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Abstract

A novel impedimetric biosensor utilizing a biological receptor,
vascular endothelial growth factor receptor-1 (VEGF-R1), was
developed for the determination of vascular endothelial growth
factor (VEGF). VEGF-R1 was covalently immobilized by coupling
with 11-mercaptoundecanoic acid, which formed a self-
assembled monolayer on gold electrodes. Cyclic voltammetry
and electrochemical impedance spectroscopy techniques were
employed to characterize the immobilization process and to
detect VEGF. To successfully construct the biosensor current, the
experimental parameters were optimized. A Kramers—Kronig
transform was performed on the experimental impedance data.
The results obtained provided a linear response range from
1 to 6 ng/mL human VEGF. The applicability of the biosensor
developed to determine VEGF in a spiked artificial human serum
sample was tested. The important parameters related with the
biosensors fabricated by using two different mercapto acids
were compared in terms of the self-assembly processes, the
activation conditions of ~-COOH ends, linear ranges obtained
for VEGF, repeatabilities and reproducibilities, and cleaning
procedures. The results of this study revealed that the length of
the mercapto acids used for biosensor fabrication considerably
affected the analytical performance and the practicability of the
preparation of the biosensor.

Keywords: biosensor, electrochemical impedance spectroscopy,
3-mercaptopropionic acid, 11-mercaptoundecanoic acid, VEGF,
VEGF-R1

Introduction

Vascular endothelial growth factor (VEGF) is the most potent
angiogenesis factor and has been detected in many human
tumors (Dvorak et al. 1995). VEGF has been reported to be
linked closely to tumor progression and metastasis (Senger
et al. 1993). It is a glycosylated dimeric polypeptide which is
abundantly expressed and secreted by most human tumors,
and has important effects on endothelial cells (Senger

et al. 1983, Leung et al. 1989). VEGF’s normal function is to
create new blood vessels during embryonic development,
after injury, and in muscle following exercise, and also to
bypass blocked vessels (Yla-Herttuala and Alitalo 2003,
Ferrara 2004, Carmeliet 2005). When VEGF is overexpressed,
it can contribute to disease. Solid cancers cannot grow
beyond a limited size without an adequate blood supply;
cancers that can express VEGF are able to grow and metas-
tasize. Overexpression of VEGF can cause vascular disease
in the retina of the eye and other parts of the body (Wallace
and Wu 2013, Zampetti et al. 2013).

Because of the importance of the direct monitoring of
protein-protein interaction, like VEGF/VEGF-R1, several
methods have been explored at both academic and indus-
trial levels, for introducing alternative measurement systems
to the existing methods such as ELISA-based immunoassays.
Among the different types of immunosensors, impedance-
based biosensors have received great attention because
of their important advantages such as the low cost of elec-
trode production and equipment, miniaturization ability,
possibility of integration into multiplied-arrays, etc. (Katz
and Willner 2003, Ivnitski et al. 2000, K'owino and Sadik
2005, Lisdat and Schafer 2008, Prodromidis 2010). Moreover,
owing to the above mentioned advantages, impedance-
based biosensors are considered as promising candidates
for use at point-of-care applications. Recently, electro-
chemical impedance spectroscopy (EIS) has also become
an efficient method for many chemical and physical pro-
cesses. EIS presents analytic solutions for many processes.
Besides these, identification of membranes, biosensor
characterization and fabrication can also be effectively
monitored by EIS. In addition, enzyme-substrate interac-
tions after antigen-antibody, receptor-ligand, or DNA-
DNA interactions, which have no catalytic reaction, can
be successfully monitored by EIS (Bott 2001, Katz and
Willner 2003, Guan et al. 2004). The EIS methods should
be divided into two general types depending on the pres-
ence or absence of bioreceptors. The first type is based on
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the changing impedance resulting from the binding of target
elements to the specific bioreceptors immobilized on the
transducer surface. The second type works by monitoring
metabolites produced by living cells as a result of growth
(Wan et al. 2010, Velusamy et al. 2010). Although EIS-based
biosensors have many advantages, they have some limita-
tions. The hundreds of publications on this subject show that
the biosensors based on EIS have been succesfully applied
at the academic level (Chang and Park 2010, Lisdat and
Schafer 2008, Prodromidis 2010). However, no prototypes
based on impedance have been released into the com-
mercial markets. The most important fundamental issue
with these systems is with regard to their reproducibilities.
Therefore, further efforts should be devoted to expanding
commercial products for routine quantitative analysis.

