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ABSTRACT: Biohybrid molecules are a versatile class of materials for controlling the
assembly behavior and functional properties of electronically active organics. In this work,
we study the effect of the size of the 7-conjugated core on the assembly and phase behavior
for a series of 7-conjugated peptides consisting of oligothiophene cores of defined lengths
flanked by sequence-defined peptides (OTX, where X = 4, S, 6 is the number of thiophene
core units). Interestingly, we find that 7-conjugated peptides with relatively short OT4
cores assemble into ordered, high aspect ratio, one-dimensional (1D) structures, whereas
m-conjugated peptides with longer OTS and OT6 cores assemble into disordered
structures or lower aspect ratio 1D structures depending on assembly conditions. Phase
diagrams for assembled materials are experimentally determined as a function of ionic
strength, pH, temperature, and peptide concentration, revealing the impact of molecular sequence and 7-conjugated core length on
assembled morphologies. Molecular dynamics (MD) simulations are further used to probe the origins of microscale differences in
assembly that arise from subtle changes in molecular identity. Broadly, our work elucidates the mechanisms governing the assembly
of 7-conjugated peptides, which will aid in efficient materials processing for soft electronic applications. Overall, these results
highlight the complex phase behavior of biohybrid materials, including the impact of molecular sequence on assembly behavior and
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B INTRODUCTION

Electronically active organic materials offer strong promise for
applications in next-generation soft electronic devices. In
recent years, transistors based on organic semiconductors have
been used to develop electronic devices with applications
including flexible electronic displays,' wearable electronics,”
and pressure sensors for artificial skins.” Owing to the immense
diversity and tunability afforded by semiconducting 7-
conjugated systems, research in this area has yielded organic
devices with performance parameters comparable to inorganic
devices.* Despite recent progress, challenges remain in
fabricating consistently reliable devices because of the strong
dependence of charge transport on molecular packing’ and the
impact of grain boundaries and defects’ on device perform-
ance.”*

Self-assembling systems offer a potential strategy for
controlling intermolecular packing to guide assembly into
defined supramolecular structures with desirable charge
transport properties. To this end, prior work has focused on
cofacial packing of conjugated ring systems that were shown to
be optimal for intermolecular charge transport because of
significant orbital overlap between neighboring molecules.”
Self-assembled gels and nanowires have shown early promise
for incorporation into organic field-effect transistors'*~'* and
organic light-emitting diodes.> However, the vast chemical
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space for organic molecules, combined with challenges in
synthesis and the need to simultaneously optimize conductivity
and assembled structures, leads to formidable challenges in the
design of self-assembled electronic materials.

Biohybrid molecules are promising candidates for control-
ling the assembly properties of functional materials. In
particular, biohybrid molecules benefit from the structural
diversity of synthetic molecules, combined with facile sequence
control and well-known assembly properties of biomolecules
such as peptides and nucleotides.'* Hybrid molecules
consisting of a hydrophobic synthetic moiety covalently linked
to a hydrophilic self-assembling peptide structure have been
widely studied and shown to assemble into a variety of
structures including sheets,'* tapes,'® spheres,'” and fibers."*"”
Moreover, it has been demonstrated that seemingly minor
alterations in peptide sequence at specific locations can lead to
drastic differences in assembled morphology.”’™** Despite
recent work, however, we generally lack a complete under-

EEAPPLI

Received: February 3, 2020
Accepted: April 14, 2020
Published: April 14, 2020

https://dx.doi.org/10.1021/acsami.0c02095
ACS Appl. Mater. Interfaces 2020, 12, 20722—-20732


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edward+R.+Jira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kirill+Shmilovich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tejaswini+S.+Kale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+Ferguson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+D.+Tovar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+M.+Schroeder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+M.+Schroeder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.0c02095&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c02095?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c02095?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c02095?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c02095?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c02095?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/12/18?ref=pdf
https://pubs.acs.org/toc/aamick/12/18?ref=pdf
https://pubs.acs.org/toc/aamick/12/18?ref=pdf
https://pubs.acs.org/toc/aamick/12/18?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c02095?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(€])Y] Asp Asp Ala Asp

(¢}
o OH (o} (¢}
H H H
S PN P
N Y N Y OH
H H H H
o -\[‘(OH [e] -\n/OH

(a) Asp B Alg B Agp B Ag, W )
[¢]
0 - o HO)K: )l/
R - N N
HO N N
o o
(b) 0OT4
F 1.0
r 0.8 .
& Los & 3
2 z 3
2 Loa i <
F 0.2
0.0

300 400 500 600 700 800
A (nm)

300 400 500 600 700 800
A (nm)

OT6
L 1.0 1.0 - L 1.0
ko8 08 0.8
> 5 >
Lo & 8 06 Lo &
0 » »
£ o €
Lo4 m < 04 - L 04 15
L 02 02 L 0.2
- o
0.0 R A 0.0
300 400 500 600 700 800
A (nm)

N

- |

7
A
»

Figure 1. Structural and spectral properties of acid-triggered self-assembled aggregates of OTX peptides. (a) Schematic and chemical structure of
OTX peptides, with the conjugated core shown in red, flanked by symmetric aspartic acid-rich peptide sequences. (b) UV—vis absorbance (blue
lines) and fluorescence emission spectra (red lines) of OTX peptides at varying pH showing quenching of absorbance and emission and blue-
shifted absorbance with decreasing pH. (c) SEM micrograph of OT4 assembled at pH 1 showing a high aspect ratio fiber network. (d,e) SEM
micrographs of OTS and OT6, respectively, assembled at pH 1 showing disordered aggregates upon assembly.

standing of the effect of molecular sequence on the structure—
function properties of these materials.

