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We report a simple strategy for constructing silver coral-like nanostructures on graphite electrodes suitable for
bioelectronic applications. The nanocorals are conductive, have dimensions adequate for high protein loading, and
are remarkably stable. They also provide a strong Raman surface enhancement that allows for in situ structural
characterization of the immobilized proteins. The potential of the Ag nanocoral electrodes is exemplified by the
construction and characterization of a hydrogen peroxide amperometric sensor based on cytochromec.

The unique properties of proteins and enzymes in terms of
redox behavior, molecular recognition, and catalysis represent
an important potential for the design of bioelectronic devices,
including biosensors, enzymatic reactors, and biofuel cells.1-4

The assembly of such devices requires immobilization of the
target proteins on electrodes under conditions that ensure the
preservation of the native structures, efficient electronic com-
munication, and a high protein load.

To that end, different experimental approaches have been
employed ranging from the adsorption of proteins on electrodes
coated with organic films to more complex structures including
conductive polyelectrolytes, nanostructured materials and me-
soporous films.5-22

Here we report a simple method for growing coral-like silver
nanostructures on electrodes as a suitable platform for constructing
protein-based bioelectronic devices.

Nanocoral structures were grown by electrodepositing Ag onto
graphite substrates from a 5 mMAgNO3/0.1 M KNO3 solution
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in the presence of 0.1 wt % sodium dodecyl sulfate (SDS) for
4 min at-0.5 V. (All potentials cited in this work refer to the
Ag/AgCl 3 M KCl electrode.) The surfactant was then removed
by thoroughly washing with ethanol and water. The morphologies
of the Ag films deposited in the absence and in the presence of
SDS are compared in Figure 1. The adsorption of surfactants on
electrodes has been reported to affect electron-transfer kinetics
and, therefore, the structure of electrodeposits.23 In the present
case, SDS directs crystal growth favoring the formation of coral-
like structures.

EDX analysis at several spots of the nanocoral films shows
only a carbon peak at 0.25 eV from the graphite electrode used
as a substrate for electrodeposition and Ag signals at 3.1 eV. The
X-ray diffraction peaks are identified as Ag(111), (200), (220),
and (311). The nanostructured electrodes were coated with a
self-assembled monolayer (SAM) of mercaptohexanoic acid
(MHA) by overnight incubation in a 1 mM MHAethanol solution.
After being thoroughly washed with ethanol and deionized water,
the coated electrodes were incubated in a 0.4µM cytochrome
c (Cyt) solution (10 mM PBS, pH 7.0) for 40 min and rinsed with
fresh buffer. The entire process was monitored by electrochemical
impedance spectroscopy (EIS; Figure 2).

Nyquist plots display the typical features for a cell in which
polarization is due to a combination of charge transfer and
diffusion processes (i.e., a semicircle and a linear part, respec-
tively). The electrodeposition of nanocoral Ag on graphite
electrodes in the presence of SDS results in a drastic increase
in the electron-transfer resistance (Ret), as indicated by a larger
diameter of the semicircle in the Nyquist plot, which is ascribed
to the adsorption of the surfactant. The effect is reversed upon
SDS removal, indicating the good conductivity of the SDS-free
nanocoral structures. SAM coating of the Ag films produces the
expected increase inRet because it reduces the accessibility of
the redox probe to the surface. The effect becomes even more
pronounced upon protein adsorption.

The integrity of the electrostatically immobilized protein was
investigated by potential-dependent surface-enhanced resonance
Raman (SERR) spectroscopy with excitation in resonance with
the Soret transition of the heme. Under these conditions, SERR
spectra are dominated by the totally symmetric modes of the
porphyrin. The so-called marker band region (ca. 1300-1700
cm-1) includes a number of bands that are particularly sensitive
to the electronic and structural properties of the heme, such as
the ligation pattern, spin, and oxidation state.24-26SERR spectra
of Cyt adsorbed on the SAM-coated nanocoral structures recorded
at potentials sufficiently negative or positive with respect to the
formal redox potential are identical to the resonance Raman
spectra of ferrous and ferric Cyt in solution, respectively (Figure
3).

Thus, it is concluded that the immobilized protein retains the
native structure, particularly at the level of the active site.
Furthermore, the series of spectra recorded at intermediate
potentials could be consistently simulated by the superposition
of the component spectra of only the native ferric and ferrous
Cyt just by varying their relative contributions. Quantitative
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Figure 1. SEM images of Ag electrodeposited onto a graphite plate
at -0.5 V from an electrolyte solution containing 5 mM AgNO3 +
0.1 M KNO3 in the absence (top) and in the presence of 0.1 wt %
SDS (bottom).

Figure 2. Electrochemical impedance spectra recorded at different
stages of graphite electrode modification. Black squares: bare
graphite. Red circles: Ag nanocoral with SDS. Green triangles: Ag
nanocoral after the removal of SDS. Blue triangles: Ag nanocoral
coated with an MHA-SAM. Maroon diamonds: SAM-coated Ag
nanocoral after the adsorption of Cyt. Measurements were performed
in 0.10 M KCl with 5.0 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) using an
alternating current voltage of 5 mV within the frequency range of
10-2-105 Hz.
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treatment of the SERR spectra indicates that ca. 85% of the
adsorbed protein is electrochemically active, and no spectral
indication of denaturated species was found. In contrast, Cyt
directly adsorbed onto the bare Ag surfaces (i.e., without a SAM
coating) shows the typical spectral features of non-native species,
in agreement with previous observations.25Direct electron transfer
of Cyt immobilized on SAM-coated nanocoral structures was
further confirmed by cyclic voltammetry (Figure 4).

