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Abstract
Ferrocene (Fc)-capped gold nanoparticle/streptavidin conjugates were attached onto electrodes covered with either
biotinylated oligodeoxynucleotides (ODNs) duplexes or N-biotinoyl-N�-(6-maleimidedohexanoyl)hydrazide that had
been preadsorbed onto the reduced form of glutathione (GSH) immobilized onto a dithiobissuccinmidyl propionate
self-assembled monolayer (SAM). Effects of the DNA probe and target strand lengths on the voltammetric behavior
of the Fc groups residing at the nanoparticle conjugates were studied. The voltammetric behavior was also compared
to that arising from the Fc groups present at the end of the ODN duplex in a sandwich complex (Wang et al. Anal.
Chem. 2003, 75, 3941). It was found that shorter duplexes would lead to a more reversible voltammetric wave.
However, the formation of duplexes with a greater number of base pairs will result in a lower detection level. For the
analysis of a biotinylated 30mer target at a mixed SAM of a 30mer probe and hexanethiol, a concentration level as low
as 0.25 pM could be detected (which is even lower than our previously reported detection level of 2 pM for an ODN
sandwich complex). The detection level for GSH (1 nM) was found to be comparable to those of many other
analytical techniques. The capability of our method for trace analysis of biotinylated biomolecules can be attributed to
the enhanced voltammetric detection by the large number of Fc moieties present at each conjugate. The method
described herein is simple, reproducible, versatile, and selective, and does not require sophisticated analytical
instrumentation.
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1. Introduction

The incorporation of nanoparticles in nucleic acid analyses
has resulted in improvements of the analytical ™figures of
merit∫ of a number of techniques [1 ± 14]. For example, gold
nanoparticles capped with thiol-modified oligodeoxynu-
cleotides (ODNs) allowed Mirkin and coworkers to detect
single-base mismatch at a sensitive level [15]. Willner and
co-workers have recently showed that gold nanoparticles
can serve as tiny electronic plugs to connect enzymes to the
electrode surface for biocatalytical assays [16]. Gold nano-
particles as tags have been employed to enhance the small
mass increase associated with the adsorption of DNA
molecules at a quartz crystal surface [8, 11, 12] and to
amplify the weak signals of surface plasmon resonance [13]
given rise by DNA hybridization at the metal/solution
interface. Recently Wang and co-workers have amplified
the voltammetric detection of nucleic acids by employing
polystyrene microspheres loaded with ferrocene (Fc) for
chronopotentiometric DNA assays [4]. Silver staining
(deposition) onto thiolated ODN-capped gold nanoparti-
cles or gold nanoparticle/streptavidin conjugates has im-
proved the scanometric [9], calorimetric [10], and scanning

electrochemical microscopic [17] imaging of DNA hybrid-
ization reactions.
We recently reported the synthesis and use of Fc-capped

gold nanoparticle/streptavidin conjugates for the analysis of
ODN and polynucleotide targets in the form of sandwich
complexes [18]. The remarkable detection limit (10 amol for
the analysis of a 39mer DNA) has been attributed to the
amplification of the voltammetric signal by the large
number of Fc moieties present on the conjugates (ca.
127 Fc moieties per gold nanoparticle). However, the
factors affecting the voltammetric behavior of faradaic
currents from the oxidation of the Fc groups on the
conjugates were not elucidated. In this work, we carried
out the direct hybridization between a surface-confined
ODN probe and a biotinylated target and detected such a
surface reaction with the aid of the Fc-capped gold nano-
particle/streptavidin conjugates. Because non-sandwich
DNA complexes are used, the procedure is simpler and
can provide more direct means to probe the relationship
between the surface parameters (e.g., probe length and
surface density) and the observed voltammetric behavior.
By varying the probe and target lengths and the number of
base pairs in the duplexes and comparing the results to those
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previously reported in connection with assays of targets in
the sandwich complexes, the analytical performance (e.g.,
sensitivity, dynamic range, linearity, and selectivity) of the
method for the assay of the biotinylated target was system-
atically evaluated. We show that a lower detection level can
be achieved when the biotinylated target is directly hybri-
dized with the surface-confined probe.
Another objective of this work was to expand the

methodology to the enhanced electroanalysis of other types
of biomolecules. To this end, we chose to selectively and
sensitively detect the reduced form of glutathione (GSH)
immobilized onto a preformed functional alkanethiol self-
assembled monolayer (SAM). Both the reduced and
oxidized (GSSG) forms and the ratio between these two
forms have been shown to be important in cell pathology
and antioxidation [19, 20]. Typically, the determination and
quantification of GSH and/or GSSG are performed by
chromatography or capillary electrophoresis combinedwith
electrochemical detection [21 ± 23]. Although these meth-
ods can adequately quantify GSH or GSSG, they generally
involve relatively complicated procedures or instrumenta-
tion and sometimes do not possess sufficient sensitivity. In a
proof-of-concept experiment, we show that the free sulf-
hydryl groups on the immobilized GSH molecules can be
labeled with biotin, which can be subsequently complexed
by the streptavidin component of the conjugate. Again, the
large number of Fcmoieties on the conjugates enabled us to
detect GSH molecules at a trace level.

