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Physical electrochemistry has undergone a remarkable evolution over the last few decades, inte-
grating advanced techniques and theory from solid state and surface physics. Single-crystal elec-
trode surfaces have been a core notion, opening for scanning tunnelling microscopy directly in
aqueous electrolyte (in situ STM). Interfacial electrochemistry of metalloproteins is presently going
through a similar transition. Electrochemical surfaces with thiol-based promoter molecular mono-
layers (SAMs) as biomolecular electrochemical environments and the biomolecules themselves have
been mapped with unprecedented resolution, opening a new area of single-molecule bioelectro-
chemistry. We consider first in situ STM of small redox molecules, followed by in situ STM of
thiol-based SAMs as molecular views of bioelectrochemical environments. We then address electron
transfer metalloproteins, and multi-centre metalloenzymes including applied single-biomolecular
perspectives based on metalloprotein/metallic nanoparticle hybrids.

� 2011 Federation of European Biochemical Societies. Published by Elsevier B.V.
1. Introduction

Interfacial electrochemistry of biological molecules and macro-
molecules such as redox metalloproteins, their amino acid building
blocks, DNA components, biomimetic lipid membranes, and bioin-
organic ‘‘hybrids’’ of metallic nanoparticles and metalloproteins, is
moving towards new levels of understanding. Key notions are
imaging of the biomolecules at the electrochemical interface, and
electron transfer (ET) and even enzyme processes followed to-
wards the single molecule level of resolution.

Interfacial electrochemical ET in biology towards unprece-
dented levels of resolution follows fruitful interactions among sev-
eral areas, rooted in physical electrochemistry closely associated
with surface and condensed matter physics, biotechnology, and
new instrumentation. The latter includes scanning tunnelling and
atomic force microscopy, operating directly in aqueous biological
media under electrochemical potential control (in situ STM and
AFM) [1–3]. In situ STM/AFM now extend well beyond imaging
(which remains a daunting challenge for large and fragile biomol-
ecules) and has also been brought to map and control biomolecular
function such as ET of even large, multi-centre metalloproteins, or
protein unfolding and DNA unzipping. The introduction of single-
crystal, (‘‘well-defined’’) atomically planar electrode surfaces was
a major breakthrough that also laid the foundation for other elec-
trochemical technology such as a range of spectroscopic surface
al Societies. Published by Elsevier
techniques as well as statistical mechanical and electronic struc-
tural theories [4–7]. In addition, in situ imaging of single biomole-
cules rests on biotechnology such as mutant and synthetic
metalloproteins. Altogether this has led bioelectrochemistry to-
wards similar boundary-traversing results as previously in physi-
cal electrochemistry.

An essential pre-requisite in protein monolayer voltammetry
(PMV) and single-biomolecular ET is understanding of the underly-
ing molecular ET (and proton transfer) processes. Molecular charge
transport theory has continued to develop [8–13], more recently as
a theoretical frame for in situ STM and other condensed matter sin-
gle-molecule conductivity phenomena [14]. Single-molecule
(in situ) STM mapping rests on molecular tunnelling conductivity,
rather than topographic shape. At least two-fold theoretical sup-
port is therefore needed. Electronic structure computations have,
first disclosed sometimes unexpected, details in the STM contrasts
of ‘‘small’’ (bio)molecules such as single amino acids and related
molecules [15,16]. Solvation is, further crucial and computationally
demanding for in situ STM of electrostatically charged molecules
such as functionalized alkanethiol SAMs [17]. Secondly, other
new challenges arise for large redox molecules and biological
(macro)molecules such as metalloproteins where molecular ET
theory has been a powerful tool [14]. By their analytical form, these
‘‘phenomenological’’ theories have offered immediate insight into
current/overpotential and other in situ tunnelling correlations
and disclosed even new ET phenomena. The combination of
protein biotechnology with well-defined (single-crystal) electro-
chemical interfaces and in situ STM/AFM offer other perspectives
B.V. Open access under CC BY-NC-ND license. 
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Fig. 1. Left: Schematic view of redox molecules enclosed between a STM working electrode and tip or between a pair of nanogap electrodes. Right: Electronic energy scheme
for the redox molecule initially in the oxidized state.
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in bioelectrochemical signal transfer between target molecules and
external biosensing electrochemical circuitry.

