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Abstract

The emerging field of BioMolecular Electronics aims to unveil the charge trans-
port characteristics of biomolecules with two primary outcomes envisioned. The
first is to use nature’s efficient charge transport mechanisms as an inspiration
to build the next generation of hybrid bioelectronic devices towards a more sus-
tainable, biocompatible, and efficient technology. The second is to understand
this ubiquitous physicochemical process in life, exploited in many fundamen-
tal biological processes such as cell signalling, respiration, photosynthesis, or
enzymatic catalysis, leading us to a better understanding of disease mecha-
nisms connected to charge diffusion. Extracting electrical signatures from a
protein requires optimised methods for tethering the molecules to an electrode
surface, where it is advantageous to have precise electrochemical control over
the energy levels of the hybrid protein-electrode interface. Here, we review re-
cent progress towards understanding the charge transport mechanisms through
protein-electrode-protein junctions, which has led to the rapid development of
the new BioMolecular Electronics field. The field has brought a new vision into
the molecular electronics realm, where complex supramolecular structures such
as proteins can efficiently transport charge over long distances when placed in a

hybrid bioelectronic device. Such anomalous long-range charge transport mech-
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anisms acutely depend on specific chemical modifications of the supramolecular
protein structure and on the precisely engineered protein-electrode chemical
interactions. Key areas to explore in more detail are parameters like protein
stiffness (dynamics) and intrinsic electrostatic charge, and how these influence

the transport pathways and mechanisms in such hybrid devices.
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Proteins are vital charge mediators in nature [1, 2]. Although the amino acid
building blocks are mostly insulating [3], folded proteins have remarkable long-
range charge transfer properties [4]. Proteins fulfil many critical functions in
cellular processes governed by electron movement, such as respiration [5], pho-
tosynthesis [6], and enzyme catalysis [7]. The field of BioMolecular Electronics
studies the charge transport properties of proteins and other biomolecules with
two main objectives. The first is to design and build the next generation of hy-
brid bioelectronic interfaces towards more efficient and biocompatible electronic
devices. The second is to enhance our understanding of medicinal chemistry by
pinpointing the chemical interactions that lead to biological electron transport.
As an example of the latter, the mitochondrial electron transport chain has
been identified as a critical ingredient in the bioenergetics during cancer cell
metastasis [8]. Both the above aims involve understanding and manipulating
nature’s efficient bioelectricity, with a prominent example being the outstanding
bacterial circuitry based on multi heme cytochrome wires [9]. The field outcomes
foresee societal impact like, for instance, on highly applied technological fields
designing bio-compatible and non-invasive bioelectrical sensors for point of care
detection of analytes in the body.

The majority of (electronic) studies on proteins to date have focused on
solution-based electron transfer and catalytic properties [10, 11, 12, 13]. An
excellent overview of the electrochemical characterisation of surface-bound pro-
teins can be found elsewhere [14]. Pioneering work using surface-probe tech-
niques and electrochemistry focused on the details of the protein-electrode in-
terface [15, 16, 17]. To further advance this field, a key focus area is to study
the properties beyond the bulk average, to gain insight into the details outlined
above. To achieve this aim, we can decrease the number of proteins under
investigation by introducing a second “small” electrode, which serves as the top
contact for a group of proteins down to even a single protein. These electrode-
protein-electrode configurations have been reviewed in detail [13, 18, 19].

Our focus here is to review the latest experimental developments on design-

ing the protein-electrode interfaces, highlighting their essential role on the re-
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sulting charge transport mechanisms through these nanoelectronic protein junc-
tions. We start with a brief overview of experimental techniques for the fabri-
cation of electrode-protein-electrode junctions. Next, we discuss these junctions
using an energy-level framework, in which two crucial parameters dominate the
final transport properties of the junction. The first is the offset (or alignment)
between the energy levels of the protein and those of the electrodes (Protein
energy levels). The second is the extent of orbital mixing (i.e. hybridisation)
between the orbitals of the protein and the electrodes at the interface (Bio-
engineering the protein-electrode interface). We then discuss the still largely
unanswered question of how electrons flow through biomolecules over long dis-
tances. Finally, we summarise our discussion and share some prospects for
what will surely be the next, fascinating few years of rapid development of the

BioMolecular Electronics field.

Tools to study protein charge transport

The metal-molecule-metal configuration has been used extensively to study
charge transport in a wide variety of synthetic organic molecules in the field of
molecular electronics [20]. Experimental methods to create nanoscale electronic
junctions have been discussed in great detail by Xiang et al. [21]. Depending
on the technique, these junctions consist of a (mono)layer of molecules, often
referred to as ensemble junctions, or just a few (or even single) molecules. Here,
we highlight a few approaches that have been successfully used to measure the

charge transport properties of proteins.

