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Abstract

The study of the electronic conduction through plastocyanin(PC) mutants assembled on a gold surface has been
addressed by scanning tunneling spectroscopy. The two mutants exploit a single thiol group(PCSH) or a disulfide
bridge (PCSS) to covalently bind at gold surface. TheI–V measurements were performed by positioning the STM
tip on top of a single molecule and sweeping the bias potential between"1 V, under both ambient and controlled
atmosphere. For PCSS, under ambient conditions, asymmetricI–V characteristics were obtained, which disappear
under nitrogen atmosphere. PCSH, instead shows a symmetricI–V relation in air and under nitrogen environment.
Here, as factors underlying this distinct electron conductive behaviour, a potential role for hydration water molecules
and for copper redox levels are discussed.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The incorporation of redox proteins and
enzymes in functional hybrid systems such as
bioelectronic devices is one of the most challeng-
ing goals in bio-nanotechnologyw1–3x. The redox
macromolecules display many advantages, i.e. nan-
ometer size, mechanical flexibility, self-assembling
ability, suitable tailoring by mutagenesis, substrate
recognition and binding capability and more
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importantly, they can facilitate electron transfer. In
this context, the study of heterogeneous electron
transfer between metalloproteins and the electrode
surface has received increasing attentionw4–6x. In
recent years progress in this area has been achieved
by the use of scanning tunneling microscopy
(STM). On the one hand, reproducible images of
well resolved single redox proteins self-assembled
on gold under various environmental conditions
have been obtainedw7–14x, and on the other hand,
insight in the electron transfer properties of a
single molecule have been achievedw9,15x. Direct
information on biomolecular conduction can be
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obtained through scanning tunneling spectroscopy
(STS) experiments. Indeed, such an approach
widely exploited for studying molecular conduc-
tion through small organic moleculesw16–21x, has
been recently extended also to redox active biolog-
ical macromolecules such as cytochromec w22x,
copper proteinsw9x and photosynthetic complexes
w23,24x. In a typical STS experiment, once a
molecular image has been obtained and tunneling
current and bias voltage have been selected, the
tip is accurately repositioned on top of the chosen
molecule. The engaging parameters correspond to
a tunneling resistance normally of the order of
10 V and a particular tip-substrate distance.9

Under these conditions, the bias is swept between
positive and negative values and the current is
registered after the feedback loop has been disa-
bled. Generally, theI–V characteristics appear to
be linear for small voltagesw25x, while a marked
asymmetry sometimes is observed at higher volt-
ages(at approx."1 V). The origin of theI–V
asymmetry has been ascribed to various mecha-
nisms: Coulomb blockadew26,27x, geometric
asymmetry of the molecular junctionw28,29x,
involvement of molecular orbitalsw30x including
redox levels for redox-active moleculesw31–36x.
The I–V asymmetry is also a fundamental feature
related to a rectifying behaviourw37,38x, which
deserves some interest in the construction of
molecular electronic devices.
In a recent workw9x, we have performed STMy

STS experiments on two poplar plastocyanin
mutants. The mutants were designed for immobi-
lization on gold surface specifically involving
either a disulfide bridge(PCSS) or a single car-
boxy-terminal thiol group(PCSH). Both anchoring
groups are placed in a protein surface area opposite
to the Cu active sitew8,9x. Despite similar macro-
molecular structures and gold binding capabilities,
they exhibited differentI–V characteristics in air,
with a markedI–V asymmetry for PCSS and a
quite symmetricI–V relation for PCSHw9x. Due
to the robust binding to gold and to the retention
of redox activity w39x, these two mutants appear
very good candidates for implementation in biom-
olecular devices. For this reason, a better under-
standing of possible factors influencing their
conduction towards the electrode is required. In

the present work, we have revisited the STS
experiments on PCSS and PCSH in ambient, con-
trolled atmosphere and with some attempts also in
water.
Under ambient conditions, the asymmetricI–V

characteristic was confirmed for the PCSS mutant,
while under nitrogen atmosphere theI–V asym-
metry almost disappeared, indicating that hydration
water plays very likely, a role in determining the
conductive properties of the protein. Interestingly,
for the PCSH mutant a symmetricalI–V relation
was obtained both in air and under nitrogen
atmosphere.