2. Interfacial ET in molecular and protein monolayer
voltammetry (PMV)

In situ STM maging and image interpretation rest funda-
mentally on interfacial electrochemical ET processes. PMV is
crucial to control conditions for optimal immobilized protein
function. Condensed matter molecular charge transfer theory
[8–10,12,13,18] offers comprehensive conceptual support for both
bioelectrochemistry of redox proteins, and for in situ STM of com-
plex molecules. The theory addresses, overarchingly: (a) electron
tunnelling between the electrode and donor or acceptor groups
in the biomolecules through intermediate protein ‘‘matter’’, and
(b) the nuclear environmental effects from local, collective protein
or DNA, and solvent nuclear modes. In situ STM [10,18,19] offers
new theoretical challenges.

2.1. Theoretical notions of interfacial chemical and bioelectrochemical
ET

Views of the electrochemical ET process carry over to (bio)elec-
trochemical nanoscale systems. Notions in focus are illuminated by
the following cathodic current density form (with an analogous
anodic form) broadly valid but with recognized limitations [8,9]:
Fig. 2. Left: Electrochemical control of the energy scheme in Fig. 1. The continuous elect
shifted by the bias voltage energy. Right: Current/overpotential relation on parallel vari
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Cox and Cred are the populations of the oxidized and reduced state
of the (bio)molecule at the electrode surface, e the electronic
charge, ER the nuclear reorganization free energy, g the overpoten-
tial, xeff the effective nuclear vibrational frequency of all the
nuclear modes reorganized, kB Boltzmann’s constant and T the tem-
perature. jeff is the electronic transmission coefficient the most
important part of which is the electron exchange energy, which
couples the molecular acceptor level (A) with metallic electronic
levels around the Fermi energy eF. Eq. (1) holds an electronic tun-
nelling factor, jeff, and a nuclear activation factor that includes con-
tributions from all the protein conformational, and external solvent
polarization modes, and the driving force (eg). Molecular charge
transfer theory has developed into much more powerful frames
than implied by this simple formalism. A number of these are
important in interfacial ET processes of biological macromolecules
and covered in a comprehensive literature, overviewed e.g. in
[8–10,12,13,18,20,21].

2.2. The reorganization free energy and the electronic tunnelling factor

The reorganization free energy, ER holds an intramolecular and
an environmental contribution. Modified forms of the quadratic
ronic energy spectra of the enclosing electrodes are indicated. The Fermi levels are
ation of the substrate and tip electrode potentials.



Fig. 3. Three examples of in situ STM and single-molecule in situ STS of small redox molecules. Molecular structures shown in the left column, in situ STS in the right column.
Top: two Os-bipyridine complexes on a single-crystal Pt(111)-electrode surface, and in situ tunnelling current/overpotential STS at different bias voltages [27]. Middle:
Hexanethiol 4,40-substituted viologen, 6V6 and 6-p-tetrathiafulvalene, 6PTTF6. These two molecules display different tunnelling current/overpotential correlations. This was
assigned to a soft molecular structure for 6V6 leading to ‘‘gated’’ tunnelling. No gating is needed for the rigid 6PTTF6 structure [26]. Bottom: In situ metal (Ru(II)/(III))
coordination to immobilized thiol-linked terpyridine ligand. In situ STS at negative bias voltage has been reversed in the diagram [29].
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form [8,9,21], Eq. (1) are needed when vibrational frequency
changes, nuclear mode anharmonicity etc. are important. This ap-
plies e.g. when major local nuclear reorganization accompanies the
ET process such as for dissociative ET [22,23] in the blue oxidase
Type 3 centres. Nuclear tunnelling is crucial in proton and hydro-
gen atom transfer processes reflected in sometimes spectacular ki-
netic deuterium isotope effect. The quadratic activation free energy
form, however, rests on the very general assumption that whatever
structural features characterize the environment, conformational
changes, polarization etc. responds linearly to the electric or other
field changes.

