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a r t i c l e i n f o

Article history:
Received 26 January 2008
Received in revised form 19 March 2008
Accepted 25 March 2008
Available online 4 April 2008

Keywords:
Azurin
Indium tin oxide
Scanning probe microscopy
Raman
Fluorescence

a b s t r a c t

We have investigated the hybrid system constituted by the redox copper protein Azurin integrated with
the semiconductor indium tin oxide (ITO) coated on quartz substrate. The system appears to be a good
candidate for bio-sensing and bio-optoelectronics applications, especially due to the coupling between the
optical and electron transfer features of Azurin with the conductive properties and optical transparency of
ITO. The optical, morphological and electrical properties of the system have been investigated by combin-
ing optical absorption and transmission, steady-state fluorescence, resonance Raman spectroscopy and
scanning probe microscopies. We found that Azurin molecules are firmly anchored on ITO and retain their
structural and optical features underlying the physiological electron transfer activity. Scanning tunnelling
spectroscopy evidenced a good electric coupling between the protein molecules and the substrate and a
concomitant modulation of the ITO semiconductor properties upon deposition of Azurin. Some interplay
between the conduction and valence bands of ITO and the electronic levels of Azurin is therefore sug-
gested. These results are of a significant relevance in the perspective of developing bio-nanodevices able
to process both optical and electrical signals, in conjugation also with the biorecognition capability of the
protein molecules.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Integration of biomolecules with inorganic conductive sub-
strates has opened new perspectives in nanotechnological
applications. Indeed, natural biological functions, such as electron
transfer, electrical response to optical excitation, biorecognition,
catalysis, etc., can be suitably combined with the processing power
of microelectronics (Willner and Katz, 2005; Bonanni et al., 2007).

Gold electrodes are commonly used to build up hybrid systems,
allowing to achieve a stable and efficient electrical communication
with the biomolecules through covalent links due to the high affin-
ity of native, or engineered, disulfide or thiol groups for gold (Davis
et al., 2005; Bonanni et al., 2003; Zhang et al., 2002; Andolfi et
al., 2006). However, processing of optical signals within these sub-
strates, is somewhat prevented by the significant absorption in the
visible spectral region from the surface-plasmons of gold. On the
other hand, the simultaneous detection of optical and electrical sig-
nals of biomolecules integrated with a substrate could be of utmost
relevance in the perspective of developing bio-optoelectronic nan-
odevices. In this respect, materials able to combine efficient optical
and conductive properties are required. Recently, platinum has
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been proposed as a possible alternative to gold (Conoci et al., 2006),
even if its capability to form a stable binding with biomolecules
with a preservation of their structure and functions is still unex-
plored. Another extremely promising substrate, alternative to gold
is represented by indium tin oxide (ITO) (Mitsubayashi et al., 2003;
Campbell et al., 2007; Lin et al., 2007). Indeed, ITO, a n-type semi-
conductor material, is characterized by optical transparency to
near UV, visible and near-infrared light conjugated to a good elec-
trical conductivity (Alam and Cameron, 2000; Gassenbauer and
Klein, 2006). Additionally, it possesses stable electrochemical and
physical properties with a good substrate adherence and chemical
inertness (Chen and Zu, 2007; You, 2007). Protein molecules can be
firmly anchored on ITO substrates by covalent attachment through
their carboxyl groups (Ng et al., 2002; Bermudez et al., 2006; Lin
et al., 2007; Matsuda et al., 2003; Martin et al., 2002); even though
the effective capability of ITO to preserve the structure and func-
tionality of biomolecules, integrated with inorganic substrates, is
to be explored with special care.

