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Ellipsometry is a promising technique for instance when it's combined with the plasmon resonance phenomena.
We reported a biosensor system available for qualitative/quantitative determination of mercuric ions in aqueous
media where both the spectrophotometric ellipsometry and oligonucleotide recognition elements were used. A
single step assay using both a linear (ProbeL) and a hair-pin (ProbeH) type oligonucleotide probe as a recognition
element, in addition to a sandwich-type (ProbeLS) assay were developed and compared. The detection limits
were 0.23 nM, 0.03 nM and 0.15 pM for ProbeL, ProbeH and ProbeLS, respectively. The detection range was be-
tween 0.05 nM and 100 nM Hg?™ for all assays proposed herein.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The mercuric ion (Hg?™) is an environmental pollutant with very
high toxicity and is a substance with fatal effects on human health in
the form of brain, kidney and many other organ damages [1-3]. The
microbial methylation of mercuric ion results in a potential neuro-
toxic agent, methylated mercury, that passes through the food
chain from the tissues of fish and marine mammals [4]. These com-
pounds are readily consumed by bacteria, plankton, fish, and accu-
mulate throughout the biological cycle and increase their
concentration [5]. In addition, studies have shown that many aquatic
environments destroy viable cell activity [6] and damage prolifera-
tion by energy metabolism. For this reason, it is crucial to determine
Hg?™ ions in aqueous media both for environmental and health is-
sues [7]. The continuous and routine control of Hg2™" in rivers and
large water basins is used to determine the safety of foodstuffs sup-
plied from water. Thus, it is desirable to develop a precise mercury
detection method that is simple, practical and suitable for routinely
performing Hg? " determination on a large number of samples in
both environmental and water samples.

There are various methods for Hg>* monitoring/detection such as
polarography, atomic absorption, atomic emission, fluorescence
spectrometry, inductively coupled plasma (ICP) spectrometry and ICP-
mass spectrometry [8]. However, although these methods have
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analytical advantages, they also have some disadvantages such as their
requirements for high amounts of aliquots, long-time processing, a
very good chemistry and instrumentation knowledge, and expensive
equipment [9].

Consequently, there are various methods for mercuric ion detection
and monitoring reported in the literature. Colorimetric [10-15], fluores-
cence based [16-20], electrochemical [18,21-23] and plasmonic
[24-26] methods were reported to detect this pollutant with faster
and relatively selective method. There are a number of reviews on the
Hg?™ detection/monitoring techniques in the literature which is quite
versatile to learn about the state of the art [4,23,24,27-30].

In this work, we discuss the analytic performance of spectrophoto-
metric ellipsometry which is a refractive method and its combination
with surface plasmon resonance (SPR) conditions (Fig. 1a). Both the
SPR and spectrophotometric ellipsometry can be used for the analysis
and the characterization of ultra-thin films deposited on any reflective
(but smooth) surfaces in physics, chemistry and biology fields. The in-
corporation of these techniques depends on the design of the appropri-
ate sensor chip and immobilization techniques [31-33]. In SPR based
sensor applications, the detection limit can be reduced to 10 nM oligo-
nucleotide target [34]. Another advantage of this method is that less
than 500 pL of sample is used for an assay. Ellipsometry applications
are usually used when the thin films are characterized [35,36]. How-
ever, it is possible to carry out analysis in the solution medium and
under conditions of total internal reflection ellipsometry (TIRE). Our
group has developed a number of TIRE sensors for various targets and
recognition elements, such as oligonucleotide based M. tuberculosis
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Fig. 1. a) Schematic diagram of spectrophotometric ellipsometry method under SPR conditions. b) Schematic representation of oligonucleotide probe based analysis and sensor response

upon target molecule binding.

[34] and avian influenza A [37] sensor, RNA aptamer for HIV-tat protein
detection [38], aptamer based Hg?>* [39] and zearalenone toxin detec-
tion [40], and heavy metal detection [41].

