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In the present work, we describe the properties of a bifunctional redox-labeled bioconjugate at electrode surfaces
mediating the electron transfer across the electrode-electrolyte interface. We show that the assembly of ferrocene-
labeled streptavidin on biotinylated electrodes results in a reproducible unidirectional current flow in the presence
of electron donors in solution. Such rectifying films were built up by spontaneous binding of tetrameric streptavidin
molecules to biotin centers immobilized on the electrode surface. Due to the high affinitiy of biotin to streptavidin,
such bifunctional films completely bind any biotinylated compounds. The charge transport between donors in solution
and the Au electrode is mediated by the ferrocene moieties, allowing us to develop a molecular rectifier. Our experimental
results suggest that such redox-labeled proteins with a high binding capacity constitute a promising alternative to
organic compounds used in molecular electronics.

Introduction

Gaining control over the electron transport at solid-liquid
interfaces is of mandatory importance in different research
fields.1 Tailoring electrode surfaces to control the electron
transport has become the bedrock of the new biosensing
strategies.2 As in molecular electronics, assemblies of molecules
are commonly used to produce switches and storage devices of
nanosized dimensions.3,4

Within thisevergrowing research field, electrochemistryplayed
a key role to develop simple and reliable procedures to control
the charge transfer across interfaces.5-12 It is worth noting that
supramolecular and macromolecular chemistry has contributed
significantly to these electrochemical approaches by providing
tailor-made compounds for the molecular design of electrode
surfaces.13-18The pioneering and inspiring works from the groups

of Murray19-21 and Wrighton22-24 paved the way to use organic
thin films for controlling the charge transfer at electrochemical
interfaces. These strategies were mostly based on using molecular
assemblies containing redox centers25,26 to tailor the electron
transferat themetal/electrolyte interface inorder toachievecurrent
rectification. It became evident that molecular modification of
the electrode surface can lead to drastic changes in the electronic
readout, i.e., unidirectional current flow or so-called diode-like
behavior.

When thin polymer films are used to build up diodelike
interfaces for current rectification, the presence of defects in the
organic layer27 are mainly responsible for the current leakage.
Therefore, it is of particular interest to explore alternatives and
new strategies to obtain such rectifying films exhibiting suf-
ficiently high blocking characteristics and fast electron-transfer
kinetics. Mixed redox-labeled dendrimers and alkanethiolate
monolayers have been investigated in this respect. Crooks and
co-workers were able to design excellent thin rectifying films
by exploiting the unique properties of dendrimers.27 In a similar
way, proteins have been demonstrated to be exquisite building
blocks to create nanosystems at interfaces28,29which form spatially
ordered structures retaining their unique binding capacity.
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In the present work, we used ferrocene-labeled streptavidin
conjugates at electrochemical interfaces to achieve reproducible
unidirectional current flow. The robust rectifying films were
formed by the spontaneous and strong binding of the bioconjugates
(as molecular building blocks) to biotin moieties immobilized
on the electrodes. Our findings demonstrate that such redox-
labeled proteins with a high binding capacity are suitable to
build up functional electrochemical interfaces.

Experimental Section

Materials: Streptavidin (SAv), potassium ferrocyanide, phosphate-
buffered saline (PBS),N-hydroxysuccinimide (NHS), dimethylfor-
mamide (DMF), [N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride] (EDC), and 11-mercaptoundecanol were purchased
from Sigma-Aldrich. Biotin-terminated thiol [1, 12-mercaptodode-
canoic-(8-biotinoylamido-3,6-dioxaoctyl)amide] was obtained from
Boeringer Mannheim. [N-(Ferrocenylmethyl)-6-amino)hexanoic acid
was synthesized as previously described in the literature.30

Synthesis of Ferrocene-Labeled Streptavidin (Fc-SAv).
[N-(Ferrocenylmethyl)-6-amino)hexanoic acid (30 mg, 91µmol),
N-hydroxysuccinimide (11 mg, 96µmol), and [N-(3-dimethylami-
nopropyl)-N′-ethylcarbodiimide hydrochloride] (18 mg, 94µmol)
in 0.5 mL of dry DMF were heated under N2 amosphere and stirring
at 80°C for 30 min. Aliquots (5× 10 µL) of these solutions were
added at room temperature to a solution of 1 mg of streptavidin in
0.5 mL of phosphate buffer (0.1 M, pH 8.5). To remove unreacted
ferrocene, the solution of the modified streptavidin was extensively
dialyzed against PBS buffer (0.05 M, pH 7.4). The spectrophoto-
metrically determined Fc/SAv ratio was∼14. The biotin binding
capacity of Fc-SAv was determined in a competitive assay and was
found to be similar to that of SAv.31,32

Electrochemical Measurements.Cyclic voltammetry experi-
ments were performed with an Autolab potentiostat using a
conventional three-electrode cell equipped with an Ag/AgCl reference
electrode and a graphite counter electrode.

