
Sensitive Detection of Sulfhydryl
Groups in Surface-Confined
Metallothioneins and Related
Species via Ferrocene-Capped Gold
Nanoparticle/Streptavidin Conjugates
O M A R A . J I M E N E Z , † S A R A C H I K N E Y A N , †

A L F R E D J . B A C A , † J I A N X I U W A N G , ‡ A N D
F E I M E N G Z H O U * , † , ‡

Department of Chemistry and Biochemistry,
California State University, Los Angeles, Los Angeles,
California 90032, and College of Chemistry and Chemical
Engineering, Central South University, Changsha,
Hunan, People’s Republic of China 410083

Metallothionein (MT), a cysteine-rich metalloprotein that
is purported to play an important role in heavy metal
accumulation and detoxification, and its related peptidic
species were attached onto dithiobissuccinimidyl propionate
self-assembled monolayers. The spatially accessible
sulfhydryl groups present in these immobilized biomolecules,
tagged with N-biotinoyl-N′-[6-maleimidohexanoyl]-
hydrazide, were detected voltammetrically at a sensitive
level via the use of ferrocene (Fc)-capped gold nanoparticle/
streptavidin conjugates. The method was established
first by examining relatively simple peptides (e.g., glutathione).
For the hexapeptidic species that resembles the N-terminus
of MT with a sequence of Lys-Cys-Thr-Cys-Cys-Ala,
concentration levels as low as 0.050 nM can be determined.
Such a remarkable sensitivity is attributed to the presence
of a large number of Fc caps present at each gold
nanoparticle, which enhances the detection of a small
number of surface-bound sulfhydryl groups. Microgravimetric
measurements, performed with a quartz crystal microbal-
ance, were used in tandem with voltammetry to quantify the
number of tagged sulfhydryl groups. Through extraction
of the metals present in MT adsorbate, it is demonstrated
that this amplified voltammetric detection is also suitable
for the investigation of the variation of the number of sulfhydryl
groups present at an electrode and sensitive to the
change of surface structure of an immobilized biomolecule.
This work represents a new method for the determination
of sulfhydryl groups inherent in surface-bound proteins
or peptides and can facilitate the study on the environmental
issues related to MTs.

Introduction
Metal contamination of aquatic ecosystems is an extremely
important and complex environmental problem. The com-
plexity of this problem stems from the fact that metal
contamination is widespread, the presence of metals is

persistent, and the impact of metals to aquatic life can be
detrimental. While measuring a toxic metal in its free ionic
forms provides a direct assessment of the extent of pollution
by this element, it is only after its biologically relevant
fractions have been clearly defined can a comprehensive
description of the pollution pattern be established. Thus both
the direct quantification of the abundance of a metal in the
environment and the measurement of the bioavailability of
the metal are important.

A biomolecule that has shown relevance in the bio-
accumulation and detoxification of heavy metals is metal-
lothionein (MT) (1-3). MT is also known to be an excellent
biomarker for assessing and predicting metal contaminations
(4). By all accounts, MT is unique and intriguing to
environmental scientists. Some of the unusual characteristics
include its high cysteine content (∼30%), absence of aromatic
amino acids, strong tendency to accumulate heavy metals,
and remarkably low reducing potentials (5). The metals are
so tightly wrapped within the dumbbell structure of MT that
they become effectively isolated from the environment. In
the primary structure of MTs, the cysteines are present in
the Cys-X-Cys, Cys-X-X-Cys, and Cys-Cys motifs (X represents
a non-cysteine amino acid). Such motifs provide multiple
cysteine-thiolate side chains capable of coordinating a
number of metals. It is commonly known that thionein (the
apo-form of MTs) can instantaneously bind metals with a
high affinity in the hierarchical binding sequence of Hg2+ >
Ag+ > Cu+ > Cd2+ > Zn2+ (2).

Recently, it has been postulated that the uptake, transfer,
and release of heavy metals by MTs are redox-induced.
Directionality of the metal transfer (between MT and the
metal donor/acceptor) was found to be dependent on the
redox state of the modulating species. Researchers discovered
that the oxidized form of glutathione (GSSG) favors metal
transfer from MT to enzymes, presumably by complexing
the metals while oxidizing the sulfhydryl groups in MT, and
the reduced form (GSH) facilitates the reverse process,
possibly by reducing the disulfide bonds in MT to form the
thiols, which are capable of binding metals (6).

