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Abstract

A novel protein monolayer modified electrode has been prepared by the self-assembly of metallothionein (MT) at a gold disk
electrode. The properties of MT in Tris—HCI buffer and in the monolayer are studied by using cyclic voltammetry and differential
pulse voltammetry with a gold disk electrode. In the negative sweep, the voltammogram of MT in buffer shows two small peaks
and different electrochemical behaviour from that at a mercury electrode. Cd>* complexed to the thionein can easily be replaced
by Hg?* ions, and Hg?>* ions can firmly adsorb in the MT monolayer with a saturation coverage of (2.78 4+ 0.29) x 10 ~1° mol
cm ~ 2. This behaviour has been used to preconcentrate trace Hg> ™ for its determination by cathodic stripping differential pulse
voltammetry. The cathodic stripping peak current is proportional to Hg?>* concentration in the range of 0.15-3 uM and the
detection limit is ca. 0.08 uM (16 ppb) with a 2 min open circuit accumulation step. The relative standard deviation is 7.2% at
0.4 pM Hg?™* concentration (n = 4). At higher concentration the adsorption of Hg? " exhibits a response similar to that expected
for a Langmuir adsorption isotherm with the stability constant of (4.0 +0.2) x 10> M ~!. © 2000 Elsevier Science S.A. All rights
reserved.

Keywords: Chemically modified electrodes; Self-assembled monolayer; Metallothionein; Gold disk electrode; Determination of Hg(II); Cathodic
stripping voltammetry

1. Introduction mains (¢ and B) of MT and that each domain is
globular with a diameter of 15-20 A. Stillman et al. [4]

Metallothioneins (MT) are a group of low molar studied the mercury-binding properties of rabbit liver
mass and cysteine rich proteins. Their cysteine content MT using qbsorption and magnetic circular dichroism
is high, up to 30 mol% of the amino acids, thus they spectroscopies. They then reported the structures of the
possess a selective capacity to bind metal ions such as Cd, Hg and Zn thiolate cllusters based on an EXAFS
zinc, cadmium, mercury and copper through metal- study [5]. In order to obtain a better understanding of

thiolate bonds [1]. The binding capabilities play an the biological functions of MT, many different analyti-
important biological role in the storage and transport cal methods such as X-ray diffraction, NMR, ELISA

of essential metal ions, and the detoxification or seques- and RIA have been used to study the structure and
tration of toxic metal ions [2]. In the metal-saturated properties of MT, particularly the complexation of
thionein, the cysteine residues generally bind seven metal ions [5—10]. These contributions have been gath-
bivalent ions. Furey et al. [3] calculated the 2.3 A ered in monographs [11,12].

resolution electron density map of MT and proposed In recent years, electroanalytical methods such as
that the seven metal sites are distributed in two do- direct current polarography, cyclic voltammetry, square

wave voltammetry and differential pulse (DP) polarog-
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[22—-32]. Many studies on the electrochemical behaviour
of several Cd, Zn thioneins have been published [15-
17,22-31]. Most of these reports used mercury as a
working electrode, thus the polarograms of MT exhib-
ited one peak (at —0.390 V vs. Ag| AgCl | KCl (sat.) at
pH 7.0 [22,23]) which was attributed to the oxidation of
the mercury electrode in the presence of the peptide
acting as a chelating agent previously complexed with
cadmium. This peak has been used for the quantitative
determination of Cd and Zn-thioneins [32].

Several solid electrodes have been used as working
electrodes to study the voltammetric characteristics of
MT [18,33]. Sestakova et al. [18] compared the differ-
ence of electrochemical behaviour of MT at mercury
and carbon electrodes and reported that metals such as
Zn and Cd in the MT structure were substituted by Hg
from the mercury electrode surface. Limson et al. [33]
used cobalt(II) tetrasulfonated phthalocyanine modified
carbon paste and glassy carbon electrodes to study the
electrochemical behaviour of MT and obtained an oxi-
dation peak for cysteine at + 0.82 V (vs. Ag | AgCl) in
acidic media.

