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In  the  presented  research,  a novel,  ultra  sensitive  biosensor  for the impedimetric  detection  of  vascular
endothelial  growth  factor  (VEGF)  is  introduced.  The  human  vascular  endothelial  growth  factor  recep-
tor 1  (VEGF-R1,  Flt-1)  was used  as a biorecognition  element  for the  first  time.  The  immobilization  of
VEGF-R1  on  glassy  carbon  electrodes  was  carried  out  using  layer-by-layer  covalent  attachment  of  VEGF-
R1. The  electrochemical  properties  of  the  layers  constructed  on the  electrodes  were  characterized  by
electrochemical  impedance  spectroscopy  (EIS)  and  cyclic  voltammetry  (CV).  The  differences  in  electron
umor growth
ancer
ascular endothelial growth factor
ascular endothelial growth factor
eceptor-1

transfer  resistance  (Ret) between  the  working  solution  and  the biosensor  surface,  recorded  by the redox
probe K3[Fe(CN)6]/K4[Fe(CN)6], confirmed  the  binding  of VEGF  to  VEGF-R1.  The  new  biosensor  allowed
a  detection  limit  of  100  fg  mL−1 with  a linear  range  of  100–600  fg  mL−1 to  be  obtained.  The  biosensor  also
exhibited  good  repeatability  (with  a correlation  coefficient  of  1.95%),  and  reproducibility.

© 2011 Elsevier B.V. All rights reserved.

lectrochemical impedance spectroscopy
iosensor

. Introduction

In the last few decades it has been proved that the role of
ncoproteins and other proteins in cancer development is vitally
mportant. The analysis and characterization of these kinds of pro-
eins reveals patterns of cancer and indicates the stage it has
eached. Electrochemical biosensors are instruments which ana-
yze a specific biochemical compound using an electrochemical
ignal that can be detected, amplified and analyzed. Biosensor
echnologies can be developed to detect emerging cancer biomark-
rs such as specific proteins circulating in the blood. Further, the
iosensors have the potential of providing a rapid, sensitive, and

ow-cost measurement technology for monitoring angiogenesis
nd cancer metastasis, and can be used to determine the effective-
ess of anti-cancer chemotherapy agents.

Recently, EIS has become an efficient method in many chem-
cal and physical processes. EIS gives analytic solutions for many
rocesses. Besides these, identification of membranes, biosensor
haracterization and fabrication can also be monitored by EIS
ffectively. Conversely, enzyme–substrate interactions occurring

fter antigen–antibody, receptor–ligand or DNA–DNA interactions
hich have no catalytic reaction, can be successively monitored by

IS [1–3].

∗ Corresponding author. Tel.: +90 282 293 38 66; fax: +90 282 293 41 49.
E-mail addresses: msezginturk@hotmail.com,

ustafa.kemal.sezginturk@ege.edu.tr, msezginturk@nku.edu.tr (M.K. Sezgintürk).

003-2670/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.aca.2011.08.044
The object of the study is to develop an electrochemical biosen-
sor system based on electrochemical impedance spectroscopy
which will enable fast, sensitive, and practical determination of a
potential cancer biomarker, VEGF, which is a protein produced by
cells that stimulates vasculogenesis and angiogenesis In the current
study, human vascular endothelial growth factor receptor 1 (VEGF-
R1, Flt-1) was used as a biorecognition element for the first time.
The recombinant soluble VEGF-R1 binds to VEGF with high affin-
ity [4–6]. Glassy carbon electrodes were coated potentiometrically
with thin gold film. Cysteamine monolayers were self-assembled
on the gold films. After that, VEGF-R1 was  covalently immobilized
on the glassy carbon electrodes using an avidin–biotin system. On
the basis of cyclic voltammetry and electrochemical impedance
investigations, we  carried out the immobilization steps. For analyz-
ing the spectrums, EIS data was  fitted to an equivalent circuit model.
Certain important parameters, such as the DC potential applied
to the system, were optimized to obtain the best results. Finally,
artificial serum samples spiked with VEGF were analyzed by the
biosensor.