The average formal redox potential from several preparations
was 41( 2 mV, which is very close to the value for native Cyt
in solution.27 The full widths at half-height of the anodic and
cathodic waves were ca. 96( 8 mV, and the peak currents
showed linear responses to the scan rate to the power of 0.75.
This observation suggests that electron transfer is coupled to a
non-Faradaic event, which most likely refers to the reorientation
of the adsorbed protein.28,29 In line with this interpretation, the
apparent electron-transfer rate constant estimated from the peak
separation as a function of the scan rate is ca. 10 s-1 (Supporting
Information). This value is clearly incompatible with a reaction
mechanism in which electron tunneling is the rate-limiting event.
Remarkably, peak currents are extremely stable, indicating that
protein leaking is negligible. Indeed, almost no variations were
observed after several scans in both directions using scan rates
from 10 to 500 mV s-1. From the integration of the voltammetric

peaks and by considering the geometric area of the flat graphite
substrate only, the surface concentration of Cyt is estimated to
beΓ ) 500 pmol cm-2, which would correspond to ca. 50 fully
packed protein monolayers. Given that under the present
conditions Cyt can adsorb only to the SAM-coated Ag at
submonolayer levels,25 the number 50 represents the lower limit
for the increase in the electroactive surface that is achieved upon
Ag electrodeposition.

The hybrid electrodes were tested as hydrogen peroxide
amperometric sensors. Current-time responses were recorded
at-100 mV after successive additions of H2O2 with continuous
stirring of the solution (Figure 5).

The catalytic currents respond linearly to the concentration of
H2O2 up to ca. 23 mM, after which a Michaelis-Menten-like
plateau is reached. Thus, the detection range of the present devices
is broader than those obtained for Cyt immobilized in NaY
zeolite,30 colloidal gold-modified carbon paste electrodes,31 or
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Figure 3. RR and SERR spectra of Cyt in solution and adsorbed
onto SAM-coated Ag nanocoral electrodes, respectively. Top to
bottom: RR of ferrous Cyt; SERR at-400 mV; SERR at 0 V;
SERR at 150 mV; and RR of ferric Cyt. Measurements were
performed with 413 nm excitation. Marker bands are labeled
according to ref 24.

Figure 4. Cyclic voltammograms of Cyt adsorbed on SAM-coated
Ag nanocoral electrodes recorded at different scan rates (10, 50,
100, 150, and 200 mV s-1) in 10 mM PBS buffer at pH 7.0. Inset:
peak currents as a function of the scan rate.

Figure 5. Amperometric responses of graphite/nanocoral/SAM/
Cyt electrodes at-100 mV upon successive additions of different
volumes of 5 mM H2O2 to the electrochemical cell containing 5 mL
of 10 mM PBS buffer at pH 7.0. Inset: linear response of the
electrocatalytic current with H2O2 concentration.
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carbon nanotube-modified electrodes.32,33Background catalytic
currents measured on graphite/nanocoral/SAM electrodes were
significantly lower and nonlinear (Supporting Information). The
detection limit determined at a signal-to-noise ratio of 3 is 1.8
µM, and the time to reach 90% of the maximum current after
the addition of H2O2 was less than 10 s in each case (i.e., faster
than the one found for Cyt immobilized on a 3-mercaptopropionic
acid monolayer-modified Au electrode34). Thus, the performance
of the devices is comparable to that of more complex sensors
based on Cyt or even on the intrinsically more efficient peroxidase
enzyme.35-40 Electrodes could be reused several times with
reproducible responses. For example, five successive assays with
the same electrode showed a dispersion of 3.4% for a given H2O2

concentration (Supporting Information). Long-term stability is
also within acceptable values. After a storage period of 2 weeks
in buffer (10 mM PBS, pH 7.0) at 4°C, the amperometric
responses were found to be more than 95% of their initial values.

The reproducibility of fabrication is better than 95%, as judged
from the amperometric responses of three independent electrode
preparations.

In conclusion, we have developed a very simple and
inexpensive method for growing coral-like Ag nanostructures
on graphite in a highly reproducible manner. The method has
also been proven to be successful for ITO and gold substrates
(not shown). The formation of the nanocoral structures is directed
by the SDS surfactant. The modified electrodes show a good
conductivity and can be easily coated with different alkanethiols
for the subsequent biocompatible immobilization of biomolecules.
As shown here for the case of Cyt, nanocoral structures constitute
a powerful platform for the construction of protein-based
bioelectronic devices in which a high, stable protein load is
essential. Silver nanocorals offer the additional advantage of
providing a strong Raman surface enhancement that allows for
the in-situ structural characterization of the loaded protein as a
prerequisite for the rational improvement of the devices.
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