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a  b  s  t  r  a  c  t

Our  ability  to interface  with  biological  macromolecules  continues  to  advance  at  a significant  pace  and
brings  with  it  potential  applications  that  are  as  broad  as  they  are  powerful.  Running  alongside  this  evo-
lution  has  been  the  refinement  of  methods  by  which  interfaces  can  be probed  at  scales  approaching  (or
being  at)  the molecular.  Through  combinations  of  experimental  design,  proximal  probe  technology  and
high sensitivity  optical  imaging,  one  can  truly  probe  the  bioelectronic  interface  at  levels  that  are  both
startling  and  associated  with  unprecedented  levels  of  detail.
eywords:
olecular

lectrochemistry
zurin
unnelling
luorescence

© 2011 Elsevier B.V. All rights reserved.
oltammetry

. Introduction

Redox active proteins and enzymes are integral in the fun-
amental biological energy transduction processes which sustain

ife. The electrochemical interrogation of such moieties leads to
n enhanced understanding of natural molecular evolution and
he structural features which confer desired properties (enabling,
or example, designed engineering by site directed mutagenesis),
nd directly requires that effective methods are developed which
nable communication at man-made interfaces (electrodes). In

 significant number of specific cases, the latter has been piv-
tal in not only decoding kinetic and thermodynamic aspects of

ntramolecular and interfacial (heterogeneous) electron transfer
ut also in the generation of enzyme based biosensors. We  briefly
eview here the fundamental concepts of practical (bulk) bio-

∗ Corresponding author. Tel.: +44 1865 275914; fax: +44 1865 275410.
E-mail address: Jason.davis@chem.ox.ac.uk (J.J. Davis).

010-8545/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2011.02.002
electrochemistry and the application of techniques which allow
controlled non-destructive surface assembly and electronic inter-
facing. The core part of this review will be associated with a
detailing of efforts to move these inherently grossly averaging elec-
trochemical analyses to a more refined molecular scale and, within
this, two methodologies; the first is the application of near field
scanning probe methods to both visualizing and then directly prob-
ing redox characteristics of single molecules (gated single molecule
conductance). The second is the development and application of
interfacial fluorescence-detected cyclic voltammetry (FCV), a far
field optical means of directly imaging and spatially resolving
kinetic and thermodynamic electron transfer characteristics within
a population of surface confined biomolecules.

2. Controlled assembly & interfacing
The road to controlled bioelectronic interfacing started more
than three decades ago with pioneering reports of reversible dif-
fusion controlled direct electron transfer of the respiratory heme

dx.doi.org/10.1016/j.ccr.2011.02.002
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:Jason.davis@chem.ox.ac.uk
dx.doi.org/10.1016/j.ccr.2011.02.002
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Fig. 1. Cartoon representation of azurin (adapted from PDB 1AZU [145]) physisorbed
A.V. Patil, J.J. Davis / Coordination C

rotein cytochrome c at suitably modified gold or indium tin oxide
lectrodes [1,2]. Since then a variety of surface modifications, rang-
ng from self assembled monolayers (SAMs), nanoparticle modified
urfaces to sol gels, have been utilized in mediating electron trans-
er with a library of metalloproteins and enzymes [3–7].

The advantages of confining the bioelectrochemical system
o the electrode surface can be considerable if this can be
chieved non-destructively; the amount of material required
educes/diminishes by several orders of magnitude, the potentially
istorting contributions of sluggish diffusion vanish, data (partic-
larly kinetic) are thereby more easily interpreted, and surface
pectroscopic/imaging tools can be powerfully applied. The sur-
aces employed in these analyses are, now, highly varied both
opographically and chemically. They include not only interfaces
ased on modifications of the noble metal, carbon or metal oxide
lectrodes which are well known in electroanalysis but also those
hich are deliberately “nanostructured” or based on polymer mod-

fications.
In sol–gel immobilization, for example, a silicate matrix is

ormed by the hydrolysis of an alkoxide precursor, typically
etraethyl orthosilicate, followed by condensation to yield a net-
ork of siloxanes. The addition of a protein after partial hydrolysis

before full gelation) leads to its entrapment within a porous aque-
us microenvironment. The modifications are typically applied to
n electrode surface before complete gelation by dip coating. The
esulting films have been found to be chemically, thermally and
tructurally stable and capable of sustaining a high degree of bio-
unctionality [8–13]. Another approach, and one which has found
xtensive biosensor application, is bioimmobilization in or on elec-
rogenerated polymer films where the molecule is either physically
ntrapped within the polymer matrix or covalently bonded to it.
his methodology benefits from the high levels of control and
eproducibility associated with the film generation [14].

Carbon nanotubes (CNTs), coaxial cylindrical graphite sheets
f nanometre diameter, uniquely combine conductance, chemical
tability and mechanical characteristics which are of considerable
otential application electrochemically. Multiwall carbon nan-
tubes (MWNT) films were first used by Davis and Hill in the
ealisation of direct protein electrochemistry [15–17].  Since then,
NT modified surfaces have been applied to the bioelectrochem-

cal interrogation of a number of proteins and enzymes [18–21].
ost notable amongst recent work have been reports by the group

f Rusling in exploiting enzymes covalently attached to the end
f vertically oriented single-wall carbon nanotube “forest” arrays
22–24]. Other nanostructured interfaces such as those generated
rom Au colloids or metal oxide nanoparticles have also been pro-
uctively applied in enzyme voltammetry [5,25–31].

