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ABSTRACT: Ionic charge transport is a ubiquitous language of
communication in biological systems. As such, bioengineering is in
constant need of innovative, soft, and biocompatible materials that
facilitate ionic conduction. Low molecular weight gelators
(LMWGs) are complex self-assembled materials that have received
increasing attention in recent years. Beyond their biocompatible,
self-healing, and stimuli responsive facets, LMWGs can be viewed
as a “solid” electrolyte solution. In this work, we investigate 3,4-
ethylenedioxythiophene (EDOT) as a capping group for a small
peptide library, which we use as a system to understand the
relationship between modes of assembly and charge transport in
supramolecular gels. Through a combination of techniques including small-angle neutron scattering (SANS), NMR-based Van’t Hoff
analysis, atomic force microscopy (AFM), rheology, four-point probe, and electrochemical impedance spectroscopy (EIS), we found
that modifications to the peptide sequence result in distinct assembly pathways, thermodynamic parameters, mechanical properties,
and ionic conductivities. Four-point probe conductivity measurements and electrochemical impedance spectroscopy suggest that
ionic conductivity is approximately doubled by programmable gel assemblies with hollow cylinder morphologies relative to gels
containing solid fibers or a control electrolyte. More broadly, it is hoped this work will serve as a platform for those working on
charge transport of aqueous soft materials in general.

■ INTRODUCTION
Self-assembled systems have the potential to recapitulate the
microstructural complexity and self-monitoring of biological
systems for the development of novel biomaterials. Within this
expanding field, subtle incorporation of conductivity into soft
matter such as hydrogels is a persistent goal given that electrical
stimulation can enhance differentiation and proliferation in
relevant tissue such as those containing cardiac and nerve
cells.1−5 When exploring the electrical stimulation of cells, it is
particularly important to consider the ionic transport potential
of the gels, since biological systems communicate primarily in
this form of charge movement. Therefore, while developing
materials to enhance electronic transport in soft materials is
valuable (e.g., through conductive polymer incorporation), the
field must also innovate methods and materials to study and
enhance ionic charge flow.

To have meaningful control over the properties of a material,
it can be preferable to operate with those that are, as in nature,
well-defined across multiple length scales over random,
heterogeneous systems. In this vein, supramolecular materials
offer superiority through the self-optimizing and “self-checking”

capacity built into their design. Most relevant to bioengineering
applications are self-assembled hydrogels formed from low
molecular weight gelators (LMWGs), a class of soft materials
that have gained increasing attention in recent years.6−11 A
common subsection of these materials utilizes short peptide
sequences engineered to self-assemble into fiber morphologies
which entangle, encapsulating water to form a hydrogel. The
subsequent materials not only offer potential for chemical
modularity but also demonstrate reversibility between gel and
solution states due to the noncovalent interactions which cross-
link the materials. We have been interested in these dynamic and
responsive systems as their fibrous networks serve as excellent
mimics for biological tissue both morphologically and
mechanically. Though many examples have sought to explore
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the addition of conjugated oligomers to induce charge transfer
events intramolecularly,12−14 few have examined charge trans-
port, both electronic and ionic, through the macrostructure as a
whole. Examples that do explore conductivity in assembled
conjugated compounds generally focus on organic soluble
systems with many characterized as dried films.15−18 We note
that previous work exists, such as from Hochbaum and co-
workers,19 examining particularly electronic charge transport
along nanotubes formed of long peptide sequences, but we
emphasize that here we focus on ionic contributions within the
hydrogel bulk as a whole. Further, other conductive hydrogel
studies broadly ignore interrelations between assembly,
structure, and charge transport with authors often opting to
polymerize post-assembly transitioning away from a truly
supramolecular architecture.20,21

In this work we set out to incorporate the 3,4-ethyl-
enedioxythiophene (EDOT) moiety into a LMWG system for
use in the field of bioelectronics and to probe the relation
between design, assembly, and charge transport in supra-
molecular gels. We have broadly investigated the charge
transport properties achieved by incorporating EDOT
oligomers into low molecular weight gelators. In developing
this library, we were also interested in elucidating the ionic
contributions and, as such, investigated gelators capped with
only a single EDOT unit. Though this short conjugation length
would clearly not give electronic conductivities or the
contribution would likely be small, it was seen as a suitable
system to interrogate specifically the ionic charge transport
contributions and their structural origin. Herein, we report on
the assembly of EDOT-capped peptides into both elliptical and
hollow cylindrical fibers, as determined by small-angle neutron
scattering. We propose that the difference in assembly is

primarily driven by hydrophobicity and rigidity (or lack thereof)
of the selected peptide sequence and that the apparent
directional bonding of the EDOT-FFF hollow fibers might be
enforced by stacking of a more H-like, face-to-face aggregation
type. We speculate that while the nature of assembly in the
elliptical fibers is likely following the established spherical to
worm-like micelle transition,22 the hollow fibers of EDOT-FFF
adopt fiber morphologies even before the gelation trigger. We
then proceed to relate this to thermodynamic parameters of the
assembled systems, finding that as expected, greater enthalpy
and entropy are released upon dissolution of the more
hydrophobic and less flexible EDOT-FFF, hollow fiber example.
We then analyze the system by molecular dynamics (MD)
simulations which suggested EDOT-FFF interfaced primarily
via π−π interactions and shielded its backbone from solvent,
preventing hydrogen bonding, while EDOT-GFF and EDOT-
GFFD incorporated a combination of hydrogen bonding and
π−π interactions with the possibility of β sheet formation,
particularly in the latter. We finally fully characterize the ionic
charge transport capacity of the systems and note a substantially
greater value for the hollow cylinders of EDOT-FFF even when
compared to the electrolyte without a gelator. We anticipate that
this work will serve as a starting point and roadmap to
understanding structure−charge transport characterization in
self-assembled hydrogels and more broadly in understanding
charge diffusion of aqueous soft matter generally.

To incorporate an EDOT moiety into the self-assembled
hydrogels, five peptide sequences were selected with their N-
terminus modified with 3,4-ethylenedioxythiophene-2-oxalic
acid (Figure 1).

Figure 1. An illustration of the three categories of self-assembly observed in the five peptides tested labeled A−C. It was seen EDOT-FFF formed
hollow fibers (A) with greater conductivity and EDOT-GFF and EDOT-GFFD formed elliptical fibers (B) with less conductivity, while EDOT-FFD
and EDOT-FF simply precipitated (C). Note the schematics shown here are artistic approximations and not modeled data. All include an EDOT
capping group coupled to a sequence containing at least two L-phenylalanine units.
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■ RESULTS AND DISCUSSION
Peptide Design and Hydrogel Formation. Our peptide

sequence selections were based on probing varying degrees of
hydrophobicity while still forming supramolecular hydrogels. All
the peptides were based around the inclusion of at least two
adjacent L-phenylalanine (Phe, F) amino acids as this has been
shown to promote the formation of fibrous morphologies and
increase hydrophobicity.23 Previous work based on coarse-
grained molecular dynamics of the tripeptide design space
related the chance of gelation to a parameter defined as
aggregation propensity (AP), a variable that correlated with
hydrophobicity making phenylalanine a leading choice when
attempting to design molecular gelators.24

Glycine (Gly, G) and L-aspartic acid (Asp, D) amino acids
were chosen to investigate the role of greater flexibility of the
EDOT capping group and to modulate the hydrophobicity of
the N-functionalized peptides. Glycine can act as a flexible
spacer between the N-terminal capping group and peptide
sequence while the presence of two carboxyl groups in aspartic
acid lends greater hydrophilicity to the molecule potentially
delaying its desolvation when the pH is lowered to trigger gel
formation.25 Initially, FFF was chosen to maximize hydro-
phobicity along with FFD, a commonly used sequence of greater
hydrophilicity that still contains the diphenylalanine motif.26

Expanding from here, we incorporated the glycine linker
flexibility to select GFF and GFFD along with simply FF itself
given the literature precedent already mentioned.

