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Abstract

Adsorptions of metallothioneins (MTs) onto thin mercury films (TMFs) at potentials more negative or positive than the point
of zero charge (pzc) of mercury were quantified for the first time, using a novel electrochemical quartz crystal microbalance
(EQCM) flow cell in conjunction with a simple flow-injection system (FI-EQCM). The EQCM flow cell has a low internal volume
(ca. 50 �l) designed for the investigation of biomolecular attachment to surfaces. Such a cell facilitates in-situ gravimetric
measurements of MT adsorption processes at different potentials. The amount of the MT adsorption at −0.9 V, a potential more
negative than the pzc of the TMF, was found to be greater than that attached via simple chemisorption (in an open-circuit
configuration). The quantity of metals released by the MT adsorbates, measured by electrochemical inductively coupled
plasma-atomic emission spectrometry (EC/ICP-AES), was found to constitute �3.8% of the total mass measured by FI-EQCM.
The average number of cysteines per MT molecule involved in the Hg-cysteine thiolate formation was found to be 4.2�1.8. Thus,
it appears that about 1–2 metal ions (Cd2+) per MT molecule have been released off the TMF electrode since the stoichiometric
ratio between the Cd2+ and the cysteines in a MT molecule is known to be 1/3. The quantitative measurements by the two hybrid
electrochemical methods (FI-EQCM and EC/ICP-AES) help elucidate the electrode reactions of MT adsorbates at TMF surfaces
and the MT metal transfer processes. © 2001 Published by Elsevier Science B.V.
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1. Introduction

An intracellular protein that is known to be involved
in both regulation of essential metals and detoxification
of non-essential metals is metallothionein (MT) [1–5].
MTs are cysteine-rich, low-molar-mass proteins or
polypeptides of high metal content. MTs are purported
to play central roles in the intracellular fixation of
essential trace metals such as Zn and Cu and regulation
of their flow to cellular destinations, in the detoxifica-
tion of heavy metals such as Hg, Cd, and Ag, and in
the protection of adverse conditions such as oxidative
stress [1–3,6]. Although MTs are small molecules in
size, their diverse biological functions and complex
properties have intrigued scientists since their discovery

in the late 1950s [7]. Part of the complexity stems from
the complete absence of any chromophores (e.g. aro-
matic amino acids) that can be examined as handles by
spectroscopic techniques [4,5]. Some of the metals in-
volved (e.g. Zn) are also optically silent, making struc-
tural identification and functional elucidation
challenging.

In the past few years, electrochemical methods have
been demonstrated as viable means to study certain
properties of MTs because the cysteine residues and
most of the metal ions associated with MTs (Cd, Hg,
Ag, and Cu) are electroactive [8–10]. A number of
electrochemical studies, focusing primarily on the mea-
surement of the redox potentials of the different iso-
forms and subisoforms of MTs and their binding
affinity to various metals [10–19], have been published.
We recently observed two reversible redox peaks (Ep=
−0.63 and −0.91 V, respectively) at TMFs deposited
onto glassy carbon disk electrodes and assign the redox
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reactions to the oxidation peaks of the MT adsorbates
[20]. It is generally believed, due in part to the strongest
affinity of MTs to mercury (the hierarchical order for
MT to bind different metals is Hg2+ �Ag+�Cu2+ �
Cd2+ �Zn2+) [2,6], that labile metals originally
present in MTs can be replaced by Hg [8–10]. Certain
metals in solution (e.g. Cd2+ added to MT solutions)
have also been shown to be complexed by the cysteine
residues in MTs accumulated at the dropping mercury
electrodes [8–10].

In assessing the surface properties of the MT adsor-
bates at an electrode or the heterogeneous electron
transfer of MTs at the electrode solution interface, two
aspects that have been difficult to determine are the
surface coverage of the MT adsorbate and the average
number of electrons (n) involved per MT redox reac-
tion. Knowledge about the n value is essential since the
number of sulfhydryl groups per MT molecule partici-
pating in the electrode reaction(s) can be evaluated.
Such information is vital to a detailed interpretation of
the intra- and inter-molecular metal transfers and ex-
change processes between MTs and the substrates
[2,4,5,8–10,21]. While the n value can be estimated
indirectly using the slopes of the MT redox potential–
pH curves [10], the treatment is complicated by the
uncertainty in resolving the overlapping oxidation
peaks between MT and metal complexes at, and the
free metals in the mercury electrodes, as well as by the
possible protein structural change between two very
different pH values (e.g. from pH 6 to 11 in Ref. [22]).
Another ambiguous aspect concerning the MT adsor-
bates is that the amount of MT adsorption might be
affected by the potentials imposed on the mercury
electrodes. Electrochemical studies of MTs inevitably
involve the use of an externally applied potential which
may or may not alter the MT adsorption and the
structure of the final MT adsorbate. While the interac-
tion between the MT molecules and the mercury sur-
face is predominately via the formation of
cysteine–mercury thiolates [8–10,20], the likelihood of
electrostatic interaction between MTs and the electrode
surface cannot be excluded. For example, at neutral
pH, rabbit liver MTs are positively charged due to the
greater number of positively charged amino acids
(seven lysines in MT-I and eight in MT-II) [2]. When a
potential is applied, the electrode surface will become
charged and the net positive or negative charges at the
electrode surface can repel or attract the MT molecules.
Conceivably, in addition to the chemisorption through
the interaction between the cysteine residues of MTs
and the mercury surface, electrostatic forces can also be
operative for MT accumulation onto the electrode
surface.

