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Abstract 
 
The present tutorial is aimed at introducing the reader to the main 
aspects of electron transfer in nanobiodevices. Nanobiodevices are faced 
both from scientific and technological viewpoints and their particular 
implementation as electron transfer devices provides the opportunity of 
presenting fundamentals of electron transfer theory. Examples of 
implementations of stand alone devices, along with those involving 
reconfigurable set-ups based on an electrochemical scanning tunneling 
microscope, enable introducing heterogeneous electron transfer and 
electron transport theories in electrochemical environment. Specific 
cases of nanobiodevices involving redox metalloproteins are reported 
and experimental results are interpreted and discussed in view of the 
most recent theoretical advancements, in order to provide the reader 
with a comprehensive view of the results and promises in this exciting 
branch of nanotechnology. 
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Introduction 
 

Among the potential applications of nanotechnology, those 
arising from its merging with biological matter represent for sure 
some of the most appealing ones both from cultural and exploitation 
standpoints. 

As for any other kind of matter, also that of biological origin 
matches the nanometer size at molecular level, that is, at the level of 
the dimensions characterizing the basic functional constituents of 
living beings. Nucleic acids and proteins, the most important 
biomolecular constituents, share this characteristic and have been 
often exploited in the realization of nanobiodevices [1]. 

Of course, devices that are intended for applications involving 
(single) functional biomolecules can be useful in, and impact on, 
several diverse fields ranging from healthcare [2] to food safety [3] to 
drug discovery [4], to biotechnology [5], to bioelectronics [6] and 
biosensing [7], just to quote some of the most relevant ones. 

The interplay between nanotechnology and biological matter is, 
indeed, characterized by a sort of bidirectional link. On the one hand, 
the nanometer dimensional range is ideal for targeting and interacting 
with single biomolecules, whose size lies typically in that range; on the 
other hand, biological function is often inherent to single biomolecules 
that, as such, can deploy all their functional activity also in artificial, 
technological environments. 

In the present tutorial, however, we will focus only on a special 
class of nanobiodevices, those involving molecules and mechanisms 
related to the phenomenon of electron transfer (ET) [8]. These 
nanobiodevices encompass both nanobioelectronic and 
nanobiosensor devices and rely mostly on a special class of 
biomolecules, that of redox metalloproteins [9]. 

These are proteins characterized by the presence of one or 
more redox centers involved in their functional activity. Usually, redox 
metalloprotein function is related to changes in oxidation state of the 
mentioned centers that play the role of electronic stations in 
phenomena where electron transfer determines the biological 
function. Examples of these phenomena range from enzymatic 
catalysis [10], to charge separation in early steps of photosynthesis 
[11], to electron shuttling among different redox partners during 
complex cascades of biochemical redox reactions accompanying 
respiration [12], and so on. 

At any rate, electron transfer nanobiodevices are typically 
characterized by an electrode nanostructure, realized by top-down 
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(e.g. different kinds of lithographies, electrochemical etching) or 
bottom-up (e.g. self-assembly, electrochemically assisted deposition, 
molecular beam epitaxy) approaches, that interacts with single/few 
biomolecules properly located in the proximity of the electrode 
structure by self-assembly (e.g. specific interaction between partner 
pairs such as antibody-antigen, ligand-receptor), direct chemisorption 
(e.g Au-S bond formation) or dielectrophoresis. 

The possible resulting structures can be self-contained, as in 
case of lithographed nanotransistors or electrochemical sensors, or 
assembled by reconfigurable tools such as the electrochemical 
scanning tunneling microscope (ECSTM), or conductive scanning force 
microscope (CSFM) [13]. 

Among the firsts, ultimate resolution lithographic techniques 
play a prominent role. Focused ion beam lithography (FIB) [14], 
electron beam lithography (EBL) [15], and molecular beam epitaxy 
(MBE) [16] techniques, coupled with specific etching procedures, are 
used to define either planar or vertical nanostructures usually 
characterized by nanometer gaps between electrodes, where single or 
few molecules can sit. Most often, a three-electrode structure is 
defined, where two electrodes play the role of drain and source 
electrodes, whereas a third control one plays the role of gate electrode 
in a fashion resembling a field effect transistor (FET). Lithographed 
electrode structures configure gaps that are not always tiny enough to 
accommodate a single molecule. That is why the lithographic 
approach is often complemented by electrochemically controlled 
metal deposition [17] or by other metal cluster localization techniques 
to reduce the gap size between drain and source electrodes down to 
molecular dimensions. Chemisorption, molecular recognition or 
dielectrophoresis [18] are then used to locate the molecule(s) of 
interest in the gap, possibly imparting also a desired orientation to it 
(them). Since we are dealing with biomolecules, it is often mandatory 
and always preferable to operate in a wet environment [6]. This fact 
poses further requirements to the electrode set-up that should enable 
measurements in salty water. Such a feature is usually not easily 
attainable in self-contained nanobiodevices, since it requires 
extensive insulation of all of the electrodes surface apart from the 
very tips of source and drain and the use of an external circuitry to 
drive independently the potentials of the two electrodes [8]. 

A ready solution to this problem is provided by a second class of 
architectures usable for assembling a nanobiodevice: that of scanning 
tunneling microscope with electrochemical control of the potential of 
the electrodes at play [19]. 
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ECSTM is indeed a scanning tunneling microscope that can be 
operated in a salty liquid environment and that is assisted by an 
external bipotentiostat allowing to control the potential of the metal 
substrate and tip independently of each other (see below). This 
experimental set-up has been extensively used to characterize the 
flow of electrons via single redox metalloproteins [21] immobilized on 
a metal substrate as well as for configuring the physical equivalent of 
a single molecule transistor with an electrochemical gate [21]. 
Fundamental understanding of the physics of electron transport via 
surface immobilized redox metalloproteins, the role of the redox site 
oxidation state, as well as that of the particular metal ion in the active 
site have been elucidated by this technique along the last 15 years 
(see below). Theories accounting for the particular features observed 
when a redox metalloprotein is sandwiched between two 
nanoelectrodes and a flow of electrons through its redox center is 
gated electrochemically, have been developed (see below). Their 
interpretation of the experimental data has led to a robust 
understanding of the basic physical principles and, sometimes, 
complex mechanisms governing electron transport in surface 
immobilized redox metalloproteins, hence paving the way to the 
exploitation of these molecules and phenomena in functional 
nanobiodevices. 
  
 
 
 
 
Fundamentals of electron transfer and heterogeneous electron 
transfer 
 

The process of electron transfer refers to the exchange of one 
electron between two partners, designated as the “donor” and the 
“acceptor”. In the following we will present a very brief description of 
the general electron transfer process, described from the point of 
view of the Marcus classical theory [22], and then we will concentrate 
on the aspects related to the electron transport phenomenon in single 
molecules which are relevant in the context of configurations based 
on Electrochemical Scanning Tunneling Microscopy. Excellent reviews 
on the topic of electron transfer in biosystems according to the 
Marcus theory are present in the literature and the reader are 
referred to these papers for a deeper understanding of the theory [23-
26]. Before starting the description of the electron transfer process, it 
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is important to distinguish the electron transfer phenomenon from 
the electron transport one. Typically, the electron transfer process 
involves the presence of a donor, an acceptor and a molecular bridge 
connecting the two. The driving force for this process is related to 
partners’ nuclear relaxation and to the reorganization of the solvent 
as described in the Marcus theory [22]. In contrast, the transport 
mechanism is usually based on the presence of two solid electrodes 
which are separated by a single, a few or a layer of molecules and the 
driving force for the electron flow is provided by a voltage difference 
between the two solid electrodes producing a flow of electrons by a 
non-equilibrium situation.  

