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Abstract

An ellipsometric biosensor, to be used in the detection of mercuric ions that affect the vital organs of living organisms, was
developed. In this context, as a diagnostic element of the developed ellipsometric biosensor, a nucleic acid-based aptamer
that is highly selective for mercuric ions (Hg>*) was used. Two different aptamers, a long and straight sequence, and a
hairpin-structured oligonucleotide sequence were chosen. The detection sensitivity obtained by both aptamers was 0.237°/
uM and 0.211°/uM, respectively. The detection limit was 0.89 pM Hg**and 187 nM Hg?* for linear- and hairpin-type oli-

gonucleotide, respectively.
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Introduction

Mercuric ion (Hg?>") is a common pollutant as one of the
most important, stable, and water-soluble heavy metal ions
in biological and environmental conditions (Liu et al. 2010).
Mercury is a neurotoxin known to cause damage to many
systems and kidneys, including cardiovascular, respiratory,
gastrointestinal, hematological, immune, and reproductive
systems (Jiang et al. 2016). Mercury compounds are eas-
ily consumed by bacteria, plankton, fish, and other marine
mammals and accumulate in the tissues of these creatures
and are included in the food chain through the biological
cycle (Clarkson et al. 2003). It is reported that 84% of fish
in the world seas contain mercury well above the safe levels
(Grisci et al. 2016). Various studies have shown that mer-
cury levels in many aquatic species can cause cellular activ-
ity disruption, as well as energy metabolism and reproduc-
tive system problems (Clarkson and Magos 2006; Dragone
et al. 2009; Fanous et al. 2008). Therefore, an effective and
fast method is required for the detection of mercury ions,
especially in aqueous environments and food sources (Liu
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et al. 2016). The US Environmental Protection Agency
(EPA) has set the upper limit of Hg”>" in drinking water to
be 2 ppb (10 nM) to protect the public health (Clarkson and
Magos 2006).

Several analytical methods have been reported for the
detection of Hg?*, including atomic absorption and induc-
tively coupled plasma/mass spectroscopy (Lech 2014) and
high-performance liquid chromatography (Bacon et al. 2020;
Narukawa et al. 2018). Despite the full and rapid analysis
capabilities of some of these official methods, each of these
techniques has certain disadvantages such as requirements of
chemistry and device knowledge, and sophisticated devices
(Xiao et al. 2016). Alternatively, electrochemical, electro-
magnetic, and fluorescent methods have also been reported
(Chamier and Crouch 2012; Chen et al. 2015; Dalmieda and
Kruse 2019; Gabr and Christopher Pigge 2017; Jia et al.
2015; Li et al. 2009) (Zapata et al. 2010). Optical-based
detection methods such as surface plasmon resonance (SPR)
and ellipsometry, are preferred by some of the researchers
since they offer several advantages, such as stability, reli-
ability, and sensitivity (Chen and Wang 2020). There are
studies on the SPR-based Hg>* sensors that are using vari-
ous recognition elements such as, 1,6-hexane dithiol (Chah
et al. 2004), cross-linked chitosan (Fen et al. 2011), polypyr-
role-chitosan polymer composite (Abdi et al. 2011), biotin-
streptavidin conjugated gold nanoparticles (AuNPs) (Chao
et al. 2012), and DNA aptamer conjugated AuNPs (Chang
et al. 2011), in the literature.
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In the last 2 decades, spectrophotometric ellipsometry
(SE) was a widely used and preferred method since film
parameters, film thickness, composition, and optical proper-
ties of a thin film can be examined (Tompkins et al. 1998).
The SE method measures the change in polarization when
an electromagnetic wave is reflected from an interface. The
determination of optical properties is generally carried out
based on two or three-phase models (Bareif} et al. 2012).
An important advantage of the ellipsometer is that it allows
simultaneous control of surface quality, film thickness, and
dielectric properties, especially during the growth of thin-
film structures (Fang et al. 1996; Tompkins et al. 1998; Yim
et al. 2014). The basic magnitude measured by an ellipsom-
eter is the complex reflection rate which is a function of
ellipsometric angles psi (¥) and delta (A). There are also
sensor applications where ellipsometric approaches are used
in combination with various recognition strategies (Arwin
2001; Caglayan and Ustiindag 2020; Jin et al. 2011; Wang
et al. 2019).

