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Abstract

A core challenge in biomaterials, with both fundamental significance and technological relevance,
concerns the rational design of bioactive microenvironments. Designed properly, peptides can
undergo supramolecular assembly into dynamic, physical hydrogels that mimic the mechanical,
topological, and biochemical features of native tissue microenvironments. The relatively facile,
inexpensive, and automatable preparation of peptides coupled with low batch-to-batch variability
motivates the expanded use of assembling peptide hydrogels for biomedical applications. Integral
to realizing dynamic peptide assemblies as functional biomaterials for tissue engineering is an
understanding of the molecular and macroscopic features that govern assembly, morphology, and
biological interactions. In this review, we first discuss the design of assembling peptides, including
primary structure (sequence), secondary structure (e.g., a-helix and p-sheets), and molecular
interactions that facilitate assembly into multiscale materials with desired properties. Next, we
describe characterization tools for elucidating molecular structure and interactions, morphology,
bulk properties, and biological functionality. Understanding of these characterization methods
enables researchers to access a variety of approaches in this ever-expanding field. Finally, we
discuss the biological properties and applications of peptide-based biomaterials for engineering
several important tissues. By connecting molecular features and mechanisms of assembling
peptides to the material and biological properties, we aim to guide the design and characterization
of peptide-based biomaterials for tissue engineering and regenerative medicine.
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1. Introduction

Whether from biological or synthetic origins, peptides are short segments of linked

amino acids whose primary sequence dictates their structure and function. Noncovalent
electrostatic, hydrophobic, hydrogen bonding, and pi-pi stacking interactions among the
amino acid building blocks, or residues, govern association of individual peptides into
dynamic supramolecular structures, such as nanoscale tubes, spheres, ribbons, and fibers [1].
Peptide-based tissue-mimetic hydrogels typically form via intermolecular forces between,
and/or entanglement of, nanoscale fibers, which are key topographical features in native
extracellular matrix (ECM) microenvironments. Furthermore, assembling peptides direct
integration of biocompatible polymers into composite hydrogels, in which both the polymer
and peptide components are tunable [2-4]. Unentangled, non-gelling fibers are also useful in
the context of regenerative medicine, for example in displaying targeting groups that engage
the immune system [5,6]. When designing for biomedical applications, peptides must
typically assemble under cytocompatible conditions, such as neutral pH, physiological salt
concentrations, and body temperature. The assembly mechanism and resulting properties
guide, and sometimes even motivate, the potential uses 7 vitroand in vivo.

Synthetic peptides are attractive components of biomaterials as they recapitulate topological,
chemical, and biological properties of natural proteins, while offering scalable, robust, and
economical synthesis. Despite lacking the complex tertiary and quaternary structure of
natural proteins, peptides capably direct interactions with cells and facilitate cell-mediated
protease remodeling and degradation. Solid-phase peptide synthesis (SPPS) enables the
preparation of tailor-made peptide sequences exceeding 50 amino acids in length without
the use of complex purification steps associated with protein production [7,8]. Peptides
produced through SPPS are chemically defined, and thus amenable to modification and rigid
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quality control standards. Decoration of peptides during or after SPPS with other functional
groups enables assembly, visualization, and biological interactions. Tissue engineers are
now able to easily synthesize a whole host of de novo peptides with unique structural and
biofunctional properties, including but not limited to proteolytic susceptibility [9-11], cell
surface and/or matrix binding [12,13], growth factor binding [14,15], and supramolecular
assembly [16-20].

For tissue engineering, peptide-based biomaterials must not only promote cell survival and
growth, but also help guide cell behavior. With high water content (typically > 95%),
peptide-based hydrogels support diffusion of nutrients, growth factors, and biochemical
signals, as well as migration and growth of cells analogous to that in biological tissues.
Hydrogel-based tissue engineering resolves some of the numerous difficulties in studying
cells and tissues 7 vivo, such as the inability to determine causal factors due to the high
complexity of the environment. Additionally, high interconnectivity between cells and the
surrounding extracellular matrix (ECM) /n vivo can convolute the roles of specific molecules
or proteins. Since biomaterial features can impact epigenetic regulation, metabolic activity
[21], protein synthesis, cellular proliferation [22—25], and stem cell differentiation [26-30],
among other cellular functions, their characterization is critically important when creating
new treatments and therapies.

Peptide-based biomaterials can be designed to create physical hydrogels via non-covalently
interacting motifs, allowing the material to flow, and then recover after shear. This

shear recovery enables minimally invasive procedures and 3D printing-based tissue
manufacturing. While stem cell transplantation is a promising clinical strategy in tissue
regenerative therapies, transplantation strategies often suffer from poor cell survival.
Hydrogels improve the survival of these cells after needle injection by reducing cell
membrane disruption from mechanical forces [31,32].

Peptide materials are well poised to promote regeneration as they meet numerous design
criteria: they are easily deliverable via needle, match the compliancy of native tissue, allow
infusion of growth factors and other nutrients, and include biological signals to promote
cell adhesion, migration, and growth. With tunable supramolecular and biomolecular
interactions, the potential of engineered peptide materials as bioactive matrices to promote
transplanted or endogenous stem cell activity is immense.

The development of new assembling peptide biomaterials will help meet the demand

for tissue-like hydrogels that do not require chemical crosslinking mechanisms and have
predictable and reproducible biological effects. This review addresses a core scientific
consideration—namely, the intra- and intermolecular interactions dictating peptide structure,
matrix formation, and ultimately, biomedical impact. For each of the major classes of
assembling peptides, namely B-sheet-forming, helical, and amphiphilic peptides, block
copolypeptides, and elastin-like peptide structures, we describe how the primary structure
and interactions between peptides and their environments mediates their assembly into
useful biomaterials. We present methods to characterize peptide hydrogels and their
assembly, including tools for studying the molecular-scale structure and interactions
(spectroscopy and calorimetry), nano- and micro-scale morphology (microscopy), and bulk
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macroscopic properties (rheology). In depth understanding of characterization methods
provides newcomers to the peptide material field with a wide array of useful strategies

that can answer a variety of specific and useful questions. We then describe several

common peptide materials in tissue engineering and regenerative medicine for example
applications in brain, muscle, heart, and immunoengineering. Finally, we explore synergistic
combinations of assembling peptides and polymers in biomedical applications. Together,
these engineered peptide-based materials can help bridge the translational “valley of death”
between bench research and bedside medical treatment through their designer, yet bio-
inspired, function.

2. Classes of peptide assemblies

2.1.

