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a b s t r a c t

In the present work, we have developed a new biosensor based on fourth-generation (G4) PAMAM den-
drimers for the analysis of vascular endothelial growth factor (VEGF). First, the PAMAM dendrimers were
covalently attached to a cysteamine-modified Au electrode by glutaraldehyde. With the help of the amino
groups located on its surface, vascular endothelial growth factor receptor-1 (VEGF-R1) was immobilized
via glutaraldehyde cross-linking. VEGF-R1 loading was investigated to identify the optimal VEGF-R1
immobilization conditions for the best sensitivity of the new biosensor. In addition, Kramers–Kronig
transforms were also analyzed for immobilization and measurement processes. The biosensor had a lin-
ear range of 5 to 125 pg/mL VEGF. The fabricated biosensor had good repeatability and reproducibility.
Finally, the results for artificial serum samples measured by the present biosensor showed a good recov-
ery for VEGF detection.

� 2012 Elsevier Inc. All rights reserved.
Vascular endothelial growth factor (VEGF)1 is an angiogenic cancer biomarker, VEGF, which is often encountered in the clinical

growth factor. VEGF is also known as vasculotropin, and stimulates
endothelial cell growth, angiogenesis, and capillary permeability.
Angiogenesis is the key process in tumor growth, progression, and
metastasis. VEGF regulates angiogenesis physiologically and patho-
physiologically [1–6]. Moreover, the growth of structurally chaotic
and functional anomalous vessels into a tumor burden is promoted
by VEGF [7–9]. Preclinical and clinical settings first verified the
importance of VEGF in breast cancer [10–13]. In the preclinical stud-
ies it was demonstrated that breast cancer cells expressing VEGF en-
hanced the growth and metastatic potential of human tumors. In the
clinical setting the results were more disastrous: VEGF overexpres-
sion in the early stage revealed a significant metastasis [14–17].
The statistical throughputs revealed that, in women, breast cancer
is the second most common cancer type to be faced. According to
the reports of the American Cancer Society, about 1.3 million women
will be diagnosed with breast cancer annually worldwide, and about
465,000 will die from the disease [18,19].

The subject of the study is to develop an electrochemical biosen-
sor system based on electrochemical impedance spectroscopy. This
will enable fast, sensitive, and practical determination of the breast
ll rights reserved.
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, self-assembled monolayers,
1, human vascular endothelial
field and poses a threat to many people, especially women. Previ-
ously, a number of determination systems for VEGF have been re-
ported. For example, the technology of semiconductor nanowire-
based sensor systems has been developed for detection of VEGF
[20–26]. Lee and co-workers reported label-free and electrical
detection of VEGF using anti-VEGF aptamer-modified Si nanowire
field-effect transistors [27]. Prabhulkar and co-workers also re-
ported a biosensor based on ferrocene monocarboxylic acid-labeled
anti-VEGF, which was covalently immobilized on a microelectrode
surface [28]. The biosensor allowed VEGF analysis with a detection
limit of about 38 pg/mL.

Recently, EIS has become an efficient method used for many
chemical and physical processes. EIS presents analytic solutions
for many processes. Besides these, identification of membranes, bio-
sensor characterization, and fabrication can also be effectively mon-
itored by EIS. In addition, enzyme–substrate interactions after
antigen–antibody, receptor–ligand, or DNA–DNA interactions,
which have no catalytic reaction, could be successively monitored
by EIS [29–31]. In the current study, human vascular endothelial
growth factor receptor 1 (VEGFR1, Flt-1) was used as a bio-recogni-
tion 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 [32–34]. The recombinant soluble VEGF-R1 binds VEGF
with high affinity [35–37].

