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Abstract

We use several techniques to characterize the monolayer formed in air by the electron transfer
protein, azurin, self-assembled on a gold substrate in a stable way. Tapping Mode Atomic
Force Microscopy and Scanning Tunnelling Microscopy scans reveal the presence of individual
molecules highly packed and stably bound to gold. The height of the single molecules, as
determined by Atomic Force Microscopy is consistent with the thickness of the protein
monolayer as measured with spectroscopic ellipsometry. Scanning Tunnelling Microscopy,
operating in constant current mode, is able to image single molecules with a lateral size in
agreement with the crystallographic dimension. Sweeps of bias voltage in tunnelling conditions
point out a good electric contact of the single protein molecules with some rectifying
behaviour.
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Introduction

The assembling of proteins on metal surfaces, mainly noble metals (gold, silver, platinum), is
central to new interdisciplinary areas that combine bionanotechnology with physics, chemistry
and biology [1,2]. It represents the first step to achieving efficient construction of biosensors
and biodevices for advanced medical diagnostics [3]. Electron Transfer (ET) proteins, which are
part of chains where the conduction through the biomolecules occurs at the level of the single
electron, are suitable candidates for incorporation in hybrid submicrometer-sized electronic
components also for their fast and directional ET properties [4,5].

To assure an electrical communication with the conducting substrate with minimal perturbation
of the macromolecular structure, the proteins may be immobilized on self-assembled
monolayers of small organic molecules [5]. However, the presence of such spacers between
the electrode and the biomolecules will severely reduce the ET rate. To overcome such a limit,
the protein may directly move to the metal surface by exploiting suitable protein linker groups
[6-10]. This provides on one hand, a good electric contact between the molecules and the
metal; on the other hand, it keeps the distance between the electrode and the redox centre
within the range at which significant ET rates can occur [11]. Furthermore, a particularly
relevant aspect in view of the development of protein-based solid state devices, is represented
by the organization of protein on the metal surface in air, at which a low water content is to be
expected. The creation of protein monolayers onto a specific substrate is a crucial aspect in
the construction of a nanodevice and its functionality strongly depends on the quality of the
biomolecular film.

In this connection, we are interested in fully characterizing in air a monolayer of the blue
copper protein azurin (AZ), directly bound to gold with the main focus on the organization of
the molecules at the surface as well as on their electric coupling to the electrode.

Due to its ET capability and its intrinsic stability, AZ, with peculiar and well characterized
spectroscopic properties [12] has gained considerable interest for applicative studies [13-16].
Indeed, it is emerging as a good candidate for the realization of biodevices even working at the
single molecule level [17-19]. Notably, by exploiting its native exposed disulfide group, AZ can
be covalently anchored in a well-defined way on bare gold electrodes [6,7,17]. Even if AZ on
gold has been widely studied by several techniques, a comprehensive investigation of self-
assembled monolayers of AZ on gold in air, has not been performed. With such an aim, a
number of complementary techniques (Tapping Mode Atomic Force Microscopy (TMAFM),
spectroscopic ellipsometry, Scanning Tunnelling Microscopy (STM) and Spectroscopy (STS))
have been exploited. The single molecules are characterized by a homogeneous shape and
appear to be stably and robustly anchored to gold forming a regular monolayer. The height of
individual molecules with respect to the gold substrate, measured by TMAFM is consistent with
the thickness of protein layers measured by ellipsometry. This data indicates that the protein
molecules, bound through the SS to gold, assume a conformation partially tilted on the gold
surface. Both the STM images and the STS measurements provide indication of good electric
contact between the molecules and the electrode substrate.

Methods and Materials

Gold substrates (Arrandee™) with a thickness of 250 nm (50 nm) were prepared by
evaporation on top of an adhesive chromium layer (2.5 nm) deposited on borosilicate
substrates. They were annealed with a butane flame at a temperature of about 1300°C to
obtain re-crystallized terraces and rinsed after annealing. The quality of the annealed gold
surface was assessed by STM, which showed atomically flat (111) terraces over hundreds of
nanometers. AZ from Pseudomonas Aeruginosa was purchased from Sigma and used without
further purification. An AZ monolayer was prepared by incubating freshly annealed Au (111)
gold substrates with 3.5 uM of AZ solution in 50 mM ammonium acetate at pH 4.6, for about
15 hours; samples with a lower coverage were prepared by reducing the concentration, the
incubation time and the temperature (down to 4°C). Samples was then rinsed with ultrapure
water and blown dry with pure nitrogen. The analysis was restricted to the central region of
the sample over an area of about 0.6 cm?, where a uniform coverage was obtained.
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TMAFM measurements were performed with a commercial Atomic Force Microscopy (AFM)
(Nanoscope llla/Multimode, Digital Instruments) equipped with a 12um scanner operating in
tapping mode. Silicon probes (Digital Instruments), 3.5 or 4.5um long, with nominal radius of
curvature less than about 10 nm and spring constants of 20 and 80 N/m, respectively, were
used. Resonance peaks in the frequency response of the cantilever were chosen in the range of
200-400 kHz. Free oscillation of the cantilever was set to have root-mean-square amplitude
corresponding to 10nm. In each measurement, the set point was adjusted before scanning, to
minimise the force between the tip and the sample. The height related to the z—piezo and the
curvature radius of the tips were calibrated by using 5 nm gold colloids deposited on a glass
slide coated with (3 mercaptopropyl)-trimethoxysilane.

