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This work has explored the development of impedimetric immunosensors based on magnetic iron nanoparticles (IrNP)
functionalized with streptavidin to which a biotinylated FAB part of the antibody has been bound using a biotin-streptavidin
interaction. SPR analysis shows a deviation on the measured (angle) during antigen-antibody recognition whereas label free
detection using by EIS allows us to monitor variation of polarization resistance. Before detection, layers were analyzed by FTIR and
AFM. Compared to immobilization of antibody on bare gold surface using aminodecanethiol SAM, antibody immobilization on
nanoparticles permitted to reach lower detection limit: 500 pg/ml instead of 1 ng/ml to in the case of EIS and 300 ng/ml instead of
4.5 pg/ml in the case of SPR. Thus, it permitted to improve the sensitivity: from 257.3 Q-cm? - yg™' - mlto 1871 Q- cm? - ug™" - ml
in the case of EIS and from 0.003°ug™! - ml to 0.094°ug™! - ml in the case of SPR.
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1. Introduction

Immunosensors have arisen great interest with expecta-
tion of providing fast and highly sensitive immunologi-
cal response. Immunosensors have widespread applications
in clinical diagnostics, food safety and quality control,
biological analysis, and environmental monitoring [1-5].
During the past years, the research in this field evolved
quickly with the aim of improving the performance of the
biosensors (specificity, stability, sensitivity, detection limit,
etc.). In this approach, recent studies have been focused on
the use of nanoparticles as tools to amplify the response
signal from antibody—antigen interaction, which led to the
improvement of the characteristics of the biosensor [6-8].
In the recent years, nanomaterials have been widely used
in bioanalytical chemistry, bioseparations, and bioimaging
for their unique and particular properties [9-12]. Iron
oxide nanoparticles or magnetic beads are a kind of
nanomaterial which might play an important role in the
construction of electrochemical biosensors [13]. Firstly, iron

oxide nanoparticles have a very large surface area and good
bio-compatibility. Most practically, they can be magnetic ally
immobilized on Au substrates [14, 15]. Furthermore, these
magnetic particles are especially designed for concentration,
separation, purification, and identification of molecules and
specific cells [16-18]. Besides, they are particularly suitable
for integration in microfluidic devices.

A new approach allows to attach these magnetic particles
by covalent binding on the substrate previously functional-
ized with self-assembled monolayer (SAM). The tailoring of
the physical chemistry of surfaces has led to an increasing
interest in using SAMs of thiolor sulfur compounds as
insulator [19-22]. The formed single molecular organized
structures have numerous advantages, such as insulating
nanostructures, free of defects, much more stable, especially
in water and other solvents [23].

In this work, we report the development of an electro-
chemical Immunosensor based on iron oxide nanoparticles
functionalized with the streptavidine. The Biotine tag anti-
D-dimer reduced antibody was immobilized on the surface



of iron oxide nanoparticles linked to a previously function-
alized gold electrode using 11-Amino-1-undecanethiol and
glutaraldehyde as coupling agent.

For the purpose of developing this Immunosensors,
surface plasmon resonance (SPR) and electrochemical
impedance spectroscopy (EIS) techniques were selected. In
first time, surface plasmon resonance (SPR) was used as
optical characterization technique [24]. This technology has
emerged as a powerful tool for in situ control of biomolec-
ular interaction in real time [25]. SPR sensors are based on
surface plasmon or electromagnetic wave propagating along
ametal/dielectric interface. Since the wave vector of plasmon,
ksp, depends on the dielectric constants of both media, ksp =
ko\/smetalssample/(smetal + &ample) (Where ko is the free space
wave vector of the optical wave), it is extremely sensitive to
properties of the dielectric medium which is in contact with
the metal.

Surface plasmons are generally excited in the Kretch-
mann configuration by directing p-polarized light to a
glass prism and reflecting from a gold film [26]. When
the tangential x-component of the incident optical wave
vector, kx, is matched with ksp, the pumping light energy is
transferred to surface plasmons:

kx = ko * fglass - $in Oinc = ksp, (1)

where g, is the refractive index of the prism and 6 is the
angle of incidence.

Therefore, the information of biological binding (recog-
nition) events on the gold film can be obtained by carefully
monitoring the SPR coupling characteristics. In most SPR
systems, the information of the biomolecular interactions is
obtained from measurements of the angular or the spectral
characteristics of light reflected under SPR.