2. Experimental section

Design, expression and purification of both plas-
tocyanin mutants were carried out as described
previouslyw8,9x. STM images were acquired by a
Picoscan STM apparatus(Molecular Imaging Co.)
equipped with a Picostat(Molecular Imaging Co.)
bipotentiostat. A 10-mm scanner with a final pre-
amplifier sensitivity of 1 nAyV was used for STM
measurements. Images were acquired both in air
and under nitrogen atmosphere in constant current
mode, using mechanically cut PtyIr tips. Gold
substrates deposited on mica(Molecular Imaging)
were flame-annealed to obtain recrystallized ter-
races. STM analysis(not shown here) confirmed
the presence of atomically flat Au(111) terraces,
a few 100 nm in size. The gold coated substrates
were incubated in 64mM protein solution in 20
mM sodium phosphate buffer at pH 6.0 at 48C
for various lengths of times. After incubation, the
samples were gently rinsed and blown dry with a
jet of pure dry nitrogen.
Current–Voltage spectra were obtained starting

at a set point of 50 pA and 200 mV bias(tip
positive). The bias was swept over"1 V and a
single sweep was collected in 0.01 s. Each single
I–V spectrum acquired on a single protein consist-
ed of an average over 10 consecutive sweeps. The
measurements were repeated for a number of times
with different PtyIr tips and on different samples.
For STS under controlled atmosphere, the sample
was sealed into a closed compartment and flushed
for 2 h with ultrapure dry nitrogen gas before
starting the measurements. During the measure-
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Fig. 1. Constant current STM image of PCSS(a) and PCSH
(b) on gold surface in ambient condition scan area: 68=68
nm and 100=100 nm . Tunneling current 50 pA, bias voltage2 2

200 mV (tip positive), scan rate 5 Hz. Molecule cross section
profiles are shown in the lower panels.

ments, the chamber was flushed continuously with
pure dry nitrogen. Fluid tunneling spectra were run
under pure(18.2 MV) water; etched PtyIr tips
with a leakage-10 pA (Molecular Imaging) were
used.

3. Results and discussion

In Fig. 1, representative STM images of PCSS
and PCSH mutants on Au(111) in ambient con-
dition are shown. Single molecules on the gold
substrate are clearly discernible and can be visu-
alized at different substrate coverage. The lateral
dimension of these single molecules well agrees
with the crystallographic values of plastocyanin
showing a diameter of approximately 4.0 nmw40x,
and in addition no substantial size differences
between the two mutants could be observed. The
STM images appear to be stable and reproducible
even after repetitive scans. Therefore, a robust
binding of the protein molecules to Au(111) sub-
strate is confirmed.
The features of these images closely resemble

those already obtained in our previous studies
w8,9x, where the presence and functionality of
plastocyanin mutant molecules bound to gold sur-
face have been further assessed by cyclic voltam-
metric studies, which provided an electrochemical
response consistent with redox-active immobilized
plastocyanin moleculesw39x. In agreement with
our previous workw9x, the vertical size of PCSS
and PCSH is ranging between 0.5 and 0.7 nm, as
measured by the tip retraction along thez-axis and
shown in the cross section profile of Fig. 1. This
height value is significantly smaller than that
expected(approx. 2.8 nm) for PC anchored to
gold via either the disulfide bridge(PCSS) or via
the single thiol(PCSH). Indeed, the vertical top-
ological height for both mutants immobilised on
gold surface can be recovered by tapping mode
AFM w9x.
The considerable reduction of the physical

height of biomolecules is a common feature
encountered in STM images of organic material.
The reason for the discrepancy between the phys-
ical and the apparent height observed in the STM
images is still an open question and is somewhat
connected to the mechanism of image contrast
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formation. This is especially relevant when imag-
ing soft biological material. The apparent height
of a biomolecule observed in the STM image is
related to the tip retraction along thez-axis, which
is, in turn, connected with the biomolecular con-
duction and with the starting tip-sample distance.
Recently, we have faced this aspect and found that
in our engaging conditions, i.e. 50 pA of tunneling
current and 200 mV bias tunneling starting dis-
tances of approximately 3 and 6 nm in water and
ambient condition, respectively, could be estimated
w41x. According to these results, we can reasonably
assume that the tip does not touch the protein
during the imaging, thereby allowing to acquire
I–V characteristics of plastocyanin single mole-
cules in a non-invasive way.
The STS measurements were performed by posi-