Traditionally, electrochemical methods are useful for the
investigation of certain properties of MTs because the cysteine
residues and some of the metals contained in MTs (e.g., Hg,
Ag, and Cu) are redox-active. Moreover, voltammetric
techniques are simple, sensitive, and inexpensive to imple-
ment. Generally, MTs are adsorbed onto electrodes for
voltammetric characterization. One of the important aspects
is concerned with the investigation of redox chemistry of
cysteine residues, cystine groups, and metal-thiolates within
the MT adsorbates. For example, we have shown recently
that rabbit liver MT adsorbed onto a thin mercury film exhibits
two well-defined redox waves (7). However, in most volta-
mmetric studies (8-10), the voltammetric waves of many
types of MT adsorbates are complex, and it has been difficult
to detect and quantify the cysteine residues per MT molecule
that are accessible for electron-transfer reactions.

While a myriad of methods have been developed to
determine sulfhydryl groups of proteins in the solution phase
[e.g., the use of Ellman’s reagent for spectrometric identi-
fication (11), the measurements of fluorescent species
generated from the reactions of proteins with a thiol-specific
reagent (12), and the thiol detection coupled with Western
analysis (13-15)], relatively few assays have been devised to
analyze sulfhydryl groups in surface-bound proteins. Con-
ceivably, the introduction of an electroactive marker that
reacts specifically with the sulfhydryl groups of the protein
molecules should make voltammetric detections readily
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amenable. Hill and co-workers showed that labeling the
sulfhydryl groups with N-(2-ferrocenylethyl)maleimide yielded
detectable voltammetric peaks (16), allowing proteins that
do not exhibit well-defined redox behavior to be studied.
However, the method is again limited to proteins in solution,
and the observed voltammetric waves are not well-defined
(16). The ferrocene (Fc) moieties attached to the cysteine
groups of a protein molecule might not be close to the
electrode or are buried deeply within the protein for facile
electron transfer. The method is probably not suitable for
sensitive detection of the number of sulfhydryl groups present
in the small amount of a protein adsorbate.

Recently we developed an amplified voltammetric detec-
tion of oligonucleotides and polynucleotides at trace levels
by oxidation of Fc groups residing at the gold nanoparticle/
streptavidin conjugates (17). Because each conjugate is
covered with more than 100 ferrocenyl alkanethiol molecules,
the presence of a biotinylated DNA (the biotin entity reacts
selectively with the streptavidin groups on the conjugate)
leads to an enhanced voltammetric signal. In this work, we
extended this methodology to the sensitive and selective
detection of sulfhydryl groups inherent in adsorbates of MTs
and related peptides. Coupled with microgravimetric de-
termination of the adsorbates using a quartz crystal mi-
crobalance(QCM), we show that the average number of
sulfhydryl groups per MT or peptidic species can be
determined. The relatively long arm of the cross-linking
reagent, N-biotinoyl-N′-[6-maleimidohexanoyl]hydrazide
(biotin-Mi), allows the maleimide group to reach into the
interior of MT to react with the cysteine thiol groups. Some
of the biotin groups are extended out of the protein molecules
to complex with the streptavidin moieties on the conjugates,
thereby introducing a large number of Fc groups to the
electrode surface and leading to a large voltammetric signal.
This methodology should be helpful for voltammetric
characterization of the redox behavior of MTs and can shed
light onto the role of redox chemistry of MTs in heavy metal
accumulation and detoxification.

Experimental Section
Materials. Potassium perchlorate, potassium dihydrogen
phosphate, dimethyl sulfoxide (DMSO), acetic acid, ethyl-
maleimide, dithiobissuccinimidyl propionate (DTSP), and
N-biotinoyl-N′-[6-maleimidohexanoyl]hydrazide (biotin-Mi)
were all used as received (Aldrich Chemicals). The oxidized
and reduced forms of glutathione (GSSG and GSH), rabbit
liver MT, the pentapeptide (Ala-Ala-Ala-Ala-Ala), and strepta-
vidin/colloidal gold conjugates were acquired from Sigma.
The hexapeptide Lys-Cys-Thr-Cys-Cys-Ala (denoted as FT)
was purchased from Bachem California Inc. (Torrance, CA).
6-Ferrocenyl-1-hexanethiol was synthesized according to the
literature procedure (18). The hydrochloric acid solution was
doubly distilled from Vycor (GFS Chemicals, Powell, OH).
The preparation and characterization of the Fc-capped gold
nanoparticle/streptavidin conjugates have been recently
reported (17, 19). All stock solutions were prepared daily
with deionized water purified by a Millipore system
(Simplicity 185).

