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A sensitive and selective, aptamer and spectroscopic ellipsometry based sensor is reported here for the early
diagnosis of breast cancer, which is a common type of cancer following lung cancer. It was aimed to develop a
single-step and label-free assay for the sensitive and selective detection of VEGF;¢s. To this end, two different
aptamers and spectroscopic ellipsometry were used. In the presented study, by determining the appropriate
aptamer immobilization conditions, the spectroscopic ellipsometry technique was successfully applied for the

detection of VEGF¢5 at the range of 1 pM-1000 pM in the buffer. Aptasensors have a detection limit of 5.81 pM

and 4.29 pM, respectively.

1. Introduction

Cancer, a complex disease group characterized by uncontrolled
growth and spread of abnormal cells, has long been one of the primary
causes of death [1]. Early and accurate detection of cancer is extremely
important for clinical diagnosis, effective patient follow-up, and,
consequently, successful treatment of cancers. A biomarker is defined as
"a substance or activity that can be objectively measured and evaluated
as an indicator for pharmacological responses to a normal biological
process, pathogenic process, or a therapeutic intervention" [2]. Cancer
biomarkers are found in tumor tissues or serum and cover a wide variety
of molecules, including DNA, mRNA, enzymes, metabolites, transcrip-
tion factors, and cell surface receptors [3,4]. In the past few decades,
significant progress has been made in biomarker detection. Various
detection methods have been developed based on the specific recogni-
tion of cancer biomarkers such as polymerase chain reaction (PCR) [5],
enzyme-linked immunosorbent analysis (ELISA) [6-8], electrophoresis
[9], surface plasmon resonance (SPR) [10-13], surface-enhanced
Raman spectroscopy (SERS) [14], microcantilever [15], colorimetric
analysis [16,17], electrochemical analysis [18-20], field-effect transis-
tors (FET) [21-23], and fluorescent methods [24-26].

Certain nucleic acid sequences, called aptamers, are structures that
have unique binding properties for their targets. Aptamers, first reported
by Ellington and Gold, are single-stranded DNA, RNA, or peptide
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sequences and can be specifically bound to targets by folding into certain
three-dimensional structures [27,28]. Since their discovery, aptamers
have attracted great interest from researchers in the design of bio-
sensors, target imaging agents, and drug delivery. In theory, aptamers
can be selected for any particular target [29,30]. To date, high-affinity
aptamers have been selected for a wide variety of target molecules,
including metal ions, peptides, drugs, proteins, and even whole cells or
viruses [31-36].

Due to the unique properties of aptamers, many important applica-
tions have been reported for bioanalysis, biomedicine, and especially
cancer-related research (cancer biomarker discovery, imaging, diag-
nosis, and treatment) [37,38]. Numerous aptamers have been developed
against cancer-related proteins, such as platelet-derived growth factor
(PDGF), vascular endothelial growth factor (VEGF), tenascin-C, nuclear
factor kappa light chain enhancer (NFkB), and prostate-specific mem-
brane antigen (PSMA) [39,40].

Optical biosensors for the detection of cancer-related biomarkers and
cancer cells using aptamers are generally produced using fluorescence
methods due to their high sensitivity. For example, an optical aptasensor
assay (5 pM LOD) for VEGF;¢s detection [41], an aptasensor (1.25 pM
LOD) for VEGFq¢5 detection [42], differentiation of Toledo, CEM, and
Ramos cancer cells with silica nanoparticles and aptamers [43],
CCRF-CEM  cell determination  studies  using  magnetic
nanoparticle-containing aptamers [44], and detection and isolation of
cancer cells using hairpin-shaped oligonucleotide and silver
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Abbreviations and symbols

AFM Atomic force microscope
Anti-VEGF1 VEGF¢s5 specific aptamer #1
Anti-VEGF2 VEGF;¢s specific aptamer #2
BSA Bovine serum albumin

CRET Chemiluminescence resonance energy transfer
CTRL Control aptamer

ECL Electrochemilimunescence

EDAC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimid
EIS Electrochemical impedance spectroscopy

ELISA  Enzyme-linked immunosorbent assay

FET Field-effect transistor

FRET Froster resonance energy transfer

HER2 Human epidermal growth factor receptor 2
HIV-1 Human immunodeficiency virus — Type 1

