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ABSTRACT: Peptide-based supramolecular systems chemistry seeks to mimic the ability of life
forms to use conserved sets of building blocks and chemical reactions to achieve a bewildering
array of functions. Building on the design principles for short peptide-based nanomaterials with
properties, such as self-assembly, recognition, catalysis, and actuation, are increasingly available.
Peptide-based supramolecular systems chemistry is starting to address the far greater challenge of €)'€'@® '@ & O
systems-level design to access complex functions that emerge when multiple reactions and 9DOGOQG == —
interactions are coordinated and integrated. We discuss key features relevant to systems-level IQMQCGD@ —
design, including regulating supramolecular order and disorder, development of active and v __x
adaptive systems by considering kinetic and thermodynamic design aspects and combinatorial 000
Q@

dynamic covalent and noncovalent interactions. Finally, we discuss how structural and dynamic

design concepts, including preorganization and induced fit, are critical to the ability to develop @ 0% @®® @

adaptive materials with adaptive and tunable photonic, electronic, and catalytic properties. @ o0 @@ @) @@

Finally, we highlight examples where multiple features are combined, resulting in chemical

systems and materials that display adaptive properties that cannot be achieved without this level

of integration.
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1. INTRODUCTION

All currently known life forms share the same conserved sets of
building blocks and interactions. Of the classes of biomole-
cules, peptides and proteins produced from 20 amino acids are
arguably the most versatile, giving rise to structures and
functions that orchestrate the chemistry of life. When
organized into oligomers or polymers with specific sequences,
these chemically simple amino acids give rise to structures with
folded and flexible domains, giving rise to wide-ranging
functionalities including molecular recognition, self-assembly,
catalysis, fluorescence, shapeshifting, and more. Furthermore,
at the next level of complexity, the dynamic interactions
between collections of these functional biopolymers lead to
complex systems, resulting in Nature’s remarkable feats of
molecular engineering, including motility, morphogenesis,
sensing, growth, and healing.

Contemporary understanding of the organizational princi-
ples in space and time of complex biomolecular ensembles is
limited. Beyond much progress in the elucidation of sequence-
to-structure-to-function relationships in individual biomole-
cules, leading to powerful design rules, a next frontier is to
elucidate how complex adaptive functions emerge through a
systems-level consideration of large numbers of interacting
biomolecules. Analogous to biological systems, it is increas-
ingly apparent that integration of multiple different interacting
biomolecules provides routes to system-level functions that are
not accessible by using the more traditional minimalist
approach. For such systems, functionality emerges not only
from primary sequence and its supramolecular self-assembly
but as a consequence of adaptive and multifaceted interactions
between numerous building blocks and changes in these
interactions over time. Systems chemistry'~’ has been defined
as the science of studying networks of interacting molecules, to
create new functions from a set (or library) of molecules with
different hierarchical levels and emergent properties. Examples
that make use of holistic, systems-level design approaches,
include self-selection of complex and self-folding structures,
self-replication of supramolecular structures,” emergence of
positive-feedback catalytic functions with through recruitment
of cofactors,'”"" reaction-diffusion catalytic systems,"* chem-
ical oscillators, and designed clock-reactions.”®> It has been
recognized that peptides are particularly useful as components
of designed complex chemical systems.'* Typically, the
approach involves reducing (compared to their biological
counterparts) the complexity of individual building blocks
(designed peptides instead of proteins) and study how their
multicomponent interactions give rise to new structures
(Figure 1A (1), how their dynamics (2) change over time or
in response to applied stimuli, and ultimately give rise to
designed properties and functions (3).

The field of supramolecular peptide systems integrates

systems chemistry”'*™'7 with peptide nanotechnology.'>'®
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Figure 1. Peptide-based supramolecular systems chemistry. (A)
Outline of the topics covered in this review. (B) Color-coded amino
acid building blocks which build up to functional peptides, discovered
through computation and experimentation. (C) Schematic represen-
tation of peptide systems that combine structure, dynamics, and
function.

Supramolecular peptlde systems

Peptide and protein nanotechnology exploits insights of
biomolecular folding and assembly to create materials and
structures with designed functions that are typically much
simpler than their biological counterparts. In this field, the
ultimate aim is typically to simplify or repurpose biomolecular
structures as components of nanoscale devices and materials
for biomedical, environmental, and technological applica-
tions."” > This review addresses efforts that start to bridge
minimal peptide nanotechnology design, typically precisely
understood, but with limited functionality, and systems-level
complex functions observed in biological systems. We review
literature examples that show integration of multiple
components to produce rational and tractable systems with
designable properties that rely increasingly on the organization,
in space and time, of multiple components.

While breaking up complex systems into components is
inherently not true to the systems thinking, in order to produce
a review that is logically organized, we have decided to divide
the review into the following parts according to the emphasis
of the examples that we discuss. They are, first, how
multicomponent peptide systems give rise to multicomponent
structures. A key focus in this section is the balancing of strong
folding, stable structures, and adaptivity and flexibility (section
2). When interactions are too strong, irreversible phase
separation and aggregation can occur, and when they are too
weak, favorable folds or interactions are insufficiently stabilized
to promote the emergence of supramolecular functions. Thus,
what is crucial is the balancing and rebalancing of components
that favor supramolecular order versus disorder. Indeed, the
role of dynamic, induced, or disordered motifs in the
functioning of proteins that navigate a shallow energy
landscape has become increasingly clear'>*"** and has started
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Figure 2. Supramolecular crystals produced from short peptides. (A) FF and its crystal structure. The unit cell is highlighted in red, encapsulating
most of the aromatic zipper. (B) PFF and its helical structure. (C) Amidated tripeptides FYD, YFD, DFY, and DYF along with their preferred
molecular conformation as obtained by molecular dynamics simulations. (D) Macroscopic appearance of the above structures assembled in water,
with corresponding TEM images, showing the different structures formed by the isomers. Scale bars 100 nm. (E) Crystal structures of DYF (top)
and YFD. (A) Reproduced with permission from ref 58. Copyright 2016 Springer Nature. (B) Reproduced with permission from ref 59. Copyright
2019 Springer Nature. (C—E) Reproduced with permission from ref 40. Copyright 2019 AAAS.

to make its way into peptide nanotechnology. New disordered
structures are being designed, such as biomolecular con-
densates, which complement rigid and ordered structures.”***
Section 3 covers integration of multiple different types of
peptide building blocks or components where properties are
observed that are not achievable with single building blocks,
including coassembly and assembly at interfaces. Besides
structural and spatial aspects, supramolecular peptide systems
are characterized by rich, dynamic, and temporal features.
Remarkable active and adaptive properties that are not
accessible without this level of integration have been
demonstrated (section 4). We then focus on systems that
display new properties and functions that arise from their
multicomponent and dynamic properties, discussing emer-
gence of properties such as reactivity, catalysis, charge, and
energy transport. Finally, we will discuss systems that show
integration of structure, dynamics, and functions in their
designs, where we are starting to see the power of complex
chemical systems of multiple reactive biomolecules to achieve
new functions (section S).

13871

In this review, we focus on a subset of the literature where
building blocks are short peptides and short peptide derivatives
(typically less than 1S amino acids in length) to create
supramolecular functions with increasing levels of integration
and complexity. These peptide designs themselves are often
not of biological origin but specifically designed to achieve
desired material properties. The peptide designs may be linear
or cyclic, and they may be functionalized with aliphatic or
aromatic groups in order to influence their self-assembly
properties and/or to introduce chemical functionality.
Examples are also included that incorporate reversible covalent
conjugation or oligomerization steps, so that both collective
covalent and noncovalent exchange of bonds are possible. The
assembly rules for these types of short peptide building blocks
have been developed using both experimental and computa-
tional approaches,”® and we refer to a number of recent reviews
for details on the basic sequence-to-structure relationships for
aliphatic peptides,”® short peptides, and aromatic peptide
almphiphiles,27_3’l as well as cyclic structures.®”** We use the
single letter code (Figure 1B) throughout the review. Unless
otherwise noted, peptide termini should be assumed to be
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unprotected (—NH, and —COOH). Biomedical applications
have been reviewed extensively elsewhere and are beyond the
scope of the current review.”*”*® We recognize that it is not
possible to do this fast-moving field full justice in the scope of
one review, but we hope to have covered some of the main
developing themes in this field and are able to inspire new
thinking in this area. While we aim to cover the key recent
developments in this field as much as possible, we do apologize
for the omission of many works that we could not include in
the current review.

2. PEPTIDE DESIGNS FOR ORDER/DISORDER

Many functional proteins in living organisms spontaneously
fold into a stable 3-D structure as dictated by their amino acid
composition. However, intrinsically disordered proteins
(IDPs) are increasingly recognized as being prevalent in
eukaryotes, characterized by regions that do not have a specific
secondary or tertiary structure but rather fluctuate between
various conformations. In the context of short peptides, the
same understanding applies: ordered peptides typically self-
assemble predictably into a rigid structure, whereas disordered
peptides either assemble weakly or not at all. IDPs typically
have highly repetitive sequences of low complexity, typically
rich in “disorder-promoting” amino acids. The prevalence of
amino acids in (dis-)ordered regions in the Protein Data Bank
has been mapped®” and can inform design selection of short
order or disorder promoting regions. Literature examples
illustrate that even simple peptides are incredibly versatile in
regulating order/disorder and consequent mechanical proper-
ties, with the entire range of structures from crystals, gels,
liquid condensates, and solutions accessible. We will discuss
the latest developments in sequence, from stiff crystals to free-
flowing liquid condensates. We note that these peptide
nanostructures cover the full range of mechanical properties
observed both in nature and in synthetic materials, up to that
of bone and Kevlar. We also refer to reviews focusing on
assessment of mechanical®® and structural properties’ of
peptide-based soft matter.

2.1. Sequence Dictates Molecular Conformation and
Supramolecular Assembly

Lampel et al. studied the sequence-dependent mechanical
properties of six sequence isomers of (C-terminal amidated)
tripeptides composed of D, F, and Y.** From this analysis, it
was found that the peptide sequences could be grouped in
pairs depending on the positioning of the aspartic acid, with
YDF-NH, and FDY-NH, separating the aromatic dyad motif
and consequently not showing self-assembly, FYD-NH, (3)
and YFD-NH, (4) forming amorphous assemblies and
nanofibrous gels, while DFY-NH, (5) gave rise to nanofibrous
gels and DYF-NH, (6) to crystals (Figure 2C,D). Single crystal
and molecular dynamics analyses reveal that each of these
peptides have specific preferred conformations which influence
the availability of different intermolecular interactions (Figure
2E). In DYF-NH,, the aromatic groups have a dihedral angle
of roughly 140° to each other, extending each molecule to
produce a beta-sheet-like stacking within the crystal sustained
by amide—amide H bonds laterally and tyrosine—tyrosine H-
bonds vertically. YFD-NH, instead has an aromatic dihedral
angle around 30°, with the aromatic groups oriented on the
same side and aromatic interactions supporting the structure
internally and laterally instead. The work represents a
culmination of the progress in peptide engineering, with

sequence isomers of a tripeptide assembling into crystals, gels,
and amorphous assemblies. Remarkably, single peptide
molecular dynamics simulations to calculate spectroscopic
and crystallographic data aligned well with these preferred
orientations, suggesting predictive potential based on the
peptide sequence (Figure 2C). There are more and more
examples in the literature of computationally guided sequence
design,*' ™" leaving us hopeful that the deliberate design of
ordered/disordered peptides is not far out of reach.

We note that single- or few amino acid mutations in self-
assembling peptide sequences can lead to significant difference
in the order/disorder of peptide sequences and consequent
self-assembly behavior. Son et al. demonstrated a range of
related peptide sequences (roughly in the form of aromatic—
aliphatic-charged) that were designed as enzyme-responsive
nanomaterials. It was found that an A — P mutation in the
aliphatic region resulted in the formation of fibers versus
spherical aggregates with no apparent structure in a series of
decapeptides. Introducing a mutated P into self-assembling
peptides is known to introduce kinks into the chain.** In this
study, the P-mutated peptides were cleaved both faster and
more completely by a matrix metalloprotease (MMP-9). This
is thought to be due to the disordered domain introduced by
the mutation, which has enhanced accessibility compared to
the rigid fiber structure of the unmutated peptide.”

2.2, Static and Stable Structures with High Stiffness

Although peptidic supramolecular structures are largely held
together by the collective contributions of many relatively
weak intermolecular forces, their combined effect can give rise
to some astonishing macroscale mechanical properties that
approach those of the stiffest known natural and synthetic
materials. Key features that control the stiffness are supra-
molecular interactions between building blocks, relative growth
in different dimensions to favor 1D, 2D, or 3D structure
growth, and the tendency for hierarchical assembly.

Single aromatic amino acids (F) have been observed to self-
assemble into rigid fibers, giving rise to Young’s moduli near 6
GPa* due to the favorable packing involving both electrostatic
stabilization and aromatic stacking. FF (1) nanotubes have
been established to be even more rigid, with AFM experiments
determining their Young’s modulus to be ~19 GPa*’ and a
beam-bending model calculating stiffnesses as high as 27 + 4
GPa."® This rigidity has been attributed mainly to dispersive
forces, primarily arising from the dense aromatic zipper motif
found in the nanotubes (Figure 2A).*’ A recent paper showed
that FF-derived molecules that were optimized to form denser
aromatic packing were even more rigid.”’ We refer to several
instructive reviews on FF and FF-inspired molecules for further
details.”' —*

Bera et al. described a peptide that combines features of FF
with those of collagen. The tripeptide PFF (2) self-assembles
into novel crystalline a-helical stacked sheets comprised of a
hydrophilic center and hydrophobic phenylalanine-rich outside
(Figure 2B).** Multiple fibers bundle together to form a dry
aromatic zipper. Of note is the fact that substitution of the
proline for hydroxyproline, normally known to substantially
alter the higher-order structures of self-assembling pepti-
des,>*° retains the unique a-helical stacking of the parent
peptide while adding an additional hydrogen bonding site
between fibers. This extra hydrogen bond further strengthens
bundling, leading to a Young’s modulus of 102 GPa
comparable to a collagen matrix and distinctly higher than
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PFF at 44 GPa. The peptide was derived from the
computational mapping of all 8000 possible tripeptides,”’
which gave rise to guiding principles for tripeptides to favor
self-assembly, in particular dyads of aromatic amino acids
flanked by charged residues. It is worth noting that PFF was
identified as the tripeptide with the highest self-assembly
propensity.

2.3. Hydrogels with Varying Mechanical Properties

While many short peptides form micrometer scale fibers, tubes,
or crystals, others preferentially form thinner fibers, which,
provided that they display surface functionality that favors
interactions with the solvent, entangle to form gel-phase
materials. It is known that these supramolecular gels often
represent metastable structures due to the restricted molecular
dynamics in the gel state. In other cases, the gel state is
thermodynamically favored. Self-assembling peptides are
typically amphiphilic, thus giving rise to a combination of
solvophobic and solvophilic moieties where a level of solvent
exposure at the nanostructure surface is favorable. Sasselli et al.
introduced a simple packing model, based on prisms with faces
of different nature (solvophobic and solvophilic) and variable
interaction parameters, to represent amphiphile self-assembly.
They demonstrate that, by tuning “self” or “solvent” interaction
parameters, either the 1D fiber or 3D crystal may form.”
Therefore, the amphiphilic nature and consequent balance
between self-assembly interactions and solvent interactions
dictates gelation versus crystallization. Upon comparing a
number of related FF derivatives functionalized at the N
terminus with a variety of capping groups,61 fluorenylmethox-
ycarbonyl (Fmoc)-FF was shown to form much thinner
nanofibers that entangle to form hydrogels.””*® These gels
show very high, yet tunable storage moduli, ranging from 1 kPa
up to 20 kPa based on preparation conditions and pH.**

On the basis of the insight into the required balance between
self-assembling and polar, solvent-facing groups in supra-
molecular hydrogelation, Frederix et al. performed an extensive
combinatorial coarse-grained molecular dynamics analysis of
the entire tripeptide sequence space.”” These simulations
provided insights into self-assembly propensities via quantifi-
able aggregation propensity scores, and when these were
analyzed in terms of the two seemingly contradicting qualities
of low hydrophobicity (through log P) and high self-assembly
propensity, a number of new tripeptides could be identified
and experimentally verified to form hydrogels, including KYF,
KYY, KFF, and KYW. KYF in particular has been shown to
have a high storage modulus around 1200 kPa upon
biocatalytic inducement of self-assembly.”” A library of
pentapeptides that also contained the KYF motif (variants of
KYFIL) also formed hydrogels that demonstrated storage
moduli between 10 and 17 000 Pa with subtle variations in the
amino acid sequence.(’6 K, F, and L had to be conserved to
maintain gelation. Replacing Y for A induces an apparent pK,
shift and increased electrostatic repulsion between peptides.
Changing residues at the fourth position altered gel strength as
a function of hydrophobicity or, in the context of self-
assembling peptides, f-sheet forming propensity, with more j3-
sheet forming tendencies leading to more stable gels.

Hlustrating that peptides of identical composition (so
identical overall hydrophobicity) but different sequence can
give rise to differential self-assembly and gelation properties,
Clarke et al. tested three different pentapeptide sequence
isomers of D,I;—NH,, isoleucine chosen for its propensity to

form f-sheets and aspartic acid to enhance solubility of the
peptide.”” The three pentapeptides tested were DIIID
(terminal charged groups), DDIII (N-terminal charged), and
IDIDI (alternating charges), each with an amide C-terminal.
Each of the pentapeptides formed hydrogels at a 1% and 2%
concentration by weight, with the higher concentration greatly
enhancing storage moduli. While IDIDI formed high-aspect
ratio fibers, there was limited entanglement in the fibers
compared to the other two peptides. Greater entanglement led
to stiffer gels: 1% IDIDI had a storage modulus of 2 kPa, while
2% DDIII was much stiffer at 200 kPa. These values are similar
to those found in soft tissues. It is thought that the charged
groups on the termini aid in interfiber H-bonding, while the
consecutive isoleucine residues promote greater p-sheet
entanglement.

In a peptide amphiphile (PA) structure® with a f-sheet
forming middle region, the specific sequence and choice of
residues can affect the mechanical stiffness of the resultant
hydrogel and it could be correlated to the nature and
positioning of the f-sheet forming region. Pashuck et al
determined three design trends that allowed for variation of
mechanical stiffness: increasing length of the f-sheet forming
region, introducing more residues with p-sheet forming
propensity (in this case, valine vs. alanine), and placing these
P-sheet forming residues closer to the hydrophobic tail of the
amphiphile rather than near the head for better alignment of
H-bonding residues in the f-sheet.”” To determine these
trends, the authors designed a series of peptides with 16-
carbon tails, three glutamic acid residue heads, and variable j3-
sheet regions containing valine or alanine. V,A, had the highest
storage modulus at nearly 100 kPa. A;V; had the lowest at
under 5 kPa. Thus, the rules proposed can be exploited to
control stiffness over scales of several orders of magnitude.

Besides the de novo designs and f-sheet-based structures
described so far, collagen, the primary structural protein in the
extracellular matrix and by far the most prevalent protein in
animals by weight, has inspired a vast body of research trying
to create collagen-like mimics with similar function. Much of
this research is inspired by the predictable molecular structure
of collagen, which contains an abundance of tripeptide repeats
of the form Gly-Xaa-Yaa, where X and Y are frequently proline
and hydroxyproline. GPO (O: hydroxyproline) is therefore the
target of many studies, and successful collagen-like assemblies
have been created using (GPO)repeats.”””" In an effort to
create supramolecular variants composed of much shorter
peptides, Ghosh et al. studied the self-assembly propensity of
minimalistic Fmoc-GPO. While the tripeptide GPO dissolves
in water, Fmoc-GPO was found to readily crystallize into a left-
handed helix, resembling a polyproline II architecture as seen
in single collagen helices.”” X-ray analysis of the crystal
structure seems to suggest that the interactions governing
interhelix interactions are still present in Fmoc-GPO.
Uniquely, Fmoc-FF coassembled with Fmoc-GPO forms a
hydrogel where the dominant structure appears to be a
polyproline II-type helix rather than the f-stacked structure
commonly found in FF-based assemblies. A 1:2 coassembly of
Fmoc-GPO and Fmoc-FF have a storage modulus of 24 kPa, a
3-fold increase over the storage modulus of Fmoc-FF at 8 kPa.

2.4. Flexible Peptide Structures and Biomolecular
Condensates

One key structural differentiator between folded and
disordered peptide structures, beyond amino acid composition,
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is that the former are typically dominated by conserved
hydrogen bonding motifs leading to specific secondary and
tertiary structures, while the latter transiently interact through
patterns of amino acid side chain functionality that are
separated by unstructured domains (so-called stickers and
spacers, Figure 3A).”> As a consequence, complex combinato-
rial interactions involving electrostatics, 7—n and cation—x
interactions and side chain hydrogen bonds may be involved.”*
Methods for the design, discovery, and analysis of biomolecular
functionality with structural agility are still in their infancy, and
concrete design principles are largely elusive.”"*
Condensates and disordered peptide structures navigate
shallow energy landscapes. This refers to the existence of
multiple energy states with similar energies and low barriers
among them; thus, they interconvert rapidly through thermal
fluctuations. This is characteristically opposite to the thermally
equilibrated deep energy wells of aggregative fiber-forming
(hydrogelating) species and crystals discussed in the previous
sections. Such shallow energy landscapes may arise from
designs that have features in common with intrinsically
disordered domains found in protein structures. Disordered
domains are classified as such due to lack of a defined
secondary or tertiary structure. These shallow energy land-

13874

scapes of disordered domains bestow upon them higher
adaptability to environmental change, which is of utmost
importance while designing peptide-based materials with
adaptive properties. Apparently, they also came with an
evolutionary advantage, as evident from the fact that most
eukaryotes have higher than 32% intrinsically disordered
proteins (IDPs) while most prokaryotes have 29% or
lower.”>’® Perhaps in the case of IDPs, complexity begets
flexibility. The resultant disordered regions have various
functionalities, including scaffolding and recruitment of
binding partners, regulation of post-translational modifications,
and conformational adaptability. Following from the recent
explosion in research activities in the area of biomolecular
condensates,”””® there is interest in the development of
minimalistic mimics of flexible structures, with a number of
recent examples highlighted here.

