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Understanding the mechanism of charge transport in proteins and peptides in physiologically relevant
environments has been a long-standing interest, as several physiological processes involve ion and
electron transfer in proteins. This has attracted the interest of researchers working on biomolecular
electronics. However, the discovery that some bacteria can produce proteinaceous nanowires capable
of transporting electrons over distances of up to the centimeter range has opened a new paradigm for
the development of synthetic biomimetic proteinaceous nanowires as electronic materials. Inspired by
the structural models suggesting that closely packed aromatic residues facilitate charge transport
through proteinaceous nanowires generated by these bacteria, various groups have developed synthetic
peptide-based nanofibrils that allow long-range electron transport along their lengths. This highlight
reviews recent developments in the construction and characterization of self-assembled fibrils of
aromatic residue-rich peptides designed for long-range electron transport, outlines ongoing challenges,
and lays out opportunities in the field. The ability to carry out efficient electron transport via self-
assembled peptide nanofibrils and tune their electrical properties by modifying constituent peptide
sequences would herald a new era of peptide-based solid-state electronics. This would also provide a
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Introduction

Proteins are an essential part of life, and the movement of
electrons within proteins enables physiological processes
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sustainable bio-based alternative to current approaches in the development of electronic materials.

related to biological energy conversion and storage. Such move-
ment of electrons through proteins is termed the electron
transfer (ET) process.”® In this process, electrons are shuttled
through closely packed redox-active sites due to the redox
potential difference between donor and acceptor units. This
transport within proteins is possible due to electrostatic screen-
ing provided by ions in the electrolyte solution that completely
or partially surround the protein. Electron transfer in such
systems can occur over distances of a few nanometers, which is
sufficient to enable biological processes like respiration, photo-
synthesis, and hydrogenases."

While such electron transfer in proteins for physiological
processes is well-known, the developments in the field of
molecular electronics gave rise to the idea of whether some of
these proteins can be used as conducting units in molecular
electronics.'* The biological ET process in proteins can be
probed by spectroscopic and electrochemical techniques,
where the proteins are exposed to the solution environment.
However, to study the feasibility of using these molecules for
solid-state electronics, they need to be removed from the
solution environment and placed between electrodes. Electron
shuttling via protein in such situations occurs due to the
potential difference applied between the contact electrodes
rather than the difference in the chemical potential of electrons
in different regions within the proteins. Such a process is called
electron transport (ETp)" which follows mechanisms such as

This journal is © The Royal Society of Chemistry 2025
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thermally activated hopping, sequential tunnelling, superex-
change, or flickering tunnelling.®

Historically, a large number of studies conducted to under-
stand electron transport in proteins have been the ones with
redox centres such as cytochrome and azurin. Electron trans-
port in these systems is limited to distances of up to a few
nanometers.>® The conduction in these systems declines expo-
nentially as a function of their lengths” albeit these molecules
demonstrate higher conduction compared to molecular wires
at lengths over 7 nm.>” More recently, it has also been demon-
strated that globular proteins lacking redox-active centres can
also allow for electron transport.®™*° While the conduction at
this length scale makes these molecules strong candidates for
molecular electronics, it limits their wider application in
mesoscale electronics, where the electrons may have to be
channelled over distances of hundreds of nanometres to a
few micrometres.

The discoveries that various bacteria can generate conduct-
ing proteinaceous microbial nanowires that can transport
electrons over distances ranging from a few micrometres to
even centimetre scale have led researchers to realize that, under
certain conditions, proteinaceous filamentous structures can
facilitate long-distance electron transport. For instance, the
bacterium Shewanella oneidensis develops nanowires composed
of multiheme c-type cytochromes, which act as redox cofactors
for making long-range charge transport possible."* The trans-
port along the length of these nanowires, which are outer
membrane and periplasmic extensions of the bacteria,"* could
occur over a micrometre range and can be tuned by a transverse
electric field.*® The electron shuttling along the length of these
nanowires is attributed to thermally activated hopping trans-
port facilitated by closely packed cytochromes.'* More recently,
it has been reported that multicellular Cable bacteria, found
in marine and freshwater sediments, possess periplasmic
filaments composed of metalloproteins with nickel-based
cofactors'® and can transport electrons to distances of over a
centimeter.'® Electron transport in this system is mediated by
those cofactors and attributed to thermally activated multistep
hopping transport at higher temperatures (> 75 K) and electron
tunnelling assisted by quantized vibrational modes at lower
temperatures."”

Geobacter sulfurreducens,'® one of the most commonly stu-
died metal-reducing bacteria, and its related species Geobacter
metallireducens"® can produce conductive proteinaceous nano-
wires that can be a few nanometres in diameter and up to a few
micrometres in length, resulting in a high aspect ratio.>® The
composition of these nanowires and the mechanism of electron
transport in them have been topics of vigorous debate. Over
the years, two major categories of conducting nanowires in
G. sulfurreducens have been identified*' - o-helical PilA protein-
based homopolymer filament called pili (or e-pili due to their
conductive nature)**?* (Fig. 1a) and multiheme cytochrome-
based OmcS,** OmcZz,*>*® and OmcE*” nanowires (Fig. 1b-d).
There is a debate over whether electron transport in pili
nanowires is due to delocalized transport resulting from closely
packed aromatic amino acid residues®®>° or hopping transport
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mediated by those aromatic amino acids.
transport in the cytochrome-based nanowires is attributed to
hopping transport mediated by closely stacked hemes asso-
ciated with the cytochromes.***®

Over the years, it has been reported that a wide range of
phylogenetically diverse sets of bacteria can generate conduc-
tive nanowires, which could either be composed of the PilA
protein®? or multiheme cytochromes.*® These discoveries of not
only the existence of naturally designed conducting proteinac-
eous nanowires but also their pervasive prevalence in the
microbial world are quite exciting since proteins are generally
believed to be insulators.’