In this respect, to test the optical and electrical response of
biomolecule-ITO-based systems and to assess their suitability for
applications in bio-nanodevices, we have chosen to study the blue
copper protein Azurin (AZ) assembled on ITO-coated quartz. AZ is
a very well-characterized redox protein from Pseudomonas aerugi-
nosa, with peculiar electron transfer and optical features (Nar et al.,
1991; Solomon et al., 1992; Adam, 1991) which make it especially
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valuable for bio-optoelectronics applications (e.g. photo-induced
charge transfer, optoelectrical switching, light harvesting elements,
etc.). Actually, AZ possesses an inherent, efficient electron trans-
fer capability, occurring at level of single electron in a very fast,
directional way (Gray and Winkler, 1996). These properties, cou-
pled to a high stability and intrinsic robustness, have been recently
exploited in nanoscale bioelectronics (Bonanni et al., 2007; Zhang
et al., 2002; Zhao et al., 2004; Rinaldi et al., 2002). Interestingly,
optical excitation of AZ in the visible region, involving a ligand-to-
metal-charge transfer (LMCT) transition within the active site, well
mimics the thermal electron transfer process (Book et al., 1998;
Baker, 1988). The active site is constituted by a copper ion lig-
ated to two sulphurs (Cys112 and Met121), two nitrogens (His46
and His117) and an oxygen (Gly45), organized in a distorted trigo-
nal bipyramidal geometry; the LMCT transition occurring between
Cu and S (Cys112) (Solomon et al., 1992; Gray and Winkler, 1996;
Baker, 1988). Furthermore, its isolated tryptophan residue (Trp48),
embedded in a highly hydrophobic environment and involved
in the physiological electron transfer path, represents a valuable
intrinsic fluoro-phosphorescent probe to get information on both
the electron transfer process and protein conformational changes
(Gabellieri and Strambini, 2001; Gilardi et al., 1994).

By combining optical techniques (optical absorption and
transmission, steady-state fluorescence, resonance Raman spec-
troscopy) with scanning probe microscopies (atomic force
microscopy (AFM), scanning tunnelling microscopy/spectroscopy
(STM/STS)), we have tried to enlighten the potentialities of the
AZ-ITO hybrid system for applications in bio-sensing and bio-
optoelectronics.

Our results indicate that AZ molecules can be firmly anchored on
the ITO substrate by fully retaining their native structural and spec-
troscopic features underlying the native electron transfer activity.
An investigation of the conductive properties of the AZ-ITO hybrid
system put into evidence a good electric contact between the pro-
tein molecules and the substrate with a modulation of the ITO
semiconductor properties upon deposition of AZ. These evidences,
in connection with the interplay between the optical and elec-
tron transfer properties of AZ and the conductive and transparency
properties of ITO, suggest that the AZ-ITO system is a promising
candidate for simultaneous processing of optical and electrical sig-
nals in bio-nanodevices. The biorecognition ability of AZ toward
biological partners of relevance in nano-biomedicine (Apiyo and
Wittung-Stafshede, 2005; Bonanni et al., 2005; Taranta et al., 2008),
adds a further ground to the perspective of integrating AZ in bio-
sensing lab-on-chip nanodevices.

2. Materials and methods

Indium tin oxide (ITO)-coated quartz substrate (No. CQ-50IN,
Delta Technologies) consists of fused quartz slides (thickness 1 mm)
with a transmittance of 85%, coated by ITO (nominal coating thick-
ness 150–200 nm) with a sheet resistance of Rs, 10–20 �.

Azurin (AZ) from P. aeruginosa (14.6 kD) was purchased from
Sigma and dissolved in MilliQ water. AZ-ITO hybrid system (AZ-ITO)
was prepared by drying a drop of the AZ solution at a concentration
of 50 �M onto the ITO substrate and then rinsed by MilliQ water
(Millipore). AZ molecules are expected to be covalently anchored to
indium or tin atoms through protein carbonyl groups, in agreement
with the Ng et al. (2002).

Steady-state fluorescence emission spectra were measured
by using a Spex FluoroMax (Jobin-Yvon) spectrofluorometer
at room temperature. The excitation wavelength was 290 nm
with a slit width of 5 nm for the excitation and emission
monochromator.

Fig. 1. Transmittance of the AZ-ITO system (continuous line) and of bare ITO (dashed
line) as a function of incident wavelength. Inset: optical absorption of AZ in aqueous
solution at a concentration of 50 �M; the arrow indicates the LMCT absorption band.

Raman spectra were recorded by Labram confocal set-up (Jobin-
Yvon) equipped with a charge coupled device (CCD) Peltier-cooled
detector, and a single-grating spectrograph with an 1800 g/mm
grating allowing a resolution of 5 cm−1. The microscope objective
was a 100× with a numerical aperture N.A. = 0.9 producing a laser
spot size of about 1 �m in diameter. The source was a HeNe ion
laser (MellesGriot) providing a 632.8 nm radiation, with power kept
below 5 mW.