Instrumentation. All electrochemical measurements were
carried out using a CHI 440 electrochemical workstation
(Austin, TX). For the quantification of peptides or MTs/
thioneins immobilized onto the gold surface, a home-built
QCM, constructed using an ICM oscillator (ICM Technologies,
Oklahoma City, OK) and a Fluke PM 6680B frequency counter
(Everett, WA), was employed.

Electrodes. Gold disk electrodes (3 mm diameter, Bio-
analytical Systems, Inc., West Lafayette, IN) were polished
with Al2O3 slurry down to 0.3 µm and thoroughly cleaned in
an ultrasonic water bath. Cyclic voltammograms (CVs) were
acquired from a one-compartment cell that also housed a

platinum auxiliary electrode and an Ag/AgCl reference
electrode. AT-cut quartz crystals with a fundamental fre-
quency of 9.995 MHz (9.5 mm in diameter) were received
from ICM Technologies (Oklahoma City, OK). The effective
sensing area of the gold-coated crystal was 0.212 cm2.

Procedures. Immobilization of Peptides or MTs onto Gold
Electrodes. To attach peptides or MTs onto the electrode
surface, polished gold disk electrodes were exposed to a 2.0
mM DTSP SAM solution overnight. Upon rinsing the
electrodes thoroughly with deionized water and DMSO, a
phosphate buffer solution (pH 7.0) containing a specific
analyte of varying concentrations was allowed to be in contact
with the DTSP SAM for 3 h. This was followed by immersing
the electrode in a 12.0 mM n-propylamine solution for 1 h
to deactivate the unreacted NHS ester groups on the DTSP
SAM.

Attachment of Fc-Capped Gold Nanoparticle/Streptavidin
Conjugates. To attach the Fc-capped gold nanoparticle/
streptavidin conjugates onto the electrode surface covered
with a given peptide or MT, the electrode prepared with the
aforementioned procedure was first allowed to react with an
acetic acid (pH 7.0) solution containing 1.0 mM biotin-Mi
for 1 h. Subsequently, the electrode was exposed to 10 µL of
a Fc-capped gold nanoparticle/streptavidin conjugate solu-
tion for 1 h. Finally, the electrode was transferred to a 0.1 M
KClO4 solution and characterized voltammetrically. The
electrode potential was scanned between -0.1 and 1.0 V
versus Ag/AgCl.

Extracting Metals from Surface-Confined MTs. Upon
immobilizing MT onto the DTSP SAM, the electrode was
immersed into a vial containing 0.1 M doubly distilled HCl
solution for 1 h. The electrode was then cleaned with
deionized water and subsequently derivatized with the Fc-
capped gold nanoparticle/streptavidin conjugates using the
procedure described above. To avoid possible oxidation of
the free sulfhydryl groups, voltammograms were collected
from a KClO4 solution thoroughly degassed with N2.

QCM Measurements. Typical QCM experiment began with
the cleaning of the crystal surface with a piranha solution
(30% H2O2 and 70% concentrated H2SO4). CAUTION: Piranha
solution reacts violently with organic solvents and is a skin
irritant. Extreme caution should be exercised when handling
piranha solution. The crystal was then washed with deionized
water and dried under a stream of N2. Next the crystal was
soaked in the DTSP solution overnight, and its oscillation
frequency was measured. After the reaction, the crystal was
rinsed and subsequently exposed to solutions containing
different concentrations of a peptide or MT. The crystal was
then rinsed and dried, and the frequency value was again
measured. The difference in frequency between these two
consecutive steps yields the amount of peptide or MT
immobilized.

Results and Discussion
Figure 1 schematically illustrates the principle behind the
enhanced voltammetric detection of sulfhydryl groups
present in immobilized oligopeptides or MT via electro-
chemical oxidation of the Fc caps on the gold nanoparticle/
streptavidin conjugates. The peptides or MTs can be cross-
linked onto the electrode through the amide bond formation
between the NHS esters situated at the termini of the DTSP
SAM and the primary amines of the peptides or MTs. Exposing
the peptide- or MT-covered electrode surface to the biotin-
Mi solution initiated the Michael-type electrophilic addition
reaction. The resultant biotinylated peptides or MTs can
subsequently be complexed with the streptavidin molecules
on the Fc-capped gold nanoparticles. Notice that the
treatment of the peptide- or MT-covered surface with an
amine-containing species (in this case, n-propylamine) prior
to the biotin-Mi attachment is necessary because the
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unreacted NHS ester groups could react with the streptavidin
groups on the gold nanoparticle/streptavidin conjugates,
causing them to nonspecifically adsorb onto the surface. As
demonstrated by our published work (17), each gold nano-
particle is covered with a large number of Fc molecules (127
( 18 Fc moieties per gold nanoparticle), which greatly
enhances the voltammetric signal. It is worth pointing out
that the attachment of the Fc-capped gold nanoparticle/
streptavidin conjugates affords the possibility of detecting
biomolecules that are either electroinactive or exhibit sluggish
electron-transfer rates. Moreover, as contrasted by Figure
1a,b, the method should also be sensitive to the change of
the protein structure at the surface and could detect the
variation of the number of the surface-confined sulfhydryl
groups that are spatially accessible. In doing so, simple and
sensitive voltammetric techniques become amenable for the
analysis of environmentally and biologically important
species.

