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Abstract

Electrochemistry combined on-line with inductively coupled plasma-atomic emission spectrometry (EC/ICP-AES) was used to
study the electrode reactions of rabbit liver metallothionein (MT) adsorbates at thin mercury films (TMFs). Three major oxidation
peaks, with peak potentials at −1.20, −0.75 and −0.32 V, were observed. Through the correlation of the DPV characteristics
to the elution of the Zn2+ and Cd2+ ions monitored by time-resolved ICP-AES responses, the peak at −1.20 V was assigned
to the anodic stripping of Zn(Hg). For the first time, both Zn2+ and Cd2+ were found to be associated with the initial oxidation
at −0.75 V by EC/ICP-AES. In the subsequent voltammetric scans, the peak at −0.75 V decreased but remained steady and did
not result in the elution of additional metals. The initial decrease in current is suggested to originate from the anodic stripping
of the Cd(Hg) amalgam and the Zn–Cd intermetallic compound in the TMF. The anodic peak remaining at −0.75 V was
attributed to the formation of the cystine analog from the electrodimerization of the uncomplexed cysteine residues in MT
molecules. The quantities of Cd2+ and Zn2+ under the oxidation peaks were measured by EC/ICP-AES. Our work demonstrates
that EC/ICP-AES is a viable technique for elucidating relatively complicated electrode reactions that involve metal release and
transfer. © 2001 Published by Elsevier Science B.V.

Keywords: Metallothioneins; Ion transfer; Electrochemical ICP-AES; Voltammetry; Anodic oxidation

www.elsevier.com/locate/jelechem

1. Introduction

Studies of the metal ion flux between metalloth-
ioneins (MTs) and their biological partners have re-
cently generated a great deal of interest [1–8]. MTs are
a family of small metal-binding proteins that have been
purported to play an important role in heavy metal
detoxification and intracellular regulation of essential
metals [8–10]. Most studies have focused on the under-
standing of the metal transfer process under various
redox conditions and/or the quantification of the metal
release associated with the MT redox reactions [1–7].
The two focal points are prompted by the intent of
verifying the hypothesis that the metal transfer between

MTs and their substrates is influenced by the cellular
redox conditions. Recent research has indicated that
the metals released by MTs to a substrate or that
received by apo-MTs from a metal-containing species is
facilitated by a redox-active species (e.g. glutathione
(GSH)) and the directionality of the metal transfer is
mediated by the status of the redox-active species
[1,2,8]. For example, the reduced form of GSH favors
Zn transfer from enzymes to MTs, whereas the glu-
tathione disulfide (the oxidized form of GSH) enhances
the reverse process of Zn release from the protein
[1,2,8].

Various analytical techniques have been used to in-
vestigate the metal transfer between MTs and different
metalloenzymes or species possessing metal-binding lig-
ands [6,11–14]. Among them, electrochemical tech-
niques offer certain unique advantages [12–14]. First,
the redox potentials of MTs at the electrode surface or
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the electrode � solution interface can be accurately de-
termined and the mechanism through which electroac-
tive groups undergo electron transfer reactions with the
electrode can be probed. Second, the precise control of
the electrode potential provides an excellent opportu-
nity to trigger the metal release from the MT molecules
or to examine the metal uptake by the MT molecules.
A prodigious amount of voltammetric work has been
performed to measure the redox potentials of various
types of MT isoforms or subisoforms [12–27]. Quite a
few papers have also been published on the use of
differential pulse voltammetry (DPV) to study the MT
metal binding constants and the binding events [18].
We recently studied the redox behavior of rabbit liver
MT adsorbates formed onto thin mercury films
(TMFs) under both open-circuit [27] and controlled-
potential conditions [28]. The utilization of TMFs al-
lows other non-electrochemical techniques to be used
in conjunction with voltammetry. For example, a
quartz crystal microbalance (QCM) was employed to
measure the amount of MT adsorption in the presence
or absence of an applied potential [28]. Determination
of the MT surface coverage enabled us to estimate the
number of cysteines participating in the MT complex
oxidation reactions [27,28] and to study the redox-in-
duced transformation between the cystine residues and
the mercury–cysteine thiolates in an adsorbed MT
molecule [27]. Our studies and other groups’ reports
have both shown that MTs exhibit interesting but
complex redox activities. Specifically, the various elec-
troactive groups, such as cysteine, cystine, and cys-
teine–metal thiolates containing different metal ions
can give rise to many processes (see Section 3.1 for a
detailed description of the major processes). As a con-
sequence of the complexity and some overlapping
peaks, quantification of the metals released by MT can
be difficult at times, due to the limitation of many
conventional voltammetric techniques in resolving
overlapping peaks and, particularly, in quantifying
metals which exist in several possible forms (i.e. free,
amalgamated or complexed). The attempt to resolve
the overlapping peaks and to quantify metals released
from the redox reactions of MT adsorbates is the focus
of this work.