In second time, electrochemical impedance spectroscopy
(EIS) was used as transduction technique for the label free
detection. This technique is an effective tool used on the one
hand, for the qualitative and quantitative characterization
of electrochemical processes occurring in the conducting
polymer films [27, 28]. On the other hand, to probe the
interfacial properties of modified electrode and often used
for understanding chemical transformations and processes
associated with the conductive supports and it can be used
to probe antibody-antigen interaction in order to study the
immunosensor responses [29-31].

While comparing with the development of an
immunosensor-based on antibody coupled on a SAM,
we attempt to show that the use of iron oxide nanoparticles
allows to amplify the response signal and leads to the
improvement of immunosensor characteristics.

2. Materials and Methods

2.1. Reagent. The magnetic coated streptavidin nanoparti-
cles that display a diameter of 200nm and an iron oxide
content of about 70% (cf. Figure 1) were purchased from
Ademtech SA. 11-Amino-1-undecanethiol (AUT) and Glu-
taraldehyde (GA) were obtained from Aldrich. Neutravidin
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FiGure 1: AFM images of the iron oxide nanoparticles.

(Neutv) was purchased from Pierce. The biot-tag anti-D-
dimer reduced antibody (Fab fragment Biot-ScAc) and the
antigen (peptide conjugated to BSA) were obtained from
Wyeth Company (Aberdeen UK).

The buffer solution used for the electrochemical im-
pedance experiments was Phosphate Buffer Saline (PBS)
containing 137 mM NaCl, 2.7mM KCI, 0.01M K,HPO,
and 0.01M KH,PO,, pH 7. For the cyclic voltammetry
experiments, the redox couple Fe(CN). /Fe(CN): at a
5mM concentration was used. All solutions were made up
in ultrapure water (resistance 18.2 MQcm~™!) produced by a
Millipore Milli-Q system.

2.2. Instrumentation

2.2.1. Surface Plasmon Resonance (SPR) Technique and Gold-
Coated Substrates. Surface plasmon resonance spectrometer
“Biosuplar 3” (http://www.micro-systems.de/) was devel-
oped at the Institute of Semiconductor Physics of the
National Academy of Sciences of Ukraine (Kyiv). This opto-
electronic device based on the phenomenon of surface plas-
mon resonance in the Kretchmann’s optical configuration
was controlled by a computer via self-developed software.
Gold film (45nm) deposited through Cr adhesion layer (1-
1.5nm) onto a glass chip represented the sensor surface. An
incident beam of p-polarized light from a semiconductor
laser diode (A = 650 nm) excited an oscillation of electronic
plasma (i.e., surface plasmon) in this metallic film. A special
prism capable of rotation on a computer-defined angle
provided optimal conditions for the plasmon excitation. A
plasmon resonance itself was registered as a drastic decrease
of reflected light intensity.
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In the present study, the SPR spectrometer flow cell (V' ~
20 uL) was connected to a Gilson Minipuls 3 pump.

2.2.2. Impedance Spectroscopy. Cyclic Voltammetry and Elec-
trochemical Impedance Spectroscopy (EIS) measurements
were performed using a Voltalab 80 impedance analyzer.
A conventional three electrode cell was used, including a
saturated calomel electrode (SCE) as reference electrode, a
platinum wire as counter electrode (0.54 cm?), and a modi-
fied gold working electrode (0.19 cm?). The impedance spec-
troscopy measurements were carried out in the frequency
range from 0.05Hz to 100 KHz at dc potential —400 mV,
using a modulation voltage of 10 mV. Data simulation was
made with the commercial software Zview (Scribrerand
associates, Charlottesville, VA). All electrochemical measure-
ments were carried out at room temperature in PBS pH 7.4.

2.2.3. Atomic Force Microscopy . Atomic Force Microscopy
(AFM) experiments were performed in air, using a Pico Plus
molecular imaging microscope with a 300 nm scanning head.
The images were registered in tapping mode using silicon
pyramidal Si3Nj tips. The overage resonance frequency of the
tips was 300 kHz in air. The image presented in this paper
was acquired with 512 lines and were processed by means of
a plane fit.