Cysteamine self-assembled monolayers (SAM) were self-assem-
bled on the gold electrodes. Following that, PAMAM dendrimer
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was covalently attached to the amino end of the cysteamine with
the help of glutaraldehyde. Next, VEGF-R1 was immobilized on
PAMAM dendrimers via glutaraldehyde. Using cyclic voltammetry
and electrochemical impedance investigations, we demonstrated
that the immobilization steps had been achieved. For analyzing
EIS data it is fitted to the equivalent circuit model. Certain impor-
tant parameters were optimized to obtain the best results. Finally,
the artificial serum samples spiked with VEGF were analyzed by
the biosensor.
Materials and methods

Materials

All reagents were obtained from Sigma–Aldrich (St. Louis, MO,
USA). VEGF receptor-1 (Flt-1)/Fc chimera (human) and vascular
endothelial growth factor (human) were also obtained from
Sigma–Aldrich. VEGF, VEGFR, 0.1% BSA (bovine serum albumin)
were prepared in 50 mM, pH 7, phosphate buffer, according to the
literature [Jonathan and Daniels, 2007]. PAMAM-25% (G2, C12 den-
drimer) and 5% glutaraldehyde solutions were prepared in 50 mM,
pH 6.8, phosphate buffer. VEGF-R1 and VEGF solutions were stored
at�20 �C until use. Synthetic serum solution was prepared by using
4.5 mM KCl, 5 mM CaCl2, 1.6 mM MgCl2, 4.7 mM (D+)-glucose,
2.5 mM urea, 0.1% human serum albumin, and 145 mM NaCl. A re-
dox probe solution was prepared in 50 mM, pH 7, phosphate buffer
Fig.1. Electrochemical characterization of the biosensor. [(A) Cyclic voltammograms of
bare gold electrode; , Au/Cys; , Au/Cys/PAMAM; , Au/Cys/PAMAM/V
BSA/VEGF. (B) Electrochemical impedance spectra of VEGF-R1 immobilization steps:
PAMAM/VEGF-R1; , Au/Cys/PAMAM/VEGF-R1/BSA; , Au/Cys/PAMAM/VEG
which contained 0.1 M KCl, 5 mM FeðCNÞ4—
6 , and 5 mM FeðCNÞ3—

6 .
Gold working electrodes (1.6 mm2 surface area), Ag/AgCl reference
electrode, and Pt counter electrode were obtained from BASi
(Warwickshire, UK). Electrochemical experiments were carried
out by using a Compactstat with integrated impedance analyzer
(Ivium Technologies, Eindhoven, The Netherlands) interfaced with
a PC. All electrochemical experiments were carried out in a Faraday
cage (from iBAS, Warwickshire, UK) to block out external static elec-
tric fields.
Methods

VEGF-R1 immobilization procedure
Before the VEGF-R1 immobilization, the gold electrodes were

first polished with 0.05 lm alumina powder and then washed with
ultrapure water. Following that, the electrodes were ultrasonically
washed in absolute ethanol for 2 min to remove alumina residues.
Then the electrodes were immediately dried with an argon stream
for further modifications. In the next step, the electrode was imme-
diately immersed in a cysteamine solution (0.1 M, in pure ethanol)
for an hour. After this period, it was rinsed with ethanol and gently
dried with an argon stream. The electrodes modified with cyste-
amine (Au/Cys) were immersed into 5% glutaraldehyde solution
for 5 min to activate the amino ends of the cysteamine. At the
end of this period the electrode was washed with pH 6.8 phosphate
buffer, dried in an argon stream, and immediately immersed into
VEGF-R1 immobilization by PAMAM dendrimers and cysteamine SAMs: ,
EGF-R1; , Au/Cys/PAMAM/VEGF-R1/BSA; , Au/Cys/PAMAM/VEGF-R1/

