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ABSTRACT In situ scanning tunneling microscopy (STM)
of redox molecules, in aqueous solution, shows interesting
analogies and differences compared with interfacial electro-
chemical electron transfer (ET) and ET in homogeneous
solution. This is because the redox level represents a deep
indentation in the tunnel barrier, with possible temporary
electronic population. Particular perspectives are that both
the bias voltage and the overvoltage relative to a reference
electrode can be controlled, reflected in spectroscopic fea-
tures when the potential variation brings the redox level to
cross the Fermi levels of the substrate and tip. The blue copper
protein azurin adsorbs on gold(111) via a surface disulfide
group. Well resolved in situ STM images show arrays of
molecules on the triangular gold(111) terraces. This points to
the feasibility of in situ STM of redox metalloproteins directly
in their natural aqueous medium. Each structure also shows
a central brighter contrast in the constant current mode,
indicative of 2- to 4-fold current enhancement compared with
the peripheral parts. This supports the notion of tunneling via
the redox level of the copper atom and of ir situ STM as a new
approach to long-range electron tunneling in metalloproteins.

Molecular long-range electron transfer (ET) in solid phases or
liquid solution, in which the ET distance exceeds the structural
extension of the donor and acceptor, has been in focus over the
last decade and a half (1-5). Progress has rested on synthetic
donor—acceptor molecules (1-3), metalloproteins (2, 4, 6, 7),
and on new electrochemical systems in which electrons are
brought to tunnel across well characterized, self-assembled
films (8, 9). These achievements have prompted new theoret-
ical efforts with notions such as directional tunneling along
chemical bond networks (10), fluctuating tunnel barriers (11,
12), coherent and resonance ET (13), and self-consistent
electronic—vibrational interaction (11).

In a parallel development, scanning tunneling and atomic
force microscopy (STM and AFM, respectively) have opened
exciting new perspectives for mapping molecular adsorbate
patterns (14, 15). The primary basis for adsorption patterns in
vacuum or air is imaging of small and intermediate-size
adsorbate molecules with molecular and submolecular reso-
lution (14-17), combined with theoretical frames for tunneling
through adsorbate molecules based on different methodolo-
gies (17-21). There are also reported experimental approaches
to functional mapping of intermediate-size molecules, most
prominently in the form of correlations between the tunnel
current and the bias voltage. Target adsorbates for ex situ STM
imaging have been, for example, benzene (22, 23), methyla-
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zulenes (17, 24), Cgo (25), alkyl and aryl thiolates (17, 21,
26-28), and transition metal phthalocyanins (29) on highly
oriented pyrolytic graphite or crystalline surfaces of electron-
ically “soft” metals compatible with the adsorbates. STM
imaging at the solid/air interface to molecular and occasion-
ally submolecular resolution also has been extended to bio-
logical macromolecules including DNA (30) and a number of
redox and nonredox proteins (for an overview, see ref. 31).
Functional properties addressed particularly have been the
electrical potential distribution and conductivity patterns of
the tunnel gap (21, 27-29), resonance tunneling via suitable
highest occupied molecular orbitals, lowest unoccupied mo-
lecular orbitals, or (transition metal) redox levels (17-21),
and the notion of orbital-specific mediation of the tunnel
current (29).

Combination of STM with concepts of long-range ET in
chemical and, particularly, metalloprotein systems must, how-
ever, give explicit attention to the fact that the natural medium
for most chemical and biological reactivity is aqueous solution.
Extension of STM/AFM to aqueous solution (in situ STM/
AFM) is established (32, 33) but has raised issues related to
adsorbate immobilization, ultrapure solutions, tip coating,
independent tip and substrate potential control (32-34), and
the fundamental STM and AFM phenomena. In situ STM
offers, on the other hand, new electrochemical spectroscopic
probes in addition to current-bias voltage relations, particu-
larly the relation between the tunnel current and the over-
voltage of both the tip and substrate electrodes relative to a
common reference electrode. High-resolution mapping of
adsorption patterns at the solid/aqueous solution interface by
in situ STM has covered, for example, carbon monoxide (35),
alkane thiols (36, 37), DNA bases (38-42), and other inter-
mediate-size molecules such as porphyrins (43, 44) and tetra-
methylthiourea (45). In situ STM/AFM also has been brought
to a level at which solid/aqueous solution structure and
reactivity are coming within reach. Important observations
are: (i) two-dimensional phase transitions of DNA base mono-
layers followed by cyclic voltammetry and high-resolution in
situ STM (41, 42); (i) imaging of molecular-reactive events,
with oxidation of xanthin being a case (46); and (iif) in situ STM
spectroscopy of metalloporphyrins based on relations between
the tunnel current and either the bias voltage or the overvolt-
age (47, 48). Fundamental perspectives are the adsorbate
energetics and electronic-vibrational coupling. These relate,
importantly, to the individual molecules, as opposed to the
statistical assemblies of chemical and electrochemical ET. This
issue has been discussed elsewhere (49). Technological per-
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spectives are related, for example, to surface catalytic pro-
cesses, corrosion, or biosensors in action.