As we will show in the rest of this paper, the solu-
tion for accurately quantifying the metal transfer in-
duced by electrochemical reactions of MTs resides in
the combination of voltammetry with other analytical
techniques that are more suitable for trace metal analy-
sis. One such combination, electrochemical inductively
coupled plasma-atomic emission spectrometry (EC/
ICP-AES) [29,30] or mass spectrometry (EC/ICP-MS)
[29,31–34], has been shown as a powerful hybrid tech-
nique for enhanced metal detection and for unraveling
complicated electrode reactions, whose products con-
tain metals. For example, we recently used this hybrid

technique to determine inorganic dopants in
polypyrrole films and compared the results to that
deduced from electrochemical quartz crystal microbal-
ance (EQCM) experiments [30]. We demonstrated that
EC/ICP-AES can provide more accurate data than
EQCM, since complications to the quantitative EQCM
measurements (solvation, viscoelastic effect, and simul-
taneous mass gain and loss in competitive ion insertion
and ejection processes) are absent in the EC/ICP-AES
approach [30]. Other advantages of EC/ICP-AES over
conventional voltammetric techniques include the spe-
cies-specificity (e.g. differentiation of elements of simi-
lar reduction potentials), high sensitivity (typically
down to parts-per-billion for most elements), and the
immunity to problems inherent in voltammetric experi-
ments (e.g. charging current and overlapping voltam-
metric peaks).

In the present work, we show that EC/ICP-AES can
be used to quantify both Zn2+ and Cd2+ ions that are
released/replaced from the MT adsorbates involved in
the various electrode reactions. The comparison and
correlation between the DPV results and the ICP-AES
data allowed a better understanding of the electrode
processes. The cumulative results from our previous
voltammetric and QCM studies, together with the
present EC/ICP-AES findings, help us put forth a
comprehensive description of the various electrode re-
actions at mercury surfaces.

2. Experimental

2.1. Chemicals

Rabbit liver MTs (containing MT-I and MT-II)
were obtained from Sigma (St. Louis, MO) and used
without further purification. The weight percents of
Cd (4.7%) and Zn (0.5%) in the MT sample provided
by the manufacturer were confirmed with ICP-AES.
Since it is known that the divalent metal–cysteine
(M–Cys) binding ratio is either M3Cys9 or M4Cys11

in the � and � domains, respectively, we calculated
that, on average, the uncomplexed cysteine entities
were about eight per MT molecule. Mercury, zinc, and
cadmium standard solutions were purchased from
Aldrich Chemical Company, Inc. (Milwaukee, WI).
Tris(hydroxymethyl)aminomethane hydrochloride
(Tris·HCl) was acquired from Fisher Scientific (Tustin,
CA). MT solutions were prepared in a 50 mM
Tris·HCl solution (pH 7.5). All solutions were prepared
with deionized water treated with a Millipore water
purification system (Millipore Corp., Molshem,
France). Nitric acid used for preparing the mercury
solution was doubly distilled from Vycor (GFS Chemi-
cals, Powell, OH).
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2.2. Electrodes and cells

A schematic representation of the homemade thin-
layer electrochemical cell is shown in Fig. 1a. This
design is similar to that in Refs. [30,32], except for two
minor modifications. First, a 0.5-mm-diameter Ag wire
was embedded in the PEEK square block adjacent to a
6-mm-diameter glassy carbon electrode (Bioanalytical
Systems, Inc., West Lafayette, IN). The distance be-
tween the working and the Ag electrodes is 1.2 mm
(face view of Fig. 1a). Upon polishing the glassy carbon
electrode and the Ag disk, a layer of AgCl was formed
on top of the Ag disk by carefully leaving a drop of the
coating solution (Bioanalytical Systems, CF-2200) on
the Ag disk for 60 s, followed by rinsing the electrode
with a copious amount of water. The resultant quasi
reference electrode was found to possess a stable poten-
tial and was calibrated against a standard
Ag � AgCl � KClsat reference electrode. The second
change is that the Pt foil is not affixed onto the stainless
steel block. The contact between the Pt foil counter
electrode and the stainless steel block was made by
aligning and tightening the working electrode, the sepa-
ration Teflon gasket (MF-1047, Bioanalytical System),
and the Pt foil assembly with four stainless steel screws
(Fig. 1a). Since the Pt foil is not permanently attached
to the stainless steel cell block, its cleaning and replace-
ment become easier. The choice of a specific cell design
and the valve configuration is dependent on the consid-
eration of sample consumption, the influence of the cell
volume on the elution profile, and the necessity of
maintaining a stable cell potential. Since the present
work is concerned with protein samples, we opted to
use this low-volume cell (ca. 2 �l) without the reference
electrode compartment. The absence of a separate elec-

trode compartment also helps eliminate any possible
sample entrapment in dead space.

