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Abstract

The present work describes an ultrasensitive electrochemical sensor for determination of
mercury(ll) using deoxyribonucleic acid/poly-L-methionine-gold nanoparticles/pencil graphite
electrode (DNA/PMET-AuUNPs/PGE). To fabricate this biosensor, L-methionine (L-MET) was
electropolymerized on the PGE surface followed by simultaneous electrochemical entrapment of
AuNPs. Next, DNA was immobilized on the PMET-AuNPs/PGE by applying a 0 V potential.
The surface area of modified and unmodified electrodes was determined by chronocoulometric
technique. Hg®* was detected in the linear dynamic range of 0.1 aM to 0.1 nM, and the detection
limit was determined as 0.004 aM using square wave anodic stripping voltammetry (SWASV)
under optimized conditions. The DNA/PMET-AuNPs/PGE demonstrated good selectivity
toward Hg?* against other metal ions such as VV**, Pb®*, Cr®*, Cd**, Cu®*, Zn**, Sn**, In**, Ge*",

and Fe®". Real samples studies were carried out in seawater and fish samples.
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1. Introduction

Mercury is a heavy metal with high toxicity even at low concentrations. Despite the importance
of mercury in the industry, the environmental pollution caused by this metal is a very major
problem [1]. Mercury using causes abnormal functions of the brain, kidney, liver, eyes, and
bones upon accumulation in the body [2, 3]. The toxicity of mercury at low levels necessitates
analyzing it in water and other samples [4].

There are several methods for detecting trace amounts of Hg**. Conventional Hg®* detection
methods include flame atomic absorption spectrometry (FAAS) [5], graphite furnace atomic
absorption spectrometry (GFAAS) [6], inductively coupled plasma mass spectrometry (ICP-MS)
[7], inductively coupled plasma atomic emission spectrometry (ICP-AES) [8], and UV-Vis
spectroscopy [9]. However, these methods do not meet the demands for a portable, easy-to-use,
quick and cheap analysis. Pay attention thus that the US Environmental Protection Agency
(EPA) limit of Hg?* for drinkable water is 10 nM, which is much less than the detection of most
available assays. In this case, electrochemical analysis of heavy metals is an alternative to
conventional methods and also it has a high sensitivity [10]. Electrochemistry offers unique
application possibilities in the field of heavy metal analysis because of the compact, simple, and
portable instrumentation, low cost, less complex of instrumentation, shorter measuring time,
electrode miniaturization, and easy electrode modification [11-13]. Various electrochemical
sensors for determination of Hg?* ion have been reported including siliceous mesocellular foam
[14], Schiff-base ligand [15], and ion imprinted polymer[16]. Biomaterials such as enzymes,
amino acids, peptides, cells, and nucleic acids that can produce very selective and specific
interactions, are the most important candidates for electrochemical detection of heavy metal ions
[4].

The modification of polymeric species by coating onto the electrode surfaces (especially using
the electropolymerization technique) gives a wide flexibility because they contain functional
groups that can provide excellent high surface coverage using thick multilayer coating. L-
methionine can be directly electropolymerized as a porous and conductive polymer, onto
electrode from monomers [17-19]. Also, this amino acid is highly useful for immobilization of
nucleic acids because of the presence of carboxyl groups [20]. In this regard, -NH; and -COOH

groups of amino acids play important role in the electropolymerization process on the electrode



surface [21]. In order to enhance sensitivity and amplify the electrochemical response,
nanoparticles (NPs) are used as the supporting material in the preparation of modified electrode
[22]. The presence of NPs on the electrode surface enables fast electron transfer Kinetics,
increases the electroactive surface area, and reduces over-potential. Gold nanoparticles (AuNPS)
with unique properties such as high conductivity, good biocompatibility, and large specific
surface area are very attractive materials for sensors and biosensors. Many studies have used
AuUNPs modified electrodes for voltammetric sensing [23-25]. Gold is an appropriate matrix for
the electrochemical determination of Hg?* because of its high affinity toward Hg? that can
increase preconcentration effect [26]. Gold nanoparticles can bind to the surface of many
polymers through covalent bonding to functional groups such as CN, NH», and SH [18]. Thus, it

seems L-methionine that contains NH; group can form chemical bond with gold nanoparticles.

