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Abstract

This paper describes the development of an impedimetric immunosensor, based on niobium/niobium oxide (Nb/NbOxHy) electrodes, for the
detection of atrazine. Niobium oxide was anodically formed onto niobium electrodes at 25 V in 1 M H,SO,. Hydrous oxide layers were then
silanized with APTES, and using glutaraldehyde as a cross linker, Fab fragment k47 antibody was covalently immobilized onto the surface of the
electrodes. Electrochemical impedance spectroscopy (EIS) was used to characterize the building-up of the immunosensors as well as the binding
of atrazine to its specific antibody. In presence of ferricyanide redox species and under a cathodic polarization voltage (—1.2 V versus SCE), the
relationship between the concentration of atrazine and the change of the electron transfer resistance value was studied.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Electrochemical immunosensors have found widespread
applications in food industry, environment, biotechnology, phar-
maceutical chemistry and clinical diagnostics [1-3]. Important
analytical characteristics, such as high sensitivity and specifi-
city, cost efficiency, and their ability to be used as disposable
sensors for in-field measurements make them promising
alternatives to conventional immunoassay techniques. Among
other sensing approaches, which are based on potentiometric
[4,5], amperometric [6] and piezoelectric [7,8] transducers,
electrochemical impedance spectroscopy (EIS) provides a non-
destructive means for the characterization of the electrical
properties of many biological interfaces. In recent years the
electrochemical impedance immunosensors have attracted
increasing interest for the direct monitoring of the formation
of antigen-antibody complex [9—12], biotin—avidin complexes
[13—-16] and DNA hybridization [17]. However, antigen—
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antibody is often inadequate to generate a highly sensitive
signal through direct impedimetric measurement. A key step in
the construction of an impedimetric biosensor is the develop-
ment of the insulating layer. It should be compact, smooth, stable
over time in the tested electrolyte and provide functional groups
for the immobilization of the bioreceptor. An initial high
capacitance (low impedance) is also a prerequisite for achieving
better sensitivity and wider dynamic range [18]. Recently, a
significant progress has been made in the preparation of new
classes of niobium oxide surfaces [19-22] whose dielectric
constant is in the order of forty leading to a high capacitance.
Niobium is a refractory metal that conducts heat and electricity
and is characterized by a resistance to corrosion. It is world-
wide used mostly in the steel industry, the industry of super
alloys and the industrial sectors that use oxides and other Nb
based compounds for the manufacture of optical glasses and
enamels. The present work explores the use of anodically
formed niobium/niobium oxide electrodes for the construction
of an impedimetric immunosensor. The alteration of the in-
terfacial features of the electrodes, due to different modification
or recognition steps, was traced by faradaic electrochemical
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Fig. 1. Schematic diagram of the stepwise assembly of niobium electrode.

impedance spectroscopy using a mixture of hexacyanoferrate
(ID/(I11), as a redox probe.

2. Experimental
2.1. Materials

Atrazine was purchased from SUPELCO (Bellefonte, USA).
The antibody Fab fragment K47 was obtained from Technische
Universitat Munchen, Germany. vy-amino propyl-trimethoxy
silane (APTES), and glutaraldehyde (grade II, 25%) were
obtained from Sigma (St. Louis, USA) and used as received. All
measurements were made in a phosphate buffered saline (PBS)
containing 140 mM NaCl, 2.7 mM KCIl, 0.1 mM Na,HPO,,
1.8 mM KH,PO,4, pH=7 and 5 mM K;[Fe(CN)g]/K4[Fe(CN);]
(1:1) mixture as a redox probe. All reagents were of analytical
grade and ultrapure water (resistance 18.2 MQ cm™ ") produced
by a Millipore Milli-Q system was used throughout.