In the Marcus picture, a typical reaction which involves crossing 
an activation energy barrier is considered. The two minima represent 
the equilibrium configurations of reactants and products (they are 
different because the electron transfer process typically leads to a 
change in the configuration of nuclei) together with the solvent and 
their difference is the driving force for the reaction we are 
considering. Marcus assigned a parabolic shape to the energy 
diagrams describing the nuclei movement around the equilibrium 
position for both the reactants and the products (Figure 1). Before the 
electron transfer occurs, the electron occupies the HOMO of the donor 
and the energy of the donor and acceptor system is lower than the 
energy of the complex with the exchanged electron. At the 
intersection of the two curves the two energies are equal and the 
transfer can occur. If small distances are involved, the transfer 
mechanism is tunneling across the barrier separating the energy of 
the molecules before the transfer and the energy of the molecules 
after the transfer. The electron transfers from the HOMO of the donor 
to the LUMO of the acceptor. The rate of electron transfer is related to 
the overlap integral of the involved wave-functions. If the coupling is 
weak, the overlap Hamiltonian will undergo an exponential decrease 
as a function of distance with a characteristic length. The electron 
transfer rate will thus include a pre-factor that represents also the 
efficacy of the electron transfer through a specific material. A more 
complete treatment should include however quantum mechanical 
effects and nuclear tunneling together with electron tunneling, 
especially in the inverted region and in the case of strong coupling 
between reactants and products (see below). Considering the 
intersection point between the two parabolas, and assuming the two 
curves are just shifted in x and y directions, it emerges that its y value, 
associated with the activation energy for the reaction E and 
therefore with the reaction rate, is given by the following expression: 
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where G0 is the driving force for the reaction and  is the 
reorganization energy, defined as the energy it would take to change 
the reactant coordinates to the same coordinates of the products but 
without letting the electron transfer occur. The reorganization energy 
is composed by an inner contribution related to the reorganization of 
reactant species and an outer sphere contribution due to the solvent 
reorganization. The electron transfer reaction must satisfy the Franck-
Condon principle, which might be expressed as the condition in which 
electron transfer occurs without providing enough time for the 
corresponding nuclei movement. This condition can be considered as 
the requirement for a vertical transition in the free energy plot 
reported in Figure 1. Anyway, a vertical transition means that the 

reaction occurs by driving the reactants and the products in high-
energy configurations, leading to a non-conservation of the energy. 
The idea by Marcus is related to the introduction of fluctuations in the 
energy due to the fluctuating configuration of the nuclei and the 
solvent molecules, both for the reactants and for the products. The 

Figure 1: Energy diagram for the electron-transfer reaction between reactants (R) and 
products (P). The driving force for the reaction is the difference between the 
equilibrium energy of reactants and products (G0). G* represents the activation 
energy for the reaction which determines the reaction rate.  is the reorganization 
energy. 
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fluctuations could drive the overall system in a situation of 
intersection between the reactants and products energy curves. At the 
intersection, electron transfer can occur according to the Franck-
Condon principle and satisfying energy conservation. If at the 
intersection point between the two curves the interaction between 
reactants is strong, a splitting of the curves occurs. In this case the 
system will remain in the lowest energy curve and the movement 
from products to reactants will occur adiabatically. In case of low 
interaction, the products will tend to remain on their curve also after 
the intersection point. The latter case can be described by a non-
adiabatic treatment. In this case, considering the Arrhenius 
description for reactions and equation [1], the reaction rate will be 
given by: 
 
 

                                         [2] 
 

 As we will see in the following, the presence of two terms 
contributing to the reorganization energy could be relevant in 

reactions occurring in the EC-STM set-up, where the outer component 
could be affected by the presence of electrodes which could exclude 
part of the solvent.  

Figure 2: Gerischer formalism for describing the electron transfer mechanism in 
electrochemical experiments. The redox species is represented by the distribution of 
reduced (Dred (,E)) and oxidized states (Dox (,E)). The equilibrium energy 0 is half-
way between the maxima of the two distributions and the distance is the 
reorganization energy . The states on the metal electrodes are described by the 
Fermi energy level EF.  
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According to the Marcus theory, the activation free energy has a 
quadratic dependence on the Gibbs free energy and the 
reorganization energy. A very important consequence of the Marcus 
theory is that, due to the dependence of the reaction rate on the 
combination of Gibbs free energy G0 and reorganization energy , a 
maximum rate will be reached for a specific value of the driving force 
which will be followed by an inversion region where, increasing the 
driving force, the reaction rate will decrease. This inverted region has 
been observed experimentally in many cases.  

In proteins, electron transfer with cofactors could occur also at 
large distances (in the order of a few nanometers). In this case it is the 
protein itself which provides the medium for the electron transfer 
process to occur. The fact that the redox center is typically embedded 
in the protein matrix strongly reduces the outer sphere 
reorganization energy and the structure of the coordination 
environment around the redox center can also decrease the inner 
sphere energy. By using Ru-modified proteins (for example Azurin) it 
has been possible to change the tunneling distance between the redox 
center and Ru to study the role of the distance and the intervening 
medium on electron transfer rate. For azurin, an exponential 
dependence of the rate on the distance has been obtained with a 
decay constant of 0.11 nm suggesting a behavior for the protein 
medium similar to superexchange tunneling across saturated alkane 
bridges [26].  

In the context of molecular electronics, electron transfer 
reactions occur between two metal electrodes in the presence of a 
voltage drop. As a consequence, the voltage drop inside the gap can 
alter the distribution of the energy levels in the molecule and the 
presence of the electrodes and any charge connected to the electrodes 
can modify the molecular orbitals. Moreover, the electron transport 
mechanism is also different from the mechanism usually involved in 
electrochemical experiments. In fact, electrochemical experiments 
involve the presence of only one solid electrode instead of two 
electrodes. In the case of electrochemical reactions performed at a 
metal surface, the driving force for oxidation or reduction of the 
molecule is provided by the energy difference between the electrode 
potential multiplied by e (the electron charge) and the energy 
corresponding to the equilibrium between the reduced and oxidized 
species (the energy corresponding to an equal concentration of 
oxidized and reduced molecules. Considering single molecules we will 
refer to the probability instead of the concentration). According to this 
situation, the activation energy for the reaction is given by a quadratic 
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dependence on the reorganization energy and the applied 
overpotential, as described by the Marcus theory. When electrons are 
exchanged with a metal electrode, it is important to consider also the 
density of states on the electrode itself, so the Fermi-Dirac 
distribution will play a role and the energy position of the electron in 
the metal should be considered. The electron exchange will be 
proportional to the integral performed on all the allowed energy 
levels, even if the integral will be negligible far from the Fermi level of 
the electrode. A very useful description of the situation in this case is 
provided by the Gerischer formulation [8, 27,28] which can be 
extended also to the EC-STM configuration. The basic idea of the 
Gerischer formulation of the Marcus theory is that electron transfer 
occurs between occupied and unoccupied states together with the fact 
that thermal fluctuations of the solvent induces a broadening of the 
redox energy levels. The total rate for electron transfer results from 
an integral over the states (or energies) which might be involved. If a 
metal electrode is involved, the energy levels which matters are given 
by the density of states around the Fermi level. For species in solution, 
the Marcus theory can be applied for the density of states. The 
exponential dependence of the reaction rate on the activation energy 
is considered. The Marcus theory foresees for the activation energy  a 
square dependence on the free energy variation and this square 
dependence is reflected in a Gaussian shape for the density of reduced 
(occupied) or oxidized (empty) states in the molecule. The application 
of an overpotential to the metal has the equivalent effect of shifting 
the entire distribution of the density of states while leaving the set of 
states involved unaffected, independently of the specific value of the 
Fermi level (Figure 2). If the process is a reduction, the occupied state 
which is providing the electrons is on the electrode and the receiving 
state is on the electroactive species. In the opposite case of an 
oxidation, the occupied state providing the electron is on the redox 
species, and the receiving state is on the electrode. In the case of the 
presence of two electrodes in the proximity of the molecule, the 
potential difference between the two electrodes will be the driving 
force for the electron transfer from one electrode to the other by 
means of two electron transfer events, at least if the redox level is 
going to play a role in the transport mechanism. 
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ECSTM as a configurable nanobiodevice 
 