2. Experimental

2.1. Materials and instrumentation
All reagents were of analytical grade unless stated otherwise,
and were purchased from Sigma–Aldrich (St. Louis, MO,  USA). VEGF
receptor-1 (Flt-1)/Fc chimera (human) and vascular endothelial

dx.doi.org/10.1016/j.aca.2011.08.044
http://www.sciencedirect.com/science/journal/00032670
http://www.elsevier.com/locate/aca
mailto:msezginturk@hotmail.com
mailto:mustafa.kemal.sezginturk@ege.edu.tr
mailto:msezginturk@nku.edu.tr
dx.doi.org/10.1016/j.aca.2011.08.044
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rowth factor (human) were purchased from Sigma–Aldrich (St.
ouis, MO,  USA). The contents of the vials were reconstituted using
ltra pure water. VEGF-R1 and VEGF portions were prepared at a
ertain concentrations and were stored at −20 ◦C until use. Artifi-
ial serum solution was prepared by using 4.5 mM KCl, 5 mM CaCl2,
.6 mM MgCl2, 4.7 mM d(+)-glucose, 2.5 mM urea, 0.1% human
erum albumin, and 145 mM NaCl. A three-electrode system, con-
isting of a gold working electrode, an Ag/AgCl (saturated KCl)
eference electrode and a Pt counter electrode, was  placed in a 10-
L electrochemical cell (all the electrodes were obtained from iBAS,
arwickshire, UK). Electrochemical experiments were performed

sing a Compactstat with an integrated impedance analyzer (Ivium
echnologies, Eindhoven, The Netherlands) interfaced with a PC.
oftware designed for conducting physical electrochemistry, pulse
oltammetry, and electrochemical impedance spectroscopy was
sed (Ivium Technologies, Eindhoven, The Netherlands). In all elec-
rochemical experiments a Faraday cage (from iBAS, Warwickshire,
K) was used to block out external static electric fields.

.2. Preparation of the gold layers and the self-assembled
onolayer of cysteamine

Prior to use, the surfaces of the glassy carbon electrodes were
olished with 0.05 �m Al2O3 powder and then washed ultra-
onically in deionized water for 5 min  to remove any alumina
articles. Afterwards, an electrochemical pre-treatment was car-
ied out using multi cycle voltammetric scanning (30×) between
500 and +500 mV  at 0.1 V s−1, in 0.1 M H2SO4 solution. The polish-

ng step and electrochemical cleaning were repeated before every
lectrode preparation step. In order to produce a gold layer on
he glassy carbon surface, a potential of −200 mV was  applied to
n electrode in a gold(III) chloride trihydrate solution (200 ppm,
eoxygenated with pure argon gas). Following that the electrode
lated with thin gold film was washed with ultra pure water and
hen it was dried in an argon stream. In the next step, the electrode
as immediately immersed in a cysteamine solution (0.1 M,  in pure

thanol) for 20 h. After this period, it was rinsed with ethanol and
ently dried in an argon stream.

.3. Immobilization of VEGF-R1 on glassy carbon electrode
urfaces

The binding of avidin to a self-assembled monolayer of cys-
eamine was carried out by combining the amino groups of avidin
nd cysteamine with glutaraldehyde. For this purpose, first of all

 glutaraldehyde solution (25 �L, 2.5%) was spread over the elec-
rode surface, and was then left for 30 min. Then, avidin solution
10 �L, 1 mg  mL−1) was added to the glutaraldehyde-modified sur-
ace. Two hours later, the avidin-modified electrode was  washed
y gently immersing the electrode in ultra pure water. Following
hat, the surface of the electrode was dried in an argon stream.
or complexation of avidin–biotin, biotin (10 �L, 1 mg  mL−1) solu-
ion was dropped on the avidin-modified surface. The incubation
eriod for avidin–biotin complexation was kept constant at 2 h for
ll experiments. The last step of the immobilization was the bind-
ng of VEGF-R1 to biotin. For this, the terminal –COOH group of
iotin was used. The activation of this –COOH group was  carried out
sing 1-ethyl-3-(3-dimehylaminopropyl) carbodiimide (EDC)/N-
ydroxysuccinimide (NHS) couple. The biotin-modified electrode
as dipped in a glass bottle containing EDC/NHS solution (0.04 mM