Biological macromolecules (proteins, enzymes) at the solid/
aqueous solution interface have been addressed by AFM
(50-53). Image resolution has been brought to a level at which
conformational changes on enzyme—substrate complex forma-
tion, protein folding and unfolding (51), and force spectro-
scopic features have been recorded (50-52). In situ STM
imaging of redox metalloproteins to molecular resolution also
has been reported recently (31, 53-55). In situ STM of redox
metalloproteins, with low-lying intermediate transition metal
redox levels, holds new perspectives for long-range ET in
metalloproteins and for conductivity changes induced by sub-
strate binding such as that observed, for example, for the
four-copper redox enzyme, ascorbate oxidase, in aqueous
solution (57). The perspectives would extend to the elusive
distinction between superexchange, coherent, and sequential
ET mechanisms often discussed in ET science (1-7). Such data
are not available presently but are in demand in view of the
subtleties associated with the potential control and distribution
in the gap region and with problems associated with robust
layer configurations for electron exchange between metallic
electrodes and adsorbed proteins (58).

In the present report we provide new high-resolution (sub-
molecular) in situ STM images of the blue single-copper redox
metalloprotein Pseudomonas aeruginosa azurin adsorbed on
gold(111) surfaces, indicative of a particular role of the copper
redox level. Azurins are well characterized blue single-copper
ET proteins believed to have a role in bacterial respiration (59)
or stress (60). A surface disulfide group (Cys-3—Cys-26 in P.
aeruginosa azurin) opposite of the copper atom (Fig. 1) is
suitable for linking azurin to gold by chemisorption and is
connected to the copper atom by facile tunnel routes through
the protein. Based on the crystallographic structure (Fig. 1)
this would direct azurin to an adsorption configuration in
which the disulfide—copper direction is close to perpendicular

Fig. 1. Three-dimensional crystal structure of P. aeruginosa
azurin. Coordinates are from ref. 61 and the Protein Data Bank.
MOLSCRIPT graphic representation is shown (62). The copper atom is
indicated by the sphere at the top, and the disulfide group is indicated
by the two smaller, lighter spheres at the bottom.
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to the planar metal surface. Azurin shows diffusion-controlled
cyclic voltammetry at pyrolytic graphite around the isoelectric
point (pH 4.65) (53). Diffusion-controlled voltammetry is also
found at polycrystalline gold but decays within 10-20 min.
Monolayer formation appears on longer-time exposures as
reflected by x-ray photoelectron spectroscopy, voltammetry
associated with sulfur adsorption (reductive desorption), and
in situ STM (ref. 53; J.-D.Z., E.P.F., and J.U., unpublished
work). The azurins, therefore, are suitable target molecules for
new approaches to long-range ET and two-dimensional pro-
tein adsorption based on in situ STM. We address first some
theoretical expectations regarding correlations between the
tunnel current and the bias voltage or overvoltage (49). We
then report in situ STM images of P. aeruginosa azurin on
gold(111) under specified conditions. The images show both a
highly organized array of molecular-size structures and a
characteristic submolecular feature, indicative of higher tunnel
current in the central part of the molecule in which the copper
atom is located. These in situ STM images of a robust
metalloprotein array with submolecular resolution under spec-
ified conditions hold correspondence to contemporary views
of long-range ET in metalloprotein systems and to theoretical
approaches to resonance, coherent, and sequential tunnel
mechanisms.

