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A sensitive voltammetric method for detection of mercury ions is described which is made by
modifying a gold electrode with 3-mercaptopropionic acid followed by covalent attachment of the
octapeptide His-Phe-His-Ala-His-Phe-Ala-Phe to the self-assembled monolayer using carbodiimide
coupling. A linear working range for concentration of mercury between 0.25 to 0.81 with LOD
9.5x10™ M was obtained which is below the WHO guidelines for drinking water. The reproducibility
of the analytical signal is 4.5% in indicating a reproducible and reliable detection system. The
developed method was applied for the detection of Hg(ll) in spiked wastewater and validated against
ICPMS. Good agreement was obtained between the developed method and ICPMS. Insignificant
interference was observed by As®*, Cr¥*, Cu®*, Ni**, Pb**and Zn®*" in detection of Hg(l1) thus making
the developed system highly potential for electrochemical sensor in Hg(l1) detection.
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1. INTRODUCTION

Mercury is the most neurotoxic element known to humans [1] that can exists in metallic,
inorganic, and organic forms. Inorganic mercury compounds take the form of mercury salts and
excessive exposure can cause a number of severe health problems such as brain damage, kidney
failure, and various cognitive and motion disorders [2]. Methylation of inorganic mercury has been
shown to occur in fresh water and in seawater, although almost all mercury in uncontaminated
drinking-water is thought to be in the form of Hg?* [3].
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Several techniques for the determination of the total mercury content have been reported,
including cold vapor atomic fluorescence spectrometry [4], cold vapor atomic absorption spectrometry
[5], inductively coupled plasma atomic emission spectrometry [6], and inductively coupled plasma
mass spectrometry [7].

The high toxicity of mercury has prompted the development of various analytical methods for
its determination towards the creation of a sufficiently stable detection system which is simple to
operate, inexpensive and does not require mechanical or chemical treatment before analysis or for
regeneration. Electrochemical sensors with recognition elements of biological origin have received
particular attention due to which include a very broad range of electrode materials and measurement
methodologies that can be selected. It also offers high sensitivity and selectivity, and impressive cost
effectiveness and miniaturization [8].

A group of researchers have been investigating the development of electrochemical biosensors
based on peptides for detecting heavy metals [9-14]. Some of them identify a peptide which is capable
of binding cadmium ions specifically for the measurement of low concentrations with minimal
interference from other metal ions.

Amino acid in peptide can be arranged in any particular order or length and present an almost
infinite number of ligands for binding metal [15]. The polar side chains of peptide might act as ligands
for metal ions based on the theory of hard and soft acids and bases [16]. Amino acid bearing N donor
ligands in their side chains (his, lys, arg) and S donor ligand (cys) have strong binding preferences for
class B metals (Ag*, Hg?*, Cd**, and Au*) [15].

In this work, we focus on determination of trace mercury in solution using self-assembled
monolayer (SAM) of peptide (HFHAHFAF) with 3-mercaptopropionic acid (MPA) using cyclic
voltammetry. Similar approaches have been used by Frey and Corn [17] where poly(L-lysine) was
attach to mercaptoundecanoic acid and Yang et al. [18] where the tripeptide Gly—Gly-His modified
electrode was prepared by first self-assembling MPA onto the gold electrode followed by covalent
attachment for the detection of copper in water samples.

2. EXPERIMENTAL

2.1. Materials

His-Phe-His-Ala-His-Phe-Ala-Phe (HFHAHFAF) was synthesized using Aapptec (apogee)
Machine (USA). N-hydroxysuccinimide (NHS) and 3- Mercaptopropionic acid (MPA) and Hg(ll)
nitrate were purchased from Aldrich (USA, Germany). 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) was from Fluka (USA) and 2-(N-morpholino) ethanesulfonic acid
(MES) was from Sigma (USA). Ethanol absolute was obtained from HmbG Chemicals (Germany),
Na,S0,4.10H,0 from Fisher (United Kingdom) and CH3COONa.3H,0 from Merck (Germany).

All solutions were prepared with deionised water (Sartorius Stedim Biotech). Buffer solutions
used in this work were 0.1 M Na,SO, (pH 7.0) and 0.1 M MES (pH 5.5). Stock metal solutions (50
HUM) were prepared in deionised water.