2. Experimental

2.1. Materials

Potassium perchlorate, ethylenediaminetetraacetic acid
(EDTA), ethanol, Tris-HCl, NaCl, KH2PO4, dimethyl sulf-
oxide (DMSO), andK2HPO4wereall purchased fromBeijing
Chemical Reagents Company (Beijing, China). Dithiobis-
succinmidyl propionate (DTSP) and N-biotinoyl-N�-[6-mal-
eimidohexanoyl]hydrazide (biotin-Mi)wereused as received
(Aldrich Chemicals). 1-Hexanethiol (96%), glutathione (the
reduced form, GSH, and the oxidized form, GSSG), and
streptavidin-colloidal gold conjugates were acquired from
Sigma. 6-Ferrocenyl-1-hexanethiol was synthesized accord-
ing to the literature procedure [24]. The preparation and
characterization of the Fc-capped gold nanoparticle/strepta-
vidin conjugates have been recently reported [18]. All stock
solutions were prepared daily with doubly deionized water
purified by aMillipore system (Simplicity 185). ODN probes
with one end modified with mercaptohexyl groups and the
ODN targets biotinylated at either 5� or 3� end were
purchased fromeither IntegratedDNATechnologies (Coral-
ville, IA) or SaiBaiSheng Genetech Co., Ltd (Beijing). The
two DNA probes have the following sequences:

5�-AGA GGA TCC CCG GGT ACC GAG
CTC GAA TTC-3�(CH2)3SH (probe 1)
SH(CH2)65�-GTA AAA CGA CGG CCA GA-3�(probe 2)

And the sequences of the biotinylated targets are:

5�-GAA TTC GAG CTC GGT ACC CGG
GGA TCC TCT-3�-biotin (target 1)
5�-GAA TTC GAG CTC GGT GCC CGG
GGA TCC TCT-3�-biotin (target 2)
5�-AAA TTC GAG CTC GGT TCC CGG
GGA TCC TAT-3�-biotin (target 3)
biotin 5�-TC TGG CCG TCG TTT TAC-3� (target 4)
biotin 5�-TA TGG CCT TCG TTT TAT-3� (target 5)

Target 1 has a sequence complementary to probe 1, target 2
is a single-base mutant, and target 3 has three mismatching
bases. Target 4 is the complement to probe 2 and target 5 is a
3-base mutant. The mismatching bases are underlined.

2.2. Instrumentation

All electrochemical measurements were carried out using a
CHI440 electrochemical workstation (Austin, TX). A gold
disk electrode with a 2.0 mm diameter was used as the
working electrode. A platinum flag and a Ag/AgCl elec-
trode were employed as the counter and the reference
electrodes, respectively. DNA concentrations were meas-
ured with a Chem2000 UV-visible spectrophotometer
(Ocean Optics, Dunedin, FL).

2.3 Procedures

2.3.1. Immobilization of Thiolated ODN Probes and GSH
Molecules onto Au Electrodes

Before modification, gold electrodes were polished succes-
sively with 0.3 and 0.05 �m alumina slurries (Buehler, Lake
Bluff, IL). The electrodes were then rinsed with a copious
amount of water and sonicated in water for 5 min. Next, the
electrodewas exposed to aTE(10 mMTris-HCl and1.0 mM
EDTA) solution containing 1.0 �M of either the thiolated
17mer or 30mer probe. Ten �Lof the probe solutionwas cast
onto the electrode, which was held by a holder positioned in
a humidified Styrofoam chamber. Finally, the electrode was
washed with water and soaked in a 0.1 mMHT solution for
5 min. For DNA hybridization, 5.0 �LTNE solution (TE�
0.1 M NaCl) containing a given concentration of the
biotinylated target DNA was first cast onto the probe/HT
mixed SAM-covered electrode and the hybridization reac-
tion was allowed to proceed for 3 h. While most hybrid-
ization reactions were performed at room temperature, the
experiment related to single-basemutation analysiswas also
conducted at an elevated temperature.
To attach GSH onto the electrode surface, a DTSP SAM

[25] was first formed. This was accomplished by exposing
pristine gold electrodes to a 2.0 mMDTSP solutionovernight
and rinsing withDMSO and deionized water. Next, a 10 mM
phosphate (pH 7.0) solution containing different concentra-
tions of glutathione (in the form of GSH or GSSG) was
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allowed to be in contact with the DTSP SAM for 6 h. The
unreactedDTSPmolecules can be deactivated by immersing
the electrode in a 12 mM n-propylamine solution for 4 h.

