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Abstract

In recent years, conducting polymers combined with metallic nanoparticles have been paid more attention due to their potential applications
in microelectronics, microsystems, optical sensors and photoelectronic chemistry. The work presented in this paper describes the preparation and
characterization of a nanocomposite composed by a thin polypyrrole (PPy) film covered with an assembly of magnetic nanoparticles (NPs). The
magnetic particles were immobilized on PPy films under appropriate magnetic field in order to control their organization on the PPy film and
finally to improve the sensitivity of the system in potential sensing applications. The electrical properties and morphology of the resulting PPy film
and the PPy film/NPs composite were characterized with cyclic voltammetry, impedance spectroscopy (IS), scanning electron microscopy (SEM),
atomic force microscopy (AFM) and infra-red spectroscopy (IR). By using streptavidin labeled magnetic particles it was possible to functionalize
the NPs assembly with biotin-Fab fragment K47 antibody. The designed biosensor had been successfully applied in rapid, simple, and accurate

measurements of atrazine concentrations, with a significantly low detection limit of 5 ng/ml.

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

Polypyrrole (PPy) is a semiconducting polymer that has
proven to be relatively highly conductive, easy to synthesize, and
environmentally stable [1-3]. PPy can be prepared by plasma
and vapor phase polymerization techniques. In applications like
coating dielectric materials, the most suitable process is the in
situ chemical polymerization, because it provides relatively high
conductivity as well as suitable thickness and uniformity of the
film [2]. Moreover, PPy have been paid more attention due to
their potential application values in microelectronics, microsys-
tems, optical sensors and photoelectronic chemistry [4—6]. Most
of the optical, electrical and morphologic properties of the PPy
depend on the synthesis procedure as well as on the dopant
nature.

In many recent works, PPy films are found to be associated
with metallic nanoparticles (NPs) [7]. The development of such
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nanocomposites is essentially motivated by their high analyti-
cal sensitivity in sensing applications [8]. Different properties
emerging from the nanostructuration with NPs are at the origin
of the increased sensing sensitivity. The NPs size and high sur-
face area have first the ability to facilitate direct and fast electron
transfer between the nanocomposite and the transducer. Second,
when compared to homogeneous bulk matrices, the high surface
area of the NPs assembly also leads to nanoporosity for signal
amplifications and increased sensitivity toward surface adsorp-
tion or surface reactions [9-11]. Because of the same geometric
properties the NPs assembly also allows minimum diffusion of
the target molecule, and in the same time, miniaturization of
the device. Finally it was shown that the selectivity of the sensor
could be enhanced by tuning the molecular interactions between
the NPs and linker molecules. The improvement of the sensing
properties resulting from the nanostructuration is such that var-
ious routes were proposed in order to incorporate NPs either in
the PPy film [12—16] or by synthesis of the metallic NPs directly
on the PPy film [17-19].

In this work, PPy films were prepared by electropolymer-
ization and covered in a second step by streptavidin labeled
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magnetic particles using a controlled magnetic field. This
method allowed us to control the distribution and morphology
of the NPs assembly on the PPy film for improved sensing
applications. Electrical and morphological properties of both
NPs covered and uncovered films, were assessed by using
voltammetry, impedance spectroscopy (IS), scanning electron
microscopy (SEM), atomic force microscopy (AFM) and infra-
red spectroscopy (IR). In order to test the performance of this
nanocomposite electrode in biosensing applications, biotin-Fab
fragment K47 was immobilized on the streptavidin labeled mag-
netic particles. This system was successfully used in detecting
atrazine with a detection limit of 5 ng/ml.

2. Experimental
2.1. Chemicals and particles

Pyrrole monomer (98%) and lithium perchlorate (LiClO4)
was purchased from Sigma—Aldrich (France). Atrazine was
purchased from Supelco, Bellefonte, Pennsylvania, USA. The
antibody Fab 60 fragment K47 was obtained from Technische
Universitiat Miinchen, Germany, and then labeled with biotin
in the Institut National de la Recherche Agronomique (INRA),
Paris, France. The buffer solution used for all experiments
was phosphate buffered saline (PBS) containing 140 mM NaCl,
2.7mM KC1, 0.1 mM Nay;HPOy4, 1.8 mM KH, POy, pH 7 and the
redox couple Fe(CN)63_/Fe(CN)64_ at a 5mM concentration.
All reagents were of analytical grade and ultrapure water (resis-
tance 18.2MQ cm™!) produced by a MilliporeMilli-Q system
was used. The magnetic particles coated with streptavidin are
Fe> O3 particles characterized by a mean diameter of 200 nm
and purchased from Ademtech SA, Pessac, France.