A vast amount of bioelectrochemical literature now exists at the
lanar electrode surfaces presented by as-prepared or chemically
odified ITO [32,33],  silicon[34,35],  diamond [36] and pyrolytic

arbon [37–41].  Alkanethiol SAM modified noble metal surfaces
robably remain, though, the most defined, chemically tuneable,
nd spectroscopically characterisable interfaces on which to ana-
yze biomolecular electron transfer [42].

Cytochrome c and azurin represent the two most well studied
urface assembled biomolecular systems in this context. The former
s a small heme protein involved in mitochondrial respiration and
dsorbs strongly at �-mercaptocarboxylic acid SAMs by virtue of
avourable electrostatic interactions with a patch of cationic lysine
esidues close to the heme solvent exposed edge [43–47].  Azurin
shown in Fig. 1), is a blue copper protein found in the respiratory
hain of denitrifying bacteria. It possesses a hydrophobic surface

egion that plays important role in electron transfer and binding
48–50].  Films of the protein on thiol SAMs have been characterized
t molecular scales by others and us by SERS, electroreflectance and
n extensive barrage of voltammetric methods [3,51–57]. Orienta-
on a methyl-terminated self assembled monolayer through a hydrophobic patch
which orients the molecule so as to bring the copper redox centre (blue sphere) into
efficient electronic coupling with the supporting gold electrode surface.

tional control of this protein on methyl terminating thiol adlayers
has been confirmed in experiments where the electron transfer
kinetics to underlying gold electrode surfaces have been mapped
and modulated across a range of film thicknesses [3,58,59]. The
predominance of hydrophobic forces in this protein-surface asso-
ciation has also been confirmed and energetically estimated [3,51].

The effectiveness of an oriented surface immobilization in
maximizing electronic coupling to an underlying electrode while
minimizing the dispersion and experiment-to-experiment vari-
ance inherent in less ordered biomolecular films is obvious. Another
approach is the utilization of site directed mutagenesis, and, in par-
ticular, the site specific introduction of anchoring cysteine or HIS
tag residues into a proteins solvent exposed surface. The former
can be used to anchor proteins and enzymes on either pristine bare
gold electrodes or suitably SAM modified surfaces [60–64]. Such an
“engineered” oriented protein adlayer facilitates investigations of
molecular chemisorption, orientational effects on electron trans-
fer and enzymatic activity, and direct (topographic and tunnelling)
imaging at truly molecular levels [54,61,65–68].

3. Molecular level electrochemistry; accessing hidden
information

Though the surface confinement of biomolecules of interest on
carefully engineered/modified electrode surfaces enables a poten-
tially powerful range of voltammetric and spectroscopic analyses
to be applied, in all cases the acquired data are averaged over a
very large number of molecules (typically 1011–1014; depending
upon the surface coverage and electrode area). This then means
that the “bulk” measurement is of a weighted average property dis-
tribution rather than a mapping of this distribution itself. With this
inherent limitation it is significant to note that all classical electro-
chemical theories of faradaic electron transfer commence with an

assumption of interfacial (and molecular) homogeneity. Observed
“non ideal” electrochemical responses are ubiquitous, however,
and have been loosely ascribed to kinetic and thermodynamic dis-
persion across supporting surfaces, something that is expected
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Fig. 2. Schematic representation of an AFM configuration (not to scale) showing a
soft (low spring constant) cantilever with a sharp probing tip that is scanned with a
piezoscanner (not shown) over a sample with subnanometer scale accuracy while
its  deflections are mapped by the positional modulations of a reflected laser beam on
972 A.V. Patil, J.J. Davis / Coordination C

o depend upon degree of electrode surface pre-treatment, the
ombined effects of lateral molecular interaction, structural per-
urbations of the redox active entity, variations in surface charge,

olecular orientation, local dielectric constant and redox site-
lectrode electronic coupling. These effects and others undoubtedly
lso contribute to experiment to experiment variation (even with
hemically simple and robust redox species, current and peak
eparation deviations of up to 10% are common). A number of pub-
ished reports have ascribed the inhomogeneity in electrochemical
esponse attained from an array of surface confined redox active
roteins to a distribution of potential with the electrode double

ayer [69,70]. Clark et al. have specifically proposed, for example,
hat a distribution in formal potential arises from subpopulations of
dsorbed proteins molecules each localized in a different interfacial
icroenvironment [71]. Nahir et al. have assigned the distribution

f electron transfer rate constants to an associated distribution
n distance between the redox centres and underlying electrode
44]. The group of Bowden have reported influences of protein
urface charge on subsequently observed electron transfer ther-
odynamics and additionally considered charge-transfer induced

lterations of interfacial potential distribution [72]. Recently the
roup of Bard have reported a direct optical observation of ther-
odynamic dispersion in the (largely irreversible) voltammetry of

olymeric nanoparticles spun onto ITO surfaces [73,74].
While the topographical heterogeneity of the electrode surface

s readily mapped by scanning probe experiments, a clear predic-
ion of the impact this will have on observed voltammetry is still
acking. A detailed appreciation of heterogeneity remains, there-
ore, a subject in need of investigation and a pre-requisite if a truly

olecular level of understanding of metalloproteins voltammetry
s to be achieved or derived molecular scale bioelectronic devices
o be, in any way, predictable.