Recently, a class of biohybrid molecules was realized, which
included 7-conjugated moieties in the central portions (or
cores) of molecular structures, symmetrically flanked by
sequence-defined peptides on both termini. In this way,
water-soluble semiconducting z-conjugated peptides have
shown immense promise for soft organic electronics.”> These
molecules are typically designed to incorporate a number of
carboxylic acid-containing amino acids into the flanking
peptide sequences, thereby preventing spontaneous assembly
via electrostatic repulsions when deprotonated under neutral
or basic pH conditions. Using this approach, self-assembly can
be triggered by transitioning to acidic environments in aqueous
solution, thereby relieving electrostatic repulsions between
molecules and enabling assembly. Self-assembly is guided by
hydrophobicity and z-stacking interactions in adjacent 7-
conjugated cores, together with hydrogen bonding among the
flanking peptide sequences, thereby resulting in ordered one-
dimensional (1D) assembled nanowires by simple addition of
acid to an aqueous solution’* > or by increasing the
concentration of 7-conjugated peptides for specific sequen-
ces.””

In 1D assembled structures, z-conjugated cores are locked
into a stacked, cofacial arrangement that has been shown to
facilitate charge transport for next-generation organic elec-
tronic applications. Specifically, printed thin films of these 1D

structures can be incorporated as the semiconductor layer in
organic electronics where they display high charge carrier
mobilities because of their ordered structures.>® However,
preparation of these devices presents additional challenges
compared to traditional organic thin-film semiconductors,
especially in terms of reliability and repeatability. In order to
yield high-performance devices consisting of ordered struc-
tures, one must be able to predictably control assembly during
processing with consideration given to temperature, con-
jugated core identity and sequence, and related processing
parameters that directly affect assembly. Furthermore, the
aqueous solubility of these materials makes them promising
candidates as biologically active electronics, which have
garnered significant interest for applications in tissue engineer-
ing’' and biologically compatible sensors.”” However, practical
implementation of these devices in a biological setting
necessitates a clear understanding of their assembly behavior
and morphologies over a wide range of biologically relevant
conditions including pH and ionic strength. Overall, z-
conjugated peptides are a promising class of biohybrid
materials for controlling assembled structures and charge
transport properties; however, it is generally known that
assembly is sensitive to peptide sequence, 7-core chemistry,
and a wide range of environmental factors including ionic
strength, peptide concentration, temperature, and choice of
solvent. From this view, there is a clear need to understand the
effect of molecular z-core identity, peptide sequence, and
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environmental conditions on the assembled morphologies and
phase behavior of 7-conjugated peptides.

In this work, we study the phase behavior and assembly
properties of 7-conjugated peptides containing oligothiophene
cores of defined length (OTX, where X is the number of
thiophene units). In particular, we focus on molecules
containing oligothiophene cores with four, five, or six units
(OT4, OTS, OT6) flanked by symmetric peptides with defined
sequence Asp-Ala-Asp-Asp-Gly (DADDG). For these mole-
cules, the N- to C-terminus directionality of the peptide
flanking sequences progresses away from the z-core such that
each molecule possesses two C termini. We explore the effect
of m-conjugated core length on the assembly properties and
phase behavior of a series of biohybrid peptides with precisely
defined sequences. We begin by using acid-triggered assembly
in aqueous solution to characterize the morphologies and
optical properties of assembled structures using electron
microscopy and UV—vis spectroscopy. Molecular dynamics
(MD) simulations are used to understand the molecular origin
of microscale differences in assembly that arise from subtle
changes in sequence. Moreover, we determine phase diagrams
for m-conjugated peptides by driving assembly by addition of
excess salt, thereby screening electrostatic repulsions between
peptides and triggering assembly. Phase diagrams are
experimentally determined by systematically varying pH,
ionic strength, and peptide concentration for s-conjugated
peptides OT4, OTS, and OT6. Interestingly, we further show
that temperature can be used as an additional trigger of
assembly, enabling the systematic determination of phase
diagrams in temperature—concentration space. Taken together,
these results demonstrate the versatility in assembly conditions
for these materials, as well as the importance of specifically
tuning environmental conditions to yield desired structures
and morphologies.