To date, owing to the incompatibility or limited
amenability of mercury surface to many surface analy-
sis techniques (e.g. scanning probe microscopy and

optical spectroscopic techniques such as infrared and
UV–vis reflectance spectrometry), amounts of MT ad-
sorption onto mercury surfaces at different potentials
have not been quantified. Relating the MT adsorption
to the observed electrode processes at certain electrode
potentials is also not straightforward because the ap-
plied potential can be sufficiently negative or positive to
trigger the metal transfer and/or to cause redox reac-
tions of the metals released by the MT adsorbates.

We report here our study of the potential-dependent
MT adsorption processes using two techniques that can
be used in-situ or on-line with a TMF electrode housed
in an electrochemical flow cell, viz. the flow-injection
electrochemical quartz crystal microbalance (FI-EQCM
[23–25]) technique and electrochemical inductively cou-
pled plasma-atomic emission spectrometry (EC/ICP-
AES [26]). The former technique is based on the
combination of a homemade, low-volume EQCM flow
cell with a simple flow-injection device. With this de-
sign, the adsorption of an analyte while it enters the
flow cell can be monitored in real-time at a preset
electrode potential. The amount of MT adsorption at a
TMF electrode was found to be dependent on the
relative position of the applied potential with respect to
the point of zero charge (pzc) of the TMF surface [27].
The magnitude of the MT oxidation peak current was
correlated to the MT surface coverage.

The use of the latter technique, EC/ICP-AES, on the
other hand, allowed us to quantify the amount of Cd2+

released during the MT oxidation and or that accumu-
lated into the TMF at a rather negative potential [8,10].
Since the oxidation (stripping) potential of Cd at a
dropping mercury electrode coincides with the major
MT oxidation peak, it has been difficult for conven-
tional voltammetric techniques to resolve these two
separate faradaic processes. Quantification of the
amount of Cd that might be accumulated into the
mercury film was accomplished by subtracting from the
total mass change monitored by the FI-EQCM experi-
ment, the amount of Cd2+, measured in a separate
EC/ICP-AES experiment. The average number of
sulfhydryl groups per MT involved in the MT oxida-
tion reaction was also deduced.

2. Experimental

2.1. Chemicals

Tris(hydroxymethyl)aminomethane hydrochloride
(Tris·HCl) was obtained from Fisher Scientific. 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
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the divalent metal/cysteine (M/Cys) binding ratio is
either M3Cys9 or M4Cys11 in the � and � domains,
respectively, we calculated that, on average, the uncom-
plexed cysteine entities were about eight per MT
molecule. MT solutions were prepared in a 0.05 M
Tris·HCl buffer. Mercury, silver, and cadmium stan-
dard solutions were purchased from Aldrich Chemical
Company, Inc. All solutions were prepared with deion-
ized water treated with a Millipore water purification
system (Millipore Corp.). Nitric acid used for cleaning
the carbon-coated quartz crystals was doubly distilled
(GFS Chemicals, Powell, OH).

2.2. Electrodes and the EQCM flow cell

The AT-cut 10-MHz quartz crystals were obtained
from ICMFG Technologies (Oklahoma City, OK).
Two types of crystals were employed in this work. For
the Ag deposition/stripping experiment, gold-coated
QCM crystals were used. For the study of the potential-
dependent MT deposition and the subsequent voltam-
metric studies, QCM crystals covered with a glossy
layer of carbon were employed to form the TMFs. The
low-volume PEEK EQCM flow cell constructed in-
house has a flow-by configuration (Fig. 1), similar to
that in the cell design by Universal Sensor Inc.
(Metairie, LA). Two additional modifications were
made to accommodate the inclusion of the reference
and the auxiliary electrodes: (1) the upper cell body was
drilled to embed a 1.5 mm-diameter Pt wire (to serve as
the auxiliary electrode) and (2) a threaded cylindrical
compartment was made to allow a Ag � AgCl reference
electrode (CHI130, CH Instruments, Austin, TX) to be
mounted onto the upper cell block (Fig. 1). At the end
of the reference electrode compartment, a small hole

intersecting the solution outlet was made for the refer-
ence electrode to be in contact with the flowing solution
stream. The advantage of positioning the reference
electrode downstream of the working electrode is that
certain electrode reactions will not be perturbed by the
presence of the species in the internal solution of the
reference electrode (e.g. Cl− or Ag+). The imbedded Pt
auxiliary electrode was allowed to protrude into the cell
volume to ensure a more uniform potential distribution
across the working electrode.