In the sections that follow we describe several classes of assembling peptide systems,
including amphipathic beta sheets, short aromatic beta sheets, metal ion-induced beta sheets,
helices, peptide amphiphiles, block copolypeptides, and elastin-like peptides (Table 1).

Beta sheet assemblies

[B-sheets are naturally occurring structural motifs in which interchain hydrogen bonding
facilitates formation of flat peptide sheets or ribbons in solution. Higher order assembly of
[B-sheets yields fibers and fibrous hydrogels, as well as other hierarchical structures, like

the intricate B-barrels found in proteins. Within B-sheets, the side chains of the constituent
amino acids extend above and below the plane of the peptide backbone in an alternating
fashion. While B-strands, the individual peptide segments comprising B-sheets, are often
distant from each other in protein sequences, they interact upon protein folding. Peptides
that form p-sheets commonly aggregate in aqueous solution due to their amphipathic nature
and form central biomimetic structural components of biomaterials. Studies of B-sheet
peptide assemblies contribute substantially to our understanding of both molecular assembly
and disease states involving protein aggregation [33-37]. Here, we review the common
classes of assembling B-sheet peptides used in biomaterials, noting the origin, sequence
features, and environmental effects on these assemblies.

2.1.1. Amphipathic self-assembling peptides (SAPs)—Pioneered by Zhang and
coworkers in the early 1990s [16,38-40], amphipathic peptides alternate hydrophobic and
hydrophilic amino acids and are among the most widely utilized motifs for synthetic self-
assembling B-sheet peptides. In aqueous solution, hydrophobic and electrostatic interactions
commonly yield staggered arrangements of peptides (Figure 1A) conducive to dynamic
hierarchical assembly. Individual peptides assemble into fibrils (Figure 1B, C), which in turn
assemble into macroscopic hydrogels (Figure 1D) through non-covalent fibril interaction
and entanglement. Experimentally, diluting concentrated peptide solutions into buffer at a
pH and salt concentration that neutralizes charged amino acids typically promotes assembly.
The extensive development of amphipathic SAPs has yielded a wide range of sequences,
described next, and resulted in the commercialization of these biomimetic materials for cell
culture and tissue engineering [41-43].
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2.1.1.1. EAKI6: Discovered in the yeast protein zuotin, the first reported p-sheet
amphipathic peptide, EAK16 (AEAEAKAKAEAEAKAK), is ionically self-complementary,
with an equal number of cationic lysine (K) and anionic glutamic acid (E) residues
alternating with hydrophobic alanine (A) residues [16]. As is common in synthetic peptides
derived from natural proteins, EAK16 features an acetylated (Ac) N terminus and an
amidated C terminus, indicated as —NH>, to more closely reproduce the sequence as it
appears in the protein, i.e., without charges at the termini. Following the addition of salt

to an aqueous solution of the peptide, Ac-EAK16-NH> spontaneously assembles into what
was originally termed a stable macroscopic membrane, and later referred to as a hydrogel,
composed of interwoven fibrils 10-20 nm in diameter. These hydrogels remain stable at low
peptide concentrations (0.6 UM) in a variety of conditions - in the presence of enzymes,
heat, and in solutions with pH ranging from 1.5 to 11, and in protein-denaturing solutions of
guanidine hydrochloride, sodium dodecyl sulfate (SDS), and urea [16,38]. The remarkable
stability of these assemblies is attributed to the combination of electrostatic and hydrophobic
interactions [16]. Thereafter, mimicking the molecular design features of EAK led to the
development of the RADA16, KFE, MAX, and Q11 self-assembling B-sheet peptides,
among others, for biomedical applications.

2.1.1.2. RADAI6: Substitution of the lysine and glutamic acid residues in EAK16

with arginine (R) and aspartic acid (D), respectively, yields the class of SAPs known

as RAD16 or RADAL6 [45]. Similarly to EAK16, RADA16 spontaneously forms stable
hydrogels in physiological buffer [38]. Developed to mimic the cell-adhesive peptide

motif RGD (G = glycine), RADA16-based biomaterials successfully support attachment

of various mammalian cell type [45]. Further, the non-covalent interactions comprising these
assemblies impart dynamic shear-thinning and self-healing behavior. RADAL6 nanofibers
sonicated into smaller fragments reassemble into structures identical to the starting material
within 2 hours [44]. Together, the favorable cell attachment properties, high stability, and
biocompatibility enabled successful commercialization of RAD16 as PuraMatrix™ peptide
hydrogels [43].

2.1.1.3. KFE: Lauffenburger and coworkers first designed KFE12, or (FKFE)3, where F

= phenylalanine, as a model amphipathic peptide to probe the fundamental driving forces
controlling assembly [33]. Early experiments reduced electrostatic repulsion by increasing
ionic strength, allowing hydrophobic interactions to dominate and peptide assembly to occur
above a threshold salt concentration. Derjaguin-Landau-Verwey-Overbeek (DLVO) theory,
which models the interplay between hydrophobic (van der Waals) forces and electrostatic
repulsion, accurately predicts both the threshold salt concentration and assembly of KFE12
in the absence of salt at pH 7.0, where it is charge-neutral [33]. KFE also forms rippled
[B-sheets (Section 2.1.3) and serves as a model SAP in vaccine adjuvants [46,47].

2.1.1.4. MAX: Schneider, Pochan, and coworkers developed amphipathic peptides
composed of B-hairpins, or two interacting B-strands connected by a short turn sequence,
that form B-sheet fibrous hydrogels [17]. MAX1 contains alternating hydrophobic valine
and hydrophilic, cationic lysine residues in the B-strands, which are connected by the turn
sequence VPPPT, where V = valine, a hydrophobic residue, PP = p-proline, P = proline, and
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T = threonine. At pH 7.4 in aqueous solution, MAX1 adopts a random coil conformation.
Raising the pH to 9.0 partially neutralizes the lysine side chains, reducing intrastrand
charge repulsion and inducing B-hairpin formation, as observed by circular dichroism

and infrared spectroscopy. Reducing pH reverts the peptide to a random coil, affording
pH-dependent reversible assembly. MAX1 assembly may also be salt-induced [18], similar
to other amphipathic SAPs, with gelation occurring at pH 7.4 and salt concentrations