Bard et al. have previously demonstrated the amplified redox
nalysis of a single redox molecule trapped within the confines
f a scanning electrochemical junction in solution [75,76].  More
ractically (these experiments can neither directly resolve inter-
acial electron transfer energetics nor can be readily extended
o investigation of bioelectrochemical systems), one may  seek to
educe the sample population by reducing the electroactive work-
ng area. Hoeben et al, for example, have resolved catalytic current
esponses from less than 50 enzyme molecules immobilized on
ithographically fabricated nanoelectrodes [77]. Data analysis in
uch cases is critically dependent upon precise knowledge of
lectrode geometry; as electrodes fall below the micron scale
eproducible fabrication and robust characterization is, though,
roblematic. Even with highly specialised nanoelectronic config-
rations, amperometric detection methodologies are limited (at
est) to the femtoampere range, or some >6000 electrons per
econd, a sensitivity which demands a great deal of a bioelectro-
hemical system [77,78].

.1. Near field analysis

Rapid technological advances in near field analysis, particu-
arly Scanning Probe Microscopy (SPM), have brought about an
nprecedented ability to visualize molecular films and even indi-
idual molecules confined to an electrode surface. SPM, in which
he varied interactions between a probe and sample of interest are

apped as a specific probe is raster scanned, has emerged as a key
ool for molecular imaging of biological samples as it can provide
igh-resolution images which are comparable to those of electron
icroscopy with the additional advantage that the sample can be
maged under a flexible environment that can closely mimic  physi-
logical (typically a buffer at appropriate pH). The ability to “touch”
he sample has opened up multiple avenues of investigation which
ave now progressed beyond observations of topography to include
a  split photodiode (green). The photodiode response is interpreted by appropriate
software, pixel-by-pixel, and enables a truly three dimensional surface mapping
with nanometre resolution.

the quantification of recognition forces, biological fold analysis,
single protein/molecule manipulation, and conductance/electron
transfer analyses [79–87].

In Atomic Force Microscopy (AFM), the most frequently used
SPM configuration, the probe is a sharp microfabricated sili-
con/silicon nitride tip (with a radius typically between 10 and
20 nm)  attached at the terminus of a flexible cantilever a few hun-
dred microns in size. The interactions between the probe and the
underlying sample (the latter normally mounted on a piezoelec-
tric scanner (with movement in horizontal and vertical direction),
are mapped by the bending of the cantilever, itself monitored
by an optical lever configuration i.e., variations in the position of
reflected laser beam as monitored by a split photodiode (Fig. 2).
With soft cantilevers it is possible to sense interaction forces as low
as few picoNewtons; modern piezoelectric scanners can translate
the sample or tip in the x, y and z direction with sub-nanometre
resolution thus giving AFM a capacity to both render 3D images
of the (surface or surface-confined) sample with atomic resolution
and the ability to manipulate at the molecular level [84,88,89].

AFM imaging can be sub-classified according to the modes of
tip–sample interaction; in contact mode the probe is in perpetual
contact with the sample while in “tapping mode” it is oscillating
(near its resonant frequency) and in contact with the surface only
transiently at the lower extreme of its oscillation. While it is possi-
ble to achieve high resolution biological imaging in contact mode,
most notably with membrane protein crystals [90,91] and DNA
[92,93], destructive tip–sample interactions can be difficult to avoid
with soft or compressible samples, even those which are rigidly

confined, leading to image deformation and artefacts. In “tapping
mode”, lateral (“dragging”) forces imparted on the sample are dra-
matically reduced by limiting interactions to a periodic “tapping”.
The energy dissipation between the driven probe and surface at
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Fig. 3. Schematic of Scanning Tunnelling Microscope (not to scale). When a piezo-
electric tube (red) scans a sharp metallic tip over a conductive sample (blue) with
the application of a moderate voltage bias, electrons quantum mechanically tun-
nel across the gap to produce a (pico to nano ampere) current. Inset: tunnelling
current is exquisitely sensitive to structure at or within the junction. For a suitably
sharpened tip (ideally, one that terminates in a single atom) this current is confined
laterally to a radius of sub-angstrom proportions. The remarkable spatial resolu-
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ion of the STM derives from this lateral current confinement. By detecting the very
ne  changes in current pixel by pixel a two-dimensional map  of the corrugations in
lectron density of the surface is obtained.

ontact leads to a change in amplitude which serves as the feedback
ignal in topographic image generation. Changes in the oscillation
hase can additionally be measured and related to surface adhe-
ion, friction and sample viscoelastic properties [94,95].  In another
ariation of tip–sample interaction, Chemical Force Microscopy
CFM) employs a functionalized AFM probe to map  changes in tor-
ional force (friction) on the probe and, in so doing, can chemically
ap  surface functionality with nanometre resolution [96,97]. These

orms of imaging and others in the AFM armoury have been success-
ully applied to the nanometre or even sub-nanometre resolution
opographic imaging of electrode surface confined proteins under

 variety of highly controllable conditions [98–102].
In Scanning Tunnelling Microscopy (STM) analyses of surface

onfined proteins, a small voltage is applied between the prox-
mal probe (typically an ultra-sharp metallic tip fabricated by
lectrochemical etching) and underlying pristine electrode in an
ltraclean environment. The probe is then bought into increas-

ngly close approach to the (usually planar) electrode by feedback
lectronics and motors until the tunnelling of electrons com-
ences (Fig. 3). The measured current has an inversely exponential

elationship with the probe–substrate separation distance and is
ecorded pixel by pixel as these two interfaces scan relative to each
ther. Alternatively, the tunnelling current can be used as a feed-
ack loop in order to actuate the probe or underlying substrate.