One of the limiting factors in the widespread use of
G. sulfurreducens e-pili is the difficulty in scaling up pili
production due to limitations in bacterial growth rate and the
purification process necessary to separate nanowires from the
rest of the bacteria. To overcome that bottleneck, pili genes
from G. sulfurreducens can be introduced to Escherichia coli,
which can multiply at a much faster rate and therefore allow for
large volume production of pili.** This process would still
require one to undergo microbial growth, pili extraction, and
a purification process. An alternative method that can be
employed could be synthesizing bioinspired proteins and peptide
motifs in vitro, followed by their self-assembly to construct fibrillar
structures with the desired electronic properties. The self-
assembly route facilitates scaling up production and also reduces
the barriers to conducting studies aimed at examining both the
self-assembly mechanism and charge transport properties. Devel-
opment of conducting peptide and protein-based structures
would be of great interest to the field of electronic materials, as
there is an increasing interest in bio-based and biocompatible
materials for sustainable electronics and bioelectronics.>

Inspired by the idea that conducting nanowires produced by
some bacteria can be composed of cytochromes, development
of various biomimetic synthetic cytochrome-based conducting
nanowires has been reported.*®® Altamura et al. constructed
electron-conducting nanowires by inserting metalloprotein
rubredoxin, which has iron as a redox centre, within the
nanofibers of self-assembled non-conducting prion domain.*”
These nanowires had diameters that varied with pH of the
solution, with approximately 8 nm at pH 4.5 and a length of
approximately 12 pm. Chen et al.*® demonstrated construction
of conducting nanofibrils with metalloprotein multiheme
c-type cytochromes as redox centres within self-assembled
gamma-prefoldin (yPFD) protein filaments. These nanowires
had a diameter of approximately 3 nm and a length exceeding
250 nm. Some proteins have affinity towards metal units,
allowing them to be attached to protein-based materials
for enhancing electron transport.**™*' Travaglini et al.>® took
advantage of the affinity of the coiled-coil domain of PFD
molecules towards heme groups to incorporate heme within
YPFD filaments, as had been done with protein-based bulk
materials,’® to create conducting proteinaceous nanowires of
diameters of about 9 nm and a length of over 1 pm.

On the other hand, influenced by the idea that G. sulfurre-
ducens can produce conducting pili entirely composed of amino
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Fig. 1 Structural representation of various nanowires generated by bacteria G. sulfurreducens based on their composition. (a) PilA-based, and
cytochrome-based (b) OmcS, (c) OmcZ, and (d) OmcE filaments. Aromatic residues in PilA filament and redox sites in cytochrome-based filaments
are highlighted in red.*” Reprinted with permission from N. Amdursky, Current Opinion in Electrochemistry, 2024, 47, 101551. Copyright 2024 Elsevier.

acids, and that the electron transport in such nanowires relies
on the close packing of the residues of aromatic amino acids,
various groups have also reported the development of self-
assembled, bioinspired synthetic peptides rich in aromatic
residues that can form fibrillar structures through self-
assembly and facilitate electron transport along their lengths.
While engineered protein-based nanowires rich in metallopro-
teins as redox centres are interesting candidates for conducting
nanowires for electronics, this highlight will focus on recent
works on the development of these redox centre-deficient
aromatic amino acid-rich conducting structures.

As in the case of proteins and peptides in their physiological
environments, self-assembled peptide fibrils also allow for
electron, proton,**™* and mixed proton-electron transport.*®
In this highlight, I will limit my discussion to reports of
aromatic amino acid-rich peptide nanofibrils that are explicitly
designed to promote electron transport along their length and
outline the current state. For readers who are interested in
learning about the mechanism of charge transport in short and
long molecular wires of peptides, I recommend the 2015 review
by Amdursky et al.” and a more recent review by Jang et al.*® For
those interested in a general overview of electron (and proton)
transport in protein-based systems, readers may find a recent
review by Amdursky’” helpful. A short review” by Lindsay
provides a good overview of electron transport in proteins.
Those interested in a detailed discussion on theoretical models
and experimental evidence of long-range electron transport in
various protein-based materials would find the review paper by
Ing et al.’ useful.

Electron transport measurements in
aromatic amino acid-rich fibrils

Individual aromatic amino acids and peptides rich in aromatic
amino acids can self-assemble in various structures**** due to
n—7 interaction between the aromatic residues, hydrogen bond-
ing, and electrostatic interaction among amino acids, and also
between amino acids and the surroundings. Fibrillar structures
of aromatic amino acids and peptides rich in aromatic amino
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acid residues can be constructed via self-assembly in both
solution environments®*™>® and vapor phase.”®®” Over the
years, various aromatic amino acid-rich biomimetic peptides,
such as those inspired by biological amyloids, have been self-
assembled and studied for their interesting chemical, mechan-
ical, and optical properties.>*>*°

Inspired by the idea that long-range electron transport in
G. sulfurreducens e-pili is facilitated by aromatic residues asso-
ciated with aromatic amino acids of constituent peptides, in
2015, Creasey et al.®* synthesized a bioinspired peptide with the
sequence GFPRFAGFP (Fig. 2a) based on the proteins found in
elastin and collagen. The peptide was designed for two major
purposes: to achieve a helical structure that facilitates quasi
one-dimensional self-assembly in solution, and to leverage
the high abundance of aromatic amino acid phenylalanine (F)
for intermolecular coupling during self-assembly, enabling n-n
conjugation for constructing an electron transport pathway.
The self-assembly of peptides into fibrils was carried out by
preparing the peptide solution in water at a concentration of
10 mg mL ", followed by incubation at 37 °C for a duration of
overnight to 7 days before proceeding with physical, chemical,
and electrical characterizations.

When the incubated solution was drop-cast on a mica
substrate and the AFM imaging was carried out, it was observed
that the most prevalent features were fibrillar structures with
lengths of up to 10 pm and diameters of about 0.5 nm (Fig. 2b),
demonstrating the ability of the designed peptide to undergo
quasi one-dimensional self-assembly. For electrical charac-
terization, two two-terminal conductivity measurement setups
were prepared by placing two molybdenum plates onto
the substrate with the film of self-assembled fibril network.
The resulting current-voltage (I-V) curve was linear within the
applied voltage range of 2 V to —2 V (Fig. 1c). The conductance
of the fibril network was in the range of 10" to 10 '° S. This
value was higher than the value for non-incubated sample,
where the self-assembly process was limited due to lack of
enough time for peptide units to assemble and therefore
prevented the peptide from undergo the formation of long
fibrils. Fluorescence spectroscopy suggested the presence of
n-m interactions, implying that these interactions may be

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Chemical structure of the peptide used for the construction of
self-assembled fibrils for this study. (b) AFM topography images of self-
assembled fibrils. (c) Current—voltage (/-V) response of peptide fibril
network (red) compared to the response from the peptide before incuba-
tion (blue) and other biomolecules such as insulin (purple), biotin (yellow)
as well as background response from mica substrate (green).®! Reprinted
with permission from R. C. G. Creasey, Y. Shingaya and T. Nakayama,
Materials Chemistry and Physics, 2015, 158, 52-59. Copyright 2015
Elsevier.

responsible for the formation of long fibrils that allow for
electron transport along their lengths.