If one considers devices based on a single or a few molecules, 
the instrument of choice for the characterization of the transport 
properties through the proteins joining two metal electrodes is the 
Scanning Tunneling Microscope (STM) [29]. Since their advent, 
scanning probe microscopy techniques strongly prompted 
experiments in the field of molecular electronics. In the specific case 
of protein-based nanodevices, the operation in physiological 
environment could prevent problems connected with partial or total 
denaturation and could allow to fully exploit molecular redox 
properties by means of the control of solution potential. In this case 
the STM should be used in its electrochemical implementation [30]. 
Soon after the introduction of the STM working in air or in vacuum 
conditions, researchers attempted to operate it in liquids. Obviously, 
in such implementation, tunneling current flows in a conductive 
medium and Faradaic and capacitive currents might occur at the 
electrode surfaces. In order to control non-tunneling contributions to 
the overall current, the STM tip is coated everywhere but the apex by 
an insulating layer, which strongly limits its surface area exposed to 
the liquid medium. Moreover, the tip and the conductive substrate are 
typically connected to a bipotentiostat that allows controlling their 
potential with respect to a reference electrode in solution. This 
control is achieved by means of a fourth electrode, the counter 
electrode, which plays the role of sacrificial electrode (Figure 3). The 
potential applied to the metal electrodes allows to limit Faradaic 
currents to figures which are negligible with respect to the tunneling 
current set-point, making tunneling current the dominant one that 
flows between tip and substrate.  

The presence of two working electrodes (tip and substrate) 
allows two different types of spectroscopic experiments to be 
performed by ECSTM. In one case, the substrate-tip bias voltage can 
be kept constant while their potentials can be varied with respect to 
the reference electrode. In this case the bias voltage, proportional to 
the Fermi level of the two working electrodes, can be rigidly shifted in 
order to include, inside its window, energy levels of the molecule(s) 
sandwiched between the two. Alternatively, the bias voltage can be 
swept according to the usual Scanning Tunneling Spectroscopy – STS - 
in which the potential of one electrode is fixed while the other is 
varied. The former case is usually referred to as Electrochemical 
Scanning Tunneling Spectroscopy (EC-STS). 
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Figure 3: Schematic representation of an EC-STM set-up with bipotentiostatic 
control. It represents the tunnelling current that feeds the feedback system in 
constant current mode imaging.  

 
 

This possibility is useful when the transport characteristics of a 
redox molecule are to be investigated. In fact, with the ECSTS 
technique it is possible to shift the two electrode Fermi levels in order 
to include the molecular energy levels (not pinned to any of the Fermi 
levels) inside their voltage window. In this configuration, the 
electrolytic medium can play the role of gate electrode in a usual FET 
configuration, where tip and substrate are source and drain 
electrodes, respectively [31]. By changing the electrochemical 
potential of the solution, the energy levels of the molecules can be 
involved in the electron transport mechanism between tip and 
substrate.  

It has been shown that a sort of electrolyte gating can be 
achieved with several redox molecules [21,22,32-38]. This mechanism 
consists in an increase of the tunneling current flowing through the 
molecule for particular values of the electrolyte potential. By 
continuously changing the potential of the electrode on which the 
redox molecule is immobilized with respect to the reference electrode, 
while keeping the substrate-tip bias voltage constant, the tunneling 
current flowing through some redox molecules shows a resonance-
like trend (increase of the tunneling current in a specific potential 
range followed by a decrease of the current) confirming the proof-of-
concept of a single molecule transistor. In this case, the origin of the 
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gating mechanism is traced back to the solution potential affecting the 
energy position of the molecular levels (or, vice versa, the solution 
potential can be considered fixed and the Fermi levels of the two 
electrodes are varied).  

This behavior is reminiscent of a field-effect transistor in the 
solid state. However, in spite of some similarities between solid-state, 
field-effect transistor and electrolyte-gated transistor, the physics 
behind their operating mechanism is quite different. Indeed, as it will 
be described in more details below, transport properties in an 
electrolyte-gated transistor involving one or a few redox molecules 
depend on so many parameters that different characteristics might be 
observed, conferring to a single device different functional properties 
(switch, transistor or negative differential resistance).  

Many studies have investigated how the energy levels brought 
about by a redox molecule sandwiched between tip and substrate can 
be involved in the electron transport mechanism  [39-42] (see below). 
It is important to consider that there are always two possible 
transport channels when considering a redox molecule filling the gap 
between an STM tip and a conductive substrate. One channel is due to 
the electronic coupling of the molecule with the electrodes and to the 
delocalization of the electrons in the orbitals. The second channel, 
which is characteristic of redox molecules, is due to the possible 
population of the redox levels by the electrons flowing between the 
two electrodes and the vibrational molecular relaxations coupled to 
the environment. A common feature in this context is a different 
conductance of the molecular species when stabilized in different 
redox levels. Typically, a strong variation of the molecular 
conductance upon different redox states confers on the system a 
switch-like behavior rather than a transistor-like one. Therefore, 
apart from a direct involvement of the vibrational relaxation of redox 
molecular levels and nuclear degrees of freedom, the electronic 
delocalization and coupling with the metal electrodes that could 
change according to the different redox state of the molecules, should 
be considered [43]. 

There can be different experimental configurations suitable to 
investigate transport properties by ECSTM. Initially, the different 
conductance of the molecules were established by acquiring a 
sequence of STM images of the same sample area with the same bias 
voltage but for different values of the substrate potential with respect 
to the reference electrode [32]. A variation of the apparent height, 
with respect to a reference, or a non-varying feature in the image, is 
considered as an indication of a different molecular conductance. Two 
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aspects of this experimental approach ought to be stressed. The first 
aspect is related to the fact that the real variation of the current as a 
function of the gate potential is not directly measured. The measured 
apparent height is connected to the tunneling current decay constant. 
The second one is due to the fact that the substrate/molecule/tip 
junction is not symmetric because the connection to the tip might not 
be of the same type as that to the substrate (see Figure 4). This 
configuration asymmetry can have specific effects on the measured 
current through the molecular junction.  