Tapping mode atomic force microscopy (TM-AFM) images were
acquired, in MilliQ water, by a Nanoscope IIIa/multimode scan-
ning probe microscope (Veeco) equipped with a 12 �m scanner.
The typical scan rate was 1 Hz. T-shaped silicon nitride probes
(Veeco), 85 �m long, with nominal radius of curvature between
10 and 20 nm and spring constant of 0.5 N/m were used. Resonance
peaks in the frequency response of the cantilever were chosen for
the TM oscillation in the range 8–30 kHz. Free oscillation of the
cantilever was set to have a root-mean-square amplitude approx-
imately corresponding to 1.2 V; after engaging, the set point was
adjusted to minimize the tip–sample interaction forces. Scanning
tunnelling microscopy (STM) and scanning tunnelling spectroscopy
(STS) measurements were performed in constant current mode
with a Picoscan system STM (molecular imaging) equipped with a
10 �m scanner (final preamplifier sensitivity of 1 nA/V). The mea-
surements were done in air at room temperature. STM tips for
measurements were mechanically cut from 0.25 mm Pt/Ir wire
(Goodfellow).

The morphology of both TM-AFM and STM images was per-
formed by WSxM software (Horcas et al., 2007). The root mean

square roughness was defined by Rrms = 1/N

√∑N×N
mn=1(hmn − h̄)

2

where N × N is the number of pixels of the image (256), hmn is the
height of the pixel mn, and h̄ is the related average height.

3. Results and discussion

3.1. Optical transmission

With the aim to fully exploit the optical transparency properties
of ITO, we have used ITO-coated quartz substrates, instead of using
ITO-coated glasses, as commonly done. The optical transmission
of both bare ITO and ITO with adsorbed AZ molecules (AZ-ITO) is
shown in Fig. 1. Transmittance values higher than 74% are observed
in the whole spectral visible window for both the samples. The
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Fig. 2. Steady-state fluorescence emission spectra of the AZ-ITO system (continuous
line) and of bare ITO (dashed line). Inset: fluorescence emission of AZ in aqueous
solution at a concentration of 50 �M. All the spectra have been obtained by an
excitation wavelength of 290 nm.

presence of AZ molecules on ITO is clearly signalled by the appear-
ance of a negative peak at about 625 nm that corresponds to the
LMCT absorption band of AZ (see the inset of Fig. 1). Therefore, the
AZ molecules adsorbed on ITO retain the absorption band which
underlies their electron transfer functionality.

3.2. Steady-state fluorescence

Further information on the optical properties of the AZ-ITO sys-
tem can be derived from steady state fluorescence spectroscopy.
Excitation at 290 nm of AZ-ITO results into a strong fluorescent
band at 315 nm which can be attributed to AZ, since bare ITO shows
a negligible fluorescent signal (see dashed line in Fig. 2). Indeed,
AZ in solution shows a fluorescence peak at 310 nm, upon excita-
tion at the same wavelength (see the inset of Fig. 2). This is due
the single tryptophan residue (Trp48) which is buried in a highly
hydrophobic environment and is extremely sensitive to slight con-
formational changes in the overall protein structure (Kroes et
al., 1998). This result indicates that the native structure of AZ
adsorbed on ITO, is substantially preserved; such a robustness hav-
ing been already observed in AZ chemisorbed on functionalized
silicon dioxide (Pompa et al., 2004). On the other hand, the slight
broadening observed in the fluorescence band of AZ adsorbed on
ITO with respect to that of AZ in solution, might be ascribed to
a small increase in the protein conformational heterogeneity; a
similar behaviour having been registered by phosphorescence and
molecular dynamics simulation for AZ adsorbed on solid matrices
(Gabellieri and Strambini, 2001; Bizzarri, 2006). On the other hand,
the broadening of the fluorescence band might be due to a modu-
lation of the fluorescence lifetime; such an aspect should deserve
further investigations. In fact, the occurrence of an electron transfer
from the excited state of organic molecules towards the ITO con-
duction band may result into an increase of the nonradiative rate
with a substantial reduction of the fluorescence lifetime (Holman
et al., 2004).

3.3. Raman spectroscopy

Additional information on the optical behaviour of the AZ-ITO
system can be obtained by Raman spectroscopy. Actually, a Raman
spectroscopy experiment, upon an excitation in resonance with
the LMCT absorption band at 625 nm (see the inset of Fig. 1), pro-

vides rewarding information on the vibrational modes of the AZ
active site. These modes are coupled to protein atomic motions
and yield a fine-tuning of the ET process (Cimei et al., 2002;
Baker, 1988). Fig. 3 shows the resonance Raman spectrum of bare
ITO and of the AZ-ITO system. While the former one (dashed
curve) shows only a very weak signal, the latter (continuous curve)
reveals an intense pattern around 400 cm−1, and weaker signals
at about 280 and 750 cm−1. These vibrational features are closely
reminiscent of those shown by AZ in solution (see the inset of
Fig. 3), whose main peaks have been attributed to the Cu–S (Cys)
stretching modes, with a smaller contribution from the Cu–N (His)
modes (Webb and Loppnow, 1999). In this respect, we mention
that the resonance Raman spectrum of copper proteins can be
well reproduced by calculating the power spectrum of the tem-
poral evolution of the Cu–S (Cys84) bond distance, as extracted
from molecular dynamics simulations (Bizzarri and Cannistraro,
2001).