Surface Plasmon Resonance.Surface plasmon resonance (SPR)
detection was carried out in a homemade device under a Kretschmann
configuration.33 The SPR substrates were a BK7 glass coated with
2 nm of chromium and 50 nm of gold by evaporation. The substrate
was incubated overnight with a mixture 1:9 of biotin-terminated
thiol and 11-mercapto-1-undecanol. Afterward, the surface was rinsed
with ethanol and dried with N2 followed by 2 h of streptavidin
incubation in 0.1 M PBS buffer. The same buffer was used to rinse
the biomolecules that were not bound to the biotinylated surface.
Before and after streptavidin conjugate injection a measure of SPR
signal at different angles was recorded to detect the shift of the
minimum angle of reflectance due to the streptavidin immobilization
on the surface. The SPR angle shifts were converted into mass uptakes
using the experimentally determined relationship,Γ (ng mm-2) )
∆θ (deg)/0.19. The sensitivity factor was obtained following
procedures reported in the literature.34

SPR was also used to determine the equivalent thickness of the
bioconjugate film. The procedure has been described in detail
elsewhere.33The equivalent thickness of the SAv layer was calculated
from the SPR optical thickness (nd) measured prior to and after
Fc-SAv bioconjugation, assuming a refractive indexn of 1.42 for
the protein layer.

Atomic Force Microscopy: Images were taken in air at room
temperature with a commercial AFM Dimension 3000 (Veeco)
controlled with a Nanoscope V, operating in tapping mode. Silicon
cantilevers (Olympus) 160µm long, 50µm wide, and 4.6µm thick,
with an integrated tip of a nominal spring constant of 42 N/m and
a resonance frequency of 300 kHz, were used. In a typical experiment,
the tip was scanned at velocity in the range 0.8-1 Hz, and minimal
applied forces were used when imaging. Topography and phase
images were used to record the structures. Samples for AFM analysis
were prepared by immersing freshly prepared gold-coated ultraflat
mica surfaces in the mixed thiol solution overnight. After careful
rinsing with ethanol, the biotinylated substrates were incubated for
2 h with a 200 nM Fc-SAv in 0.1 M PBS buffer. The samples were
then rinsed with water, dried with nitrogen, and shielded from dust
particles.

Results and Discussion

A self-assembled monolayer (SAM) is chemisorbed on Au
electrodes (Figure 1) using 12-mercaptododecanoic-(8-bioti-
noylamido-3,6-dioxaoctyl)amide (1) and 11-mercapto-1-unde-
canol in a 1:9 ratio. This mixture leads to a density of biotin
moieties which best binds SAv conjugates as reported by Spinke
et al.36and López and co-workers.37Stayton et al.38have recently
reported in a systematic study that the surface density of SAv
bound to a mixed monolayer of thiolated compounds is correlated
to the molar fraction of biotin derivative in solution and that the
immobilized biotin moieties were randomly distributed within
the film. Therefore, we can assume that the conjugate film of
our preparations is densely packed and 10% of the thiolated
molecules carry a biotin moiety. The surface density of biotin
is an important issue. At a higher surface density of biotin moieties,
the SAv surface density will decrease due the hindered access
of the recognized biotin moiety to the biotin-binding pocket of
SAv.36,37

In order to achieve the final bifunctional surface, the
biotinylated platform was incubated with 200 nM Fc-SAv in
PBS buffer (Figure 1). Each SAv molecule is labeled on average
with 14 ferrocene moieties through 1-1.5 nm long spacers.30

Binding of streptavidin to biotin is one of the strongest noncovalent
interaction in nature (K ) 1015 L mol-1).39 Immobilization of
Fc-SAv led to a thin (∼3.5 nm), but compact bioconjugate film.
Surface plasmon resonance measurements (Figure 2) of the
biotinylated gold surface prior to and after incubation evidenced
a well-defined shift from 56.61° to 56.74° in the minimum of
the angularθ-scans of reflected intensity. This∆θ is related to
a mass uptake that corresponds to a coverage of 7.2× 1011

