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Abstract

The redox metalloprotein azurin self-chemisorbed onto Au(l11) substrates has been investigated by electro-
chemically controlled scanning tunneling (STM) and scanning force/lateral force microscopy (SFM/LFM) and cyclic
voltammetry (CV) in aqueous solution. The combined use of STM and SFM/LFM under electrochemical control in the
negative side of the azurin redox midpoint (+ 116 mV vs. SCE) has delivered unique information on the nature of the
STM images. While in STM the bright spots, believed to be associated with azurin molecules, are visible only for
potential values higher than —125mV, the concurrent electrochemical SFM results show adsorbed proteins over
the whole potential range investigated (from —225 to +75mV). Stepping the potential back and forth (between —25
and —125mV) in STM imaging, it has been possible to make bright spots appearing and disappearing repeatedly,
indicating that STM image formation arises possibly through resonant tunneling via the redox levels of azurin. These
results represent the first clear evidence of potential-dependent tunneling in proteins adsorbed onto a conductive
substrate. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The study of the electron transfer behavior of
molecules and biomolecules immobilized onto
metal electrodes represents an interesting and
important task since it is intimately connected to
the charming possibility of deeply understanding
and tuning their functional properties [1]. More-
over, functional metalloproteins at the metal
surface form the basic elements also for researches
in different frontier fields such as biosensors [2,3]
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and biomolecular electronics [4]. Several surface
techniques have been employed to study the
molecular organization and the redox properties
of metalloproteins immobilized onto metal sur-
faces [5]. Particularly, scanning probe microscopy
(SPM) techniques operating under electrochemical
control [6] allow to perform this investigation at
the level of a single molecule, hence contributing
also to the recent general effort toward the
detection and identification of single molecules [7].

In the recent past different STM works on
metalloproteins [8—10] and other redox molecules
[11] adsorbed onto atomically flat metal surfaces
have been carried out aiming at the investigation
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of electron transfer through immobilized species.
Various theoretical predictions [12] and data
explanations [13] have been provided for account-
ing for the STM signal involving resonant tunnel-
ing (possibly assisted by nuclear relaxation) [14] or
two-step processes such as reduction—oxidation
[15]. Very few works, however, have taken
advantage of the full control of this reaction by
tuning the electrochemical potential (i.e. Fermi
levels) of the two working electrodes (substrate
and tip) with a bipotentiostat. Furthermore, to our
knowledge, the resonant nature of the tunneling
current through adsorbed redox centers has been
exhaustively revealed only by Tao [11] in the case
of a rather simple molecule such as Fe(III)-proto-
porphyrin.

In this work we face the problem of under-
standing the nature of the current recorded in
STM imaging of the blue copper protein azurin by
a combined STM and SFM/LFM investigation
under electrochemical control.

Azurin [16] is an electron transfer metallopro-
tein (molecular mass 14 600) involved in respira-
tory  phosphorylation of the  bacterium
Pseudomonas aeruginosa. Its redox active center
contains a copper ion liganded to five aminoacid
atoms according to a peculiar ligand-field symme-
try which endows the center with unusual spectro-
scopic and electrochemical properties such as an
intense electron absorption band at 628 nm (due to
the S(Cys-6)—Cu charge transfer transition), a
small hyperfine splitting in the electron paramag-
netic spectrum [17] and an unusually large
equilibrium potential (+ 116 mV vs. SCE) [18] in
comparison to the Cu(Il/I) aqua couple (—89 mV
vs. SCE) [19]. Moreover, Azurin has been imaged
by in situ STM exploiting its self-assembling
capabilities onto gold via a surface disulfide bridge
(Cys3—Cys26) [8,14] or via a single surface Cys
residue inserted by protein engineering [20].