Functionalization of EDOT with an oxoacetic acid group, 2
(Figure S1), was readily achieved by chemistry previously
developed in our group via glyoxylation of EDOT with oxalyl
chloride, followed by esterification with methanol to synthesize
the methyl oxalate ester derivative, 1, which was hydrolyzed
under basic conditions to the oxoacetic acid derivative, 2, with a
yield of 64% over two steps (Figure S1).27

Conventional fluorenemethoxycarbonyl (Fmoc)-based solid
phase synthesis methods were employed to afford the desired N-
functionalized peptide library with purities > 95% (see SI for
additional experimental details). Gelation of the hydrogels was
triggered by the slow hydrolysis of glucono-δ-lactone (GdL) to
gluconic acid, pioneered in the Adams lab.28 This trigger allows
for a slow decrease in pH that gradually protonates the
compounds, reducing their solubility in aqueous solvents and
initiating the self-assembly of the peptides into fibrous structures
to form hydrogels. Gelation is achieved through the entangle-
ment of these fibers creating a dense matrix that in turn traps
water molecules. This method is thought to be the most reliable
and reproducible in the material class.22 The peptides were
initially solubilized in a basic environment (∼pH 11−12) and
then mixed with GdL. The exact final pH after GdL hydrolysis

will vary depending on the pKa (or apparent pKa) of the
assemblies/aggregates but will often be in the 3−5 pH range.26

Upon mixing with GdL, it was found that EDOT-FF and
EDOT-FFD simply precipitated (pathway C of Figure 1). While
these sequences have been shown to form hydrogels in other
related N-terminal aromatic capped systems,26,29 no ordered
assembly could be achieved when using EDOT oxoacetic as an
N-terminal group, illustrating the inherent uncertainty met with
when designing sequences for LMWGs and demonstrates the
effect of capping group identity.30 Preliminary vial inversion
tests demonstrated EDOT-FFF, EDOT-GFF, and EDOT-
GFFD (Figure S2) could support their weight to concentrations
as low as 1−2 mM. These could further be delineated into two
further pathways of assembly (pathways A and B of Figure 1) to
be discussed below.

To confirm that EDOT-FFF, EDOT-GFF, and EDOT-GFFD
had formed hydrogels, rheology was used to measure the
viscoelastic properties of the materials. A strain sweep from 0.01
to 100% strain showed that the EDOT-peptides had a linear
viscoelastic region (LVR) up to 0.1% strain for EDOT-FFF and
EDOT-GFF, whereas EDOT-GFFD showed an LVR up to 1%
strain (Figure S3). Additionally, a frequency sweep showed the
materials displayed a storage modulus (G′) ≫ than the loss
modulus (G″) over a range of frequencies (0.01−10 Hz),
affording them quantitatively as hydrogels, i.e., tan δ (G″/G′) <
0.15.31 To measure the gelation kinetics of the EDOT-peptides,
a time-resolved sweep using a frequency of 1 Hz and strain of
0.1% was used. As shown in Figure 2, EDOT-FFF, EDOT-GFF,
and EDOT-GFFD all gave an order of magnitude separation
between storage and loss modulus values. Of the three EDOT-
peptides, EDOT-GFF gave the highest plateau storage modulus
of approximately 37 kPa. For reference, the shear moduli of
biological tissue such as relaxedmuscle begin from 1 kPa upward
putting these gels in a suitable mechanical range as biomaterials
in, for instance, cardiac repair.32 It was interesting to note
EDOT-GFFD showed much slower gelation kinetics possibly
owing to the increased solubility imparted from the two pendant
carboxyl groups, which can enthalpically contribute to the
solvation of the self-assembled fibers (vide inf ra) and delay their
physical cross-linking. The lack of discontinuities in the data
allowed for confidence that no slipping was occurring during
measurement of rheology. The pH values after around 20 h were
measured to be 3.91, 3.96, and 4.55 for EDOT-FFF, EDOT-
GFF, and EDOT-GFFD, respectively (Figure 2). This suggests
that the equilibrium of protonation is shifted further toward the
aggregate than the GdL for EDOT-GFFD when compared to
the other two gelators. This could be explained by the additional
pendant carboxyl group offering more sites of protonation on
the surface and, hence, decreasing the concentration of protons

Figure 2. Time-resolved rheology and pH data (in orange) for (a) EDOT-FFF, (b) EDOT-GFF, and (c) EDOT-GFFD. Rheology parameters:
concentration = 10 mM, frequency = 0.1 Hz, strain = 0.1%.
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in solution. In other words, the gelator will act as a buffer against
pH change; a greater number of carboxyl groups will therefore
increase this buffering effect and slow the onset of gelation.

To probe the morphologies responsible for the hydrogels,
atomic force microscopy (AFM) was employed on dried drop
cast samples. As can be seen in Figure 3, EDOT-FFF, EDOT-
GFF, and EDOT-GFFD showed entangled fiber-like morphol-
ogies consistent with that commonly seen in the literature.11,29

Histograms were constructed from the height profiles obtained
from AFM (Figure 3). All distributions did not appear Gaussian
since, in most cases, fiber bundling prevented the diameter of a

single fiber from dominating statistically. Diameters down to 1.8
nm were observed for EDOT-FFF and EDOT-GFFD but only
to around 4 nm in EDOT-GFF suggesting either greater
predisposition for fiber bundling or different molecular
arrangement.

Probing Fiber Morphology with Neutron Scattering
and UV−Visible Spectroscopy. Small-angle neutron scatter-
ing (SANS) measurements of the pre-gel solutions and
hydrogels was performed in deuterated water to rule out any
potential drying effects of the AFMmeasurements and probe the
structures in a deuterated equivalent of their native environment

Figure 3. Atomic force microscopy (AFM) and height profile histograms of (a) EDOT-FFF, (b) EDOT-GFF, and (c) EDOT-GFFD. Scale bar 2 μm.

Figure 4. Small-angle neutron scattering (SANS) data pre- and post-GdL fitted with (a, d) a hollow cylinder model for EDOT-FFF, (b, e) a flexible
elliptical cylinder model for EDOT-GFF, and (c, f) a flexible elliptical cylinder model for EDOT-GFFD.

Table 1. Fitted SANS Parameters for the Three Gelators after Gelation

Compound Model Kuhn length (Å) Inner radius (Å) Outer radius (Å) Axis ratio χ2

EDOT-FFF Hollow cylinder n/a 9.21 ± 0.5 32.3 ± 3.4 n/a 3.04
EDOT-GFF Flexible elliptical cylinder 85.5 ± 20.5 n/a 40.9 ± 2.1 2.5 ± 0.1 2.93
EDOT-GFFD Flexible elliptical cylinder 327.6 ± 20.1 n/a 22.9 ± 0.5 2.6 ± 0.1 1.04
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(Figure 4, residuals in Figure S4). In the case of EDOT-FFF, it
was found that a hollow cylinder model (plotted in Figure 4a)
best described the high scattering wavevector Q (higher Q
probes smaller length scales) features at both high and low pH.
This agrees with previous work in similar systems33 and gives a
total radius of ∼3.2 nm (Table 1) that is in agreement with the
extracted height profiles from AFM (Figure 3a).

