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The last half-century has witnessed the birth and development of a new multidisciplinary field at the
edge between materials science, nanoscience, engineering, and chemistry known as Molecular
Electronics. This field deals with the electronic properties of individual molecules and their integration as
active components in electronic circuits and has also been applied to biomolecules, leading to
BioMolecular Electronics and opening new perspectives for single-molecule biophysics and
biomedicine. Herein, we provide a brief introduction and overview of the BioMolecular electronics field,
focusing on nucleic acids and potential applications for these measurements. In particular, we review
the recent demonstration of the first single-molecule electrical detection of a biologically-relevant

Received 20th May 2021,
Accepted 11th August 2021

nucleic acid. We also show how this could be used to study biomolecular interactions and applications
in liquid biopsy for early cancer detection, among others. Finally, we discuss future perspectives and
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Introduction

From before the 1980s and especially during the 90s, materials
science in general, and nanoscience and nanotechnology in
particular, have promised multiple applications enabled by an
unprecedented control of matter. One of them is the ultimate
miniaturization of electronic components and circuits to the
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challenges in the applications of this fascinating research field.

scale of individual molecules. This exciting field is known as
Molecular Electronics.

Molecular Electronics started almost 50 years ago when
Aviram and Ratner predicted the first molecular rectifier
(Fig. 1, top) in their seminal theoretical work." During the last
half century, a myriad of theoretical and experimental results
have been published studying the many aspects of molecular
electronics.

Theories for how charges transfer and transport in molecules
developed®™® in parallel with the experimental developments.
The multiple theoretical and experimental methods used during
the years, beyond the scope of this perspective, can be found in
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review papers”"* and books."”*® The field experienced a boom
when the electronic conductance of individual molecules
bound between electrodes could be measured reliably. Two main
approaches were reported to achieve this, the current-distance®
and the current-time*® scanning tunneling microscope®' break-
junction (STMBJ) approaches. The current-distance STMB]
(Fig. 1b) has been the most widely used. With this method, the
STM tip is brought to contact and retracted from the sample
several times while the current is recorded. When a molecule
gets bound, a step appears, interrupting the exponential decay in
the current-distance trace. This current (I) can be related to
conductance (G) by G = I/V, with V being the voltage, and
conductance histograms can be constructed by acquiring
thousands of curves to statistically determine an individual
molecule’s conductance® (see Fig. 1, bottom left panels). This
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method has the advantage of providing a relatively high yield
and statistics. In the current-time method, the STM tip is
brought to a fixed distance from the sample surface. The current
is then recorded while molecules diffuse in the tunneling gap.>°
When a molecule binds to both electrodes, a sudden jump is
observed in the current trace that can be used to determine
single-molecule conductance using the same approach and
equation above. This method provides less yield and statistics
but is unique to study the spontaneous formation of molecular
junctions.

Primarily, molecular electronics techniques have been used
to study charge transport through small molecules to demon-
strate several single-molecule electronic devices, including
diodes,?*?* transistors,”*>’ potentiometers,*® ... In the next
section, we will see that they have also been applied to relatively
more complex biomolecules (see the next section). Beyond
demonstrating electronic devices, these techniques have been
refined to study the effects of chemical binding and linking
groups,”” the configuration of the binding atoms in the electrode
surface,®® and even chemical reactions electrocatalyzed at the
individual molecule level.*!

Despite all these advances, nanotechnologies consisting of
electronic devices based on individual molecules remain
elusive and constitute one of the broken promises of modern
nanoscience, nanotechnology, and materials science in
general. However, we envisage that the intersection between
these fascinating fields and biology may offer opportunities to
move these ideas closer to reality. This perspective article aims
to introduce the basics of BioMolecular electronics and propose
new and potential biomolecular electronics applications that
may be crucial for society’s challenges.
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Fig.1 Top: Aviram and Ratner's proposed molecular diode diagram.
Reproduced with permission from ref. 1. Bottom: The STMBJ current-
distance method applied to bipyridine. (A) Conductance of a gold contact
formed between a gold STM tip and a gold substrate decreases in quantum
steps near multiples of Go (=2e%/h) as the tip is pulled away from the
substrate. (B) A corresponding conductance histogram constructed from
1000 conductance curves as shown in (A) shows well-defined peaks near
1Go, 2Gg, and 3Gg due to conductance quantization. (C) When the contact
shown in (A) is completely broken, corresponding to the collapse of the
last quantum step, a new series of conductance steps appears if molecules
such as 4,4’ bipyridine are present in the solution. These steps are due to
the formation of the stable molecular junction between the tip and the
substrate electrodes. (D) A conductance histogram obtained from 1000
measurements as shown in (C) shows peaks near 1x, 2x, and 3 x 0.01Gq
that are ascribed to one, two, and three molecules, respectively. (E and F)
In the absence of molecules, no such steps or peaks are observed within
the same conductance range. Reproduced with permission from ref. 19.