Inspired again by the idea that aromatic amino acids in G.
sulfurreducens pili are responsible for making electron trans-
port possible, Ing et al.®* reported charge transport studies in
self-assembled fibrils of peptide Ac-ELKAIAQEFKAIAKEFKA
IAF'EFKAIAQK-NH, (here, F' represents iodo-phenylalanine).®®
The peptide that forms a helical structure (Fig. 3a) had its
sequence capped with glutamic acid (E) and lysine (K) to
induce electrostatic interactions at the ends of the peptides
and promote the formation of elongated fibrils during the

This journal is © The Royal Society of Chemistry 2025
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self-assembly process. The self-assembly of the peptides into
fibrils was then carried out by dissolving them in phosphate-
buffered saline (PBS) solution. During the self-assembly pro-
cess, the helical structures of peptides aggregated into an
antiparallel coiled-coil hexamer (ACC-Hex, Fig. 3b) in a man-
ner similar to how G. sulfurreducens pili are formed.”® AFM
images showed the formation of fibrils that were several
micrometres in length and had diameters of more than
2 nm (Fig. 3c and d). The fibrils were then drop-cast onto
interdigitated electrodes with a 5-pm spacing and left to dry
before performing current-voltage (I-V) measurements.

The fibril network bridging the interdigitated electrodes had
an average resistance of 188 + 36 Q with significantly higher
conductance for the fibril network (Fig. 3e) compared to the
dried buffer control and amyloid-B (AB) fibres (mentioned
later). Based on the single fibril measurements, the conductiv-
ity of these fibrils was found to be 1.12 + 0.77 S ecm ™, which is
about two orders of magnitude larger than the wild-type
G. sulfurreducens pili in a physiologically relevant pH of 7 with
the conductivity of 0.051 4+ 0.011 S cm ' and an order of
magnitude higher compared to the pili in pH 2 with conductivity
of 0.188 + 0.034 S cm™".'® Biopotentiostat cyclic voltammetry on
ACC-Hex nanofibers demonstrated that the current through the
nanofiber is independent of gate potential (Vs) but depends only
on the source-drain (Vi) potential (Fig. 3f), a behaviour similar to
the systems with band-like charge carrier conduction. They also
observed that the conductance increases with decreasing tem-
perature (Fig. 3g), another behaviour similar to systems with
band-like conduction and unlike thermally activated hopping.

For control measurements, the authors prepared self-
assembled amyloid beta (AB) fibrils®® constructed from Af
1-40 peptide, which also contains aligned aromatic residues.
Self-assembled AP fibrils had the same aspect ratio as that of
ACC-Hex fibrils. However, the A fibril network demonstrated
an average resistance of 1.0 x 10® Q, which is several orders of
magnitude larger than the resistance of the ACC-Hex fibril
network. With this observation, in conjunction with the crystal-
lographic data for the ACC-Hex, according to which the aro-
matic amino acid residues have larger spacing and off-angle
packing to allow for a continuous n-stacking chain along the
length of the filament, the authors conclude that aromatic
amino acids stacking may not be necessary for long range
electron transport in peptide fibrils. While ACC-Hex fibrils
are composed of o-helical building blocks, AP fibrils are
composed of building blocks with -sheets. The authors sug-
gest that it is possibly the helical backbone of the peptides that
is important in facilitating long-range electron transport.
Despite the presence of aromatic residues, much lower con-
duction in AP fibrils was attributed to the lack of a-helical
building blocks that would have minimized the energetic
barrier for charge transport across short homopeptides.

Inspired by the aforementioned potential role of aromatic
residues, a-helices, and coiled-coil structures in the promotion
of electron transport along self-assembled peptide fibrils, in
2019, Creasey et al. again reported the construction of two types
of synthetic peptides with 21 amino acids in the sequence.®®

Chem. Commun., 2025, 61, 11538-11550 | 11541
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Fig. 3 (a) Crystal structure and sequence of the peptide used for this study. (b) Scheme of peptide fibril formation mechanism. Multiple helical structures
come together to form a coiled-coil hexamer (ACC-Hex) with a diameter of about 22 A. These hexamers stack end-to-end due to electrostatic
interaction between glutamic acid (green) and amide lysines (blue) at their terminals to form fibrils. (c) Topographical AFM image of the self-assembled
peptide fibrils. The inset shows that the diameter of the fibril is slightly more than 2 nm (scale bar: 500 nm). (d) SEM image of ACC-Hex nanofibers (scale
bar: 500 nm). (e) Current voltage (/-V) response of the ACC-Hex fibrils compared to amyloid beta fibrils (AB fibrils) and phosphate buffered saline (PBS).
(f) Drain—source current (/ps) for changing drain—source voltage (Vps) as a function of reference electrode voltage (Vs) acting as gate. (g) Average drain—
source conductance (G) as a function of changing temperature.®? Reprinted with permission from N. L. Ing, R. K. Spencer, S. H. Luong, H. D. Nguyen and
A. I. Hochbaum, ACS Nano, 2018, 12, 2652-2661. Copyright 2018 American Chemical Society.

Both peptides had an identical sequence of amino acids, except
for those containing aromatic residues. Peptide labelled F6 had
phenylalanine (F) at six different locations on the peptide
sequence: Ac-FKEFAKLFKEFAKLFHEFAKL-NH, (Fig. 4a). The
other peptide, labelled L6, had all phenylalanine in the pre-
vious sequence replaced with an aromatic residue deficient
amino acid leucine (r): Ac-LKELAKLLKELAKLLHELAKL-NH2

(Fig. 4b). Both peptides were expected to form o-helical struc-
tures (Fig. 4c and d). The self-assembly of these peptides into
fibrils was carried out by dissolving the peptides in water. Both
peptides formed nano-fibrillar structures as observed in the
AFM topographical images (Fig. 4e and f).