2.2. Gold electrodes cleaning

The gold electrodes were cleaned with organic sol-
vents (acetone and ethanol) and with piranha solution (1:3

H,O,—concentrated H,SO4) for 1 min. After each treatment,
the gold substrates were rinsed with ethanol and dried under
nitrogen flow.

2.3. Electropolymerization

The PPy film was coated on a gold electrode using cyclic
voltammetry. The gold electrode was bulked in an acetonitril
solution (BusNPF) containing pyrrole monomer (C4HsN 0.1 M)
and lithium perchlorate (LiClO4 0.1 M). The potential sweep
was used instead of a polymerization in potentiostatic mode in
order to obtain a smoother film. The potential sweep was per-
formed from —300 to 1100mV with 25 mV/s scan rate for 6
cycles. Three-electrodes cells were used, a platinum as counter
electrode, calomel reference electrode and gold substrate as
working electrode.

2.4. Cyclic voltammetry

Cyclic voltammetry measurement was performed in a 5 mM
solution of redox couple Fe(CN)s~*~3 prepared in PBS buffer.
Scanning potential was conducted between —600 and 600 mV
with 100 mV/s scan rate. Cyclic voltammetry enabled the detec-
tion of PPy and magnetic beads film immobilized on gold
surface.

2.5. Impedance spectroscopy

The impedance analysis was performed with the Volta-
lab 40 impedance analyser in the frequency range 0.05 Hz to
100 kHz, using a modulation voltage of 10 mV. A three-electrode
system was employed with a saturated calomel electrode
(SCE), an immunosensor working electrode (0.11 cm?), and
a platinum strip counter electrode (0.54 cm?). The impedance
measurements were performed in the presence of a 5mM
K3[Fe(CN)g1/K4[Fe(CN)g] (1:1) mixture as redox probe in PBS.

Antigen :
Atrazine

Antibody : Biotin-
Fab fragment K47

magnetic particles labelled
with streptavidin

Polypyrrole film

Fig. 1. A schematic diagram of the immunosensor showing the stepwise immunosensor fabrication process.
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The measured spectra of the impedance was analysed in terms
of electrical equivalent circuits model using a Zview modelling
programme (Scribrer and associates, Charlottesville, VA). All
electrochemical measurements were carried out at room tem-
perature and in a faraday cage. More details on electrochemical
impedance spectroscopy (EIS) can be found in Refs. [20-23].

2.6. Scanning electron microscopy

Electron micrographs of gold electrode functionalized with
PPy, with and without the NPs assembly, were observed with a
FEI QUANTA 400 model scanning electron microscope (SEM)
working at an accelerating voltage of 30 ke V. Since this electrode
is aconducting material all observations were preformed without
any prior gold sputtering.

2.7. Atomic force microscopy

Electrode surfaces were imaged with a D3000 AFM from
Digital Instruments. All images were acquired in the tapping
mode, processed by means of a plane fit and finally flattened in
the first mode using a built-in software procedure. Because of
the high roughness of the PPy electrode surface, the scan rate
we applied was relatively low (0.1-0.5 Hz).

2.8. Fourier transformed infra-red spectroscopy

Burcker IFS66VIS spectrometer equipped with a middle
infrared (MIR) source, a DTGS detector and a KBr separat-
ing mirror was used to obtain the FTIR spectra. Our method
consisted on recording the spectrum of the cleaned gold sub-
strate and then the gold substrate with PPy film. The spectrum
of the cleaned electrode served as a reference. The ratio of the
two spectra gave the spectrum of the PPy. The same method was
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Fig. 2. Cyclic voltammograms (CVs) with 100mVs~! scan rate in a 5mM
Fe(CN)~¥~3 solution (PBS, pH 7.0), after different steps of modification: (a)
bare gold electrode, (b) PPy film modified gold electrode, (c) PPy covered
with streptavidin labeled magnetic particles, (d) immobilization of the antibody
biotin-Fab fragment K47 and (e) BSA blocking layer.

used to confirm the deposition of the functionalized streptavidin
labeled magnetic NPs.