BioMolecular Electronics

Shortly after opening the door for reliable single-molecule
conductance measurements, biomolecules were considered
as the subject of these studies, too, primarily short peptides®>
and oligonucleotides.’> This quickly expanded to larger
biomolecules,***° including redox proteins*>*” and even some
larger complexes.*® We briefly review a protein example
below before focusing on oligonucleotides and BioMolecular
Electronics applications.

Proteins: the case of azurin

The STM-BJ approach'® was used to perform conductance
measurements on the redox protein azurin (Fig. 2).>® Azurin is
a small protein from Pseudomonas aeruginosa that constituted
the benchmark for charge transfer in proteins during the 90s in
theoretical and experimental research (electrochemical and
photochemical bulk studies).**** The results showed current
steps comparable to those found in studies performed on
organic molecules with simpler structures, indicating that azurin
can establish a junction bridging two electrodes.>® Conductance

6996 | J Mater. Chem. B, 2021, 9, 6994-7006

View Article Online

Perspective

Fig. 2 Idealized all atom representation of an azurin junction contacted
between two STM electrodes. Figure built using the pdb structure 1AZU,*’
Rasmol,*® and PoV-Ray,*°

histograms obtained at different electrochemical potentials
demonstrated that azurin conductance is related to the redox
behavior of the protein, as control measurements performed
on non-redox Zn-azurin showed no such dependence. The
dependence of azurin conductance on electrochemical
potentials is consistent with a multistep charge transport
model.” A numerical version of the model** was used to fit the
data and obtain parameters describing the charge transport (CT)
process. The conductance in the junction is controlled by the
alignment of the Fermi levels of the electrodes with the energy
level of the redox center, in analogy to a field effect transistor.
This constituted a proof of concept transistor based on a single
protein. Further research helped to obtain other parameters, like
the transition voltage,**** studying azurin mutants,"***> and
azurin interacting with the redox partner.’® Developments over
the last decades show that STM-assisted molecular junctions are
a vital tool for molecular and bioelectronics. These applications
to study single protein conductance opened the doors for
future investigations on more complex biological samples that
constitute ongoing research.

Nucleic acids

Just ten years after the discovery of the structure of DNA,*° it
was suggested that the stacking of the orbitals of the bases of
double stranded DNA (dsDNA) could lead to conductive
behavior.”' Since then, several theoretical and experimental
studies have addressed the question of the electronic
conductance in DNA, leading to exciting findings and a still
ongoing discussion.

DNA CT has been an active field of study for many years.
How the charges move through oligonucleotides is a question
that has been addressed using diverse techniques, including

This journal is © The Royal Society of Chemistry 2021
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bulk and single-molecule approaches, in environments
ranging from ultra-high vacuum to solid-state configurations
in air, as well as experiments in buffer and electrochemical
environments, 33432760

DNA bases have been found to participate and mediate CT
in optical, electrochemical, and single-molecule approaches.>
However, in a recent study, it is suggested that CT could also be
mediated by the backbone.®® Further research is needed to
demonstrate if the backbone is playing any direct role in the
DNA CT process. Despite not having a clear, unified picture of
the CT process in DNA, it is now clear that CT plays an essential
role in some DNA biological processes.>>®" For example, CT in
DNA is fundamental in DNA oxidative processes, like oxidative
damage and its repair related to many widespread diseases.®!
But, probably due to the different variety of conditions, various
lengths, and sequences used in the experiments, results of DNA
conductance reported in the literature spanned a vast range
differing in orders of magnitude. Just to cite some examples,
DNA was reported to be insulating,>*®*> semiconducting,®®
conducting,®” and even superconducting.>®