A Picoscan system (Molecular Imaging) equipped with a 10um scanner with a final preamplifier
sensitivity of 1 nA/V was used for STM measurements. STM tips were prepared by
electrochemical etching of Pt/Ir wire (Goodfellow).

STS measurements were performed starting at a set point of 50 pA and 180 mV bias. Current—
voltage (I-V) spectra were recorded by positioning the tip on top of a redox protein, after the
feedback loop had been disengaged; the tunnelling current being monitored by ramping the
bias in the range of + 1V in 0.01s. The horizontal drift was checked for each spectrum
accumulated; the total movement of the tip with respect to the molecule during the I-V
measurements, being less than 0.4 A (both in x and y direction). The drift in z-direction was
checked by recording the current under tunnelling conditions. In the absence of the feedback,
as a function of time, a maximum current fluctuation of 1pA/sec was observed.

Cyclic voltammetry measurements on monolayers adsorbed on polycrystalline gold electrode
were performed with a PicoSTAT bipotentiostat (Molecular Imaging Co.). The electrochemical
cell housed two Pt wires as counter and reference electrode and was filled with 100 pl of 100
mM potassium phosphate pH 7.4. All potentials here are referred to the Standard Calomel
Electrode (SCE).

Ellipsometry measurements were performed by a UVISEL (Jobin—Yvon Co.) phase-modulated
spectroscopic ellipsometer. The incident angle was set at 70° and the light spot was 1 mm in
diameter. The measurements were performed in the spectral range from 250 to 850 nm, with
sampling steps of 5 nm. The changes in the state of polarization of light upon reflection on the
sample surface were accounted for by the ellipsometric parameters W and A. They are related,
for optical isotropic samples, to the complex reflectance ratio through: p=ry/rs=tan W exp(i A),
where r, and r; are the complex reflection coefficient for light polarized parallel and
perpendicular to the plane of incidence, respectively [20]. The ellipsometric data was fitted by
the commercial software DeltaPsi 1.4 from Jobin—Yvon.

Results and Discussion

Figure 1A shows a typical STM image of freshly annealed Au(111) substrate; the presence of
atomically flat Au(111) terraces, over hundreds of nanometers, with typical roughness of about
0.1-0.05 nm having been observed. Figure 1B shows a TMAFM image in air of the gold
substrate after incubation with AZ solution. The protein molecules appear quite densely packed
and the single molecules can be easily distinguished above the substrate. The high quality of
images obtained even after repeated scans points out that proteins are stably bound to gold; a
similar behaviour having been observed in different sample areas. These results are consistent
with a covalent immobilization to gold via the exposed disulphide moiety (Cys3-Cys26)
[6,7,17]. In this respect, we remark that the high affinity of disulfides and thiols for gold
electrodes has been amply demonstrated by experimental and theoretical studies [13,17, 21-
25]. In the particular case of AZ, the specific adsorption on the gold substrate via the S-S
moiety has been inferred by XPS studies [6]. A further support to the occurrence of the S-S
bonding to gold comes also from our previous studies on wild type and S-S engineered
plastocyanin adsorbed on gold. Wild plastocyanin is a copper protein very similar to AZ in both
structure and function, but lacks exposed SH and SS groups. Measurements by STM revealed
that, while wild type plastocyanin is swept away during the STM scanning, mutated
plastocyanin containing the disulphide bridge yielded instead stable and well-contrasted
images over the substrate even upon repeated scans [8,19,26].
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Figure 1. (A) Constant current STM image of Au(111) terraces. Scan size 180 x 180 nm.
Tunnelling current 50 pA and 0.2 V bias and scan rate 3 Hz. The cross section profile is
shown in the lateral panel. (B) TMAFM image of a monolayer of AZ molecules immobilized on
Au(111) substrate recorded in air at room temperature at a scan rate of 1.2 Hz. (C)
Statistical analysis of AZ molecular height on the Au(111) surface, as measured in air by
TMAFM.