Ensemble protein junctions

The liquid metal junction using a mercury drop has been around for a long
time [22]. Recently, Nakamaru et al. used it to measure the light-dependent
electrical properties of cytochrome c [23], see Figure 1A. They found that these
protein junctions behave as efficient light-sensitive photoconductors and hence

can act as photoelectrochemical switches. Chiechi et al. later developed a more
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robust version exploiting non-Newtonian eutectic gallium-indium (EGaln) [24].
An example is given in Figure 1B, where a layer of ferritin molecules is trapped
between a gold bottom electrode and the eutectic drop, see The enigma of charge
transport mechanisms in proteins for further details.

Electrophoretically produced gold nanowire-based junctions have success-
fully been exploited to study charge transport in nanoscale protein ensembles,
see Figure 1C. This method relies on forming self-assembled monolayers of pro-
teins, after which gold nanowires are electrophoretically deposited on top to
function as the second electrode [25]*. Figure 1D shows how the probe of an
atomic force microscope can be used to form protein junctions when coated with
a conductive material. This probe then serves as the top electrode to contact a
small area of a protein layer, or even individual proteins depending upon sam-
ple preparation conditions. Here, a laser is deflected off the micro-cantilever to

measure the force and current of the junction simultaneously [26].



75

80

A v B EGaln

Sn Cytochrome ¢
Ay g -
Lol
338 - ¥y i ]
AM

§405nm S 537nm et e
. Satatatatatatatatatatatitatetatate s

Au
nano-rod

Au-linker-protein//Au

Figure 1: Experimental techniques in the field of BioMolecular Electronics. (A)
A monolayer of proteins self-assembled onto a gold electrode using a mercury-drop as the
top electrode. Reprinted with permission from reference [23]. (B) Ensemble protein junction
using eutectic gallium-indium. Reprinted with permission from reference [27]. (C) Ensemble
protein junction using a suspended gold nanowire as the top electrode contact. Reprinted
with permission from reference [25]*. (D) Atomic force microscopy using a conductive probe
to measure the current and force of a protein junction simultaneously. (E) A single-protein
junction using the electrodes of a scanning tunnelling microscope. Reprinted with permission
from reference [28]**. (F) Scanning near-field optical microscopy for the measurement of

individual protein photocurrents. Reprinted with permission from reference [29].

Single-protein junctions

Scanning tunnelling microscopy (STM) is a crucial method for studying
single-protein charge transport behaviour. Artes et al. have used STM-based
single-protein junctions extensively to study the redox-related charge transport
properties of single azurin proteins [30]. In particular, they reported the first
single-protein junction example using the dynamic STM break-junction tech-
nique [31]**, showing unexpectedly large conductance values. Moreover, such
single-protein devices displayed a particular electrochemically enhanced trans-

port behaviour supported by the redox properties of the protein [32]. They also
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demonstrated controlled redox switching using an electrochemical STM (EC-
STM) setup [33].

Zhuang et al. recently used the same STM-based single-protein approach
to study the dynamics of an enzyme [28]**, see Figure 1E. Their results show
that the presence of NAD co-enzyme, responsible for the enzyme activity, re-
sults in a structure-induced reduction of the electron transport pathway. This
structural change leads to an increase in the junction current, thus suggesting
a relationship between charge transport and enzymatic activity. Zhang et al.
also reported on the activity of enzymes in a single-protein junction, which they
monitored directly using the electrical current of the STM [34]**. They showed
that large current fluctuations result from changes in the electrical coupling due
to structural changes in the protein matrix, yielding information on the enzyme
activity of the polymerase.

Using a different approach, Gerster et al. used scanning near-field optical
microscopy to measure the photocurrent of a covalently bound single photosyn-
thetic protein [29], illustrated in Figure 1F. These examples set the stage for
integrating the enzyme-electrode interface in the design of hybrid bioelectronics.
They also highlight the importance of the protein-electrode interface alignment
and hybridisation in the energy-level picture mentioned in the introduction,

which we will explore in the following two sections.