3. Results and discussion
3.1. Cyclic voltammetry

Cyclic voltammetry is an electrochemical technique, which
can be used to study the kinetics of oxido-reduction reaction
on material, their insulating and conducting properties. The
molecular structure of the biosensor developed in this work is
shown in Fig. 1. Cyclic voltammograms of the gold electrode
(Fig. 2a) shows a reversible phenomenon, which is the typical
behaviour of gold surface with redox couple. The two peaks
of the cathodic and anodic waves of redox probe have been
obtained. After modification of the gold surface with PPy, the
dc-current increases due to the conducting properties of the PPy
film (Fig. 2b). After immobilization of the magnetic particles
on the PPy film, the direct current decreases due to the insulat-
ing properties of the functionalized film (streptavidin) covering
the particles (Fig. 2c). The same explanation applies for the
decrease of the direct current after immobilization of the anti-
body (Fig. 2d) and after the BSA blocking step (Fig. 2e). To
confirm all these results, impedance spectroscopy measurements
were performed on those systems.

3.2. Impedance spectroscopy

EIS has been widely recognized as a powerful diagnos-
tic tool for the investigation of the electrical behaviour of an
electrochemical system in which various processes proceed at
different rates [23-27,20]. The EIS can further give informa-
tion on the impedance changes of the immunoelectrode surface
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Fig. 3. Nyquist diagram (Z;. vs. Zy) for the faradic impedance measure-
ments corresponding to (a) bare Au-electrode and (b) PPy film functionalized
Au-electrode. All measurements were performed in PBS (pH 7.0)+5mM
Fe(CN)g~¥~3 solution. Amplitude of alternating voltage 10 mV. Solid curves
show the computer fitting of the data using the equivalent circuits shown in
Fig. 4.
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Fig. 4. Equivalent circuit used for impedance spectra.

in the modification process. The complex impedance can be
presented as a combination of the real impedance (Z) and
imaginary impedance (Z;n ), Nyquist plot. Typical Nyquist plots
for gold electrode and gold/PPy film from 50 mHz to 100 kHz
at —1200 mV potential (versus calomel electrode), with 5 mM
redox couple, are shown in Fig. 3. A more stable PPy film in lig-
uid medium was obtained for an applied electrical potential of
—1200 mV versus calomel electrode. Impedance spectra may be
interpreted through equivalent circuits representing the different
processes involved in the description of the system with discrete
electric elements. We have used in the present work the Randles
equivalent circuit modified by inclusion of distributed elements
to take into account the finite spatial extension of the system
under study [25,26,20]. This latter manifest in impedance spec-
traas ‘depressed’ semicircles, with their origin located below the
real axis. The equivalent circuit used for the interpretation of the
data is shown in Fig. 4, diffusion is represented by Warburg ele-
ment. A CPE was thus used to represent the non-homogeneous
nature of the electrode material, the electrode material and the
distribution of relaxation time of the processes occurring within
it, with impedance given by [25,26,20]:

Iy, .
Z=()(Jw) *
o

where o and « are positive constants.

A CPE describes a capacitor when o = 1, in which case 0 =C,
and tends to a resistor as o« — 0. The presence of a CPE with
O<a<1 depresses high frequency semicircles below the real
axis. The semicircle diameter of EIS equals the electron trans-
fer resistance, R,,. This resistance controls the electron transfer
kinetics of the redox probe at the electrode interface. Curve a in
Fig. 3 shows EIS of the bare gold electrode.

It can be seen that the bare gold electrode exhibits a semicir-
cle giving the resistance equal to 1020 Q cm?. After the bare
gold electrode was modified with PPy film, the EIS of the
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Fig. 5. Nyquist diagram for the faradic impedance measurements corresponding
to (a) PPy film/Au-electrode, (b) streptavidin labeled magnetic parti-
cles/PPy film/Au-electrode, (c) biotin-Fab fragment K47 antibody/streptavidin
labeled magnetic particles/PPy film/Au-electrode and (d) blocked layer with
BSA/biotin-Fab fragment K47 antibody/streptavidin labeled magnetic parti-
cles/PPy film/Au-electrode. Solid curves show the computer fitting of the data
using the equivalent circuits shown in Fig. 4. Symbols show the experimental
data.

modified electrode shows a lower interfacial resistance equal
at 849.7 Q cm? (curve b in Fig. 3). The decrease in Ry, resis-
tance indicates an increase in the conductivity, which confirms
the results obtained with cyclic voltammetry.