2.3.2. Attachment of the Ferrocene-Capped Gold Nano-
particle/Streptavidin Conjugates onto DNA- or
GSH-Modified Au Electrodes

To attach the ferrocene-capped gold nanoparticle/strepta-
vidin conjugates onto the electrode surface covered with
ODN duplexes, the electrode was immersed in a sealed
ultracentrifuge tube containing 100 �L Fc-capped gold
nanoparticle/streptavidin conjugate solution for 1 h. This
was followed by thoroughly rinsing with deionized water.
The linkage of the conjugates to GSH molecules immobi-

lized onto the DTSP SAM was achieved by first casting 5 �L
of a 1 mM biotin-Mi solution onto the DTSP-modified
electrode and the electrode was positioned upside down in a
humidified chamber for 8±12 h. Upon rinsing with deionized
water, the attachment of Fc-capped gold nanoparticle/strep-
tavidin conjugates was realized using the same procedure as
that for the amplified DNA hybridization analysis [18].

2.3.3. Electrochemical Detection

Once the Fc-capped gold nanoparticle/streptavidin conju-
gates had been attached onto the electrode surface, the
electrodes were transferred to a 0.1 M KClO4 solution.
Cyclic voltammetry (CV) was then carried out with the
potential ranges scanned between �0.1 and 0.6 V.

3. Results and Discussion

The principle behind the enhanced voltammetric detection
of surface-confined biomolecules via electrochemical oxi-

dation of the Fc caps on the gold nanoparticle/streptavidin
conjugates is shown in Scheme 1. In Scheme 1a, the
formation of the DNA duplexes introduces to the electrode
surface the biotinylated DNA targets, which can subse-
quently be complexed with the streptavidin molecules on
the Fc-capped gold nanoparticles. This is in contrast to the
DNAsandwich complex formationwherein the target needs
not be labeled but an additional hybridization must be
performed with a biotinylated ODN detection probe. The
use of a mixed SAM containing the thiolated ODN probe
and hexanethiol (HT) eliminates non-specifically adsorbed
ODN probes and reorients the immobilized ODN probes
for a more efficient DNA hybridization [26 ± 28]. In
Scheme 1b, the amino groups on the GSH molecules
undergo a nucleophilic substitution reaction with the N-
hydroxysuccinimide (NHS) esters on the DTSP SAM [25],
attaching GSH to the surface and leaving the inherent
sulfhydryl groups intact. In a follow-up cross-linking reac-
tion, the sulfhydryl groups are tagged by biotin-Mi (Michael
electrophilic addition) [29]. Consequently, the Fc-capped
gold nanoparticle/streptavidin conjugates can be adsorbed
onto the electrode surface in the same fashion as those in
Scheme 1a. As demonstrated by our published work [18],
each gold nanoparticle 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 also enables one to tag
electroactive markers onto surface-confined molecules that
are either electro-inactive or undergo sluggish electron
transfer reactions. In doing so, simple and sensitive voltam-
metric techniques become amenable for bioanalysis at the
electrode/solution interface.

Scheme 1. Schematic representation of the enhanced voltammetric detection of biotinylated ODN target (a) and the reduced form of
glutathione (GSH) immobilized onto a functional SAM (b) via oxidation of the ferrocene caps on the gold nanoparticle/streptavidin
conjugates. In (a), the biotinylated ODN target was hybridized with the thiolated ODN probe that was mixed with hexanethiol. In (b),
GSH was first cross-linked onto a NHS-terminated alkanethiol SAM, followed by derivatization with N-biotinoyl-N�-[6-maleimidohex-
anoyl]hydrazide. The scheme shows that some streptavidin molecules are linked to only one gold nanoparticle and others have two gold
nanoparticles attached.
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3.1. Voltammetric Behavior of Fc-Capped Gold
Nanoparticle Conjugates Linked to Surface-Confined
ODN Duplexes and the Comparison to that of ODN
Sandwich Duplexes