as low as 20 mM. Folded MAXZ1 hairpins have a valine-rich hydrophobic face and a
lysine-rich hydrophilic face; association of the hydrophobic faces leads to bilayer formation,
while lateral assembly into fibrils occurs through hydrogen bonding and van der Waals
interactions. The resulting fibrils are ca. 3 nm thick, consistent with the length of a hairpin
and the predicted strand axis [18]. Via interactions between fibrils (hydrogen bonding and
hydrophobic interactions) and fibril entanglement, these fibrils form viscoelastic hydrogels
with temperature-and salt-dependent moduli and shear-thinning and self-healing properties.
In a sequence termed ‘“MAX8’, an anionic glutamic acid replaces one of the MAX1 cationic
lysines, and the reduced net charge accelerates gelation [48,49]. Oscillatory rheology and
circular dichroism spectroscopy confirm that solutions of MAX8 form B-sheet hydrogels
with shear storage moduli G’ of ca. 100 Pa in under a minute upon addition of cell culture
media at physiological salt concentration and pH 7.4. In comparison, the onset of B-sheet
formation for MAX1 requires ca. 30 min and the resulting hydrogels exhibit a G’ of only 40
Pa after 60 minutes. Salt-induced assembly is a potentially useful alternative to pH-mediated
assembly given the known cytotoxic impacts of pH values significantly lower or higher
than 7.4. The fast MAX8 gelation Kinetics coupled with shear-thinning and self-healing
properties allow for homogenous mesenchymal stem cell and hepatocyte encapsulation and
good survival after injection (Figure 2 [48]).

2.1.1.5. E1Y9: Mihara and coworkers reported the peptide E1Y9 (sequence:
EYEYKYEYKY) in 2012 for cell culture and drug delivery [50,51]. Hydrogelation of this
peptide is calcium ion (Ca?*)-dependent and driven mostly by intermolecular interactions
between fibers, with only minimal fiber entanglement observed. Injecting solution-state
E1Y9 into a Ca?* solution allows production of gel droplets or strings with control over
hydrogel shape. Both 3T3-L1 and PC12 cells adhere to and grow on E1Y9 hydrogels when
cultured on string-shaped gels.

2.1.1.6. Q11: In 2003, Collier and Messersmith engineered another major amphipathic
SAP, Q11 (QQKFQFQFEQQ; Q = glutamine), as a modular biomaterial platform

[52]. Q11-based assemblies are particularly amenable to functionalization via tissue
transglutaminase-mediated reactions of glutamine residues with primary amines [53].

This net-neutral peptide sequence features hydrophobic phenylalanine residues and the
hydrophilic residues glutamine (neutral), lysine, and glutamic acid. Upon the addition of
salt to an aqueous solution, Q11 assembles into a highly entangled gel-like B-sheet network,
composed of 4-8 nm wide fibrils. Tissue transglutaminase (tTGase)-mediated conjugation of
monodansylcadaverine (MDC), an amine-functionalized fluorescent marker, to both soluble
and assembled Q11 proceeded successfully, allowing attachment of up to five MDC dyes
per peptide without disrupting nanofiber assembly [52]. The lysine residues within Q11 did
not participate in the reaction, presumably due to inaccessibility to tTGase in the assembled
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fibril. Additionally, native chemical ligation (NCL) [54] of a Q11 variant modified with an
N-terminal cysteine and a C-terminal thioester lengthens the peptides and yields hydrogels
five times stiffer than unmodified Q11, without significantly changing fibril morphology
[55].

The low pH required to process Q11 and other SAPs in the solution state, prior to

inducing gelation at physiological pH, previously hindered the application of SAPs for cell
encapsulation. By inserting an additional QE motif into the Q11 sequence, the Q11 variant
bQ13 remains in solution upon mixing with LNCaP human prostate cancer cells up to pH
9.8 [56]. In comparison, RADA16 and Q11 mixed with LNCaP cells only remain in solution
up to pH 3.5, above which premature gelation may occur. The low pH required by RADA16
and Q11 is harmful to cells, as evidenced by the low percentage of LNCaP cells that survive
the encapsulation process (50% for RADA16 and 66% for Q11). In contrast, 96% of LNCaP
cells survive encapsulation at pH 9.8 in bQ13 hydrogels.

Co-assembly of Q11 with modified Q11 sequences modulates the mechanical and biological
properties of the resulting assemblies [57]. Inducing assembly before or after blending

Q11 with modified Q11 sequences provides control over fibril compaosition, i.e., whether
they are homogenous (uniformly intermixed peptide fibrils) or heterogeneous (individual
fibrils composed of one peptide. Incorporation of cell-adhesive ligands through homogenous
co-assembly of Q11 and Q11 modified at the N-terminus with RGD or IKVAV enhances
cell attachment, proliferation, and growth without impacting peptide secondary structure or
material stiffness and morphology [58].

The peptides KLD-12 [60], FAQ [61,62], CK [62,63], SPG-178 [22], (LE)g [64], Prp-5
[65,66], MDGL1 [67], and VEVSVKVS [64] are further examples of such SAPs in the family
of amphipathic peptides with similar design considerations and mechanisms of assembly.
Overall, despite the strong dependence of amphipathic SAP assembly on specific conditions
that could preclude cell encapsulation or other biomaterials applications, the pros of this
class of SAPs often outweigh the cons. Due to the high tunability and variety of material
properties that are possible, amphipathic peptide assembly continues to be widely employed
in biomaterials systems.

2.1.2. Aromatic short SAPs—Short peptide sequences, with as few as two to five
amino acids, also assemble in solution into B-sheet structures. Such short sequences have
the advantage of simple, straightforward, and low-cost synthesis. Many of these structures
include the aromatic residues tyrosine, tryptophan, and phenylalanine, or synthetic aromatic
groups, such as the Fmoc protecting group used in peptide synthesis. Here, we describe the
assembly of diphenylalanine, tripeptides, and a class of pentapeptides. For a more in-depth
look at short SAPs, we point the reader to a recent review on the assembly, methods of
characterization, and current applications of short SAPs [68].

Aspirations to understand amyloid plaque formation characteristic of Alzheimer’s disease
motivated early work on assembly of diphenylalanine (FF), taken from the recognition
motif of Alzheimer’s disease-relevant amyloid  (AB). Reches and Gazit dissolved FF at
high concentration (=100 mg/mL) in 1,1,1,3,3,3 hexafluoro-2-propanol (HFIP), then added
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the mixture to aqueous solution, resulting in peptide concentrations in the UM range, to
induce assembly within seconds into semi-crystalline, hollow nanotubes ca. 100-150 nm in
diameter [69]. Studies on synthetic FF analogues, including an uncharged dipeptide with an
acetylated N-terminal amine and an amidated C-terminus, as well as several derivatives with
N-terminal modifications (Boc-FF, Cbhz-FF, and Fmoc-FF), helped elucidate a mechanism
of assembly [70]. While all of these FF peptides assemble into nanotubes in aqueous
solution, the derivatives with N-terminal modifications form significantly smaller diameter
structures. These results indicated that assembly is not driven by electrostatic interactions
of the charged termini, but rather by hydrogen bonding and aromatic interactions (i.e., -
stacking).