An estimation of protein height with respect to the substrate was performed by a cross section
analysis on several individual molecules. A single mode distribution with a mean value of 1.6
nm and a standard deviation of 0.5 nm was obtained for the protein height (see Figure 1C).
Notably, no differences in the protein height distribution were observed in samples prepared at
different protein coverage. This value can be compared to that extracted by a MD simulation
modelling which assumed the assembling of AZ molecules on gold through the disulfide bridge
in a standing up configuration and starting from crystallographic structure (with dimensions of
4.4 nm x 3.3 nm x 3.0 nm) (see the graphical representation shown in Figure 2). Such an
approach provided a height value of 3.09 = 0.02 nm [19]).
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Figure 2. Graphical representation of the starting configuration of AZ immobilized through
the S-S group on Au(111) substrate. The copper atom (blue sphere) at the active site and
sulphurs of the disulfide groups (yellow) bound to gold are also shown.

The lower value obtained for the molecule height by TMAFM measurements should be
accounted for by a protein arrangement partially lying down on gold, probably as consequence
of some interaction of the protein lysine groups with the gold surface. Furthermore, some
contributions due to the stress exerted by the tip on the protein, even in the non-contact AFM
approach, might be considered.

While the height of AZ over the gold substrate in fluid is well characterized, no data in air is
available. Two different populations with different heights for the AZ molecules on gold have
been put into evidence by TMAFM images obtained in fluid by Hill and Davis [7]. One is
characterized by a height of 2.7 nm, consistently with a picture in which the protein is
anchored by the disulfide bridge in a standing up configuration [7]. The other population, with
a mean height of 1.1 nm, has been tentatively attributed to stronger AZ-gold interactions that
might force the protein to assume a configuration closer to the metal surface. Additionally, our
previous TMAFM data of AZ on gold performed in fluid revealed, for the protein height, a single
mode distribution centred at 1.7+0.6 nm [18], such a value again suggesting a
macromolecular configuration partially tilted on gold.

Concerning the lateral sizing, the protein molecules appear rather homogeneous with a
measured average width of 102 nm. By taking into account tip broadening effects on the
AFM images, and under the approximation of an almost spherical object with a height h over
the substrate, the expected apparent width W can be derived from the relation W?=8rh, where
r is the radius of curvature of the tip [27]. For a tip curvature radius of 8.5+0.5 nm (see
Experimental Section), an apparent width of 101 nm is evaluated in a good agreement with
the measured value. Additionally, by inserting into the previous relationship, the measured
width and the radius of curvature of the tip, a height of (1.5 £0.7) nm can be obtained for AZ;
such a value being consistent with that directly measured.

While TMAFM provides information on the arrangement of single AZ molecules on gold,
spectroscopic ellipsometry gives an overall picture of the protein layer on gold even for
relatively large samples. Figure 3 shows the experimental W and A parameters as a function of
the wavelength, for both the bare gold substrate (continuous lines) and the AZ on gold (dots).
A small but significant change in values of the ellipsometric parameters in the AZ-gold sample,
with respect to the bare gold, is observed. Determination of the protein thickness was carried
out by fitting the experimental W and A data (dashed lines in Figure 3) using a linear
regression procedure and reference data taken from ref.[28]. From this fitting procedure, a
thickness of the AZ molecule layer of 1.6+0.1 nm has been extracted. Notably, such a value
well matches the results as obtained by TMAFM from the analysis of individual molecules. The
extracted value for the protein thickness agrees with that reported in ref. [29] as derived by
ellipsometry with a similar fitting procedure.
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Figure 3. Ellipsometric spectra of the bare gold substrate (continuous lines) and AZ on gold
(dots) as a function of the wavelength. The dashed lines give the fitting data.

These results indicate that that the gold substrate is covered with a homogeneous layer of
proteins with a well-defined thickness whose value is consistent with the height of the single
AZ molecules as measured by TMAFM. The agreement between TMAFM and ellipsometric data
is particularly relevant also in connection with the fact that the two techniques involve a
completely different extent of intrusion in the measurement of the sample layer.

STM, operating at constant current, has allowed us to obtain single molecule images for AZ
monolayer on gold in air. Figure 4 shows a representative STM image, recorded under imaging
conditions (bias and tunnelling current) optimized to determine tunnelling distances sufficient
to overcome the physical height of the adsorbed AZ [30]. Individual AZ molecules adsorbed
on gold substrates, clearly discerned in the STM images, reveal a globular shape which is
maintained even after repeated scans. This indicates a robust binding to gold which is not
perturbed by the application of the electric field resulting from the tunnelling bias or by tip
intrusion of the molecule moiety.
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Figure 4. Constant current STM image of AZ molecules on Au(111) in air. Scan area: 124 x
124 nm. Tunnelling current 50 pA, bias voltage 0.180 V and scan rate 6Hz. Representative
cross section profile for adsorbed molecules is shown in the lateral panel.

