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Abstract: The copper protein azurin, due to the peculiar coupling of its optical and vibronic
properties with electron transfer (ET) and its biorecognition capabilities, is a very promising
candidate for bioelectronic, bio-optoelectronic and biosensor applications. However, a complete
understanding of the fundamental processes relating azurin ET, and its optical and vibronic
characteristics with the charge transport mechanisms occurring in proteins bound to a conductive
surface, the typical scenario for a biosensor or bioelectronic component, is still lacking. We studied
azurin proteins bound to a gold electrode surface by scanning tunneling microscopy combined with
tip-enhanced Raman spectroscopy (STM-TERS). Robust TER spectra were obtained, and the
protein’s vibronic response under optical excitation in resonance with its ligand-to-metal charge
transfer band was found to be affected by the tunneling parameters, indicating a direct involvement
of the active site vibrations in the electron transport process.
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Redox metalloproteins are biocompatible nanoscale objects endowed with electron transfer (ET)

capabilities' and have attracted attention for a long time, in view of possible applications in
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bioelectronic devices.” In particular, the blue copper protein azurin has generated significant
interest’® due to its peculiar redox, optical and vibrational properties,7 its significant robustness, and
its biorecognition capabilities towards several biomolecules, including the oncosuppressor p53.%

Azurin is a 14.6 kDa monomeric type I copper (Cu) protein (Figure 1a) involved in the shuttling of
electrons within the respiratory transport chain of Pseudomonas Aeruginosa bacteria.'®'* During ET
under physiological conditions, the Cu ion in the active site switches between two oxidation states
(Cu**/Cu'™), and the electron is transferred across the protein along a well defined pathway,
encompassing the polypeptide chain, some of the hydrogen bonds, and the tryptophan residue at
position 48 (Trp48)."*'> The Cu ion is five-fold coordinated with three strong equatorial ligands
(N° of His46 and His117 and S' of Cysl12) and two more weakly bonded axial ligands (S° of
Metl21 and the backbone oxygen of Gly45), resulting in a distorted trigonal bipyramidal geometry
(Figure 1b).” This peculiar symmetry is finely tuned by the vibrational “quake” induced by the
docking of the partner, which facilitates the occurrence of physiological ET.'® The peculiar Cu ion-
ligand symmetry in the active site is responsible for both the high azurin redox potential, and the
ligand field energy levels that give rise to the typical d-d optical transitions of the protein.” These
transitions coalesce into an intense ligand-to-metal charge transfer (LMCT) absorption band
peaking at about 620 nm.” Optical excitation in resonance with this band activates the azurin active

17, 18

. . . . . 19 ..
site vibrations, as witnessed by the peculiar resonance Raman spectrum, =~ characteristic of the

oxidized (Cu?") state of the protein.20

** Fig. 1 here **

A very interesting, and somewhat intriguing interplay exists among azurin’s ET mechanism, its
optical absorption transitions, and the active site vibronic properties. Furthermore, azurin's
remarkable robustness ensures that both its ET and its biorecognition capabilities are maintained
upon adsorption on surfaces.® This renders this protein a biocompatible nano object that is highly

suitable for applications in bioelectronics, bio-optoelectronics and biosensors. To fully control and
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efficiently tailor azurin's conduction characteristics within hybrid nannostructures, the fundamental
processes connecting azurin’s electronic, optical, and vibrational characteristics with the charge
transport mechanisms upon conjugation with conductive electrodes, should be better
understood.”’? Tt has already been shown that charge transport across single azurin molecules
bound to conductive electrodes can be controlled by tuning the protein's electrochemical potential®*”
*% and the local charging,” % or by optically exciting the protein in resonance with its LMCT band.*
However, the role played by the protein’s phonons, and in particular by the active site vibrations, in
sustaining charge transport across the nanostructure is still unclear. Indeed, it has been reported that
stress-induced structural modification may affect the azurin’s conductivity,”'™ but a direct
involvement of active site’s vibrations in charge transport across solid state azurin has been

excluded.*®

We have investigated the interdependence between protein phonons and charge transport in azurin
molecules bound to a gold electrode, by performing a combined scanning tunneling microscopy/tip-
enhanced Raman spectroscopy (STM-TERS) investigation.’” In particular, we have focused on the
copper-containing active site’s vibronic response upon charge transfer, by optically exciting the
protein in resonance with its LMCT absorption band. The resonant STM-TERS spectra of
chemisorbed azurin are presented here, and were found to replicate the typical resonance Raman
spectrum of bulk azurin in solution, confirming that the entangled geometry of the Cu ion within the
active site and, thus, the electronic, optical and vibrational properties of azurin, are preserved upon
conjugation with a gold electrode. Nonetheless, changes in the active site vibrational modes occur
at specific tunneling conditions, suggesting a direct involvement of the Cu ion energy levels in the

charge transport across the hybrid nanostructure.