, bare gold electrode; , Au/Cys; , Au/Cys/PAMAM; , Au/Cys/
F-R1/BSA/VEGF.]
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PAMAM solution for 30 min. Following that, the PAMAM-modified
electrode (Au/Cys/PAMAM) was washed with phosphate buffer
(pH 6.8) and dried gently. In order to covalently attach VEGF-R1
to PAMAM the electrodes (Au/Cys/PAMAM) were immersed into
glutaraldehyde solution (5%) for 5 min. Then they were washed
and dried as noted above. Finally 10 lL of VEGFR-1 solution was
dropped onto the activated electrode surface and incubated for
2 h in a humid environment. After washing the surface of the elec-
trode, 10 lL BSA solution (0.1%) was dropped onto the electrode to
block the active ends on the surface.
Measurement procedure
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) in the presence
of 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1/1) solution, which served as a
redox probe containing 0.1 M KCl. For electrochemical impedance
studies, an alternating wave with 10 mV of 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 voltammetry. Impedance spectra were
collected in the frequency range between 10,000 and 0.05 Hz.
Poten
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Fig.2. The effect of cysteamine incubation period for SAM formation on gold electrodes.
gold electrode; , 1 h; , 2 h; , 3 h; , 4 h; , 5 h;
incubation periods: , bare gold electrode; , 1 h; , 2 h; , 3 h;
After each of the VEGF-R1 biosensors was assembled, the bio-
sensor surface was used to interact with the VEGF solution. The
standard solution of VEGF was injected over the biosensor surface
by a micropipette. For each time measurement, the injection vol-
ume was 5 lL. The response value was read after a 1-h incubation
in a moisture medium. After this incubation period, the biosensor
was gently immersed into the ultrapure water 10 times to remove
physically adsorbed VEGF molecules. Finally, the biosensor was
again put into the cell containing the FeðCNÞ4—=3—

6 redox probe solu-
tion and the electrochemical measurements were made as de-
scribed previously. The difference 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 cysteamine and PAMAM dendrimers

A well-defined characteristic voltammogram of the redox cou-
ple could be observed on the bare gold electrode (Fig. 1A). It was
expected that after cysteamine and PAMAM modifications the cyc-
lic voltammograms would remain almost the same as the bare gold
tial 
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[(A) Cyclic voltammograms related different incubation periods: straight line, bare
, 6 h. (B) Electrochemical impedance spectra obtained for different cysteamine

, 4 h; , 5 h; , 6 h.]
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electrode. There were no significant changes in the anodic and
cathodic currents related to the electrode surfaces. However, after
VEGF-R1 modification the cathodic and anodic currents were con-
siderably decreased by the blocking effect of VEGF-R1. Moreover,
bovine serum albumin, which was used to block active PAMAM
ends, also decreased the peak currents through the same effect of
VEGF-R1. These decreases in peak currents were attributed to the
fact that VEGF-R1 and BSA insulated the surface and effectively
hindered the transfer of electrons toward the electrode surface.

The impedance changes of the modified gold electrode accompa-
nying the stepwise modification process are shown in Fig. 1B. The
complex impedance is displayed as the sum of the real and imagi-
nary components (Zre and Zim). The monolayer was treated as a
resistor (Rct) and capacitor in parallel, the solution resistance was
represented by a resistor, and the Warburg impedance was notice-
able at low frequencies. As can be seen from Fig. 1B, after the cyste-
amine monolayer was self-assembled on the electrode, the
interfacial electron transfer resistance Rct was almost the same as
that of the bare gold electrode. When the cysteamine-modified elec-
trode was further modified with the PAMAM dendrimer layer, due
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Fig.3. Optimization of PAMAM incubation time for PAMAM modification of gold electro
different incubation periods: , bare gold electrode; , 30 min; , 6
obtained for different cysteamine incubation periods: , bare gold electrode;
to the protonated amino ends of PAMAM dendrimer at pH 7, the
Rct was almost the same as that of the bare gold electrode and cys-
teamine-modified electrode. After VEGF-R1 molecules were at-
tached to the PAMAM-modified electrode, the charge transfer
resistance was significantly increased in comparison with the previ-
ous modified electrode surfaces. This increase indicated the suc-
cessful immobilization of VEGF-R1 on the gold electrode modified
with cysteamine and PAMAM dendrimers. In the last step of
VEGF-R1 immobilization, the electrode surface was fabricated with
the bovine serum albumin to block active PAMAM ends. As ex-
pected, this caused a further increase in Rct.

Optimization parameters for the biosensor

The fabrication steps of the VEGF-R1-based biosensor were
examined in terms of incubation periods for cysteamine SAM for-
mation, PAMAM modification, and VEGF-R1 and VEGF bindings.
Details are given in the sections below.

The incubation period for cysteamine SAM formation did not
significantly affect the response. In order to assess the effect of
Volt
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des self-assembled monolayered by cysteamine. [(A) cyclic voltammograms related
0 min; , 90 min; , 120 min. (B) Electrochemical impedance spectra

, 30 min; , 60 min; , 90 min; , 120 min.]
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the period for the SAM the biosensors were constructed using dif-
ferent incubation periods: 1, 2, 3, 4, 5, and 6 h (Fig. 2A and B).