Electrical measurements on the fibrillar network were
carried out by drop-casting peptide solution on indigitated
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Fig. 4 (a) Sequence of the peptide rich in aromatic amino acid phenylalanine (F6) and (b) the same peptide with six aromatic units replaced by leucine

(L6). Molecular structure of peptides (c) F6 and (d) L6. Topographical AFM image of self-assembled nanofibrils of (e) F6 and (f) L6. (g) Current—voltage
(I-V) response of network films of F6 (top) and L6 (bottom). (h) Voltage dependent conductivity of F6 and L6 fibril network, where the solid lines indicate
weighted mean values and the shaded area represents uncertainty around mean. (i) Distance between aromatic rings obtained from molecular dynamics
simulations.®® Used in accordance with Creative Commons public use license from R. C. G. Creasey, A. B. Mostert, A. Solemanifar, T. A. H. Nguyen,
B. Virdis, S. Freguia and B. Laycock, ACS Omega, 2019, 4, 1748-1756. Copyright 2019 American Chemical Society.
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microelectrodes with an electrode gap of 5 pm. The resulting
I-V curve (Fig. 4g) demonstrated that the F6 fibrils had a
higher current response compared to L6 fibrils. Based on
the overall weighted mean ratio calculation, it was deter-
mined that F6 was 3.5 £ 0.9 times more conductive than L6
(Fig. 4h). Radial distribution function based on the molecular
dynamics simulation suggested that the aromatic residues of
phenylalanine come closer together during the process of self-
assembly, potentially allowing for improved electron transport
(Fig. 4i).

While all these studies were inspired by the pilin structure of
G. sulfurreducens, both in terms of helicity and presence of
aromatic residues, the peptide sequences themselves were
substantially different from those of the G. sulfurreducens PilA
protein. Therefore, these studies did not exactly replicate the
conduction mechanism or properties of Geobacter pili. In 2019,
Cosert et al. synthetically constructed peptides with sequences
analogous to that of G. sulfurreducens PilA nanowire with
various lengths of truncations (Fig. 5a) at the amino-terminal
(N-t).°® These truncations reduced hydrophobicity and there-
fore increased the solubility of the peptide, and at the same
time preserved the aromatic and charged amino acids essential
for the formation of the nanowire structures (Fig. 5b). Among
the peptides with 10, 19, 20, and 22 amino acid truncations,
the one with 19 amino acid truncations at the N-t end (PilA;)
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allowed for the highest cleavage efficiency and extraction and
therefore, was used for further studies.

The self-assembly of PilA, resulted in the formation of the
fibrils (Fig. 5¢) comparable in their dimensions to the fibrils of
native pili produced by G. sulfurreducens (Fig. 5d), which were
used as a control. Conducting probe AFM (C-AFM) of the
truncated pili fibril (Fig. 5e) demonstrated that the current
response of the self-assembled fibrils was in the same range as
that for the G. sulfurreducens PilA protein-based pili nanowires
(Fig. 5f), with the average resistance within the same order
of magnitude as well. Interestingly, the current-voltage (I-V)
measurements of PilA;o demonstrated less variation compared
to similar measurements of PilA, which was attributed to the
reduced aggregative nature of PilA,q, allowing fibrils to make
better contact with the electrodes.

Contact resistance is an important parameter to consider
when conduction measurements are carried out. All of the
studies reported thus far involved two-probe measurements
with fibrils being drop-cast on top of prefabricated electrodes.
This introduces varying levels of contact resistance and there-
fore affects the reproducibility of measurements. Interestingly,
Cosert et al. observed that chemical fixation used to improve
contact between the fibrils and substrate did not demonstrate
any substantial improvement over the conductance measure-
ments over the fibrils without such chemical treatment. Such

TLIELLIVVAIIGILAAIAIPOFSAYRVKAYNSAASSDLRNLKTALESAFADDOTYPPES
------------------- AIPQFSAYRVKAYNSAASSDLRNLKTALESAFADDQTYPPES
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Fig. 5 (a) Amino acid sequence of PilA from G. sulfurreducens pili and its truncated counterpart PilA;g obtained by removing 19 amino acids from PilA

sequence. (b) Molecular structure of PilA and PilA;g. AFM amplitude image of (c) PilA;g and (d) PilA nanofibrils. Current—voltage (/-V) response of (e) PilAjo
and (f) PilA nanofibrils measured with conducting probe AFM. Dashed lines represent individual measurements and solid lines are the average of four
different measurements.®® Used in accordance with Creative Commons Attribution 4.0 open access license from K. M. Cosert, A. Castro-Forero,
R. J. Steidl, R. M. Worden and G. Reguera, mBio, DOI:10.1128/mBio.02721-19. Copyright 2019 Cosert et al.
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situations could occur when the sample resistance (approxi- All of these short peptides formed amyloid microcrystal fibrils
mately 900 MQ for PilA,, fibrils®®) is higher than the possible (Fig. 6b) due to the stacking of peptides (Fig. 6¢c-f) during the self-
contact resistance between the sample and electrodes. Never- assembly process. Electrical measurements were carried out by
theless, two-probe measurements do not allow for acquiring placing these fibrils on gold electrodes separated by a 300-nm
the intrinsic resistance of samples, required for calculating non-conducting gap for two-probe and four-point probe measure-
intrinsic transport properties such as conductivity, since the ments. Four-point probe measurements involve sending current
values will always include the contribution of contact resis- through two outer probes while measuring voltage with two inner
tance. In addition, most of the studies reporting self-assembled probes (Fig. 6g). This setup allows one to circumvent contact
conducting fibrils of aromatic amino acid-rich peptides have resistance during measurements.®®
been carried out in films of fibril networks. This introduces The two and four-point probe measurements demonstrated
inter-fibril charge transfer resistance, which again limits the various conductivity values for each of the fibrils (Fig. 6h). The
ability to understand the nature of intrinsic charge transport in  fibrils with metal and tyrosine, X1, demonstrated the highest
a fibril. conductivity of 3.5 + 0.96 uS ecm . The fibril which contained
To address these issues associated with contact between no metal ions but contained the aromatic residues, X2, had
the fibrils and electrodes or neighbouring fibrils, Shipps et al.  conductivity values reduced sixfold to 0.59 4 0.20 uS cm™*. The
reported electrical measurements on individual self-assembled fibrils, which contained no aromatic residues but contained
peptide fibrils using a four-point probe method in 2020.°” For metal ions, X3, had a conductivity of 0.11 + 0.044 pS cm *,
this purpose, they developed four different short peptides, two a value that is 32 times smaller than for X1. The fibril with
of which included tyrosine as the amino acid with aromatic neither aromatic residue nor metal ion, X4, did not assemble
residue, and two of the peptides had metal (Zn) linked to them. into lengths long enough to carry out four-point measurements
These peptides were labelled as (1) X1: Zn*’NNQQNY; (2) X2: but demonstrated a small two-probe conductivity of 0.35 +
GNNQQNY (3) X3: Zn>*GGVLVN; and (4) X4: KVQIINKKL (Fig. 6a).  0.20 uS cm™'. One of the points that was clear in the report is