The fact that MT contains a large number of cysteine
groups leads us to believe that it may firmly adsorb on
gold surfaces through Au-thiolate bonds. Therefore, we
report here, for the first time, the electrochemistry of
self-assembled MT protein at a gold disk electrode. The
selective binding of self-assembled MT on gold surfaces
to metal ions provides an effective determination
method of trace Hg? ™. This work studies the binding
capacity of MT monolayers to Hg?>* cations and the
adsorption stability constant of Hg?* on MT
monolayer.

2. Experimental
2.1. Reagents and materials

Metallothionein, with a cadmium content of 6.7%
and zinc content of 0.5%, from rabbit liver was ob-
tained from Sigma (St. Louis, USA) Tris(hydroxy-
methyl)-aminomethane hydrochloride and tris(hydroxy-
methyl)aminomethane (reagent grade) were purchased
from Sigma for preparing 0.025 M pH 7.4 Tris—HCI
buffer solutions. Electrolyte solutions were prepared
with deionised water from a Milli-Q purification sys-
tem. Other reagents were of analytical reagent grade.
All experimental solutions were prepared with 0.025 M
pH 7.4 Tris—HCI buffer solution.

The bulk gold electrodes were prepared by sealing
polycrystalline gold wires (> 99.99%, Goodfellow,
Cambridge, UK) in glass tubes using a gas + air flame,
followed by attaching copper wires with tin solder for
electrical connection to the back of the electrode. The
gold electrodes were abraded with successively finer

grades of SiC paper to expose gold disks of macro-
scopic area about 7 x 10 ~3 ¢cm?. The roughness factor
of bare polished gold electrodes was 2.1 + 0.3, which
was determined from the ratio of the real to the geo-
metric area. The real area was obtained by measuring
the charge that evolved during oxidation of the superfi-
cial Au in 1.0 M H,SO, [34].

2.2. Preparation of MT self-assembled monolayer

The gold disk electrodes were first polished to a
mirror-like finish with 0.3 pm, followed by 0.05 pum
alumina slurry on microcloth pads (Buehler). After
removal of the trace alumina from the surface, by
rinsing with water and brief cleansing in an ultrasonic
bath, they were immersed in Tris—HCI buffer contain-
ing 1.0 x 10~°> M MT for over 48 h for self-assembly of
MT on the gold surface. The modified MT electrodes
were kept in Tris—HCI buffer following formation.

2.3. Electrochemical measurements

All electrochemical measurements were performed in
a Faraday cage with a BAS-100B electrochemical
analyser (Bioanalytical Systems Inc., USA) and a con-
ventional three-electrode system comprising a bare or
modified working electrode, a platinum wire as the
auxiliary and an Ag|AgCl|3.0 M NaCl electrode
(from BAS) as the reference. All potentials are reported
versus this reference at room temperature (r.t.) (~
20°C). All experimental solutions were deaerated with
nitrogen for at least 10 min, and maintained under a
nitrogen atmosphere during the course of the experi-
ment. The differential pulse voltammetric experiments
were performed under the conditions of 20 mV s—!
scan rate, 20 mV pulse amplitude as well as 50 ms pulse
and 17 ms sample width.