Results and Discussion

Figure 2 shows STM images of single azurin molecules deposited on a gold surface upon

continuous scanning, at an applied voltage of -0.5 V. On the time scale of few tens on minutes,
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upon continuous scanning at fixed applied voltage, azurin proteins progressively disappear from the

STM images (Figure 2a-2c).
** Fig. 2 here **

Figure 2d shows an AFM image of a < 1 monolayer coverage or azurin that was used for recording

the TERS data. It is fairly unstructured, suggesting that a compact monolayer of azurin was present.
** Fig. 3 here **

The typical resonance Raman (RR) spectrum of azurin in solution is shown in Figure 3a. It is
characterized by three main features (~369 cm ', ~408 cm ', ~424 cm ') that correspond to the
well-known resonant vibrational modes of the oxidized (Cu®") azurin active site. They are coupled
to a single electron transition, namely, the Scys —Cu charge-transfer transition, and originate from
the kinetic coupling of the (Cu-Scys) stretching mode, with internal vibrations of the cysteine ligand
side chain.”'”'®% Two minor active site related structures are also visible at ~260 cm ! (Cu-Npy;s
vibrations) and ~750 cm’ (C-Scys stretching vibration).'”* Interestingly, the same features
characterize the RR spectrum of a dried drop of azurin deposited on a gold surface (Figure 3a). This
suggests that the structure of the protein active site, which is responsible for its peculiar optical
properties, is preserved upon drying and deposition. Moreover, since the Cu ion coordination is an
entatic state resulting from a delicate balance involving the folding of the whole protein, > * its
preservation further suggests that the entire protein structure is close to that in physiological
conditions. The preservation of the protein conformation upon deposition on the gold surface is
further verified by comparing the RR spectrum of dried azurin with the confocal Raman spectrum
acquired from the same sample at a different wavelength (532 nm) (Figure 3b). While the RR signal
from the Cu-center is much stronger than any other protein-related vibrational mode, the typical
protein vibrational features such as the amide bands (at about 1250-1270 cm” and 1660 cm™) and
the phenylalanine band (at about 1004 cm™) are clearly visible off-resonance, being even more

intense than the Cu-S related stretching modes.
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The investigation of the Cu center vibrations upon single-molecule mediated charge transfer
requires submonolayer coverages, which does not allow the collection of confocal Raman spectra.
TERS permits the Cu-S and Cu-N vibrational modes to be detected with the required sensitivity,
although only excitation in resonance with the azurin LMCT band allowed us to obtain strong
STM-TER spectra (Viias = 0.2 V, Lietpoine = 0.1 nA) from azurin monolayers on a gold surface
(Figure 3a). STM-TERS spectra obtained from different samples and using different tips show the
same vibrational features in the 350-450 cm™ range, which closely resemble those characterizing
the RR spectra of azurin in solution, with a high reproducibility in the peak positions. The
observation of such bands suggests that the structure of the azurin active site, and of the whole
protein, together with its vibrational properties, are still preserved when azurin chemisorbs to the

gold surface, as recently suggested by theoretical investigations. *'
** Fig. 4 here **

To check the stability of the signal intensity upon irradiation, STM-TER spectra (Vipi,s= 0.2 'V,
Letpoint = 0.1 nA) were continuously recorded on the same sample spot. Averaged STM-TER spectra,
acquired just after approaching the surface (black line) and after 30” (red line), are compared in
Figure 4a. These spectra were collected with one and the same tip, and therefore they were not
normalized before averaging. The TER signal intensity of the three main RR features significantly
decreases with time (left inset in Figure 4a), while no changes are observed in the signal-to-noise
ratio (right inset in Figure 4a). By integrating the TER signal intensity in the spectral range from
350 cm™ to 450 cm™, a net loss of about the 50% of the total intensity is obtained, between the two
averaged spectra. Single TER spectra collected one after another over ~ 7 minutes (Figure 4b), and
the corresponding TER signal intensity values (integrated over the 350-450 cm™ spectral range;
Figure 4c), demonstrate that the TER signal intensity loss is continuous, and that it levels out at