a b
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Fig. 6 (a) Sequence of amino acids prepared for the study with aromatic amino acid tyrosine (yellow) and zinc (grey). (b) Self-assembled amyloid fibril as
seen under an optical microscope. (c)—-(f) Molecular structure of the peptides in fibrils with the arrow pointing along the fibril axis. (g) Schematic of four-
point measurement setup. (h) Two- and four-point probe conductivity of the fibrils. Inset shows zoomed-in values of response from X3 compared to
blank electrodes. (i) Conductance of X1 fibrils as a function of temperature. Four-point probe measurement (black circle) demonstrates the role of
temperature in conductance more clearly than the two-probe measurements (grey triangle), the values of which are similar to contact resistance (green
circle).®” Used in accordance with PNAS license from C. Shipps, H. R. Kelly, P. J. Dahl, S. M. Yi, D. Vu, D. Boyer, C. Glynn, M. R. Sawaya, D. Eisenberg, V. S.
Batista and N. S. Malvankar, Proc. Natl. Acad. Sci. USA, 2021, 118, e2014139118. Copyright 2021 Shipps et al. (j) Sketch of setup for THz response
measurement with s-SNOM. (k) SNOM AFM topography image for aromatic amino acid-rich structures — W6 (left column) and aromatic amino acid-
deficient structure — L6 (right column). () SNOM THz image normalized with respect to the silicon substrate for W6 (left column) and L6 (right column).
(m) Conductivity of the W6 (blue) and L6 (green) peptide fibrils in THz regime compared with the conductivity of the silicon substrate (red).®® Reprinted
with permission from A. Solemanifar, X. Guo, B. C. Donose, K. Bertling, B. Laycock and A. D. Raki¢, Nanotechnology, 2022, 33, 065503. Copyright 2021
IOP Publishing Ltd.
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that contact resistance in these systems can be significant
enough that conductivity values acquired from the two-point
probe measurements can be substantially different from the
intrinsic conductivity (Fig. 6h). Two-probe measurements can
also mask the transport properties, as demonstrated by the
difference in the behaviour of temperature dependence of the
conductance values from two-probe and four-point probe mea-
surements (Fig. 6i).

The authors further carried out studies using molecular
dynamics simulation and density functional theory calculation
to understand the role of metal ions and aromatic residues in
the fibrils. They observed that the role of metal ions in X1 was
primarily to provide structural rigidity to the fibrils, thereby
reducing the role of thermal fluctuations, allowing for more
efficient electron transport along the length of the fibril. From
the molecular dynamics simulations, it was observed that the
tyrosine edge-to-edge distance was closer in the fibrils based on
the peptides with metal ions, while the probability density of
the electrons at the tyrosine edge-to-edge region for X2 was
more spread out. This closer packing of the aromatic residues
was suggested to be the reason for more effective electron
transport along the fibril from X1 peptides.

Another method to circumvent the issue of contact resis-
tance is to use non-contact-based techniques based on optical
characterization. In 2022, A. Solemanifar et al.®® carried out
contact-free conductivity measurements on self-assembled aro-
matic amino acid-rich peptide fibrils using terahertz spectro-
scopy. The aromatic amino acid deficient peptide Ac-LHELA
KLLHELAKLLKELAKL-NH, was inspired by the ones designed
by Creasy et al.®® It was named L6 and used as the negative
control. The aromatic amino acid-rich peptide counterpart,
labelled W6, had six leucine (L) at the hydrophobic core
replaced by one of the aromatic amino acids, tryptophan
(W).”® The terahertz spectroscopy technique was used because
its response is related to free carriers, unlike the responses in
the mid and near-infrared regions, which are associated with
resonances of bound carriers.”*

Due to the large wavelength of about 300 um at 1 THz and
resulting diffraction limit, the resolution of terahertz imaging
for nanoscale applications is challenging. The authors over-
come this resolution limit by combining terahertz illumination
with AFM-based scattering scanning near-field optical micro-
scopy (s-SNOM, Fig. 6j), which allows for resolution to increase
to hundreds of nanometres. According to this report, the
combination of AFM-based s-SNOM with terahertz illumination
increased the resolution to about 150 nm, a value much smaller
than the wavelength of the terahertz signal. The sample was
prepared by drop-casting solution with 200 uM peptide in PBS
buffer onto silicon substrates. From the AFM topography image
(Fig. 6k) and circular dichroism (CD) spectroscopy, it was
observed that the self-assembly of both L6 and W6 peptides
resulted in fibrillar structures with heights ranging anywhere
from 10 nm to about 150 nm. Although the CD spectroscopy
suggested that L6 fibrils had o-helical structures, it was esti-
mated that W6 fibrils consisted of B-hairpin assemblies. The
terahertz near-field contrast imaging (Fig. 61) demonstrated
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that the aggregates of L6 and W6 fibrils were less reflective
than the silicon substrate, with W6 fibril aggregates (Fig. 61 left
panel) being more reflective than L6 fibril aggregates (Fig. 6l
right panel). Based on the acquired calibrated reflectivity and
phase from the THz measurements, the conductivity values of
the samples were calculated for frequencies ranging from 0.5 to
1 THz (Fig. 6m). The conductivity values thus calculated were
5.7 + 0.4 mS cm™" for W6 fibrils and 0.7 & 0.3 mS cm ™" for L6
fibrils. This observation, that W6 fibrils are about 8 times more
conductive than the L6 sample, was in line with previous
contact-based measurements carried out by Creasey et al°®'
This study further underscored the importance of aromatic
residues in charge transport in peptide fibrils.