3. Results and discussion

3.1. Voltammetric behaviour of MT at a bare gold
electrode

According to results reported previously, the DP
polarograms of Cd- and Zn-MT at dropping mercury
working electrodes at pH 7.5 exhibited three peaks at
—0.40, —0.83 and —1.10 V (vs. Ag|AgCl) [22,23].
These peaks have been attributed to the oxidation of
the mercury electrode in the presence of free thiol
groups of MT [22,23] and to the reduction of cadmium
(Ep camr) and zine (E, z,\r) complexes of MT, respec-
tively. The reduction of Cd- and Zn-MT appeared at
more negative values than those corresponding to the
free cations, — 0.58 and — 1.01 V for Cd*>* and Zn?>™,
respectively.
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In our studies, the cyclic voltammogram of a bare
gold electrode in pH 7.4 Tris—HCI buffer exhibits a
large hydrogen wave at potentials more negative than
—0.85 V, thus the reduction peaks of both zinc com-
plexes and zinc cations cannot be observed. The cyclic
voltammogram of a 10 uM MT solution at pH 7.4
exhibits two small peaks at ca. —0.37 and — 0.70 V for
the cathodic processes. The peak at —0.37 V is very
poorly defined and its potential is slightly more positive
than that of the mercury electrode oxidation [22,23],
thus it may be attributed to the oxidation of Au in the
presence of thiol groups. The peak at —0.70 V is
proposed to be due to reduction of CAMT at the Au
electrode. It appears at a more positive potential than
those at a mercury electrode, but is yet 0.31 V more
negative than the reduction potential of —0.39 V for
free Cd®™ cations at the Au electrode.

Upon addition of cadmium cations to 10 uM MT
solutions, a new shoulder at ca. — 0.69 V, between the
peaks corresponding to Cd>* reduction and to CAMT

254 A
20
g a
& R
0 154 A A
5 1 A
5
510— a
o 4
txu L]
o 4
a2 5 o . . .
o .
0 .
T T T T T

T T
0 5 10 15 20 25 30
Concentration of Hg2*/uM

Fig. 1. Plots of reduction peak currents of CAMT (@) and HgMT
(A) versus Hg?>* concentration in 0.025 M pH 7.4 Tris—HCI buffer
including 10 pM MT.
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Fig. 2. Continuous cyclic voltammograms of bare (a) and MT
modified gold electrode (b) in 0.025 M pH 7.4 Tris—HCI buffer at 100
mV s~ L

reduction, appeared at mercury electrodes, proposed to
be due to reduction of a different form of CAMT [26].
At a Au electrode, the DP voltammograms of 10 uM
CdMT solution show only a small peak for CAMT at
ca. —0.70 V and a reduction peak for free Cd** at a
potential of — 0.39 V when low concentrations ( < 10
uM) of Cd>* are added. These differences possibly
result from strong adsorption of the uncomplexed thi-
ols of MT at the Au electrode surface, which prevents
further binding of metal cation to the protein. The
reduction peak current and width of the peak for free
Cd>* ion reduction increase upon addition of further
Cd?*. At high Cd** concentrations, this peak is very
wide so that it covers the small reduction peak of
CdMT.

When 2.5 pM Hg?>* is added to the 10 uM MT
solution, the DP voltammogram exhibits a new reduc-
tion peak at a potential of — 0.32 V, and the reduction
peak for CAMT is decreased greatly. This new peak
differs from that for the reduction of free Hg>* at a
bare gold electrode: the latter shows a DPV peak at
—0.153 V. The new peak is attributed to the reduction
of HgMT produced from the cation exchange between
Cd>* in MT and Hg®>" in solution. Upon addition of
Hg? ", the reduction peak current of HgMT increases
and the reduction peak current of CAMT decreases
(shown in Fig. 1). These phenomena are consistent with
the stability constants for the complexes (Kiygnr >
Kcamr) [22,23]. When the concentration of Hg?*t is
higher than 20 pM, the reduction peak current for
CdMT tends towards zero; almost all Cd>* ions in MT
are substituted by Hg?* ions. At the same time the
reduction peak current for free Hg?>* increases so that
the reduction peak of HgMT is obscured.

3.2. Cyclic voltammetry of MT modified electrode

When a Au electrode was immersed in 10 pM MT
solution for some time (e.g. 48 h for Fig. 2), its cyclic
voltammogram upon transfer to a solution containing
Tris—HCI buffer alone showed a reduction peak at
—0.77 V. This peak is proposed to result from the
reduction of adsorbed CAMT. The peak current is
about 25 times that of 10 uM MT in buffer, indicating
adsorption/pre-concentration of MT on the electrode
surface. The reduction potential of this adsorbed
CdMT is more negative than that observed for CAMT
in solution. With increasing immersion time in MT
solution, the peak current of the first sweep increases
and then tends towards a constant value.