B EXPERIMENTAL METHODS

Materials. Sequence-defined symmetric 7-conjugated peptides
(peptide-7-peptide) were prepared using solid-phase peptide syn-
thesis, as previously reported (Figures S1-S6).”** z-Conjugated
cores containing thiophene 4-, S-, or 6-mers are flanked by symmetric
peptides with an amino acid sequence Asp-Ala-Asp-Asp-Gly with
directionality such that each molecule possesses two C termini
(Figure 1a). The overall sequence for these molecules is DADDG-
OTX-GDDAD (X = 4, 5, 6; hereafter abbreviated as OTX for
brevity).

Structural and Optical Characterization. Assembled structures
of m-conjugated peptides were characterized using a Hitachi S4800
high-resolution scanning electron microscope. Here, prepared peptide
samples are drop-cast onto clean Si wafers and imaged via scanning
electron microscopy (SEM) upon drying. UV—visible absorbance
spectra were recorded using a Thermo Scientific NanoDrop 1000
spectrophotometer. Transmission electron microscopy (TEM) was
performed on a Philips EM 420 transmission electron microscope
equipped with an SIS Megaview III CCD digital camera at an
accelerating voltage of 100 kV. The samples were prepared by
pipetting a drop of 1 mg/mL solution of assembled peptide in water
onto 200 mesh copper grids coated with a Formvar film (electron
microscopy sciences) and adsorbed for S min at room temperature.
The grid was washed with deionized (DI) water, and the excess
solution was wicked off by touching the side of the grid to a filter
paper. The sample was then stained with a 2% uranyl acetate solution
and washed with DI water, and excess moisture was wicked off. The
grid was allowed to dry in air before imaging. Fluorescence emission
spectra were recorded using a Tecan Infinity M200 Pro plate reader at
an excitation wavelength of 360 nm.

Dynamic Light Scattering Measurements. Particle size of
unassembled and assembled OT6 molecules was characterized using
dynamic light scattering (DLS) on a Malvern Zetasizer Nano ZS
particle size analyzer. Here, peptides were diluted to a concentration
of 0.1 mg/mL and filtered through 200 nm syringe filters. Filtered
citrate buffer was then added to a final buffer concentration of 0.1 M
and desired pH. DLS measurements were performed on samples in
backscatter detection mode.

MD Simulations. The GROMACS 2018.4 simulation suite was
used to perform all-atom MD simulations of single and multimolecule
OTX systems solvated in water.”* Topologies and initial config-
urations of single OTX molecules were generated using the
Automated Topology Builder (ATB) server”” and modeled with the
GROMOS 54a7 force field.*® Water was modeled using the simple
point charge force field.”” The amino acid side chains were
parameterized in the low-pH state such that the Asp side chains
and two C-termini are fully protonated, and each OTX molecule is
charge neutral. Single molecule runs centered each OTX molecule in
a cubic simulation box with 1.5 nm spacing between the molecule and
box edges. Multimolecule simulations randomly placed 60 OTX
molecules in a 10 X 10 X 10 nm® cubic simulation box employing
three-dimensional (3D) periodic boundary conditions and corre-
sponding to a concentration of 0.1 mM. Simulations were performed
in the NPT ensemble at a temperature of 300 K and a pressure of 1
bar using the velocity-rescaling thermostat®® and Parrinello—Rahman
barostat.”® Initial atom velocities were drawn from a Maxwell—
Boltzmann distribution at 300 K. Steepest descent energy
minimization was used to correct for high-energy overlaps removing
forces larger than 1000 kJ/mol nm, followed by 100 ps of NVT
equilibration and 100 ps of NPT equilibration to ensure that the
temperature, pressure, and energy had reached steady values. The
leap-frog algorithm*® with a 2 fs time step was used to numerically
integrate forward the equations of motion. Coulombic interactions
were treated by particle mesh Ewald*' employing a real-space cutoff of
1.0 nm and a 0.16 nm Fourier grid spacing that was subsequently
optimized during runtime. Covalent bonds involving hydrogens were
held fixed during simulations using the LINCS algorithm,42 and
Lennard-Jones interactions were smoothly shifted at 1.0 nm to zero.
Following equilibration, NPT production runs at 300 K and 1 bar for
single molecule simulations were carried out for 30 ns while those for
multimolecule systems were carried out for 100 ns.

Determination of pH—Salt Phase Diagrams. OTX peptides
were dissolved in distilled, DI water (Millipore, conductivity 18 MQ
cm). Aqueous solutions (S0 uL) of z-conjugated peptide (0.05 mg/
mL) were prepared in 10 mM citrate buffer of specified pH and
specified amounts of salt (NaCl or MgCl,). Upon addition of salt,
phase change occurred nearly instantaneously. After incubation for
several minutes, peptide solutions were centrifuged in a Sorvall
Legend RT+ centrifuge (4 h, 3000g, 20 °C) to resolve separated
phases. After centrifugation, the solution was imaged under UV light
to identify the presence of a second phase, followed by determination
of absorbance and fluorescence emission spectra of the aqueous phase
using a NanoDrop 1000 and Tecan M200 Pro, respectively.