2.3. Instruments

The frequency measurements were made using an
EQCM (CHI440, CH Instruments). The QCM cell and
the oscillator circuit were housed in a Faraday cage
(Elchema Inc., Postdam, NY). The carrier solution
preloaded in a 10-ml syringe was delivered with a
syringe pump (Pump11, Harvard Apparatus, Holliston,
MA) through a six-port rotary valve (Valco Instru-
ments, Houston, TX). The combination of a thin-layer
cross-flow cell with an ICP-atomic emission spectrome-
ter (ICP-AES) is described elsewhere [26,28,29]. Briefly,
an electrochemical flow cell was positioned upstream of
the sample introduction system of a sequential, axially
viewed ICP-AES (Spectro Analytical Instruments,
Fitchburg, MA) through a six-port rotary valve
(CETAC Inc., Omaha, NE). A Microneb Model 2000,
consisting of a gas displacement pump and a module
for controlling the six-port rotary valves (CETAC Inc.)
was used for sample loading and injection.

2.4. Procedures

The pretreatment of the Au-coated crystal follows
our published procedure [30]. To clean the carbon-
coated crystals, 1% HNO3 solution was used to soak
the crystal to dissolve metal contaminants at the crystal
surface, followed by washing with a detergent solution
for elimination of trace metal contaminant (Micro-90,
International Products Inc., Burlington, NJ). The car-
rier solution for the Ag deposition/stripping experiment
was 0.1 M KNO3, whereas that used for the MT
adsorption/electrochemistry was a Tris·HCl buffer (0.05
M).

For the Ag deposition/stripping experiment, KNO3

solution was delivered as the carrier at a flow rate of
13.3 �l min−1. For the quantification of the MT ad-
sorption at different potentials, TMFs were first formed
onto the carbon-coated crystals. The TMFs were pro-
duced by holding the electrode potential at −0.4 V in
an open cell containing 5 mM Hg2+ +1% HNO3 solu-
tion until about 0.1 �m of Hg had been deposited.
TMFs of such a thickness are considered to be rela-
tively thick. Because very thin TMFs are a collection of
hemispherical Hg droplets and these hemispherical Hg

Fig. 1. (a) Side and (b) cross-sectional views of the low-volume cell
for flow-injection electrochemical quartz crystal microbalance mea-
surements. The labeled components are (1) the quartz crystal elec-
trode, (2) a Pt wire auxiliary electrode, (3) a screw-in Ag � AgCl
reference electrode, and (4) O-rings for sandwiching the quartz crys-
tal. For clarity, the screws for holding the two cell bodies are omitted.
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Fig. 2. (a) Time-resolved QCM responses at Au-coated crystals to the
injections of a 0.05 mM AgNO3 solution (curve 1) and the carrier
(curve 2). The flow rate was 25 �l min−1 and the deposition potential
was 0.0 V vs. the Ag � AgCl electrode. The carrier solution was a 0.1
M KNO3 solution and the amount of sample injected was 100 �l.
Arrows indicate the times when the injection was made and when the
injected sample was replaced by the carrier solution. The cyclic
voltammogram acquired immediately after the completion of the
flow-injection experiment and the accompanying mass-potential dia-
gram are shown in panels (b) and (c), respectively. The scan rate was
5 mV s−1 and the arrows indicate the scan directions. It should be
noted that cathodic currents are plotted upwards in the cyclic voltam-
mograms.

Throughout the various FI-EQCM experiments, a
predetermined potential can be applied to the crystal
electrode and both the frequency and the current are
monitored as functions of time. The setup can also be
operated in the open-circuit configuration in which no
external potential is applied. EQCM or differential
pulse voltammetric measurements can be performed
immediately after the cell content has been completely
replaced by the carrier solution, eliminating the neces-
sity of disassembling the cell and avoiding potential
contaminations.