The reduction peak current of CdAMT adsorbed on
the surface decreases rapidly and tends to the base line
of the cyclic voltammogram (see curve b in Fig. 2) upon
continuous cyclic sweeps. Comparing the cyclic voltam-
mogram of the CAMT adsorbed electrode with that of
a bare gold electrode (curve a in Fig. 2) in Tris—HCI
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Fig. 3. Continuous cyclic voltammograms of an electrodeposited Hg—Au layer (A), adsorbed Hg?>* at a Au electrode (B) and a Hg?* saturated
MT-modified Au electrode (C) in 0.025 M pH 7.4 Tris—HCI buffer at 100 mV s~ !,

buffer, the capacitive current is lower and the overpo-
tential of the hydrogen wave becomes more negative in
the former. These phenomena seem to indicate that MT
has adsorbed firmly at the Au electrode. The oxidation
peak of cadmium is not observed in the positive direc-
tion of the cyclic sweep. Thus, when Cd** ions in
CdMT adsorbed on the surface are reduced, the reduc-
tion product, cadmium, may dissociate from the MT
complex and diffuse into the bulk solution.

3.3. Electrochemistry of Hg?™* at a bare gold electrode

It has been noted that bare Au electrodes show
considerable memory effects and poor reproducibility
for both positive and negative sweeps in solutions con-
taining Hg?* [35]. After Hg?* is reduced at a bare Au
electrode, a layer of Au—Hg is formed, which makes
the reduction current of Hg?™ increase non-linearly
with increasing Hg?* concentration. In pH 7.4, Tris—
HCI buffer without the presence of Hg>*, the cyclic
voltammogram of the Au-Hg layer, which is formed
previously by cyclic sweeps between — 0.35 and + 0.3
V in Hg?* solution, shows redox peaks at ca. —0.02
and -+ 0.045 V corresponding to the reduction of Hg?*
and the oxidation of Hg in the Au—Hg layer (Fig. 3A).
Furthermore, these peaks are very stable to continuous
cyclic sweeps. After a fresh bare Au electrode is im-
mersed in the buffer containing 2.0 pM Hg?* for some
time (e.g. 10 min shown in Fig. 3B) redox peaks of
Hg? " /Hg can also be seen in buffer without Hg>*,
indicating Hg?>* can adsorb on the Au surface. These
peaks are unstable, they decrease with continuous cyclic
sweeps, and the peak separation is larger than that of
the Au—Hg layer. When the accumulation time at the
open circuit of a bare electrode in buffer solution
containing less than 1.5 pM Hg>* is increased, the
peak currents of DP voltammograms of Hg?* solution
increase. However, there is no simple relationship be-
tween the peak current and the open circuit time and
the reduction wave becomes more complex. After a
longer open circuit time, the DP voltammogram shows

two reduction peaks. With increasing Hg>* concentra-
tion from 1.5 pM, two reduction peaks also occur, their
peak currents showing poor reproducibility.

3.4. Action of MT modified electrode on Hg?™*

When a MT modified electrode is immersed in buffer
solution containing Hg?* for some time the cyclic
voltammogram of this electrode after rinsing and im-
mersion in buffer alone shows redox peaks of Hg> + /Hg
at potentials slightly more negative than those at the
Au-Hg layer. This indicates substitution of Hg?>* for
Cd?* in the MT monolayer. The peak-to-peak separa-
tion is slightly larger than that of Hg?™/Hg at the
Au-Hg layer. The redox peaks are very stable upon
continuous cyclic sweeps (Fig. 3C for 2 min immersion
time in 2.0 uM Hg?>* solution). The reduction peak
potential of HgMT in the monolayer is ca. 0.30 V more
positive than that in solution, thus HgMT in the mono-
layer is easier to reduce than that in solution and
slightly more difficult to reduce than the oxidation
product of the Au—Hg layer.