2.3. Instruments

The combination of the homemade thin-layer cell
with an ICP-atomic emission spectrometer (ICP-AES)
is described elsewhere [30,32]. Briefly, the cell was posi-
tioned upstream of the sample introduction system of
an axially viewed ICP-AES (Spectro Analytical Instru-
ments, Fitchburg, MA) through a six-port rotary valve
and a MicroMist nebulizer (Spectron, Santa Barbara,
CA) mounted onto a Scott-type spray chamber. A
Microneb 2000 controller (CETAC Technologies), con-
sisting of a gas displacement pump and a module for
changing the valve configuration (Fig. 1b), was used to
control the carrier flow rate and the valve configura-
tion. Throughout this work, a flow rate of 75 �l min−1

was chosen. This value is optimal in terms of preserving
the mercury film on the glassy carbon electrode and
delivering a sufficient amount of sample to the ICP-
AES for sensitive detection.

2.4. Procedures

2.4.1. Differential pulse �oltammetry
Each TMF with a thickness about 0.1 �m was de-

posited onto the glassy carbon electrode by holding the
potential at −0.4 V versus a Ag � AgCl electrode in an
open cell containing 5 mM Hg2+ +1% HNO3 solution.
The resultant TMF was mounted onto the cell body,
and the cell assembly was subsequently connected to
the six-port valve (Fig. 1b). About 10–30 �l of MT
solution, preloaded into a plastic microsyringe (Fisher
Scientific), was manually injected into the flow cell. The
MT adsorbate film was produced by accumulating MTs
from the solution in the cell onto the TMF for a
predetermined period of time (e.g. 450 s) at a constant
potential. Differential pulse voltammograms (DPVs)
were acquired using a 50-ms pulse width and a 50-mV
amplitude and the potential was scanned between −1.4
and −0.2 V.

2.4.2. EC/ICP-AES
The ICP-AES monitoring of the metal ions arising

from the electrode reactions and the DPV scans were
conducted simultaneously. Briefly, upon the formation
of the MT adsorbates, the valve was switched from the
load position to the injection position (Fig. 1b). In this
configuration, the carrier solution from the pump
washed the residual MT out of the cell to the ICP-AES
sample introduction system. After the disappearance of
the wash peak and the re-establishment of the baseline,
the DPV scan in the positive direction was initiated and
the Cd2+ or Zn2+ elutions from the cell accompanying
the DPV scan were monitored. Because of the slow flow

Fig. 1. (a) Top and face views of the thin-layer flow cell assembly. (b)
Valve configurations for introducing the sample (in the load position)
and for directing the metal-containing plugs to the ICP-AES (in the
injection position). The dotted lines show the valve configuration for
the load position while the solid curves show that for injection.
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rate, it was found that the completion of the DPV scan
was faster than the rate at which sample plugs traveled
from the cell to the spectrometer. Thus, we typically
halted the DPV scan after each voltammetric peak so
that the elution peak could be recorded before being
overlapped with the next elution band.

The amounts of Cd2+ and Zn2+ released from the
MT adsorbates were quantified using calibration curves
constructed from separate EC-ICP/AES measurements
of five standard solutions ranging from 0.5 to 4 ppm.
Because MT adsorbates were formed at −1.4 V for a
fixed period of time, the calibration curve construction
was accomplished using standards measured under sim-
ilar conditions. In other words, metals are measured
through anodic stripping voltammetry in conjunction
with the ICP-AES monitoring. The areas of the Cd2+

and Zn2+ elution peaks were integrated to yield the
final calibration curves.

3. Results and discussion

3.1. Characteristics of the redox beha�ior of solution
and surface-confined MTS at mercury electrode
surfaces

Before we discuss the EC/ICP-AES quantification of
metal ions released from MT adsorbates, it is helpful to
summarize the current state of knowledge about the
voltammetric behavior of MTs. A large volume of
electrochemical work has been carried out in attempts
to understand the redox behavior of both solution and
adsorbed MT species at various types of electrodes
[12–14]. The findings acquired at dropping mercury
electrodes (DMEs) and carbon electrodes have been
reviewed in detail [12–14]. While MTs from different
sources and various MT isoforms exhibit varied
voltammetric characteristics, it is generally found that
three major groups of peaks can be identified from
DPV scans at DMEs in MT solutions [12–14]. The
peak(s) in the most negative potential range (approxi-
mately between −0.9 and −1.3 V) was(were) at-
tributed to the oxidation of the Zn–MT complexes or
Zn–Hg amalgam [12–14]. We term this regime Region
I for simplicity of discussion. In a more positive poten-
tial range (approximately between −0.6 and −0.9 V,
Region II), either (Cd)Hg or the MT complex becomes
oxidized. Because of the difficulty in assigning the
electrode reactions unequivocally and in resolving many
electrode peaks with overlapping potentials, most peaks
in Regions I and II had only been loosely assigned to
‘Zn–MT’ and ‘Cd–MT’ complexes (sometimes Zn–
MT� or Cd–MT� are used to denote the shoulder peaks)
[12,14]. At the positive end of the DPV scans (between
−0.5 and 0.0 V, Region III), a small and broad peak is
usually observable. The consensus is that this peak is

due to the oxidation of mercury in the presence of a
thiol-containing adsorbate [12–14].