Numerous Fmoc-functionalized dipeptides form hydrogels [72], although Fmoc-FF is still
the most widely used of these. Together, spectroscopy data and molecular modeling suggest
that at neutral pH, B-sheets composed of r-stacked aromatic groups, twist upon association
and form ribbons (Figure 3) [71]. Tuning solution pH results in Fmoc-FF assemblies with a
range of morphologies [73]. At high pH (>10.2), nearly all of the molecules are ionized and
soluble. Between pH 9.5-10.2, some assembly occurs into antiparallel B-sheet fibers with

a negative surface charge, which entangle to form a weak hydrogel. Further lowering the
pH from 9.5 to 6.2 protonates some of the carboxylic acids and induces the formation of
flat ribbons >100 nm in diameter as the fiber surface charge decreases. Ribbon aggregation
occurs at pH 5.2, below which macroscopic rodlike structures precipitate out of solution.
Due to its tunability and simple synthesis, Fmoc-FF finds applications in drug delivery
systems [74,75], ECM mimetic materials [72,76,77], biocatalysis [78], and more, as detailed
in a recent review [79].

Many short peptides containing combinations of aromatic residues, particularly tyrosine (Y)
and phenylalanine (F), have at least some propensity to assemble into fibrillar hydrogels.
For example, Ulijn and coworkers investigated tripeptides containing Y, F, and aspartic acid
(D) residues, and showed the peptides YFD, FYD, DFY, and DYF form distinct structures,
while FDY and YDF did not assemble, suggesting that the separation of the aromatic Y and
F groups by a hydrophilic charged D residue reduces assembly-promoting m-r interactions
[80]. Tuttle, Ulijn, and coworkers developed a computational model to screen the 8000
possible combinations of tripeptides composed of the 20 natural amino acids and identified
KYF, KYY, KFF, and KYW (W = tryptophan) to form hydrogels in aqueous solution at
neutral pH [81]. Building from this work, Webber and coworkers investigated assembly

of tripeptides, varying the arrangement of aromatic residues and the electronegativity of
substituents on the phenylalanine ring. They confirmed that separation of hydrophobic
residues by even one hydrophilic residue precludes assembly [82].

Using design rules governing solution assembly of short aromatic and amphipathic peptides,
Lampe and coworkers designed hydrogel-forming pentapeptides [32,83]. This material
platform, termed ‘rapidly assembling pentapeptides for injectable delivery (RAPID)’
hydrogels, features shear-thinning and self-healing properties. The RAPID family of
peptides are amphiphilic and feature a central phenylalanine residue, e.g., KYFIL, which
forms a mechanically robust hydrogel composed of ca. 40 nm diameter twisted ribbons.
Tuning the weight percent and composition of RAPID peptides modulates hydrogel
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mechanical properties over a broad range (~50-17,000 Pa). For example, changing the
concentration of KYFIL from 1.5 to 3 wt % increases the storage modulus from 8 to 17 kPa.
Self-healing is rapid, as hydrogels recover 70-80% of initial stiffness within two seconds
following application and removal of 100% strain. Similar to the preclusion of assembly for
FDY and YDF tripeptides due to separation of the aromatic residues, the RAPID sequence
KAFIL, which does not contain two adjacent aromatic residues, does not form fibrils at
physiological pH, while KYFIL, AYFIL, and KYFAL form ribbons or fibrils (Figure 4).

2.1.3. Rippled B-sheets—In 1953, one year after first describing the configuration of
antiparallel and parallel pleated B-sheets, Pauling and Corey predicted the formation of

a structure they termed “rippled” B-sheets from a mixture of p-peptides and L-peptides
[85]. In a rippled sheet, adjacent p-peptides and L-peptides typically orient such that

the side chains point toward each other, resulting in nested interactions of hydrophobic
groups [86]. In a nested configuration, one hydrophobic side chain fits tightly packed in
between the hydrophobic side chains of its neighbors. These interactions, coupled with the
documented resistance of D-amino acids to enzymatic degradation, render rippled p-sheet
structures useful for enhancing both the mechanics and stability of biomaterials. Specific
stereochemical interactions, like those driving rippled sheet formation, continue to emerge
as a powerful means to control material properties without changing the chemical features
of materials, as reported in both the peptide [37,86—89] and synthetic polymer literature
[90-92].

Schneider, Pochan, and coworkers demonstrated structural and mechanical differences
between hydrogels formed from homochiral and heterochiral mixtures of -hairpin MAX1
peptides [87]. Introducing the p-enantiomer of MAX1, DMAXZ, in increments of 25

mol% lends enzymatic stability to the resulting hydrogels. Surprisingly, oscillatory rheology
showed the stiffhess of hydrogels formed from 50 mol% DMAX1 (i.e., a 1:1 mixture of the
enantiomers) to be four times that of hydrogels composed entirely of MAX1 or DMAX1.
Intermediate stoichiometric ratios, namely hydrogels with 25 and 75 mol% DMAX1, exhibit
moduli intermediate between that of homochiral and equimolar p-peptide and L-peptide
mixtures. A control peptide, identical to MAX1 except for the replacement of three valine
residues with isoleucines, exhibits similar assembly kinetics and gel stiffness to that of
MAX1 and DMAXZ1. However, mixtures of DMAX1 with the isoleucine-containing control
peptide provide no significant increase in stiffness, indicating that the enhancement in
mechanics depends both on sequence and complementary stereochemistry. A later study
concluded that the fibrils formed by MAX1 and DMAX21 match Pauling and Corey’s
predictions of alternating co-assembly of p-peptides and L-peptides into rippled sheets and
that side chain packing plays an important role in the assembly [86]. The complementary
chirality of the enantiomers allows the side chains of the valine residues to interact in a
nested manner, permitting hydrophobic interactions not possible in a fibril composed of only
one enantiomer, thus stiffening the core of the fibril (Figure 5).