With increasing scan rate, the peak-to-peak separa-
tion of cyclic voltammograms of Hg?* saturated MT
modified electrodes in Tris—HCI buffer increase and
both reduction and oxidation peak currents increase
linearly with the same slope (Fig. 4), indicating a sur-
face-controlled electrode process. Thus, the Hg>* ions
adsorb firmly on the surface of the MT modified elec-
trode by the complexation by cysteine groups of MT.
From the peak area of cyclic voltammograms, the
surface coverage of Hg?* can be estimated. Consider-
ing the roughness of the electrode surface, the average
surface coverage of Hg?>* at a saturated adsorption
electrode is (2.78 £0.29) x 107 mol cm 2 for 12
determinations.

The MT molecule is composed of two globular do-
mains (o and B). The diameter of each globular domain
is 15-20 A. The two domains are linked at residues 30
and 31 to form a molecule with the maximum linear
dimension of 30-35 A [3]. If the MT monolayer is
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adsorbed onto gold surfaces through the cysteine
groups in a single domain (case 1) or in both domains
(case 2), then, the theoretical coverage for a complete
MT monolayer is between 5.2 x 10~ " and 9.4 x 10~
mol cm~? for case 1 or between 1.7 x 10~!' and
2.4 %10~ mol cm~2 for case 2. The coverage of
Hg?>* at the MT modified electrode is about 2.95-5.3
(average value 4.1) times and 11.8—-16.2 (average value
14.0) times the theoretical coverage for these two cases,
respectively. Usually, one molecule of MT can complex
seven metal ions, and four ions are in the o domain and
the others in the p domain [3]. Thus, case 2 is impossi-
ble. The average value of 4.1 times indicates that one
MT molecule in the monolayer can complex ca. four
Hg?* ions. As is well known, the adsorption of thiol
molecules on the Au surface forms a self-assembled
layer by the formation of Au-S bonds. Thus, the MT
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Fig. 4. Cyclic voltammograms of a Hg?>* saturated MT-modified Au
electrode in 0.025 M pH 7.4 Tris—HCI buffer at 5, 10, 25, 50, 75 and
100 mV s~ . Inset: plots of peak current versus scan rate.

-

Curmrent/nA
=
o
T
8 8 8

-200

-250

Strfpp'ng peall m‘rrent.'nA

(=)

100 200 300
Preconcelmration t'rne::s i
600 -400 -200 0 200
E/mV vs.Ag|AgCl

o

-300

Fig. 5. Cathodic stripping differential pulse voltammograms of Hg?*
at a MT-modified electrode using open circuit preconcentration in 2.0
uM Hg?* for 5, 30, 60, 90, 120, 150, 180, 210, 240 and 270 s. Inset:
plot of stripping peak current versus open circuit accumulation time.
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Fig. 6. Cathodic stripping differential pulse voltammograms of Hg?+
using 120 s open circuit preconcentration at a MT-modified electrode
in 0.4, 0.6, 0.8, 1.0, 2.0, 3.0, 5.0, 7.0 and 10 M Hg?*. Inset: plot of
stripping peak current versus Hg?* concentration.

molecule binds to the Au surface to form Au-S bonds
by cysteines in a domain, possibly the B domain, and
another domain is exposed to the solution and can
complex four Hg?* ions by Hg-S bonds. The complex-
ation may be used to preconcentrate Hg?* ions for the
determination of trace Hg? ™.