As mentioned in the introduction, we have recently
conducted a sandwich assay of both ODN and polynucleo-
tide targets by using a thiolated capture probe immobilized
on the electrode and a biotinylated detection probe for
linking the Fc-capped gold nanoparticle/streptavidin con-
jugates [18]. The elasticity of the sandwich duplex appeared
to help position the Fc-cappedAu nanoparticles close to the
underlying electrode. However, the flexibility of the strands
may have caused certain interactions between the nano-
particles, as the shape of the voltammogram displayed a
characteristic ™diffusional∫ tailing. We have attributed the
diffusional tailing [30] to the repulsion among the positively
charged ferrocenium groups on the gold nanoparticles
accompanying the electrochemical oxidation [18, 31, 32].
In this work, we chose to directly label the target with biotin
in an attempt to (1) reduce the flexibility of the surface-
boundODN duplexes and (2) shorten the distance between

the redox centers and the underlying electrode. Figure 1
depicts representative CVs of the Fc groups residing at the
ends of duplexes formed between a 30mer probe and a
30mer using two different target concentrations (curves a
and b). To demonstrate sequence specificity for the analysis
of biotinylated ODN targets, hybridization reactions be-
tween the 30mer probe and a three-base 30mer mutant
(curve c) was also carried out. The absence of any
appreciable redox signals in curve c indicates that, the
proceduredescribedherein is a selectivemethod.Within the
range of scan rates studied (0.02 V/s ± 0.5 V/s), the anodic
peak current (ipa) values were found to be proportional to
the scan rates, suggesting that the Fc-capped gold nano-
particles are confined at the electrode surface [33].
We also compared the voltammetric parameters of the

ODN duplexes comprising the surface-confined probes and
the biotinylated targets to those of sandwich DNA com-
plexes (Table 1). A close examination of such data revealed
two trends: (1) The peak potential separations (�Epa) of the
duplexes studied in thiswork (�Epa) (e.g., 28 mVinFigure 3,
curve a) are smaller than those associated with the sandwich
duplexes formed for the same target concentration and the
overall shapes of the curves in Figure 1 are more reversible,
and (2) the peak currents are 2.8 times greater than the
counterpart of those from the sandwich duplexes. Trend (1)
suggests that the as-formed duplexes are less flexible than
the sandwich duplexes. As a consequence, the gold nano-
particles are less mobile at the electrode surface. Moreover,
the distance between the duplexes examined in this work
and the electrode (the number of bases separating the Fc-
capped gold nanoparticle and the electrode is 17 or 30) is
shorter than the sandwich duplex (the total number of bases
in the sandwich duplex in reference [18] is 55). A shorter
distance is expected to facilitate the electron transfer
reaction.

3.2. Analytical Performance of the Amplified
Voltammetric Assay of Biotinylated ODN Target

In addition to the sequence specificity, we have also
investigated other analytical ™figures of merit∫ of the
method.We chose the hybridization between a 30mer probe
and a 30mer target as themodel system. Figure 2a is a plot of
the charges under the anodic peaks (Q) against the ODN
target concentrations [34] within the range of 0.25 pM and
40 nM. The plot exhibits three regions with different slopes.

Table 1. Voltammetric parameters and surface density (�) values of Fc-capped gold nanoparticle/streptavidin conjugates attached to
DNA duplexes. All values were determined for a target concentration of 5.0 nM.

Types of duplexes Epa (V) �Ep (V) ipa (�A) � [a](mol/cm2) � [b](mol/cm2)

Duplex (17mer) 0.355 0.018 3.70 1.44� 10�10 4.09� 10�10

Duplex (30mer) 0.359 0.028 26.28 1.20� 10�9 2.90� 10�9

Sandwich duplex 0.370 0.038 9.54 1.42� 10�9 1.14� 10�9

[a] Calculated from integrating the Fc oxidation peak.

[b] Deduced from the equation: ipa � n2F2

4RT
Av�using the ipa values at 0.3 V/s.

Fig. 1. CVs acquired at electrodes covered with a mixed SAM of
a 30mer probe and hexanethiol after room-temperature hybrid-
ization in a 10 mM Tris-HCl/0.1 M NaCl buffer containing a) 3 nM
complementary 30mer target, b) 0.5 nM complementary 30mer
target, and c) 3 nM three-base 30mer mutant, followed by the
attachment of the Fc-capped Au nanoparticle/streptavidin con-
jugates. The scan rate was 0.3 V/s and 0.1 M KClO4 was used as
the electrolyte solution. The arrow indicates the scan direction.
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The lower end (from 0.25 pM to 1.0 nM, inset) has a slope
much steeper than that of the middle section (1.0 nM and
10 nM). Once the target concentration exceeds 10 nM, the
charges under the anodic peak begin to level off, suggesting
that the ODN probes present at the electrode surface have
completely formed duplexes with the biotinylated targets.
Excellent linearity was observed for the lower and the
middle segments. The linear regression equations are Q
(�C)� 0.0471� 80 [target] (nM) with r2� 0.999 for the
former and Q (�C)� 0.761� 0.55[target] (nM) with r2�
0.995 for the latter. The variation in the slopes (sensitivities)
between the lower andmiddle segments may be interpreted
on the basis of the surface coverage of the duplexes formed
at different target concentrations. The duplex surface