Nevertheless, despite all these different results, discarding
disagreements due to diverse experimental conditions and
extreme molecular differences, some consensus was achieved
about the mechanisms for CT in individual DNA molecules.
Fig. 3 shows the different determinants for single-molecule
DNA conductance. In general, except in one report,*® it has
been observed that a double-helix is needed to transport
charges due to the base stacking providing the orbitals with
energy levels mediating the transfer. Initially, the electronic
conductance was believed to depend mainly on sequence and
length, based on the results observed in DNA** and other
progressively longer molecules.®® GC-rich sequences tended to
give a smoother decay of G with the distance, suggesting a
hopping charge transfer, while ATs introduced a higher resis-
tance for the charges, suggesting a tunneling charge transport
mechanism. Similarly, a transition from tunneling to hopping
is suggested with increasing lengths. Several variations and
subtleties on these two extremes have been proposed over the
years (ie. see ref. 12, 65 and 66), but discussing the particular
details is beyond the scope of this perspective. Theoretical
studies suggested from early years that effects such as the
structure and conformation of DNA may modulate the
conductance.>®” After a decade of single-molecule DNA
measurements, new effects were described (Fig. 3c), suggesting
that the conformation of the sequence®>**® and the delocalization
of the density of electronic states®®® over more than one base pair
also play essential roles in determining the conductance of DNA
oligonucleotides. As a consequence of the base stacking being the
central mediator of the CT process, mismatches in the base-pairing
can profoundly affect oligonucleotides’ conductance.**”* The con-
ductance of the molecule can change by an order of magnitude,
depending on the nature of the base substitution.**

Despite this consensus, there are several remaining
unknowns about the electrical conductance of DNA; What
is the precise role of the backbone? Which one is the CT
mechanism for each length? Is there a mechanism explaining

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Factors determining DNA conductance. (a) Natural logarithm of
DNA conductance vs. length (total number of base pairs). The solid line is a
linear fit that reflects the exponential dependence of the conductance on
length. The decay constant is determined from the slope of the linear fit.
(b). Conductance of (GC)n vs. 1/length (in total base pairs). Reproduced
with permission from ref. 33. (c) Resistance of alternating (black squares)
and stacked (blue triangles) G DNA sequences versus the number of CG in
the sequences. The stacked sequences have smaller resistance values than
alternating sequences, and an oscillation is superimposed on the linear
trend. Error bars are standard deviations calculated from three to four sets
of experiments for each individual sequence. Reproduced with permission
from ref. 63. The scheme in the left was adapted with permission from
ref. 59.

all the effects? Is it possible to predict the electrical conduc-
tance from the DNA sequence in complex structures such as
DNA origami or other NA nanostructures?

Further research is necessary to complete our understanding
since experiments with individual oligonucleotides keep
showing surprising results (see below).

DNA:RNA: a different length and
sequence dependence

One would expect DNA:RNA hybrid molecules (a DNA chain
hybridized with an RNA) would have similar or identical
conductance as a dsDNA with the same sequence, but the
initial experiments with simple GC-rich DNA:RNA sequences
showed recently that their electrical conductance was one order
of magnitude higher than the one of dsDNA for the same
sequence.””

Fig. 4 shows simulations done to rationalize the
experimental results showing DNA:RNA having one order of

J. Mater. Chem. B, 2021, 9, 6994-7006 | 6997
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Fig. 4 DNA:RNA conductance in GC-rich sequences. Results from
charge-transport simulations of 11-bp RNA:DNA and B-form dsDNA.
(a and b) 3D isosurface of the HOMO orbital (isovalue = 2 x 107°) on
the oligonucleotide structures for RNA:DNA and B-form dsDNA. (c)
Projection of the HOMO level onto each of the base pairs in the A-form
RNA:DNA (blue solid line) and B-form dsDNA (black solid line). There is no
contribution to the HOMO level for the 9th to 11th base pairs in dsDNA.
(d) 2D representation of the ratio of the total density of states (DoS) along
the molecule between RNA:DNA hybrids and B-form dsDNA for an energy
ranging from HOMO-0.1 to 0.5 eV above HOMO level. Reproduced with
permission from ref. 72.

B-form dsDNA

magnitude higher conductance than the dsDNA counterpart.”
Briefly, results and simulations demonstrated that this different
conductance is mainly due to DNA:RNA hybrids being in the
A-form (Fig. 4a) conformation, while dsDNA is in the B-form
(Fig. 4b). In contrast with some early theoretical calculations that
suggested the opposite trend® (it is worth noting that this study
did not include the backbone in the computation), A-form is
more compact and allows for the delocalization of the HOMO
over more base pairs (see Fig. 4),>>’> resulting in a higher
conductance.

Another surprise in the first DNA:RNA conductance reports
was the length dependence of adenine-stacked sequences.”?
Adenine-rich sequences favored a tunneling component
and a sharp decay of the conductance for increasing lengths
in dsDNA measurements® but resulted in nearly length-
independent and a longrange conductance” in DNA:RNA
hybrids (Fig. 5).