n either mode, spatial resolutions are routinely on atomic scale
it is worth noting that STM does not map  out true topography
f the sample rather a surface of constant tunnelling probabil-
ty). Within the tunnel current mapping, modern electronics are
apable of measuring on the femtoampere scale enabling surface
eature detection on the tenths of an ångström scale. Lateral reso-
ution is limited by the probe geometry, most notably the radius of
urvature, and the mechanical and immobilization characteristics
f the sample but is typically on the angstrom to low nanome-

re scale with surface confined molecules. In general, on account
f the lower tip contact area and sensitivity of current on sep-
ration and intervening electronic structure, STM methods offer
n inherently higher resolution than AFM. Moreover, since imag-
ry Reviews 255 (2011) 1970– 1980 1973

ing directly involves the mapping out of interactions between
electrons and surface immobilized molecules, a good deal of infor-
mation on molecular conductance and electronic structure can be
acquired [103–105]. Significantly, from the context of this article,
the requirement of a measurable current flow does not preclude
the imaging of (classically insulating) biological macromolecules.
Unlike AFM however, STM systems are, therefore, most effectively
applied to atomic and molecular-scale analysis and are unsuitable
for the characterisation of larger entities such as live cells. It is addi-
tionally worth noting that the applied bias in an STM experiment is
dropped entirely across the small tip–substrate gap resulting in an
immense electric field gradient (typically exceeding 100 MV  m−1).
The role this field may  have in changing native levels of molecular
solvation or (related) re-organisational energies remains signifi-
cant although rather poorly defined [106].

The controlled interfacing of metalloproteins and enzymes with
electrodes, including both the direct anchoring of protein to metal-
lic surfaces, the physical sorption of protein on carbonaceous
electrodes and the immobilization on SAM modified surfaces, is
now routinely mapped by both AFM and STM [3,101,107–112]. The
immobilization of engineered azurin molecules on gold electrodes
through site specifically introduced surface cysteine residues has,
for example, been verified and followed in real time by AFM and
STM [60,65]. Similar studies with poplar plastocyanin mutants
absorbed on gold, by either a disulfide bridge or a single thiol, have
demonstrated that dimensions as evaluated by SPM can lie well
within the range predicated by crystallographic studies [113]. Such
studies, more generally, give an insight into the kinetics of protein-
electrode association, film stability and protein film homogeneity.
During the past decade, developments in the ability of proximal
probes to analyze molecular systems with a nanometre spatial
resolution has evolved progressively away from “just” imaging to
a more functional analysis (mechanical assessments, electrostatic
measurements, conductance assays etc.).

3.2. Bio(molecular) electronic and redox linked conductance

Though undoubtedly very powerful from an imaging perspec-
tive, one of the significant drawbacks of the STM configuration
is that there is no direct control over the force imparted on the
molecular system under analysis. Such forces, and their associ-
ated electric fields, can feasibly be highly perturbative (not only in
terms of mechanical structure but also in terms of, for example, the
reorganizational energy associated with a redox event; see ECSTM
below). Since the probe may  feasibly be either partially “buried”
within the molecule or sitting a number of ångströms above it, the
resulting tunnelling current is a convolution of many contributions,
making absolute measurements of conductance very difficult. For
direct analyses of molecular conductance Conducting Atomic Force
Microscopy (CP-AFM), where in an AFM tip is coated in a metallic
layer and contacted with a molecule of interest under controlled
load, is more appropriate. As a result of the integral force feed-
back, the probe position and sample conductivity are decoupled.
Since molecular structure and tunnel conductance are intrinsically
linked, a time-resolved analysis of the latter can facilitate an under-
standing of molecular level protein dynamics under conditions of
quantified compressive force. Using CP-AFM it has been possible,
for example, to measure molecular conductance of a number of
biomolecules and the dependence of this on the probe applied
compressional force [68,114–117]. Within this work, charge trans-
fer across the biomolecule has been both explained and simulated
with a modified Simmons tunnelling model (with a protein fold

resembling a featureless continuum tunnelling barrier). Using con-
ditions of low contact force (<2–3 nN) these molecules are observed
to be highly insulating by virtue a lack of a reliable electrical con-
tact at the metallic probe. Robust electrical contact is typically
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Fig. 4. 3D representation of the modulation of measured STM height of a horse heart cytochrome c molecule on 11-mercaptoundecanoic acid SAM as function of applied
substrate  potential (vs SCE). The modulation, directly equivalent to a variable molecular conductance, is attributed to the tuning of the available redox energy level relative to
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he  Fermi energies of the two electrodes (tip and substrates). The difference between
eights  of 1.7 Å corresponds to an increased conductance (G) of 2.7 fold (values her

rom  Ref. [53].

stablished at 3-10 nN of applied force at which conductance can
e directly assayed (typically in the range of 30–40 G� [57,118]).
ithin obtained current–voltage curves the phenomenon of neg-

tive differential resistance (NDR) has been noted with molecules
hich are electrochemically active, an indication possibly indica-

ive of resonant tunnelling through redox site orbitals [117,118].
Though probe imparted forces are unquantified, the interac-

ion of incident electrons with redox switchable molecules is much
ore controllable when combining an electrochemical setup with

hat of an STM in a four terminal configuration under bipotentio-
tatic control. Within this Electrochemical STM (ECSTM), where
he tunnelling tip is a working electrode, conductance analyses
an be carried out under controllable conditions with simultaneous
lectrochemistry. The total current measured here is combination
f faradaic & non-faradaic (which includes the tunnelling current
nd capacitative contributions) processes. In order to attenuate
harging currents, it is normal to insulate all but the apex of the
unnelling electrode a procedure which becomes more demand-
ng as ionic strengths increase and one moves solution conditions
loser to those which are physiological. Under conditions of nor-
al  bias, electrons are assumed to tunnel from the tip to substrate