In the current study, human vascular endothelial growth
factor receptor-1 (VEGF-R1) was used as a bio-recognition
element for the first time. Recombinant human VEGF-R1
is a disulfide-linked dimeric protein with two 905 amino
acid residue polypeptides, and has a predicted monomeric
molecular mass of 100 kDa (Shibuya et al. 1990, Kendall and
Thomas 1993, Neufeld et al. 1999). The recombinant soluble
VEGF-R1 binds VEGF with high affinity (He et al. 1999,
Olofsson et al. 1998, Conn et al. 1990). The object of the
study was to develop an electrochemical biosensor system
based on EIS, which will enable fast, sensitive, and practical
determination of VEGEF, which is a protein that often comes
into play in the clinical field and poses a health threat to
people. Mercaptoundecanoic acid (MUA) monolayers were
successfully self-assembled onto gold working electrodes.
Following that, VEGF-R1 was covalently immobilized on
the modified gold electrodes using an EDC/NHS couple. On
the basis of cyclic voltammetry (CV) and electrochemical
impedance investigations, we achieved the immobilization.
To analyze the EIS data, it was fitted to an equivalent circuit
model. Certain important parameters such as incubation
periods for MUA SAM formation, VEGF-R1 incubation, EDC/
NHS concentration and VEGF-R1 amount were optimized,
to obtain the best results. Artificial serum samples spiked
with VEGF were analyzed by the biosensor. Finally, in the
present study, the previously reported biosensors fabricated
with a short chain mercaptopropionic acid (MPA) and the
biosensor presented here, were compared.

Materials and methods

Materials

All reagents were obtained from Sigma-Aldrich (St. Louis,
MO, USA). VEGF-R1 (human) and VEGF (human) were also
obtained from Sigma-Aldrich (St. Louis, MO, USA). VEGE,
VEGF-R1, and 0.1% bovine serum albumin (BSA) were
prepared in a 50 mM pH 7 phosphate buffer. VEGF-R1 and
VEGF solutions were stored at — 20°C until use. The synthetic
serum solution was prepared by using 4.5 mM KCl, 5 mM
CaCl,, 1.6 mM MgCl,, 4.7 mM D(+)-glucose, 2.5 mM urea,
0.1% human serum albumin, and 145 mM NaCl. A redox
probe solution was prepared in a 50 mM pH 7 phosphate
buffer which contained 0.1 M KCI, 5 mM Fe(CN)*~ and
5 mM Fe(CN)*". Gold working electrodes were obtained

from BASi, Warwickshire, UK (1.6 mm? surface area), an Ag/
AgCl reference electrode and a Pt counter electrode were
obtained from BASi, Warwickshire, UK. Electrochemical
experiments were carried out by using a Compactstat with
an integrated impedance analyzer (Ivium Technologies,
Eindhoven, the Netherlands) interfaced with a PC. Also, a
Gamry Potantiostat/Galvanostat, Reference 600 (Gamry
Instruments, Warminster, USA) interfaced with a PC via
the EChem Analyst containing physical electrochemis-
try, pulse voltammetry, and EIS software, was used in the
experiments. All electrochemical experiments were car-
ried out in a Faraday cage (from BASi, Warwickshire, UK) to
block out external static electric fields.

Methods

VEGEF-R1 immobilization procedure

Before the VEGF-R1 immobilization, the gold electrodes
were first polished with 0.05 pm alumina powder and then
washed with ultra-pure water. Following that, the electrodes
were ultrasonically washed in absolute ethanol for 2 min
to remove alumina residues. Then, the electrodes were
immersed into Piranha (H,0,/H,SO,, 30/70, v/v) solution
for 3 min. Following that, the electrodes were washed with
ultra-pure water. The electrodes were immediately dried
in an argon stream. In the next step, the electrodes were
immediately immersed in an 11-mercaptoundecanoic acid
solution (0.1 M, in pure ethanol) for 2 h. After this period,
they were rinsed with ethanol and gently dried with an
argon stream. The gold electrodes modified by 11-MUA were
dipped into a glass bottle containing EDC/NHS solution
(4 mM EDC, 1 mM NHS) for an hour in a dark ambience.
Later, the electrodes were gently washed with ultra-pure
water and were then dried in a pure argon stream again.
Finally, 10 uL of VEGFR-1 solution was dropped onto the
activated electrode surface and incubated for an hour in
a humid environment. After washing the surface of the
electrodes, 10 UL bovine serum albumin (BSA) solution
(0.1%) was dropped onto the electrodes to block the active
ends on the surface.