EDOT-GFF and EDOT-GFFD could both be best fitted
using a flexible elliptical cylinder model at high and low pH. Chi
squared (χ2) values, that quantify the goodness of fit, markedly
improved at low pH suggesting a more homogeneous and
ordered system (Table 1 and Table S1). It was interesting to
note that while the inclusion of aspartic acid to the peptide
sequence maintained an elliptical cross section (EDOT-GFFD),
its absence (EDOT-GFF) indicated a possible circular to
elliptical cross section transition with decreasing pH (Table S1).
Such a change has been previously observed in diphenylalanine-
containing gelators.33 It should be noted that an acceptable
fitting was found with a flexible cylinder model in all post-GdL
cases. A hollow cylinder model was preferred in the case of
EDOT-FFF as the peak at higher Q was indicative of a hollow
system as seen in previous work.33 The flexible cylinder model
fitted EDOT-FFF better at lower Q but may well be overfitted
and artificially biased due to larger aggregates. It is interesting to
note, however, the long Kuhn lengths (Table S1) observed with
a flexible cylinder compared to the other gelators suggesting a
more rigid and linear structure in EDOT-FFF.

Comparing the EDOT-peptide gelators, it appears in the
absence of a flexible glycine linker for EDOT-FFF, the system
adopts a hollow cylinder morphology at high pH (Figure 4d)
that is preserved down to low pH, possibly due to the
directionality, enforced by potential π−π interactions of the
aromatic residues (debate exists around the prevalence of actual
face-to-face “pi-stacking” as a dominant driving force)34 coupled

with a lack of flexibility. This is in concord with the kinetic AFM
measurements (Figure S5) where EDOT-FFF appears to move
from loose to tightly bundled fibers. Such aligned, face-to-face
arrangement might be a result of the enforced directional
aromatic interactions possibly from the H-like aggregation35

suggested by a blue shift and broadening in the UV−vis dilutions
(Figure 5a) that leans energetically toward a hollow structure.36

In this data we attribute the main absorption peaks at around
350 nm to the EDOT moiety whose conjugation is extended
when coupled to an oxalyl group.27

Conversely, EDOT-GFF and EDOT-GFFD gels assemble
through a movement from circular-to-elliptical or elliptical-to-
elliptical cylinders, respectively, according to SANS. In both
cases, the SANS data contain substantially greater noise at high
pH, particularly EDOT-GFF that had large uncertainties in
fitting (Figure S4 and Table S1). Since fibers were not observed
pre-GdL by AFM (Figure S5), it is possible these were more
heterogeneous systems than EDOT-FFF that contained a
mixture of aggregates such as cylinders and even spheres or
short worm-like micelles at concentrations such that clear fitting
was not possible. If adopting a spherical-to-worm-like micelle
transition,22 it is hypothesized these systems might inhabit a
kinetic space between the two that subsequently tend to
elliptical fibers with decreasing pH. The preference for the more
hydrophilic EDOT-GFFD and more flexible EDOT-GFF to
exhibit elliptical structures at low pH was accompanied by peak
broadening at high concentration (Figure 5b,c) and decreasing
extinction coefficients with dilution (Figure 5d�post-GdL
data) which was also taken to imply H-like aggregation.34 It
should be noted that we do not attempt to speculate at this point
about the exact nature of the supramolecular arrangement (e.g.,
β sheet vs α helix). Techniques such as cyclic dichroism (CD)
have been used to this effect in the past but have often yielded

Figure 5. Normalized UV−visible (UV−vis) spectroscopy dilution data for (a) EDOT-FFF, (b) EDOT-GFF, and (c) EDOT-GFFD; 12
measurements were taken across the concentration range. Dashed lines illustrate where the peaks tend toward as concentration is decreased. (d)
Extinction coefficients with dilution for the three gelators at high pH and low pH in water (i.e., before and after gelation).
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different results for the same compound and therefore can be
unreliable in ascertaining such information.22

Examination of the extinction coefficient (ε) with decreasing
concentration from 5 to 0.05 mM (Figure 5d) was determined
using UV−vis spectroscopy. It was reasoned changes in ε could
reveal transformations in assembly with dilution that might
afford better understanding of the energetic landscape. Initially,
the gelators were profiled in DMSO (Figure S6) in which they
were assumed to be monomeric, providing a marker for
complete dissolution of the compounds in terms of ε. This
assumption is derived from literature precedent of similar
peptides in which DMSO is commonly used as the solvent when
a “solvent/antisolvent” trigger is employed.37,38 When compar-
ing profiles before and after gelation, it was found for both
EDOT-GFF and EDOT-GFFD that no convergence was seen,
indicating that dilution does not revert the structures back to
their pre-gelation state, and the aggregated state of themolecules
is the most stable. This is in concord with the AFM data taken
throughout assembly (Figure S5), where a movement from
random or spherical aggregates to bundled fibers was observed
representing two distinct phases. Conversely, EDOT-FFF
demonstrated some convergence between the pre- and post-
gelation samples with dilution suggesting that a low concen-
tration might afford similar structures at both high and low pH.
AFM images taken throughout the assembly indeed reveal fiber-
like structures for EDOT-FFF (Figure S5) at high pH indicating
dilution transforms the structures possibly from a bundled fiber,
that is more exaggerated at low pH, to separate fiber
morphology.22 These data highlight how care must be taken
in concluding to what extent microscopy, often taken of diluted
samples, is representative of the bulk morphology.

Thermodynamics of Dissociation. To further understand
the driving forces behind the respective assemblies, we wanted
to probe the thermodynamics inherent to the systems, as this
was believed to be key to understanding the self-assembly and
thus any charge transport implications. Solubility profiling with
temperature has been previously shown in organic solvents to
grant estimations for thermodynamic values such as dissociation
enthalpy and entropy but to the best of our knowledge has not
been applied to aqueous systems.39 To estimate these values, we
employed the following Van’t Hoff equation:

= +Sol
H
RT

S
R

ln( ) diss diss
(1)

where Sol is the solubility, ΔHdiss and ΔSdiss are the enthalpy and
entropy of dissolution, respectively, R is the molar gas constant,
and T is the temperature. To employ 1H NMR in this way, we
assume that the system behaves cooperatively, i.e., that
molecules are effectively either free monomers or part of the

larger self-assembled structure without forming smaller
oligomer intermediates. Second, we assume that all large self-
assembled structures will be NMR silent, since the size of the
structures will result in slow molecular tumbling and hence long
T1 values. By undertaking 1H NMR measurements across a
temperature range, eq 1 allows the extraction of thermodynamic
constant estimates by plotting the natural log of solubility
against 1/T (Figure 6). Solubility values, or concentrations of
the compounds that are NMR visible, are extracted from the
spectra by comparison of the phenyl protons with concentration
of a known internal standard (Figure S7). The experiment was
conducted both before and after GdL addition to probe the
thermodynamics at both high and low pH, respectively.

Surprisingly, pre-GdL solutions of EDOT-GFFD and EDOT-
GFF appeared monomeric or short-oligomeric in solution by 1H
NMR despite SANS data suggesting the presence of a structure
(Figure 4b,c). This might result from an equilibrium between a
smaller population of assembled structures and a larger
population of mono/oligomeric, 1H NMR-visible species
which could explain why fibers were not obvious by AFM
(Figure S5). Conversely, EDOT-FFF at high pH was not
monomeric, showing broad peaks (Figures 6a and S7a) which
suggests the presence of large, aggregated structures again, in
agreement with AFM (Figure S5).