Simple analytical forms illustrate the tunnelling ‘‘percolation’’
process through a network of intermediate groups between the
electrode and the molecular redox centre(s) in the protein. The
electronic transmission coefficient can be given the simple form
jeff � j0
eff expð�bRÞ; b � 2

a
ln

DðgÞ
1

R ð2Þ
which reflects the directional tunnelling dependence on the ET dis-
tance R. The quantity b (length�1) incorporates all information
about LUMO or HOMO energetics and local electronic couplings of
intermediate amino acid residues, water molecules, linker groups
etc. Eq. (2) is coarse-grained over the details of the electron or hole
transfer routes [8,9]. The bridge to molecular protein/water/linker
properties can be appreciated by the correlation, Eq. (2), right where
D(g) is the average (electrochemical potential dependent) energy
gap between the intermediate group LUMOs or HOMOs and the do-
nor redox level (the Fermi energy of the electrode). f is the average
electronic coupling between the intermediate groups, and a the
average structural extension of each group. Eq. (2) represents direc-
tional exponential tunnelling distance decay, with faster decay the
larger the energy gap and the weaker the coupling. b in different
media accords with

bvacuumð� 2—4 Å
�1Þ > bwaterð� 1:7 Å

�1Þ > bprotein

ð� 1—1:6 Å
�1Þ > bcovalentð� 1 Å

�1Þ ð3Þ
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indicating that protein is a more facile tunnelling medium than
water, in turn more facile than vacuum. bprotein also spans a range
of values, with ba-helix

protein > b-proteinb�sheet . Eq. (2) applies, further only
when the tunnelling barrier is significant, DðgÞ=f� 1. At small
DðgÞ=f, tunnelling is replaced by ‘‘hopping’’ through intermediate
levels now populated physically with temporarily trapped electrons
or holes. This opens a range of ET channels including vibrationally
fully or partially relaxed (‘‘dynamically populated’’) intermediate
states [8,9]. The four-heme cyt c3 class [24] is a possible example
for which this notion may hold clues to ultra-fast ET between the
closely spaced heme groups.

3. Theoretical notions in bioelectrochemistry towards the
single-molecule level

3.1. Some theoretical concepts

We address specifically in situ STM of redox (bio)molecules but
concepts and formalism carry over to other metallic nanogap con-
figurations. In addition to the substrate and tip, a third electrode
serves as reference electrode. The three-electrode configuration is
the basis for two kinds of tunnelling ‘‘spectroscopy’’ unique to
in situ STM [14]. One is the current–bias voltage relation as in
STM in air or vacuum, but with the substrate (over)potential kept
constant. The other one is the current-overpotential relation at
constant bias voltage, i.e. the substrate and tip potentials are varied
in parallel relative to the reference electrode.

Fig. 1 shows a schematic view of a redox molecule in a molec-
ular scale gap between two electrochemical metallic electrodes.
The Fermi levels of the two electrode surfaces are separated by
the bias voltage, eVbias, at given overpotential g. The molecular re-
dox level, say the oxidized, electronically ‘‘empty’’ level is first
located above the Fermi energy of the working electrode. Fig. 1
shows explicitly the configuration for positive bias voltage, so that
the tip Fermi level is lower than the working electrode Fermi level.
If all energies are counted from the Fermi energy of the working
electrode, eFsubstr, the empty redox level, eox, is lowered with
increasing negative g. The redox site is exposed to part of the bias
voltage and also shifted relative to eFsubstr on bias voltage variation.
Conformational and solvent polarization fluctuations as in electro-
chemical ET are, finally, crucial.