Structural basis for long-range
electron transport

As discussed above, the reports of electron transport in self-
assembled peptide fibrils have mostly been focused on demon-
strating the relevance of aromatic amino acid residues for
making electron transport possible. In the 2015 report from
Creasy et al., fluorescence spectroscopy and CD spectra were
recorded to gain structural insight, which suggested that self-
assembled fibrils demonstrated optical signals associated with
closer packing of aromatic amino acids compared to the
peptides that were not assembled into fibrils.®*

In their 2018 study, Ing et al. suggested that the ACC-Hex
fibrils they assembled did not show signs of m-n stacking.
Yet their fibrils were capable of transporting electrons over
distances of a few micrometers.®” The self-assembled fibrils
that this group constructed demonstrated not only Ohmic
behaviour (Fig. 3e) but also that the conductivity of the fibrils
increased with decreasing temperature (Fig. 3g). Typically, such
temperature dependence of conductivity is attributed to delo-
calized electron transport (Fig. 7a) in metallic conductors,
as opposed to thermally activated hopping (Fig. 7b), which
requires an increase in temperature to promote charge trans-
port. The control in their study, (AB)fibrils, had about 6 orders
of magnitude lower conduction despite the presence of aro-
matic residues. The authors used this as a basis to suggest that
a higher amount of electron conduction through ACC-Hex
fibrils was not necessarily due to aromatic residues but due
to the presence of a-helical backbone within the coiled-coil
structure. The authors were not certain about the specific
reason behind helicity causing such improvement in conduc-
tivity and suspected that the mechanism is possibly similar to
the enhancement in conductivity observed in helical homopep-
tides due to helicity contributing to lowering the energy barrier
and extending the electron cloud.”

While the role of the backbone in electron transport, as
claimed by the authors, is entirely plausible since studies in
short peptides have shown that helical backbone helps with
electron transport,”””* comparing the conduction mechanism
of ACC-Hex fibrils with A fibrils is not necessarily fair. AP fibril
assembly occurs through hydrogen bonding between the
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Fig. 7 Schematics of various electron transport mechanisms. (a) Deloca-
lized electron transport due to close n—n overlap between electron-
donating and accepting units. (b) Hopping transport, which requires
electrons be provided with additional energy for them to be transported
along the conducting chain. (c) One of the examples of proton-assisted
electron transfer process, which involves a combination of proton transfer
(PT) and electron transfer (ET) processes or direct hydrogen atom transfer
(HAT) process. The list is not exhaustive of all the electron transport and
transfer processes in peptides. Only the transport processes discussed in
detail in the paper are represented.

B-strands, the density of aromatic residues in the hydrophobic
core is smaller, and some of the aromatic residues form
hydrophobic interaction pairs with non-aromatic units.** This
suggests that the structure of A fibrils is not conducive to
making it possible for aromatic residues to be closely packed,
unlike in the case of ACC-Hex fibrils, where most of the
aromatic residues of the peptides are concentrated within the
hydrophobic core of the fibrils.*?

In their 2019 report, Creasey et al. investigated whether the
self-assembled fibrils of aromatic amino acid-rich peptides that
they had synthesized had substantial pi-pi stacking.®® The
fluorescence emission spectra of aromatic amino acid-rich F6
peptide fibrils demonstrated Stokes shift of the phenylalanine
emission peak at 304 nm for F6 fibrils, which is attributed to
n-n stacking. L6 fibrils did not show significant emission
spectra. On the other hand, CD spectra demonstrated clear
o-helical structures within L6 fibrils, while F6 fibrils demon-
strated less stable a-helical structures with a potential mix of
B-sheets, B-turns, or aggregates. In addition, their molecular
dynamics simulation suggested that the inter-aromatic dis-
tance decreases over a longer timescale during assembly
(Fig. 4i). However, the report did not have direct evidence of
the confirmation of the aromatic residues in fibrils. Never-
theless, this report suggested that closer packing of aromatic
residues is potentially a more important factor for long-range
electron transport than the presence of helical backbones along
the fibril length.

As in the case of the report by Creasey et al., Shipps et al. also
observed that the fibrils that were deficient in aromatic resi-
dues were less conducting than their counterpart with aromatic
residues.®” While other amino acids in peptides may participate
in the electron transport, it was observed that stacked aromatic
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residues of tyrosine in their peptide fibrils substantially
improved such transport. When comparing the fibrils com-
posed of aromatic amino acids, the ones with tighter packing
of aromatic residues displayed higher conductivity, further
demonstrating the role of the aromatic sites in electron
transport.

Most of these studies on long-range electron transport in
self-assembled fibrils of peptides rich in aromatic amino acids
are limited to the synthesis of peptides rich in aromatic
residues and testing whether they are conducting. Mechanistic
studies of electron transport in these systems are limited. One
of the studies that stands out is the one reported by Shipps
et al.,*” in which experimental and computational studies have
been carried out to understand the electron transport mecha-
nism. The study reports that resistance of the fibrils increased
linearly with fibril length, suggesting hopping transport
(Fig. 7b) as the mechanism for electron transport. The con-
ductance of the fibril increased as the temperature was lowered
from 300 K to 260 K, but decreased when the temperature was
further lowered to 220 K (Fig. 6i). Decreasing conductivity with
decreasing temperature is consistent with thermally activated
hopping transport. To understand the increase in conductivity
while decreasing temperature at higher temperatures, the
authors carried out molecular dynamics simulations, which
suggested that the distance between aromatic residues did not
change with temperature, but the probability of hydrogen bond
formation between tyrosine hydroxyl-oxygen (Tyr-O) and glu-
tamine amide-oxygen (GIn-O) increased by 15 fold when the
temperature was reduced from 300 K to 270 k. Availability of
proton-accepting units in facilitating the electron transfer
process, called proton-coupled electron transfer (PCET) process,
is one of the well-known mechanisms in biology.”*”* All of these
observations suggest that electron transport through these pep-
tide fibrils results from the interplay between two thermally
activated mechanisms: the availability of proton-accepting units
through hydrogen bonds, which allows for proton-coupled elec-
tron transfer (Fig. 7c), and thermally activated hopping assisted by
periodically spaced aromatic residues.

