for a longtime.
Atrazine (1-Chloro-3-(ethylamino)-5-(isopropylam)s® 4,6-triazine; ATZ), a triazine
herbicide, is photosystem Il (PSII) inhibitors coomly used to control broadleaf and grassy
weeds in crops including corn, sorghum and sugardsiany methods have been developed for
atrazine detection, such as gas chromatography (@) high-performance liquid
chromatography (HPLC) [2]; gas chromatography/magsctrometry (GC/MS) [3], liquid
chromatography/mass spectrometry (LC/MS) [4], anmich fayer chromatography (TLC) [5].
These methods are very accurate and low detedtiaits Ibut require sample pretreatment,
expensive equipment and high-purity chemicals fére tmobile phases. Moreover,
chromatographic methods cannot suitable for onasit@ysis. In recent years, electrochemical
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biosensors have revolutionized the modern analytivamistry due to their accuracy, easy use,
high efficiency, portability and miniaturizationn laddition, they offer fast (few seconds)
response times, allow a rapid and permanent contmotl a direct transduction of the
biomolecular recognition event into electronic silgn [6]. Electrochemical impedance
spectroscopy (EIS) is a sensitive technique basedonitoring the electrical response of a
device after application of a periodic small ampul# AC signal in a wide range of frequencies.
EIS is able to record directly information on bicognition events, occurring at the electrode
surfaces, inducing capacitance and resistance ebdiiy The analysis of the impedance values
measured provides information concerning the ateptoperties of the sensor—sample interface
and the underlying reactions.

The objective of this work has been the developnoémtnpedimetric immunosensors for
atrazine herbicide analysis. The use of free-tetapgkechnique for polypyrrole nanowires (PPy
NWs) modified interdigitated platinum micro-eledeas (IDLE) improves the conductivity of
the sensors, and increases the transduction chtraical signal to electrical signal.

2. EXPERIMENTALS
2.1. Chemicals and biological

Monomer pyrrole (Py) 99 %, LICIQNaHPQO,, NaH,PQ,, and 25 % glutaraldehyde (GA)
were purchased from Sigma. 0.1 M and 0.2 M phaspbaffer solutions (PBS) with the molar
ratio of [NgHPQy)/[NaH,PO4] = 3.41 were prepared with deionized water adfjdsted to pH
6.8 [8]. Monoclonal anti-atrazine antibody-ATZ, Mw = 150 kDa) from Thermo Scientific,
USA. Atrazine, 99.5 % pure, atrazine standard smu¢l mg/mL) and diluted solutions were
prepared in PBS. All chemicals and solvents weranalytical grade.

2.2. Instrumentation

Electrochemical measurements were carried out usamgy Autolab PGSTAT30
Electrochemical Analyser (EcoChemie, Netherlandsjlen the control of GPES and FRA
version 4.9 at room temperature. The experimentg warried out using a conventional three-
electrode system with interdigitated planar platirilm microelectrodes (IDUE) as the working
electrode (Figure 1A, the detailed fabrication psxhave been described in [9]), a Pt wire as
the auxiliary electrode, and a saturated calonasitelde (SCE) as the reference electrode.

The IR spectra of the composites were recordedi¢olét Impact-410 IR spectrometer in
KBr medium at room temperature in the region 4080-ém®. Field-emission scanning
electron microscope (FE-SEM) images of the filmsenecorded with Hitachi S-4800 (Japan).

2.3. Electrodeposition of polypyrrole nanowires ord the interdigitated p-electrodes

In this work, the template-free electrochemicalgaaure was performed for the deposition
of PPy NWs which is adapted from the work of Zamg @oworkers [8]. The deposition was
potentiostatically polymerized at 0.85 V for 12isan aqueous pH 6.8 solution,containing 0.1M
Py, 0.07 M LiCIQ and 0.2 M PBS. The electropolymerization solutisas deoxygenated
before the experiments by purging with nitrogenXdrmin to remove oxygen from the solution.
After the polymerization reaction, the electrodesrevrinsed with distilled water and storage
into a PBS solution. For comparison, a PPy/IDUE wespared under the conditions: the
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deposition potential at 0.85 V for 120 s in theemus solution with pH 6.8 containing 0.1 M Py,
0.07 M LiCIO, and 0.1 M PBS.
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Figure 1.(A) Layout of planar IDUE device and (B) Schemewgimg steps used to prepare the
immunosensor surfaces and antibody binding.(i) €s&stion of IDUE; (i) PPy NWs-modified IDUE;
(iii) immobilized biomolecules-ATZ onto PPy NWs/IDUE; (iv) the formation of antidby—antigen
interaction in the presence of ATZ.

