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Going the Distance: Long-Range Conductivity in Protein and
Peptide Bioelectronic Materials
Nicole L. Ing,† Mohamed Y. El-Naggar,§,∥,⊥ and Allon I. Hochbaum*,†,‡

†Department of Chemical Engineering and Materials Science and ‡Department of Chemistry, University of California Irvine, Irvine,
California 92697, United States
§Department of Biological Sciences, ∥Department of Chemistry, and ⊥Department of Physics and Astronomy, University of
Southern California, Los Angeles, California 90089, United States

ABSTRACT: Bioelectronic materials interface biomolecules,
cells, organs, or organisms with electronic devices, and they
represent an active and growing field of materials research.
Protein and peptide nanostructures are ideal bioelectronic
materials. They possess many of the properties required for
biocompatibility across scales from enzymatic to organismal
interfaces, and recent examples of supramolecular protein and
peptide nanostructures exhibit impressive electronic properties.
The ability of such natural and synthetic protein and peptide
materials to conduct electricity over micrometer to centimeter
length scales, however, is not readily understood from a
conventional view of their amino acid building blocks. Distinct
in structure and properties from solid-state inorganic and
synthetic organic metals and semiconductors, supramolecular conductive proteins and peptides require careful theoretical
treatment and experimental characterization methods to understand their electronic structure. In this review, we discuss theory
and experimental evidence from recent literature describing the long-range conduction of electronic charge in protein and
peptide materials. Electron transfer across proteins has been studied extensively, but application of models for such short-range
charge transport to longer distances relevant to bioelectronic materials are less well-understood. Implementation of electronic
band structure and electron transfer formulations in extended biomolecular systems will be covered in the context of recent
materials discoveries and efforts at characterization of electronic transport mechanisms.

1. INTRODUCTION

Bioelectronic materials interface biology with synthetic devices
by interconverting electronic and biological signals and
processes. The biological components interfaced to these
materials range from biomolecules1,2 to cells3,4 and living
organisms.5,6 By seamlessly bridging the synthetic−living
interface, without significant perturbation to biological
function, bioelectronic materials may improve our under-
standing of biological systems or even control their
functionality. Bioelectronics promise to enhance and prolong
human life through biomedical technologies such as implant-
able power sources,7,8 wearable sensors,9,10 therapeutic,11,12

and prosthetic implants.13,14 They can also harness functional
biological components, such as enzymes, to enhance the
sensitivity of nonbiomedical sensors15−17 as well as improve
the efficiency of electrocatalytic syntheses for energy
production18,19 and pharmaceutical applications.20,21

Bridging the biotic−abiotic interface is nontrivial, and all the
aforementioned bioelectronic technologies will benefit from
the development of materials that more seamlessly integrate
the two. These materials should be biocompatible and stable
under physiological conditions while maintaining effective
transduction of electronic and biological signals. For

interfacing with organs and tissue, the mismatch in mechanical
stiffness between electronic and biological components poses
compatibility issues for both wearable and implantable
bioelectronic devices.22−24 For catalysis and sensor technolo-
gies, immobilization substrates and techniques can interfere
with enzyme functionality.25−27

Peptides and proteins are promising building blocks for
materials that address these concerns. They are soft materials
capable of self-assembling into nanostructures with highly
tunable properties,28−31 including access to a range of dynamic
assembly pathways32 and transient structures.32,33 Certain
peptides and proteins exhibit excellent biocompatibility in
terms of eliciting a minimal immune response,34−36 the ability
to be safely degraded/absorbed by the body after use,37,38 and
controllable degradation kinetics.39−41 Additionally, the
chemical diversity of peptides allows for highly optimized
enzyme immobilization42,43 and cellular interfacing.44−46 Many
natural and designed proteins and peptides are also capable of
self-assembling into supramolecular nanostructures, such as
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sheets, wires, and tubes.47,48 The high aspect ratio of these
features may offer additional benefits for interfacing with
biological components,49,50 and these dimensions can be
achieved without the difficulties and costs associated with
many more traditional nanofabrication processes.51 Lastly,
some peptide and protein nanostructures conduct electronic
charge and are therefore excellent candidates for bridging the
bioelectronic interface.
Electronic conduction across individual peptides and

proteins may be categorized either as electron transfer or
electron transport52,53 (Figure 1A) and, for the purposes of this
review, will be considered “short-range.” Short-range electron
transfer (ET) refers to the exchange of an electron that occurs
as a redox event between an ionically conductive electrolyte
and a protein in contact with the electrolyte. Ions in solution
screen the change in electric potential during electron transfer
events. Conversely, short-range electron transport (ETp) refers
to the case in which electrons flow through a protein in the
absence of electrolyte or electrolyte participation.52 Short-
range ETp therefore requires electron flow across a protein or
peptide between two electronically conducting electrodes in
the absence of charge-screening electrolyte. Short-range ET
and ETp are distinct for several reasons. In short-range ET,
electron flow is driven by the difference in the chemical
potential (i.e., redox potential) between redox-active species.
For short-range ETp between two electrodes of the same
material, an externally applied electrical potential difference
drives electron flow, and this transport typically occurs under
dry or vacuum, as opposed to aqueous, conditions. Short-range
ET and ETp are also distinct because ET requires a change in
charge state, whereas, for the most part, ETp preserves
electroneutrality. Cahen et al. have demonstrated that the
primary models used to understand short-range ET are also
applicable to short-range ETp through single peptides and
proteins.53

Although these models were developed for single molecules,
it is unclear how these short-range mechanisms extend to
transport across longer distances, such as through supra-
molecular structures. Developing an understanding of the
transport mechanisms across supramolecular structures, as
opposed to single molecules, is critical to designing better
bioelectronic interfaces. Long-range electronic conduction can

be formulated in terms of sequential ET processes,54 but this
model invokes strong coupling between electronic states
typical of inorganic, not biological, materials. In practice,
however, there are many examples of long-range electronic
transport through extended supramolecular structures of
peptide and protein building blocks.55−60 The physical
mechanisms supporting electronic conduction in these
materials are often poorly understood.
In this review, we will discuss examples and mechanisms of

electronic conduction occurring over micrometer or longer
length scales in supramolecular protein and peptide structures.
We will categorize electronic processes at these length scales as
“long-range” to distinguish them from the ET and ETp
observed through single molecules, which we will refer to as
“short-range.” We note that single-molecule ETp has been
previously identified as “long-range,” given the impressive
tunneling distances observed through single molecules,61,62 but
such mechanisms over micrometer distances would yield
vanishingly small currents inconsistent with experimental
observations. As a result, we maintain this distinction, since
the operative mechanisms within the two transport distance
regimes are likely distinct. Our discussion of short-range ET
and ETp through single proteins and peptides will be brief and
discussed in the context of building an understanding of
longer-range mechanisms. We direct interested readers to
several excellent reviews on short-range ET63−66 and ETp52,53

through peptides and proteins.

2. MECHANISMS OF SHORT-RANGE ELECTRON
CONDUCTION

Short-range (angstrom to nanometer) ET and ETp through
peptides and proteins have been extensively studied from both
a biological and molecular electronics perspective. Proteins
almost exclusively conduct through ET in their native
environments, but many of them also support short-range
ETp when removed from their natural environments and
integrated into solid-state junctions, demonstrating conductiv-
ity comparable to conjugated molecules across distances
spanning several nanometers.52,53,67 The solid-state ETp
mechanism through a protein need not be the same as its
biological ET mechanism, although experimentally, ET and

Figure 1. Mechanisms of short-range electronic conduction. (A) Schematic showing ET measurement techniques in electrolyte (top) and solid-
state ETp measurements between two electrodes under low pressure or ambient conditions (bottom), with Pseudomonas aeruginosa azurin (PDB
4AZU). Energy diagrams representing the electron wave function in relation to the donor D, acceptor A, and bridge B states during single-step
tunneling (B), superexchange (C), and flickering resonance (D). Energy diagram representing the localization of the wave function or particle-like
behavior of the electron during hopping, with an activation energy barrier ΔEA. (E).
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ETp characteristics are correlated,68,69 and there is likely a
fundamental connection between the two processes.53

Short-range ET and ETp in protein and peptide materials
can be described using an electron donor (D) and acceptor
(A) model, in which D and A can be coordinated metal atoms,
amino acids, electrodes, or small organic molecules.70 We will
start by briefly introducing the single-step D-to-A electron
transfer process described by Marcus Theory,71,72 which is the
underpinning for the three major ET/ETp short-range
mechanisms: superexchange, flickering resonance, and hop-
ping.
2.1. Tunneling. Nonadiabatic tunneling is a single-step

electron transfer process between a D and A (Figure 1B). The
ET reaction rate kET depends on −ΔG0, the driving force for
electron transfer between D and A, λ, the total nuclear
reorganization energy associated with the electron transfer, and
HAD, the temperature-independent tunneling transmission
coefficient:

π
πλ

=
ℏ

λ λ− Δ +k
kT

H e
2

(4 )
G kT

ET 1/2 AD
2 ( ) /4 )0 2

(1)

In the square barrier tunneling model, the simplest of several
empirical barrier models for predicting tunneling trans-
mission,73−77 HAD is defined by an exponential decay with
regard to distance (R − R0) and has a β decay constant
proportional to the barrier height U:

= β− −H Ae R R
AD

( )/20 (2)

β = Um2( )eff
1/2

(3)

=A U Um2 ( )eff
1/2

(4)

where meff is the effective mass of the electron. Thus

∝ β λ λ− − − Δ +k e eR R G kT
ET

( ) ( ) /4 )0
0 2

(5)

The ET rate decays exponentially with the distance between
D and A and has a tempera tu re dependence

( ∝ − −k T e ),kT
ET

1/2 energy/ ) the effect of which is predominantly
dependent on the relationship between ΔG0 and λ. The
maximum ET rate is achieved when ΔG0 + λ = 0, at which
there is no temperature-dependent activation barrier to
transport. Indeed, when ΔG0 and λ are comparable, kET is
essentially temperature-independent.54,78 The ET rate is
therefore dominated by an exponentially decaying distance
dependence, and conductance can be expressed solely as a
function of distance79

= β−G G e R
c (6)

where Gc is the contact conductance. Gray and Winkler have
estimated 20 Å to be the upper limit for efficient biological
ET,80 while Dutton places the limit at 14 Å.73 Remarkably,
ETp tunneling distances up to several nanometers have been
experimentally observed. This difference may be attributed to
the difference between electron flow in a charge neutral
environment and one in which a localized state undergoes a
change in the formal charge state, associated with ETp and ET,
respectively.53

Multistate ET models have been developed to explain
biological charge transport occurring over longer distances,
such as in respiratory chain complexes. Charge transport in
these systems is achieved through chains of redox-active

cofactors, conjugated molecules, or metal ions that can act as
sites for the formal exchange of localized charge. Adjacent
cofactors are situated within tunneling distances to facilitate
consecutive tunneling steps or a single tunneling event across
several states. These multistate ET models have also been used
to describe mechanisms of solid-state ETp through single
peptides and proteins,53 namely, superexchange, flickering
resonance, and hopping.

2.2. Superexchange. The superexchange model (SE) is a
single-step tunneling mechanism in which there may be
multiple bridge states between D and A (Figure 1C). In this
mechanism, thermal fluctuations bring the D and A levels into
resonance (i.e., the D and A levels become energetically
degenerate), causing the electron to tunnel along the bridge
states from D to A. The bridge states remain off-resonant
during ET, meaning that the electron does not populate the
bridge. Rather, the bridge states collectively increase the
electronic coupling between D and A, effectively lowering the
tunneling barrier. The coupling constant is therefore similar to
that of tunneling

| | ∝ β− −ΔH e R R
AD

2 ( )
(7)

where ΔR is the spacing between each state for N states (ΔR =
R/(N + 1)). The electronic coupling factor is temperature-
independent, but the nuclear factor may have some temper-
ature dependence.81 SE rates also exhibit an exponentially
decaying dependence on distance, albeit slightly weaker than
that of tunneling, since the β term for SE is distinct from the
square barrier tunneling term (Equation 3).

β =
Δ

Δ − Δ
R

E E
V

2
ln D/A B

(8)

The SE decay term scales inversely with between-site
spacing and is proportional to the ratio of the energy spacing
between the D/A and bridge levels ΔED/A − ΔEB and the
electronic coupling between sites V.63

2.3. Flickering Resonance. Beratan and co-workers
recently reformulated the discussion of ET, introducing an
alternative short-range, single-step transport mechanism
known as flickering resonance (FR)82 (Figure 1D). In FR,
the D, A, and bridge sites are simultaneously brought into a
temporary resonance. This is distinct from SE, where the
bridge states remain off-resonant (unoccupied) during ET, and
it is distinct from hopping since the coherence of the wave
function is maintained.
FR may be possible when the D, A, and bridge energy levels

are similar, such that thermal fluctuations of these states occurs
on the same scale as the energy gaps between the states
(∼tenths of an eV).83 The vibronic broadening of these energy
levels may facilitate a transient and simultaneous alignment
between all of the D, A, and bridge states, which would then
allow for what Beretan et al. refer to as ballistic charge
transfer.82,83 The ET rate for FR is given by

π
πλ

=
ℏ

k
kT

V P
2

(4 )
(2)ET 1/2

2
match

(9)

where Pmatch(2) is the probability of matching between two
electronic states, such that the difference between the D and A
energy levels is less than the electronic coupling V. Extending
FR resonance across multiple states, the probability of
matching N site energies decreases multiplicatively by one
multiplier per site.82 In the nonadiabatic limit (specifically, the
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case in which coupling energy fluctuations Vrms are smaller
than site energy fluctuations σE) the matching probability
Pmatch(N)can be expressed as

≈ −ΦP N e( ) R
match

( )
(10)

π σ
Φ =

ΔR V
1

ln
2

E

rms

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ (11)

Here, the distance between adjacent sites ΔR scales inversely
with the total distance of the system, facilitating a weaker
distance dependence than tunneling and one similar to that of
SE. FR is expected to occur over nanometer-scale distances,82

although it may have implications for longer-range biological
charge transport.83 Distinct from tunneling, the distance decay
exponent Φ has a temperature dependence. Since σE increases
with temperature and Vrms has a weak temperature depend-
ence, the FR decay exponent Φ should increase with
temperature, such that the electron transfer rate decays faster
with distance as temperature increases.
2.4. Hopping. Hopping is a multistep ET process in which

charge is transferred through a series consecutive tunneling
events (Figure 1E) (i.e., tunneling between individual and
sequential bridge states). In contrast to SE and FR, charge
hopping is incoherent, with a localized charge temporarily
residing at each site before hopping to the next via oxidation
(or reduction). The hopping model is essentially a multistep
tunneling model, the efficiency of which is dependent on the
driving forces motivating electron flow and the particular
arrangement of the redox centers.62 These redox centers are
localized molecular units that can undergo formal electron
transfer and the nuclear reorganization associated with a
change in charge state. This localization will occur when the
Boltzmann probability of occupying a bridge state between D
and A exceeds the probability of a single tunneling event
between D and A. Since room temperature kT ≈ 26 meV and a
typical protein β ≈ 1.2 Å−1,78 hopping is expected to occur for
distances greater than 30 nm and for energy activation barriers
(ΔEA) ≈ 1 eV, such that > β−Δ −e eE kT R/A (Figure 1E).83

In this collection of tunneling events, kET no longer exhibits
an exponential dependence on distance, instead varying
inversely with the number of hopping steps N and the
hopping rate kN

79,84

∝ η−k k NET N (12)

where η may take on values between 1 and 2.
Hopping has a much stronger thermal dependence than a

single tunneling event. Since the wave function is momentarily
localized at each state, thermal activation is required to bring
the next state into energetic alignment and facilitate the next
redox event. Hopping therefore has an exponential temper-
ature dependence that can be expressed in terms of the
activation barrier ΔEA. This is known as an Arrhenius
temperature dependence, in which increased temperature
facilitates an increase in conduction.79

∝ −ΔG e E kT/A (13)

3. MECHANISMS OF LONG-RANGE ELECTRON
CONDUCTION

The above short-range mechanisms for single peptides and
proteins may have some relevance to electronic conduction on
the micrometer-scale through supramolecular assemblies,

although the transition from single peptide or protein to
multiple peptides or proteins warrants a similar expansion of
ET and ETp definitions (Figure 2). As discussed above, for

single peptides and proteins, ET and ETp can be distinguished
by the presence or absence of electrolyte participation.
Extended to supramolecular or multi peptide/protein systems,
long-range ET can be modeled as a series of sequential short-
range ET events, such as a series of redox hopping, FR, or SE
events, where each event constitutes electron transfer to a
nondegenerate energy state (Figure 2A). For a series of
adjacent redox hops between discrete, localized states, known
as “nearest-neighbor hopping” or thermally activated hop-
ping54,85,86 (Figure 3A), long-range conductivity σ follows the
Arrhenius temperature dependence seen in multistate hopping
through a single peptide or protein:

σ ∝ −Δe E kT/A (14)

For a series of FR (Figure 3B) or SE (Figure 3C) events, in
which hopping occurs between partly delocalized states and is
thus considered to be “variable-range”,87−89 conductivity is
expected to scale as

σ ∝ −
e

T
T

0
1/4i

k
jjj y

{
zzz (15)