Lessons from electron transport in
short peptides

As mentioned in earlier sections of this highlight, a consider-
able amount of work has been conducted on studying electron
transport in individual short peptides and proteins, including
attempts to understand the role of various molecular, chemical,
and environmental factors in facilitating charge transport in
those short peptides and proteins. Generally, electron transfer
in short peptides occurs via tunnelling®’® as demonstrated by
the dependence of electron transfer rate (k) with length (L) as
k oc exp(—pL), where f is the decay constant. Such a transport
mechanism is vital in physiological processes involving energy
conversion or storage. In these systems, electron transfer
occurs up to distances of a few nanometres via tunnelling.
However, such a tunnelling process cannot drive the electron
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transport over long distances of tens of nanometres to
micrometres.

However, there are reports of conduction through long
peptides encompassing distances of tens of nanometres,
which is considered “long-range” in the field of molecular
electronics.>*® For instance, studying the conduction through
proteins with lengths ranging from 4 to 20 nm by concatenating
helix-turn-helix motif of CTPR proteins, a 2022 study by Zhang
et al.”” demonstrated that hopping transport, accompanied by
lowering of reorganization energy, facilitated long-range trans-
port in their molecular wires. Studies on such systems could be
useful in understanding the possible mechanisms that enable
long-range electron transport in the studies discussed herein.

Among some recent charge transport studies on short
peptides and proteins, conductance studies in some peptide
molecules have demonstrated that peptide bonds induce
charge localization around them and therefore inhibit electron
transport.”® A 2024 study by Samajdar et al.”® that combined a
single-molecule experiment with molecular dynamics simula-
tion to study conformations, and DFT theory to understand the
charge transport mechanism, suggests that the conformation
of the peptide is also an important factor in electron transport.
Working with 4-5 amino acids, they observed that folded
conformation, where the peptide could have a beta turn of
310 helices, can allow for more efficient electron transport than
an extended peptide. This observation that helical peptides
promote electron transport compared to extended peptides is
in line with other studies as well.”>”® In the same study, the
authors observed that the presence of H-bond, charges due to
the zwitterionic state, and the presence of aromatic side-chain
whose orbitals tend to mix well with the backbone orbitals can
all contribute to enhancement in charge transport.

In 2023, Krishnan et al.*® built an electron transfer model in
conjunction with molecular dynamics simulations to under-
stand previously reported fast electron transport in CTPR
proteins with lengths up to 20 nm.”” They suggested that the
presence of aromatic residues in proteins can substantially
lower the reorganization energy needed to overcome electron
transfer between donor and acceptor sites. Previously, it has
also been shown that electron transport in peptides can be
facilitated by electron-rich sidechains such as alkene.” In fact,
Ashkenasy et al. have demonstrated that adding cationic side-
chains to insulating cyclic p,1-a-peptides can result in extended
delocalization of electrons in self-assembled nanotubes of the
peptide.®’ These observations underscore the importance of the
electronic activities associated with residues and side chains in
charge transport through peptides.

In principle, long-range charge transport in self-assembled
peptide structures could be modelled as a series of sequential
short-range electron transport.” However, in reality, the relative
flexibility of peptide backbones, the presence of charges,
the ability to construct intermolecular and intramolecular
H-bonding, and the ability of aromatic residues to interact with
other aromatic residues and peptide backbone result in peptide
materials with electronic properties that are the result of the
averaging of all these effects. Therefore, the observation of
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phenomena in molecules with a few amino acid units can not
necessarily be generalized to molecules with a much longer
amino acid sequence, let alone to the self-assembled supramo-
lecular peptide fibrils, which are formed by multiple peptide
units attached end-to-end with the help of various interactions
effective over various ranges. This has been the bottleneck in
the proliferation of research and development in peptide-based
electronics, unlike the rapid growth in research and develop-
ment in the field of organic electronic materials following the
initial discoveries.

Where to go from here?

As mentioned above, the ultimate goal of all these efforts is
to develop electron-conducting supramolecular assemblies of
peptides for electronic applications. Conductive nanowires
generated by G. sulfurreducens, which has been the inspiration
for all the studies discussed above, have found applications in
myriad electronic materials and devices, such as conduc-
tive composites,®>*> 84,85
gradient-based power generators.®® Irrespective of their compo-
sition, nanowires generated by G. sulfurreducens are reported
to have conductivity in the range of 20 mS cm '-30 S cm™*
(ref. 21) as calculated using two-probe measurements. The

memristors,® sensors, and moisture

highest value of conductivity reported in the fibrils composed
of self-assembled peptides rich in aromatic amino acids, thus
far, is about 1 S cm™*.** However, the conductivity values of
fibrils from other such peptides are significantly lower, ranging
from nS cm™ " to pS cm ™, regardless of whether two-probe or
four-point probe measurements were used (Table 1). The value
of ~6 mS ecm™ " reported by Solemanifar et al.®® is also quite
high; however, the measurement was carried out using optical
techniques. For application in electronics, these materials
would have to be placed between the electrodes, and therefore,
the electron transport efficiency of these fibrils in such an
arrangement is not clear.

A major achievement in the field would be to design peptides
that can create supramolecular assemblies and consistently
demonstrate conductivity of over tens of mS cm™'. While this
will not be enough to compete with organic electronic materials,
which can have conductivity even in the range of thousands of
S em™" and higher,”” but given the ease of functionalization,
ability to interact with ions, formation of hydrophilic shells, etc.,
peptide-based electronic materials could find their use in sensing
and bioelectronics.