Determination of a particular heavy metal ion by an optical-based
method such as refractive methods (e.g. SPR) is difficult because metal
ions have similar refraction index values and are permeable in a dilute
form. For this reason, the studies made are relating to the preparation
of surfaces that are specific to certain heavy metals and the application
of SPR techniques on these surfaces. For instance, 1,6-hexane dithiol has
been used for selectively adsorbing Hg? " ion [42] in a SPR sensor with
limit of detection (LOD) of 100 pM. In a study using cross-linked chito-
san which is also a good adsorbent for heavy metals due to a large num-
ber of amino groups on it [43], 500 ppb Hg?>* LOD has been reported. Yu
and coworkers [44] reported a Hg>* specific surface where both poly-
pyrrole and 2-mercapto benzothiazole were used for selectivity, with
a LOD of 10 ppb. In another study where polypyrrole-chitosan polymer
composites have been used, 50 ppb LOD was reported but selectivity
was poor against to Pb?>* ions [45].

Another approach to the identification of mercury ions is the use of
DNA probes. The selectivity of thymine-Hg?"-thymine complexes
have been reported earlier by Katz in 1963 [46]. Furthermore, higher
stability of this complex than A-T base pair has also been reported
[47]. It is also known that the thymine-thymine (TT) mismatch formed
in this manner is more specific to Hg?>* than to other metal ions such as

Ag™, Cu?™, Ni?T, Pd?*, Co?t, Mn? ", Pb? ", Cd*™, Mg? ™, Ca® ™, Fe? ™+ Fe>+
and Ru>™* [48]. Due to this specificity, too much work has been done to
determine the mercury ion on the Hg?" binding with the TT mismatch.
Different detection methods such as fluorescence resonance energy
transfer technique [49], colorimetric sensors [50], electrochemical de-
tection [51] and DNA-enzyme based sensors [52] techniques have
been reported.

Researchers are more interested in the hairpin DNA structures for
sensor applications, since their sensitivity, detection capacity, and sta-
bility are more than linear DNA structures as a signal-recognition ele-
ment [53]. We preferred this structure because this may provide a
higher signal in the determination of targets due to dense formation
possibility in the vicinity of plasmon wave. An Hg? " ion assay was per-
formed under SPR conditions using hair-pin DNA probe has been re-
ported with the detection range for the Hg?" ion from 5 nM to
5000 nM and 5 nM LOD [54].

In this study, SPR and TIRE methods were combined to increase the
response from the TIRE sensor and reduce the detection limit for Hg?™
with the aid of the SPR phenomenon. Moreover, to compare the effect
of probe type to the analytical performance herein, three different
probes were used in this study. Two of the probes were used for direct
assay, where their structural formation was different (linear and hair-
pin) while another probe was used for a sandwich assay using gold
nanoparticles to further signal improvement (Fig. 1b).
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2. Materials and methods
2.1. General

Except otherwise stated, instruments and chemicals used in the
study are as follows: Ellipsometer (TT40 Spectrophotometric
ellipsometer, China), TIRE flow system (custom made), BK7 prism and
immersion oils (ThorLabs, Germany), Atomic Force Microscope
(ParkSystem XE100, Korea) Femtoscience, Korea), Spectrophotometer
(Shimadzu 1601, Japan), all chemical substances (Sigma-Aldrich,
Merck or Alfa-Aesar, analytical grade or higher purity), oligonucleotides
(Heliksbio, Turkey), distilled water (Millipore-Q, USA, 18 MQ).

2.2. SPR condition

The SPR condition was provided by a definite thickness ultra-thin
metal film (Au) coated glass slide where SPR phenomena is computable
for a given wavelength and angle of incidence. Glass slides with these
properties (BK7, refraction index at 532 nm is 1.58 at 25 °C) were
used. Aggressive oxidant treatment with 4:1 (by volume) concentrated
sulfuric acid and hydrogen peroxide solution then cleaning with a
plasma device (Femtoscience, Korea) under an air plasma of 100 W
for 30 min, followed by washing with ethyl alcohol/acetone was the
standard cleaning procedure prior to any modification. Metal coating
was done to achieve an adhesive layer (3 nm Cr) under the Au layer
(52 nm) on the substrate by physical vapor deposition. Au-plated
SPRe-TIRE chips were used after cleaning with the plasma device for
20 min before immobilization.