2.2.4. FTIR Spectroscopy. NICOLET 710 FT-IR spectrometer
equipped with an MIR (Middle Infrared) source an MCT/A
detector was used to obtain the FTIR spectra. All the spectra
are collected during 128 scans for the reference and sample.
Our strategy consisted of recording in reflexion mode the
spectrum of the cleaned gold substrate and then of the
gold substrate modified with the SAM. The spectrum of
the cleaned electrode served as a reference. The difference
between two spectra gave the spectrum of SAM.

2.2.5. Preparation of the Modified Electrode. Two systems
were prepared, one based on the use of a thiol SAM (system
1) and the other based on the use of functionalized magnetic
iron nanoparticles with the streptavidin (system 2).

In the first step of the electrode modification, the 11-
Amino-1-undecanethiol monolayer is chemisorbed on the
gold electrode surface and exposed an array of amino groups
towards the solution. In the second step, the electrode
surface is activated with aldehyde groups and left the
second carbonyl group of glutaraldehyde free on the top
of the surface. Formation of bridge structures due to the
reaction of both aldehyde groups of glutaraldehyde with
the amino groups may be prevented by the application of
a high concentration of the bifunctional reagent, that is,
GA [32]. The last step, the amino group of neutravidin
(Scheme 1(a): system 2) and of magnetic iron nanoparticles
coated by streptavidin (Scheme 1(b): system 2) are covalently
coupled with the aldehyde group of glutaraldehyde. The new
membrane rich in binding sites of biotin allowed forming the
high binding affinity with the biotin ligand attached on scAb
antibody fragment. The Fab fragments were biotinylated in
the hinge region, to ensure orientation of the fragment at the
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ScHEME 1: (a) System 1: schematic representation of the fabrication
process of the multilayer immunosensor based on SAM. (b)
System 2: schematic representation of the fabrication process of the
multilayer immunosensor based on iron oxide nanoparticles. (c)
Fab fragment biotinylated antibody.

surface with the binding site facing a way from the surface.
The system is shown schematically in Scheme 1(c).

Two types of gold electrodes are used as substrate for the
biolayer fabrication. Evaporated gold (~300nm thickness)
deposited on silicon using a titanium layer (30 nm thickness)
used as substrate for the electrochemical experiments. These



ScHEME 2: Equivalent circuit model for complex impedance plot.

gold electrodes were provided by LAAS, CNRS Toulouse.
Before modification, the gold surface was cleaned in an
ultrasonic bath for 10 minutes in acetone, dried under a
dry N, flow and then dipped for 1 minute into “piranha
solution” comprising 7 : 3 (v/v) 98% H,504/30% H,0,.
The gold substrate was then rinsed 2 to 3 times with ultra-
pure water and dried under nitrogen flow. For the optical
characterization the gold film (45 nm) deposited through Cr
adhesion layer (1-1.5nm) onto a glass chip was used. The
gold surface was cleaned in the same way than the other ones,
with a “piranha solution,” but for 15 seconds.

The aminothiol monolayer was prepared by soak-
ing a clean gold electrode (Au) in 0.I1mM 11-Amino-
1-undecanethiol (AUT) in ethanol solution for 24 hours
at room temperature in darkness, washing the electrode
thoroughly with ethanol to remove physically adsorbed 11-
Amino-1-undecanethiol, immersing the electrode in PBS
(pH 7.4) containing 5% (v/v) glutaraldehyde (GA) solution
for 1hour 30 minutes, and rinsing with PBS. Afterwards,
for system 1, the electrode was immersed into 107> mM
Neutravidin solution for 2hours to achieve Schiff base
reaction between the aldehyde group of glutaraldehyde and
the amino group of Neutravidin. And for system 2, the
electrode was immersed into 0.25 mg/ml magnetic coated
streptavidin nanoparticles solution for 12hours to form
the Schiff base between the aldehyde group of glutaralde-
hyde and the amino group of streptavidin. Antibody scAb
fragment with a Biotin tag (0.4 mg/ml) was immobilized
on AUT/GA/Neut. films for 1hour at room temperature,
followed by thorough rinsing with PBS. Antigen at different
concentrations was incubated on immobilized antibody
for 30 minutes at room temperature. Scheme 1 shows the
schematic steps for the formation of the biolayer and the
antigen-antibody recognition for both systems.