Biological ligand recognition typically involves interconver-
sion of disordered and ordered structures triggered by
introduction of ligands, via an “induced-fit” mechanism,
where peptides rearrange upon complexation to accommodate
binding ligands. Designing minimalistic compounds with such
adaptability is challenging, as they involve subtle conforma-
tional changes that are energetically similar. Kroiss et al.
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adapted the phage display technique to identify peptides as
short as heptamers that could bind to small molecules, as
exemplified by ATP and UTP. In particular, they identified the
unstructured peptide ADARYKS that was shown to have
modest, sequence specific binding affinity for ATP,”” and later,
using an integrated experimental screening and molecular
modeling approach, the peptide KATHPMR-NH, was demon-
strated to form a stable, induced loop upon recognition of
UTP." Peptide sequences selected using phage display were
refined computationally and correlated with experimental K
values down to sub-mM.

Unstructured functional peptides may form condensates that
engage in the formation of spatially confined compartments in
a phenomenon known as coacervation, as has been known in
polymer chemistry since the 1920s,”" or liquid—liquid phase
separation (LLPS). This phase separation occurs generally
when polymers or proteins interact with themselves (simple
coacervation) or with oppositely charged oligomers (complex
coacervation), where they start demixing with the surroundings
via entropic release of water. This demixing results in a
separate phase that is usually still “liquid” with a higher
concentration of its components than in the bulk solution.

There is an emerging interest in developing designed
peptide-based analogues of such systems, with the objective
to introduce dynamic features that are not accessible using
conventional peptide design approaches that typically focus on
stable folds. While the use of short peptides in this area is still
rare, a number of synthetic systems have been designed to
study the rules that underpin the formation of these phase-
separated compartments, in addition to their ability to recruit,
concentrate, and activate biomolecules within these new
phases.*” It is perhaps prudent to mention that unique
strategies to understand dynamics of water in aggregated and
condensed phases®*™*® and the governing interactions is
necessary to elucidate the internal workings of a condensate.®’
Molecular association is a driving force in coacervation and is
dependent on a number of interactions. These interactions
include a diverse set of electrostatic, 7—x, cation—z, and H-
bonding interactions, all encoded in an equally diverse palette
of amino acids sequences.gg

A plethora of information can be derived from in vivo
counterparts for designing biomaterials in vitro. A recent
example of this is Abbas et al’s minimal approach on
conventional stickers and spacers®” model for protein
coacervation.”’ These authors have designed a unique small
peptide-based motif that spontaneously separates into a liquid
phase in water. The design of the molecule is essentially
composed of two dipeptides (stickers) on either end with N-
termini connected via a variety of possible spacers, including
cystamine, 2,2’-(ethylenedioxy)bis(ethylamine) and 1,4-bis(3-
aminopropoxy)butane as linkers. For stickers, dipeptides used
included FF (1), LL, and WW and dipeptide combinations of
similar amino acids. Three key parameters have been outlined
to achieve coacervation: a threshold of sticker hydrophobicity,
zero to negative solvation free energy of the spacer, and the
dipole moment of the spacer. Along with an appropriate
amount of sticker hydrophobicity to initiate molecular
association, a spacer should work toward not only solubilizing
the sticker but also having the necessary dipole moment for
solvent interactions.

One insofar unmet challenge is the elucidation of basic
design principles of liquid—liquid phase separation, with most
systems described to date focusing on variations on biologically

derived sequences. However, a number of recent studies pave
the way toward a rational design of condensates. pH-sensitive
spherical compartments have been prepared by employing the
stoichiometric charge neutralization of cationic peptides and
anionic mononucleotides, retracing a prebiotic organization.91
With the aim of investigating the lower-multivalency
polyelectrolytes that are able to drive coacervate formation,””
cationic peptides, (Lys), or (Arg), and anionic peptides,
(Asp), or (Glu),, in a range of lengths (n = 1, S, 10, 30, or
100) were combined (Figure 3B). Coacervate droplets have
been observed when at least one component is a decapeptide
and the other is a pentapeptide. The four combinations at
these peptide lengths led to uniformly mixed solution in the
case of the shortest oligomers, while solid aggregates were
formed with the longest (Figure 3C—E). Interestingly, the
mixing of (Glu), with the oppositely charged polycation
resulted in solid formation over different numbers of residues,
whereas (Asp), formed aggregates only in the presence of
(Arg) 00 Additionally, a coacervate library provided by pairing
(Lys), or (Arg), with anionic mono-, di-, and triphosphates of
adenosine (AMP, ADP, and ATP) showed that oligoarginine-
based coacervates had a higher salt stability compared to the
ones formed via oligolysines. Such behavior can be brought on
by the presence of cation—z interactions among the arginine
residues and adenosine nucleobases, as well as differences in
hydrophobicity and hydrogen bonding.

In this context, it is noteworthy that dramatic divergencies in
viscosity have been reported between Arg and Lys containing
droplets.” In fact, a complete condensate inversion has been
observed upon addition of polyR to polyK-UTP complexes,
with polyArg competing for UTP and causing polyLys release.
Moreover, partitioning the solutes, coacervates have the
capability to increase the local concentrations of reactants
speeding up the reactions. Cationic decapeptides in the
presence of RNA aptamers, for example, can function as
microreactors, enhancing RNA-cleava§e reactions catalyzed by
multiple ribozymes and a DNAzyme.”*

2.5. Interplay of Flexible and Rigid Peptide
Nanostructures

Recent investigations show that condensates form a key
intermediate in protein aggregations that result in amyloido-
genic diseases.”” This behavior has also been shown in smaller
peptides, suggesting not only that condensate mediated
aggregation could be a general pathway, but that it can in
principle be leveraged in future biomaterial design or as model
systems to better understand diseased states. A highly dynamic
process, LLPS also plays a role in the nucleation of
supramolecular nanofibrils.”® Experimental results, supported
by all-atom molecular dynamics simulations, demonstrated
that the carboxybenzyl (Z)-protected diphenylalanine dipep-
tide (Z-FF) is initially demixed into liquid droplets, which
then, reorganizing and merging, give rise to thermodynamically
favorable nanofibrils, in line with Ostwald’s step rule, with
Fmoc-A (7), Fmoc-P (8), and Fmoc-V(9) displaying similar
behavior (Figure 3G,H). It should be noted that this behavior
in short peptides might be more general than previously
thought. Spherical structures observed upon self-assembly of
several short peptides and peptide derivatives that were
previously not identified as condensates but referred to as
(micellar) aggregates need a thorough revisiting, in particular
previously regorted YF, Fmoc-YQ, Nap-Y-OH, and FS/FD
mixtures.”” "%’
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While some condensates are thermodynamically stable,
others are observed as intermediates prior to formation of
more stable self-assembled structures, typically fibers. For
example, Rengifo et al. studied HHQALVFFA-NH, as a
peptide of interest and observed a cooperative growth of
amyloid fibers from an unstructured condensate intermedi-
ate.'”’ Through detailed isotope labeled IR and NMR
experiments, they conclude that the condensate is rich in an
ensemble of fJ-sheet conformations stabilized by hydrogen
bonds. The transition of disordered phase to an ordered
fibrous structure has also been shown by Kumar et al., albeit
through a chemically fueled reaction.'” These authors
demonstrate a novel complex coacervate between positively
charged poly(diallyldimethylammonium chloride) (PDDA)
and negatively charged Fmoc-"Ala-PAla in its carboxylate
form (Fmoc-AA). PDDA and Fmoc-AA complex together to
form coacervates. Because one of the components in this
coacervate is rich in hydrophobic residues and also pH
sensitive (Fmoc-AA), a proton source can thus not only
disrupt the droplet architecture by interfering with the charge
balance but can also ultimately trigger assembly driven by the
hydrophobically rich core. Glucono-8-lactone (GDL) hydrol-
ysis can be used advantageously in such a situation as it can
consume hydroxyl ions to lower the pH of the solution.'”
Addition of GDL to this coacervate triggers a transformation
from disordered spherical aggregates to highly ordered fibers.

3. COMPOSITIONAL COMPLEXITY: COASSEMBLY
AND INTERFACES

While the regime of self-assembling peptides already lends
itself to a high degree of structural tunability, further
complexity approaching that seen in biological proteins can
be achieved through cooperative assembly. Such heteroge-
neous systems have seen rising interest, and peptide-based
coassembling structures have been reviewed exten-
sively.*®'%*7'% Thus, the state of the field at large will not
be reviewed here; rather, a series of instructional examples will
be presented in the context of modulating the structures of
peptide materials. A brief section on interface-stabilizing
peptides has been included as an example of a hierarchical
emergence of complexity involving at least three components.

3.1. Cooperative and Disruptive Assemblies

Co-assembly has emerged as a strategy to meld together the
functions and properties of two (or more) peptides or
combinations of peptides with other synthetic materials."”’ =%
In the context of tunable mechanical properties, self-sorted
coassemblies are often most desirable, where the two
components self-assemble separately into distinct structures
in close proximity, usually enhancing stiffness through the
formation of denser networks.''” When the two components
of coassembly are very similar or can interact with one another
as strongly as with molecules of its own type, cooperative
assemblies may be observed. This generally enhances macro-
scale properties of the material. On the other hand, disruptive
assemblies serve to weaken bulk mechanical properties,
resulting from the interference on the assembly of one (or
both) assembling species due to the presence of the second
assembler.''” Another type of coassembly is self-sorted or
orthogonal assembly, where each assembling species assembles
independently. In some cases, the individual components
display distinct self-assembled behavior, but they collectively
interact, such as in a core—shell assembly.'”* Different

interactions are utilized to develop coassembled peptide
structures, including through electrostatic,"''~'"® aromatic,''°
and chirally matched''*'" interactions. It should be noted
that what follows are examples of coassembled structures
toward the development of tunable mechanical peptide
platforms. Co-assembly has broadly been employed to
incorporate different functionalities to peptide systems,
examples of which will be highlighted in later sections.

In an effort to rationalize the criteria that determine the
impact of component peptides on mechanical properties of the
coassembled structure, Adams’ group examined the coassembly
of a series of naphthalene dipeptides.'”® Six different peptides
were tested: Br-Nap-VA, Br-Nap-AA, Nap-AA, Nap-VG, Nap-
IF, and Nap-ML, based mainly on their differences in pK, and
gel-forming propensity. Assembly is triggered using a gradual
reduction in pH.'” Briefly, glucono-6-lactone spontaneously
hydrolyzes slowly in water into gluconic acid, reducing the pH
of the solution steadily. Compared to acidification using HCI,
this approach leads to the formation of more homogeneous gel
structures with more consistent rheological properties. The
results of the experiments are summarized in Table 1. Br-Nap-

Table 1. Properties for Gels Formed by Single Dipeptides
and Coassemblies of Dipeptides (Adapted from ref 120)

storage
properties of gel at modulus
gelator pH ~ 4 (Pa) pK.
Br-Nap-VA transparent gel 13600 5.9
Br-Nap-AA transparent gel, 6000 5.0
crystallizes over time
Nap-AA transparent solution 6 5.3
Nap-VG transparent gel 14900 4.5
Nap-IF slightly turbid gel 2200 6.4
Nap-ML opaque, compact 2 5.9
aggregates
Br-Nap-VA + Br-Nap-AA  transparent gel 157000 N/A
Nap-AA + Nap-VG transparent gel, 8030 N/A
delayed formation
Nap-IF + Nap-ML Turbid solution 63 N/A
Br-Nap-VA + Nap-AA Transparent gel 61700 N/A

VA and Br-Nap-AA coassemble synergistically to produce a
much stiffer gel. The peptides were shown to self-sort, and the
crystals of Br-Nap-AA were shown not to interfere with the
assembly over time. Nap-AA and Nap-VG also assemble
independently, but the final gel is weaker than that of Nap-VG
assembling alone. Nap-IF and Nap-ML demonstrate disruptive
assembly. As the pH decreases, Nap-IF begins to form a gel,
but the crystalline precipitates created by Nap-ML frustrate the
gel and lead to a turbid solution. Finally, the assembly of Br-
Nap-VA and Nap-AA produces a gel without self-sorting that
has enhanced mechanical properties. While specific rules for
designing peptides that coassemble following a specific path
remain elusive, the work highlights the range of possible
coassemblies.

The rigid gels formed by Fmoc-FF (10) can be tuned
through coassembly with a variety of peptidic and nonpeptidic
molecules. Aa an example of disruptive assembly, a series of
coassembled systems of Fmoc-FF and p-dinaphthylalanine
formed crystalline structures that showed intermediate Young’s
moduli to single component self-assembled systems of either.
Reducing relative amounts of FF led to lower stiffness, ranging
from between 3.5 GPa for 80% FF to around 1.2 GPa for 20%
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FF. On the other hand, a coassembly of Fmoc—pentafluoro-
phenylalanine and Fmoc-FF produced hydrogels with dramat-
ically higher rigidity than either system alone, with the 1:1
combination having the highest storage modulus at 190 kPa."*'
Fmoc-FF is thus amenable to both cooperative and disruptive
assemblies.

Alakpa et al. showed that Fmoc-FF (10) coassembled with
Fmoc-S (11) produces nanofibers that have the same f-sheet
rich molecular structure of Fmoc-FF but with polar S residues
displayed on the fiber surface in a core—shell morphology
(Figure 4A,B).''® Gelation is triggered by exposure to calcium
ions, which cross-links surface exposed Fmoc-S carboxylic
acids. It was found that the stiffness of these gels can be
modulated by changing the concentration of Fmoc-FF/Fmoc-
S, with oscillatory rheology of the gels showing elastic moduli
ranging from 0.1 to 32 kPa, thus covering a range of gel
stiffnesses that consequently could be exploited to modulate
differential of stem cells grown on these gels.

Small peptide-based hydrogels are commonly employed as
extracellular matrix (ECM) mimics. The peptide sequence
RGDS, identified in 1984 as a recognition motif in the ECM
protein fibronectin,'** has frequently been employed in
peptide amphiphile systems to enhance cell recognition.'*>'**
It was shown that a disruptive coassembly using Fmoc-FF and
Fmoc-RGD at ratios of under 30% Fmoc-RGD produced
hydrogels that could sustain anchorage-dependent human
dermal fibroblasts.'*® Different ratios of Fmoc-FF or Fmoc-
RGD allowed for control over gel stiffness and, consequently,
cell viability and proliferation. Another approach based on
cysteine-mediated disulfide bridges to conjugate bioactive
molecules to a peptide successfully demonstrated the
conjugation and activity of CRGDS. CRGDS was shown to
conjugate to Ac-LIVAGKC, a unique gel-forming peptide that
helical fibers rather than f-stacks. Both species were mixed
under H,0,, which facilitated disulfide bond formation. This
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versatile approach lends itself to the use of bioactive motifs
other than RGD."*°

Biocatalytic peptide self-assembly, where an inactive
precursor of a gelling peptide is activated by an enzyme, has
been a widely used tool to exert kinetic control over the self-
assembly process (more on this in section 4.2.3)."””"*® It was
shown that the cooperative coassembly of Fmoc-FY with
Fmoc-S, Fmoc T, or Fmoc-RGD could be triggered by
enzymatic dephosphorylation. Upon enzymatic hydrolysis of
the tyrosine phosphate ester, Fmoc-FY changes morphology
from micelle-like structures to nanofibers'*’ that serve as a
hydrophobic (sticky) scaffold, leading to a core—shell type
fiber for Fmoc-S and a more complex structure for Fmoc-T
and Fmoc-RGD driven by Fmoc groups anchoring onto the
hydrophobic Fmoc-FY fiber surface. Enzyme kinetics affect gel
strength, with higher concentrations of enzyme leading to
shorter assembly times and stiffer gels. Reaction kinetics in an
enzyme-triggered assembly process seems to have an opposite
structural role compared to the kinetics in a pH-triggered
assembly, where a slower acidification process produces stiffer
gels.

Recent research has focused on ways to imitate the
dynamism of the ECM through peptide hydrogels. Dynamic
control entails both spatial and temporal control over
dimensions of assembly. While spatial control over presenta-
tion of biochemical functionality (commonly referred to as
epitopes) on supramolecular scaffolds has been studied
extensively,*”"*! temporal control is more difficult to achieve.
One approach presented by Redondo-Gomez et al. is to avoid
covalently binding the recognition sequence to the peptide and
instead rely on more fleeting complexes to present the epitope,
such as the noncovalent host—guest complex formed by
cyclodextrin and adamantane."** V;A;K;-based amphiphiles
linked to either f-cyclodextrin or adamantane were shown to
coassemble cooperatively. A PA bearing adamantane coas-
sembled with RGDS-f-cyclodextrin resulted in nanofibers
where the RGDS motif was displayed on the surface of the
nanofiber.*> The noncovalent nature of the RGDS con-
jugation to a peptide fiber allows for both preassembly and
postassembly functionalization in a tunable manner, as well as
functionalization using multiple epitopes.

Fmoc-dipeptides coassembled with low concentrations of f-
lactoglobulin or bovine serum albumin show tunable
mechanical characteristics as a consequence of cooperative
self-assembly.** In buffer, the proteins alone form disordered
clusters, while each dipeptide studied formed hydrogels. The
0.03% of protein coassembled with each peptide formed
enhanced the storage moduli of Fmoc-YL (from 1.4 kPa to ~6
kPa) and Fmoc-VL (1.5 mPa to 3 mPa). The low
concentration of protein clusters is thought to introduce
geometric and motility constraints to the hydrogel, increasing
their strength. However, at 2% protein, the mechanical
properties diminish, thought to be a result of high interaction
between protein and peptide, leading to the formation of
thicker, coated fibers that limit interfiber interactions.

Brito et al. found that Fmoc-FF coassembled with either
Fmoc-glucosamine sulfate or the equivalent phosphate
analogue in aqueous conditions forms nanofibrous gels at a
peptide—sugar ratio of 2:1."*° Spectroscopy results indicate
that a core—shell fiber system is formed, with hydrophobic
Fmoc groups shielded from solvent by the outward-facing
carbohydrates. Compared to Fmoc-FF alone, the coassembled
fibers appear to be thicker, stiffer, and susceptible to bundling

and branching. The coassembly reduces the Young’s moduli of
the fibers to between 7 and 10 GPa. Interestingly, the
coassembled gels have greater storage moduli than Fmoc-FF
gels, especially in the presence of multivalent cations like
calcium, owing to the anionic display on the surface of the
fibers. Phosphates were the most potent ion, having a storage
modulus around 11 kPa in the presence of calcium ions. Fmoc-
FF with Fmoc-glucosamine sulfate reached 7 kPa in
comparison, with Fmoc-FF at 5 kPa. Okesola et al. recently
demonstrated coassembly of a peptide amphiphile with a
different sugar-based low-molecular-weight gelator.''” A stand-
ard PA of the form C;4V3A;E; (15) assembled with
1,3(R):2,4(S)-dibenzylidene-p-sorbitol (DBS, 16) produced a
self-sorted nanofibrous gel, where the degree of network
formation and consequently stiffness could be tuned by DBS
concentration in a linear fashion, ranging between 27 kPa for
the single component DBS to 9.5 kPa for the pure PA (Figure
4G,H). These are both instances of orthogonal assembly,
where intermediate stiffnesses are obtained that are tunable
based on the ratio of assembling components.

Bridging the peptide supramolecular chemistry and
graphene nanomaterials in order to modulate mechanical
properties of composite structures, Saiani’s group studied
peptide—graphene coassemblies to establish the relationship
between molecular interactions in these systems and their bulk
mechanical properties (Figure 4E,F)."'® Three $-sheet forming
octapeptides, VEVKVEVK, FEFKFEFK, and FEFEFKFE (14),
were chosen to differ between the influences of hydro-
phobicity, charge, and 7—x interactions. After observing the
structural features of assemblies between each peptide and
graphene oxide (GO) derivatives with different charge and
surface chemistry, it was determined that favorable electrostatic
and strong hydrophobic interactions enabled favorable
interactions between peptide fibers and graphene flakes. This
resulted in enhanced gel mechanical strength by up to 2-fold
for the VEVKVEK peptide and up to 4-fold for FEFEFKFEE.
FEFKFEFK was a unique case where the lone peptide
produced a very stiff gel which was broadly weakened by
interactions with graphene flakes, thought to arise from GO
binding, limiting the ability of the fibers to cross-link.

Boothroyd et al. coassembled a FEFEFKFK with a double-
length version, FEFEFKFK-GG-FKFKFEFE."*® FEFEFKFK is
known to assemble in water into an antiparallel f-sheet-rich
gel, driven by hydrophobic interactions of the F and the
electrostatic complementarity of E and K. Each arm of the
double-length peptide provides an ionic complementary
binding site for FEFEFKFK. The flexible GG region allows
both arms of the peptide to connect between two
independently growing fibers. Thus, by “doping” FEFEFKFK
with its double-length peptide, the rheological properties of the
hydrogel can be tuned, with the authors reporting a 30-fold
increase in storage moduli. However, in some cases, it may still
be thermodynamically favorable for self-sorting to occur.
Sahoo et al. demonstrate that when the tetrapeptides DWDW
and KWKW are allowed to self-assemble together at pH 6
(where both peptides possess opposite charges), DWDW
preferentially assembles into fibers while KWKW forms
spheres.''” These spheres stick to fibers of DWDW. Curiously,
the fiber-sphere hybrids show enhanced mechanical gel
properties to pure DWDW fibers, likely through charge
screening of the negatively charged fibers.