2.3. Probe immobilization

The Hg-specific oligonucleotide sequences (ProbL, ProbeH and
ProbelLS, Table 1) containing the SH terminated end were immobilized
on the gold surface using the self-assembly approach. The immobiliza-
tion conditions for the probes were determined by ellipsometric thick-
ness measurements at each immobilization step. The solution
containing probe prepared in PBS (pH 7.3) buffer at concentrations be-
tween 0.5 nM and 10 uM was used to determine optimal probe immo-
bilization conditions. The immobilizations were carried out at room
temperature for 1-6 h in a dark environment. After the interaction,
the surface film thickness of the sensor surface was measured
ellipsometrically (model parameters selected from the library of the
equipment are BK7/Au/Organic layer). Mercaptohexanol (MCH), pre-
pared in PBS buffer at a concentration of 100 uM prior to each run,
was conjugated to the surface.

The sandwich-structured analysis was performed using a secondary
complementary single strand oligonucleotide probe obtained by modi-
fying the gold nanoparticle (AuNP) to increase the signal from the SPRe-
TIRE sensor. First, the Hg? " specific oligonucleotide ProbLS sequence
was immobilized on the Au-coated surface. The immobilization condi-
tions were optimized again, because of differences in sequences and
variation in the number of bases. The ProbLS solution (5.0 nM -
5.0 uM) prepared in PBS buffer was interacted with the surface at
room temperature in a dark environment for 6 h. The measured

Table 1

ODN probe sequences used in the study.
ODN sequence Description
5'-SH-(A)20- TTCGT GTTGT GTTCG-3’ ProbL

5’-SH-(CH,)s- CGGGG GACAG GACTT GACCT
TCTCC GCCTT CTTCT CTCCT GTCCC CCG-3'

5'-SH-(CH>)6- ATTCT TTCTT CCCCC CGGTT
GTTTG TTT- 3’

5’-SH- AAACA AACAA-3'

ProbH (Hair-pin)

ProbLS (Sandwich assay - probe
immobilized probe surface)
Complementary sequence
(Sandwich assay)

ellipsometric thickness variation after surface immobilization of ProbLS,
at different concentrations, is listed in Supplementary Section in
Table S1. The optimal concentration in the PBS buffer for ProbeLS immo-
bilization was determined to be 0.75 M. The sensor surface after ProbLS
immobilization was also blocked with the MCH prepared in PBS buffer
(100 pM).

AuNPs were synthesized from auric acid (~40 nm) by citrate reduc-
tion method. Then, complementary probe for sandwich assay (CSS) was
immobilized on AuNPs. For this purpose, 1 mM, 10 mL of aqueous auric
acid solution was reduced using 1 mL of 38.8 mM trisodium citrate
dihydrate solution. Under continuous stirring, the hot citric acid solu-
tion was poured dropwise into auric acid solution at the room temper-
ature. AuNPs were obtained in solution in the colloidal state. The
colloidal solution was then centrifuged under cooled-ultracentrifuge
and washed using absolute ethyl alcohol, repeatedly. Then CSS at con-
centrations from 1 nM to 1000 nM (in PBS) was allowed to interaction
for immobilization. At this step, the conjugation was monitored using
UV-vis Spectrophotometer at 528 nm, and 10 min of interaction was
deemed to be adequate for the completion of the conjugation between
the probe and the AuNP. The AuNP concentration was also optimized for
conjugation for 10 min (see Table S2), and, then, all CSSs were prepared
using 500 nM AuNPs in PBS buffer.

2.4. Spectrophotometric ellipsometry under SPR condition

After immobilization of ProbH, ProbL, ProbLS and the blocking agent
MCH at appropriate conditions, analytical performance of the assay was
tested for Hg?™ determination in aqueous media. For this purpose, the
kinetic data were obtained by using an ellipsometer. In the TIRE config-
uration, ellipsometric angles A (Delta) and W (Psi) were measured real-
time (by 2-4 s intervals). When Hg?* binds to the probe, refractive
index and extinction of the interface (i.e. n and k) are changed that, in
turn, results in a time-dependent change of A (phase shift) angle. The
A is more vulnerable to the interface refractive index changes when it
is at/near SPR conditions where the phase shift has nearly infinite
slope. Furthermore, to determine the specificity of the ProbeLS, PbCl,
solution prepared in PBS buffer (10 nM) was also used. From the kinetic
data obtained, the range of detection and limit of detection of the assays
were calculated and reported.