density at the lower end is scarcer and the Fc-capped gold
nanoparticle/streptavidin conjugates may experience a
smaller steric hindrance at the surface. Consequently, the
Fc moieties may be positioned in closer vicinity of the
underlying electrode and undergo faster electron transfer
reactions (i.e., variation of ipa is strongly related to the target
concentration).
Similar plots can be constructed for the amplified

voltammetric detection of the hybridization reaction be-
tween the 17mer ODN probes and targets (Figure 2b). The
charges were again found to be linearly dependent on the
17mer target concentration (Q (�C)� 0.039� 0.077 [target]
(nM) with r2� 0.994). It can be seen that the plot in
Figure 2b begins to plateau at a slightly higher target
concentration (between 15 and 20 nM) than that in Fig-
ure 2a. This is conceivable since Steel et al. has shown that
the ODN surface coverage is dependent on the strand
length, with shorter probe producing a greater surface
coverage [35]. Consequently a slightly higher target con-
centration will be required to completely ™consume∫ the
probes on the surface. Note that the lowest 17mer target
concentration (ca. 5 pM) detected is higher than that for the
hybridization between the 30mer probe and the 30mer
target. This is understandable given the fact that the binding
energy for forming longerduplexes ismore significant. Thus,
so long as the target concentration is lower than that needed
for completely ™consuming∫ the probes, the hybridization
efficiency between longer probes and targets will be greater.
Indeed, when a CV for the 30mer duplex and that for the
17mer duplex are overlaid (Figure 3), it is apparent that the
formation of a 30mer duplex resulted in greater faradaic

Fig. 2. A plot of charge under the Fc oxidation peak at the
electrode modified with the mixed SAM of a 30mer probe and
hexanethiol against the 30mer ODN target concentration (a).
Inset: the enlarged portion of the plot within the target concen-
tration range of 0.25 pM±5 pM. Figure 2b depicts a plot of charge
under the Fc oxidation at the electrode modified with the mixed
SAM of a 17mer probe and hexanethiol against the 17mer target
concentration.

Fig. 3. CVs acquired at electrodes covered with a mixed SAM of
a 30mer probe and hexanethiol (curve a), and that of a 17mer
probe and hexanethiol (curve b) after room-temperature hybrid-
ization in a 10 mM Tris-HCl/0.1 M NaCl buffer containing 5 nM
complementary 30mer target (curve a) or 17mer target (curve b),
followed by the attachment of the Fc-capped Au nanoparticle/
streptavidin conjugates. The scan rate was 0.3 V/s and 0.1 M
KClO4 was used as the electrolyte solution.
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currents. We further deduced the surface density (�) of Fc
moieties at the electrode surface for the two systems and
compared the results to those of our previously reported
assay of the ODN sandwich complex (Table 1). � values
estimated from integrating the area of the anodic peak
(listed in Table 1 under�c) is comparable to those calculated
from the following equation:

ipa �
n2F2

4RT
Av�

where ipa is the anodic peak current, n is the moles of
electrons involved in the Fc oxidation (n� 1), F is the
Faraday×s constant, R is the gas constant, T is the absolute
temperature, andA is the area of the electrode (0.0314 cm2).
From the Fc � values (listed in Table 1 under �b) and

knowing the ratio between the Fc and the gold nanoparticle
(127) and that between the gold nanoparticle and strepta-
vidin molecule (1.7) [18], the surface coverage of the ODN
duplexes can also be estimated. For example, the surface
coverage of the 30mer duplex formed at a target concen-
tration of 5.0 nM should be 1.20� 10�9 (or 2.90� 10�9)/
(127� 1.7)� 5.56� 10�12 (or 1.34� 10�11) mol/cm2. Such a
value is reasonable when compared to the surface coverage
of the probes measured by a quartz crystal microbalance
(2.62� 10�12 mol/cm2) [18]. Furthermore, it is consistent
with the DNA surface density values at similar surfaces
reported by other research groups (typically ranging from 2
to 5� 10�12 mol/cm2, depending on the strand length and
surface conditions [27, 35 ± 39]).
The error bars shown in these calibration plots range from