To obtain control over hierarchical assembly from the
molecular to the microscale, the network topology of the
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fibrous hydrogel can also be a point of adjustment to form
tunable materials."**'*” Fiber bundling is understood to
increase gel stiffness and decrease gel elasticity. Gao et al
modified a p-sheet forming octapeptides by introducing
arginine residues in place of lysine (changing FEFEFKFK to
FEFEFRFK and FEFEFRFR)."’ The arginine replacement
promoted greater fiber—fiber interaction due to the guanidi-
nium moiety on arginine being capable of a wide variety of
interactions: hydrogen bonding, electrostatic, and salt inter-
actions. Pure FEFEFRFR formed large-scale aggregates that
precipitate, while FEFEFRFK formed a hydrogel. Doping
FEFEFKFK with 10% or 20% FEFEFRFR maintained the
former’s fB-sheet forming ability but enhanced fiber bundling
greatly, while pure FEFEFRFK seemed to support less
aggressive fiber bundling. Thus, the single R replacement,
while still increasing lateral fiber associations, does so in a
slower, more controlled manner. The double R replacement
causes much more pronounced fiber bundling, leading to
precipitation in pure samples. FEFEFRFK has the highest
storage modulus among all peptide systems tested, suggesting
the slower fiber association is necessary for the best control
over mechanical property. Other means of altering fiber
bundling include changing the charge moduli of the peptide,
with a higher charge moduli preventing fiber bundling due to
electrostatic repulsion.'*®

Peptide amphiphile self-assembly can be triggered by
neutralizing the charge on the amphiphile by introducing
some multivalent metal ion, commonly Ca?"."*”"'*" Niece et al.
showed an example of the coassembly of two oppositely
charged PAs (12,13).""7 TEM images (Figure 4D) showed
similar fiber morphologies for the coassembled and single-
component fibers, suggesting that the coassembled fibers were
thoroughly mixed rather than having local regions of highly
unfavorable charge density. The valency and concentration of
the metal ions affect the storage moduli of the gel but do not
do so in a predictable manner, convoluted by differences in
hydration spheres and electronic structures of metal ions.'*" A
very precise way of modulating PA gel stiffness is by
introducing oppositely charged oligopeptides rather than
metal ions. Metal salts are normally used to neutralize the
charges on the peptide amphiphile to trigger self-assembly and
gelation. Godbe et al. instead applied oligopeptides of various
lengths (Kq Ky, K;5) to probe the effect on mechanical
stiffness of the peptide counterions.'*' The PA used was
C¢V3A E;. There appears to be a direct, systematic relation-
ship between the length of lysine used as a gelator and Young’s
modulus, with a ~10.5 Pa increase in stiffness per lysine
residue. The longer oligopeptides seem to be more efficient at
electrostatic screening between nanofibers, with a lower
concentration of oligopeptide required as peptide length is
increased. Thus, larger changes in stiffness can be achieved
through molecular modification of the peptide amphiphile and
finer adjustments made by deliberate choice of gelator.

Chirality is a less traditionally ex(plored means by which to
tune the assembly of hydrogels.”"'*'** It has long been
known that altering the chirality of even a single amino acid in
a short peptide can influence self-assembly propensity.''*'*
The introduction of racemic mixtures of a small peptide can
drastically alter mechanical properties. Racemic mixtures of
aromatic single amino acids, which can produce hydrogels by
themselves but offer little in the way of customizability, can
have up to 10 times the stiffness of D or L amino acids by
themselves, with F standing out for producing hydrogels with a

Young’s modulus of 53.1 GPa compared to 5.8 GPa for the p-
enantiomer and 1.8 GPa for the L-enantiomer alone.* In both
circumstances, there is thought to be energetically favorable
interactions between the enantiomers. For racemic F, electron
spray ionization mass spectrometry reveals the formation of an
enantiomeric dimer. Although the specific structure of the self-
assembled material is unknown, the high stiffness suggests
close molecular packing. The longer peptide (VK)sVPPT-
(VK)g, known to assemble into fibrillar structures, shows
different storage moduli when assembled alongside its
enantiomeric counterpart (VK)PVPPT (VK),, with a storage
modulus of around 800 Pa compared to the 200 Pa for the
single-component gels.142 Later, Nagy et al. determined the
molecular basis for the enhanced mechanical rigidity in this
mixed enantiomer assembly: the racemic mixture allows for
hydrophobic interactions not possible in pure enantiomer
assembly, maximizing inter-residue interactions.'**

3.2. Interface Stabilization

Surfactant-like peptides (SLPs) are a class of self-assembling
peptides that assemble as 2D films, micelles, tubes, or vesicles,
rather than gels. A conceptually intuitive, yet influential design
that combines a hydrophilic head with a hydrophobic tail
(AgD, V¢D, and V(D,, for example) led to the formation of
nanotubes and vesicles where the tails preferentially faced away
from water to give rise to surfactant-like structures observed
plentifully in biology but using designs not known in biological
systems.'* The hydrophobicity and f-sheet-forming propen-
sity of SLPs are recognized to have important roles in
determining the nanostructures formed by these peptides.
SLPs can assemble at interfaces, forming effective diffusion
barriers'*® and, in some cases, stabilizing emulsions and
dispersions.'*” These stabilizing peptides can compartmen-
talize synthetic molecules such as drugs and carbon nanotubes,
representing a bridging medium between biology and synthetic
chemistry. A wider range of peptide structures are now
recognized to show surfactant-like properties,"**'**'* includ-
ing simple dipeptides."’

Capito et al. presented an early example of the gowerful
utility of PAs as interface stabilizing molecules.'*® A PA
solution mixed with a solution of hyaluronic acid (HA), a high-
molecular-weight polysaccharide, led to formation of macro-
scale membranes at their interface. This was achieved through
several regimes, including injection of either solution into the
other to obtain enclosed cavities (sacs) of PA/HA. These sacs
were shown to be self-healing and hydrolytically stable for
several months. The membrane is composed of a nanofibrous
PA network, whose assembly is triggered by ionic screening at
the solution—solution interface. Remarkably, after the initial
membrane formation, nanofiber formation perpendicular to
the interface could be observed, growing toward the PA
solution.

A subset of surfactant-like peptides show antimicrobial
activity, reviewed comprehensively elsewhere."”" The bolaam-
phiphilic SLP RAAAR has been shown to selectively
restructure lipid membranes based on electrostatic interactions
offered by the lipids."** In two model anionic/zwitterionic
lipid membranes designed after bacterial membranes, RAAAR
increased lipid—lipid correlation. The same peptide reduced
bilayer correlation in a separate pair of lipid membranes
designed after mammalian cell membranes. The peptide was
shown to have appreciable antibacterial activity as well as
reasonable cell viability.
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A variety of surfactant-like peptides have been shown to
stabilize membrane proteins.””> A recent development in
short-peptide-based materials has been the demonstration that
these peptides can stabilize emulsions and other chemical
compartments through self-assembly at the interface solvent—
compartment interface. Many different short peptides have
shown the ability to stabilize organic droplets in biphasic
solvents by forming a nanofibrous monolayer at the interface,
instead of the more traditional monolayer typical for
surfactants, increasing the resistance of the emulsion to
separation in a sequence-dependent manner.'**'**~'%® Con-
trollable release of incorporated substances, such as drugs, can
be achieved through enzymatic cleavage of the pep-
tide.*">’~">” These enzyme-sensitive peptides are designed
to contain an enzyme-cleavable site specific to the desired
application, a hydrophobic motif to support self-assembly, and
a final tunable motif containing charged residues, generally to
tune peptide functionality or stimuli recognition/responsive-
ness. These examples show that kinetics, not just thermody-
namics, can be exploited to design adaptive systems comprised
of dynamic structures whose formation and breakdown can be
controlled.

3.3. State of the Field: Order and Disorder in
Supramolecular Peptide Systems

Collectively, short peptide designs lend themselves remarkably
well to the creation of materials with customizable mechanical
properties that cover a significant range through molecular self-
assembly at different hierarchical length scales. It is not always
possible or advisible to generalize among the examples that
have been studied so far, but some trends are evident.
Abundance maps derived from analysis of vast collections of
proteins show that rigid sections and folds are typically rich in
aliphatic and aromatic amino acids, while flexible folds are
typically rich in polar and charged groups. The same rules
appear to hold for the design of much shorter peptides.
Moreover, controlling cooperative assembly processes can
follow biology’s lead, in the use of designs that involve
deliberate sticky (sticker) sites and flexible (spacer) regions.
The balance between affinity for other copies of itself versus
solvent dictates the propensity for formation of 1D fibers or
crystals,”” the nature of the peptide amphiphile can impact the
balance between growth in orthogonal directions to create 1D
vs 2D nanostructures,'®° and fiber bundling can be engineered
by selection of appropriate surface functionality.'®" Further
modes of influencing mechanical properties include enhancin§
interfiber interactions through concentration increase,m

charge screening,m6 enhanced H-bonding, and fiber entangle-
ment.""” The previous examples show the various ways in
which to rationally tune each of these properties using peptide
design. However, even in these minimal systems, there are
complex interactions at play which prevent simple, linear
relationships to be drawn.'®® Massively parallel computation
simulations™ and, increasingly, machine learning164 can be
useful to provide general correlations and design rules for short
peptides, including predicting gelation*” and order—disorder
relationships*” and even cooperative self-assembly.'®®

4. STRUCTURES IN AND OUT OF EQUILIBRIUM

Navigating complex potential energy surfaces in the presence
of many competing opportunities for chemical reactions and
interactions is critical in living systems and should inform the
design of advanced supramolecular structures. The ability to

select preferred structures or interactions leads to features such
as self-selection and structure-based amplification that can be
powerful in both the identification and optimization of peptide
structures. In addition, such systems that take advantage of
supramolecular complexity through competition can provide
important insights into understanding how a supramolecular
design may operate in a complex medium. Peptide-based
supramolecular materials are often designed based on
thermodynamic considerations, and the ability to navigate
these landscapes through dynamic covalent chemistry has been
explored both in the thermodynamic optimization and
selection of optimized supramolecular structures and their
consequent functions. The approaches discussed here have a
distinct “systems” approach, in that structures emerge through
thermodynamic selection in complex mixtures of interacting
molecules.

4.1. Adaptive Equilibrium Structures

Discovery of (combinations of) peptide sequences typically
relies on combinatorial experimental or modeling ap-
proaches.'® In such experiments, it is attractive when
compositions and sequences can be systematically compared
in direct competition. One approach to exploring the peptide
sequence space for structure and function is to create a
dynamic peptide library, a system where a multitude of peptide
sequences can form reversibly by dynamic exchange of peptide
(or orthogonal) bonds that are able to recombine peptide
modules. In such systems, it has been shown that the
equilibrium peptide distribution that is eventually reached
reflects the propensity of each formed peptide for self-
assembly. Dynamically exchanging peptide mixtures covering
the chemical space dictated by a variety of input dipeptides has
proven to be a useful method to elucidate peptide design rules
for supramolecular materials.'*’

Another way to access the functionality of the amino acid
palette involves pseudopeptidic molecules. Jiang et al’s work
on finding a reversible, noncompetitive, and selective inhibitor
for B-tryptase is one such example.'®” Their research combined
oligopeptides, end functionalized by hydrazide moieties, and
multivalent aldehydes, giving rise to not just sequence
selectivity but also spatial selection of the ensuing binders
the dynamic library was exposed to on the enzyme.
Equilibrated libraries were added to heparin-stabilized human
rthSkin f-tryptase. On a high throughput assay, enzyme activity
was analyzed for this mixture using a fluorescent substrate Toc-
Gly-Pro-Arg-AMC. As the substrate is cleaved by the enzyme,
free AMC (7-amino-4-methylcoumarin) is released resulting in
a switching on of AMC emission, which can be used as a
marker for enzyme activity. The resulting system was selected
for trivalent rigid linkers with positively charged peptide
residues on its adduct termini.

Otto’s group, over the past decade, have shown remarkable
phenomena that spontaneously emerge from peptide libraries
governed by redox behavior of thiols.'” Dithiol functionalized
peptides, which are amenable for cyclic disulfide adducts of
various sizes, can be leveraged toward selective ring
architecture based on self-assembly or system environment
requirements. They have been successful in showing complex
systems chemistry concepts such as self-replication, speciation,
and even parasitic behavior in these networks.'”" While these
systems undergo thermodynamic selection, they can also be
kinetically biased, as was demonstrated using differential
mechanical agitation (shaking versus stirring; see also section
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Figure 5. Covalent adaptive peptide systems. (A) Molecular structures representing monomers and one of its macrocyclic products in dynamic
library with dithiol building blocks. Schematic represents the molecular network driven by macrocyclic stabilization. (B) Crystal structure of 18
with H-bonds and just the backbone. Green dashed lines show the peptide side chains involved in hydrogen bonds. Benzene rings are differentially
colored depending on their environment. (C) Molecular structures of reaction equilibrium ensued by formation of N,N-acetal bonds. Schematic
represents the multiphasic outcome of the reaction equilibrium. (D) TEM micrographs of the reaction progress at respective times. Scale bars, 100
nm. (E) Reaction depicting a dynamic peptide library with the corresponding schematic showing energy landscape of the process. (F) TEM
micrographs and AFM images, respectively, of the reaction process with 21 and 22 to form 23 at ¢t = 0 and 400 h, respectively. Scale bars, 500 nm;
z-scales for the AFM images, —18.9 to 23.6 nm and —50 to S0 nm, respectively. (A,B) Reproduced with permission from ref 168. Copyright 2020
Springer Nature. (C,D) Reproduced with permission from ref 169. Copyright 2017 Springer Nature. (E,F) Reproduced with permission from ref

100. Copyright 2016 Springer Nature.

4.2) that directs these structures toward different composi-
tional and structural fates.””> In a follow-up, they show
diversification of a system containing mutually compatible
supramolecular replicators. These replicating species have
overlapping pathways due to competing building blocks giving
rise to diversified progeny that replicate as well."”> Recent
studies also show that precise low symmetry macrocyclic
architectures can be obtained, which is reminiscent of the
folding complexity of protein structures, particularly in that
sterics and dynamic topologies dictate that there is only one
final preferred folding solution when many similar weak forces
are at play simultaneously (Figure SB).”'”* Pappas et al. show
that monomers with stabilizing supramolecular interactions
can form large macrocycles with a frustrated conformation. In a
dynamic combinatorial mixture, monomers such as 17 were
designed to include both a dynamic-bond forming potential
(disulfide bonds) as well as a dipeptide which encodes limited
directional hydrogen-bonding functionality to give rise to large
macrocycles with chain lengths up to 23 monomers, such as
18. This macrocycle contains features of hydrophobic collapse

13881

akin to a globular protein and is internally stabilized by a
plethora of supramolecular interactions (Figure SB). This
example clearly elucidates the potential that this approach has
in studying behavior of nonbiological reaction networks. The
lessons and patterns of species that develop can be a clear
guiding tool for advanced biological simplifications. The
chemical complexity is still limited here, with only one
dipeptide sequence giving this level of complexity when
allowed to dynamically exchange toward equilibrium. One can
only imagine the level of complexity and potential functionality
available when multipeptide systems are investigated, although
emergence of any specific sequences will present substantial
analytical challenges.

Pseudopeptide library approaches have also been crucial in
putting forth a driven search of materials that focuses on the
behaviors of libraries rather than the outcomes. For example,
Chen et al. have shown in an aldehyde substituted
pseudopeptidic library, with tetrahydro-4-pyrimidinone as
dynamic frameworks, how dynamic reactions can evolve as a
multiphasic chemical network (Figure 5C).'*” Di- and
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tripeptide aldehydes such as NF-CHO (19) and NFF-CHO
were designed, such that the imine condensation via cyclization
of the N-terminal asparagine side chain forms an N,N-acetal
polymer (20). These networks elucidate the evolution of
species in supramolecular contexts, with the final fate of these
products observed to be the formation of amyloid-like
aggregates, mimicking transitions observed in biological
systems (Figure SC,D). As a dynamic bond is involved in
polymer formation, its propagation and adaptability to changes
in the system, such as the presence of a preformed template,
has been further studied. In a recent follow-up of the work the
chemistry has been expanded to N,O-acetal linkage using
threonine motifs.'”> A control on the chemistry and the
ensuing kinetics has allowed the authors to decipher the
multiphasic mixture in their libraries. We note that complexity
of exchange libraries quickly renders fully tractable analysis of
structure formation over time extremely challenging, and these
defined mixtures that can combine in finite ways are
advantageous for analysis and understanding of multiphasic
chemical networks.

A fundamental challenge in creating reversible peptide
sequence exchange libraries under physiological conditions is
that the energy barriers for peptide bond formation and
hydrolysis are significant; indeed, half-lives of peptide bonds
are estimated to be 267 years.'’® If these barriers can be
overcome, the systems lend themselves well to dynamic
libraries as the free energy change for peptide bond formation
is modest, —4 kJ/mol, so that peptides and their hydrolysis or
condensation products always coexist in appreciable quanti-
ties.'”” In biological systems, amide bonds are hydrolyzed with
ease by using a repertoire of proteases that significantly lower
this free energy barrier, enabling rapid hydrolysis (or
condensation) of peptide bonds. A relatively nonselective
endoprotease, thermolysin, has been effectively used to enable
formation of dynamic peptide libraries where the bias for
hydrolysis is shifted toward condensation (peptide bond
formation) by relative thermodynamic stabilization of peptides
oligomers through supramolecular self-assembly.'”® The
dynamic covalent approach operates under thermodynamic
control and is therefore useful in thermodynamic optimization
of charge transfer nanostructures.'”” This approach works well
in creating diverse and complex covalent peptide mixtures that
are more open ended, which has provided insights on global
tendencies of amino acid reactivity under heterogeneous
reaction conditions. These libraries create high information
wealth ensembles under kinetically unbiased conditions. While
the construction of dynamic libraries typically involves
relatively weak dynamic bonds, for stronger linkages, such as
amide bonds that connect amino acids in peptides, enzymatic
approaches can be used to lower energy barriers. The efficacy
of this concept was first demonstrated by Swann et al,,'*" with
limited yields, at the time, owing to unfavorable thermody-
namics. Ulijn et al. have since explored the approach to explore
self-assembly landscapes. It was shown that gelator peptides
(Fmoc-peptides) continuously exchange amino sequences via
an enzymatically catalyzed making and breaking of amide
bonds. This approach demonstrated that sequence selection as
well as peptide length selection is Eossible, with assembly and
gelation as the driving force.'””1817183 Gince then, this
approach has been used for the dynamic selection of modified
peptides to identify charge transfer hydrogels'®* and energy
transfer hydrogels."** Peptide-based energy and charge transfer
gels will be discussed in section S.1.

Fully reversible peptide condensation and hydrolysis has also
been used to alleviate the self-assembly of systems that exists in
their kinetic states with suboptimal supramolecular organ-
ization, limiting their performance. In a work by Nalluri et al,,
charge transfer structures with naphthalene diimide (NDI)
conjugated amino acids (Y in this case) can facilitate formation
of an ordered assembly of charge transfer complexes by
condensation reaction with F-NH, in the presence of
thermolysin.'”” Wijerathne et al. demonstrated a peptide—
porphyrin gel that assembles in aqueous buffer at pH 8.!%
Tetrakis(4-carboxyphenyl)porphyrin (TCPP) was coas-
sembled with Fmoc-TL-NH,, which was dynamically and
reversibly formed in situ through enzymatic condensation of
Fmoc T and L-NH,. Fluorescence spectroscopy confirmed the
efficient energy transfer from the Fmoc moiety to the
porphyrin.

Pappas et al. explored a design of assembly driven dynamic
peptide library based on unmodified peptides (Figure SE) by
taking advantage of the propensity of oligopeptides to
aggregate into nanostructures.'’”'®" In these libraries,
dipeptides form as initial feeds and the nonselective protease
thermolysin can scramble the sequences, ultimately enriching
the sequence that overpowers the equilibrium by self-
assembling and thereby purging the entire equilibrium in its
direction. Specifically, for longer oligopeptides with binary
patterns, it was demonstrated that a single sequence
octapeptide (FDFSFDES) (23) was formed starting from a
binary mixture Phe-Ser (FS) (21) and Phe-Asp (FD) (22) as
input dyads (Figure SE). Microscopically starting reaction
started as spheres resembling unstructured condensates and
then matured as supramolecular fiber as reaction progressed
(Figure SF). The FDFSFEDFS octapeptide was resynthesized
and was shown to form f-sheet rich structures. As shown by
TEM and rheology analyses, the peptide assembled into a
hydrogel that consists of an entangled fibrillar network. DPL
has also been used by Guilbaud et al. to show that it can be
utilized to drive the synthesis and gelation of ionic
octapeptides from tetrapeptide (FEFK) inputs, giving rise to
predominantly octapeptide-based hydrogels."®”

In addition to aggregation, equilibrium networks can be
incentivized to adapt their composition through coassembly.
Peptide libraries’ amplification of species that electrostatically
bind to supramolecular oligosaccharides has been demon-
strated by Abul-Haija et al.'®® Fmoc-protected basic (R, K, H)
and acidic (E,D, cystic acid (CA)) amino acids were mixed
with oppositely charged polysaccharides (chitosan and
heparin) in the presence of F-NH, and thermolysin. CA and
K stood out as they produced the highest condensation
product, Fmoc-KF-NH, and Fmoc-CAF-NH,, in the presence
of heparin and chitosan, respectively, clearly elucidating a
charge-based, binding-driven adaptive equilibrium system.
Williams et al. show that Fmoc-L reacting in the presence of
LL and immobilized thermolysin has the product percentage of
Fmoc-L; rise from 54% to 80% with minimal side products like
Fmoc-Lg in the presence of laminin."** These authors also
show that Fmoc-L; aggregates into f-sheets further stabilized
by m—n interactions from Fmoc, and these interactions are not
hampered by inclusion of laminin in the supramolecular
structure. Supramolecular coassembly can also be directed in
an adaptive manner through reversible noncovalent inter-
actions.'”® Freeman et al. show that supramolecular bundling
of peptide amphiphiles can be controlled through the dynamic

inclusion of molecules with programmable cross-linkers and
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spacers. These cross-linkers can vary from complementary
nucleotide sequences to charge complementary peptide
sequences. Such adaptive dynamicity of the supramolecular
fibers is reminiscent of constant remodeling in the extra-
cellular matrix (see section 5.3).