At low pH, all three gelators gave linear ln(Sol) versus 1/T
plots (Figure 6a−c) from which thermodynamic constant
estimates were extracted (Table 2). It was seen that EDOT-FFF

shows the highest enthalpy of dissociation that suggests the
intermolecular forces in the assembly are the strongest of the
gelators. It also shows the greatest entropy of dissociation,
indicating the highest degree of order when assembled, a
conclusion in agreement with the long Kuhn length from the
SANS data (Table S1) and fiber stability to high pH observed in
SANS, UV−vis, and AFM. In comparison, EDOT-GFF and
EDOT-GFFD both gave significantly lower enthalpies of
dissociation than EDOT-FFF, indicating weaker intermolecular
interactions. Smaller differences were seen in the entropy values
with EDOT-FFF > EDOT-GFF > EDOT-GFFD. It seems

Figure 6. Van’t Hoff plots of (a) EDOT-FFF before (green) and after (blue)GdL addition, (b) EDOT-GFF after GdL addition, and (c) EDOT-GFFD
after GdL addition. Circular points are the data and line plots are linear best fit lines. No linear plots were obtained pre-GdL (high pH) for EDOT-GFF
and EDOT-GFFD.

Table 2. Energetic Parameters Estimated by 1H NMR Van’t
Hoff Analysisa

Compound ΔHdiss, kJ mol−1 ΔSdiss, J mol−1 K−1

EDOT-FFF 38.34 ± 1.13 52.87 ± 6.66
EDOT-GFF 31.16 ± 0.35 48.02 ± 1.08
EDOT-GFFD 30.34 ± 0.82 44.23 ± 2.47

aΔHdiss and ΔSdiss refer to the enthalpy and entropy of dissociation,
respectively.
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although addition of aspartic acid might yield straighter and
thinner fibers, EDOT-GFF still retained a higher degree of
order. It is also interesting to note that despite having lower
energetic penalties of dissociation than EDOT-FFF, EDOT-
GFF was able to exhibit the highest storage modulus (Figure 2).
This suggests the overall mechanical strength of such gels is not
purely a function of its intermolecular interaction and structural
order but also of other relations. One possible origin could be
fiber solvation and degree of fiber bundling, more of which is
suggested to occur in EDOT-GFF by the spread into larger radii
found in its AFM histogram (Figure 3b).

Interestingly, assessing the appropriate temperature range in
which the compounds remain as gels by rheology (Figure S8)
revealed surprising phenomena. While EDOT-FFF lost
structural integrity beyond 60 °C, EDOT-GFF remained stable
from 30 to 70 °C and EDOT-GFFD actually increased in storage
modulus continuously to 80 °C despite as much as 50% of the
gelator being 1HNMR visible and, we assume, free in solution at
this temperature. This unexpected result suggests increased
temperature encourages structural rearrangements that further
strengthen the gel state. Indeed, the modulus increases even
faster upon cooling with a total increase in over 2 orders of
magnitude over the whole cycle (Figure S8d). Similar studies
have stipulated this may be the result of lengthening of coiled
fibers during dehydration with increasing temperature.40 It is
interesting to note that this phenomenon was only seen in
EDOT-GFFD, suggesting a distinctly different form of
assembly. One possibility is, when considering this gelator
showed the lowest entropy to be released upon dissolution
(Table 2), that this systemmight exist in a kinetically stable state
and transitions to a more thermodynamically stable config-
uration exhibiting a greater modulus upon heating.

Previous examples using these peptide sequences can be
considered for reference. Examples using FFF have been found
to produce fibers when capped with Fmoc or boronic acid on the
nanometer diameter scale.41,42 However, in general, no in depth
study of the specific fiber morphology such as that of neutron
scattering is present, and as such, direct comparisons are limited.
Further, these studies utilize different assembly triggers, adding
to the challenge of their use as a cross reference. More broadly,
assembly from ethanol evaporation into ordered, crystalline
nanospheres was observed when FFF is capped with a Boc group
possibly hinting at the sequences’ preference for ordered, tightly
bound assembly as we suggest here.43 Examples of fibers from
GFF and GFFD containing molecules in the literature also exist
though variety in proposed stacking (herringbone vs face-to-
face) can be seen with variation in capping moiety.44−46 Again,
different assembly triggers were chosen, and elucidation of the
specific fiber morphology is unfortunately generally absent again
preventing direct comparison with our systems.

Molecular Dynamics Simulations. To have greater
understanding as to the specific intermolecular interactions
that guide assembly of the gelators, we turned to molecular
dynamics (MD) simulations (for approach and methodology
refer to Supporting Information and Figure S9, Tables S2 and
S3). Systems of one, two, and 20 EDOT-GFF, EDOT-GFFD,
EDOT-FFF, EDOT-FF, and EDOT-FFD monomers in an
aqueous environment were simulated to determine the mode/
geometric features of association, the residues of the EDOT-
peptides responsible for association, and how these play a role in
the self-assembly of the observed supramolecular morphologies.

To monitor the evolution of the self-assembling peptide
systems, and to reveal the specific interactions that drive the

peptides’ behavior, we discriminate between peptide regions
that remain solvent exposed and those that intermolecularly
associate upon assembly. This is achieved by monitoring the
solvent accessible surface area (SASA) of a single EDOT-
peptide in solution and comparing to the SASA of interacting
peptides in the systems with two (dimer) and 20 monomers
(oligomer). The average surface area in contact (CA) for each
peptide-monomer in the dimer/oligomer assembly is used to
quantify the degree of association and is defined as

= =CA
SASA

SASA
1 N i

N
i

monomer

1
1

(2)

where ⟨...⟩ denotes time-average and N is the number of
peptides in the system (2 or 20). We distinguish the CA
contributions of the EDOT moiety, aromatic side-chain groups,
and the hydrophilic peptide backbone to compare the preferred
interactions between the different EDOT-peptides and relate
this to their observed self-assembly behavior. Figure 7a plots the

average contact surface area for each of the distinct residues in
the dimer and oligomer as a percentage of the solvent accessible
surface area (SASA) of that residue in a single EDOT-peptide
monomer.

Figure 7b presents representative structures for EDOT-
peptide monomer interactions colored for the distinct residues
plotted in Figure 7a. For the simulations containing two EDOT-
peptide monomers, EDOT-GFF, EDOT-GFFD, EDOT-FFF,

Figure 7. (a) Average contact surface area for EDOT, aromatic, and
hydrophilic backbone residues from molecular dynamics (MD)
simulations of dimer (shaded) and oligomer (transparent) EDOT-
GFF, EDOT-GFFD, EDOT-FFF, EDOT-FF, and EDOT-FFD
assemblies compared to the solvent accessible surface area of a single
EDOT peptide monomer. (b) Representative structures from MD
simulations of interacting EDOT-GFF, EDOT-GFFD, EDOT-FFF,
EDOT-FF, and EDOT-FFD peptide dimers, indicating preferred
interactions leading to their self-assembly behavior. Solvent molecules
and periodic unit cells are not displayed for the sake of clarity.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.3c01360
Chem. Mater. 2024, 36, 3092−3106

3098

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01360/suppl_file/cm3c01360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01360/suppl_file/cm3c01360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01360/suppl_file/cm3c01360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01360/suppl_file/cm3c01360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01360/suppl_file/cm3c01360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01360/suppl_file/cm3c01360_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01360?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01360?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01360?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01360?fig=fig7&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