0.013% to 23%, which are acceptable for most analytical
techniques. These values are also comparable to those of
other electrochemical gene assays [40, 41]. The detection
levels of this method for biotinylated ODN targets, like
those for the sandwich complexes, are quite low. For the
30mer biotinylated target, the 0.25 pM detection level is
lower than those of electrochemical detections of DNA
indicators [27, 40] and ferrocenylated ODN target [41] and
direct oxidation of guanines [42], and compares well with
that of indirect oxidation of guanines with electrogenerated
ruthenium tris(bipyridine) trications.[43] Moreover, this
voltammetrically-basedmethod offers a detection level that
is also comparable to those of fluorescence measurements
[44] and the enzyme-amplified amperometric detection of
ODN targets [45, 46]. We also attempted to incorporate
differential pulse voltammetry in the procedure but did not
achieve appreciable improvement in lowering the detection
limit.
Finally, a point worth noting is that both ipa and�Ep values

for the 30mer duplex are greater than those for the 17mer
(Table 1). This further suggests that the length of the DNA
duplexes governs the reversibility (electron transfer rate)
and the interaction among the Fc-capped gold nanoparticle/
streptavidin conjugates, whereas the number of base pairs
within the duplexes influences the hybridization efficiency
and alters the magnitude of the peak currents.

3.3. Attachment of Fc-Capped Gold Nanoparticles/
Streptavidin Conjugates onto Other Surface-Bound
Biomolecules

Having systematically investigated the analytical perform-
ance of this method, we have begun to extend this method-
ology to the electroanalysis of other types of surface-bound
biomolecules. In a preliminary study, we attempted to
differentiate the reduced form of glutathione (GSH) from
its oxidized form (GSSG). Figure 4 is an overlay of two
representative CVs acquired at electrodes that had been
separately exposed to a 0.5 �MGSH solution (curve a) and
a 5 mM GSSG solution (curve b). The absence of any
appreciable CV wave in curve b suggests that the GSSG
molecules immobilized onto the DTSP SAM, owing to the
absence of the free sulfhydryl groups, cannot be derivatized
by the biotin-Mi. As a result, the Fc-capped gold nano-
particle/streptavidin conjugates cannot be attached to the
electrode surface. But for the GSH-covered electrode, a
well-defined redox wave can be obtained after the deriva-
tization of the sulfhydryl groups of GSH with biotin-Mi. In
curve a, �Ep� 21 mVand the total width of the half-height
of the anodic peak is 13 mV. ipa is proportional to the scan
ratewithin the range of 0.02 V/s and 1 V/s.While the ratio of
ipa/ipc is greater than 1, the charges under both peaks are
comparable. The deviation of ipa/ipc from 1 could be due to
the weak interaction between the Fc-capped gold nano-
particle/streptavidin conjugates. Nevertheless, the charac-
teristics associatedwith the voltammetricwaves suggest that
the Fc moieties can undergo facile electron transfer
reactions with the underlying electrode and exhibit voltam-
metric behavior of surface adsorbates [33]. Perhaps themost
noteworthy analytical performance of our method is the

Fig. 4. CVs acquired at electrodes modified with a DTSP SAM
after exposure to a 10 mM phosphate buffer solution containing a)
0.5 �M GSH or b) 5 mM GSSG followed by the derivatization of
the free sulfhydryl groups using a 1 mM biotin-Mi solution and the
attachment of the Fc-capped Au nanoparticle/streptavidin con-
jugates. The scan rate was 0.1 V/s and 0.1 M KClO4 was used as
the electrolyte solution.
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remarkably low detection level. For a 10-�L sample
solution, the lowest concentration of the biotinylated GSH
detected (1 nM, data not shown) is lower than that obtained
by high-pressure liquid chromatography combined with
electrochemical detection [47, 48]. Furthermore, such a
concentration detection level also compares favorably with
capillary electrophoresis combined with electrochemical
detection [22, 23] and low temperature phosphorescence
measurements [49].

