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ABSTRACT OF THE DISSERTATION

Electronic Conductivity in Supramolecular Biomaterials
By
Nicole Ing
Doctor of Philosophy in Materials Science and Engineering
University of California, Irvine, 2018

Professor Allon |I. Hochbaum, Chair

Proteins and peptides may be a promising route to develop conductive materials capable
of interfacing biological components with electronics for bioelectronic applications. Amino acid
sequences can drive the self-assembly of supramolecular nanostructures, whose high surfaces
area, soft material surfaces may be suitable for interfacing with biology. These sequences can be
coupled with conjugated small molecules or metals to drive the aqueous self-assembly of water
soluble, electronically-conductive nanomaterials, or these sequences, by themselves, can form
electronically-conductive supramolecular structures. In this work, we demonstrate long-range,
non-redox, and non-thermally activated electron transport in biological protein nanofibers
purified from Geobacter sulfurreducens, and we replicate these unique conduction properties in
non-rn-stacked, self-assembled nanofibers constructed from a de novo peptide sequence. We
demonstrate that natural amino acids can be used to form supramolecular nanofibers with high
conductivities, comparable to conjugated materials, in the absence of delocalization. This
micrometer-scale transport does not fit within the framework of long-range conduction
mechanisms in organic materials, and thus suggests a rethinking of current electron transport

models. We also characterize electronic and electrostatic properties in two other amino acid

xii



based supramolecular systems, demonstrating how amino acids can be used to tune the self-
assembly and electronic properties of conductive materials. These findings suggest that amino

acid based materials may be a viable platform for designing functional bioelectronic materials.
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CHAPTER 1 Long-Range Conductivity in Protein and Peptide Bioelectronic Materials

1.1: 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 biomolecules? to cells*# and living organisms®®. By seamlessly bridging
the synthetic-living interface, without significant perturbation to biological function, bioelectronic
materials may improve our understanding of biological systems or even control their functionality.
Bioelectronics promise to enhance and prolong human life through biomedical technologies such
as implantable power sources’#, wearable sensors®'°, therapeutic'*?, and prosthetic implants34,
They can also harness functional biological components, such as enzymes, to enhance the
sensitivity of non-biomedical sensors'®" as well as improve the efficiency of electrocatalytic
syntheses for energy production®®® and pharmaceutical applications?®22,

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?>?*. For
catalysis and sensor technologies, immobilization substrates and techniques can interfere with
enzyme functionality?>?’.

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?®-3!, including access to a range of dynamic assembly pathways3? and transient



structures®?33, Certain peptides and proteins exhibit excellent biocompatibility in terms of eliciting
a minimal immune response®+-3%, the ability to be safely degraded/absorbed by the body after
use®”8, and controllable degradation kinetics®-4*. Additionally, the chemical diversity of peptides
allows for highly optimized enzyme immobilization*?43 and cellular interfacing***¢. Many natural
and designed proteins and peptides are also capable of self-assembling into supramolecular
nanostructures, such as sheets, wires, and tubes*’8. The high aspect ratio of these features may
offer additional benefits for interfacing with biological components*®%°, and these dimensions can
be achieved without the difficulties and costs associated with many more traditional
nanofabrication processes®!. Lastly, some peptide and protein nanostructures conduct electronic
charge and are therefore excellent candidates for bridging the bio-electronic interface.

Electronic conduction across individual peptides and proteins may be categorized either as
electron transfer or electron transport>2°2 (Fig. 1.1A) 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. lons 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®2. 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®3.

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 supramolecular
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®*, 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®>€, 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®2, 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 ET®3-%6 and ETp>2°3 through peptides and proteins.
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Figure 1.1: 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 AEa. (E).

1.2: 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 conductivity comparable to conjugated molecules across distances spanning several
nanometers®2°3%7, The solid-state ETp mechanism through a protein need not be the same its
biological ET mechanism, although experimentally, ET and ETp characteristics are correlated®6°

and there is likely a fundamental connection between the two processes®?.



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™. We will start by briefly introducing the single-step D to
A electron transfer process described by Marcus Theory’72, which is the underpinning for the

three major ET/ETp short-range mechanisms: superexchange, flickering resonance, and hopping.

1.2.1: Tunneling

Nonadiabatic tunneling is a single step electron transfer process between a D and A (Fig.
1.1B). The ET reaction rate ket depends on —AG?, the driving force for electron transfer
between D and A, A, the total nuclear reorganization energy associated with the electron transfer,
and Hap, the temperature-independent tunneling transmission coefficient:

_(AG°+/1)2

2o~ azkr ) (Equation 1.1)

2T

Ko = — 2%
ET = yamakry/2 AP

In the square barrier tunneling model, which has been strongly supported by experimental
evidence’3, Hap is defined by an exponential decay with regards to distance, R-Ro, and has a

decay constant proportional to the barrier height U:

H,p = Ae BER=Ro)/2 (Equation 1.2)
B = 2(Umgzp)*/? (Equation 1.3)
A =2UUmygps)Y? (Equation 1.4)

where mer is the effective mass of the electron. Thus,

(A60+2) _
kgp o< e BR=Ro) o™ 37 ) (Equation 1.5)

The ET rate decays exponentially with the distance between D and A and has a temperature

dependence (kg ocT_%e"enli;gy)), the effect of which is predominantly dependent on the



relationship between AG® and A. The maximum ET rate is achieved when AG® + A = 0, at which
there is no temperature-dependent activation barrier to transport. Indeed, when AG® and A are
comparable, kg is essentially temperature-independent>*74, The ET rate is therefore dominated
by an exponentially decaying distance dependence, and conductance can be expressed solely as a
function of distance

G = G,e PR (Equation 1.6)
where G, is the contact conductance. Gray and Winkler have estimated 20 A to be the upper limit
for efficient biological ET?8, while Dutton places the limit at 14 A77. 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®?,

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®3, namely superexchange, flickering resonance, and
hopping.

1.2.2: Superexchange
The superexchange model (SE) is a single step tunneling mechanism in which there may

be multiple bridge states in between D and A (Fig. 1.1C). 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

|Hyp|? o e B(R-AR) (Equation 1.7)
where AR is the spacing between each state for N states (AR= R/(N+1)). ET rates via SE share a
similar weak or negligible temperature dependence with standard tunneling. They also exhibit an
exponentially decaying dependence on distance, albeit slightly weaker than that of tunneling since

the B term for SE is distinct from the square barrier tunneling term (Equation 1.3)

2 AED/A—AEB

B = " In |T| (Equation 1.8)

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 AE},,, — AEy and the electronic coupling

between sites V 63,

1.2.3: Flickering Resonance
Beratan and coworkers recently reformulated the discussion of ET, introducing an
alternative short-range, single-step transport mechanism known as flickering resonance (FR)’®
(Fig. 1.1D). 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)’™. 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’®7°. The ET rate for FR is given by

2T

___m 2 )
kET N h(41‘[AkT)1/2 4 PmatCh(Z) (Equatlon 19)

where Pp,.:cn(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’®. In the nonadiabatic limit (specifically, the case in
which coupling energy fluctuations V;.,,,; are smaller than site energy fluctuations o) the matching

probability P,, ..., (N)can be expressed as

Pratcn(N) = e~ P® (Equation 1.10)
=1 T _0g .
P =—lIn [\ﬁ Vrms] (Equation 1.11)

Here, the distance between adjacent sites AR 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’®, although it may have implications for longer-
range biological charge transport’®. Distinct from tunneling, the distance decay exponent ® has a
temperature dependence. Since oy increases with temperature and V., has a weak temperature
dependence, the FR decay exponent & should increase with temperature, such that the electron
transfer rate decays faster with distance as temperature increases.
1.2.4: Hopping

Hopping is a multi-step ET process, in which charge is transferred through a series

consecutive tunneling events (Fig. 1.1E) (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®?. 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 B~ 1.2 A1 hopping is expected to occur for distances greater than 30 nm and for energy

activation barriers (AE,) ~ 1 eV, such that 8_% > e AR (Fig. 1.1E)™.

In this collection of tunneling events, kg, no longer exhibits an exponential dependence on
distance, instead varying inversely with the number of hopping steps N and the hopping rate kn
75,801

kgr < kyN~" (Equation 1.12)
where n 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 temperature dependence that can be expressed in terms of the activation barrier AE,.
This is known as an Arrhenius temperature dependence, in which increased temperature facilitates

an increase in conduction?®.

G e kT (Equation 1.13)



1.3: 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 (Fig. 1.2). 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 non-degenerate energy state (Fig.
1.2A). For a series of adjacent redox hops between discrete, localized states, known as “nearest
neighbor hopping” or thermally-activated hopping®*8182 (Fig. 1.3A), long-range conductivity o
follows the Arrhenius temperature dependence seen in multistate hopping through a single peptide

or protein:

AE,

O Xe kT (Equation 1.14)

For a series of FR (Fig. 1.3B) or SE (Fig. 1.3C) events, in which hopping occurs between partly
delocalized states and is thus considered to be “variable range®3 8, conductivity is expected to

scale as

T
~-(H

oxe (Equation 1.15)

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

10



theory of variable range hopping was developed. Particularly in the case of FR, the theoretical
temperature dependence of Equation 1.15 may compete with opposite temperature trends
associated with Equation 1.11, convoluting the overall expected temperature dependent trend.
Barring high resolution structural data over the full range of temperatures tested, it may be difficult
to control for structural-induced conductivity changes which 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 observations’®:8°,
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 of electronic bands (1.3.2) (Fig. 1.2B, 1.3E). 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 vs. ETp classification. In this section, we will discuss
amino acid-based materials and their potential mechanisms of conduction over long distances (>

1 um).
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A Short-Range Long-Range

ET

 Hl  poccod]

Figure 1.2: (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 band-like transport through multiple peptides or
proteins.

1.3.1: 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 (Fig. 1.3A),
analogous to that observed in short-range ET (Equation 1.14). 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 A) and
if the energy levels of the redox centers are similar’.

In peptides and proteins, these redox centers may be bound cofactors, the metal centers of
metalloproteins, or redox-active aromatic side chains’”, 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. NHE) suitable for redox reactions in physiological
conditions®. The oxidation potentials of aromatic amino acid side chains may likewise be suitable
for facilitating electron hopping, particularly those of tyrosine and tryptophan®-8 | with redox

potentials ~ 1 V vs. NHE®. Histidine may also potentially function as a redox-active amino acid,

12



with a redox potential ~1.17 V!, although it has been implicated only in poorly efficient ET
processes®%2, Phenylalanine has recently been proposed as a potential relay amino acid, although
the redox potential of alkylated phenyl groups is notably higher ~2 V. It is important to note,
however, that the measured redox potentials and reorganization energies associated with these
amino acids are highly sensitive to their molecular and solvent environment®’. In biological charge
transfer between aromatics, this electron transfer typically requires a coupled proton transfer event
to help reduce the energetic costs associated with a change in the charge state®,

For a material with fixed redox centers, a concentration gradient or electric field can act as
a driving force for hopping (Fig. 1.3A), analogous to that observed in redox polymers with discrete
redox centers®-9°, In this model, which has been implicated in biological charge transfer through
some bacterial communities®-192, a redox gradient (i.e. concentration 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. lons 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 may also contribute to the redox gradient and subsequent electron
flow!%31% (Fig. 1.3D). 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
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(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. Conductivity scales linearly with the
concentration of redox-sites and may exhibit a similar temperature dependence as thermally-

activated hopping®.

A Thermally-Activated Hopping D  Diffusion-Assisted Hopping
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Figure 1.3: 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
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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 (a; < a; < as), until the barriers effectively disappear at a finite temperature and a continuous,
delocalized band emerges.

1.3.2: Long-Range Conduction via Delocalized States

Long-range conduction can also occur through the formation of bands, electronic states
which 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 (Equations 1.1 to 1.13). Band like conductivity, o, is expressed as

o =ney (Equation 1.14)
where n is the charge carrier density, e is the elementary charge, and u 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, 1.e. the energy required to generate free charge carriers. The electronic properties of
conventional solids are determined by Eg near the Fermi level, Er, the energy between the highest
occupied and lowest unoccupied states at T = 0 K. Metallic conductors have no band gap near Er
and electrical conductivity scales inversely with temperature (Fig. 1.4A). For semiconductors, Eg
<4 ¢V near Er 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 gap!® (Fig. 1.4B). 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
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temperature dependence near room temperature and a strong temperature dependence, similar to
that observed for thermally-activated hopping, at low temperatures®. If Eq exceeds ~ 4 eV near

Er, the material is considered to be electronically insulating (Fig. 1.4C).

Metal Semiconductor Insulator

Figure 1.4: Band diagrams for a (A) metal, (B) semiconductor, and (C) insulator.

In peptides and proteins, the periodicity of the peptide backbone produces band gaps which
are calculated to range from semiconducting (< 4 eV) to insulating (> 4 eV)17-1%° E4 may be
lowered by incorporating aromatic residues to promote delocalization through m-m orbital
interactions, called nt-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
A) are optimized', t-stacking supports semiconducting or metallic-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 n-n interactions possess the long-range
periodicity required to facilitate delocalization along the length of the supramolecular structure. If
the mt-stacking periodicity is broken or localized such that it is insufficient to support band-like
transport between electrode distances, long-range conduction may still occur through thermally-

activated hopping between discrete adjacent states (Fig. 1.3A)*, analogous to the sequential redox
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hopping observed in cofactor chains. FR (Fig. 1.3B) has been proposed as another possible
mechanism to form extended band-like 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’®®. Notably, the distance
between natural (proteinogenic) aromatic amino acid side chains in folded proteins and peptides
typically exceed the 3.4 A upper limit for efficient m-orbital delocalization!*-113 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 multi-step hopping, as discussed above. More efficient overlap may be obtained through
the incorporation of conjugated small molecules (section 1.4.2.1) or non-natural (non-

proteinogenic) amino acid side chains (section 1.4.2.2).

1.3.3: 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 HOMO and LUMO energies and/or enhancement of
intramolecular electronic state coupling'41¢. Although these contributions have only been
demonstrated for single step tunneling and multi-step 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
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contacts'®. Tyrosine and tryptophan can also act as redox relay stations to facilitate biological ET
reactions®*117:118  Bijological ET involving aromatic amino acid oxidation in electrolyte may
require the energetic stabilization of coupled proton transfer®611%120 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'4*2%, 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!??.

Helical secondary structures, such as a- and 3i0-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*'* 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 non-helical
structures!?6,

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 o- and 3io-helices,
respectively. Conversely, for 3-strand structures, the molecular dipole only increases by 0.25 D

per residue!?3, Consequently, the dipole moment may significantly improve ET through single a-
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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)?4. These directional differences are not observed in random coil peptides,
where the net dipole is approximately zero. 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 a- and 310-helices, potentially facilitating a hopping mechanism through amide groups

and hydrogen bonds!26:127,

1.4: Peptide and Protein Materials Exhibiting Long-Range Electronic Conductivity

In the following sections we discuss examples of supramolecular 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®. 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. Moreover, the application
of complimentary and independent methods of structure and transport characterization are
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.
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1.4.1: Cofactor-Based Conductors

In nature, biological long-range electronic conduction primarily occurs through redox
chains, such as photosynthetic'?1%° and respiratory systems!3%131 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 1.3.1, 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 nm
remains speculative, and, as discussed above, FR may be coupled to hopping when applied to
farther 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 (Fig. 1.5A), which forms electrically conductive biofilms (Fig.
1.5B) that have been used in microbial fuel cells to produce electricity from organic material®*2,
These biofilms can generate the highest current densities of any monoculture species*3** and
utilize cytochromes, heme-containing proteins (Fig. 1.5C-E), to facilitate current production3%136,
In G. sulfurreducens biofilms, these cytochromes form a stratified redox gradient to drive hopping
charge transport'%37, This type of gradient-driven electron transport (Fig. 1.3D) may be a useful
motif for bioelectronics applications, as it has demonstrated energy storage utility in redox-active

polymerst38.139,
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Figure 1.5: (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 2L.DO), (D) PpcD (PDB 3H4N), and dodecahmeme
GSU 1996 cytochrome (PDB 30V0). Heme residues are shown in red.

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. sulfurreducens 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,

243+ active site, chelated by four cysteines#%. The 1 nm

rubredoxin (Rd), which contains a Fe
distance between iron centers is sufficient for a hopping mechanism (Fig. 1.3A), 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 uS/cm and dry conductivities of 2.4 uS/cm,

which are comparable to conductivities of peeled G. sulfurreducens biofilms®’. These chimera

21



nanofibers were also able to reduce oxygen via electron transfer from the electrode, along Rd sites
and to crosslinked laccase enzyme.

Redox-active protein nanowires have also been demonstrated using diphenylalanine (FF)
supramolecular scaffolds (see section 1.4.3.2), a sequence motif found in amyloid-forming
proteins and capable of self-assembly into nanofibers and nanotubes!4. 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
semiconducting®*? to electrically-insulating'3144, 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 Fe?*/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 from!4° solid-state electrodes, including in microbial fuel
cells'#®, This functionality relies on structurally and electrochemically characterized multineme
MtrF cytochrome complexes that span the cell envelope!*’. Long-range redox transport has also
been observed in biological nanowires produced by S. oneidensis. Once thought to be primarily
protein ‘pilus-like’ fibers!4®, these nanowires were later revealed to be cytochrome-decorated
membrane extensions'*?. Nevertheless, these redox scaffold membrane nanowires provide
bioinspiration for long-range electron conduction®. 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 inter-patch distances exceeding

tunneling distances!®®. This structural information suggests that electron transport along the
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nanofibers is facilitated through a combination of direct hopping events and diffusion-assisted

hopping (Fig. 1.3D) between neighboring redox proteins04,

1.4.2: Hybrid Bio-Organic Proteinogenic and Nonproteinogenic Conductors

Apart from redox-mediated systems, long-range conduction may also be possible through
the formation of delocalized states. Since the 3.4 A 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 non-proteinogenic ones or have used peptides as a
supramolecular 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
semiconducting. The type of band-like conduction in these systems is determined by observing the
relationship between temperature and conductivity. For metallic-like conductors, temperature
scales inversely with conductivity, as increasing temperature reduces carrier mobilities; for
semiconductors, conductivity 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
demonstrate the electronic delocalization that would distinguish the two. For a delocalized system,

temperature-dependent conductivity measurements can be used to distinguish between metallic-
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like versus semiconducting transport. Hall 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'®2. This measurement may be particularly useful, since thermal disorder can
compete with mt-stacking interactions and simultaneously induce both band and hopping transport

in organic semiconductors*®2,

1.4.2.1 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 predisposed to form supramolecular structures, such
as coiled-coils, B-sheets, a-helices, collagen, or elastin mimics!>3. Some notable conjugates
include oligothiophenes!®*56:155-157 " naphthalene diimides (NDI)8-180 perylene diimides!®®-16
and fluorenyl-9-methoxycarbonyl (Fmoc)3°166.167,

These conjugates may facilitate long-range ETp through the formation of delocalized
states. The nature of interstate coupling, in these cases n-n interactions, determines whether band-
like transport has a metallic-like or semiconducting temperature dependence (section 1.3.2).
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

1.4.1).
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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 n-n interactions!®. Govindaraju et al. created two
dipeptide-conjugated naphthalene diimides: one with a non-proteinogenic amino acid, Aib-Aib,
and the other with a natural amino acid, Ala-Ala, with Aib only differing from Ala by an extra
methyl group!®®. However, the two dipeptides are known to adopt either helical or B-sheet
structures, which, in turn, resulted in two distinct nanostructures with different conductivities. The
Aib-Aib NDI-conjugate formed 1-D nanotapes with a co-facial orientation of the NDI groups and
a conductivity of 3.5 x 10-% S/m, while the Ala-Ala NDI conjugate formed 2-D nanosheets with an
edge-to-edge (coplanar) NDI orientation and less than half the conductivity, 1.6 x 10 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 state'’) or ordered electronically-coupled states'®®. The operative
conduction mechanism in each regime may be distinct, as ordered electronically-coupled states
facilitate a metallic or semiconducting band-like transport, whereas disordered excimeric
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 w-m-interactions require that the conjugated component contribute to the assembly and
structural stability of the hybrid nanostructure, since assemblies exclusively stabilized by -sheet
hydrogen bonds have intermolecular distances (typically~ 4.7 A) that preclude efficient orbital
overlap (3.4 A)Y.172, The B-sheet secondary motif is commonly used in polymer-peptide

conjugates due to its tendency towards strong intermolecular aggregation®’3. Work by Béuerle et
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al. 7 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 B-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 p-sheet hydrogen bonding, as opposed to m-n
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
n—stacking.

Several approaches have been used to preserve m-stacking interactions in peptide-conjugate
hybrid systems. Stupp et al. achieved delocalized hybrid nanostructures by creating a
bolaamphiphile!®¢. 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
n-stacking and hydrogen bonding in the resultant hydrogel. Conductance measurements were not
performed, but circular dichroism and absorption/emission measurements suggest the presence of
n-stacking between bolaamphiphile building blocks.

Hodgkiss et al. developed nanofibers using two different modes of attachment to a perylene
dimide core'®. In the “forward-attached” case, a self-assembling B-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
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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 r-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 m-conjugated peptide nanostructures by directly
embedding the conjugated unit into the peptide backbone. In this design, they have flanked
oligothiophenes®®698283  diacetylene (later photopolymerized into polydiacetylene)'’®,
naphthalene, perylene!®®, and other aromatic compounds’” between two 3-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 co-facial
aggregation of the conjugated organic compounds®46°, Upon gating, films of these nanostructures
exhibited hole mobilities as high as 1.7 x 102 c¢cm? V1 s for quaterthiophene-containing

peptidest”™ and 3.8 x 10° cm? V1 s for sexithiophene-containing peptides’’. Notably, the best
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performing quaterthiophene-peptide variant demonstrated mobilities comparable to those
observed in films of quaterthiophene derivatives not bound to peptides’®, suggesting that the
presence of peptide in this system did not adversely affect conductivity. Spectroscopic evidence
for delocalization suggests that these materials are band-like conductors and their ability to gate
conductivity electrostatically is a characteristic feature of semiconductor band transport. Tovar and
coworkers have also developed a straight forward solid phase resin synthesis to incorporate
commercially-available semiconducting and fluorescent chromophore units into oligopeptide
backbones, bypassing many synthetic and solubility hurdles with creating semiconducting small
molecule-peptide conjugate materials*6%177,

Another approach has been to incorporate aromatic moieties to the N-terminus of
hydrophilic peptides (or single amino acids), creating amphiphilic peptide systems53.159.166,179,180
Based on structural studies on Fmoc-diphenylalanine (FF), Ulijn et al. have proposed that these
amphiphile peptide systems form n-r interlocked B-sheets’®. The same group measured the
conductivity of conjugates with Fmoc appended to a leucine tripeptide (Fmoc-L3)% (Fig. 1.6),
which, of the several amphiphile variants tested, demonstrated the most electron delocalization,
according to fluorescence measurements'®. The resulting n-stacked B-nanotubes had minimum
sheet resistances of 0.1 MQ/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 (Fig. 1.6A & B), which may allow for better reproducibility and
control over the self-assembly process®l. 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 bio-interfacing applications33182, Red-shifts in the
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fluorescence spectra of assembled gels suggest they form delocalized structures and, as with other

n—stacked systems in this classification, these amino acid conjugates are expected to be

semiconducting.

A

Fmoc L OMe Fmoc L,

##s

B structure Fmoc-L,
nanotube

%ubuhs: %‘!{gﬂm

Figure 1.6: (A) Scheme for self-assembly of nanotubes assembly of Fmoc-Ls, which is converted from
Fmoc-Ls-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. Adapted from ref *°

1.4.2.2: Conductive Peptides Incorporating Non-Proteinogenic Amino Acids

Since aromatic delocalization is difficult to achieve using natural amino acids, Ashkenasy
et al. have attempted to restore m-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 insulating®3-18 cyclic D, L- a-peptide nanotubes!86.187
(Fig. 1.7). Cyclic D, L-a peptides, although less promiscuous than their linear counterparts, have
a lower entropy that tends to a greater degree of control and predictability® over their nanotubular

self-assembly88187 (Fig. 1.7A). In nanotubes, the aromatic structures adopt a tilt with an inter-
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aromatic distance of 3.6 A, thereby facilitating intermolecular electronic delocalization!® (Fig.
1.7B). Subsequent studies with cyclic D, L-a-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'®. In dehydrated films, aromatic stacks
provide proton channels, promoting proton conductivity through 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 < 20% of total
current, achieved under vacuum conditions), proton conducting materials have potentially useful
applications and represent a common biological charge transport mechanism?*90-193,

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 1.3.3, protons
may be essential in assisting short-chain redox reactions involving aromatic amino acids%%,
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!94-1%,
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Figure 1.7: (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 from ref 188,

The Ashkenasy group has also incorporated non-proteinogenic aromatic side chains into
fiber-forming amyloid [ sequences. They formed spectroscopically-delocalized states in
amphiphilic Glu-Phe dyads fibers by replacing, in each peptide sequence, two phenylalanine
residues with two diaminopropionic acids bearing NDI side chains!®’. In another amyloid-pB-
derived sequence, they showed enhanced nanotube film conductivity when replacing the FF
domain with two non-natural 2-thienylalanine (2-Thi) amino acids, achieving pS conductances
under low pressure conditions®®. Although these conductances are low, further investigation
suggested a strong proton contribution to conductivity, based on observations of increasing
conductance with increasing relative humidity®°. From these humidity studies, Ashkenasy et al.

concluded that below 60% relative humidity, conduction was mediated through both electrons and
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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.

1.4.3: Conductive Peptides and Proteins Composed of Proteinogenic Amino Acids
1.4.3.1: n-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®7:200.201,101,202.203 * Ag wyijth non-proteinogenic side chain and
peptide-conjugate hybrid structures, long-range conduction in proteinogenic, n-stacked systems
could occur through metallic-like or semiconducting bands, given sufficient overlap and carrier
injection via redox reactions or electrostatic gating. If n-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 demonstrate long-range, redox-
mediated electron transport (section 1.4.1), conductive nanofibers isolated from G. sulfurreducens
cultures demonstrate micrometer-scale conductivity?°2%4 that is facilitated entirely by natural
amino acids. These nanofibers are presumably composed of the structural protein PilA, which is
over 85% a-helical in nature?® (Fig. 1.8A) and is arranged into supramolecular helical coils via a

complex, membrane-associated secretion system 2%, The nanofiber conductivity is exceptionally
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high compared to many n-stacked amino acid based nanofibers, with single fiber values ranging
from 50 mS cm* to 5 S cm™ 291204 (Figure 1.8B) and comparable to organic metals®®,

Although cytochromes play a key role in electronic transport through respiring Geobacter
biofilms (section 1.4.1) and bacterial appendages produced by S. oneidensis'#®14° (section 1.4.1),
conduction through these nanofibers does not exhibit signatures of redox-mediated conduction?®’.
Reguera et al. have demonstrated that the diffusion-assisted redox conduction observed in live G.
sulfurreducens biofilms is not contradictory with the presence of intrinsically conductive pili
produced by bacteria within the biofilm?%, Their work suggests that conduction through a network
of these nanofibers becomes a significant contributor for biofilm exceeding 10 um in thickness.

Conductivity in these G. sulfurreducens nanofibers increases with decreasing temperature,
57136 (Fig. 1.8C), suggestive of a non-hopping mechanism. Reguera et al. have observed an
opposite temperature dependence when comparing single fiber measurements at room temperature
versus 77 K201, 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
non-thermally activated conduction at much higher temperatures. Malvankar et al. measured a
crossover temperature ~ 260 K for conductivity of these nanofiber films®. 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 metals?® and was attributed to reduced phonon scattering in metallic-like band transport
above the transition temperature and trap localization below it>’. In an aqueous environment and
over a physiologically-relevant range of temperatures (275 K to 338 K), Hochbaum et al. measured

amuch weaker exponential temperature dependence composed of two regimes*3¢ (Fig. 1.8D). This
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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’®7°. 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 conductivity 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 coworkers have attributed the conductivity in these bacterial
nanofibers to metallic band formation due to the n-stacking of aromatic side chains®7200210.211,
though this claim has been heavily contested by other groups?°t2%5212 pPowder X-ray
microdiffraction of purified G. sulfurreducens nanofibers showed a 3.2 A peaks, which was
attributed aromatic stacking of phenyl rings, as these peaks were not present in nanofibers purified
from a mutant expressing PilA lacking key aromatic residues?®. Several homology models based
on sequence similarities to such cellular appendages in other microbial species have been invoked
to justify the inter-aromatic 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 of n-stacked delocalization along the nanofibers200:210.213,212,205,214

Verification of n-stacking is contingent upon obtaining a direct atomic structure model of the G.
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sulfurreducens nanofibers, and spectroscopic evidence of electronic delocalization has yet to be

demonstrated.
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Figure 1.8: (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 1-V measurements of single nanofiber at various distances from the electrode; inset: |-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 ref 2%t and **¢,

Nevertheless, modifications to the PilA sequence suggest that the conductivity is sensitive
to changes in the aromatic amino acid content. Lovley and coworkers showed that the conductivity
of conductive G. sulfurreducens nanofibers decreased appreciably when five aromatic amino acids

in the PilA sequence were mutated to aliphatic side chains (Ala)?*!, with single fiber conductivity
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measurements suggesting a three order of magnitude decrease relative to wild type (WT) protein
(38 =1 uS cm* compared to 51 = 11 mS cm™)1%, 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 6-fold decrease in conductivity, from 4.7 S cm™ t0 0.77 S cm
1201 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 wild type (WT) nanofibers?'®. This
correlation between aromatic content and conductivity is also supported by comparisons of
homologous nanofibers produced by other species in the Geobacter genus?'®. 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?%213, Thus, the mechanism behind G. sulfurreducens pili remains a point of contention?’.

n-stacking has also been reported in a de novo peptide sequence composed entirely of
natural amino acids, GFPRFAGFP?%, This peptide, presented as a synthetic analogue to study
Geobacter nanofiber conductivity, formed nanofibers which exhibited fluorescence spectra
characteristic of n-stacking between phenylalanine side chains. In spite of the presence of n-
stacking, the conductance of fiber films was low, ~10-1' S, albeit higher than conductances

observed in amyloid f fibers.