3.5. Determination of trace Hg?* by cathodic stripping
differential pulse voltammetry

In solutions containing trace Hg?™, the reduction
peak current of cathodic stripping differential pulse
voltammograms (CSDPYV) increases linearly with in-
creasing immersion time for the open circuit accumula-
tion of Hg?* ions at the MT modified electrode. After
a longer immersion time, the stripping peak current
tends to a constant value, indicating that the adsorption
of Hg?>* or the formation of HgMT in the MT layer
reaches saturation. The time for reaching the constant
value is different for various concentrations of Hg? ™.
The lower the Hg? ™ concentration, the longer is this
time. Fig. 5 shows the curves of CSDPYV in a solution
containing 2.0 uM Hg?*. From the inset in Fig. 5 an
estimate of about 140 s is obtained for saturated com-
plexation of Hg?*. With increasing preconcentration
time, the peak shifts slightly to more positive potentials.
All reduction peak potentials of HgMT on the surface
are ca. 0.30 V more positive than those in solution,
indicating that the reduction of Hg?>* in the MT layer
is easier than that in solution or that their electrode
processes are different.

When the open circuit time is set at 2 min, for
CSDPV of MT modified electrodes, a reduction peak
for HgMT is observed for Hg?>* concentrations of
more than 0.08 pM. The stripping peak current in-
creases linearly with increasing Hg?>™ concentration
from 0.15 to 3 uM (Fig. 6). The coefficient of variation
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for this calibration curve is 0.994. When the concentra-
tion of Hg?>* is more than 3 uM, the peak current
tends to a constant value. With an increase in open
circuit time, a narrower linear range is observed be-
cause of saturation of the protein binding sites. The
relative standard deviation of stripping peak currents in
the Tris—HCI solution containing 0.4 pM Hg(OAc), is
7.2% for four determinations.

3.6. Adsorption equilibrium constant of Hg?* on MT
monolayer

At higher Hg?>* concentrations the adsorption of
Hg?* with an open circuit time of 2 min tends to
saturation. The plot of the stripping peak current ver-
sus Hg?™ concentration shows a response similar to
that expected for a Langmuir adsorption isotherm.
Therefore, the process of complexation can be consid-
ered as an adsorption equilibrium at the modified elec-
trode | solution interface. The adsorption equilibrium
constant, b, can be determined according to the Lang-
muir equation (Eq. (1)):

0 =bc/(1+bc) (1)
Here 0 is the ratio of the surface concentration I” of

Hg>* at concentration ¢ to its maximum surface con-
centration I",,,. Thus,

/I =1/(bI o) + €/ T max 2

Assuming that the stripping peak current is propor-
tional to the surface concentration of Hg>*, Eq. (2)
may be written as

¢y = 1/(bly max) + ¢/Ty max 3)

A plot of ¢/I, versus c is shown in Fig. 7, which yields
good linearity, with a correlation coefficient of 0.9996.
From the slope and intercept of the line, an adsorption
equilibrium constant of (4.0 +0.2) x 10° M~! can be
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Fig. 7. Analysis of the cathodic stripping peak current and Hg?*
concentration at a MT-modified electrode using the Langmuir equa-
tion and the data of Fig. 6.

obtained. Thus, the Gibbs energy change due to the
adsorption is — 32.0 kJ mol ~! calculated from AG® =
— RTIn b.

4. Conclusions

The electrochemical behaviour of MT at a Au elec-
trode differs slightly from that observed at a mercury
electrode. Upon addition of Hg>* to MT solutions, a
reduction peak for HgMT appears and the reduction
peak of CAMT decreases. It is proposed that Cd**
cations complexed to the MT are substituted by Hg?*.
In addition, MT can adsorb firmly on Au electrode
surfaces via the formation of Au-thiolate bonds with
the cysteine in MT domains to form a self-assembled
layer. Cd?>* cations in the MT layer can also be re-
placed by Hg>* cations. Each MT molecule in the
monolayer can complex approximately four Hg>™
cations. This exchange process has been used in an
accumulation step at open circuit potentials, to precon-
centrate Hg?>* from solution for the determination of
trace Hg® . The formation of HgMT complexes at the
MT modified electrode follows a Langmuirian-type ad-
sorption isotherm.
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