It may be difficult to distinguish between adjacent redox
hops between localized states and hops across delocalized
states (via a series of FR or SE events), since supramolecular
biomaterials are much more sensitive to thermally induced
structural changes than the solid materials for which the theory
of variable-range hopping was developed. Particularly in the
case of FR, the theoretical temperature dependence of
Equation 15 may compete with opposite temperature trends
associated with Equation 11, convoluting the overall expected
temperature-dependent trend. Barring high-resolution struc-
tural data over the full range of temperatures tested, it may be
difficult to control for structural-induced conductivity changes
that may occur over the range of temperatures required to
experimentally resolve between thermally activated and
variable-range hopping. Nevertheless, the possibility of
sequential SE or FR may be inferred if the distances and
differences in energy levels between adjacent electronic states
are sufficiently small and if kinetic calculations for nearest-
neighbor hopping are inconsistent with experimental observa-
tions.83,89

Conversely, long-range ETp can be analogously defined as
continuous electron flow through degenerate electronic states,
in which the states may be indistinguishable and take the form

Figure 2. (A) Extending short-range ET through a single peptide or
protein to long-range transport through multiple peptides or proteins
constitutes a series of short-range ET events. (B) Short-range ETp
can be analogously extended to constitute long-range bandlike
transport through multiple peptides or proteins.
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of electronic bands (3.2) (Figures 2B and 3E). However, this
technical distinction has not been established in nomenclature,
where terms such as the mitochondrial or photosynthetic
“electron transport chain” refer to a series of redox events
technically constituting sequential ET processes, as opposed to
ETp. Thus, we will focus this review on identifying possible
long-range conduction mechanisms, in lieu of a long-range ET
versus ETp classification. In this section, we will discuss amino
acid-based materials and their potential mechanisms of
conduction over long distances (>1 μm).
3.1. Long-Range Conduction via Redox Centers.

Extending biological redox-mediated conduction across longer
distances (i.e., from nanometers to microns) typically invokes a

thermally activated hopping mechanism (Figure 3A), analo-
gous to that observed in short-range ET (Equation 14).
However, as discussed above, it may also be possible to achieve
this conduction through sequential FR or SE steps, if, for each
step, the distance between redox centers is sufficiently short for
effective tunneling (≤20 Å) and if the energy levels of the
redox centers are similar.83

In peptides and proteins, these redox centers may be bound
cofactors, the metal centers of metalloproteins, or redox-active
aromatic side chains.73,84 These redox centers can facilitate
both short-range and long-range ET by acting as stepping
stones for nearest-neighbor hopping, where each step
constitutes a redox reaction. While oxidation of the amide
bond backbone is highly energetically unfavorable, hemes,
iron-sulfur, and copper clusters in metalloproteins have low
redox potentials (less than 400 mV vs normal hydrogen
electrode (NHE)) suitable for redox reactions in physiological
conditions.90 The oxidation potentials of aromatic amino acid
side chains may likewise be suitable for facilitating electron
hopping, particularly those of tyrosine and tryptophan,91−93

with redox potentials ∼1 V versus NHE.94 Histidine may also
potentially function as a redox-active amino acid, with a redox
potential ∼1.17 V,95 although it has been implicated only in
poorly efficient ET processes.93,96 Phenylalanine has recently
been proposed as a potential relay amino acid, although the
redox potential of alkylated phenyl groups is notably higher ∼2
V.97 The measured redox potentials and reorganization
energies associated with these amino acids are highly sensitive
to their molecular and solvent environment.91 In biological
systems, the mechanism of transport through these redox
centers is strongly dependent on the formal potential of the
chemical substituent. Whereas for formal potentials less than 1
V versus NHE, electron-tunneling events govern long-range
transport,98 hole hopping or electron hopping coupled to
proton transfer processes, which reduce the energetic costs
associated with a change in charge state, may dominate
transport for substituent formal potentials exceeding 1 V versus
NHE.98−103 Although conditions for hole hopping, in
particular, are rarely achieved in typical biological systems, it
may be a relevant conduction mechanism for bioelectronic
materials wired to electrodes poised at arbitrary potentials.
For a material with fixed redox centers, a concentration

gradient or electric field can act as a driving force for hopping
(Figure 3A), analogous to that observed in redox polymers
with discrete redox centers.104−106 In this model, which has
been implicated in biological charge transfer through some
bacterial communities,107−109 a redox gradient (i.e., concen-
tration gradient between oxidized and reduced species)
provides the driving force for long-range charge transport.
Current across the material can be measured and maximized
by situating the material between two electrodes and applying
a potential near the formal potential of the redox cofactors.
Ions in solution will screen the potential applied across the
entire material, but redox centers near the electrodes are
capable of direct oxidation or reduction. Consequently, the
material will develop a concentration gradient of reduced and
oxidized species under steady-state conditions, and this
gradient provides a driving force for hopping. In the absence
of electrolyte and/or ion screening, an applied electric field can
provide the driving force for electron flow across a redox-active
material.
If the redox centers have some mobility, either through

flexibility of their linker chains or solution solubility, diffusion

Figure 3. Potential mechanisms for long-range electron transport
through peptide and protein supramolecular structures. Redox centers
or aromatic moieties may facilitate hopping mechanisms, which can
be (A) between adjacent and discrete electronic states, known as
thermally activated hopping or between partly delocalized states and
occur through a series of (B) flickering resonance or (C)
superexchange steps. In each flickering resonance step, thermal
fluctuations temporarily bring discrete states into short-lived
coherence, and hopping occurs between a series of transient coherent
states. Multistep superexchange constitutes a series of tunneling
through delocalized states. If the redox centers have some mobility,
electron transport may occur through a diffusion-assisted hopping
mechanism (E), in which a redox gradient provides a diffusive driving
force to assist in hopping over longer distances. (F) Aromatic side
chains may also facilitate band formation, given sufficient electronic
overlap between adjacent states. Increasing the amount of overlap
between aromatic residues lowers the height and width of the barrier
between them (a1 < a2 < a3), until the barriers effectively disappear at
a finite temperature, and a continuous, delocalized band emerges.
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may also contribute to the redox gradient and subsequent
electron flow110,111 (Figure 3D). Diffusion-assisted hopping is
particularly relevant in cases where the redox centers are
spaced too far apart to facilitate consecutive tunneling between
adjacent redox sites (thermally activated hopping). The
conduction path can be divided into bounded diffusion and
hopping components, whereby hopping dominates at high
concentrations of redox-active moieties and bounded diffusion
dominates at low concentrations. The overall conductivity
depends on the concentration of redox sites, as well as the
relative time scales of the hoping and physical diffusion
processes,111 and may exhibit a similar temperature depend-
ence as thermally activated hopping.105

3.2. Long-Range Conduction via Delocalized States.
Long-range conduction can also occur through the formation
of bands, electronic states that are delocalized across the entire
material. In these delocalized states, the dynamics of charge
carriers (electrons or holes) are no longer governed by the
discrete state equations described by Marcus Theory
(Equation 1). Bandlike conductivity σ is expressed as

σ μ= ne (16)

where n is the charge carrier density, e is the elementary
charge, and μ is the carrier mobility. This formulation
describes ohmic carrier transport, in which free (conducting)
electrons or holes can be modeled as classical particles moving
in continuous bands of delocalized electronic states.
Band formation occurs in crystalline or otherwise highly

periodic organic materials. These bands can be considered
metallic, semiconducting, or insulating, depending on the band
gap energy Eg, that is, the energy required to generate free
charge carriers. The electronic properties of conventional
solids are determined by Eg near the Fermi level EF, the energy
between the highest occupied and lowest unoccupied states at
T = 0 K. Metallic conductors have no band gap near EF, and
electrical conductivity scales inversely with temperature
(Figure 4A). For semiconductors, Eg ≤ 4 eV near EF and

electrical conductivity scales with temperature in an Arrhenius
dependence, as more free charge carriers are thermally excited
from donor/acceptor ionizable impurities and across the band
gap112 (Figure 4B). Although electron hopping conduction
also exhibits an Arrhenius dependence, these two mechanisms
are distinct in that hopping occurs between localized electronic
states, whereas semiconducting transport occurs over a
continuum of states delocalized over part or all of the material.
If Eg is small (less than 0.2 eV), transport may exhibit little or
no temperature dependence near room temperature and a
strong temperature dependence, similar to that observed for
thermally activated hopping, at low temperatures.113 If Eg

exceeds ∼4 eV near EF, the material is considered to be
electronically insulating (Figure 4C).
In peptides and proteins, the periodicity of the peptide

backbone produces band gaps that are calculated to range from
semiconducting (≤4 eV) to insulating (>4 eV).114−116 Eg may
be lowered by incorporating aromatic residues to promote
delocalization through π−π orbital interactions, called π-
stacking. The resulting electronic orbital overlap contributes to
the formation of delocalized states, given that the twist angle
and distances between aromatic residues (≤3.4 Å) are
optimized.113 π-Stacking supports semiconducting or metal-
lic-like delocalized electron transport in organic conducting
polymers and may facilitate similar transport in peptides and
proteins if (1) the distance and torsional angles between
neighboring aromatics is sufficient for delocalization between
adjacent residues and (2) if the π−π interactions possess the
long-range periodicity required to facilitate delocalization along
the length of the supramolecular structure. If π-stacking
electronic delocalization is interrupted such that it is
insufficient to support bandlike transport over distances
between electrodes, thermally activated hopping becomes the
dominant transport mechanism between discrete adjacent
states (Figure 3A).117−119 While electron hopping is possible
across narrow barriers between delocalized domains, aromatic
amino acid side chains may act as intermediate bridge states
between these domains to lower the energetics of trans-
port.92,98 In such cases, this hopping would be analogous to the
sequential redox hopping observed in cofactor chains.
FR (Figure 3B) has been proposed as another possible

mechanism to form extended bandlike states, as a consequence
of short-lived (∼fs) coherences, yet it has not been
experimentally verified beyond nanometer distances and may
instead may be coupled to a hopping process to achieve
micrometer-scale distances.82,83 Notably, the distance between
natural (proteinogenic) aromatic amino acid side chains in
folded proteins and peptides typically exceed the 3.4 Å upper
limit for efficient π-orbital delocalization,120−122 making
hopping a more likely mechanism for transport through
supramolecular peptide and protein structures composed of
natural amino acids, provided that the oxidation potentials are
suitable to allow efficient multistep hopping, as discussed
above. More efficient overlap may be obtained through the
incorporation of conjugated small molecules (Section 4.2.1) or
non-natural (nonproteinogenic) amino acid side chains
(Section 4.2.2).