 
 

 
Figure 4: Possible configurations for a redox molecule in the gap between the 
conductive substrate and the STM tip in the EC-STM set-up. 

 
Another possible experimental approach is that of immobilizing 

the molecules of interest on the substrate or on the tip, approaching 
the tip to the substrate until a defined current set-point is obtained 
and then equilibrating the tip-substrate distance by using the active 
feedback system [21]. Afterwards, the feedback system is switched off 
and the substrate or tip potential is varied with respect to the 
reference electrode while keeping constant the bias voltage. In this 
regime, the tunneling current is measured directly. Even using this 
method the transistor-like behavior of single redox molecules 
including redox proteins, has been observed [21].  

Also in EC-STM, like in case of STM in air or vacuum, it is 
possible to perform the usual I-Vbias spectroscopy. In this case, 
particular attention should be paid to the presence of capacitive 
currents that can overwhelm the tunneling current of interest. At the 
same time, the I-Vbias curves can be measured for different values of 
the electrode potential.  

Recently, the break-junction technique, which was introduced in 
the context of molecular electronics for measurements in air or in 
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vacuum, has been extended by Tao et al. to the STM set-up [44]. Here, 
the current flowing through a molecule is measured when it is 
covalently bonded both to tip and substrate during a withdrawing 
process of the STM from an initial position close to the substrate (see 
Figure 4). The attainment of tip/molecule contact is verified by the 
presence of a plateau in the plot of the tunneling current versus 
tip/substrate separation, followed by an abrupt jump. If the molecular 
construct is symmetric, this particular experimental configuration 
measures the tunneling current and the molecular conductance in a 
symmetric arrangement (differences might result from the geometry 
of the two electrodes and from the different materials used for the 
substrate and the tip). Many (thousands) repetitions of the 
measurement can be performed and the distribution of the values for 
the current plateau allows establishing the most probable value of the 
molecular conductance. These experiments can be performed for 
different values of bias voltage and, while keeping the bias constant, 
for different values of the electrode potentials. Using this approach, it 
is possible to reconstruct, by a sequence of points, the curves obtained 
with the previous approaches. Notably, this technique avoids 
problems connected with capacitive currents arising when sweeping 
bias voltage.  

Moreover, in the case of a very stable junction, it is also possible 
to approach the tip to the substrate, to wait for the formation of a 
covalent bond between the tip and the free end of the molecule and 
then, after disabling feedback system, to perform a sweep of the 
electrode potential with respect to a reference [45]. In this approach a 
continuous monitoring of the spectroscopic data is performed with 
the molecule in a symmetric configuration.   
 
 
Theories for ECSTM of redox molecules 
 

The EC-STM configuration can be theoretically described 
considering an electron transport phenomenon resulting from two 
electron transfer events. Each electron transfer process involves a 
metal electrode, the substrate and the tip, respectively. A particular 
case is obtained when the molecule sandwiched between the two 
electrodes is a redox molecule whose energy levels can be tuned by 
the reference electrode in solution. From a theoretical point of view 
the study of redox molecules in EC-STM configuration began in the 
early ‘90s with the works by Schmickler and Kutznesov and Ulstrup 
[46,47]. The chosen approaches relied mainly on the Gerischer 
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formulation of the Marcus theory that we described above. Depending 
on the degree of coupling of the molecule with the two electrodes, 
different scenarios were described for the overall transport 
phenomenon. In the case of weak coupling, the overall transport 
process of one electron between the two metal electrodes foresees 
two electron transfer steps. According to the initial position of the 
energy levels, a first step can occur from the substrate to the molecule, 
which subsequently relaxes to its reduced state, stabilized by the 
reorganization of the solvent. The positions of the energy levels 
fluctuate due to fluctuations of the coordinate of the vibrational mode. 
These fluctuations could bring the electron energy level to the region 
near the Fermi level of the second electrode where the second 
electron transitions can effectively occur, leaving the molecule again 
in its oxidized state. The stabilization of the electron on the molecule 
represents the prevalence of a hopping transport mechanism on a 
tunneling one in which the time of residence of an electron on the 
molecule is negligible and does not allow for reorganization of the 
molecule/solvent system. Between the two extreme situations of 
hopping and tunneling, many other cases could be given, by varying 
the degree of coupling between the molecule and electrodes. In the 
case of strong coupling, the first electron transfer can initially induce a 
partial relaxation of the molecule. While the energy level of the 
molecule is inside the window defined by the Fermi energy levels of 
substrate and tip, this represents an open channel for the transfer of a 
great number of electrons from the substrate to the tip (Figure 5a). 
The latter mechanism gives rise to a high transport current, which 
might be compatible with many experimental results so far obtained. 
An analytical description in the case of strong coupling is usually 
obtained by considering the electron transfer rates in the direction of 
the electron flow imposed by the bias voltage neglecting the inverse 
transitions. This relation is given by Equation 3 [48]: 

 
 

      [3] 
 

 
 

 
where  is the electron transmission coefficient,  is the density of 
states in the electrodes near the Fermi energy,  is the characteristic 
nuclear vibration angular frequency,  is the overpotential (the 
difference between the Fermi level of the electrode and the 
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equilibrium level for the redox species),  and  are two parameters 
which describe the potential profile inside the gap between the two 
electrodes (shift of the bias voltage and overpotential, see Figure 5b 
for an explanation of their meaning) and Ebias is the imposed bias 
voltage.  
 

 
Figure 5: a) Schematic representation of the energy bands in the sequential two-
step electron transport model; b) scheme of the potential drops inside the 
tunneling junction in the EC-STM configuration. 

 
This description foresees the possibility of an electrochemical 

gating effect related to specific values of the substrate potential 
providing a maximum for the tunneling current. In particular, the 
maximum is obtained for values of the substrate potential near the 
equilibrium value of the redox species. 

For redox molecules we have also to consider that the stabilization 
of a specific conformation of the redox molecule (oxidized or reduced) 
can by itself give rise to an increased or decreased efficiency for the 
transport of electrons between the tip and the substrate. The latter 
effect is the result of a variation of the delocalized orbitals in the 
molecule. This means that, for example, a reduced state of a molecule 
can give rise to more delocalized orbitals, which assure a more 
efficient conduction with respect to the oxidized state. Taken by itself, 
this phenomenon can imply an electrochemically controlled switching 
behavior of the molecule. Considering both the electrochemical gating 

a b 
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effect and the switching behavior, two conduction channels might be 
present in the case of redox molecules: a first channel related to the 
temporary population of the redox level of the molecule and a second 
channel related to the delocalization of electrons in the molecule 
according to the redox state of the molecule itself [43]. Altogether, 
these phenomena can give rise to a variety of non-linear behaviors of 
the tunneling current through redox molecules. 