In recent studies [27,28], we have attempted to eluci-
date the mechanistic aspects of the electrode reactions
involving MT adsorbates at TMFs in Regions I and II.
Based on the published reports and our studies on the
adsorbates of rabbit liver MTs using voltammetry [27],
EQCM [28] and EC/ICP-AES, the oxidative peak in
Region I should be:

Zn(Hg)−2e−=Zn2+ (1)

The Zn(Hg) amalgam is formed during the reduction
of Zn2+ released by the MT adsorbate at the negative
potential (e.g. −1.40 V). It is not entirely clear what
triggered the initial Zn2+ release. It is possible that,
when the electrode is held at a potential more negative
than the reduction potential of Zn2+, at least some of
the Zn–cysteine thiolates ((Cys)kZny) in MTs have
been reduced:

(Cys)kZny(Cys)mCdx(Cys)pHg+2ye−+2yH+

� (Cys)k(Cys)mCdx(Cys)pHg+yZn(Hg) (2)

where (Cys)m represents cysteine residues complexed
with Cd2+ and (Cys)p are the uncomplexed cysteines,
and the (Cys)k on the right are protonated. It is worth
pointing out that at −1.40 V, the Hg film should
remain reduced and is probably not oxidizable by the
free cysteines in the MT adsorbates to form the Hg–
cysteine thiolates. A possible reason for the MT ad-
sorption at such a negative potential is through the
electrostatic interaction between the positively charged
MT molecules and the negatively polarized Hg surface
(the Hg point of zero charge, pzc, is around −0.6 V
[35]).

We should also state that reaction (2) is similar to
that proposed by Muñoz and Rodrı́guez [20]. It is
possible that Zn–cysteine and Cd–cysteine complexes
can be reduced simultaneously at −1.40 V:

(Cys)kZny(Cys)mCdx(Cys)pHg(ads)+2(y+x)e−

+2(y+x)H+� (Cys)k+m(Cys)pHg(ads)+yZn(Hg)

+xCd(Hg) (3)

The peak in Region II could be:

Cd(Hg)−2e−=Cd2+ (4)

As will be reiterated in the following section, the
peak in Region II does not comprise just reaction (4).
Also, it is possible that Zn(Hg) and/or Cd(Hg) are not
generated in reaction (3). Rather, Hg can be oxidized
by the free cysteines and the resultant Hg2+ can then
replace the Cd2+ and Zn2+ in the solution, as sug-
gested by Muñoz and Rodrı́guez [20]. These ions in the
solution can be reduced and accumulated back into the
TMF. We favor the explanation based on reaction (3),
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since, as mentioned above, Hg should remain in the
reduced form in Region II and would not become ionic
to react with the free cysteines.

Only in Region III, is the Hg surface oxidized and
the formation of Hg–cysteine thiolate becomes
possible:

(Cys)zHgr(ads)−2qe−= (Cys)zHgqHgr−q+2qH+

(5)

where z simply symbolizes the cysteine residues that are
available in the MT adsorbates to form the Hg–cys-
teine thiolates and q represents the number of Hg
atoms (amongst all of the surface Hg atoms, r) in-
volved in the bond formation. In fact, based on the low
intensity of the peak in this region from various re-
ports, it does seem that only a small percent of the
cysteines are responsible for reaction (5).

Finally, an issue worth clarifying is that, when a
TMF was exposed to a rabbit liver MT solution for an
extended period of time without the application of an
external potential (e.g. 2–3 h), only two major re-
versible peaks (with peak potentials at −0.63 and
−0.91 V, respectively) could be observed [27]. Since
MTs were adsorbed under open-circuit conditions, the
cysteine residues that were not coordinated with any
metals could oxidize the Hg surface to form the mer-
cury–cysteine thiolates. Muñoz and Rodrı́guez have
suggested that the pristine metals in MT can be re-
placed by Hg at the TMF surface at pH�6 [20]. A
prolonged exposure of the TMF covered by a MT
adsorbate film will certainly cause most, if not all, of
the pristine metals to be replaced by Hg.

Through comparison with the voltammetric behavior
of adsorbed cysteine molecules, we have previously
assigned the peak at −0.91 V to that of the cysteine–
cystine inside the MT molecule and the peak at −0.63
V to that of the Hg–cysteine thiolate bond formation/
breakage [27]. Rodrı́guez and Esteban have reported
that, for MTs containing higher concentrations of cad-
mium than of zinc, the peak due to the oxidation of
mercury in Region III is sometimes shifted to Region II
[14]. Since rabbit liver MTs belong to this class, we
therefore think that the Hg– thiolate bond formation is
shifted to Region II and the ‘Cd–MT’ complex oxida-
tion takes place in Region I. In fact, when MT forma-
tion is achieved exclusively through chemisorption (i.e.
the prolonged exposure of the TMF to a MT solution),
we did not observe any detectable peaks in Region III.