Fc-SAv molecules/cm2.
Atomic force microscopy (AFM) imaging on the biotinylated

Au electrodes also evidenced changes on the topography upon
conjugate binding (Figure 3a,b). After incubation, a homog-
enously distributed nodular-like film is deposited on the Au
electrode (Figure 3b). Determination of the height of immobilized
molecules is difficult.40 Soft proteins are usually compressed by
the AFM tip, even when working at a very low applied force.
As a consequence, the observed height (2-2.5 nm) is less than
expected from the crystal structure (4.5 nm).41b
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Moreover, the lateral dimension of individual molecules
depends on the sharpness of the AFM tip used. Conventional tips
have a radius of about 30 nm and then protein molecules appear
larger due to the so-called convolution effect. Nevertheless,
topographic imaging provides valuable information about the
distribution of protein molecules on the electrode surface. Figure
3b clearly demonstrates that the Fc-SAv molecules are evenly

distributed on the biotinylated electrode, and no patches or
uncoated regions are found.

Electroactivity of the Fc-SAv films was studied by cyclic
voltammetry. Figure 4 shows the cyclic voltammogram of Fc-
SAv bound to the biotinylated Au electrode in PBS buffer, pH
7.4, as the supporting electrolyte. The voltammogram clearly
indicates that the electron transfer across the redox-labeled protein
film is feasible. In other words, despite the interface being a
densely packed protein conjugate, the attached ferrocene moieties
are “wired” to the Au electrode. The higher double layer
capacitance observed upon oxidation, as shown on the right of
the voltammogram in Figure 4, is attributed to a pronounced
increase of surface charge in the Fc-SAv film. The double layer
capacitance of molecular organic films has been extensively
studied within theoretical42and experimental43frameworks. This
characteristic feature of the voltammetric response gives an
indication of and provides information about the electrostatic
state of the film. In general terms, the generation of charges into
the surface layer leads to an increase of the double-layer
capacitance.44 In the cathodic region at pH 7.4 each SAv protein
molecule carries two negative charges. This value is based on
theoretical and experimental work done by Leckband and co-
workers, who estimated the effective charge of the protein.45

Upon oxidation, 14 positive charge units are electrochemically
generated on each protein. This means that to every single
bioconjugate molecule positive charges will be added by oxidizing
the attached ferrocene moieties, observed as an increased
capacitance.
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Figure 1. Simplified scheme describing the supramolecular assembly of the ferrocene-labeled streptavidin to the biotinylated Au electrode.
The chemical structures of the ferrocene linker and the thiols used in this work are shown.

Figure 2. Reflected intensity as a function of the angle-of-incidence
scan (θ) for a biotinylated Au electrode before (solid line) and after
(dashed line) Fc-SAv binding. In the plot, the reflectivity minima
are indicated for the biotinylated Au surface before (θo) and after
(θ1) incubation of 200 nM Fc-SAv in 0.1 M PBS buffer at room
temperature.∆θ is proportional to the mass of protein immobilized
on the electrode surface.
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To further explore the electrochemical characteristics of the
modified electrodes, we studied voltammetric response as a
function of the potential scan rate (V). In accordance with the

theory of surface-immobilized redox centers,46 the peak current
density is given by

wheren is the number of electrons involved in the electron-
transfer reaction,T is the temperature,F is the Faraday constant,
Ris the gas constant, andΓ is the surface coverage of electroactive
species.

In our experiments, the redox-labeled bioconjugate shows a
linear dependence of the current density on the potential scan
rate (Figure 5). These results confirm the assumption of surface-
confined electroactive species of the bound conjugates. It must
be noted that for a surface-confined electrochemically reversible
system∆Ep should be zero.46 In our preparation of ferrocene-
labeled bioconjugates,∆Ep asymptotically tends to the minimum
value of 30 mV whenV approaches zero. WhenV is increased
from 0.075 to 1.5 V s-1, ∆Ep is larger (Figure 6). This is in
contrast to the findings of Steiger et al.,32 who worked with a
similar system but using a shorter cysteamine spacer for anchoring
the biotin moieties to the Au electrode. This cysteamine spacer

(46) Abruña, H. D. InElectroresponsiVe Molecular and Polymeric Systems;
Skotheim, T. A., Ed.; Marcel Dekker: New York, 1988; Vol. 1, Chapter 3, pp
97-171.

Figure 3. Atomic force microscopy images and cross-sectional
analyses correspond to (a) 1× 1 µm2 (3D) topographic imaging of
the biotinylated SAM on gold electrode and (b) 1× 1 µm2 (3D)
topographic imaging of the biotinylated gold electrode after
incubation with the Fc-SAv conjugate.