MATERIALS AND METHODS

P. aeruginosa azurin was a gift from N. Bonander, Chalmers
Technical University, Géteborg, Sweden, and was purified as
in refs. 52 and 55. Millipore water and highest-purity reagents
were used. Gold(111) substrates were prepared by annealing
400-nm gold layers on 1- X 1-cm glass plates (Berliner Glass,
Berlin) in a gas flame for 5 min. The plates were allowed to
cool for 1 or 2 min and then were covered by a drop of buffer
solution, mounted in the STM cell, or transferred to a vial for
azurin adsorption. Adsorption was accomplished by soaking
the substrate in 1-10 mM azurin solution (50 mM ammonium
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F1G.2. Energy diagram of in situ three-level electronic—vibrational
STM. Electronic energy manifolds of the positively, eP°, and nega-
tively, e"°g, biased electrode are coupled via the (initially vacant)
molecular redox level. Fluctuations in the nuclear coordinate(s) g from
the value g = 0 lower the level to values near the Fermi level, &5,
where ET occurs. Relaxation takes the filled molecular level to still
lower values, where ET to the positively biased electrode occurs before
full vibrational relaxation at ¢ = qo. q1, g2, and g3 are intermediate
nuclear configurations.
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FiG. 3. Nuclear potential Gibbs free-energy surfaces correspond-
ing to the electronic levels in Fig. 2.

acetate, pH 4.65) for 1-24 hr. Blanks were prepared similarly,
using azurin-free buffer.

A Rasterscope 3000 (Danish MicroEngineering, Copenha-
gen) STM instrument with independent control of substrate
and tip potential was used. The fluid cell was cleaned in 75:25
wt/wt H,SO,4/H,0, overnight. The azurin-exposed gold sam-
ples were carefully flushed in buffer before assembling the cell,
which contained pure buffer. Au/AuOy reference electrodes
were prepared by applying +4 V to a gold wire in 50 mM
H,SO, for 10 min and checked against an SCE before and after
imaging. The counter electrode was a platinum wire. Tips were
prepared by etching tungsten wire in a gold ring electrode with
2 M NaOH, followed by cleaning in water and covering by
Apiezon wax. This suppresses Faradaic currents and ensures
that only the outermost part of the tip is exposed. The
commercial tip holder was modified to ensure sturdy mount-
ing. After tip engagement the instrument was left scanning for
1 or 2 hr to minimize thermal drift.
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Fi1G. 5. Variation of the in situ STM current in Eq. 3, with the
overvoltage, at different bias voltages. Parameters are as in Fig. 4.
Increasing currents correspond to the bias voltages 25, 50, 100, 150,
and 200 mV. The maximum is at en ~ E for small bias voltage.

RESULTS AND DISCUSSION

We consider first some energetic and dynamic features of
long-range ET through a redox level in in situ STM. Fig. 2
shows schematically electron tunneling through a temporarily
populated, low-lying electronic level representing the adsorbed
redox molecule. This level, initially vacant, constitutes a tunnel
barrier indentation. Similar considerations apply to hole trans-
fer, where the level is initially occupied and below the Fermi
levels of the substrate and tip electronic continuum levels. The
redox level in the in situ STM mode is, moreover, strongly
coupled to nuclear motion in the protein and solvent. Fluctu-
ations in the nuclear configurations take the redox level close
to the Fermi level of the negatively biased electrode, &5,
where ET from the electrode levels, £"¢¢, to the redox level can
occur. This is also illustrated by the potential Gibbs free-
energy configuration in Fig. 3 (49). The following ET step can
occur in two patterns. If the tunnel factors are small (long ET
distances), full vibrational relaxation of the occupied (re-
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FiG. 4. (Left) Current-bias voltage relations for the configuration in Figs. 2 and 3. The correlations show the variation of the double integral
in Eq. 3, with the level densities and the approximately constant tunnel factors disregarded. Energy quantities in units of kgT (=25 mV). Es = 20
(0.5 V); a = 0.5. The bias voltage range spanned thus is 2 V. The four curves correspond to the overvoltages indicated, with 0-15 corresponding
to 0—0.375 V. The inflection points follow en. (Right) Derivatives of the current—bias relation showing the structural feature as the redox level crosses

8,
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duced) level occurs and the second ET step to levels in the
positively biased electrode, P°S, only follows after renewed
thermal activation. The overall process is then equivalent to
two consecutive electrochemical single ET. This could be
called sequential two-step ET. Stronger electronic interaction
between the redox center and the electrodes imposes another
pattern. After the first ET, vibrational-conformational relax-
ation is initiated but the second ET now follows before
relaxation is completed. This could be called coherent two-step
ET because the two steps are now correlated, and tunnel
features of both steps appear in the rate constant or tunnel
current. Coherent ET is also encountered in ultrafast ET
processes (63, 64). Superexchange would be a third mode in
which ET is mediated through a high-energy intermediate
state. As in long-range ET patterns of metalloproteins in
homogeneous solution (1-7), the intermediate state in this
mode is not populated but couples purely electronically the
donor and acceptor states. This is favored relative to direct
tunneling because of the much shorter nearest-neighbor dis-
tances in the superexchange mode.