3. Results and discussion
3.1. Analytic performances of direct assays

The sensor response of probes ProbH and ProbL immobilized sensor
chips to Hg?* at different concentrations (0.05 nM to 100 nM) was in-
vestigated. The kinetic data of both probes acquired during the sensor
surface-immobilization showed the surface saturation is achieved at
600 s (10 min) at room temperature. The main advantage of such a bio-
sensor system is that the analysis time is limited to a period of 10 min.
The probe responses of ProbL and ProbH are compared in Table S3. In
the first 100 s, at low Hg?™ concentrations, 90% of the total sensor re-
sponse was reached, but, at higher concentrations, it dropped to around
50%, which possibly indicates a non-favorable kinetics. Moreover, the
standard deviations reported in this table are probably as a result of
realtime-kinetic measurements using microfluidic cell (e.g. due to the
micro-temperature changes), because, under appropriate conditions,
the A measurement accuracy of the ellipsometer is +0.0001° (degree).
Also, the ProbH sensor response was significantly higher than that of
ProbL sensor. Although the sensor response obtained for the ProbL is
low compared to other probes while comparing the detection limit,
the accuracy of ProbL sensor is good in terms of standard deviations
listed in the table. Furthermore, for the hairpin oligonucleotide, the
structural formation change that occurred upon Hg?™ binding also
largely changed the ellipsometric angle, delta. In fact, the ellipsometer
is a device sensitive to the surface deposited material thickness (for a
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material with definite refractive index and extinction coefficient). For
this reason, both the Hg?" binding and the structural formation change
cause a very high sensor signal in comparison with the other probes.

In Fig. 2, the sensor response versus the log Hg? " concentration for
ProbL and ProbH is shown, respectively, in other words, the sensor cal-
ibration graph.

For the measurements performed for ProbH and ProbL, the maxi-
mum standard deviations (o) were calculated as 0.231° and 0.251°, re-
spectively. The detection limit (LOD) calculated from the calibration
curves for 30 was 0.0395 nM for ProbH and 0.232 nM for ProbL. Also,
taking into account the calibration curves, the detection sensitivity for
the ProbH (in other words, the slope of the calibration curve) is about
3.5 times higher when compared to ProbL. No surprise is observed in
the selectivity study with Pb?*, since the thymine-Hg?*-thymine inter-
action is extremely specific [55]. The Pb?>* signal obtained for ProbL and
ProbH probes were within the noise range (30) of the assay.

3.2. Analytic performance of sandwich assay

The sandwich assay was performed using secondary conjugated oli-
gonucleotide probe obtained by modifying the gold nanoparticle

(AuNP) to increase the signal to be received from SPRe-TIRE sensor.
The UV spectrophotometer analysis showed that the localized plasmon
resonance peak observed at 528 nm. In this case, the approximate size of
the nanoparticles obtained can be said to be around 40 nm. The interac-
tion of the AuNP-conjugate pair with the ProbLS, which was previously
immobilized on the surface and bound to Hg?™, resulted in a rapid in-
crease for the sensor response. It was thought that this rapid increase
was caused by sudden agglomeration of sandwich pair resulted in a
sudden refractive index and thickness changes. Then, the PBS buffer
was used to remove the unbound AuNP-conjugate pair, and, in turn,
the unbound AuNP-conjugate pairs were removed from the surface.
After getting a steady increasing sensor response, the calibration
graph is constructed using sensor response at 20th minute.

The sensor calibration graph is shown in Fig. 3. The sandwich sensor
gives a low slope but high cut-off (i.e. high detection limit but low sen-
sitivity) as AuNP changes the surface ellipsometric parameters exces-
sively due to its 40 nm size. The detection limit for this sensor, which
was calculated for 30 as in the previous section, was 0.15 pM since the
maximum o is 0.219 for this assay. The detection sensitivity (i.e.
slope) was smaller than that of ProbH and greater than that of ProbL.

3.3. Comparison of sensor types

The sensor sensitivities (i.e. slope of the calibration curve) and the
calculated detection limits (i.e. using 30) for ProbH, ProbL and ProbLS
used in the study are given in Table 2.

ProbL gives the lowest value in terms of both sensitivity and detec-
tion limit and shows suitable results for SPRe-TIRE performance in
terms of analytical limit. For instance, a 5 nM LOD has been reported
by two researchers in a SPR assay [54,56]. It is expected that TIRE perfor-
mance will frequently be better than the results obtained in SPR analy-
sis, since the SPR is sensitive only to the refractive index and examines
the change in light intensity in only one plane of polarized light. For
this reason, SPR sensors cannot provide the accuracy and sensitivity of
an ellipsometer with TIRE configuration.