~50% of the initial value after about 4 minutes.
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Factors related with tip or sample degradation, such as changes in tip activity, fluorescence
bleaching, or protein degradation, could be responsible of the intensity loss. However, tip
degradation could be ruled out, since the tips were observed to remain active after measuring STM-
TER spectra from different sample spots, over comparable times. Also fluorescence bleaching can
be excluded, since it would have been observed in the whole spectral range,** and also because the
noise level of the spectra remains constant over time (inset in Figure 4a). Protein decomposition
would lead to both a continuous decrease of the TERS signal and to the appearance of amorphous
carbon related bands at about 1350 cm™ - 1600 cm™,* which are absent (inset in Figure 4a); this
confirms the protein’s stability against irradiation. The Raman scattering cross-section of
carbonaceous contamination is exceptionally high and even slight traces of carbon products of

thermal decomposition of the sample would be easily detectable by TERS or/and SERS.*

We therefore suggest the long-term intensity loss to be due to a reduction of the (Cu®") ion in the
active site, due to the charges flowing through the molecules under the application of an external
bias. Indeed, it is known that only azurin in its oxidized (Cu®") state exhibits a resonance Raman
spectrum, which disappears when reduction to the (Cu'") state occurs.?’ Interestingly, the time scale
of the TER signal intensity loss is reminiscent of that characterizing the fading of the STM images
of single azurin proteins on gold surfaces upon continuous scanning, at applied voltage lower than
1.0 V, which was attributed to the progressive charging of the protein milieu.® This is consistent
with the data reported in Figure 2: on the time scale of few tens on minutes, upon continuous
scanning at fixed applied voltage, azurin proteins marked by the white arrows progressively
disappear from the STM image. Moreover, the application of very high voltages to the protein
(higher than 3.0 V) has been reported to rapidly and reversibly block the charge transport through
azurin molecules on gold surfaces.” Thus, the timescale of protein charging seems to depend on the
ratio between the net electron flux induced through the protein and its electron transfer capability,
also considering the high capacitance displayed by the protein when embedded in

nanostructures.””* This aspect would deserve further investigations, but it is worth noting that these
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experimental evidences further suggest the existence of an interplay between the active site
vibrational properties (and related ET capability) and charge transport efficiency across azurin

assembled on a gold surface.

STM-TER spectra of azurin monolayers on gold obtained under various tunneling currents and at
two different applied voltages are shown in Figure 5, compared with the RR spectrum of a dried
drop of azurin. In the STM-TER spectra collected at Vs = 0.2 V, the positions of the resonance
vibrations are significantly (p<0.05) shifted, by about 4 cm ', towards higher energies with respect
to the dried drop RR spectrum, to ~372 cm ', ~409 cm ' and ~429 cm ' (Figure 5a). These shifts,
which are independent of the setpoint current, could either be due to a Stark effect induced by the

45-48 or to

applied electric field, which has already been observed in STM-TERS measurements,
charging within the protein,* or both. We could rule out that the shift is due to a modification of the
active site structure due to the tip intrusion since it is similarly observed at any setpoint current, i.e.,
at different tip-to-surface distances. When the applied bias voltage is raised to 0.4 V, the spectral
shape drastically changes compared to both the RR spectrum and the STM-TER spectra at Vyas =
0.2 V (Figure 5). Interestingly, the spectral intensity decreases, new spectral features appear, and
the position of the peaks changes with the setpoint current. In addition to the above mentioned Stark
and charging effects the appearance of new spectral features, together with the current dependence
of the peak positions, would suggest the occurrence of conformational changes in the area including
the azurin active site.” We can again rule out that these modifications are due to tip intrusion, since

we already excluded it at Vs = 0.2 V and, at a comparable setpoint current, the higher the applied

voltage, the larger the tip-to-sample distance (and, thus, the lower the tip intrusion) is expected to be.
** Fig. 5 here **

TER spectra from azurin monolayers on gold acquired under the same current (Isepoine = 0.1 nA), at
various values of the bias voltage (in the 0.2 — 2.0 V range) were further compared (Figure 6). The

spectra collected at applied voltages of 1.0 V and 2.0 V are very similar to those collected at Vs =
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0.2 V, well reproducing the vibrational structure of the protein in a dried droplet, without applied

voltages and current flow, apart from the already mentioned shift that is likely due to local charging.