1.4.3.2: Non-w-Stacked Peptides and Proteins
Although r-stacking is believed to play a critical role in the aforementioned examples of

proteinogenic supramolecular conductors, it may not be necessary to long-range conduction

through all peptide and protein materials. Despite affirmative evidence as to the significance of
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aromatic residues, most of the proposed G. sulfurreducens homology models do not support long-
range electron delocalization via aromatic side chain overlap?'’. 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 o-helical coiled coil hexamers with a supramolecular helical structure
reminiscent of Geobacter nanofibers®®. The core of these peptide nanofibers is rich in
phenylalanine residues, yet the crystal structure of the hexamer indicates that the system is not rt-
stacked?'®. Phenyl rings in the hydrophobic core are in a canted orientation and too distant for =
orbital overlap, and no spectroscopic evidence was observed to support electronic delocalization.
Nonetheless, single nanofiber fiber conductivities exceeded those measured for Geobacter
nanofibers?01.204, Bipotentiostatic measurements, which distinguish between redox-mediated and
non-redox mediated conduction'®, reveal similar non-redox mediated current responses for both
the bacterial and the synthetic nanofibers. Additionally, both nanofiber systems exhibit a positive
Arrhenius slope (S/K?) in buffer at physiologically-relevant temperatures. This temperature
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 conduction is unlikely, particularly due to the large
band gap expected for peptides and in the absence of n-stacking delocalization. Although these
studies do not identify a conduction mechanism, they demonstrate that an o-helical secondary
structure and supramolecular ordering are determining factors for peptide conductivity in this
system. They further show that conductivities comparable to conjugated polymers can be achieved

in a non-wt-stacked amino acid system.
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The presence of aromatic residues alone may not be able to account for the high
conductivity values observed in Geobacter and non-n-stacked peptide nanofibers. This point is
clearly illustrated by the purely aromatic amino acid sequence, diphenylalanine (FF). Inspired by
the B-amyloid polypeptide, FF is a minimal dipeptide known to form disparate nanostructures
based on the choice of solvent 220221, 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 B-sheets forming these tubes participate in
proton transfer and can exist either at the C or N terminus of strands between [(-sheets. This
configuration creates a double-well ground-state potential, which, in combination with the
aromatic interlocks, reduces the band gaps to the semiconducting region. Regardless, conductance
values remain low or insulating'#3144 and the typical 4.7A distance between peptides may be too
far to facilitate delocalization!3144,

Changing the bonding environment of the FF nanotubes directly impacts semiconducting
properties. -V measurements through nanotube networks demonstrated a 5 fold increase in
conductivity, from 0.3 nS to 1.6 nS upon replacing one of the phenylalanines in the dipeptide with
a tryptophan'*® (Fig. 1.9A & 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 eV to 3.04 eV upon switching from FF to
FW?22 (Fig. 1.9C). 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 1-V behavior from insulating to semiconducting due to better -

overlap in the cyclo-formation!44. In this arrangement, the distance between phenylalanine residues
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is comparable to that of the non-n-stacked nanofiber®; 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?). 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.
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Figure 1.9: (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 pannel) and FW (right pannel). The
valence band maxima and conduction band minima are shown in red, Dashed lines indicate the borders of
the bandgaps. Adapted from ref 3 and ref??2,

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??®. These proteins derived from model organisms provide an
experimental platform for developing conductive biological nanofibers®®. The curlin fiber is
composed of two structural proteins: a major subunit, CsgA, and a minor subunit, CsgB?23224:225.224,
CsgA monomers have demonstrated robust fibrilization in a variety of in vitro conditions??6:2%7,
suggesting a tunable platform for synthetic modification. Seker and coworkers appended aromatic

tripeptides, composed of tyrosine, tryptophan, histidine, or phenylalanine, onto the amyloidogenic
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region of the CsgA protein, R5T peptide®®. 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 modifications to a CsgA
fusion protein incorporating an 11 amino acid sequence borrowed from the G. sulfurreducens PilA
protein (Section 1.4.3.1)%%42% (Fig. 1.10). 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 nt-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 complimentary conductivity studies, such
as temperature dependent and single-fiber conductivity measurements, as well as spectroscopic

investigations, are critical to supporting a specific conduction mechanism.
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Figure 1.10: (A) Scanning and (B) transmission electron microscopy (TEM) images of the CsgA fibers and
the designed conductive CsgA fibers produced by E. coli DcsgBA cells: (L to R) CsgA, CsgAW, CsgAY,
CsgAWY, and CsgAYW. Diameters of the fibers from TEM were about 12-15 nm and many fibers came
together to form thick fibrils. Scale bars are 2 um for SEM (A) and 100 nm for TEM (B) images. (C)
Molecular models of CsgA protein and its conductive motif-fused variants. (D) Output characteristics for
CsgA and mutated CsgA proteins representing engineered amyloids fibers. Measurements were taken on three

different electrodes for each sample. Curves represent the average of three independent samples. Adapted from
ref°g,

1.5: Conclusion

Designing and understanding long-range (micrometer scale) conduction through peptides and
proteins is both fundamentally 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. These
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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 non-cofactor based supramolecular
systems remains an exciting research frontier.

Demonstrations of long-range conductivity in non-n-stacked peptide nanofibers and G.
sulfurreducens nanofibers are particularly interesting because they are orders of magnitude more
conductive than optimally stacked hybrid organic peptide systems. Moreover, they suggest that n-
stacking may not be necessary to achieve high, non-thermally-activated conductivities 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-r-
stacked nanofibers suggests a non-thermally activated transport mechanism, excluding both
hopping and semiconducting models. However, metallic-like band conduction in a non-
delocalized system, such as the non-m-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 n-stacking and the supramolecular arrangements of these two
fibers.

In general, the application of multiple complimentary 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
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conditions, and the chemical and structural components contributing to their conductivity, from
co-factors to conjugated organic molecules to aromatic side chain, 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 of
seamlessly integrating synthetic conductive materials with enzymes, cells, organs, and organisms.

1.6: Overview of the Dissertation

This dissertation outlines an investigation into the electronic properties of various
conductive peptide and protein nanofiber systems. The aims of this work are twofold: (1) to
demonstrate a novel paradigm of long-range conduction through proteinogenic nanofibers and (2)
to demonstrate how amino acid self-assembly can be used to create conductive materials with
tunable and dynamic electronic properties, which may be useful for bioelectronic applications.

Chapter 2 explores biological charge transport in G. sulfurreducens pili under
physiologically-relevant conditions, demonstrating that conduction is non-redox-mediated, non-
thermally activated process persistent across micrometer (long-range) distances. In Chapter 3, we
use design principles borrowed from pili to create a non- n-stacked peptide nanofiber replicating
the unique electronic properties of pili. We demonstrate that, similar to pili, these biomimetic
nanofibers exhibit high single fiber conductivities (comparable to conjugated polymers) and non-

thermally activated film transport under aqueous conditions. These unique properties do not fit the
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common models for long-range transport, and therefore suggest a rethinking of current mechanistic
framework.

In Chapter 4 and 5, we use the techniques developed in Chapters 2 and 3 to characterize
the electronic properties of other conductive amino-acid based systems. Unlike the nanofibers
studied in Chapters 2 and 3, the amino acid components are intrinsically not conductive; they do,
however, drive the self-assembly of supramolecular structures with tunable electronic properties.
Chapter 4 explores peptide conjugate hybrid systems with temporally regulated electrical
conductivity. The assembly dynamics and subsequent supramolecular structures can be tuned
through the selection of the amino acid component. In Chapter 5, we characterize the electronic
and electrostatic properties of peptide nanofibers with tunable gold nanoparticle seeding. These
two systems demonstrate functional properties which may be useful for bioelectronic technologies.
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CHAPTER 2 Geobacter sulfurreducens Pili Support Ohmic Electronic Conduction in

Aqueous Solution

2.1: Abstract

The bacterium Geobacter sulfurreducens is a model biological catalyst in microbial
electrochemical devices. G. sulfurreducens forms electrically conductive, electrode-associated biofilms,
but the biological structures mediating electrical conduction from cells to the electrodes are a matter of
debate. Bacteria in these communities produce a network of fiber-like Type IV pili, which have been
proposed to act either as inherent, protein-based electronic conductors, or as electronically inert
scaffolds for cytochromes mediating long-range charge transport. Previous studies have examined pilus
conduction mechanisms under vacuum and in dry conditions, but their conduction mechanism under
physiologically relevant conditions has yet to be characterized. In this work, we isolate G.
sulfurreducens pili, and compare the electronic conduction mechanism of both live biofilms and purified
pili networks under dry and aqueous conditions. Solid state -} characteristics indicate that electronic
transport in films of purified pili is representative of conduction in a fiber percolation network.
Electrochemical gating measurements in a bipotentiostat device configuration confirm previous results
suggesting redox currents dominate live biofilm conduction. Purified pili films, however, exhibit non-
redox electronic conduction under aqueous, buffered conditions, and their conductivity increases with
decreasing temperature. These findings show that isolated pili possess inherent, non-redox-mediated
conductivity consistent with a metallic-like model of charge carrier transport. The results demonstrate
an experimental platform for studying electronic transport in biomaterials and suggest that pili serve as

an exemplary model for designing bioelectronic interfaces.
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2.2: Introduction

Electronic charge transport in biological molecules, from DNA to photosynthetic enzymes,
typically follows a donor—bridge—acceptor model' ™. In this model, electrons either tunnel through the
molecule over nanometer distances or use thermally activated hopping to traverse longer distances,
using active sites such as immobilized redox cofactors™®. The maximum length scales for redox-
mediated, biological electron transport have been expanded since the discovery of electronic conduction
over microns to centimeters in communities of anaerobic sediment microbes’ . One such
bacterium, Geobacter sulfurreducens, has been extensively studied for its production of Type IV pili, a
class of filamentous protein appendages, required for long-range electron transport in the environment.
While nanowires produced by other sediment microbes, such as Shewenella oneidensis, have
demonstrated long-range conductivity via redox-activated cytochrome hopping'®, pili purified from G.
sulfurreducens exhibit temperature dependent transport inconsistent with thermally activated hopping'',
suggesting a novel paradigm for long-range biological electronic transport.

Structural homology models suggest that the peptide monomer of pili, PilA, has aromatic
residues that cluster to from conduction conduits when assembled into the molecular wire'*".
Electronic conduction in pili occurs over several micrometers, a length-scale comparable to those
observed for thermally activated redox hopping in biological systems’ but mechanistically distinct. In
contrast to the hopping mechanism, the individual pili'® and dry pili films'' exhibit a metallic-like
temperature dependence’®. Claims of metallic-like transport have been contested for several reasons' .
Firstly, the crystal structure of the intact pilus has not been determined to verify the aromatic clustering
hypothesis. Rather, the conductive contribution of aromatics has been suggested by deletion
experiments, where the removal of aromatic residues from PilA lead to a decrease in current production

of electrode-associated communities'®.  However, homology-based structural models present
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conflicting results regarding the possibility and spacing of aromatic residue overlap, and several studies
imply that delocalized electron transport through the aromatics is unlikely'>">'*2!,

Secondly, although pili have been implicated in current production in G. sulfurreducens biofilms
thicker than 10 pm?, measurements of electronic transport through biofilm are dominated by Faradaic
currents at the redox potentials of biofilm-associated cytochromes, as opposed to the linear response
expected metallic-like electronic transport models™ 2. Lastly, biofilms oxidize the electron donor
acetate at a finite rate and grow to a thickness limited by the rate of electron transfer between
cytochromes, consistent with the idea that these redox active proteins mediate charge transport*®.
Regardless, the contributions of G. sulfurreducens cytochromes, which localize along the pilus, have
not been conclusively separated from pili conductivity measurements®’. Further insights into the
conduction mechanism of extracted pili in conditions resembling the environment of the live biofilm
would provide several key theoretical contributions in addition to potential design principles for
technological applications. If pili exhibit metallic-like conductivity, in which charge carriers behave as
classical point charges, they defy the standard donor-bridge—acceptor model and suggest the need for a
better understanding of long-range biological electron transport'"'>. As a biological material with
electronically conductive properties, these protein wires may function as useful bioelectronics interface
materials.

In this study, we isolate native G. sulfurreducens pili by salt precipitation from culture
supernatants and cast pili films onto solid-state and electrochemical transport devices for the
characterization of their electronic properties. Solid-state measurements indicate that pili mats are
conducting percolation networks orders of magnitude more conductive than globular
protein, Pseudomonas aeruginosa pili films, and amyloid-B (AP) fiber film controls. Distinct from

11,28

previous measurements on G. sulfurreducens pili- ", our electrochemical measurements are performed
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in a bipotentiostat configuration with controlled, reference gating of the electrode potentials™*-°.

These measurements show that purified pili films exhibit conductivity independent of electrochemical
gating potential, and an inverse relationship between temperature and conductivity in aqueous
conditions, further supporting a metallic-like rather than cytochrome-mediated charge transport
mechanism.

2.3: Results and Discussion

2.3.1: Analytical Characterization of Purified G. sulfurreducens Pili

Native pili from G. sulfurreducens cultures were isolated from supernatant using a modified
magnesium chloride precipitation protocol. Purified pili were then spin coated onto silicon wafers for
imaging or onto interdigitated electrodes for electronic characterization and subsequent imaging. The
atomic force microscope (AFM) image in Fig. 2.1A shows the typical morphology of intact pili fibers
in the purified product. Height profile measurements from small area scans (Fig. 2.1B) reveal that the
fibers are approximately 4-6 nm in diameter, consistent with previous findings®' and existing homology
models'*">"**2 The globular debris may be aggregated pilins, cytochromes, or non-proteinaceous cell
material that is not detected by the analytical methods discussed below.

Polyacrylamide gel electrophoretic separation (SDS-PAGE) was used to identify the major
protein component of purified G. sulfurreducens pili preparations. G. sulfurreducens pili are resistant to
routine denaturing conditions, but they disassemble into their constituent pilin protein building blocks
after extended boiling in aqueous sodium-dodecyl sulfate (SDS) or incubation in sufficiently high
concentrations of octyl B-D glucopyranoside (OG)”. The major pilin component of G.
sulfurreducens pili, PilA (gsPilA), migrates through the gel after pilus denaturation. gsPilA runs higher
on the gel relative to its expected 6.6 kDa molecular weight (Fig. 2.1C) possibly due to their tight o-

helical structure in the running buffer, which can interfere with SDS binding®* and increase the steric
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bulk of the protein while migrating in the gel. To help identify gsPilA in the pili extract from silver
stained gels, an engineered pilin standard (GsPilA) with the mature (secreted) gsPilA sequence and a
Gly;s C-terminal spacer was expressed, purified, and separated from its solubility and affinity tags at a
TEV protease cleavage site. gsPilA from purified pili aliquots subjected to different denaturing
conditions runs at a similar height to the engineered pilin after cleavage by TEV protease (Fig. 2.1C)
gsPilA bands migrate through the gels just below the GsPilA band, commensurate with the added
molecular weight of the Glys spacer in the engineered pilin. If not treated with strong denaturants, pili

remain intact at the top of the gel lane, such as in previously reported preparative gels>.
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Figure 2.1: Imaging and molecular analysis of purified G. sulfurreducens pili. (A) Plane and (B)
perpendicular view AFM images of isolated pili. (C) SDS-PAGE gel of purified pili under different
denaturation conditions. Red and blue arrows indicate the migration height of gsPilA and the engineered
pilin, GsPilA, respectively. GsPilA is appended to a solubility and affinity tag until cleavage by TEV
protease. (D) MALDI-TOF spectra of purified pili under non-denaturing (no treatment, 1% OG) and
denaturing (10% OG, diluted to 1% prior to MALDI analysis) conditions. gsPilA appears at the expected
m/z = 6.5 kDa for the singly charged species. Scale bar in (A) is um.

The molecular weight of gsPilA in the intact pili was confirmed by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry. Mass spectra of the pili extracts
were collected from samples without denaturation treatment (Fig. 2.1D, top), exposed to 1% OG (Fig.

2.1D, middle), and exposed to 10% OG diluted to 1% before casting on the MALDI plate (Fig. 2.1D,
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bottom). gsPilA appears in the mass spectrum near the expected 6572 m/z" of the singly charged species
only when the purified pili were denatured with 10% OG?>. The dilution of the 10% OG denatured pili
solutions to a final OG concentration of 1% was necessary to prevent signal interference caused by the
denaturant. Consistent with findings in our SDS-PAGE analysis (Fig. 2.1C) 1% OG alone is not enough
to denature pili into gsPilA monomers (Fig. 2.1D, middle). The presence of gsPilA in OG denatured
pili samples was confirmed by protein sequencing via LC-MS/MS after a tryptic digest (Supporting Fig.
S2.1)
2.3.2: Solid-State I-}V Characteristics of Purified G. sulfurreducens Pili

Pili films spin coated onto interdigitated electrode devices showed a resistance of 470 Q at an
applied bias of 0.8 V, with linear current response throughout the applied voltage range. Pili in the
device channel had diameters ranged from 4-6 nm, as determined by height profiles of AFM
micrographs, and an average length of 4.57 £ 0.26 um (Supporting Fig. S2.2) Pili fiber film were four
orders of magnitude more conductive than an equivalent amount of the globular protein bovine serum
albumin (BSA), six orders of magnitude more conductive than cell-free growth media (NBAF)
processed in an identical manner to the pili, and seven orders of magnitude more conductive than fibers
of amyloid B (AB)-forming peptides™ (Fig. 2.2A) The two protein controls account for the presence of
arbitrary protein on the interdigitated electrodes and the aromaticity and secondary structure of gsPilA:
film conductivity of BSA, a well-characterized protein with mixed o-helical and [-sheet
structure®®, confirmed that a generalized protein deposited on the interdigitated electrodes did not
produce appreciable current; comparison with AP fiber suggests that the pili possess unique sequence
or structural features responsible for electronic conduction.

AP fibers have similar diameter and length scales to isolated pili®> (Supporting Fig. S2.3) and

contain aromatic amino acid residues, which have been suggested to confer conductivity to the pili
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fibers'>'>'®, In AP fibers, these aromatics are essential for assembly and are located between adjacent
sheets at distances <6.5 A*">’. These distances are comparable to those predicted for the aromatic
clusters in some G. sulfirreducens pilus homology models'*'*!°. Despite these structural similarities,
AP fibers and G. sulfurreducens pili comprise monomer units assembled in distinctly different

3338 whereas the gsPilA monomer assembles

secondary structures: Ay monomers are folded in B-sheets
into a tight a-helix'*'*">. The drastic difference in conductivity between the two fibers may be due to
the difference in secondary structure or relative positioning of aromatic residues. Indeed, modeling and
measurements of homopeptide monolayers suggest that both aromatics residues and a-helical structure

independently contribute to peptide conductance'>***.
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Figure 2.2: Solid-state electronic transport characterization of purified G. sulfurreducens pili films. (A) I-
V characteristics of G. sulfurreducens pili films and controls. Inset shows the low current /-V characteristics of
the control films. P. aeruginosa (PAOL1) pili, NBAF, and AP fibers are overlapping near-baseline data in the
main panel and inset. (B) The conductance of pili films in solid-state devices varies with reduced channel
dimensions. The solid lines model the behavior of the higher (red) and lower (black) limits for continuous film
conduction, extrapolated from the high and low conductance values of the pili film at the reduced channel
dimension extremes.
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G. sulfurreducens pili are also five orders of magnitude more conductive than Type IV pili
purified from P. aeruginosa strain PAO1 (Supporting Fig. S2.4) which have previously been
demonstrated to be non-conductive'®. The sum of these measurements suggests that the observed
conductivity is specific to the sequence and structure of the purified G. sulfurreducens pili fibers.

Pili film conduction was measured as a function of interdigitated electrode spacing (Fig. 2.2B).
Identical films were spin coated onto devices with the inter-electrode spacing ranging from 5 to 35 um.
The reduced channel dimension on the independent axis, L/w, is the electrode separation normalized to
the width of the channel (Supporting Fig. S2.5). The upper and lower bounds for hypothetical
continuous film conduction are shown by the red and black traces in Fig. 2.2B. The upper limit (red)
was obtained by extrapolating the conductivity of the most conductive measurement to the normalized
conductance across all L/w, assuming a continuous film conduction channel. The lower limit (black)
was determined in a similar manner, extrapolating the conductivity of the least conductive measurement
to all L/w, assuming a continuous film conduction channel. The experimental data does not follow the
conductivity trend of either the red or black curve. Rather, it transitions between the upper and lower
limits as the reduced channel dimensions increase. The dashed black line represents a percolation
network conduction model fit to the experimental data, as described in the discussion below.

These measurements therefore suggest that the film conductivity of purified pili follows a
percolation network model (Fig. 2.2B). In percolating systems, conductance follows a power law
dependence centered about a critical threshold value ¢., which represents a progression of the network
topology with increasing component concentration to a point at which the system undergoes a sharp
transition in conductivity. This value is used to distinguish percolation transitions at critical volume

46-50

fractions, density fractions, concentrations, or mass fractions and the conductance of a network

composed of conductive elements varies as:
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G < (p—9) (Equation 2.1)

where ¢ is the critical exponent, having a theoretical value of 1.3 and 2 for two- and three-dimensional
random, resistive wire networks, respectively.
Pili film conductivity experiments were conducted with identical preparation conditions on

interdigitated electrodes of varying dimensions. As a result, the conductance of a given pili film can be
expressed in terms of an independent device variable, the reduced channel dimension & The

conductance of the films can thus be expressed as:

G x (& - &C)n (Equation 2.2)

where = is the threshold reduced channel dimension and 7 is the percolation exponent, which is not

Wc
necessarily identical to ¢, given that Equation 2.2 pertains to percolation onset due to network geometry
on the device as opposed to onset at a particular size or volume of sample.” The electrode spacing serves
as a proxy for the length scale of continuous pili network conduction for fixed volumes and

concentrations of sample. Fitting Equation 2.2 to the data (Fig. 2.2B), the threshold reduced channel

dimension is — = 9.08 x 10 , corresponding to an electrode spacing between 10—15 pm. The mean

we
statistical length of individual pili obtained through our purification was 4.57 um (Supporting Fig. S2.2)
suggesting that, on average, at least three pili are involved in the formation of each conductive bridge
between electrodes. From the above model, the percolation exponent is n = 3.23. Although n deviates

48-51

from theoretical values™ ', it is consistent with experimental values of #n for networks of high aspect
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ratio elements, which range from 0.5 to 4.0°". Deviation from theoretical values is attributed to a
distribution of junction resistances at conductor—conductor interfaces within the network™> >, which
may be present in the random networks of pili which make up the channel in our devices (Fig. S2.6).
The above percolation network conduction modeling is agnostic of the mechanism (i.e. charge hopping
or ohmic transport) of electronic conduction through each pilus fiber. Instead, it describes a dependence
of film conduction on the density of junctions and fiber length.

2.3.3: Electrochemical Transport Measurements

To gain a better understanding of charge transport mechanisms in purified pili films,
interdigitated electrodes were modified for electrochemical gating in anaerobic, aqueous electrolyte. A
bipotentiostat was used to perform these measurements, as this setup can distinguish between redox and
non-redox charge transport mechanisms between the electrodes. The source and drain electrodes are
each swept with respect to a Ag/AgCl reference at a fixed source—drain offset potential, V5. Background
currents are sunk through a common platinum wire counter electrode (Fig. S2.7) allowing for
simultaneous monitoring of oxidation/reduction at each electrode, as well as current between the two
electrodes. This experimental setup was previously used to demonstrate redox-mediated conduction in
live G. sulfurreducens biofilms®>>%.

Using this setup, we analyzed the current response from a live G. sulfurreducens biofilm (Fig.
2.3A) and three distinct conduction controls: a solution of the soluble redox couple potassium ferro-
/ferricyanide (Fig. 2.3B), a redox-active conducting polymer film of polyvinylferrocene (PVF) (Fig.
2.3C), and an ohmic, band-like conducting polymer film of PEDOT:PSS (Fig. 2.3D).

The redox-active potassium ferricyanide and PVF film exhibit characteristic Faradaic current
responses to swept gate potential, similar to those observed in the G. sulfurreducens biofilm (Supporting

Fig. S2.8), where conduction across the device manifests as distinct reduction and oxidation peaks
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dependent on the value of the swept gate potential (Fig. 2.3B & C). Is is dependent on the gate potential,
as current is only observed at potentials associated with redox states of the mediator.

The same measurements were conducted for films of the band-like conductor PEDOT:PSS (Fig.
2.3D) over a gate potential range in which the conducting polymer is not oxidized, as evidenced by a

lack of color change’®’

. In this range, the polymer exhibits ohmic or band-like conduction
characteristic of a degenerately-doped semiconductor’® ®°. In contrast to the redox mediator controls,

the PEDOT:PSS film exhibits constant current in this range, independent of the gate potential but

strongly dependent on the Vs, characteristic of a non-redox current response.
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Figure 2.3: Electrochemical transfer characteristics of a live G. sulfurreducens biofilm and abiotic controls. The
source electrode potential is swept relative to the reference electrode at different Vs values according to the color
scale at the right. (A) Total source—drain current of a live G. sulfurreducens biofilm channel, at Vs = 10 mV,
shows prominent redox peak as a function of gate voltage, Vs. (B) A solution redox mediator, Ki[Fe(CN),], and
(C) a solid-state, thin film redox conductor, PVF, exhibit similar Faradaic current responses. (D) A solid-state,
thin film band conductor, PEDOT:PSS, shows the current response of an ohmic conduction channel in the
bipotentiostat devices. Electrode spacing = 5 um.

Similar to PEDOT:PSS, isolated pili films exhibit a constant current with respect to gate

potential, with no apparent redox-mediated transport activity, and current through the channel is

83



determined by Vps. This current response is similar at neutral pH (Fig. 2.4A) and at pH 4.0 (Supporting
Fig. S2.9), at which cytochromes denature due to protonation of the histidine ligand, thus interfering
with heme coordination®®®. These findings provide further evidence that cytochromes, while
dominating the current response in living biofilm, do not contribute to charge transport through films of
purified pili, and that purified pili are inherently electronically conductive in buffered aqueous solutions
resembling physiologically-relevant conditions. Previous studies have used B-mercaptoethanol to
control for a cytochrome contribution to electronic conduction, but the mechanism of inactivation has
been contested due to a lack of precedent”’. Nevertheless, these electrochemical studies show that
charge transport through purified G. sulfurreducens pili is dominated by a non-redox mechanism,
regardless of any residual cytochromes that may be present in the pili sample.

Temperature-dependent conductance measurements provide further confirmation of an
inherent, non-redox-mediated transport mechanism in pili. In dry pili films, conductance in pili increases
exponentially upon cooling to a point'’, a trend likened to quasi-one-dimensional organic metals®*°.
We confirmed this temperature dependence on pili films under aqueous, buffered conditions, using our
bipotentiostat setup. The bipotentiostat cell was immersed in a temperature-controlled water bath,
and /Ips was measured at a fixed Vps of 60 mV. Throughout the temperature range measured (2—65 °C),
pili films in aqueous conditions exhibit increasing conductance with decreasing temperature (Fig. 2.4B).
The Arrhenius plot of temperature-dependent conductance exhibits two apparent linear regimes, both
with positive slopes, that cross over near room temperature. Pili conductance increases monotonically
with decreasing temperature, a trend consistent with particle-like charge carrier transport in band-like
conductors. In such conductors, the Drude model suggests the cross-over between linear regimes
indicates distinct scattering rates above and below room temperature. Although the trend of increased

conductivity with decreasing temperature is characteristic of metals and metallic-like materials®®,
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other effects may explain this temperature dependence in organic systems. True band conduction in
organic materials is typically observed only in molecular crystals®’. Additionally, isolated pili exhibit a
weak temperature dependence, with conductance changing by 10% over a range of 70 K, which is

distinct from the exponential temperature dependence observed in dry films of purified pili'' and in

metallic-like organic conductors®>**.
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Figure 2.4: Electronic transport in purified G. sulfurreducens pili in aqueous buffered conditions. (A)
Electrochemical transfer characteristics of the pili film, at different Vs values according to the color scale at the
right, in phosphate—citrate buffer at pH 7.0. (B) Temperature-dependent conductance (G) of the pili film at Vs =
60 mV and Vs = 0 vs. Ag/AgCl in phosphate—citrate buffer pH 7.0. Dashed red and blue lines indicate linear
regimes in the Arrhenius plot above and below room temperature (1000/7 = 3.39 K'), respectively. Electrode
spacing = 5 pm.

Whether the proximity and symmetry of residues responsible for electron transport in pili are
adequate for the creation of an electronic energy band is an open question that requires, among other
things, a G. sulfurreducens pilus crystal structure, to resolve. Instead, it is possible that temperature-
dependent conformational changes of the pili are responsible for the observed conduction trend*™®®.