DC, 0.01 mM NHS) for an hour in a dark ambiance. Later, the elec-
rode was gently washed with ultra pure water, and then it was

ried in a pure argon stream again. Immediately afterwards, 10 �L
f VEGF-R1 portion was applied to the active electrode surface
ith a pipette. The electrode was allowed to incubate for 2 h in

 moisture medium. Finally, the electrode was immersed into ultra
himica Acta 706 (2011) 343– 348

pure water to remove physically adsorbed VEGF-R1 molecules. The
glassy carbon electrodes and the modified electrodes were denoted
as GCE, GCE/Au, GCE/Au/Cys, GCE/Au/Cys/Avi, GCE/Au/Cys/Avi/Bio,
and GCE/Au/Cys/Avi/Bio/VEGF-R1.

2.4. Electrochemical measurements

Cyclic voltammetry was  used to characterize the layer-by-layer
formation of the biosensors. The potential was  varied between 0
and 500 mV  (step size: 20 mV,  scan rate: 50 mV  s−1) in the presence
of 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) solution containing 0.1 M
KCl. This solution was  used as a redox probe in all electrochemical
experiments. For electrochemical impedance studies, an alternat-
ing wave of 10 mV amplitude was applied to the electrode over the
formal potential of the redox couple (0.18 V). The redox couple used
for impedance studies was the same as that used in cyclic voltam-
metry. Impedance spectra were collected in the frequency range
between 10,000 and 0.05 Hz.

2.5. Measurement procedure

After each of the VEGF-R1 biosensor was assembled, the biosen-
sor surface was used to interact with the VEGF solution. The
standard solution of VEGF was  injected over the biosensor surface
by a micro-pipette. For each time measurement, the injection vol-
ume  was  5 �L. The response value was  read after 1 h’s incubation
in a moisture medium. After this incubation period, the biosen-
sor was  gently immersed into the ultra pure water ten times to
remove physically adsorbed VEGF molecules. Finally, the biosensor
was again put into the cell containing the Fe(CN)6

4−/3− redox probe
solution and the electrochemical measurements were made as
described in the previous section. The difference in charge transfer
resistance between the biosensor unbounded and bounded VEGF
was used to prepare VEGF calibration curves.

3. Results and discussion

In this study, the VEGF was chosen for detection because it
is a specific protein expressed under certain conditions includ-
ing angiogenesis, tumor growth, metastasis, rheumatoid arthritis,
diabetic retinopathy [7,8]. Previously, a number of determination
systems for VEGF have been reported. For example, technol-
ogy using semiconductor nanowire-based sensor systems has
been developed for detection of VEGF [9–15]. Lee and coworkers
reported label-free and electrical detection of VEGF using anti-
VEGF aptamer-modified Si nanowire field-effect transistors [16].
In this method, the synthesis of Si nanowire field-effect transistors
was quite difficult. In addition, they reported that the detection
limit for VEGF was 1.04 nM and 104 pM.  When these molar con-
centration values were converted to ng mL−1, it can be seen that
the detection limits were 40 ng mL−1 and 4 ng mL−1 for of n-type
and p-type SiNW-FETs, respectively. Prabhulkar and coworkers
also reported a biosensor based on ferrocene monocarboxylic acid.
This was labeled anti-VEGF and was covalently immobilized on a
microelectrode surface [17]. The biosensor allowed VEGF analysis
with a detection limit of about 38 pg mL−1. However, the immo-
bilization of the VEGF antibodies was  based on the electrostatic
interaction between the amine and carboxylic groups. In this proce-
dure, an important drawback was the random orientation of VEGF
antibodies on carbon fiber electrodes. This random orientation of
antibodies could negatively affect the sensitivity of the biosensors
[18].
Kim and coworkers also reported an electrochemical method
for the detection of VEGF. In this method, gold nanoparticles were
self-assembled onto an indium tin oxide electrode. VEGF antibod-
ies were cleaved into half fragments and were then immobilized
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Fig. 1. Electrochemical characterization of the biosensor. (A) Cyclic voltammo-
grams of VEGF-R1 immobilization by layer-by-layer covalently attachment, black:
bare GCE; dark blue: GCE/Au; yellow: GCE/Au/Cys; grey: GCE/Au/Cys/Avidin;
blue: GCE/Au/Cys/Avidin/Bio; red: GCE/Au/Cys/Avidin/Bio/EDC-NHS; green:
GCE/Au/Cys/Avidin/Bio/VEGF-R1. (B) Electrochemical impedance spectrums
of  VEGF-R1 immobilization steps, straight line: bare GCE; -�-�-: GCE/Au; -
�-�-:  GCE/Au/Cys; -+-+-: GCE/Au/Cys/Avi; -♦-♦-: GCE/Au/Cys/Avi/Bio; -�-�-:
G
t
w