The results showed that the increase in the incubation period
did not change the CVs and impedance spectra. Moreover, charge
transfer resistances belonging to the different incubation periods
also did not change by increasing the time. Consequently, to de-
crease the total immobilization duration, 1 h was chosen, since this
was the optimum period for the formation of cysteamine SAM.

The behavior of the biosensor was studied against different PA-
MAM incubation periods after glutaraldehyde activation of cyste-
amine amino terminals. Thus, sets of biosensors were prepared
for comparison in different incubation periods for PAMAM binding.
The obtained cyclic voltammograms and impedance spectra are
shown in Fig. 3A and B.

An increase in the PAMAM incubation period resulted in a de-
crease in peak currents, which could be seen in cyclic voltammo-
grams. Moreover, increasing the incubation period increased the
charge transfer resistances. This increase in Rct was associated with
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Fig.4. Evaluation of the effect of VEGF-R1 incubation period on the biosensor response.
electrode; , 1 h; , 2 h; , 3 h; , 4 h. (B) Electrochemical impe
electrode; , 4 h; , 3 h; , 2 h; , 1 h.]
the blocking behavior of the PAMAM layer on the electrode surface
for the FeðCNÞ3—=4—

6 redox probe. This effect also contributed to an
increase of the semicircle diameter, as can be seen from Fig. 3B.
However, according to the results there was no significant differ-
ence between the periods of 30 and 60 min. Moreover, in order
to decrease the time for total VEGF-R1 immobilization a period
of 30 min was chosen, since this was the optimum period of PA-
MAM incubation.

The next step in the optimization studies was the investigation
to establish the VEGF-R1 incubation time needed for effectively
binding of VEGF-R1 to PAMAM by glutaraldehyde. For this purpose,
four different periods were used to bind VEGF-R1 to PAMAM den-
drimer. As can be seen from the cyclic voltammograms, an increase
in the incubation period decreased the peak currents.

From Fig. 4B, it can be seen that increasing the incubation per-
iod increased the interfacial electron transfer resistance compared
with the lower incubation periods. This was because of the more
effective blocking behavior of VEGF-R1 toward electron transfer.
olt
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[(A) cyclic voltammograms related different incubation periods: , bare gold
dance spectra obtained for different VEGF-R1 incubation periods: , bare gold
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Moreover, the charge transfer resistances obtained for 2, 3, and 4 h
were very close to each other. As a result, in further biosensors an
incubation period of 2 h was used for VEGF-R1 binding.

At the end of the optimization studies, the incubation period for
binding between VEGF-R1 and VEGF was optimized. For this pur-
pose VEGF-R1/VEGF interaction was realized by using different
incubation periods such as 1, 2, 3, and 4 h. The cyclic voltammo-
grams and the impedance spectra are given in Fig. 5A and B. The
binding ratio of VEGF to VEGF-R1 was decreased with an increase
in the incubation period. The cyclic voltammograms showed that
peak currents were considerably reduced by a decrease in the incu-
bation period. However, the charge transfer resistances, Rct, de-
creased considerably with the increase in incubation time.

From the above, it was demonstrated that an increase in incuba-
tion time resulted in ineffective binding of VEGF to VEGF-R1. At the
end of the fourth hour of the incubation period, VEGF solution on
the electrode surface had completely evaporated spontaneously,
although the electrode was incubated in a moisture medium. A
similar result was also obtained for the 3-h incubation. It is
probable that the binding performance of VEGF to VEGF-R1 was
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Fig.5. The effect of VEGF incubation period on the biosensor performance. [(A) cyclic vol
, 4 h; , 3 h; , 2 h; , 1 h. (B) Electrochemical impedance sp
, 1 h; , 2 h; , 3 h; , 4 h.]
negatively affected due to the long incubation time. However, it
seemed that incubation periods shorter than 2 h caused the VEGF
solution to evaporate partially. The highest Rct value was obtained
after an hour of incubation. Finally, according to the results ob-
tained, it was found most efficient to incubate VEGF for an hour. Fi-
nally, because of that the most effective period for VEGF incubation
was an hour long. If VEGF-R1 and VEGF incubation periods are
evaluated in terms of total measurement duration, short periods
for both incubation processes should be favorable.
Analytical characterization of the biosensor