Among the large data set we collected with several tips on different samples, and exploring many
tunneling conditions, the protein vibrational response observed at Vy,s = 0.4 V appears to be rather
special. Moreover, it depends on the tunneling current (Figure 5), which affects the tip-to-sample
distance and, hence, the applied electric field. The overall experimental evidence suggests that the
differences in protein’s vibrational response are connected with the charge transfer occurring across

the protein.
** Fig. 6 here **

In STM, when no bias voltage would be applied, the Fermi energy levels (Eg) of the metallic tip and
substrate are aligned (Figure 7a).*® The azurin electronic molecular levels are assumed to be pinned
at the substrate Ep, due to the azurin-gold coupling,”” and the gold Eg is aligned at half energy
between the closest occupied and unoccupied molecular energy levels (HOMO and LUMO,
respectively), which are mainly related to the active site. According to Marcus’ theory, the
molecular electronic levels can be assumed to have a broadening of 0.3 eV,* and an energy gap
between HOMO and LUMO that is twice the activation energy for charge exchange, also called
reorganization energy 227 By assuming that A is similar in STM and in electrochemical ET,” its
value can be estimated to be about 0.5 eV,*” with a resulting HOMO-LUMO gap of about 1.0 eV
(Figure 7a), which reduces to 0.7 eV taking into account the molecular electronic level broadening.

At Viyias = 0.2 V, the substrate’s Er is shifted with respect to the tip’s Ep, but the latter is still aligned
with the HOMO-LUMO gap, allowing only non-resonant tunneling processes between tip and
substrate (Figure 7b). In this picture, electrons flow through the protein like across a continuum
dielectric medium, possibly inducing molecular charging effects, consistent with the peak intensity

loss and the position shifts previously discussed.

** Fig. 7 here **
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On the contrary, when Vyi,s = 0.4 'V, the tip’s Eg is aligned with the azurin LUMO and a two-step
resonant tunneling can occur (Figure 7c), with a direct involvement of the protein active site
electronic levels in the charge transport.”*2>?"* In this case, charge transport is expected to be
coupled with the ET capabilities of the protein and charges injected into the Cu ion may flow across
the protein following specific ET pathways, which could exit from the Cu ion either through the
Cu-Scysi12 or through the Cu-Npise bonds.* In this context, the differences observed in the
resonance vibrational patterns by changing the setpoint current could be interpreted in terms of the
activation of different ET pathways across the protein, which differently affect the vibrational
richness of azurin's active site, as a function of the tunneling parameters. Finally, when Vi,
exceeds the energy difference between the protein LUMO and the substrate Er (Figure 7d), a switch
towards non-resonant tunneling is expected.

Thus, under specific energy level alignment conditions, charge transport through an azurin
monolayer adsorbed on gold appears to be strongly coupled with the protein active site vibrations,

somewhat in disagreement with what has been claimed for a solid state azurin nanodevice.*

Conclusions

The high sensitivity of STM-TERS allowed us to investigate the vibronic response of azurin, a blue
copper protein, on a gold surface, upon optical excitation in resonance with the protein LMCT
absorption band and under controlled charge transport conditions. The vibrational profiles obtained
confirm that azurin's active site preserves its conformation upon adsorption. Different vibrational
responses to the tunneling current are observed by properly tuning the applied bias voltage, likely
due to the switching of the tunneling mechanism in and out from the resonance condition. In non-
resonant tunneling, the STM-TERS spectra reproduce the vibrational characteristics of the azurin
active site well, and a long-time standing loss of signal intensity, coupled with a small, but
reproducible shift of the peak positions towards higher energies, suggest that charging and
electrostatic field related effects occur within the protein milieu. A drastic change of the active site

vibronic response is indeed associated with resonant tunneling, likely due to the direct involvement
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of the active site in the charge transport and to the activation of different ET pathways as a function
of the tunneling parameters. Theoretical investigations are in progress, in order to describe the
interplay between specific pathways and ET efficiency, also in connection with the resulting

vibrational features of the active site.