For the EC/ICP-AES experiments, TMFs similar to
that used in the FI-EQCM were formed onto the glassy
carbon electrode and the flow cell was then assembled.
MT was introduced into the cell and allowed to accu-
mulate onto the electrode. Upon the complete replace-
ment of the cell content with the Tris·HCl carrier
solution, a DPV scan was initiated, while the ICP-AES
was preset to monitor the elution of metals released
from the MT adsorbates. Since the potential used in
this work was not negative enough to reduce Zn2+

(which was also shown to be released by MTs [18,19])
to Zn(Hg) amalgam, only Cd2+ elution was monitored
by the ICP-AES in this work. Quantification of the
amount of Cd2+ released from the MT adsorbates was
accomplished by interpolating the area of the Cd2+

elution peak from the calibration curve constructed
using five different Cd2+ concentrations measured un-
der identical EC/ICP-AES experimental conditions.

3. Results and discussion

Prior to utilizing the flow cell for the study of the
potential-dependent MT adsorption, we characterized
the cell performance using the Ag deposition/stripping
at a Au-coated crystal as a model system. Curve 1 in
Fig. 2a shows the mass increase caused by the elec-
trodeposition of Ag from the injected AgNO3 solution
at 0.0 V. About 480 s after the initial mass increase, the
mass– time curve began to level off. Such a time span is
consistent with that needed for replacing the AgNO3

solution introduced through the 100-�l loop by the
carrier solution. To confirm that the mass change did
not originate from the adsorption of other species from
the carrier solution onto the Au surface under the
influence of an applied potential, we conducted a con-
trol experiment by injecting 100 �l of 0.1 M KNO3

solution while holding the potential at 0.0 V. No appre-
ciable mass change was observed (curve 2 in Fig. 2a).

The amount of Ag deposited in the above FI-EQCM
step can be quantitatively stripped. A typical cyclic
voltammogram (CV) and the mass-potential relation-
ship are shown in Fig. 2b and c, respectively. The peak
at ca. 0.42 V in Fig. 2b arose from the anodic stripping
of the Ag that had been deposited onto the crystal

droplets will begin to coalesce to form a more uniform
film [35], thick films will have less exposed carbon
regions and reduce the background current in the ac-
quisition of voltammograms. Upon mounting the
TMF-covered crystal electrode onto the flow cell, the
Tris·HCl buffer was pumped to the cell at a flow rate of
13.3 �l min−1. We chose this slow flow rate because at
higher values the TMF at the carbon surface gradually
erodes, yielding an unstable frequency baseline. At this
flow rate, it takes about 7.5 min for the carrier solution
to replace completely the sample solution injected from
the 100-�l loop out of the cell.
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surface (Fig. 2a). Although the reverse scan showed a
very small and broad reduction peak around 0.23 V
(curve b), the QCM did not reveal any appreciable
mass increase within the potential range (curve c).
During the scan reversal, the amount of the Ag rede-
posited back onto the crystal was negligible because, at
the slow scan rate employed (5 mV s−1), most of the
Ag+ had been flushed out of the cell. In any case, the
peak potentials were close to the literature values [31]
and were found to be identical to that in the Ag
deposition/stripping voltammogram acquired in a qui-
escent KNO3 solution. The charge integrated under the
stripping peak yielded a total mass of 2.05 �g cm−2

(Fig. 2b) while the direct mass measurement by the

QCM gave a value of 2.20 �g cm−2 (Fig. 2c). Both
values are in good agreement with the FI-EQCM value
(2.11 �g cm−2 in Fig. 2a). The relative percent differ-
ences among these three independent measurements,
averaged from ten different runs, are all less than 8%.
On the basis of the agreement of the EQCM behavior
with that reported in the literature [24], it is clear that
undistorted voltammograms can be obtained from the
cell and quantitative FI-EQCM measurements can be
conducted.

We then extended our FI-EQCM approach to the
study of the controlled-potential MT adsorption at the
TMF-covered crystal surface. Fig. 3a depicts the time-
resolved QCM responses to the MT adsorption at two
different potentials (curves 1 and 3), together with that
recorded under open-circuit conditions (curve 2). All
the injected samples contained 20 �M MT dissolved in
Tris·HCl solutions. A control experiment involving the
injection of the buffer solution at −0.9 V was also
carried out (curve 4). The average mass changes per
unit area at −0.9 V, open circuit, and −0.3 V, are
366, 237, and 150 ng cm−2, respectively. Excellent pre-
cision of these mass changes monitored under different
potentials was also observed (%RSD ranges 1–3%),
suggesting that the potential-dependent MT adsorption
is a highly reproducible process. As can be seen, the
mass change in curve 1 (ca. 336 ng cm−2 or 4.9×10−11

mol cm−2) is greater than that in curve 2 (ca. 243
ng cm−2 or 3.6×10−11 mol cm−2). When no external
potential is applied, the MT adsorption is governed
presumably by chemisorption through the formation of
the Hg-thiolates between the TMF and the cysteine
residues on the MT molecules [9,10,14,20,27,32,33].
This chemisorption process appears to be modulated by
the externally applied potentials. The potential applied
to collect curve 1 (−0.9 V) is more negative than the
pzc of the mercury surface (ca. −0.6 V [27,33]),
whereas that used to acquire curve 3 is more positive
than the pzc. While it seems that the negatively/posi-
tively polarized electrode surface may attract/repel the
positively charged MT molecules, it is difficult to differ-
entiate the different factors (e.g. covalent attachment of
MT, electrostatic interaction between MT and the elec-
trode surface, the relationship between the potential
and the interfacial MT concentration) that may con-
tribute to the observed increase or decrease of MT
adsorption.