In 1990, the two groups independently developed the
in vitro selection and amplification of RNA sequences that
can be specifically linked to target molecules (Ellington and
Szostak 1990; Tuerk and Gold 1990). After the introduction
of these functional RNA oligonucleotides, called aptamers
(Jayasena 1999), DNA-based aptamers were also reported
(Ellington and Szostak 1992). Especially with the develop-
ment of fast and automated selection technologies, DNA
and RNA aptamers have been selected in a wide target range
(eg proteins, peptides, amino acids, drugs, metal ions, and
even whole cells) (Ramos et al. 2007; Tombelli et al. 2007,
Zhang et al. 2019). Aptamers derived from having the ability
to fold after binding to the target molecule generally have a
high affinity for the target molecules (Jayasena 1999). These
aptamers can either be incorporated into small molecules in
their nucleic acid structures or integrated into macromol-
ecules such as proteins (Hermann and Patel 2000).

In this study, we report an ellipsometry-based aptasensor
to detect Hg>" in the aqueous media. Although SPR-based
sensors and in some cases aptamer sequences were used for
the detection of Hg>* ions, especially ellipsometry and sili-
con substrate monolayer formations were not used together.
For this purpose, to try to increase the detection limit, two
different aptamer sequences, one in the linear and the other
in hairpin structure, were used for the detection of Hg>*
using spectroscopic ellipsometry.

Experimental

In the first stage of the study, 3-Mercaptopropyltriethoxysi-
lane (MPTES) was covalently attached to the surface of the
Si wafer to form a self-assembled monolayer (SAM). Dur-
ing the modification process with MPTES, optimization of
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single-layer formation was performed. In the second stage of
the study, the immobilization of two mercury-specific oligo-
nucleotide probes (aptamers) on the MPTES substrate was
optimized. At this stage, the aptamer probe was immobilized
to the silicon wafer and a biochip chip was obtained. At
the last stage, the evaluation of the mercury detection per-
formance of biochip with spectroscopic ellipsometry (SE)
was performed. Finally, mercury detection sensitivities and
mercury detection limits (LOD) were evaluated and mer-
cury sensing performances of two different aptamers were
compared.

Chemicals and equipment

All chemicals used in this study are of an analytical or higher
grade. Chemicals purchased were used as supplied without
additional purification. Mercury-sensing aptamer probes
were provided by Ella Biotech GmbH, Germany, in base
sequence 5'-SH-AAA AAA AAA AAA AAA AAA AAT
TCG TGT TGT GTT CG-3' (Li et al. 2010) and 5'-SH-CGG
GGG ACA GGA CTT GAC CTT CTC CGC CTT CTT
CTC TCC TGT CCC CCG-3', in quantities of 12.6 nmol
and 11.4 nmol. Si wafers (100), on which the spectroscopic
ellipsometry sensor surface is formed, were one side pol-
ished and in standard thickness. Absolute ethyl alcohol, 96%
ethyl alcohol, and MPTES used in cleaning and modification
of silicone surfaces were of high purity and purchased from
Sigma-Aldrich. NaH,PO,, Na,HPO,, HCI, and NaOH were
used to prepare the phosphate buffer solution. The mercury
used in the test of the sensor was supplied by Sigma-Aldrich
as mercury salt (HgCl,). During the experiments, deionized
water with a specific resistance of > 5 MQ cm was used. Si-
wafer surfaces were washed with high purity water and ethyl
alcohol using an ultrasonic bath (JEIO TECH, Korea) before
modification. The air and oxygen plasma system (Diener
Electronics, USA) were used to clean the chemical impuri-
ties on the silicone surface and to form the oxide layer for
modification.

Opt-S9000 ellipsometer device was used to measure the
organic layer accumulation on the surface and the changes in
the dielectric constants (i.e. A and W) of the organic heavy
metal complex (Caglayan et al. 2009; Demirel et al. 2007a,
b). The ellipsometer device consists of two separate arms
with a light source and detector and a goniometer where
the angles of these arms are changed (Fig. 1). The polar-
ized light is obtained from a monochromator unit, where
the light from a polychromatic light source is reduced to a
single wavelength. The light coming to the surface placed on
the table at a certain angle from the light source then reflects
from this surface and reaches the detector. The delta and psi
angles (A and W) are determined by measuring the change in
the polarization states of the beam coming into the detector.
The accumulation on the surface and surface roughness on
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Fig. 1 Schematic representa-
tion of a typical sensor response
(a), spectroscopic ellipsometry
setup (b) and sensor surface,
self-assembled layer and aptam-
ers (c)

ptamer+Hg?*

Wavelength (nm)

(a)

Sensor response (Delta)

the prepared sensor surface was examined using the Park
System XE 100 model atomic force microscope (AFM) in
non-contact mode. Since the Si-wafer substrate is uniform
and well crystalized, root-mean-square surface roughness
data obtained using AFM can be used to compare surface
deposition uniformity (Demirel et al. 2007b). All measure-
ments were performed in an area of 5 pm X5 pm using the
NSC-15 model probe.