2. Experimental section
2.1. Chemicals

Azurin from Pseudomonas aeruginosa was pur-
chased from Sigma and used without further

purification after having checked that the ratio
ODy¢»3/OD»gy (OD, = optical density measured at
Anm) was in accordance with literature values
(0.53-0.58) [21]. Working solution was 10~*M
azurin in 50mM NH,Ac (Sigma) buffer, pH 4.6.
The buffer was degased with N, flow prior to use.
Milli-Q grade water (resistivity 18.2 MQcm) was
used throughout all the experiments.

2.2. Substrates

Au(1 11) substrates were prepared by evaporat-
ing 150-nm-thick Au films onto freshly cleaved
mica sheets. The sheets were first baked for 2h at
450°C and 10" mbar; Au evaporation was per-
formed at 0.1 nm/s deposition rate. After evapora-
tion the films were let annealing for 30min at
550°C and 10> mbar. After cooling down to room
temperature, a moderate flame annealing was
necessary to get large re-crystallized Au(l111)
terraces.

2.3. Probes

STM tips were made from Ptlr (80:20) by
electrochemical etching of a 0.25 mm wire in a melt
of NaNO; and NaOH [22]. Tips were then
insulated with molten Apiezon wax. Only tips
displaying leakage levels below 10pA were used
for imaging.

For SFM/LFM, SiO, Ultralevers (Thermo-
microscopes Co.) with elastic constant of
0.06 N/m and apex curvature radius of 10 nm were
used.

2.4. Sample preparation

Freshly prepared Au(l11) substrates were in-
cubated in 10~*M azurin for 20-40 min (3 days at
4°C for CV) and then rinsed in abundant NH4Ac
buffer directly in the measuring cell, leaving always
an aqueous layer on the top of the substrate to
prevent protein exposure to water surface tension.
After several rinsing cycles the measuring cell was
filled with the same buffer and immediately
installed in the microscope for imaging (or for
CV measurements). In case of SFM/LFM mea-
surements, incubation time was kept at 20 min in
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order to have a rather low surface density which
allows for a more defined single protein resolution.

2.5. Cyclic voltammetry

Samples, incubated directly in the SPM measur-
ing cell, were measured with a Picostat (Molecular
Imaging Co.) potentiostat at scanning rates in the
range 0.01-0.005V/s in the potential window
(—=0.25 to +0.3V). Other details on the electro-
chemical measurements are reported in the follow-
ing section.

2.6. In situ SPM

A Picoscan system (Molecular Imaging Co.)
equipped with a Picostat (Molecular Imaging Co.)
bipotentiostat was used to perform in situ SPM
investigation. The measuring cell consisted of a
Teflon™ ring pressed over the Au(l 11) substrate
operating as working electrode. A 0.5mm Pt wire
was used as counter electrode and a 0.5mm Ag
wire as quasi-reference electrode (AgQref). The
AgQref potential was measured vs SCE before and
after each experiment. In what follows the
potentials will be always referred to SCE. In order
to minimize buffer evaporation, the cell was
mounted into a sealed Pirex™™ chamber. Images
were acquired at room temperature under electro-
chemical control in the potential range —225 to
+75mV at steady state current conditions.

A 10um scanner with a final preamplifier
sensitivity of 1nA/V and a 6um scanner were
used for STM and SFM/LFM measurements,
respectively.

STM images were acquired in constant current
mode with a typical tunneling current of 2 nA, bias
voltage of 400 mV (tip positive), and scan rate of
4 Hz.

The typical tip—sample interaction force for
SFM/LFM was 1 nN at 2-4 Hz scan rate.

3. Results and discussion
It is now well accepted [8,9,13,14] that azurin

can be studied by in situ STM under full
electrochemical control provided by a bipotentio-

stat which enables to control separately the
electrochemical potential of the two working
electrodes involved in the measurement, i.e. sub-
strate and tip. Recently, the redox activity of gold
immobilized azurin has been reported [18] and the
presence of the copper has been claimed as a result
of X-ray photoelectron spectroscopy [8] Fig. 1
reports an STM image acquired at a substrate
potential of —25mV. Bright spots 3—4 nm in lateral
size (full width at half maximum) appear on the
flat surface of Au(l 11) terraces. These figures are
in general agreement with the crystallographic size
of azurin [23]. The surface density of the spots can
be largely tuned by varying incubation time,
protein concentration, and temperature from few
molecules per square micrometer up to a rather
dense monolayer.