Protein energy levels

The molecular energy levels of a (redox) protein dictate the electron trans-
mission through a biomolecular junction. Particularly important is the position
of these energy levels with respect to the Fermi energy (Eg) of the contact-
ing electrodes. Precise control over the relative position of these energy levels
using a gating electrode is a key tool for studying the details of the transport
mechanisms in biomolecular junctions, see Figure 2A. In this example, at gate
potentials away from the protein redox midpoint (both at -0.4 V and +0.2 V

versus an AgCl reference electrode), the junction current is relatively low. This
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low current stems from the relatively large offset in energy between the low-lying
protein redox level and the electrode Fermi levels, thus imposing an off-resonant
tunnelling scenario. In contrast, the junction current is at a maximum when this
redox energy level is aligned with Er, at a gate potential close to the protein

redox midpoint of -0.1 V vs AgCl.
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Figure 2: The energy levels of the protein can be aligned to the Fermi level
of the electrodes using an electrochemical gate. (A) An energy-level framework of
the gating effect. The applied gate voltage shifts the energy levels of the protein into and
out of resonance, enhancing the junction conductance at the resonant potential. Reprinted
with permission from reference [35]. (B) Schematic setup of an electrochemical scanning
tunnelling microscope. Reprinted with permission from reference [36]. (C) A solid-state
protein ensemble junction, with a conducting probe atomic force microscope used as a gating
electrode. Reprinted with permission from reference [37]. (D) The conductance of streptavidin

depends on the electrochemical cell potential. Reprinted with permission from reference [38]**.
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The EC-STM provides an efficient gating method [39], allowing precise con-
trol over the relative position of the protein-electrode energy levels, see Fig-
ure 2B. An electrochemical functionality is added to the standard STM setup
using a bipotentiostat configuration. Using this setup, one has precise control
over the electrochemical potential of the substrate and the STM tip indepen-
dently. In turn, this control allows for probing the relevant (non)redox molecular
energy levels, from which a picture can be drawn that highlights the chemical
electron pathways in a protein supramolecular structure. Nongjian Tao first
demonstrated such control using a redox metalloporphyrin bound to an atom-
ically flat electrode [40]. It was first used in a single-protein configuration by
Alessandrini et al. who reported a redox-dependent tunnelling current for indi-
vidual azurin proteins bound to a gold surface [41].

Kayser et al. recently reported a different approach using a solid-state side-
gated transistor configuration combined with conducting probe atomic force
microscope [37], as shown in Figure 2C. They combined their gating experi-
ment with a variation in the work function of their substrates to map out the
resonance positions of different azurin-based junctions. Zhang et al. took a dif-
ferent approach and measured the charge transport characteristics of proteins
that have no redox activity, see Figure 2D. They used a combination of rest
potentials and different electrode materials (also making use of differences in
metal work functions), where they found peculiar resonance peaks in strepta-
vidin, immunoglobulin E, and ®29 polymerase, despite their lack of metal redox
centres [38]**. The latter suggested the critical role of aromatic amino acids in
a protein backbone, which might act as effective electron pathways across the

protein structure.

Bioengineering the protein-electrode interface

As discussed above, the efficiency of charge transport through (bio)molecular
junctions strongly depends on both the alignment and coupling of the energy

levels at the molecule-electrode interface. This complex problem has been
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thoroughly studied in simpler molecular junctions using synthetic molecules
[42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52]. The optimisation of the electrical
contact, i.e., finding ways for low energy barrier charge injection, in a hybrid
protein-electrode interface is critical in the observed final electrical characteris-
tics of the protein junction. One of the major issues in nano-biotechnology is
to reach protein-compatible designs for this integration.

Figure 3A illustrates a Lorentzian function of frontier molecular orbitals
in a molecular junction relative to the band energies of the metal, Er. The
magnitude of electron transmission increases with increasing hybridisation (i.e.,
the degree of orbital mixing) of the energy levels of the protein and the elec-
trode. The hybridisation refers to the chemical mixing between energy levels
of the proteins and the metal electrode surface. It is often referred to as the
degree of protein-electrode coupling. A better (chemical) coupling broadens the
Lorentzian curve (I') and increases the area under the curve, typically resulting
in higher electron transmission. Crucially, the hybridisation can be controlled
by appropriate and specific chemical modifications to both the electrodes and
the proteins under investigation. A delicate balance between high hybridisa-
tion (high transmission) and protein folding preservation is at the heart of the

protein-electrode interface design.

11



from reference [54]**.