3.2. New interfacial (bio)electrochemical ET phenomena

The in situ STM results are most transparent when the bias
voltage is small, i.e. [10,14,18]:

cjeVbiasj < ER � eg ð4Þ

c is the fraction of the bias voltage at the site of the redox centre.
The bias voltage is a ‘‘probing energy tip’’, and the ‘‘spectral resolu-
tion’’ better, the narrower the ‘‘probing tip’’. As the overpotential is
raised, at fixed bias voltage, the cathodic current first rises due to
Fig. 4. Overview of some functionalized alkanet
more favourable driving force, but then drops as all active species
are converted to reduced form, Fig. 2.

The following attractive form, with recognized limitations [19]
applies for two-step ET via the molecular redox level [10,14,18]:
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Eq. (5) represents a process where the (bio)molecular redox centre
is first reduced (oxidized) followed by re-oxidation (-reduction).
The first single-ET event can, further be followed by a large number
(exceeding a hundred or so) of subsequent events, represented by
the quantity no/r, whilst the redox level relaxes through the energy
window between the two Fermi levels. no/r is large when the mole-
cule-electrode electronic interactions are strong [14,19]. This is a
novel ET phenomenon associated with in situ STM and holds a clue
to the frequent observation of large tunnelling current densities, or
conductivities (per molecule). Eq. (5) discloses a maximum at

g ¼ gmax ¼
1
n

1
2
� c

� �
Vbias ð6Þ

If the redox centre in the gap is exposed to half the bias voltage
drop, then c ¼ 1

2, and the maximum is at gmax = 0, i.e. at the equilib-
rium redox potential, Sections 4 and 5. The precise location of the
maximum depends, however, sensitively on the potential distribu-
tion in the tunnelling gap, as reflected by the parameters n and c,
Eqs. (5) and (6).

4. In situ imaging of bio-related redox molecules and linker
molecules for PMV

4.1. Single-molecule imaging and interfacial ET of bio-related small
redox molecules

Tao reported the first case of in situ STM spectroscopy using Fe-
protoporphyrin IX on highly oriented pyrolytic graphite [25]. Sin-
gle-molecule in situ STM of redox molecules is now an expanding
area of single-molecule science. Fig. 3 shows examples of redox
molecules imaged to single-molecule resolution and displaying
two-step electrochemical tunnelling ET spectroscopy, Eqs. (5) and
(6), specifically: (a) Organic redox molecules (viologen and tetra-
thiafulvalene [26]); (b) transition metal complexes (metallopor-
phyrins, polypyridine complexes of osmium and cobalt [27,28]);
(c) and, an in situ prepared terpy-based Ru(II)/(III) complex [29].

In situ STS, Fig. 3 follows a sequential two-step ET pattern. The
observations include [14]: (a) Single-molecule in situ STS reso-
nance (‘‘molecular transistor’’ or ‘‘diode’’ function); (b) systematic
variation of the peak potential with the bias voltage; (c) in situ
STS involving different metals with widely different electrochemi-
cal ET rate constants; (d) stochastic features with single-,
hiol molecules imaged by in situ STM [30].
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double-, triple- etc. molecular conductivity; and (e) coherent
multi-ET in a single in situ STS event.

4.2. Functionalized alkanethiols

The two classes of biological chemical building blocks, amino
acids and nucleobases have been prominent targets in single-
molecule imaging of biological molecules. Functionalized alkan-
ethiols and cysteine (Cys) have been particularly important also
as linker groups in PMV.

4.2.1. Functionalized alkanethiols as linkers in PMV
The class of straight or branched, pure or functionalized alkan-

ethiols are core molecular targets in single-molecule in situ STM,
Fig. 4. Imaging has been closely tied to electrochemical ET of or-
dered alkanethiol-based SAMs where the reductive desorption
process

Au� S� R þ e� ! Auþ �S� R ð12Þ

is crucial [14,30]. Alkanethiol-based SAMs have also been subject to
large scale electronic structure computations disentangling STM in
minute detail in both vacuum and aqueous environment.