4. Conclusions

In this work, we demonstrated that attaching Fc-capped
gold nanoparticle/streptavidin conjugates onto biotinylated
biomolecules pre-immobilized onto electrode surfaces leads
to enhanced voltammetric signals. The method is simple,
sensitive, reproducible, and selective. Through the detection
of biotinylated ODN targets and the reduced form of
glutathione immobilized onto a SAM surface, we showed
that this approach is also versatile in that the sample can be
either biotinylated first or derivatized with a biotin-con-
taining cross-linking reagent for the subsequent attachment
of Fc-capped gold nanoparticle/streptavidin. We have also
compared the voltammetric behavior of the Fc groups
residing at the end of a duplex formed between a surface-
confined probe and a biotinylated target to that of the Fc
groups at the terminal of an ODN sandwich duplex. Such a
comparison afforded a better understanding on the relation-
ship between the reversibility of the Fc redox wave and
other factors such as the length of the resultant duplex. The
method compares favorably to electrochemical detection
schemes involving Fc-labeled DNA targets or through Fc-
assisted amplification schemes [4, 41, 50 ± 54] and rivals with
other sensitive detection methods such as fluorescence
spectroscopy. The remarkable sensitivity of this method is
attributed to the presence of a large number of Fc moieties
affixed onto each gold nanoparticle and the close proximity
of them with respect to the underlying electrode. Conse-
quently, facile electron transfer reactions between the Fc
groups and the electrode can be realized.

5. Acknowledgements

Partial support of this work by the Chinese Academy of
Sciences (One Hundred Persons Award), a Outstanding
Young Scientist Award by NNSF of China (20225517), a
Dreyfus Teacher-Scholar Award (TH-01-25), and the Beck-
man Scholar Program at California State University is
gratefully acknowledged. We also thank Prof. Andrew Z.
Mason for his help on the characterization of the gold
nanoparticle/streptavidin conjugates.

6. References

[1] I. Willner, B. Willner, Pure Appl. Chem. 2002, 74, 1773.

[2] A. N. Shipway, I. Willner, Chem. Commun. 2001, 20, 2035.
[3] G. Wang, J. Zhang, R. W. Murray, Anal. Chem. 2002, 74,

4320.
[4] J. Wang, R. Polsky, A. Merkoci, K. L. Turner, Langmuir 2003,

19, 989.
[5] J. Wang, R. Polsky, D. Xu, Langmuir 2001, 17, 5739.
[6] J. Wang, F.-Y. Song, F. Zhou, Langmuir 2002, 18, 6653.
[7] J. Wang, D. K. Xu, A. N. Kawde, R. Polsky, Anal. Chem.

2001, 73, 5576.
[8] F. Patolsky, K. T. Ranjit, A. Lichtenstein, I. Willner, Chem.

Commun. 2000, 12, 1025.
[9] T. A. Taton, C. A. Mirkin, R. L. Letsinger, Science 2000, 189,

1757.
[10] I. Alexandre, S. Hamels, S. Dufour, J. Collet, N. Zammatteo,

F. D. Longueville, J.-L. Gala, J. Remacle, Anal. Biochem.
2001, 295, 1.

[11] X.-C. Zhou, S. J. O×Shea, S. F. Y. Li, Chem. Commun. 2000,
11, 953.

[12] S. Han, J. Lin, M. Satjapipat, A. J. Baca, F. Zhou, Chem.
Commun. 2001, 7, 609.

[13] L. He, M. D. Musick, S. R. Nicewarner, F. G. Salinas, S. J.
Benkovic, M. J. Natan, C. D. Keating, J. Am. Chem. Soc.
2000, 122, 9071.

[14] L. Authier, C. Grossiord, P. Brossier, B. Limoges, Anal.
Chem. 2001, 73, 4450.

[15] J. J. Storhoff, R. Elghanian, R. C. Mucic, C. A. Mirkin, R. L.
Letsinger, J. Am. Chem. Soc. 1998, 120, 1959.

[16] Y. Xiao, F. Patolsky, E. Katz, J. F. Hainfeld, I. Willner,
Science 2003, 299, 1877.

[17] A. M. Ahern, R. L. Garrell, Langmuir 1991, 7, 254.
[18] J. Wang, J. Li, A. J. Baca, J. Hu, F. Zhou, W. Yan, D.-W. Pang,

Anal. Chem. 2003, 75, 3941.
[19] C. Hwang, A. J. Sinskey, H. F. Lodish, Science 1992, 257,

1496.
[20] A. L. Lehninger, D. L. Nelson, M. M. Cox, Principles of

Biochemistry, Worth Publishers, New York 1993.
[21] P. J. Vandeberg, D. C. Johnson, Anal. Chem. 1993, 65, 2713.
[22] T. J. O×Shea, S. M. Lunte, Anal. Chem. 1993, 65, 247.
[23] W. Jin, Q. Dong, X. Ye, D. Yu, Anal. Biochem. 2000, 285, 255.
[24] S. E. Creager, G. K. Rowe, J. Electroanal. Chem. 1994, 370,

203.
[25] M. Darder, K. Takada, F. Pariente, E. Lorenzo, H. D.