High surface densities, corresponding to about
90% coverage, as estimated by microgravimetric
measurements (data not shown), have been used to
record CV curves of the adsorbed azurin mole-
cules. Fig.2 shows the corresponding results.
From this data, a redox midpoint of +120mV,
consistent with the solution data available from
the literature [18] for azurin, results. The marked
depression of the anodic peak, along with the
rather large peak separation (160mV) seems to
point out the involvement of a mechanism of slow
electron transfer, that has been already reported in
electron transfer studies of this protein [14]. These

Fig. 1. Three-dimensional image showing azurin-adsorbed
Au(l11) recorded in 50mM NHjAc (pH 4.6) by in situ
electrochemical STM in the constant-current mode. The image
was taken at a scan rate of 4 Hz with a substrate potential of
—25mV, a tunneling current of 2nA, and a bias voltage of
400mV (tip positive). Scan area, 92.7 x 92.7nm>. Vertical
range, 1.7nm.
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Fig. 2. Cyclic voltammogram of azurin coated Au(l11)
electrode in NHyAc 50mM, pH 4.6, T =25°C. Redox
midpoint +120mV, peak separation 160mV, sweeping rate
SmV/s.

data thus indicate the presence of redox-active
azurin molecules on the surface of the gold
electrode.

An intermediate—low density is mostly suited for
investigating the behavior of the sample at the
level of a single molecule by a combined STM-
SFM/LFM approach. In fact, a joint SFM/LFM
investigation can help in assessing the nature of the
spots seen by STM. Fig. 3 shows a constant force
(upper set) and the corresponding friction (lower
set) images (a, ¢ forward; b, d backward scan).
Also in this case the sample appears as spots on a
flat surface whose lateral size is however over-
estimated (10-20nm) due to tip—adsorbate con-
volution [24]. The sample height is also different
from the crystallographic one due to the tip
pressure and results to be about 1 nm. However,
while distinct spots are visible in both the scanning
directions in constant force mode, the reversal of
the contrast in the corresponding lateral force
images clearly outlines the different friction sensed
by the scanning tip over the spots and the
surrounding flat areas. This is a sort of strong
“spectroscopic’’ hint toward assessing the nature
of the features which are visible by this microscopy
technique [25].

In order to provide a deeper insight into the
mechanism ruling the appearance of the features
seen by us and previously reported in the literature

Fig. 3. Topography (a, b) and friction (c, d) images of azurin-
adsorbed Au(111) in 50mM NH4Ac (pH 4.6) measured by in
situ SFM/LFM at —225mV at a scan rate of 4 Hz, in contact
mode. Scan area, 150 x 150 nm?; vertical range, 1.1nm (a, b).
Images (a, c) forward scan, (b, d) backward scan.

[8,9,14] when imaging azurin by in situ electro-
chemical STM, we have carried out a parallel
STM-SFM experiment under electrochemical con-
trol, i.e. by imaging the samples as a function of
the substrate potential. Fig. 4 shows a sequence of
SFM (upper set) and STM (lower set) images
acquired at —225, —125, =25, and +75mV, i.e. on
the negative side of the redox midpoint of azurin
(measured from cyclic voltammetry) and in a
potential range where the Au(l 11) surface struc-
ture is still unaffected by the buffer ion adsorption
[26]. Note that in case of SFM, the protein surface
density has been kept to a minimum in order to
limit the effect of tip—sample convolution.