To probe whether an equilibrium state has been
established under the above experimental conditions,
we employed two more sample loops (20 and 250 �l,
respectively) to examine the effect of the injected sam-
ple volume on the amount of MT adsorption. Shown in
the inset of Fig. 3 are the corresponding QCM re-
sponses to the injections of the two different amounts
of 20 �M MT solutions (dashed line curve for 20 �l)
and (solid line curve for 250 �l) under open-circuit

Fig. 3. (a) Time-resolved QCM responses to the injections of 100 �l
of 20 �M MT solutions into the low-volume QCM cell housing
carbon-based thin mercury films at −0.9 V (curve 1), at open circuit
(curve 2), and at −0.3 V (curve 3). Curve 4 shows the mass-time
relationship when 100 �l of a Tris·HCl buffer was introduced into the
cell at −0.9 V. Arrows indicate the times when injections were made
and when the samples were completely replaced by the carrier solu-
tion. The inset shows the QCM responses to the injections of 20 �l
(dashed line curve) and 250 �l (solid line curve) of 20 �M MT
solutions. (b) Superimposed DPVs acquired immediately after the
individual FIA-QCM measurements (curves 1–4 in panel (a)). The
background voltammogram in a MT-free Tris·HCl buffer solution is
shown as curve 4. The DPV experimental parameters were: pulse
width=50 ms, amplitude=50 mV, and pulse period=0.2 s.
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conditions. Note that the duration of the 20 �l sample
in the cell (90 s) is less than that of the 250 �l sample
(1125 s). We should mention that the variation of the
loop size should be equivalent to that of the flow rate,
but it is more convenient to alter the loop (sample) size
since the TMF is not mechanically stable at a relatively
high flow rate. As can be seen, the injection of 20 �l
MT solution produced a much smaller mass change (80
ng cm−2) than that of the 250 �l MT (217 ng cm−2).
The fact that the mass increase associated with the
injection of the 250 �l MT solution is comparable to
that corresponding to curve 2 in Fig. 3 suggests that an
equilibrium MT surface coverage has been reached
when the sample loop is 100 �l.

We performed a subsequent voltammetric experiment
in an attempt to verify the extent of MT adsorption.
Shown in Fig. 3b are a series of superimposed differen-
tial pulse voltammograms (DPVs, curves 1–3) that
were acquired immediately after recording the corre-
sponding FI-EQCM curves in Fig. 3a. The subsequent
DPV scan of the MTs adsorbed at −0.9 V is also
shown (curve 1a). In these DPVs, an oxidation peak
was observed at a potential around −0.74 V, which
was absent when only the buffer solution was injected
(curve 4). The oxidation peak potential in curve 2 or
curve 3 is close to the peak at −0.7 V observed at
dropping mercury electrodes [11,12,14–16,18,19,34].
Previously, we formed a MT adsorbate film at a TMF
electrode through an extensive adsorptive contact (e.g.
3 h) of the TMF surface with a MT solution of a
relatively high concentration (e.g. 20 �M) and observed
a reversible voltammetric wave at ca. −0.63 V. We
attributed this wave to the oxidation of the Hg to form
mercury–cysteine thiolates [20].

As was shown in several reports [9,10,18,19], certain
Cd2+ ions originally coordinated in the native MT
molecules can be released upon MT adsorption onto
mercury electrode surfaces, partially because of the
greater affinity of MT molecules toward Hg. Thus, the
oxidation peak of the MT adsorbate film formed at
−0.9 V, as will be elaborated below, may actually
constitute the following two faradaic processes:

Cd(Hg)−2e−=Cd2+ (1)

(Cys—H)n(Cys)mHg(ads)−ne−

= (Cys)m+nHg(ads)+nH+ (2)

Reaction (1) describes the anodic stripping of Cd that
had been accumulated into the TMF at a potential
more negative than the Cd2+ reduction potential (e.g.
−0.9 V). Here, this reaction implies that Cd was
accumulated from Cd2+ released by MTs (possibly via
the breakage of the Cd�Cysteine bond) and subse-
quently reduced at a negative potential. Reaction (2)
symbolically shows the oxidation of the mercury to
form the cysteine–mercury thiolates (Cys)mHg with the