Otherwise stated, all data represented here were given as
arithmetical mean of three replicates in series, and standard
deviations were reported as 1o of this data. The thickness
and roughness data were collected using three specimens,
and by measuring at least ten random points on a single
specimen.

Modification of silicon wafer

Si wafers to be used were cut into 5 mm X 5 mm pieces using
a diamond tip pen. The cut wafer pieces were cleaned in
an ultrasonic bath for 10 min using 96% ethyl alcohol and
then high purity water for 10 min. Si wafers were dried with
nitrogen gas after bathing. After drying, it was kept in the
plasma device for 20 min to remove organic impurities on
the Si wafers and to form a hydroxylated surface for MPTES
modification. The plasma device was operated at 100 W. The
cleaned silicon surface was subjected to thickness measure-
ment with an ellipsometer for control purposes.

In the modification made with MPTES, first, the dura-
tion of immersion was optimized. The MPTES solution was
prepared in absolute ethyl alcohol (500 uM). As soon as the
cleaned and hydroxylated Si wafers came out of the plasma
device, a single layer was formed by immersing in 1 mL
of MPTES solutions. With this process, a Si wafer surface
functionalized with the thiol end group was obtained. Si
wafers were kept in different durations (2, 3, 4, 6, and 24 h)
in MPTES solution, in a light-free environment, and at room
temperature. The Si wafers removed from the solution at

Si wafer\l

Hg2"

Ellipsometer 4

|| BY

H H

I SAM
Si wafe\ I I o o

Si wafer

(b) ()

4

the end of the specified periods were carefully washed with
96% ethyl alcohol and then dried with nitrogen gas. Dried
samples were measured at an angle of 60° and 70° in the
ellipsometer, in the wavelength range of 400—-1700 nm.
From the A and ¥ data obtained as a result of the meas-
urement, the thickness of the organic layer was determined
precisely by spectroscopic ellipsometry using a silicon sub-
strate, SiO, layer and organic layer (with Cauchy model) as
model parameters. Surface topography and roughness were
obtained using AFM, then the optimum immersion time
was determined and this period was used in all subsequent
operations.

The optimum MPTES concentration was determined by
changing the MPTES concentration in five different concen-
trations (500, 100, 50, 10, and 5 pM). After the Si wafers
were cleaned using the processes described herein, they
were immersed in 1 mL of MPTES solution. The Si wafers
were kept in the light-free environment and at room tem-
perature during the optimum period determined in the first
experiment. After this period, the Si pieces removed from
the solution were washed with 96% ethyl alcohol and then
dried with nitrogen gas. In the same way, the established
samples were analyzed with ellipsometer and AFM, and the
optimum concentration for self-assembled layer formation
was determined, and this determined concentration was used
in all processes performed thereafter.

Oligonucleotide probe immobilization

The binding of thymine—Hg*?—thymine (T-Hg**-T) for
mercury ions is a selective form of binding. This selectiv-
ity was taken into account when selecting oligonucleotide
probes. Oligonucleotide probes (aptamers) are available
in different lengths and different structures. The aptamer
sequences used are given in Table 1. While linear array
was chosen as Probl, hairpin structured oligonucleotide
sequence was selected as Prob2. Mercury sensing —SH
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Table 1 Aptamer sequences used in this study

Probe Sequence Circular structure calculated
using mfold server (Zuker
2003)

Probl 5'-SH-AAA AAA AAA AAA AAA AAA AAT TCG TGT TGT GTT CG-3’ Linear

Prob2 5'-SH-CGG GGG ACA GGA CTT GAC CTT CTC CGC CTT CTT CTC TCC TGT CCC "

CCG-3
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AG=-8.27 kJ/mol

(thiol)-terminated aptamers were immobilized to MPTES-
modified silicon surface according to the thiol-disulfide
exchange reaction.