Conductivity of a material () is defined as:

o = |e|nu

where, e is the charge of the mobile charge carrier (electron in
this case), n is the carrier density, and u is the carrier mobility.
It has been estimated®® that carrier density of G. sulfurreducens
nanowires is ~10%® em™* in par with organic conductors, and
charge mobility in the order of ~107* em® V™' §7', a value
similar to that of organic semiconductor a few decades ago,
but a few orders lower than that of today’s best-performing
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Table 1 Summary of peptide fibrils developed for electron transport, including their dimensions, conductance or conductivity values whichever
available, and type of sample and methods used for conductance measurements. Aromatic amino acids in the sequences are indicated in bold

Conductance (S) and/or

Peptide sequence Dimensions

conductivity (S cm ™)

Sample type Measurement type

GFPRFAGFP® Diameter: 0.4-0.6 nm

Length: up to 10 pm
ELKAIAQEFKAIAKEFKA Diameter: ~2 nm ~5 mS
IAF'EFKAIAQK®* Length: ~10 pm

1.12 £ 0.77 Secm™*

~10"" t0 107" S (air)
~10"" S (vacuum)

Fibril network  Two-probe (bridging electrodes)
Electrode gap: 1 mm
Two-probe (bridging electrodes)
Electrode gap: 5 pm

Individual fibril Two-probe (bridging electrode-AFM tip)

Fibril network

FKEFAKLFKEFAKLFHEFAKL®® Diameter: ~3 nm ~10°Sem™! Fibril network ~ Two-probe (bridging electrodes)
Length: up to a few um Electrode gap: 5 pm

ATPQFSAYRVKAYNSAASSDLRNLKT Diameter: ~2 nm ~1.1nS Individual fibril Two-probe (bridging electrode-AFM tip)

ALESAFADDQTYPPES (PilA, )% Length: ~6 pm

Zn**'NNQQNY®’ Diameter: ~188 nm ~3.5uS cm ! Individual fibril Four-point probe (bridging electrodes)
Length: >50 pm Electrode gap: 300 nm

GNNQQNY®’ Diameter: ~76 nm ~0.59 pS cm ™’ Individual fibril Four-point probe (bridging electrodes)

Length: >50 pm
WHEWAKLWHEWAKLWKEWL®>”®  Diameter: up to 20 nm
Length: up to 4 pm

organic semiconductors.* The studies on aromatic amino acid-
rich peptide fibrils designed for electron conduction have not
yet reported these conduction parameters. While conductivity
is an important metric, getting insights into other charge
transport parameters would help understand the current state
and consider ways to improve them. Development of self-
assembled peptide fibrils that have all these conduction para-
meters in the range demonstrated by G. sulfurreducens nanowires
would mark a significant step to help proliferate this field.

Path forward

Current reductionist approaches, albeit slow and time-consuming,
inspired by the role of various parameters on electron transport
in short peptides, long peptides, and bio-based conducting
proteinaceous nanowires, will continue to be a necessary step
to advance this field. In the immediate and short term, more
experimental studies of existing conducting systems and their
derivatives, in conjunction with theoretical treatments and
molecular dynamics simulations based on first principles, need
to be carried out to develop a general sense of peptide
sequences, their assembly into nanostructures, and roles of
various aforementioned factors in electron transport. In the
long run, the use of machine learning techniques as used in the
design of various other supramolecular self-assemblies of
peptides®™®* could help accelerate the field. Developing a
high-throughput machine learning model for predicting
sequences of peptides whose supramolecular assemblies would
allow for long-range electron transport is currently challenging
due to limitations in the number of presently known peptide
assemblies that have been identified for long-range electron
transport.

There is no evolutionary pressure for most life on Earth to
develop proteinaceous structures that enable long-range elec-
tron transport. Therefore, as discussed above, it was previously
thought that proteins could not conduct over long distances.
However, we now know that some microbes that survive in
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Electrode gap: 300 nm

~6mScm ™! Individual fibril THz s-SNOM spectroscopy

anaerobic environments do have evolutionary pressure to gen-
erate proteinaceous structures that can conduct over long
distances to find electron acceptors in the surrounding and
complete their metabolic cycle. The current body of work on
developing electron conducting peptide-based supramolecular
structures has been inspired by predicted structures of those
proteinaceous filaments. Due to the diversity of amino acids
and the number of ways they can fold, peptides best for
creating assemblies that promote electron transport could be
very different from biologically relevant peptides. The research-
ers in the field should be mindful that this, in turn, could
induce bias in developing new sets of peptides for conduction
and hence limit us from new discoveries.”"*

Combinatorial approaches within machine learning techni-
ques could be a way to mitigate such bias. Rigid structures,
helical backbones, higher density of aromatic amino acid
residues, closer packing of the aromatic units, higher density
of electron-rich sidechains, ability for H-bonds to assist with
proton-coupled electron transfer, electrostatic screening of
transport pathways, electron rich side chains, etc., are some
of the important parameters that are known to play role in
making electron transport through peptide assemblies possi-
ble. By using these attributes to narrow down the possible
combinations of amino acids in peptides and then working
alongside experiments, breakthroughs may be realized.

Nevertheless, the ability to synthesize peptides with desired
amino acid sequences allows pathways for one to engineer
peptide units where all the contributions of constituent factors
important in electron transport can be maximized, making
efficient long-range electron transport possible. In addition,
the need for peptide synthesis, structural analysis, charge
transport measurements, molecular dynamic simulations,
density functional theory calculations, and applying machine
learning techniques demands that concerted interdisciplinary
collaborations be carried out to gain deeper insights into
understanding electron transport mechanisms in the self-
assembled supramolecular structures of peptides rich in aro-
matic amino acids and move the field forward.
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Conclusions

Over the past few decades, the ability to synthesize and engi-
neer conducting organic molecules has allowed for the devel-
opment of organic materials with a wide range of electronic,
mechanical, and optical properties. As we look forward to
sustainable alternatives for electronic materials with ease of
functionalization, peptides and proteins could provide one
possible alternative for developing such materials with varying
electronic, optical, and mechanical properties. While the rela-
tive rigidity of m-conjugated backbones in organic electronic
materials allows for precisely controlling their electronic prop-
erties, the flexibility of peptide bonds and therefore the ability
of the peptides to conform in a multitude of ways makes it
challenging to develop peptide-based electronic materials.
However, various studies reported over the last decade and
discussed herein have demonstrated that it is possible to
design synthetic peptide sequences that can undergo self-
assembly to form supramolecular fibrillar structures that can
allow electron transport over long distances. This is encoura-
ging, but there is still much groundwork to be done so that the
conductivity of such fibrils can be further improved for broader
application in electronics.
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