Electrochemically controlled SAMs of the alkanethiol class char-
acterized to molecular and sub-molecular in situ STM resolution
has been reviewed recently [30]. We note here some issues of
importance to functionalized alkanethiols as linker molecules for
gentle immobilization of fully functional redox metalloprotein
and metalloenzyme monolayers on single-crystal Au(111)-elec-
trode surfaces. With a few exceptions, PMV is unstable or absent
unless the electrode is modified by linker molecular SAMs, or the
Fig. 5. High-resolution in situ STM of some alkanethiol-based molecules which are also
Cysteamine [17], mercaptopropionic acid [31] and cysteine [15,16]. Bottom row Au(110)-
to show the submolecular resolution, and DFT computed in situ STM image [15]. The latte
groups in the Cys molecule, they reflect the electronic densities (molecular orbitals) rat
protein modified by non-native thiol-based amino acid residues.
The thiol-based linker molecules adsorb strongly on the Au-sur-
face. The opposite end holds a functional group that interacts
‘‘gently’’ with the protein, ascertaining that the latter retains full
functional integrity. The interactions are often subtle. Closely re-
lated linker molecules can induce widely different voltammetric
responses, and linker groups with no immediate expectable pro-
tein compatibility can arouse strong voltammetric signals.

The use of single-crystal electrodes enables surface structural
characterization at the atomic and molecular level for pure and
modified electrodes, directly in aqueous solution. Fig. 5 shows
in situ STM of Au(111)- and Au(110)-electrode surfaces modified
by thiol-based linker molecules, all of which form highly ordered
monolayers, controlled by electrostatic and hydrogen bond net-
works [16,32]. The adsorption process can also be followed in real
time through several intermediate phases [17,33]. The in situ STM
images shown in Fig. 5 thus offer an unprecedentedly detailed
view of the microenvironments for immobilized redox proteins
‘‘in voltammetric action’’.

4.2.2. Theoretical computations and STM image simulations
Multifarious patterns of widely different functionalized alkane-

thiol SAMs have been mapped to single-molecule resolution by
in situ STM in aqueous electrolyte solution, strongly supported
by electrochemical studies. In situ STM is, however, rooted in elec-
tronic conductivity and the quantum mechanical tunnelling effect.
Theoretical support is therefore essential in detailed image inter-
pretation of the many facets of alkanethiol-based SAM packing
and in situ STM contrasts. We refer to recent studies of this impor-
tant aspect [14,15,32,34,35].
linker molecules in PMV. Top row Au(111)-electrode surfaces; from left to right:
electrode surfaces, from left to right: Cysteine surface lattice, zoom-in on the lattice
r shows that although the three in situ STM lobes originate from the three functional
her than the position of the O-, N-, and S-atoms.
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5. Electrochemistry and in situ STM of single redox
metalloprotein molecules

5.1. Metalloprotein voltammetry at bare and modified electrodes

Protein film voltammetry (PFV), reviewed extensively else-
where, is established as a powerful tool in protein science, includ-
ing mapping of molecular mechanisms of intramolecular and
interfacial ET processes in surface bound protein systems
[36–38]. PMV extends PFV to single-crystal electrode surfaces
using linear, cyclic, fast-scan, square wave and differential pulse
voltammetry, electrochemical impedance, X-ray photo-electron
spectroscopy, the use of ultra-microelectrodes as well as gold
nanoparticles, and microcantilever sensor technology [14]. Novel
detail is emerging by single-molecule imaging. We address here
some examples where metalloprotein mapping and functional
control have reached the single-molecule level.
Fig. 6. Overview of three-dimensional structures (top row) and single-molecule in situ ST
the three ET metalloprotein classes. Left: The blue copper protein P. aeruginosa azurin (
furiosus ferredoxin [31].

Fig. 7. Three-dimensional structure (left) and in situ STM image of A. xylosoxidans
5.2. Single-molecule imaging of functional ET metalloproteins by
in situ STM

Imaging of single protein molecules by STM and AFM in ambi-
ent air environment was reported early [39]. Electrochemically
controlled in situ STM of proteins in natural aqueous biological
media is much more recent. Figs. 6 and 7 show some redox metal-
loproteins on surfaces such as those shown in Fig. 5 imaged to sin-
gle-molecule resolution by in situ STM. The molecules include the
three ET metalloprotein classes, the blue copper – azurin in partic-
ular – heme group, and iron-sulfur proteins, Fig. 6. Other studies
have addressed multi-centre redox metalloenzymes such as copper
nitrite reductase, Fig. 7 [40] and de novo designed 4-a-helix pro-
teins [41]. These studies illuminate both the powerful potential
and some limitations of in situ STM.