An analysis of the molecular lateral size (see as an example the cross section profile of Figure
4) gives an average value of 4.6+0.7 nm, in good agreement with the crystallographic
dimensions 4.4+0.9 nm [19]. At variance, the measured vertical size of the protein molecules
from the STM image is considerably reduced 0.7+0.1 nm with respect to the physical height.
Indeed, we remark that low values of protein height constitute a general feature when the
protein samples are measured by STM [6,7,17,30,31]. This could be related to the physical
mechanism governing STM image contrast formation in protein molecules whose details have
not been completely elucidated, due also to the large complexity of the biological
macromolecular structure. It should be probably connected with modification of metallic states
at the Fermi energy caused by the interaction of the molecule with the metal surface [32]. In
the case of metalloproteins, the redox centre might mediate the tunnelling current [13,17,33].
Some studies have hypothesized that the ionic conductivity through a surface water film plays
an important role in tunnelling between the STM tips and the sample surface [34].

To closer probe the conductive properties of AZ molecules, STS measurements in air on single
AZ molecules anchored on gold have been performed. 1-V curves were recorded by positioning
the conductivity tip on top of the redox protein, the feedback loop was temporarily disengaged
and the tunnelling current was monitored as the sample bias was ramped in the range of +1V.
Each I-V spectrum acquired on a single protein consists of the average over 20 consecutive
bias sweeps. These measurements were repeated for a large number of molecules by
averaging all I-V collected spectra. The resulting I-V curves (Figure 5) show an electrical
response highly asymmetric with the respect to that obtained for gold. In previous STS
experiments on electroactive molecules, the asymmetry was interpreted in terms of a redox
mediated tunnelling process [35-37]. Other models, accounting for molecular rectification,
have been developed, as for the metal-insulator-metal junction with an organic molecule,
containing a donor-acceptor pair, placed between the metal electrodes [38-39]. However a
rectifying behaviour for metal-insulator-metal junctions can be obtained even when using
molecules which do not contain donor-acceptor pairs. In addition, the rectification was
attributed to the presence of a single electron acceptor asymmetrically placed in a metal-
insulator-metal junction [40], or to conformational changes driven by the external electric field
[41], or even to Schottky barrier effects [42]. On the other hand, a more accurate STS
analysis, under nitrogen atmosphere and at different starting tunnelling distances, evidenced
that the asymmetry seems to be dependent on sample water content and tunnelling gap width.
In other words, the asymmetry seems to be reduced by lowering the water content; such a
behaviour finding corresponds with our previous results as obtained for plastocyanin [43].
Hence, in the tunnelling junction molecular AZ conduction appears dominated by the air gap
between the tip and the protein [19]. Although the mechanisms at the basis of molecular
rectification are far from being completely clarified, this rectifying-like behaviour in air of the
metal/AZ/metal tunnelling junction might be interesting in view of an application in
nanobioelectronic devices and deserves further investigation.
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Figure 5. I-V curves recorded by STS in air averaged on several AZ molecules obtained over
several runs (continuous line) and on Au (111) (dashed line). The engage tunnelling current
and bias are 50 pA and 0.180 V, respectively.

We have performed cyclic voltammetry measurements on the AZ monolayer on gold
electrodes. The data, shown in Figure 6, reveals a robust and reproducible electrochemical
response with a midpoint redox potential of 150-165 mV vs SCE. Such a value appears to be
very similar with that previously observed [44] and also in a substantial agreement with the
values as obtained for AZ in solution [45]. In addition, by integration of the voltammetric
data, the electroactive protein coverage can be determined. It was found that a coverage of
1.8-2.2x10" molecules/cm?® was in good agreement with the expected coverage from a
molecule with a lateral size of about 3.5 nm.
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Figure 6. Cyclic voltammogram of azurin monolayer on gold electrode, after having been
subtracted the background. Data are recorded in 100 mM potassium phosphate buffer, pH
7.14 at 100 mV/s scan rate.

The data provides a confirmation for the fact that AZ molecules assembled on gold electrodes

seem to retain its redox activity even if the possibility that some changes from its native
structure might occur [46].
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Conclusions

The use of different techniques has allowed us to obtain a consistent picture describing AZ
molecules in air self-assembled on gold. AZ molecules cover the whole gold surface in a highly
homogeneous way. The robustness and stability of the sample under investigation support a
well-defined and strong anchoring of AZ to gold. The height of molecules over the gold
substrate is consistent with an arrangement of the molecules, partially tilted on gold. The
evidence for a good electric contact between AZ molecules and the gold substrate is well
supported by STM, STS and cyclic voltammetry measurements.

It should be finally remarked, that AZ assembled on gold is sufficiently robust and could
represent a suitable protein whose ET capabilities can be exploited in nanobioelectronics.
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