2.2. Apparatus

The measurement set-up for impedance consists of a
classical three-electrode electrochemical cell, that was placed
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Fig. 2. Electrochemical impedance spectra for niobium electrode functionalized
by silane after apply potential: (a)—0.6, (b) —0.7, (¢) —0.8, (d) 0.9, (e) 1, (f) — 1.1
and (g) —1.2 V.
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Fig. 3. (A) Nyquist and (B,C) Bode plots of electrochemical impedance spectra:
(curve a) Nb/NbOxHy/aminosilane, (curve b) Nb/NbOxHy/aminosilane/
glutaraldehyde, and c¢) Nb/NbOxHy/aminosilane/glutaraldehyde/fab fragment
k47 antibody electrodes at — 1200 mV over the frequency range 0.05-10° Hz in
5 mM K;[Fe(CN)g]/K4[Fe(CN)s] in PBS pH 7.

into a Faraday cage. The modified niobium/niobium oxide
electrode (0.03 cm?) was used as working electrode, a platinum
strip (0.54 cm?) as a counter electrode and a saturated calomel
electrode (SCE) as the reference electrode. The impedance
analysis was performed with the Voltalab 40 impedance anal-
yser in the frequency range 0.05—100 kHz, using a modula-
tion voltage of 10 mV. During measurements the potential
was kept at —1.2 V versus SCE. Data simulation was made
with the commercial software Zview (Scribrer and associates,
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Fig. 4. Equivalent circuit employed for all data fits.

Charlottesville, VA). All electrochemical measurements were
carried out at room temperature.

2.3. Electrode fabrication and modification

Niobium electrodes of 2 mm diameter active surface were
fabricated by using the commercial kit EasyCon (EasyCon
Hellas, provided by Eco Chemie). Niobium disks (0.5 mm thick,
2 mm diameter) were glued on a bronze rod (2 mm diameter)
with the aid of a silver-based conductive adhesive. A two-
component epoxy resin was used to ensure no electrical contact
between the conductive adhesive and the bronze rod with the
electrolyte. Niobium electrodes were further covered with 4 and
6 mm diameter heat-shrink tubing. Before use, niobium elec-
trodes were polished with a series of emery papers (400, 1200,
2000 and 4000 grit), sonicated for 3 min in DDW, and then
etched in a H,0,/H,SO4/H,0 (1/1/5) mixture for 2 min. Passive
films of niobium oxide were anodically formed at 25 Vin 1 M
H,SO, for 1 h. Films were then silanized in 10% APTES (Note:
Handling must be carried out in a hood wearing rubber gloves) in
chloroform for 2 h. The silanized surfaces were activated with
2.5% glutaraldehyde for 1 h in the working buffer solution.
Functionalized electrodes were immersed in 5 ml PBS, pH 7
with 2.6x1077 M of Fab fragment K47H antibody at room
temperature for 1 h and then thoroughly rinsed with PBS to
remove weakly absorbed antibodies. Finally, electrodes were
exposed to various concentrations of atrazine and alteration of
the interfacial properties of the electrodes upon antigen—
antibody interaction was recoded and discussed (Fig. 1).

3. Results and discussions
3.1. Polarization potential

The influence of the applied potential on EIS response was
investigated and the results are shown in Fig. 2. As revealed
from the pattern of impedance spectra, the Warburg impedance
resulting from the diffusion process is gradually decreased upon
the increase of the applied cathodic polarization potential. At —

Table 1
Values of circuit elements obtained by fitting experimental data from Fig. 3 to
the discrete circuit model shown in Fig. 4

Electrodes R, (Q cn?) Re (Q cm?) O (uF/em?) o

Silane 19.68 725.7 0.26 0.85
Glutaraldehyde 19.53 2470 0.36 0.83
Ac 19.05 3209 0.41 0.82

Table 2

Changes of R after the incubation of Nb/NbOxHy/silane/glutaraldehyde/fab
fragment k47 antibody electrodes at different concentrations of atrazine, resulted
from fitting the experimental data from Fig. SA with the equivalent circuit in Fig. 4

Concentration of atrazine (ng/ml) Re; (O cm?) AR(Q cm?)
100 3752 543
200 5472 2263
500 5653 2444
700 5864 2655

1.2 V vs SCE, the effect of Warburg impedance was neglected
and the impedance spectra presented the best semi-circle like
shape. Therefore, —1.2 V vs SCE was proved as the suitable
polarisation potential for subsequent impedimetric studies.