EDOT-FF, and EDOT-FFD monomers were in contact with
each other on average for 46%, 67%, 72%, 38%, and 41%,
respectively, in the final 100 ns of simulation. This demonstrates
the stronger association of the EDOT-peptides that self-
assemble into fibers (EDOT-GFF, EDOT-GFFD, and EDOT-
FFF). Figure 7a shows for the fiber-forming EDOT-peptides,
there is a stronger tendency for the monomer interactions to
involve the aromatic and hydrophilic residues than the EDOT
moiety, while the opposite is true for EDOT-FF, and there is no
clear preference for EDOT-FFD. Representative structures in
Figure 7b for EDOT-peptide monomer interactions demon-
strate π−π interactions between phenylalanine rings in EDOT-
GFF, EDOT-GFFD and EDOT-FFF. In EDOT-GFF and
EDOT-GFFD, the flexibility of the glycine linker promotes
hydrogen bonding between peptide backbones and structural
rearrangement to afford complementary π−π interactions.
Conversely for EDOT-FFF, the lack of glycine reduces flexibility
and results in predominantly π−π interactions, with hydrogen
bonding between the peptide backbones less accessible. As
EDOT-peptides engage in π−π interactions, the backbone of the
peptide becomes less accessible to the solvent, so naturally the
relative intra- and interpeptide contact area increases. As the
interacting EDOT-FFF backbones appear to be less accessible to
the solvent, the backbone hydrogen bonding is present on
average for only 47% of the time in contact, compared to 52%
and 59% for EDOT-GFF and EDOT-GFFD, respectively. In
MD simulations of larger oligomeric assemblies of 20 EDOT-
peptide monomers, we observe π−π interactions as the main
driving self-assembly mechanism for all EDOT-peptides.
Hydrogen bonding between hydrophilic moieties also contrib-
ute to EDOT-peptide association, particularly for EDOT-GFF
where the flexibility of the glycine linker promotes oligomeriza-
tion. For EDOT-GFFD however, and EDOT-FFD, the L-
aspartic acid terminal favorably hydrogen bonds with water,
remaining accessible to the solvent. This is clear in Figure 7a,
with a marked reduction in the contact area of the peptide
backbone compared to the EDOT and aromatic residues for
EDOT-GFFD and EDOT-FFD.

The simulated self-assembled structures of 20 EDOT-peptide
monomers clearly demonstrate the tendency to arrange with
externally facing (water-exposed) hydrophilic residues and
internally shielded π−π interactions (Figure S9). For example,
the dominant side chain π−π interactions that prefer to
internalize within the EDOT-FFF assembly are accommodated
by parallel peptide arrangements that intermolecularly hydrogen
bond across peptide−peptide backbones. This is evident in
Figure S9 when visualizing the EDOT-FFFmonomer secondary
structure elements. In contrast, the flexible glycine linkers of
EDOT-GFF and EDOT-GFFD allow peptide monomer
backbones to form more interconnected hydrogen bond
networks across the oligomeric assemblies. This enhances the
β-like conformational characteristics of their secondary structure
compared to EDOT-FFF, with emerging β sheet-like alignments
for EDOT-GFF and identifiable small β sheets for EDOT-
GFFD. The hydrophilic peptide backbone also interacts with the
solvent in the case of EDOT-GFFD. From these basic
observations, it can be suggested that the enhanced aromatic
character of EDOT-FFF limits hydrogen bonding between
larger aggregates, and this may contribute to the formation of
hollow macromolecular structures rather than elliptical.

It is worth noting that spontaneous peptide self-assembly on
the experimental time scale is currently out of reach for all-atom
MD simulations;47 therefore prototypical model systems have

been employed to provide insights into the intermolecular
interactions driving the self-assembly process. Similar MD
simulations have previously been successful in rationalizing
different peptide self-assembly mechanisms in corroboration
with experimentally observed morphologies.48,49

Reflecting on this, it is possible that a more hydrophobic and
aromatic molecular design like EDOT-FFF enforces more
solvent shielding, encouraging intermolecular association with
greater enthalpy and entropy released upon dissolution than the
other gelators (Table 2). The stronger preference to shield from
the solvent may have resulted in a kinetically trapped state�the
fibrous gel. Further evidence for this is seen when application of
heat quickly destroys such ordered architectures, indicating the
more thermodynamically stable state is not a fiber gel assembly
(Figure S8). Inclusion of glycine in EDOT-GFF and EDOT-
GFFD, however, seems to prefer more open, hydrogen bonded
structures, more loosely bound with less entropy released upon
dissolution (Table 2): perhaps a result of a greater number of
possible conformations afforded by a flexible linker. These
structures seem to survive heating (Figure S8) and even increase
in modulus for EDOT-GFFD suggesting rearrangements into
more mechanically robust assembled conformations. It is worth
noting these differences in moduli response to heating may
demonstrate that the two elliptical fiber examples, EDOT-GFF
and EDOT-GFFD, differ in assembly mechanism and molecular
arrangement, meaning three distinct assembly modes might
actually be present in this study.

Charge Transport. Following the characterization and
simulation of the structures and assembly pathways, we assessed
charge transport through the gels. Conductivity measurements
of the hydrated gels using a four-point probe (4PP) showed
EDOT-FFF exhibited nearly twice the conductivity of EDOT-
GFF and EDOT-GFFD (Table 3). Measurements of corre-

sponding samples in the dry state yielded 2−3 orders of
magnitude lower conductivities (10−5−10−6 S/m, data not
shown). Since we used only single EDOT units in the synthesis,
this observation combined with the absence of a major DC
conduction contribution to the impedance spectra (Figure
8c,d)50 of the hydrated gel samples indicates charge transport in
the gel is primarily ionic with no Faradaic process at the
electrodes, and that the contribution from conducting holes
through the fibers themselves is negligible. As a comparison, the
conductivity of a GFF sequence with an Fmoc capping group
rather than EDOT was tested. It was observed that this gelator
gave an average conductivity of 0.057 ± 0.031 S/m, a value
between those of EDOT-FFF and EDOT-GFF/EDOT-GFFD.
However, since this system was not structurally profiled, the
conclusion drawn is that EDOT capping groups, in and of

Table 3. Gel Conductivity Estimates from the Four-Point
Probe and the Real Part of the High Frequency (1 MHz)
Electrochemical Impedance

Compound
Conductivity by four-
point probe (c), S/m

Conductivity by impedance
spectroscopy (σEIS), S/m

EDOT-FFF 0.0812 ± 0.022 0.0248 ± 0.006
EDOT-GFF 0.0379 ± 0.007 0.0137 ± 0.001
EDOT-GFFD 0.0408 ± 0.006 0.0137 ± 0.002
Electrolyte n/aa 0.014 ± 0.002

aFour-point probe measurements not conducted on the electrolyte
itself since a sample thickness could not be accurately ascertained
given, for instance, the convex meniscus.
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themselves, do not appear to drastically enhance conductivity
over other aromatic termini and that such charge transport
values might pertain to the field more broadly.