o
r
t
w
c
t
s
i
b

3
a

c
A
e
T
t
t
f
w
d
a

Fig. 2. Equivalent circuit model applied to fit the impedance measurements. Rs,
CE/Au/Cys/Avi/Bio/EDC-NHS; -�-�-: GCE/Au/Cys/Avi/Bio/VEGF-R1. (For interpre-
ation of the references to color in this figure legend, the reader is referred to the
eb  version of the article.)

n gold nanoparticle substrates by their thiol groups [19]. It was
eported that VEGF could be analyzed as low as 100 pg mL−1 by
his technique. In this study, however, there were some situations
here it was questionable whether antibody cleavage and purifi-

ation of fragments should be used in practice. Beside all these
echniques we developed a novel biosensor system for ultra sen-
itive and low-cost detection of VEGF. The results obtained by
mmobilization, optimization and characterization studies of the
iosensor are discussed below.

.1. Immobilization of VEGF-R1 through layer-by-layer covalent
ttachment

The layer formation of the biosensors was characterized by
yclic voltammetry and electrochemical impedance spectroscopy.
s shown in Fig. 1A, cyclic voltammograms on the different lay-
rs of the biosensor gave reversible peaks of the redox probe.
he layers added to the surface caused significant changes to
he cyclic voltammograms. The CV at the GCE, the GCE/Au, and
he GCE/Au/Cys showed a well-defined electrochemical response

or the redox probe. After the electrode was further modified
ith avidin, biotin, and VEGF-R1 the peak currents apparently
ecreased. This indicated that insulating layers of avidin, biotin,
nd of course, VEGF-R1 were introduced.
the  ohmic resistance of the electrolyte solution; C, associated with the double layer
capacitance; Ret, the electron transfer resistance and W,  the Warburg impedance.

Electrochemical impedance spectroscopy as Nyquist plots for
the layer-by-layer assembly of the biosensor is shown in Fig. 1B.
EIS is an advantageous method for exhibiting the characteristics of
surface-modified electrodes [2,20,21]. The impedance spectrums
show an increase in the electron transfer resistance (Ret) after each
step of immobilization except for SAM formation of cysteamine,
gold-plated GCE, and after EDC/NHS activation. Ret was  the resis-
tance which controlled the transfer of the redox probe through the
electrode surface. There was  an increase in Ret due to the attach-
ment of proteins on the cysteamine-modified electrode. Moreover,
since the formation of avidin–biotin complexes on the electrode
surface increased the resistance of the surface, the impedance
increased. The GCE electrode plated with gold had better conductiv-
ity than bare GCE. Because of this, the Ret value obtained for GCE/Au
decreased. In the case of self-assembling of cysteamine which
was positively charged, Ret was  significantly decreased because of
the electrostatic interaction between the positive amino group of
cysteamine and the negatively charged redox probe. It can be con-
cluded that a good linear relationship exists between semicircle
diameters and electrode layers, which indicate successful construc-
tion of the biosensor. The electrochemical impedance data were
fitted with an equivalent circuit model, shown in Fig. 2.