In this study, electrochemical impedance spectroscopy was
used to determine the amount of redox probe associated with
changes in the electron transfer resistance at the VEGF-R1 biosen-
sor. The charge transfer resistances related with the VEGF concen-
trations were calculated by the potentiostate system software.
However, the equation:

Rct ¼ RT � ðn2F2AKct½S�Þ�1
lt

t
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tammograms obtained for different incubation periods: , bare gold electrode;
ectra obtained for different VEGF incubation periods: , bare gold electrode;



Fig. 7. Equivalent circuit model applied to fit the impedance measurements. [Rs, the
ohmic resistance of the electrolyte solution; Cdl, associated with the double-layer
capacitance; Rct, the electron transfer resistance, and Zw, the Warburg impedance.]
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may be used to explain the charge transfer resistance [30,38,39],
where R is the ideal gas constant, T is the absolute temperature, n
is the number of transferred electrons per molecule of the redox
probe, F is the faraday constant, A is the geometric surface area of
the electrode (cm2), kct is the potential-dependent charge transfer
rate constant, and [S] corresponds to the concentration of the redox
probe (mol/cm3). To obtain a calibration curve of the biosensor we
used the variation of the absolute impedance that was calculated by
the equation:

DRct ¼ RctðVEGF� R1=VEGFÞ � RctðVEGF� R1Þ;

where Rct(VEGF � R1/VEGF) is the value of the charge transfer resistance
after VEGF-R1 is coupled to VEGF, while Rct(VEGF � R1) is the value of
the charge transfer resistance when VEGF-R1 is immobilized on the
electrode. As can be seen from Fig. 6A, peak currents decreased with
an increase in the concentrations of VEGF standard solutions.

Fig. 6B shows the Nyquist plots evaluation of the biosensor for
different VEGF concentrations. It was observed that the semicircle
diameter in the Nyquist plots increased with increasing VEGF con-
centration. Moreover, the low frequencies could be used for concen-
tration-dependent measurements. The impedance spectra should
be fitted with an equivalent circuit model as shown in Fig. 7 where
the capacitance Cdl is the double-layer capacitance, Rct is the charge
transfer resistance in low frequency, Zw is the Warburg element, and
Rs is the resistance of the electrolyte and all the connections.
Fig.6. Biosensor responses obtained for different concentrations of vascular endot
The increment of VEGF concentration increased the charge
transfer resistance, Rct, achieving a linear range between 5 and
125 pg/mL. A calibration graph for VEGF was prepared with the
help of the differences in charge transfer resistances after VEGF
binding. The calibration curve is given in Fig. 8.

In this work, the new biosensor based on the PAMAM dendri-
mers system was also analyzed by Kramers–Kronig transforms.
The Kramers–Kronig relations are integral equations that constrain
the real and imaginary components of complex quantities for sys-
tems that satisfy conditions of linearity, causality, and stability
[40–42]. In principle, the Kramers–Kronig relations can be used to
determine whether the impedance spectrum of a given system
has been influenced by bias errors caused, for example, by instru-
mental artifacts or time-dependent phenomena [42]. The
helial growth factor [cyclic voltammograms (A) and impedance spectra (B)].



Fig. 8. VEGF calibration curve obtained by the biosensor-based VEGF-R1 immobilized by PAMAM dendrimers and cysteamine SAMs.

Table 1
The analysis of Kramers-Kronig Transforms, Reproducibility, and the sample analysis
of the biosensor.