Methods

Sample preparation. Wild type azurin was prepared and purified as described in Ref.*’ Azurin
solutions in MilliQ water at different concentrations were used. The resonance Raman spectrum of
azurin in solution was obtained by a 50 mM solution. Bulk samples for confocal resonance Raman
spectroscopy were prepared by depositing 40 pl of a 85 mM azurin solution on a gold substrate
(Arrandee™, 11x11mm), which were subsequently dried in a constant flow of nitrogen. Protein
monolayers suitable for STM-TERS measurements were obtained by depositing 10 ul of a 4 mM
azurin solution on a gold substrate, and then storing it for 5 min under vacuum (< 50 mbar) for a

fast and homogeneous drying process.”® Samples were measured immediately after the deposition.

Etching of STM tips. Silver tips were prepared by electrochemical etching from silver wires (diam.
250 pm; >99.998%, Alfa Aesar Premion).”’ The etching solution was a 4:1 (v/v) mixture of ethanol
(>99.8 %, Fluka) and perchloric acid (70%, Sigma Aldrich). The tip was immersed approx. 1 mm
into the solution in the middle of a platinum ring (diam. approx. 1 cm) as counter electrode, which
was held at a potential of 10 V and a current of 10 mA. An electronic control circuit (built in house;
ETHZ) cut the applied voltage when the tip lost contact with the solution. Etched tips were rinsed

first with milliQ water (NANOpure DiamondTM, Barnsted) and then with ethanol.

STM of individual azurin molecules. Some STM data were recorded on very sparsely covered gold
surfaces, which allowed individual azurin molecules to be observed. The sample was prepared by
depositing an azurin solution (100 pM in ammonium acetate buffer solution, pH 4.6) on an
annealed Au surface (Arrandee) overnight at 4 °C. It was then gently washed with milliQ water and

dried in a pure nitrogen flux. The STM data were obtained using a PicoLE 5100 STM (Agilent

10
ACS Paragon Plus Environment

Page 10 of 24



Page 11 of 24

oNOYTULT D WN =

ACS Nano

Technologies), using Ietpoint = 0.06 nA and Vyips =-0.5 V.

Raman and STM-TER spectroscopy. Raman spectra of azurin in solution were recorded by a
confocal Raman spectrometer (Labram, Jobin-Yvon/Horiba, Villeneuve d'Ascq, France) equipped
with a Peltier-cooled charge coupled device (CCD) detector, and a single-grating spectrograph with
an 1800 g/mm grating. The microscope objective had a 100x magnification and a numerical
aperture of 0.9, producing a laser spot size of about 1pum in diameter. The excitation light source

was a HeNe ion laser providing a 633 nm radiation, with a power that was kept below SmW.

Confocal Raman and STM-TER spectra of dry azurin on gold were obtained by an integrated
scanning tunneling microscope and Raman spectrometer (NTEGRA, NTMDT, Zelenograd, Russia)
system, in an up-right configuration. For the Raman excitation, either a focused HeNe laser
(633 nm, red) or a solid state laser (532 nm, green) was used. All spectra were collected using an
acquisition time between 0.5 and 50 s per spectrum, with a laser power of 0.025-1.2 mW (633 nm)
or 0.3—1.6 mW (532 nm) on the sample stage. The spectral resolution was approximately 1 cm™.
STM-TERS measurements were done in a constant current mode, with a setpoint current (Lspoint) in
the range from 0.04 to 5 nA, and a bias voltage applied to the gold surface (Vi) in the range from
0.01 to 3.0 V. The tip enhancement (for every single tip) was determined by scanning the laser
beam over the tip with a resolution of approx. 250 x 250 nm per pixels. On the spot with the highest
enhancement, the laser was fixed, and this arrangement was used for further measurements. The
values of measurement parameters were determined by the spectral quality related to the

enhancement of the electromagnetic field for a particular tip.