3. Results and Discussion

3.1. Characterization of Self-Assembled Monolayer. The mod-
ified gold electrode with the self-assembled monolayer 11-
Amino-1-undecanethiol was followed by several technique of
characterizations.

3.1.1. Cyclic Voltammetry. Cyclic voltammetry is an effective
and convenient method for probing the feature of the
modified electrode surface. The step of the SAMs deposition
was controlled by this technique. As is shown in Figure 2(a),
the cyclic voltammogram defines the characteristics of a
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Ficure 2: Cyclic voltammetric measurement with the presence
of the 5mM redox-probe 3[Fe(CN)¢]/K4[Fe(CN)g]: (a) bare gold
electrode; (b) SAM/Au-electrode. All experiments were performed
in PBS 10 mM pH 7.4, scan rate 50 mV/s.

diffusion controlled redox process observed at the cleaned
bare gold electrode. This reversible cyclic voltammogram
indicates a clean gold surface. The formation of the SAM
on the gold electrode (Figure 2(b)) resulted in an insulating
surface in a sort of way and thus blocked the diffusion of
ferro/ferricyanide towards the surface of electrode, therefore
the blocking of the Faradaic current.

3.1.2. Impedance Measurement. Electrochemical Impedance
Spectroscopy (EIS) is an effective tool for probing the feature
surface-modified electrode while controlling its electrical
properties [33, 34]. In a first time, this technique was used
for the characterization of the impedance behavior of SAM
modified gold electrode and for subsequent extraction of
useful information from this. In Figure 3 Nyquist impedance
plots for Au-electrode and SAM modified electrode at
—400mV dc potentials are presented, where Re(z) is the
real part and Im(z) is the imaginary part of the complex
impedance Z [35]. The membrane resistance values, R,
were extracted from fitted data (Table 3) which are 8292 and
37120 Qcm? for bare Au-electrode and mixed modified Au-
electrode, respectively. The values of the fractional coverage
area of the SAM monolayer (68) can be calculated from the
impedance diagrams using [36]

Ry

6=1-"",
R

(2)
where R, and R}, are the values of the membrane resistance
derived from the impedance diagram of the bare gold
electrode and of the gold electrode SAM functionalized,
respectively. In our system the coverage area was equal to
77%.

3.1.3. SPR Measurement. Optical characterization of the
SAM layer was performed by SPR technique. Figure 4
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TABLE 1: Optical parameters obtained by fitting the SPR curves for system 1 based on SAM.
Layer Thickness (nm) n kapa e e’
Bare gold 50.72 0.17 3.988 -15.87 1.355
Thiol 2.16 1.34 0 1.791 0
GA 0.1 1.45 0 2.10 0
Nev. 0.8 1.45 0 2.10 0
Ab 0.4 1.45 0, 2.10 0
TABLE 2: Optical parameters obtained by fitting the SPR curves for system 2 based on iron oxide nanoparticles.

Layer Thickness (nm) n kapa ¢ g’
Bare gold 50.72 0.17 3.89 —15.87 1.355
Thiol 2.16 1.34 0 1.791 0
GA 0.1 1.45 0 2.10 0
Iron oxide nanoparticles 301 0.28 2.98 —8.802 1.6688
Ab 1.2 1.45 0 2.10 0
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FIGURE 3: Nyquist diagram (—Im(z) versus Re(z)) at —400 mV
versus SCE in PBS solution 10 mM pH 7.4, obtained for the non-
Faradic impedance measurement corresponding to (a) bare gold
electrode and (b) self-assembled monolayer functionalized gold
electrode.

presents the spectra of the reflected intensity versus incidence
angle. These spectra show an incidence angle shift of 0.563°
between the bare gold layer (Figure 4(a)) and the gold layer
coated with SAM layer (Figure 4(b)). By fitting these spectra
using the Winspall program, the thickness of each layer was
calculated (see Table 1). The thickness of the gold around
of 50.72 nm was checked by this fitting. Also, the thickness
of the SAM layer was estimated to 2.16 nm. Furthermore,
this fitting allows estimating the dielectric constant ¢. of each
layer from [37]

3)

e= & +ig’,

with & = n? — kapa?, and: ¢’ = 2 - n - kapa.