Such fluctuations of molecular structure have been observed to facilitate flickering resonance (transient
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degeneracy) among electronic states in biomolecules. Because thermal disorder may diminish the
probability of energetic state coupling, charge transfer rates are predicted to decrease with increasing
temperature®"°. Although flickering resonance has not been demonstrated over the micron length
scales associated with electron transport along pili, this mechanism may explain the weak temperature
dependence of pili film conductance and the ohmic transport observed in /- measurements’’.
Nevertheless, the trend of increasing conductivity with decreasing temperature observed in
aqueous buffer confirms the lack of cytochrome involvement in long-range conduction through isolated
pili, as redox hopping is a thermally activated process''~’. Based on these data, we hypothesize that the
inherent conductivity and temperature-dependent behavior observed in purified pili films is due to a
combination of aromatic amino acid content and the a-helical nature of the gsPilA monomer, consistent
with recent experimental and theoretical work. a-Helical homopeptides support electron transport by
increasing electronic coupling between the outer-valence states in peptides™, possibly due to dipole
alignment between peptides'>’'. Furthermore, this hypothesis is consistent with the seven orders of
magnitude difference in conductance of purified pili and the AP fiber mats, as well as recent tunneling
conductance measurements of individual pili in vacuum, which reveal no observable band gap between
conduction states of the pilus at room temperature®’. These tunneling measurements quantify radial
charge transport through G. sulfurreducens pili into a conductive substrate in vacuum, as opposed to
our experiments which measure charge transport along the axial length of pili and across neighboring
pili junctions in the cast films between electrodes in aqueous solution, a configuration that is more
relevant to their functional role in living biofilms. Although both adsorption on substrates and vacuum
conditions may change the conformation of the pilus'®, these previous observations of activation-less
transport at room temperature are corroborated by our measurements of hydrated pili in aqueous buffer.

If a hopping transport mechanism exists along the protein backbone of our purified pili films, it is
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indistinguishable from band conduction and does not exhibit an observable activation energy within the
range of biologically-relevant temperatures explored in the present study. In such a case, our results
suggest hydrated pili maintain a conformation in which thermal energy (at a minimum of about 24 meV
at 0 °C) is sufficient to overcome any putative activation energy required for hopping between isolated
states.

2.4: Conclusion

The data from electrochemically gated G. sulfurreducens biofilms corroborate previous findings
attributing long-range electron transport to multistep electron hopping between cytochromes. However,
identical gating of purified pili films show that pili exhibit an inherent conductivity under conditions
similar to those encountered by the source bacterium, and this conductivity is independent of a putative
redox hopping mechanism. Together, these results support the hypothesis that pili play a crucial role in
mediating conduction through biofilms, and that pili are intrinsically conductive in an environment
resembling conditions in live biofilms. The intrinsic, non-redox-mediated conduction of isolated G.
sulfurreducens pili suggests a rethinking of models for long-range electron transport in amino acid-
based systems. Moreover, the electronic conductivity characteristic of pili in hydrated environments
may serve as biological inspiration for the study of structure—property relationships in conductive

biomaterials and the development of novel bioelectronics interfaces.

2.5: Supporting Information

2.5.1 Biological Sample Preparation
Strains and Cell Culture. All G. sulfurreducens cultures (PCA wild type, DSMZ strain 12 127) for
pili purification were grown anaerobically at 25 °C’ from shaken culture tubes in 1 liter cultures of

sterilized and degassed NBAF medium’*: 0.04 g L' calcium chloride dihydrate, 0.1 g L™ 'magnesium
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sulfate heptahydrate, 1.8 ¢ L™ sodium bicarbonate, 0.5 g L™' sodium carbonate, 0.42 g L' potassium
phosphate monobasic, 0.22 g L™ potassium phosphate dibasic, 0.2 g L™' ammonium chloride, 0.38 g
L™ potassium chloride, 0.36 g L™'sodium chloride, vitamins and minerals as listed in ref.”*. and 20 mM
acetate as the electron donor and 40 mM fumerate as the electron acceptor. Resazurin was omitted and
1 mM cysteine was added as an electron scavenger. All chemicals obtained from Fisher Scientific unless
otherwise noted.

Purification of G. sulfurreducens pili. After reaching stationary phase, G. sulfurreducens cells were
pelleted from cultures by centrifugation at 5000g for 20 min at 4 °C.G. sulfurreducens pili were purified
from this initial supernatant using a 1 : 10 ratio of 1.1 M aqueous MgCl, to supernatant. Supernatants
were precipitated overnight at 4 °C and centrifuged at 50 000g for 1 h at 4 °C to obtain pili. Pili pellets
were resuspended with 0.2 pum filtered ultrapure water and additional contaminants were removed with
30-50 kDa dialysis tubing. After three 1 L exchanges of ultrapure water, the dialyzed sample was
collected for use and stored at 4 °C. Cytochrome-containing proteins precipitated during storage and
pili were collected from the clear supernatant.

Generation of Cleavable Pilin Fusion Standard. Coding sequence for mature G. sulfurreducens
PilA was amplified from genomic DNA by PCR wusing the following primers:
CGCGGTACCGAGAACCTGTACTTCCAAGGTTTCACCCTTATCGAG  (forward)  and
CGCGCGGCCGCTTAACTTTCGGGCGGATAGG (reverse). The PCR product was gel purified
and cloned into the pMocr plasmid (University of Michigan HTP Expression Lab)”* using the Kpnl
and Notl restriction sites. The resultant pMocr-GspilA plasmid has a gene encoding a
polyhistidine-tagged N-terminal Mocr solubility domain which is cleavable by an engineered
tobacco etch virus (TEV) protease site immediately preceding the C-terminal mature pilin. As this

product was found to not cleave efficiently, a second construct encoding 5 glycines immediately
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downstream from the TEV cleavage site was created using the QuikChange II protocol (Agilent)
with pMocr-GspilA as the template and the following primers:
CAAGGCGGTGGCGGTGGCGGTTTCACCCTTATCGAG and
ACCGCCACCGCCACCGCCTTGGAAGTACAGGTTCTC. Plasmids were maintained in E.
clonii 10G (Lucigen).

The Mocr-gly5-PilA fusion was expressed from Rosetta2 (Novagen) cells grown at 37° C in
terrific broth (Amresco) supplemented with 4% glycerol. Upon reaching an OD600 of 0.6, cells
were transferred to 20° C, induced with 0.25 mM IPTG, stirred vigorously for 20 hours, and
harvested by centrifugation at 8,000g. The resultant pellet was resuspended in 10 ml lysis buffer
(50 mM Tris-HCI1 pH 7.5, 150 mM NaCl, 10 mM imidazole, 2 mM B-mercaptoethanol, 5%
glycerol) supplemented with 1 mg lysozyme and submitted to lysis by sonication. Cell lysate was
clarified by centrifugation at 15,000g for 45 min; the soluble fraction was combined with 1 ml Ni-
NTA slurry pre-equilibrated in lysis buffer and batch bound overnight at 4° C. This mixture was
passed through a gravity flow column; retained resin was washed with lysis buffer in 10 ml
stepwise increments containing 10, 20 and 40 mM imidazole. Bound protein was eluted with 5 ml
lysis buffer containing 300 mM imidazole. Eluate was concentrated using Corning Spin-X 10 kDa
MWCO filters and buffer-exchanged into 25 mM Tris-HCI pH 7.5, 50 mM NacCl, 20% glycerol
for storage at -80° C. Purified fusion protein was processed using Promega Pro-TEV Plus
following the manufacturer’s instructions.

G. sulfurreducens Biofilm Growth. G. sulfurreducens biofilm were grown in a standard microbial
fuel cell (MFC) configuration purchased from Adams and Chittenden (MFC 100.25.3). The anode
and cathode glass compartments are separated by a Nafion membrane (Fuel Cell Store, Nafion

117), held in place by an O-ring and clamp. Wires were inserted through the rubber septum seals
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to connect electrodes to external connections. A split electrode with two externally-connected
wires functioned as the anode and a carbon cloth electrode functioned as the cathode. Prior to
inoculation, the fully assembled MFC was autoclaved. The anode chamber was inoculated with a
log-phase culture of Geobacter sulfurreducens strain (PCA wild type, DSMZ strain 12127) and
maintained under anaerobic conditions (N2:CO2, 80:20%) with 100 mL of freshwater medium
containing fumarate (40 mM) and acetate (10 mM) using previously described methods 6 .
Freshwater medium contained 2.5 g/L. sodium bicarbonate, 0.1 g/L potassium chloride, 0.25 g/L
ammonium chloride, and 0.6 g/L sodium phosphate dibasic, 10 mL vitamin mixture, and 10 mL
mineral mixture. 10 mM cysteine was added as an oxygen scavenger™. The cathode consisted of
20mM Kj[Fe(CN)s] in 100 mL of autoclave-sterilized potassium phosphate buffer: 0.31 g/L
ammonium chloride, 2.69 g/L sodium phosphate monobasic, 4.33 g/ sodium phosphate dibasic,
0.13 g/L potassium phosphate. The biofilm was grown using established methods’™ by poising
both the electrodes as anodes at +0.300 V vs. Ag/AgCl. After three days, biofilms were switched
to fumerate-free freshwater medium. Biofilms were maintained until there was an approximately
0 mV potential difference between both sides of the split electrode, corresponding to biofilm
spanning the electrode separation. Bipotentiostat electrochemical gating of G. sulfurreducens
biofilm was performed in the MFC cell configuration.

2.5.2: Materials Characterization

Mass Spectrometry. For MALDI-TOF analysis, purified pili were denatured with 10% OG
overnight and then diluted with ultrapure water to a final OG concentration of 2% prior to
combining with the matrix solution of a-Cyano-4-hydroxycinnamic acid dissolved in a 2:1 solution

of ultrapure water: acetonitrile and 0.2% trifluoroacetic acid. The final sample for MALDI was a
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12:7:5 ratio of matrix to ultrapure water to diluted and denatured protein. Mass spectra were
collected in positive ion mode.

For LC-MS/MS identification, OG-denatured gsPilA was subject to digestion by trypsin enzyme
(Supporting, Fig. S2.1). Proteomic analysis of the cleaved peptides was performed by the
Proteomics Mass Spectrometry Facility at UC Irvine. Results gave complete coverage of the C-
terminal domain, whereas the hydrophobicity of the N-terminal domain may have interfered with
the sequencing procedure.

Gel Electrophoresis. For SDS-PAGE analysis, unless otherwise noted in the text, all samples
were prepared by boiling in 1x SDS loading dye for 20 min. OG-treated samples were incubated
in OG overnight prior to SDS preparation. Samples were run on a Tris-HEPES gel with 16%
polyacrylamide at a constant voltage of 110 mV for 60 min. Gels were silver stained following
overnight fixation.

Atomic Force Microscopy. Pili on devices were imaged using atomic force microscopy (Asylum
MF3PD) operating in tapping mode. The measurements were performed with aluminum-coated
silicon probes (Asylum Research AC160TS-R3) with a tip radius of 9nm and a resonant frequency
of 300kHz. Scans were rastered at either 0.5Hz or 1.0 Hz. Statistical pili lengths were determined
by measuring fiber lengths with ImageJ (Supporting Fig. S2.2). Lengths were determined from a
total of 14 AFM images.

2.5.3: Electronic Property Characterization

Device Preparation. The electrodes are comprised of 200 parallel 5 pm wide x 2 mm long gold
electrode bands patterned onto a Pyrex substrate, with a 5 pm intra-band spacing. For percolation
network analysis, 5 um wide electrodes with intra-band spacings of 5, 7.5, 11.66, 20, and 35 pum;

6.25 um wide electrodes with an intra-band spacing of 6.25 um; and 10 pm wide electrodes with
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intra-band spacings of 10, 15, 23, and 30 um were used. Different electrode widths were used to
maintain a fixed total device size of 2mm x 2mm, and differences in widths were accounted for by
normalizing electrode spacings to reduced channel dimensions. Devices were
photolithographically patterned onto silicon oxide or Pyrex wafers using a chrome mask with
arrays of the interdigitated electrode pattern. Gold was deposited onto the patterned design with a
titanium adhesion layer. The total thickness of the metallic contacts was 50 nm. After liftoff, the
wafers were coated with photoresist and diced into individual devices. The photoresist was
removed and each device was tested for shorts prior to depositing material. Device fabrication was
performed by the foundry services at the University of California, in Irvine and at the University
of California, in San Diego. For solution-gated measurements, 22-gauge solid core insulated wire
leads were connected to the source and drain with conductive silver epoxy (MG Materials 8331-
14g) after film deposition. After drying, exposed electrode and lead connections were sealed with

waterproof silicone sealant (DAP All-Purpose Adhesive Sealant).

Solid State I-V Measurements. Pili and control films were spun coat onto interdigitated electrode
devices in 10 pL intervals to obtain a total mass of 115 pg protein per device. For solid-state
measurements, films were measured (Keithley Model 2612B) under ambient conditions at room
temperature, with voltage swept between —0.8 and 0.8 V. Data in Fig. 2.2B are averages of n = 3

conductance values from independent /-}" measurements.

Solution-Gated Measurements. For electrical transfer characteristics experiments, all measurements

were conducted in 0.1 M phosphate—citrate buffer, with the pH varied by changing the relative amounts

of sodium phosphate dibasic and sodium citrate, except the K;[Fe(CN),] control and live biofilms.
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K;[Fe(CN)g] transfer characteristic data were collected using 20 mM K;[Fe(CN),] in 0.1 M KCI. Biofilm
experiments were conducted in growth media under turnover conditions. (see section 2.5.1, G.
sulfurreducens Biofilm Growth). Electrolyte solutions were degassed and electrochemical cells were
assembled in an anaerobic chamber. Electrochemical cells were 100 mL sealed glass containers with
wire connections mediated through rubber septa. Two Gamry potentiostats (series PCI4/300), linked
through a bipotentiostat cable, were used to conduct cyclic voltammetry sweeps where the source and
drain serve as two working electrodes. Both were referenced to the same Ag/AgCl reference electrode
and shared a platinum wire counter electrode. The source electrode was swept for two cycles from 0.4
to 0.8 V with respect to the Ag/AgCl reference electrode, and the drain was swept over the same range
at a fixed Vpgrelative to the source. After subtracting any background catalytic current present at Vps =
0, the difference currents between the source and the drain were plotted as the conducting

current I, (Supporting Fig. S2.10) Voltages were scanned at a rate of 10 mV s™.

Temperature-Dependent Measurements. For temperature-dependent studies, the electrochemical
cells were placed in a stirred water bath, and the temperature was regulated using a hot plate with a
thermocouple fixed in the water bath. Cooling was achieved by adding ice to the water bath.
Bipotentiostat chronoamperometry measurements were performed after maintaining temperature
equilibrium for several minutes. Currents from the source and drain were independently monitored
while the drain was held at Vs = 60 mV offset from the source. The steady-state currents at the source
and drain were averaged over 1 min acquisition. The total current was taken to be half the difference
between the source and drain currents, which were symmetric but with opposite polarity (Supporting
Fig. S2.11)*°. Measurements were performed with 0.1 M phosphate—citrate buffer at pH 7.0 as the

supporting electrolyte.
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Preparation of Control Channels for Conductivity Measurements. Af} fibers were self-
assembled from synthesized peptides’>’. Lyophilized peptides were incubated in 150 mM
phosphate buffered saline at 37° C for two weeks to form fibers. Fiber formation was verified
using atomic force microscopy (Fig. S8). P. aeruginosa PAOI1 strains were cultured for pili
purification as described in ref '’ and verified by AFM (Supporting Fig. S2.4). PEDOT:PSS
(Heraeus Clevios PH1000) films were spun cast and baked overnight at 70° C prior to electrode
assembly. PVF (Sigma Aldrich) was dried overnight under vacuum prior to dispersal in
dichloromethane and were drop cast onto devices prior to electrode assembly. Due to the volatility
of the dichloromethane, drop casting PVF was observed to be the most efficient method to obtain
uniform films. G. sulfurreducens biofilm electrode fabrication: Electrode fabrication for biofilm
growth was similar to the procedure detailed in ref ''. To construct the electrodes, glass slides (2.5
cm x 3 cm) were cleaned ultrasonically using successive rinses of acetone, isopropanol, and
ultrapure water, following blow drying with nitrogen. A 25-um-diameter tungsten wire (Sigma
Aldrich) was placed on the glass substrate as a deposition mask to achieve an insulating gap in the
electrodes. An 8 nm chromium adhesion layer and a 40 nm gold film were thermally evaporated
onto the substrates to produce gold split electrodes with a 25 + 2 um non-conductive spacing.
Uniformity of the gap was confirmed through optical microscopy and electrical insulation between
the two sides of the gap was confirmed through resistance measurements. A single 22 gauge core
insulated wire lead was connected to each electrode using conductive silver epoxy. After drying,

the lead connections were sealed with waterproof silicone sealant.
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Matched peptides shown in bold red.
1 MANYPHTPTQ AAKRRKETLM LQKLRNRKGF TLIELLIVVA IIGILAAIAI
51 PQFSAYRVKA YNSAASSDLR NLKTALESAF ADDQTYPPES

Peptide residues detected:

(R) VKAYNSAASSDLR (N)

(R) VKAYNSAASSDLR (N) + De-amidated (NQ)
(K) VKAYNSAASSDLR (N)

(K) VKAYNSAASSDLR (N) + De-amidated (NQ)
(K) AYNSAASSDLRNLK (T)

(R) NLKTALESAFADDQTYPPES

Figure S2.1: LC-MS/MS identification of mature gsPilA (sequence highlighted in yellow). The amino
acids noted in parenthesis indicate the cleavage sites of the digestion enzyme trypsin, which cleaves after
the R and K residues. The error probability in sequence identification ranged from 10 to 107

16 ~

Frequency

2 3 4 5 6 7 8 9 Other
Pilus Length (um)

Figure S2.2: Distribution of individual pilus lengths across 14 AFM images. The average pilus length is
4.57 £ 0.26pum.

Figure S2.3: (A) Mat of A fibers on interdigitated electrode devices. Scale bar, 5 um (B) Perspective view
of a single AP fiber from AFM imaging.
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Figure S2.4: (A) Atomic force micrograph of purified PAO1 pili fibers (spacing = 5 um). (B) I-Vs of

films of G. sulfurreducens and P. aeruginosa PAO1 pili fibers on interdigated electrode. G.
sulfurreducens pili films are five orders of magnitude more conductive than PAO1 pili fibers.

Figure S2.5: Illustration of reduced channel dimension on interdigitated electrode (L/w). All devices had a
fixed total area, while the spacing between electrodes (L) differed, resulting in different channel widths (w).
Electrode spacing is thus normalized to the ratio L/w.
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42 nm

Figure S2.6: (A) Mat of pili fibers bridging gap on interdigitated electrode devices. Scale bar, 1 um (B)
Perspective view of pili fibers bridging gap from AFM imaging.
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Figure S2.7: Schematic of the electrochemical circuit for biopotentiostat cyclic voltammetry. The pink
shaded region is the device area covered by conducting channels of biofilms, pili, or control materials.
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Figure S2.8: Electrochemical gating measurements of a live G. sulfurreducens biofilm. Source and drain
current responses show symmetric current entering the source and leaving the drain at Vps = 10 mV.
Electrode spacing = 25 pum.
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Figure S2.9: Electrochemical transfer characteristics of pili film, at different Vpg values according to the
color scale at the right, in 0.1 M phosphate citrate buffer at pH 4.0.
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Figure S.10: Gated bipotentiostat cyclic voltammograms of pili films: (A) crude source and drain currents
at Vps = 10 mV, (B) conducting source and drain currents with background subtraction (background
currents obtained from Vpg =0 mV), and (C) source-drain current Ips (drain current minus source current).
Measurements taken in 0.1M phosphate citrate buffer.
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Figure S2.11: (A) Steady-state source and drain currents of pili film obtained at room temperature. (B)
Average steady-state source and drain currents of pili film plotted as a function of Vps. Measurements taken
in 0.1 M phosphate citrate buffer pH 7.0.
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CHAPTER 3 Electronic Conductivity in Biomimetic a-Helical Peptide Nanofibers

and Gels

3.1: Abstract

Examples of long-range electronic conductivity are rare in biological systems. The
observation of micrometer-scale electronic transport through protein wires produced by bacteria
is therefore notable, providing an opportunity to study fundamental aspects of conduction
through protein-based materials and natural inspiration for bioelectronics materials. Borrowing
sequence and structural motifs from these conductive protein fibers, we designed self-assembling
peptides that form electronically conductive nanofibers under aqueous conditions. Conductivity
in these nanofibers is distinct for two reasons: first, they support electron transport over distances
orders of magnitude greater than expected for proteins, and second, the conductivity is mediated
entirely by amino acids lacking extended conjugation, m-stacking, or redox centers typical of
existing organic and bio-hybrid semiconductors. Electrochemical transport measurements show
that the fibers support ohmic electronic transport and a metallic-like temperature dependence of
conductance in aqueous buffer. At higher solution concentrations, the peptide monomers form
hydrogels, and comparisons of the structure and electronic properties of the nanofibers and gels
highlight the critical roles of a-helical secondary structure and supramolecular ordering in
supporting electronic conductivity in these materials. These findings suggest a structural basis

for long-range electronic conduction mechanisms in peptide and protein biomaterials.

3.2: Introduction

Bioelectronic materials aim to interface synthetic electronic devices with biological

systems, from biomolecules to cells, tissues, and entire organisms.> Such a union of solid-state
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and biological materials enables a broad range of applications such as wearable*® or implantable

devices™®, portable and biocompatible power sources®®, real-time and miniaturized sensors,>*

11,12

and bionic neural interfaces™™“. Finding ideal materials to bridge the biological-electronic

interface remains an outstanding challenge™. Such a material should be biocompatible,
multifunctional, and maintain proper function of the interacting biological system. Proteins and

peptides are ideal material building blocks for satisfying these criteria due to their properties of

15-18

self-assembly and functional molecular recognition In addition, the chemical diversity and

specificity of amino acid sequences can be designed to drive the formation of peptide

19,20

nanostructures, such as wires and tubes These nanometer length scales are comparable to

those of biological building blocks, promoting a more seamless integration at the bio-electronic

interface than existing micrometer-scale electronic transducers'’2".

Processes of electron tunneling and transfer across individual enzymes are common in

biology?>?, and electronic conductivity or tunneling in non-enzyme protein and peptide

24-26

nanomaterials has been studied over short (~nm) distances Over much longer (~um)

distances, inherent electronic conductivity has been established in bacterial protein fiber

27,28

appendages, called pili, of some anaerobic species®". Long-range electron transport in

conductive pili represents natural inspiration for molecular bioelectronics design and a tunable
synthetic platform for studying the electronic properties of conductive protein

27,29

nanostructures®”<”. Pili support charge transport through natural amino acid residues over

micrometer-scale distances®%3!

, much farther than the angstrom to nanometer length scales
associated with tunneling”®?**2, They are also are orders of magnitude more conductive than
amyloid®® and n-stacked peptide fibers®*. Unlike examples of long-range electron transport in

natural® and synthetic assemblies of cytochromes, the conduction observed in pili is not redox-
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mediated®®®, and the exact mechanism of electron transport in these protein fibers is still a

matter of debate.

n-stacked moieties are essential for long-range electron conductivity in synthetic peptide
bio-organic hybrid nanostructures, in which peptides direct the self-assembly of small molecule

37,38

semiconductors® . m-stacking amino acid side chains may be important in pili as well. The

conductivity of Geobacter sulfurreducens Type IV pili, the most commonly studied conductive

pilus system, is sensitive to mutations at aromatic residues®***

, and pilus conductivity correlates
with aromatic amino acid content of pilin protein building blocks from different Geobacter
species*?. Some homology models suggest sufficiently small distances between aromatic
residues in the pilus for m-stacking interactions®***** but without a crystal structure, such a
molecular arrangement has not been conclusively determined. On the other hand, some self-

244541 and short peptide nanotubes®® exhibit inherent conductivity

assembled peptide monolayers
over distances up to several nanometers without n-stacking. The composition of the side chains,
hydrogen bonds, and an a-helical secondary structure have been identified as important factors

contributing to the hopping and tunneling conductivity in these peptide systems over short

distances.

Taking sequence and structural inspiration from G. sulfurreducens pili, we designed a
self-assembling de novo peptide that forms electrically conductive nanofibers***°. The peptide
self-associates in solution to form coiled-coil hexamers, which were designed to add end-to-end
and form elongated nanofibers. Both the peptide nanofibers and the Geobacter pili consist of o-
helical monomer building blocks, and the crystal structure of the coiled-coil hexamer shows that

the peptide oligomer clusters aromatic residues axially in their hydrophobic core®. Importantly,
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the spacing and arrangement of aromatic side chains preclude n-stacked electronic delocalization
in proposed structure of the peptide nanofibers. Nonetheless, these nanofibers are conductive in
ambient and wet conditions, and they exhibit metallic-like trends in electrochemical and
temperature-dependent transport measurements. Comparison of the structure and conductance of
fiber and gel morphologies formed by the peptide at different concentrations suggests that the
supramolecular ordering of peptides within the nanofibers plays a critical role in supporting
electronic transport. The observed properties and mutability of the peptide sequence suggests
that this nanofiber system may serve as an experimental platform for exploring structure-

property relationships in peptide and protein bioelectronics materials.

3.3: Results and Discussion

3.3.1: Peptide Nanofiber Self-Assembly

Peptide 1 (Fig. 3.1A) self-assembles to incorporate aromatic amino acids into the core of
an antiparallel coiled-coil hexamer (ACC-Hex, PDB 5EQJ) structure, which it adopts in solid-
state crystals and in solution®**°. Peptide 1 is capped with Glu and Lys residues to induce end-to-
end electrostatic interactions and the formation of elongated fibers. The X-ray crystallographic
structure shows that peptide 1 indeed crystallizes as stacked ACC-Hex building blocks,
suggesting supramolecular assembly of fibers driven by these electrostatic interactions (Fig.
3.1B). Atomic force microscopy (AFM) imaging confirms the formation of nanofiber structures
from peptide 1 in phosphate buffered saline (PBS) at 100-200 uM concentrations (0.03-0.06 %
w/v), which form overnight and extend up to several microns in length (Fig. 3.2A). Height
profiles of the observed nanofibers exhibit a minimum diameter of 2 nm (Fig. 3.2B), consistent

with the diameter of a single hexamer unit.*® That this is the smallest diameter of nanofiber
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measured in the sample suggests that these nanofibers are composed of ACC-Hex building

blocks, and that larger diameter fibers may be bundles of ACC-Hex nanofibers.

Figure 3.1: (A) Peptide 1 monomer crystal structure and sequence. Red residues highlight the
phenylalanines buried in the hydrophobic core; F' denotes the iodo-phenylalanine on the solvent-exposed
surface used for phasing in crystal structure determination. (B) Proposed nanofiber self-assembly
mechanism from X-ray crystal structures of peptide 1. Left to Right: Peptide 1 monomer forms an
antiparallel coiled-coil hexamer (ACC-Hex), shown in radial (top) and axial (bottom) projections; ACC-
Hex stacks end-to-end via electrostatic interactions between the terminal glutamic acids (green) and
amide lysines (dark blue) to form an elongated fiber. The hexamer and extended nanofiber have a
predicted diameter of 22 A filled with a tightly packed hydrophobic core of aromatic residues.

3.3.2: Electrical Conductivity of Peptide Nanofibers

Films deposited from dried ACC-Hex nanofiber suspensions form dense percolation
networks that exhibit long-range electronic conductivity. 1-V characteristics of dried nanofiber
films on interdigitated electrode devices exhibit linear behavior (Fig. 3.2C), with an average
resistance of 188 + 36 Q (n = 6 independent samples). The measured resistance is relatively low
for typical organic materials due to the large channel width and short channel length of the

interdigitated devices used for electronic property characterization. The ohmic 1-V behavior may
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be attributed to good work function matching between the fibers and gold electrode, since X-ray
photoelectron spectroscopy (XPS) measurements suggest ACC-Hex nanocrystals to have a work
function ~5.56 eV (~5.31 eV for Au®") (Supporting Information, Supporting Fig. S3.1). Typical
protein and peptide bandgaps, arising from the periodicity of the backbone, can range from
semiconducting (< 4 eV) to insulating (> 4 eV)**™*. Films of amyloid beta fibers (AB), cast onto
identical devices from an equivalent volume of solution and concentration of protein, have a
resistance of 1.0 x 10® Q. The equivalent volume of PBS cast onto identical devices has a
resistance of 1.5 x 10° Q, indicating that any residual contamination from the casting solution
contributes negligible conductance to the peptide 1 nanofiber films. AB fibers were used as a
control material because they assemble with similar aspect ratios to ACC-Hex fibers (Fig. S3.2)
and contain aligned aromatic residues™. The six orders of magnitude decrease in conductance of
the ApB compared to ACC-Hex nanofiber films suggests a primary role for the a-helical building
blocks of ACC-Hex. a-helical secondary structure has been previously demonstrated to lower
the energetic barrier for transport across short homopeptides®*. Our results are consistent with
these tunneling conduction experiments and the proposed importance of o-helices to

conductivity in G. sulfurreducens pili***

. Using an identical electrode geometry, our ACC-Hex
nanofiber films exhibit comparable (~mA) current to pili films. 6.9 ug of ACC-Hex nanofibers
yielded an average film resistance of 188 Q, while 115 ng of purified G. sulfurreducens pili on

the same devices had a resistance of 470 Q.
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Figure 3.2: (A) Atomic force micrograph of a drop-cast film of ACC-Hex nanofibers. (B) AFM
topographical image of a single ACC-Hex nanofiber. Inset shows a z-height line-scan across the fiber,
indicating a fiber diameter of 2.3 nm. (C) Current-voltage (I-V) characteristics of ACC-Hex fibers, a dried
buffer control (PBS), and amyloid-f (AB) fibers. Inset: close-up of PBS and A I-Vs. Scale bars are 5 um
and 500 nm in (A) and (B), respectively.