The first experimental evidence of the electrochemical gating 
effect was provided by Tao in 1996, when he showed that, by keeping 
the bias voltage constant, the tunneling current through Fe-
porphyrins was strongly dependent on the potential of the substrate 
on which they were adsorbed. This behavior, schematically 
reproduced in Figure 6a, resembles that of a single-molecule 
transistor and it has a strong relevance in the context of developing a 
nanodevice. After this experiment, many other experimental 
evidences of a transistor-like effect have been obtained for different 
redox molecules, such as, for example, viologen [34,48], carotenes 
[49], transition metal complexes [35], derivatives of redox co-factors 
(e.g., quinones with thio-alkyl chains) [36,37,50] and metalloproteins 
[51-53] The experiment by Tao, like many other experiments that 
followed, was based on repetitive imaging of the same sample area 
with constant tip/substrate bias but with different substrate potential 
values. This kind of EC-STM experiments relies on the measurement 
of the change in apparent height of the molecular features in the 
images, which is strictly related, but not easily understandable in a 
quantitative way, to the decay factor of the overall transport 
phenomenon in the tunneling gap. Moreover, the configuration of the 
studied molecular species is necessarily asymmetric due to the 
different interactions it establishes with tip and substrate. The water 
gap could be form the substrate or tip side. This asymmetric situation 
implies that the current measured in the EC-STM configuration does 
not allow measure the single molecule conductance, rather, the 
conductance of the overall gap. Apart from the continuous scanning of 
the same sample area for different values of substrate potential with 
respect to the reference electrode, it is possible to perform 
spectroscopy measurements without lateral scanning of the EC-STM 
tip. In this case the tip is brought near to the molecule until a given 
current set-point is reached (or, in a reversed configuration, the 
molecules adsorbed at the tip surface are brought near to the 
substrate). Then, the z-feedback mechanism is switched off and, in the 
case of sufficiently stable tunneling gaps, the substrate potential or 
the tip/substrate bias potential are changed while measuring the 
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corresponding tunneling current at constant distance. It is also 
possible to directly access the single molecule conductance by 
exploiting a symmetric configuration in which a molecule is 
transiently bound in a covalent way to both the substrate and the tip. 
This configuration has been obtained by exploiting the STM break-
junction technique developed by Tao. Here, the current through the 
molecule is measured during a withdrawing process of the STM tip 
from an initial position near to the substrate. This procedure allows 
measure the current through the molecule as a function of the 
substrate potential and of the molecular oxidation state. The break-
junction configuration is easily implemented for certain type of 
molecules, whereas is more problematic in the case of single proteins, 
even if some studies have been performed also for proteins (see 
below). The tunneling properties obtained for molecules bound to 
both electrodes might be different from the transport properties 
measured for the same molecules in asymmetric configuration. 
Indeed, in some cases, tunneling current showed a clear resonance in 
asymmetric junctions whereas the transport properties for the same 
molecular type in a symmetric junction showed a sigmoidal behavior 
characterized by a growth of the conductance across the region where 
the molecule changed its oxidation state which is not followed by a 
decrease of the conductance. This behavior has been attributed to a 
so-called “soft gating” mechanism related to the different 
configuration fluctuations allowed to the molecule in the two 
experimental set-ups [34,54,55]. However, in other cases, even in 
symmetrical configuration, a resonance-like behavior has been found. 
As already stated, the current measured through redox molecules as a 
function of the electrochemical potential of the solution might involve 
both an electronic restructuring and a contribution of molecular and 
solvent fluctuations around the different redox states. The first 
contribution, which can be assimilated to an inner sphere 
contribution to the current, typically gives rise to a sigmoidal trend of 
the current (represented in Figure 6b) as the redox state of the 
molecule is changed. The second contribution is more related to 
solvent fluctuations and coupling of electrons to vibrational effects 
and typically gives rise to resonance-like features in the tunneling 
current. Depending on which of the two contributions is more 
relevant, the tunneling current across a redox molecule will display 
either features. The two contributions can be present together at the 
same time. In this case the sigmoidal behavior of the current will be 
superimposed to the resonance-like behavior like in the trace 
represented in Figure 6c. 
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Recently, the interpretation of ECSTM experiments, especially 
the asymmetric ones on redox metalloproteins, based on the 2-step 
ET mechanism with partial vibrational relaxation has been questioned 
[56] in favor of another model: the Newns−Anderson model for 
electron transport in the case of solvent and intramolecular 
reorganization [57-59]. This model is typically used to describe 
chemisorption of molecules on metal electrodes by the introduction of 
an Hamiltonian and the formation of projected density of states for 
the adsorbate. The molecular junction is modeled as a single energy 
level interacting with two electrodes which in the context of EC-STM 
are the tip and the substrate. The molecular orbital is then coupled to 
vibrational modes occurring during the charge transfer event. The 
inadequacy of the 2-step ET mechanism was suggested considering 
mainly its inability to quantitatively reproduce the values of the 
tunneling current obtained in experiments on metalloproteins and the 
typical value for the redox equilibrium value exploited to fit the data. 
Moreover, using the 2-step ET framework, different experiments on 
the same metalloprotein azurin required different values for the 
parameters to fit the data, whereas the alternative model allowed 
interpreting quantitatively different experiments using very similar 
parameter values. This model stresses the importance of the real 
value of the molecular redox equilibrium value in the specific EC-STM 
set-up. It also stresses the asymmetry of the junction when 
experiments are not performed in the break-junction configuration 
and the strongly reduced value of the reorganization energy. These 
considerations have been prompted by transition voltage experiments 
performed in the EC-STM set-up by Artes et al. [60] and they suggest 
that the application of this technique to EC-STM experiments on redox 
molecules will provide new insights on the details of the electron 
transport mechanism.   
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EC-STM of redox metalloproteins 
 

Redox or electron transfer metalloproteins are endowed with 
one or more metal ions in their active site. The oxidation state of the 
active site can change reversibly, providing the possibility to exchange 
electrons with other biomolecular partners and contributing to many 
fundamental processes for life. The metalloproteins can be classified 
mainly in three families: blue copper proteins (or cuprodoxins), 
cytochromes (containing heme groups) and iron-sulfur complexes; 
moreover, one can add the chlorophyll-based photosynthetic 
complexes (e.g. reaction centers, antenna complexes) that are redox 
metalloproteins where an electron transfer cascade is induced by a 
preceding photoionization process [11]. The many studies directed 
towards metalloprotein characterization have provided a deep 
understanding of the structure and function of several of these redox 
molecules and they have shed light on the mechanisms used by some 
of these biomolecules to exchange electrons between molecular 
partners. 
 
 
Azurin as a model system 
 

The “blue copper” metalloproteins comprise redox 
biomolecules bearing a single Cu ion in their active site, characterized 

Figure 6: Different behaviors for the tunneling current through the junction between 
the tip and the substrate of an EC-STM set-up which includes a redox molecule gap. 
a) resonant-like behavior typical of the electrochemical gated process; b) sigmoidal 
trend mainly due to a different conductance of a redox molecule in the two different 
configurations (oxidized and reduced); c) overlap of the two trends.  
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by a distorted co-ordination geometry that causes their typical intense 
blue color. Blue-copper proteins are usually involved in some of the 
early steps of respiration and photosynthesis [61]. Their family is 
mainly comprised of azurin, plastocyanin, amicyanin, rusticyanin, 
caeruloplasmin. In the context of EC-STM, azurin has been thoroughly 
investigated due to a series of peculiar features and it can be 
considered a model system. Accordingly, in the following we will 
describe some of its main peculiarities. 