Int. J. Electrochem. Sci., Vol. 6, 2011 2800

2.2. Instrumentation

All electrochemical measurements were performed with pAutolab (Type I1l) (Microchemie)
interfaced to a PC using GPES (version 4.9) software for windows. The experiments were carried out
in a three-electrode cell at room temperature (25°C). The counter electrode was a platinum wire and
Ag/AgCl, 3 M KCI electrode was used as the reference; the modified gold (Au) electrode was used as
working electrode. Prior to any measurements, the solutions were deoxygenated by bubbling N, gas
through the solution for 15 min and N, gas was allowed to flow freely over the surface of the solution
during measurements. The signal of the modified and unmodified Pt electrode were measured using
cyclic voltammetry (CV) by scanning using potential from -0.25 V to 1.5 V with a scan rate of 100
mV s unless otherwise stated. The metal ion concentration of a solution was determined using 1CP-
MS (ELAN DRC-e) PerkinElmer SCIEX.

2.3. Preparation of peptide modified Au electrode (Au-MPA- HFHAHFAF)

The gold electrode (0.07 cm?) is polished with 0.3 and 0.05 pum alumina slurry on polishing
cloth, rinsed and ultrasonically agitated in order to remove adsorbed particles. The electrode was
incubated in a 10 mM solution of MPA in 75% ethanol, 25% water for overnight and rinsing with
absolute ethanol. Then, the electrode was incubated in 20 mM EDC and 4 mM NHS with 100 mM
MES (pH 5.5) for 2 hours followed by rinsing with 25 mM MES buffer solution. The gold modified
electrode was reacted overnight with 20 mg/ml of the synthesized peptide[18].

3. RESULT AND DISCUSSIONS

3.1. Electrochemical characterization of Hg(ll) at Au-MPA-HFHAHFAF peptide modified electrode

The sensing interface is fabricated as in Scheme 1. The first step involved in the fabrication is
preparing the gold surface, assembling MPA onto the surface, activating the MPA and finally attaching
the peptide. The success or failure of any of these steps is only evaluated once the peptide is attached
and the electrode is exposed to the metal ion. The effect of the nature and preparation of the gold
surface on the amount of MPA attached have been investigated previously [18-20]. The success of
attachment of the peptide to the gold electrode can be inferred from electrochemical study of the
modified electrode (Fig. 1). Gold electrode was modified with self-assembled monolayer of MPA and
activation of the carbonyl group with EDC/NHS. Covalent bond of the N-terminus of the peptide
results in the formation of peptide-modified electrode (Au-MPA- HFHAHFAF).

To characterize the Au-MPA-HFHAHFAF peptide modified electrode, cyclic voltammetry
(CV) was run using the modified electrode in 0.1 M Na,SOy as supporting electrolyte. The CV was run
using potential range between -0.25 V to 1.5 V (vs. Ag/AgCl) with scan rate of 100 mV s™*. The
corresponding voltammogram are shown in Fig. 1. Lines (a) and (b) represent the response of the Au-
MPA and Au-MPA-HFHAHFAF modified electrode in 50 uM Hg(l1) with 0.1 M Na,SO, supporting
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electrolyte respectively. Line (b) suggested that the peptide is associated with the interface and Au-
MPA-HFHAHFAF modified electrode can have more sensitive response due to the enhanced
partitioning of Hg(I1) in the modified electrode. If the peptide is absent, such that the electrode is only
modified with MPA, the response is low compared to modified electrode.

i) EDC / NHS
MPA i) HFHAHFAF
m - 2
S S
o
NH
© N
OH (// 0
HN HN

Scheme 1. Fabrication of the HFHAHFAF peptide modified electrode.