Measurement procedure

CV 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) in the
presence of 5 mM K,[Fe(CN),]/K,[Fe(CN),] (1:1) solution,
which served as a redox probe containing 0.1 M KCI. For
electrochemical impedance studies, an alternating wave
of 10 mV amplitude was applied to the electrodes over
the formal potential of the redox couple (0 V). The redox
couple used for impedance studies was the same as that
used in CV. Impedance spectra were collected in the
frequency range between 10,000 and 0.05 Hz.

After fabrication of the biosensor based on 11-MUA,
the VEGF standard solution was applied to the biosensor
surface by using a micro-pipette. The volume of the applied
VEGF standard solution was 5 puL for each application.
The biosensor was incubated for an hour for the interac-
tion between VEGF and VEGF-R1 immobilized onto the
electrode surface, in a moist medium. At the end of 1 h, in
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order to remove physically adsorbed VEGF molecules to
the electrode surface, the biosensor was washed with ultra-
pure water by immersing it into the water ten times. Finally,
the biosensor was again put into the cell containing the
Fe(CN)64’/3’ redox probe solution and the electrochemical
measurements were made as described previously. The dif-
ference in charge transfer resistance between the biosensor’s
unbounded and bounded VEGF was used to prepare VEGF
calibration curves.

Results and discussion

VEGF-R1 immobilization by 11-MUA and EDC/NHS couple
EIS can be used to characterize surface interfaces success-
fully. It is also a valuable tool for electrochemical measure-
mentsystemssuchasbiosensors. Aresponseinresistancewas
measured across the VEGF-R1-based immunosensor sur-
face upon hybridization between the biological receptor and
the VEGE. It is known that the redox couple of Fe(CN),*~/4~
integrates well with a self-assembled monolayer formed
on a gold surface. The Fe(CN),>~/*~ redox probe helps to
successfully investigate the pinhole degree or defect struc-
ture, insulating properties and the density of the adsorbed
layer (Qingwen et al. 2001, Pei et al. 2001, Ding et al. 2005).
As can be seen in Figure 1A, a well-defined characteristic
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Figure 1. Electrochemical characterization of the biosensor [(A)
Cyclic voltammograms of VEGF-R1 immobilization on gold electrode
modified with MUA, -0-0-:Bare Au, -+-+-: Au/MUA, -e-e-:Au/MUA/
EDC-NHS, -[J-[]-: Au/MUA/EDC-NHS/VEGF-R1, -A-A-: Au/MUA/
EDC-NHS/VEGF-R1/BSA. (B) Electrochemical impedance spectra
of VEGF-R1 immobilization steps, -+-+-: Bare Au, -e-e-: Au/MUA,
-O--: Au/MUA/EDC-NHS, -0-0-: Au/MUA/EDC-NHS/VEGF-R]1,
-A-A-: Au/MUA/EDC-NHS/VEGF-R1/].

voltammogram of the redox couple was observed at the
surface of bare gold electrodes. After self-assembly of
11-MUA onto the gold electrode surface, the anodic and
cathodic currents decreased dramatically. It was obvi-
ous that this was caused by the blocking effect of 11-MUA
SAMs. The relatively long alkyl chain of 11-MUA showed
a highly ordered monolayer on the surface due to van der
Waals interactions between the R-S— units. Moreover, it is
known that the thermodynamic stability of self-assembly
monolayers increases with the length of the alkyl chain
(Smith et al. 2004). For the immobilization of VEGF-R1,
the EDC/NHS couple was used, as mentioned previously.
Carbodiimides react with carboxyls to form an intermedi-
ate that can stabilize by a reaction with amines, forming a
peptidic bond, without spacers. The most popular carbodi-
imide compound is EDC. It is often used in immobilization
of proteins on different solid or semi-solid substrates (Hoare
and Koshland 1966). After the next step, the EDC/NHS acti-
vation of terminal ~-COOH groups of 11-MUA resulted in an
increase in the peak currents compared to those obtained at
an Au/11-MUA. The couple of EDC/NHS formed an inter-
mediate active ester which was the product of condensation
of terminal ~-COOH of 11-MUA and N-hydroxysuccinimide.
The experiments revealed that this intermediate product
exhibited excellent electrochemical activity towards the
redox probe. Moreover, although the carboxyl groups of
11-MUA could be reacted directly with amines using EDC,
the reaction was much more efficient with NHS because a
stable intermediate was created. In the activation step, it was
possible to make electrochemical measurements just by this
relatively stable intermediate product. In the experiments we
used the EDC/NHS covalent coupling system, because EDC
is an easily handled solid and it is quite water-soluble. NHS
was very important for the immobilization process because
the intermediate undergoes hydrolysis in aqueous solutions.
Consequently, EDC caused a dehydration reaction between
the carboxyl and the NHS hydroxyl group, giving rise to an
NHS-ester-activated molecule. With the help of NHS, the
activated intermediate molecule was much more stable than
that produced only with EDC activation.