Azurin from Pseudomonas aeruginosa is a water soluble, 
relatively small protein (molecular mass 14600) [62]. Its functional 
role has not been established yet with certainty but most likely is that 
of soluble electron carrier. In vitro studies have shown that azurin can 
react with several redox proteins such as cytochrome c551 and ethanol 
dehydrogenases [63J and other dehydrogenases in different bacteria. 
Furthermore, azurin can donate or accept electrons to/from nitrite 
reductase, that is, however, not its physiological partner. Azurin’s in 
vivo electron transferactivity appears to be related rather to cellular 
response to redox stress, hence suggesting cytochrome c peroxidase 
as a possible physiological partner. From a redox chemistry point of 
view, azurin functional behavior depends on the reversible oxidation 
of Cu1+ to Cu2+. Peculiar electronic properties are connected to the 
special structural features of its redox site. Indeed, it is formed by a 
copper ion ligated to two histidines (His46 and His117) and a cysteine 
(Cys112), strongly bound to copper. The S atom of Met121 and the 
main chain carbonyl oxygen of Gly45 complete the trigonal-
bipyramidal coordination geometry of the copper site of the wild type 
protein. The resulting geometry provides an intense optical 
absorption band at 628 nm and a small hyperfine splitting in the 
electron paramagnetic spectrum. For the same reason, azurin in 
endowed with a surprisingly large standard potential (+ 116 mV vs 
SCE) [64] in comparison to that of the Cu(II/I) aqua redox couple (-89 
mV vs SCE). Molecular structure has a globular shape characterized by 
mainly a β-barrel conformation, figure 7. The active site is buried 
inside the molecule and appears located ≈ 0.8 nm underneath the 
globule surface; it features also an exposed S-S bridge that is formed 
by the thiol moieties of Cys3 and Cys26 side chains. The last features 
are particularly relevant in the context of EC-STM experiments on this 
molecule. 
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Indeed, the presence of an exposed disulfide provides a very 
convenient anchoring point to chemisorb azurin at the surface of 
metals such as Au, Ag, Pt, Cu, etc. by reduction of the bond and the 
formation of one or two Me-S bonds. Moreover, its β-barrel 
conformation provides the protein with a remarkable resistance to 
the mechanical action of the scanning probe, particularly useful in 
case of repeated scans. 
 
 
EC-STM experiments on metalloproteins 
 

The first evidence of potential dependent EC-STM contrast on a 
metalloprotein was performed on azurin which was chemisorbed on 
Au(111) substrates [53]. EC-STM imaging showed features emerging 
from the terraces of the Au(111) film. The imaged structures were 
ascribed to single azurin molecules immobilized on the gold surface. 
The typical bright spots, which were repeatedly imaged by the 
spectroscopy-like imaging procedure while keeping the substrate/tip 

 
 
 

Figure 7. Schematic representation of the structure of azurin from Pseudomonas 
aeruginosa. Note the Cu ion represented as a dot in the upper part of the structure; 
in the insets, the active site and the disulphide bridge are highlighted. Structural 
information from PDB file 4AZU [65]. 
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voltage constant, showed an apparent height with respect to the gold 
substrate that was strongly dependent on the substrate potential 
which was controlled with respect to the reference electrode. A 
further experiment confirmed the role of the metal redox-active site in 
determining the height of the features with respect to the substrate 
[52]. This aspect was verified when azurin molecules bearing a Zn ion 
instead of Cu in the active site were mixed with the usual Cu-azurin. 
The internal control of the experiment was provided by the fact that 
Zn is not electro-active in the explored potential window. Upon 
substrate potential variation, some of the proteins varied their 
apparent height while others remained unchanged (Figure 8). Being 
the percentage of varying vs non-varying spots equal to that of the Cu 
vs Zn azurin molecules, the varying ones were attributed to Cu-azurin, 
also considering the previous investigations. The analysis of a single 
contrast-varying spot, based on its apparent height with respect to 
non-varying ones highlights a resonance-like behavior with its 
maximum at –0.21 V vs SCE (Figure 8h). As we discussed in the 
theoretical section, the position of the current maximum provides, in 
principle, a criterion to shed light on the involved electron transfer 
mechanism. Considering the possible electron transport mechanisms 
in this context, it has been established that the mechanism at play in 
this kind of experiments is the two steps one with a partial vibrational 
relaxation and partial coherence  
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Figure 8: (a)-(g) EC-STM spectroscopy-like-imaging of a mixture of Cu- and Zn-
azurin molecules adsorbed on a Au(111) substrate [52]. The value of the 
substrate potential with respect to SCE is reported in each image. Some molecules 
do not change their apparent height upon substrate potential, at variance with 
others. In (h) the apparent height increment of a spot (in the black circle in a) 
with respect to the non-varying ones is reported. The inset to (h) reports the 
apparent height increment averaged over six molecules. (Other imaging 
conditions: tunnelling current set-point 1 nA, bias 400 mV tip positive, scan range 
130 x 130 nm2). 

 
 
As we already noted in the experimental section, by accessing 

directly the tunneling current instead of the apparent height, it is 
possible to gain more insights into the transport mechanisms. In order 
to obtain a direct access to the current it is possible to exploit a 
different experimental configuration. Azurin molecules have been 
chemisorbed on an EC-STM gold tip facing a Au (111) substrate [21]. 
In this set-up, the gold tip is then brought within tunneling distance 
from the gold substrate and the overall junction is stabilized at a set-
point tunneling current of about 100 pA. By switching off the feedback 
and sweeping the tip potential at constant bias it is possible to 
measure the current flowing through the junction. This configuration 
allows investigating directly the tunneling current dependence upon 
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tip potential for different values of the bias voltage. The tunneling 
current between the tip and the substrate through azurin as a function 
of tip potential showed a clear current maximum, presumably due to 
temporary population of azurin redox states aligned with the Fermi 
levels of the gold electrodes of both the tip and the substrate. It is to 
be stressed that the measured current maximum was reproducible 
and reversible, assuring that the experimental configuration didn’t 
induce irreversible structural modifications of azurin. The effect of the 
bias voltage on the tunneling current was studied showing that the 
current maximum and the width of the curve increased with bias, 
while the position of the maximum shifted to positive tip potential 
values (Figure 9). This specific experiment was recently exploited to 
show that alternative model with respect to the usual 2-step ET 
mechanism can be used to interpret EC-STM experiments on redox 
metalloproteins [56]. The behavior of the tunneling current in this 
experiment allowed getting insight into some theoretical aspects of 
the electron transfer mechanism. In particular, the experimental I-Vtip 
results for different tip-substrate bias voltage are reported in Figure 9.  

 

 
 

Figure 9: Bias voltage dependence of the trans-characteristics. Curves (displayed 
with an offset of 50 pA each to avoid overlap) were obtained at different bias 
voltage stepped by 0.05 V in the range 0.05 ÷ 0.35 V, starting from the lowest 
curve  using a sweep rate of 2.4 V/s. Inset: Itip-Vbias characteristics measured from 
the set of curves at Vtip = –0.2 V (“off res”) and at each current maximum position 
(“in res”), showing a different tunnelling barrier transparency [21]. 