Determination of Temperature—Concentration Phase Dia-
grams. OT4 peptides were dissolved in distilled, DI water (Millipore,
conductivity 18 MQ cm). Aqueous solutions (50 uL) of z-conjugated
peptide (0.05 mg/mL) were prepared in 10 mM citrate buffer (pH
4.5). Aqueous peptide solutions were equilibrated at constant, target
temperature for 120 h in a Bio-Rad T100 thermal cycler. After
equilibration, the samples were removed and centrifuged in a Sorvall
Legend RT+ centrifuge (4 h, 3000g, 20 °C) to resolve separated
phases. The supernatant aqueous phase was pipetted off and
absorbance was measured using a Nanodrop 1000, thereby enabling
determination of the 7-conjugated peptide concentration of the
aqueous phase using the Beer—Lambert law (A = ecl), where A is the
absorbance, I is the path length specified by the instrument, and € is
the molar extinction coefficient taken to be that of quaterthiophene,
as previously reported.”® In this way, the concentration of 7-
conjugated peptide in the peptide-rich phase was determined via mass
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balance based on the peptide concentration and volume of the initial
solutions.

B RESULTS

Acid-Triggered Assembly of OTX Peptides. We began
by using acid-triggered assembly to characterize the self-
assembled morphologies and photophysical properties of OT4,
OTS, and OT6 (Figure 1). Prior work has shown that #-
conjugated peptides with the general symmetric structure
peptide-7-peptide assemble into ordered 1D structures that
form networks of randomly aligned fibers.”® Moreover, these
assembled structures are often accompanied by distinct
spectral signatures such as a quenched, blue-shifted absorb-
ance, indicative of H-type aggregation with coplanar excitonic
coupling and 7z-stacking between molecules as well as
quenched, red-shifted emission, likely caused by conforma-
tional restriction into a planar form of molecules in
assembly.”**™*° However, the effect of changing 7-core
length on the assembly and photophysical properties has not
been fully elucidated in these types of peptide-7 molecules.

Assembly was triggered by the direct addition of acid
(concentrated hydrochloric acid, HCI) to aqueous peptide
solutions (0.0S mg/mL OTX) to pH = 1. Upon addition of
acid, OT4, OTS, and OT6 exhibited quenched, blue-shifted
absorbance spectra and quenched fluorescence emission
spectra, indicative of assembly (Figures 1b and S7). Blue-
shifted, quenched absorbance is generally consistent with H-
type aggregate behavior,” suggesting an ordered cofacial
packing of molecules into 1D supramolecular wires. Interest-
ingly, the fluorescence emission spectra revealed unexpected
behavior for peptides with different length 7-conjugated cores.
In particular, OT4 was found to exhibit a red-shifted emission
spectrum that is generally consistent with prior studies on 7-
conjugated peptides with quaterthiophene cores but different
peptide sequences.”**”*® However, OTS and OT6 exhibit
both blue-shifted and red-shifted fluorescence emission peaks,
indicating the possibility of a drastically different hierarchical
assembled structure compared to ordered 1D assembled fibers
reported in prior work.

We further characterized assembled morphologies using
SEM. After triggering assembly with acid, the peptide solution
was pipetted onto a silicon substrate and allowed to dry,
followed by SEM imaging. Assembled OT4 shows a dense fiber
structure, consistent with prior studies on the assembly of -
conjugated peptides with different peptide sequences.”**>*®
Assembled fibers show high aspect ratios with nanometer
widths and lengths exceeding 1 ym (Figure 1c). Unexpectedly,
the SEM images of OTS and OT6, under the same acid-
triggered assembly conditions, were dominated by several
large, irregularly shaped aggregate structures with dimensions
on the order of several hundred nanometers or larger (Figure
1d,e). These results are consistent with DLS measurements on
OT6 peptides (Figure S8) as well as with TEM images of these
samples, which show high aspect ratio fibers for OT4 (Figure
S9) and less ordered, low aspect ratio structures for OTS and
OTS (Figures S10 and S11). Interestingly, prior work has
observed evidence of small fibers for assembled OTS5 and OT6
peptides assembled under different conditions. However, these
structures occur on smaller length scales (10—20 nm)
compared to the microscale, long-range assemblies observed
for OT4."® This suggests that OTS and OT6 might be capable
of forming 1D structures under certain assembly conditions

but generally show lower propensity for order than their
shorter z-core counterparts.