Experiments for the determination of optimum dura-
tion for immobilization were carried out using a 1 pM
aptamer solution in 0.1 M pH 7.2 phosphate buffer (PBS).
Self-assembled layers of MPTES-modified wafers were
immersed in 1 mL of aptamer probe solution for 2, 4, 6, 12,
and 24 h. The Si wafers removed from the solution at the
end of these periods were washed with high purity water and
then dried with nitrogen gas. Whether the optimum distribu-
tion of the aptamer probes on the surface is ensured or not
was determined by ellipsometric thickness measurements.
To determine the effect of concentration on the distribu-
tion of aptamer probes placed on the surface, the solution
prepared in five different concentrations (1 pM, 500 nM,
100 nM, 50 nM, and 10 nM) was prepared in phosphate
buffer solution (pH 7.2). The optimum time and concentra-
tion were determined by characterizing the dried samples
with ellipsometer and AFM, and these optimum conditions
were used in all processes performed thereafter.

Mercuric ion detection and sensor performance
evaluation

The aptamer probe obtained is provided to interact with the
immobilized sensor surface with mercury. Mercury, which
is supplied in the form of mercury salt (HgCl,), was diluted
with water and a solution of 100 mM of mercury was pre-
pared as a stock. The prepared silicon wafers were kept in
1 mL solution of 100 mM mercury solution for 6, 8. 12, 18,
and 24 h. The Si wafers removed from the solution at the
end of the specified period were washed with water and then
dried with nitrogen gas. Optimum time was determined for
mercury detection by analyzing the dried samples with an
ellipsometer. Finally, the success of aptasensors as a Hg**
sensor was checked by a spectroscopic ellipsometer. For this
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purpose, the sensor response was obtained by sending mer-
cury at different concentrations on both aptasensors (Probl
and Prob2). The silicon wafers prepared by the specified
processes herein were immersed in 1 mL of solutions of
10 mM, 1 mM, 100 pM, 10 uM, 1 pM and 1 nM Hg** and
kept for the time determined in the previous experiment. The
Si wafers removed from the solution at the end of the period
were washed with high purity water and then dried with
nitrogen gas. By analyzing the dried samples with ellipsom-
eters sensor detection limit (LOD) and detection sensitivity
were determined and compared.

Results and discussion

Modification of silicon wafer and immobilization
of probes

The immersion times have a great effect on the surface modi-
fications of silane molecules. Si-wafer surfaces were modi-
fied with MPTES molecules for 2, 3, 4, 6, and 24 h. After
ellipsometric measurements, the amount of MPTES mol-
ecules attached to the silicone surface was found as thick-
ness by calculations made by the device’s modeling pro-
gram. The calculated thicknesses for the 2, 3, 4, 6 and 24-h
time intervals were determined as 0.43 +0.025, 0.87 +0.036,
1.36 +£0.028, 1.82+0.039 and 2.51 +£0.0312 nm, respec-
tively. In the first 4 h, single-layer formation was observed
on the surface. However, the increase in thickness at longer
immersion times shows that macromolecules are formed on
the surface and multiple layers are not desired. The increase
in thickness for long periods occurs as a result of the accu-
mulation of MPTES molecules on the surface, possibly due
to the ingress of water caused by the humidity of the air. It
is likely that the moisture in the air is absorbed into ethyl
alcohol and included in the reaction, especially in periods
such as 24 h. Since the thickness of 1.36 nm formed at the
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4th hour is suitable for the desired single-layer form, the
immersion time was chosen as 4 h and this period was used
in the later studies.

The effect of MPTES concentration on the thickness of
the MPTES layer formed on the silicon surface and the for-
mation structure were investigated. For this purpose, five dif-
ferent concentrations of MPTES/absolute ethyl alcohol solu-
tion (500, 100, 50, 10, and 5 pM) were used. The duration
of immersion was 4 h which was determined in the previous
section. The thicknesses at a concentration of 5 and 10 pM
were determined as 1.22+0.027 and 1.36 +0.027 nm,
respectively. At the higher concentrations such as 100 pM,
the thickness rose above 5 nm. The rapid thickness increase
obtained at MPTES concentration of 100 pM and above
indicates that there is physical accumulation. The structural
formation that caused this thickness increase was examined
using AFM. It was found that MPTES at a concentration of
10 pM with an RMS roughness of 1.41 +0.255 nm was suit-
able for the desired monolayer formation. In the immobiliza-
tion process, the 5'-thiol-terminated oligonucleotide probes
were covalently bound by MPTES directly by a disulfide
bond. The structure formed on the sensor is shown schemati-
cally in Fig. 1.