or in opposite direction) and not accumulate on the molecules
n the gap, nor interact significantly with molecular states. Under
he highly controllable conditions presented by these ECSTM con-
gurations, however, orbital access and incident electron energy
re highly tuneable parameters. These experiments, then, enable
hrough the impact that orbital occupancy and energetic alignment
ave on conductance (and thus image contrast), redox processes
o be directly imaged. By tuning, through imposed surface poten-
ials, the degree to which orbital states are accessible to incident
lectrons, one directly tunes conductance; that is, one induces
nd observes transistor type conductance gating under electrolytic
olution [106,119–124].  These effects have been observed with
iological, as well as redox active organic moieties and inorganic
omplexes, despite the fact that most biomacromolecules are both
ormally electrically insulating and have redox active prosthetic
roups which are commonly buried [115].

By the way of example, others and we have, in recent years,
eported the tunnel conductance of a range of metalloproteins and
nzymes [53,114,115,117,125–127].  With several of these molec-
lar systems, it is demonstrably possible to tune the incident
unnelling energies in and out of resonance with the redox site
nd, in so doing, gate molecular conductance [52,57,128]. ECSTM
tudies of controllably oriented and electrochemically active azurin

122] or horse heart cytochrome c (HHCC) on bare or modified gold
lectrodes, form the basis of much of what has been published
n terms of biomolecular systems. These molecules, in which the
edox site is accessible only through the protein and (in some cases)
 (at −0.02 V vs SCE) and “OFF” resonance (−0.22 V vs SCE; normalised G0) measured
erated are averaged over 24 single molecules). Figure reproduced with permission

saturated SAM dielectrics, exhibit relatively slow heterogeneous
electron transfer kinetics to the underlying electrode (∼10 s−1)
with a G� resistance. The latter is tuneable through the underlying
working electrode potential across almost an order of magnitude as
shown in Fig. 4. Recent theoretical and experimental analyses have
suggested that a sequential two step tunnelling process is likely to
be operable under such circumstances [53,106,120]. Regardless of
mechanistic detail, the conductance maximum in these tunnelling
junctions is typically observed at or close to the bulk determined
electrochemical midpoint potential (this coincides with the point
at which the redox site orbitals facilitating current flow are most
energetically accessible to the supporting and probe electrodes).
Since this conductance maximum can be determined for single
molecules under identical tunnelling conditions one potentially has
direct access not only to the electrochemical midpoint potential
of single molecules but also, for the first time, the dispersion in
this thermodynamic property as one maps out conductance gating
across a surface population (see Fig. 5).

The interfacial information potentially provided by the appli-
cation of near field proximal probes to bioelectrochemically
active layers has, then, evolved progressively away from “just”
molecular imaging to a more functional analysis (mechanical
assessments, electrostatic measurements, conductance and redox
linked conductance assays etc.). Though these assessments provide
information at spatial resolutions we  could only dream of a decade
or two  ago (molecular arrays or even individual molecules can be
directly visualized on electrode surfaces and their electronic cou-
pling/redox characteristics mapped out on a molecule-by-molecule
basis), they do require in many cases, highly specialised and costly
experimental configurations and a good deal of experimental skill.
The application of electrochemical tunnelling imaging to the bio-
electrochemical interface, in particular, does shed light intriguingly
on the variance within molecular films (be it the physical distribu-
tion of molecules, molecular aggregation, or “midpoint potential”).
It does, though, remain experimentally, and in the case of redox
tuned conductance, also theoretically, demanding.

3.3. Optically linked electrochemistry

Several years ago we  introduced, with colleagues in Leiden, Hol-
land, the concept of directly imaging interfacial electron transfer by
means of fluorescence imaging at optically transparent electrode
surfaces [129]. This concept rests on the fact that, for many proteins,
the redox active site is also a chromophore for which the spectral

characteristics are (redox) switchable. If one binds an organic flu-
orophore to the periphery of such a protein, in order to establish
Förster Resonance Energy Transfer (FRET) between it and the redox
site, then, in principal, one can directly follow electron transfer pro-
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Fig. 5. In an ECSTM configuration, the incident tunnelling electrons can be tuned in and out of resonance with redox site orbital states, a process which can greatly modulate
the  amount of current which passes through a given molecule at a given bias (i.e. its associated conductance). The position of maximum conductance observed as one scans
the  potential of the supporting planar electrode lies close to the redox site midpoint potential. By plotting this potential of maximal conductance across a range of surface
confined molecules, one potentially has direct access to the spread in redox properties within the population. Here data are shown for horse heart cytochrome c molecules
immobilized on a mercaptoundecanoic acid modified gold electrode. It it noteworthy both that the maximal conductance, for most molecules, lies close to the bulk determined
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esses by imaging the fluorescence emission from the appended
uorophore [130].

Initial work was carried out with fluorophore labelled azurin
Fig. 6), and has subsequently been applied to a number of blue
opper proteins and enzymes [131,132].  In its oxidized state azurin
isplays a strong absorbance (ε = 5.6 mM−1 cm−1) in 550–600 nm
ange which corresponds to �–�* transition centred at the copper
ite and involving mainly the dx2−y2 orbital and a 3p orbital on the
ys112 ligand sulfur. This absorption disappears when the copper
ite is reduced to a d10 electronic configuration (Fig. 6 (inset)). This
ronounced spectral change strongly modulates the fluorescent
roperties of a derived FRET donor–acceptor pair (Cu: acceptor,
uorophore: donor) such that in its oxidized state the metal site
trongly quenches a spectrally suitable organic fluorophore while,

n the reduced protein, the fluorophore is emissive [130,132].