The behavior of AT-rich sequences shown in Fig. 5 reflects
virtually the same conductance for sequences ranging from
eleven to twenty-one base pairs. This is indicative of a
hopping CT mechanism,”® but a deeper analysis of this length
dependence resulted in the conclusion that the most likely
mechanism is hopping with the hopping site being delocalized
over several base pairs.®® Specifically, it is 1.3 nm, or five bases
for the sequence shown in Fig. 5.7
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Fig. 5 DNA:RNA conductance in adenine-rich sequences. Conductance
measurements of adenine-stacked RNA:DNA hybrids. (a) Illustration of the
GGG-Am-GGG RNA:DNA hybrids. (b—e) Conductance histograms of four
RNA:DNA hybrids (m = 5, 7, 9, and 15, respectively). Red dashed line shows
the Gaussian fitting of each peak. Reproduced with permission from
ref. 73.

In summary, STMB]J measurements in individual
oligonucleotides have established the main determinants
for single-molecule conductance in dsDNA and DNA:RNA
hybrids.*>”*7® However, some knowledge gaps remain
and more studies are needed to characterize the CT
process in oligonucleotides completely; e.g., the conductance
of dsRNA or those from sequences containing uracil have
not been systematically studied yet. Nevertheless, the
research has already paved the way for single-molecule
devices, biosensors, and several other applications (see below).
In the following sections, we introduce some emerging
applications of BioMolecular Electronics. The initial ones
correspond to new applications recently reported, while
others are potential applications representing ongoing
research.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1tb01141c

Open Access Article. Published on 08 September 2021. Downloaded on 1/17/2026 1:52:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

Some examples of applications and
potential applications: a single-
molecule biosensor for foodborne
bacteria

The electrical detection of individual RNA molecules in solution
described above allows for the ultra-sensitive detection of
sequences in complex environments.”"”* Knowing the particular
target sequence (i.e., specific for some organism), one can design
a complementary probe functionalized to bind electrodes and
close the “circuit” (Fig. 6), with the conductance detected being
characteristic for the target sequence and sensitive to changes in
length,” conformation,® and changes in the base-pairing.**
Traditional approaches for detecting microorganisms often
require time-consuming cell-culturing steps before detection
and identification, and, while nucleic acid-based methods
provide better specificity (mutants, different strains, and patho-
genic serotypes can be differentiated), the detection of nucleic
acids almost always requires enzymatic amplification through

-SH uM

Pulling ,1

View Article Online
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approaches such as PCR.”® The electrical detection of RNA can
obviate the need for amplification steps and enable the
detection of particular sequences in complex and dilute
environments (Fig. 6).”*

Fig. 6 shows the first single-molecule electrical detection
approach applied to particular E. coli strains. These experiments
focused on identifying specific strains of Escherichia coli.”® Many
E. coli strains are pathogenic and produce one or more forms of
Shiga toxin.”” This approach targeted a particular region of
mRNA that partially encodes for the Shiga toxins. RNA was
specifically targeted instead of DNA for different reasons, as
introduced above:

e RNA transcription within the cells naturally amplifies
these targets during the interphase of the cell cycle, thus
naturally creating more RNA for detection, which in turn may
remove the necessity of performing PCR-based amplification or
cell-culturing steps.

e Many pathogens have RNA genomes’®

e RNA fragments can provide direct information about gene
activity and cell viability.
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Fig. 6 The first single-molecule electrical study on a biologically-relevant oligonucleotide. (a) Schematic of the 15 bp RNA:DNA sequences studied. The
blue side represents the DNA probe with thiol linkers, and the red side represents the RNA sequences targeted. For E. coli O157:H7 X =A, Y =U,andZ=G
(perfectly matched). In the other three cases a mismatch is present. For E. coli O175:H28 X = G, for E. coli EDla Y = C and for Photobacterium damselae
Z = A. (b) Idealized schematic of the experimental set-up showing the RNA:DNA molecule bound between two gold electrodes. (c) Representative
conductance versus distance traces obtained from the O157:H7 hybrids during break junction measurements. The black curves (with steps) are measured
when a molecule binds between the electrodes; and the grey curves occur when no molecules bind. All curves are offset horizontally for clarity.
(d) Conductance histograms for the four RNA:DNA hybrids and two control experiments performed for the single-stranded DNA probe and blank buffer.
Histograms are offset vertically for clarity. A total of 5000 traces were collected for each sample. (e) Representative histograms measured at various
concentrations of the O157:H7 sequence. The control experiment in buffer solution shows no peak in the histogram. (f) Dependence of trace selection
on the concentration of target molecules, showing the percentage of traces with steps at varying concentrations. Horizontal error bars show the final
RNA:DNA hybrid concentration range from three independent experiments. Vertical error bars represent the percentage of curves showing steps from
three independent measurements. Dashed horizontal lines represent the typical percentage of curves selected in sodium phosphate buffer without
adding RNA:DNA hybrids. The vertical dashed line depicts the theoretical concentration where a single molecule would exist in the sample volume.
Adapted with permission from ref. 71.