Adaptive equilibrium can be achieved through combinations
of dynamic covalent and noncovalent interactions, increasing
the complexity of the energy landscape. Sadownik et al
coupled a dynamic peptide forming equilibrium system with
oxidation-sensitive disulfide formation by starting their
reaction with F-OMe and Fmoc-C in the presence of
thermolysin, increasing the ensemble to six components (two
reactants and four possible products).'”" The energy landscape
between these products can now be leveraged to external
conditions that affect either of the coupled equilibria (air
oxidation and heat). The authors demonstrated pathway
complexity in which product distributions change drastically
depending on whether amide exchange happens in the
presence or absence of an oxidizing environment. This also
gives rise to a unique supramolecular inhibition of disulfide
formation as amide exchange is first carried out in a
nonoxidizing environment before being exposed to air.
Evidently the supramolecular assembly of the amide
condensation product Fmoc-CF-OMe is responsible for such
an inhibition (or locking) to disulfide formation. This
landscape is subsequently rearranged to disulfide linked
Fmoc-CF-OMe as heat is applied, resulting in disruption of
the supramolecular structure of the reduced thiolated form of
the peptide). Another unique coupling of amide condensation
equilibrium is shown by Sahoo et al., who employed Y with an
Azo-protected N-termini (Azo-Y) as one of the reactants for
thermolysin-catalyzed amide condensation.'”> The authors
observed that while the trans form of Azo-Y condensed in
individual reactions with amidated F (84%), L (59%), and V
(63%) to form hydrogels, the cis form showed reduced
condensation (7.6% for F-NH,) and no gel formation. This
reduced yield implies the impact of unfavorable aggregation of
the cis isomer on the light-independent amide condensation.
Coupled enzymatic reactions were shown by Sahoo et al. by
using alkaline phosphatase in combination with thermolysin.'”*
In this approach, a substrate for the amide condensation
started with phosphorylated Fmoc-tyrosine coupling in the
presence of F-NH,. Depending on the order of enzymes used
on the substrates, the amphiphilicity of the products changed
drastically, giving rise to an energy landscape with a number of
distinct nanostructures that could be accessed transiently.

We note that polymerization of amino acids may also be
achieved through (nonenzymatic) dehydration-induced con-
densation reactions that have been both theoretically and
experimentally studied.'”*'”> Methodologies that study diverse
product spaces under a variety of environmental selection
pressure are being developed.'”"”” We do not discuss these
approaches in detail here because they do not operate under
thermodynamic control, but we note that they show potential
in the identification of new structures without enzymatic bias.

As has been discussed, peptide mixtures and ensuing
product libraries can not only be a useful tool in understanding
complex supramolecular phenomena relevant to the molecular
basis of life but also specifically in the identification of
thermodynamically optimized functional materials. Research in
our group is currently focused on the use of dynamic peptide
libraries to include and search for disorder-oriented sequences,
which could aid in further discovery of ligand binding adaptive

sequences. This research is relevant to the design of life-like
matter, considering the omnipresence of chemical networks
that connect reactions across bilayers and through various
assembly states in biological systems.

4.2. Nonequilibrium Structures

Living systems are always in flux. The dynamic aspects of
nature are controlled by a tightly regulated network of
reactions, which are performed in precise spaces and over
defined time regimes. This manifests in the programmable
formation and dismantling of self-assembled nanostructures,
each process independently regulated but closely related.
Control over nucleation and growth processes provides a
major challenge in supramolecular self-assembly. The study of
systems that display subtle, dynamic responsiveness to applied
stimuli, as well as systems that are heterogeneous in nature in
terms of reactivity using nanoscale organization, presents
strides toward controlling complexity in a manner approaching
nature itself.

The chemistry of life is sustained by energy consumption. As
in the case of biological networks, there is significant interest in
the development of supramolecular structures, where the
components populate high-energy states that interact in a
fashion that is dictated by kinetics and (nonequilibrium)
thermodynamics. According to the Second Law of thermody-
namics, this is possible only by providing a constant flow of
energy (fuel) in dissipating conditions.””'”*~*°" These types
of systems have been extensively studied in the past decade,
and the terminology and definitions have been debated.”*>***
In the current section, we use a broad definition to inform
discussions of systems whose properties are of interest in
thermodynamic states that do not represent the global
minimum. These are either dynamic systems that require
continuous energy input to support their existence, or they are
supramolecular systems that exist at a local energy minimum
(and consequently may be en route to thermodynamic
equilibrium).

4.2.1. Fueled and Transient Systems. Natural metabo-
lism serves as an example of the ability to regulate chemical
processes through energetically favorable and unfavorable
(fueled) reactions. As in a natural metabolic pathway, at least
two complementary sets of reactions, anabolic and catabolic,
are required to enable out-of-equilibrium supramolecular self-
assembly. A well-known example from biology is the dynamic
supramolecular polymerization and depolymerization of actin,
where in the presence of ATP, the nonassembling G-actin
(globular) monomers readily self-assemble to form F-actin
(filamentous) following a nucleation—elongation mechanism;
the subsequent hydrolysis of ATP to ADP drives the decay of
the microfilaments, resulting in the reformation of the original
monomers.”*

Inspired by these biological systems, a set of key require-
ments can be identified in order to produce synthetic systems
with similar out-of-equilibrium self-assembly behaviors. First,
an anabolic reaction promotes the activation of precursors at
the expense of the fuel provided, resulting in the buildup of
self-assembling molecules under kinetic control (i). Then,
there is the need for a competing catabolic reaction which
reverts the system to the initial condition, breaking down the
kinetic ensemble and producing waste (ii). It is critical that
these forward and backward reactions follow distinct routes,
preferably with orthogonal kinetic rate constants so that they
can be regulated independently, to create materials that build
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Figure 6. Fueled and transient systems. (A) Schematic representation of a synthetic systems with out-of-equilibrium self-assembly behavior. (B—D)
Reaction cycle of the gelator (B), and its micro- (C) and macroscopic images (D). (E,F): (E) catabolic and anabolic reactions involved in the
transient hydrogel formation; (F) time-resolved atomic force microscopy of the gelator (scale bars represent 1 ym). (G,H) Scheme of the chemical

reaction network (G) and photographs of gels over time (H). (I-K):

(I) General reaction scheme of the fluorophore containing structures, (J)

HPLC time course showing transient behavior of self-assembling dipeptides, (K) TEM images of the transient nanofibers NI-Y—OMe with F-
NH,. Scale bars 400 nm. (L—O) Schematic illustration of the reaction cycle (L) and corresponding turbidity plot (M), representation (N), and a
transmitted light differential interference contrast (DIC) image of polyU/RRASLRASL coacervate phase droplets (O). (B—D) Reproduced with
permission from ref 208. Copyright 2015 AAAS. (E,F) Reproduced with permission from ref 209. Copyright 2018 ACS. (G,H) Reproduced with
permission from ref 210. Copyright 2017 Creative Commons. (I-K) Reproduced with permission from ref 211. Copyright 2020 John Wiley and
Sons. (L—O) Reproduced with permission from ref 212. Copyright 2015 Springer Nature.

up and degrade over time in a programmable manner (jii). In
addition, the conditions need to be such that the self-assembly
building blocks accumulate to a level where they (temporarily)
exceed the critical aggregation concentration (iv). Feedback
regulation can be introduced in these systems if the self-
assembled structure is either more or less reactive compared to
the unassembled precursors (v). Clearly, the material can then
only exist under conditions when the anabolic reaction is, at
least initially, much faster compared to the catabolic reaction.
Moreover, a steady-state dynamic material can be achieved
when these rate constants of build-up and breakdown are equal
and give rise to a concentration level where self-assembly is
observed. The material will cease to exist when fuel runs out or
when the catabolic reaction takes over. The overall features of
such a system are summarized in Figure 6A.

With these design principles in mind, scientists have
developed a wide array of chemical fuel-driven out-of-
equilibrium systems.””°"*°* A broad palette of chemical
reactions have been incorporated in artificial metabolic
patterns, providing an extensive catalogue of chemistries for
self-assembly and disassembly processes.””> We focus on
examples based on short peptide and short peptide derivatives

13884

only, but it should be noted that several designed systems not
involving peptides have been reported, as recently reviewed.”"°

4.2.2. Chemically Fueled Systems. As reported in a
pioneering system by Boekhoven et al.,, the precursor of low-
molecular- weight gelator dibenzoyl-(1)-cystine (DBC, 26) can
be involved in a versatile chemical reaction cycle.””” In this
example, a methylating agent (methyl iodide, Mel) was used as
fuel for the temporary removal of the intramolecular
Coulombic repulsion between the carboxylate groups of the
unassembled entities to gain self-assembled diesters (DBC-
OMe,). The resulting aggregates were transiently stabilized by
cooperative hydrogen bonds and hydrophobic interactions. In
the aqueous environment, a competing (general acid
catalyzed) deactivating hydrolysis reaction takes place,
reforming the anionic COO™ moieties and producing
methanol as waste. The group subsequently investigated the
use of a more reactive methyl donor and leucine derivative
pregelators (24/25), which had the advantage of speeding up
the reactions and consequently reducing the lifetime of the
assemblies to hours instead of 5—15 days (Figure 6B—D).**® It
was shown that the time-scale of the fibrillar assemblies can be
fine-tuned by regulating pH, with higher pH levels (above 10)
boosting the hydrolytic breakdown of the structures and the
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dissolution of the gels, while lower pH value of 9 reduced the
hydrolysis rate. The time scales were compatible with real-time
visualization using confocal microscopy, which provided
fundamental insights of fiber growth and breakdown.
Interestingly, when the fuel is exhausted, hydrolysis takes
over, starting from the fiber ends, and no fractures are observed
along the length of the nanostructures. Then, above the critical
hydrolysis level, the unstable fibers undergo a fast, stochastic
collapse. Thus, at the microscopic level, the transiently formed
fibers showed behaviors reminiscent of microtubule dynamics.

Subsequently, an alternative approach was developed using
the same DBC (26) building block, taking advantage of the
cystine disulfide bridge core to tune the lifetime of transient
supramolecular hydrogels®” by using tris(2-carboxyethyl)
phosphine (TCEP), a thiol-free reducing agent frequently
used to break disulfide bonds within and between peptide-
based molecules (Figure 6E,F). Compared to other reductants,
this water-soluble phosphine triggers the hydrolysis of the
bond rapidly and quantitatively in water at pH 3. At this pH
value, DBC’s two carboxylic acid groups are protonated (27),
resulting in the self-assembly into a fibrous hydrogel scaffold,
which can be dissolved upon reductive breaking of the S—S
core to give 28 upon consumption of TCEP. In this case, the
activation/deactivation reactions are autonomously controlled
by independently affected rate constants of supramolecular
hydrogel formation and breakdown. Moreover, by program-
ming the starting concentration of TCEP, it is possible to
refuel the system by adding DBC.

As an alternative to protonation or methylation, the ability of
carbodiimide fuels to activate carboxylic acid can be harnessed
for the conversion of two terminal carboxylates (one provided
by the backbone of the peptide, the other by the side chain)
into intramolecular anhydrides as reaction products that are
prone to self-assembly (Figure 6G,H).”'* In this kinetically
controlled process, the subsequent hydrolysis of the metastable
anhydride leads back to the formation of the dicarboxylate
precursors (29,30). It was found that by using Fmoc-protected
amino acid and peptide derivatives with different self-assembly
propensities, it was possible to regulate the morphologies of
the active materials. Specifically, precursors are N-Fmoc-
protected short peptides with aspartic or glutamic acid termini,
which are soluble and negatively charged in buffered water at
pH 6. Fmoc-peptides are well-documented as versatile self-
assembling molecules that give rise to a variety of sequence-
dependent nanoscale structures.”’ According to rule (iv), the
molecular design dictates the self-assembly propensity, which
in turn dictates the lifetime of these carboxylic-based materials
and their morphology diversity. If the fuel is available, alanine-
bearing sequences (Fmoc-AAD, Fmoc-AAE) turn into
anisotropic fibrillar hydrogels because of the }-sheet forming
propensity of the dialanine motif. Fmoc-D was, upon
anhydride formation, shown to assemble into spherulites that
were subsequently used as self-erasing ink with a lifetime that
can be varied over a substantial range by modifying the fuel
concentration. The introduction of the glycine moiety within
the above-mentioned sequence (Fmoc-GD), as well as the
substitution of aspartic acid with glutamic acid (Fmoc-E), leads
to the formation of colloidal particles.”'® A key feature of these
systems is that upon self-assembly the anhydrides are excluded
from water, exerting a feedback inhibition on their deactivation
reaction, thereby prolonging the lifetime of these materials.

The same chemical activation approach has been employed
for chemical fuel-driven complex coacervation with Ac-

FRGRGRGD and RNA (Poly U) as counterparts.”** 1-Ethyl-
3-(3-(dimethylamino)propyl)carbodiimide (EDC) condenses
the C-termini and the Asp side chain into an anhydride,
changing the net charge of the peptide from +1 to +3. The
resulting product is a much better counterpart to RNA for
coacervation. In turn, water molecules slowly hydrolyze the
anhydride to the starting peptide, reducing the net charge to
+1 and dissolving the metastable coacervates. Interestingly, the
combination of the activated cationic peptide and the anionic
homo-(poly(styrenesulfonate) (PSS) homo polymer) and
block copolymer (poly(ethylene glycol) (PEG) + PSS
copolymer) gives rise to different coacervate based structures
(droplets, worm-like micelles, or large-compound micelles).”"

Another study that takes advantage of carbodiimide-based
activation demonstrated the formation of metastable lipid
tailed amphiphilic nanostructures (C18H), synthesized by
simple stearoylation (C18) of histidine.”'® Notably, the in-built
base form of histidine’s imidazole assists the formation of the
kinetically stable ester bond, thereby inducing self-assembled
fibrillar networks within 10 min. The deactivation reaction is
then driven by the same moiety via intramolecular nucleophilic
catalysis, achieving different lifetimes by varying the concen-
tration of the reactants and through the inductive effect of
different substituents of the phenol group. Refueling by
application of another batch of the coupling agent resulted
in regelation of the sample up to three times. Furthermore, it
has been demonstrated that free terminal histidine residues
were able to hydrolyze neighboring ester bonds, disassembling
helical nanostructures, and thus providing negative feedback
on their stability.”'” Also, the histidine driven hydrophobic
collapse has been adopted to gain spatiotemporal control over
electrical conductivity of short peptide-based amyloid net-
works.”"*

4.2.3. Enzymatically Regulated Systems. A program-
mable supramolecular pathway can also be regulated by
making use of biocatalytic reactions, adhering to the anabolic/
catabolic pair of reactions rule. To overcome the activation
energy barriers associated with the build-up and breakdown of
the macromolecules, living systems make extensive use of
enzymes for almost all metabolic processes. The possibility of
using the catalytic activity of enzymes in synthetic responsive
and adaptive materials has been explored following from
pioneering work by Yang et al, demonstrating the use of a
phosphatase to control Fmoc-Y self-assembly by in situ
dephosphorylation.”’” A first example of enzyme-controlled
transient self-assembly and gelation behavior orchestrated in
situ made use of a-chymotrypsin, which regulates both the
competing assembly (anabolic) and disassembly (catabolic)
reactions but via a different mechanism.”*’ a-Chymotrypsin is
a serine protease and preferentially hydrolyzes peptide bonds
wherein the carboxyl side is a hydrophobic amino acid (such as
tyrosine, tryptophan, phenylalanine, and, at slower rates,
leucine and methionine). The enzyme is also known as an
amide bond-forming catalyst where it requires an activated acyl
donor which enables peptide bond formation under kinetic
control, giving appreciable yields even in aqueous media,
provided that the formation reaction kinetics exceed those of
peptide breakdown via hydrolysis.”*""*** Taking advantage of
this method, a naphthalene-functionalized amino acid acyl
donor (specifically, Nap-Y-OMe) reacts with an amino acid
amide (precursor X-NH,: L-tyrosine amide Y-NH,, L-phenyl-
alanine amide F-NH,, or L-leucine amide L-NH,), in the
presence of a-chymotrypsin, to form the self-assembling
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dipeptide amide Nap-YX-NH, through a trans-acetylation
reaction. Meanwhile, the competing reaction leads to the
hydrolysis of Nap-YX-NH, to Nap-Y and X-NH,, but this
reaction takes place at a lower rate. It has been demonstrated
that the transient assembly is remarkably dependent on the
sequence of the transient dipeptide that is formed due to
variations of the self-assembly propensity (as per rule (iv). For
example, the equilibrium concentration of Nap-YF-NH, that is
formed exceeds the critical gelation concentration (CGC) and
therefore remains a nanofibrous gel. By contrast, by replacing
the F moiety, the products Nap-YY-NH, and Nap-YL-NH,
result in a situation where the equilibrium concentration is
lower than the CGC, resulting in nonequilibrium gelation.
Consequently, the systems show kinetically controlled
formation of fibers and consequent gelation, but over time
the degradation reaction takes over and eventually the peptide
concentration drops below the CGC, reverting the system back
to a clear solution. These examples show that peptide
aggregation propensity can be used as a design parameter to
enable the selection of transient versus permanent gels.
Moreover, refueling the system by adding additional Nap-Y-
OMe at the complete hydrolysis stage is possible and it could
be repeated up to three cycles, although yields reduced in each
cycle due to product inhibition. It is noteworthy that this
hybrid biosynthetic system has been validated using deliber-
ately a “poor assembler”, Nap-YY, in order to produce
nanostructure whose formation should be unfavorable at
equilibrium.**?

The reaction scheme was subsequently applied to a peptide-
based system which did not contain any non-natural
components but was produced from a dipeptide methyl ester
(the low-calorie sweetener aspartame, DF-OMe) and amino
acid amides. As a result of 7-stacking interactions between the
aromatic moieties of the amino acids and hydrogen bonding
linking the peptide backbones, a-chymotrypsin gives rise to the
formation of transient tripeptide DFX-NH, starting from the
substrate DF-OMe (aspartame) and a range of structurally
diverse amino acid amides X-NH, (X: F, Y, W, L, V, S, T).
Depending on the choice of the amino acid in third position,
the lifetime of the hydrogel can be tuned significantly. For
example, DFF-NH, provides a stable gel for 24 h; while a less
stable (4 h) gel can be obtained including Y within the
sequence, while with other amino acids hydrolysis of aspartame
was observed after 30 min. In addition, direct competition
among F-NH, and Y-NH, reveals the kinetic selection of
nanostructures rather than thermodynamic, leading to the
formation of DFY-NH,, the kinetically favored product.

The ability of gaining temporal control over the formation of
nanostructures has been extended by mapping the sequence
space of multiple peptide amphiphiles (Figure 61—K) was
demonstrated by Kumar et al.”'' By employing the same
enzymatic approach and using a 1,8-naphthalimide (NI) amino
acid methyl-esters (F, Y, L) as substrates (32), it is possible to
predictably vary the half-life of the transient nanofibers relying
on physical parameters, such as log P and the resultant self-
assembly propensity. The inclusion of a fluorophore into the
molecular design allowed for in situ imaging of the transient
nanostructures with stimulated emission depletion (STED)
based super-resolution fluorescent microscopy, increasing
signal-to-noise ratio and resolution compared to traditional
confocal imaging techniques, without the need for external
staining.