3.2. Voltammetric and electrochemical ICP-AES
studies of MT adsorbates

Fig. 2a shows two consecutive anodic DPV scans in
a Tris·HCl solution at a TMF electrode that had been
exposed to a 22 �M MT solution at −1.40 V for 450
s, together with the background DPV acquired at a

TMF electrode that was not covered by MT adsor-
bates. In accordance with the discussion in the above
section, the potential range in Fig. 2a is divided into the
three potential regions. Two anodic peaks, at Eps of
−1.21 (Peak 1) and −0.75 V (Peak 2), respectively,
were observed in the initial scan. In the subsequent
scan, Peak 1 disappeared and the intensity of Peak 2
decreased by about half. Fig. 2b and c are two repre-
sentative ICP-AES responses to the Cd2+ and Zn2+

elutions acquired simultaneously with the DPV. The
DPV scan resulted in one Cd2+ elution peak in Fig. 2b
and two Zn2+ elution peaks in Fig. 2c. The Cd2+

elution peak in Fig. 2b appeared shortly (�52 s) after
the DPV scan in Fig. 1a reached beyond Peak 2. This
time lag corresponds to the time needed for the cell
content to flow to the ICP-AES sample introduction
system. In order to achieve a good separation of the
two Zn2+ elution bands, the DPV scan was halted at
−1.0 V until Peak I in the time-resolved ICP-AES
acquisition had completely evolved. The DPV was then
resumed to monitor Peak II, which showed after the
DPV scan passed over Peak 2 in Fig. 2a. In Fig. 2b and
c, the subsequent DPV scans (corresponding to curve 2
in Fig. 2a) and the small and broad peak at −0.32 V
did not produce any appreciable metal elution in the
ICP-AES responses (not shown).

Since anodic stripping of metals in the amalgam is
known to be instantaneous and should be complete in a
DPV scan in the positive direction [37], the voltammet-
ric behavior of the MT adsorbates and the EC/ICP-
AES observations strongly suggest that Peak 1 in Fig.
2a (or Peak I in Fig. 2c) is associated solely with the
anodic stripping of Zn (reaction (1)), instead of the
oxidation of the Zn–MT complex to release Zn2+

shown in the following reaction:

(Cys)kZny(Cys)mHg-2ye-

= (Cys-Cys)k/2(Cys)mHg+yZn2+ (6)

In the above reaction, y represents the number of
Zn2+ that can be released and (Cys)k represents the
cysteines that were complexed with the labile Zn2+ in
MT. The exclusion of reaction (6) as the possible origin
of the observed Zn2+ elution is made on the basis that
some Zn–cysteine thiolates might less easily undergo
electron transfer (ET) reactions with the electrode than
others, owing to the various distances of the Zn–cys-
teine thiolates in the MT adsorbates with respect to the
electrode surface. In other words, the oxidation of
cysteines to the cystine analogs and the concurrent
Zn2+ release is expected to be a stepwise process in
which each reaction occurs at a somewhat different
rate. Such a stepwise loss of metals and the various
rates at which the metal-release steps occur have been
noted in a mass spectrometric study of the zinc ion flux
out of Zn-containing MT molecules [6]. Again, simi-
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Fig. 2. (a) Two consecutive DPVs (the solid line curve represents the first scan and the dotted line curve depicts the second scan) of MTs adsorbed
onto a TMF electrode at −1.40 V for 450 s from a 22 �M MT. A control voltammogram obtained from a TMF without MT adsorption is shown
as the dashed line curve. The arrow indicates the scan direction. Time-resolved ICP-AES responses to the elution of Cd2+ from the flow cell (b)
and to the Zn2+ elution (c) after the first DPV scan. In acquiring (c), the DPV scan was halted at −1.0 V for monitoring the first Zn2+ elution
peak (Peak I) and resumed after Peak I had completely evolved.

larly to the different implications between reactions (2)
and (3), the oxidation of the cysteines and the simulta-
neous release of Cd2+ could also be possible. The
oxidation of two cysteines to form the cystine analog is
generally believed to occur at a potential around −0.9
V [27,38,39]. In a previous study [27], we found that
one of the MT adsorbate oxidation peaks coincides
with the peak associated with the cysteine–cystine
couple.

Perhaps the most striking observation in the present
work is the elution of an additional Zn2+ elution band

(Peak II in Fig. 2c) at a potential where the oxidization
of the Cd(Hg) amalgam or the Cd–MT complex is
expected to occur (i.e. Peak 2 in Fig. 2a) [36,37]. We
ascribe the Zn2+ elution peak to the Zn that has
formed the Zn–Cd intermetallic compound [37] inside
the TMF, because a separate experiment dealing with
the preconcentration of Zn and Cd into a TMF from a
mixture of Zn2+ and Cd2+ standards also showed a
similar elution profile (see Fig. 4 and Section 3.3).
Moreover, when we held the potential at −0.9 V to
facilitate the MT adsorption [28], we did not observe
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the co-elution of Zn2+ in the ICP-AES response. We
should point out that conventional voltammetric tech-
niques cannot quantify the amount of Zn associated
with the Zn–Cd intermetallic compound [37]. Since
ICP-AES is an independent detection technique, it is
not prone to problems inherent in voltammetric tech-
niques (e.g. overlapping peaks or shift of potentials). As
a consequence, the ability of monitoring the two Zn2+

elution bands separately allows the total Zn2+ released
from the MT adsorbates to be determined. The results
are presented in the following section.