In the optimum time determination study for immobili-
zation of mercury-specific oligonucleotide probes, silicon
wafers were kept in probe solution for 2, 4, 6, 12, and 24 h.
The probe concentration used to determine the immobi-
lization time is 1 pM and was prepared in 0.1 M pH 7.2
phosphate buffer solution. The immobilization of aptamer
probes (Probl and Prob2) with disulfide bonds at different
times was carried out at room temperature and in a light-free
environment. In the optimization study, thicknesses were
determined using a spectroscopic ellipsometer. Between 2
and 6 h, the thickness ranged from 1.35 to 1.87 nm, while
at 12 h the thickness increased to around 2.71 +0.134 nm.
No significant change in thickness was observed after 12 h,
and, therefore, the time considered appropriate for probe
immobilization was chosen as 12 h. Si wafers modified with
MPTES were kept in probe solutions prepared in 5 differ-
ent concentrations in the range of 1000-10 nM for 12 h. It
was observed that the thickness at a concentration of 10 nM
was 0.27 +0.123 nm, while the thickness at a concentration
of 1 pM was up to 2.63+0.111 nm. The immobilization
of aptamer probes at a concentration of 1 pM for 12 h was
determined as the optimum time and concentration during
the preparation of the sensor chip.

Mercuric ion detection and sensor performance
evaluation

Probl and Prob2 DNA oligonucleotides selected follow-
ing T-Hg™2-T binding for mercuric ions were immobilized
separately to MPTES-modified silicone surface for 1 h at

a concentration of 1 pM. In the time experiment with both
probes, the levels of mercury were observed to be the same
at all times, and it was determined that mercury detection
was completed at the lowest time, 6 h. Two different sen-
sors were obtained with this process, which was carried out
using two oligonucleotide probes of different structure, and
the sensor chip capacities of different diagnostic elements
were evaluated.

The sensor chips obtained to determine the mercury
detection limit and detection sensitivity have been tested in
mercury solutions prepared at different concentrations. The
phase shift (A) parameter was taken into account when eval-
uating the analyzes made with the ellipsometer device. The
ellipsometric A parameter depends on the optical properties
of the layers in which light is reflected, and, therefore, the
complex diffraction index can be directly associated with the
delta parameter. It is assumed that the reflection parameters
for dielectric substances are directly dependent on the layer
thickness for homogeneous layers (Poksinski and Arwin
2003). Also, since the ¥ angle, another ellipsometric data, is
the ratio of light intensity between the polarization states of
the reflected light, it is a kind of refractometric measurement
and it is not sensitive to the targeted concentrations in this
study. For the reasons stated, the change in the A parameter
measured using a spectroscopic ellipsometer was taken into
account in determining the performance of Probl and Prob2
aptasensors in Hg?* detection.

The A changes of Probl and Prob2 in various con-
centrations of Hg?* solutions in the wavelength range of
400-1600 nm are given in Fig. 2. In the graph, O (zero) M
curve was the measurements of the aptamer probe immo-
bilized substrate obtained by spectroscopic ellipsometry.
As seen in Fig. 2, after Hg?* complex formation the A—\
relationship changed at all wavelengths. Besides, with the
increase of ngJr concentration, sensor response for Probl
and Prob2 differ from the bare chip surface but similar to
Hg?" retained surface, and almost parallel in all cases. Espe-
cially in the wavelength range of 600-700 nm, A—A\ rela-
tionship was determined to be linear. Taking into account
the change in this region, the Hg?* detection performance
of the aptasensor was determined with a spectroscopic
ellipsometer.

The A-A relationship between 600 and 700 nm gave a
linear function with a regression coefficient (R?) of around
0.98 at all concentrations. The A—A lines in this wavelength
range have shifted to higher A values but have had simi-
lar slopes with increasing Hg** concentration. To analyze
the sensor response, the differences in this range A were
taken into account and the differences were determined for
1 nM, 1 pM, 10 pM, 100 pM, 1 mM and 10 mM are given
in Table 2.

The sensor response increased with increasing mercury
concentration. As expected, the multiple site Hg?* binding
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Fig.2 Spectroscopic ellipsometry response (A change) for the a Probl and b Prob2

Table 2 Sensor response of Probl ve Prob2 for various mercuric ion
concentrations and selectivity

Concentration (pM)

Probl—sensor
response (A, °)

Prob2—sensor
response (A, °)