Upon accumulation of the electrodes in 0.5 mM mercury, a peak appeared in the CV due to the
cathodic process at a potential of 0.620 mV and 0.100 mV. Cathodic peaks ascribed to the reduction of
2Hg?* to Hg,?* and Hg,?* to 2Hg® [21]. An anodic process appeared at a potential of 0.843 mV and
1.365 mV suggested an oxidation of 2Hg® and Hg,**. Mercury free electrodes could be regenerated by
elimination of Hg(Il) by holding the working electrode at +0.5 V for 30 seconds in 0.1 M HCIO, [22].
Since the cathodic peak at 0.620 V is sharp enough, it was used as a potential window for
determination of Hg(ll) in this study. Fig. 2 shows cyclic voltammogram of Au-MPA- HFHAHFAF in
50 uM Hg(ll) using 0.1 M Na,SO, as supporting electrolyte. The current of the cathodic wave
increases with an increasing scan rate. It was observed that the rate of current increases is more rapid at
a slower scan rate than at the faster one [23].
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Figure 1. The cyclic voltammetry pattern of a) Au-MPA modified electrode and b) Au-MPA-
HFHAHFAF modified electrode in 50 uM Hg(ll) and 0.1 M Na,SO, as supporting electrolyte
(pH 7) with potential scanning commenced in negative direction over the range -0.25-1.5 V vs
Ag/AgCl at a scan rate 100 mV s™.

Faster scan rates causes the same amount of charge passed in a shorter period of time and the
current increases slowly at higher scan rate indicating that species on the surface are involved in the
reaction (surface-confined process).
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Figure 2. Effect of varying the scan rate on the cyclic voltammogram of Au-MPA- HFHAHFAF in 50
MM Hg(Il) and 0.1 M Na,SO, assupporting electrolyte (pH 7) with potential scanning
commenced in negative direction over the range -0.25-1.5 V vs Ag/AgCl at a scan rate 10-1000
mV s, Inserts: a) A plot of cathodic peak current versus square root scan rate b) Dependence
of log cathodic current on log scan rate.
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The wide potential range (the peak broaden) of the electrochemical transformation suggests
that they have a broad energy distribution [24]. Peak current is proportional to the square root of scan
rate as indicated in Fig 2awhich is based on Ranles-Sevcik equation. The slope value of 0.75 from the
plotted graph shown in Figure 2b demonstrates this electrochemical electrode process undergoes
adsorption-diffusion process [25, 26].

3.2. pH effect

In order to obtain optimal electrochemical behaviours of Hg(l1), the influence of 0.1 M Na,SO,4
supporting electrolyte pH on electrochemical behaviours of Hg(l1) at Au-MPA-HFHAHFAF modified
electrode were varied from pH 1 to pH 11. Fig. 3 shows that higher current was observed in neutral
conditions. The current increased with increasing pH value and reached the highest at pH 7. The
current started to decrease beyond that. Deprotonation involved in the reduction process that is
facilitated at higher pH values and provide more stable electrocatalytic activity for Hg(Il) reduction
[24]. An increase in pH will reduce the concentration of hydrogen ion, thus allowing greater complex
formation between Hg(l1) and peptide. To achieve maximum selectivity of Hg(ll) uptake, pH 7 was
selected for further experimental procedure.
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Figure 3. Reduction peak current at 25 °C for 50 nM Hg(Il) in 0.1 M Na,SO, as supporting electrolyte
as a function of pH using the Au-MPA-HFHAHFAF modified electrode with potential
scanning in negative direction from -0.25-1.5 V vs Ag/AgCl at a scan rate 100 mV

The reproducible accumulation and effective cleaning were illustrated by the precision obtained
for a series of six repetitions (n=6), with 50 nM Hg(Il). A good relative standard deviation of 4.5% was
obtained. Reproducible results were obtained with six similarly constructed Au-MPA-HFHAHFAF
modified electrodes. However the peak current of modified electrode started to reduce after eight days.
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This suggests that the electrode is stable and could be used for a week without loss of performance
whereupon the current response began to decline attributed to degradation of the alkenethiols. Short
chain alkanethiols are known to be oxidised in the presence of oxygen and light where the thiolate is
converted to either a sulfinate or a sulfonate. [27-30]. In both cases the oxidised thiol is not as strongly
adsorbed on the electrode surface as the thiol [27]. During the repeated use of the electrode, the
alkenethiols maybe oxidised whereupon it is detach from the electrode surface.