If the second Zn2+ elution band is related to the
Zn–Cd intermetallic compound, Cd2+ must be reduced
and accumulated into the electrode. The release of
Cd2+ is very likely the result of the Cd–cysteine thio-
late breakage during the MT adsorption at a negative
potential (i.e. reaction (3)). Thus, at −0.75 V, Cd(Hg)
and/or the Cd–Zn intermetallic compound can be
stripped in the form of Cd2+ into the solution (and
later monitored by ICP-AES as the elution band in Fig.
2b). A closer examination of the peak at −0.75 V in
Fig. 2a raises another interesting question: if the
Cd(Hg) has all been stripped in the first scan, what
accounts for the faradaic current at −0.75 V in the
subsequent scans (which are shown by ICP-AES to not
cause metal release)? We think that, upon the complete
stripping of Cd2+, the free cysteine residues originally
present in the MT molecules or newly created from
reaction (2) or (3) can undergo oxidation to form the
Cys�Cys dimers (or the cystine analog), in much the
same way as suggested by reaction (6):

(Cys)pHg(ads)-ne-

= (Cys-Cys)n/2(Cys)p−nHg(ads)+nH+ (7)

where n represents the number of electrons required to
oxidize the cysteines and p−n represents cysteines that
are still coordinated with metals.

At DMEs, the Cd(Hg) (or the Cd–Zn intermetallics)
stripping peak at ca. −0.6 V can generally be resolved
from the Cd–MT complex oxidation peak between
−0.65 and −0.75 V [13,14]. However, they may over-
lap when the peak of Cd(Hg) stripping is relatively low.
At TMF electrode and in the flow cell, both peaks are
found to be always merged at −0.75 V. Therefore, the
ability of EC/ICP-AES in discriminating the stripping
of Cd(Hg) and/or the Cd–Zn intermetallics from the
Cd–MT complex oxidation provides a more definitive
interpretation about the MT electrode reactions.

3.3. Quantification of Zn2+ and Cd2+ released from
MT adsorbates

Finally, the metals released by the MT adsorbates in
the various electrode reactions are quantified with EC/
ICP-AES and the results are listed in Table 1. We also
used 1.6 �M MT solution to form the MT adsorbates,
but the amount of metal release for Zn2+ was below
the detection limit of the ICP-AES in the time-resolved
mode. A detailed examination of the values in Table 1
revealed three trends: (1) the smaller the concentration
of MT in the solution for the controlled-potential MT
adsorption, the less the amount of Cd2+ or Zn2+

measured; (2) the extent of overall Cd2+ replacement
(release) is greater than that of Zn2+; and (3) the
percentage of metal replacement was found to be quite
high at the lower concentration (e.g. 7 �M MT) but
decreases to a more-or-less constant value (within the
experimental uncertainties) at a MT concentration
greater than 22 �M.

The first trend is conceivable since a low MT concen-
tration in the solution will result in a smaller extent of
MT adsorption, which in turn, will release a lower
amount of metals upon redox reactions. The second
trend, however, is somewhat unexpected. As mentioned

Table 1
Quantities of Zn2+ under the two voltammetric peaks, the total Zn2+ and Cd2+ determined by EC/ICP-AES, the DPV peak currents, and the
ratios of metals released by the MT adsorbates over the total metals in the MTs introduced into the cell for various MT and Zn2+-spiked MT
samples a

EC/ICP-AES: 10−12 M2+/mol cm−210−6 [Sample]/mol dm−3 DPV: 10−7 I/A % replaced b

Zn2+(Peak I) Zn2+ (Peak II) Zn2+ (total) Cd2+ (Peak 1) (Peak 2) Cd2+Zn2+

5.0�1.0 61.2�6.0[MT]=55 12.7�1.0230�20.035�2.0530�6020�2.015�0.2
3.2�0.6 3.4�0.5 6.6�0.8 240�20.0[MT]=22 4.6�0.6 160�8.0 10.4�1.0 68.8�5.0