Data treatment. For data treatment and representation of the spectra, the open source software R
(version: 3.1.3 — ©2015 R Foundation for Statistical Computation) implemented in RStudio
(Version 0.98.1103 — ©2009-2014 RStudio), OPUS (6.5 Build: 6, 5 (20070524); Bruker Optik
GmbH) and OriginPro (2016G (64-bit) Srl b9.3.1.273 ©1991-2015 OriginLab Corporation) were

used.
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TERS signal intensities strongly depend on the shape of the probe apex. Therefore, the spectral
intensity as well as the signal-to-noise ratio can be different in sets of spectra measured with
different tips. Therefore, smoothing and normalization of the acquired data were done. Spectra were
smoothed (Savitzky-Golay algorithm, number of smoothing points: 9-21 depends on the quality),
and then baseline corrected (concave rubberband correction, sec. order polynomial, 1-12 iterations).
Finally, before averaging of spectra acquired with various tips, a vector normalization was applied

within the spectral range from 310 cm™ to 506 cm™.
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Figure Captions

Figure 1. Chemical structure of azurin: a) crystal structure taken from the X-ray structure at 1.93A
resolution (chain B of PDB entry 4AZU).'"b) Cu center and neighboring ligands.

Figure 2. (a-c) STM images (60 x 60 nm) of the same region of a gold surface with single
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chemisorbed azurin proteins. With respect to the image in panel (a), images in panel (b) and (c)
were acquired after 5 and 10 minutes, respectively, of continuous scanning, at the same tunneling
conditions (Lsetpoint = 0.06 NA, Vi = -0.5 V). More details on similar experiments have been
reported elsewere.® (d) A representative image of an azurin monolayer on a gold surface, obtained
by tapping-mode atomic force microscopy (Nanoscope Illa/Multimode SPM, Digital Instruments).
Vertical scale: 5.0 nm; lateral image size: 500 nm.

Figure 3. (a) Comparison of confocal resonance Raman (RR, 633 nm) spectrum of dry bulk azurin
on a gold surface with the RR spectrum of an azurin solution (50mM in MilliQ water, 633 nm) and
STM-TER spectra of azurin monolayers on gold surfaces as obtained by exciting the proteins in
resonance with their LMCT band (633 nm), at the same tunneling conditions (Viias= 0.2 V, Lietpoint =
0.1 nA), on different samples and by using different TERS active tips. (b) Comparison of confocal
resonance Raman (633 nm, red) spectrum of dry bulk azurin on a gold surface with the confocal
Raman spectrum acquired from the same sample at a different wavelength (532 nm, green).

Figure 4. (a) Averaged STM-TER spectra with standard deviation of azurin monolayers on gold
surfaces as obtained by exciting the proteins in resonance with their LMCT band (633 nm), at the
same tunneling conditions (Viias= 0.2 V, Lseipoint = 0.1 nA). Spectra were collected at the beginning
(black) and at the end (red) of a 30-mins continuous exposure to the 633 nm laser. (b) STM-TERS
spectra acquired on the same sample spot as (Vpias= 0.2 V, Lictpoine = 0.1 nA) in the 320-480 cm’!
spectral range over 7 mins. (c¢) Total intensity of TER signal from spectra in panel (b), in the
spectral range 350-450 cm™, as a function of a time.

Figure 5. Resonance Raman spectrum or azurin prepared as a dried droplet (633 nm, black trace)
and averaged and normalized TER spectra from an azurin monolayer on a gold surface, collected
under various values of current at 0.2 V (blue) and 0.4 V (red). Averaged peak positions are shown
with their standard deviation. Averaged spectra were obtained from a total number of 73 spectra,
collected with 7 different tips.

Figure 6. Averaged and normalized TER spectra from an azurin monolayer on a gold surface
collected under a tunneling current I poine = 0.1 NA, at various values of the bias voltage: 0.2 V
(blue), 0.4 V (red), 1.0 V (green) and 2.0 V (purple).

Figure 7. Schematic energy level diagrams of the tip-azurin-substrate system without applied bias
(Vbias = 0.0 V) (@), at Vipjas = 0.2 V (b), at Viiss = 0.4 V (d), at Vipips = 1.0 V (b). Tip and substrate
Fermi energy levels (Er) are indicated. Unoccupied and occupied electronic molecular levels (MLs,
LUMO and HOMO) are symbolized by empty and full rectangles, respectively. The arrows indicate
non-resonant (b, d) and resonant (c) electron tunneling.
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