The full preservation of the vibrational features in the reso-
nance Raman spectrum of AZ indicates that the protein copper
active site maintains its structure and symmetry properties upon
adsorption onto ITO. The possibility that the AZ molecules, immobi-
lized onto ITO substrate, may undergo an electron transfer process,
upon an optical excitation of the LMCT band, could deserve some
relevance also for applications requiring a charge separation pro-
cess, e.g. in light harvesting structures. It should be remarked that
the resonance Raman spectrum of AZ, directly linked to gold sub-
strates through its native disulphide group, does not reveal any
spectral feature (see the dotted line in Fig. 3). In this respect, ITO
offers an additional, relevant advantage with respect to gold in
building hybrid system exploiting the functional capabilities of
biomolecules. Furthermore, it is interesting to note that the vibra-
tional features of AZ on ITO have been found to be stable for
long time (more than 1 month, at room temperature); a similar
behaviour having been obtained for both transmittance and fluo-
rescence.

3.4. Morphological investigation by TM-AFM and STM

Before testing the conductive features of the AZ-ITO system, we
have investigated its morphological properties at nanoscale by both
force and current imaging by using AFM and STM, respectively.
While ITO-coated glass substrates have been well characterized by
both AFM and STM (You, 2007; Ng et al., 2002; Matino et al., 2005),

Fig. 3. Resonant Raman spectra of the AZ-ITO system (continuous line), of bare
ITO (dashed line) and of AZ on gold substrate (dotted line). Inset: Resonant Raman
spectrum of AZ in aqueous solution at a concentration of 50 mM. All the spectra have
been obtained by an exciting wavelength of 632.8 nm.
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Fig. 4. TM-AFM image (500 × 500)�m of bare ITO in MilliQ water at room temper-
ature.

no data are available for ITO-coated quartz. A typical TM-AFM image
of ITO is shown in Fig. 4, and displays a grainy structure with a
grain diameter ranging from 15 to 60 nm; the corresponding root
mean square roughness, Rrms, being (4.9 ± 0.5)nm. Such a value is
higher than that usually measured for ITO-coated glass substrates
whose Rrms is in the 2.5–3.9 nm range, depending on the deposi-
tion procedure and on the mechanical and chemical treatments of
the surface (You, 2007). Notably, TM-AFM images of the AZ-ITO
system do not reveal, at visual inspection, significant changes with
respect to bare ITO (image not shown). A morphological analysis put
into evidence comparable grain size range, 15–60 nm, and rough-
ness (5.5 ± 0.5)nm, consistently with the low dimension of AZ in
comparison to the grain size. However, the absence of significant
differences before and after AZ deposition, supports the hypothe-
sis that AZ biomolecules uniformly cover the ITO surface, as already
suggested (Ng et al., 2002).

STM imaging of bare ITO reveals again a rough surface, with
rather sharp structures (see Fig. 5A). The measured roughness
(1.9 ± 0.3)nm, is higher than that detected by STM for ITO-coated
glass substrates, which is around 1.1 nm (Ng et al., 2002). At vari-
ance with what observed by TM-AFM, the STM images of the AZ-ITO
system exhibit significant changes with respect to bare ITO: hills
appear drastically smoothed, suggesting the occurrence of some
changes in the conductivity of ITO as induced by the adsorption of
AZ molecules (see Fig. 5B). However, the roughness (2.3 ± 0.3)nm,
is not changed within the error. It should be remarked that both
the TM-AFM and STM images of the AZ-ITO system are found to
be stable under repeated scans, suggesting that AZ molecules are
firmly anchored to the substrate, in agreement with the hypothesis
that their immobilization preferably occurs via covalent attach-
ment through protein carbonyl groups to the substrate indium or
tin atoms (Ng et al., 2002).