Single fiber 1-V characteristics of ACC-Hex nanofibers were used to confirm electronic
conduction in the fiber component of the self-assembled peptide and to calculate values of
electrical conductivity inherent to the nanofibers. Conductive probe AFM measurements of
electron transport in individual ACC-Hex nanofibers show high conductivity values, with an
average conductivity of 1.12 £ 0.77 S/cm (n = 4 independent nanofibers) (Fig. S3.3). Wild-type
G. sulfurreducens pili have conductivities ranging from 0.188 + 0.034 S/cm (pH 2) to 0.051 +
0.019 S/cm (pH 7)*, consistent with the relative resistances obtained from 1-Vs of the ACC-Hex

nanofiber and pili films.

Electronic transport in ACC-Hex nanofibers was also characterized in aqueous solution
by electrochemical gating measurements in a bipotentiostat setup (Fig. S3.4). Bipotentiostat
cyclic voltammetry distinguishes between redox-mediated and ohmic charge transport
mechanisms in conductive channel materials®®°®*". Current through the ACC-Hex nanofiber
channel is independent of gate potential and depends only on the source-drain potential, Vps (Fig.

3.3A), indicative of band-like charge carrier conduction. The conductance of the nanofiber
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channels shows a weak dependence on pH and ionic strength (Fig. S3.5), and it increases with
decreasing temperature (Fig. 3.3B). The temperature-dependent behavior is also consistent with
ohmic, or particle-like, charge conduction and is exclusive of thermally activated conduction

mechanisms, such as charge hopping, in ACC-Hex nanofibers.
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Figure 3.3: Electrochemical gating experiments of ACC-Hex fiber films (A) Source-drain current (Ips) of
ACC-Hex nanofiber films gated in solution (pH 7.0) with respect to a reference electrode (Vs). The
source-drain voltage (Vps) of each scan is indicated by the color scale on the right. (B) The average
source-drain conductance (G) of peptide nanofiber films as a function of temperature at 10 different Vps
offsets ( £10 mV, £20 mV, 40 mV, +60 mV, and +80 mV). Error bars represent the standard deviation
of measurements at all 10 Vps values and are small as to be obscured by the data points at T < 90°C.

Electrical impedance spectroscopy (EIS) was used to test for proton-mediated and ion-
mediated conduction (Fig. 3.4). To test for proton conductivity, the impedance of nanofiber films
was compared in H,O (ultra-pure water) and D,O (Fig. 3.4A). If protons were facilitating

transport, the change to the heavier deuteron isotope in deuterium oxide would be expected to
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reduce transport kinetics and thus increase the measured impedance. Contrary to this, the average
impedance was slightly lower in D,O than in H,O, though this difference was not statistically
significant, and therefore is not indicative of a proton-mediated mechanism. Film impedance was
also measured in different 0.1M solutions of Hofmeister anions and cations (Fig. 3.4C). The

Hofmeister series®°

ranks anions and cations based on their ability to stabilize (or destabilize)
protein structure, based on an empirical and qualitative ranking of precipitation effects on egg
white proteins. It correlates with the kosmotropic (enhances the hydrogen bonding of water) and
chaotropic (disrupts the hydrogen bonding of water) classification of ions®®, such that chaotropic
cations and kosmotropic anions stabilize protein structure, while kosmotropic cations and
chaotropic anions destabilize protein structure . The lack of clear trends between Hofmeister
ranking and film impedance suggests that ions do not play a role in mediating conduction, and

that the electrolyte does not participate in charge transfer. This observation was also consistent at

lower ionic strengths (Supporting Fig. S3.6).
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Figure 3.4: (A) Impedance of ACC-Hex nanofiber films in H,O and D,O (n=5 measurements),
determined from Randles circuit fitting of Nyquist impedance spectra, with representative spectra (B).
Differences between H,O and D,O are not statistically significant. Impedance of ACC-Hex nanofiber
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films in (C) 0.1 M cation solutions with CI" as the counterion and (D) 0.1 M anion solutions with Na" as
the counterion (n=8 measurements). Film resistances in K", Mg2+, and Ca?" have p-values of 0.08, 0.016,
and 0.028, respectively, with respect to Na"(NaCl). Film resistance in H,PO, has a p-value of 0.0002
with respect to CI" (NaCl).

3.3.3: Peptide Hydrogel Formation and Rheological Properties

Peptide 1 forms hydrogels at mM concentrations (above 0.1% wi/v) after 20 min
incubation at 70 °C. Visible gelation was observed at concentrations ranging from 0.1% to 5%
w/v. Rheological studies were performed to measure the mechanical properties of the hydrogels
(Fig. 3.5). Strain sweep experiments were performed to assess the storage modulus (G’) and the
loss modulus (G”’), which measure the energy stored and dissipated upon application of
oscillatory shear in the linear viscoelastic regime. When G’ >>G”, the material is considered to
behave like a viscoelastic solid, and when G’ << G”, the material behaves like a viscoelastic

liquid.®* The magnitude of G’ is also an indicator of the relative stiffness of the hydrogel.

Peptide 1 hydrogels demonstrate typical gel-like rheological behavior. G’ is relatively
constant and greater than G*” at low strain amplitudes, then at higher strains drops off quickly
with increasing strain and crosses to a G’ < G” regime indicative of gel yielding (Fig. 3.5A).
Also consistent with gel-like behavior, G’y (G’ at 0.1% strain) increases with increasing
concentration of peptide (Fig. 3.5B). The strain amplitude sweeps track the viscoelasticity of the
various hydrogels. For the most robust gel (5% w/v), the critical strain » occurs at a G’ value of
160 Pa: below 3% strain, the structure is intact, as denoted by the strain independence of G’ with
G’ > G”, suggesting a percolating stress-bearing network (Fig. 3.5A). Increasing the strain above

1. disrupts the network structure, and the material eventually begins to resemble a viscous liquid

at strains above the crossover point G’= G™. The value of y increases with peptide concentration
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(Fig. 4A inset), indicating that the network structure responsible for load distribution increases in

the presence of more material®.

The storage modulus G’ of peptide gels follows a power law relationship with
concentration, which is determined by factors such as fibril persistence length, fibril flexibility,
distance between fibrils, and distance between fibril intersections, and which is directly related to
the crosslinking or entanglement in the system®. In a crosslinked hydrogel, fibrils are linked by
chemical bonds and the exponent n has a theoretical value of 2.5 for a dense crosslinking
network®. n is predicted to have a value of 2.2 for entangled hydrogels®® and 1.4 for strongly
entangled hydrogels®. A value closer to n = 1, such as measured from the peptide 1 hydrogels (n
= 1.13, Fig. 3.5B), indicates that the gels are semi-dilute viscoelastic solutions that are neither
strongly entangled nor extensively crosslinked®™. These structural characteristics are consistent
with the short, rigid a-helical peptide 1 building block of the gels, the hydrophobic interactions
driving oligomer and gel backbone assembly, and the lack of specific cross-linking moieties in

the peptide 1 and ACC-Hex structures.
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Figure 3.5: Oscillatory rheology measurements of peptide 1 hydrogels. (A) Representative strain sweep
values of storage (G’, filled circles) and loss (G”, open circles) moduli of the 5 % wi/v hydrogel
conducted at 0.1 Hz. Inset shows the critical strain, y;, versus concentration of peptide. (B) Storage
modulus measured at 0.1% strain (G’;) and 1 Hz, as a function of peptide concentration (% wi/v). The
slope of the fit line is 1.13.

3.3.4: Electronic Measurements of Peptide Hydrogels

Films of dried hydrogels exhibit a surprising decrease in conductivity with increasing
peptide concentration (Fig. 3.6A). Films cast from nanofibers solutions (0.03 % wi/v) exhibit
seven orders of magnitude greater conductance than those cast from equal volumes of 5% wi/v
peptide gels, despite the presence of more peptide material in films cast from higher
concentration samples. The conductance of hydrated hydrogels was recorded by taking the
inverse of resistance values obtained by EIS (Fig. 3.6B, Fig. S3.7). Conductance through the
material was determined by taking the inverse of the difference between impedance values at low

66,67

frequencies, approaching DC conditions®™”", and the solution resistance (impedance value at

high frequencies). The high frequency solution resistance values were negligible compared to
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the impedance values at low frequencies, approaching DC. As with the dried films, conductance
through a fixed volume of nanofibers and hydrogel decreases precipitously with increasing
peptide concentration. These data indicate that the peptide itself is not inherently conductive and
suggest that the conductivity may be strongly dependent on the supramolecular structure present
in highly ordered fiber morphology present at low peptide concentrations. SEM images confirm
the lack of fiber morphology in peptide gels at concentrations above 0.1 % w/v (Fig. 3.6C),
which instead form increasingly large and extended networks of clusters characteristic of

hydrogel phase separation during sample desiccation.
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Figure 3.6: Conductance measurements of ACC-Hex nanofibers (0.03% wi/v) and gels. (A) Conductance
(G) of dried fibers and gels deposited from equivalent solution volumes onto interdigitated electrodes.
Inset shows device schematic and example of fibers (red) bridging the interdigitated electrodes (gold). (B)
Conductance approaching DC as determined by EIS in FTO sandwich electrodes (inset). (C) Scanning
electron micrographs of ACC-Hex fibers (0.03% w/v) (top left), 0.25% hydrogel (top right), 0.5%
hydrogel (bottom left), and 5% hydrogel (bottom right). Scale bar is 500 nm.

3.3.5: Molecular Structure Insights into Peptide Nanofibers and Gels

The solution dynamics and self-assembly of peptide 1 were investigated by molecular
dynamics simulations using the coarse-grained MARTINI model for peptides in explicit water
and ions. Simulation data show oligomer assembly structures and intermediates consistent with

experimental results (Fig. 3.6). Firstly, the fast association of peptide 1 into dimers was observed
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in equilibrium with ACC-Hex at ~ 10 uM (Fig. 3.6A-C). The presence of dimers was indicated
experimentally by small-angle X-ray scattering profiles of peptide 1 at comparable
concentrations, and by structural analysis of the ACC-Hex crystal structure*®. Secondly, end-to-
end association of individual ACC-Hex units was observed at higher concentrations (~ 100 uM,
0.03 %w/v), creating elongated structures suggestive of the initial stages of fiber assembly. The
minimum diameter of observed peptide 1 fibers measured by AFM is approximately the ACC-
Hex diameter (Fig. 3.2B), consistent with the end-to-end assembly process indicated by these
MD data (Fig. 6D). Lastly, at mM concentrations (> 0.1 % w/v), simulation snapshots indicate a
transition in supramolecular assembly of ACC-Hex building blocks into larger, branched
structures (Fig. 3.6E). While the ACC-Hex building blocks are still stable at these
concentrations, the hexamers no longer self-associate exclusively by end-to-end interactions,
which would result in one-dimensional fiber growth. Rather, ACC-Hex units attach to ends and

sides, creating continuous and branching junctions.

Fiber formation is experimentally observed between 100 and 200 uM (0.03 to 0.06%
w/v), and these simulations demonstrate that within this range, the end-to-end axial association
of ACC-Hex units represents the potential nucleation step of fiber formation. In contrast, at mM
concentrations, the ACC-Hex building blocks associate via both lateral and axial interactions to
form the branched network structure of the gel backbone. The simulations suggest that peptide 1
still assembles into ACC-Hex units at these high concentrations and bury Phe residues in the
hydrophobic core of this gel network, but that the hexamer building blocks lack the axially
aligned periodicity present at lower, fiber-forming concentrations of peptide. This structural
change is observed in SEM preparations of the fibers and hydrogels (Fig. 3.6C) and is consistent

with the rheological data (Go’ vs. concentration, Fig. 3.5B), which suggests that the peptide gel is
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weakly cross-linked and lacks chain entanglement. Both of these gel structure characteristics are
expected from the short, rigid monomer of peptide 1 and the hydrophobic interactions holding

them together in aggregates and the branched gel backbone.

Circular dichroism (CD) spectra of soluble ACC-Hex units, ACC-Hex nanofibers, and
gels support the presence of intact oligomer units across all concentrations. CD spectra were
acquired from solutions of different peptide concentrations that form isolated oligomers (ACC-
Hex, 0.015 % wi/v), fibers (0.03% wi/v) or gels (0.1 and 5.0 % wi/v) (Fig. 3.6F). In dilute
solutions, peptide 1 aggregates into ACC-Hex oligomers*, the CD spectrum of which (Fig. 3.6F)
exhibits characteristic o-helical molar ellipticity minima around 208 nm and 220 nm®®"*. As the
peptide forms fibers and gels with increasing concentration, the 208 nm minimum disappears and
the 220 nm minimum becomes increasingly red-shifted. These two distortions in the spectra are
associated with chiral scattering due to the lateral aggregation of a-helices, further radial

671 "and end-to-end assembly of the helices’?. To verify that the 70

expansion of fiber bundles
°C incubation used for gel formation does not preclude fiber assembly, we subjected a 0.03%
wi/v peptide sample, which forms fibers under standard aging conditions, to a 70 °C incubation
and still observed aggregated fibers (Fig. S3.8). The CD spectra, therefore, support the MD
findings that the a-helical secondary structure and the ACC-Hex tertiary structure are maintained
during the aggregation process associated with fiber and gel formation. In all, the structural data
from rheological, molecular dynamics, and CD, in conjunction with electronic measurements

suggest that the quaternary structure, i.e. the axial, end-to-end association of ACC-Hex units, of

the nanofibers may be critical to their long-range electron conducting properties.
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Figure 3.7: Assembly mechanism and structures of peptide 1 from simulations and CD spectra. (A-E)
Molecular dynamics simulations (top) of peptide 1 self-assembly and the corresponding assemblies from
the X-ray crystal structure (A-D bottom) or gel image (E bottom) of peptide 1. All purple and all green
colored peptides indicate a-helices oriented parallel to each other and antiparallel to the other color. At
uM concentrations, peptide 1 forms ACC-Hex units (C), which are driven to stack end-to-end via
electrostatic interactions (D). At mM concentrations (E), peptide 1 forms gels and a branched backbone
structure composed of ACC-Hex units. In this simulation snapshot, peptide 1 monomers within the same
hexamer are all colored identically. (F) Normalized CD spectra of soluble, isolated ACC-Hex oligomers
(ACC-Hex, 0.015% wi/v), fibrilized ACC-Hex (0.03 % wi/v), and ACC-Hex gels at 0.1 and 5 % wi/v
peptide 1.

While the exact mechanism of charge transport in our ACC-Hex nanofibers remains
unknown, our data establish that they are electronically conductive and suggest structure-
property relationships that distinguish these nanofiber materials from other conduction
paradigms in organic conductors. The conduction mechanism in ACC-Hex nanofibers is likely to
be distinct from the delocalized transport observed in explicitly n-stacked bio-hybrid systems,
such as the peptide nanostructures and hydrogels formed by peptide-small molecule

387375 and unnatural aromatic amino acids’®, because the large spacing and off-angle

conjugates
packing of aromatic side chains in ACC-Hex preclude n-stacking interactions®. In addition, the

electrochemical gating results and the temperature-dependence of conductance of the ACC-Hex
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nanofibers show that charge transport along the nanofibers is not facilitated by a series of redox
events, as is the case in ferrocene-coupled diphenylalanine nanowires’’, amyloid fiber-
conjugated cytochromes’®, or cytochrome hopping in appendages of some electrogenic
anaerobes®. In the bipotentiostat setup, redox-mediated conduction is facilitated through current
exchange at the reduction potentials of the redox-active compound, manifesting as current
peaks?®°%*". The ACC-Hex nanofiber films, on the other hand, demonstrate ohmic, particle-like
transport of charge carriers, which varies linearly with the source-drain potential and is devoid of
characteristic redox peaks. This ohmic conduction is insensitive to environmental changes,
showing little dependence on pH and ionic strength (Fig. S3.5), demonstrating that neither -
stacking nor redox hopping — or other thermally activated mechanisms — are necessary to

facilitate charge transport over micrometer-scale distances in these peptide nanofibers.

Studies of G. sulfurreducens pili suggest the importance of aromatic amino acids to
conductivity, with some structure homology models implying the presence of n—stacking along
the length of the pili****** and experimental data showing correlations between aromatic content
and conductivity®***. However, to our knowledge there is no direct, spectroscopic evidence of
electronic delocalization due to = orbital overlap in pili materials to date, and our results suggest
that nt-stacking is not present in the peptide nanofibers and therefore may not be necessary for
long-range conduction in amino acid-based materials. Similarities in the ohmic charge transport
behavior, the lack of redox-mediated conduction, and metallic-like temperature dependence
observed in both ACC-Hex nanofiber and pili suggest other common factors that may contribute
to long-range conductivity. G. sulfurreducens pili and ACC-Hex nanofibers are rich in aromatic
residues and both comprise of a-helical monomers arranged into ordered fibers. Supramolecular

ordering alone may not be sufficient to support electrical conductivity, as Type 1V pili from other
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bacteria, which are presumably homologous structures,” exhibit substantial variation between

species ranging from non-conductive to more conductive than G. sulfurreducens pili?®®%8,

8283 or no

Other ordered protein and peptide materials, such as amyloid-like fibers, show little
conductivity?®. Nonetheless, the correlation between conductivity and long-range order in the
comparison between o-helical peptide nanofibers and gels in the present study demonstrates a
critical role for supramolecular structure in supporting charge transport in these materials, even
in the absence of electronic delocalization. Evidence of long-range electronic transport in amino
acid nanomaterials, lacking both m electron overlap and redox centers, represents a distinct
structural paradigm for electronic conduction in organic electronics, and ongoing studies are

underway to identify key sequence and structural features supporting charge transport

mechanisms in peptide nanofibers.

3.4: Conclusion

The present study demonstrates long-range electronic transport in peptide materials
lacking the extended conjugation and m-orbital overlap of conventional organic semiconductors
and metals. The supramolecular structure of the peptide nanofibers in this study precludes =
orbital overlap between aromatic amino acid side chains, suggesting a mechanism of conduction
distinct from the band conduction of periodic, n-stacked organic materials. Electrochemical and
temperature-dependent transport data indicate ohmic behavior of charge carriers in this system,
which is unexpected in a large unit cell, biological material. Our findings indicate that the
supramolecular order and a-helical building blocks of the peptide nanofibers are critical
structural features supporting the observed electronic conductivity. These data demonstrate

electronic transport in synthetic peptides materials, with sequence and structural motifs borrowed
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from naturally conductive bacterial protein fibers, that strongly depends on secondary and
quaternary structure. These peptide nanofibers, with their mutable sequence elements, represent a
promising experimental platform for further study of structure-property relationships in
conductive amino acid materials. Their biocompatible composition and defined surface
chemistry hold potential for application as ideal, naturally inspired bioelectronics interface
materials. The peptide building blocks of these fibers suggest they can be synthesized by
recombinant expression and incorporated as multifunctional material components of the growing

synthetic biology toolbox.

3.5: Supporting Information

3.5.1: Peptide Material Preparation

Peptide Nanofiber and Hydrogel Preparation. Peptide 1 was synthesized as described
previously.”® A peptide seeding stock solution was made by dissolving lyophilized peptide in
sterile filtered 1X PBS (Fisher) to a final concentration of 200 uM. The sample was vortexed and
sonicated for 30 s each, and then incubated for a week at 37 °C prior to use. Lyophilized peptide
was dissolved in sterile filtered 1X PBS to a final concentration of 100 uM. Peptide seeding
stock solution was added to a final concentration of 0.5% v/v. The sample was vortexed and
sonicated for 30 s each and incubated overnight at 37 °C prior to use. Fiber formation of peptide
1 was verified by atomic force microscopy (AFM) imaging as described below. For hydrogel
formation, lyophilized peptide was dissolved in sterile filtered 1X PBS at concentrations of
0.1%, 0.25%, 0.5%, and 5% w/v. Samples were vortexed and sonicated for 30 s each and

incubated at 70 °C for 20 min to induce gelation.
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Amyloid-B (AB) Fiber Formation. AB 1-40 peptide was purchased from Sigma Aldrich for Ap
fiber formation. Lyophilized peptide was dissolved in 150 mM phosphate buffered saline (PBS)
to a concentration of 100uM and incubated at 37° C for two weeks to form fibers. Fiber

formation of AP peptide was verified using AFM imaging, as shown in Supporting Fig. 3.51.

ACC-Hex Crystal Growth. ACC-Hex crystals for LIXPS analysis were grown in 0.1 M sodium
formate, pH 6.75 — 7.3, with 25%-28% polyethylene glycol MW 3350. pH and PEG
concentration were varied across a 24-well plate, with 1 mL of solution per well. For each
condition, 1 uL of well solution and 1 uL of a 10 mg/mL solution of peptide 1 in ultra-pure
water was dropped onto an 18 mm x 18 mm glass coverslip. The glass coverslip was inverted
and sealed against the well with silicone (DAP All-Purpose Adhesive Sealant). Crystals were left

undisturbed for several months.

3.5.2: Materials Characterization

Low Intensity XPS (LIXPS) of ACC-Hex Crystals. Crystals were observed under an optical
microscope and the largest crystals were selected for LIXPS characterization. Spots containing
crystals were re-hydrated with 2.5 pL of ultra-pure water and dropcast onto pristine Au (111)-
coated Si chips. Samples were air dried and rinsed with 20 uL of filtered ultra-pure water to
remove salts. Excess moisture was wicked away using a kimwipe. The buffer control was
prepared using the well solution associated with the crystal sample. LIXPS was performed with a
Kratos-SUPRA XPS with a Al K, source (Ephoton = 1486.7 €V). The secondary cutoff for each
spectrum was determined by taking the intercept of two tangents at the binding energy edge. The

work function was determined by subtracting the secondary cutoff value from Epnoton = 1486.7
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eV, and was calibrated using the work function of Au (111) = 5.31 eV,

AFM Sample Preparation and Imaging of Peptide Fibers. AFM characterization of sample
morphology was conducted on silicon wafer chips. Prior to sample deposition, wafer chips were
sonicated for 5 min each in acetone, isopropanol, and ultrapure water, followed by drying under
nitrogen. Peptide fiber samples were drop cast onto freshly cleaned wafers and allowed to sit on
the substrate for 2 min, upon which excess moisture was removed from the edges of the sample
using a Kimwipe. The sample was then briefly rinsed with ultrapure water to remove salts and
dried under nitrogen. AFM images were collected with an Asylum MFP3D operating in tapping
mode under ambient conditions. Scans were rastered at 0.5 Hz using iridium-coated silicon
probes (Asylum Research ASYELEC-01) with a tip radius of 28 nm and a resonant frequency of

70 kHz.

Rheology of Peptide Materials. All rheological experiments were performed with an AR-G2
Rheometer (TA Instruments) in a parallel plate configuration (d = 25 mm) at 25 °C with a gap
height of 350 um. A solvent trap was used to prevent evaporation over the course of the
measurements. The storage G’ and loss moduli G of the hydrogels were acquired as a function
of strain amplitude from 0.1 to 100 % at an oscillating frequency of 1 Hz to estimate linear

viscoelastic regime for hydrogels.

Circular Dichroism of Peptide Materials. The conformation of peptide 1 in fibers and gels was
characterized by circular dichroism (CD) spectroscopy, as described previously.*® Hydrogels of
peptide 1 were prepared at concentrations of 0.1%, 0.25%, and 5% wi/v in 1X PBS buffer at pH
7.4. The 0.03% w/v sample of peptide 1 was prepared under typical fiber forming conditions

(seeded and incubated overnight at 37 °C). A fresh sample of non-fibrilized peptide 1 (50 uM,
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0.015% wi/v) was also tested. CD spectra were recorded on a Jasco J-810 spectropolarimeter
equipped with a Peltier thermoelectric temperature control device. The 5% w/v sample was
deposited on a quartz slide as a thin film and the ellipticity was measured between 190-250 nm at
20 °C. All other samples of peptide 1 were prepared in a quartz cuvette with a 1 mm path length
and measured over the same range of wavelengths at 20 °C. The voltage of the photomutiplier
tube (PMT) was tracked during the course of the CD measurement, and spectra are truncated at

wavelengths at which the PMT voltage exceeded 500 V.

3.5.3: Electronic Property Characterization

Device Preparation. Interdigitated electrodes were used for all DC measurements. Each
electrode was comprised of 100 parallel 5 um x 2 mm long bands with an intra-band spacing of 5
um. Devices were photolithographically patterned onto Pyrex wafers with 60 nm Au and a 5 nm
Ti adhesion layer deposited by electron beam evaporation. Devices were sonicated in washes of
acetone, isopropanol, and ultrapure water to prior to use. Devices were individually tested for

shorts prior to sample deposition.

Solid-State I-V Measurements of Peptide Films. For sheet resistance comparisons, 6.9 ug of
ACC-Hex fibers and AP fibers were respectively drop cast onto interdigitated electrodes. Film
were dried under laminar flow and rinsed with ultrapure water to remove salts. I-V measurements
were performed with a Keithley Model 2612B Source Measure Unit. Current was monitored as a

function of swept voltage from +0.8V to -0.8V under ambient conditions.

The electrical conductivities of ACC-Hex fibers and hydrogel samples were compared as a

131



function of weight percentage. 20 uL of ACC-Hex fibers in the fibrilization solution (seeded,
0.03% wi/v) and 20 uL of 0.1%, 0.25%, 0.5%, and 5% hydrogels were deposited onto separate
interdigitated electrode devices. After air dying under laminar flow, dried films were rinsed with

ultrapure water to remove salts. I-V measurements were performed as described above.

Single Fiber Conductive AFM Measurements. Prior to fiber deposition, glass slides were
sonicated in acetone, isopropanol, and ultrapure water and plasma cleaned. Fibers were drop-cast
onto cleaned glass slides and allowed to dry. Samples were rinsed with ultrapure water to remove
salts and dried under N,. Electrode contacts (2 nm of chromium and 80 nm gold) were thermally
evaporated onto the glass slide using a shadow mask. The electrodes were shorted to a grounding
plate using silver paint and conductive AFM was performed using an Asylum MFP3D in ORCA

mode with iridium-coated silicon probes (Asylum Research ASYELEC-01).

Scans were first done in contact and current mode with a 5 V bias to determine the position of
the edge of the electrode. The scan was then repeated in tapping mode to obtain better resolution
of the fiber. The tip of the conductive probe was then positioned at various distances along the
fiber, allowing for a two-point measurement between the patterned electrode and the tip. The
current response at each position of the nanofiber was monitored as the voltage was swept
between £ 5 V. Individual nanofiber conductivities were calculated from the distance-dependent
conductance values and the using the peak height of the nanofibers as measured by AFM as the
diameter and assuming a cylindrical conduction cross section. Controls were performed on the
gold electrode and on the insulating substrate. Fiber conductivity was determined as an average

of 4 different fiber samples.

Electrochemical Conductance Measurements. For solution-gated measurements, 22-gauge
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solid core insulated wire leads were connected to the interdigitated source and drain electrodes
using conductive silver epoxy (MG Materials). Exposed electrode and lead connections were
sealed with waterproof silicone sealant (DAP All-Purpose Adhesive Sealant). ACC-Hex fibers
were drop cast onto cleaned electrodes to deposit a total peptide mass of 6.9 pug and were air

dried in a laminar flow hood.

Solution gating measurements were conducted in 0.1M phosphate-citrate buffer, and the pH was
controlled by changing the ratios of constituent sodium phosphate dibasic (Na,HPO,) and
sodium citrate (Na,CgHgO;). For ionic strength measurements, 0.2 M Na,HPO, and 0.2M
Na,CsHsO7 stocks were prepared and diluted with ultrapure water to achieve the appropriate
ionic strength. Electrolyte solutions were degassed with 80% N, with 20% CO, prior to
electrochemical cell assembly in a 100 mL aqueous electrochemical cell (Adam & Chittenden
MFC 100.25.3), which was sealed with rubber septa. Titanium wire and microfit connectors

were used to connect the electrochemical components to external leads (DigiKey).

Bipotentiostat cyclic voltammograms (CVs) were performed using two Gamry potentiostats
(series PC14/300) connected with a bipotentiosat cable. In the bipotentiostat setup (Fig. S3.4),

described previously,?®°"8

the source and drain are monitored as two independent working
electrodes, referenced to the same saturated Ag/AgCl reference and sharing the same platinum
wire (Sigma Aldrich) as a counter electrode. The source electrode was swept from -0.8 V to +0.4
V with respect to Ag/AgCl, at a scan rate of 10 mV/s. Simultaneously, the drain was swept at a
fixed source-drain offset Vps relative to the source, with respect to Ag/AgCl, at a scan rate of 10
mV/s. The background catalytic current was determined by conducting bipotentiostat CVs at Vps

= 0, and the background values were subtracted from nonzero offsets to obtain the conducting

current I (Fig. S3.9B). The difference currents between the source and the drain, divided by a
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factor of two, were plotted as Ips (Fig. S3.9C).

Temperature-Dependent Electrical Conductance Measurements. To assess the temperature-
dependent electrical conductance of ACC-Hex fiber films, electrochemical cells were submerged
in a stirred water bath with a metal thermocouple. A hot plate was used to heat the system and
ice was added to the water bath to achieve cooling. Once the thermocouple registered a stable
bath temperature for several minutes at each temperature set point, bipotentiostat
chronoamperometry measurements were performed, wherein the source and drain currents were
independently monitored while maintaining a fixed Vps offset. Once steady-state currents were
stable for 1 min, the currents were averaged and the steady-state conducting current was taken to
be half the difference between the source and drain currents, which mirror each other with
opposite polarity (Fig. S3.10). The negligible background current at Vps =0V was subtracted
from the steady-state current, which was then divided by Vps to obtain the conductance.
Measurements were taken with Vps values of 0 V, 10 mV, 20 mV, 40 mV, 60 mV, 80 mV, -10
mV, -20 mV, -40 mV, -60 mV, and -80 mV and were performed in 0.1 M phosphate citrate
buffer at pH 7.0. Each data point in Fig. 3.3B is an average of the 10 bias offset measurements

conducted at a single temperature with error bars representing the standard error.