In particular, ProbH can be an important quantitative sensor alterna-
tive, as it offers a detection limit of about 40 pM Hg?™ (in PBS buffer)
and is highly sensitive. However, with a detection limit of about 0.1
pM, ProbLS (i.e. sandwich analysis) can be very successful in the pres-
ence/absence analysis, but the quantification ability (i.e. sensitivity) is
about 60% less than that of the ProbH assay. In addition, it was observed
that the proposed linear and hairpin probe yields higher analytical
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Table 2
Comparison of sensor analytical performance parameters obtained from the calibration
curves of the sensors.

Sensor type Slope  Std error Intercept Stderror Calculated detection limit
pM Hg2+

ProbL 0.9584 0.0569 1.3780 0.0678 232

ProbH 3.5136 0.0142 5.6175 0.0186 39.5

ProbLS 2.0772 0.0599  8.3698 0.0765 0.15

performance than colorimetric and fluorometric strategies compared to
some literature examples given in Table 3. However, in an electrochem-
ical sensor study using the hairpin probe [22], a slightly better analytical
performance was reported than ProbeH. Unfortunately, no comparison
can be made regarding the use of optic sensors for hairpin structures.
However, compared to the studies reporting the sandwich analysis ap-
proach (or the use of AuNP for signal enhancement purposes), it
showed better analytical performance compared to most sensors listed
in Table 3. However, the analytical performance of ProbeLS was rather
low compared to the electrochemical sensor using only electrodepos-
ited graphene and AuNP [62]. As expected, the ProbLS array provided
a LOD 2800 times lower than ProbL and 400 times lower than ProbH.

4. Conclusions

In this study, SPReTIRE based biosensor with three different config-
urations has been developed for the determination of Hg? " in aqueous
media. The direct analysis using linear (ProbL) and hairpin (ProbH)
probes, in addition to a sandwich assay (ProbLS and AuNP-conjugate),
were used. The LOD for the Hg?" solution prepared in PBS buffer
reached 0.15 pM in the sandwich analysis which is quite well when
compared with the literature reports. The specificity tests were per-
formed using Pb? " for each assay and sensor signals remained below
the noise in each case. In particular, ProbH yields very good results
both in terms of detection limit and detection accuracy.
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Table 3
Some T-T mismatch, oligonucleotide based Hg2+ detection methods reported in the literature.
Method Approach LOD/LOQ Range References
Colorimetric AuNPs 60 nM 0.1-10 pM [13]
Colorimetric AuNPs 500 nM 0.1-1 pM [55]
Colorimetric AuNPs 0.6 nM 1 nM-100 pM [57]
Colorimetric Rolling circle amplification 1.6 nM 50-300 nM [14]
Fluorescent AuNPs, fluorescein 16 nM 0.02-1.0 pM [58]
Fluorescent Berberine 7.7 nM 100 nM-10 pM [16]
Fluorescent Fluorescein, aptamer beacon 4.28 nM 14.2-300 nM [59]
Fluorescent Ag nanoclusters 2.1 nM 6-160 nM [19]
Electrochemical Cuprous oxide-nano chitosan composite 0.15 nM 1-100 nM [60]
Electrochemical Direct immobilization on graphene 5pM 25 pM-10 pM [61]
Electrochemical Dual hair-pin, immobilized on cyclic-dithiothreitol 28 pM 0.1 nM-5 pM [22]
Electrochemical Electrodeposited graphene and AuNP 0.001 aM 1aM-100 nM [62]
Surface enhanced resonance Raman scattering (SErRS) Nanoporous gold, Cy-5 label 1pM 100 pM-10 pM [63]
SERS Carboxytetramethyl-rhodamine reporter modified aptamer 5 nM 5 nM-5 uM [64]
SERS Au@Ag NP, microdroplet 10 pM 10 pM-1 uM [65]
Field-effect transistor (FET) Graphene 10 pM 10 pM-100 nM [66]
Quartz crystal microbalance (QCM) AuNP 240 pM 1-30 nM [67]
SPRe-TIRE None 232 pM 0.05-100 nM This study
SPRe-TIRE Hair-pin structure-none 39.5 pM 0.05-100 nM This study
SPRe-TIRE AuNP, sandwich assay 0.15 pM 0.05-100 nM This study
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