3.3. Chemical Structure of Peptides and Proteins
Affecting Short-Range Electronic Conduction. Chemical
features of peptides and proteins reduce the activation barrier
to short-range charge transport by variation of the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular obital (LUMO) energies and/or enhancement of
intramolecular electronic state coupling.123−125 Although these
contributions have only been demonstrated for single-step
tunneling and multistep hopping mechanisms over nanometer-
length scales in short-chain peptides, they may have relevance
to lowering barriers to long-range transport through a
supramolecular system over micrometer-length scales.
Side-chain chemistry strongly affects short-range ET and

ETp. Aromatic amino acids, including tryptophan and tyrosine,
can enhance ET (or ETp) rates through single molecules by
lowering the energy barrier for tunneling and improving
electronic coupling to electrode contacts.124 Tyrosine and
tryptophan can also act as redox relay stations to facilitate

Figure 4. Band diagrams for a (A) metal, (B) semiconductor, and (C)
insulator.
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biological ET reactions.99,126,127 Biological ET involving
aromatic amino acid oxidation in electrolyte may require the
energetic stabilization of coupled proton transfer.101,128,129

Charged side chains also affect short-range ET and ETp.
Protonation of amine side chains has been demonstrated to
lower the tunneling barrier for ETp through single
peptides.123,130 For short-range ET mechanisms, in which
coordinating ions may affect charge migration, protonation of
the amine groups can either increase or decrease the rate of
transfer through a single peptide, depending on the Coulombic
interactions between charges. Protonation near a positively
charged electron acceptor increases the ET rate, whereas
protonation near an electron donor, such as tyrosine, which
releases a proton during oxidation, lowers the ET rate.131

Helical secondary structures, such as α- and 310-helices,
significantly enhance short-range ET and ETp in individual
peptides and monolayers. In homopeptides, ETp through a
helical configuration is up to 400 times greater than through
the equivalent random coil.123 Density functional theory
(DFT) calculations suggest that this difference is due to a
decrease in the HOMO−LUMO gap and that torsional angles
between amide groups in helical structures enhance electronic
coupling through amide bonds along the peptide backbone
relative to nonhelical structures.125

Secondary structure may also affect short-range ETp and ET
by determining the strength of the molecular dipole present
along a peptide or protein structure, with the direction of the
dipole oriented from the C- to N-terminus. The effect of the
dipole is most prominent in helical structures, with the
molecular dipole increasing by 5.0 and 4.5 D per residue in α-
and 310-helices, respectively. Conversely, for β-strand struc-
tures, the molecular dipole only increases by 0.25 D per
residue.132 Consequently, the dipole moment may significantly
improve ET through single α-helical peptides, with an
observed 5- to 27-fold increase in ET rate along the dipole
(C to N) relative to ET against it (N to C).133 These
directional differences are not observed in random coil
peptides, where the net dipole is approximately zero.134

Spectroscopic studies and ab initio calculations indicate that
this dipole moment may also lower the oxidation potentials of
amide groups at the C-termini of α- and 310-helices, potentially
facilitating a hopping mechanism through amide groups and
hydrogen bonds.135,136

4. PEPTIDE AND PROTEIN MATERIALS EXHIBITING
LONG-RANGE ELECTRONIC CONDUCTIVITY

In the following sections we discuss examples of supra-
molecular peptide and protein structures demonstrating long-
range electronic conduction. As this field lies at the
intersection of electronics and biology, its achievements are
motivated from both a molecular electronics perspective and a
desire to replicate and understand natural charge-transport
phenomena. We will present both biological and synthetic
systems composed of natural and unnatural components. It is
important to note that the femto- to sub-femtosecond details
exclusive to distinct electron transport processes are either
difficult or currently impossible to experimentally resolve.63

Thus, we can only indirectly infer the role of a mechanistic
model based on structure and observable parameters, such as
the temperature or distance dependence of transport. More-
over, the application of complementary and independent
methods of structure and transport characterization is
necessary to adequately support a proposed mechanism of

conduction. Lastly, it is possible that multiple mechanisms
interplay within a particular system, especially under different
experimental conditions, and our discussions are limited to
identifying the dominant, rather than exclusive, mechanism
from available experimental data.

4.1. Cofactor-Based Conductors. In nature, biological
long-range electronic conduction primarily occurs through
redox chains, such as photosynthetic137,138 and respiratory
systems.139,140 Conduction via this paradigm is predominantly
attributed to electron hopping from cofactor to cofactor along
the length of a supramolecular scaffold. The cofactors are
typically porphyrins, metal clusters, redox-active small
molecules, or redox-active side chains that act as stepping
stones for micron-scale transport. As discussed in Section 3.1,
the mechanism of transportmultistep tunneling (hopping)
or diffusion-assisted hoppingdepends on the distances
between cofactors. FR may also be a possible long-range
transport mechanism, but its role in mediating transport
beyond several nanometers remains speculative, and, as
discussed above, FR may be coupled to hopping at greater
conduction distances.
Long-range transport has been observed in microorganisms,

some of which have evolved extracellular respiratory pathways
utilizing immobilized redox cofactors capable of delivering
current across micrometer distances. One of the most
commonly studied species is the anaerobic microbe Geobacter
sulfurreducens (Figure 5A), which forms electrically conductive

biofilms (Figure 5B) that have been used in microbial fuel cells
to produce electricity from organic material.141 These biofilms
can generate the highest current densities of any monoculture
species142,143 and utilize cytochromes, heme-containing
proteins (Figure 5C−E), to facilitate current production.144,145

In G. sulfurreducens biofilms, these cytochromes form a
stratified redox gradient to drive hopping charge trans-
port.107,146 This type of gradient-driven electron transport
(Figure 3D) may be a useful motif for bioelectronics

Figure 5. (A) Schematic illustrating G. sulfurreducens bacterium
metabolism and (B) predominantly redox-gradient-driven electron
transport through G. sulfurreducens biofilm. Crystal structures of a few
of many G. sulfurreducens cytochromes: (C) PpcA (PDB 2LDO), (D)
PpcD (PDB 3H4N), and dodecahmeme GSU 1996 cytochrome
(PDB 3OV0). Heme residues are shown in red.
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applications, as it has demonstrated energy storage utility in
redox-active polymers.147,148

These scaffolds have also been replicated in synthetic
peptide and protein systems, in which redox-active molecules
have been appended to self-assembling peptide and protein
sequences to form conductive nanostructures. Inspired by
redox-mediated current production in G. sulf urreducens
biofilms, Altamura et al. created nanofiber films from a
chimeric protein composed of an amyloid sequence, known to
self-assemble into fibers, and a redox-active protein, rubredoxin
(Rd), which contains an Fe2+/3+ active site, chelated by four
cysteines.149 The 1 nm distance between iron centers is
sufficient for a hopping mechanism (Figure 3A), although the
flexibility of the amyloid domain N-terminus, connected to the
Rd, permits some mobility of the redox site and therefore
suggests some dynamics associated with charge transfer, for
which a diffusion-assisted hopping mechanism may be relevant.
This flexibility may slightly alter the ET rate relative to more
rigidly bound redox centers, but the exact kET was not
measured. Films cast from these fibers exhibited wet
conductivities of 3.1 μS/cm and dry conductivities of 2.4
μS/cm, which are comparable to conductivities of peeled G.
sulfurreducens biofilms.57 These chimera nanofibers were also
able to reduce oxygen via electron transfer from the electrode,
along Rd sites and to cross-linked laccase enzyme.
Redox-active protein nanowires have also been demon-