Deoxyribonucleic acid (DNA) can be used for the expansion of heavy metals sensors, such as
mercury, cadmium, and leads sensors, since they can form complexes with the selected nucleic
acid bases. DNA is the main biomolecule that has recently attracted considerable attention
because of its ability to bind small ligand molecules with high affinity and specificity. Small
molecules interact with DNA in two well-characterized binding modes: covalent mod and
reversible non-covalent binding mode (electrostatic, groove binding, and intercalation). The
investigations of DNA biosensors are currently under intense review because of their attractive
properties such as sensitivity, selectivity, simplicity, rapidity, and low cost. The interactions of
metal ions with DNA have been investigated extensively and are known to alter the DNA’s
structure and function. DNA has four different principal binding sites for metal ions: the
negatively charged phosphate backbone, the ribose hydroxyls, the base ring nitrogen’s, and the
exocyclic base keto groups [27]. In ds-DNA, such coordination tends to cause changes in the
structure of the double helix. For example, it has been found that Hg** can bring two thymine (T)
bases in the two strands together to form an Hg®* connected metal-base pair T-Hg?*~T, which
deforms the classic Watson—Crick double helix structure [28]. The changes are dependent on the
sequence of base pairs but tend to form a hairpin structure. Interference analysis with other
common metal ions suggests that T-T interactions are specific to Hg®". Therefore, the sensor and
biosensors based on DNA structure changes have a high selectivity and sensitivity. Although
DNA biosensors for measuring of mercury have been reported [29-31], there is no report on
biosensor design based on DNA/PMET-AuUNPs/PGE.
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In the present study, we have modified a pencil graphite electrode (PGE) by DNA/poly L-
methionine-gold nanoparticles (DNA/PMET-AuNPs) for the detection of Hg** in the aqueous
medium by the square wave anodic stripping voltammetry (SWASV). Application of very
sensitive SWASV method for determination of Hg** can help to increase the sensitivity. This
sensor showed a very low detection limit with respect to the high interaction of Hg®* with DNA
and poly L-methionine and also due to the AuNPs effect. Furthermore, the analytical
performance of the DNA/PMET-AuUNPS/PGE, such as linear range, reproducibility, and stability
were investigated and it was used as a useful electrode for electrochemical determination of Hg**

in environmental samples.

2. Experimental
2.1. Reagents and materials

Deoxyribonucleic acid sodium salt from salmon testes (DNA with CAS number: 438545-06-3)
was purchased from Sigma-Aldrich. L-methionine, mercury(ll) nitrate, and gold(l1l) chloride
trihydrate were procured from the Merck company. The stock solution (100.0 ppm DNA) was
prepared using Tris-HCI buffer solution (pH 7.0) and preserved in the freezer. Diluted solutions
of the DNA were prepared using Tris-HCI buffer solution. L-methionine was dissolved in
phosphate buffer solutions (PBS) with pH 7.0 (0.05 M), prepared using 0.05 M K,HPO, and
KH,PO, solutions.

2.2. Apparatus

The voltammetric measurements were done with a Dropsens portable bipotentiostat/galvanostat
MSTAT 400 instrument. Autolab potentiostat/galvanostat—12 electrochemical system was applied
for electrochemical impedance spectroscopic (EIS) measurements. The Dropview 8400 and FRA
4.9 softwares were applied for voltammetric and EIS tests, respectively. The utilized three-
electrode system was composed of a DNA/PMET-AuNPs/PGE as a working electrode, a
platinum wire as the counter electrode, and an Ag/AgCI/KCI (saturated) as the reference
electrode. The pencil graphite was accessible as pencil lead purchased from Owner Co. (Korea,
type HB, 0.5 mm diameter, surface area 0.159 cm?). A mechanical pencil was applied as a holder
for the graphite leads. The electrical contact with the lead was obtained by soldering a metal wire
to the metal part of the holder. Spectra were recorded and stored using a Perkin Elmer Lambda
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25 spectrophotometer with a PC using a 1-cm path length quartz cell. The Metrohm pH meter
(Model 827) was applied to control the pH value of the solutions.