Figure 1B shows Nyquist plots that were obtained after
modification of the biosensor. The complex impedance plot
comprises a compressed semi-circle at high frequencies
due to kinetically controlled processes (Randles 1947). This
is followed by a linear region at lower frequencies, arising
from Warburg impedance, which is due to diffusion-limited
mass transfer across the interface. EIS studies provided
useful information on impedance changes of the electrode
surface during the fabrication process and were carried
out to investigate immobilization of VEGF-R1 onto the
electrode. It was observed that the R, of the bare electrode
was lower than that of the self-assembled MUA electrode,
revealing its increased resistance and very low electron
transfer efficiency. However, the R, of the EDC/NHS acti-
vated MUA/electrode considerably decreased compared
with that before the activation process. The EDC/NHS
reaction included formation of an intermediate active ester
which was the product of condensation of terminal -COOH
of MUA and N-hydroxysuccinimide. This intermediate
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product exhibited excellent electrochemical activity. The
increase in R after binding of VEGF-R1 and BSA can
be attributed to the fact that most biological molecules,
including proteins, are poor electrical conductors at low
frequencies and hinder electron transfer. These results also
indicate the binding of VEGF-R1 and BSA onto the electrode
surface.

Optimization experiments for VEGF-R1 immobilization
The immobilization of VEGF-R1 was optimized by adjusting
the incubation periods for MUA SAM formation, VEGF-R1
incubation, and also the EDC/NHS concentration and
VEGF-R1 amount. The details are discussed below. To
reveal the effect of incubation time on the formation of
SAM of MUA, the incubation periods of 1, 2, 3, and 5 h, were
tested. The electrochemical impedance spectra related to
these data are given in Figure 2.

The idea of using SAMs in gold-organosulfur chemical
bonding was first proposed by Nuzzo and Allara (1983).
Because of their easy preparation procedure, SAM applica-
tions have been extensively used in many studies. A self-
assembled monolayer could be easily obtained on a clean
gold surface by allowing the electrode to incubate for a
period lasting between a few minutes to 1 day. The effective
incubation period depended on the structure and the aim of
the SAM formation. However, the concentration of the com-
pound, its polarity, and the structure of the solvent were the
main parameters identifying the SAM properties (Schreiber
2000). It can be seen that the formation of SAM of MUA was
affected by the incubation period. Electrochemical imped-
ance studies revealed that the impedance values increased
with the increase in incubation periods. MUA formed a
densely packed monolayer on the gold surface in a short
time. This could be attributed to the strong chain-chain
interaction of MUA. Although there was a slight difference
between the 2, 3, and 5-h incubations, the 2-h incubation
period was optimal for efficient SAM formation. Conse-
quently, in the following studies, for the formation of SAM,
the electrode was incubated with MUA solution for 2 h.

EDC and NHS coupling is frequently performed for
many immobilization procedures due to its ease of use, high

kohm

60 —

40

20

O 1 T L
0 50 100 150  kohm

P
Figure 2. Optimum incubation period for the formation of SAM
MUA [Electrochemical impedance spectra obtained for different
MUA incubation periods, -e-e-: 1 h, -[J-[J-: 2 h, -+-+-:3 h, -¢-¢-:5h].

coupling rates and flexibility. In this reaction the surface
-COOH groups are first activated by EDC and then con-
verted into active ester intermediates (Johnsson et al. 1991,
Sheehan and Hlavka 1956). NHS converts the intermediate
of EDCinto a more stable active ester. This step is very impor-
tant because the EDC intermediate product should be easily
hydrolyzed within seconds. As expected, the concentrations
of EDC and NHS were very important parameters. To reveal
the effect of EDC/NHS concentrations, four different con-
centrations (4/1, 0.4/0.1, 0.04/0.01, and 0.004/0.001) were
used. The impedance spectra showed that the performance
of immobilization of VEGF-R1 was directly dependent on
the concentration ratio of the EDC/NHS couple (Figure 3).