Given these results, we hypothesized that OTX peptides
with longer z-conjugated cores might be preferentially
exhibiting intramolecular rather than intermolecular interac-
tions under the present conditions in order to minimize 7-core
repulsion in the aggregates. Here, longer cores may adopt
intramolecular hairpin-like folded structures, wherein peptides
from one terminus interact with peptides from the other
terminus on the same molecule. In this way, the irregularly
shaped hairpins are frustrated from intermolecular stacking
into ordered 1D assembled structures. To probe this
hypothesis, we prepared z-conjugated peptide solutions over
a range of pH from 1 to 7 (10 mM citrate buffer). We assessed
the assembled state of these materials using UV—vis
absorbance and fluorescence emission, thereby enabling
determination of the critical, minimum pH required for the
assembly of OTX peptides. Interestingly, the critical pH was
found to depend on the length of the 7-conjugated core. In
particular, the critical pH increased from pH 4 for OT4 and
OTS5 to pH S for OT6, which was attributed to solvent-quality
effects such that peptides with longer 7-conjugated cores are
more hydrophobic, which tends to promote assembly.
However, for all cases, the critical pH remains near the pK,
for aspartic acid (3.9), which is consistent with the notion that
aspartic acid protonation is a critical driving force for assembly.
In addition, the relative intensities of the two fluorescence
emission peaks for OTS and OT6 are dependent on pH with
the blue-shifted peak becoming more dominant at lower pH.
Opverall, these data suggest that the assembled morphologies
may be sensitive to environmental conditions upon assembly.

We further sought to characterize the dependence of
assembled structures on pH. Here, OT4 (0.05 mg/mL in
aqueous solution) was assembled over a range of pH values
(pH 2, 3, and 4) using diluted HCI and drop-cast onto Si
substrates for SEM characterization. Our results show that
OT4 assembled at pH 2 and 3 exhibits similar 1D fiber
structures previously observed for direct addition of acid (to
pH =~ 1). However, OT4 assembled at pH 4 shows a markedly
different morphology, exhibiting large aggregates (several
millimeters in diameter) of the assembled peptide (Figure
2). The assembled structure at pH 4 is disordered and highly

Figure 2. SEM images of DADDG-OT4 as a function of pH. Bottom
panels show the images of assembled OT4 in the bulk or interior of
the material (left) and near the periphery of the assembled material
(right) for large aggregates observed at pH 4.
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heterogeneous with some regions showing disordered
aggregates and other areas showing some evidence of
fibrillation. Interestingly, although some fibers can be observed
near the periphery of the aggregates, these fibers are less dense
compared to those observed for OT4 at lower pH. We
hypothesized that the heterogeneous structures emerged
because of the assembly pH near the pKa of aspartic acid
residues, which leads to only partial deprotonation of peptides,
allowing for aggregation but not ordered assembly.

In order to probe the molecular conformations of -
conjugated peptides under assembly conditions, MD simu-
lations were performed for protonated OT3, OT4, OTS, and
OT6 both for single isolated molecules and for solutions of
peptide at 10 mM OTX (Figure 3). Results from MD

(a)20 —Fully Extended

18 —+End-to-end /,/

Distance (nm)
4 a4 a4
o N - ()

o
©

oT3 OT4 oTs oT6e
(b)
T3 oT4
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Figure 3. MD simulations of isolated z-conjugated peptides for OT3,
OT4, OTS, and OT6. (a) Average end-to-end distance increases
sublinearly with the 7-conjugated core length. The average end-to-end
distance is defined as the center-of-mass separation of the terminal
aromatic rings. Error bars correspond to standard errors in the mean
end-to-end distance computed by block averaging the 30 ns
production run over five contiguous time blocks. (b) Representative
snapshots of isolated OT3, OT4, OTS, and OT6 molecules showing
relatively linear and extended configurations for OT3, OT4, and OT5
compared to collapsed, folded configurations for OT6.

simulations show that OTX molecules exhibit increasingly
collapsed single molecule conformations and increased
promiscuity in intermolecular interactions upon increasing
the length of the 7-conjugated core.

Figure 3a shows the average end-to-end distance of isolated
OTX molecules (X = 3—6) from MD simulations. The end-to-
end distance increases monotonically with the degree of
polymerization of the OTX core over this range, but a
comparison with the fully extended end-to-end distance shows
that molecules with longer z-conjugated cores are significantly
more collapsed compared to their fully extended length. This
trend can be attributed to the increased flexibility of the longer
chains, which permits collapse of the peptide chains into a
curved pocket formed by the OTX core (Figure 3b). The
formation of the curved pocket is most pronounced for OT6
and is mediated by the adoption of cis-configurations of the
oligothiophene groups (Figure S12). The intramolecular

energetic penalty of these torsional configurations is seemingly
compensated by favorable interactions between the core and
flanking peptide sequences driven by sequestration of the
hydrophobic side chains and formation of intramolecular
hydrogen bonds. The elevated preference for curved, collapsed
configurations for single oligopeptide chains in their
protonated states is expected to further disfavor the formation
of assembled 1D ordered structures composed of well-aligned
m-stacked oligopeptide chains.