LOD Limit of detection

MMP Matrix metalproteinase
MPTES  Mercaptopropyl triethoxysilane
MUA Mercapto undecanoic acid

MUC1 Mucinl

PBS Phosphate buffer saline

PCR Polymerase chain reaction

PSA Prostate-specific antigen

PSMA  Prostate-specific membrane antigen

PTGF Protein transforming growth factor

QCM Quartz crystal microbalance

QRET Quenching resonance energy transfer

RMS Root mean square

SE Spectrophotometric ellipsometry

SELEX  Systematic evolution of ligands by exponential enrichment

SERS Surface-enhanced Raman spectroscopy

SPE Screen-printed electrode

SPR Surface plasmon resonance

VEGF;¢5 or VEGF Vascular endothelial growth factor

voC Volatile organic compounds

A Delta, ellipsometric parameter, phase shift

v Psi, ellipsometric parameter, intensity change at
polarization states

nanostructures [45] can be found in the literature. Besides fluorescent
aptasensors, colorimetric and Raman aptasensors are also available in
the literature for the detection of cancer-related biomarkers [46,47].
Electrochemical sensors are also used for the precise detection of
cancer-dependent biomarkers and cancer cells due to their high sensi-
tivity, low cost, and clinical application potential [48]. Electrochemical
aptasensors have been produced for human epidermal growth factor
receptor 2 (HER2) [49] and Mucinl (MUC1) [50]. Lee et al. performed
the electrochemical determination of VEGFs (100 pM LOD) using
anti-VEGF aptamer modified silicon nanowire field-effect transistors
(SINW-FETs) [51].

Over the past decade, a better understanding of carcinogenesis and
tumor metastasis has demonstrated the ability of tumor cells to form
new vasculatures to receive a large number of nutrients and oxygen
necessary for growth [52,53]. The main protein mediator of this process
is Vascular Endothelial Growth Factor, also known as VEGF [54,55]. As
a result of the insufficient supply of nutrients and oxygen to tumor cells,
VEGF¢s is over-expressed to form veins and provide a growing vascular
network [56]. Thus, the concentration of VEGF;¢5 in the blood increases
(higher than 1 ng/mL) [57]. Until now, a relationship has been estab-
lished between serum VEGF;45 levels and cancer in various cancer types
[58-60] such as cervical cancer [61], hepatocellular carcinoma [62],
and breast cancer [63]. VEGF¢5 is also a signal protein used as a serum
biomarker in some human diseases, such as rheumatoid arthritis [64],
psoriasis [65], and profiling vitreoretinopathy [66]. Existing methods
used for VEGF; 45 determination include immunohistochemistry, ELISA,
radioimmunoassay, and Western blot [67].

An important characteristic of a biosensor is its detection limit (as
well as sensitivity). This is a variable that depends much more on the
type of transducer, as well as on the interaction of the bioreceptor and
the target. Spectrophotometric ellipsometry (SE), which offers a suc-
cessful performance in terms of detection limit, has become a widely
used and preferred method [68]. The SE method is used to examine thin
films in any medium. With this method, film parameters, film thickness,
composition, optical properties, and surface structure can be examined
[69]. SE is based on measuring the polarization change obtained by the
reflection of the polarized monochromatic light plane wave from a
surface at a certain angle [70,71]. Psi (¥) and Delta (A) parameters
measured by ellipsometer are called ellipsometric angles and can be
described as experimentally obtained data from an ellipsometer [72].
Since the mentioned ellipsometric parameters are very sensitive to
changes in the surface, the interaction of aptamers with the target

molecule immobilized on a base material will cause changes in Psi (¥)
and Delta (A) values. In particular, the Delta (A) parameter is very
sensitive to the change in dielectric constants in any thin film. Our group
has different studies evaluating the performance of ellipsometry in
different analytes. The use of aptamer and ellipsometry has been re-
ported in subjects such as determination of aminoglycoside antibiotics
from dairy products [73], and HIV-1 Tat protein [74], Influenza A [75],
mercuric ion [76], and zearalenone [77] determination.

In this study, the SE method using two different aptamers was
developed for VEGF determination.