Taking advantage of the imaging (signal: noise) refinements
vailable in wide field Total Internal Reflection Microscopy (TIRF),

ig. 6. Cartoon representation of N-terminus labelled azurin on SAM modified gold
ith an appended fluorophore depicted as a red sphere (the copper shown as a

lue  sphere). Inset: optical spectrum overlap for the azurin Cu2+ Cy5 FRET pair.
he Cy5 emission spectrum (dotted line) was  determined at excitation wavelength
f  600 nm.  The UV–Vis upon reduction of the metal redox centre (dashed line),
liminating the spectral overlap between the fluorophore and redox centre and
urning the pathway to non-radiative energy loss from the fluorophore “off” (in
ffect, turning emission from the fluorophore “on”). Reproduced from Ref. [129]
ith permission.
n the surface potential of conductance maximum and half wave potential is subject
les, nearly all published works have confirmed that this coincidence is high (within

where an evanescent wave is used to excite fluorophores in a
restricted region of sample immediately adjacent to the surface, we
have reported the application of redox coupled FRET to the direct
imaging of electrochemically driven redox changes in Cy5 labelled
azurin immobilized on alkyl-terminated thiol SAMs [129,133,134].
Within these experiments, a single compartment electrochemical
cell containing degassed buffer and consisting of a functionalized
transparent thin film gold working electrode, reference electrode
and Pt gauze counter electrode is assembled on an inverted TIRF
microscope (Fig. 7). Surface confined voltammetry confirms elec-
troactive surface coverages to be ∼5 × 1010 molecules/cm2 at these
surfaces, with associated midpoint redox potentials as expected.
Time resolved fluorescence imaging is then carried out with the
simultaneous application of a triangular potential wave to the
working electrode wherein the fluorescence emission from the
surface bound protein adlayers is found to be modulated (being
typically some 40–60% higher at potentials cathodic of the mid-
point potential). The frequency of fluorescence modulation tracks
that of the applied potential sweep rate 180◦ out of phase (poten-
tial wave minima coinciding with fluorescence maxima) as shown
in Fig. 8a. Control experiments with either the dye alone or dye
labelled non redox active Zn forms of the protein show negligible
or minimal fluorescence modulation with surface potential.

Not only does such imaging enable a direct access to surface
homogeneity, molecular aggregation (through standard emission
imaging) and the degree of redox site coupling to the underly-
ing electrode surface (proteins which are not communicating with
the supporting electrode do not optically switch with potential), in
tracking surface emission while cycling potential a fluorescence-
detected cyclic voltammogram (FCV) can be generated from
which midpoint potentials can be directly resolved using mod-
ified Butler–Volmer method [133] (Fig. 8b). In addition to the
rigorous mathematical treatment within this form of analysis, we
have recently demonstrated that such FCV‘s can be equivalently
and more rapidly analyzed by a fully graphical method [134]. It
is worth noting that, unlike classical voltammograms where cur-
rent signal decreases on either side of midpoint potential, FCV‘s
achieve a steady state at asymptotic values (fluorophores that are
in specific switch state remain fixed at over potential) resulting in
sigmoidal behaviour. Utilizing the fact that fluorescence light inten-
sity reflects the number of azurin molecules in reduced form, we
have defined ‘optical peak potential’ (Ep) as the potential at which
rate of change of fluorescent intensity is maximum; which is deter-
mined by fitting the FCV plot with Boltzmann sigmoidal equation

(Eq. (1)).

If = If min + If max − If min

1 + exp(E − Ep)/dE
(1)
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Fig. 7. Schematic representation of a composite electrochemical-TIRF configura-
tion. A home-made single compartment electrochemical cell with a transparent
gold working electrode is fixed above TIRF objective of a Nikon TE200-E fluorescence
microscope. The excitation source (a 633 nm laser) is filtered and totally internally
reflected causing an evanescent wave which excites fluorophore tagged protein.
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Fig. 8. (a) Time trace plots of applied potential wave (black line) scanned between
0.2 and −0.2 V at a scan rate 200 mV/s overlaid over the resulting (simultaneously
acquired) trace of fluorescence intensity (line with black circles). Data acquired here
for  Atto 655 labelled azurin on an octanethiol modified gold electrode, in phosphate
buffer (pH 7.1, 200 mM),  using a 633 nm CW laser excitation. Time axis: 5 s per divi-
sion. (b) CV (black) and FCV (blue line with circles) of Cy5 labelled wt azurin at a scan
rate of 100 mV/s. Note the characteristic wave shapes and coincidence of optically
determined mid  point and electrochemically determined half wave potentials.

Fig. 9. Gaussian fit to the optically determined midpoint potentials of approxi-
mately 6 × 1012 molecules on a decanethiol modified optically transparent gold
he  resulting emission is monitored while the potential of the working electrode
s  cycled with an externally associated potentiostat (not shown). Reproduced with
ermission from Ref. [134].

By finding the midpoint of averaged optical peak potentials
or forward and backward traces, an “Optical Midpoint Potential”
OMP) can be defined.