This equivalent circuit model consisted of resistive and capaci-
tive elements, as well as a Warburg element. Rs was the resistance
of the working solution, and the CPE (constant phase element) was
connected with the capacitance of the complex bioactive layer.
Ret was  related to the electron transfer resistance through the
electrode surface, and the Warburg impedance, Zw, described the
normal diffusion to the electrode surface through the complex
layer.

In the present study, one of the most important issues was the
immobilization procedure developed for VEGF-R1. First of all, the
procedure used here provided a relatively long spacer arm for cova-
lent binding of VEGF-R1 to the electrode. It is probable that the
immobilization performance of VEGF-R1 was sterically enhanced
by such a long spacer arm. Moreover, the same effect should have
resulted in an increase in the binding percentage of VEGF to the
VEGF-R1. In addition, the molecular oscillation obtained with a
longer spacer arm was presumably higher than that obtained with
a shorter arm. This molecular oscillation should make the diffu-
sion of the redox probe, K4Fe(CN)6/K3Fe(CN)6, more sensitive to
surface modifications, such as binding of VEGF to its receptor. Con-
sequently, electrochemical impedance spectrums were affected by
modifications of the electrode surface.

3.2. Optimization studies for VEGF-R1 immobilization

Layer-by-layer preparation of the VEGF-R1 biosensor was exam-
ined in terms of the incubation periods for biotin binding, VEGF-R1

binding, and VEGF/VEGF-R1 interaction. Details are given below.

In order to explain the effect of incubation time on the binding of
biotin to avidin, three different incubation periods were tested for
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Fig. 3. The effect of biotin incubation period on immobilization performance. Elec-
trochemical impedance spectrums obtained for different biotin incubation periods,
-�-�-: incubation for an hour; -�-�-: incubation for 2 h; straight line: incubation
for 4 h.
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Fig. 4. The effect of VEGF-R1 incubation period on immobilization performance.
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Fig. 5. Electrochemical impedance spectroscopy for the period of VEGF binding to
lectrochemical impedance spectrums obtained for different VEGF-R1 incubation
eriods, -�-�-: incubation for an hour; -�-�-: incubation for 2 h; straight line:

ncubation for 4 h.

he performance of biotin binding. The electrochemical impedance
pectrums of these studies are given in Fig. 3.

It can be seen that the binding of biotin to avidin was sig-
ificantly affected by the incubation period. The peak currents
ere decreased by an increase in incubation times. This result was

onfirmed with the help of electrochemical impedance studies.
he binding of biotin introduced an additional insulating layer on
he avidin-modified surface, which increased the electron transfer
esistance, implying a high impedance value (Fig. 3). The impedance
alues increased with the increase in incubation periods. The
mpedance values obtained for different incubation periods (1, 2
nd 4 h) were 101.8, 158.4, 188.9 �,  respectively. Further studies
howed that a 2-h incubation period for biotin–avidin binding was
fficient. As a result, in the following studies the avidin-modified
lectrode was incubated with a biotin solution for 2 h.

Another parameter was the incubation period for binding of
EGF-R1 to the activated –COOH terminal. The results of cyclic
oltammograms indicated that there was a minor change in the
eak current response of the redox probe when the incubation
eriod was altered.
Meanwhile, the influence of the incubation period of VEGF-R1
n the performance of the biosensor was also investigated. The
esults are given in Fig. 4. When the electrode was incubated with
he solution of VEGF-R1 for more than 2 h, there was almost no
the biosensor, -�-�-: incubation for 30 min, -�-�-: incubation period for 60 min;
straight line: incubation for 2 h; -+-+-: incubation for 4 h; -♦-♦-: incubation for 6 h.

change in Ret. When the incubation period was less than 2 h, the
Ret response decreased compared to the incubation periods of 2
and 4 h. The impedance values obtained for different incubation
periods of VEGF-R1 (1, 2, and 4 h) were 48.7, 61.9, 71.7 �,  respec-
tively. As a result the best period for VEGF-R1 incubation was found
to be 2 h.