strated using diphenylalanine (FF) supramolecular scaffolds
(see Section 4.3.2), a sequence motif found in amyloid-forming
proteins and capable of self-assembly into nanofibers and
nanotubes.150 By attaching ferrocene onto FF, Wang et al.
formed nanowires capable of delivering charge from an
electrode to immobilized glucose oxidase. Although the
conductivity of FF nanostructures alone ranges from semi-
conducting151 to electrically insulating,152,153 the ferrocene
moeities conjugated to the peptide fibers were spaced closely
enough to form a redox conduit capable of transporting charge
across the fiber scaffolds up to a micrometer in length. While
ferrocene is not formally a cofactor for enzyme function, as a
coordinated Fe2+/Fe3+ center, it is capable of reversible redox
reactions and facilitating redox hopping charge transport.
Shewanella oneidensis MR-1 is another well-studied model

organism capable of extracellular electron transport to and
from154 solid-state electrodes, including in microbial fuel
cells.155 This functionality relies on structurally and electro-
chemically characterized multiheme Mtr/Omc cytochrome
complexes that span the cell envelope.156 Long-range
cytochrome-dependent transport has also been observed in
biological nanowires produced by S. oneidensis. Once thought
to be primarily protein “pilus-like” fibers,157 these nanowires
were later revealed to be cytochrome-decorated membrane
extensions.158 Nevertheless, these redox scaffold membrane
nanowires provide bioinspiration for long-range electron
conduction.159 Electron cryo-tomography reveals that these
nanowires are decorated with patches of tightly packed
cytochromes (∼7−9 nm center-to-center), extending tens of
nanometers in length along the nanowires, with interpatch
distances exceeding tunneling distances.110 This structural
information suggests that electron transport along the
nanofibers is facilitated through a combination of direct
hopping events and diffusion-assisted hopping (Figure 3D)
between neighboring redox proteins.111 Recent electrochem-
ical gating measurements of conduction through S. oneidensis
cells confirm the role of the multiheme conduits in mediating

redox transport over micrometer length scales. These measure-
ments also revealed a thermal activation energy in excellent
agreement with hopping calculations through the Mtr
decaheme cytochromes.160

4.2. Hybrid Bio-Organic Proteinogenic and Non-
proteinogenic Conductors. Apart from redox-mediated
systems, long-range conduction may also be possible through
the formation of delocalized states. Since the 3.4 Å packing
distance required for efficient delocalization is difficult to
achieve with proteinogenic amino acid side chains, multiple
studies have swapped natural aromatic side chains for
nonproteinogenic ones or have used peptides as a supra-
molecular scaffold to guide conjugated small molecule packing.
The mechanism of long-range transport through delocalized

states is highly dependent on the degree and length of
conjugation. If the conjugation axis is persistent along the
length of the supramolecular structure, potentially forming
delocalized states, transport can be metallic-like or semi-
conducting. The type of bandlike conduction in these systems
is determined by observing the relationship between temper-
ature and conductivity. For metallic-like conductors, temper-
ature scales inversely with conductivity, as increasing temper-
ature reduces carrier mobilities; for semiconductors, con-
ductivity scales with temperature, due to thermal excitation of
charge carriers. If conjugation is restricted to localized regions
along the supramolecular structure, hopping may be required
for micrometer-scale transport. This hopping mechanism
would be akin to the sequential reduction and oxidation
events observed in redox-mediated hopping and would
therefore also exhibit a temperature-dependent conductivity.
Since semiconducting and hopping behaviors both have an
Arrhenius temperature dependence and their conductance
scales inversely with length (Pouillet’s law), a crystal structure
and/or spectroscopic evidence may be required to demon-
strate the electronic delocalization that would distinguish the
two. For a delocalized system, temperature-dependent
conductivity measurements can be used to distinguish between
metallic-like versus semiconducting transport. Hall-effect
measurements may also be a valuable tool in distinguishing
between band and hopping carriers, since hopping charges in
organic semiconductor films will drift in an opposite direction
to band carriers subject to an orthogonal magnetic field.161

Hall-effect measurements may be particularly useful, since
thermal disorder can compete with π-stacking interactions and
simultaneously induce both band and hopping transport in
organic semiconductors.161

4.2.1. Hybrid Bio-Organic Proteinogenic Conductors. The
molecular and organic electronics community has pursued
peptide−small molecule conjugates for the formation of self-
assembling organic conductors. Amino acids are an ideal
candidate to merge with conjugated molecules, since they offer
both water solubility and a self-assembly pathway for the
formation of electronically delocalized nanostructures. These
systems typically incorporate short peptide sequences predis-
posed to form supramolecular structures, such as coiled-coils,
β-sheets, α-helices, collagen, or elastin mimics.162 Some
notable conjugates include oligothiophenes,163,56,164−166 naph-
thalene diimides (NDI),167−169 perylene diimides,169−174 and
fluorenyl-9-methoxycarbonyl (Fmoc).55,175,176

These conjugates may facilitate long-range ETp through the
formation of delocalized states. The nature of interstate
coupling, in these cases π−π interactions, determines whether
bandlike transport has a metallic-like or semiconducting
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temperature dependence (Section 3.2). However, if the
aromatic residues are spaced too far apart to form delocalized
states, or if the delocalization lengths are broken by molecular
distortions, long-range ETp may occur through thermally
activated electron hopping, analogous to that observed with
redox cofactors (Section 4.1).
Design considerations in this paradigm are especially critical,

given that a peptide’s intermolecular hydrogen-bonding
network can directly influence the geometry, and therefore
the degree and direction, of intermolecular π−π interac-
tions.177 Govindaraju et al. created two dipeptide-conjugated
naphthalene diimides: one with a nonproteinogenic amino
acid, 2-aminoisobutyric acid, Aib-Aib, and the other with a
natural amino acid, Ala-Ala, with Aib only differing from Ala by
an extra methyl group.178 However, the two dipeptides are
known to adopt either helical or β-sheet structures, which, in
turn, resulted in two distinct nanostructures with different
conductivities. The Aib-Aib NDI-conjugate formed one-
dimensional (1-D) nanotapes with a cofacial orientation of
the NDI groups and a conductivity of 3.5 × 10−6 S/m, while
the Ala-Ala NDI conjugate formed two-dimensional (2-D)
nanosheets with an edge-to-edge (coplanar) NDI orientation
and less than half the conductivity, 1.6 × 10−6 S/m. Indeed,
Tovar et al. have shown that modest changes to a peptide
sequence can result in vastly different electronic coupling
regimes: disordered excimeric structures (a dimeric species
associated in a short-lived excited electronic state179) or
ordered electronically coupled states.178 The operative
conduction mechanism in each regime may be distinct, as
ordered electronically coupled states facilitate a metallic or
semiconducting bandlike transport, whereas disordered ex-
cimeric structures conduct through hopping between localized
states.
Although hydrogen bonding plays a significant role on the

resultant hybrid structure, it cannot be the only factor driving
structural formation if delocalization is to be preserved. These
periodic π−π-interactions require183 that the conjugated
component contribute to the assembly and structural stability
of the hybrid nanostructure, since assemblies exclusively
stabilized by β-sheet hydrogen bonds have intermolecular
distances (typically ∼4.7 Å) that preclude efficient orbital
overlap (3.4 Å).180,181 The β-sheet secondary motif is
commonly used in polymer−peptide conjugates due to its
tendency toward strong intermolecular aggregation.182 Work
by Baüerle et al.166 demonstrates the importance of tempering
the dominance of peptide hydrogen bonding. They designed
two conjugated systems combining a quaterthiophene
derivative, tetra(3-hexylthiophene) (T) with peptide sequences
(P) known to form β-sheet domains, in both a T-P diblock
oligomer and a P-T-P configuration. Although these structures
formed nanofibers in organic solvent, assembly was dominated
by β-sheet hydrogen bonding, as opposed to π−π interactions,
and electronic delocalization was not observed in either
arrangement. Conductance measurements were not performed,
albeit low conductivities would be expected in the absence of
π-stacking.
Several approaches have been used to preserve π-stacking

interactions in peptide−conjugate hybrid systems. Stupp et al.
achieved delocalized hybrid nanostructures by creating a
bolaamphiphile.165 Bolaamphiphiles differ from single-headed
amphiphiles in that they have hydrophilic groups flanking a
sufficiently long hydrophobic chain; their design can be
dissected into three parts: polar amino acids at the ends for

solubility, structure-forming amino acids for assembly, and an
aromatic core for conductivity. A quinquethiophene molecule
was chosen as the center segment, and alkyl spacers were
added to confer flexibility, which allowed for simultaneous π-
stacking and hydrogen bonding in the resultant hydrogel.
Conductance measurements were not performed, but circular
dichroism and absorption/emission measurements suggest the
presence of π-stacking between bolaamphiphile building
blocks.
Hodgkiss et al. developed nanofibers using two different