The amount of redox active protein present within any one
iffraction limited spot (the smallest surface element from which
ptical data are attainable; ∼300 nm)  is controllable through dilu-
ion of the protein solution and the time duration for which
he surface is exposed to (submicromolar) protein solutions. At
rogressively lower surface coverage the faradaic current drops
elow that which is reliably detectable by standard voltammetric
easurements, though optical data acquisition remains relatively

rivial. At low submonolayer coverages each (electrochemically)
ssayed spot can contain as few as a few tens of fluorophore
abelled metalloproteins [133]. Such an ability to spatially probe
nd map  interfacial redox events is, we believe, without precedent
nd immediately highlights dispersion in molecular redox charac-
eristics as shown in Figs. 9 and 10.

The midpoint potential variance observed in such analyses is
oth significant (up to several tens of millivolts) and observed to
e a function of the protein surface density; high surface cover-
ge samples showing a smaller spread (∼14 mV  within this azurin

ase study) compared with low submonolayer surfaces (for which
he spread is some 70 mV;  Fig. 10). The differing spread in midpoint
otential across any one form of surface modification is broadly the
ame within 10% across any one form of surface modification and

electrode at an applied scan rate of 200 mV/s. The Gaussian is centred on 25.16 mV
(with fwhm of 12.6 mV), which is within 3 mV of the electrochemically determined
bulk midpoint potential (surface coverage of 1.5 × 1012 molecules/cm2). Reprinted
with permission from Ref. [134].
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Fig. 10. (a) Histogram of midpoint potential values as obtained with Butler Volmer analysis for a high coverage sample of fluorophore tagged azurin showing 14 mV fwhm
spread.  (b) Equivalent histogram for a low surface coverage sample showing a much larger spread of 70 mV.  (c) Histogram of standard electron transfer rate constants k0
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btained for high coverage sample with values ranging from 0.1 to 200 s−1. (d) His
alues  clustered between 0.5 and 2 s−1 with a high tail at 100 s−1. Reprinted with p

rotein density and will be reflective of both inherent molecular
ifferences (such as the protein fold, for example) and microen-
ironmental factors such as local fluctuations in the field drop
135,136] and variant discontinuities/imperfections in underlying
AM and/or gold electrode (see below). Significantly, in analysing
arge amount of such data, it is evident that this dispersion consis-
ently contracts towards a narrower distribution centred close to
he bulk determined midpoint potential at higher molecular den-
ities or through more data averaging.

FCV plots show an increase in separation between the oxi-
izing and reducing curves with increasing voltage sweep rate, a
ehaviour similar to peak separation in cyclic voltammetry (CV)
xperiments, and scrutinizable with “standard” kinetic analysis
ethods [133]. Pleasingly, such analyses show good agreement

etween FCV and CV (standard electron transfer rate constant k0:
CV 21 s−1, CV 67 s−1 for azurin immobilized on a hexanethiol SAM)
ith the observed difference potentially ascribable to the rela-

ive bias of FCV data towards proteins that are weakly coupled to
he electrode surface and thus less quenched by the continuum of
old. As with midpoint potentials, k0 distributions show a signif-
cant spread across any given surface with a notable dependence
pon protein surface coverage values (high coverage samples, from
hich data are averaged, show a more symmetrical distribution in

ates; data acquired at sub monolayer coverages are appreciably
ore scattered; Fig. 10).
Of all the potential microenvironmental parameters that may
ontribute to a spread in electron transfer characteristics across
ny given electrode surface the degree of crystallinity within the
AM layer buffering the protein from the metallic electrode surface
s experimentally most isolatable and deliberately tuneable. As a
 of standard electron transfer rate constants k0 for low coverage sample showing
ion from Ref. [133].

single parameter it will, of course, potentially impact a range of con-
tributors including protein surface orientation, solvation, electric
field drop (the driving force “seen” by the redox site) and redox-
site-electrode electronic coupling. The spontaneous formation of
ordered alkanethiol SAMs on gold, due to the strong affinity of sul-
fur group for gold, has been extensively documented and known
to proceed via a sequence of several structural phase transition
resulting in monolayer films with hexagonal (

√
3 ×

√
3)R30◦ sym-

metry (on Au (1 1 1)) [137–140]. Long chain alkanethiols display an
additional modulation of (

√
3 ×

√
3) structure, yielding a c(4 × 2)

superlattice with the same molecular concentration and have an
associated tilt angle of ∼30◦ to surface normal[141–144]. A range of
characterization techniques (ellipsometric, FT-IRRAS and electro-
chemical) have reported a progress towards lower packing order
and density with decreasing chain length, with sharpest transi-
tion occurring between C6 and C12 films [141]. This trend line (of
increasing order with increasing alkyl chain length) is confirmable
on polycrystalline gold electrodes using electrodesorption studies
(a cathodic progression of stripping potential with increasing alkyl
chain length), contact angle measurements and electrochemical
redox probe (to probe structural defects).