EIS was carried out in the presence of 5.0 mM Kj3[Fe(CN)g]/K4[Fe(CN)g] in 0.1 M KCI as a
redox probe in the frequency range of 0.1 Hz to 100 kHz, polarization potential of 0.15 V, and
amplitude of 5 mV. The surface morphology of the modified electrode was characterized using
field emission scanning electron microscopy and energy dispersive X-ray spectroscopy (FESEM-
EDX) (model MIRA3TESCAN-XMU). Atomic force microscopy (AFM) was performed by a
DME microscope with 95-50 E probe model.

2.3.  Electrode modification
2.3.1. Modification of the poly L-methionine-gold nanoparticle/PGE (PMET-AuNPs/PGE)

The electrode was initially cleaned in ultrapure water two times and then in 50:50 (v/v)
ethanol/water solution. The electrode modification of PMET-AuNPs on PGE was performed
using cyclic voltammetric (CV) technique in the potential range of -0.6 V to 2 V with a scan rate
of 100 mV.s™! during 6 cycles and in 8.0 mM L-methionine (L-MET) and 48.6 pM HAUCI,
with PBS (pH 7).

2.3.2. Immobilization of DNA on the PMET-AuNPs /PGE

After modification of the electrode by PMET and gold nanoparticles (PMET-AuNPs /PGE), the
DNA was immobilized on the PMET-AuNPs /PGE using a potential of +0.5 V for 200 sec from
a stirred solution containing 10.0 ppm DNA in a Tris-HCI buffer solution (pH 7.0). In this way,
DNA/PMET-AuUNPs/PGE was prepared and dried at the room temperature and applied to

determine Hg*".

2.4. Preparation of real samples

The method was used to analyze Hg?" in three water samples collected from the Caspian Sea
(Gilan, Iran). Before using the samples, they were mixed and filtered (Whatman filter paper)

through a membrane with a diameter of 0.45 um.



The Caspian white fishes were collected from the Caspian Sea in Gilan province of Iran. The
samples were placed in clean plastic bags and stored on ice in an ice chest. They were then
transported to the laboratory and kept in a freezer at -20°C prior to preparation for chemical
analysis. A portion of the muscles was taken out quickly and was dried in an oven at 70°C for 48
h. After grinding the dry tissue, 0.5 g of the sample was digested with 5 mL of concentrated
HNO; for 4 h at 100°C. The resulted mixture was filtered and transferred into 100 mL flask and
then diluted with double distillated water up to 100 mL. The Hg*" content of the sample was

analyzed by the proposed method.

2.5. Procedure

The sample solution containing Hg?* in acetic acid (pH 3.0) was transported to the voltammetric
cell and the deposition potential 0 V was applied to the working electrode for 250 s while stirring
the solution. Following the deposition period, the stirrer was halted and the square wave
voltammogram was recorded from -0.5 to +0.6 V (vs. Ag/AgCI/KCI (saturated)) with a
frequency of 20 Hz and a step potential of 5 mV. A blank solution without Hg** was applied to
obtain the blank peak current.

3. Results and discussion

3.1. Electropolymerization of L-methionine, and fabrication of PMET-AuNPs/PGE and
DNA/PMET-AuNPs /PGE

The electropolymerization of L-MET using the cyclic voltammetry (CV) in the potential range of
-0.6 to 2 V has been reported [17]. Also, the electrochemical entrapment of AuNPs has been
performed with CV in the same potential range during 5 cycles [32]. Fig. S1 shows CVs of 8.0
mM L-methionine and 48.6 UM HAuUCl, in 0.05 M PBS (pH 7.0) solution on the PGE in the
potential range of -0.6 to 2 V. As can be seen, in the initial potential sweep, an irreversible
oxidation peak appears at 1.50 V. However, after the second cycle scanning, the peak potential
shifted to the cathodic direction, while the peak current decreased. The variations in the peak

potential, displays simpler oxidation in the further cycles. The possible reason for variations in