2. Materials and methods
2.1. General

Unless otherwise stated, all chemicals were of analytical purity and
were supplied from the local representative of Sigma-Aldrich. MilliQ
water was used for final cleaning and buffer preparation. Distilled water
was used for cleaning purposes. Ellipsometric measurements were made
using a spectrophotometric ellipsometer (Optosense, S6000, Tiirkiye).
Schematic representation of the analysis method is given in Fig. 1. The
thickness of the immobilized layers was measured by ellipsometry using
the Si substrate/SiO2 oxide layer/organic layer modeling. Surface
topography and roughness were determined using an atomic force mi-
croscope (AFM, Park Systems XE100) in non-contact mode. The con-
centrations stated in the study indicate the final concentrations. All
experiments and measurements were repeated 3 times, unless otherwise
specified, to meet analytical requirements.

2.2. Immobilization of aptamers and improvement of immobilization
conditions

Anti-VEGF aptamers were supplied amine-functionalized at the 5’
end to be immobilized on the Si-wafers. The anti-VEGF1 [78] aptamer
has a sequence of 5'-NH5-(CH3)g- CCG TCT TCC AGA CAA GAG TGC
AGG G - 3’ (25 bases). The anti-VEGF2 [79] aptamer, which has the
same base length as the previous one, has a sequence of
5’-NHj-(CH3)6-TGT GGG GGT GGA CGG GCC GGG TAG A-3'. A 24 base
length 5-NH,-(CH2)¢ -ACG AAG TGA CCC GTT GCC GGT CGA-3
aptamer was used as a control (CTRL) aptamer. Si-wafers used as sensor
chips were immersed in the oxidizing solution consisting of a mixture of
H3S04 and H205 (7:3 by volume) for 2 s before use and then rinsed with
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Fig. 1. Schematic representation of the spectrophotometric ellipsometry method.

ethyl alcohol. After this process, the surfaces were cleaned with 100 W
oxygen plasma using the Diener model plasma device (Germany) to
remove organic residues completely.

Anti-VEGF1, Anti-VEGF2, and CTRL aptamers were immobilized to
the surface of the -COOH terminated Si-wafers. The cleaned wafers were
kept in oxygen plasma for 30 min for the silanol reaction. Then, mer-
captopropyl triethoxysilane (MPTES), prepared in absolute ethyl
alcohol, was used to obtain a —SH terminated functional surface on the
Si-wafers. MPTES concentration and reaction time optimization was
done by measuring the ellipsometric thickness during the MPTES layer
creation phase. Then, using the disulfide reaction, -COOH functional
ends were formed on the Si-wafer surface with mercapto undecanoic
acid (MUA). At this stage, the layer formation process was followed by
measuring the ellipsometric thickness and optimum parameters were
determined in this way. The aptamers having the NHy-functional group
were then immobilized to the -COOH functionalized Si surface by a 1-
ethyl-3- (3-dimethyl aminopropyl) carbodiimide (EDAC) reaction.
Aptamers were prepared in 100 mM phosphate buffer solution (PBS, pH
7) and stored at 4 °C. Aptamer solutions used in the studies were pre-
pared by diluting from the stock solution. In the optimization of the
concentration and reaction times, the thickness of the organic accu-
mulation on the Si-wafer surface was determined by the ellipsometric
method. Modeling was carried out using the software of the device after
ellipsometric measurements and air/organic layer (thickness
measured)/SiO; layer (5 nm) and Si substrate were used in the model.

2.3. Determination of the analytical performance of VEGF;¢5 aptasensor

The analytical performance of the aptamers and control aptamer in
VEGF;¢5 (will be used as VEGF after this section in the text for clarity)
determination was evaluated using a solution of 1.0 pM—500 pM VEGF
in the buffer solution. VEGF solutions were prepared using 25 mM Tris —
HCl, pH 7.4, 150 mM NaCl, 50 mM KCl buffer. The Si-wafers, which
were interacted with the VEGF solution for 30 min, were washed using
the buffer solution after this process. The dried wafers were analyzed
using a spectroscopic ellipsometer at a 60° light incidence angle using
400-1700 nm monochromatic and polarized light. The ellipsometric
parameters, delta (A) and psi (¥) were obtained, and the delta (A) angle,
in other words, the phase shift between polarized light and reflected
light was preferred as the sensor response, as it is more sensitive to
accumulation on the surface. Molecular accumulation on the surface