Electrical Impedance Spectroscopy of Samples in Aqueous Salts and D,O. For EIS
measurements testing conductivity with different Hofmeister anions and cations, a film of ACC-
Hex nanofibers was prepared for electrochemical measurements, as described above. 0.1 M
solutions of NH,4CI, KCI, NaCl, CaCl,, MgCl,, NaH,PO,4, Na,HPO,, NaCH3COO, and NaClO,
were prepared. EIS was performed over a frequency range of 10 mHz to 100 MHz, with a fixed
DC bias of 0 V and an AC perturbation of 10 mV. Films were dipped in two separate vials of

fresh ultra-pure water after subsequent measurements, to remove residual salts. The order of ions
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was randomly selected and the series was reversed for four rounds, producing a total of 8
different measurements. 1 round of measurements was also performed in 1 mM Hofmeister
solutions (Fig. S3.6). Fiber conductivity did not change appreciably over the course of the
measurement, suggesting material was not lost over the course of the measurement. EIS was also
performed with H,O (ultra-pure water) and D,O (Sigma-Aldrich) between series, for a total of 5
different measurements. The measurement order was similarly varied to minimize sampling
error. Impedance values were determined by using the Gamry Echem Analyst software to fit data
to a Randles circuit using the Simplex Method. Goodness of fit parameters gave p-values

between 0.967 and 0.999, suggestive of good fits.

Electrical Impedance Spectroscopy Measurements of Fibers versus Hydrogels. For EIS
measurements comparing fibers and gels, a sandwich electrode was fabricated from two 2 cm x 2
cm plates of fluorine-doped tin oxide (FTO) coated glass sides (Sigma Aldrich). External leads
were attached to the non-conductive backsides of the glass slides using silver epoxy, and silver
paste (Ted Pella) was used to connect the leads to the conductive FTO film. Two 540 um non-
conductive spacers were used to insulate the conductive paste and separate the slides, which
were then sealed using electrical tape and silicone epoxy. EIS measurements were performed in a
Faraday cage and spanning a frequency range of 10 mHz to 100 MHz, with a fixed DC bias of 0

V and an AC perturbation of 10 mV.

Molecular Dynamics Simulations of Peptide Self-Assembly. The coarse grained (CG)
MARTINI force field®*®® was used for biomolecular simulations to model peptides at different
concentrations in explicit solvent. The MARTINI model uses a four-to-one mapping in which
four atoms and associated hydrogen atoms are represented by one CG bead to represent protein

backbone and side chains. Water and ions (which were added to electronically neutralize the
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system) are treated explicitly at the same level of coarse-graining. Although MARTINI lacks
some atomic detail given its coarse-grained nature, its force field has been undergone extensive
parameterization based on comparison with experimental results. Since MARTINI requires that
the secondary structure of a peptide needs to be provided a priori and is fixed during the

simulation, the helical conformation from the X-ray crystal structure of peptide 1 was used*.

All molecular dynamics (MD) simulations were performed with the GROMACS simulation
package in the NPT ensemble. The pressure and temperature were maintained using the
Berendsen method at 1 bar and at different constant temperatures, ranging from 330 to 350 K.
Initially, the first set of 20 independent simulations were performed on a system containing 50
dipeptides that were placed randomly within a cubic box of 55 nm and solvated in standard
MARTINI CG water and ions. Once isolated peptides came together to form the first hexamer,
after 20 ps in effective simulation time, the hexamer was extracted for the next set of
simulations. 40 copies of the hexamer were randomly placed within a cubic box of either 25 or
55 nm, containing water and ions, for another 20 us MD simulation at 1 bar. This set of
simulations was conducted at different temperatures ranging from 300 to 320 K; these lower
temperatures allowed for stability of the hexameric copies. Hexamers in a larger box and thus at
a lower concentration came together to form linear fibers, whereas those in a smaller box and at a

higher concentration came together to form branched structures at different temperatures.
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Figure S3.1: LIXPS spectra of Au (111) substrate, PBS on substrate, and two samples of ACC-Hex
crystals. The secondary cutoff values are 1482 eV, 1483.4 eV, and 1482.8 eV and 1482.7 eV,
respectively, with Al K, x-rays (Epnoton = 1486.7 €V).
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Figure S3.2: Representative AFM micrographs of AB fibers. (A) Drop-cast film of AB fibers (scale bar 5
um). (B) Single AB fiber. Height profile analysis shows fiber diameters of approximately 2 nm (inset).
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Figure S3.3: Single fiber conductive AFM of an ACC-Hex fiber and substrate. (A) Topographical AFM
image of a fiber. Circles indicate measurement positions on the fiber (red) and substrate (blue). Electrode

is false-colored, scale bar 2 um. (B) Conductance as a function of distance plot for single fiber shown in
(A).

Figure S3.4: Schematic of interdigitated electrode with ACC-Hex fiber samples in bipotentiostat setup.
The source and drain electrodes function as two independent working electrodes and are referenced and
swept relative to a Ag/AgCI reference electrode (RE). The sweep range for each electrode is such that a
fixed Vps offset is maintained between the source and the drain. A platinum wire functions as a common
counter electrode (CE).
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Figure S3.5: Source-drain current of ACC-Hex fiber films obtained from bipotentiostat cyclic
voltammograms in 0.1M phosphate citrate buffer at (A) pH 4.0, (B) pH 5.0, (C) pH 8.0, and (D) pH 9.0.
(E) Source-drain current as a function of Vpg at different pH values. (F) lonic strength dependence of
ACC-Hex fiber films in ultrapure water and phosphate citrate buffer.
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Figure S3.6: Impedance measurement values of ACC-Hex nanofibers in 1 mM Hofmeister ion solution
(concentration is 100 x lower than that used in Fig. 3.4).
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Figure S3.7: Bode plots collected from EIS measurements on ACC-Hex nanofibers and hydrogels at
different % wi/v concentrations.
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Figure S3.8: Representative AFM micrograph of ACC-Hex fibers (0.03% w/v) prepared in an identical
manner to higher % w/v hydrogels. Scale bar is 2 um.

A 30
20

=
& -0.8 -0.4 0 04

I, (HA)

V, vs. Ag/AgCI (V)

I (HA)

0.8 -04 0 04
Vs vs. Ag/AgCl (V)

Figure S3.9: Bipotentiostat cyclic voltammograms of ACC-Hex fiber films in electrochemical gating
setup. (A) Representative raw source (red) and drain (blue) currents at Vps = 10 mV, (B) source and drain
conducting currents after background subtraction of currents at Vps = 0, and (C) Ips determined from
background subtracted currents.
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Figure S3.10: (A) Representative steady-state source (red) and drain (blue) currents obtained from
temperature-dependent bipotentiostat chronoamperometry scans of ACC-Hex fiber films poised at V=0
V and Vps =20 mV. (B) Average currents obtained from steady-state values at different values of Vps.
These representative data were obtained in 0.1M phosphate citrate buffer at pH 7.0 and 42°C.
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CHAPTER 4 Biocatalytic Self-Assembly of Transiently Conductive Peptide-
Conjugate Hybrid Nanostructures
4.1: Abstract

Agueous compatible supramolecular materials hold promise for applications in
environmental remediation, energy harvesting and biomedicine. One remaining challenge is
to actively select a target structure from a multitude of possible options, while maintaining
constant, physiological conditions. Here, we demonstrate the use of amino acids to actively
decorate a self-assembling core molecule in situ, thereby controlling its amphiphilicity and
consequent mode of assembly. The core molecule is the organic semiconductor naphthalene
diimide, functionalized with D- and L- tyrosine methyl esters as competing reactive sites. In
the presence of a-chymotrypsin and a selected encoding amino acid, Kinetic competition
between ester hydrolysis and amidation results in covalent or non-covalent amino acid
incorporation, and variable supramolecular self-assembly pathways. Taking advantage of the
semiconducting nature of the naphthalene diimide core, electronic wires could be formed and

subsequently degraded, giving rise to temporally regulated electro-conductivity.

4.2: Introduction

Molecular encoded building blocks enable the assembly of supramolecular materials
with precise control over shape and function. This precision enables a tremendous range of
potential applications, ranging from biomedicine to energy storage and production materials-
. While many groups have focused on designing and modifying supramolecular structures in
their finalized equilibrium state, it is increasingly recognized that regulatory control over the

kinetic aspects of assembly enables tremendous opportunities for the design of materials with
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dynamic functionality®'2. This kinetic control enables materials with transient behavior3-°,
oscillatory behavior®®’, self-replication'®!®, evolution-like adaption?®®, and transient
properties coupled to biological functionality?'. While supramolecular design can give rise to
predictable assemblies with varying structures and functions, the ability to actively change or
edit the supramolecular assembly instructions (or code) in situ provides a new direction for
supramolecular materials design.

Size scales, mechanical properties, and general working principles are critical
parameters when attempting to interface living and non-living matter for future therapeutic
and diagnostic applications??. Living systems are not composed of thermodynamic on/off
switches. Instead, they operate by metabolic pathways composed of interconnected catalytic
reactions, which in turn control and direct the formation and degradation of functional
components. Incorporation of these reactions into supramolecular materials design is an active
area of research!'1".2223 and may enable a more seamless integration with biological systems.

Peptides are a particularly versatile class of self-assembling materials®°24, It is
increasingly appreciated that even short peptides (two or three amino acids) contain sufficient
chemical information to drive the self-assembly of organic nanomaterials with rich sequence-
dependent properties?®2°, Furthermore, combining short peptides with non-biological
functional materials, such as organic semiconductors?’30-34 gives rise to material properties
that not accessible to biological or synthetic systems alone. Kinetic aspects of peptide self-
assembly can be controlled by in situ formation of self-assembling structures through (bio-)
catalytic assembly®>3%, This approach may similarly enable the in situ formation of peptide
building blocks through amide bond formation reactions, either under Kkinetic3"® or

thermodynamic®® control.
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We therefore attempted to catalytically incorporate a variety of amino acids around
one semiconducting core functional assembly unit to explore a multitude of possible assembly
pathways and dynamics (Fig. 4.1A & B). Moreover, by using activated functional precursors*?
and taking advantage of the enantioselectivity of biocatalysis reactions, we designed an
assembly system with inbuilt kinetic selection and competition. This enabled a diversity of
materials properties than can be actively regulated in terms of shape, composition, chirality,
and function over time. We based the system on a self-assembling organic semiconductor
naphthalene diimide (NDI) (Fig. 4.1A), with the objective of producing materials that display
transient electronic properties in agqueous solutions#°. Functionality in aqueous environments

bears future relevance to the dynamic interfacing of electronics with biological systems.
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Fig. 4.1: (A) Chemical structure of meso molecule 1 (full spheres and half spheres represent L- and D-
enantiomers, respectively) and various input amino acid amides (color-coded spheres). (B) Time-
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dependent chemical transformation of 1 upon the action of a-chymotrypsin in the presence of various
input amino acids (fast step: 3 h; slow step: 2 weeks) showing kinetic competition and pathway selection
leading to hydrolysis or trans-acylation pathways or a combination thereof. (C) Histogram showing the
formation of various chemical species by the reactions shown in (B) in the presence of specific input
amino acids (top: 3 h; bottom 2 weeks). (D) Corresponding time-dependent changes in circular dichroism
signal intensity demonstrating amino acid incorporation results in different helical assembly paths
(circular dichroism signals were monitored at higher wavelength circular dichroism maxima of these
samples).

4.3: Results and Discussion

Our active biocatalytic amino-acid-encoding approach is based on a bola-type
amphiphile core with inbuilt chemical and kinetic competition of two reactive sites around an
NDI moiety, through incorporation of L- and D- enantiomers of the tyrosine methyl ester on
two ends. This gives rise to the meso structure 1 (OMe:OMe), which has no overall chirality
(Fig. 4.1). We used a-chymotrypsin, an enzyme that can catalyze hydrolysis or amide bond
formation reactions of the tyrosine methyl ester, which has previously been used in
biocatalytic self-assembly of peptide derivatives3’8, a-chymotrypsin has a kinetic preference
for the L amino acid terminus compared with the D terminus, thereby introducing an enantio-
specific internal time delay in the system. The supramolecular assembly pathway of the
system can be regulated by provision of variable encoding amino acid amides.

Depending on the chemical nature of the encoding amino acid side chains (Fig. 4.1A)
and the consequent self-assembly propensity of reaction intermediates, a preference for either
direct hydrolysis (OMe:OMe—OMe:OH; Fig. 4.1B) or trans-acylation to form a peptide
derivative (OMe:OMe—OMe:NHR, where NHR represents peptide bond formation at
the L terminus, as shown in Fig. 4.1B) may be expected®. Moreover, certain amino acids
contribute via non-covalent chiral complexation, further enriching the self-assembly

behavior.
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We will first discuss the kinetic and chemical selection observed at the level of the
covalent bond, which will be followed by a discussion of the supramolecular consequences
of the formation and breakdown of these species.

Compound 1 was obtained by following a synthetic scheme described in Supporting
Fig. S4.1. The first objective was to assess the enantioselective enzymatic preference for the
two reactive chiral ends 1 (OMe:OMe) by high-performance liquid chromatography (HPLC),
confirming that within 3 h 1 undergoes methyl ester hydrolysis on the L terminus
(OMe:OMe—OMe:OH) followed by a slow hydrolysis on the D terminus over the following
2 weeks (OMe:OH—OH:OH) (Fig. 4.1b and Supporting Fig. S4.2 & S4.3), showing a nearly
100-fold difference in reaction rates on the L and D termini, thus introducing internal reaction
competition. From here on, reactions occurring at the L terminus (3 h) and D terminus
(2 weeks) will be referred to as ‘fast’ and ‘slow’, respectively, and L/D enantiomers are
represented in italics to distinguish them from the amino acids L (leucine) and D (aspartic
acid).

Next, we investigated how the supramolecular assembly pathway is influenced by
incorporation of various amino acid inputs. We observed two predominant pathways,
depending on the hydrophobicity of the amino acids supplied (Fig. 4.1b). In the presence of
polar amino acids (lysine (K), D or glutamic acid (E)), 1 undergoes fast L- methyl ester
hydrolysis followed by D- methyl ester hydrolysis, resulting in a net chemical reaction
(OMe:OMe—OMe:OH—OH:OH) (Fig. 4.1c and Supporting Fig. S4.4 and S4.5). In contrast,
when using hydrophobic L, peptide bond formation is favored at the L terminus (L—
OMe:OMe—L-OMe:NHL) followed by subsequent hydrolysis of the D- methyl ester (L-

OMe:NHL—L-OH:NHL) (Supporting Fig. S4.6). Aromatic amino acids, such as tyrosine (Y)
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and phenylalanine (F) also undergo peptide bond formation; however, they do not show
appreciable hydrolysis at the D terminus (Supporting Fig. S4.7). Serine (S), with intermediate
polarity, follows a combination of both pathways resulting in formation of both S-OMe:OH
and S—-OMe:NHS (Supporting Fig. S4.8). Thus, we observe that the system displays
biocatalytic pathway selection dictated by the chemical nature of the input amino acids, with
hydrophobic amino acids favouring enzymatic acylation of the amino acid amide, resulting in
peptide bond formation, and hydrophilic amino acids favoring hydrolysis, in line with

previously reported selectivity for a-chymotrypsint33841,

4.3.1: Anion-Acid-Encoded Temporal Control Over Chirality

Having demonstrated the amino-acid-encoded temporal control over chemical
pathway selection, we subsequently investigated the supramolecular consequences of these
transformations—first, by observing supramolecular chirality. For 1 in the presence of E (1-
E), we observed transient supramolecular chirality: a fast increase in a negative bisignated
circular dichroism signal, indicating left-handed organization of NDI chromophores-44,
followed by a slow decay to an achiral assembly (Figs. 4.1D (red curve) and 4.2B and
Supporting Fig. S4.9). HPLC analysis showed that the formation and degradation of E—
OMe:OH closely follows the growth and decay kinetics of the circular dichroism signal
(Figs. 4.1D &4.2A (red curve)), indicating its role in governing supramolecular helicity.
Notably, in the absence of an input amino acid, or in the presence of the cationic amino acid
K, a similar hydrolysis pathway is observed; however, the circular dichroism spectra did not
show appreciable changes (Fig.4.1B & D (blue curve) and Supporting Fig. S4.10),

demonstrating that E plays a crucial role in controlling the helicity, mainly through non-
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covalent complex formation (Fig. 4.2C). Mass spectrometry analysis indeed showed the
presence of species with m/z = 897.2978, corresponding to the proposed 1:1 complex between
E and OMe:OH (Supporting Fig. S4.11). Furthermore, the addition of E to pre-synthesized
OMe:OH demonstrated an immediate enhancement in the circular dichroism intensity, which
was clearly independent of biocatalytic chiral growth Kinetics (Supporting Fig. S4.12). These
observations confirm that the non-covalent interactions between OMe:OH and E are
responsible for the formation of a supramolecular (non-covalent) amphiphile?®, with a
hydrophobic D terminus and hydrophilic L terminus (Fig. 4.2C). Upon further hydrolysis, E—
OH:OH eventually forms (Fig. 4.2A), resulting in complete loss of the circular dichroism
signal due to disintegration of the amphiphilic assembly. Similar observations were made with
the chemically analogous D amide (Supporting Figs. S4.13 and S4.14).

The lifetime and materials properties are dictated by the kinetics of competing
catalytic reactions, thus we were able to control the lifetime of 1-E transient assembly by
varying the enzyme concentration. Increasing the enzyme concentration shortened the
lifetime of the chiral structures, and the formation of chiral structures could be reactivated
by the subsequent addition of compound 1 (Fig. S4.15).

In contrast, the peptide bond that is formed upon exposure to the hydrophobic amino
acid L leads to delayed induction of supramolecular chirality, where the observed circular
dichroism signal is opposite in sign, suggesting an inversion of supramolecular chirality
compared with 1-E. No circular dichroism signal is observed during fast acylation (L—
OMe:OMe—L-OMe:NHL; Figs. 4.1D and 4.3A& B), whereas during slow D- hydrolysis (L—
OMe:NHL—L-OH:NHL), a positive bisignated circular dichroism signal emerges, indicating

the formation of right-handed structures. The kinetics observed via circular dichroism map
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onto the formation of L-OH:NHL species (Figs. 4.1D & 4.3A, orange data points and
Supporting Figs. S4.16 and S4.17). In this case, the hydrophobic L-OMe:NHL formed during
the fast phase is not sufficiently amphiphilic to give rise to a chiral structure. However,
subsequent hydrolysis of the methyl ester during the slow step results in OH:NHL containing
hydrophilic -COOH on the D terminus and hydrophobic —YL dipeptide on the L terminus,
resulting in an amphiphilic right-handed chiral assembly. Detailed circular dichroism and
linear dichroism analysis confirmed that scattering and the linear dichroism signal had only
minor contributions, without impacting the overall trends described (Supporting Figs. S4.18,
S4.19, & S4.20). Additionally, the introduction of the aromatic amino acids Y or F, which
also followed the peptide bond formation pathway (OMe:OMe—OMe:NHY/F) did not result
in a circular dichroism signal over the course of the reaction (Fig. 4.1D (purple curve) and
Supporting Figs. S4.21 and S4.22), due to the lack of sufficient amphiphilicity in
OMe:NHY/F and reduced enzyme access to the buried D terminus (not hydrolyzed; see

Fig. 4.1C).
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Figure 4.2: (A) HPLC analysis of 1 undergoing an enzymatic reaction in the presence of the E amide
(error bars were obtained using the mean and standard deviation of measurements on three independent
samples). (B) Corresponding circular dichroism spectra at various stages of assembly (0 h, 3 h and
2 weeks). The solid and dashed red spectra compare the circular dichroism signal in the presence of “E
and PE. (C) Schematic representation of the amphiphilic bilayer formed with “E (red solid sphere) and PE
(red half sphere), showing chemical/supramolecular pathway selection towards the formation of a left-
handed helix. Also shown are the chemical structure and schematic of the corresponding helical assembly
of supramolecular amphiphile formed in the presence of “E and °E by a —COOH-based dimeric
structure. (D) TEM micrographs showing the sheet-like two-dimensional nanostructure of 1 changing
into one-dimensional nanofibers (3 h) and, finally, disintegration to globular aggregates (2 weeks). Inset
in (D): widths of 100 fibers.

4.3.2: Rationalizing Amino-Acid-Encoded Supramolecular Chirality

Having established variable, time-dependent self-assembly pathways, we subsequently
rationalized the observed supramolecular chirality changes. We propose that the direction of
supramolecular helicity is dictated by the position of either a D- or L- amino acid in the
hydrophobic core of the assembly, with 1-E amphiphiles giving rise to a left helix (Fig. 4.2B),

due to the D terminus being in the core (D-core; Fig. 4.2C), and 1-L resulting in a right helix
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(L,L core; Fig. 4.3B & C). Thus, the direction of helicity is governed by the chirality of the
amino acid present at the core of the nanostructure, which can exert stronger intermolecular
interactions compared with the amino acids exposed to the solvent. This was further
confirmed by control experiments using D- enantiomers of various amino acid inputs.
Replacing the L- enantiomer (“E) with the D- enantiomer (°E) does not change the direction
of helicity (Fig. 4.2B and Supporting Figs. S4.13 & S4.14) as the core chirality is unperturbed
(Fig. 4.2C). However, changing “L (L-enantiomer of leucine) to PL (D-enantiomer of leucine)
resulted in a mirror image circular dichroism signal due to the switch of chirality at the core
(Fig. 4.3B & C and Supporting Fig. S4.17). The results confirm the sequence-dependent
tuning of the amphiphilic structure, where molecular chirality of the input amino acid dictates

helix selection.
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Figure 4.3: (A) HPLC analysis of 1 undergoing an enzymatic reaction with L amide (error bars were
obtained using the mean and standard deviation of measurements on three independent samples). (B)
Circular dichroism spectra at various stages of assembly (0 h, 3 h and 2 weeks). The solid and dashed
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orange spectra compare the circular dichroism signal in the presence of "L and PL, respectively. (C)
Schematic representation of the amphiphilic bilayer formed with "L and °L (full and half orange
spheres, respectively) resulting in chemical/supramolecular pathway selection towards the formation of
right- and left-handed helical tubes, respectively. The chemical structure and schematic of the
corresponding helical assembly of amphiphilic dipeptide (OH:NHR) with "L and PL are also
presented. d, TEM micrographs of 1-L self-assembly showing nanofibers (3h) and nanotubes
(2 weeks). The magnified image on the right highlights the tubes’ open ends. Insets in (D) fiber widths
(left) and tube wall thicknesses (right) measured for 100 nanostructures. Wall thicknesses were obtained
from images showing the tube openings.

4.3.3: Structural Characterization of Nanostructures

The amino-acid-encoded self-assembly was also reflected in the morphology of
resultant nanostructures, as visualized by transmission electron microscopy (TEM), atomic
force microscopy and confocal fluorescent microscopy (Figs. 4.2D & 4.3D and Supporting
Figs. S.4.23, S4.24, & S4.25). At the start, 1-E showed two-dimensional sheet-like
nanostructures of achiral 1. Over time, these were transformed into one-dimensional
nanofibers (Fig. 4.2D). The average widths of the individual fibers were close to 5 nm, which
matched the molecular dimension of the proposed bilayer packing shown in Fig. 4.2C (the
molecular length of the E-OMe:OH supramolecular complex is 4.1 nm and thus the proposed
interdigitated bilayer structure is expected to be around 5 nm). During the slow step, we
observed disintegration of supramolecular ordering resulting in the formation of small,
spherical aggregates, consistent with the loss of chirality seen in circular dichroism analysis.
For 1-L, 1 first transformed into well-defined nanofibers (Fig. 4.3D). Upon further catalytic
conversion, we observed a supramolecular reconfiguration from nanofibers to tubular
nanostructures, which coincided with the induction of chirality observed by circular
dichroism. The wall thicknesses of these tubes were approximately 5 nm, which matched the

dimension of the proposed bilayer structure shown in Fig. 4.3C (the molecular length of L-
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OH:NHL is 3.0 nm and thus the proposed interdigitated bilayer structure is expected to be

around 5 nm).

4.3.4: Active Encoding of Helix Chiral Inversion

Having confirmed the amino-acid-dependent chiral selection leading to the opposite
helicity of 1-E (left-handed and fast) and 1-L (right-handed and slow), we next investigated
the possibility of programming the system to access these structures sequentially, by
providing both inputs at the start of the reaction, and in direct competition (Fig. 4.4A). Thus,
the reaction of 1 with an optimized ratio of E (3 equivalents) and L (0.5 equivalents) resulted,
first, in an increasing negative circular dichroism signal due to the formation of an E-
OMe:OH left helix (Fig. 4.4B). Simultaneously, HPLC analysis confirmed the formation of
OMe:NHL due to a reaction with L, but this did not contribute to the helicity, which has been
shown to be silent to circular dichroism. Over time, the chiral signal decreased gradually due
to two chemical conversions: (1) E-OMe:OH—E-OH:OH (left helix to racemic); and (2) L—
OMe:NHL—L-OH:NHL (racemic to right helix), ultimately resulting in a reversal of circular
dichroism from a negative to positive bisignated signal. The programmed supramolecular
reconfiguration was also validated by the morphology change from elongated nanofibers (1-
E) obtained in the fast step to nanotubes (1-L) obtained in the slow step (Fig. 4.4C). While
other examples of chiral inversion through competing biocatalytic reactions have recently
been described'#%5, they did not rely on the sequential incorporation of a chiral chemical

structure (amino acid) into the supramolecular system.
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Figure 4.4: (A) Schematic representation of coordinated competition between the inputs E and L and
the Kinetic/chemical pathway selection resulting in differential assembly during the fast and slow steps
of the reaction. (B) Variation in circular dichroism intensity showing autonomous helix evolution
of 1 containing 3 eq. E and 0.5 eq. L. This is mapped with the HPLC trace of the two chiral species (E—
OMe:OH and L-OH:NHL) responsible for the circular dichroism signal (the data presented for each
trace are an average of three independent samples). (C) TEM micrographs after 3 h (fibers) and 2 weeks
(tubes) confirming the formation of E-OMe:OH and L-OH:NHL, respectively. Insets in c: fiber widths
(left) and tube wall thicknesses (right) measured for 100 fibers/tubes.

4.3.5: Encoding Transient Conductance

Due to the electron delocalization within semiconducting NDI and the proposed
proximal stacking of NDI within the observed nanostructures, the dynamic assembly and
disassembly would result in temporal control over the formation and breakdown of electronic
wires, resulting in transient electronic conductance. Thus, electrical impedance spectroscopy
was used to measure the time-dependent variation in conductivity. The 1-E reaction mixture
was deposited on top of an interdigitated electrode device, sealed with an inert gasket
(Fig. 4.5A). The low-frequency resistance approaching direct current (DC)%. (R) was
monitored as a function of time. We observed that the conductance of 1-E increased over the
course of several hours and decayed over nearly 2 weeks (Fig. 4.5B, red curve). The time-
dependent conductance profile was consistent with the observed transient assembly of 1-E
from sheets to one-dimensional fibers to spherical particles and associated circular dichroism
spectra (Fig. 4.2), along with HPLC changes for E-OMe-OH species (Fig. 4.5C). We propose
that this fiber network bridges the interdigitated electrodes in our device, the formation and

dissolution of which is responsible for the transient conductance signal. In contrast,

166



measurements of 1-L (Fig. 4.5B (orange curve) and Supporting Fig. S4.26) exhibited a
relatively small increase in the conductance of the solution over time, clearly distinct from
the transient trend of 1-E and similarly consistent with the observed nanostructure dynamics
of 1-L (Figs. 4.3 and 4.5C). Moreover, the conductance of the 1-E sample could be
reactivated at least twice by the subsequent addition of compound 1 into an ongoing reaction
mixture (Fig. 4.3, 4.5C & D and Supporting Fig. S4.15 & S4.28). We saw a small oscillation
in the circular dichroism signal after each reactivation step, and the corresponding
conductance value showed a similar cycle. However, the system began to show significant
dampening with each cycle due to the accumulation of waste E-OH-OH species (which also
resulted in higher conductance values upon refueling, as seen in Fig. 4.5C). Thus, we have
demonstrated the formation of transient fibers whose electrical conductance can be temporally

modulated.
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Figure 4.5: (A) Schematic of the electrochemical transport characterization device in which electrical
conductivity was measured. (B) Background subtracted time-dependent conductance (G) of 1-E (red
curve), showing transient conductance, and 1-L (orange curve), displaying a continuous increase, in
line with their respective structural dynamics (the data presented for each trace are an average of two
independent samples). Multiple reactivation of 1-E transient conducting nanostructures as seen by time-
dependent variation in the sample conductance (C) and the circular dichroism signal upon the addition
of compound 1 (D) after three and six days of the reaction.

4.4: Conclusion

Rational design of supramolecular structures is becoming increasingly possible with
the discovery of more rules governing the relationships between molecular structure and
supramolecular properties®®. Dynamic covalent chemistry has been used to reversibly modify
chemical structures in situ, with the thermodynamic stability dictating the consequent
materials properties changes*’“8. More recently, reaction kinetics, as opposed to equilibrium

composition, have been used to control material properties, exhibiting the potential of non-
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equilibrium self-assembling systems®. Here, we have taken a next step that combines the in
situ editing of molecular instructions, achieved by catalytically incorporating amino acid
amides into an organic semiconductor, to control the structure and consequent function over
time. While we chose to demonstrate this concept using biology’s fundamental expression
code (amino acids), we stress that the approach followed is not in itself biomimetic, but
involves the repurposing of amino acids for use as simple instructional components for the
fabrication of supramolecular materials. The approach used here provides further evidence
that even single amino acids and simple peptides can encode rich and diverse self-assembly
behavior.

While non-equilibrium supramolecular assembly is clearly an area of much
interest!172222 most work is still focused on structure, rather than function. Here, we
demonstrate that supramolecular electronic wires can be formed and broken down on-demand.
These structures may have potential applications in interfacing biological systems, such as
neuronal cells or tissues, with electronics for future therapeutic and diagnostic applications.
The dimensions, dynamics, and mechanical properties of the two systems need to be matched
for effective bioelectronic interfacing®®. Existing approaches to bioelectronics interfacing,
such as the incorporation of conductive carbon nanotubes or graphene into nonconductive,
biocompatible hydrogels, lack the dynamics of biological systems®°

Evidently, a remaining challenge is to enhance the control over the active lifetime of
the structures, as well as the conductance values observed. These metrics can respectively be
improved by better controlling enzyme Kinetics via a more hydrophilic substrate, and by

substituting NDI with appropriately functionalized perylenediimide. Moreover, further
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control over the in situ reactivation can be achieved using a continuously fueled, ‘open’
system?,

In conclusion, we have demonstrated the active editing of self-assembly code in a
supramolecular system, which enables regulation of structure and functionality over time. The
amino acid input has a profound effect on the subsequent biocatalytic self-assembly process,
resulting in either transient or delayed chiral assembly with tunable right- or left-handed
nanostructures. In particular, hydrophilic amino acid input (E/D) leads to transient formation
of left-handed helical fibers, whereas the hydrophobic amino acid L resulted in delayed
chirality in a right-handed tubular structure. Moreover, by creating coordinated competition
between two competing amino acid inputs (E and L), we demonstrated an autonomous,
sequential induction and inversion of helicity (from racemic to left-handed to right-handed),
demonstrating sequential programmability. Such temporal control over nanostructures was
shown to demonstrate transient electronic conductivity. We foresee that these dynamic

electronic properties may provide a means to effectively interface electronics and biology®°.
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4.5 Supporting Information

4.5.1: Sample Material Preparation
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Figure S4.1: Chemical route for the synthesis of 1.

Synthesis of 1 Precursor. Synthesis of B & D (Fig S4.1B & D): This was obtained by following
a literature procedure and it was accordingly characterizedl . Synthesis of C: 405 mg of A (1.5
mmol) was dissolved in 110 ml of water and 10 ml of ag. KOH solution (1M) and it was heated to
90 °C with constant stirring. The solution was stirred for LrOOOOOOOOONNONHO
OOHNHH3COOOHOOHOOONNONHOOOHNHHOOOHOOHONHO2C
HO2CONHOOOHOHNNH2ZHHOOOHOH2NNH O O OH + OH CH3I, Dry DMF
DIPEA room temperature, 4 hrs 1) Aq. KOH, 90 °C 2) pH 6.4, 90 °C overnight Dry DMF, DIPEA
90 °C, overnight (A) (B) (C) (D) (E) 1 and then it was allowed to cool to room temperature. The
pH of the solution was adjusted to exactly 6.4 by adding 1M aqueous H3PO4 solution. Then 390
mg (1.54 mmol) of B was added as a solid and pH was readjusted to 6.4 followed by refluxing the
whole solution overnight. The solution was cooled to room temperature which resulted in some

amount of precipitate which was filtered off. The obtained filtrate was acidified with 5-7 ml of
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glacial Acetic acid which resulted in fresh precipitate after 5 min of stirring. The precipitate was
filtered, washed with excess water and dried overnight in vacuum oven at around 50 °C. Thus 294
mg (38% yield) of compound C was obtained. 1 H NMR (300 MHz, DMSO-d6, TMS) : 6 8.50 (d,
2H, ] =7.5Hz), 5 8.26 (d, 1H,J = 7.8 Hz), 5 8.08 (d, 2H, J= 7.5 Hz), § 6.98 (d, 2H, ] = 8.4 Hz), &
6.6 (d, 2H, J = 8.4 Hz), & 4.33 (m, 1H), 8 4.18 (t, 2H, J = 7.5 Hz), 5 2.9-2.7 (m, 4H); 13C NMR
(75 MHz, DMSO-d6, TMS) : 6 169.88, 6 169.2, 6 162.99, 6 155.92, 6 139.8, 6 139.6, 6 130.15, 8
130.04, 6 128.61, & 128.36, 6 127.73, 8 125.6, 6 123.72, & 115.03, & 53.93, 6 36.50, 6 36.07, o
33.15; MS (MALDI): m/z: calcd for C26H20N2010 : 520.1 [M]+, found : 520.8. Synthesis of E
(Fig. S4.1E) : 290 mg (0.56 mmol) of C and 252 mg (1 mmol) of D was dissolved in 10 ml of dry
DMF and 1 ml of dry DIPEA. Then solution was stirred at 100 °C (the reaction mixture was still
turbid). After 12 hrs of stirring, the solution was cooled to room temperature and poured into ice-
water mixture. The whole solution was acidified with 1 M ag. HCI solution till the precipitation
completed. Dark yellow color precipitate was filtered and washed with excess of water followed
by washing with cold methanol. It was dried overnight in vacuum oven at around 50 °C and the
color of the precipitate turned into brown. Thus 400 mg of compound E was obtained which still
contained some solvent residue but this was used as it is for the next step. 1 H NMR (300 MHz,
DMSO- d6, TMS) : § 12.60 (broad singlet, 2H), 5 9.17 (s, 2H), § 8.66 (s, 4H), & 8.29 (d, 2H, J =
7.8 Hz), 5 6.97 (d, 4H, J = 7.8 Hz), 5 6.58 (d, 4H, J = 8.7 Hz), § 4.33 (m, 2H), 5 4.21 (t, 4H, ] =
6.6 Hz), 5 4.11 (q, 2H, J = 5.1 Hz), § 3.10 (m, 2H), § 2.88 (m, 2H), & 2.73 (m, 2H); 13C NMR (75
MHz, DMSO-d6, TMS) : 8 173.08, 6 169.69, 6 162.54, 6 155.81, 6 130.34, 6 129.93, 8 127.62, 6
126.39, 6 126.19, 6 114.9, 6 48.59, 8 37.80, & 37.60, 6 33.40; MS (ESI-HRMS): m/z: calculated
for C38H33N4012 : 737.2095 [M+H]+, found : 737.2070. Synthesis of 1: 200 mg (0.27 mmol) of

E and 800 ul (27 mmol) of Methyl iodide (CH3I) was dissolved in 5 ml of dry DMF and 400 pl
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of dry DIPEA. The reaction mixture was stirred at rt for 3 hrs. The resultant solution was poured
into ice-water mixture and acidified with 1M HCI till the precipitation completed. The precipitate
was filtered, washed with excess water and dried overnight in vacuum oven at around 50 °C. Thus
171 mg (83 % yield) of compound 1 as brown solid was obtained. 1 H NMR (300 MHz, DMSO-
d6, TMS) : 8 9.19 (s, 2H), & 8.65 (s, 4H), & 8.45 (d, 2H, J = 7.5 Hz), 5 6.96 (d, 4H, J = 8.7 Hz), &
6.59 (d, 4H, J = 8.4 Hz), 5 4.38 (m, 2H), 5 4.21 (t, 4H, J = 7.5 Hz), § 3.55 (s, 6H), § 2.88-2.70 (m,
4H), § 2.6 (m, 4H); 13C NMR (75 MHz, DMSO-d6, TMS) : & 171.83, 8 169.52, § 162.20, § 155.62,
6 130.02, 6 129.60, & 126.82, 6 126.06, 6 120.40, 6 114.68, 6 51.42, 6 30.2, 6 27.2, 6 23.4; MS

(ESI-HRMS): m/z: calculated for C4A0H37N4012 : 765.2409 [M+H]+, found : 765.2349.

Synthesis of 1. 200 mg (0.27 mmol) of E and 800 pl (27 mmol) of Methyl iodide (CH3I) was
dissolved in 5 ml of dry DMF and 400 pl of dry DIPEA. The reaction mixture was stirred at room
temperature for 3 hrs. The resultant solution was poured into ice-water mixture and acidified with
1M HCI till the precipitation completed. The precipitate was filtered, washed with excess water
and dried overnight in vacuum oven at around 50 °C. Thus 171 mg (83 % yield) of compound 1 as
brown solid was obtained. 1 H NMR (300 MHz, DMSO-d6, TMS) : 8 9.19 (s, 2H), 6 8.65 (s, 4H),
8 8.45 (d, 2H, T = 7.5 Hz), § 6.96 (d, 4H, ] = 8.7 Hz), § 6.59 (d, 4H, ] = 8.4 Hz), & 4.38 (m, 2H), §
421 (t, 4H, J = 7.5 Hz), § 3.55 (s, 6H), 5 2.88-2.70 (m, 4H), & 2.6 (M, 4H); 13C NMR (75 MHz,
DMSO-d6, TMS) : 6 171.83, 8 169.52, 6 162.20, 6 155.62, 6 130.02, 6 129.60, & 126.82, 6 126.06,
6120.40,05114.68,851.42,630.2,627.2,623.4; MS (ESI-HRMS): m/z: calcd for C40H37N4012

1 765.2409 [M+H]+, found : 765.2349.
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Synthesis of 2 Precursor. 200 mg (0.75 mmol) of A and 470 mg (1.86 mmol) of B was dissolved
in 10 ml of dry DMF and 1 ml of dry DIPEA. Then solution was stirred at 100 °C. After 15 hrs of
stirring, the solution was cooled to rt and poured into ice-water mixture. The whole solution was
acidified with 1M ag. HCI solution till the precipitate completed. The precipitate was filtered and
washed with excess of water followed by washing with cold methanol. It was dried overnight in
vacuum oven at around 50 °C. Thus 471 mg (85 % yield) of compound F was obtained. 1 H NMR
(300 MHz, DMSO-d6, TMS) : 8 9.16 (s, 2H), 5 8.66 (s, 4H), § 8.29 (d, 2H, ] = 8.1 Hz), & 6.98 (d,
4H, J = 8.7 Hz), § 6.59 (d, 4H, J = 8.4 Hz), § 4.32 (m, 2H), 5 4.21 (t, 4H, J = 7.2 Hz), § 4.09 (q,
4H,J =5.1 Hz), 6 2.92-2.68 (m, 4H); 13C NMR (75 MHz, DMSO-d6, TMS) : 6 173.08, & 169.68,
0162.49,06 155.81,06 130.31,6 129.93, 6 127.61, 6 126.33, 6 126.12, 6 114.89, 6 53.77, 6 36.69, 6
35.97, 6 32.99; MS (MALDI): m/z: calculated for C38H32N40O12Na : 759.191 [M+Na]+, found :

759.22.

Synthesis of 2. 100 mg (0.14 mmol) of 2 Precursor and 400 pl (14 mmol) of Methyl iodide (CH3I)
was dissolved in 3 ml of dry DMF and 200 ul of dry DIPEA. The reaction mixture was stirred at
rt for 3 hrs. The resultant solution was poured into ice-water mixture and acidified with 1M HCI
till the precipitation completed. The precipitate was filtered, washed with excess water and dried
overnight in vacuum oven at around 50 °C. Thus 81 mg (76 % yield) of compound 2 as brown
solid was obtained. 1 H NMR (300 MHz, DMSO-d6, TMS) : § 9.21 (s, 2H), & 8.66 (s, 4H), § 8.45
(d, 2H, T = 7.8 Hz),  6.96 (d, 4H, J = 8.4 Hz), § 6.61 (d, 4H, J = 8.4 Hz), 5 4.37 (m, 2H), 5 4.21
(t, 4H, J = 7.5 Hz), & 3.55 (s, 6H), & 2.87-2.70 (m, 4H), & 2.55 (m, 4H); 13C NMR (75 MHz,

DMSO-d6, TMS) : 6 172.14, 6 169.83, 6 162.51, 6 155.93, 6 130.33,6 129.91,6 127.13, 6 126.36,

174



0 126.14, 6 114.99, 6 53.92, 6 51.74, 6 36.68, 6 35.98, 6 32.97; MS (ESI-HRMS): m/z: calculated

for CA0H37N4012 : 765.2409 [M+H]+, found : 765.2391.

Synthesis of 3 Precursor. 42 mg (0.16 mmol) of A and 100 mg (0.40 mmol) of D was dissolved
in 3 ml of dry DMF and 0.25 ml of dry DIPEA. Then solution was stirred at 100 °C. After 15 hrs
of stirring, the solution was cooled to rt and poured into ice-water mixture. The whole solution
was acidified with 1M ag. HCI solution till the precipitate completed. The precipitate was filtered
and washed with excess of water followed by washing with cold methanol. It was dried overnight
in vacuum oven at around 50 °C. Thus 60.5 mg (50 % yield) of compound F was obtained. 1 H
NMR (300 MHz, DMSO-d6, TMS) : & 9.16 (s, 2H), & 8.66 (s, 4H), § 8.28 (d, 2H, J = 7.8 Hz), &
6.98 (d, 4H, ] = 8.4 Hz), § 6.59 (d, 4H, J = 8.4 Hz), § 4.32 (m, 2H), § 4.21 (t, 4H, ] = 7.2 Hz), &
2.92-2.68 (m, 4H), § 2.54 (m, 4H); 13C NMR (75 MHz, DMSO-d6, TMS) : § 173.10, 5 169.69, &
163.32, 6 162.53, 6 155.82, 6 130.34, 6 129.95, 6 127.63, 6 126.37, 6 114.90, & 53.79, 6 37.20, &
39.10, 5 34.80; MS (ESI-HRMS): m/z: calculated for C38H33N4012 : 737.2095 [M+H]+, found

1 737.2074.

Synthesis of 3: 40 mg (0.05 mmol) of Sample 3 Precursor and 300 pul (14 mmol) of Methyl
iodide (CH3I) was dissolved in 2 ml of dry DMF and 100 pul of dry DIPEA. The reaction mixture
was stirred at room temperature for 3 hrs. The resultant solution was poured into ice-water
mixture and acidified with 1M HCI till the precipitation completed. The precipitate was filtered,
washed with excess water and dried overnight in vacuum oven at around 50 °C. Thus 26 mg (63
% yield) of compound 2 as brown solid was obtained. 1 H NMR (300 MHz, DMSO-d6, TMS) :

§9.20 (s, 2H), 5 8.64 (s, 4H), § 8.45 (d, 2H, J = 7.8 Hz), & 6.96 (d, 4H, J = 8.4 Hz), 5 6.60 (d, 4H,
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J=8.4Hz),54.37 (m, 2H), § 4.21 (t, 4H, J = 7.5 Hz), § 3.55 (s, 6H), & 2.87-2.71 (m, 4H), 5 2.55
(m, 4H); 13C NMR (75 MHz, DMSO-d6, TMS) : § 172.13, § 169.83, 5 162.49, § 155.92, &
130.33,6 129.91, 6 127.13, 6 126.34, 6 126.13, 6 114.99, 6 53.91, 6 51.73, 6 36.67, 6 35.98,
32.97; MS (ESI-HRMS): m/z: calculated for C40H37N4012 : 765.2409 [M+H]+, found :

765.2380.

Sample Preparation. For all measurements, stock solution of 1 was prepared in
dimethylsulfoxide (DMSO; 200 mM). The working concentrations of all samples for various
measurements were 20 mM of 1, 80 mM of amino acid amide and 1 mgml*of a-
chymotrypsin in 10% DMSO0-90% of 100 mM phosphate buffer (pH 8). The vial containing
amino acid amides and enzyme in phosphate buffer was sonicated while the required amount
of DMSO stock solution of 1 was injected into the sample. This reaction mixture was then
vortexed and sonicated for about 45 s before measurement. The reactivation experiment in
Fig. 4.6C & D was performed by adding 0.5 eq. of 1 after 3 and 6 days such that the total

concentration of NDI at the end of the experiment was 40 mM.

4.5.2: Materials Characterization

HPLC. A Dionex P780 HPLC system equipped with a Macherey Nagel C18 column (250 mm
length, 4.6 mm internal diameter and 3 um particle size) was used to quantify the enzyme-
catalysed chemical conversions of 1 to various species. For the HPLC sample, 5 ul of various
samples at different time points were diluted to 1 ml of acetonitrile:water (50:50) with 1.5%
trifluoroacetic acid. The eluting solvent system (all solvent contained 0.1% trifluoroacetic

acid; flow rate 1 ml min') had a linear gradient of 20% (v/v) acetonitrile in water for 4 min,
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which gradually increased to 80% (v/v) acetonitrile in water at 35 min and was kept constant
until 40 min. Chromatograms were monitored at 214 nm and the relative areas under the peaks
were used to identify the percentage product conversion. All chromatograms were normalized
with respect to the total area to allow for direct comparison. HPLC for S was performed using

a Phenomenex Luna OmegaC18 UHPLC 50 x 2.1 mm column.

Electron microscopy. Some 5 pul of the sample solution was drop-cast onto the continuous
carbon-coated grid. Excess solution was removed by blotting the grid with filter paper,
followed by two rounds of washing with water and blotting. Negative stain (5 ul of 1%
aqueous methylamine vanadate (NanoVan; Nanoprobes)) was applied and blotted to remove
the excess. The samples were imaged with an FEI Titan Halo TEM operating at 300 kV.
Images were taken in the low-dose mode (20e A?) on an FEI Ceta 16 M camera
(4,096 x 4,096 pixels). A histogram was plotted for the nanostructure dimensions obtained
from the TEM images, measured for 100 nanostructures using Image J software. Each bar

represents a size range of 0.5 nm.

Circular dichroism. Some 28 ul of each sample were pipetted into a 0.1 mm demountable
quartz cuvette and spectra were measured on a JASCO J-1500 spectrometer with 2s
integration, a step size of 1 nm and a single acquisition with a slit width of 1 nm. A significant
scattering effect in absorbance was observed because of the opacity of the samples, but the
circular dichroism signal majorly remained unaffected. The temperature was maintained at

20 °C for all the measurements.
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AFM. Samples were prepared by drop casting 5 pl of sample mixture on freshly cleaved mica
surface (G250-2 Mica sheets 1” x 1 " x 0.006” (Agar Scientific Ltd)) followed by blotting with
filter paper. Then the surface was washed with 5 pl of deionized water and blotted again to remove
excess buffer salt. The surface was completely dried under vacuum. The images were obtained by
scanning the mica surface in air under ambient conditions using a FastScan Microscope (Bruker)
operated in ScanAsyst mode. The AFM scans were taken at a resolution of 512 x 512 pixels. The

images were analysed using NanoScope Analysis software Version 1.40.

Confocal Fluorescence Imaging. Confocal imaging was performed using Zeiss LSM 880
AIRYSCAN FAST LIVE CELL instrument. Samples were stained with 1% of Thioflavin T dye

and 405 nm laser was used as excitation source.

4.5.3: Electronic Property Characterization

Electrical resistance/conductance measurements in aqueous environments were
performed using gold interdigitated electrodes patterned on Pyrex. Interdigitated electrodes
comprised 160 parallel 5 um wide x 2 mm long Au lines spaced 7.5 um apart. Solid core wires
were attached to the gold contact pads using silver epoxy and silver paint. An X-profile O-
ring was positioned around the active area of the interdigitated electrode and sealed with
silicone.

Some 10 pl of each sample was pipetted onto the interdigitated electrode area within
the O-ring and the device was sealed with a glass slide clamped against the O-ring and device
substrate to prevent water evaporation during the measurement (~12 days). Nail polish was

used to seal the interface between the gasket and the glass slide to prevent minor leaks.
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Electrical impedance spectroscopy experiments were performed in a faraday cage
using a Gamry PCIl4-300G potentiostat. An AC voltage oscillation of £10 mV was applied
over a range of 10 mHz to 1 MHz with a DC bias of 0 V. During the scan, the temperature in
the Faraday cage was maintained at 25 °C. The impedance of each sample at 10 mV at the
low-frequency plateau was recorded as the resistance approaching DC. The
conductance G was obtained as G = 1/R.

Samples prepared in the absence of enzyme were used as a control, as they contained
the conductive components yet lacked the enzyme-driven dynamics. The background charge
transfer resistance of the peptide-NDI control (1+E or 1+L without enzyme; Supporting
Fig. S4.25) was subtracted from the sample trace to isolate the electronic behavior of the

dynamic system.

4.5.4: Error Analysis
Error bars for all relevant figures were obtained using the mean and standard deviation of

measurements on three independent samples (two samples for Fig. 4.5).
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Figure S4.2: HPLC chromatogram of pristine compound 1 and 2 showing their purity.
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Figure S4.3: Enzymatic reaction pathway of (A) 1 and (B) 2 and corresponding time dependent HPLC
chromatogram showing the evolution of various chemical species as shown schematically. We observe
that for compound 2 which contains only L enantiomer of tyrosine methyl ester undergo complete
hydrolysis on both terminals resulting in direct formation of OH:OH through the fast step (3 hrs).
However, 1 which contains L and D enantiomer, follows a 2 step path leading to formation of OMe:OH in
the fast step and OH:OH in the slow step. Slight asymmetry in the peak around 16 mins is due to the
presence of various ionization state of diacid derivative OH:OH.
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Figure S4.4: (A) Time dependent HPLC profile of 1-E in presence of 1 mg/ml of a- Chymotrypsin showing
the formation of various chemical species. (B) Corresponding ESI-MS data from the HPLC fraction at
different retention time confirming the formation of various species as shown schematically.
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Figure S4.5: Time dependent HPLC profile of (A) 1-D and b) 1-K in presence of 1 mg/ml of a-
Chymotrypsin showing the formation of various chemical species as shown schematically. This
demonstrate that charged amino acid follow hydrolysis pathway. The splitting of peak around 15 min in
(B) is due to different protonation state of the OH:OH and its probable non-covalent association with input

KNHa.
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Figure S4.6: (A) Time dependent HPLC profile of 1-L in presence of 1 mg/ml of a- Chymotrypsin showing
the formation of various chemical species. (B) Corresponding ESI-MS data from the HPLC fraction at
different retention time confirming the formation of various species as shown schematically.
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Figure S4.7: Time dependent HPLC profile of 1-Y in presence of 1 mg/ml of a- Chymotrypsin showing
the formation of various chemical species as shown schematically.
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Figure S4.8: Time dependent HPLC profile of 1-S in presence of 1 mg/ml of a- Chymotrypsin showing
the formation of various chemical species as shown schematically. As clear from these measurements that
SNH2 follows both the hydrolysis and transacylation pathways resulting in formation of S-OMe:NHS and
S-OMe-OH which do not undergo any further hydrolysis at the D terminus.
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Figure S4.9: Time dependent variation in CD spectra of 1-E in presence of 1 mg/ml of a-Chymotrypsin
(A) during the initial one hour, (B) during 2 weeks. We observe a negative bisignated CD signal indicating
left-handed organization with excitonic coupling between NDI chromophores. (C) Variation in the
absorption spectra (normalized) during different stages of biocatalytic self-assembly process. In the initial
3 hrs we see a red shift of absorption maxima (red curve) along with broadening and small red shifted
aggregation peak along with intensity reversal of the ratio of vibronic bands (10-0/10-1) indicating strong
aggregation of NDI. This is also supported by strong CD signal and formation of nanofibers. These
aggregation characteristics diminishes in 2 weeks time in line with disintegration of nanostructure and loss
of CD signal.
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Figure S4.10: Time dependent variation in CD spectra of 1 alone in presence of 1 mg/ml of a-
Chymotrypsin over (A) 50 min, (B) 1 week. We see that without any input amino acid, it gives a weak
monosignated CD spectra indicating very weak chiral organization with no or weak excitonic coupling
between chromophores. Moreover, these spectra are clearly distinguishable from that obtained in presence
of input amino acid like 1-E or 1-L shown in Supporting Fig S.4.9 and S4.16.
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Figure S4.11: a) ESI-MS analysis of 1-E (3 hrs) sample confirming the formation of 1:1 supramolecular
complex between OMe-OH and ENH2 as shown schematically. b) is the zoomed in MS portion showing
the isotopic pattern, which closely match the d) simulated isotopic patter expected for the complex with
chemical formula C44H45N6015. c) is the MS-MS analysis showing the daughter species obtained from
the parent 1:1 complex with m/z= 897.29.
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Figure S4.12: (A) Time dependent CD growth kinetics monitored at 405 nm of 1-E (black curve) in
comparison with E (glutamic acid amide) added to pre-synthesized OMe:OH solution (red curve). OMe-
OH was synthesized by addition of enzyme to 1 and allowing the reaction to happen for 1 hr. To this solution
E was added at once and CD signal was monitored as shown in red curve. We notice that the red curve
takes a jump in CD intensity at t = 0 min (12.5 mdeg) when compared to black curve starting at 0 mdeg at
t = 0 min. This confirms the fact that the CD signal from E-OMe:OH is mainly due to a non-covalent
interactions between OMe:OH and E, and not due to any biocatalytic reaction between the two. (B)
Variation in CD spectra of E-OMe:OH at pH 8 and at acidic pH showing that signal intensity is higher at
lower pH. This along with experiment in (A) confirms the existence of a -COOH based hydrogen bonded
dimer formation between the -COOH of E and OMe:OH (as shown in Figure 4.2C, main text). Acidic pH
enhances the population of protonated -COOH in E and OMe:OH, thereby shifting equilibrium towards -
COOH dimer leading to formation of a supramolecular amphiphile with hydrophobic -OMe at the D-
terminus and non-covalently linked E at the hydrophilic L- terminus. This amphiphile self-assembles to
form the helical organization as seen by CD signal. (C) HPLC analysis if 1 at pH=5.5 to confirm its stability
in acidic medium. We see no time dependent changes in the chemical composition confirming its stability.
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Figure S4.13: Time dependent variation in CD spectra of 1- DE (D enantiomer of glutamic acid amide) in
presence of 1 mg/ml of a-Chymotrypsin during 12 days. We observe a negative bisignated CD signal during
first one day, indicating left-handed organization with excitonic coupling between NDI chromophores. This
also confirms the formation of transient chiral assembly as the CD intensity goes down close to zero in 12

days time.

o

—LDm, (3 hrs)

——LDNH, (2 weeks)
P0-NH, (3 hrs)
—— Pp.NH, (2 weeks)

CD (mdeg @ 400 nm)
. P
CD (mdeg)
=

]
(=]
L

0 20 4 300 400 500
‘Wavelength (nm) Time (min) Wavelength (nm)

Figure S4.14: Time dependent variation in CD spectra of 1- DD (D enantiomer of aspartic acid amide) in
presence of 1 mg/ml of a-Chymotrypsin (A) during the initial 25 min. (B) Plot of CD intensity at 400 nm
of 1 in presence of L/D enantiomer of aspartic acid amide (L D, DD). We observe that both enantiomer
results in a negative bisignated CD signal indicating lefthanded organization as is expected because of the
position of these amino acid at the outside of the bilayer core (as shown in Figure 4.2C, main text). (C)
shows that both enantiomer also result in transient chirality as seen by the loss of CD signal in 2 weeks
time. These data are also similar to the observations made with E input confirming that both follow the
same chemical and supramolecular pathway. The CD signal for DD and L D are similar but not exactly the
same as they are diastereomers to each other.
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Figure S4.15: (A) Time dependent HPLC analysis of 1-E sample with varying concentration of enzyme
(a-Chymotrypsin) showing the variation of E-OME:OH species. (B) is the corresponding changes in the
CD signal intensity. As seen by HPLC and CD data, increase in enzyme concentration from 1mg/ml upto
3 mg/ml resulted in a shortened lifetime of the chiral structure (13 days for 1 mg/ml vs 5 days for 3mg/ml).
In addition, this also results in lower CD maxima, suggesting that a faster self-assembly process may give
rise to a less ordered system, as was shown previously for a related self-assembly system which was driven
by chemical catalysis®® . We notice that the sample with lower enzyme concentration has longer chiral
lifetime i.e. time required to reach a CD silent state. This is also reflected in the HPLC analysis, where the
chiral species (E-OME:OH) lifetime is longer with lower enzyme concentration. Although, the CD maxima
also decreases at higher enzyme concentration, we believe it may be due to the loss of stereoselectivity in
enzyme activity at higher enzyme concentration. Multiple refueling of 1-E sample as seen by the time
dependent variation in (C) HPLC signal and (D) CD signal intensity upon addition of compound 1 after 3
days and 8 days of the reaction. We see a clear trend where the CD signal as well as the HPLC signal starts
to oscillate (increase immediately after addition of 1 followed by decrease again), confirming its ability to
cycle the transient assembly. Arrow indicate the time point when compound 1 was added into the sample.
We observe that the signal starts to dampen in subsequent cycles due to i) waste accumulation.
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Figure S4.16: Time dependent variation in (A) CD spectra and (B) absorption spectra (normalized) of 1-L
in presence of 1 mg/ml of a-Chymotrypsin during 2 weeks of reaction. We observe a positive bisignated
CD signal indicating right handed organization with excitonic coupling between NDI chromophores.
Normalized absorption spectra during different stages of biocatalytic self-assembly process showed a
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bathochromic shift of absorption maxima (orange curve) together with broadening and small red shifted
aggregation peak, change in intensity ratio of vibronic bands (10-0/10-1) indicating strong aggregation of
NDI. This is also supported by strong CD signal and formation of nanotubes.
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Figure S4.17: (A) Time dependent variation in CD spectra of 1- DL (D enantiomer of leucine amide) in
presence of 1 mg/ml of a-Chymotrypsin during 2 weeks of reaction. We observe a negative bisignated CD
signal indicating left handed helical organization with excitonic coupling between NDI chromophores. (B)
Comparison of CD signal obtained in presence of D and L enantiomer of L showing mirror image CD
signal. This is due to the change in chirality of the amino acid present at the core of the bilayer, from L,L
core to L,D core in L L and DL respectively (shown in Figure 4.3C, main text).
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Figure S4.18: Time dependent changes in (A) High Tension (HT, obtained from CD spectroscopy) and (B)
UV-vis absorption spectra of 1-E sample, whereas (C) and (D) shows the corresponding HT and UV-vis
absorption spectra for 1-L samples respectively. We notice that although HT signal significantly changes
with time, it is accompanied by similar changes in the absorption spectra. These changes are mainly due to
changes in the self-assembly of NDI chromophores, leading to broadening and decrease in absorption
spectra upon interchromophoric interactions. However, we still see a change in the scattering as indicated
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by the absorption spectra at higher wavelength (450-500 nm range). These are expected because of the time
dependent change in the size and self-assembled structures of 1-E and 1-L samples. To rule out if these
scattering also introduce any artifact in the CD signal, we have performed concentration dependent CD
measurement as shown below in Supporting Figure S4.19. We notice that upon 10 to 40 times dilution of
sample concentration, both 1-E and 1-L samples show a linear trend (with very minimal deviation at higher
concentration) following Beer-lambert’s law also rules out any prominent effect of scattering on CD signal.
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Figure S4.19: Plot of concentration dependent variation in CD intensity for (A) 1-E and (B) 1-L sample
showing that 1-E data is almost linear whereas 1-L data slightly deviates from linearity at high concentration

(15-20 mM). These data suggest that the CD signal is not significantly affected by the scattering based
artifacts.
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Figure S4.20: Time dependent plot of (A) observed CD spectra (B) LD spectra for 1-E sample. (C) and
(D) are corresponding CD and LD spectra for 1-L sample. We clearly notice that the LD intensity is not
significant. Moreover, we used the literature reported semi-empirical formula to find out the LD
contribution from CD signal as CDcorrected= CDobserved — LDobserved X 0.02°1-5%.. Using this formula shows that
the LD contribution to CD signal is well below 1% of the observed intensity. Moreover, the reversal of CD
signal obtained upon inverting the chirality from L L to DL (Supporting Figure S4.17B) clearly confirms
that the CD signal practically remains unaffected by LD.
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Figure S4.21: Time dependent variation in CD spectra of (A) 1-Y, (B) 1-F and (C) 1-K in presence of 1
mg/ml of a-Chymotrypsin during 2 weeks of reaction. In all 3 cases we observe no characteristic CD signal

indicating lack of chiral organization.
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Figure S4.22: Time dependent variation in CD spectra of 1-S in presence of 1 mg/ml of a-Chymotrypsin
during 2 weeks of reaction. We observe that the CD signal increases initially indicating formation of left
handed helical assembly. However, the signal is stabilized after a few days without any further loss of
signal. This observation is in line with the HPLC analysis (Supporting Figure S4.8) where we see that two
species i.e. S-OMe:OH and S-OMe:NHS form in the fast step but there is no further hydrolysis in the

slow step resulting in retention of CD signal.
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Figure S4.23: Time-dependent AFM micrographs showing catalytic self-assembly of 1-E (top) and 1-L
(bottom) in presence of a-Chymotrypsin. 2-D short plates like structure of 1 converts into 1-D nanofibers
(3 hrs) and then disintegrates into globular aggregates of 1-E in 2 weeks time. However, for 1-L it forms 1-
D fibers in 3 hrs, which finally reconfigures into highly organized nanotubes after the slow step (2 weeks).
(Scale bar=200nm).