the peak potential was due to the formation of polymer membrane and its connection to the
electrode surface and also the effect of the formation of AuNPs on the electrode surface. The
peak current slowly changes using further cycles. Scheme 1 illustrates the design of the
DNA/PMET-AuNPs/PGE electrochemical sensor and the steps involved in the Hg**
electrochemical determination based on signal amplification of PMET-AuNPs and specific
combination between Hg®* and DNA especially, T bases of DNA, to form stable T- Hg**-T
linkage [28]. As can be seen, L-methionine initially is oxidized to form free radicals at the
surface of the electrode that can attach to the surface of PGE and the formed product reacts with
another L-Met by the elimination of water molecule to form a conductive polymer film on the
electrode surface [17, 19]. Simultaneously, AuNPs are simply formed during cyclic voltammetry
scans and the progress of electropolymerization and possibility bind to the polymer through
amide bonds [33]. Since metal nano particles at the electrode surface can be fragile in the
absence of a stabilizing material, the electrode should be modified with stabilizing material such
as polymers [18]. The porous structure of conductive polymers allows the AuNPs to disperse
into the polymer matrix and generate additional active sites [18]. Finally, DNA is immobilized
on the fabricated PMET-AuUNPs/PGE by applying a constant potential. DNA is able to use their
bases (adenine, thymine, guanine, and cytosine) to be adsorbed onto the AuNPs surfaces via
coordination interaction between bases and AuNPs [34]. Two major bonding factors govern this
interaction: the anchoring, either of the Au-N or Au-O type, and the nonconventional N-H...Au
hydrogen bonding [35]. However, NH; terminated group of DNA can form covalent
immobilization with some functional groups such as carboxyl that exists in the polymers [20].
After fabrication of DNA/PMET-AUNPS/PGE and in the determination step, Hg** is reduced
preconcentrated on the electrode surface. Finally, the oxidation peak current was investigated
using SWASV at 0.25 V.

Please insert scheme 1

3.2. The results of FESEM-EDS and AFM

Fig. 1 shows the field emission scanning electron microscopy (FE-SEM) images obtained to

investigate the morphologies of the and modified PGEs. Fig. 1A presents the surface of PMET-
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AUNPs/PGE. As can be seen in Fig. 1A, AuNPs were established on the electrode surface. Most
of AuNPs were dispersed on the electrodes surface in the FE-SEM image, exhibiting a large
surface area. Moreover, Fig. 1B shows SEM of DNA/PMET-AuUNPs/PGE surface. Energy
dispersive X-ray spectroscopy (EDS) analysis was utilized to check the elements present in the
modified electrodes. The EDS experiments showed that atomic percent of Au reached from zero
at bare PGE to 0.88 at PMET-AuNPs/PGE and to 0.99 at DNA/PMET-AuUNPs/PGE which it
confirms deposition of Au. On the other hand, atomic percent of P from zero at bare PGE and
PMET-AuUNPs/PGE, increased to 0.2 at DNA/PMET-AuUNPs/PGE which it is attributed to the
presence of DNA [36].

Atomic force microscopy (AFM) analysis was applied to investigate the surface morphology of
the bare PGE, PMET-AuNPs/PGE, and DNA/PMET-AuUNPs/PGE. Fig. S2 illustrates the two-
dimensional (2D) and three-dimensional (3D) AFM images of the bare PGE, PMET-
AUNPs/PGE, and DNA/PMET-AUNPS/PGE. As shown in Fig. S2A, in the bare PGE, a lumpy
surface is seen. In comparison, Fig. S2B displays a smoother layer based on polymer formation.
Fig. S2C illustrates surface morphology of DNA/PMET-AuNPs/PGE. The comparison of AFM
images reveals a marked difference in the roughness of the surfaces bare PGE with DNA/PMET-
AuNPs/PGE and PMET-AuNPs/PGE and similarity roughness between DNA/PMET-
AUNPs/PGE and PMET-AuUNPs/PGE. The roughness was obtained from AFM image as 139, 97
and 102 nm for bare PGE, PMET-AuUNPs/PGE, and DNA/PMET-AuUNPsS/PGE electrodes,
respectively. In other words, the bare PGE surface has a high amount of roughness but when the
polymer layer of PMET-AuUNPs is formed on the PGE surface and the DNA is immobilized on
this polymeric surface, the roughness decreases. This roughness reduction can probably lead to a
more compact and stable layer on the electrode surface.

Please insert Fig. 1.