changes the thickness and dielectric function. The A spectrum obtained
around the wavelength of 450-600 nm shows a near-linear A-\ rela-
tionship. At the same time, with the accumulation on the surface, it
shifts to lower degrees. For this reason, sensor calibration graphs were
obtained by using A value at this wavelength. Sensitivity and limits of
detection (LODs) were calculated using the function graph of the A
change dependence on VEGF concentration. Bovine serum albumin
(BSA) was used to control the specificity of the sensor.

2.4. The ellipsometric thickness and roughness measurements

The thickness of the molecular layer deposited on the surface of each
sensor chip was calculated using the equipment’s built-in software,
using both A and ¥ values. All thickness measurements were performed
on 10 different randomly selected measuring points on 3 different test
samples and reported as the mean value (+1c). Surface topographic
images were taken using ParkSystems XE-100 model atomic force mi-
croscope (AFM) device (Suwon, Korea) and roughness analysis was
performed using the software of this device. The 512 x 512-pixel
topographic images were obtained using a non-contact mode tip (NCM-
silicon, Park Systems, Korea). Topographic measurements were also
performed on 3 different test samples on 10 different and randomly
selected measurement points and reported as the mean value (+10).

3. Results and discussions

3.1. Immobilization of aptamers and improvement of immobilization
conditions

Immobilization conditions of the MPTES layer on Si-wafer were
optimized first. In this immobilization process, adsorption and covalent
binding mechanisms are effective on the surface. Both the MPTES con-
centration and the time it takes for the molecules at a certain concen-
tration to interact with the Si-wafer surface affect the binding
mechanism. For this reason, the effect of interaction on surface accu-
mulation at different times in a 1 pM MPTES solution was investigated
using an oxygen plasma-treated Si-wafer. After this process, which was
carried out between 30 min and 360 min, the surface thickness was
measured using an ellipsometer. The wavelength-dielectric constant
values of the materials were selected from the device library. As seen in
Fig. 2a, the thickness was around 1 nm during the first 120 min. The
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Fig. 2. Surface thickness and RMS roughness change graph for monolayer
formation a) at 1 pM MPTES, and b) 1 pM MUA concentration. (Repetition is 3,
ellipsometric measurement and AFM roughness measurement point is 10).

thickness increased to around 2 nm for 240 and 360 min. AFM roughness
decreases somewhat around 120 min, indicating that monolayer for-
mation was achieved. Considering the theoretical lengths of MPTES
molecules, it can be said that during the first 120 min, formation occurs
close to a single layer, and since this time, multiple layers are formed.
This situation was supported by the increase in the RMS roughness of the
samples after 120 min.

In the process of monolayer formation on the surface by the silanol
reaction, it was expected that the thickness should not increase to show
more than a single-layer formation. However, this situation has also
emerged in our previous studies. The reason for this could be the water
molecules adsorbed to the surface as a result of the dissolution of water
vapor resulting from the humidity of the air in absolute ethyl alcohol.
Although precautions such as drying the Si-wafers, immersion in the
solution in ethyl alcohol, and keeping the reaction medium closed,
MPTES islets did not be prevented from forming on the surface and
accumulation of MPTES units in oligomer form. Although this situation
has not been proven by other methods, this has been observed in our
previous studies, and AFM topographic images of islet structures were
given [76]. Therefore, performing the reaction for 120 min using 1 pM
MPTES was considered sufficient and appropriate for the study. The
effect of MPTES concentration on monolayer formation has also been
previously examined and it is thought that the use of MPTES at 1 pM
concentration was sufficient.