modes of attachment to a perylene dimide core.171 In the
“forward-attached” case, a self-assembling β-sheet peptide
sequence was attached using a glycine linker at the N-terminus,
while in the “reverse-attached” case, the peptide sequence was
attached using an ethylamino linker at the C-terminus. In the
forward-attached design, the peptide backbone extends N to C
away from the core, while in the reverse-attached design, the
peptide backbone extends C to N away from the core. These
two designs gave nanofibers with distinct aqueous spectral
profiles: the forward-attached peptide conjugate exhibited
strong coupling between delocalized π-orbitals (consistent with
H-aggregation), while the reverse-attached peptide conjugate
exhibited a spectral signature suggestive of a rotational offset
between the perylene units. Upon solid-state gating, films of
forward-attached nanofibers exhibited weak semiconducting p-
type behavior (majority of charge carriers are mobile holes),
which was unexpected given the n-type behavior (majority of
charge carriers are mobile electrons) associated with perylene
materials and the high electron affinity of the perylene core.
This unexpected change in electronic structure is likely due to
the integration of the peptide, but electronic structure
calculations, such as DFT, were not performed to validate a
mechanism for the charge carrier polarity inversion. Although
electronic measurements were not performed on the reverse-
attached peptide, the lack of delocalization implies that any
conductivity in the system would be mediated through
hopping and would have significantly lower values than the
delocalized forward-attached peptide system, due to weaker
electronic coupling.
Tovar et al. have developed several π-conjugated peptide

nanostructures by directly embedding the conjugated unit into
the peptide backbone. In this design, they have flanked
oligothiophenes,68,69,82,83 diacetylene (later photopolymerized
into polydiacetylene),185 naphthalene, perylene,169 and other
aromatic compounds186 between two β-sheet forming peptides
to create water-soluble peptide−conjugate building blocks.
This design encourages the aqueous self-assembly of ribbon
and gel structures, which, on a molecular level, promote
cofacial aggregation of the conjugated organic com-
pounds.163,169 Upon gating, films of these nanostructures
exhibited hole mobilities as high as 1.7 × 10−2 cm2 V−1 s−1 for
quaterthiophene-containing peptides184 and 3.8 × 10−5 cm2

V−1 s−1 for sexithiophene-containing peptides.186 Notably, the
best-performing quaterthiophene-peptide variant demonstra-
ted mobilities comparable to those observed in films of
quaterthiophene derivatives not bound to peptides,187

suggesting that the presence of peptide in this system did
not adversely affect conductivity. Spectroscopic evidence for
delocalization suggests that these materials are bandlike
conductors and that their ability to gate conductivity
electrostatically is a characteristic feature of semiconductor
band transport. Tovar and co-workers have also developed a
straightforward solid-phase resin synthesis to incorporate
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commercially available semiconducting and fluorescent chro-
mophore units into oligopeptide backbones, bypassing many
synthetic and solubility hurdles with creating semiconducting
small molecule−peptide conjugate materials.169,186

Another approach has been to incorporate aromatic moieties
to the N-terminus of hydrophilic peptides (or single amino
acids), creating amphiphilic peptide systems.162,168,175,188,189

On the basis of structural studies on Fmoc-diphenylalanine
(FF), Ulijn et al. have proposed that these amphiphile peptide
systems form π−π interlocked β-sheets.79 The same group
measured the conductivity of conjugates with Fmoc appended
to a leucine tripeptide (Fmoc-L3)

55 (Figure 6), which, of the
several amphiphile variants tested, demonstrated the most
electron delocalization, according to fluorescence measure-
ments.189 The resulting π-stacked β-nanotubes had minimum
sheet resistances of 0.1 MΩ/sq in ambient conditions.
Although this conductivity value is low compared to
conjugated polymer films, these peptide amphiphile systems
have the unique feature of enzyme-triggered assembly (Figure
6A,B), which may allow for better reproducibility and control
over the self-assembly process.190 Access to tunable kinetic
control potentially expands the functional applications of these
conductive materials, as enzyme-mediated assembly of the
conjugated materials have demonstrated refuelable assembly
and disassembly kinetics that may be particularly useful for
reconfigurable biointerfacing applications.33,191 Red-shifts in
the fluorescence spectra of assembled gels suggest they form
delocalized structures, and, as with other π-stacked systems in
this classification, these amino acid conjugates are expected to
be semiconducting.
4.2.2. Conductive Peptides Incorporating Nonproteino-

genic Amino Acids. Since aromatic delocalization is difficult to
achieve using natural amino acids, Ashkenasy et al. have
attempted to restore π-stacking in pure amino acid systems by
developing a new category of amino acid conductors, in which
natural amino acid side chains have been replaced by small
aromatic compounds. They have demonstrated nanotubes with
delocalized states by adding NDI side chains to otherwise
electronically insulating192−194 cyclic D,L-α-peptide nano-
tubes195,196 (Figure 7). Cyclic D,L-α-peptides, although less
promiscuous than their linear counterparts, have a lower

entropy that tends to a greater degree of control and
predictability197 over their nanotubular self-assembly195,196

(Figure 7A). In nanotubes, the aromatic structures adopt a tilt
with an interaromatic distance of 3.6 Å, thereby facilitating
intermolecular electronic delocalization195 (Figure 7B).
Subsequent studies with cyclic D,L-α-peptides, with both
natural amino acid side chains and napthyl substituents,
suggest proton, rather than electron, hopping to be the
dominant transport mechanism in dehydrated and hydrated
environments.198 In dehydrated films, aromatic stacks provide
proton channels, promoting proton conductivity through

Figure 6. (A) Scheme for self-assembly of nanotubes assembly of Fmoc-L3, which is converted from Fmoc-L3-OMe via enzymatic hydrolysis (B).
(C) Transmission electron micrographs of nanotube structures stained with 2% uranyl acetate and (D) AFM images of nanotubes on mica. Scale
bars are 100 nm. Adapted from Xu et al.55 with permission from the Royal Society of Chemistry. Copyright 2010. https://pubs.rsc.org/en/content/
articlelanding/2010/nr/b9nr00233b#!divAbstract

Figure 7. (A) AFM image of peptide fibers formed from cyclic
nanotubes on mica. (B) Suggested space-filling model for self-
assembled cyclic peptide. The lateral cross section determined by
topographical height profiles (C) is consistent with the diameter of
the peptide nanotube (D). Reproduced with permissions from
Ashkenasy et al.,195 copyright 2005 Wiley-VCH Verlag GmbH &
Co. KGaA https://onlinelibrary.wiley.com/doi/abs/10.1002/smll.
200500252.

The Journal of Physical Chemistry B Review Article

DOI: 10.1021/acs.jpcb.8b07431
J. Phys. Chem. B 2018, 122, 10403−10423

10412

https://pubs.rsc.org/en/content/articlelanding/2010/nr/b9nr00233b#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2010/nr/b9nr00233b#!divAbstract
https://onlinelibrary.wiley.com/doi/abs/10.1002/smll.200500252
https://onlinelibrary.wiley.com/doi/abs/10.1002/smll.200500252
http://dx.doi.org/10.1021/acs.jpcb.8b07431


hydrogen bonding. In hydrated films, a water adlayer on the
surface of the peptide facilitates proton conduction, wherein
proton-donating carboxylic acid side chains become important
for conductivity. Although the electronic conductivity in these
systems is very low (with the greatest contribution being less
than or equal to 20% of total current, achieved under vacuum
conditions), proton conducting materials have potentially
useful applications and represent a common biological charge
transport mechanism.199−202

Proton involvement in these systems may suggest a hopping
mechanism, in which protons stabilize electron transfer, such
as at low relative humidity. As discussed in Section 3.3, protons
may be essential in assisting short-chain redox reactions
involving aromatic amino acids.101,129 Nevertheless, the minor
role of electronic transport through this system is difficult to
characterize, since a predominant hopping mechanism suggests
the presence of discrete states, whereas the observation of
delocalization suggests a continuum of states. However, such a
conflict is not entirely surprising, since the dominant charge
carriers are protons, as opposed to electrons, and are governed
by a different set of transport mechanisms. Proton conduction
mechanisms are beyond the scope of this review, but we direct
interested readers to several excellent reviews on the
subject.203−205

The Ashkenasy group has also incorporated nonproteino-
genic aromatic side chains into fiber-forming amyloid β
sequences. They formed spectroscopically delocalized states
in amphiphilic Glu-Phe dyad fibers by replacing, in each
peptide sequence, two phenylalanine residues with two
diaminopropionic acids bearing NDI side chains.206 In another
amyloid-β-derived sequence,207 they showed enhanced nano-
tube film conductivity when replacing the FF domain with two
non-natural 2-thienylalanine (2-Thi) amino acids, achieving pS
conductances under low-pressure conditions.93 Although these
conductances are low, further investigation suggested a strong
proton contribution to conductivity, based on observations of
increasing conductance with increasing relative humidity.208

From these humidity studies, Ashkenasy et al. concluded that,
below 60% relative humidity, conduction was mediated
through both electrons and protons (1:2 ratio, respectively),
while at high humidity, conduction (increased to the order of
nS) was mediated by protons. Nevertheless, these humidity
studies were not conducted with Pd hydride electrodes, which
are typically used to demonstrate proton conductivity, making
it difficult to distinguish changes in conductivity due to proton
conduction from those induced by humidity-dependent
structural or morphological changes.
4.3. Conductive Peptides and Proteins Composed of

Proteinogenic Amino Acids. 4.3.1. π-Stacked Peptides and
Proteins. Long-range electron transport through natural amino
acids is nontrivial, as it is difficult to achieve efficient packing
distances using natural side chains. Protein nanofibers
produced by the Geobacter species may be an exception,
although the presence of delocalized states remains a point of
great interest and contention.57,209,210,108,211,212 As with
nonproteinogenic side chain and peptide−conjugate hybrid
structures, long-range conduction in proteinogenic, π-stacked
systems could occur through metallic-like or semiconducting
bands, given sufficient overlap and carrier injection via redox
reactions or electrostatic gating. If π-stacking is not sufficient
for complete delocalization along the length of the fiber, long-
range transport may occur through hopping between localized
low-energy states.