20 pm

Figure S4.24: Confocal fluorescent image (405 nm excitation, 1% Thioflavin T fluorophore encapsulation).
Since confocal has a limit on resolution, only the bigger structures (micrometer size) could be imaged and
thus they do not match the dimensions of nanostructure imaged using TEM.
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Figure S4.25: TEM micrographs of 1-L (2 weeks) sample. TEM images show the coexistence of tubes
with fibers for 1-L sample after 2 weeks. In Figure 1d of main text, we observe that even after 2 weeks of
reaction, 40% of L-OMe:NHL intermediate is still present in the system. Since, this intermediate form self-
assembled nanofiber as seen in Figure 4.3D (1-L 3 hrs), we observe fibers along with nanotubes formed by
the L-OH:NHL specie. This confirms the hypothesis that nanotubes are formed by individual self-assembly
of L-OH:NHL and are not due to co-assembly with the intermediate L-OMe:NHL.
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Figure S4.26: Resistance of 1-E (red) 1-L (orange) measured in electrochemical transport devices. Data
are averages of n=2 samples.

191



L+1
5%10’ - = E+1 5x10’ - i I
* E +a-chymotrypsin ® L +a-chymotrypsin
= 1 +a-chymotrypsin ] * 1 +a-chymotrypsin
4x10’ - * a-chymotrypsin 4x10 - = a-chymotrypsin
3x10"1 € 3510’
=) [+4
x
2x10" = = 2x10" mil
1 ™ g il mmEm " gu"EiaEg
Tl' = N -l.-. 7.-| --.!:
1]’.10‘- =y - "  a"uFgEs 1x10 4 iy v [ ..III.II
'an u | I m 10
) "Tsaagnnnnns e i 0 RS
0 I M 1 T l’i’l' T . I T D L) T T :’
0 300 600 4 8 12 0 300 600 4 b D
(min) Time (day) (min) Time (day)

Figure S4.27: Resistance of various control samples measured in electrochemical transport devices. These
controls correspond to (A) 1-E and (B) 1-L samples.
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Figure S4.28: Multiple reactivation of 1-E transient conducting nanostructures as seen by the time
dependent variation in sample conductance upon addition of compound 1 after 3 days and 6 days of the
reaction. With each addition of 1, from the initial sample to the first refueling at 3 days and the second
refueling at 6 days, we measure the same transient behavior of sample conductivity. These measurements
show that the conductivity of the peptide nanostructures correlates with their transiently assembled
structure. Arrows indicate the time point when compound 1 was added into the sample. We observe that
the signal starts to slightly deviate from ideal oscillation in subsequent cycles and the conductivity increases
with each reactivation step. This could be due to lot of waste NDI (OH:OH species) being present in the
medium, which can help in better conductivity. Each Multiple reactivation of 1-E transient conducting
nanostructures as seen by the time dependent variation in sample conductance upon addition of compound
1 after 3 days and 6 days of the reaction. With each addition of 1, from the initial sample to the first refueling
at 3 days and the second refueling at 6 days, we measure the same transient behavior of sample conductivity.
These measurements show that the conductivity of the peptide nanostructures correlates with their
transiently assembled structure. Arrows indicate the time point when compound 1 was added into the
sample. We observe that the signal starts to slightly deviate from ideal oscillation in subsequent cycles and
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the conductivity increases with each reactivation step. This could be due to lot of waste NDI (OH:OH
species) being present in the medium, which can help in better conductivity. Each refueling was done with
addition of only half equivalents of compound 1 to minimize the amount of accumulated waste.
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CHAPTER 5 Electrical Conductivity and Biocompatibility in Bacteria-Inspired

Nanofibers with Au Nanoparticles

5.1: Abstract

Bacterial type 1V pili (T4P) are multifunctional protein nanofibers. A reductionist approach
allowed for the formation of T4P-like nanofibers from self-assembling 20-mer designed peptide
building blocks, derived from the sequence of a metal-binding T4P. Here, we determine the 20-
mer structure in atomic resolution and investigate the ability of its nanofibers to interact with
metal-containing moieties to form nanocomposites. We show that similarly to their native
counterparts, the peptide nanofibers efficiently bind metal oxides and metal ions. Reduction of
ionic Au by the nanofibers led to their exceptionally dense decoration by Au nanoparticles (AuNP),
which conferred increased physicochemical stability and electrical conductivity from the single-
fiber level up. The peptide-AuNP nanocomposite additionally presented substrate-selective
adhesion, which enabled the formation of reusable catalytic coating or self-supporting immersible
films of desired shapes. The films provided excellent support for cardiac cells and were also used

for sensing electrostatic charge. This study presents a novel T4P-inspired biometallic material.

5.2: Introduction

Bacterial type 1V pili (T4P) are an abundant class of supramolecular nanofibers composed
mainly of pilin protein monomers?. In the metal-reducing species Geobacter sulfurreducens (GS),
T4P facilitate physical contact with and subsequent electron transfer to metal species, such as
Fe(I11) oxide-containing minerals? and U ions®. The molecular underpinnings of this interaction
are unknown, as is the exact structure of the GS T4P*, yet it appears that the physical contact is

mediated by the evolutionary-variable polar C-terminal region of the GS pilin monomer®. This is
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in line with the fact that the C-terminal region of homologous pilins is solvent-exposed and
interacts with the molecular environment, whereas the N-terminal region is related to their in vivo
assembly and forms the hydrophobic pilus core®’.

Synthetic peptide mimetics of GS T4P are envisioned as a useful class of bioinspired
materials®. Recently, we reported the formation of T4P-like nanofibers by a self-assembling
minimalistic peptide building blocks derived from the pilin sequence of GS°. Due to the inherent
propensity of native GS T4P to interact with metal oxide particles and metal ions, we hypothesized
that a similar interaction would occur between these moieties and the T4P-like nanofibers, leading
to their efficient decoration. Although a large variety of self-assembled protein®1° or peptide?®-
26 filaments have been decorated by such species previously, substantial decoration at the single
nanofilament level typically requires multistep processes or various additives. Here, we show that
the T4P-like peptide nanofibers efficiently bind metal and non-metal oxide particles by simple co-
incubation. The nanofibers also reduce ionic Au in a single-step, additive-free process that led to
their exceptionally dense decoration by gold nanoparticles (AuNP). Unexpectedly, the thus-
formed peptide nanofiber-AuNP composite presented electrical conductivity from the single-
nanofiber level up and substrate-selective adhesion. Utilizing these properties, we show that
coatings and self-supporting films of desired shapes can be easily prepared from this composite
and used in chemical catalysis, electrostatic charge sensing, and cardiac tissue scaffolding
applications.

5.3: Results and Discussion

5.3.1: Binding of Oxides to Peptide Nanofibers
GS T4P natively interact with Fe(lll) oxide. To test for this in the studied peptide

nanofibers, potassium phosphate dispersions of Fe(l1l) oxide nanoparticle were incubated in the
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presence or absence of pre-formed nanofibers. While the dispersion of nanoparticles alone retained
its macroscopic homogeneity during a period of 3 hours, a sedimenting floccule was observed in
the nanofiber-supplemented (0.075 volume fraction) nanoparticle dispersion, and the liquid bulk
become transparent, similarly to an equivalent control dispersion of the nanofibers alone (Fig.
5.1A). UV-Vis spectra of the liquid bulks showed significant optical density (OD) reduction in the
nanofibers-supplemented condition as compared with the nanoparticles-alone control, resulting in
a similar spectrum to that acquired from the nanofibers-alone control (Fig. 5.1B). Complementing
transmission electron microscopy (TEM) imaging of the floccule revealed a network of nanofibers
decorated with Fe(111) oxide nanoparticles (Fig. 5.1C, pristine nanofibers and oxide are shown for
comparison in Supporting Fig. S5.1), suggesting that the peptide nanofibers can bind Fe(l11) oxide.
Similar results were obtained when Fe(l11) oxide nanoparticles were substituted with ZnO or TiO2
nanoparticles, or with the non-metallic SiO2 nanoparticles and graphene oxide (GO) flakes (Fig.
5.1, pristine oxides are shown in Supporting Fig. S5.1). Hence, the nanofibers present a general
capability of binding oxide materials. This capability can be rationalized as the result of
electrostatic attraction, since under the experimental conditions the oxides acquired a negative
charge, as expected?”?8, whereas the nanofibers were positively-charged, as was evident by their
respective electrophoretic mobilities (Fig. 5.1D). The C-terminal region of native GS pilin, which
is presumed to be solvent-exposed, includes four negatively-charged and four positively-charged
amino acids. It was shown that denying a negatively-charged glycerophosphate modification of a
tyrosine in this region enhanced bacterial attachment to Fe(lll) oxide®, suggesting that a more
positive charge of the native fibers favors this interaction. As our bioinspired 20-mer peptide
includes two of the positively-charged and none of the negatively-charged amino acids of the GS

pilin C-terminal region, it possesses a net positive charge at near-neutral pH, which can facilitate
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binding of its nanofiber assemblies to oxides. The peptide nanofibers therefore appear useful for

the immobilization of oxide materials, as required in various applications?®-3L,

2
2o
>
§
'R
E
B 3
—p ) —P 2 -1 1
— | A = | ] =6 z
— 4 c — c — s O E 5
z 3 H
o L] =
£ E s
al 2l -3 1
o () 'E.
o
F T T T T T T F T T F T T ﬁ 4
350 500 650 350 500 650 350 500 650 350 500 850 350 500 650 K
Wavelength (nm) Wavelength(nm) Wavelength(nm) Wavelength(nm) Wavelength(nm) w
-5
& > > O
& o 1/(94‘0 e
N «
&

Figure 5.1: (A) Photographs of nanofiber dispersions, different dispersions of oxide particles, and peptide
nanofiber-oxide mixtures. P denotes peptide nanofibers, O denotes oxide particles. Photographs were taken
following 3 h incubation. A sedimenting floccule is seen at the bottom of the vial in nanofiber dispersions
and nanofiber-oxide mixtures, but not in oxide dispersions. (B) UV-Vis spectra of liquid bulk samples
corresponding to panel A. (C) TEM images of floccule samples from the nanofibers-oxide mixtures
corresponding to panel a. Scale bars are 500 nm except for GO, where scale bar is 2 um. (D) Electrophoretic
mobility of peptide nanofibers and oxide particles. Under the experimental conditions, attraction between
opposite electrostatic charge drives the binding of oxide particles to the sedimenting peptide nanofibers.
Data represent mean + standard error of the mean (n = 3 individual samples).

5.3.2: Exceptional AUNP Decoration of Peptide Nanofibers

Inspired by the ability of GS to reduce U ions via its T4Ps, we explored the interaction of
our 20-mer peptide nanofibers with metal ions. Native GS T4P are associated with a c-type
cytochrome?®?, which has been implicated as the terminal reductase of a variety of metallic
substrates owing to a low midpoint redox potential®. In its absence and since the peptide
nanofibers assemble in potassium phosphate, we limited our investigation to the interaction with
Au ions, which can be reduced by peptides®, do not precipitate or become reduced in phosphate

buffer®, and yield reduced species that are suitable for a variety of applications®. HAuCls was
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chosen as the ionic Au source due the expected attraction of the AuCls™ ion to the positively-
charged nanofibers.

Diluting pre-formed peptide nanofibers (1.66 mM stock) to a volume fraction of 0.2 using
aqueous HAuUCIs and phosphate potassium (final concentrations of 1 and 9 mM, respectively) led
to AuCls reduction and sparse AuNP decoration of the nanofibers on a time scale of days, as
suggested by the gradual appearance of a surface plasmon resonance (SPR) band near 520 nm
(Supporting Fig. S5.2). The decoration process was significantly accelerated by overnight
incubation of the mixture at 90 °C, a step which was adopted thereafter. High-resolution TEM
imaging, selected area electron diffraction (SAED), TEM-based energy-dispersive X-ray
spectroscopy (TEM-EDX) confirmed the identity of the decorating particles as spherical AUNP
(Supporting Fig. S5.3). An increase in the nanofiber decoration by AuNP was achieved by
decreasing the nanofiber volume fraction while maintaining the HAuCls concentration fixed at 1
mM. When the volume fraction was lowered from 0.2 to 0.015, the nanofiber floccule appeared to
decrease in size and gain a darker color, and coloration of the liquid bulk was observed at the lower
volume fractions (Fig. 5.2A). Since nanofibers were not detected in the liquid bulk using electron
microscopy, it follows that the liquid bulk coloration at lower volume fractions results from
increased presence of soluble peptide species, which reduce AuCls™ into suspended AuNP.

We focused on comparing the degree of nanofiber decoration in floccules from volume
fractions of 0.2, 0.075 and 0.015. TEM analysis revealed that by lowering the nanofiber volume
fraction, coverage of the nanofibers area by AuNP increased remarkably from 22+2% to 52+3%
and finally to 93+£1% at 0.2, 0.075, and 0.015 nanofiber volume fractions, respectively (Fig. 5.2B
& C). The AuNP coverage correlated well with the Au content as determined by thermogravimetric

analysis (TGA), which showed a respective increase from 19% to 53% and finally to 88 wt% (Fig.
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5.2C and Supporting Fig. S5.4). Hence, these volume fraction conditions are denoted hereafter as

sparse, moderate, and dense decoration and refer to Fibers A, B, and C, respectively.
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Figure 5.2: (A) Photograph of peptide nanofibers and HAuUCI, mixtures following 16 h incubation at 90
°C. The nanofiber volume fraction, i.e. the added dispersion volume of nanofibers which had pre-formed
at a peptide concentration of 1.66 mM, decreases from left to right. Rightmost vial is a similarly prepared
control without peptide nanofibers. (B) TEM images of AuNP-decorated nanofibers from 0.2, 0.075, and
0.015 volume fraction conditions (from left to right). Scale bars, 500 nm. (C) TEM image analysis of single
decorated nanofibers for estimating their AUNP coverage. Data represent mean + standard error of the mean
(n = 30 nanofibers per condition), for some data points the error bars are smaller than the symbol size. The
Au weight fraction as determined by TGA is shown for comparison. In light of the analyses, the examined
volume fraction conditions are denoted sparse, moderate, and dense decoration. D-F Comparative
characterization of AuNP dispersion formed by dissolution of decorated nanofibers in 1 M ethanolamine,
including photograph of the dispersions (D), visible range spectra showing the SPR band (E) and size
distributions by TEM (F). In f n = 125 AuNP per condition and insets show example TEM images of the
AUNP. Scale bars for insets, 100 nm. g,h, Thermal stabilization of the peptide nanofibers by HAuCl, as
evident by turbidometric well-scanning heat maps (g) and corresponding TEM images of the 0.2 nanofiber
volume fraction conditions (H). In g the plotted values are averaged turbidometric maps at 405 nm (4 mm
scan diameter) and the heat maps color scale is defined in the top legend. Frame colors in h correspond to
line colors in G. Scale bars, 200 nm for red and blue frames, 5 um for grey frame.

Further characterization was performed following incubation of the decorated nanofibers

in 1 M ethanolamine, which led to their disintegration and the release of the decorating AUNP. The
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stable AuNP dispersions thus obtained (Fig. 5.2D) were comparatively characterized. AuNP
obtained from the sparsely and moderately decorated nanofibers presented similar properties,
namely an SPR band at 518 nm, spherical shape and respective average diameters of 11+2.4 and
1443 nm based on TEM, and a narrow size distribution (Fig. 5.2E & F). In contrast, at the dense
decoration condition the obtained AuNP presented a considerably broader and red-shifted SPR
band at 524 nm, higher average diameter of 18+8 nm, and a broad size distribution (Fig. 5.2E &
F). Taken together, these results show that simple co-incubation of the peptide nanofibers with
AuCls at an elevated temperature yields hybrid biometallic nanofibers with a controllable degree
of AUNP decoration. The results also highlight the difference in AUNP decoration at the sparse
and moderate decoration conditions in comparison with the dense decoration condition, at which
the AuNP are larger and aggregated, thus yielding highly metallized nanofibers.

Interestingly, the interaction with AuCls during decoration stabilizes the nanofibers.
Turbidometric well-scanning showed that nanofiber dispersions subjected to the decoration
procedure present increased OD at 405 nm compared to dispersions of pristine nanofibers (Fig.
5.2G). When HAUCI4 is substituted in this procedure with HCI at an equivalent pH, the measured
OD is lower than that of pristine nanofibers (Fig. 5.2G). These measurements suggest that pristine
nanofibers may be impaired following incubation at 90 °C, unless supplemented by HAuCls. TEM
imaging confirmed this assertion, showing that following incubation at 90 °C, HAuCls-treated
nanofibers retain, do not present morphological impairment and become decorated with AuNP,
whereas HClI-treated nanofibers transform into coalescing spheres (Fig. 5.2H). This data clearly
shows that interaction with HAuCl4 enhances the thermal stability of the nanofibers and thus

prevents phase transition of the peptide.
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5.3.3: Physical Properties of AuUNP-Decorated Nanofibers

We investigated the electronic, electrostatic, and surface adhesion properties of the AUNP-
decorated peptide nanofibers. Single-fiber measurements were carried out using conductive-probe
atomic force microscopy (CP-AFM), where current was measured along single nanofibers at
varying distances from an evaporated top electrode. Calculated conductance values along
nanofibers of the three decoration conditions showed that the densely decorated nanofibers (Fibers
C) present high conductance of ~2-5 uS, which remains constant regardless of the distance from
the electrode, with an average distance-normalized conductance of 145+ 98 puS cm (Fig. 5.3A).
In contrast, the moderately decorated nanofibers (Fibers B) exhibited lower conductance values
overall of ~1-10 nS which were much more sensitive to distance from the electrode, with an
average distance-normalized conductance of 12 + 7 uS cm (Fig. 5.3A). Finally, conductance of
the sparsely decorated nanofibers (Fibers A) was within the experimental noise limit at all
distances, similarly to control measurements of the bare insulating surface adjacent to nanofibers
of the previous conditions (Fig. 5.3A). The conductivity of nanofiber films was measured in a
temperature-controlled bipotentiostat device. This setup allowed for testing the conductivity of the
nanofibers in an aqueous environment under physiologically-relevant range of temperatures.
Similar to the single-fiber measurements, only films of the Fibers B and C had measurable
conductivity, which was again higher for the former. Films of the Fibers C and B showed
thickness-normalized conductances of 445 - 427 and 303-263 S cm, respectively, over a
temperature range of 275-345 K (Fig. 5.3B). In both cases, higher conductivity was measured at
lower temperatures, consistent with a metallic charge conduction between adjacent Au
nanoparticles®. Although the single fiber conductance values for moderately and densely

decorated nanofibers differed by several orders of magnitude, bulk film conductivities differed by
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less than a factor of 2. This can be explained by the existence of a charge percolation network in
the bulk films®’. Percolation across neighboring nanofibers via their decorating AuNP could
support long-range charge transport and account for the proportionately larger conductivity in
Fiber B films, similar to those reported for other organic-Au hybrids®-4°, These measurements
indicate that the conductivity of individual fibers and fiber films increases with the density of Au
seeding. Importantly, their conductivity also extends into the macro-scale: Au-seeded fibers were
fabricated into a 1.5 cm-long film that enabled the activation of a serially connected light-emitting

diode (LED, Fig. 5.3C).

105 500 »

10 o o@ 000, 400 - M .
& 1037 h »
€ 102} _ 300 1 M .
Q 1071 E . | [N
g 1007 A B 200 ' r
3 101 ) k —
£ 1071 " \
o 10'J"Qx';'<§050_m _____ | 04 ®9800 GO0

104 42474 .

105 —_— . .

0 1 2 3 4 5 6 7 27 3.2 37
Distance (um) 1000/T (K1)
D E F G X

Removal
time (s)
- o
- o o
—— ] —

T o
B = | 1 af g =
@ e A
3

— 100 {m _
6 4 20 2 4 6 LR 80
Vne (V) 28 60 - i
20 % 40 ] " 2
18 1% €32 20 ﬁ
o 0 i3 A4.
1.0 1 572 ni N ol |ERAN &, | ron ey oo From ooy S, T K, it L DR P, W E
¢ Ez2e3853584888s A 2
10.5 E 322 2E Emx b &S 2
i “5} agg EDpo === N
ofg € 258335 g3 3
i = §-§*EL‘¢ 2E 3 0 ,
— 50-3§ 5 5 0 3 M 5
6 4 2 0 2 4 6 5 = i E c X (man)
[- 9

Vre (V)

Figure 5.3: (A) Left: CP-AFM measurements along single nanofibers from the sparse (black), moderate
(red) and dense (purple) decoration conditions. Each symbol type represents measurements along a given
nanofiber that protrudes from beneath a top electrode. Measurements of bare surface adjacent to nanofibers
(grey) were performed as control. Red and purple solid lines are exponential and linear fits, respectively.
The dashed line represents the instrumental noise level. Right: Corresponding AFM image of densely
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decorated nanofibers. Purple and grey circles represent measurements along the nanofiber and on adjacent
bare surface, respectively. Evaporated top electrode is presented in false color. Scale bar, 2 um. (B)
Temperature-dependent conductivity of nanofiber films from the sparse (black), moderate (red) and dense
(purple) decoration conditions in 0.1 M phosphate-citrate buffer pH 7.0. Solid lines are linear fits. Data
represent mean * standard error of the mean of steady-state current. For sparse nanofibers, vertical error
bars are smaller than the symbol size. Horizontal error bars are smaller than the symbol size. (C) Photograph
of a 1.5 cm-long film of densely decorated nanofiber permitting the activation of a serially-connected LED.
(D) EFM phase shift of single nanofibers from the sparse (black), moderate (red) and dense (purple)
decoration conditions deposited on glass (top) or Au (bottom) surface. Densely decorated nanofibers were
measurable only on the Au surface. Solid lines are quadratic fits. Data represent mean + standard error of
the mean (n=5 measurements per fiber). (E) Adhesion of densely decorated nanofiber films to various
substrate materials, as estimated by film removal time following immersion in water under stirring (top)
and remaining covered area following ultrasonication in water (bottom). Data represent mean + standard
error of the mean (n = 5 nanofiber-deposited substrates). (F) Photograph of water-immersed self-supporting
films of densely decorated nanofibers with shape side or diameter of 1 cm (top) and corresponding SEM-
EDX image and elemental maps following transfer to a substrate and dehydration (bottom). Scale bar, 250
pum. (G) Thickness of densely decorated nanofiber films as measured by confocal microscopy. The curve
represents average thickness of 3 individual films following water immersion, transfer to a substrate, and
dehydration. Measurements were made along film diameter (9 mm) with 630 um profile line width.

The above analyses were complemented by electrostatic force microscopy (EFM)
measurements to evaluate the nature of the charges in the nanofibers and their general interaction
with electrostatic charge. When deposited on an insulating glass surface, all decorated nanofibers
responded to non-zero tip voltage due to buildup of static charge in the fiber-associated Au
nanoparticles. We observed a parabolic phase response of tip to applied voltage in the range 5V,
indicating attractive electrostatic force between the tip and the fibers on the substrate. The
attraction was weakest for the Fiber A nanofibers and stronger for the Fiber B nanofibers (Fig.
5.4D). Fibers C strongly interacted with the tip to the extent that they detached from the surface
during measurement. These nanofibers were only measurable when deposited on a conductive Au
surface, where they showed a similar parabolic phase response due to tip-based image charge
attraction*!, while the other nanofibers presented only negligible EFM signal due to weak coupling
to the underlying conductive Au substrate (Fig. 5.3D, for more details see Supplementary Fig.
S5.5). The symmetric tip response at opposite tip bias polarity indicated that Fiber C nanofibers

contain mobile charges, which create image charge attraction between the fibers and the biased
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tip, and are therefore highly polarizable*>#3. As will be shown below, this property allowed for the
construction of a static charge detector based on macroscopic deflection of the material. Finally,
scanning Kelvin probe microscopy (SKPM) showed a persistent decrease in the surface potential
of nanofibers with increasing Au-seeding density (Supplementary Fig. S5.6), consistent with a
decrease in work function approaching that of elemental Au with increasing Au content of the
fibers.

We focused on characterizing Fiber C nanofibers further due to their preferred electrical
properties and higher Au content. The surface adhesion of these nanofibers was next examined to
better understand how they can be utilized in applications. Dried Fiber C nanofiber films were
prepared on a range of substrate materials, which were subsequently immersed in water and
subjected to rapid stirring under visual inspection. We observed that for ceramic substrates (glass,
titanium nitride, mica, and silicon), within ~10 s of immersion the films had been removed as a
single cohesive patch (Fig. 5.3E). In contrast, films on polymeric, metallic, and modified glass
substrates adhered and appeared undisturbed during the experimental timeframe, which was
limited for 10 min (Fig. 5.3E). Surface adhesion was further tested under more stringent
conditions, in which a second set of films on identical substrates was ultrasonicated in water for 5
min. Image analysis of pre- and post-treatment substrates showed the near-complete removal of
films from the ceramic, modified glass, and two of the polymeric substrates, and their partial
retention on the metallic and remaining polymeric substrates (Fig. 5.3E). From this data, it is
evident that densely decorated nanofibers can be utilized as either self-supporting immersible films
or water-resistant coating owing to their substrate-selective adhesion. By casting the nanofiber
dispersion into molds and allowing it to dry prior to immersion in water, it was possible to obtain

cm-scale self-supporting immersed films of specific shapes (Fig. 5.3F). Scanning electron
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microscopy-based EDX (SEM-EDX) confirmed that both the Au and peptide constituents are
retained after water immersion (Fig. 5.3F and Supporting Fig. S5.7) and confocal scanning laser

microscopy (CSLM) revealed that such films are convex and reach ~5 pum in thickness (Fig. 5.3G).

5.3.4: Applications of densely decorated nanofibers

Following characterization, we utilized the densely decorated nanofiber films for three
applications to demonstrate their multifunctionality. We first tested the catalytic activity of the
films, which was expected due to their AUNP decoration. A common model reaction for testing
metal nanostructure catalysis was performed, where 4-nitrophenol is reduced to 4-aminophenol by
NaBHjs in the presence of a catalyst*. Circular nanofiber film coating was prepared on silicone
rubber due to the adhesion of the nanofibers to this material as shown in Figure 5.3A. When
immersing the supported film in agueous 4-nitrophenol with excess NaBHa4, a gradual decrease in
absorbance at 400 nm and a concomitant increase in absorbance at 296 nm were observed (Fig.
5a), as expected for the reaction**. The isoshestic points at 280 and 313 nm indicated that no
byproducts had formed*. Importantly, the extracted rate constant for this pseudo-first-order
reaction (k = 0.0095 min?t) remained nearly identical throughout four additional consecutive
reaction cycles utilizing the same nanofiber coating (Fig. 5.4A). Additionally, no catalytic activity
was observed by bare silicone rubber (Supporting Fig. S5.8). This data therefore demonstrates that
the nanofiber film can function as a reusable catalytic coating.