Abrunƒ a, Anal. Chem. 1999, 71, 5530.
[26] M. Satjapipat, R. Sanedrin, F. Zhou, Langmuir 2001, 17,

7637.
[27] A. B. Steel, T. M. Herne, M. J. Tarlov, Anal. Chem. 1998, 70,

4670.
[28] R. Levicky, T. M. Herne, M. J. Tarlov, S. K. Satija, J. Am.

Chem. Soc. 1998, 120, 9787.
[29] J. L. Hare, E. Lee, Biochem. 1989, 28, 574.
[30] E. Leviron, in Electroanalytical Chemistry, Vol. 12 (Ed: A. J.

Bard), Marcel Dekker, New York 1966.
[31] S. E. Creager, G. K. Rowe, J. Electroanal. Chem. 1997, 420,

291.
[32] S. Ye, Y. Sato, K. Uosaki, Langmuir 1997, 13, 3157.
[33] A. J. Bard, L. R. Faulkner, Electrochemical Methods: Funda-

mentals and Applications. 2nd Ed., Wiley, New York 2001.
[34] E. Huang, M. Satjapipat, S. Han, F. Zhou, Langmuir 2001, 17,

1215.
[35] A. B. Steel, R. L. Levicky, T. M. Herne, M. J. Tarlov, Biophys.

J. 2000, 79, 975.
[36] T. Strother, R. J. Hamers, L. M. Smith, Nucleic Acids Res.

2000, 28, 3535.
[37] T. Strother, W. Cai, X. Zhao, R. J. Hamers, L. M. Smith, J.

Am. Chem. Soc. 2000, 122, 1205.
[38] Z. Lin, T. Strother, W. Cai, X. Cao, L. M. Smith, R. J.

Hamers, Langmuir 2002, 18, 788.

79Ferrocene-Capped Gold Nanoparticle/Streptavidin Conjugates

Electroanalysis 2004, 16, No. 1-2 ¹ 2004 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim



[39] V. Balladur, A. Theretz, B. Mandrand, J. Colloid Interf. Sci.
1997, 194, 408.

[40] K. M. Millan, S. R. Mikkelsen, Anal. Chem. 1993, 65, 2317.
[41] T. Ihara, Y. Maruo, S. Takenaka, M. Takagi, Nucleic Acids

Res. 1996, 24, 4273.
[42] J. Wang, G. Rivas, J. R. Fernandes, J. L. Lopez Paz, M. Jiang,

R. Waymire, Anal. Chim. Acta 1998, 375, 197.
[43] P. M. Armistead, H. H. Thorp, Anal. Chem. 2001, 73, 558.
[44] Y. W. Kan, F. F. Chehab, Proc. Natl. Acad. Sci. U.S.A. 1989,

86, 9178.
[45] Y.-C. Zhang, H.-H. Kim, N. Mano, M. Dequaire, A. Heller,

Anal. Bioanal. Chem. 2002, 374, 1050.
[46] M. Dequaire, A. Heller, Anal. Chem. 2002, 74, 4370.
[47] P. Devanesan, R. Todorovic, J. Zhao, M. L. Gross, E. G.

Rogan, E. L. Cavalieri, Proc. Natl. Acad. Sci. U.S.A. 2001, 94,
10937.

[48] R. Todorovic, P. Devanesan, S. Higginbotham, J. Zhao, M. L.
Gross, E. G. Rogan, E. L. Cavalieri, Carcinogenesis 2001, 22,
905.

[49] R. Jankowiak, Y. Markushin, E. L. Cavalieri, G. J. Small,
Chem. Res. Toxicol. 2003, 16, 304.

[50] F. Patolsky, Y. Weizmann, I. Willner, J. Am. Chem. Soc. 2002,
124, 770.

[51] R. M. Umek, S. S. Lin, Y. P. Chen, B. Irvine, G. Paulluconi, V.
Chan, Y. Chong, L. Cheung, J. Vielmetter, D. H. Farkas, Mol.
Diag. 2000, 5, 321.

[52] S. Takenaka, K. Yamashita, M. Takagi, Y. Uto, H. Kondo,
Anal. Chem. 2000, 72, 1334.

[53] C. J. Yu, Y. Wan, H. Yowanto, J. Li, C. Tao, M. D. James,
C. L. Tan, G. F. Blackburn, T. J. Meade, J. Am. Chem. Soc.
2001, 123, 11155.

[54] R. C. Mucic, M. K. Herrlein, C. A. Mirkin, R. L. Letsinger,
Chem. Commun. 1996, 4, 555.

80 A. J. Baca et al.

Electroanalysis 2004, 16, No. 1-2 ¹ 2004 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim