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. B, 2021, 9, 6994-7006 | 6999


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1tb01141c

Open Access Article. Published on 08 September 2021. Downloaded on 1/17/2026 1:52:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

Note that this approach is entirely different from electrical
sequencing technologies based on ionic currents; the charge
transports through the bases, parallel to the strand in this case,
while in sequencing approaches, one aims either to block the
ionic current in a nanopore with the NA or to measure the CT
perpendicular to each base. This single-molecule biosensor can
detect known sequences quickly and sensitively, but is not
designed to figure out new sequences. Recently, some efforts
have been developed to adapt this technology to sequencing
applications, using BioMolecular Electronics with the aid of
machine learning data treatment.”®

As a single-biomolecule sensor, this application shows
remarkable specificity able to discern single-base mismatches.
The histograms in Fig. 6d show that changes in an individual
base can dramatically affect electrical conductance. While the
wild-type (perfect match) sequence for the pathogenic E. coli
0157:H7 results in a conductance around 2.5 x 10~ %G, (with G,
being the conductance quantum, G, = 2¢*/k), changing an
adenine to guanine close to the 3’ in the RNA fragment causes
the conductance to drop to a fifth of that value, allowing for
detecting of this other pathogenic E. coli strain. In contrast,
when guanine is exchanged for an adenine close to 5’
(a P. damselae sequence), the conductance is not detectable in
this experimental range. Another surprising result was found
when changing uracil in the central part of RNA for a cytosine
(a sequence for the non-pathogenic E. coli ED1), resulting in an
electrical conductance of 5 x 10~ G,. This is remarkable since
it is counter-intuitive; affecting the base pairing in the middle
of the sequence, instead of affecting the CT pathway, somehow
favors it. This manifests that the conductance is a complex
magnitude difficult to predict from the starting sequence and
was explained thanks to molecular dynamics simulations
coupled to ab initio CT calculations. The computations showed
that this particular change affected the molecule’s energy
levels, bringing it closer to the energy level of the electrodes,
resulting in a situation closer to resonance and thus a higher
electrical conductance.”

Besides the high specificity allowing the distinction of
different sequences from different strains differing in only
one base pair, this method also has the advantage of extremely
high sensitivity. Fig. 6e shows conductance histograms
obtained from experiments performed at different RNA
concentrations ranging from extremely low (zM, 10~>" M) to
micro. The selectivity (number of conductance traces included
in the histogram) scales proportionally with the concentration.
A titration for the selectivity (Fig. 6f) allows finding the limit of
detection for this proof-of-concept single-molecule sensor to be
in the attomolar range. Table 1 shows a comparison of the
Limit of Detection (LOD) of this novel biosensor to typical
sensor performance indicators in the literature.

This, together with other indicators of sensor performance
(the possibility of detecting the target RNA in the presence of
interfering sequences’' and complex environments”*), shows a
proof-of-concept single-molecule biosensor that has enormous
potential impact in diverse fields related to human health. This
method’s possible future benefits go from detecting potential
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Table 1 Sensor performance: limit of detection (LOD) in concentration
units for different sensing technologies

Technology LOD
Chemical sensors nM®?
Electrochemical biosensors M3
SPR pM-nM**
STM-based single-biomolecule electrical detection am”’

pathogens before they cause catastrophic epidemics to the early
detection of biomarker sequences related to cancer (see the last
section).

Some present roadblocks for these new applications are the
lack of single-molecule conductance measurements for RNA
from human origin and the challenges in miniaturizing
these single-molecule devices, despite recent advances in
miniaturization and microfabrication of electromechanical
molecular break-junctions systems.®>®' See the last section
for more details.

Electrical measurement of biomolecular interactions at the
single-molecule level

The advances described above are not limited to engineering
applications in biosensors and nano detectors but could also
open new possibilities for single-molecule biophysical
measurements. Biomolecular interactions and their analysis
are at the core of a wide range of disciplines like biochemistry,
biotechnology, and medicinal chemistry. These dynamic inter-
actions are the key to all cellular functions and understanding
those interactions between biomolecules could be vital to
elucidate the molecular basis of many diseases. Single-
molecule techniques (mostly optical approaches) have emerged
as powerful tools for deciphering these interactions.®

Comparing single-molecule results with the known behavior
of the cellular interactions in bulk has also remained a chal-
lenge for scientists over the years. STM-B] methods could also
be used to study the fundamentals of biophysical interactions
at the single-molecule level. Therefore, BioMolecular Electronics
methods based on scanning probe microscopies are promising
single-molecule approaches for measuring electron transport
between biomolecules and in biomolecular complexes.
This molecular-level biophysical study could also be a concept
validation for different single biomolecule-based sensors, not
necessarily based on nucleic acids, if using interactions such as
the one between antigen and antibody (Ag-Ab).

Measuring Ag-Ab interactions

Antigen-antibody interactions are a textbook example of bio-
molecular interactions.’® The strength of the interaction
between antibody (Ab) and antigen (Ag) depends on the affinity
and the specificity of the binding.**®” In addition, depending
on the number of binding sites and conformations at the
molecular level, the strength of the binding may vary.®®

There exist several bulk methods for detecting these Ag-Ab
interactions. These include immuno-rolling circle amplification,**
immuno-hybridization chain reaction,” electrochemical impedance

This journal is © The Royal Society of Chemistry 2021
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spectroscopy,”>®* proximity ligation assay,”® and surface
plasmon resonance,’® among others. Recent studies have also
shown that, in addition to these bulk methods, scanning
tunneling microscopy can act as a promising electrical tool
for studying these biomolecules on surfaces.””'°® Though
researchers have addressed particular individual Ag-Ab
complexes and their dynamics,”® we still lack a quantitative
study of these biomolecular interactions at the molecular level
and examining how the antigen binding site may affect
the conductance pathway. STM methods have also allowed
measuring single molecular electron transport properties
between redox proteins,’® but STM-B] measurements of
biomolecular interactions and statistical biomolecular inter-
action conductance have not been reported to date. Using these
measurements, one could bridge the single-molecule behavior
to the known bulk results.

Antibodies are Y-shaped proteins with different binding
domains (Fig. 7). They can form a conducting bridge by binding
a pair of electrodes,”” making the system perfect for STM-B]
measurements. By measuring the electrical conductance of
individual Ag-Ab complexes, one could get a molecular finger-
print to characterize them. Fig. 7 shows an idealized diagram of
a single-molecule junction formed between and antibody and
two electrodes. Measurements in the presence and absence of
the antigen could help elucidate if the antigen affects the
conductance pathway, and this may demonstrate a single-
biomolecule biosensor based on Ag-Ab interactions. This kind
of single-biomolecule electrical biosensors could be invaluable
for human health and environmental monitoring."**

Understanding the biomolecular interactions in the RISC
complex at the nanoscale

A far more complex system with crucial biomolecular inter-
actions is the RNA-Induced Silencing Complex (RISC). The RISC

Fig. 7 STM biomolecular break junction formed by an individual antibody
between two gold electrodes.

This journal is © The Royal Society of Chemistry 2021
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is a multiprotein complex that uses the siRNA or miRNA as a
template for recognizing complementary mRNA.'”> When it
finds a complementary strand, it activates RNase to cleave
mRNA. siRNAs function post-transcriptionally by base-pairing
to the mRNA 3’-untranslated regions to repress protein
synthesis.’®>'® The main components of the RISC are the
nucleic acids, the proteins DICER, TRBP (RNA binding protein),
PACT, and, most importantly, Argonaute 2 (AGO2).’** BioMo-
lecular Electronics measurements could also be used for having
a complete understanding of these dynamic processes and
measuring the interactions between different components of
the RISC complex."®

Some recent studies support the fact that some phase-
separated systems inside the cell are associated with transcription
regulation and other biological functions. Processing bodies
(P-bodies) are one of these phase-separated cytoplasmic ribonu-
cleoprotein complexes, primarily composed of translationally
repressed mRNAs and proteins.'”® They are induced by cellular
stress and related to mRNA decay.'®® These phase-separated
systems are associated with many diseases,'®” including cancer,
neurodegeneration, and some infectious diseases.

Fig. 8 shows an advanced potential application of BioMolecular
Electronics, where a nucleic acid bound between electrodes, in
turn, binds to Ago2. With such a system, one could have a
clear insight into the binding geometry between the different
components of the RISC complex and obtain electrical fingerprints
for each case. One could construct the respective conductance
histograms and get electrical fingerprints by measuring the
conductance values for ds RNA and Ago2-dsRNA complexes.
These fingerprints could be related to single-complex thermo-
dynamic and kinetic information of these complexes responsible
for gene silencing. This information could be crucial to predicting
the design and delivery strategies for silencing human disease
factors using RNAi.