LUMO

wild-type K41C Mutant

residues 36-42

Au substrate

T

m
i AL 1L Pl N
e Tl e, 1 Ev < e
A A iﬂl > s‘,} Covalently bound
fnco to protein

The (chemical) details at the protein-electrode interface strongly in-
fluence the efficiency of charge transport. (A) A Lorentzian plot of the transmission
function plotted against energy, which shows the conductance of hybridised molecular orbitals
of a single molecule relative to the band energies of a metal. Reprinted with permission from
reference [51]. (B) A molecular dynamics simulation to investigate the effect of point mu-
tagenesis on the orientation of a protein. Reprinted with permission from reference [53]*.
(C) Top: $29 polymerase with one (left) or two (right) specific lysine contacts. Bottom:
Streptavadin immobilised on electrodes via thiolated biotin anchoring groups, which encloses
a ®29 polymerase. Reprinted with permission from reference [34]**. (D) An ensemble of

proteins trapped between a gold substrate and a gold nanowire. Reprinted with permission

12
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Pioneering work by Ulstrup et al. has contributed significantly towards en-
hancing the protein-electrode coupling. They showed that azurin molecules ad-
sorbed onto gold electrodes yield a stable, functional monolayer, either directly
through surface cysteine residues [15] or via alkanethiol monolayers [55], both
displaying controllable levels of coupling of the redox centre with the surface
electrode. Several contributions towards the design of hybrid bio-interfaces ex-
panded on these pioneering reports. Examples include further electrode surface
modification with monolayers of a variety of functional groups [56, 57, 58, 59,
60, 61], bioengineering contacts [58, 61, 62], and the use of chemically linked
redox mediators and relays [56, 63]. These methods aim to improve orientation,
stability, and establish electrical interactions between the redox cofactor and
the electrodes.

A different approach to enhance the interface coupling is to introduce chemi-
cal modifications to (the surface of) the protein amino acid matrix, via point-site
mutations. In such a case, the highly cooperative nature of the protein fold-
ing structure can simultaneously affect the protein-electrode coupling and the
electron pathways inside the protein backbone, ultimately dictating the charge
transport characteristics of the protein junction. Ruiz et al. showed that a sin-
gle point-site mutation at the natural protein docking area in a copper-azurin
junction switches the charge transport mechanisms from the redox-enhanced
current in the wild-type to an off-resonant one in the mutated variant [64]**. A
follow-up theoretical analysis of the latter reveals that such modifications might
control the orientation at the protein-interface [53]*, as depicted in Figure 3B.

Zhang et al. have bioengineered specific contacts to a 29 polymerase pro-
tein [34]**. Figure 3C shows the modified protein in the top, either with a single
thiolated contact, or two of these specific anchoring units. In the bottom part,
streptavidin is tethered to gold electrodes using these thiolated biotin groups.
A higher junction conductance is measured when two specific contacts are used,
attributed to the result of biotin-binding into a deeper pocket of the streptavidin.
In turn, this configuration provides a more efficient injection of charge carriers

into the hydrophobic interior of the protein. Using specific contacts to modify

13
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electrodes also eliminates unpredictable orientations of proteins at the interface
that yield protein junctions with low electrical activity.

Using the gold-nanowire method, Fereiro et al. showed how the coupling
strength of the chemical linkers can act as a switch between different electron
transport mechanisms through a protein layer [54]**, see Figure 3D. Similarly,
the same group reported the immobilisation of cytochrome ¢ using the surface-
exposed cysteine 104 residue that binds covalently to gold electrodes, forming
an oriented, robust monolayer that allows for electron transport at room and
cryogenic temperatures [65]*. Mukhopadhyay et al. report the reproducibility of
current densities of three different proteins on SAM modified electrodes within
six types of junction configurations performed in different laboratories across
the world [25]*. The study concludes that the protein-electrode interface can

dominate the efficiency of electron transport without altering the mechanism.

The enigma of charge transport mechanisms in proteins

Understanding the mechanisms of charge transport in biomolecular entities
is inherently embedded in the aims of BioMolecular Electronics, as outlined in
the introduction. In electronic junctions of relatively simple organic molecules,
the transport mechanisms are mainly influenced by the length of the tunnelling
barrier (defined by the molecular length), and the temperature [66]. Shorter
molecules mostly display off-resonance tunnelling, where the transport is not
affected by the surrounding temperature, while longer molecules tend to dis-
play a thermally-activated hopping mechanism. This effect is illustrated in
Figure 4A. The tunnelling current depends exponentially on the width of the
barrier (represented by the molecular length), whereas the length dependence

is negligibly small in the hopping mechanism.

14
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Figure 4: Anomalous thermally-independent long-range electron charge transport
is the dominant mechanism in biomolecular junctions. (A) Schematic representation
of non-resonant tunnelling (left) and thermally activated hopping (right). Reprinted with
permission from reference [67]. (B) Mutagenesis of azurin molecules changes the transport
mechanisms from sequential tunnelling to fully coherent tunnelling. Reprinted with permission
from reference [64]**. (C) Self-assembled monolayers of thiolated protein nanowires from
Geobacter sulfurreducens demonstrate a hybrid mechanism along different parts of the amino
acid chain. Reprinted with permission from reference [68]. (D) Theoretical models reveal
that the mechanism strongly depends on the redox-active metal centre in azurin junctions.

Reprinted with permission from reference [69].
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However, in biomolecular junctions, the transport mechanisms do not align
with either of the two scenarios above. Instead, an anomalous temperature-
independent long-range transport mechanism prevails in most protein junctions
consisting of wild-type proteins [64]** [70]*. Although the details of the mech-
anisms are still unknown, several hypotheses revolve around particular “energy
state-assisted” tunnelling processes such as a sequential two-step tunnelling with
partial structure relaxation [71], or a “flickering” mechanism describing a form
of “efficient hopping” assisted by the particularities of the protein dynamics [72].
Whichever mechanism, they strongly depend on complex factors, such as the
protein supramolecular structure and its conformation in the nanoscale gap.
Kumar et al. showed how the charge transport mechanism in monolayers of
ferritin molecules depends on the iron content of the molecules [27]. Similarly,
Garg et al. found that the presence of heme chains within the protein structure
as characteristic in multi heme cytochrome systems boosts conduction efficiency
by several orders of magnitude [73].

Likewise, Ruiz et al. reported that by exchanging the natural lysine at the
41 position for an additional cysteine [64]**, the mechanism of charge transport
changed from two-step sequential tunnelling to off-resonant tunnelling, where
the redox energy state “vanishes” from the electron pathway, see Figure 4B.
Similar outer protein mutations have been used to control the orientation of the
protein junction, which, in turn, dictates the final electron pathway [74]. Cosert
et al. took this approach to functionalise protein nanowires from Geobacter
sulfurreducens and used these to form self-assembled monolayers on gold sub-
strates, see Figure 4C. They showed that tunnelling prevails in the top part of
the layer, where no aromatic residues are present, whereas hopping takes over
in the presence of such aromatic rings in the bottom part of the layer [68].

Despite significant challenges in theoretical modelling of charge transport
through large, complex molecules such as proteins, Valianti et al. reported fitted
trends through several azurin junctions [69], see Figure 4D. They found that
the copper centre in azurin seems responsible for the efficient long-range charge

transport characteristics. Romero-Muniz et al. pioneered the first calculation
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of an entire protein electronic structure [75], concluding that the oxygen-based
state distributed throughout the protein core might also be involved in the long-
range transport displayed in these systems. The same authors recently reported
calculations of Landauer coherent transport through a single-protein junction
that highlights the limitations of a pure off-resonant tunnelling mechanism in
describing charge transport in such complex junctions and pointing to other
possible missing ingredients [76]. In this vein, Papp et al. recently showed
that decoherence could be a critical parameter for efficient biological transport
[77]. This decoherence results from strong coupling in vibrational states of the
protein supramolecular structure. These theoretical reports, and others beyond
the scope of this review, highlight the gaps in our current understanding of the

detailed charge transport mechanism through proteins and other biomolecules.

Conclusions and outlook

In this review, we have summarised recent progress in the field of BioMolec-
ular Electronics, with a specific focus on the main mechanistic features that are
characteristic in the charge transport across protein nanoelectronic junctions.
The results obtained so far indicate that in a metal-protein-metal junction, the
final charge transport properties are dominated by the relative position of energy
states and their hybridisation between protein and electrode. Energy-level gat-
ing and chemical engineering of the protein-electrode interface in protein junc-
tions have been pivotal in understanding such complex processes. We anticipate
that they will continue evolving in the years to come. Overall, an anomalous
thermally-independent long-range charge transport mechanism is prevalent in
most wild-type proteins. When specific point-site mutations are introduced to
the amino acid matrix, this efficient mechanism often breaks down, indicating
the crucial role of the supramolecular protein structure. Likewise, the details
of the protein-electrode chemical interactions dictate the efficiency of charge
injection into the protein core and yields valuable information on how nature

solves this fundamental physicochemical process. In the following years, we
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shall see exciting developments in device architectures, which will hopefully
propel our understanding of all the remaining open questions in this newly born
BioMolecular Electronics field. We believe that understanding the principles of
bioelectricity is crucial for laying the foundations of a future hybrid bioelectronic

technology.
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