Furthermore, controlling peptide sequence allows modulation of the bulk mechanical
properties. For example, hydrogels formed from enantiomeric mixtures of MAX peptides
containing both valine and isoleucine on the hydrophobic face of the hairpin provide only a
two-fold increase in stiffness compared to the homochiral gel, while enantiomeric mixtures
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of MAX peptides incorporating arginine residues on the hydrophilic face yield an eleven-
fold increase relative to the analogous homochiral gel. Pairwise interactions of isoleucine are
generally less energetically favorable than valine, leading to a smaller stiffness enhancement,
while the formation of inter-guanadinyl hydrogen bonds in arginine side chains provides a
larger stiffness enhancement.

Nilsson and coworkers reported similar trends using (FKFE), peptides [88]. They expected
that mixtures of the o- and L-(FKFE), peptides would self-sort to produce left-handed and
right-handed helical ribbons composed entirely of L-peptides and p-peptides, respectively.
However, TEM images revealed narrower, 3.0 nm wide flat nanoribbon fibrils to form

from this mixture, in contrast with the wider, 6 nm wide helical nanoribbons formed

from the constituent peptides. Circular dichroism and isotope-edited infrared spectroscopy
experiments further supported the presence of co-assemblies, and calorimetry showed that
binding energy for the enantiomeric pair was more favorable than the analogous homochiral
pair. Consistent with the results of Schneider and Pochan with the MAX peptides, 1:1
Lo-(FKFE), hydrogels exhibit enhanced stiffness relative to homochiral hydrogels. The
rippled sheet fibrils resist proteolytic degradation by chymotrypsin, trypsin, and proteinase
K and display a similar degradation profile to p-(FKFE), [89]. After a 5-day incubation
with these enzymes, minimal o-(FKFE), and 1:1 Lp-(FKFE), sample degradation occurred,
whereas the concentration of L-(FKFE), was less than 5% of its initial value.

Most rippled sheet formers reported to date are amphipathic peptides featuring alternating
hydrophilic and hydrophobic residues. However, there is also evidence that non-amphipathic
peptides can form rippled sheets. For example, p- and L-polyglutamine (polyQ) monomers
derived from an amyloid fibril-forming peptide implicated in Huntington’s disease, each
seed the aggregation of monomers of the opposite stereochemistry [94]. In another example,
p- and L-enantiomers of the 42-residue amyloid B (AB) peptide, which is neurotoxic

and implicated in Alzheimer’s disease, co-localize in racemic fibrils upon mixing [36].
Enantiomeric mixtures of the 7-residue Ap fragment Ap (16-22) also form rippled sheets
[37]. While studies on these SAPs did not involve testing hydrogel formation, these
examples show that the rippled sheet formation predicted by Pauling and Corey extends
beyond highly aggregation-prone amphipathic peptides.

Despite the number of peptide families that form rippled sheets, the prediction may not
hold for every peptide. One of the first studies that specifically investigated enantiomeric
peptide interactions involved a B-sheet forming fragment of the p2-microglobulin protein
K3 (SNFLSCYVSGFHPSDIEVDLLK)[95]. Individually, both the naturally derived L-K3
and the synthetic enantiomer p-K3 form fibrils, which are nearly identical apart from
slightly slower p-K3 fibril formation kinetics. Seeding experiments demonstrated that d-
and L-K3 do not cross-react, rather, addition of L-peptides results in extension only of
preformed L-seed fibrils and addition of p-peptides results in extension only of preformed
p-seed fibrils. As another example, the p- and L-enantiomers of the peptide L4KglL4

form nearly identical fibrils with opposite twists, while mixtures of the two enantiomers
produce globular aggregates [96]. In both cases, the lack of controlled, B-sheet forming
cross-reactivity between p- and L-fibrils seemingly opposes the prediction of Pauling and
Corey. However, these results leave open the question of whether the peptides represent an
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exception to the rippled sheet prediction or if they could form rippled sheets under different
conditions. Further exploration of this sequence space may unlock the additional potential of
stereochemistry-dependent interactions in SAP-based biomaterials.

2.1.4. Metal ion-induced SAPs—Inspired by natural proteins that bind metals, metal-
binding SAPs assemble by coordination and/or electrostatic interactions and allow for
subsequent use of the integrated metal ion for mediating reactions, biological processes,
and controlled release. In the context of tissue engineering, metal-binding SAPs can capture
toxic metals, release therapeutic metals, and probe the role of metals and metal binding
events in disease so as to engineer therapeutics. Many of the SAPs in this class are
sequences found in or modified from naturally occurring proteins, and contain cysteine

or histidine residues, both of which coordinate heavy metal ions. We highlight a few recent
examples below, and point readers to an excellent review on metal-triggered SAPs for
further information [97].

An important application of metal ion-induced assembly of peptides is the selective capture
and detection of metal ions from solution, including cell environments. For example, Lee
and coworkers developed ratiometric peptide-based fluorescent probes for Cd(ll) [98]. In
aqueous conditions, addition of Cd(lIl) to the pyrene-functionalized peptide, pyrene-CGPC,
induces ordered assembly into nanoparticles. Decreases in pyrene monomer emission and
increases in multimeric pyrene signal (i.e., excimer emission) indicate Cd(l1) capture.
Among 17 metal ions tested, Cd(I1) alone elicited this ratiometric response from the probe.
Together, the disappearance of the S-H stretching band in FT-IR spectroscopy upon the
addition of Cd(lI) and the loss of Cd(ll) binding affinity upon protonation of the C-terminal
carboxylate suggest that the C-terminal carboxylate and the thiols on the cysteine residues
coordinate with Cd(I1). This coordination generates a complex conducive to pyrene m-r
stacking interactions and assembly into structured nanoparticles [98]. This pyrene-peptide
reporter system detects Cd(Il) in live cells and at concentrations as low as 53 nM in urine
samples, showcasing the potential for metal ion-induced SAP systems as probes.

A related application of this class of SAPs is the capture and subsequent controlled release
of metal ions, for example to release silver in antimicrobial formulations [99]. At pH 8.5, the
peptide IH6 (sequence: ILVAGH; where H = histidine and | = isoleucine) adopts a random
coil structure in aqueous solution at low concentration (300 uM) and an antiparallel B-sheet
conformation at high concentration (= 3.0 mM), forming a weak fibrous hydrogel. Addition
of silver ions (Ag*, an active component of many sterilizing agents) in a 1:1 molar ratio
with 1HG6 results in a parallel B-sheet structure, with the conformational shift attributed to the
coordination of Ag* with histidine. Silver-containing B-sheet (Ag-1H6) hydrogels display
enhanced mechanical strength (G’ = 40 kPa for Ag-1H6 hydrogels vs. 1 kPa in the absence
of silver) and feature a more compact fibrous network compared to those prepared at the
same concentration from the IH6 peptide alone. The hydrogels enable tunable Ag* release
profiles and exhibit bactericidal activity without harming cocultured human keratinocytes.

Metal ion-induced SAPs also provide insight into the role of metal ions in disease. The
aggregation of B-sheet amyloids is a significant driver in a number of diseases, which
makes the study of metal ions capable of modulating this aggregation or amyloid formation
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critical. One example is the interaction of Zn(Il) with human prion protein (PrP). A

peptide from the octarepeat domain of PrP, PrP58-93 (GQ(PHGGGWGQ),GG, where W

= tryptophan), displays a mixture of random coil and helical character in aqueous solution
[35]. ZnCl, addition leads to the formation of elongated amyloid fibrils that bind Thioflavin
T and Congo red dyes, hallmarks of amyloid formation. Correlations between Zn(Il)
concentration, loss of monomeric peptide, and increase in aggregate fraction provide further
of a relationship between Zn(11) and amyloids. Continued investigation of the role of metal
ions in assembly of B-sheet amyloids is likely to elucidate pathways of protein misfolding
and inform development of future treatments for amyloid diseases.

2.1.5 p-sheet forming peptides: summary and perspective—Among the various
B-sheet forming peptide families employed as biomaterials, ample studies demonstrate

the utility of the RADA series in multiple contexts and tissue-specific applications (see
section 4). The RADA family was among the first reported assembling peptides and
contains RAD motifs that resemble the integrin tripeptide RGD; however, more recent
systems offer simpler manufacturing and/or added functionality, thus warranting further
investigation. Shorter assembling peptides, such as diphenylalanine, numerous tripeptides,
and the RAPID series, show promise for reducing material complexity, while still affording
well-defined, dynamic fibrous hydrogels amenable to biomolecule conjugation. Moreover,
the specific advantage of an integrin-binding region within RADA may be less critical as
recent advances in these shorter assembling peptides permit addition of integrin-binding
sequences to the assembling sequence. The modularity of peptides that permit conjugation
of bioactive motifs adds design flexibility and enables better parsing of the effects of the
material building blocks (i.e., the amino acids driving assembly) and the “biological” aspects
(i.e., the amino acids driving specific cell-matrix interactions).

2.2. Helical peptide assemblies

Peptides with helical secondary structure often assemble into coiled coils or collagen-
mimetic triple helices. Coiled coils contain a-helices, which are 1.6 A in length per residue
and 3.7 residues per turn. Amino acid side chains point outward due to crowding of the
interior of the helix with peptide backbone atoms. Yet, collagen and collagen-like peptides
feature polyproline 11 helices (3.1 A per residue, 3.3 residues per turn). With peptide
bonds in the typical trans configuration and a left handed twist, polyproline 11 helices

are far more common than polyproline I helices with more constrained cis peptide bonds
and a right-handed twist [100,101]. While intramolecular interactions stabilize individual
helices, a combination of intermolecular hydrophobic, electrostatic, and hydrogen bonding
interactions stabilize bundles of helical peptides, which can further assemble into fibers
and hydrogels. In addition to coiled coil and collagen-like peptides, charged helical
peptides assemble in a pH- and salt-dependent way into a variety of micro- and nanoscale-
structures [7,102,103]. Compared to B-sheet peptides, where peptides with as few as two
amino acids can form fibers, assemblies from helical peptides require substantially longer
primary sequences due to the minimal or absent helix stability in short sequences. Yet,

the increased length of these sequences provides ample opportunities to install reactive
groups and fluorescent labels and to finely modulate the binding strength and specificity,
stoichiometry, stimuli-responsive behavior, and higher order assembly. Furthermore, solid-
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phase peptide synthesis, including microwave-assisted and automated synthesis, enables
routine preparation of sequences >50 amino acids in length [7,8]. In this section, we describe
the salient features of and design rules governing assembly of helical peptides into coiled
coils and collagen-mimetic triple helices, and the higher order assembly of these helical
bundles.

2.2.1 Coiled coils—The helical coiled coil is one of the most abundant protein structural
motifs found in nature, including in fiber-forming proteins of the extracellular matrix
[104,105]. Just two years after the initial description of the protein a-helix [106,107], right
handed a-helices (for L-amino acids) were predicted to wrap around each other at an angle
of ca. 20° to form a left-handed coiled coil super helix [108]. Most coiled coil-forming
peptides contain a repeating sequence of 7 amino acids (i.e., a heptad), denoted (abcdefg),
(Figure 6) [109]. Hydrophobic amino acids in positions aand d'together with charged
amino acids in positions eand g stabilize coiled coils, while the b, ¢, and Fpositions are
solvent-exposed and therefore modulate solubility and assembly [27]. Coiled coils can be
composed of not just two, but three, four, five [110], and even seven helices [111] per
superhelix. Moreover, these superhelical coiled coils may contain just one type of peptide
(e.g., homotrimers, or coiled coils containing three copies of the same peptide) or combine
different peptides (e.g., heterodimers, or coiled coils formed from two different peptides).
Heterochiral coiled coils can also form from mixtures of p- and L-peptides [112], yet require
different spacing of hydrophaobic residues for optimal packing [113]. We review some of

the design rules here for both the primary structure and inducing higher order assembly of
coiled coils into fibers and hydrogels, and direct readers to greater detail on coiled coils in
reviews by Klok [114], Kros [115], and Collier [105].

2.2.1.1 Primary structure considerations: The amino acids in the aand 4 positions

of the heptad form the interior of the coiled coil superhelix, and control stoichiometry