After this process, optimization was carried out to create a disulfide
bond between the -SH terminated surface and the MUA. For this
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purpose, the reaction was carried out at room temperature, in the dark,
and a closed container purged with nitrogen. Since we determined that
the disulfide reaction occurred slowly in our previous studies, it was
aimed to perform time optimization by continuing the reaction for 2-12
h. This time, 1 pM MUA (in ethyl alcohol) was prepared for optimiza-
tion. At the end of the specified period, after the Si-wafers which were
previously modified with MPTES were removed and washed with ethyl
alcohol, the layer accumulated on the surface was measured using an
ellipsometer. Modeling was done with dielectric constants in the library
of the device using A and ¥ parameters obtained in ellipsometric mea-
surement and organic layer thickness was determined and presented in
Fig. 2b. At the end of this process performed to obtain a carboxyl-
terminated surface, it is seen that the thickness reaches a plateau after
6 h using 1 pM MUA. RMS roughness values have changed slowly,
reaching around 8 nm after 2 h. Within the scope of the study, it was
deemed appropriate to perform the reaction for 6 h while the MUA
concentration was 1 uM to ensure that the Si-wafer surfaces were uni-
form in each batch.

Furthermore, the optimums for the binding of aptamers with the
EDAC mechanism were determined by measuring the ellipsometric
thickness (Table 1). At the immobilization stage of the aptamer of 1.5
puM antiVEGF1, 120 min later, the RMS roughness decreased and the
ellipsometric thickness has become steady. For this reason, the optimum
binding time and concentration of both aptamers with the same length
were determined as 120 min and 1.5 pM.

3.2. Analytic performance of the spectrophotometric ellipsometric sensor

The interaction between VEGF solution in buffer and anti-VEGF1,
anti-VEGF2, and CTRL aptamers was investigated using SE. For this
purpose, the angle of incident light was brought to 60° and delta vari-
ation between 400 nm and 1700 nm was examined. The sensor response
obtained as a result of the interaction of VEGF solution (1-1000 pM)
prepared in the buffer with the sensor chip is given in Fig. 3a and b. As
can be seen, the sensor response from each sensor chip was similar to
each other (since the substrate is Si-wafer and the top layer is an organic
material), and the sensor response shifted to lower A degrees with the
increasing VEGF concentration. When this change was examined for
VEGF solution prepared from 10 pM to 1000 p), it was observed that
the A-\ change around the wavelength of 450-600 nm was linear with a
determination coefficient of 0.96-0.98 (Rz). By considering the linear
region in this range, the relative sensor response (based on the buffer-
only signal) was calculated and the sensor calibration graphs were
plotted (Figure 4a and b).

Calibration curve parameters of anti-VEGF1 and anti-VEGF2
aptamers and the detection limits calculated with 3¢ are given and
compared in Table 2, taking 3 times the standard deviation obtained at
the lowest VEGF concentration (e.g. S/N ratio being 3).

The CTRL aptamer gave a 1.33 + 0.41 A change when using 10 pM
VEGF while causing a sensor signal of 1.76 + 0.52 A when using 100 pM
VEGF, and 1.64 £+ 0.48 A degrees when using 1000 pM VEGF. This
shows that the aptamers are selective, but a very low amount of VEGF
cannot be removed from the sensor surface during the washing.

As seen in Fig. 4, the interaction between VEGF and anti-VEGF cor-
responds to the coupling reaction of the analyte with single or multiple

Table 1
Ellipsometric layer and roughness measurements for 1.5 pM Anti-VEGF1
immobilization (n = 10).

Time (min.) Thickness (nm) Roughness (nm)
30 1.08 +0.34 7.26 + 2.11
60 1.98 + 0.29 8.68 £+ 2.76
120 3.11 +£0.32 6.86 + 1.77
240 3.41 £0.31 7.04 £ 1.86
360 3.71 £0.33 6.89 + 1.98
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Fig. 3. a) Anti-VEGF1 and b) anti-VEGF2 aptamer sensor responses obtained
with 10-1000 pM VEGF.

Table 2
Analytical performances of aptasensors (n = 3).
Aptamer Parameters R? 30 LOD (S/N = 3)
Anti-VEGF1 Slope = 5.09618 0.97 0.87 5.81 pM
Intercept = -3.02429
Anti-VEGF2 Slope = 3.91953 0.98 1.23 4.29 pM

Intercept = —1.24733

sites and shows a semi-logarithmic relationship. The relationship be-
tween the log VEGF concentration and the sensor signal (i.e. A ex-
change) was linear with a high R2 The calibration curve fit the A =
5.096log [VEGF]-3.024 linear function (0.97 Rz). The sensitivity of the
anti-VEGF1 sensor by spectroscopic ellipsometry was 5.096 A/log
[VEGF]. Similarly, the calibration curve for the anti-VEGF2 fit the A =
3.9195log [VEGF]-1.2473 linear function with a 0.98 coefficient of
determination. The sensitivity of the anti-VEGF2 sensor by spectroscopic
ellipsometry was also 3.9195 A/log [VEGF].