While the SFM images show spots correspond-
ing to azurin adsorbates in the whole set of
potential values, albeit a certain drift and the
mechanical removal of some proteins due to
recurrent scans, the STM data look completely
different. In fact the typical bright spots which are
repeatedly seen when tuning the substrate poten-
tial to the proper region, now appear to be
strongly potential-dependent since they switch on
only between —125 and —25mV.
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Fig. 4. Upper set, in situ SFM images recorded at —225mV (a), —125mV (b), —25 x mV (c) and +75mV (d) in contact mode. Scan
area, 200 x 200nm? Vertical range, 1 nm. Scan rate, 4 Hz. Lower set, in situ STM images recorded at —225mV (e), —125mV (f),
—25mV (g) and +75mV (j) (tunneling current, 2 nA; bias, 400 mV tip positive). Scan area, 70 x 70 nm?; vertical range, 2 nm. Scan rate,

4Hz.

Therefore, while the topographic SFM images
are not affected by changes in the electrochemical
potential of the substrate, STM images appear to
be unambiguously dependent on tuning its value
to that of the azurin redox midpoint.

Such a kind of behavior is consistent with a
resonant nature of the current measured in STM
experiments in gold-adsorbed azurin samples.
Tunneling appears to take place via the protein
redox level once the substrate potential is properly
tuned to it.

The Ilimitations imposed by the particular
experimental system do not allow to follow the
resonance profile also for more positive substrate
values, overcoming the equilibrium potential of
azurin and eventually monitoring the correspond-
ing potential de-tuning. In fact, likely due to buffer
ion adsorption on Au surface and the consequent
lift of the reconstruction, more positive potential
values do not allow for molecular resolution;
rather, they result in an adlayer formation which
stacks up as the potential is increased. The only
consideration that can be done is that, since the
redox midpoint of the immobilized protein and
that of the solution counterpart do not differ
drastically, it is possible to figure out a width of the
resonance profile of about 300mV which corre-

sponds to the value observed also in the experi-
ment of Tao in case of Fe(III)-protoporphyrins IX
[11] and similarly appears to be underestimated
with respect to the predictions of Marcus’ electron
transfer theory [27] (see note). The impossibility of
measuring experimentally the reduction of azurin
in this experimental setup prevents a more precise
assessment of this width.

Interestingly, we note that, as far as the
potential remains in the aforementioned range, it
is possible to step back and forth its value and
switch accordingly on and off the visible spots.
Fig. 5 reports such an example, in which the
potential is stepped by 100 mV to a more negative
value (from —25 to —125mV) and then is tuned
back to the original value.

The molecular features, clearly visible in the first
image (a), disappear in the second (b) for
reappearing only once the potential is reestab-
lished (c). It is also remarkable that in the image
at —125mV some darker zones appear in
correspondence to the brighter spots in the other
two images. These effective depressions can be
interpreted in the proposed framework as a
consequence of the STM feedback response to
the local variation in the sample conductivity,
suggesting once more that when the substrate
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Fig. 5. Sequence of in situ STM images of azurin-adsorbed Au(1 1 1) in 50 mM NH4Ac (pH 4.6) obtained at —25mV (a), —125mV (b)
and —25mV (c). Bias voltage, 400mV (tip positive); tunneling current, 2nA. Scan area, 45 x 45 nm?; vertical range, 1 nm. Scan rate

4 Hz.

potential is not tuned to the redox midpoint of
azurin, the protein itself cannot elicit a current
flow through it; rather, it behaves as an insulating
barrier. This evidence is somehow confirmed also
by the occurrence of a sort of blurring in Fig. 5¢
which could be consistently due to the interaction
of the tip apex with the protein globule when
scanning the surface in de-tuned conditions.
However, several imaging cycles can be performed
without a drastic loss of resolution.