(i.e., the number of peptides per coiled coil) and orientation (e.g., parallel vs. antiparallel
configurations of chains) within the coiled coil bundle [110]. Typically, hydrophobic
interactions hold together these helical peptide bundles [110,116]. Additionally, hydrogen
bonding between asparagine (N) side chains in the aand/or d positions promotes specific
binding between coiled coil peptides [117-119]. Introducing aromatic and hydrogen
bonding tryptophan residues in the a and d positions reduces helicity and hinders higher
order assembly into fibrils, while aromatic phenylalanine residues without hydrogen
bonding side chains only slightly reduce helicity [120]. The distribution of B-branched
amino acids, e.g., isoleucine (1) and valine (V), in which the B-carbon (the side chain carbon
adjacent to the carbon on the peptide backbone) is branched, directs packing of coiled coils
[110]. Dimers typically form with leucine in the d position and either a p-branched amino
acid or asparagine in the a position [110,119,121,122]. Having a B-branched amino acid in
the d'position hinders dimer formation, while a B-branched amino acid in the a position
hinders tetramer formation; B-branched amino acids in both the aand dpositions favor
trimer formation. For example, placing a leucine (L) in the a position and a p-branched
isoleucine (I) in the dposition yields tetramers. In the a position, isoleucine (1) residues
provide more stability than less hydrophobic valine (V) residues [119,122,123].
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Charged residues most frequently occupy positions e and g within coiled coil-forming
heptads and stabilize the helical configuration of the individual peptides, promote
interactions between peptides within a coiled coil, and facilitate the higher order assembly of
coiled coil bundles, for example into fibers. A common scenario is for coiled coil-forming
peptides with either cationic lysine (K) residues in both the eand g positions or anionic
glutamic acid (E) residues in both the eand g positions to form helical homodimers,

in pH ranges that neutralize the charge [124,125]. For example, lysine- and glutamic
acid-rich sequences with the heptad repeats (VSSLKSK), and (VSSLESE),, respectively,
adopt a random coil configuration at neutral pH, yet 1:1 mixtures of these two peptides
form heterodimeric coiled coils driven by interchain electrostatic interactions [125]. In
another example, heterodimeric coiled coils form at neutral pH from the lysine-rich
sequence Ac-GYK(IAALKEK),-IAALKEG-NH, (K3) and the glutamic acid-rich sequence
Ac-GYE(IAALEKE),-IAALEKG-NH, (E3) sequences partially disassemble at pH 5 into
homotrimers of the anionic peptide and random coil (unassembled) cationic peptide (Figure
7) [124]. Oppositely charged eand gamino acids within the same peptide, for example
those with the heptad repeats (VSSLESK),, [125], (IEALKAE), [121], and (LAEIEAK),
[126], assemble to form coiled coils at neutral pH, yielding one-component systems for cell
encapsulation and other applications.

The b, ¢, and £, positions comprise the solvent-exposed portion of the coiled coil and
therefore modulate solubility and higher order assembly of coiled coils into fibers and
fibrous hydrogels. Fibers assembled by hydrogen-bonding glutamine (Q) residues in the
b, ¢, and fpositions disassemble upon heating, which ruptures hydrogen bonds [27].
However, heating reinforces fibers held together with hydrophobic interactions (4, ¢, f
= alanine, A), consistent with higher temperatures reinforcing hydrophobic interactions
since it becomes more favorable to remove structured water. In the 6 position, replacing
hydroxyl-containing serine (S) with hydrophobic, helix-promoting alanine (A) increases
helical stability [119,122]. The b, ¢, and fpositions are also ideal places for addition of
reactive groups or dyes [117,119].

Length, often described by the number of heptad repeats, determines both helix stability and
binding strength between peptides in a coiled coil [121,127]. Typically, coiled coil formation
requires 3-4 heptad repeats [122,124]. Binding strength varies appreciably with length:
increasing the number of heptad repeats from 3 to 5 decreases thermodynamic dissociation
constants from the micromolar to picomolar range [117,128].

Stereochemistry also plays a role in coiled coil formation, though these design rules remain
largely unknown. Gellman and coworkers reported the crystal structure of a heterochiral
coiled coil, [112] and suggested that, instead of heptad repeats, heterochiral coiled coils may
best accommodate sequences with a repeating 11-amino acid pattern [113].

2.2.1.1 Orientation: Peptide sequence modulates the orientation in which peptides pack
within coiled coils. Inclusion of an asparagine (N) residue in the a position of one

of the central heptads yields parallel orientation of peptides, i.e., with the N and C

termini pointing in the same direction [117-119]. The tropomyosin-derived sequence
Ac-E-WEEALEKK-LAALESK-LQALEKK-LEALEHG-NH> forms triple helical bundles,
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arranged such that two adjacent peptides are parallel and the third antiparallel to the

others [129]. In a particularly elegant example of controlling orientation to design precision
materials, GradiSar and coworkers engineered a tetrahedron from a single chain of

parallel- and antiparallel-forming coiled coil segments [130]. Appending thiol-containing
cysteine (C) residues to the N- or C-termini allows determination of peptide orientation
within coiled coils by analysis of the disulfide-linked dimers that form under oxidative
conditions [110,117,131]. For mixtures of peptides functionalized with N-terminal cysteines,
homodimer formation indicates parallel orientation.

2.2.1.2 Higher order assembly: Engineering interactions between coiled coil peptide
bundles allows controlled assembly into fibers and fibrous hydrogels that mimic the
topological and mechanical properties of the natural extracellular matrix. While the outward-
facing b, ¢, and fresidues modulate lateral assembly of coiled coil peptide bundles, chain
ends can be designed to promote end-to-end assembly. Woolfson and coworkers staggered
coiled coils by patterning the chain ends of each sequence with different charges than in the
middle of the sequence [132]. These staggered coiled coils assemble in both longitudinal
and lateral directions to produce fibers hundreds of microns in length and ca. 50 nm wide.
By adjusting the b, ¢, and fresidues of these sequences, Woolfson and coworkers generated
hydrogels [27] and then later expanded this platform to more advanced structures with
branches and kinks, as well as systems presenting peptide tags for attaching functional
moieties [133-135].

By installing complementary reactive groups on peptide bundles, Pochan and coworkers
realized end-to-end assembly of coiled coil peptide bundles [136-138]. Functionalizing the
ends of antiparallel homotetrameric bundles with thiol and maleimide groups furnished
‘A-B’-type monomers that polymerize into rod-like nanostructures (Figure 8). Akin to step
growth polymerization of A-B monomers, the stoichiometric ratio of the thiol:maleimide
groups controls the length of the rods. Blending coiled coil bundles at thiol:maleimide molar
ratios of 0.5, 0.88, and 0.94 produced fibrils with average lengths of 145 + 35 A, 530 +
150 A and 1100 + 700 A, respectively [136]. Bundle assembly is temperature sensitive and
reversible even after the reaction: increasing the temperature to 90 °C causes the bundles to
denature, while reducing the temperature to 25 °C results in reassembly of the bundles and
rods [138].

