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a  b  s  t  r  a  c  t

Understanding  how  charges  move  through  and  between  biomolecules  is a fundamental  question  that
constitutes  the  basis  for many  biological  processes.  On  the  other  hand,  it has  potential  applications  in  the
design  of  sensors  based  on biomolecules  and  single  molecule  devices.  In this review  we  introduce  the
study  of  the  electron  transfer  (ET) process  in  biomolecules,  providing  an overview  of the  fundamental
theory  behind  it and  the  different  experimental  approaches.  The  ET  in  proteins  is  introduced  by  review-
ing  a complete  electronic  characterization  of  a redox  protein  (azurin)  using  electrochemical  scanning
tunnelling  microscopy  (ECSTM).  The  ET process  in DNA  is overviewed  and  results  from  different  experi-
mental  approaches  are  discussed.  Finally,  future  directions  in the study  of  the  ET process  in  biomolecules
are  introduced  as  well  as  examples  of possible  technological  applications.

©  2014  Elsevier  Ltd. All  rights  reserved.

1. Introduction

The question of how charges move through molecules has fas-
cinated scientists for decades. The electron transfer (ET) process
is the basis of most chemical reactions and biological processes.
[1] Examples of these biological processes include cellular respi-
ration, photosynthesis, DNA oxidative damage and most of the
enzyme-catalyzed reactions. Thus, understanding the fundamental
laws governing ET is important to understand chemical and biolog-
ical processes. In addition, this knowledge could lead to interesting
technological applications.

Most of the diagnostic tools in human health as well as
biosensors involve the detection of biomolecules. This detection is
usually carried out using different molecular biology techniques
combined with optical detection. However, many of them are
laborious, time-consuming, expensive and require labile natural
products. An electronic readout would be very advantageous, i.e.
through the measurement of the “signature” conductivity of indi-
vidual biomolecules. The systematic measurement of the electrical
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conductivity of different biomolecules could pave the way for the
design of electronic diagnostic tools; improving the sensitivity and
reducing the costs of these tools.

On the other hand, the electronic properties of biomolecules
combined with their self-assembling capabilities make these
molecules promising candidates as building blocks in the emerging
field of molecular electronics, a discipline focused on building elec-
tronic circuits and devices at the nanoscale using single molecules.
[2]

In this review we introduce the study of ET in biomolecules,
provide some introductory theoretical background, review the dif-
ferent experimental approaches used to study ET in biomolecules
and present an exhaustive study on the ET process involving azurin
using electrochemical scanning tunneling microscopy (ECSTM) and
related techniques.

2. Charge transfer mechanisms

In order to understand the ET process in biomolecules we  will
first introduce some fundamentals about charge transfer theory.
The subtleties of the ET are governed by the coupling between the
charge donor and the acceptor and the decoherence involved in
the process. [1,3,4] We can define two mechanisms that are widely
accepted to rationalize many of the ET reactions in biomolecules:
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Fig. 1. Charge transfer mechanisms. a) Superexchange tunneling: (left) representa-
tion of the wavefunction in a tunneling junction, and (right) energy diagram for a
donor acceptor system where a charge q crosses an energy barrier V0.
b) Resonant tunneling. Energy scheme for a donor acceptor system where the charge
crosses a double barrier system (V1 and V2) with a localized state E0 in the tunneling
gap.
c)  Two  step ET. Schematic energy diagram of the ECSTM showing the relative energy
levels of the substrate, the tip, and the redox molecule. �FS and �FT denote the
Fermi levels of the substrate and the tip, respectively; the energy levels of the
redox molecule at the oxidized and reduced forms are represented by �ox and �red,
respectively. Reproduced with permission from 14, copyright National Academy of
Sciences 2005.
d) Hopping. A charge undergoes a thermally activated ET transfer through different
states (1,2,...n) in the donor acceptor gap.

tunneling and hopping. In many cases, a combination of both or
intermediate situations are found in the ET process involving cer-
tain biomolecules. [4,5] In the following sections we overview these
two mechanisms and others derived from them that are commonly
used in the study of ET in biomolecules. For a more exhaustive
description of these concepts we refer the interested reader to
books [6] and recent reviews. [3,4,7]