FIGURE 4: In situ SPR curves (reflected intensity (R) versus inci-
dence angle (8)) corresponding to: (a) bare gold electrode and (b)
self-assembled monolayer functionalized gold electrode.

As kapa is the adsorbents index and # is the refraction
index that were determined by fitting. Then the dielectric
constant of the gold film was estimated to ¢ = —15.87 +
i 1.355. These values correspond to the wavelength of 1 =
650 nm and they are comparable with literature [38].

3.2. Optical and Electrical Characterization of the Biofilm of
System 1 (Based on SAM) and the Biofilm of System 2
(Based on Iron Oxide Nanoparticles)

3.2.1. SPR Measurement. A typical kinetics of step-by-step
formation of the biofilm (system 1) is shown in Figure 5,
that present the SPR angle sensorgrams. As the first step,
we injected a glutaraldehyde solution (5%) into the sensor
head containing a gold sensor surface functionalized by
aminothiol (a signal from PBS served as the baseline). After
110 minutes and after rinsing by PBS buffer the incidence
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TaBLE 3: Fitting parameters obtained from the proposed equivalent circuit for the different layers of the immunosensor based on SAM.

Layer R, (Qcm?) R, (Qcm?) CPE (Fcm?) ACPE X
Bare gold 51.63 8292 1.8847E-5 0.96414 0.0011
Thiol 47.18 37120 4.0271E-6 0.9475 0.00058
GA 49.26 62535 3.2506E-6 0.94902 0.0011
Neutv. 43.22 48703 3.9494E-6 0.93945 0.0010
Ab 44.63 39869 4.1848E-6 0.93169 0.0010

TaBLE 4: Fitting parameters obtained from the proposed equivalent circuit for the different layers of the immunosensor based on iron oxide

nanoparticles.
Layer R, (Qcm?) R,, (Qcm?) CPE (Fcm?) ACPE Ve
Bare gold 51.63 8292 1.8847E-5 0.96414 0.0011
Thiol 47.18 47280 4.4323E-6 0.95475 0.00023
Iron oxide nanoparticles 43.22 52673 3.0594E-6 0.92432 0.0011
Ab 44.63 74200 4.1848E-6 0.92349 0.0012
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FiGure 5: Building-up kinetics of the biofilm based on SAM.
SPR responses for the step-by-step formation of multilayer. All
measurements were performed in the flow cell, in PBS 10 mM pH
7.4.

angle was increased of 0.031° compared with the base line,
indicating that a stable grafting of GA was achieved [29]. In
the second step, neutravidin solution (107> M) was injected;
this injection was accompanied by sharp changes in the
signal until its saturation, suggesting that the neutravidin
was indeed immobilized onto the GA activated surface. After
120 minutes of the injection, the SPR angle did not decrease
during PBS flow, indicating that a stable immobilization of
Neutravidin was achieved by covalent binding. An incidence
angle shift of 0.465° was observed. Finely, Biotinylated Ab
(0.4 mg/ml) was injected. An increase of 0.12° in incidence
angle was observed after PBS flow, indicating an efficient
binding reaction between biotinylated Ab and neutravidin

FIGURE 6: In situ SPR curves (reflected intensity (R) versus inci-
dence angle (6)) corresponding to the various layers grafted onto
the gold electrode (system based on SAM): AUT, AUT-GA, AUT-
GA-Neut., and AUT-GA- Neut.- Biot.ScAb.

(immobilization by biotin/avidin affinity) [39]. Using the
incidence angle shift, the covering rate of antibody was
determined according to

o _ (A8/K)
A7 (dnsde)’

where Af, K, and dn/dc represent, respectively, variation
of the incidence angle, conversion constant (5300s of
arc/nm) and refractive index increments (0.188 cm®/g for
the protein). For system 1, the covering rate of antibody
reached 0.37 ng/mm? which corresponds to a surface density
of antibody immobilized on the modified gold electrode of
148 x 10° Ab molecules/mm?. With this surface density, the

(4)
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TaBLE 5: Comparison of analytical parameters of immunosensors based on SAM and immunosensor based on iron oxide nanoparticles.