3.3. Electrochemical impedance spectroscopy results

It is well known that electrochemical impedance spectroscopy (EIS) is an effective tool for
studying the interface properties of surface-modified electrodes. The electrical conductivity is



one of the most important properties of the modified electrode. In this study, impedance
measurements were used for conductivity studies. Fig. 2A shows EIS results of the bare PGE,
PMET-AuUNPs/PGE, and DNA/PMET-AuUNPS/PGE in the presence of 5.0 mM
Ks[Fe(CN)s]/Ks[Fe(CN)s] solution and 0.1 M KCI. It is therefore clear that the PMET-
AUNPs/PGE can increase the electron transfer compared with bare PGE with respect to presence
of conductive PMET and AuNPs. However, the presence of DNA has a lower effect on the
conductivity rather than its absence. The equivalent circuit with the Nyquist diagram is shown in
Fig. S3. In the circuit shown in Fig. S3A, R, CPEy and R represent solution resistance, a
constant phase element corresponding to the double-layer capacitance, and the charge-transfer
resistance, respectively. W is a finite-length Warburg impedance short-circuit term coupled to
Re, which accounts for the Nernstian diffusion. In the circuit above, the charge transfer
resistance of the electrode reaction is the only circuit element that has a simple physical meaning,
illustrating how fast the charge transfer rate changes during the reaction of the modified and
unmodified electrode with the electrode potential. The R¢ values for bare PGE, PMET-
AUNPs/PGE, and DNA/PMET-AuUNPS/PGE were obtained at 958, 640, and 604 Q, respectively
using fitting obtained data in the above circuit (Fig. S3).

Please insert Fig. 2.

3.4. Electrochemical behavior of Hg** at un-modified and the modified PGE electrodes

Fig. S4 shows the comparison of mercury(ll) nitrate detection on the bare PGE, PMET-
AUNPs/PGE and DNA/PMET-AuUNPS/PGE using SWASV in 0.1 pM Hg®* solution and pH 3.
SWASYV curves responses were recorded in the positive potential range of -0.1 V to 0.6 V. Based
on this figure, no observable signal was obtained on the bare electrode whereas, the signals
increases with the progress in modification steps. In addition, the DNA/PMET-AuNPs /PGE
shows a well-defined peak current that is 2.5 times higher than that of PMET-AuNPS/PGE. As
can be seen, this electrode represents the highest signal compared to the others. In many of the
heavy metal ion sensors, the target metal ion (Hg®") is adsorbed on the modified electrodes as
metal form (Eqg. 1) during the period of pre-deposition treatment. As a result, it undergoes
oxidation reaction (Eq. 1) during the determination step. Hg®‘can be adsorbed on the
DNA/PMET-AuUNPs /PGE regarding its high interaction with DNA and PMET (see in



Supplementary material and Fig. S5). However, the presence of AuNPs amplifies the signal due
to their high surface area and also high conductivity.

Hg?* + 2e'— Hg° (1)

Hg’—»Hg?" + 2¢” (2)

The effective surface area was also computed based on chronocoulometry experiments (see in
Supplementary material and Fig. S6) as 0.0132, 0.129, and 0.141 cm? for bare PGE, PMET-
AuNPs/PGE, and DNA/PMET-AuUNPsS/PGE electrodes, respectively. It should be mentioned that
the effective surface area or active electrochemical surface area is where electron exchange takes
place and it is different from the geometrical surface area, which is simply the sum of all the
physical areas that cover the surface of the electrode [37].These results show the expansion of

surface area with the progress in the modification.
3.5. Optimization of experimental parameters

In order to maximize the efficiency of the DNA/PMET-AuUNPs/PGE, some effective parameters
on the fabrication of electrode and determination of Hg?* should be optimized. These parameters
are included (I) concentration of L-MET, (II) concentration of HAuCl,, (I11) the number of
cycles for polymerization of L-MET and entrapment of AuNPs, (IV) scan rate of the
polymerization of L-MET-HAUCI,, (V) concentration of DNA, (VI) immobilization potential of
DNA, (VII) immobilization time of DNA, (VIII) effect of pH and effective parameters on the
deposition of Hg?* such as (1X) deposition time, (X) deposition potential of Hg**, and also (X1)
effect of frequency in SWV technique. The optimization these parameters are explained in the

Supplementary material and Fig. S7.

3.6. The calibration curve, detection limit, reproducibility, and stability of DNA/PMET-
AUNPs/PGE

SWASV was applied for the determination of Hg®* ion using the DNA/PMET-AuNPs/PGE and
the obtained voltammograms are shown in Fig. 3A. Fig. 3B presents the linear correlation
between peak current and the logarithm of Hg** concentration at DNA/PMET-AuNPs/PGE in the
range between 0.1 aM and 0.1 nM with a correlation coefficient of 0.9977.