The increase in concentrations of the EDC/NHS couple
caused effective immobilization. Moreover, the activa-
tion with concentrations lower than 0.04/0.01 EDC/NHS
showed that the low concentration ratio was not sufficient
for effective binding of VEGF-R1 to the electrode sur-
face. Concentrations higher than 4/1 mM were not tested.
Although EDC/NHS coupling is highly effective in immo-
bilization, one should be aware that unexpected reactions
such as esterification can occur when using high EDC/NHS
concentrations (Cuatrecasas and Parikh 1972). In all experi-
ments, the activation process of terminal -COOH groups
was achieved by using 0.04 mM EDC and 0.01 mM NHS.

The incubation period for binding of VEGF-R1 was also
optimized. The results indicated that the incubation period
had a considerable effect on the response of the biosensor
presented. The results are given in Figure 4.

When an incubation time higher than 1 h was used, the
R, values were considerably decreased. An increase in
incubation time unfavorably affected the binding of VEGF
to VEGF-R1. During long incubation periods, the VEGF-R1
solution applied to the electrode surface completely evapo-
rated, although the electrode was incubated in a moist
medium. Because of this, the immobilization performance
of VEGF-R1 was probably reduced, which is why VEGF
calibration graphs obtained with the biosensors prepared
by using long incubation periods showed no linear char-
acteristics. As a result, short periods seem to be favorable
for an effective immobilization process.

The optimum amount of VEGF-R1 was also investigated
by using different VEGF-R1 amounts in the process of
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Figure 3. The effect of concentration ratio of EDC/NHS couple
[Electrochemical impedance spectra obtained for different EDC/
NHS ratios, -A-A-: 0.004 mM EDC/0.001 mM NHS, -[]-[]-: 0.04 mM
EDC/0.01 mM NHS, -0-0-:0.4mM EDC/0.1 NHS, -+-+-:4mM EDC/1
mM NHS].
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Figure 4. The effect of VEGF-R1 incubation period on immobilization
performance [Electrochemical impedance spectra obtained for
different VEGF-R1 incubation periods, -+-+-: 1 h, -0-0-:2 h, -A-A-: 3
h, -[(J-J-: 4 h].

immobilization. For this purpose, 65, 85, 125, and 500 ug/
mL VEGF-RI1 portions were applied to the electrode surfaces
for construction of the biosensors. The impedance spectra
related to this study can be seen in Figure 5.

The binding performance of VEGF-R1 to the surface
increased with an increase in the VEGF-R1 amount, as can
be seen in Figure 5. This result was expected because in
most cases in protein science, an increase in protein amount
increases the immobilization ratio. Consequently the R, val-
ues were increased by increasing the amount of VEGF-R1.
The impedance values obtained for different amounts of
VEGF-R1 (65, 85, 125, and 500 ug/mL) were 1053, 1608,
2018, and 7539 ohm, respectively. Moreover, VEGF-R1
amounts higher than 500 pg/mL were not tested because
when amounts higher than 500 ug/mL were used, the cost
of the biosensor increased undesirably. For these reasons,
the most effective amount of VEGF-R1 was determined to
be 500 ug/mL.

Eventually, the optimization of the period for the inter-
action between VEGF-R1 and VEGF was determined based
on differing periods of VEGF incubation. From Figure 6, we
notice that electron transfer resistances increase with time
up to 1 h and after that they decrease with time. The longer

07— T i i T T T T T T T T T
0 5 10 kohm
z
Figure 5. The effect of VEGF-R1 amount on immobilization
performance [Electrochemical impedance spectra obtained for
different VEGF-R1 amounts, -0-0-:500 pg/mL, -0-0-:125 pg/mL,
-[J-[0-: 85 ug/mL, -A-A-: 65 pug/mL)].

T T T T T T T T T T T T T T T T

0 5 10 kohm 15

Figure 6. Optimum incubation period for the interaction between
VEGF-RI and VEGF [-+-+-:1h, -0-0-:2h, -[]-[J-: 3h].

the incubation time, the lower the performance of immobili-
zation in the biosensor fabrication process.

Similar results were obtained in the experiments for
VEGF-R1 incubation period optimizations. Consequently,
these experiments revealed once again that longer incu-
bation periods for both VEGF-R1 and VEGF affected the
biosensor response negatively, because, as mentioned
above, VEGFR-1 or VEGF solutions applied to the elec-
trode surface evaporated. It is likely that oxygen in the air
caused damage to the surface of the biosensor, resulting in a
reduction of the biosensor performance. As a consequence,
the optimum period for the interaction between VEGF and
the biosensor was found to be 1 h.

Characterization of VEGF-R1-based biosensor
An equivalent circuit model was implemented to calcu-
late the electron transfer resistances related to the VEGF
concentrations. The model was inserted in Figure 8.