MT molecules adsorbed onto the Hg surface via elec-
trostatic attraction [20]. Here, the formation of the
cysteine–mercury thiolates accompanies the loss of pro-
tons on the cysteines (Cys�H) that were not in contact
with the Hg surface. Upon oxidation, the MT
molecules remain attached to the surface (see below in
connection with the discussion on the consecutive CV
or DPV scans). The strong retention of the MT
molecules by the TMF is also consistent with the fact
that cyclic voltammetric (CV) signals of MT adsorbates
formed under open-circuit conditions did not degrade
upon many cycles (e.g. 50–60 cycles) [20].

Another possible explanation is that the peak in Fig.
3b is due to the MT complex oxidation (or more
specifically, the ‘Cd–MT’ complex oxidation [11,12,14–
16,18,19,34]) which causes the cysteine residues to form
the Cys�Cys bonds (or the cystine analog). This would
also result in the release of the cadmium from the MT
molecules into the solution:

(Cys)nCdx(Cys)mHg−ne−

= (Cys−Cys)n/2(Cys)mHg+xCd2+ (3)

where x represents the number of Cd that can be
released and (Cys)n represents the cysteines that were
complexed with the labile Cd in MT. In this case, the
charges under the MT oxidation peak at −0.74 V are
associated with the breakage of the (Cys)nCdx com-
plexes. (Cys)mHg in Reaction (3), like that in Reaction
(2), are the cysteines that have formed the cysteine–
mercury thiolates. We should stress that the values for
n and m in Reactions (2) and (3) are not necessarily
equivalent. We just intend to use the symbol n to
represent the number of cysteine or sulfhydryl groups
involved in the MT oxidation at −0.74 V in either of
the two possible mechanisms.

It is worth emphasizing that, within the scope of the
present work, it is difficult to pinpoint the exact elec-
trode reaction(s) to the MT oxidation peak at −0.74
V. In fact, many previous electrochemical studies of
MT adsorbates at dropping mercury film electrodes
have only loosely assigned this peak to the CdMT
complex oxidation [11,12,14–16,18,19,34]. The situa-
tion is complicated particularly by the fact that, for MT
that contains a higher concentration of cadmium than
of zinc, the thiolate oxidation peak may sometimes
coincide with that of the MT oxidation [11,12,14–
16,18,19,34]). To differentiate the two possible mecha-
nisms, a non-mercury electrode, possibly a chemically
modified solid electrode, should be used to avoid the
accumulation of metals at the electrode surface. This
will be one of our future objectives.

We therefore focused our attention on the determina-
tion of the amount of MT adsorption and the quantity
of the metal being released from either rreaction (1) or
reaction (3). The oxidation of the Cd in the amalgam
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Fig. 4. Three consecutive cyclic voltammograms of MT adsorbate
films formed in a thin-layer flow cell at a TMF onto a 3-mm-diameter
glassy carbon electrode formed by exposing the TMF film to a 20 �M
MT solution at −0.9 V for 450 s. The scan rate employed was 0.01
V s−1. The arrow indicates the scan direction.

In principle, if the amount of MT adsorbate and
charges involved in the oxidation of the surface-
confined MT molecules can be quantified, it should be
possible to calculate the n value using the Faraday law.
In our previous work [20], we have shown that about
1–4 cysteine residues per MT molecule may have been
involved in the oxidation of Hg–cysteine thiolates
formed under the open-circuit condition. Rodrı́guez
and coworkers deduced a value of 2.9 for n from the
dependence of the rabbit liver MT oxidation peak
potential on the solution pH [10,16,22]. For cysteines
that are not in direct contact with the electrode surface,
some might be still coordinated to the original metals in
the MT molecules (i.e. Cd and Zn).