3.3 Calibration curve

In Fig. 4, a well defined peaks with peak currents proportional to the concentrations Hg(ll)
metal ions were observed in potential range of 0.2-0.9 V. Insets of Fig. 4a represent the calibration
curves of current intensity versus concentration of Hg(ll) concentration in the range of 0.25-0.81 uM
in a mixture of 0.1 M Na,SQO, solution with preconcentration time of 60s. The sensitivity, expressed as
the slope of the linear region of the calibration curve is 5x10” ApM™. The value of LOD obtained was
9.5x10° M (1.9 ppb) which is well below the WHO guidelines for drinking water of 2 pg/litre [3, 31].
Other papers [30,31] have reported lower detection limits than this, by using anodic stripping
voltammetry (ASV) at a solid gold electrode, however the deposition times are generally very long.
Even though such low detection limits were not achieved in this research, the result obtained
demonstrated that the developed Au-MPA-HFHAHFAF modified electrode are capable in detection of
and Hg(ll) at low concentration level as documented by WHO for drinking water.
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Figure 4. Voltammograms of Au-MPA-HFHAHFAF modified electrode in 0.1 M Na,SO,4 (pH 7)
supporting electrolyte with different concentration of Hg(ll). Potential scanning in negative
direction from 0.2-0.9 V vs Ag/AgCl at a scan rate 100 mV s™ . Insert: The calibration curves
of current intensity versus concentration of Hg(ll) concentration in the range of 0.25-0.81 uM
in a mixture of 0.1 M Na,SO, solution for preconcentration time of 60s.
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3.4 Interference

Study on possible interference were carried out using 1:1 ratio of each metal ions possibly
coexist with Hg?*. Insignificant interference was observed when As**, Cr**, Cu®*, Ni**, Pb**and zn*
coexist in the sample, indicating that these species did not really affect the determination of mercury.
However significant interference was observed from Cd**, Cu®**, Fe**. Khustenko et al. [32] reported
that iron and copper has the strongest effect on the determination of mercury by stripping voltammetry
in the potential range from +0.4 to +0.6 V, which makes the measurement of the stripping current of
mercury difficult. To eliminate the effect of iron, Khustenko used NH4F which forms stable
electrochemically inert complexes of the composition, mainly FeFs>. Copper was reported to have
interference with electrochemical sensor based on conformational change mediated by Hg?*
coordination [32-34]. This peptide also contains histidine and from the literature, cysteine and
histidine-rich peptide can bind to cadmium [35, 36].

3.5. Analytical Application

The developed method was applied for detection of Hg(Il) in wastewater samples in order to
evaluate the applicability of an Au-MPA-HFHAHFAF modified electrode in real sample application.
Waste water was analyzed using the developed method. The samples were also analysed using
inductively coupled plasma mass spectrophotometer (ICP-MS). The results were summarized in Table
1 and good recovery agreement was achieved between the two methods.

Table 1. Determination of Hg(ll) solution in wastewater samples from (a) Electroplating and (b)
Wood Treatment Industry.

Wastewater Detected by Detected by the

Samples ICP-MS, developed % Error
: (ppb) method, (ppb)

(@) Electroplating 20.48+2.0 25 93+15.1 26.6+13

Industry

(b) Wood

Treatment 35.69+3.6 32.04+31.3 10.2+10

Industry

4. CONCLUSION

A new octapeptide His-Phe-His-Ala-His-Phe-Ala-Phe modified electrode has successfully
applied in detection of Hg(Il) in aqueous environment. Modification of electrode was done by SAM of
peptide on MPA treated Au electrode. A reproducible study yielded a good relative standard deviation
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value of 4.5%. The sensitivity obtained was 5x107 A pM™ and the limit of detection (LOD) was
calculated as 9.5x10° M which is well below the WHO guidelines for drinking water of 2 pg/litre.
Low detection limits coupled with good selectivity for Hg(ll) satisfy the performance criteria for a
single metal ion sensor. Insignificant interference by As®**, Cr**, Cu®, Ni**, Pb**and Zn** was
observed. The Au-MPA-HFHAHFAF modified electrode exhibit long life time and generate precise
measurements over a period of 7 days.
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