The PPy film was covered with magnetic particles labeled
with streptavidin using a magnetic field (0.3 mT). Fig. 5 shows
the impedance spectrum of a PPy film coated gold electrode
(curve a) compared with streptavidin labeled magnetic parti-
cles surface (curve b), with an antibody-immobilized surface
(curve c¢) and with BSA blocking layer (curve d). Note that all
the spectra are almost similar, containing a distorted semicir-
cle. The diameter of the semicircle provides an estimate of the
film charge transfer resistance. Using the same equivalent cir-
cuit model described in Fig. 4, an excellent fitting between the
simulation and experimental spectra was obtained. The values
obtained for the different elements composed the equivalent cir-
cuit are shown in Table 1. The resistance of the studied interface
increases after the immobilization of each step. This increase
is due to the decrease of the conductivity due to the insulating
properties of grafted layers. This confirms the results obtained
with cyclic voltammetry.

Fitting values of the equivalent circuit elements for PPy, magnetic layer, after binding of the antibody and blocking with BSA

PPy film Streptavidin labeled magnetic particles Antibody: biotin-Fab fragment K47 Blocking layer: BSA
Ry(Qcm?) 24.26 24.23 22.95 24.36
R (2cm?) 849.7 1593 2196 2377
o (wFem™2) 71.77 86.77 85.52 82.08
o 0.9 0.84 0.86 0.9
W (mQ cm?) 12.67 60 50 23
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Fig. 6. SEM micrographs of the PPy film formed on gold electrode.

3.3. Scanning electron microscopy

Fig. 6 shows two SEM micrographs of a PPy film surface
formed after 6 deposition cycles. These micrographs reveal
the cauliflower morphology usually observed for electrochem-
ically deposited PPy films which is attributed to the nodular
fractal-type growth of these polymers [28,29]. SEM observa-
tions associated with optical microscopy observations showed
that such a film grew uniformly over the whole surface of the
electrode. After deposition of the NPs, the surface of the PPy
film seems to be smoother and the cauliflower structure is less
pronounced as shown in Fig. 7a and b. Moreover cracks are
clearly observable in the NPs assembly probably due to con-
straints emerging during the drying step. The side view of the
PPy film/NPs assembly composite shown in Fig. 7c and d were

observed after breaking the sample in two parts. One can clearly
see the thicknesses of both the PPy film and the NPs assembly
which are, respectively around 2 and 4 pum. The morphology of
the NPs assembly shown in this image fulfill the porosity and
large surface area conditions for high sensitivity of the sensor.
Wrinkling of the PPy film may come from the fracture of the
sample.

3.4. Atomic force microscopy

The atomic force microscopy images of the PPy film shown
in Fig. 8 confirm the SEM observations at the microscopic scale.
The micrometric structure of the polymer is still characterized by
a cauliflower morphology as expected for a fractal morphology
[30]. However, the high roughness of this surface does not allow

Fig. 7. SEM micrographs of the magnetic NPs assembly covering the PPy film. Top view (a) and (b), side view (c) and (d). The black arrow indicates the PPy film

and the white arrow the NPs assembly.
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200.0 nm

100.0 rm

atomic force microscopy acquisitions on large area. The NPs
assembly is clearly observable with atomic force microscopy as
shown in Fig. 9. Cracks in the NPs assembly are again present
at microscopic scale as under SEM at larger scale. Both SEM
and AFM observations allow us to assess for the distribution of
both the PPy and the NPs on the electrode, which should provide
enhanced adsorption and sensitivity in sensing application.