A recent study of Escherichia coli wild-type and mutant 4a-helix
cyt b562 [44] offered a successful approach addressing the heme
M images (pure and SAM-modified Au(111)-electrode surfaces) of representatives of
PDB 4AZU) [42]; middle S. cerevisiae yeast cytochrome c (PDB 1YCC) [43]; right: P.

copper nitrite reductase (PDB 1HAU) directly in electrocatalytic action [40].



Fig. 8. The new single-molecule in situ STM target D50C Cyt b562 [44]. Top left: D50C cyt b562 on a Au(111)-electrode surface diluted in a 1,4-dithiothreitol co-adsorbed
matrix (schematic). Top right: In situ tunnelling current/overpotential STS. Bottom row: Apparent D50C cyt b562 height dependence of the substrate electrode overpotential,
following the pattern in the figure top, right.

532 J. Zhang et al. / FEBS Letters 586 (2012) 526–535
protein class cyt b562 as a new class of single-molecule in situ STM
and STS redox metalloprotein targets, Fig. 8. Cyt b562 is a bacterial
periplasmic respiratory ET protein with a single heme group at-
tached parallel to the a-helices by axial Met7 and His102 coordina-
tion. The D50C mutant protein, Fig. 8 has proved highly suitable for
linking to Au(111)-electrode surfaces in sub-monolayers diluted in
a 1,4-dithiothreitol (DTT) co-adsorbed matrix. Robust voltammetry
(in contrast to the wild-type protein) and stable single-molecule
in situ STM and STS were observed. The apparent height variation
of adsorbed molecules with the electrochemical overpotential at
constant bias voltage was recast as single-molecule normalized
in situ STS. A strong spectroscopic feature around the equilibrium
redox potential appeared as also observed previously for azurin
[45] and for a range of small molecules [14], Section 4, Eq. (5).

5.3. Cytochrome c4 – a prototype for microscopic electronic mapping of
multi-centre redox metalloproteins

Biological ET is commonly controlled by large metalloproteins
with several transition metal centres. Photosynthetic reaction cen-
tres, cyt c oxidase, and other redox enzyme complexes are exam-
ples. Intramolecular ET between the metal centres is a key
function but ‘‘cooperativity’’ among the centres is another notion
that implies that ET in a given centre affects the microscopic redox
potentials and ET rate constants of all the other centres in overall
‘‘cooperative’’ charge transport. Cooperative mapping of the small
four-heme redox metalloprotein cyt c3 constituted life-long efforts
of Antonio V. Xavier [46]. The number of electronic interactions is
mostly prohibitive for microscopic mapping but two-centre metal-
loproteins represent prototype multi-centre redox metalloproteins
with a simple enough electronic communication network that
complete microscopic thermodynamic and kinetic ET mapping is
within reach. The bacterial two-heme protein Pseudomonas stutzeri
cyt c4 has been investigated comprehensively in these contexts
[47,48]. P. stutzeri cyt c4 is organized in two domains, each with
a single heme group, Fig. 9. The protein is strongly dipolar, with
excess positive and negative charge (pH 7) on the C- and N-termi-
nal domain, respectively. The redox potential difference is about
100 mV, with the higher potential associated with the C-terminal.
This is crucial for electrostatic protein immobilization in specific
orientations on SAM-modified Au(111)-electrodes. Spectroscopic
and (un)folding data are also available. The heme groups are
hydrogen bonded via two propionates but the 19 Å Fe–Fe equilib-
rium distance is not a likely configuration for intramolecular ET.
Bimolecular ET with inorganic reaction partners disclosed no evi-
dence of intramolecular ET up to 10–100 s�1 [48]. In contrast, the
notably asymmetric CVs, Fig. 9 are only compatible with fast intra-
molecular ET (10–100 ls) in the electrochemical two-ET process
[47]. Cyt c4 is here oriented with the high-potential C-terminal do-
main adjacent to the negatively charged SAM-modified Au(111)-
surface. This domain is reduced first in a cathodic scan followed
by reduction of the remote N-terminal domain at the lower poten-
tial of this group, via intramolecular ET through the adjacent C-ter-
minal domain. Re-oxidation of the low-potential heme, however,
only begins when the higher potential of the adjacent heme is
reached, again via fast intramolecular ET. Gated intramolecular ET
triggered by protein binding to the electrode surface thus appears
as a P. stutzeri cyt c4 feature.