The limit of detection (LOD) was determined as 3S,/m; where Sy is the standard deviation of

blank for five replica determinations and ‘m’ is the slope of the calibration curve. LOD for ng+
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with the DNA/PMET-AuUNPs/PGE was 0.004 aM. We compared the results of this modified
electrode with some other methods used for Hg** detection and listed the results in Table 1. In
brief, the novel DNA/PMET-AuUNPs/PGE for the sensing of Hg?* shows a very low detection

limit and wide linear dynamic range.

The reproducibility of the suggested modified electrode was examined to detect 30.0 aM Hg?* by
SWASV method. The current response of Hg** was determined by five different modified
electrodes (Fig. S8). The relative standard deviation (RSD) for five measurements was obtained
as 4.6%. The repeatability of DNA/PMET-AuUNPs/PGE modified electrode was also investigated
with five determinations of 30.0 aM Hg”* with one modified electrode. The RSD was calculated
as 3.7%. In order to investigate the stability of the DNA/PMET-AuUNPS/PGE electrode, the
SWASYV current responses for 30.0 aM Hg®* in pH 3.0 was recorded over a period of 30 days.
The response was reduced to 90% principal response after 3 days and to 80% after 12 days and
after that, it was nearly constant to 30 days (Fig. S9). Also, to investigate stability of electrode
composition in pH 3, the modified electrode was placed in solution with pH 3 and then the
SWASYV current responses for 500 nM Hg?* were measured. As, Fig. S10 shows the response

does not change over a period 60 min.

Please insert Fig. 3.

3.7. Interferences study

To assay selectivity of the DNA/PMET-AuUNPS/PGE, various possible interfering species were
investigated for their possible effects on the determination of Hg*". The experimental results
were compared with that for 0.01 nM Hg?* detection. The results showed that a 10.0 nM increase
in In*, Ge**, V¥, Mg?, Pb*, Cd*, zn*, Ca** and Fe*', and a 1.0 nM increase in Sn**, Cr*",
Cu®*" and Ag" have no interference on the determination of 0.01 nM Hg** using DNA/PMET-
AUNPS/PGE. The results show more selectivity of the sensor for Hg**compared to the others.
The high selectivity of the sensor is related to the specific coordination between Hg**and T bases
of DNA, which can lead to the formation of stable complex T-Hg?*-T. On the other hand, in
addition to the more sensitivity of fabricated biosensor to Hg”** compared with some other metal
ions such as Pb?*, Cd**, and Cu?*(that are seen commonly in the real samples), the responses of

these ions are seen at different potentials and also application of deposition potential 0 V in the
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preconcentration step, helps to increase the selectivity of method. Since metal ions with more
negative standard potentials, cannot reduce in this potential. Therefore, the fabricated biosensor

shows a good selective response to Hg** against other metal ions.

3.8. Application of DNA/PMET-AuUNPs/PGE in the analysis of environmental samples

The practical application of the DNA/PMET-AuUNPs/PGE electrochemical biosensor was studied
for determination of Hg?" in real samples such as sea water and the fish samples. The SWASV
technique was employed for Hg?* determination in real samples based on the optimal parameters
of the suggested method. For this purpose, initially, the sea water and the fish samples, which
were prepared in according to the Experimental section, were spiked with different
concentrations of Hg** and then the proposed method was applied to determine their Hg?*
amounts using standard addition method. The determination results (Table 2) show that the
recovery percentage was in the range of 90.0% to 106.0% and 96.6% to 112.0% for sea water

and fish samples, respectively.

Conclusions

In this paper, DNA/PMET-AuUNPS/PGE was simply fabricated by electropolymerization of L-
MET and electrochemical entrapment of AuNPs and eventually immobilization of DNA on the
PMET-AuNPs/PGE. This sensor showed excellent performance toward Hg?* determination such
as very low detection limit, wide linear dynamic range and suitable selectivity. Two components
of the sensor contribute to its significant improvement of detection performance: 1) PMET-
AuNPs were conveniently electrodeposited onto the electrode surface for improving electrode
performance. In addition to enhancing effects of AuNPs and poly-L-methionine, the presence of
them on the sensor surface provides a suitable platform for immobilization of DNA because of
coordination interaction between DNA bases and AuNPs and also the presence of carboxyl
groups in poly-L-methionine. 2) The strategy employed in this study mainly deals with the
determination of Hg?* based on specific combination between Hg?* and DNA (especially T bases
of DNA to form stable T-Hg®*-T linkage). The fabricated sensor can be developed for detection