Our attempts to obtain the charges under a linear-
scan or CV peak of the MT adsorbate formed at the
carbon-coated crystal were not successful, since the
observed voltammetric peak was subject to a low sig-
nal-to-noise ratio. We found that a smaller glassy car-
bon electrode (3 mm in diameter) in the thin-layer flow
cell employed for our EC/ICP-AES experiment (de-
scribed below) yielded a less distorted CV. The im-
provement of the signal-to-noise ratio at the glassy
carbon electrode might have originated from the intrin-
sically lower background current than the carbon-
coated crystal. In fact, we generally observed a better
background at a glassy carbon electrode in the MT-free
Tris·HCl buffer. Fig. 4 shows three consecutive CVs of
an MT adsorbate film formed upon exposing a TMF to
an MT solution at −0.9 V for 450 s. As suggested in
the discussion about the DPV behavior of MT adsor-
bate formed at −0.9 V, the rapid decrease of the peak
current in curve 1 to a relatively constant value in
curves 2 and 3 suggests that, upon Cd release or
stripping off the electrode into the solution (through
reactions (3) and (1), respectively), the oxidation of the
remaining cysteines in MT to form the cystine analogs
(along the mechanism shown by reaction (3)) or the
formation of cysteine–mercury thiolates (along the
route of reactions (1) and (2)) becomes responsible for
the observed faradaic current. The signal-to-noise lev-
els, though subject to a large uncertainty (%RSD=
43%), allowed us to determine the average charges (five
replicates) under the MT oxidation peak using the peak
in the second CV scan. The average charge was found
to be 2.1×10−5 C cm−2 which corresponds to a molar
density of 2.2×10−10 mol cm−2 for the total
sulfhydryl groups at the TMF surface.

Before calculating the n value, the mass of the accu-
mulated metals must first be excluded from the total
mass change (curve 1 of Fig. 3a), if the mechanism
involving reactions (1) and (2) is more probable. We
made an effort to determine the amount of possible
metal accumulation in a separate EC/ICP-AES experi-
ment. The principle of EC/ICP-AES or EC/ICP-mass
spectrometry for studying electrode reactions has been

form (reaction (1)) has been noted in many previous
reports to overlap with either reaction (2) or reaction
(3) [8–11,14,16,19]. Thus, it is difficult to quantify the
amount of metal stripped off the electrode by conven-
tional voltammetric techniques. Therefore, while it is
clear that the MTs can undergo oxidation upon adsorp-
tion at the TMF electrode surface, the total mass
change when −0.9 V was applied must be deconvo-
luted to give separately the actual MT adsorption and
the mass increase associated with the possible Cd accu-
mulation (if reactions (1) and (2) are the probable
route). Determination of the amount of Cd that might
be accumulated was carried out with the EC/ICP-AES
experiments described below.

Regardless of the amount of contribution to the total
faradaic current by the anodic stripping of Cd, the
variation of the peak intensities shows the same trend
as the mass changes presented in Fig. 3a. This is
evidenced by the contrast between curves 1a, 2, and 3 in
Fig. 3b. Since curve 1 precedes curve 1a and anodic
stripping of metals in the amalgam forms is known to
be instantaneous and complete [35], it is reasonable to
assume that the peak in curve 1a arose entirely from the
oxidation of the surface-confined MT molecules. In
other words, all the Cd that might be accumulated into
the TMF electrode had been stripped. Thus, it appears
that the MT oxidation peak is proportional to the
amount of MT adsorption. Interestingly, for this case,
voltammetric measurements cannot provide quantita-
tive information about the amount of MT adsorption,
because the exact number of electroactive cystine or
sulfhydryl groups per MT molecule involved in reaction
(2) or reaction (3) is not known. In other words, not all
of the twenty cysteines in an adsorbed MT molecule
will participate in the oxidation reaction.
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described elsewhere [26,28,29]. The virtues of this par-
ticular hybrid technique are directly related to the
sensitivity of ICP-AES for metal determination and its
immunity to problems inherent in voltammetric experi-
ments. When combined on-line with electrochemistry,
ICP-AES allows the products generated in the electro-
chemical flow cell to be determined downstream with-
out being complicated by charging current and
overlapping peaks [31,35]). Fig. 5a and b depict two
consecutive DPVs of MT adsorbates in the EC/ICP-
AES flow cell and the time-resolved ICP-AES response
to the elution of Cd2+ produced from stripping of Cd
in the TMF electrode, respectively. The Cd2+ elution
peak in Fig. 5b in the first DPV scan and the absence of
this peak in the subsequent scan (data not shown)

suggests that Cd2+ can be released or stripped off the
electrode only in the initial scan. The decrease of the
peak current between curves 1 and 2 in Fig. 5a is
similar to that between curves 1 and 1a in Fig. 3b. No
matter which mechanism is at work, the MT adsorbates
remained firmly attached onto the electrode throughout
repetitive DPV or CV scans and their further oxidation
did not produce any Cd2+ elution peak in the time-re-
solved ICP-AES profile. Through interpolation of the
area of the peak such as that in Fig. 5b using the
calibration curve, we found the average amount (five
replicates) of Cd2+ per unit area of the TMF to be 14
ng cm−2. Since this number is only 3.8% of the total
mass measured by FI-EQCM (366 ng cm−2 for curve 1
in Fig. 3a), we are confident that the additional MT
adsorption (or mass increase) at a potential more nega-
tive than the pzc is not a result of the accumulation of
a small amount of Cd in the TMF.