We also explored whether the rigidity of the molecules
changed with molecular size. To this end, we computed the
Kuhn length b, which is the characteristic length scale over
which orientational correlations decay, using the relation b =
(R*)/L, where (R*) is the mean-squared end-to-end distance
averaged over the simulation trajectory and L is the fully
extended chain length.*’ Standard errors in b are estimated by
block averaging over five 6 ns contiguous blocks of the 30 ns
trajectory. The Kuhn length for OT3 is b = 0.700 + 0.007 nm,
whereas those for OT4, OTS, and OT6 are indistinguishable
within error bars at b = 0.90 + 0.04, 1.0 + 0.01, and 0.9 + 0.2
nm, respectively. For all but the shortest molecule considered,
there is no significant trend in the molecular rigidity with chain
length and the observed molecular collapse is due primarily to
the increasing length of the molecule.

We conducted additional multimolecule molecular simu-
lations to examine the promiscuity of intermolecular contacts
between oligopeptides as a function of OTX core length.
Figure 4 shows the average number of intermolecular contacts
per molecule for oligopeptides within a spontaneously self-
assembled aggregate consisting of 60 chains formed over the
course of a 100 ns molecular simulation. An intermolecular
contact is defined using the previously employed “optical
distance” measure that judges the cores of two molecules to be
in contact if the center-of-mass distance between any pair of

N w

N

Mean number of
contacts per molecule

0

OT3 oT4

oT4

Figure 4. MD simulations of solutions of z-conjugated peptides
(OTX at 10 mM concentration). Mean number of optical contact
neighbors per OTX molecule calculated from MD simulations.
Averages were calculated over the terminal 60 ns of the production
run, and error bars correspond to standard errors in the mean number
of contacts per molecule and were computed by block averaging over
the final 60 ns of the production run over five contiguous time blocks.
OT3 and OT4 possess on average approximately two neighbors,
whereas OTS and OT6 possess approximately three neighbors,
leading to increased branching in assembled aggregates for longer core
lengths. Characteristic snapshots of each OTX system are shown
below the plot, where OTX cores are represented as van der Waals
spheres with carbon rendered blue and sulfur yellow, peptides are
faded to translucent gray, and water is removed for clarity.
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Figure S. Salt-triggered assembly of DADDG-OTX peptides. (a) Photographs of OT4 samples in aqueous solutions (10 mM citrate, pH 4.5) across
a range of salt concentrations. (b—e) Fluorescence emission intensity as a function of salt concentration for OTX molecules at different solution pH
values. Dashed horizontal lines represent 50% fluorescence emission intensity relative to the intensity at the peak emission wavelength of samples at

pH 6 with no added salt.

thiophene groups within a cutoft distance of r ., = 0.7 nm.*"*!

OT3 and OT4 molecules possess on average approximately
two neighbor contacts, whereas OTS and OT6 have
approximately three neighbors. The increase in the average
number of neighbor contacts with molecular size is not
surprising given the possibility of more points of intermo-
lecular contact, but these results indicate that z-conjugated
peptides with longer cores should tend to be less receptive to
assemble into approximately linear 1D structures with exactly
two neighbors and high degrees in-registry alignment between
the OTX cores. These trends are illustrated by the character-
istic molecular simulation snapshots in Figure 4.

Taken together, the simulation results highlight the
increasing difficulty to induce ordered assembly upon
increasing the core length for DADDG-OTX peptides: larger
OTX cores promote intramolecular folding and more
promiscuous intermolecular interactions. We note that all
simulations performed in this work were conducted for
molecules in the fully protonated (i.e., low pH) state. This
model corresponds to a hypothetical scenario in which initially
dispersed deprotonated (i.e., charged) molecules under high
pH are protonated (ie, made charge neutral) under an
instantaneous acid trigger. The conformational distributions of
these molecules under basic conditions are expected to differ
significantly from those under acidic conditions because of the
formal (—4) molecular charge per peptide arm because of the
three Asp side chains and C-terminus. We conjecture that
these charges may help to prevent molecular collapse and
promiscuous aggregation under deprotonated conditions,
which suggests a route to the formation of more ordered
pseudo-1D assemblies under a protocol in which the pH is
slowly lowered from basic to acidic.*®

Salt-Triggered Assembly of OTX Peptides. We further
explored additional methods to trigger peptide assembly,
moving beyond acid-triggered assembly. We conjectured that
electrostatic screening of aspartic acid residues would facilitate

intermolecular interactions between peptides, so we pursued
salt-triggered assembly by tuning ionic strength. We began by
adding a monovalent salt (NaCl, concentrations of 10 mM,
100 mM, and 1.0 M) to an aqueous solution of OT4 (peptide
concentration 0.05 mg/mL, pH 6). Similar to the acid-
triggered assembly approach, we again used fluorescence
emission spectra to characterize the assembly process. Initially,
the addition of NaCl was observed to have little effect on the
spectral properties of assembled peptides using nonbuffered
aqueous solutions, even at a relatively high concentration of 1.0
M NaCl (Figure Sb, blue trace). We reasoned that a
combination of mild, acidic pH condition and salt would be
more amenable to induce assembly.