 
 The STM break-junction technique has been applied also in the 
case of single metalloproteins. This technique, as we already noted in 
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the description of the experimental set-ups, allows determining the 
single molecule conductance. Moreover, the technique allows studying 
the transport properties of proteins along different pathways, 
according to the specific groups chosen for establishing the contacts 
between the protein and the two electrodes. In this case, site-directed 
mutagenesis is typically exploited to introduce thiol functionalities 
which allow the formation of covalent contacts. By exploiting 
approaches of this type it is possible to study, in the context of the 
construction of a protein transistor, the best choice for contacts 
between the source and the drain electrodes. In an electrochemical 
environment, the STM break-junction approach has been applied to 
study the gating mechanism in azurin, even if the coupling of the 
electrodes to the protein was based on only one thiol bond) [66]. In 
fact, the second covalent bond is presumably based on an exposed 
lysine residue. In this study, the electrolyte gating effect has been 
found for the single azurin molecule conductance with a 20-fold on-off 
ratio, confirming previously acquired data exploiting constant-current 
EC-STM imaging and EC- Scanning Tunneling Spectroscopy.  
 An important aspect of single protein conductance in the ECSTM 
junction is the intrinsic flickering feature [67]. This behavior points to 
critical considerations in the context of single molecule devices. 
Indeed, a compromise between the stochastic behavior of single 
molecules and a few-molecules-averaged performance should be 
looked for in nanobiodevices to obtain more predictable results. 
 In the framework of redox metalloproteins, cytochrome c is one 
of the most studied molecules. Efforts to study this molecule by EC-
STM imaging has already been performed, concentrating on 
cytochrome c from Saccharomyces cerevisiae (YCC) immobilized on 
Au(111) substrates [68]. A major concern in ECSTM experiments on 
metalloproteins is that of exploiting an immobilization strategy which 
allows preserving the protein redox functionality. This is particularly 
critical for YCC whose secondary structure is rich mainly in -helices 
[64]. ECSTM imaging of YCC exploiting an immobilization strategy on 
bare gold which largely prevents protein denaturation [69] 
maintaining the redox functionality has been performed. YCC was 
immobilized on gold by exploiting the C102 residue while keeping the 
protein in the reduced form. Under these circumstances, the 
immobilized protein layer is still electrochemically active with a very 
fast interfacial electron transfer to the substrate. Taking images of the 
immobilized proteins for different values of the substrate potential, 
different apparent heights have been measured, confirming the 
electrolyte gating effect also for cytochrome c.  
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Recently, an EC-STM experiment on a different type of 
cytochrome (cytochrome b562) modified in order to allow an easy 
immobilization on a gold surface, demonstrated the electrochemical 
gating effect with a resonance-like behavior for the tunnelling current 
as a function of the substrate overpotential (the difference between 
the applied potential and the equilibrium potential for the redox 
species) [70]. In another study, the orientation dependent 
conductance of cytochrome was studied by introducing pairs of 
cysteine residues that assure from one side the immobilization on the 
gold substrate and from the other side the formation of transient 
covalent bond with the STM tip [71]. By using the break junction 
technique the protein conductance through the long and the short axis 
was measured. The results highlighted that the placement of the 
asymmetrically located heme within the protein might influences 
electron transport process.  
 
 
Other examples of nanobiodevices 
 

The data retrieved from surface-immobilized redox 
metalloproteins by Scanning Probe techniques operated in 
electrochemical environment, suggest clearly that these molecules 
behave like molecular switches, enabling or preventing electron flow 
through them according to the availability of molecular electronic 
levels in the energetic window comprised between the Fermi levels of 
tip and substrate. The possibility of switching the conduction state of 
an object such as a molecule by gating the flow of electrons through it, 
represents indeed the basic feature of a molecular (nano)transistor. 
Therefore, the idea of trying to implement a self-standing, single (few) 
molecule(s) transistor exploiting the electron conduction properties 
of metalloproteins (e.g. azurin) arises naturally [71]. Redox 
metalloproteins arranged in one-molecule-thick film in the gap 
defined by a pair of planar electrodes could hence act as the channel 
of a field-effect three terminals transistor. Of course, the problems 
posed by the implementation of such kind of devices appear 
immediately very serious and abundant. Among them, it is worth 
recalling two of them: i) the implementation and theoretical 
description of effective electrical contacts between metalloproteins 
and metal electrodes, and ii) the understanding and optimization of 
the mechanisms and conditions of intermolecular electron transfer in 
2D ensembles of metalloproteins, including the fact that many of these 
devices are implemented in dry conditions. Here, we will not discuss 
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in details the requirements for the construction of these devices, i.e. 
the strategies for protein immobilization on a surface. We redirect the 
reader interested in this topic to reviews in the literature [72-74]. 
Even if a final solution for these problems is still lacking, the practical 
realization of working devices is possible and it has been 
accomplished in facts. Indeed, it has been found that proteins in dry 
environment have an electronic conductivity comparable to that of 
conjugated molecules, highlighting the fact that proteins offer a very 
efficient medium for electron transport. Typically, one can assume 
that electron transport between two electrodes separated by a 
monomolecular protein layer has an exponential dependence on the 
tunnelling barrier width (the thickness of the protein layer can be 
considered a good approximation for the barrier width). The decay 
constant can be taken as a signature of the type of transport 
mechanism, specifically to distinguish between superexchange and 
hopping mechanism [75]. Indeed, in principle it is possible to 
distinguish between a direct non-resonant tunnelling and a multistep 
tunnelling process [76]. It is also plausible that these devices could 
provide information on the basic transfer properties of proteins even 
if they are operated in an environment different from proteins’ 
natural one. 

The implementation of a FET - or single particle transistor-like 
protein device, should likely take advantage of state-of-the-art 
lithographic techniques for the definition of planar (nano)electrodes. 
Figure 10 depicts the operating principle of a generic single 
metalloprotein planar transistor. Here, a redox metalloprotein is 
placed in the nanometrer-sized gap between two planar electrodes 
and is electrostatically coupled to a gate electrode. The coupling is 
responsible for shifting the electronic levels of the molecule with 
respect to the Fermi levels of the metal leads, enabling or hindering 
the electronic flow via the aforementioned levels. In this case, the 
choice of using metalloproteins is related to the possibility of 
exploiting energy levels that are specific for redox molecules. The idea 
is to use the typical features observed in electrochemical experiments 
on these molecules to perform a task in the context of solid-state 
electronics. 
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Figure 10: Scheme of a single metalloprotein planar nanotransistor. The gate 
electrode acts on the electronic levels brought about by the protein. When these 
levels are tuned to the Fermi levels of the leads, conduction via the molecule is 
enabled, bottom-left and right panel. 

 
To date, a limited number of different planar nanobioelectronic 

devices have been realized. Typically, these make use of the redox 
metalloproteins that have so far shown the most robust performances 
as to withstanding large electric fields without undergoing 
denaturation and to survive rather non-physiological environments 
such as that of the surface of a hybrid electronic device. 

The implementations reported so far have been those of two- 
and three-terminal devices; they have shown the feasibility of such 
hybrid devices and have been used especially to characterize those 
particular systems, trying to clarify the role of molecular organization 
and that of the particular metal ion in the protein. 