2.1. Tunneling

Most of the biomolecules are assumed to be insulators and,
according to classical mechanics, they should constitute an impen-
etrable energy barrier for a colliding charge. The quantum
mechanical effect known as tunneling explains how charges can be
transferred efficiently between and through small biomolecules.
When a charge hits an impenetrable barrier of nanometric size
(see Figure 1a, left), the situation can be described using the time-
independent Schrödinger equation. [8] At the left of the potential
barrier in fig. 1a, the wavefunction has a sinusoidal behavior. At
x = 0, the potential jumps abruptly to a value higher than the energy
of the particle and, according to classical mechanics, the particle

should not cross. The Schrödinger equation imposes that the wave-
function cannot go to zero abruptly (the wavefunction and its
derivative must be continuous and defined at all points). Thus, it
can be shown that the wavefunction decays exponentially in the
barrier (0 < x < L in fig. 1a). This is the basic expression for electron

tunneling and it was confirmed experimentally. [9] The current
through the tunneling junction can be described with a function
where the rate of ET (kET) depends on the distance between donor
and acceptor (x):

kET ∝ e−ˇX (1)

The key parameter in this relationship is the distance decay fac-
tor �, and it is characteristic of the medium between donor and
acceptor. [3,10] An analogous expression can be used to obtain the
conductance of a molecule (G) bound between electrodes (fig. 1a,
right) in a moderate voltage range:

G = 1
VBias

= G0e−ˇd (2)

Where I is the current through the molecule as a consequence of
the bias voltage applied between electrodes (VBias), G0 is the con-
ductance quantum (2e2/h ≈ 77.5 �S), and d is the distance between
the electrodes (the length of the molecule).

These expressions are extremely useful for the study of ET in
several biomolecules using different techniques.

2.2. Multiple barriers: Resonant tunneling

In systems where intermediate energy states are present, the
resonant tunneling model can be applied under the appropriate
circumstances. Fig. 1b shows an example of a system with an inter-
mediate energy state E0 between two  barriers. When the incident
electron has the same energy as the localized state in the tunnel-
ing gap (E = E0), the conductance in the junction at zero bias and
ignoring electron spin can be expressed as:

G = 4e2

h

kLkR

(kL + kR)2
(3)

Where kL and kR are the tunneling rates for the first and sec-
ond tunneling steps, respectively. And in the case where kL = kR (a
localized state placed symmetrically in the tunneling junction), the
conductance becomes G = e2/h, half the conductance of a quantum
contact (G0). Some assumptions are made to arrive to this expres-
sion and it represents an ideal case (i.e. a metallic contact between
the localized level and the electrodes in the tunneling junction);
normally the conductance in the junction is less than G0/2 even
in this resonance condition because of different factors (i.e. the
resistance at the contacts).

This expression for the resonant tunneling is extremely use-
ful for the qualitative study of molecules with localized states
[11,12] and other theories and models were derived later in order
to account for other effects [7] (see below).

2.3. Two step tunneling

The two-step tunneling formalism [7] accounts for two  sequen-
tial tunneling steps with partial vibrational relaxation through a
molecule with a localized state (see fig. 1c). The model has been
extensively applied in the study of redox molecules in an elec-
trochemical environment, [13–17] and it relates the observable
tunneling current to different experimental parameters:

IT = ek�(eVBias)
ω

2�

{
exp

[
e

4�kT
(� + �� + �VBias)

2
]

+ exp
[

e

4�kT
(� + VBias − �� − �VBias)

2
]}−1

(4)

Where IT is the tunneling current, Vbias is the difference of poten-
tial applied between electrodes, � is the electronic transmission, �
is the density of states, � is the nuclear vibration frequency, � is
the reorganization energy, k is the Boltzmann constant, T is the
temperature, 	 is the overpotential (sample potential minus the
molecule redox potential) and 
 and � are two model parameters
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