Kramers–Kronig transforms for different layers of the biosensor

Biosensor surfaces Goodness of
fit values

Bare Au 1.25
Au/cysteamine 2.87
Au/cysteamine/PAMAM 8.45
Au/cysteamine/PAMAM/VEGF-R1 4.94
Au/cysteamine/PAMAM/VEGF-R1/VEGF 1.11

Reproducibility of the biosensor-based PAMAM dendrimers

Biosensor numbers R2 y Linear ranges
(pg/mL)

1 0.9978 1662x + 12,151 5–125
2 0.9983 1944.6x + 37,341 5–125
3 0.9974 1615.2x + 35,982 5–125
4 0.9968 1855.4x + 42,743 5–125
5 0.9994 1661.1x + 45,219 5–125
6 0.986 1560.7x + 33,716 5–125
7 0.9995 1362.7x + 7328 5–125
8 0.9984 1062.5x + 41,744 5–125
9 0.9996 1437.8x + 54,479 5–125

10 0.9991 1137.4x + 52,707 5–125
11 0.999 1035.9x + 56,087 5–125
12 0.9995 1454.5x + 57,734 5–125

VEGF detection in artificial serum samples

VEGF (pg/mL)

Added Found by the
biosensor*

% Recovery % Relative
difference

20 20.18 100.9 0.9
40 40.31 100.8 0.8
60 60.1 100.2 0.2

* Average values obtained by duplicate measurements.
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Kramers–Kronig relations have been applied to electrochemical sys-
tems by direct integration of the equations, by experimental obser-
vation of stability and linearity, by regression of specific electrical
circuit models, and by regression of generalized measurement mod-
els [43,44]. Direct integration of the Kramers–Kronig relations in-
volves calculating one component of the impedance from the
other, e.g., the real component of impedance from the measured
imaginary component. The result is compared to the experimental
values obtained [42]. Calculations were carried out following the
method of Boukamp [45].

According to these calculations, a value named ‘‘goodness of fit’’
was obtained. In addition, a plot of the relative errors (DZ/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 spectra related to the biosensor proved that the
experimental data agreed with the data obtained by the transforms
(the spectra related were not shown). Moreover, as can be seen
from Table 1, goodness of fit values demonstrated that the imped-
ance spectra were linear, stable, and formed a causal circuit. Final-
ly, these data also showed that the system was not influenced by
unknown variables.

In the new biosensor design, assay variances were evaluated by
a repeatability study. A standard sample was analyzed 10 times for
50 pg/mL of VEGF standard. The average value, standard deviation,
and variation coefficient were 50.2 pg/mL, ±0.74 pg/mL, and 1.47%,
respectively. The results of repeatability studies indicated that the
biosensor-based technology is very reliable with regard to repeat-
ability. Moreover, the reproducibility of the new biosensor-based
VEGF-R1 was also assessed. Twelve biosensors were prepared in
a batch and were used for VEGF detection. The calibration curves
were also obtained from the impedimetric responses of the 12 bio-
sensors. The results are given in Table 1. The results revealed that
the reproducibility of the biosensor based on PAMAM dendrimers
was very good.

The stability of the biosensor was also investigated. For this
purpose each biosensor was separately stored for between 1 and
20 days under dry conditions at 4 �C. In these studies, the stability
was assessed over a 20-day period by performing measurements of
50 pg/mL of VEGF at the end of the fixed storage periods. The re-
sults showed that there was no activity decrease at the end of
the 15th day. In addition, after 18 days, the biosensor had lost
3.6% of its initial activity, and by the end of the 20th day it had lost
about 5.1%.

Finally the proposed VEGF-R1-based biosensor was employed
to determine VEGF content in artificial serum samples. The results
are displayed in Table 1. The VEGF concentrations of the artificial
serum samples analyzed by our proposed biosensor were consis-
tent with that of the spiked amount of it to the serum solutions.
The recovery for VEGF was found to be 100.6%.
Conclusion

PAMAM-cysteamine modification was first used as the sub-
strate for the immobilization of VEGF-receptor 1 on a gold elec-
trode with the coupling agent of glutaraldehyde. The fact is that
PAMAM-cysteamine SAMs provide a perfect platform for the
immobilization of VEGF-receptor-1. Optimized experimental
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conditions for the fabrication and operation of the biosensor were
studied. The reported biosensor design had a very low detection
limit of 5 pg/mL VEGF. The biosensor-based VEGF-R1 showed a
good linearity for VEGF determination in a range of 5 to 125 pg/
mL. In addition, the experiments revealed that the biosensor
showed high sensitivity, repeatability, and reproducibility. The
Kramers–Kronig transforms revealed that the whole biosensor sys-
tem was linear, stable, and formed a causal circuit.
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