Eventually, the incubation period for binding between VEGF-R1
and VEGF was optimized. For this purpose, VEGF-R1/VEGF inter-
action was  realized by using different incubation periods, such as
30 min, 1, 2, 4, and 6 h. The impedance spectrums can be seen in
Fig. 5.

The binding ratio of VEGF to VEGF-R1 was increased by extend-
ing the incubation periods. This was  due to the increase in binding
performance of VEGF to VEGF-R1. Consequently the Ret values were
increased by lengthening the period of incubation. The impedance
values obtained for different incubation periods of VEGF bind-
ing (30 min, 1, 2, 4, and 6 h) were 79.3, 83.5, 110.5, 155, and
259.1 �,  respectively. The total immobilization duration should be
as short as possible, so taking all these factors into account the
most effective period for VEGF incubation was  determined to be
2 h. If VEGF-R1 and VEGF incubation periods are evaluated in terms
of total measurement duration, short periods for both incubation
processes are preferable.

3.3. Analytical characteristics of the biosensor

Fig. 6 shows the cyclic voltammograms and impedance spec-
trums obtained with the biosensor based VEGF-R1. From Fig. 6A,
it can be seen that the peak values decreased with an increase in
the VEGF concentration applied to the biosensor. As can be seen in
Fig. 6B, an application of VEGF to the biosensor surface increased Ret

values. This hindered the redox reaction of [Fe(CN)6]3−/4− because
an extra layer was formed on the surface. It is clear from the Nyquist
plots that the low frequency ranges were particularly suitable for
concentration-dependent impedance measurements.

The increment of VEGF concentration increased the charge
transfer resistance, Ret, achieving a linear range between
100 fg mL−1 and 600 fg mL−1. A calibration graph for VEGF was pre-
pared with the help of the differences in charge transfer resistances
after VEGF binding. The calibration curve is given in Fig. 7.

The change of charge–transfer resistance differences was calcu-

lated by the following equation:

�Ret = Ret(VEGF-R1/VEGF) − Ret(VEGF-R1)
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Table 1
The results for Kramers–Kronig transforms, reproducibility, and the sample analysis.

Kramers–Kronig transforms for different layers of the biosensor

Biosensor surfaces Goodness of
fit values

GCE 9.461
GCE/Au 5.351
GCE/Au/Cys 8.239
GCE/Au/Cys/Avi 6.961
GCE/Au/Cys/Avi/Bio 5.690
GCE/Au/Cys/Avi/Bio/VEGF-R1 4.982
GCE/Au/Cys/Avi/Bio/VEGF-R1/VEGF 4.532

Reproducibility of the biosensor

Biosensor numbers R2 y Linear ranges
(fg mL−1)

1 0.9907 1.2104x + 104.81 100–600
2  0.995 2.0122x + 167.71 100–600
3 0.9932 3.8327x + 352.21 100–600
4 0.9895 1.2344x + 123.14 100–600
5 0.861 1.0262x + 18.693 100–600
6  0.8446 0.3978x + 54.907 100–600
7  0.948 0.4834x + 17.767 100–600
8  0.9725 0.4072x + 42.52 100–600
9  0.9949 0.6223x + 56.133 100–600

VEGF detection in artificial serum samples

VEGF (fg mL−1)

Added Found by the biosensor % Recovery % Relative
difference

100 104.5 104.5 4.5
ig. 6. Cyclic voltammograms (A) and impedance spectrums (B) obtained for differ-
nt  concentrations of vascular endothelial growth factor.

here Ret(VEGF-R1/VEGF) is the value of the charge transfer resistance
fter VEGF-R1 is coupled to VEGF, while Ret(VEGF-R1) is the value of
he charge transfer resistance when VEGF-R1 was immobilized on
he electrode.