Nyquist plots showing the electrochemical impedance at
different frequencies of the gels and control electrolyte sample
are shown in Figure 8 and allow further insight into the
conduction mechanisms. It is reasonable to assign the intercept
of the high frequency impedance with the x-axis (real part) on
the Nyquist plot (Figure 8c,d) to the solution resistance,

inversely proportional to the bulk conductivity of the solution.
The relative differences between the gels are consistent with the
four-point-probe measurements, where the EDOT-FFF gel
showed about half the resistance of the EDOT-GFF and EDOT-
GFFD gels. The absolute differences between the DC 4PP and
the high frequency EIS conductivity values are within an order of
magnitude and are related to the differences between the
techniques and system geometry. Interestingly the electrolyte
control sample showed on average a similar series resistance to

Figure 8. (a) A simple equivalent circuit describing a gel (or electrolyte) in contact with an inert glassy carbon electrode, ignoring the high frequency
loop seen in the impedance spectra. The constant phase element (CPE) represents the electrolyte double layer at the electrode interface. The finite-
length Warburg element39 WO represents the diffusive accumulation and dissipation of charge at the interfaces and Rsol is the bulk solution resistance.
(b) A modification of the gel-electrode equivalent circuit in (a) to include dispersive accumulation/dissipation of charge at the interfacial region or
dispersive transport there. (c) Impedance data from the high-to-mid-frequency range; (d) full impedance spectra from 106 to 0.1 Hz except for the
EDOT-GFF where the full range is shown in Figure S10. Equivalent circuit fits are shown by the black dashed lines, with the fit for the electrolyte
control shown as an orange dashed line. EDOT-FFF and EDOT-GFF are fit with (b) while EDOT-GFFD and the electrolyte control are fit with (a);
the fitting parameters are given in Table S4.

Figure 9. Schematic representation of the proposed mechanistic origin of the conductivity differences observed by experiment. (a) Illustration of
different rates of absorption−desorption on the fiber surfaces; (b) separation of paired ions via binding to the fiber surface disrupting their net
neutrality; (c) disruption of the solvation shell of the ions; and (d) differences in tortuosity and constrictivity between hollow and solid fibers that may
also contribute to differences in conductivity. Here the blue tubes represent the elliptical cylinder systems of EDOT-GFF and EDOT-GFFD. Note that
although illustrated here primarily with the hollow tube of EDOT-FFF, the mechanisms are speculated to be occurring in all gelators, particularly the
fiber surface-based phenomena of (a) and (b).
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the EDOT-GFF and EDOT-GFFD samples; in contrast, the
EDOT-FFF sample showed a lower resistance than the
electrolyte control, consistent with a higher ionic mobility
and/or ion activity (effective concentration) in this gel structure.
It should be noted, if tempted to ascribe this increase relative to
the electrolyte to the gelator itself diffusing, the Van’t HoffNMR
analysis showed EDOT-FFF to be the least present in solution
once assembled (Table 2 and Figure S7). For reference,
conductivity values typically reported in biomaterials designed
for charge transport through incorporation of conducting
polymers range from 10−4−100 S/m.51

We note that the Nyquist plots for all gels and the electrolyte
control showed a small loop at high frequency with a width of
approximately 200 Ω. This feature is often attributed to the
capacitance of the electrical double layer at electrolyte
interfaces.52 However, we were unable to obtain repeatable
and reliable measurements of this region, so to avoid
overinterpretation, we have excluded this feature from our
models. A reasonable fit to the electrolyte control sample data,
excluding the high frequency loop, can be achieved using the
circuit model shown in Figure 8a. In this model the inert, non-
Faradaic, glassy carbon electrode interface is described by a
constant phase element (CPE) in series with an “open”Warburg
element (WO)

53 describing the diffusive accumulation and
dissipation of ionic charge at the interface and a series resistor
(RSol) describing ionic transport through the bulk. This model
also described the behavior of the EDOT-GFFD gel well. In
general, an additional constant phase element (CPE2 - full circuit
shown in Figure 8b) in parallel with the Warburg element was
introduced to better describe the behavior of the EDOT-FFF
and EDOT-GFF gels (Figure 8c). This could be consistent with
adsorption and desorption of ionic charge within an extended
interfacial region near the electrode interface leading to the
signatures for dispersive processes that we observe in the
impedance spectra.

An alternative explanation for the dispersion in RC relaxation
times associated with the CPE2 element used to fit the EDOT-
FFF and EDOT-GFF data could be related to these gels
exhibiting an inhomogeneous fractal structure leading to
frequency dependent transport through the gel network near
the electrodes.54

We now briefly reflect on the possible origins (Figure 9) of the
differences observed in the electrical measurements since we
assume all samples have the same background concentration of
ions. The high conductivity of the EDOT-FFF gel relative to
both the other two gels and the electrolyte control might be
explained by one of, or some combination of, the following:

1. Differences in the rates and scale of surface adsorption
and release of conducting ions on the gel fiber surfaces.
Repeated capture and release of ions on the network’s
surface could reduce the effective mobility of ions through
the system�also resulting in a distribution of time
constants for capacitive and transport effects in the gel
(Figure 9a). If the EDOT-GFF and EDOT-GFFD gels
have higher propensity toward these processes, then it
could explain their lower conductivity. We note that this
explanation in isolation is not consistent with the control
electrolyte showing a similar conductivity to these gels.

2. A higher concentration of active ions relative to the other
samples. This could be plausible if ion pairing occurs in
the electrolyte (which would reduce conductivity�
Figure 9b). Preferential adsorption of one of the

electrolyte ion species onto the gel fiber surface could
conceivably result in a reduction in ion pair concentration,
releasing unpaired ions for conduction (i.e., increase the
electrolyte activity). The structural data indicates the
EDOT-FFF gel fibers are hollow and likely to have a
higher surface area per unit volume than the other samples
which could be consistent with this hypothesis.

3. A higher mobility of the ions. The structure of the EDOT-
FFF gel may in some way disrupt the solvation shells
around electrolyte ions in this gel, increasing their
mobility by reducing the solvation shell radius (Figure
9c). Conceivably, this could occur within the hollow
EDOT-FFF fibers.

4. A reduction in the tortuosity and constrictivity of the gel
structure. The pathways for ion transport could be more
open with fewer circuitous routes and dead ends in the
EDOT-FFF gel relative to the other two gels acting as an
artificial “ion channel”, resulting in higher ionic
conductivities (Figure 9d). Again, we note that this
explanation in isolation is not consistent with the control
electrolyte showing a lower conductivity.

Further study is required to confidently ascertain the origins
of the observed differences in electrical properties, but our
results indicate that small differences in the molecular design of
the gels can significantly influence their performance. We have
shown that the morphology of assembly can be dictated through
chemical and thermodynamic design, in particular with
triphenylalanine adopting hollow cylinders. If enhanced ionic
transport were to be mediated by these hollow fibers, interesting
bioengineering possibilities would arise since ionic motion is a
ubiquitous form of cellular communication often relying on ion
channels in conventional biological tissue.