2.4. Antigen immobilization

Immobilization of a-ATZ onto the surface of the PPy NWs/IDUEs has beéeme using
glutaraldehyde (GA) as a cross-linker. Firstly, ey NWs/IDUEs were placed in saturated
glutaraldehyde vapor for 60 min then dried in air 5 min at room temperature. Next, 10 pl of
thea-ATZ 0.1 nM solution was spread on the PPy NWsasigfusing a drop method and left for
overnight. The product, the formedATZ/PPy NWs/IDUES, were rinsed thoroughly with PBS
solution and stored at°€ when not in use.

2.5. Immunosensor measurements

Each a-ATZ/PPy NWs/IDUE was placed in a well of a cuvesample containing the
atrazine standards (10 ng/mL500 ng/mL). After 30 min of incubation time, thesxere washed
with deionized water. Then, these electrodes wexed un impedances measurements. An
equimolar ferrocyanide/ferricyanide mixture (5 mM)PBS solution (pH 6.8) was used as an
electrolyte solution. Impedance measurements wagerded in the frequency range 100 kHz
and 50 MHz with an AC amplitude of 10 mV. The imrosansors impedance responses were
recorded at open circuit potential. The impedanpecta were further analyzed using
ZSimpWin ver 3.10.
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3. RESULTS AND DISCUSSIONS
3.1. FTIR spectrum of PPy film

The FT-IR spectra of PPy film is shown in FigureTBe presence of the absorption bands
at 1632 cri' was assigned to the C=C ring stretching of pyrrblee band at 1401ctis due to
in-plane deformation of C—H bond and N—H bond afrple ring. The peak at 1118 chis due
to C—C stretching. The broad strong bands betwd&6 8m* corresponds to the absorption of
N-H stretching of polypyrrole [10]. This result stethat PPy has been deposited onto IDUE by
in-situ electropolymerization technique
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Figure 2.FTIR spectrum of PPy.

3.2. Morphology of synthesized PPy film

Figure 3.SEM images of PPy cauliflower (A) and PPy nanow{i&)s

The morphologies of the PPy nanowires and PPyftmuér are shown the SEM images in
Figure 3. When phosphate (PBS) concentration is M,2 the uniform wire-like PPy
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nanostructures were obtained (Figure 3B). Meanwtiile films displayed a cauliflower-like
structure of micro-spherical grains when the sysithat a PBS concentration 0.1 M (Figure
3A). Nanowires, being one-dimensional structureseha higher surface area and shorter
diffusion lengths than the analogous bulk materpalsviding the wires with more attractive
properties.

3.3. Electrochemical behavior of PPy nanowires

The electrochemical behaviour of the PPy nanowares PPy cauliflower were evaluated
by cyclic voltammetry in 0.1 M KCI solutions. Asahn in the cyclic voltammograms (Figure
4), both samples exhibit electrochemical activijowever, the redox peaks of the PPy
nanowires are relatively stronger than those ofcthdiflower-like PPy, indicating that the PPy
nanowires have a higher electrochemical activithicw may result from the high specific
surface area of the nanowires
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Figure 4.CVs of PPy nanowires and PPy cauliflower in 1M KGlution at scan rate of 50 mV/s.
3.4. Electrochemical Impedance measurements

According to the literature, IDUE has often perfedndifferential electrochemical
measurements (including impedance spectroscopyghvitmproves the sensitivity thanks to the
micro-miniaturization providing a small dielectgap between the bars of electrode [7, 11, 12].
The formation of antibody—antigen interaction at elactrode surface can change both the
charge distribution in the electrical double layerd the resistance of the surface layer; one
would anticipate that the impedance could providdorination about the association—
dissociation kinetics of biological interaction attibody modified electrode surfaces, as well.
Figure 1B illustrates the scheme of this immunosensThea-ATZ was first immobilized onto
PPy NWSs/IDUE. Then, the immuno-electrodes were segoto ATZ solution. The ATZ
interacts witha-ATZ on modified electrode surface as a coating filith the effectively block
the charge (electron) transfer and thus amplifyedgnce signal.
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Figure 5.Nyquist plots of EIS of PPy NWs/IDUE (plain squarasda-ATZ/PPy NWs/IDUE
(plain circles) in 5 mM K[Fe(CN)]/ K Fe(CN)] (1:1).