In order to prepare a calibration curve for VEGE the
variation of the absolute impedance calculated by the
following equation was used:

AR_=R

et et(VEGF-R1/VEGF) ~ R

et(VEGF-R1)

where R (vEGE-R1/VEGE) 1S the value of the electron transfer
resistance after VEGF-R1 is bound to VEGFE, while R et(VEGE-R1)
is the value of the electron transfer resistance when VEGF-R1
is immobilized on the electrode. As can be seen from Figure
7A, an increase in the concentration of VEGF resulted in a
decrease in the peak currents of cyclic voltammograms.

Nyquist plot-related impedance measurements can be
seen in Figure 7B for different VEGF concentrations. The
results revealed that an increase in VEGF concentration
caused an increase in electron transfer resistances and also
in the diameter of the semi-circle in the Nyquist plots. In the
experiments, low frequencies were utilized for concentra-
tion-dependent measurements.

A calibration graph for VEGF was prepared with the
help of the differences in electron transfer resistances
after VEGF binding. As can be seen in Figure 8, a linear
calibration range for VEGF between 1 and 6 ng/mL was
obtained.



Short chain and long chain mercapto acids used in biosensor fabrication 467

*E-5 ( A)
Ong/mL VEGF
I i l
1 6ng/mL VEGF
g
é 0 6 ng/mL VEGF
=
° T
0 ng/mL VEGF
-1 -
—2 T T T T T T T T T T T
0.0 0.1 0.2 03 04 0.5
E/Volt
kohm
B
6 ( ) 6 ng/mL VEGF
1 Ong/mL VEGF
4
N
2]
0 T T T T T
0 5 10 15 kohm 20
z

Figure 7. Cyclic voltammograms (A) and impedance spectra (B)
obtained for different concentrations of VEGE.

Reproducibility is an important issue for the present bio-
sensor. For identifying the reproducibility of the biosensor,
six biosensors fabricated via the same set of procedures used
for VEGF analysis were investigated successfully. The results
showed that the linear detection ranges of the six biosensors
were between 1 and 6 ng/mL. The results are given in Table I.
The biosensor described here also provided excellent repro-
ducibility. The results are again summarized in Table I.

The repeatability of the biosensor signals was also inves-
tigated. As is known, repeatability is defined as the degree
to which a single biosensor that can be used continually for
a series of measurements with the same concentration of
VEGE. The electron transfer resistances of the biosensor were
calculated when it was consecutively exposed to a 2 ng/mL
VEGEF standard solution five times. At the end of this study,

3500 -

3000
2500 - y=521,99x - 199,63
’E‘ R2=0,9958
.2 2000 -
e
% 1500 A
=
1000
500
0 . . . . . . .
0 1 2 3 4 5 6 7

VEGF (ng/ml)

Figure 8. VEGF calibration curve related with the proposed biosensor
based MUA.

the correlation coefficient, the average value and standard
deviation were calculated as 5.72%, 2.08 ng/mL and *0.12
ng/mlL, respectively.

Moreover, in order to evaluate the quality of the imped-
ance data, a Kramers-Kronig (K-K) transform was per-
formed on the experimental data. The Kramers-Kronig
(K-K) relations demand that causal, complex plane spectral
data show dependence between the magnitude and phase.
The real part of a spectrum can be obtained by integration
of the imaginary part and vice versa. The K-K relations will
always be true for EIS data that is linear, causal, and stable.
If measured real and imaginary spectral data do not comply
with the K-K relations, the data must violate one of these
conditions.

The K-K relations can execute the linearity, causality,
and stability of impedance data obtained, by using integral
equations that constrain the real and imaginary components
of complex quantities for systems (Kramers 1929, Kronig
1926, Orazem and Tribollet 2008). The Kramers-Kronig
equations can be used to apply them to electrochemical
impedance spectra for identification of the frequency-
dependent error structure of impedance data and for evalu-
ating the consistency of the data with the K-K relations.
Through the use of a measurement model, experimental
data can be checked for consistency with the K-K relations
without explicit integration of the K-K relations; therefore,
inaccuracies associated with extrapolation of an incomplete
frequency spectrum are resolved. The measurement model
can be used to determine whether the residual errors in
the regression are due to an inadequate model, failure of
data to conform to the K-K assumptions, or noise (Agarwal
etal. 1993).