Next, a static charge detector was prepared based on image charge, as observed by EFM.
To this end, a dry self-supporting film was fixed to a conductive element serially connected to an
LED, and positioned such that it nearly contacted a second conductive element. A polystyrene

dish, a statically-charged object under practical conditions*, was then set to approach the film
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periodically. At a consistent distance of 6-7 mm, the film deflected toward the dish, thereby
transiently bridging the gap between the conductive elements and consequently permitting the
LED activation (Fig. 5.4B). The film acted as a physical switch in this circuit owing to its attraction
to static charge, conductivity, and flexibility. It should be noted that water-recovered films are
generally brittle following dehydration, yet they presented sufficient flexibility and durability to

enable device operation for at least tens of cycles.
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Figure 5.4: (A) Left: Time-dependent UV-Vis spectra of the catalytic reduction of 4-nitrophenol to 4-
aminophenol in the presence of nanofiber coating on silicone rubber surface. Inset is the reaction scheme.
Right: Normalized rate constant for 5 consecutive reaction cycles using the same coated surface,
demonstrating its reusability. (B) Left: Photographs of a static charge detector based on nanofiber film
deflection. The circuit is open and the LED is inactive when a statically charged polystyrene dish is far
from the film (top). The film deflects to close the circuit, activating the LED, when the dish approaches the
film (bottom). White arrows point to the film to guide the eye. Insets are magnified views of the film. Grid
square side is 2 mm. Right: Time-dependent distance of the dish from the film (black) and corresponding
LED state (red). During dish approach, the LED becomes activated at a distance of 6-7 mm. (C) Optical
microscopy image series of a circular nanofiber film cultured with cardiac cells after 5 days of incubation.
The order of images is from top-left to bottom-right and the interval between images is 120 ms. The circle
appears to contract (left column) and expand (right column). Scale bar, 250 um. (D) Confocal microscopy
fluorescence image of immunostained cardiac o sarcomeric actinin (purple), connexin 43 (green), and
nuclei (blue) in cardiac cells cultured on a circular nanofiber film. The image shows elongated and aligned
cell bundles with massive striation. Scale bar, 25 um. (E) Left: Confocal microscopy fluorescence image
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showing the regions of interest used for data quantification of calcium transient imaging. Scale bar, 50 um.
Right: Quantification of calcium transients by normalized fluorescence intensity over time, showing
synchronized activity at the regions of interest.

Finally, due to their nanofibrous structure, conductivity, and immersibility, we were
motivated to test the ability of the Fiber C nanofiber films to support the growth of electrogenic
cells. Cardiac cells were especially expected to benefit from the above material properties*’ and
were therefore cultured on ethanol-sterilized circular films following their isolation from neonatal
rats. After five days of incubation, the films exhibited strong contractions (Fig. 5.4C), which were
also visible to the naked eye. Development of the thus-formed cardiac patches was then assessed
by immunostaining for o sarcomeric actinin, a protein associated with cell contraction, and
connexin 43, which acts in electrical coupling between adjacent cells. As evident by actinin
staining (Fig. 5.4D, purple), cardiac cells formed elongated and aligned cell bundles with massive
striation, reminiscent of the natural cell morphology in the myocardium*®. Furthermore, aligned
localization of connexin 43 between adjacent cardiomyocytes (Fig. 5.4D, green) was in line with
the observable contractions of the patches and suggested efficient electrical signal propagation
between cells*. Indeed, calcium transient imaging confirmed that synchronized activation of
cardiomyocytes occurred throughout the nanofiber films (Fig. 5.4E). The films therefore proved

to be excellent biocompatible scaffolds, supporting the synchronized growth of cardiac cells.

5.4: Conclusion

The current work presents for the first time the functionality of the recently-reported T4P-
like peptide nanofibers. The bioinspired interaction of these designed self-assembled structures
with metal oxides or ions resulted in highly diverse composite materials. The interaction with Au

ions is especially remarkable considering the exceptional degree of decoration, the simplicity of
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its formation, and the lack of need to employ external additives such as reducing agents. The hybrid
AuNP-peptide material presented attractive functional properties that include electrical
conductivity from the single-nanofiber level up and substrate-selective adhesion. The latter
property allowed for the formation of macroscopic films that were either used as a coating or
directly in their extremely thin free forms. The film preparation is notably simple as it is based on
a single-step green chemistry process followed by casting. The observed self-support and
maintained integrity upon immersion are rarely observed in supramolecular peptide or protein-
based materials, even after embedding inorganic materials or at increased film thickness. The
absence of these properties typically precludes the use of such materials in various applications,
whereas the presented hybrid AuNP-peptide material was successfully utilized in several distinctly
different applications. Looking forward, the hybrid material could be used for microelectronic

device fabrication or be integrated with electro-responsive tissues for biomedical purposes.

5.5: Supporting Information

5.5.1: Sample Preparation

Preparation of peptide nanofibers. The 20-mer peptide was synthesized by Pepmic Co., Ltd.
(Suzhou, China). The peptide was purified to at least 95%, and its identity was confirmed by mass
spectrometry. In a typical experiment, lyophilized powder (4.5-5 mg) was dissolved in an
Eppendorf tube using Milli-Q water to a concentration of 3.314 mM (8 mg mL™) by vortexing
(2700 RPM, 1 min) and bath ultrasonication (43 kHz, 50 W, 10 s). An equal volume of 20 mM
potassium phosphate (pH 7.4) was then added and the mixture was vertically rotated (30 RPM, 3
days, 25 °C). The resulting nanofiber dispersion was used as a concentrated stock (nanofiber

volume fraction = 1) within 2 days of preparation.
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Binding of oxide particles. Water dispersion of Fe2Os (average particle size 30 nm) was
purchased from US Research Nanomaterials (Houston, TX, USA). Water dispersions of ZnO
(average particle size 40 nm), TiO2 (primary particle size ~21 nm) and SiO2 (particle size 150 nm),
were purchased from Sigma-Aldrich (Rehovot, Israel). Water dispersion of graphene oxide (flake
size 300-700 nm) was purchased from Graphene Supermarket (Reading, MA, USA). In all cases,
the oxide species were not surface-modified. Working stocks were prepared by dilution with Milli-
Q water to 0.2 % wt for all dispersion but graphene oxide, which was used as purchased (0.05%
wt). In borosilicate glass vials (1.8 mL, Thermo Fisher Scientific, Waltham, MA, USA), working
stock samples (140 uL) were supplemented by 10 mM potassium phosphate (pH 7.4, 1155 uL) and
by concentrated nanofiber stock (105 uL) to obtain final mixtures (1400 uL) containing 0.02% wt
oxide particles (or 0.005% wt graphene oxide flakes), 9 mM potassium phosphate and a nanofiber
volume fraction of 0.075. Control mixtures, where the oxide dispersions were replaced with Milli-
Q water or the nanofiber dispersion was replaced with potassium phosphate, were prepared
similarly. All mixtures were vortexed briefly at ~800 RPM, covered, then incubated undisturbed
for 3 h. Samples (100 uL) were then removed from the liquid bulks and pipetted into a 96-well
UV-Star UV transparent microplate (Greiner BioOne, Frickenhausen, Germany) and their UV-Vis
spectra were acquired using a ClarioStar microplate reader (BMG Labtech, Ortenberg, Germany)
and corrected in baseline with the solvent. TEM was subsequently performed by sampling the
nanofiber floccule (10 ul) onto 400-mesh copper grids covered by a carbon-stabilized Formvar
film (Electron Microscopy Science, Fort Washington, PA, USA), allowing the samples to adsorb
for 2 min before excess fluid was blotted off, and finally imaging using a JEM-1400Plus electron

microscope (JEOL, Tokyo, Japan) operating at 80 kV.
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Electrophoretic mobility was measured on separate oxide or nanofiber dispersions prepared
as described above, using a folded capillary cell in a Zetasizer Nano ZS analyzer (Malvern
Instruments, Malvern, UK), where 3 runs were performed on 3 individual samples per material

and the results were averaged.

AUNP Decoration. Reactions of 1400 uL were prepared in borosilicate glass vials (1.8 mL,
Thermo Fisher Scientific), by diluting a concentrated nanofiber stock to the desired nanofiber
volume fraction with potassium phosphate (pH 7.4, final concentration 9 mM) and 10 mM
gold(l11) chloride hydrate (>99.99% trace metal basis, Sigma-Aldrich) prepared in Milli-Q water
(final concentration 1 mM). The nanofiber stock was added last. Reactions were vortexed briefly
at ~800 RPM and incubated for 16 h in a dry bath with a dark cover set to 90 °C. In cases where
larger volume dispersions were required, multiple reactions were set individually and pooled after
incubation.

The Au weight fraction was determined by TGA as described by others'®. Samples were
prepared by drying decorated nanofibers on glass overnight and detaching the resulting films by
immersion in water. The films were then washed by rocking in Milli-Q water (30 mL, 5 min, 3
cycles) and allowed to dry. Samples of ~2-4 mg were loaded into 250 uL. alumina crucibles and
measured using a TGA Q5000 thermogravimetric analyzer (TA Instruments, New Castle, DE,
USA) in a temperature range of 40 °C to 900 °C and a heating rate of 10 °C mint under nitrogen
atmosphere. The samples were maintained at 900 °C for 30 min and the Au weight fraction was
determined by the remaining solid weight fraction.

The AuUNP coverage was estimated by TEM. Sample preparation and imaging were

performed as described above. Every image captured a single nanofiber and a fixed magnification
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was used in all cases. Image analysis was performed using ImageJ 1.51K. For every image, the
total nanofiber area in pixels was obtained from the integrated density following automatic
threshold adjustment by the Triangle method. The AuNP area in pixels was separately obtained
from the integrated density following bandpass filtering and identical threshold adjustment. AUNP
coverage was calculated per image as the ratio of AuNP pixels to total nanofiber pixels and the
results were averaged per decoration condition. Data represent mean * standard error of the mean.
For comparative characterization of released AuNP, as-prepared decorated nanofibers were
centrifuged (700 x g, 1 min) and the supernatant was discarded. The pelleted nanofibers were
resuspended in 400 uL of aqueous 1 M ethanolamine (Sigma-Aldrich) and incubated in the dark
for 1 month. AuNP size analysis was performed using TEM, where 30 uL dispersion samples were
dropped onto 400-mesh copper grids covered by a carbon-only film (SP1, West Chester, PA, USA)
and immediately blotted off. Imaging was performed as described above and image analysis was
performed using ImageJ 1.51K, where automatic threshold adjustment by the default method was
performed prior to employing the built-in particle analyzer. To avoid misidentification, only
particles larger than 2 nm? and of high circularity (> 0.8) were analyzed. UV-Vis spectra were
acquired as described above for dispersion samples (25 uL) following their dilution with Milli-Q
water to 100 uL.

Turbidometric well-scanning was performed on 100 uL samples in UV-Star UV
transparent microplate (Greiner BioOne) using a ClarioStar microplate reader (BMG). OD at 405

nm was measured using the well scan mode (4 mm diameter, 20 x 20 pixels).

5.5.2: Materials Characterization
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Surface Adhesion. The substrates, namely Parafilm M (Sigma-Aldrich), silicone rubber (Grace
BioLabs, Bend, OR, USA), low density polyethylene, polypropylene, Cu, and Al (Alfa Aesar,
Ward Hill, MA, USA), siliconized glass (Hampton Research, Aliso Viejo, CA, USA), polyimide
(Kapton HN, DuPont, Wilmington, DE, USA), glass, positively-charged glass (HistoBond,
Marienfeld-Superior, Lauda-Kdnigshofen, Germany), titanium nitride-coated stainless steel (2-3
pm coating, Goodfellow, Cambridge, UK) mica (Grade V1, Ted Pella, Redding, CA, USA), and
Si (SPI) were cleaned by bath ultrasonication (43 kHz, 50 W, 5 min) in 2-propanol and dried under
a stream of N2. Au substrates (100 nm, deposited onto 5 nm Ti on glass) were prepared by electron
beam deposition (VST evaporator, VST, Petah Tikva, Israel) and cleaned similarly. Densely
decorated nanofibers (2 uL) were deposited on the cleaned substrates and allowed to dry overnight
in petri dishes. For the stirring experiment, the substrates were individually immersed in Milli-Q
water (200 mL) and subjected to magnetic stirring at 400 RPM while being held perpendicular to
the plane of rotation at a fixed position, as seen in Supplementary Movie 3. The nanofiber film
removal time was determined visually using a digital timer. For the ultrasonication experiment,
the substrates were individually immersed in Milli-Q water (20 mL) and subjected to bath
ultrasonication (43 kHz, 50 W, 5 min). Individual photographs of the substrates pre- and post-
treatment were taken and subsequently analyzed using ImageJ 1.51K, where the area covered by
nanofibers was obtained from the integrated density at the region of interest following automatic
threshold adjustment. Specific thresholding method was chosen per substrate type and the retained
coverage was calculated as the ratio of covered area pre-treatment to covered area post-treatment.

The experiments were performed in quintuplicate.
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Shape-Specific Films. Films were prepared from densely decorated nanofibers by the drop-cast
method. Decorated nanofibers were prepared by setting 20 individual reactions as described above.
Following incubation, the nanofibers were collectable by pipetting owing to their cohesive nature.
Collected nanofibers were pooled in two Eppendorf tubes and centrifuged (700 x g, 10 s) and the
supernatant was discarded. The cohesive pellet was washed intact by gentle resuspension in 1 mL
of 10 mM potassium phosphate (pH 7.4) and centrifugation (700 x g, 10 s). Two additional
washing cycles were performed, the supernatant was discarded, and the nanofibers were dispersed
in 200 uL of potassium phosphate per tube and pooled. Nanofibers were drop-cast at 117.9 pl cm-
2 into molds, which were prepared by fitting glass substrates with silicone rubber isolators (0.5
mm thick, no adhesive, Grace BiolLabs). The films were dried overnight in covered glass petri
dishes.

SEM-EDX was performed on films following their immersion in 30 mL water for 15 min,
transfer to a Si substrate (SPI) and drying under a stream of N2. Elemental maps were acquired
using a NORAN System 7 X-ray microanalysis system (Thermo Fisher Scientific) attached to a
JSM-6700F field-emission scanning electron microscope (JEOL) operating at 15kV. CSLM
imaging and thickness measurement were performed on similarly-prepared films but following
transfer to glass surfaces, using a LEXT OLS4000 confocal microscope (Olympus, Tokyo, Japan)
at 20x magnification. Measurements were made along the diameter of the films (9 mm) with 630
pm profile line width. Automatic noise removal and level adjustment using bare glass regions (3-

point method) were then applied and the results were averaged.

Chemical catalysis. Circular films (9 mm diameter) of densely decorated nanofibers were

prepared as described above except that silicone rubber was used as the substrate (Grace BioLabs).
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Ina 1l cm rectangular quartz cuvette (Hellma Analytics, Mullheim, Germany), 200 puL of 1 mM 4-
nitrophenol (final concentration 0.08 mM, 200 nmol) were mixed with 425 pL of 26.43 mM
NaBHa (final concentration 4.49 mM, 11.22 umol) and 1875 pL of Milli-Q water. The substrate
was then immersed in the mixture and positioned using two clips at its unimmersed end. UV-Vis
spectra in the range of 250-450 nm were then acquired at a 5 min interval for 60 minutes using a
T60 spectrophotometer (PG Instruments, Leicestershire, UK) and corrected in baseline with Milli-
Q water. The substrate was kept in 5 mL of Milli-Q water between reaction cycles. The reaction
rate constant was calculated according to pseudo-first-order reaction kinetics. As the NaBH4
concentration greatly exceeds that of 4-nitrophenol, the reaction can be considered of first order
and hence a rate constant can be determined as a function of 4-nitrophenol concentration according
to the equation -dci/dt = kct, where ct is the concentration of 4-nitrophenol at time t, and k is the
rate constant. In the integrated equation, -In(ct/co) = kt, co is the concentration of 4-nitrophenol at
t = 0 and ci/co is equivalent to A/Ao, where Ar and Ao are the respective absorbance intensities at
400 nm at time t and 0. The rate constant k can hence be obtained from the slope of -In(A/Ao) as a

function of time.

Static charge detection. For static charge detection, a self-supporting water-immersed circular
film of densely decorated nanofibers (9 mm diameter) was transferred to an inert anti-static
polypropylene substrate (Kaltek, Padova, Italy). The film was rapidly dried by flowing N2 in
parallel to its surface until it detached from the substrate. An open circuit operating at 3 V d.c.
voltage was then prepared to connect the film in series with an LED. The dried film was contacted
with adhesive copper tape which was then clamped using a crocodile connector. A tungsten probe

needle (American Probe & Technologies, Merced, CA, USA) was clamped using a second
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crocodile connector and both connectors were fixed to a glass surface using plasticine. The needle
was then positioned above the film and wired to an LED. This device was placed on an optical
table and a polystyrene petri dish was set to approach the film using a motorized stage periodically
at a rate of ~0.2 mm s1. Recorded video was analyzed in a frame-by-frame manner using ImageJ

1.51K.

Cardiac patches. Free-floating circular films of densely decorated nanofibers (9 mm diameter)
were twice by orbital shaking in Milli-Q water (30 mL, 50 RPM, 5 min) and sterilized by
subsequent wash in 70% ethanol (30 mL, 50 RPM, 5 min). Two additional washing cycles in water

were performed as above and the films were transferred to glass microscope coverslips.

5.5.3: Electronic Property Characterization
Temperature-Dependent Conductivity Measurements of Films. Interdigitated electrodes were
used for all temperature-dependent bulk film measurements. Each electrode consisted of 100
parallel bands (5 um wide x 2 mm long), with an intra-band spacing of 5 um. Devices were
photolithographically patterned onto Pyrex wafers, with electron beam evaporation of a 5 nm Ti
adhesion layer and 60 nm Au at the UC San Diego Nano3 microfabrication facility. Prior to use,
devices were subsequently sonicated in acetone, isopropanol, and ultrapure water and tested for
shorts.

Samples were used at as-synthesized concentrations, deposited onto the electrodes for a
total volume of 7.5 uL of sample per device, and air dried in a laminar flow hood. Exposed
electrode and lead connections were sealed using waterproof silicon sealant (DAP All-Purpose

Adhesive Sealant).
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Solution gated measurements were conducted in septum-sealed scintillation vials
containing 0.1M phosphate-citrate buffer, pH 7.0, sparged with 80% N2 with 20% CO2 prior to
measurements, with flow maintained in the headspace over the course of the measurements. For
temperature-dependent measurement, the vials were submerged in a stirred water bath containing
a metal thermocouple. A hot plate was used to apply heat to the system and ice was added to the
water bath to achieve cooling. Once the thermocouple registered a stable bath temperature for
several minutes at each temperature set point, bipotentiostat chronoamperometry measurements
were performed using two Gamry potentiostats (PC14/300 series) connected with a bipotentiostat
cable, as described previously®®L, Briefly, for these measurements, the source and the drain are
independently referenced to a common 3.5M Ag/AgCI reference electrode such that a fixed
source-drain (Vbs) offset is maintained, and the steady-state current from the source and the drain
are simultaneously collected. The steady-state conducting current was taken to be half the
difference between the source and drain currents, which was then background-subtracted using the
negligible current at VVps =0 V, and then divided by Vbs to obtain the conductance. Conductivity
values were determined from average height profiles of films, as determined by topographical
atomic force microscopy measurements. Vertical error bars (Fig. 4b) are dominated by error
associated with height measurements, as deviations in the conductive current responses were

negligible.

EFM and SKPM Measurements. Samples for EFM and SKPM were cast onto glass or gold-
evaporated glass slides by spin coating (20 sec at 3000 rpm at 1000 rpm/s followed by 5 sec at
5000 rpm at 1200 rpm/s). Both measurements were carried out either in a two-pass EFM mode or

two-pass SKPM mode using conductive Ir-coated silicon probes (Asylum Research ASYELEC-
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01) in an Asylum MFP3D AFM. A distance of 40 nm from the surface was maintained during the
second pass (after preliminary measurements obtained at different tip-substrate distances excluded
topographical artifacts). The tip phase shift, A¢, reported is the EFM phase response subtracted
from background. SKPM measurements were conducted on glass, and values represent the
measured contact potential difference between the tip and the sample. Tip calibration was not
performed, so work function values are not presented. All measurements were performed with

samples attached to grounding plate, using conductive silver paint.

Single Fiber Conductive AFM. Samples for CP-AFM were deposited onto glass slides by spin
coating (conditions above). Electrodes (4 nm Ti adhesion layer and 100 nm Au film) were
deposited by thermal evaporation onto the deposited nanofibers through a shadow mask. Samples
were attached to a grounding plate using conductive silver paint, and conductive AFM
measurements were performed using the Asylum MFP3D in ORCA mode, with Ir-coated silicon
probes. Scans were first conducted in tapping mode to identify fibers with one end contacting an
electrode. The tip of the conductive probe was then positioned at distances along the length of the
fiber, allowing for two-point 1-V measurements between the patterned electrode and the tip. The
current response at each position along the nanofiber was monitored as the voltage was swept + 2
V. Controls were performed on the gold electrode and on the insulating substrate. Fiber

conductivity was determined as an average of 3 different fiber samples.
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Figure S5.1: *H 800 MHz 1D spectrum of the 20-mer peptide (2 mM) in water-D,0 (9:1 v/v) at 278 K.
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Figure S5.2: H-*N HSQC 800 MHz spectrum of the 20-mer peptide at natural isotopic abundance. The
peptide sequence is given for reference.
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Figure S5.3: Partial TOCSY trace of the 20-mer peptide showing residue-specific assignments. The peptide
sequence is given for reference.
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Figure S5.4: Amide region NOESY spectrum of the 20-mer peptide showing sequential dnn connectivities.
The peptide sequence is given for reference.
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Figure S5.5: Fingerprint region NOESY spectrum of the 20-mer peptide showing sequential dn
connectivities. The peptide sequence is given for reference.
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Figure S5.6: *H 800 MHz 1D spectrum following complete resonance assignment. The peptide sequence
is given for reference.
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Figure S5.7: CSI plot of the 20-mer peptide, showing chemical shift (Ad) of C®H. Higher negativity is
associated with increased helicity. U residues are not defined for CSI.
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Figure S5.8: 1s C?* H+> Py CH, NOEs (circled in green) indicating trans peptide bond across lles-Prog. The
peptide sequence is given for reference.
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Figure S5.9: Distribution of distance constrains as a function of their range (A) and residue position (B)
for CYANA structure calculation. The peptide sequence is given for reference.
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Figure S5.11: TEM images of pristine (A) peptide nanofibers, (B) Fe (111) oxide nanoparticle, (C) ZnO
nanoparticles, (D) TiO2 nanoparticles, (E) SiO, nanoparticles, (f) GO flakes. Scale bars (A-E) 500 nm, (F)
2 pm.

0.8
T=
0.7 4 days
8 days
s 1 ——14 days
-——18 days

805 1

orba
o
a

T T
400 500 600 700
Wavelength (nm)

Figure S5.12: Time-dependent UV-Vis spectra of a peptide nanofibers (0.2 volume fraction) and HAuUCl,4

(1 mM) mixture in 9 mM potassium phosphate (pH 7.4). Arrow denotes the development of a SPR band
near 520 nm over time.
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Figure S5.13: Confirmation of AuNP decoration of peptide nanofibers. (A) High-resolution TEM image
of a single nanofiber decorated by AuNP. (B) High-resolution TEM image of a single decorating AuNP
showing lattice fringes of 0.238 nm, attributed to the (111) plane of face-centered cubic Au. Scale bar, 2
nm. (C) SAED pattern of an AuNP-decorated nanofiber. Reflections are indexed to the (111), (200), (220)
and (311) planes of face-centered cubic Au. (D) TEM-EDX analysis of nanofiber-decorating AuNP. The
presence of Cu and Fe is due to the deposition of the sample on a Cu-containing TEM grid, and artifactual
electron interaction within the microscope (also observed without sample), respectively.
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Figure S5.14: TGA curves of decorated nanofiber samples from the studied volume fraction conditions.
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Figure S5.15: lllustration of EFM measurement and data interpretation for nanofibers from the sparse and
moderate (A, C) or dense (B, D) decoration conditions on glass (A, B) or Au (C, D) surfaces. The nanofiber
(cross section, orange) is decorated by isolated (A, C) or aggregated (B,D) AuNP (yellow). When decorated
nanofibers are deposited on an insulating glass surface (A, B), interaction of the decorating AuNP with the
EFM tip results in the development of image charge, i.e. induced charge polarization in the AuNP in
response to EFM tip potential (V1ip, positive potential is illustrated for example). Due to the insulating
nature of glass, mabile charges with identical polarity to V1ip remain within the AuNP boundaries, leading
to high density of opposite-polarity charge which induces strong attraction to the tip. The image charge and
the corresponding tip attraction are proportional to the degree of AuNP decoration, and so the EFM signal
is measurable in (A) but not in (B) as in the latter case the nanofiber detaches from the surface during
measurement. In contrast, when decorated nanofibers are deposited on a conductive Au surface (C, D),
image charge develops in both the AuNP and Au surface and is stronger in the later case. In (C) the AuNP
are isolated and hence the mobile equal-polarity charges remain within the AuNP boundaries. Because the
nanofiber is overall insulating, the surface-originating image charge is masked by the nanofiber and this
interference results in no EFM signal or slightly negative EFM signal following background correction
against the Au surface. The background-corrected EFM signal given in Figure 5.3D deviates from pure
parabolic behavior due to AuNP-originating image charge. In (D) the surface-originating image charge is
not masked as the AuNP are aggregated and the nanofiber is overall conductive. As charge with identical
polarity to Vrp can propagate from the conductive nanofiber to the Au surface, the density of opposite-
polarity charge is lower than in (B) and hence the tip attraction is weaker and the EFM signal is measurable.
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Figure S5.16: (A) Contact potential difference (CPD) between SKPM tip and single decorated nanofibers.
Data represent mean + standard error of the mean (n = 5 single nanofibers). (B) Corresponding CPD images
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Figure S5.17: SEM-EDX analysis of a film of densely decorated nanofibers following water immersion
and dehydration. The presence of Si is due to the substrate.
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Figure S5.18: Time-dependent UV-Vis control spectra showing the absence of 4-nitrophenol conversion
to 4-aminophenol in the presence of bare silicone rubber surface.
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CHAPTER 6 Summary and Conclusions

The work herein reviews the current mechanistic framework for long-range (micrometer
scale) electronic transport in amino acid based materials, demonstrates how current examples of
long-range peptide and protein based supramolecular materials do or do not fit within this
mechanistic framework, and explores in depth four examples of long-range amino acid based
conductors.

Two of the systems we explored, Geobacter sulfurreducens pili and non-r-stacked o-
helical nanofibers from a de novo peptide sequence, do not fit the current models for long-range
transport. They demonstrate non-thermally activated transport across distances that are orders of
magnitude farther than would be expected for a non-hopping mechanism. Additional conductivity
studies with the non-n-stacked a-helical nanofibers confirm that transport is not proton- or ion-
mediated and is therefore electronic. Additionally, conductivities in these two systems are
comparable to conjugated polymers and higher than many peptide-conjugate hybrids, illustrating
a type of conduction which may be unique to pure amino acid systems. Although the mechanism
for transport remains to be determined, our findings suggest that an a-helical secondary structure
and a well-defined supramolecular structure may be significant for transport. Aromatic amino
acids may also be important for conduction, although, contrary to most organic polymers,
delocalization does not appear to be required for high conductivities.

We also explored two amino acid based systems which do fit within the current mechanistic
framework of long-range conductive materials. In both systems, the amino acid components offer
a self-assembly route for the tunable assembly of covalently conductive components, such as a
conjugated small molecule (NDI) and Au nanoparticles. In the peptide-hybrid conjugated system,

the amino acid component can be selected to tune the enzymatic assembly and disassembly
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dynamics and geometry of the resultant conjugated nanostructure(s). The presence of
delocalization due to the NDI components suggests bandlike conduction; however, unlike pure
NDI nanostructures, this hybrid system is water soluble and offers dynamic functionality. These
features suggest that this system may be a promising platform for bioelectronics applications
requiring transient or impermanent structures, such as therapeutic or neuronal scaffolds. In the Au
nanoparticle system, the natural metal-reducing properties of amino acids facilitated the self-
assembly of gold-covered peptide nanofibers. The amount of gold coverage could be varied based
on the ratios of peptide to gold ion. The moderate to high surface area coverage of the nanofibers
and temperature dependence data suggested that gold coverage was sufficient to form continuous
electronic states for metallic-like band conduction. Films of these gold-covered nanofibers
exhibited unique electrostatic and selective binding properties, which may also be relevant in
bioelectronics applications. Additionally, they demonstrated biocompatibility in facilitating the
synchronized growth of cardiac cells.

In conclusion, these findings suggest that amino acid based materials may be a highly
functional and viable platform for developing bioelectronic technologies. Although the mechanism
of transport through the biological and biomimetic a-helical nanofibers remains unknown, these
two systems uniquely demonstrate high conductivities in a pure amino acid system. In our
characterization of hybrid amino acid based materials, we have demonstrated that amino acid
components can provide unique, tunable properties to the resultant nanostructures. This
combination of biological functionality and electronic conductivity may therefore be capable of

bridging the materials divide between biology and electronics.
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