Voltammetric Measurements. To establish the validity
of the detection method and to gauge the extent of
amplification of the surface-confined sulfhydryl groups, we
first carried out the measurements of glutathione, which is
a relatively simple peptide that contains only one cysteine
residue. Shown in Figure 2 is a representative CV of GSH that
had been attached onto the DTSP SAM. The CV acquired at
an electrode covered with GSSG (dotted line curve) did not
show any discernible peaks, suggesting that the method is
selective toward only the free thiols at the surface. As can be
seen, the voltammetric response is quite reversible, with the
peak potential separation (∆Ep) of 22 mV and the ratio of the
anodic peak current over the cathodic peak current (ipa/ipc)
of 1.17. Moreover, ipa values were found to be proportional
to the scan rates between the range of 0.1 and 1.0 V/s. All
these characteristics suggest that the Fc moieties can undergo
facile electron-transfer reactions with the Au electrode
covered by the DTSP SAM (20). Interestingly, compared to
the voltammograms of the DNA duplexes that had been
tagged with the Fc-capped gold nanoparticle/streptavidin
conjugates, the CV in Figure 2 exhibits essentially little
diffusional “tailing” (17). This is understandable, given the
difference in the elasticity and the surface coverage between
the immobilized GSH and the DNA duplexes. As reasoned
in our earlier work (17), upon oxidation of Fc to ferrocenium
ions, the adjacent gold nanoparticles become positively
charged and may repel one another. Contrary to the tethered
DNA molecules, the GSH molecules (as well as the FT and
MT molecules described below) are anchored onto the DTSP
SAM through multiple sites (amino groups on the peptide

backbones). Consequently, the flexibility of these molecules
is more limited. Moreover, attachment of the biotin-Mi occurs
only at the locations where free and spatially accessible thiols
exist. For the same surface density of a sulfhydryl-containing
peptide or protein as that of an oligonucleotide, the number
of Fc-capped gold nanoparticle/streptavidin conjugates
introduced to the former will be less. This contention is
supported by our microgravimetric measurements (vide
infra).

The suggestion about the steric hindrance to the conjugate
attachment also implies that the sensitivity for monitoring
a sulfhydryl-containing peptide or protein at an electrode
surface will not be as high as that for tethered DNA molecules.
To gain insight about the possible detection levels of this
method for the sulfhydryl groups, we immobilized GSH onto
DTSP SAMs from solutions containing GSH ranging from 1
nM to 5.0 mM and plotted the peak areas of the resultant Fc
oxidation peaks against the GSH concentrations (inset of
Figure 2). At 0.10 mM, the curve began to level off, suggesting
that most of the accessible sulfhydryl groups on the surface
had been reacted with biotin-Mi. As shown by the inset, the
segment of the plot between 1.0 nM and 0.10 mM is much
steeper, suggesting that the method is more sensitive when

FIGURE 1. Schematic representation of the amplified voltammetric detection of sulfhydryl groups present in surface-confined MT (a) and
metal-deficient MT or peptide (b) molecules via oxidation of the ferrocene caps on the gold nanoparticle/streptavidin conjugates. For
clarity, DTSP, peptide or MT, streptavidin, and 6-ferrocenylhexanethiol molecules are not drawn to scale, and the metals present in the
MT adsorbates (a) are omitted. The scheme pictorially reflects the fact that one streptavidin molecule could be linked to one or two
Fc-capped Au nanoparticles. Scheme b also illustrates that unfolding of the MT adsorbate upon metal extraction leads to the attachment
of a greater number of Fc-capped gold nanoparticle/streptavidin conjugates.