Sequential and coherent ET are physically different. Cur-
rent-voltage relations of the former can be framed by elec-
trochemical single-ET theory, rooted in forms such as (5, 65)

iseq o J danegp(aneg)f(sneg)[Tneg(sneg; n; Vbias)]2

[Es —emn— aeVbias - (eneg - S%eg)]z 1
AE JenT > 1

X exp{ -

where p(e™8) is the level density, f(e"8) is the Fermi function,
E is the nuclear reorganization Gibbs free energy, m is the
overvoltage, Vpias is the bias voltage, and « is the fraction of the
bias voltage at the redox center. e is the electronic charge, kg
is Boltzmann’s constant, and 7 is temperature.
Theg(e ™8 m; Viias) is the electron exchange factor between the
electrode and the molecule. A simple form is

1
Tneg(sneg; n; Vbias) = Tgeg CXp{ - g

X \/2me[Uneg +ten— aeVbias - (Eneg - Ellz‘cg)]aneg} ) [2]

where m. is the electronic mass, @y, is the tunnel gap, Upeg is
the barrier height at equilibrium counted from &5, and T, is
an energy quantity independent of £"¢, ), and Viias. Eq. 1
extends to in situ STM in the sequential two-ET mode when the
rate-determining step is ET from the negatively biased elec-
trode to the molecule. When the second ET step is rate
determining, the first step is equilibrated. The overall current
is still given by a form similar to Eq. 2 but that now includes
the equilibrium constant for the first step.
The coherent two-step tunnel current is (49)

fcon f ds“ng' deP® p("€)p(eP*)f(e"#)[1 — f(eP7)]

— —oo

X [Tneg(sneg; ;5 Vbias)]z[Tpos(apos; n; Vbias)]2
[Es —emn— aeVbias - (Sneg - gneg)]2
L
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where the superscript pos refers to the positively biased
electrode. Tpos(€P% 15 Viias) can be given a form equivalent to
Eq. 2. Egs. 1 and 3 show some important differences. Only the
tunnel factor of the rate-determining step appears in the
sequential mode. On the other hand, coherence is reflected in
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Eq. 3 by tunnel factors of both transitions. Eq. 3 thus represents
electronic propagation from the negatively to the positively
biased electrode via the molecular redox level. In contrast to
the purely electronic role of intermediate levels in most
approaches to long-range ET in metalloprotein (1-7), the
intermediate redox level in the coherent mode is strongly
coupled to the nuclear environment. The propagation there-
fore takes a more composite form involving the sequence:
initial state nuclear activation — first electronic transition —
partial intermediate-state vibrational relaxation — second
electronic transition — final-state vibrational relaxation. The
electronic factors in Eq. 3 finally can be brought to incorporate
explicitly additional features of purely electronic propagation
through individual amino acid residues or other intermediate
group states. As noted, in contrast to much more common ex
situ STM, in situ STM holds, moreover, the option of varying
both the bias voltage and the overvoltage of both electrodes
relative to a common reference electrode, at fixed bias voltage.
The overvoltage dependence in the sequential two-ET mode
then follows electrochemical single-ET behavior reaching,
particularly, a plateau as |en|— Es. In contrast, both voltage
variations in coherent two-step tunneling show features of
single-molecule spectroscopy (49). Fig. 4 shows current-bias
voltage relations calculated on the basis of Eq. 3 in which an
inflection point appears as the redox level traverses &x%. A
maximum appears in the same potential region in the current—
overvoltage relation (Fig. 5). The latter is approximately
Gaussian at small bias voltage. Both relations have been
observed. Tao observed a maximum in the effective height—
overvoltage correlation for iron protoporphyrin IX adsorbed
at highly oriented pyrolytic graphite (47), and Lindsay and
associates found maxima in the derivative current—bias voltage
relations for several metalloporphyrins tethered to gold(111)
(48). The following discussion relates particularly to P. aerugi-
nosa azurin on gold(111), where the crucial role of the metal