In the future, the application of single-molecule techniques
for the measurement of gene expression in individual cells

Au 111 surface

Fig. 8 STM-BJ measurement of a Argonaute-siRNA complex at the
single-complex level.
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could provide many new insights into the field of gene
silencing.'%®

A potential biomedical application: electrical cancer detection
in liquid biopsies

Cancer is a significant healthcare problem and constitutes one
of the most frequent causes of death globally.'® Unfortunately,
many cancer cases are recognized too late, and this late-stage
diagnosis results in higher fatality rates. Thus, there is a clear
need for detection methods capable of detecting early stages
since this could enable early treatments, potentially saving
many lives."*

A promising approach for early detection is the use of cancer
biomarkers in body fluids through liquid biopsies.""* Liquid
biopsy is an analytically sensitive body fluid test that allows
analyzing body fluids such as blood samples for cancer-specific
biomarkers. It can be used to discriminate tumor cells easily
among billion healthy cells."** Blood samples, or other body
fluids, can contain circulating free tumor nucleic acids (ctNA)
such as circulating tumor DNA (ctDNA) or circulating tumor
RNA (ctRNA) that can be used as cancer biomarkers."*> The
amount of circulating tumor DNA in blood can range from
0.01% up to 1%,""> an extremely low level compared to wild-
type cell-free DNA. This, combined with a low frequency of
mutations relative to wild-type sequences, makes ctDNA
detection in blood or other body fluids challenging.'*?
Detecting RNA may be relatively easier because transcription
allows RNA to be amplified naturally and produces more RNA
for detection. Moreover, RNA provides information about the
particular cellular state.””

Nanotechnology could help to address these challenges. For
example, the STM-BJ recently allowed the first demonstration
of detection and identification of RNA from E. coli via single-
molecule conductance’* (see above), and this could be an ideal
method for liquid biopsy because it is non-invasive, highly
sensitive, and could be helpful to detect cancers without the
use of surgery."'* Fig. 9 shows the proposed approach; after
sampling body fluids, the liquid biopsy sample could be used
for single-biomolecule electrical detection targeting cancer
biomarkers with minimal preprocessing.”*

The main hypothesis behind this particular application is
that the sequences of ctNAs can be used to detect cancers.
Recent omics studies suggest that this is the case, such as the

(i) (ii)
Liquid biopsy Cancer biomarkers
CtDNA
CtRNA

. iii)
Detecting cancer
biomarkers

Blood

Saliva

SH/NHZ

)

Urine

SH/NHZ
1

Au Electrode
I |

Fig. 9 A biomedicine application: cancer detection via
biomolecule electrical detection in liquid biopsies.

single-
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Pan-Cancer Analysis of Whole Genomes (PCAWG) of the
International Cancer Genome Consortium (ICGC) and The
Cancer Genome Atlas (TCGA)'* (see Fig. 10). PCAWG reports
the comprehensive and integrative analysis of 2658 whole-
cancer genomes across 38 tumor types.'®''® Fig. 10 shows a
recent analysis of the distribution of cancer biomarkers and
their mutations across cancer types."** At the top of the list, one
finds the proto-oncogene KRAS, TERT, and BRAF accounting
for most of the mutations detected in dangerous adenocarci-
nomas like the pancreatic one. We propose using STM-BJ to
detect Kras mRNA mutant fragments as a proof-of-concept
application of single-molecule electrical detection of a
biomarker for early cancer detection. This could be extended
to many other biomarkers, and the detection paralleled after
miniaturizing the single-biomolecule sensor to cover several
different cancer types. Since the conductance of mRNA is
expected to decrease with an increasing length of the
sequence,’” it is critical to find the minimum specific size
because it will allow for a higher signal-to-noise ratio in the
conductance measurement. At the same time, the chosen
sequence needs to be specific only for the required gene.

It is worth mentioning that this approach is different from
sequencing and is not targeting the discovery of new biomar-
kers. In this case, we propose BioMolecular Electronics for the
fast electrical screening of liquid biopsy samples in single-
molecule experiments (targeting already discovered common
cancer biomarkers). We study the unique electrical fingerprints
of the biomarkers that may appear in many cancer types with
the objective of detecting cancers electrically. This could be
extended to the parallel detection of many biomarkers in
miniaturized devices that could simultaneously cover several
different cancer types.