Imparting a transient nature to synthetic materials is possible
also by combining enzymatic oxidation and metal coordina-
tion, taking advantage of two distinct functional groups of the
peptide-based monomers.”** Specifically, the substrates are FF
peptides (or FFX, with X = I, L, F) protected at the N-
terminus with the BPmoc (borono-phenylmethoxycarbonyl).
Thus, the carboxylic terminus can work as a coordination site
for the Zn*" ions triggering the hydrogelation; thereafter, the
generated H,0, upon treatment with glucose oxidase GOx/
glucose system leads to the oxidation of BPmoc group and the
collapse of the nanofibers. Interestingly, the reaction network
has been adopted to control force generation by a propagating
wave of BPmoc-F; peptide-based nanofibers.*”

In metabolic pathways, reversible reactions are typically
catalyzed by pairs of orthogonal enzymes. For example, the
transient formation of condensates can be achieved between
the positively charged peptide (RRASL);_; (34) and poly-U
RNA (Figure 6L—0).”"” The serine residues are the enzymatic
substrates and RRASL is the peptide-based consensus
sequence for protein kinase A (PKA): once the peptide is
dephosphorylated (3S5), it can interact with its anionic
counterpart forming condensates, which are then disrupted
by the addition of the kinase in the presence of ATP;
subsequently, serine dephosphorylation repristinates the
coacervation. Consequently, the system is fueled by ATP and
produces ADP and inorganic phosphate (Pi) as waste. This
drawback can be overcome by the introduction of a membrane
reactor, enabling the continuous trade of fuel and waste.”?° In
this example, the sequence LRRASL has been used to
symmetrically functionalize the 3,4,9,10-perylene diimide
(PDI) moiety. The dialysis cassette selectively seizes the
PDI-based molecules and the enzymes inside while letting
ATP, ADP and Pi cross the membranes, avoiding accumulation
of waste that may otherwise inhibit the system. The inase/
phosphatase couple has also been adopted for the transient
phosphorylation of hydrogels, leading to their dissolution and
reassembly, as in the case of the naphthyl-protected
pentapeptide Nap-FFGEY.'”® The sol—gel phase transition
has been reproduced in vivo, proving to be a strategy for
minimally invasive delivery of biomaterials. A similar approach
has been adopted for controlling the release of the cancer drug
doxorubicin from protein kinase A (PKA)-responsive supra-
molecular nanofibers (KRRASVAGK[C,,]-NH,).**’

4.2.4. In Situ Regulation in Dynamic Systems.
Dynamic regulation of properties can be observed in systems
that are en route to the thermodynamic minimum. In this
context, the functional properties of such supramolecular
chemical complexes are gained from the building block
components, but they are also dependent on the preparative
pathway in a hysteresic way.”**~>*" Kinetics and life times of
the assembled networks in this case are dependent on energy
input, including chemical stimuli”**** and, as discussed
below, mechanical triggers.”">

As an alternative to electrostatic control of the dynamic self-
assembly through catalytic (de-) methylation of carboxylic acid
groups, so-called dynamic buffers have been used to
dynamically regulate protonation, deprotonation, and con-
sequent self-assembly.””> Such a system is regulated by
temporarily changing the ionization state by controlled
alteration of the environment, switching between different
contexts, and consequently different equilibrium situations. For
example, Heuser et al. designed their precursor such that the
peptide contains basic pH responsive moieties, specifically the
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ornithine-containing sequence Ac-QQ-Orn-F-Orn-W-Orn-F-
QQQ-NH,. Thus, in an alkaline regime, a so-called activator
(base or alkaline buffer) induces the formation of the
nanostructures and at the same time gradually hydrolyses the
deactivator (ester-containing molecule) to acid; the latter
reaction leads to the disassembly process lowering the pH.***
By varying the deactivator, temporal control of the assemblies
is achieved over a substantial range: from a few minutes
(gluconic acid &-lactone) to hours (methyl formate) or days
(e-caprolactone). The activator/deactivator pair can be also
applied to an acidic pH profile, switching the chemical nature
of the components.”*

Another approach to building up reversible peptide-based
supramolecular assemblies involves controlling the overall bulk
environmental conditions in a dynamic manner. Angulo-
Pachon et al. took advantage of the well-characterized baker’s
yeast (Saccaromyces cerevisiae), which hydrolyzes sucrose into
ethanol and CO,.** In this work, the amphiphilic amino acid-
based (V, I, F) precursors are endowed with aliphatic amines at
the C-terminus, while the N-terminal is functionalized with a
succinyl moiety. The decrease of the pH due to the CO,
produced in solution can trigger the transient protonation of
carboxylate-containing sequences. The consequent self-assem-
bly persists until the pH turns to basic condition upon CO,
elimination. The hydrogels can be reformed with batch-wise
addition of sucrose. Interestingly, the different hydrophobic
character of the amino acids included into the precursors does
not affect the pH range at which the sol—gel transition occurs.
By contrast, a short alkyl tail (provided by hexylamine instead
of dodecylamine) cannot drive the gel formation in water. In
addition, glucose-fueled assemblies can be sustained by glucose
oxidase, allowing the development of dendritic peptide-based
thermogels.”*

4.2.5. Spatially Controlled Assembly. Spatial control of
supramolecular assembly in biology is usually achieved by
release of catalyst at a specific location, which either generates
self-assembled structures in its vicinity or acts as nucleation site
for self-assembly, e.g, in plants, spatial control over cell growth
and shape are governed by localized secretion of catalysts and
building blocks to form cell walls.”*” Nature also uses localized
nucleation-crystallization as a method for growth of teeth
enamel with spatial control, where enamel proteins act as a
nucleation site for enamel formation with desirable orienta-
tion.*® Also, the reaction diffusion and chemical gradients
have been extensively utilized in nature to achieve spatial
control over structures and functions.

Supramolecular materials are typically bulk materials, where
nucleation and growth, let alone the locale of structure
formation, is challenging to control. Attempts to achieve spatial
control in peptide assembly have mainly followed a bioinspired
approach of catalytic site-controlled assembly. A catalytic site is
chosen where self-assembling molecules are locally generated,
and if the self-assembly rate is faster than molecular diffusion, it
would promote local accumulation such that the critical
assembly concentrations are rapidly reached in close proximity
to the site. This results in spatially controlled assembly at the
site of catalytic reaction. The catalytic site can be on an
enzyme surface, where biocatalytic self-assembly happens
around the enzyme active site or through the immobilization
or generation of catalyst on a surface, either synthetic or
biological.

An early example of enzymatic reaction controlled self-
assembly of an amino acid derivative was demonstrated by

Yang et al.>"” Here, enzymatic dephosphorylation of Fmoc-Y-
phosphate by alkaline phosphatase produced the more
hydrophobic Fmoc-Y, leading to hydrogelation nucleating at
the catalytic site of the enzyme. Although the authors did not
mention it, in hindsight it is probably the earliest example of
spatially controlled nucleation of a self-assembly process.
Subsequent detailed mechanistic investigation by Thornton,
Abul-Haija et al. demonstrated that Fmoc-Y indeed nucleates
around the enzyme surface as spherical aggregates before
transforming into 1-D nanofibers.>** Therefore, it was
demonstrated that enzymatic surface can be used for
nucleation and growth of self-assembled nanostructures.

Spatial control of self-assembly can be obtained on synthetic
surfaces by immobilization or generation of catalyst on the
surface. In this regard, Williams et al. demonstrated that
spatially defined enzyme immobilization on glass surface
promoted localization of self-assembling peptide nanostruc-
tures on the patterned surface.'”” Thermolysin was covalently
immobilized on a patterned glass surface. Upon immersion of
enzyme functionalized surface to a solution containing Fmoc-L
and LL resulted in self-assembling peptide (Fmoc-L,) through
biocatalytic condensation. Because self-assembling Fmoc-L,
was formed by thermolysin, it resulted in localized nucleation
and growth of nanostructures only in areas where the enzyme
was immobilized on glass surface, thus demonstrating spatially
confined supramolecular self-assembly of peptide nanofibers.
More recently, a variety of surfaces like TEM grids, glass, and
magnetic nanoparticles could be used to immobilize various
proteases and spatiotemporal control over formation of
peptide nanofibers could be demonstrated.”**~***

The ability to control nucleation in the assembly process was
achieved by incorporating nucleation sites on a solid polymer
surface was studied by Jierry et al. This approach used a grafted
seed layer of hydrogelator monomers on top of an enzyme
layer on a polymeric film.”***** The seed layer was composed
of a polyelectrolyte matrix which was covalently functionalized
with hydrogelator molecule (Fmoc-FFY) acting as a seed and
was placed over an alkaline phosphatase layer. Addition of
phosphorylated Fmoc-FFY(PO,*>”) in solution triggers an
enzymatic reaction to form Fmoc-FFY hydrogelator, which
nucleates on top of the seed layer to form a nanofibers
network.

In eukaryotic cells, the pH gradient is known to control the
spatially defined tip growth for cellular extensions.”** This has
inspired several proton catalyzed (pH controlled) peptide self-
assemblies which involve the modification of either the
charged side chain residues of amino acids or the —NH, and
—COOH termini to regulate amphiphilicity and thus initiate
assembly. Therefore, processes that can generate protons at
specific locations would provide an effective means to control
supramolecular self-assembly spatially. One such approach
utilized the surface grafting of a proton producing enzyme,
which resulted in localized formation of a peptide hydrogel.”*’
To demonstrate this concept, glucose oxidase (GOx) was
anchored on polymeric film, which oxidized glucose to yield
H", creating a proton gradient on the surface. The localized
acidic medium protonated the Fmoc-dialanine (Fmoc-AA-
OH) to create a hydrogel. Interestingly, immobilization of two
enzymes (GOx and horseradish peroxidase-HRP) in a
multilayer architecture promoted a cascade of reactions
where hydrogen peroxide produced by GOx was utilized by
HRP for in situ generation of O,, which is essential for GOx to
produce H' for peptide self-assembly. In another example,
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passive diffusion of protons from a surface resulted in the
spatially controlled peptide assembly in a carboxylate
terminated benzene-1,3,5-tricarboxamide (BTA) peptide con-
jugate. A poly(dimethylsiloxane) (PDMS) layer soaked in HCl
was dipped in BTA—peptide conjugate solution, and
controlled release of H* from PDMS surface created a proton
gradient propagating front of supramolecular polymerization
from the PDMS surface. It was observed that the kinetics of
proton diffusion had to be slower than the nucleation time of
nanostructures for proper spatial control over assembly.

Local change in pH can alternatively be induced by
electrochemical reaction on an electrode surface. This has
been utilized to demonstrate spatial control over self-assembly
of an aromatic peptide amphiphile on an electrode surface. In
this case, the electrochemical oxidation of hydroquinone on a
gold electrode results in formation of benzoquinone with
release of two protons near the electrode surface. The pH drop
observed near the electrode surface was used for the
protonation of Fmoc-LG, which consequently resulted in
their self-assembly to form a thin film of hydrogel on the
electrode surface.””” Properties of these gels could be
controlled by precisely regulating the current supplied at the
electrode. Payne et al. utilized a similar strategy of pH gradient
near an anodic surface to spatially control Fmoc-F gel growth
both in the normal and lateral directions.”*® The gels could be
simultaneously formed and erased on two electrodes of
different polarity and their thickness controlled by the polarity,
magnitude, and duration of the current supplied.

Adams and co-workers demonstrated a local pH-controlled
peptide assembly to form spatially resolved multicomponent
gels. The two aromatic peptide amphiphile gelators with
distinct apparent pK, values (which is dictated by the
hydrophobicity of these peptides) were subjected to a globally
decreasing solution pH through autonomous hydrolysis of
GLD.** This led to sequential assembly of peptides with
higher pK, peptides assembling first, resulting in a self-sorted
network of two types of fibers made up of individual peptides.
The controlled pH change could also be obtained at the
electrode surface by regulating the current supplied, resulting
in spatial, temporal, and compositional control of the hydrogel
on the electrode surface. The authors further develop their
system to incorporate a photoswitchable stilbene unit into one
of the peptide hydrogelators.”>” Consequently, photoirradia-
tion of the two component gel leads to selective sol to gel
transition of one of the components, resulting in the formation
of a patterned fiber network with precise spatial control over
hydrogel composition and rheological properties.

Having shown that a catalyst-generating surface can be used
for spatial control over assembly, specific cells which release
enzymes could be used for biocatalytic peptide self-assembly in
proximity to cells. Xu et al. reported a design of enzyme-
instructed self-assembly of peptide derivatives which form
nanofibers in cellular environments. In cells, enzyme
distribution is naturally variable, and Xu et al. took advantage
of specific enzymes that are either localized inside (cytoplasmic
enzymes) or on the surface (ectoenzyme) of cells. By matching
the biocatalytic self-assembly system with these enzymes, the
formation of peptide nanostructures can be spatially
confined.”®" For example, when phosphatase overexpressed
E. coli cells were incubated with a phosphorylated tyrosine
derivative, in situ dephosphorylation resulted in formation of
peptide nanofibers that were spatially confined inside the
cytoplasm.”** This eventually led to bacterial cell death due to

a change in viscosity inside the cells. Similarly, using an
ectoenzyme alkaline phosphatase which are overexpressed on
cancer cell surfaces, a peptide nanofiber network could be
formed on the spericellular region, resulting in the apoptosis of
cancer cells.”>® Additionally, they developed a peptide
substrate which can simultaneously react with phosphatase
and esterase to result in peptide assembly and disassembly,
respectively.”>* This system exploits esterase downregulation
of self-assembly of peptides for selective inhibition of cancer
cells without affecting other cells. Furthermore, conjugation of
a dye (4-nitro-2,1,3-benzoxadiazole) to the peptide could be
used as an imaging probe to monitor in situ phosphatase
activity on cell surfaces.”>> Thus, enzyme secretion from cells
provide a spatiotemporal control over formation of peptide
nanofibers for their application in controlling cell fate and
monitoring cellular chemical reactions.

Kalafatovic et al. have utilized the spatially controlled
assembly of peptides for the site-specific release of drug
molecules for effective therapy.”*® This was achieved by design
of a micellar peptide nanostructure that assembles as
hydrophobic fibers only upon enzymatic activation and
therefore spatially confined to areas where the target enzymes
are overexpressed. The peptide sequence, Phac-FFAGLDD,
upon MMP-9 catalyzed hydrolysis and undergoes a supra-
molecular reconfiguration from micelles to fibers due to a
change in amphiphilicity. Because MMP-9 is an overexpressed
enzyme on tumor cells, antitumor drug doxorubicin loaded
peptide micelles could reconfigure into nanofibers near
diseased cells. This resulted in spatially controlled slow release
of drug and inhibition of tumor in animal model.

4.3. Chemomechanical and Mechanochemical
Supramolecular Responsiveness

Living systems display remarkably efficient shape-changing
phenomena by reacting autonomously to external stimuli,
which may include dynamically alternating their structure from
nano- to macroscale. In addition to the chemical, physical, and
biochemical stimuli discussed so far, mechanical stimuli offer
an effective means to exchange energy with supramolecular
systems, both through mechanical activation of chemical
events and chemical activation of mechanical changes.

Monreal Santiago et al. demonstrated that the peptide
GLKFK, activated with an N-terminus 1,3-benzenedithiol
group (36), cyclizes upon oxidation in buffer to produce a
library of different sized peptide macrocycles. Remarkably, the
outcome of the experiment is strongly influenced by mode of
agitation, i.e., whether the sample is shaken or stirred.>>” The
autocatalytic peptide system, upon self-assembly and photo-
activation, can catalyze the synthesis of its own precursors in a
process that is strongly dependent on mechanical energy
supplied to the system. 36 forms mainly with 3 or 4 monomer
cycles, but from spontaneous disulfide exchange can form
hexamers. Hexamers are capable of fiber formation, depleting
the pool of hexamers and triggering replenishment. Further-
more, mechanical agitation causes fiber breakage, increasing
the number of growing ends and resulting in exponential
growth of the fiber system, so long as an oxidant is present in
the system to activate uncyclized monomers. These results
establish that mechanical forces can act as a selection pressure
in the competition between replicators and can determine the
outcome of a covalent synthesis.

The design of supramolecular materials that are adaptive and
flexible and can interconvert rapidly in response to chemical
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of 15 (D), 1 (E), and 1, (F) over time. (G—L) Chemical structure of HYF (G) and its scanning electron microscope image (scale bar, 2 yum) (H).
(I) Rhombohedral crystal structure of HYF. (J) Powder XRD of HYF at different relative humidities. (K) Evolution of lattice parameter with
relative humidity, as determined by molecular dynamics. (L) Molecular dynamics simulated crystal structure of an aqueous pore structure of HYF.
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triggers is currently in its infancy. We have investigated
nanoporous peptide-based crystals as actuating materials which
have distinct (stiff) H-bonding and (soft) aromatic domains
and are prone to sequence-dependent reconfigurations. While
crystals are typically perceived as stiff and brittle entities, it has
been recognized that crystals that are stabilized by supra-
molecular interactions can be remarkably pliable and they can
be designed to respond to applied stimuli, showing rapid
reconfiguration and shape change. Specifically, we demon-
strated tripeptide crystals of reversible and sequence-depend-
ent lattice deformation in response to changes in relative
humidity (Figure 7J—L).”>® Piotrowska et al. used a self-
assembled hydrophobic HYF (37), which enable favorable
interactions with water. HYF crystals exhibit a dual network of
strong, reconfigurable H-bonding between water and peptides
and soft 7—z stacked aromatic regions (Figure 7I). Changes in
surrounding relative humidity led to reversible, structural
rearrangement, and volume change. Decreasing humidity

13889

induce strengthening of water—peptide H-bonding that drives
pore contraction, leading to mechanical stress dissipation
through interconnected, deformable aromatic areas in the
crystal lattice. This mechanism and the enhancement of water
bonding inside the pore amplifies the capillary force that
induces expansion and contraction of the crystal. Interestingly,
analogue tripeptide DYF-NH, (6) (Figure 2E) shares common
features such as hierarchical structure, and aqueous pores do
not show H-bonding strengthening. This indicates that the role
of water in the pores and dual network of the integrated stiff,
deformable, and soft domain is crucial for water responsive-
ness.

The flexibility afforded by a peptide backbone creates readily
deformable pores in peptide—metal frameworks.”*"~>*
Katsoulidis et al. designed a flexible metal—organic framework
(MOF) based on Zn using the peptide linker GGH,
hypothesizing that the tripeptide would allow the MOF to
access multiple structures.”®" The structure itself is comprised
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of rigid Zn-His layers, the imidazole on the histidine
coordinating to Zn*". The MOF crystal structure was found
to vary among nine different conformations based on the
presence of different solvents (DMF, H,0, methanol, DMSO)
and guest molecules (dioxane, cyclopentanol, furfural, furfuryl
alcohol). The pores of the MOF are inaccessible to any guest
in DMSO, but introduction of DMF or water to them displaces
the DMSO to permit adsorption of guests. XRD analysis
revealed that in each conformation, the peptide linker adopts
different torsion angles, which in turn affects the intermo-
lecular forces between consecutive linkers or between linkers
and the solvent. Different linkers of the form G/A-pyrazole
were later tested to expand the conformational reach of the
frameworks.”®> These examples show that a level of mechanical
configuration can be achieved based on chemical potential
differences of free and bound molecules.

Inostroza-Brito et al. utilized the coassembly of elastin-like
polypeptides (ELPs, negatively charged) with peptide
amphiphiles (positively charged) to create a hybrid protein—
peptide membrane.”** Interestingly, by externally controlling
the way in which the two components were brought together,
the system could form a 3-D open tubes, which could be
spatiotemporally manipulated to obtain the desired shape of
self-assembled membrane. The example demonstrates the
utilization of supramolecular interactions at the nanoscale
combined with external application of directional motility to
control the formation of macroscopic materials, which were
subsequently utilized to support and guide the growth of stem
cells for potential tissue engineering applications.

Mechanical waves also hold some promise to trigger
multiscale supramolecular responses but are a relatively
under-researched area. The idea is based on the concept that
mechanical force can rearrange supramolecular interactions to
relieve the applied force. Mechanically induced chemical
reactions have been established for affecting matter at various
energy levels, including breaking of covalent bonds and
reorganization of noncovalent structures.”®> Mechanical trans-
ductions have been used to trigger aggregation and macro-
scopic superstructure alignments, in turn impacting on
mechanical properties of the system.”® Biology provides
some outstanding examples on how soft matter can be
impacted by acoustics, leading to mechanical transduction
through soft structures, coupled with electrical or chemical
activity, as seen in hearing and touch, for example.*”*** For
peptide-based supramolecular materials there have been
examples showing acoustic responses dictated by molecular
composition as well as induced alignment across hundreds of
micrometers.”*” It has been shown that two closely related
dipeptide amphiphiles, Fmoc-YL (38) and Fmoc-FL (39),
upon ultrasound energy application, are subject to supra-
molecular reconfiguration depending on their electron
densities.””® Specifically, in the case of Fmoc-YL, the fibers
formed in an aqueous buffer were converted to spherical
aggregates upon 5 min of ultrasound exposure, reverting back
to the initial network when the external stimulus was turned
off. Moreover, after sonication, extreme syneresis has been
observed in FF dipeptides, still conserving their gel-like
behavior.””" Cbz-FF-OH, (Cbz = benzyloxycarbonyl) showed
an order of magnitude variation in the mechanical properties
achieved through gelation via a heat—cool method versus of
sonication.””” Interestingly, hydrogelation ability can be
modulated also for a single amino acid (Ala-hyd, bringing an

aromatic N-protecting group and a hydrazide moiety at its C-
terminus) by varying the initial concentration.””?

An example worth noting in this context are peptide-assisted
molecular machines for disrupting cell membranes.””* Light-
activated molecular machines have recently been utilized to
controllably adjust membrane channels.””® Garcia-Lopéz et al.
combined such a molecular machine with a peptide receptor
sequence (DGEA and SNTRVAP) to target prostate cancer
cells. Of the two sequences, the shorter showed no
enhancement in cellular disruption, but the longer sequence
displayed up to 50% higher mechanically induced necrosis in
cells compared to untargeted machines.

4.4, State of the Field: Spatial and Temporal Control in
Supramolecular Peptide Systems

The discussed examples begin to show steps toward the
bottom-up synthesis of laboratory-based systems that show
features such as competition, cooperation, and compartmen-
talization that are possible because of a combination of kinetic
and thermodynamic features. In self-assembly experiments, a
key development is the formation of self-assembling structures
in situ by covalent modification of precursors, often regulated
by catalytic reactions. These can typically be rationally
designed, often starting from a known self-assembling system
and then incorporating covalent handles or blocking groups to
enable dynamic covalent control. With access to these building
blocks, researchers can explore kinetics, in addition to
thermodynamic considerations, to demonstrate new behaviors.
While many of the systems studied to date are transient and on
their way to thermodynamic equilibrium, the use of open
systems is allowing systems to truly be studied out-of-
equilibrium, where new properties emerge.””® Recent trends
focus on the inclusion of disordered regions and coacervates to
create dynamic compartments,”’’ thus blending and integrat-
ing design features discussed in sections 3 and 4. Within these
compartments the chemical environment is different from the
bulk, and this aspect can be exploited to create feedback
control, for example, through enhancing catalysis upon
structure formation that in turn triggers disassembly,”'” thus
starting to mimic features of nature’s fueled biopolymers.

Clearly, mechanical energy can be used to influence
nanostructure assembly and disassembly mechanisms across
length scales, which, in turn, changes the mechanical properties
of these same materials. Vice versa, changes in supramolecular
interactions can trigger mechanical responses. Collectively, the
nonequilibrium systems presented here endowed man-made
assembly of structures with functionality. The intriguing
challenge is to regulate energy flow in space and time, through
signaling and hierarchically organized systems, which should
ultimately enable the creation of synthetic matter with adaptive
functions currently only known in the living world.