The compatibility of the calibration data to the Langmuir model was
also checked, considering the aptamer- VEGF interaction takes place in a
single available aptamer region, on the sensor surface. As can be seen in
Fig. 5, the anti-VEGF aptamer/VEGF interactions fit the Langmuir model
given in Equation (1) with R? of 0.97 and 0.98, respectively.
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Langmuir model coefficients are given in Table 3. It has been
determined that the sensitivity of the anti-VEGF1 sensor is higher than
that of the anti-VEGF2 sensor. This can be confirmed by comparing the
interaction between aptamer and VEGF based on the Langmuir co-
efficients. As can be seen in Table 3, the product of parameters a and b is
0.76 for the anti-VEGF1 model and 0.43 for the anti-VEGF2 model.
There is a difference of approximately 50% between the ¢ coefficient of
the Langmuir model (Table 3). However, both aptasensors reached
approximately the same limit of detection (Table 2). Although there is a
50% difference in the Langmuir ¢ parameter, it can be said that the two
data are close to each other in terms of magnitude. For this reason, it was
concluded that the anti-VEGF1 and anti-VEGF2 aptamers have approx-
imately the same affinity to the VEGF. The limit of detection of both
aptamer, which was similar in terms of length (25 bases), was found to
be 5.81 and 4.29 pM, respectively. Besides, the interaction between
aptamer and VEGF fits the Langmuir model with a very high coefficient
of determination as expected and confirmed the single site (1 aptamer - 1
VEGF) relationship.
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Table 3
Langmuir model fitting and model parameters for anti-VEGF1 and anti-VEGF2
aptasensors (n = 3).

Parameters of the Langmuir model Regression coefficient (R?)

Anti-VEGF1 A 12.011 0.97
B 0.063
C 0.348

Anti-VEGF2 A 14.031 0.98
B 0.031
C 0.229

3.3. The specificity of the aptasensors

To test the specificity of the sensor, 100 pM and 1000 pM bovine
serum albumin (BSA) were analyzed solely with anti-VEGF1 and anti-
VEGF2 sensors. Also, the analysis was carried out by adding BSA solu-
tion in the same proportions as VEGF solution with the final concen-
tration of 100 pM and 1000 pM. The results of the specificity tests are
given in Table 4. As can be seen in Table 4, the sensor response obtained
for medium and high BSA concentrations for anti-VEGF1 was obtained
approximately 3 times the noise obtained for VEGF at that concentration
and remained within the 3¢ limits. Similarly, the sensor response ob-
tained for anti-VEGF2 was around 3¢ at low concentrations but slightly

Table 4

Specificity test results of aptamers for a) BSA only, and b) BSA and VEGF added

simultaneously (n = 3).
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a) BSA only BSA spiked VEGF spiked Sensor S/N ratio
(pM) (pM) response, A

Anti-VEGF1 100 0 0.98 +0.11 2.97
1000 0 1.21 +0.29 2.88

Anti-VEGF2 100 0 1.18 +£0.31 3.19
1000 0 1.46 + 0.34 3.65

b) BSA and BSA spiked VEGF (pM) VEGF found Recovery

VEGF (pM) spiked (pM) (%)

Anti-VEGF1 100 100 101.6 £ 1.1 101.6
1000 1000 1029 £ 2 102.9

Anti-VEGF2 100 100 102 + 1.4 102.0
1000 1000 1017 +£ 2 101.7

increased at high BSA concentration, up to 4 times the noise rate.
However, in both cases, it can be said that the response of the sensor
remains within the noise limits in the BSA only analysis. The deviation in
the sensor response obtained by applying VEGF and BSA solution
mixture to the sensor at the same time was less than 3%. It is a known
phenomenon that aptamers are specific to their targets and the aptamers
used in this study were determined to be specific against VEGF.