Salt-triggered OT4 assembly was then pursued using pH-
buffered solutions. Here, we prepared a series of OT4 peptide
samples in pH-buffered solutions (10 mM citrate, pH 4.5)
across a range of salt concentrations. Evidence of assembly was
observed at 1.0 and 0.1 M NaCl but not at lower salt
concentration of 10 mM NaCl. In particular, OT4 assembly at
1.0 M NaCl was identified by a significant quenching of
fluorescence emission, as well as a red-shifted fluorescence
emission peak, consistent with prior experiments on acid-
triggered assembly (Table S1). In addition, observation of
samples under UV illumination revealed the emergence of a
second phase in the high salt (1.0 M, 0.1 M NaCl) samples,
exhibiting a visibly distinct yellow-orange coloration (Figure
Sa). To further probe the impact of salt concentration on
assembly, this procedure was repeated with a divalent salt
(MgCl,). Interestingly, the fluorescence emission quenching
effect was more pronounced for divalent salt relative to
monovalent salt, with appreciable quenching occurring at 10
mM divalent salt (total ionic strength of 30 mM) compared to
100 mM for monovalent salt (Figures Sc, green trace, and
S13). These results are consistent with previous studies on
peptide aggregation and can be explained by the ability of

divalent salts to coordinate acidic residues on neighboring
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molecules.”® Taken together, these results demonstrate that
electrostatics can be used to tune the assembly properties of 7-
conjugated peptides.

Phase Diagrams in pH-—Salt Parameter Space. We
further sought to determine phase diagrams of peptide
assembly in pH—ionic strength parameter space. For these
experiments, we prepared solutions of OTX peptides (0.05
mg/mL concentration) in pH-buffered aqueous solutions (10
mM citrate buffer) of varying pH and ionic strength. Briefly,
addition of salt induced rapid assembly. After incubation for
several minutes, peptide solutions were centrifuged to resolve
separated phases, followed by determination of absorbance and
fluorescence emission spectra of the aqueous phase. As before,
fluorescence emission of the aqueous phase was used to track

20728

the assembly process, and the fluorescence emission properties
were classified into two distinct populations depending on the
emission intensity. Briefly, samples with fluorescence emission
intensity <50% of the intensity of the neutral pH, no salt
sample were considered to be assembled. From these data, we
observe that OTS and OT6 show similar salt-induced
quenching behavior compared to OT4 (Figure Sb—e and
Tables S1—S4). To validate the emission intensity-based
criterion for assembly, samples were centrifuged to resolve
separate phases and directly imaged under UV illumination,
thereby enabling direct observation of distinct peptide phases.
For OT4, we observed a strong correlation between
fluorescence quenching and the emergence of a second
separated peptide phase (Figures Sa and S13). For OTS and
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OT6, a second phase was not consistently observed by visual
inspection on the macroscopic scale (Figures S14 and S15), so
the fluorescence emission criterion was used to assess
assembly.

Using this approach, phase diagrams were constructed for
OT4, OTS, and OT6 in pH—ionic strength parameter space
(Figure 6). Broadly speaking, these results show a complex
relationship between ionic strength and pH in determining the
assembly properties of 7-conjugated peptides. In general, lower
pH and higher ionic strength lead to peptide assembly.
However, the size of the assembled region in the phase
diagram generally grows as the length of the 77-conjugated core
increases. The critical pH at the phase boundary generally
follows the trend pHory o < PHoTs it < PHors iy Whereas the
critical salt concentration at the phase boundary follows the
trend [salt]ory i > [salt]orsei > [salt]ore e Furthermore,
the phase diagram for OT4 constructed using divalent salt
shows a significantly smaller one-phase (unassembled) region
such that assembly proceeds under relatively milder conditions
at higher pH and lower salt concentrations (Figures Sc and 6).
Taken together, these results suggest that peptides with longer
m-conjugated cores are more amenable to assembly than those
with shorter cores, which is consistent with the role of
hydrophobicity in driving the assembly of these materials.
Moreover, divalent salts appear to offer a powerful trigger for
assembly even under relatively moderate pH conditions.

Phase Diagrams in Temperature—Concentration
Space. We further sought to use temperature as an additional
trigger of assembly. Here, we experimentally determined phase
diagrams for peptide assembly in temperature—peptide
concentration phase space (Figure 7). To begin, we prepared
aqueous solutions of OT4 (0.05 mg/mL peptide, neutral pH,
no added salt) and decreased temperature to 4 °C (277 K).
However, these conditions did not lead to peptide assembly, as
lower temperatures were not sufficient to overcome the
electrostatic repulsion of amino acid residues under these
conditions. We next prepared OT4 samples under conditions
that were closer to the phase boundary using a pH-buffered
solution (0.05 mg/mL peptide, 10 mM citrate, pH 4.5). After
equilibrating samples for several days at 4 °C (277 K), the
emergence of a second, peptide-rich phase was readily
apparent. Moreover, phase separation was not observed in
control experiments where peptide solutions were equilibrated
at room temperature (20 °C, 293 K) (Figure 7a). Phase
diagrams for peptide assembly in temperature—concentration
phase space were determined using an analogous method
previously reported for determining phase diagrams for self-
assembling multivalent DNA nanostars.””>" Briefly, peptide
solutions (0.05 mg/mL peptide, 10 mM citrate, pH 4.5) were
prepared and equilibrated at various temperatures for S days.
Following equilibration, samples were centrifuged to visually
resolve separated phases, followed by spectral analysis of the
aqueous supernatant phase using UV—vis absorbance and
fluorescence emission. The concentration of peptide in the
aqueous phase was determined from absorbance measure-
ments, and the concentration of peptide in the peptide-rich
phase was determined by mass balance using the initial
concentration of peptide and solution volumes (see the
Experimental Methods section). In order to convert mass
fraction to volume fraction, the volume fraction of peptide in
the peptide-rich phase at low temperature was taken to be
@pepiige = 0.6, which is consistent with volume fractions
determined for peptide gels based on prior literature.”