Although live G. sulfurreducens biofilms primarily demon-
strate long-range, redox-mediated electron transport (section
4.1), conductive nanofibers isolated from G. sulfurreducens
cultures demonstrate micrometer-scale conductivity210,213 that
is facilitated entirely by natural amino acids. These nanofibers
are presumably composed of the structural protein PilA, which
is over 85% α-helical in nature214 (Figure 8A) and is arranged

into supramolecular helical coils via a complex, membrane-
associated secretion system.215 The nanofiber conductivity is
exceptionally high compared to many π-stacked amino acid-
based nanofibers, with single fiber values ranging from 50 to 5
S cm−1210,213 (Figure 8B) and comparable to organic
metals.209

Although cytochromes play a key role in electronic transport
through respiring Geobacter biofilms (Section 4.1) and
bacterial appendages produced by S. oneidensis157,158 (Section
4.1), conduction through these nanofibers does not exhibit
signatures of redox-mediated conduction.216 Reguera et al.
have demonstrated that the diffusion-assisted redox con-
duction observed in live G. sulfurreducens biofilms is not
contradictory with the presence of intrinsically conductive pili
produced by bacteria within the biofilm.217 Their work
suggests that conduction through a network of these
nanofibers becomes a significant contributor for biofilm
exceeding 10 μm in thickness.

Figure 8. (A) Homology model for G. sulfurreducens PilA, with
aromatic residues highlighted in blue (PDB 2M7G). (B) Schematic
(top) and AFM amplitude image (bottom) illustrating two-point
conductive probe measurements on G. sulfurreducens nanofiber
(pilus) contacting gold electrode. (C) Representative I−V measure-
ments of single nanofiber at various distances from the electrode.
(inset) I−V plots of gold electrode (yellow) and silicon background
(gray). (D) Temperature-dependent conductivity characteristics of a
film of conductive G. sulfurreducens nanofibers (schematic, inset)
conducted in aqueous environment. Dotted lines show two different
regions of liner temperature dependence. Adapted from Lampa-
Pastirk et al.210 © 2016 under Creative Commons License 4.0, Nature
Publishing Group https://www.nature.com/articles/srep23517 and
Ing et al.145 with permission from the PCCP Owner Societies.
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Conductivity in these G. sulfurreducens nanofibers increases
with decreasing temperature57,145 (Figure 8C), suggestive of a
nonhopping mechanism. Reguera et al. have observed an
opposite temperature dependence when comparing single fiber
measurements at room temperature versus 77 K.210 Although
this measurement is suggestive of hopping, it is likely that, as
with other soft materials, different conduction mechanisms are
relevant for different temperature ranges. Thus, a thermally
activated mechanism under cryogenic conditions need not be
inconsistent with nonthermally activated conduction at much
higher temperatures. Malvankar et al. measured a crossover
temperature ≈ 260 K for conductivity of these nanofiber
films.57 Above 260 K, conductivity increased exponentially
upon cooling, whereas below 260 K, conductivity decreased
exponentially upon heating. This exponential dependence and
crossover have also been observed in organic metals218 and
were attributed to reduced phonon scattering in metallic-like
band transport above the transition temperature and trap
localization below it.57 In an aqueous environment and over a
physiologically relevant range of temperatures (275 to 338 K),
Hochbaum et al. measured a much weaker exponential
temperature dependence composed of two regimes145 (Figure
8D). This weak temperature dependence may be a result of
temperature-dependent conformational changes in the protein
nanofibers. The authors suggested a possible FR mechanism,
since thermal disorder can diminish the probability of coupling
between electronic states.82,83 However, since FR has not been
demonstrated over the micrometer distances associated with
single nanofibers, any FR mechanism would likely be coupled
to hopping, which has an opposite temperature dependence.
Because it is unclear whether temperature-dependent con-
ductivity would be dominated by a reduction in thermal
disorder or hopping, the role of FR in Geobacter nanofiber
conduction remains speculative. Measurements performed by
these three groups were all done under different environmental
conditions and may thus be linked to different mechanisms.
Regardless of the conduction mechanism in these nanofibers, a
chemical or structural basis for the observed conductivity
remains elusive.
Lovley, Malvankar, and co-workers have attributed the

conductivity in these bacterial nanofibers to metallic band
formation due to the π-stacking of aromatic side
chains,57,209,219,220 though this claim has been heavily
contested by other groups.210,214,221 Powder X-ray micro-
diffraction of purified G. sulfurreducens nanofibers showed a 3.2
Å peak, which was attributed to aromatic stacking of phenyl
rings, as these peaks were not present in nanofibers purified
from a mutant expressing PilA lacking key aromatic
residues.209 Several homology models based on sequence
similarities to such cellular appendages in other microbial
species have been invoked to justify the interaromatic distances
in G. sulfurreducens nanofibers. The sum of the homology
models and one docking model, assembled by docking PilA
monomers, present conflicting conclusions as to the possibility
o f π - s tacked de loca l i za t ion a long the nanofib-
ers.209,219,222,221,214,223 Verification of π-stacking is contingent
upon obtaining a direct atomic structure model of the G.
sulf urreducens nanofibers, and spectroscopic evidence of
electronic delocalization has yet to be demonstrated.
Nevertheless, modifications to the PilA sequence suggest

that the conductivity is sensitive to changes in the aromatic
amino acid content. Lovley and co-workers showed that the
conductivity of conductive G. sulf urreducens nanofibers

decreased appreciably when five aromatic amino acids in the
PilA sequence were mutated to aliphatic side chains (Ala),220

with single fiber conductivity measurements suggesting a 3
orders of magnitude decrease relative to wild type (WT)
protein (38 ± 1 μS cm−1 compared to 51 ± 11 mS cm−1).191

These findings were corroborated by Reguera et al., who found
that a single replacement of one of the tyrosine residues with
an alanine residue in the PilA sequence resulted in a sixfold
decrease in conductivity, from 4.7 to 0.77 S cm−1.210 Similarly,
a modified PilA sequence, in which the phenylalanine and
tyrosine near the C-terminus of PilA were replaced by
tryptophan, resulted in enhanced conductivity, with single
nanofiber conductivities at least 500-fold greater than in the
WT nanofibers.224 This correlation between aromatic content
and conductivity is also supported by comparisons of
homologous nanofibers produced by other species in the
Geobacter genus.225 Nevertheless, the importance of aromatics
does not constitute the presence of delocalized states. Reguera
et al. have proposed that the aromatic amino acids instead
function as discrete stepping stones for hopping.217,222 Thus,
the mechanism behind G. sulfurreducens pili remains a point of
contention.226

π-Stacking has also been reported in a de novo peptide
sequence composed entirely of natural amino acids,
GFPRFAGFP.227 This peptide, presented as a synthetic
analogue to study Geobacter nanofiber conductivity, formed
nanofibers that exhibited fluorescence spectra characteristic of
π-stacking between phenylalanine side chains. In spite of the
presence of π-stacking, the conductance of fiber films was low,
∼1 × 10−11 S, albeit higher than conductances observed in
amyloid β fibers.