We are doing some preliminary analysis on wild-type and
mutated KRAS sequences (a common cancer biomarker).
GC content, melting temperatures, and secondary structure
information can be found using the IDT Oligoanalyzer
tool."'* In addition, the minimum specific length is found
using the NCBI Blast tool."*> Multiple alignhments Blast results

¥ o <
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Fig. 10 Candidate cancer biomarkers found in the recent literature™?
Reproduced with permission from ref. 113.
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confirm that the sequence with 16 bases is 100% specific
for the Homo sapiens KRAS proto-oncogene, GTPase (KRAS),
transcript variant a and b, mRNA.

Experiments are undergoing to measure the conductance of
this and other biomarker sequences to compare it with the one
found in mutant sequences.

This method could open the door for the rapid early
electrical detection of cancer in liquid biopsies, especially if
challenges in engineering and miniaturization are solved
(see the next section). Also, one could apply this same idea
for other applications, such as detecting infectious diseases or
environmental monitoring of potential pathogens before they
constitute a risk, anticipating (and hopefully preventing) future
pandemics.

Challenges and opportunities in BioMolecular Electronics
applications

The examples above show the potential of BioMolecular Electronics
to result in new applications that can fulfill many current societal
needs. A highly sensitive and completely electrical single-molecule
biosensor could be a crucial asset for the early detection of cancer
(see above), but could also help in environmental monitoring
applications; detecting populations of microbes in particular
ecosystems, anticipating changes in ecology that could result from
the ongoing climate crisis."'® Another potential game-changing
application could be the detection of highly infectious pathogens,
such as coronavirus families and variants, that could allow for
rapid screening in the population.

Besides new sensing technologies, BioMolecular Electronics
has the potential to result in the generation of new fundamental
knowledge. Electrical signals in individual biomolecules could
allow studying complex biological processes with unprecedented
spatio-temporal resolution. This could shed new light on crucial
biological processes such as the gene silencing of RISC or gene
editing by the CRISPR-Cas complexes.

To achieve these objectives in the near future, BioMolecular
Electronics needs to overcome a series of challenges. On the
sensing front, in order to realistically deliver the promises of
single biomolecule electrical detection in biomedical and
environmental applications, the device needs to be
miniaturized. Some efforts have recently shown remarkable
progress miniaturizing molecular junctions,®* but to detect
biomolecules in buffered or complex aqueous solutions, one
will have to find solutions for miniaturizing the electrodes
while insulating the contacts at the apex of the electrodes’
gap. This is an evident engineering and experimental
challenge, and solving it may also help make BioMolecular
Electronics fundamental research more widespread. Also, single-
biomolecule electrical signals are typically low signal-to-noise
ratio, and this demands high statistics, typically needing hun-
dreds or thousands of traces. New statistical and data analysis
approaches are required in order to make these technologies
more applicable, such as the recent application of machine
learning for the analysis of conductance histograms.”

Even if these new technologies promise to be highly cost-
effective for particular applications, at present, there are no

This journal is © The Royal Society of Chemistry 2021
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single-biomolecule electrical sensors in the market. After all,
the only biosensor routinely commercialized and widespread at
the moment is the electrochemical glucose biosensor. To
open the doors for the future commercialization of different
biosensors, including the single-biomolecule electrical
technologies discussed here, various stakeholders need to
invest more to make them a reality, including funding agencies,
academia, and especially industries.

Conclusions

Here, we provided a brief introduction and overview to the
emerging field of BioMolecular Electronics, the discipline
studying the CT process in biomolecules, and its potential
applications, including future perspectives and challenges.
After a brief introduction of the fundamental theory, a brief
summary of the experimental techniques used for the study of
CT in biomolecules was introduced, emphasizing single-
molecule methods. Also, we reviewed some of the results in
proteins and nucleic acids, from the initial studies on DNA to
the latest studies on RNA and potential application examples.

The study of charge transport in nucleic acids has been a
very active field of research these last decades, and different
experimental approaches have allowed establishing the CT
mechanisms in short DNA molecules, revealing a transition
from tunneling to hopping dependent on the length, the
sequence of the molecule, and the delocalization or coherence
length. In addition, other possible factors affecting the CT
process are beginning to be considered, such as structural
fluctuations and different conformations. Single-molecule
studies on oligonucleotides with different structures have
helped this end, providing results useful to derive a general
theory for CT in oligonucleotides in the future. Also, these
fundamental research approaches paved the way for new
methods for the detection and diagnosis of diseases based on
the electrical readout of single biomolecules and for biomolecular
interactions in fundamental biophysics.
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