In this study, the new biosensor system was also analyzed
y Kramers–Kronig Transforms. The Kramers–Kronig relations
re integral equations that constrain the real and imaginary
omponents of complex quantities for systems that satisfy con-
itions of linearity, causality, and stability [22–24].  In principle,

he Kramers–Kronig relations can be used to determine whether
he impedance spectrum of a given system has been influenced
y bias errors caused, for example, by instrumental artifacts or

Fig. 7. VEGF calibration curve obtained by the biosensor based VEGF-R1.
200 211.6 105.8 5.8
400 415.8 103.95 3.95

time-dependent phenomena [24]. The Kramers–Kronig relations
have been applied to electrochemical systems by direct integra-
tion of the equations, by experimental observation of stability and
linearity, by regression of specific electrical circuit models, and by
regression of generalized measurement models [25,26]. Direct inte-
gration of the Kramers–Kronig relations involves calculating one
component of the impedance from the other, e.g., the real compo-
nent of impedance from the measured imaginary component. The
result is compared to the experimental values obtained [24].

In this study, Kramers–Kronig Transforms were performed
using software produced by Gamry Instruments Inc. (Gamry Instru-
ments Inc., USA). Calculations were carried out following the
method of Boukamp [27].

According to these calculations, a value named “Goodness of Fit”
was obtained. In addition, a plot of the relative errors (�Z/Z) for the
real and imaginary parts of the experimental data was also drawn.
For the present new biosensor, for all steps including preparation
of the biosensor and measurement, Kramers–Kronig Transforms
were performed. The goodness of fit values of different biosensor
surfaces are also given in Table 1.

The Kramers–Kronig transforms performed on the electrochem-
ical impedance spectrums related to the biosensor revealed that the
experimental data agreed with the data obtained by the transforms.
Nevertheless it was  very important that the impedance spectrums
were linear, stable, and formed a causal circuit. Finally, it was also
important that the system was not influenced by unknown vari-
ables.

The charge transfer resistances of the biosensor were investi-
gated when it was consecutively exposed to a 200 fg mL−1 VEGF

standard solution nine times. The repeatability of the measure-
ments was very good considering that the correlation coefficient
of measurements was 1.95%, and the average value and stan-
dard deviation were calculated as 203.3 fg mL−1 and ±3.96 fg mL−1,
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espectively. The results showed that the biosensor exhibited a
airly desirable analytical feature of repeatability. The reproducibil-
ty of the same nine biosensors was also examined. For this purpose,
ine biosensors were assembled in the same way with different
are glassy carbon electrodes.

The linear detection ranges of all nine biosensors were the same
s 100–600 fg mL−1. The results of the reproducibility studies are
iven in Table 1. The biosensor described here also provided excel-
ent reproducibility. The results are again summarized in Table 1.

To illustrate the feasibility of the biosensor in practical anal-
sis, artificial serum samples were prepared by the addition of
EGF standard solutions. These artificial serum samples were
nalyzed using the proposed impedimetric biosensor based on
EGF-R1. As shown in Table 1, the good recoveries in the ranges
f 103.95–105.8% were obtained. This indicated that the presented
iosensor might be useful for the analysis of VEGF in real clinical
amples.

. Conclusion

In conclusion, we have successfully developed a novel and
fficient biosensor utilizing vascular endothelial growth factor
eceptor-1 as a bioreceptor for the diagnosis of vascular endothe-
ial growth factor. The detection of the target protein, VEGF was
uccessfully made at the femtogram mL−1 range. The immobiliza-
ion method demonstrated herein introduced an ultra sensitive
iochemical matrix as well as a very useful way to bind a biore-
eptor to the electrode surface. The biosensor utilizing VEGF-R1
s a biorecognition element showed an excellent affinity to its lig-
nd, VEGF, with good linearity for VEGF determination in a range
f 100–600 fg mL−1. The repeatability and reproducibility of the
iosensor were also good. The Kramers–Kronig transforms revealed
hat the whole biosensor system was linear, stable, and formed a
ausal circuit. This meant that the biosensor system was not influ-
nced by unknown variables. Also, in the method presented here,
EGF was detected more sensitively than with the other methods
entioned above. Moreover the detection limit of the biosensor
as 100 fg mL−1 for VEGF. This limit was the best one of all VEGF

etection methods discussed here. Moreover, the construction pro-
edure for the biosensor was very simple, and it could be used
n almost all biosensor laboratories for novel biosensor develop-

ent.
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