tioning the tip on top of the redox protein, the
feedback loop was temporarily disengaged and the
tunneling current was monitored as the sample
bias was ramped in the range of"1 V. The current
direction through the molecule will then vary
according to the bias polarity, i.e. from the sub-
strate to the tip for negative values and from tip
to substrate for positive ones. Each singleI–V
spectrum acquired on a single protein consists of
the average over 10 consecutive bias sweeps. The
measurements were repeated for a large number of
molecules. The bias sweeps, obtained from ambi-
ent STS experiments, were averaged and the result-
ing curves for PCSS(700 bias sweeps), PCSH
(720 bias sweeps) and Au(111) (800 bias sweeps)
with their error bars(S.D. of the mean) are plotted
in Fig. 2.
First, a slight asymmetry in theI–V relation of

gold (Fig. 2c) appears in the range of"1 V. This
can be attributed to the contribution of the sharp
tip apex to theI–V spectra and has been treated
theoretically w42x. Similarly, a slight asymmetric
I–V relation for PCSH is observed(Fig. 2b).
However, this feature is almost indistinguishable
from that of gold within the experimental error. At
variance, PCSS shows a significant asymmetry
(Fig. 2a) when compared to gold with a confidence
level of 99.7%.
As mentioned before, many mechanisms can be

invoked to explainI–V asymmetry. In the case of
redox active molecules a particular attention has

been paid to the involvement of redox electronic
levels w19,20,22x. Actually, the derivative of cur-
rent–voltage data has been put into relationship
with the molecular density of the states(DOS),
which is believed to be responsible for mediating
the enhanced tunnelingw43x. In this context, sev-
eral studies have suggested that the pronounced
asymmetry in theI–V characteristics is due to an
interplay between the position of the molecular
redox levels and the tip-substrate Fermi level in
connection to the bias polarityw19–22x; such an
hypothesis being still amply debated.
However, in the case of biomolecules it should

be taken into account the water layer which is
always present at the sample surface. This may
play a considerable role in the tunneling mecha-
nism w44–46x. In particular, the presence of hydra-
tion water has been suggested to affect image
contrast formation especially for insulating sam-
ples such as biomoleculesw47,48x. Indeed, it
appears conceivable that the polarization of the
water molecules in the high electric field of the
tunneling junction may have a different effect on
conduction when the current runs from substrate
to the tip or vice versa depending on the polarity
of the bias; the orientation of the water molecules
inside the STM junction having been proposed to
influence the electron tunnelingw49x. In fact, at
positive sample bias and under high electric field
the first water layer at the sample surface is
probably polarized with the oxygen groups facing
the electrode. This ordering creates a lateral com-
pression of the layer, which prohibits through space
tunneling. In the case of a negative sample bias,
the water molecule are polarised to a lesser degree,
allowing an easier tunneling with a lower tunneling
barrier.
For this reason a particular attention should be

paid to the role of the water layer at the sample
interface when studying the conduction of biomo-
lecule. Therefore, we acquired tunneling spectra
under nitrogen atmosphere, where we may reason-
ably assume that the water layer at the sample
interface normally present under ambient condi-
tions is strongly reduced. STM images under
nitrogen atmosphere were acquired for PCSS and
PCSH as shown in Fig. 3. The images show
individual molecules spread on the metallic sur-
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Fig. 2. I–V curves recorded in ambient conditions on PCSS molecules(a) on PCSH(b) and Au(111) (c). The engage tunneling
current and bias voltage are 50 pA and 200 mV(tip positive). The error bars represent the standard deviation of the mean, which
has been calculated at each V point, but for clarity the error bar is shown every four points.



112 L. Andolfi et al. / Biophysical Chemistry 107 (2004) 107–116

Fig. 3. Constant current STM images of PCSS(a) and PCSH
(b) on Au(111) under nitrogen atmosphere scan area:
125=125 nm and 115=115 nm . Tunneling current 50 pA,2 2

bias voltage 200 mV(tip positive), scan rate 5 Hz. Molecule
cross section profiles are shown in the lower panels.