4.3.2. Non-π-Stacked Peptides and Proteins. Although π-
stacking is believed to play a critical role in the aforementioned
examples of proteinogenic supramolecular conductors, it may
not be necessary for long-range conduction through all peptide
and protein materials. Despite affirmative evidence as to the
significance of aromatic residues, most of the proposed G.
sulfurreducens homology models do not support long-range
electron delocalization via aromatic side-chain overlap.226 The
presence of aromatics may be critical to conduction, but
delocalization via overlap may not be necessary and/or the
only factor relevant to long-range conductivity.
This point is perhaps most clearly evident through a self-

assembling de novo peptide sequence designed to form α-
helical coiled coil hexamers with a supramolecular helical
structure reminiscent of Geobacter nanofibers.59 The core of
these peptide nanofibers is rich in phenylalanine residues, yet
the crystal structure of the hexamer indicates that the system is
not π-stacked.228 Phenyl rings in the hydrophobic core are in a
canted orientation and too distant for π-orbital overlap, and no
spectroscopic evidence was observed to support electronic
delocalization. Nonetheless, single nanofiber fiber conductiv-
ities exceeded those measured for Geobacter nanofibers.210,213

Bipotentiostatic measurements, which distinguish between
redox-mediated and nonredox-mediated conduction,145 reveal
similar nonredox-mediated current responses for both the
bacterial and the synthetic nanofibers. Additionally, both
nanofiber systems exhibit a positive Arrhenius slope (S/K−1) in
buffer at physiologically relevant temperatures. This temper-
ature dependence rules out a thermally activated mechanism at
these temperatures but cannot be used to conclusively identify
a precise conduction mechanism within the framework of
known long-range conduction mechanisms. True metallic
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conduction is unlikely, particularly due to the large band gap
expected for peptides and in the absence of π-stacking
delocalization. Although these studies do not identify a
conduction mechanism, they demonstrate that an α-helical
secondary structure and supramolecular ordering are determin-
ing factors for peptide conductivity in this system. They further
show that conductivities comparable to conjugated polymers
can be achieved in a non-π-stacked amino acid system.
The presence of aromatic residues alone may not be able to

account for the high conductivity values observed in Geobacter
and non-π-stacked peptide nanofibers. This point is clearly
illustrated by the purely aromatic amino acid sequence,
diphenylalanine (FF). Inspired by the β-amyloid polypeptide,
FF is a minimal dipeptide known to form disparate
nanostructures based on the choice of solvent.229,230 Some
self-assembly conditions result in porous nanotubular crystals,
in which six interlocks, each composed of two linear diphenyls,
surround an amide backbone “tube.” The hydrogen bonds
between the β-sheets forming these tubes participate in proton
transfer and can exist either at the C or N terminus of strands
between β-sheets. This configuration creates a double-well
ground-state potential, which, in combination with the
aromatic interlocks, reduces the band gaps to the semi-
conducting region. Regardless, conductance values remain low
or insulating,152,153 and the typical 4.7 Å distance between
peptides may be too far to facilitate delocalization.122,153

Changing the bonding environment of the FF nanotubes
directly impacts semiconducting properties. Current−voltage
(I−V) measurements through nanotube networks demon-
strated a fivefold increase in conductivity, from 0.3 to 1.6 nS
upon replacing one of the phenylalanines in the dipeptide with
a tryptophan152 (Figure 9A,B), owing to a reduction of the
molecular interstitial regions and proximity of aromatic
overlap. This electronic change is supported by first-principles
calculations, which show a reduction in nanotube bandgap
from 4.48 to 3.04 eV upon switching from FF to FW231

(Figure 9C). Changing the arrangement of the dipeptide

within the nanotubes from the conventional hexagonal
arrangement of linear diphenyls (linear FF) to a cyclic
arrangement (cyclo-FF), in which the terminal carboxylic
acid and amine groups fuse to form a cyclic amide backbone,
also increases the I−V behavior from insulating to semi-
conducting due to better π-overlap in the cyclo-formation.153

In this arrangement, the distance between phenylalanine
residues is comparable to that of the non-π-stacked nano-
fiber;59 nevertheless, unlike Geobacter nanofibers and the
coiled-coil nanofibers, the cyclo-FF exhibits low conductances
(∼hundreds of pS) and a negative Arrhenius slope (S/K−1).
Conductivity in cyclo-FF may thus be thermally activated
hopping between aromatic moieties or semiconducting
transport with a narrowed band gap due to aromatic side-
chain interactions.
A separate class of proteinaceous bacterial appendages,

known as curli, have been engineered to facilitate long-range
conduction via aromatic amino acid redox hopping sites. Curli
form aggregated amyloid fibers that are expressed on the
surface of many Enterobacteriaceae, such as Escherichia coli and
Salmonella.232 These proteins derived from model organisms
provide an experimental platform for developing conductive
biological nanofibers.58 The curlin fiber is composed of two
structural proteins: a major subunit, CsgA, and a minor
subunit, CsgB.232−234,233 CsgA monomers have demonstrated
robust fibrilization in a variety of in vitro conditions,235,236

suggesting a tunable platform for synthetic modification. Seker
and co-workers appended aromatic tripeptides, composed of
tyrosine, tryptophan, histidine, or phenylalanine, onto the
amyloidogenic region of the CsgA protein, R5T peptide.58

They observed fiber assembly in all of the variants, with the
tyrosine and tryptophan-modified R5T exhibiting the highest
conductivity. These results informed subsequent experiments,
in which they engineered tyrosine and tryptophan modifica-
tions to a CsgA fusion protein incorporating an 11 amino acid
sequence borrowed from the G. sulfurreducens PilA protein
(Section 4.3.1)213,224 (Figure 10). E. coli biofilms expressing
these modified CsgA proteins exhibited a 1.7- to 4-fold
increase in conductivity relative to biofilms expressing WT
CsgA. Seker et al. concluded from molecular structure models
that, while CsgA fibers are not expected to form long-range π-
stacked interactions, conduction is most likely facilitated
through redox hopping along the side chains of tyrosine
residues. While temperature-dependent conductivity data
would be helpful in further supporting this claim, it is unclear
whether the observed differences in conductance can be
entirely attributed to the lowered redox potentials of tyrosine
and tryptophan, since mutations to the CsgA sequence can
produce differences in both film conductance and fiber
morphology. Just as with the Geobacter nanofibers, additional
structural information and complementary conductivity
studies, such as temperature-dependent and single-fiber
conductivity measurements, as well as spectroscopic inves-
tigations, are critical to supporting a specific conduction
mechanism.

5. CONCLUSIONS AND OUTLOOK
Designing and understanding long-range (micrometer-scale)
conduction through peptides and proteins is both fundamen-
tally interesting and potentially significant for the development
of bioelectronic materials. Herein, we have provided a detailed
background of electron transport mechanisms pertinent to
conduction along micrometer-scale supramolecular structures.

Figure 9. (A) Diphenylalnine (FF) and tryptophan-substituted (FW)
peptides. (B) I−V characteristics of dipeptide fibrils. (C) Band
structures along the tube axis for FF (left) and FW (right). The
valence band maxima and conduction band minima are shown in red;
dashed lines indicate the borders of the bandgaps. Adapted from
Amdursky et al152 and Akdim et al,231 reproduced with permissions
from the Royal Society of Chemistry copyright 2013 https://pubs.rsc.
org/en/content/articlelanding/2013/cp/c3cp51748a#!divAbstract
and the American Institute of Physics Publishing copyright 2015
https://aip.scitation.org/doi/abs/10.1063/1.4921012, respectively.
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These transport mechanisms may be distinct from those
governing short-range ET and ETp processes through single
peptides and proteins on the nanometer-scale. Long-range
conductivity has been demonstrated in cofactor-based and
hybrid-peptide conjugate systems, as well as peptides and
proteins with natural and unnatural amino acid side chains.
While the redox principles behind long-range cofactor-based
conduction can be clearly understood within the framework of
an extended ET system, the emergence of long-range
conductivity in noncofactor-based supramolecular systems
remains an exciting research frontier.
Demonstrations of long-range conductivity in non-π-stacked

peptide nanofibers and G. sulf urreducens nanofibers are
particularly interesting, because they are orders of magnitude
more conductive than optimally stacked hybrid organic peptide
systems. Moreover, they suggest that π-stacking may not be
necessary to achieve high, nonthermally activated conductiv-
ities in protein and peptide systems. Given the current
structural information on these two systems, their conduction
cannot entirely be explained by current long-range conduction
models in peptide and proteins. The temperature-dependent
conductivity measured in the bacterial fibers and the non-π-

stacked nanofibers suggest a nonthermally activated transport
mechanism, excluding both hopping and semiconducting
models. However, metallic-like band conduction in a non-
delocalized system, such as the non-π-stacked nanofibers, is
highly unlikely. These two demonstrations thus suggest the
need for additional structural characterization, such as cryo-
EM, to verify the presence or absence of π-stacking and the
supramolecular arrangements of these two fibers.
In general, the application of multiple complementary

characterization techniques appears necessary to determining
the dominant electronic conduction mechanisms in protein
and peptide supramolecular materials. Their molecular
dynamics are highly sensitive to different experimental
conditions, and the chemical and structural components
contributing to their conductivity, from cofactors to con-
jugated organic molecules to aromatic side chains, are capable
of participating in several different mechanisms of conduction.
Consequently, to better understand and improve this class of
materials for bioelectronic applications, more comprehensive
studies are required. To these ends, mutable building blocks,
such as peptides and peptide conjugates, with robust self-
assembly behavior, represent promising experimental platforms
for systematic investigations of electronic conduction in amino
acid-based materials. An improved understanding of how
biology traffics electronic signals will pave the way for realizing
the goal of bioelectronic materials to seamlessly integrate
synthetic conductive materials with enzymes, cells, organs, and
organisms.
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