3.2. Electrochemical characterization of the sensor
Anodization studies aim the development of a smooth,

homogenous and compact oxide layer. Nb/NbOxHy electrodes
were developed at different applied potentials up to 30 V versus
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Fig. 5. (A) Electrochemical impedance spectra of immunosensor response after
the addition of different concentrations of antigen: (a) without antigen, with (b)
100 pg/ml, (c) 200 pg/ml, (d) 500 pg/ml and (e) 700 mg/ml of antigen.
Experimental conditions as in Fig. 3. (B) R, change as a function of the
concentration of atrazine.
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SCE, and the stability of them in PBS, a very common buffering
system in bioanalytical studies, was studied. Electrodes were
found to be sensitive to PBS buffer solution, since the measuring
impedance of them was gradually decreasing with respect to
time, probably due to pitting corrosion of chloride ions. The
formation potential of 25 V versus SCE was finally selected, as
under these conditions we achieved the best reproducible elec-
trode architectures in terms of their impedance values in the
working buffer solution. A remarkable increase of the stability of
the electrodes was observed after their silanization with APTES.
An increased coverage of amino-silane, over the hydroxylated
Nb/NbOxHy surface was found to protect the latter from pitting
corrosion, thus providing a stable oxide-silane composite
surface. Moreover, the particular silane bears proper functional
end groups, i.e. —NH, groups, which are necessary for the
immobilization of the sensing biolayer. The impedimetric
behaviour of partially constructed and fully functionalized Nb/
NbOxHy/aminosilane/glutaraldehyde/antibody electrodes is
shown in Fig. 3. Faradaic impedimetric data are presented in
the form of both Nyquist and Bode plots and provide a clear view
of the effect of each modification step on the impedance and
phase values over the entire tested frequency range.

Impedance spectra consisted of a semicircle corresponding
to an electron transfer limiting process. The diameter of the
semicircle representing the electron-transfer resistance (R.;) of
each layer, is closely connected with the hindering of the flux of
the redox couple towards the surface of the electrode and can be
used to describe the interface properties of the electrode. Indeed,
the increase of its value after each step gives evidence for the
successful application of each layer.

Best fitting of the impedance data, over the entire tested
frequency range were obtained by using the modified Randle’s
equivalent circuit [23,24], shown in Fig. 4. The proposed circuit
includes the following three elements: (i) the ohmic resistance of
the electrolyte solution, Rg; (ii) a constant phase element Q,
which is associated with the double layer and reflects the in-
terface between the assembled film and the electrolyte solution
[25]; and (iii) the electron transfer resistance, R [26,27]. A
negligible change in R was observed during the deposition of
the aminosilane layer, during the activation of amino groups
with glutaraldehyde, and finally, during the immobilization of
the antibody. On the other hand, QO and R, which represent the
interfacial properties of electrode/electrolyte are greatly affected
during the building-up of the biolayer on the Nb electrode.
Results shown in Table 1 indicate that signal changes of R
are significantly higher compared to those observed for Q.
Therefore, the change of R values is chosen as a measure for
tracing the interaction between the fully functionalized electrode
and atrazine. The fitting values for the stepwise-assembled
layers on the electrode are presented in Table 1.

3.3. Application to atrazine standard solutions

To evaluate the reaction between Fab fragment k47 antibody
and atrazine, Nb/NbOxHy/aminosilane/glutaraldehyde/anti-
body electrodes were exposed to different concentrations of
atrazine. The corresponding impedance spectra (Nyquist plots)

are shown in Fig. 5A, and the fitting values of R, are presented
in Table 2. In all cases a significant increase of the R, value was
observed, due to the binding of atrazine molecules to the im-
mobilized Fab fragment k47 antibody. Fig. 5B shows the cali-
bration plot obtained for the atrazine assay. The impedance
increment is defined as:

ARet = RAg - RAb

where R, is the value of Ry, after the immunoreaction and R,
the value of R, obtained for the fully functionalized electrode.
As it can be seen in Fig. 6, quantification of the analyte con-
centration with the above-mentioned parameters is possible and
an almost linear relationship up to 300 pug/ml atrazine can be
achieved. Under the specific experimental conditions and for a
signal-to-noise ratio of 3, the detection limit was calculated to be
50 pg/ml atrazine.

4. Conclusion

This study was led on functional immunosensors, based on
Fab fragment k47 antibody grafted on Nb/NbO, electrodes.
Impedance spectroscopy was successfully applied for the direct
monitoring of antibody-antigen interactions, using an hexano-
cyanoferrate(II)/(I1I) mixture as a redox probe, allowing
detection of atrazine at concentration level of as low as 50 pg/ml.
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