face, with lateral dimensions of approximately 4.0
nm close to what is expected from the X-ray
crystallography dataw40x. The estimated vertical
size of PCSS and PCSH appears again to be in
the range of 0.5–0.7 nm, similar to what is
observed under ambient imaging and significantly
smaller than the crystallographic value. The imag-
ing in a controlled environment appears stable and
reproducible allowing thus to collect single mole-
cule tunneling spectroscopic data. TheI–V curves
under nitrogen were taken according to the previ-
ous experimental procedure. All the bias sweeps
were averaged and the resulting curves for PCSS
(390 bias sweeps), PCSH(290 bias sweeps) and
Au(111) (500 bias sweeps) with their error bars
are plotted in Fig. 4.
The I–V relation obtained for gold under nitro-

gen is quite symmetric. In the case of PCSH, the
I–V curve closely resembles that obtained under
ambient conditions, while the asymmetry observed
for PCSS molecules has almost disappeared with
a concomitant decrease of the recorded current.
The slight differences between theI–V data
obtained for both mutants and that obtained on
gold under nitrogen atmosphere do not appear to
be significant when considering a confidence level
of 99.7%.
In the light of the previous observations, it

would be of interest to probe the conductive
behaviour of these proteins under fluid condition,
which represents the most suitable environment
for studying the functionality of biomolecules.
However, in aqueous media the variation of the
bias might lead to some electrochemical interfer-
ences at the metal(PtyIr) tip. This may impose a
limit to the tip-substrate potential that can be
applied due to the occurrence of leakage problems.
This may also compromise the reproducibility of
the STS measurements. We present some attempts
that we made in pure water. An example of the
obtainedI–V relation acquired under pure water
on Au(111) surface over a"1 V range is shown
in Fig. 5. Curve(a) is an average over 250 sweeps
performed on a gold surface while curve(b) is an
average over 20 sweeps with the same tip. It is
clearly visible that theI–V curves on gold already
can change in time possibly because of leakage
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Fig. 4. I–V curves recorded under nitrogen atmosphere on
PCSS molecules(a) on PCSH (b) and Au(111) (c). The
engage tunneling current and bias voltage are 50 pA and 200
mV (tip positive). The error bars represent the standard devi-
ation of the mean, which has been calculated at each V point,
but for clarity the error bar is shown every four points.

problems. Therefore, a more accurate investigation,
probably under electrochemical control is needed.
Comparing the results obtained in the two envi-

ronments, some observations stand out. For PCSS,
the asymmetry in theI–V characteristics observed
in the STS experiments under ambient conditions
is no more present, when the experiments are
carried out under nitrogen atmosphere at low
ambient humidity. Furthermore, and strikingly
enough,I–V curve related to PCSH is symmetric
under both conditions. Since we may be confident
that under nitrogen atmosphere the water layer at
the sample interface is substantially reducedw50x,
the obtained results seem to point out that the
water content of the sample may affect the regis-
tered I–V characteristics for the adsorbed plasto-
cyanin mutants. Nevertheless, this appears
puzzling if we admit that the hydration water layer
present under ambient conditions could be respon-
sible for the asymmetry in the case of PCSS; being
not clear why in the same environment, PCSH
does not display this asymmetry. It is hard to
conceive that PCSH would retain a different level
of humidity with respect to the similar mutant
PCSS. We might invoke some difference between
the orientation and interfacing of the two mutant
proteins towards the electrode surface. In the case
of PCSH, binding to gold through the thiol group
at the carboxy-terminal free end might lead to a
less hindered protein surface–electrode coupling
than that obtained via the S–S bridge. In addition,
we might speculate about the possibility that the
electronic levels of the copper ion could be
involved in generating the asymmetryw19,20,22x;
but in that case a different oxidation state should
be admitted for the two mutants.

4. Conclusion

Imaging and spectroscopic data of two plasto-
cyanin mutants self-assembled on gold surface via
a single thiol group or a disulfide bridge were
acquired at level of single molecule by using high
resolution STM. Under ambient conditions, the
two mutants give rise to differentI–V behaviour.
Particularly, an asymmetricI–V curve for PCSS
and a symmetricI–V curve for PCSH were
obtained. Under nitrogen, the asymmetricI–V
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Fig. 5. RepetitiveI–V curve recorded in water milliQ on Au(111) by using a PtyIr tip with a leakage-10 pA. The straight line is
obtained by averaging the first 250I–V sweeps. The dotted line resulted by averaging 20 consecutiveI–V sweeps after acquiring
the first 250 sweeps. Engaging tunneling current and bias voltage are 50 pA and 200 mV(tip positive).

characteristics observed for the PCSS mutant dis-
appear, while the PCSH preserves essentially a
symmetricI–V relation.
At present we are unable to distinguish among

the possible mechanisms, but these results point
out that particular care should be exercised when
performing conductive studies on biological mac-
romolecules by the STS approach, in particular,
concerning tip-sample distance and hydration state.
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