2008.8 A

F1G. 6. In situ STM image of preadsorbed P. aeruginosa azurin on
gold(111) (50 mM ammonium acetate, pH 4.65). Tunnel current = 2
nA. Substrate potential = —400 mV (Au/AuOy) or +450 mV (SCE).
Bias voltage = 400 mV. Each of the small structures corresponds in
size to the crystallographic molecular adsorbate dimension, and the
image is indicative of the formation of a highly ordered array of
adsorbed azurin molecules. Each molecular-size structure also exhibits
a central submolecular feature of brighter contrast, indicative of higher
tunneling conductivity through this part of the molecule (cf. Fig. 7). A
triangular gold(111) terrace is visible under the adsorbate layer.
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FiG. 7. High-resolution in situ STM image of adsorbed azurin on gold(111). Individual molecules and a submolecular central feature of brighter

contrast are clearly visible. Conditions are as in Fig. 6.

center is reflected in an interesting submolecular image fea-
ture.

Figs. 6 and 7 show representative in situ STM images. Fig.
6 shows that well resolved, highly ordered, two-dimensional
arrays can form. The arrays follow, interestingly, the triangular
gold(111) substrate terraces, which can be distinguished un-
derneath the protein adsorbate. The lateral size of each
adsorbate structure is close to the crystallographic size of
azurin (3—4 nm). This compatibility points to good adsorbate
ordering and differs in this respect from in situ STM of
covalently immobilized horse heart cytochrome c, where
mostly larger lateral sizes are encountered (54). The vertical
dimension of adsorbed P. aeruginosa azurin tends to be smaller
than the crystallographic size. Height calibration is, however,
sensitive to the “matter” in the tunnel gap and straightfor-
wardly cannot be transferred between different environments.
The apparent discrepancy can also reflect that the lowest
heights between the molecular-size structures may not repre-
sent the bare electrode but, rather, regions of contact between
neighboring molecules.

Fig. 7 shows another feature related to the discussion above.
Each molecular-size structure has the shape of a cone standing
on its base, rather than the smooth, ellipsoidal crystallographic
shape of azurin (Fig. 1). A central region of brighter contrast
is seen in each structure, with an apparent height 2- to 4-fold
larger than in the peripheral parts. The images in Figs. 6 and
7 were recorded in the constant current mode. Brighter
contrasts therefore represent regions of high-tunneling prob-
ability in which the tip is retracted from the surface. The
submolecular feature in Figs. 6 and 7 is then indicative of
enhanced tunneling through the central parts of each azurin
molecule. Based on the theoretical notions above and sup-
porting x-ray photoelectron spectroscopy and voltammetry
(ref. 53; J.-D.Z., E.P.F., and J.U., unpublished work), an
attractive frame, therefore, is that azurin is immobilized by
chemisorption on gold(111) via the disulfide group and ET
routes perpendicular to the surface (cf. Fig. 1) facilitate
tunneling to the copper center. This feature is, however, not
diagnostic with respect to the tunneling mechanism. The
mechanism thus could involve tunneling assistance by tempo-
rary electron or hole population of the Cu(II/(I) redox level
in sequential or coherent two-step ET, or this level could
represent a barrier indentation or, in the notion of superex-
change, facilitated but purely electronic assistance by the
low-lying intermediate electronic level. In any case, tunneling

would be enhanced in the protein region near the copper atom.
These fully potentiostatically controlled in situ STM images are
robust and show that imaging of metalloproteins directly in
their natural aqueous medium to submolecular resolution is
feasible.

Current-voltage relations for in situ STM of immobilized
azurin on gold(111) presently are inconclusive (J.-D.Z., E.P.F.,
and J.U., unpublished work). Key observations are inhomo-
geneous broadening and robust image character-to-potential
variation. The former accords with observations for covalently
immobilized metalloporphyrins (48) and could be caused by
stochastic effects as individual molecular functionality is fol-
lowed. Weak sensitivity of the tunnel current-to-potential
variation could be caused by competing tunneling mechanisms.
Particularly, tunneling through an indented barrier (superex-
change) would display a weaker potential dependence than
sequential or coherent ET. In addition, the reorganization
Gibbs free energy is small in STM configurations such as the
one in Fig. 2 or 3. Representative values based on dielectric
models are 0.25-0.30 eV (49) compared with ~0.5 eV for a
semiinfinite planar interface. Both competing tunneling mech-
anisms and low Eg; would increase the effective metallic
electronic level range and broaden the current-voltage rela-
tions.
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