5. FUNCTIONAL, COMPLEX PEPTIDE
NANOSTRUCTURES

We have taken a close look at peptide design for structure,
both in homogeneous settings and in heterogeneous mixtures,
as well as principles behind the design of dynamic systems that
exist in and out of equilibrium and display adaptive changes in
space and time under the influence of applied chemical or
mechanical energy. What follows in this section are an
assortment of papers that integrate the design rules established
so far to produce functional peptidic systems with complex
properties, as represented in Figure 1C. These examples have
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wide-ranging implications across broad fields of chemistry,
biotechnology, and materials science, ranging from controllable
mechanical response in water-responsive peptide crystals,>*®
molecular motors that disrupt cellular membranes under
light,274 conducting nanowires that transiently disassemble,*'®
and pH-switchable short peptide catalysts.””® The section
culminates in several works that illustrate complex dynamic
properties and functions that can only be achieved by using a
systems approach, with consideration for spatial, temporal,
kinetic, and thermodynamic features of multicomponent
systems.

5.1. Photonic, Electronic, Protonic, and lonic Conduction
and Communication

An essential aspect of living systems and synthetic devices alike
is their ability to efficiently send and receive signals across
length scales to direct the flow of energy and information. In
biological systems, such communication efforts are often
mediated by photons and charged particles like electrons,
protons, or other ionic species and regulated by various
chemical switches like ligand—receptor interactions and three-
dimensional conformational changes. Communication through
light and electrons are central to many functions, including
vision, neuronal signaling, photosynthesis, and redox pro-
cesses.””” Simultaneously, charge mobility is a critical
component of electronic devices, integral to devices and
sensors. While both biological and synthetic devices utilize the
same carriers for information and energy, the designs used are
typically completely different. Whereas electronics in the
context of life take the form of dynamic, hydrated and
reconfigurable structures, synthetic electronic and photonic
devices typically rely on static, dry, and fixed environments.
There is substantial interest in developing bioinspired materials
as devices for artificial photosynthesis, bioelectronics, wearable,
and biodegradable electronics that combine concepts from the
biological world with those used in devices. Peptide-based
design holds much promise as materials that integrate synthetic
and biological systems, or as building blocks for new types of
electronics that combine concepts from both the biotic and
abiotic worlds. This area of research has been reviewed
numerous times in recent years, and we refer the reader to
several excellent comprehensive reviews.”*™>** In this section,
we focus on those areas where designed short peptide
nanostructures have been used to facilitate electronic and
photonic communication, where peptides provide either
structure or function. We focus on areas where structural,
spatial, and temporal aspects are considered, and where
dynamic features are incorporated toward active and adaptive
electronic and photonic functions.

Charge conduction in biology is mainly mediated by
proteins where conductive efficiency is dependent on their
secondary or quaternary structure.”** Light-controlled pro-
cesses in biology typically involve nonprotein chromophores
organized within the protein assembly. As a minimalistic
biomimetic approach, self-assembling short peptides and their
chromophoric conjugates are increasingly explored as building
blocks for materials that display charge and photon mediated
properties.”®’ The electronic and photo activity can be
achieved either by taking advantage of the communication
between amino acid side chains or through functionalization of
short peptides with organic chromophores. In the latter case,
the peptides provide the structural components that are
responsible for the geometric organization of the chromo-
phores.

Terminology is not always consistently applied, and we start
by defining different modes of transfer and transport of charge
and energy (Figure 8) that underpin these systems. (1)
Electron transfer (ET) usually refers to the exchange of
electrons in a redox process between a peptide/protein and an
electrolyte. Because it is mainly a molecular process, it will not
be discussed in this review. (2) Charge transport (CTp) is
broadly defined as the phenomenon of movement of charges
through a (supra-)molecular structure, such as a protein or
peptide assembly. CTp can be of two types: (2a) Electron
transport (ETp) refers solely to the phenomenon of flow of
electrons through a conducting material, whereas (2b) proton
transport (PTp) corresponds to movement of protons through
a material.”** (3) Energy transfer (EnT) is typically inspired by
the photosynthetic process, where light energy is absorbed by
the donor chromophore and the energy is transferred to the
acceptor molecules. (4) Charge transfer (CT), on the other
hand, involves either the donation of electrons from an
electron-rich donor molecule to the electron-deficient acceptor
molecules or merely the interaction between the donor—
acceptor molecules.”® As a general rule, transfer processes
occur at local molecular scales, whereas transport usually
suggests longer length ranges.

A significant amount of research has been dedicated to
elucidating the mechanism and refining the photonic and
charge-related properties in peptides and peptide-based
molecules. Our focus here is not necessarily on the
performance of these materials and systems but rather on
the approach to supramolecular peptide design to control
function. The electro-/photoactive peptide structures that are
described in this section will be discussed based on similarities
in chemical design as shown in Figure 8. Section S5.1.1 will
discuss self-assembled materials made up of unmodified
peptides, which will be categorized into charge transporting
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(CTp) materials and fluorescent self-assembled peptides.
Section 5.1.2 will discuss peptides which are conjugated with
chromophores into either electron transporting (ETp) systems
or as energy transfer (EnT) systems.

5.1.1. Supramolecular Self-Assembly of Aromatic
Short Peptides for Biophotonic and Electronic Wires.
Minimalistic peptide design consisting of natural amino acids
has proven powerful in mimicking structural and functional
properties of proteins. They can be studied, modeled, and
engineered more effectively than whole proteins. One
approach in the design of electro-/photoactive structures
takes advantage of the inherent properties of aromatic amino
acids, sometimes combined with charged residues, to form
assemblies that can transport charges or photon energy
through their nanostructures.

Because supramolecular organization is an important factor
in charge transport (CTp), a critical role is assigned to versatile
and tunable self-assembly. In a simple design, minimalistic self-
assembling dipeptides such as FF and FW were investigated for
their ETp properties. The origin of the semiconducting
properties of such peptides has been reviewed recently by
Tao et al.”*>**" Briefly, the assembly of peptides containing
aromatic residues can behave like semiconductors when the
interactions involved in the self-assembly process itself,
including aromatic stacking and hydrogen bonding, collectively
reduce the band gap of the interacting molecules within the
nanostructure. Conductivity then arises from the presence of
quantum confined structures in supramolecular peptide
nanomaterials, as shown by the reported two-dimensional
quantum well confinement in these structures.”” Specifically,
the self-assembly of FF micro- and nanotubes is known to be
driven by the formation of an aromatic zipper, with the
hydrophobic phenyl rings oriented toward each other and
stacking one on top of the other (Figure 2A).”** This “dry”
region forms a dense 7z network of delocalized electrons,
producing the observed conductivity. Amdursky et al
compared the electrical conductivity of dipeptides FF and
FW to establish the role of these aromatic amino acids.””’ The
conductivity of the self-assembled peptides was measured on a
drop-casted dry film using conductive probe AFM. They
observed that while the FF and FW films had similar
topography, the conductivity of the FW was S times higher
than that of FF, with FF effectively behaving as an insulator.
The authors suggest that the lower optical band gap of
tryptophan was responsible for the difference in conductivity
and further suggested that inclusion of tryptophan in short
peptides can broadly enhance conduction.

To further understand the role of amino acid sequence in
general and the presence of tryptophan in particular, Cahen et
al. investigated the ETp property of homomeric (tetra- to
hepta and 20 mer) peptides composed of A, E, K, and W. They
measured the conduction through a monolayer molecular
junction (rather than supramolecular assembly) of these
peptides placed between gold electrodes. The peptide’s C
terminus was free (—COOH), whereas the N terminus was
thiolated, which allowed for the formation of a molecular
junction between gold electrodes. By varying the nature of
constituent amino acid (A, E, K, or W), the length of peptide
chain and the secondary structure of the peptides (helical vs
disordered), they established the crucial interdependence
between ETp and peptide sequence. The ETp efficiency
increased for peptides with more protonated side-chain amino
acids like K and W and exponentially decreased upon

increasing the chain length from 4 to 7. Furthermore, helical
homoalanine formed by 20-mer oligo-alanine showed a 400
times higher ETp compared to disordered hepta-alanine,
indicating the strong impact of secondary structure.””" Using
electronic structure calculations, the authors suggest an off-
resonance tunneling mechanism of conduction in these
peptides. Additionally, they investigated ETp in hepta-alanine
with a single tryptophan substitution acting as a dopant.””* As
expected, the ETp across self-assembled monolayer showed a
10-fold increase in conductance when the tryptophan was
placed close to the electrode (i.e., near the thiolated terminal),
highlighting the role of improved peptide—electrode coupling
in such a setup.

Although aromatic amino acids have been major source of
ETp in peptides, self-assembled FF films by themselves have
been shown to be electrical insulators.”™ Interestingly, upon
cyclization of FF into cyclo-FF, which was previously shown to
occur spontaneously during their vapor phase self-assembly,””
the peptides show increased semiconducting properties.”
The reason for the enhanced conductance in the cyclic state is
likely due to the enhanced rigidity of this system, which leads
to a lower band gap compared to the linear FF. Additionally,
Amit et al. studied the ETp in the longer FF-containing
peptide sequence AAKLVFF, derived from amyloid f
peptide.””® In this system, the replacement of both the
phenylalanines with non-natural amino acids such as 2-
thienylalanine leads to an appreciable enhancement of the
relatively low conductivity of pure peptide nanotubes. The
authors attribute the difference in conductivity to the
morphology of assemblies, noting that the presence of
aromatic side residues was essential. Bal et al. utilized a
nonequilibrium self-assembly of a related cross # amyloid
peptide HLVFFAE in a related study.”'® The peptide was
functionalized in situ at the side chain of E with 4-nitrophenol
using ester coupling agent EDC, which resulted in self-
assembly. However, presence of H at the N terminal catalyzed
the hydrolysis of the nitrophenol ester, leading to disassembly.
As described in section 4.2, the competing formation and
degradation reaction resulted in temporal control over self-
assembly. Thus, the authors achieved a temporally controllable
electronic conducting network. This integration of non-
equilibrium self-assembly with control over the ETp provides
a significant step toward bioinspired electronic devices that
may be seamlessly integrated with living systems through
provision of on-demand electronic connectivity with feedback
control.

In aqueous systems, there are typically contributions from
both ETp and proton transport in conductive protein and
peptide-based systems. It is now recognized that, in general,
humidity influences both processes differently, with high
relative humidity supporting greater proton conduction.
Humid proton conduction requires the presence of water,
yet there is also interest in the development of dry proton
conductivity for certain devices that may require operation that
is not compatible with the presence of liquid water, e.g, in the
design of fuel cells. Ashkenasy et al. surveyed a series of
nanotube-forming cyclic octapeptides, based on the original
design by Ghadiri’s group of alternating p,L stereochemistry,””
hypothesizing that the presence of polar amino acids together
with aromatic residues would enhance (dry) proton trans-
port.””” The cyclic peptide sequence investigated were cyclo-
(KW),, cyclo-(KY),, cyclo-(EW),, and cyclo-(KA),. The
authors observed that, in dry conditions, long-range order
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had a greater impact on proton conductivity, favoring the
incorporation of aromatic residues, whereas for conduction in
hydrated conditions, presence of carboxylate moieties had a
greater role. The same authors have shown that, similar to
living system, both electron and protons can simultaneously be
responsible for the total charge transport.””® As expected, the
contribution of proton transport is lower under low humidity
and proton transport significantly increases upon increase in
humidity, and their insights provide design rules to optimize
these features.

The proton conduction in a linear peptide can also be
enhanced by the introduction of a charged amino acid to the
peptide sequence, given other self-assembly parameters are
kept intact. For example, swapping the lysine to a glutamic acid
residue in AAKLVFF enhanced the proton conductivity of the
peptide by 28 times.””” This is explained by the fact that acidic
groups in glutamic acid contribute more charge carriers to the
material than basic groups, as well as the ability of acidic charge
carriers to be more mobile. Recently, Reddy et al. have
investigated proton transport in KYY (40) tripeptide
assemblies and subsequently in the enzymatically oxidized
versions where covalent connections between Y residues along
the length of the fibers dramatically enhanced the observed
conductance through the formation of polyphenolic 1-
dimensional nanofibers reminiscent of melanin (Figure
9A,B).”* Interestingly, the enzymatically oxidized KYY fibers

were an order of magnitude more conductive than their native
KYY fibers due to the oxidative tyrosine linkage, providing
conductive tracks for proton transport. By performing electrical
measurements at different relative humidities (Figure 9C), the
authors confirmed that the PTp is the main mechanism of
conduction. The role of tyrosine oxidation in forming covalent
conducting tracks for proton transport in response to a
biological amplification mechanism (enzymatic oxidation) can
potentially be a generalized design for enhancing conductance
in peptide-based fibers in situ.

Fluorescence in biology has been investigated in proteins
like green fluorescent proteins (GFPs), which has led to a
variety of applications in biophotonics, sensing, fundamental
cell biology and biochemistry, and diagnostics.300 In GFPs, the
inherent fluorescence originates from the conjugated chromo-
phores that are formed by sterically induced SYG tripeptide
cyclization in the f-barrel core of these proteins. Remarkably,
in a minimalistic biomimetic approach, the self-assembly of
aromatic peptides has shown promise as inherently fluorescent
materials in the visible range. Similar to the observed self-
assembly induced formation of semiconducting structures, the
fluorescence property of the self-assembled peptide is mainly a
product of the formation of quantum confined structures,
which gives rise to lower electronic band gaps.”***” The
quantum confinement in peptides containing aromatic amino
acid originates from the tightly packed self-assembly involving
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rigidification of aromatic interactions. The inherent fluores-
cence property of these self-assembled peptide particles holds
promise for fluorescence imaging, as an alternative to external
fluorescent dye labeling strategies.”"

Supramolecular crystals formed from individual aromatic
amino acids were shown to give rise to red-shifted fluorescence
upon self-assembly and therefore show promise as biophotonic
wires. The aromatic amino acids W, Y, and F were shown to
assemble into amyloid-like structures, which showed intrinsic
fluorescence in the blue region (450 nm).*” Additionally, the
intrinsic fluorescence could be used as a means to self-report
the formation and distribution of amyloid-like metabolite self-
assembly inside living cells.

Amdursky et al. demonstrated that crystalline FF peptide
nanotubes, as a consequence of the aforementioned semi-
conducting band gap, display intrinsic fluorescence properties
due to the supramolecular interactions in the self-assembly and
crystallization process.”® Detailed spectroscopic investigations
revealed the emergence of a new absorption band near 300—
370 nm along with a corresponding fluorescence peak in the
visible region (450 nm). The source of the fluorescence was
the unique zipper-like aromatic interlocks observed in FF
assembly, resulting in an extremely stiff structure and efficient
m-electron delocalization.”® This works showed the impor-
tance of structural morphology and the molecular mechanism
responsible for physiochemical properties.

Besides 7-electrons delocalization, cation—r interactions can
play a role in shifting spectral properties. This was
demonstrated in several aromatic/cationic dipeptides by
Juszczak et al, who reported intrinsic fluorescence in the
visible range in other dipeptides. They observed that placing
aromatic amino acids, such as tyrosine and tryptophan adjacent
to cationic amino acids like arginine and histidine, led to visible
light emission.’”® Detailed analysis confirmed the origin of
fluorescence from the cation—z interactions in the self-
assembled structure and formation of aromatic radicals. The
dipeptides RW, YW, and HW displayed an intense pink color
in the solid state, confirming the role of supramolecular
organization in the emergence of these optical properties.

An interesting class of peptides which has received
significant attention in regulation of optical properties are
cyclic peptides. The optoelectronic properties of peptides in
the cyclic form are significantly enhanced compared to the
linear form due to their structural rigidity, stronger
intermolecular interactions due to the presence of two peptide
bonds, unique hydrogen bonding pattern, and improved
proteolytic stability.”"* Gazit’s group presented tryptophan
based aromatic cyclo-dipeptides like cyclo-FW and cyclo-WW
(41) where photoluminescence originated from the formation
of a quantum confined assembly (Figure 9D).**” Interestingly,
the emission could be tuned from the visible to near-infrared
spectral regions (420—820 nm) as shown in Figure 9F. Such a
tunability was obtained through the change of various
parameters, including amino acid substitution, metal ion
coordination, oxidation, and solvent replacement, all of
which directly affected the self-assembled structures of the
dipeptides. The coordination of Zn** to cyclo-WW resulted in
the formation of nanoparticles (Figure 9E), which were utilized
for in vivo imaging and light-emitting diodes. Furthermore,
cyclo-HH coordinated to Zn*" exhibited bright fluorescence
emission with 70% quantum yield, which is among the highest
reported so far for peptide-derived materials.””> The enhanced
fluorescence was hypothesized to be due to the self-assembly

locking strategy, whereas the Zn** co-ordination rigidifies the
chromophore, thereby reducing fluorophore mobility. The
material was utilized for the development of a prototype light-
emitting device and as a nanocarrier for intracellular drug
delivery and bioimaging. The same group also reported the
crystallization of cyclo-GW, which showed aggregation-
induced blue emission and wave guiding properties.”
Additionally, the crystals demonstrated significant piezoelectric
responses by generating high and stable currents under force.
These bioinspired materials could, in the future, act as an
alternative to inorganic counterparts for optoelectronic
applications.

The oxidative dimerization of tyrosines provides a route
toward shifting emission to the visible region.””” Min et al.
investigated the self-assembly of a Y containing peptide, which
was subsequently dimerized using the well-known UV-induced
cross-linking of tyrosine to form dityrosines.’***’” Ruthenium
catalyst-mediated photo-oxidation of Y in the peptide YYAYY
resulted in the formation of fluorescent peptide nanoparticles
with blue emission at 410 nm, owing to the tyrosine—tyrosine
covalent bond. Interestingly, these particulate nanogels could
be utilized as a bioreactor for the formation of gold and
platinum nanoparticles without an external reducing agent,
resulting in a versatile metal—peptide hybrid material. Lampel
et al. performed the enzymatic oxidation of Y on a self-
assembling KYF tripeptide to obtain melanin-like chromo-
phoric microparticles with unique optical properties.”’’ The
work shows that the preorganization of Y on self-assembled
KYF was crucial during enzymatic oxidation to form green
emitting nanostructures (4., = 533 nm). Detailed chemical
analysis revealed the formation of new catechol and quinone
units, which further polymerize to form stable assemblies.
Interestingly, incorporation of additional amino acids (F, I, C,
and others) led to remarkable shifts in emission due to the
formation of new chromophores by chemical incorporation.
For example, by adding F to the particles formed by enzymatic
oxidation of KYF led to a 40 nm red-shifted yellow emission
with greater intensity. Addition of other amino acids like C
resulted in a blue-shifted, yellow solution, whereas isoleucine
gave rise to a distant red emission at 621 nm. Taken together,
oxidation of aromatic amino acids in self-assembled peptides
represents a new method to diversify the field of fluorescent
peptides for biophotonic applications.

Apart from materials produced from unmodified short
peptide, simple chemical modification has been proven to
enhance photonic properties. Kong et al. constructed a
ferrocene-functionalized tyrosine-based oligopeptide that dis-
plays green fluorescence combined with cell permeability for
cell imaging.”'" The peptide consisted of a YY dipeptide motif,
a GPGR motif to enable cell penetration and a ferrocene group
to enhance self-assembly. The sequence of the final structure is
Fc-YYGCGPGRC, with the two cysteines dimerized to create a
cyclic construct. The peptide displayed a bright-green emission
at 520 nm. Interestingly, like GFP, the peptide showed
fluorescence only upon deprotonation, confirming that the
phenolate form of Y is responsible for emission. The peptides
were cell penetrable and thus could be used for fluorescent
imaging of HeLa cells.

In summary, short aromatic peptides hold much promise as
novel photonic materials where the inherent fluorescence
emerges from a range of interactions like aromatic stacking and
cation—z. Furthermore, emission is enhanced by structural
rigidification, providing aromatic amino acids with a central
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Table 2. Different Classes of Fluorescent Peptides Investigated and Their Emission Maxima

single amino acid** sequence F
Aem (nm) 435
dipeptide”®*3* sequence FF
Aem (nm) 465
cyclic dipeptide**”%¢ sequence cyclo FF
Aem (nm) 530
cyclic dipeptide with Zn(I)***%  sequence  cyclo FW + Zn(II)

Aem (nm) 465

cyclo HH + Zn(II)

Y W
460 480
WF YW HwW RwW WS
390 522 501 519 506
cyclo YY cyclo HH cyclo FW  cyclo WW  cyclo GW
570 430, 460 460 425, 520 420

cyclo WW + Zn(II)
500 520, 610, 712, 817
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Figure 10. Chromophore modified peptides as electro-/photoactive material. (A) chemical structure of various chromophores used for conjugation
with peptides. (B) Chemical structure of NDI—peptide conjugate (42), which shows polymorphic self-assembly in different solvent mixture of
water with MeCN (acetonitrile) or water with HFIP (hexafluoro-2-propanol) to result in either majorly left-handed or right-handed helical
assembly which could be imaged by (C) AFM. The conductivity measurement was performed using a device shown in (D) and current vs voltage
graph data were plotted for different polymorphic forms. (E) Chemical structure of peptide conjugate with OPV (43) and with NDI and thiophene
(44). (F) Schematic illustration of multichromophoric self-assembly of 43 with 44, which under kinetic control can form either self-sorted assembly
or coassembly resulting in a complex EnT and CT process. (G) TEM micrograph showing self-assembled structure of 1:1 mixture of 43 and 44.
(B—D) Reproduced with permission from ref 312. Copyright 2016 John Wiley and Sons. (E—G) Reproduced with permission from ref 313.