FIGURE 2. Representative CV of GSH immobilized (from a 0.5 mM
GSH solution) onto a DTSP SAM and subsequently derivatized with
the Fc-capped gold nanoparticle/streptavidin conjugates. The CV
acquired from a surface covered with GSSG is shown as the dotted
line curve. The arrow indicates the initial scan direction, and the
scan rate employed was 0.1 V/s. Inset: A plot of areas of the anodic
peaks against the GSH concentrations used for the GSH im-
mobilization.
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the GSH molecules on the surface are scarcer. Unlike the
nanoparticle-amplified DNA analysis, the anodic current was
found to be not proportional to the GSH concentration across
the entire range studied. Therefore, it appears that the steric
hindrance imposed to the sulfhydryl groups by adjacent
peptide molecules limits the number of conjugates that can
be attached. In other words, as the GSH concentration
becomes higher, the surface density of the GSH molecules
will be greater, preventing biotin-Mi from linking to a large
number of sulfhydryl groups.

The lowest GSH concentration detected by this method
is 1.0 nM. Although this concentration is greater than what
we obtained with the DNA analysis (<6.9 pM for a 39-mer
oligonucleotide target), the detection level is lower than that
achievable with HPLC-electrochemical detection (21) and
compares favorably with capillary electrophoresis combined
with electrochemical detection (22, 23). The percent relative
standard deviation (%RSD) is between 6% and 21%, indicating
that the reproducibility of this method is satisfactory (24).

We then extended this methodology to more complicated
systems. We first attempted to measure the cysteine groups
inherent in the FT molecule, which is the C-terminal
hexapeptide of mouse liver MT-1. Shown in Figure 3 are a
series of overlaid Fc CVs acquired at electrodes that had been
immersed in various FT solutions. It is evident that the signal
intensity increases with the FT concentration. For curve 1,
∆Ep was determined to be 32 mV, and the ipa/ipc ratio was
0.94. The %RSD of the ipa values is between 10% and 25%,
which are similar to that for the GSH case. On the basis that
ipa is also proportional to the scan rate, we concluded that
the FT molecules have been firmly attached to the electrode
surface. Similar to the case of GSH, the shape of the
voltammetric peaks in Figure 3 also indicates that the gold
nanoparticles are spaced apart from each other and that the
surface-bound FT molecules did not experience an ap-
preciable repulsion upon the oxidation of the Fc caps. Again,
the peak current or area is not proportional to the FT
concentration, probably for the same reason delineated above
for the GSH detection.

Finally, we explored the possibility of using the Fc-capped
gold nanoparticle/streptavidin conjugates to determine the
spatially accessible sulphydryl groups on the MT molecules.
In this experiment, we were also interested in examining
whether this method can detect changes in the metal content
of surface-confined MT molecules. Figure 4 shows CVs of
MT adsorbate films produced by exposing the electrodes to
two different MT solutions (curve 2 from 170.0 µM and curve

3 from 17.0 µM) and a CV of the surface-immobilized MT
that had been exposed to an HCl solution prior to the
biotinylation and the attachment of the Fc-capped gold
nanoparticle/streptavidin conjugates (curve 1). It is interest-
ing to note that we consistently observed the appearance of
a broad shoulder peak in the cathodic scan at the electrode
that was exposed to a 17.0 µM MT solution (curve 3). Such
a peak is absent when the MT concentration is greater (curve
2). It is possible that the amount of MT adsorbed from a
more diluted solution is less and the orientation of the
adsorbates is more random. Consequently, the conjugates
are more mobile at the surface and, upon the oxidation of
the Fc caps, the positively charged gold nanoparticles begin
to repel (interact with) each other, causing a “diffusional”
tailing and the positioning of the conjugates at different
distances away from the electrode.

Hunziker showed that the exposure of MTs to an acidic
solution would result in extraction of the pristine metals of
MTs (25). Clearly, in our experiment, immersion of the MT
adsorbates in a 0.10 M HCl solution created more sulfhydryl
groups, presumably due to the breakage of the metal thiolate
bonds to release metals. It is possible that the loss of metals
would lead to the unfolding of the dumbbell structure of the
MT molecule and consequently cause the adsorbate to
possess a more extended or open structure. Therefore, in
addition to the generation of a greater number of free
sulfhydryl groups, the steric hindrance to the cross-linking
reaction between the biotin-Mi to the sulfhydryl groups will
be reduced. These two effects can both facilitate the
attachment of more Fc-capped gold nanoparticle/strepta-
vidin conjugates. As illustrated in Figure 1b, compared to a
more folded structure (Figure 1a), the number of Fc-capped
gold nanoparticle/streptavidin conjugates attached per
protein is higher. In fact, under the similar MT immobilization
condition, the HCl-treated surface typically yields an anodic
peak 4-5 times as high as the native MT adsorbates. This
observation is also confirmed by the microgravimetric
measurements described in the following section.