In Fig. 6 we report the energy diagram (vs. SCE
Fermi level ESCF) relative to the measurements
shown in Fig. 5. In fact, electrochemical potentials
and Fermi levels are related by the Fermi level of
the standard hydrogen electrode (—4.6eV) [28] and
hence by that of SCE. Particularly, Fig. 6a
corresponds to the images 5a and 5c, i.e. to those
acquired when the substrate potential was tuned to
the states of the redox center (broadened by
~300meV), while Fig. 6b represents the situation
observed in Fig. 5b. In the first case, tunneling
takes place from the substrate to the tip (since tip
is positive) via the redox states af azurin. In the
second, since the substrate potential is not aligned
to any molecular state, no resonance is elicited and
consequently the bright spots disappear.

These data demonstrate that the origin of the
bright spots visible when performing in situ STM
of gold-adsorbed azurin under electrochemical
control is strictly potential-dependent. Unfortu-
nately, experimental uncertainties preclude at this
stage the possibility of assessing the exact physical
mechanism (whether 1 step resonant tunneling or
two-step single molecule electrochemistry [15])

>

energy (meV vs E£*F)

azurin substrate

tip azurin substrate  tip

Fig. 6. Energy diagram of the experimental system in resonant
(a) and non-resonant (b) conditions expressed in terms of SCE
Fermi level (ESF); note the reversal of the sign in the energy
values with respect to the corresponding potential values. The
tip and substrate occupied (solid lines) and unoccupied (dashed
lines) electronic states are separated by eVy., and rigidly
shifted with respect to EECF by an energy amount provided by
the substrate potential. The thick lines at tip and substrate
represent their Fermi levels. The gray band, centered at the
azurin equilibrium potential represents the molecule redox
states (width =300 meV). If the substrate potential is tuned to
the molecule redox states (a), as in the case of Fig. 5a and c,
tunneling through these states is possible giving rise to bright
spots in STM images; if, on the contrary, the potential does not
match these states (b), resonant tunneling is inhibited, Fig. 5b.

governing the observed phenomenon. To our
knowledge, however, this is the first time that
such a behavior has been unambiguously observed
on a biomolecule. Such results, moreover, provide
the basic ground for the future exploitation of
protein redox properties in gateable molecular
devices.
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4. Concluding remarks

The concurrent in situ STM-SFM/LFM analysis
of azurin self-chemisorbed on Au(l11) substrates
carried out in this work under full potentiostatic
control allows to draw a number of conclusions.

Our STM data confirm the possibility, already
outlined in recent works, of imaging azurin under
electrochemical control.

CV data indicate the presence of redox active
azurin immobilized on the gold substrate.

The nature of the features visible in SFM
experiments has been assessed by a combined
SFM/LFM investigation outlining the different
physical-chemical nature of the adsorbates with
respect to the surrounding zones.

By investigating the samples as a function of the
electrochemical potential of the substrate in a
combined STM/SFM experiment, the resonant
nature of the current emerging from the protein
appears as a plausible mechanism for tunneling
(even if a two-step mechanism cannot be excluded
at this stage). This current arises only when the
substrate potential is properly tuned to the azurin
redox states, whose width appears to be about
300 meV.

The data show also the reversibility of the tuning/
de-tuning process as the substrate potential is stepped
back and forth around the onset of the resonance.

This experiment represents the first clear evi-
dence of potential-elicited tunneling through redox
adsorbates of biological origin, possibly resonant
in nature.

Further studies will be devoted to investigate
finely the shape of the resonance profile, possibly
also as a function of different solvents in order to
try to figure out the role of solvent reorganization
energy in the broadening of azurin redox states.
Another important issue will be that of assessing
the role of the particular metal ion at the active site
in determining the electrochemical properties of
the features observed by in situ STM.
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Note. According to the Marcus’ theory of
electron transfer, the effect of solvent modes,
which are considered in the framework of a
continuum dielectric model, is that of inducing a
broadening of the redox center states given by w =
4(Aoutk T In 2)1/ 2, where k is the Boltzmann con-
stant, T the absolute temperature and Ay
(typically 1eV) is the solvent reorganization
energy. The measured width could reflect the
location of the redox center in azurin, buried
inside the protein globule and hence not easily
accessible to water molecules.
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