Copyright 2017 ACS.

role in determining fluorescence. As seen in Table 2, it is not
trivial to provide simple design rules for developing fluorescent
self-assembling peptides. However, some conclusions can be
drawn. As a general observation, W containing peptides shows
more red-shifted emission compared to Y and F. The self-
assembly itself is necessary for fluorescence, whereas additional
rigidification methods like cyclization and metal co-ordination
of peptides give rise to higher wavelength (visible to red)
emission. Furthermore, these systems hold much promise for

13895

incorporation in complex functional systems. Because the
emission can be dynamically regulated by covalent modifica-
tions, such as through chemical or enzymatic oxidation, can
implement extended conjugation and improve emission
properties, which is expected to find uses in dynamic reporting
of metabolite levels in complex media as well as the formation
of biophotonic wires in response to localized catalytic activity.

5.1.2. Peptides with Chromophoric Conjugation. In
living organisms, most of the electron and photon transfer
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processes are mediated by proteins that incorporate macro-
cyclic chromophores, resulting in properties such as charge
migration and photosynthesis. Biomimetic peptide structures
have also taken advantage of chromophore conjugation, either
covalently or noncovalently, to enhance their inherent
properties or introduce new functions. Both biomimetic
structures derived from porphyrins and completely synthetic
structures derived from organic electronics have been studied
in this context for charge transport and artificial light
harvesting.

To improve the low absolute conductivity of many purely
peptide-based systems, a wide range of organic chromophores
have been incorporated into peptides, either through covalent
attachment or noncovalent coassembly. In such cases, the
peptides act as the structural motif to provide suitable
organization, and the chromophores act as the functional
conducting motif. Through supramolecular organization, the
chromophores’ inherent electronic properties are further
enhanced by peptide-mediated structures. However, despite
the well-understood relationship between peptide design,
structure, and function, the influence of sequence, morphology,
and order are not additive properties. Thus, the challenge
posed by peptide-mediated electronic materials cannot be
solved purely by a reductive approach but rather through
holistic design principles catered uniquely to each system.
Moreover, combining electronic wires with active and adaptive
designs will give rise to aqueous-compatible, biomimetic
electronic circuits that cannot be developed using conventional
organic electronics.

Aromatic #-conjugated units like naphthalene diimide
(NDI) and thiophene (Fi%ure 10A) are well-suited for
supramolecular electronics’ **'° because of their strong
intermolecular aromatic—aromatic interactions which contrib-
ute to self-assembly, while their inherent n-type or p-type
organic semiconducting characteristics confer desirable ETp
properties. In this regard, Diegelmann et al. introduced a bola-
amphiphilic peptide-based design for 1-D optoelectronic
nanostructures incorporating a 7m-conjugated moiety within
an asymmetric, self-assembling oligopeptide.’'® In this design,
the chromophore of choice was flanked by two peptides,
creating a conducting track which is partially shielded from the
solvent environment. This class of aromatic peptide
amphiphiles has the distinction of assembling in aqueous
conditions into helical nanofibers. The first published examples
had the composition NNDFA-bithiophene-DFANA, where the
bithiophene z-conjugated functionality is embedded within the
peptide rather than presented terminally for enhanced ETp
properties. More recently, the aromatic-bola-amphiphile was
developed further into an efficient electrically conducting
material and to combine photoexcitation and energy trans-
fer.”*® The authors applied the heat—cool injection method to
align a peptide gel with an embedded chromophore to
introduce macroscale alignment. Peptide functionalized a-
quaterthiophene, i.e., OT4 in Figure 10A (EEA-OT4-AEE)
and 1,4-distyrylbenzene (VEVAG-benzene-GAVEV) were
investigated.”'” As envisaged, alignment introduced anisotropic
electronic and photophysical properties and led to an order of
magnitude increase in hole mobility.

Lee et al. reported an organic—inorganic hybrid self-
assembly of peptide conjugated with a thiophene-based -
conjugated unit.”'® The peptide sequence GAVEV assembles
upon acidification. Interestingly, slow addition of HCI resulted
in formation of KCl in situ, which mineralized on the peptide

assembly using E as a template. The self-assembly resulted in
highly conductive dendritic microstructures, whose conductiv-
ity was comparable to the metals. The enhanced ETp property
was proposed to be due to the proton doping of 7 conjugated
unit and closely spaced chromophores in the biomineralized
dendritic structures. This example clearly demonstrates the
potential of amino acid templated biomineralization and
inorganic-peptide—chromophores hybrid structures in devel-
oping electrically efficient biomaterials.

In peptide—7 systems, the sequence to optoelectronic
function correlation is poorly understood. In this regard,
molecular dynamics (MD) simulation is an efficient explor-
atory method.”” However, considering the massive chemical
space, with 8000 different possibilities for tripeptides alone, it
becomes computationally challenging to traverse the sequence
space of larger peptides. Shmilovich et al. reported an active
learning directed coarse grained MD simulation of an DXXX-
oligo(p-phenylenevinylene)-DXXX based tetrapeptide—z—tet-
rapeptide system to identify the best assembling XXX
tripeptide sequences.’'” Active learning and MD simulations
independently have relatively good screening speeds, but
combining them together accelerated the search by efficiently
screening just 2.3% of the total chemical combinations. The
study confirmed the already known designs, but importantly
they also revealed some nonintuitive sequences. It predicted
that good assemblers would be enriched in intermediate-
hydrophobic residues like G, A, L, V, and I and would lack
aromatic residues like F, Y, and W. Methionine broadly had no
effect on assembly, except when adjacent to the core of the
molecule. This approach combining active learning and MD
simulation provides an efficient means to improve performance
of existing systems and develop new peptide—7 conjugate for
optoelectronic applications.

To study the influence of NDI substitution, Ivnitski et al.
investigated the self-assembly of an octapeptide FKFEF*KFE,
where the fifth F residue was substituted by NDI (42).*'?
Interestingly, they observed greater than a 2 order increase in
conductivity upon NDI substitution, confirming the crucial
role of NDI in ETp. Additionally, the system exhibited
polymorphic self-assembly under different environmental
conditions. For example, in a water/acetonitrile mixture, it
formed long, left-handed fibers, while much shorter right-
handed fibers were found in water/HFIP. Assembly in water at
pH 5.5 produced fibers with a racemic mix of both orientations
(Figure 10C). It was observed that the organization of NDI in
polymorphic forms can affect the ETp properties. Measure-
ment of electronic conductivity of the same peptide—NDI
conjugate in different polymorphic state demonstrated a 5-fold
difference in conductivity (Figure 10D). Despite the very low
absolute conductivities observed in these peptides, the large
increases in relative conductivity for different polymorphs
reveal that the selection of solvent environments can dictate
morphology and consequent function and thus provides an
important processing design parameter to tune when devising
new conductive peptides.

Xu et al. utilized biocatalytic self-assembly of Fmoc
functionalized short peptides (Fmoc-L;), which formed
nanotubular gels upon enzymatic hydrolysis from the
corresponding methyl ester in aqueous medium.”*’ They
showed that the formation of helical -sheet structures aided in
the positioning of fluorenyl groups to permit 7—7 contact. The
conductive measurement of the xerogel was performed using
impedance spectroscopy, which confirmed the conducting
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nature of the nanostructures. Detailed mechanistic inves-
tigation of the system revealed the contribution of electronic
transport in vacuum as well as charge transport through
adsorbed moisture in the air.

Doping is a well-established procedure in inorganic
semiconductor industry to improve the electrical properties
of devices. Similarly, the ETp property of purely n-type or p-
type semiconducting supramolecular structures can be
enhanced by doping with an electron acceptor or donor.
Alternatively, formation of charge transfer complexes with
alternating stacks of acceptors and donors molecules can also
enhance conductivity.”** Following that principle, Khalily et al.
designed a system containing of 1-D peptide nanowires with
highly ordered donor—acceptor stacks.”*' Electron donor
pyrene was conjugated to the N terminal of VVAGKK to
form the p-type peptide, whereas electron acceptor NDI was
conjugated to the N terminal of VVAGEE to form the n-type
peptide. The charge complementarity of the two peptides and
their f-sheet promoting sequences could be exploited to assist
in formation of a coassembled charge transfer complex. The
two peptides coassembled through H-bonding, charge transfer
interactions, and electrostatic interactions. These interactions
resulted in uniform conducting nanowires. The donor—
acceptor charge transfer nanowires were vastly more
conductive than individual nanostructures, with the con-
ductivity 10 times greater than the p-type peptide and 2400
times greater than the n-type peptide, confirming the potential
of charge transfer complexes.

Several other peptide charge transfer complexes have been
investigated for enhanced electronic properties. For example,
the organic donor molecule, tetrathiafulvalene, was conjugated
with FF-NH, to form p-type semiconducting nanofibers with
limited conductivity.”*> However, upon doping with an
electron acceptor, tetracyano-p-quinodimethane or iodine, a
charge transfer complex was formed with up to 4 times
enhanced conductivity compared to the p-type nanofibers.
One limitation of the design was its incompatibility with
aqueous medium, as all samples were drop-casted from
chloroform solution. To design an aqueous compatible system,
the well-known acceptor—donor pair NDI and naphthalene
were used.”*>**’ Peptide-functionalized NDI was also shown
to form eflicient charge transfer complex with naphthalene
using biocatalytic self-assembly.'””

ETp can also be mediated through the absorption of
photons by chromophores. In this case, the absorption of light
by a chromophore generates exciton, which under an applied
voltage can generate a photocurrent. This approach has
resulted in the demonstration of several photoconductive
peptide—chromophore conjugates. Roy et al. investigated the
photocurrent response of peptide functionalized perylene
bisimide (PBI) chromophores.”** Conjugation of PBI with Y
on both sides resulted in the formation of hydrogel.
Interestingly, the photoresponse of the xerogel under visible
and white light showed high current conduction compared to
dark current. The current could be switched on and off
multiple times with current on/off ratio of 18 and 51 for visible
and white light. Draper et al. investigated multiple PBI
conjugated with either A, H, F, or V, which formed dark-red-
colored gel.””® Photocurrent measurement of both the dried
solution and xerogel showed ohmic response with significant
increase of current under illumination. Interestingly, the
photocurrent persisted for up to 8 h after illumination, which
was explained through the formation of very stable radical

anions. The same group reported the first example of 2peptide
functionalized diketopyrrolopyrrole hydrogelator.””® The
xerogel formed a photoconductive film whose conductivity
could be enhanced by radial shear-induced alignment of self-
assembled fibers. These examples demonstrate that chromo-
phores functionalized peptide can be useful as a photo-
conductive material for potential applications in organic solar
cells that may ultimately be biodegradable and recyclable.

5.1.3. Light-Harvesting Properties of Peptide Nano-
structures Functionalized with Aromatic Groups. Photo-
synthesis is the process of light harvesting performed in the
living organism. Fundamentally, it is a process where
chromophoric chlorophyll molecules absorb sunlight and
transfer the energy to various reaction centers for conversion
into chemical potential. Two important requirements of such a
process are the appropriate organization of various chromo-
phoric molecules and suitable matching of the optical band
gap. In this regard, self-assembling peptides have been used as
a well-organized matrix for the coassembly of chromophores to
convert light into more useful forms.

Porphyrins are one class of biological chromophores found
in the chloroplasts of plant cells that crucial for harvesting solar
energy. The specific electronic arrangement of porphyrins
facilitates efficient photoabsorption. Synthetic porphyrins tend
to aggregate in solution, although these aggregates by
themselves do not show sufficient light-harvesting activity
owing to their lack of well-defined organization. In recent
years, coassembly of porphyrins with short peptides has been
shown to enhance the functionality of porphyrins, a promising
first step toward bioinspired light-harvesting materials.

In 2012, Park’s group demonstrated the coassembly of
tetra(p-hydroxyphenyl) porphyrin (THPP, porphzrin deriva-
tive in Figure 10A) with FF dipeptide nanotubes.””” Inspired
by natural photosynthesis, Pt nanoparticles were decorated on
the nanotube surface to act as an electron separator to increase
the efficiency of photoinduced electron transfer. It was shown
that Pt decorated nanotubes performed visible light photo-
catalytic regeneration of NADH efficiently. Kai et al.
coassembled anionic porphyrin with cationic dipeptide KK,
through electrostatic interactions, to form fiber bundles
capable of catalyzing the oxidation of iodide to triiodide.”**
The porphyrin coassembled peptide fibers also catalyzed the
synthesis of Pt nanoparticles with light through peptide
nanostructure templated catalysis.

In section 2.1, we discussed that peptides with aromatic
amino acids can directly absorb and emit light energy in the
form of fluorescence. Additionally, in a multichromophoric
system, they can perform energy transfer (EnT, Figure 9). The
process is mainly useful in converting nonusable ultraviolet-
blue light into more useful visible light. As one of the simplest
example of such peptide conjugates, Nap-FF donor molecules
perform efficient energy transfer when an acceptor chromo-
phore (anthracene, dansyl derivatives) is coassembled in a fully
aqueous media.””” Excitation of the Nap-FF at 280 nm resulted
in the emission at 485 nm from the dansyl derivative,
confirming energy transfer.

Ardona et al. developed a multichromophoric self-assem-
bling system that could absorb energy from liﬁht and apply it
toward electron transfer (Figure 10E—G).*"> The peptide
functionalization of three different chromophores were
investigated. Specifically, two sides of oligo(p-phenyleneviny-
lene) ie., OPV were conjugated with the N terminal of VVD
tripeptides (43), whereas the two sides of quaterthiophene i.c.,
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OT4, was functionalized with the N terminal of AAK. The side
chain amine of K in AAK was further conjugated with NDI to
form NDI—peptide—OT4 conjugate (44) as shown in Figure
10E. Additionally, the three chromophores were chosen to
have different optical band gaps and were spatially positioned
within 1-dimensional peptidic nanofibers to facilitate energy
transfer and electron transfer processes. Light absorption by
OPV in 43 funnels energy to OT4 in 44. Because 44 is
terminated on both ends with electron acceptor NDI groups, it
resulted in excited-state electrons transfer from the OT4 to
NDI as shown schematically in Figure 10F. Interestingly,
kinetic control over the self-assembly through slow acid-
ification resulted in the formation of self-sorted coassembly
due to the difference in pK, of the two peptides. However,
rapid protonation of peptides resulted in a randomly mixed
coassembly. Although both the self-sorting and mixed
assemblies resulted in nanofibers and gel formation (Figure
10G), the energy transfer and exciton migration were most
efficient in the self-sorted coassembly. This is a unique example
of a system with multiple degrees of optical and electronic
control for future bioelectronic applications.

A number of self-assembling peptides exist in kinetic states
with suboptimal supramolecular organization, limiting their
performance. Addressing this challenge, Wijerathne et al.
designed a peptide—porphyrin gel that assembles in aqueous
buffer at pH 8. Tetrakis(4-carboxyphenyl)porphyrin (TCPP,
porphyrin in Figure 10A) was coassembled with Fmoc-TL-
NH,, which was dynamically and reversibly formed in situ
through enzymatic condensation.'®® Fluorescence spectrosco-
py confirmed the efficient EnT from the Fmoc moiety to the
porphyrin. As discussed in section 4.2, due to the fully
reversible nature of biocatalytic peptide formation, the self-
assembly was under thermodynamic control, which could be
responsible for efficient EnT. Interestingly, they report a TCPP
concentration-dependent two-step self-assembly process into
either a homogeneous coassembly or heterogeneous self-
aggregated assembly of TCPP. Such a two-step assembly
provided additional control over the EnT process.

5.2. Catalysis and Reactivity

Enzymes are still the envy of chemists when it comes to the
ability to utilize chemomechanical actuation and appropriately
positioned functional groups to catalyze reactions with high
selectivity.”>””>' Enzymes are complex supramolecular ma-
chines, and their catalytic activity arises from their three-
dimensional structure. The focus is often on the preorganized
active site which forms a binding pocket, but it is appreciated
that catalysis is further facilitated by the utilization of flexible
structural motifs comprising a network of complementary
“networked” amino acid residues to optimally bind and
position the substrate in favorable configurations to react
with the catalytic amino acid residue(s). The importance of
this 3D flexible network around the active site is perhaps best
illustrated by the dramatic impact that some mutations may
have that are remote from the active site. In addition to
catalytic amino acid residues, metal ions, especially divalent
cations, play a crucial role in protein-mediated catalysis in
nature. They function as redox centers, activating reactive
species and stabilizing intermediates and transition states.
Despite these insights, experimental efforts to synthetically
mimic enzyme performance has proven anything but simple.
Curiously, biology has selected only a relatively small
number of ordered protein folds from the myriad of

theoretically possible structures, suggesting that appropriate
scaffold designs can be repurposed for a variety of
functionalities. Furthermore, while enzymes typically consist
of hundred or more amino acids, it has been proposed that
they evolved from much simpler functional precursors,
suggesting that simple sequences can perform catalytic
functions. These observations serve as inspiration for the
development of peptide-based catalytic materials.

Several examples of short peptides capable of catalyzing
chemical reactions, albeit with modest efficiency, have been
reported in the literature. In the early 1980s, Behmoaras et
al.*** discovered that the tripeptides KWK and KWW are able
to detect apurinic sites in double-stranded DNA by z—x
stacking interactions and cleave the DNA backbone. The
details of the mechanism by which this remarkable catalyzed
reaction occurs, however, remained unclear. Even shorter
peptides, such as Ser-His (SH) and related analogues, designed
to provide a minimalistic mimic of the catalytic center of serine
proteases, have been used to catalyze the hydrolysis of amides
and phosphodiesters in biopolymers,”>® in addition to the
formation of peptide bonds between activated substrates
through transacylation,”* although the effectiveness of SH as
a catalyst has been disputed.’”” Separately, the use of amino
acids and peptide-based catalysis has long been explored in
conventional (nonaqueous) organic chemistry.336

It has been suggested that self-assembling peptides, which
spontaneously form supramolecular structures, could be
powerful candidates for the design of novel, minimalistic
catalysts. The approach could enable incorporation of features
that are not present in natural catalysts. Important factors to be
considered are the primary sequence to control the
composition of chemical functionality, presentation of arrays
of active residues on scaffolds, multivalency, and the presence
of metal cofactors,””’ giving rise to “catalytic materials”.
Consequently, the scientific community has started to explore
various self-assembly strategies as well as metal-binding
sequences to produce catalytic systems.”*®

It is beyond the scope of the current review to provide a
complete overview of all the excellent work that is emerging in
this field, and we refer to recent reviews for the interested
reader.”*® Our focus here is to consider in particular those
examples that illustrate design approaches unique in minimal-
istic peptide design and in particular those involving
consideration of coassembly, order—disorder, and induced fit
in design.

In one of the earlier examples, Guler et al. reported on the
design of a cylindrical peptide nanostructure that was designed
to present catalytic histidines to the fiber surface. The design
was based on aliphatic amphiphiles and contains a His-residue
on the surface and catalyzes hydrolysis of 2,4-dinitrophenyla-
cetate (DNPA), a substrate commonly used to investigate ester
hydrolysis.”” Importantly, the results demonstrated that
morphology impacts catalysis, as the observed reaction rates
were greater for highly ordered nanofibers than for less ordered
spherical aggregates. A related peptide amphiphile was shown
to bind to heme groups and behave as a peroxidase, catalyzing
the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB). For
equivalent peptides, micellar morphologies enhanced catalytic
activity compared to their fibrous counterparts.’*’ Another
approach has been to create catalytic triads such as Ser-His-
Asp by coassembly of peptide amphiphiles containing Ser, His,
and Asp individually. These authors show that the coassembled
triad nanostructure had highest esterase activity followed by
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HCO, + H* R,OH + HO” Ry

Figure 11. (A) Molecular structure and schematic representing the f sheet packing of Ac-KLVFFAL-NH,. (B) Molecular structure and schematic
representing the § sheet packing of Ac-IHIHIQI-NH, along with binding of Zinc ions. (C) Reversible reaction of zinc ion induced complexation
and ensuing assembly. Catalytic reactions performed by the supramolecular fiber are also shown. A, B, and C reproduced with permission from refs
342, 343, and 347, respectively. Copyright 2017, 2014, and 2019, respectively, Springer Nature.

combinations of His-Ser, His-Asp and Ser-Asp nanostruc-
tures.”*!

Omosun et al. constructed short peptides that self-assemble
into amyloid fibers, thus providing a paracrystalline surface that
catalyzes retro-aldol condensation.”** The observed peptide-
mediated catalysis is enantiospecific, and the exchange of single
amino acids could be applied to predictably control the self-
assembled structure and consequently the catalytic potential.
The sequence Ac-KLVFFAL-NH, (45) (Figure 11B), which
was modified after the Af peptide of Alzheimer’s disease, was
found to increase the rate of aldol condensation >10* times
more compared to Lys alone. The sequence Ac-RLVFFAL-
NH,, which only differs in the C-terminal Arg-residue,
however, did not display catalytic activity as compared to
Lys. Moreover, shortening the amine tether by replacing Lys
with ornithine and f-alanine resulted in structures with
significantly higher initial rates of conversion. Thus, the
authors conclude that the position of the primary amine
group is crucial for efficient catalysis of the reaction.

Rufo et al. combined the integration of metal-ions with the
use of supramolecular structures and applied amyloid-formin
heptapeptides to achieve metal-mediated ester hydrolysis.**
The original peptide sequence was modified to obtain rational
mutants with a stable j-sheet structure and the capability to
bind metal ions. The heptapeptide sequence Ac-THIHIQI-NH,
(46) (Figure 11B) was found to be the most catalytically active
of the ones that were tested, with a k_,/Ky, value of 360 M
s™'. This is approximately 7-fold lower than the activity
observed for the enzyme carbonic anhydrase. However, on a

molecular weight basis, the peptide hydrolyses pNPA more
efficiently. As discussed above, the formation of an ordered
structure is crucial to the catalytic activity of these peptides. It
was later determined that amyloid-forming heptapeptides
interact synergistically with one another in binary mixtures
to enhance catalytic activity, although a structural and
mechanistic reasoning for this behavior is yet to be
determined.'"