Analytical parameters

SAM system

IrNp System

Optical characterization

detection limit
sensitivity
Dynamic range

4.5 ug/ml
0.003° - ug™! - ml
4.5t0 15 ug/ml

300 ng/ml
0.094° - pg™! - ml
0.3 to 1 ug/ml

The time response 45 minutes 30 minutes
reproducibility 6.3% 5.7%
detection limit Ingml™’ 500 pg ml "

sensitivity 2573 Q- cm? - pg! - ml 1871 Q- cm? - ug™!-ml
Electrical characterization Dynamic range 1to 50 ng ml ™' 0.5to 50ng ml '
The time response 45 minutes 20 minutes
reproducibility 8.7% 7.5%
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2-GA: 5% 5-PBS —=— Amino-thiol —4— Iron oxide nanoparticles: 0.25 mg/ml
3-PBS 6- Biotinylated Ab: 0.4 mg/ml —o— GA: 5% —v— Biotinylated Ab: 0.4 mg/ml

FiGure 7: Building-up kinetics of the biofilm based on iron oxide
nanoparticles. SPR responses to the step-by-step formation of
multilayer. All measurements were performed in the flow cell in PBS
10mM pH 7.4.

average surface occupied by each Ab molecule of 6.73 X
107! mm? was obtained.

For each step of grafting of the layers constituting
the immunosensor membrane, the spectra presenting the
reflected intensity versus incidence angle, after flowing
PBS buffer, were recorded (see Figure 6). The thickness of
each layer was calculated by fitting these spectra using the
Winspall program. The refractive index used to fit the data
for the protein layers was n = 1.45 [40]. This refractive
index was assumed to be similar for all of the proteins and is
commonly assumed for proteins studied by SPR. The fitting
parameters are given in Table 1. Furthermore, this fitting
allows estimating the dielectric constant €. of each layer from
(3).

In the same way, the building up of the membrane of
immunosensor based on iron oxide nanoparticles was in situ
controlled by SPR technique. Figure 7 shows the SPR angle
sensorgrams. The results show that a stable immobilization

FIGURE 8: In situ SPR curves (reflected intensity (R) versus incidence
angle (6)) corresponding to the various layers grafted onto the gold
electrode (system based on SAM): AUT, AUT-GA, AUT-GA-IrNP,
and AUT-GA-IrNP. - Biot.ScAb.

of GA was indicated by the increase of the incidence angle
of 0.031° compared to the base line. The immobilization of
GA was achieved by the covalent binding of the amino group
of the modified gold electrode by reaction with aldehyde
groups of glutaraldehyde. Afterwards, iron oxide nanoparti-
cles solution (0.25 mg/ml) was injected on the new surface
rich of aldehyde groups of glutaraldehyde. This injection
was accompanied by sharp changes in the signal until its
saturation, suggesting that the nanoparticles was indeed
immobilized onto the GA activated surface. After 13 hours of
the injection, the SPR angle did not decrease during the PBS
flow, indicating that a stable immobilization of nanoparticles
was achieved by covalent binding. An incidence angle shift
of 1.681° was observed. Finely, Biotinylated Ab (0.4 mg/ml)
immobilized by biotin/avidin affinity leading to an incidence
angle shift of 0.266°.

For system 2, the covering rate of antibody reached
Tap = 0.95 mg/mm? which corresponds to a surface density
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FIGURE 9: Nyquist diagram (—Im(z) versus Re(z)) for the non-
Faradic impedance measurements (at —400mV versus SCE, in
PBS solution 10 mM pH 7.4) corresponding to the various layers
grafted onto the gold electrode (system based on SAM): AUT, AUT-
GA, AUT-GA-Neut., and AUT-GA-Neut.- Biot.ScAb. Spectra were
obtained between 0.05Hz and 100 kHz. Amplitude of ac voltage:
10 mV.

of antibody immobilized on the modified gold electrode of
3.81x10° Ab molecules/mm? which correspond to a doubled
surface density compared to system 1.