Figure 4. Cyclic voltammogram of Fc-SAv on a Au electrode in
0.1 M PBS buffer with a scans rate of 50 mV/s at 98 K.

Figure 5. Representation of the peak current densities as a function
of the potential scan rate. The different symbols correspond to (b)
anodic peak current density and (O) cathodic peak current density.
Experiments were done in 0.1 M PBS at 298 K.

Figure 6. Cyclic voltammograms of Fc-SAv bound to a biotinylated
gold electrode performed at different scan rates. The current density
(j) was normalized by the potential scan rate (V): 75 mV/s (solid
line), 750 mV/s (dashed line), and 1.5 V/s (dotted line). Experiments
were done in 0.1 M PBS at 298 K.

jp ) n2F2ΓV
4RT

(1)
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is ∼1 nm shorter than the spacer used in this study. They found
no peak separation even at very high scan rates. Thus, an increase
in distance of the conjugates from the electrode in the range of
about 1 nm is critical. This longer linker for biotin immobilization
is probably required to realize a rectifier function, as shown
below.

The charge associated with these redox sites is 1.3( 0.2
µC/cm-2, which is equivalent to∼1013 ferrocene moieties per
cm2. As discussed above, the coverage of Fc-SAv is 7.2× 1011

molecules/cm2. Considering that each SAv molecule is labeled
on average with∼14 ferrocene moieties, the actual density of
redox centers on the electrode surface should be 1013 centers/
cm2, which is in excellent agreement with the electrochemical
data. The agreement of the results from electrochemical and
SPR measurements strongly supports the assumption that all the
redox centers linked to the streptavidin are “wired” to the Au
electrode surface.

The chemical/electrochemical state of these ferrocene redox
sites incorporated in the protein layer can easily be controlled
by the electrode potential. As a consequence, by tuning the
Fermi level of the metal electrode, i.e., controlling the electrode
potential, it should be possible to transfer electrons to/from the
redox labels. This means that turning the ferrocene moieties into
ferricenium species can be easily controlled. However, electron
donors in the solution with access to these ferricenium centers
(most probably at the electrolyte site of the SAv layer) could
lead to reduction of acceptor species closer to the electrode
(Scheme 1). Considering the whole electron-transfer process,
donor-to-redox center-to-metal, the charge-transfer event should
be evidenced as an anodic current.47 However, if the reverse
reaction is thermodynamically restricted47 or the transport of
acceptors to the electrode is hindered,48the charge-transfer process
would not be feasible (Scheme 1).

This is the situation in our preparations when electron acceptors
in solution interact with reduced ferrocene sites of the immobilized
conjugate. [Fe(CN)6]4- species have a less noble character in
comparison to Fc0 species; theirE° are 0.358 and 0.400 V,
respectively.49 This means that ferricenium (Fc+) will be
spontaneously reduced to ferrocene (Fc0) in the presence of
ferrocyanide ([Fe(CN)6]4-) (thermodynamically favored process).
But ferrocene moieties will not change their chemical state in
the presence of ferricyanide ([Fe(CN)6]3-), because this is a

thermodynamically restricted process. Consequently, no cathodic
current is expected upon reversing the scan in the cathodic
direction.

For probing the rectifying bioconjugate interface, the ferro/
ferricyanide redox couple was used. The redox reaction of this
complex is fully reversible using bare gold electrodes, whereas
the reversible charge-transfer process is totally suppressed when
nonlabeled SAv is bound to biotinylated Au electrode (Figure
7).

This observation indicates that, in the time scale of the
experiment, redox species in solution are not able to transfer
electrons to the Au surface either by approaching the electrode
surface (mass transport) or by tunneling across the entire
bioconjugate (charge transport).

Cyclic voltammetry of a Fc-SAv-modified Au electrode in
a solution containing ferrocyanide species evidence the expected
anodic peak, while no the cathodic peak is observed. More
importantly, the anodic current is dependent on the concentration
of donor species, as depicted in Figure 8 for 1 and 5 mM
[Fe(CN)6]4- solutions. It can be seen that for both concentrations
the anodic current starts at about 0.37 V near the potential at
which the ferrocene labels are oxidized.

This observed asymmetry of the cyclic voltammogram can be
attributed to the current rectification.27 The anodic current is

(47) Alleman, K. S.; Weber, K.; Creager, S. E.J. Phys. Chem.1996, 100,
17050.

(48) Save´ant, J. M. InElements of Molecular and Biomolecular Electro-
chemistry: An Electrochemical Approach to Electron Transfer Chemistry;Wiley-
Interscience: New York, 2006; Chapter 2, p 78.