of Hg?* in different real samples and also for simultaneous determination of some heavy metals
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using chemometrics methods in the future. However, the species with very near oxidation
potential to Hg and also very high interaction with DNA may be interfered in the determination

of Hg®* using this method.
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Table 1. Detection limit and linear dynamic range of various electrochemical methods for

determination of Hg**

Electrode Method Linear dynamic range Detection limit References
Functionalized gold DPV? 10 ng.L " to 1.0 pg.L™? 1.5ng.L* [26]
nanoparticles/reduced graphene
oxide
Gold nanoparticle-bioconjugate and DPV 0.05to0 2.5 nM 7.38 pM [29]

thymine—Hg?**—thymine

Target-induced structure-switching DPV 0.1nMt05.0 uM 0.06 nM [30]
DNA
DNA/Graphen-Au SWV 1.0 aM to 100 nM 0.001 aM [31]
EDTA/CPE® SWv 5%10” to 35x10°M 16.6x10° M [38]
AV-HA/GCE® sSwv 2x1071t02.1x10" M 141 nM [39]
PPhy/MWCNTS/IL/CPE° SWASV 1x10t0 0.15 pM 9.2x10”° pM [40]
Au/DMAET/(SWCNT-PABS) © SWASV 20 to 250 puM 0.06 uM [41]
AuNPs/CFME ' DPASV 0.2 to 50 uM 0.1 uM [42]
Np- AuNPs/ITO? DPASV" 0.1t0 10 uM 0.03 uM [43]
DNA/PMET-AuNPs/PGE SWASV 0.1aMto 0.1nM 0.004 aM This work

% Differential pulse voltammetry (DPV), bEthylene diamine tetra acetic acid (EDTA)/ carbon paste electrode, “Aloe
vera- hydroxyapatite/ glassy carbon electrode, OITriphenyl phosphine/ multiwalled carbon nanotube/ ionic
liquid/ carbon paste electrode, *Au/ 2-dimethyl amino ethane thiol hydrochloride/ (single walled carbon
nanotube- poly (m-amino benzene sulfonic acid)), fGoId nanoparticles decorated carbon fiber electrode,

gNanoporous gold nanoparticles/ indium tin oxide electrode, Differential pulse anodic stripping voltammetry.
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Table 2. Determination of Hg** in environmental samples

Sample Add (pM) Found (pM) % Recovery
Sea water® 0.0 1.440.1° -
3.0 4.14+0.2 90.0
5.0 6.7+0.2 106.0
Fish” 0.0 1.0£0.1 -
3.0 3.9140.2 96.6
5.0 6.6+0.3 112.0

“Caspian sea, ° Caspian white fish, © Mean =+ standard deviation (for triplicate determinations)
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Figures Captions:

Scheme 1. A schematic of fabrication of the DNA/PMET-AuNPs/PGE electrochemical sensor

for mercury(1l) detection.

Fig. 1. FE-SEM images of (A) PMET-AuNPs/PGE and (B) DNA/PMET-AuNPs/PGE.

Fig. 2. (A) EIS of bare PGE, PMET-AuNPs/PGE, and DNA/PMET-AuUNPs /PGE in the presence
of 5.0 mM Kj[Fe(CN)g]/K4[Fe(CN)g] solution and 0.1 M KCI.

Fig. 3. (A) Square wave voltammograms of Hg”* at DNA/PMET-AuNPs/PGE in pH 3 at
frequency of 20 Hz with a step potential of 5mV, deposition potential 0 V and deposition time

250 s (containing different concentrations of Hg®* from 0.1 aM 0.1nM) (B) the linear
relationship between the current responses versus logarithm of concentration of Hg?".
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Highlights

o A novel DNA/PMET-AuUNPS electrochemical sensor has been developed
o The presence of PMET provides a suitable platform for immobilization of DNA

o The surface morphology modified electrode was characterized by FESEM, EDS,

AFM and EIS

o The proposed sensor showed wide linear dynamic range and very low detection

limit

o The sensor was used for determination of Hg
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%* in sea water and fish samples.