For each step of grafting of the layers constituting
the immunosensor membrane, the spectra presenting the
reflected intensity versus incidence angle, after rinsing by
PBS buffer, were recorded (see Figure 8). These spectra show
the incidence angle shifts which correspond to each layer
of the biofilm based on the iron oxide nanoparticles these
results show again the construction of the biofilm layer by
layer. Furthermore, the thickness of each layer was calculated
by fitting these spectra using the Winspall program. The
fitting parameters are given in Table 2. These results show
that the average thickness of the nanoparticles layer is about
301 nm. Furthermore, AFM photograph of nanoparticles
presented in Figure 1 shows their quasispherical shape. The
distribution in size of the dried nanoparticles is the following
one: the diameter range is between 160 nm to 500 nm with a
mean diameter of 257 nm, and 28% of nanoparticles have a
diameter of 240 nm. Therefore, the hydrodynamic diameter
of the nanoparticles was determined using Malvern Nano-
Zetasizer at 25°C. Magnetic nanoparticles were diluted at
1/200 in a 1mM NaCl solution pH7. The nanoparticles
present a hydrodynamic diameter of 284 nm with a polydis-
persity coefficient of 0.1 and a zeta potential of —23.6 mV due
to their streptavidin coating.

The comparison of the results of both systems proved
that the use of the iron oxide nanoparticles increases the
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onto the gold electrode (system based on iron oxide nanoparticles ):
AUT, AUT-GA- IrNP, and AUT-GA-IrNP-Biot.ScAb. Spectra were
obtained between 0.05Hz and 100 kHz. Amplitude of ac voltage:
10 mV.

thickness of the layer of antibody from 0.4 to 1.2nm, from
where, the increase of the grafting density of antibody on the
electrode.

3.2.2. Impedance Measurement. We used EIS to control the
building up of the biofilm in PBS (10mM, pH 7) at
potential —400 mV. Figures 9 and 10 show the results of
impedance spectroscopy measurements as Nyquist plots, for
the assembly of the two biofilms on gold electrodes. All
the electrical parameters values are presented in Table 3 and
Table 4.

In the case of system 1 (based on SAM) (Figure 9), the
fitting data (Table 3), the results show an increase of the
membrane resistance R,,, of 37120 to 62535 Qcm?, for GA
film which reflected clearly the attachment of the GA film
on the aminothiol functionalized electrode. Therefore, the
capacitance element decreases, this is due to an increase in
the thickness of the layer relating to

£0EA
Cepe = Od' , (5)

where g is the vacuum dielectric constant (8.85 x 107
F/cm?), & is the dielectric constant of the layer i, A is
the area of the surface, and d; is the thickness of the
layer. Afterwards, the decrease of R, during the grafting
of neutravidin, further indicated the subsequent attachment
of neutravidin on the modified electrode. Therefore, the
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FiGurg 11: Optical calibration curves describing the variation of
angle shift A against antigen concentrations:

capacitance element increases, this is due to an increase in
the dielectric constant, due to an increase in the conductivity
that can be due to the grafting of a charged protein
(neutravidin). Finely, the subsequent immobilization of scAb
on the electrode was indicated by a decrease of R,,.

In the same measuring conditions, the building up of the
biofilm of immunosensor based on iron oxide nanoparticles
was controlled by EIS (Figure 10). From the fitting data
(Table 4), The results show an increase of the membrane
resistance R, for I'NP film compared with SAM film, which
reflected clearly the attachment of the IrNP film on modified
electrode (no impedance measurements were performed
when GA coupled SAM with IrNP). Therefore, the formation
of an IrNP film will partially reduce the electron transfer
of the modified electrode, so the conductivity of the whole
IrNP layer decreases. Finally, the subsequent immobilization
of scAb on the electrode was indicated by an increase of
Ry.
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FIGURE 12: Nyquist diagram (—Im(z) versus Re(z)) at —400 mV
versus SCE in PBS solution 10 mM pH 7.4, obtained for the non-
Faradic impedance measurement on modified gold electrode with
biotin tagged reduced antibody under various concentrations of
antigen.