(49)CRC Handbook of Chemistry and Physics; Lide, D. R., Ed.; Taylor &
Francis Group: Boca Raton, FL, 2006; pp 8-20.

Scheme 1

Figure 7. Voltammetric response of a bare Au electrode (dashed
line) and a biotinylated Au electrode modified with nonlabeled-SAv
(solid line) in a 0.1 PBS solution containing 3 mM Fe(CN)6

4-.
Experiments were done at a scan rate of 50 mV/s at 298 K.

Figure 8. Cyclic voltammograms evidencing the current rectification
at a biotinylated Au electrode with bound Fc-SAv. The different
voltammetric scans were carried out with the same modified electrode
in 0.1 M PBS buffer containing 1 mM (solid line) and 5 mM (dashed
line) Fe(CN)64-. The inset shows a representation of the electro-
catalytic (rectified) current as a function of the concentration of
donor species [Fe(CN)6

4-] in solution.
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originated from ferrocyanide oxidation mediated by ferrocene/
ferricenium species. Electron transfer is intitiated by the
electrocatalytic current originated from the ferricenium reduction
by ferrocyanide in solution. The correlation of the anodic peak
current with the concentration of Fe(CN)6

4- strongly supports
this assumption. In fact, the dependence of the electrocatalytic
current from donor concentration (cD) is linear (inset, Figure 8).
The origin and magnitude of the current generated at an electrode
modified with redox sites that undergo bimolecular electron-
transfer reactions with electron donor/acceptors in solution have
been studied and interpreted by a number of research groups.50-53

Assuming a rapid generation of active sites on the electrode,j
∝ cD. Surface coverage of redox species and the rate constant
for the bimolecular reaction kinetics are important factors
determining the correlation of the rectified current and the donor
species.53 The predicted linear relationship betweenj andcD is
confirmed by our experimental data.

The absence of the cathodic peak in the voltammograms is
attributed to the fact that (a) the electron exchange between
ferrocene and Fe(CN)6

3- is a thermodynamically restricted
process and (b) the transport of electrogenerated ferricyanide
ions to the Au interface is strongly inhibited due to the blocking
properties of the bioconjugate layer. This is a very important and
remarkable feature of this bioconjugate interface that allowed us
to build up the rectifying interface. Permeation of donor species
would be evidenced as leakage currents. Crooks and co-workers
used Fc-labeled dendrimers and Fe(CN)6

4- species that could
easily reach the electrode surface by permeation across the
macromolecular film.27To overcome this problem, the researchers
back-filled the dendrimer-coated surface with hexadecanethiol.
Thus, the quality of the SAM with the integrated biotin-
compounds is crucial to achieve a rectifying interface. Similarly,
as in the case of dendrimers, the donor species can permeate
through the protein layer. Streptavidin is a negatively charged
biomolecule at physiological pH (pI 5-6) that in principle would
hinder the permeation of the anionic redox species to the Au

electrode. However, in spite of the compact arrays of proteins,
channels are formed between them through which donor species
can diffuse to the underlying biotinylated SAM or even to the
Au electrode. As a consequence, short incubation times (∼2 h)
during the biotinylation of the Au electrode can lead to the
presence of some leakage current, probably due to the defects
in the organic film. This problem can be easily overcome by
extending the assembly time of the biotinylated SAM to an
overnight incubation. Such a prolonged assembly time is highly
recommended because it leads to a more organized monolayer,54

thus diminishing the occurences of defects, and the resulting
bioconjugate film will be suitable for electrochemical rectification.

Conclusions

In this work, we have described a new film architecture for
creating rectifying interfaces. We used a ferrocene-labeled
streptavidin conjugate that is bound to a biotinylated Au electrode.
The very specific and strong interactions between biotin and
SAv result in a densely packed film of the conjugate on the
electrode surface. In spite of the electrode surface being covered
by the macromolecular conjugate molecules, charge transfer
across the interface is feasible and the electron transfer between
the redox labels and the metal electrode is slowed down only
slightly. This electroactive platform was succesfully used for
mediating and rectifying the electron transfer between redox
donor in solution and the Au electrode. Accordingly, this
supramolecular approach provides a robust interface for unidi-
rectional current flow with excellent performance. Finally, these
results demonstrate the usefulness of these bifunctional conductive
layers to build up any predefined interfacial architectures in
combination with biotinylated compounds of predefined proper-
ties. We consider that such versatile biointerfaces are very
attractive for many applications.
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