10,000 5.902+£0.044 2.515+£0.021
1000 5.041+£0.041 1.882+0.019
100 4.306+0.056 1.298 +£0.036
10 3.714+0.031 0.970+£0.067
1 3.610+£0.022 0.808 £0.056
0.01 1.581+£0.127 0.594 £0.063
1 uM Pb>* 0.063 £0.042 0.081£0.072
100 uM Pb** 0.089+0.047 0.092+£0.061
Equation y=a+b*x
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Fig.3 Calibration curves for Probl (a) and Prob2 (b)
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of the aptasensor gives a logarithmically varying isotherm
curve. This indicates that at low Hg”r concentrations, the
sensor response will be linear. Sensor calibration curves are
given in Fig. 3. The sensing capacity of the sensor was high
even at low concentrations. While the response of the sensor
at a concentration of 1 nM was 1.58°, this response increased
up to 5.9° at a concentration of 10 mM. The data obtained
for the Prob2 sensor are also given in Table 2. It can be seen
that the response for Prob2 aptasensor was more linear at
higher Hg?" concentrations. The sensor response between
1 nM and 10 pM concentrations ranged from 0.5° to 0.9°,
up to 1.8° at 1 mM and 2.5° at 10 mM.

_- Equation y=a+b*x
26 Weight Instrumental -
7 |Residual Sum  76.376

— 2.4  |of squares 21
«a 4 |Pearson's r 0.9760
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Table 2 also gives the results of the selectivity experiment
with 1 uM Pb** and 100 pM Pb>*. Although the specific-
ity of aptamers (i.e. specificity of T-Hg*’~T mismatch) is
known and has been reported by various researchers, herein
Pb** ions which are known as the most significant interfer-
ent was used for to show the specificity of the sensor (Farzin
et al. 2015; Li et al. 2010; Wordofa et al. 2016; Wu et al.
2020). As can be seen from Table 2, the response of the
aptasensor obtained as a result of selectivity experiments
remained within the noise limits.

Sensor linearity and detection limit are important in sen-
sor applications rather than kinetic change. The log Hg*"
concentration—sensor response (A) graph was drawn to
evaluate the sensor performance of the Probl and Prob2
(Fig. 3.). This graph was used to determine the sensor detec-
tion limit and gave the first-order linear function of y=ax+b
(R?=0.98 for Probl and R>=0.94 for Prob2). As seen in
Fig. 3, the aptasensor gives a semi-log concentration—sensor
response curve and exhibits a kinetical behavior between
aptamer and Hg?*. The detection limit calculated on this
DNA-aptasensor, called Probl, is 0.89 pM (30 S/N ratio)
and the detection sensitivity is 0.237°/pM (slope of the line).
The detection limit calculated on the Prob2 DNA aptasensor
is 187 nM and the detection sensitivity is 0.211 degrees/pM.

Conclusions

Experiments were carried out for DNA aptamers having
a linear structure (Probl) and hairpin structure (Prob2).
While evaluating ellipsometric analysis, the phase shift (A)
parameter was taken into consideration. Assuming that the
reflection parameters for dielectric substances are directly
dependent on the layer thickness for homogeneous layers,
the accumulation on the surface as a result of hybridization
was observed as the relative change of the A.

The noise, o, as the standard deviation for both aptasen-
sors was determined as 0.054° and 0.044°, respectively.
When determining the LOD for the sensor, an uncertainty
of 3¢ was considered with the most aggressive approach.
Taking this uncertainty into consideration, the detec-
tion limit calculated on the Probl sensor is 0.89 pM and
the detection sensitivity was found to be 0.237°/pM. The
detection limit calculated on the Prob2 sensor is 187 nM
and the detection sensitivity was found to be 0.211°/pM.
In the specificity study, the sensor response obtained with
Pb** were 0.089 +0.047 (100 uM Pb**) and 0.063 +0.042
(1 uM Pb**) for Prob1, and 0.092 +0.061 (100 uM Pb**) and
0.081+0.072 (1 uyM Pb?*) for Prob2. These responses are
below the 3¢ noise limit and show the specificity valid for
the aptamer as stated in the literature. LOD value of Prob2
was within the detection limits encountered in the literature,
and for Probl, LOD was as low as 0.89 pM. Considering

that the analyzes were carried out using 1 mL Hg** solu-
tions, it can be said that the analytical performance of the
proposed methods is satisfactory. The LOD values specified
in the literature are slightly lower than the 1 ng/L (Approx.
5 pM) limit specified for the ultra-trace element detection
standard. Also, the method is quite simple. The specified
steps can be performed in a much shorter time and without
advanced device usage knowledge, and the use of solution
preparation and dilution steps. Consequently, two different
aptasensors have been successfully used in the detection of
ultra-trace amounts of Hg** from aqueous solutions using a
spectroscopic ellipsometer, which is a highly sensitive opti-
cal detection method.
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