In conclusion, the EDOT moiety has been successfully
incorporated into a self-assembled hydrogel system with peptide
sequences spanning a range in hydrophobicity. An array of
characterization techniques highlighted the impact small
changes in peptide sequence have on the thermodynamics of
dissociation in solution that in turn inform the assembly
pathway. We observed that the selection of either hollow or
elliptical cylinders could be dictated by molecular design. We
further propose such differences arise from a combination of
more hydrophobicity in the peptide sequence, such as three
phenylalanines, causing greater energy cost for dissociation
coupled with possible directional bonding from conjugated
residues and structural rigidity (as informed by a glycine spacer).
From our results it appears use of more rigid and hydrophobic
molecular design such as EDOT-FFF can tend assembly toward
more defined structures such as hollow nanotubes (Figure 4)
with greater enthalpy and entropy of dissolution. These
maintain their morphology across the pH range of the trigger
with the increasing acidity likely serving to encourage more
bundling and fiber association, allowing gel formation. Further,
these structures are likely more tightly associated and ordered as
indicated by the enthalpy and entropy of dissociation estimates
in Table 2 as well as potentially stacked face-to-face as H-like
aggregates (Figure 5). Indeed, MD simulations suggest that
EDOT-FFF prefers π−π interactions that shield the molecular
backbone from solvent interfacing and reducing hydrogen
bonding. This rigidity, order and large entropy release upon
dissolution may also explain the mechanical failure upon heating
in contrast to the stability and even thermal strengthening seen
in its less rigid and less hydrophobic counterparts (Figure S8).
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Increasing flexibility (glycine inclusion) and hydrophilicity
(aspartic acid inclusion) appears to yield solid elliptical fibers
with potentially less order, as suggested by the entropy change
(Table 2) and no dominant aggregation character, as indicated
by the lack of λmax shift with dilution (Figure 5). MD simulations
further suggested these compounds relied less upon π−π
interactions, giving more solvent-exposed molecular backbones,
greater hydrogen bonding, and possible β-sheet arrangement or
β-sheet like alignments (Figure S9). We speculate that while
assembly into fiber-based gels can be broadly achieved in
peptide derivatives through desolvation via a pH trigger, the
specifics of the ordering within the fibers itself are highly amino-
acid sequence dependent. With this said, great care must be
taken in generalizing from such data as design rules are
notoriously difficult to establish in low molecular weight
gelators.29 Nonetheless, the pathways of assembly investigated
in this study have been shown to dictate the mechanical and
morphological properties, which in turn may influence changes
in charge transport. Indeed, a small alteration in the molecular
design led to a doubling in the electrical conductivity of the solid
ionic medium. We speculate that this could originate from the
hollow nature, or lack therein, of the fiber structures influencing
the electrical properties of the gel. A number of possible
mechanisms behind this phenomenon have been proposed
including surface absorption−desorption effects, tortuosity of
charge diffusion pathways, ion pair separation, and solvation
shell disruption. Charge transport enhancement is generally
anticipated to elevate the integration with, and facilitation of
communication between, biological tissues and is indeed
strongly linked to the differentiation and proliferation of
appropriate cell types (neuron, cardiac etc.).1−5 Systems
constructed from common building blocks of the biological
milieu such as amino acids are anticipated to be highly
cytocompatible and nonimmunogenic allowing for seamless
integration with biological tissue. For the LMWG material field
that can already mimic extracellular tissue morphology and
mechanical properties, and offer extensive “self-healing” proper-
ties, the understanding of how to program enhanced ionic
charge transport through elucidated molecular design is
anticipated to progress the field toward the complexity
demanded of it.

■ EXPERIMENTAL SECTION
General Remarks. All solvents were purchased from Fischer

scientific or VWR. All reagents were purchased from Sigma-Aldrich
unless stated otherwise below. 2-Chlorotrityl chloride resin (1.0−1.2
mol equiv/g 200−400 mesh) was purchased from Chem-Impex
International Inc. Fmoc Asp(OtBu) was purchased from Fluorochem.
3,4-Ethylenedioxythiophene (EDOT) was purchased from Alfa Aesar.
1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]-
pyridinium 3-oxid hexafluorophosphate (HATU) and O-(1H-6-
chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate (HCTU) coupling reagent were purchased from AGTC
bioproducts. Deuterated chloroform and dimethyl sulfoxide (DMSO)
were supplied by MagniSolv. Deuterated water, water, acetonitrile,
sodium hydroxide, tetrahydrofuran (THF), n-hexane, and magnesium
sulfate were all purchased from VWR. Ethyl acetate and hydrochloric
acid were purchased from Fischer scientific. N-Methyl-2-pyrollidone
was purchased from Thermo scientific.

Column chromatography was undertaken using silica gel (40−63
μm) and visualized on a thin film chromatograph using UV irradiation
(254 nm wavelength). 1H and 13C nuclear magnetic resonance (NMR)
measurements were made using a JEOL autosampler NMR
spectrometer at 400 and 75 MHz respectively and conducted at 298
K unless otherwise stated. Chemical shifts (δ) were referenced to the

residual peak of the solvent (CDCl3 = 7.26 ppm, DMSO-d6 = 2.50 ppm
or D2O = 4.79 ppm) unless stated otherwise. Proton (1H) NMR data
are reported as chemical shifts with the following multiplicity notation:
s = singlet; d = doublet; t = triplet; q = quartet; m = multiplet; br =
broad; td = triplet of doublets. This is followed by the proton position
and then the coupling constants (J) in Hertz if applicable. High-
resolution mass spectrometry (HRMS) was undertaken using an
Agilent 6546 liquid chromatography/quadrupole time-of-flight (LC/
Q-TOF) mass spectrometer. This was run in a 50−70% gradient of
acetonitrile in water with 0.1% formic acid over 6 min using an
EclipsePlusC18 RRHD 1.8 μm, 2.1 × 50 mm column at a flow rate of
0.5 mL/min. Mass calculations were done using the Agilent
MassHunter qualitative analysis 10.0 software.

Assembly Protocol. In a typical experiment, the EDOT-peptide
was dissolved in 1.5 equiv of NaOH in MQ water (1 M stock).
Sonication was undertaken for 10 min to ensure dispersion of the
compound in solution. To this was added 2 equiv of glucono-δ-lactone
(GdL) (predissolved in MQ at ∼0.5 M and immediately added) giving
the final concentration of gelator as 10 mM. At this point the gelation
process had begun, if experiments were undertaken in the gelled state a
minimum of 12 h was required before measurements were taken.

Atomic Force Microscopy. Measurements were performed on a
5500 Agilent AFM instrument using an AC240TS-R3 cantilever from
Oxford Instruments ( f = 70 kHz, k = 2 N/m, no tip coating) with AC
tapping mode in air. Typically, substrates were prepared on Si by
diluting down to 0.1 mM then applying 5−10 μL to the surface for 10−
20 min following which a Kimwipe was used to wick off remaining
liquid. Samples were imaged within 48 h of preparation. Images were
processed using Gwyddion (64 bit) software including the use of
flattening and polynomial row alignment functions. When obtaining
height profile histograms, a minimum of 50 measurements were made
for each gelator type.

UV−Visible Absorbance Spectroscopy. UV−vis absorbance was
measured using a Nanodrop 2000c spectrometer. Samples were
measured in quartz and sometimes optical glass cuvettes with path
lengths ranging from 0.1 to 2 mm.

Extinction Coefficient. The (molar) extinction coefficient (M−1

cm−1), ε, values were calculated by using the following equation:

=A cl

where A is the absorption, c is the molar concentration (M), and l is the
path length (cm).

Rheology. Rheologymeasurements were taken using an Anton Paar
MCR 302 Modular Compact Rheometer. Samples were measured
using a 25mm plate with parallel plate geometry. Time-resolved sweeps
were conducted at a constant frequency = 1 Hz, strain of 0.1% and at
steady state with max equilibration time of 200 s. A data point was
collected every minute for 12 h. To justify the frequency and strain
values used, a frequency sweep ( f = log sweep 100−0.01 Hz, strain =
0.1%, steady state with max equilibration time = 200 s, 10 data points
per decade�Figure S3a) and strain sweep ( f = 1 Hz, strain log sweep
0.01−100%, steady state with equilibration time = 20 s�Figure S3b)
were conducted. It was observed that the gels displayed stable storage
and loss modulus behavior in the values chosen for the time sweep.

pH Profiling. A Mettler Toledo FiveEasy plus pH meter was used.
The equipment was calibrated using a three-point calibration to 4, 7,
and 10 pH standards before use. The probe tip was rinsed thoroughly
with DI water between each measurement, and the probe was held in
the gelling solutions for at least 30 s before measuring the value.