The strikingly different intramolecular ET rates of free and sur-
face bound P. stutzeri cyt c4 suggests that surface binding triggers
intramolecular ET. Recent DFT computations show that the elec-
tronic overlap between the heme groups is exceedingly sensitive
to the heme group orientation and increases by many orders of
magnitude on hydrogen bond breaking and heme group relocation
[49]. These views are supported by in situ STM, Fig. 9. The molec-
ular structures observed correspond in size closely to a single cyt c4

domain. In situ STM has therefore provided single-molecule struc-
tural and mechanistic support for the electrochemical ET behav-
iour of this protein.

6. Composite metalloproteins: blue Cu-oxidases and
metalloprotein/nanoparticle hybrids

6.1. Single-molecule redox metalloenzymes in electrocatalytic action

In situ STM imaging and electrochemical control of redox
metalloenzymes directly in enzyme action offers fascinating sin-
gle-molecule perspectives. Such target molecules pose greater



Fig. 9. Left: P. stutzeri cyt c4 (PDB 1EPT) on a Au(111)-electrode surface modified by a mercaptodecanoic acid SAM. The positively charged high-potential C-terminal domain
marked in red, the negatively charged N-terminal domain in blue. Top right: Cyclic voltammogram of P. stutzeri cyt c4. The asymmetric appearance reflects the orientation of
the molecule and intramolecular ET between the two heme groups as a core feature. Bottom right: In situ STM of P. stutzeri cyt c4 on the mercaptodecanoic acid SAM modified
Au(111)-electrode surface. The bright spots are individual P. stutzeri cyt c4 molecules. The ‘‘spot’’ size corresponds to that of a single domain and supports the view of the
protein in an upright orientation [47].
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challenges than the smaller ET proteins. Recent – so far very few –
studies illuminate these perspectives. The nitrite reductases (NiRs)
are central in the biological nitrogen cycle where they catalyze the
reduction of nitrite to lower oxidation states [50,51]. Rationales for
the trimeric CuNiRs (each monomer molecular mass � 36 kDa,
here represented by Achromobacter Xylosoxidans CuNiR) as single-
molecule in situ STM targets are, first that each monomer contains
a type I blue copper centre for electron inlet, here from the working
electrode, and a type II centre for catalytic NO2

� -reduction. The
two centres are directly linked, offering facile intramolecular ET,
cf. cyt c4. The enzyme substrate nitrite is, secondly a small
molecule not detectable by in situ STM on the enzyme background.
As frequently observed in enzyme voltammetry, binding of
substrate induces, however, significant electronic changes in the
enzyme [40,52,53], notably in the contact between the electron
acceptor centre and the electrode surface. This resembles again
cyt c4 and offers prospects for electronic mapping of the enzyme
in action at the single-molecule level.

A. xylosoxidans CuNiR is electrocatalytically active on SAM-mod-
ified Au(111)-electrode surfaces [40,53]. The voltammetric pat-
terns are controlled by subtle hydrophilic and hydrophobic
surface combinations of many surface linker molecules tested. A
notable outcome is that the enzyme ‘‘in action’’ on cysteamine-
and benzylthiol-modified Au(111)-electrode surfaces can be
imaged in action at the single-molecule level, Fig. 7 [40,54]. En-
zyme molecules even with the triangular crystallographic CuNiR
structure are observed, and the molecular-scale contrasts only ap-
pear when nitrite is present. A recent study has disclosed a similar
pattern for fungal laccase (Streptomyces coelicolor) for which
substrate dioxygen also triggers intramolecular ET and strong
in situ STM contrasts [55]. In situ STM of CuNiR and the laccases
has thus opened the area of single-molecule electrochemical redox
metalloenzyme activity. These novel observations can be com-
pared with more established single-molecule fluorescence-based
enzyme kinetics [14,56].