Copper-binding peptide amyloids have been shown to
efficiently catalyze hydrolysis of phosphoesters.”** The
heptapeptide Ac-IHIHIYI-NH,, which is the Q6Y mutant of
a previously reported ester-hydrolyzing peptide, was found to
accelerate hydrolysis of paraoxon, a widely used pesticide, by
more than 3 orders of magnitude. The formation of ordered
amyloid structures is induced by binding of Cu®* to the peptide
and the maximum catalytic activity was detected at a 1:1 molar
ratio of peptide to metal. However, no particular mechanism of
catalysis was proposed.

Supramolecular self-assembly can also provide with struc-
tural order that may be exploited to induce enhanced catalytic
prowess to external chromophores. Recently, the spontaneous
cyclization and self-assembly of dipeptide methyl esters was
reported, where the intramolecular aminolysis leads to the
formation of cyclic self-assembled structures in aqueous
media.'®® The obtained morphologies were found to be
sequence-specific, e.g, the dipeptide LF-OMe vyields ¢(LF)
fibers that result in gelation, whereas the sequence LL-OMe
assembles into tapes and the dipeptide DF-OMe forms
spherical aggregates. It was found that cooperative assembly
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of ¢(LF) and the metalloporphyrin Fe™-TMPyP produced
nanofibers that catalyze the oxidation of organic phenol in
water. Additionally, chromophores like diketopyrrolopyrrole
(DPP) can be imparted significant photocatalytic activity when
coupled with peptide-based supramolecular gelation.”** In this
example, the aqueous self-assembly process of the poorly
soluble bola-amphiphile was facilitated by in situ enzymatic
hydrolysis from a methyl ester precursor.

Singh et al. found that two amphiphilic peptide monomers
self-sort and form discrete supramolecular fibers without
coassembling with each other in aqueous conditions, isolating
an acidic catalytic group on one fiber from a basic catalytic
group on the other.”** One was a valine-containing bola-
amphiphile with carboxylic acid termini, while the other had a
PV dyad at the N terminus, followed by a 12-C alkyl tail.
Hydrogels of these molecules by themselves have been shown
to catalyze aldol condensation and deacetalization reactions.
The charge isolation permits a one-pot deacetalization-aldol
reaction, which is not achieved in a coassembled system where
the two monomers did not self-sort.

Moreover, aromatic peptide amphiphiles have been designed
with esterase activity by incorporation of histidine residues, as
well as residues that further assist catalytic activity.”’ The
sequences Fmoc-FFH and Fmoc-FFR were based on the well-
known sequence Fmoc-FF, which is known to self-assemble
into nanotubes. The tripeptide amphiphiles coassemble into
stable f-sheet structures that hydrolyze the esterase-substrate
p-nitrophenyl acetate. The common feature that these aromatic
peptides share with the aliphatic ones is the highly ordered
supramolecular structure. Histidine-based amphiphiles have
been also shown to form Fe*" binding metallo-gels that show
higher pNPA hydrolytic activity when compared to their
supramolecular counterparts with no metal coordination.***

Dolan et al. recently found that aliphatic peptide
amphiphiles of the general sequence PPX-C;; (with X
representing all 20 genetically encoded amino acids) associate
with iridium to produce highly enantioselective catalysts for
transfer hydrogenation of a vast array of ketones.”*’ The
optimal peptide had the form HN-PPL-C,, although many PX
dipeptides showed some amount of activity. Although
appreciable enantiomeric specificity is observed prior to any
self-assembly, enantiomeric excesses of greater than 90% are
regularly observed afterward for a variety of ketones,
comparable to the specificity of established iridium-based
catalysts complexed with monotosyl ethylenediamine.

Tena-Solsona et al. demonstrated the emergent catalytic
behavior of PEF and PFE-based peptides, finding a relationship
between accessibility of the active site and catalytic efficiency,
in this case as an aldolase.” PFE-based peptides were
generally more efficient than PEF-based designs, hypothesized
to be due to phenylalanine’s role in secondary interactions at
the catalytic site. Introduction of a hydrophobic alkyl tail,
which assists in self-assembly, dramatically increased catalytic
efficiency and yield. An important structural parameter
identified here was the substrate’s access to the catalytic site:
the gel PFEC;, was able to incorporate one equivalent of
cyclohexanone, while the aggregates of PEFC,, could only
incorporate 0.5 equivalent. The structure is thus closely related
to the catalytic effectiveness.

Recent work by Makam et a showcased a nonproteina-
ceous hydrolase that displayed the highest catalytic efliciency
among all reported artificial biomolecular hydrolases despite its
low molecular mass (Figure 11C). Formation of the catalytic
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amyloid-like supramolecular structure is achieved by assembly
of only the amino acid phenylalanine coordinated with zinc
ions (47).

Collectively, these examples demonstrate that short peptides
can catalyze a variety of chemical reactions by combining
supramolecular self-assembly and incorporation of appropriate
chemical functionality through (combinations of) amino acid
side chains, cofactors, and/or metals. However, catalytic
activities are typically still orders of magnitude lower compared
to those observed in enzymes and despite elaborate designs,
the catalytic efficiencies remain stubbornly low.”*° Analogous
to the design of supramolecular materials based on peptides,
the focus has typically been on identification of peptides that
form stable “supramolecular conformations”, i.e., there is an
emphasis on presenting and positioning functional amino acids
appropriately for catalysis to occur, with less consideration of
dynamic organization or induced fit. As proposed by Emil
Fischer 125 years ago,”' many protein—ligand interactions are
initially weak, but increase in strength upon structural
rearrangement of the receptor that favors complexation.””

Regulation of enzyme-like catalysis requires introduction of
flexible domains to enable preorganization and induced fit,
which is expected to give rise to more subtle regulation of
catalytic activity. These features are not commonly incorpo-
rated into designed peptide catalysts. Zhang et al. demon-
strated a designed supramolecular peptide catalyst that could
be switched on and off through a pH-induced conformation
switch,””® which relied on a subtle and reversible bringing
together of a catalytic histidine with a hydrophobic binding site
to (in)activate catalysis. This structure presented among the
highest reported activity of a designed peptide nanostructure
that does not use a metal cofactor. The peptide consists of two
P-strands (VK repeats) that become connected by a type II' -
turn upon H-bonding between the two strands. The catalyti-
cally active His-residue is located at the N-terminus, connected
to the VK repeats via a dipeptide linker. At neutral pH, the
protonation of the Lys side chains results in repulsion of the f-
strands, inducing a random coil conformation. However, upon
increasing the pH to 9, the peptide assembles into ordered f-
sheets. The His-residues are thereby positioned in an ordered
array, creating a catalytic microenvironment. With a k_,./Ky of
19 M™' 57!, the catalytic efficiency of this peptide is moderate,
yet it still constitutes one of the most efficient metal-
independent peptide hydrolases reported thus far. Zhao et al.
showed that a photoswitchable hydrolase could be achieved by
incorporating an azobenzene group to peptide sequence
GFGH.” Upon UV irradiation, the azobenzene moiety
switches to a trans conformation, the p-sheet nanofibers
break down to random coils and catalytic efficiency decreases
by about 20%. Repeated cycles of activation and deactivation
appeared to harm the supramolecular architecture, reducing
catalytic ability.

Very recently, the use of disordered phases was shown to
provide suitable environments for catalysis. Abbas et al.
successfully shows enhanced rates of aldol condensation and
hydrazone formation inside minimalistic synthon-based
droplets. These molecules are derived on a sticker and spacer
model with dipeptides like FF are used as rigid stickers and
flexible cystamine spacers. They conclude that internal
environment of the droplets is responsible for the behavior.”

Most of the currently available catalytic peptides were
obtained via rational design or through simplification of
sequences that are found in proteins. Because this approach is
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Figure 12. Toward metabolic systems chemistry. (A) Schematic of peptide amphiphile fibers connected by DNA hybridization. (B) Schematic
representing molecular conjugation by complementary DNA (top) and charge complementary peptides (bottom) on either side are corresponding
fiber bundling as observed by SEM. (C) SEM image of the DNA cross-linked hydrogel. Two distinct populations of hierarchy are differentially
colored. (D) Chemical structure of NDI derivative 48. (E) schematic illustration of the amino acid encoded biocatalytic reaction pathways and
their supramolecular trajectories and (F) is the corresponding time dependent variation in circular dichroism (CD) intensity of self-assembled 48
upon biocatalytic reaction with different amino acid. (G) Chemical structure of photosensitizer (photocatalyst), i.e,, RB (rose Bengal) and Por
(porphyrin). (H) Schematic illustration of self-replicating species X6 along with their precursor monomer, schematic of cofactor recruitment, and
the catalysis process. (I) The rate of oxidation of X in presence or absence of RB, with and without light. (A—C) Reproduced with permission from
ref 190. Copyright 2018 AAAS. (D—F) Reproduced with permission from ref 35S. Copyright 2018 Springer Nature. (G—I) Reproduced with

permission from ref 257. Copyright 2020 Springer Nature.

inherently biased toward sequences that are prevalent in
nature, there is a great interest in the development of novel
methods to identify peptides with catalytic activity, which may
be especially powerful for the development of catalysts that are
to operate in nonconventional media, so extremes of
temperature, pH, and nonaqueous solvents as well as
solvent-free conditions. A proof-of concept was provided by
Maeda et al,, wherein phage display was applied to unbiased
selection of oligopeptides that catalyze the hydrolysis/
condensation of amide and ester bonds in an unbiased
fashion.”>* The screening was performed using precursor
molecules that self-assemble to form nanostructures upon
catalytic action. Thus, incubation of a phage library with these
precursors allows for the identification of peptide sequences
that show the desired catalytic activity, as they result in the
formation of self-assembled aggregates on the surface of the
phage. Using p-nitrophenyl acetate as a substrate, the best
performing sequence (DLRSCTACAVNA) showed moderate
level of amidase activity, as well as esterase activity that was
approximately 2.5-fold above background. Interestingly, this
sequence does not contain His, but two Cys-residues and one

Arg-moiety that are expected to play a role in substrate
binding.

Overall, it can be concluded that the integration of common
features present in biological enzymes, such as divalent metals,
multivalency, and the ability to form well-ordered structures,
into minimalistic peptide-based systems is a powerful strategy
for the development of novel biocompatible catalysts. Future
efforts will focus on revealing the exact chemical mechanisms
underlying these reactions as well as on the development of
screening strategies to select potential candidates. Moreover,
there will be an emphasis on developing strategies to screen
for, or even rationally design, peptide sequences that display an
element of adaptive substrate binding through preorganization
and “induced fit”.

5.3. Multicomponent Functional Supramolecular Systems
toward Metabolic Systems Chemistry

The crucial role of metabolism, by which biological organisms
convert resources in the environment into energy, is widely
recognized as a highly efficient means to direct energy and
information to produce complex chemicals in remarkably
efficient ways. A logical next step for peptide-based supra-
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molecular systems chemistry is development of metabolic
systems chemistry, the holistic study of energy harvesting,
chemical signaling, interactions, and transformations in
compartments, and feedback regulation to drive chemical
processes. While no fully synthetic examples of metabolic
systems have been demonstrated to date, a number of papers
show remarkable levels of integration of adaptive, mechanical,
reactive features to create materials with properties achieved
through holistic design and systems-level consideration of
interactions to achieve desired functions.

Freeman et al. demonstrated the complexity in supra-
molecular structure and its manifestation into macroscopic
properties through control of dynamic and hierarchical
behavior in response to specific chemical signals.'”’ The
authors employed ssDNA functionalized peptide amphiphiles
that were incorporated via cooperative assembly into fibers
composed of unfunctionalized peptide amphiphiles in varying
percentages. They observe that when two distinct population
of such fibers with complementary strand DNA dopants are
mixed, large scale fiber reorganization occurs along with
extensive fiber bundling, demonstrating spontaneous hierarch-
ical organization which was fully governed by balancing
noncovalent interactions (Figure 12A—C). The authors show
extensive simulations and detailed microscopy analysis that
such reorganization and bundling results due to a narrow
regime of intermolecular interactions (5—10 kT, k; being the
Boltzmann constant and T being temperature. Their product
signifies thermal energy). They showed that if the f-sheet
interactions among peptide amphiphiles is too strong, there
would not be a monomer reconfiguration, and if it is too weak,
they would not assemble at all, demonstrating a balance of
order and disorder. The observed hierarchical structures are
reversible depending on specific chemical (competing DNA
strands) and physical stimuli (temperature).

The authors further observe that hydrogels with such
extensive bundling have superior mechanical properties.
Moreover, such cross-linking interactions are not limited to
peptide amphiphiles that were functionalized with DNA
sequences. They can also be brought about by peptide
sequences which show charge complementarity. Clusters of E
and K when functionalized on the amphiphiles can bring about
similar clustering. The diameter of these bundles can further be
modulated by introducing PEG spacers between E and K
clusters. This work represents a unique dynamic behavior
induced by specific chemical signals among supramolecular
systems and is reminiscent of other dynamic behaviors in
biology like the ECM.

Another example showed integrated catabolic, anabolic
processes that could be regulated by chemical signals and
ultimately give rise to tunable and transient electronic
properties. In this example, the chemical information was
actively encoded, edited on demand with spatiotemporal
precision. Kumar et al. reported an amino acid encoded
biocatalytic self-assembly for temporal control over supra-
molecular structure and function.”> The design consist of a
semiconductor NDI (Figure 12D) core flanked by “L” and “D”
enantiomers of the Y methyl ester on both sides (48). Because
of the enzyme’s kinetic preference of reaction for the “L”
enantiomer over the “D” enantiomer of amino acid, the system
has an in-built kinetic competition. In the presence of enzyme
a-chymotrypsin and various amino acids, 48 reacts to
incorporate different amino acid uniquely into its structure.
Interestingly, the chemical nature of amino acid encodes the

time dependent chemical and supramolecular trajectory
(Figure 12E), e.g, addition of amino acid E result in the
formation of left-handed helical assembly of 48, which
transiently form and degrade over time. However, in the
presence of other amino acid like L resulted in permanent
right-handed tubular nanostructures (Figure 12F). Addition-
ally, when both E and L were added in direct competition, the
chemical information was actively incorporated into the
assembly to result in a complex supramolecular transformation
from racemic to left-handed nanofibers to right-handed tubes
from hours to 2 weeks’ time. Interestingly, the formation and
degradation of helical structure over time resulted in formation
of transient electroconducting nanowires, whose conductance
could be temporally modulated, encoded by the amino acid.
Thus, the system integrates chemical information instructed
assembly with temporal control over nanostructures for
emergent functions.

It is proposed that coordinated performance of replication,
metabolism, and compartmentalization in a synthetic chemical
system can greatly advance the understanding of the origin of
life problem and develop smart materials. In this regard,
Santiago et al. reported a self-replicating system which utilizes
external energy to perform protometabolic process.”>” The
chemical design consists of the previously discussed GLKFK
peptide-based dithiol precursor (X), which upon reversible
oxidation forms self-replicating hexameric disulfide macrocycle
(Figure 12H, X6). Interestingly, the assembly of self-replicator
can incorporate photosensitizers like rose Bengal (RB, Figure
12G) and porphyrin dyes (Por), reminiscent of biochemical
cofactors. The coassembly of the dye with the self-replicator
assembly utilizes light energy to convert *O, to more reactive
!0, form. This enhances the formation of oxidized disulfide,
which in turn increases the rate of formation of self-replicator,
thus providing a positive feedback loop. The rate of the
oxidation could be enhanced up to 2.3 times (Figure 12I),
mainly due to enhanced photocatalytic activity of the dye upon
coassembly and improved solubility within the hydrophobic
pocket of self-replicator assembly. Thus, they demonstrate the
working of a chemical metabolic system, which utilizes external
light energy to synthesize the precursor of self-replication
species from inert material.

5.4. State of the Field: Functional Supramolecular Peptide
Systems

Supramolecular functionality relies on supramolecular order.
Conventionally, designs were often focused on thermodynamic
optimization of the most stable structures, which in some cases
can be aided by using nonpeptidic components to lock
structures, leading to remarkable optical and electronic
properties.”” It is clear, however, that the most stable
structures are often not optimal to create agile and adaptive
structures. Moreover, the level of order and anisotropy best
suited for the function depends on the application, with short-
range transfer processes occurring through dynamic interfaces,
while long-range transport required order at much larger
length ranges. Despite the well-understood relationship
between peptide design, structure, and function, the influence
of sequence, morphology, and order are not additive properties
and combinatorial screening experiments involving side-by-
side comparisons are often good start points to elucidate
design rules®® Active learning and MD simulations are also
suitable to reduce the search space and identify designs.’'’
Similarly, for the optimization of reactivity and catalysis,
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preformed binding sites enhance catalytic activity by recruit-
ment of reactants, but reactivity can be further enhanced by the
incorporation of induced or triggered organization.””®

6. CONCLUSIONS AND FUTURE DIRECTIONS

Life itself is not an additive collection of multiple functional
units, but an integrated whole of complex interdependent
processes. Therefore, a holistic design, where multiple factors
like supramolecular structures, encoded chemical functions,
spatiotemporal control, catalysis, and molecular recognition
come together and are collectively considered, is required for
the development of active and adaptive matter with life-like
properties. Although we are still far from creating chemical
structures that resemble the active and adaptive properties of
living systems, recent examples discussed in this review show
that short peptides possess many properties relevant to life and
that, increasingly, the design of these properties can be
integrated to create functional materials with properties that
rely on the chemical nature of the components and, crucially,
on interactions and reactions between these components.
Functionality in biology often emerges from molecular
ensembles that combine stable folds and flexible regions to
enable preorganization and induced-fit, thought critical to
achieve enzyme-like catalysis but also to enable opening and
closing of pores, action of molecular machinery to create
motion, and to activate communication pathways. It is not
possible to design mimics of such systems without holistic
design.

The move from a concept where peptide sequence and
structure dictates properties and functions, to one where
molecular interactions and reactions between multiple peptide
modalities, and in some cases under the influence of externally
applied energy, collectively dictate properties represents a new
way in which chemistry can be understood, studied, and
applied, thus being a true paradigm shift. The collection of
papers reviewed here clearly demonstrates that short peptides
are exceptionally well suited to systems chemistry inves-
tigations because they are chemically rich and modular, and
they can be designed to perform a wide range of functions,
including catalysis, self-assembly, compartmentalization, and
supramolecular recognition. Systems-level design approaches
with a focus on dynamic structural and temporal features is
particularly important to achieve adaptive functions that are
challenging to design by chemists, including induced fit,
allostery, enzyme-like catalysis, pressure sensitivity, and
ultimately designed chemical metabolisms and channeled
reaction pathways.

Further progress in peptide-based supramolecular systems
chemistry must, by necessity, invoke advances in synthesis,
kinetics, self-assembly, analytical chemistry, and theory beyond
chemical equilibrium. Embracing complexity in supramolecular
peptide systems requires a focus on analytical tractability in
order to follow independently the interactions and fate of
individual interacting peptides as part of a complex whole. It
has been recognized for some time™’ that simplicity (of
building blocks) provides a good approach to study
combinatorial complexity of interactions in space and time.
It is therefore expected that more effort will be placed on
developing minimalistic peptides that collectively provide active
and adaptive properties but much beyond the current
complexities which typically do not exceed 2—3 components.
Studying cooperative behavior of dozens of molecules would
sill enable the tractable searching of collective peptide

functionality and will no doubt provide new insights relevant
to understanding of life functions. Exploiting tractable systems
and significant recent advances in analytical and computational
methods, early examples of integrated chemical systems
demonstrated new emergent functions by design. For future
work, perhaps an effort into the deconvolution of systems-level
properties into chemical lessons would be beneficial, as it not
only furthers our understanding but also informs the design of
better systems. It is expected that selective labeling techniques
will be critical to trace the behavior of individual molecules in
dynamic ensembles.

Advances are being made to further our understanding and
predict possible functional outcomes of peptide design. This is
not only being extended to construct better materials but also
to predict self-assembling characteristics of a large subsection
of peptides, warranting further collaboration to decipher the
mathematical aspects of a complex chemical system,'®**%%5
Machine learning approaches are undoubtedly going to feature
increasingly in this field, with some recent examples showing
much promise,'®* but we note that the advantage of speed and
large data sets can be offset by the black box character of these
methods, which do not always allow correlations to be
rationalized at the molecular level. Integrating MD and
machine learning is a good way forward in that regard and
of course has been tremendously successful in elucidation of
related challenges, including through the recent giant steps in
solving the protein folding problem using artificial intelligence
by Google’s Alphafold.**’

There have been efforts to develop sequences and materials
de novo and specifically for nonbiological applications,
including examples with no known biological equivalent.
These approaches in principle provide access to folds,
structures, and ultimately functions that have not been
exploited in biological systems, thus providing opportunities
for the application of peptides and proteins outside biology.
Systems thinking in chemical design is also relevant to the
development of synthetic versions of nature’s remarkable
ability to produce 100% recyclable materials and devices that
often display superior performance compared to the synthetic
structures that we use today. Biology’s materials provide ideas
for bioplastics, energy sources, building materials, cosmetics
products, electronics, and sensors, all with reduced environ-
mental impact. Green bioinspired nanotechnology will require
systems thinking and has the potential to revolutionize energy,
materials, and technology sectors for the benefit of the
environment.

In conclusion, artificial biomolecular materials and systems
have a long-term potential to lead to entirely new sustainable
and degradable materials, dynamically tunable sensors, new
types of autonomous medical interventions, and new modes of
energy production and conversion. With further developments
in computational design, improved analytical techniques better
able to deal with complex systems, heterogeneous, and
dynamically adaptive mixtures, along with contributions from
automation and artificial intelligence, peptide-based systems
chemistry will ultimately give rise to new solutions and insights
that have not been explored by biology, and we expect the
designs will be robust and rational.
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