3.5. Conductive properties by STS

The conductive properties of the AZ-ITO system have been inves-
tigated by STS. Once the tip has been positioned on the substrate at
a height set by the engage tunnelling current and bias, the feedback
was disabled and the current registered as function of the applied
bias. The characteristic I–V curve of bare ITO obtained by averaging
over 10 different sites, is shown in Fig. 6 (see the dashed curve).
The typical asymmetric trend of semiconductors is clearly evident.
Actually, for negative voltages, the current is very low and posi-
tive, while at positive polarity, the current is negative and rather
high. The variability of the I–V curves of bare ITO from site to site
(see the dashed region in Fig. 6) is in agreement with literature
data for ITO-coated glass substrates (Liau et al., 2001). The Fermi
level of ITO has been found to be zero, and it indicates the absence
of band bending, similarly to what observed for other ITO films
(Kasiviswanathan et al., 1997). The conduction band minimum, cor-
responding to the voltage asymptotically traced by the current, is
around−2.2 V; while the valence band maximum, as extracted from
the derivative of the I–V curve, is 1.2 V (see the inset in Fig. 6). It turns
out then an energy gap of about 3.4 V; a value being consistent with
that found for other ITO samples (Kasiviswanathan et al., 1997).

The I–V curve of the AZ-ITO system, obtained by averaging over
I–V curves from 10 different sites, are shown in Fig. 6 (continuous
curve). It reveals the same asymmetric trend observed for bare ITO.
Positive and very small values are registered for negative bias, while

Fig. 5. (A) STM image (500 × 500)�m of bare ITO. (B) STM image (500 × 500)�m of the AZ-ITO system. Both the STM images have been recorded in air with a tunneling
current of 50 pA and a bias of 0.5 V.
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Fig. 6. I–V curves of the AZ-ITO system (black, continuous line) and of bare ITO (grey,
dashed line) at an engaged tunnelling current of 50 pA and at engaged bias of 0.5 V.
Each curve has been averaged over 10 different sites; for each site an average over
25 curves has been performed. Bars indicate the variability from site to site. Inset:
derivative of the I–V curves of the AZ-ITO system (continuous line) and of bare ITO
(dashed line).

higher current values are found for positive bias. A decrease in the
absolute currents at fixed bias in both the negative and positive
region for the AZ-ITO system with respect to bare ITO is registered;
these changes being well beyond the variability from site to site (see
error bars in Fig. 6). Similarly to what observed for the spectroscopic
properties, the I–V curves of the AZ-ITO system remain stable over
time.

The conduction band minimum of the AZ-ITO system is around
−2.1 V, very close to the value detected for ITO. At variance, the
valence band maximum (see inset in Fig. 5), is located at 2.0 V,
shifted to higher values with respect to that of the ITO sub-
strate. Consequently, an energy gap of 4.1 V can be calculated. The
observed changes in the conduction band, and then in energy gap,
point out a significant modulation of the conductive properties of
ITO when AZ proteins are deposed on it. This interesting result sug-
gests the occurrence of some interplay between the ITO bands and
the electronic levels of AZ. The conduction and the valence bands
of ITO might interfere with the HOMO and LUMO level of the pro-
tein, likely through a charge transfer mechanism. In this respect,
we mention that a recent, theoretical study has shown that iso-
lated aminoacids deposed on the surface of a n-type semiconductor
could induce a carrier injection depending on the charge and polar
character of the aminoacids (Oda and Nakayama, 2005). We can
therefore reasonably hypothesize that a charge transfer between AZ
and ITO could result into a modulation of the conduction properties
of ITO. Therefore, ITO could act as a transducer of biomolecule-
generated events provided that they are able to inject charges into
the ITO layer; these charges might arise both from optical excitation
of AZ and biorecognition processes. These capabilities, even if they
should be investigated more deeply, deserve a remarkable interest
for designing artificial hybrid systems.

As we have already mentioned, many attempts to conju-
gate biomolecules with conductive substrates have been done by
directly anchoring proteins to gold substrates, through intrinsic
specific groups, such as thiol groups (Davis et al., 2005; Andolfi
et al., 2006; Zhang et al., 2002). Generally, this has allowed to
achieve a stable and efficient electrical communication between
biomolecules and substrates, resulting into high current values in
the I–V curves. The evidence that the AZ-ITO system is charac-
terized, at positive bias, by current values in the same range, or
even higher than those observed for gold substrates, indicates that

a good electric contact is established between AZ molecules and
ITO.