The K-K relations were used to predict one compo-
nent of the impedance if the other is known, over the fre-
quency limits of zero to infinity. The usual way of using the
Kramers-Kronig equations, therefore, was to calculate the
imaginary component of impedance from the measured
real component and to compare the values obtained to the
experimental imaginary component. Alternatively, the real
component ofimpedance was calculated from the measured
imaginary values by using the software of the potentiostate
used in the experiements. By these calculations “Goodness
of fit” value was obtained. Moreover, to evaluate the relative
errors (AZ/Z) related with the real and imaginary parts of
the experimental data, an overlapped plot was also drawn.

For the biosensor based on VEGF-R1, K-K transforms
were performed for all steps. The plots of the K-K transforms
are given in Figure 9. Table I also includes the goodness of fit
values calculated for all different biosensor surfaces.

The results revealed that the experimental data agreed
with the data obtained by the transform. Consequently, it
can be concluded that the impedance spectra were linear,
stable, and causal circuits. More importantly, for the analysis
and modeling of the experimental results, one should be cer-
tain that the impedances obtained for all different surfaces
of biosensor are valid.

Finally, the proposed biosensor was applied to artificial
serum samples for the analysis of VEGE The results are
shown in Table I. The results proved that VEGF levels of the
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Table I. The results for Kramers-Kronig transforms, reproducibility, and the sample analysis.

Kramers-Kronig transforms for different layers of the proposed biosensor

Biosensor surfaces

Goodness of fit

values
Bare gold electrode 201.9
Au/MUA 9.54
Au/MUA/EDC-NHS 1.863
Au/MUA/EDC-NHS/VEGF-R1 19.44
Au/MUA/EDC-NHS/VEGF-R1/VEGF 1.197
Reproducibility of the biosensor
Biosensor numbers R? y Linear ranges (ng/mL)
1 0.939 999.17x-286.27 1-6
2 0.955 954.18x-834.57 1-6
3 0.971 863.41x-565.79 1-6
4 0.952 877.02x + 317.71 1-6
5 0.996 521.99x + 199.63 1-6
6 0,974 450.11x-50.947 1-6
VEGEF detection in artificial serum samples
VEGF (ng/mL)

Found by the

Added biosensor % Recovery % Relative difference
1 1.03 103 3
2 2.03 101.5 1.5

artificial serum samples analyzed by the biosensor agreed
with that of the amount of it spiked in the artificial serum
solutions.

Comparison of the two biosensors fabricated by
3-mercaptopropionic acid and 11-mercaptoundecanoic
acid

A comparison of two mercapto acids - mercaptopropionic
acid which was previously reported and 11-mercaptoun-
decanoic acid - is the secondary focus of this study. The
comparison is discussed below. Biosensors based on the
self-assembled monolayer formation on the electrode sur-
face of MPA and MUA have three chemical entities, each of
which has a key role in the self-assembly process. Both of
them have a thiol group that interacts with gold, and this
is the primary force pioneering to assembly on the sur-
face. The -COOH groups of MPA and MUA identified the

surface characteristics of the biosensors. Depending on the
characteristics of the -COOH groups, it forced the ordering
of mercapto acid molecules. For both biosensor systems it
was observed that the head groups probably played a part
in disordering the self-assembled layer due to the repulsive
effect of the carboxyl groups. The most important constitu-
ent of the mercapto acids used in the two biosensors was
the aliphatic methylene chains. The van der Waals interac-
tions between these aliphatic methylene chains were an
extremely significant force in the self-assembly process.
In a self-assembly process, within a few seconds, a pri-
mary monolayer is formed. Moreover in this period, the
thickness of the layer reaches 80-90% of its final value
(Sezgintiirk 2011). However, when the monolayer slowly
forms, the lengths of these aliphatic methylene chains
become more important because the van der Waals forces
maintain the order in the mercapto acids, forming them
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Figure 9. The plots of Kramers-Kronig transforms performed on different layers of the proposed biosensor. [The turquoise lines show Kramers-
Kronig Transforms performed and fitted on the experimental data and the black lines show experimental results. -u-u-:Bare Au electrode -e-e-:Au/
MUA/EDC-NHS, - ¢ - ¢ -: Au/MUA/EDC-NHS/VEGF-R1, -A-A-: Au/MUA/EDC-NHS/VEGF-R1/BSA, inserted plot:Au/MUA].
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into a highly-packaged monolayer on the electrode surface.
In the previous biosensor constructed by MPA, to obtain a
well-ordered monolayer it was necessary to incubate the
gold electrodes for 18 h. However, in the present biosensor
constructed using MUA, the optimum incubation period was
only 2 h. It was obvious that the longer the chain, the more
ordered the self-assembled monolayer (Bain et al. 1989,
Holmes-Farley et al. 1988). Moreover, a significant decrease
in the thickness of the layer with chains shorter than eight
carbons was also reported (Porter et al. 1987). The results
reported here completely agreed with these theoretical data.
Moreover, the charge transfer resistances obtained after
the self-assembly of the MPA and MUA monolayers were
very different from each other. Although it was necessary
to incubate gold electrodes for 18 h for MPA self-assembly,
the charge transfer resistances only reached about 4 kohm.
However, the self-assembled monolayer of MUA resulted
in a high charge transfer resistance of about 100 kohm.
The MUA formed a well-ordered insulating layer on the
gold surface due to the effective van der Waals forces
among the long chains of MUA.