Compared to GSH and FT peptides, the rabbit liver MT,
a protein bearing extra positive charges (from lysine residues),
may have a stronger tendency to cause nonspecific adsorption
of the Fc-capped gold nanoparticle/streptavidin conjugates.

FIGURE 3. Overlaid CVs of Fc caps on the tagged FT adsorbates
produced from solutions containing various FT concentrations: 0.50
mM (curve 1), 50.0 µM (curve 2), 50.0 nM (curve 3), and 0.050 nM
(curve 4). The dotted line curve corresponds to the CV of the non-
cysteine-containing pentapeptide adsorbate (Ala-Ala-Ala-Ala-Ala).
The arrow indicates the scan direction, and the scan rate was 0.1
V/s.

FIGURE 4. CVs of Fc caps on the streptavidin/gold nanoparticles
attached onto the various MT adsorbate films: MT adsorbates
immobilized from a 17.0 µM MT solution and subsequently exposed
to a HCl solution (curve 1), MT adsorbed from a 170.0 µM MT solution
(curve 2), and MT attached from a 17.0 µM MT solution (curve 3).
The dotted line curve corresponds to the voltammogram acquired
at a MT-covered electrode that had been treated with a 1.0 mM
N-ethylmaleimide solution, prior to the attachment of the Fc-capped
streptavidin/gold nanoparticles. The arrow indicates the initial scan
direction, and the scan rate was 0.1 V/s.
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To exclude the possibility that signals shown in curves 2 and
3 of Figure 4 are given rise by nonspecifically adsorbed
conjugates, we conducted a control experiment in which the
sulfhydryl groups were first capped (deactivated) by N-
ethylmaleimide (dotted line curve). This curve showed a
broad but much diminished peak, suggesting that the absence
of reactive sulfhydryl groups would significantly reduce the
conjugates attached. Therefore, similar to the control experi-
ments concerning the GSH and FT cases, the detection
scheme is highly specific to the spatially accessible sulfhydryl
groups, and nonspecific adsorption of the conjugates is
minimal.

Microgravimetric Measurements. In an attempt to gauge
the number of sulfhydryl groups that can be tagged by biotin-
Mi and subsequently quantified by the amplified voltam-
metric detection scheme, we carried out QCM measurements
of amounts of biomolecules adsorbed onto electrodes. For
the case of GSH, the average quantity of immobilized GSH
from four replicates was 10.8 ( 1.60 ng (or 17.6 ( 2.69 pmol).
The average amount of sulfhydryl groups determined by
voltammetry at the same QCM crystals is 0.239 ( 0.0190
pmol (or 3.3 pmol/cm2 at the gold disk electrode). Thus, the
percentage of the sulfhydryl groups tagged onto the surface-
confined GSH is 1.4 ( 0.12%. For MT immobilized from a 17
µM solution (curve 3 in Figure 4), the percentage of the
cysteine groups tagged, deduced in the similar fashion, is
much lower (0.76 ( 0.070%). This is reasonable, given that
most of the sulfhydryl groups in the MT adsorbates have
been bound to metals. Nevertheless, such a small quantity
of sulfhydryl groups (7.8 pmol/cm2) had been sensitively
detected by our method. When the MT adsorbates are
exposed to an acidic solution, the loss of metals resulted in
the generation of free sulfhydryl groups and some of these
sulfhydryl groups are readily attached with biotin-Mi, due to
the aforementioned MT structural change (i.e., from Figure
1a to Figure 1b). Indeed, the average percentage of the
sulfhydryl groups tagged by the Fc-capped gold nanoparticle/
streptavidin conjugates was found to be almost doubled (1.5
( 0.26%). Such a value becomes comparable to the case of
GSH adsorbates, which are smaller in size and less folded
than native MT molecules. Thus, it is apparent that the
nanoparticle-assisted voltammetric detection is not only
sensitive to the measurement of a small number of spatially
accessible sulphydryl groups but also useful for probing the
variation of sulfhydryl groups resulted from protein structural
alteration.
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(8) Šestáková, I.; Kopanica, M.; Havan, L.; Paleček, E. Constant
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