6.2. Electrochemistry of Au-nanoparticle/metalloprotein hybrids

Inorganic particles and other structures have reached the size
range of biomolecules such as proteins. This is also the range
where electronic properties transform from macroscopic to sin-
gle-molecule behaviour. The combination of inorganic metallic or
semiconductor structures with comparable-size (bio)molecules
into ‘‘hybrid’’ structures has become a new core notion [57–59].

Solute monolayer-coated (‘‘capped’’) AuNPs are central in col-
loid and surface science. Facile chemical synthesis introduced by
Schmid [60] and by Brust and Schiffrin [61] have strongly boosted
AuNP and other metal-NP science. The smallest, i.e.61 nm particles
behave like a similar-size molecule with a discrete electronic spec-
trum or a wide HOMO/LUMO gap [62–64]. Intermediate-size AuN-
Ps, say 1.6 nm (Au145) to 2.5 nm (many hundred Au-atoms) display
Coulomb charging effects [64] while the Coulomb energy spacings
in larger AuNPs (P 3–5 nm) are too close for discreteness-of-charge
effects. Protected AuNPs combined with redox metalloproteins into
‘‘hybrids’’, are important in bioelectrocatalysis, with links to biolog-
ical diagnostics [58]. A recent study of a ‘‘hybrid’’ between a 3 nm
AuNP and P. aeruginosa azurin illuminates interfacial electrochem-
ical ET and in situ STM of a protein/NP hybrid [57].
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P. aeruginosa azurin can be linked by strong hydrophobic forces
to alkanethiol-protected 3 nm AuNPs in turn immobilized on a
Au(111)-electrode surface via an aromatic 4,40-biphenyl-dithiol
linker. Notably, the AuNP hydrophobically linked to azurin in-
creases the ET rate by at least an order of magnitude compared
to azurin alone on similar alkanethiol-modified surfaces, in spite
of a 4 nm ET distance increase. A two-step, azurin/AuNP and
AuNP/electrode ET mechanism accords with the data. The dual vol-
tammetric pattern also accords with dual in situ STM contrasts
with a weaker, fluctuating contrast assigned to the AuNP/azurin
hybrid and a stronger robust contrast to displaced AuNPs or azurin
molecules.

7. Concluding observations and some perspectives

Single-crystal, atomically planar electrode surfaces have paved
the way for in situ STM and AFM in bioelectrochemistry. In situ
STM has increased structural resolution of metalloproteins and
small biomolecules on (bio)electrochemical electrode surfaces to
the molecular and sometimes sub-molecular levels. Dynamic phe-
nomena such as phase transitions and the monolayer formation
process can also be followed. The image detail in both individual
adsorbate molecules and their lateral organization offers under-
standing of the interaction of ‘‘biological liquids’’ with solid sur-
faces. As in situ STM is based on molecular electronic
conductivity, we have also included a short theoretical discussion
of single-molecule interfacial ET processes, with focus on ‘‘natural’’
biomolecular aqueous solution environment, and electrochemi-
cally controlled (bio)molecular function. Single-molecule resolu-
tion of the molecules (particularly proteins) fully active in ET or
enzyme function is achieved. Not only structural mapping but also
ET, redox enzyme function, and cooperative phenomena can be ad-
dressed, illuminated by azurin, cyt b562, cyt c4, and CuNiR. Biomo-
lecular ‘‘electronics’’, enzyme electrochemistry, and biological
single-molecule screening are attractive applied perspectives of
the new bioelectrochemistry. Fundamental bioelectrochemical
innovation including theoretical support remains, however, crucial
pre-requisites.
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