Based on the EC/ICP-AES results, the amount of
MT adsorbate should be 366–14=352 ng cm−2 or
5.2×10−11 mol cm−2 if the mechanism involving reac-
tions (1) and (2) is more plausible. Dividing the afore-
mentioned molar density of sulfhydryl groups from the
CV experiment (2.2×10−10 mol cm−2) by the above
MT molar surface density yielded an n value of 4.2�
1.8 (i.e. there are 4.2�1.8 sulfhydryl groups per MT
molecule participating in reaction (2)). On the other
hand, if reaction (3) is more likely, the n value will be
only slightly smaller (4.1�1.7). As can be seen, the
uncertainty associated with the deduction of the
charges under the MT peak is mainly responsible for
the variation of the final n value. Nevertheless, this
value is comparable to that reported by Rodrı́guez and
coworkers (n=2.9 [10]) and in good agreement with
that which we deduced for the MT adsorbate formed
via simple chemisorption (n=1–4) [20]. This agreement
suggests that, although a higher surface coverage of
MT adsorbates can be produced by applying a poten-
tial more negative than the pzc, the number of cysteines
involved in the mercury–cysteine thiolate bond forma-
tion does not increase significantly.

Finally, if 4.2�1.8 (or 4.1�1.7) cysteines were in-
volved in the MT oxidation, about 1–2 metal ions
would then have been released (transferred) upon the
MT oxidation. This conclusion is drawn based on the
fact that the stoichiometric ratio between the metal ions
and the cysteine residues in a MT molecule is about 1/3
(Cd4Cys11 or Cd3Cys9 in the two binding domains of
MTs [1,21]). Suppose that, on average, two Cd2+ ions
per MT molecule are released or replaced, the mass
fraction of two Cd2+ over the entire MT mass should
then be [(2×molar mass of Cd)/molar mass of
MT]100%= [(2×112.4)/6800]100%=3.3%. This num-
ber is rather close to 3.8%, the value introduced above.
Thus, all the results (mass densities, the range of the n
value, and the charges involved in the MT oxidation)

Fig. 5. (a) Two consecutive differential pulse voltammograms of MT
adsorbates at a TMF film at a 6-mm-diameter glassy carbon electrode
in a thin-layer flow cell. The MT adsorbate film was formed by
injecting 20 �M MT solution into a thin-layer cross-flow cell housing
a preformed thin mercury film electrode and holding the electrode
potential at −0.9 V for 450 s. The parameters used to acquire the
voltammograms are the same as those for Fig. 3b. The arrow
indicates the scan direction. (b) Time-resolved ICP-atomic emission
spectrometric response to the Cd2+ elution out of the flow cell after
the first DPV scan over −0.74 V in (a).
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appear to be self-consistent, suggesting that our ap-
proach based on the two hybrid electrochemical tech-
niques for quantifying the MT adsorption process and
the released metals from the MT adsorbates is viable and
accurate.

4. Conclusions

This work has demonstrated that the MT adsorption
onto the mercury electrode surface is potential-depen-
dent. A novel, low-volume EQCM flow cell was devel-
oped and combined with a simple flow-injection system
(FI-EQCM) to facilitate the study of MT adsorption at
a preset electrode potential. It is apparent that the MT
adsorption process is affected by the applied potential.
When the applied potential (e.g. −0.9 V) is more
negative than the pzc of the mercury, the amount of MT
adsorption was found to be greater than that observed
under open-circuit conditions. On the other hand, a
potential more positive than the pzc (e.g. −0.3 V)
appears to cause the electrode surface to repel the MT
molecules in the solution, resulting in a smaller extent of
adsorption via mercury–cysteine thiolate formation. The
magnitude of the MT oxidation current in the DPV scan
was found to be consistent with the amount of MT
adsorbates. Metal ions (i.e. Cd2+) released by the MT
molecules adsorbed at −0.9 V or stripped off the Hg
film, were differentiated from the total mass increase
measured by the FI-EQCM device. The separate determi-
nation of the metal ions released was carried out using
electrochemical ICP-atomic emission spectrometry (EC/
ICP-AES). The contribution of the metal accumulation
to the net mass change was found to be rather small.
Finally, the comparison between the voltammetric data
and the FI-EQCM results allowed the average number
of cysteine (sulfhydryl) groups per MT molecule involved
in the electrode reaction, n, to be determined. We found
that the n value is 4.2�1.8 or 4.1�1.7, depending on
the mechanism employed for the explanation of the MT
oxidation. The range of the n value is consistent with the
literature value and that which we reported in a previous
study. Our approach based on this flow cell should be
generic, since many metalloproteins are charged and can
interact with an electrode surface through electrostatic
interactions. The relatively small internal volume is
particularly desirable, as the availability of many biolog-
ical samples is generally limited.
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