4. Conclusions

Using biomolecules as electronic components in hybrid sys-
tems may prove a new way in the science and technology of
nanometre-scale devices. The ability to design nanodevices inte-
grating biomolecules and conductive substrates, with suitable and
ad hoc, optical electronic and conductive properties, is a crucial step
to exploit these systems in bio-sensing and biorecognition applica-
tions. In this respect, the hybrid system constituted by the redox
copper protein AZ integrated with ITO-coated quartz substrate is
an extremely promising candidate. It couples optical transparency
with good conductive properties. We found that AZ molecules upon
deposition on ITO fully retain their optical features, which under-
line their physiological electron transfer activity. Furthermore, AZ
molecules anchored onto ITO exhibit the capability to modulate the
semiconductor properties of ITO. This aspect can be of utmost rele-
vance if we take into account the peculiar interplay occurring in AZ
molecules between the optical excitation of the LMCT band and the
electron transfer process in AZ. In summary, these results shed light
on a new approach to build innovative nanodevices based on the
simultaneous processing of optical and electrical signals in hybrid
systems for bio-sensing and bio-optoelectronics.
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1425–1432.
Gray, H.B., Winkler, J.R., 1996. Annu. Rev. Biochem. 65, 537–561.
Holman, M.W., Zang, L.L., Yan, P., Di Benedetto, S., Bowers, R.D., Adams, D.M., 2004.

J. Am. Chem. Soc. 126, 16126–16133.
Horcas, I., Fernandez, R., Gomez-Rodriguez, J.M., Colchero, J., 2007. Rev. Sci. Instrum.

78, 013705–013708.
Kasiviswanathan, S., Srinivas, V., Kar, A.K., Mathur, B.K., Chopra, K.L., 1997. Solid State

Commun. 101, 831–834.



Author's personal copy

A.R. Bizzarri et al. / Biosensors and Bioelectronics 24 (2008) 204–209 209

Kroes, S.J., Canters, G.W., Gilardi, G., van Hoek, A., Visser, A.J., 1998. Biophys. J. 75,
2441–2450.

Liau, Y.-H., Sherer, N.F., Rhodes, K., 2001. J. Phys. Chem. B 105, 3282–3288.
Lin, J., Qu, W., Zhang, S., 2007. Anal. Biochem. 360, 288–293.
Martin, K.C., Villano, S.M., McCurdy, P.R., Zapien, D.C., 2002. Langmuir 19, 5808–5812.
Matino, F., Persano, L., Arima, V., Pisignano, D., Blyth, R.I., Cingolani, R., Rinaldi, R.,

2005. Phys. Rev. B 72, 0854371–854374.
Matsuda, N., Santos, J.H., Takasu, A., Klato, K., 2003. Thin Solid Film 438, 403–406.
Mitsubayashi, K., Wakabayashi, Y., Tanimoto, S., Murotomi, D., Endo, T., 2003. Biosens.

Bioelectron. 19, 67–71.
Nar, H., Messerschmidt, A., Huber, R., van de Kamp, M., Canters, G.W., 1991. J. Mol.

Biol. 221, 765–772.
Ng, H.T., Fang, A., Huang, L., Yau Li, S.F., 2002. Langmuir 18, 6324–6329.
Oda, M., Nakayama, T., 2005. Appl. Surf. Sci. 244, 627–630.

Pompa, P., Blasco, A., Cingolani, R., Rinaldi, R., Verbeet, M., Canters, G.W.P., 2004.
Phys. Rev. B 69, 0329011–329014.

Rinaldi, R., Biasco, A., Maruccio, G., Cingolani, R., Alliata, D., Andolfi, L., Facci, P., De
Rienzo, F., Di Felice, R., Molinari, E., 2002. Adv. Mater. 20, 1453–1457.

Solomon, E.I., Baldwin, M.J., Lowery, M.D., 1992. Chem. Rev. 92, 521–542.
Taranta, M., Bizzarri, A.R., Cannistraro, S., 2008. J. Mol. Recogn. 21, 63–70.
You, Z.Z., 2007. Mater. Lett. 61, 3809–3814.
Webb, M.A., Loppnow, G.R., 1999. J. Phys. Chem. B 103, 6283–6287.
Willner, I., Katz, E. (Eds.), 2005. Bioelectronics: From Theory to Applications, Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.
Zhang, J., Chi, Q., Kuznetsov, A.M., Hansen, A.G., Wackerbarth, H., Christensen, H.E.M.,

Andersen, J.E.T., Ulstrup, J., 2002. J. Phys. Chem. B 106, 1131–1152.
Zhao, J., Davis, J.J., Sansom, M.S.P., Hung, A., 2004. J. Am. Chem. Soc. 126,

5601–5609.