The first implementation of a hybrid nanoelectronic device was 
that of a solid state molecular rectifier based on a (sub)monolayer of 
azurin molecules [77] . In this case, the main interest was in the 
protein layer transport properties. A monomolecular carpet of 
metalloproteins was chemisorbed on the surface of thermally grown 
SiO2 in between two gold nanoelectrodes (Cr-Au) defined by e-beam 
lithography (EBL). Protein chemisorption was achieved by a silane-
based chemistry. The construct guaranteed a covalent linkage of the 
molecules to the surface as well as a defined, uniform orientation of 
the proteins on it. Control experiments on hybrid devices based on 
non-uniformly oriented azurin were performed using a different 
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immobilization strategy. Obtaining an uniformly oriented protein film 
in between nanoelectrodes is of extreme importance for the 
performance of an hybrid device for two main reasons: i) uniform 
orientation enables a higher surface coverage which can facilitate 
intermolecular electron transfer between neighbor metalloproteins; 
ii) for a given protein coverage, it endows the molecular carpet with a 
uniformity in the location and orientation of the Cu-based redox active 
sites, thus increasing electron transfer probability. Another important 
aspect, strictly related to protein orientation at surfaces, is protein 
electrostatics. Proteins, being zwitterionic molecules, possess on their 
surface a variety of charged and polar groups whose global effect is 
described by MEPs (Molecular Electrostatic Potentials). MEPs play a 
major role in protein-protein interaction and bio-recognition in 
solution and drive the phenomena of self-assembling at surfaces, as 
well as adsorption kinetics. MEPs for azurin have been computed in a 
number of different conditions involving different protein oxidation 
states, as well as solution pH, and ionic strength. Calculations have 
shown that azurin, in the experimental conditions used in the work at 
issue, possesses a strong dipolar moment (150 D) that can sum-up in 
an oriented, 2D molecular assembly, influencing the overall field 
sensed by electrons flowing in mono-molecular layer [77].  

The electrical characterization of a two-electrode device with a 
gap of 60 nm is reported in Figure 11 for the uniformly, and randomly 
oriented protein edifices [77]. Some important features and 
differences are evident: i) the uniformly oriented sample shows a 
marked rectifying behavior (rectification ratio of 175 at 1.5 V vs a 
figure of just 10 for the randomly oriented counterpart); ii) the 
uniformly oriented sample shows a ten-fold higher current with 
respect to the randomly oriented one; this effect, along with that of 
rectification, can be traced back to the molecular dipoles summing-up 
in the self-assembled layer and providing an electrostatic field 
superimposing to the external one; iii) marked steps in the I-V curves, 
tentatively ascribable to the involvement in the conduction 
mechanism of protein redox levels, are present in both samples albeit 
different in intensity. This first demonstration of a metalloprotein-
based molecular rectifier showed limited stability to aging and to 
environmental conditions, nevertheless suggesting that the essence of 
the observed phenomena was due to the presence of the molecules. 
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Figure 11: Current-voltage characterization for the randomly oriented Azurin 
sample (sample A) and for the uniformly oriented Azurin sample (sample B) in a 
70 nm gap. Schemes of the possible orientation of Azurin molecules in the two 
configurations are shown [77] .  

 
A further work addressed several issues related to protein 

sample purity, and the role of the Cu ion in azurin active site [78]. In 
50 to 100 nm wide nanogaps, it turned out that recombinant native 
azurin performed better than the wild type counterpart showing a 
rectifying ratio of 500 at 10 V. Moreover, an extensive study involving 
different molecules (recombinant native, Zn-azurin, and Apo-azurin – 
without the metal ion), all immobilized with a uniform orientation, 
was undertaken in order to understand the role of the particular 
metal ion in the active site, similarly to previous EC-STM studies at the 
level of single molecule. These results confirmed the key role of Cu ion 
and that of the electronic levels brought about by its presence, in 
assisting current flow through the molecular layer. Zn-azurin and 
Apo-azurin, albeit almost identical to Cu-azurin in molecular 
conformation, were in fact unable to elicit any appreciable current 
flow. Finally, the role of relative humidity in preserving the 
performances of the hybrid device over time was assessed. A relative 
humidity around 50% was found to be optimal for device 
performance and long-term operation. 

As a further step, a three-electrode device was implemented 
[79], i.e. a device where the current through a molecular layer was 
controlled by a gate electrode in a FET-like implementation. In this 
case, attention was paid to the possibility of finding features in the 
electron transport phenomenon that could resemble the transistor-
like effect identified in EC-STM experiments and related to protein 
redox properties. The experimental configuration for such a device 
was pretty much similar to the two-electrode one (EBL defined Cr/Au 
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arrow-shaped nanoelectrodes facing in a 100 nm gap on a Si/SiO2 
substrate). However, the main difference was the presence of an Ag 
electrode on the back of the structure, assuring an ohmic contact with 
the p-doped Si substrate. This electrode was used as gate in a FET 
configuration. The main results of this work were the presence of a 
marked resonance in the device trans-characteristics, Figure 12, 
which displayed a peak-to-valley ratio of 2 at Vg= 1.25 V. Only devices 
assembled from Cu-azurin displayed such a feature, at variance with 
Zn- and apo-azurin.  

Interestingly, the switching behavior of this protein-based FET 
was also modelled in a simplified frame of protein chains of 
alternating reduced and oxidized molecules, invoking a hopping 
mechanism for intermolecular electron transfer. Within that model, it 
was possible to account for the main experimental features of the 
implemented device, namely: i) the appearance of the described 
resonance in trans-characteristics (source-drain current vs gate 
voltage), and ii) the marked onset in the I-V curves, as already 
described in the implementation of the two-terminal devices. 
 
 

 
Figure 12: Three trans-characteristics (source-drain current vs gate voltage) 
obtained in temporal sequence (black circles, light grey triangles and black 
inverted triangles) on a 100 nm gap with Azurin molecules immobilized in a 
uniform orientation. In the resonance region, the trans-conductance changes from 
positive to negative values. The resonance feature gradually disappears [79].  

 
Recently, Richter et al. developed a vertical transistor 

configuration based on a small channel in which proteins are located 
[80]. In this configuration, a central gate electrode is exploited to 
activate a self-assembled monolayer of proteins sandwiched between 
two metal electrodes playing the role of drain and source electrodes. 
It is to be stressed that, in contrast to the previously described planar 
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devices, in this configuration the current flow is in the same direction 
of the main axis of the self-assembled proteins, whereas in the 
previous case the current was perpendicular to the main axes. 
Furthermore, in the set-up by Richter et al., the current is measured 
over a very small monolayer area. As a consequence, in the previous 
set-ups the intermolecular electron transport mechanism has a 
relevance, which is not present in the last one, where the main 
transport occurs across one-protein layer. It has been shown that the 
gate potential is able to align the energy levels of the proteins inside 
the window defined by the Fermi levels of source and drain. By this 
technique it has been possible to ascertain the connection between 
the redox properties of the proteins and the presence of a Negative 
Differential Resistance feature in the I-V curves [81]. Once again, 
azurin has been used to perform this experiment and the results have 
been compared to the case of the apo-Azurin. The absence of any NDR 
peak in the case of apo-AZ suggests that the observed feature is 
related to the redox center of Azurin. 
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