Thermodynamic Constants by NMR. Van’t Hoff analysis
experiments were taken using a JEOL 400 MHz nuclear magnetic
resonance spectrometer. 1H NMR spectra were taken from 25 °C in 5
°C steps up to 80 °C for pre-GdL samples and 70 °C for post-GdL
samples. A known concentration (set to 0.5 equiv relative to the
LMWG in question) of an internal standard ((3-trimethylsilyl)-
propionic-2,2,3,3-d4 acid sodium salt) was used to assess the
concentration of NMR visible LMWG as the temperature was
increased. The samples were measured both before and after gelation
via the GdL addition method detailed above except here with the use of
deuterium oxide and sodium deuteroxide in the place of water and
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sodium hydroxide, respectively. All linear fits for post GdL gave R2

values greater than 0.98. It was seen that baseline correction functions
were suitable for EDOT-GFF and EDOT-GFFD giving highly linear
data in the ln(S) versus 1/T plots. In the case of EDOT-FFF, the
exceptionally low solubilities meant that integrations below 40 °C were
not usable. Since the gel phase appears to break down above 60 °C by
rheology (Figure S6a), only the region of 40−60 °C was used to
estimate the dissociation thermodynamics for EDOT-FFF.

As mentioned in the main text, it was assumed based on literature
precedent39 that the LMWGs were either free in solution if NMR was
visible or incorporated into the large, assembled macrostructures if
NMR was invisible.

Small-Angle Neutron Scattering. Measurements were per-
formed at the ZOOM beamline of the ISIS pulsed neutron source at
the Rutherford Appleton Laboratory (Didcot, U.K.). Measurements
were taken both pre-GdL and greater than 12 h post-GdL addition. The
assembly protocol was as described above except for the use of
deuterium oxide in the place of water. Samples weremeasured for 10 μA
at 25 °C. The pinhole collimation was set to L1 = L2 = 4 m while
sample-detector distances were configured to give a scattering vector Q
= (4π/λ)sin(θ/2) range of 0.004−0.722 Å−1, where θ is the scattering
angle and neutrons of wavelengths (λ) of 1.75−16.5 Å were used
simultaneously by time of flight. Data reduction was performed using
MantidPlot,55 and the SANS curves were fitted with SasView v5.0.4.56

A solvent scattering length density (SLD) of 6.3 × 10−6 Å−2 was
assumed and was calculated for the LMWG in question using SasView’s
SLD calculator (1.71, 1.73, and 1.74 × 10−6 Å−2 for EDOT-FFF,
EDOT-GFF, and EDOT-GFFD respectively). Background subtrac-
tions were performed using the mixtures minus the gelators.

Molecular Dynamics Methodology. Atomic coordinates for the
initial models of the five EDOT-peptide variants were constructed in
extended conformations (trans peptide backbones) using Discovery
Studio Visualizer.57 Systems with one, two, or 20 individual EDOT-
peptide monomers were created using the Packmol58 program to place
all constituent monomers at an initial separation distance > 1.5 nm.
EDOT-peptides were then explicitly solvated in cubic simulation cells
with side lengths of 5 nm (∼12,000 water molecules) and 9 nm
(∼70,000 water molecules) for the systems containing one/two
monomers and 20 monomers, respectively. All titratable groups were
fully protonated to emulate low pH conditions, with Na+ and Cl−
counterions present at the experimentally relevant 15 mM concen-
tration.

Molecular dynamics (MD) simulations were performed using the
GROMACS 2023 software package59 with interatomic interactions for
peptides described by the CHARMM36 protein force field60 and the
EDOT moieties treated with the CHARMM General Force field
(CGenFF, version 4.0).61 Atomic charges and missing parameters were
assigned via analogy and optimized to be CHARMM-compatible using
the Visual Molecular Dynamics (VMD) 1.9.4 software,62 the Force
Field Toolkit (ffTK, version 2.0) plugin,63 and Gaussian 16 (revision
C01)64 (see Tables S2 and S3). In all simulations, periodic boundary
conditions were employed. Long-range electrostatics were treated with
the Particle Mesh Ewald (PME)65 method with a 12 Å cutoff and 1.2 Å
fast Fourier transform (FFT) grid spacing. van der Waals interactions
had a cutoff distance of 12 Å with force switching at 10 Å. To avoid
steric clashes in the starting atomic coordinates, energy minimization
was performed using the steepest descent algorithm and an energy
convergence criterion of 100 kJ mol−1. The Berendsen66 weak-coupling
scheme was initially used to efficiently relax the system to the target
temperature of 298 K and pressure of 1 atm. Equilibration was
performed for 250 ps of MD in the canonical (NVT) ensemble with the
EDOT-peptide monomers restrained to their initial positions, followed
by 750 ps of unrestrained MD in the isothermal−isobaric (NPT)
ensemble. Finally, the extended-ensemble Nose−́Hoover67,68 and
Parrinello−Rahman69 coupling schemes were used to perform NPT
simulations for data collection. An integration time step of 2 fs was used
for all simulations, and the LINCS algorithm70 was employed to
constrain the length of bonds containing hydrogen atoms.70 Each
model system was simulated with five independent trajectories with an
output frequency of 5 ps. Systems containing one or two EDOT-

peptide monomers ran for 1 μs, with quantitative analysis reported on
the last 100 ns. Those containing 20 EDOT-peptide monomers ran for
100 ns, with quantitative analysis reported on the last 10 ns. Solvent
accessible surface area and hydrogen bond analysis was performed using
GROMACS tools and qualitative analysis and rendering was performed
using VMD 1.9.4 software.

Four-Point Probe. Films were fabricated in rectangular PDMS
molds with dimensions of 10 × 10 mm. Film thicknesses were assessed
by imaging using an Ossila contact angle goniometer and comparing
observed thicknesses, averaged across the film, with the thickness of the
glass slide beneath (known to be 1 mm).

Gels were prepared in the PDMS molds for 24 h using the assembly
protocol described above. These were placed in a sealed container
during gelation with a Milli-Q water reservoir to prevent dehydration.
Once unsealed, measurements were immediately taken using an Ossila
four-point probe and thicknesses estimated. At least 3 measurements
were made per sample for at least 3 samples per LMWG. The mean of
the resulting conductivities and sheet resistances was calculated and
stated in the main text. The error given is the standard deviation in each
case, with the distribution here assumed to be normal.

Electrochemical Impedance Spectroscopy (EIS). EIS measure-
ments were taken by using a Palmsens4 electrochemical interface and
glassy carbon electrodes. Gels were prepared in custom-made
cylindrical PDMS molds with diameters around 7 mm. After removal
from the molds for measurement, the thickness was found to vary and
so is accounted for in each case through measurement using a pair of
calipers. Samples were measured using a frequency sweep from 106 to
0.1 Hz with 20 measurements per decade, an AC voltage of 0.01 V and
equilibration time of 10 s. Analysis and circuit fitting were undertaken
using the Z-view (v2) software. Mean and error were calculated as for
four-point probe. The electrolyte control consisted of simply theNaOH
and GdL in Milli-Q water without the gelator, again left for at least 12 h
to mimic the gelation protocol and allow comparable GdL hydrolysis.
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