One of the most obvious dissimilarities between the two
biosensors was the concentration ratio of the EDC/NHS
couple. While the optimum concentration of EDC/NHS
for MPA activation was reported as 0.04/0.01 M, this value
for MUA activation was 100-fold higher than that of MPA,
4/1 M. This result can probably be attributed to the tightly
ordered monolayer of MUA. Therefore, activating -COOH
groups located in a compact surface structure should just
be possible by using EDC/NHS at high concentrations.
Moreover, it is difficult to activate the head -COOH groups
of MUA monolayers sterically; consequently high EDC/NHS
concentrations were needed to accomplish the activation
procedure. In summary, these results revealed that success-
ful biosensor creation requires the strict control and optimi-
zation of the concentrations of EDC/NHS which react with
carboxyl groups of MPA and MUA to form a peptidic bond,
resulting in the immobilization of the bioreceptor, VEGF-R1,
without any spacers.

When evaluating the VEGF linear ranges of both biosen-
sors, it is useful to consider the detection limits. Although
the biosensor based on MPA could detect pg/mL levels of
VEGEF successfully, the biosensor based on MUA could only
detect ng/mL levels of VEGE. This result, however, is related
to the high concentrations of EDC/NHS couple. That is, it
was reported that in the reaction between EDC/NHS and
protein, side reactions may take place, notably with car-
boxyls in a hydrophobic environment, giving N-acyl-urea
(Gilles et al. 1990, Grabarek and Gergely 1990). Accordingly,
an EDC/NHS reaction caused by using high concentrations
should presumably induce the occurrence of side reactions
with VEGF-R1. Eventually, this should reduce the sensitivity
of the biosensor to VEGE

The repeatability and reproducibility of the two biosen-
sors were good. The repeatability and reproducibility of
the biosensors closely depended on the characteristics
of the self-assembled monolayers of mercapto acids. In
both biosensor systems, the experimental conditions for
the fabrication of the biosensors and the measurement

procedures were strictly managed and standardized. The
repeatability and the reproducibility of the biosensors were
acceptable for a measurement system.

Finally, the cleaning of the gold electrodes after mea-
surements is an important parameter. For mercapto acids
with flexibility like MUA or with a charged head group like
MPA (also MUA), the cleanliness of the gold electrodes is
extremely important. Although the biosensor prepared
with MPA could be cleaned easily, to clean the other one
was relatively difficult. In fact, this was an expected result
for the reason mentioned above. Probably, the flexibility of
MUA made it more difficult to remove contamination from
the gold electrode surface. On the other hand, stabilization
of the van der Waals forces among the MUA chains showed
the strong driving force of the sulfur and gold interaction.
Since the longer the chain, the more ordered the monolayer,
it was difficult to clean the electrode surface covered by a
self-assembled monolayer of MUA.

Conclusion

In this study, we demonstrated an impedimetric biosensor
for rapid detection of a cancer-related biomarker - VEGE
The human VEGF-R1 was used as a bio-recognition ele-
ment. VEGF-R1 was successively immobilized with the help
of a long chain mercapto acid, 11-mercaptoundecanoic
acid, onto gold electrodes. An EDC/NHS couple was used
as a crosslinking agent. The detection mechanism was based
on the measurement of electrochemical signal changes
induced by receptor-ligand interactions. Using these inter-
actions and with the help of EIS, VEGF was quantitatively
detected. The obtained results showed a linear response
range from 1 to 6 ng/mL human VEGE This impedimetric
biosensor can also be used in clinical analysis. Moreover,
we investigated the effect of short chain and long chain
mercapto acids used in biosensor fabrication in terms of the
important parameters such as the self-assembly processes,
the activation conditions of -COOH ends, linear ranges
obtained for VEGE repeatabilities and reproducibilities,
and cleaning procedures. The results of the experiments
showed that the parameters mentioned above were strictly
dependent to the length of the chain of the mercapto acids
used in the biosensor development.
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