3.5. FTIR

The infrared absorption spectra of PPy films without and
with functionalized magnetic particles are shown in Fig. 10. The
shown spectra is nearly same in the two cases, indicating that the
structure of PPy film was not changed after particles immobiliza-
tion. The broad band at 3440 cm™! corresponds to the absorption
of N-H stretching vibration mode. The absorption at 1635 and
1554 cm™! assigned to the C=C and C—C ring stretching mode,
respectively. The bands at 1365 and 1189 cm™! are assigned to
C-H and C-N stretching vibrations [31-34]. The peaks located
at 907, 786 and 676 cm~! should be assigned to C-H out-of-
plane deformation, C—H out-of-plane ring deformation and C-C

800.0 nm
400.0 nm

0.0 rm

(b)

Fig. 8. Top (a) and 3D (b) AFM images of a PPy film showing the caulifiower structure of this polymer. Z range on the 3D view is 200 nm.

out-of-plane ring deformation, respectively [35,36]. No peak
has been observed at 1700 for C=0 stretching, which suggests
that the pyrrole is not overoxidized. After the immobilization
of streptavidin functionalized magnetic particles, the measured
spectra shows an increase of the peak intensity below 1500 cm ™!
and the presence of a band located at 2040 cm™!. This band is
attributed to one of the vibrations mode of streptavidin.

3.6. Biosensor application

Atrazine (2-chloro-4-ethytlamino-6-isopropylamine-1,3,5-
triazine) is a worldwide and commonly used herbicide. Despite
it is usually considered toxic only at high doses, it was shown
recently that atrazine may interfere with metamorphosis and
sex differentiation even at low and ecologically relevant doses
[37]. The detection of this pollutant is of fundamental impor-
tance for environmental safety and human health. In this work
biotinylated Fab fragment K47 was covalently bound to the par-
ticles through streptavidin/biotin linkage. This allows specific
bounding of atrazine on the NPs and variation of the electrode
impedance response. Atrazine—antibody interactions were mon-

i (b)

Fig. 9. Top (a) and 3D (b) AFM images of a PPy film (6 cycles) covered with an array of nanoparticles. Z range on the 3D view is 600 nm.
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Fig. 10. FTIR spectra for pure PPy film and PPy/streptavidin labeled magnetic particles.

itored by impedance spectroscopy at —1200 mV. The impedance
variation after atrazine injections in the range of 0—70 ng/ml are
shown in Fig. 11. The semicircle diameter in the Nyquist plot is
increasing with the atrazine concentration, implying that more
amount of atrazine was linked to the interface.

The change of the charge transfer resistance AR is obtained
by subtracting the resistance of the immobilized BSA layer
from the resistance of the resultant immuno-complex. As for
the control, AR is obtained by deducting the resistance of the
PPy/BSA film from the resistance of the antibody—atrazine com-
plex. Fig. 12 shows an increase in the charge transfer resistance
AR with the increment of atrazine concentration in the range
of 0—-170 ng/ml. These results revealed that the presence of the
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Fig. 11. Complex impedance plots of antigen—antibody/streptavidin labeled
magnetic particles/PPy film/Au-electrode under various concentrations of anti-
gen. The concentrations of antigen (ng/ml): (a) 0; (b) 5; (c) 10; (d) 70. Applied
frequency from 0.5 Hz to 100 kHz.
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Fig. 12. Calibration plots for the immunosensor in PBS + 5 mM Fe(CN)g 43
solution at pH 7.0 in the presence of different concentrations of atrazine and
non-specific antigen.

PPy film under the NPs assembly increases over four orders of
magnitude the sensitivity of the sensor as compared to only the
NPs assembly, with an excellent detection limit of 5 ng/ml [38].
Whereas the response of the immunosensor to different con-
centrations of non-specific molecules (IgG mouse antigen) was
clearly non-significant.

4. Conclusion

In this work, we report the preparation and characterization
of a nanocomposite PPy/NPs films for biosensor applications.
An assembly of magnetic particles labeled with streptavidin was
immobilized on the PPy film under appropriate magnetic field.
In a second step, biotin-Fab fragment K47 antibody was cou-
pled to the particles through streptavidin for atrazine detection.
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The designed biosensor is characterized by high sensitivities and
low detection limits (5ng/ml atrazine or 2.3 x 10~8 M). This
study demonstrates that the assembling of magnetic NPs under
magnetic field on conductive polymer films (PPy for example),
is a convenient way to construct easily and rapidly sensitive
nanocomposites electrodes. The NPs assembly on the PPy film
was shown to be uniform and stable enough to be used in biosens-
ing applications, and suggests that the method developed in
this work could be useful for the fabrication of other biological
Sensors.
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