Using this approach, the phase boundary for peptide
assembly was determined in temperature—concentration
space (Figure 7b). Our results show that 7-conjugated peptides
exhibit an asymmetric phase diagram with a coexistence curve
showing an upper critical solution temperature (UCST) of
approximately 18 °C (291 K) at pH 4.5. In order to quantify
peptide assembly, phase diagrams were fit to a binodal
coexistence curve obtained from the free energy of mixing
using the common tangent method following the Flory—
Huggins theory for polymer solutions.”” In this way, we
determined the thermodynamic interaction parameter y for
OT4 peptides in an aqueous environment. This analysis
yielded three parameters, including the effective degree of
polymerization N = 40 and the temperature-dependent
parameters for y = A + B/T, where A and B were found to
be —4.46 and 1500 K, respectively. Details of this calculation
are provided in the Supporting Information.

B CONCLUSIONS

In this work, we use optical and structural characterization to
probe the multidimensional phase space of #-conjugated
peptide assembly. By varying pH, ionic strength, and
temperature, the assembly of OTX was established for peptides
with four, five, and six thiophene units in the core. Our results
show that the final assembled morphologies critically depend
on the length of the oligothiophene core. For the OT4
molecules, electron microscopy images of assembled peptides
reveal a dense fiber structure accompanied by spectral
characteristics indicative of H-aggregates and a macroscopically
phase-separated fiber network. However, OTS and OT6
peptides with the longer thiophene cores show disordered
aggregate structures accompanied by emission spectra with
both a blue-shifted and a red-shifted local maximum, together
with no visible evidence of macroscopic phase separation. MD
simulations suggest that the disordered assembly results from a
combination of intramolecular folding as well as promiscuous
slip-stacked packing for the larger OTX cores that inhibited
long-range order.

For OT4, OTS, and OT6 peptides, phase diagrams were
constructed in pH—ionic strength phase space. Overall, these
results demonstrate the complex dynamic interplay between
the ionic strength and acidity/basicity in determining the phase
peptide solutions. Furthermore, changes to core length caused
significant changes in the phase behavior, such that the one-
phase envelope decreased in size upon increasing the
thiophene core length because of increasingly dominant
hydrophobic interactions. Finally, a phase diagram for OT4
was constructed in temperature—concentration space, demon-
strating that temperature can be used as an additional trigger of
assembly. Moreover, these experiments enabled determination
of key thermodynamic parameters such as the Flory—Huggins
x parameter and the critical conditions for assembly.

The results presented in this work provide critical insights
for both the materials design and processing aspects of organic
electronics. The dependence of assembled morphologies on
the molecular core structure demonstrates that the design of
biohybrid electronic materials requires a careful balance
between desirable electronic properties and materials assembly
behavior. As one example, although increasing molecular size
may yield improved electronic properties because of smaller
band gaps, there is an unexpected trade-off resulting from
decreasing order in assembled morphologies upon increasing
the molecular size. On the other hand, the pH-dependent
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assembly of OT4 shows the potential for tuning environmental
conditions and external parameters for controlling assembled
morphologies.

The phase diagrams determined in this work provide
significant insights into the assembly properties of -
conjugated oligopeptide materials. The phase boundaries
could provide a useful framework for determining critical
conditions for solution processing of organogel-based elec-
tronics. Furthermore, the demonstration of significant core
sequence effects on assembly helps to further elucidate key
design principles for sequence-defined organic electronics.
Broadly speaking, the phase diagrams presented in this work
provide a clearly defined window of environmental conditions
over which these materials can be processed to yield ordered,
organic semiconductor thin films for the development of
organic transistors. In addition, our work clearly explores
multiple external triggers for controlling assembly, thereby
providing several processing routes for these materials.
Furthermore, our results show that the ionic strength and
temperature can be used to control the assembly of these
materials under biologically relevant conditions, which avoids
the use of highly acidic conditions for assembly that may not
be suitable for most biological systems. Taken together, our
results show that a variety of factors—environmental and
structural—can be used to control the assembly of supra-
molecular organic electronics.
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