4. Conclusions

The diagnosis and monitoring of prognosis of cancer need easy to
use, selective, and sensitive sensors to be used in the detection of bio-
markers. Although the analytical performance of most sensor platforms
developed and reported for this purpose is sufficient, there are still
limitations in commercialization. For this reason, testing and reporting
the applicability of different platforms in biomarker detection is an
important milestone for using these sensor platforms in practice as the
main goal. In this study, a spectrophotometric ellipsometry-based VEGF
aptasensor has been developed by using two different aptamers based on
the detection of VEGF, which has been studied frequently as a biomarker
model. The determination of VEGF solutions in the range of 10 pM-1000
pM was successfully performed using two aptamer-based platforms. This
range is somewhat wider than those of some aptamer-based VEGF sen-
sors encountered in the literature (Table 5). For instance, the detection
range of commercially available ELISA Kkits is a bit narrower (e.g. 0.25
pM-100 pM). In some types of cancer, the physiological range of the
VEGF biomarker remains somewhat higher than this value, which is not
a great concern, since samples can be diluted before measurements. On
the other hand, the analytical performance of the ellipsometry-based
label-free sensor reported here, was found to be comparable with
other methods. Moreover, both aptamers (anti-VEGF1 and anti-VEGF2)
have selectively detected the VEGF and revealed a LOD value of about 5
pM which is a comparable value with the previously reported values.
Also, it was re-supported using the kinetic data, that the interaction
between aptamer and VEGF has occurred over the single binding site for
both aptamers. Consequently, the detection sensitivity and selectivity of
the VEGF sensor has been increased by developing a sensor based on
spectroscopic ellipsometry and using aptamers with proven selectivity in
this sensor.
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Table 5
Comparison of some aptamer-based VEGF sensors encountered in the relevant
literature.
Method Approach Detection LOD Ref.
range
Electrochemical SPE decorated with Au 0-250 nM 30 nM [67]1
nanoparticles, signal
amplification via
alkaline phosphatase,
sandwich assay,
aptamer
Electrochemical Mesoporous carbon — 0.5 pM-15 0.05 [80]1
Au nanoparticle pM pM
decorated SPE,
aptamer
Electrochemical Hemin, sandwich 0-80 nM 1nM [81]
assay, aptamer
Electrochemical Methylene blue, Au 0-20 pM 5pM [82]
coated SPE, aptamer
FET SiNW, FET, aptamer 104 pM-52 104 [51]
nM pM
FET Few layer graphene, 100 fM- 10 100 [83]
nitrogen doped, made nM M
of poly (pyrrole), FET,
RNA aptamer
FET Functionalized poly 400 fM - 4 0.4 [84]
(pyrrole) nanotube, pM pM
FET, aptamer
Fluorescence Au nanoparticle, 1.25 1.25 [42]
fluorescence pM-1.25 pM
quenching, aptamer uM
Fluorescence Peptide nucleic acid 5-50 nM 25 nM [85]
immobilized beads,
fluorescent dye, FRET,
aptamer
Fluorescence G-quadruplex aptamer 0.32-5 nM 0.32 [78]
— VEGF interaction, nM
fluorescence
polarization change
Fluorescence Chemilimunescence 0.875-87.5 0.875 [41]
resonance energy nM nM
transfer (CRET),
quantum dots, aptamer
Fluorescence Eu(IID)-chelate, 0.75-50 nM 0.25 [86]
quenching resonance nM
energy transfer
(QRET), aptamer
SERS Silica coated hollow Au 5 pM-50 0.5 [871
nanospheres, aptamer nM pM
SERS Ag decorated Au 0.01-1.0fM  22.6 [88]
nanopyramids, aM
aptamer
SPR Carboxyl coated 5 pM-50 5pM [89]1
polystyrene nM
microbeads, rolling
circle amplification,
aptamer
SPR A sandwich method, NR 1pM [90]
enzymatic
amplification, RNA
aptamer, and thrombin
aptamer
Spectrophotometric Aptamers immobilized 10-1000 5.81 This
ellipsometry on Si-wafer via MPTES,  pM pM study
MUA, and EDAC 4.29
routes. pM

the work reported in this paper.
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