Figure 5 shows the Nyquist plots (ZVs. Z’) of the impedance change of the
PPyNWs/IDUE before and after immobilizatiaPATZ onto surface electrode. As can be seen,
the impedance of the film wit-ATZ was greater than that withoatATZ. This was suggested
thata-ATZ is an insulator and, being bounded with PRy @A cross-linking, may block PPy
charge transfer.

For impedimetric ATZ immunosensor, the PPyNWs/IDp&s performed by incubation in
the different atrazine concentrations ranging fromag/mL up to 500 ng/mL. Then,
bioelectrodes capture ATZ in PBS solution outside @ansfer electrochemical cell containing a
redox probe, [Fe(CN)**. The analysis of EIS was performed via ZSimpWinuation. The
equivalent circuit was shown in Figure 6A (insethigh has proved to fit the experimental
measurements. The circuit includes the contactteeste (B); capacitance of the electrode,)C
Ohmic resistance of the electrolyteRpolarization resistance (R Warburg impedance (W);
and double-layer capacitance jYCThe value of R controls the origin of the complete
impedance spectrum in Z'. The values @faRd R control the end of the second semicircle and
the start of the first semicircle in Z'. In this vk the variation of the ohmic resistance of the
solution (R) from the computer fitting data in relation witlrazine concentration has been
selected and analyzed instead the other paranteteeise the change in the value gfnRs
found to be the largest and coherent with all ttrazene concentrations tested. Figure 6B
presents the calibration curve of ¥&. different concentrations of atrazine. A lineange was
obtained from 10 to 500 ng/mL of atrazine concdittrawith a correlation coefficient R =
0.99009.
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Figure 6.(A) Nyquist plots of impedance spectra correspogdd the immunosensor reaction with

different atrazine concentrations and (B) Calilmatturve of atrazine immunoassay presented.

4. CONCLUSION

In this work, a template-free technique for thenfation of polypyrrole nanowires onto

interdigitated platinum micro-electrodes was depeth It promises a concept of immunosensor
construction combined with an impedimetric detectaf atrazine without reagent and label.

Although the experimental measurements were peddromly at the laboratory condition it was

found that EIS is an impressive technique for datgahe interaction of antigen and antibody.

This method can be easily applied for other detaatif a broad range of chemical or biological
species if the appropriate antibody and compediteravailable.
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TOMTAT

NGHIEN CUU CHE TAO CAM BIEN MIEN DICH PO TONG TRO BIEN HOA XAC DINH
ATRAZIN TREN CO SO DAY NANO POLYPYRROL
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Trong béo céo nay, chlng t6i trinh bayrny két qua bandau v ché tao cim bién mién
dich do tng ty dién hoa trén e s day nano polypyrrole (PPy) veng cing trong nn biét
thudc trir co atrazin (ATZ). Day nano PRiuroc tring top trén I8 mit vi dién arc platin éu trac
ring lrgc (IDME) king phrong phapdién héa khong dung khuan. Cac khangdbn dong ¢i-
ATZ) dugc d dinh trén B mit PPy théng qua tac nhasotlién Kkt chéo glutarandehit. Nghién
dic treng Vat liéu dugc thee hién boi phuong phap kinh iin vi dién tr quét (SEM), phong
phap von-ampe vong4n hoan (CV) va ph hong ngai (FT-IR). Tuong tacdic hiéu dra trén
phan ting mén dich gira ATZ vaa-ATZ ¢ dinh trén tréntién arc dugc phat hén thong quak
thuat tong t dién hoa (EIS). Nghiéntw cho thy, cam bién c6do chon loc vadd nhay trong
gisi han rong, Wi ngudng phat hén dat dugc la 10 ng/mL.

Tur khoa:atrazin, day nano polypyrrolam bién mién dich, tng t dién hoa.
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