[MT]=7 2.5�0.2 1.0�0.1 3.6�0.2 91�2.0 2.5�0.3 105�20.0 18.1�1.0 83.4�2.0
8.1�0.7 – 108�20 134�10 –[MT]=7 with Zn2+ –6.3�0.7 1.8�0.1

spike c

9.4�0.47.7�0.7 – 23�2.0 160�5.0 – –1.7�0.3Cd2+/Zn2+standards d

18�0.814�0.4 – 91�3.0 270�10.0 – –4.4�0.1Cd2+/Zn2++Zn2+ spike c

a All values and their uncertainties are averaged from three to four measurements.
b Obtained from dividing the eluted metals by the total metals present in the MT solution in the cell.
c The spike is 6.2 �M of Zn2+.
d Contains a mixture of 36 �M Cd2+ and 7.7 �M Zn2+.
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in Section 1 about the hierarchical order of MT for
metal binding, Cd2+ should possess a higher affinity
than Zn2+. This unusual trend appears to be consis-
tent with the observation that the addition of Cd2+

into a MT solution does not remove the zinc initially
bound to the MT [18]. This may imply that the re-
moval of Zn2+ is kinetically controlled. It is possible
that, as far as the heterogeneous ET process is con-
cerned, certain Zn-binding sites are more inaccessible
than the Cd-binding sites. Our postulation is based on
the possibility that the ET reaction of redox proteins is
highly dependent on the relative distance(s) of the
redox center(s) from the electrode and the interaction
of the protein molecules with the electrode surface (e.g.
via covalent bonding or electrostatic interaction) [40–
43]. In their study on the monitoring of the zinc ion
flux in reactions of Zn-reconstituted MTs (Zn7MT)
using electrospray mass spectrometry, Zaia et al. found
that it was difficult to remove the last Zn ion from a
MT molecule [6]. In a separate report by Ju and Leech
[44], it was suggested that the cysteines in the MT �
domain might be in contact with the electrode surface,
leaving the � domain exposed to the solution. Thus, it
appears that the varied accessibility of the metal–cys-
teine thiolates located at different distances away from
the electrode surface to the ET reaction is a plausible
argument in explaining the unexpected order of metal
release/replacement. To interpret the third trend, we
suggest that the surface coverage and packing of the
MT molecules might be different when the MT concen-
trations used for the controlled-potential MT adsorp-
tion are changed [44]. At low concentrations, most of
the MT molecules can adsorb onto the electrode sur-
face. The metals in the adsorbates will be released
upon ET reactions. As the MT concentration increases,
the Hg surface is fully saturated with the MT
molecules and consequently many MT molecules will
remain in the solution. Since the metal release most
likely originated from the redox reactions of the
MT adsorbates, the ratio between the metal release
with respect to the total amount of MTs introduced
into the cell will decrease. Such a suggestion is not
entirely unsubstantiated. In our previous study on
the redox reactions of cysteines and cysteine–metal
thiolates in MT adsorbates [27], we have found that
the adsorbate film, formed under open-circuit condi-
tions, constitutes almost a monolayer. We later used a
flow injection EQCM to quantify the amount of MT
adsorbate at a potential more negative than the pzc of
the Hg surface and found that an adsorbate film
slightly greater than a monolayer was produced [28].
Thus, the data in Table 1 seem to suggest that, at 7
�M or less, the MT surface coverage is at or less than
a monolayer and consequently most of the pristine
metals in the MT adsorbates can be released via redox
reactions.

Finally, to verify the accuracy of EC/ICP-AES for
the studies of metals stripped off the electrode or
transferred from the protein adsorbates, we conducted
separate EC/ICP-AES measurements of Cd and Zn
preconcentrated from a mixture of Cd2+/Zn2+ stan-
dards whose ratio is about the same as that between
Cd2+ and Zn2+ coordinated in a MT molecule. A
representative DPV and the corresponding time-re-
solved ICP-AES response to the Zn2+ elution are
shown in Fig. 4. As can be seen, the Zn2+ elution
profiles from both the Cd2+/Zn2+ standards and the
standards spiked with 6.2 �M Zn2+ are similar to
those in Figs. 2c and 3c. The major difference between
the EC/ICP-AES measurements of the Cd2+/Zn2+

standards and that of the MT metal transfer exists in
the DPVs (e.g. comparing the curves in Fig. 2a to that
in Fig. 4a). While the subsequent DPV scans in Fig. 2a
still produced a smaller peak at −0.75 V, the second
DPV in Fig. 4a did not show any oxidation peak (data
not shown). This suggests that the MT adsorbates may
undergo reaction (6) without causing further metal
release.