In order to probe our ability to chemical tune the degree of
order at a biomolecular interface, we have carried out a system-
atic survey in which FCV data acquired from fluorophore labelled
azurin immobilized on a range of alkanethiol (from hexanethiol
to dodecanethiol) modified gold electrodes have been analyzed

graphically [134]. In carrying out equivalent analyses of multiple
ROI’s at different locations across a range of identically prepared
samples (wherein random variations in experimental conditions
such as gold surface variance, localized SAM defects, etc, aver-
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Fig. 11. (a) Comparison of Gaussian fits to optically determined midpoint potentials for wild type azurin tagged with Atto 665 on Hexanethiol (fwhm = 17.11 mV), octanethiol
(fwhm  = 15.64 mV)  and dodecanethiol (fwhm = 12.15 mV), showing a decrease of approximately of 30% in fwhm with increasing chain length. (b) each data point (black star)
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epresents fwhm of a Gaussian fit to an OMP histogram. Each OMP  histogram was g
blue  line) of decrease in the fwhm with increasing chain length nicely complemen
eprinted with permission from Ref. [134].

ge out) across a range of supporting alkanethiol monolayers, the
pread of midpoint potentials shows a highly reproducible trend.
t is, specifically, observed that this dispersion contracts as layers
ecome more crystalline and defect free (Fig. 11)  with OMP‘s typ-

cally spanning some 30% greater range with short (hexanethiol)
hiol layers than with longer (dodecanethiol).

. Conclusions

Over the past three decades our ability to controllably interface
iomolecules with electrodes and, in some cases, to productively
se this communication in the generation of derived sensors, has
hanged profoundly. For a number of practical reasons, work in this
rea has progressively evolved from the modification of electrodes
n order to facilitate diffusive communication to the controlled and
riented immobilization of proteins and enzymes (and their engi-
eered forms) at the electrode surface ideally such that biological

old and function are retained while electronic coupling to the sup-
orting electrode is maximised. Non-covalent approaches include
hysical adsorption, entrapment in gels or polymers, hydropho-

ic, hydrophilic and electrostatic interactions. Covalent methods
f immobilization can be site specific through either a single nat-
rally expressed or artificially induced functional group on the
rotein surface. Protocols for increasing surface loading and elec-
ed by analysing at least 200 random locations on each sample. The sigmoidal trend
 increasing hydrophobicity of alkanethiol monolayer with increasing chain length.

tronic coupling using carbon nanotubes and nanoparticles have
also been developed. Though conceptually simpler, surface con-
fined bioelectrochemical analyses has almost always generated
electrochemical responses which deviate from the ideal (theoret-
ical) behaviour and suffer from experiment to experiment (or lab
to lab) variations commonly attributed to the variant contributions
from electrode surface mechanical and electronic inhomogeneity,
dispersion in molecular orientation, lateral interactions between
redox sites, supporting monolayer variations. These contributions
are, however, rarely quantified or assigned with the support of
experimental data.

As with all “bulk” analyses, the faradaic responses obtained in
these experiments are reflective of the average behaviour of all
molecules being sampled – this is typically 1012–1014 molecules in
a bioelectrochemical experiment (depending upon electrode area
and surface coverage). The result is that an average distribution of
properties is recorded and, as such, there is an increasing disparity
between the functional “redox data” and the capabilities of state
of the art imaging equipment (which can topographically resolve
individual molecules). As interest in the generation of derived

“nano-bio devices”, composed of low numbers of biomolecules,
grows, a detailed knowledge of molecular dispersion becomes not
only fundamentally interesting but also fundamentally important.
Though distributions in surface bio-redox properties have been
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eferred to or indeed assumed for some time, and a significant
art of the “non-idealities” reported are likely to be ascribable
o directly associated non-idealities within the film structure, the

ethods by which this can be directly resolved are limited. We
ave sought, then, to both utilize near field tunnelling and far field
RET coupled imaging configurations to directly analyze the elec-
ron transfer characteristics of surface immobilized biomolecules
t molecular scales. By combining the imaging resolution of an
TM or CPAFM with electrochemical potential control, it is, specif-
cally, possible to obtain high resolution conductance images of
lectrode-confined protein molecules and to carry out functional
apping based on current/voltage and conductance-surface poten-

ial relationships. Observations possible within such experimental
ormats generate a wealth of information about surface homo-
eneity, molecular conductance, redox site coupling to supporting
lectrodes and switching potentials at truly molecular scales.

The optical characteristics of redox active centres can also be
tilized in enabling a direct imaging of electron transfer. We  have
pecifically made use of the large modulation in ligand-to-metal-
harge transfer associated with blue copper proteins as a function of
heir redox state. In coupling these changes to the FRET based com-

unication with an externally appended fluorophore, the redox
tate of these proteins can be directly imaged by means of far
eld fluorescence. At suitable levels of dilution, on optically trans-
arent electrode surfaces, reversible interfacial electron transfer
rocesses can be followed pixel by pixel down to scales which
pproach the molecular. One can define from such imaging the mid-
oint potentials of these molecules and, significantly, map  this out
cross a surface population, empowering a direct, quantified and
ighly reproducible resolution of thermodynamic dispersion. The
elf assembled monolayer buffering the protein from the underly-
ng metallic electrode surface in these (and many similar) studies
cts not only to tune electronic coupling between the two  but also
otentially provides a variable more easily segmented from other
ontributions to molecular dispersion. We  have, specifically, con-
idered the possibility that the supporting monolayer crystallinity
e a significant contributor to the subsequently observed spread

n midpoint potentials and indeed this is certainly the case for the
lue copper protein azurin (this spread diminishes from 17 mV  to
2 mV  as the supporting alkanethiol layer crystallinity increases).
n extrapolation of this methodology to a range of redox active
roteins and enzymes is, in many cases, obvious.

This potential importance and application of interfacial bio-
lectronics remains substantial; much can be achieved through a
ombination of surface and biological engineering. This article has
ought to highlight some of the capabilities afforded by imaging
echnologies in not only enabling a direct molecular level resolu-
ion of such interfaces but also a highly spatially resolved mapping
f their functionality.
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