3.3. Electrical and Optical Detection via System 1 (Based
on SAM) and via System 2 (Based on Iron Oxide
Nanoparticles)

3.3.1. Optical Detection. In order to study the comparison
of the two immunosensors responses, the optical calibration
curves corresponding to the variation of incidence angle A0
versus concentrations of specific antigen in PBS solution was
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presented in Figure 11. Figure 11(a) presents the response of
immunosensor developed with system 1. The immunosensor
calibration curve with Ag concentrations presents a satura-
tion part; however, the immunosensor response exhibits a
linear relation between 6 and the Ag concentrations ranging
from 4.5 to 15 pg/ml with a detection limit of 4.5 yg/ml, and
an average response time of 45 minutes. The linear regression
equation was 0 = 0.003 [Ag] + 0.003, with a correlation
coefficient of 0.96. Figure 11(b) presents the response of
immunosensor developed with system 2. The immunosensor
calibration curve with Ag concentration presents a satura-
tion part; however, the immunosensor response exhibits a
linear relation between 6 and the Ag concentration ranging
from 0.3 to 1 yg/ml with a detection limit of 300 ng/ml, and
an average response time of 30 minutes. The linear regression
equation was 0 = 0.094 [Ag] + 0.002, with a correlation
coefficient of 0.98. Consequently, the results show a higher
response in the case of the immunosensor based on iron
oxide nanoparticles compared to immunosensor based on
SAM.

3.3.2. Electrical Detection. Antigen—Antibody interactions
were monitored by impedance spectroscopy in PBS solu-
tion (10mM, pH 7) at —400mV for system 1 and for
system 2. Systematically, the electrodes modified with
biotin-tagged antibody fragment were equilibrated with
a range of concentrations of the specific antigen. The
impedance spectra obtained after incubation with different
concentrations of Antigen are shown in Figure 12. Imme-
diately the impedance decreases clearly with the increase
of [Ag], which indicates that a larger amount of Antigen
was linked to the specific sites and the electron transfer
decreases.

In order to study the comparison of both immunosensors
responses, the electrical calibration curves corresponding
to the variation of membrane resistance AR,, versus con-
centrations of specific antigen in PBS solution, was pre-
sented in Figure 13. Figure 13(a) presents the response of
immunosensor developed with system 1. The immunosensor
calibration curve with Ag concentration presents a saturation
part; however, the immunosensor exhibits a linear relation
between R,, and the Ag concentration ranging from 1 to
50 ngml~" with a detection limit of 1 ng ml~', and an overage
response time of 45 minutes. The linear regression equation
in the range from 1 to 50 ng ml ™' was R,,, = 257.3 [Ag] 3.248,
with a correlation coefficient of 0.83. Figure 13(b) presents
the response of immunosensor developed with system 2.
The immunosensor calibration curve with Ag concentration
presents a saturation part; however, the immunosensor
exhibits a linear relation between R,, and the Ag concentra-
tion ranging from 0.5 to 50 ng ml~" with a detection limit
of 500 pg ml™', and an overage response time of 20 minutes.
The linear regression equation in the range from 1 to 50 ng
ml™! was R,, = 1871 [Ag] + 0.908, with a correlation coef-
ficient of 0.91. Consequently, comparing the characteristics
of both Immunosensors, the results confirm that the using
of the iron oxide nanoparticles improves immediately the
characteristics of the immunosensor in terms of detection
limit.
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4. Conclusion

In this study, we have developed an immunosensor based
on functionalized iron oxide nanoparticles. By comparison
with the development of an immunosensor based on SAM,
we have demonstrated that the use of the functionalized
iron oxide nanoparticles offers several advantages. The
comparison of the results of both systems proved that the
use of the iron oxide nanoparticles amplifies the response
signal, so increases the thickness of the layer of antibody
from 0.4 to 1.2 nm, from where, the increase of the grafting
density of antibody on the electrode. In second time, we
have demonstrated that by using electrochemical impedance
spectroscopy combined with theoretical equivalent circuits
models it is possible to determine the electrical properties.
Furthermore, EIS allowed a thorough monitoring of the
engineering of the biolayer membrane.

Table 5 shows the comparison of analytical parameters
of immunosensors based on SAM and immunosensor based
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on iron oxide nanoparticles from electrical and optical
characterization. The comparison of characteristics of both
immunosensors has showed that nanoparticles permitted to
obtain the best characteristics. So, antibody immobilization
on nanoparticles permitted to reach sensitivity and to reach
lower detection limit: 500 pg/ml instead of 1 ng/ml to in the
case of EIS and 300 ng/ml instead of 4.5 ug/ml in the case
of SPR. Thus, it permitted to improve the sensitivity from
257.3Q - cm? - ug! - mlto 1871 Q - cm? - ug~!' - ml in the
case of EIS and from 0.003° - ug™! - ml to 0.094° - ug™! - ml
in the case of SPR.
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