As shown in Table 1, the quantitative aspect of the
EC/ICP-AES approach is quite satisfactory. This is
evidenced from the comparison of ICP-AES results
from the Cd2+/Zn2+ standards to that from the Zn2+

-spiked Cd2+/Zn2+ solution. As the Zn2+ concentra-
tion increased by 1.8 times upon the addition of the
Zn2+ standard (i.e. from 7.7 to 7.7+6.2=13.9 �M),
the total Zn2+ quantified (by combining Zn2+ mea-
sured under Peaks I and II) was up by 1.9 times (i.e.
from 9.4�0.4 to 18�0.8 in Table 1). It is interesting
to note that the increase in the peak currents between
the two samples in the DPVs (the solid and the dotted
line curves in Fig. 4a) do not show such a proportional
increment (Peak 1 increased by almost 3.5 times!). This
suggests that the EC/ICP-AES measurements are much
more reliable. Another interesting point worth men-
tioning is that the Zn2+ augmentation from the 7 �M
MT solution to the Zn2+-spiked 7 �M MT sample
does not reflect quantitatively the amount of the addi-
tional Zn2+. Specifically, in a 7 �M MT solution, the
concentration of all the initial Zn2+ is about 2.8 �M.
Therefore, an increase of about 3.2 times is expected if
6.2 �M of Zn2+ was spiked ((2.8+6.2)/2.8=3.2 �M)
and all the Zn2+ ions are in the free form. The actual
increase in Zn2+ concentration observed by ICP-AES
is only 2.3 times (i.e. (8.1�0.7)/(3.6�0.2)). This dis-
crepancy suggests that (1) not all of the initial Zn2+

coordinated by the MT molecules have been released
into the solution and (2) it is probable that some of the
added Zn2+ might have been complexed by the MT
molecules in the sample solution and retained by those
MT molecules that are attached to the electrode sur-
face. For the purpose of contrasting the quantitative
features of DPV and EC/ICP-AES, we summarized the
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Fig. 3. (a) Two consecutive DPVs (the solid line curve and the dotted line curve are for the first and second scans, respectively) of MTs
accumulated at a TMF electrode by holding the potential at −1.40 V for 450 s in a 22 �M MT solution. The dashed voltammogram was obtained
at a MT adsorbate film formed from a 7 �M MT solution that had been spiked with 6.2 �M Zn2+. The ICP response to the Cd2+ elution from
the MT film formed in the unspiked MT sample is shown in (b). In panel (c), Curves (1) and (2) are the Zn2+ elution profiles corresponding to
the unspiked and Zn2+-spiked samples, respectively. Similarly to Fig. 2, the separation of Peaks I and II was achieved by holding the DPV at
−1.0 V for a brief period of time.

peak currents (under Peaks 1 and 2 from DPVs) for all
the cases examined. As can be seen in Table 1, no
obvious trends can be found from the DPV peak
currents and consequently quantifying the total Zn2+

or total Cd2+ and calculating the percentages of metals
replaced for each case using voltammetry is not possi-
ble. Thus, it is clear that the data obtained with EC/
ICP-AES are more accurate and can provide additional
information about the MT metal transfer/release
processes.

4. Conclusions

A hybrid technique, electrochemical ICP-atomic
emission spectrometry (EC/ICP-AES), was used to
study the redox-induced metal transfer from MT adsor-
bates formed at TMF electrodes. The MT adsorbates at
the TMF exhibit similar voltammetric behavior to that
previously observed at dropping mercury electrodes,
with three peak potentials at −1.20, −0.75, and −
0.32 V, respectively. The Zn(Hg) and Cd(Hg) can be
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oxidized at −1.20 and −0.75 V, respectively. We have
suggested that the metals detected by ICP-AES origi-
nate from the reduction of the zinc–cysteine thiolates
and the cadmium–cysteine thiolates during the con-
trolled-potential MT adsorption at −1.40 V. Interest-
ingly, some additional Zn2+ was found to co-elute with
Cd2+ at −0.75 V. We attribute the additional Zn2+

elution to the oxidation of the Cd–Zn intermetallic
compound in the TMF formed during the controlled-
potential MT adsorption. While Zn(Hg), the Zn–Cd

intermetallic compound, and Cd(Hg) can all be com-
pletely stripped off the electrode in one DPV scan, the
peak at −0.75 V, upon the initial decrease during the
first DPV scan, was found to be sustained through
repetitive scans. This remaining peak is ascribed to the
oxidation of free cysteines in the MT molecules to form
the cystine (Cys�Cys) analog. We observed that, despite
the fact that the binding affinity of MT towards Cd2+

is greater than Zn2+, a greater percentage of the initial
Cd2+ in the MT molecules than that of Zn2+ had been
released during the electrochemical reactions. While the
exact reason is not clear, we postulate that the extent of
metal release might be related to the relative ease in
oxidizing the cysteines at different metal-binding sites
with respect to the TMF surface. It is possible that
certain sites are less accessible for facile electron trans-
fer reactions. Through comparing and correlating the
DPV measurements with the ICP-AES data, the on-line
combination of electrochemistry and ICP-AES is
demonstrated to be not only an accurate means for the
determination of the metal transfer from an adsorbate
film, but also as a tool that is complementary to
conventional voltammetric techniques for unraveling
complicated electrode reactions. This hybrid technique
should be particularly useful for the studies of metal
binding and release processes (e.g. metal transfer be-
tween a metalloprotein and a substrate or that between
a host and a guest molecule). The use of EC/ICP-AES
and/or EC/ICP-MS for quantifying the metals trans-
ferred from MTs to an apometalloenzyme is in
progress.
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