2.2.2 Collagen-like peptides—Collagen is the most abundant protein in the human
body and a central element of the extracellular matrix. Three parallel protein strands
adopting left-handed polyproline I1-type helical configurations (i.e., 3 residues per turn)
assemble into right-handed triple helices, where the individual helices expand slightly to
3.3 residues per turn. Pre-organization of the constituent polyproline 11 helices offsets

the entropic cost of assembly, and hydrogen bonding interactions hold together the
resulting triple helices [139,140]. After reviewing primary structure contributions to triple
helix stability, we discuss molecular features and environmental conditions conducive to
aggregation of the triple helices into fibers and fibrous hydrogels. For more information on
collagen-like peptides and their assemblies, we direct readers to reviews by Kim [141] and
Kiick [142].
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2.2.2.1 Factors governing triple helix stability: Collagen-like peptides consist of
repeating Gly-X-Y tripeptides, with every third residue occupied by glycine (G) and the
Xand Y positions typically occupied by proline (P) and hydroxyproline (O). Studies on a
number of G-X-Y sequences varying in lengths provide insight into the effects of sequence
on triple helix stability. Replacing the glycine residue destabilizes the close-packing in
polyproline 11 helices [139,143]. In the sequence Ac-(GPQO)3-G-X-0-(GPO)4-GG-NHo,
varying the amino acid in the X position showed proline to confer the most stability, as noted
by the high helix melting temperature (T, = 47 °C), yet alanine and charged residues in the
X position also yield stable helices with T, exceeding 40 °C [139]. Aromatic hydrophobic
residues and glycine in the X position are more destabilizing, with the resulting helices
melting at 30-35 °C. Similarly, replacing hydroxyproline in the Y position in the sequence
Ac-(GPO)3-G-P-Y-(GPQO)4-GG-NH, reduces stability. Raines and coworkers showed that
replacing hydroxyproline with fluoroproline in (GPO)4q Yields exceptionally stable triple
helices, with melting points as high as 90 °C [144].

Stereochemistry of the hydroxyproline or fluoroproline residue contributes appreciably

to stability: replacing naturally occurring (4R)-hydroxyproline with (4S)-hydroxyproline

or (4S)-fluoroproline disrupts triple helix formation [145,146]. Additionally, enantiomeric
mixtures of the collagen-like peptide (PPG)1g enhance thermal stability relative to
homochiral analogues [147]. Yet, blends of (bPpPG)1g with (LPLOG)1¢ do not interact,
pointing to the role of other molecular interactions in facilitating stereochemistry-dependent
assembly.

Introduction of electrostatic interactions to collagen-like peptides modulates assembly [148—
153] and enables formation of heterotrimeric triple helices of a cationic, anionic, and

neutral collagen-like peptides [154,155]. Notably, by leveraging electrostatic interactions,

it is possible to prepare collagen-like peptide triple helices without hydroxyproline

residues, enabling recombinant synthesis of these biomaterials [156]. Combining molecular
simulations and experiments recently augmented understanding of the role of electrostatic
interactions and non-natural amino acids in assembly of collagen-like peptides [157]. For
example, introducing charged or non-natural alkene-modified amino acids reduces the triple
helix melting temperature relative to that of (POG)1g.

Additional ways to tailor the stability of collagen-like peptides include variation of sequence
length and chain end modification. Similar to coiled coil peptides, the stability of collagen-
like peptide triple helices increases with peptide length [143,158]. Placing two cysteine
residues near the N-terminus of collagen-like peptides affords triple helices bound by a
collection of three disulfide bonds termed a ‘cystine knot” [159]. These triple helices are
markedly more stable than analogous triple helices without cysteines, and the cystine knots
contribute to the stabilization of hydroxyproline-free triple helices [156]. Placing acetyl
groups at the chain ends provides additional stability, attributed to the removal of repulsive
electrostatic interactions [143].

2.2.2.2 Higher order assembly of collagen triple helices: In nature, collagen triple
helices called tropocollagen assemble in a staggered fashion into fibers [160,161]. Hydrogen
bonding, metal-ligand, electrostatic, hydrophobic, and pi-pi stacking interactions between
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peptide side chains and at the chain ends facilitate lateral and end-to-end assembly of
collagen triple helices. The resulting fibers are more stable than the triple helices, as
gauged by higher helical melting temperatures, which further increase with peptide length.
For example, in aqueous solution at neutral pH and peptide concentrations near 1 mM,
(Pro-Hyp-Gly)q forms fibrillar structures that melt 20 °C higher than the unaggregated
triple helices [161]. Increasing temperature accelerates assembly, which occurs most rapidly
just below the triple helix melting temperature [161,162]. Triple helices form at neutral

pH but not typically at low (<3) or high pH (>10), attributed to fewer hydrogen bonds
under the latter conditions. Addition of sugar and replacing Hyp with Gly in the Y position
precludes assembly, highlighting the role of hydroxyproline-mediated hydrogen bonding.
Replacing a glycine residue with alanine, as occurs in diseases like osteogenesis imperfecta
and Alport syndrome, interferes with assembly of (Pro-Hyp-Gly)qq triple helices [162].
However, replacing glycine with hydroxyl-containing serine, promotes fibril formation.
Embedding pendent bipyridyl groups in the middle of collagen-like peptides facilitates
iron-mediated lateral assembly of triple helices [163,164], while placing metal-binding
ligands at the chain ends as well as in the middle of the sequence organizes collagen-like
peptides into three-dimensional frameworks [164]. Collagen-like peptides with charged
end segments, for example (PRG)4-(POG)4-(EOG),4,[148] assemble into periodic fibers
guided by electrostatic interactions between the cationic arginine or lysine residues and
anionic glutamic acid or aspartic acid residues [150,151,153]. Hydrophobic and pi-pi
stacking interactions also drive end-to-end assembly. Placing electron-rich phenylalanines
and electron-deficient pentafluorophenyl-containing residues at the N- and C-termini of
(POG);p enables end-to-end assembly of the collagen triple helices into micron-length fibrils
[4,165]. Kloxin and coworkers varied length and implemented electrostatic interactions
and aromatic phenylalanine-pentafluorophenyl pairs at the ends of collagen-like peptides
to engineer two assembling CMPs with distinct thermal stability (Figure 9). While both
peptides form fibers in aqueous solution, peptide 2a is more thermally stable (T, ~ 62 °C
compared to 37 °C for 1a).

Peptide amphiphiles

Peptide amphiphiles (PAs) form supramolecular structures that combine the functionality
of peptides with the hierarchical organization of lipids. Typically consisting of a long,
hydrophobic alkyl chain bound to a peptide, these molecules assemble in aqueous solution
into fibers, ribbons, and sphere-like micelles for use in biomedical applications [166-168].
While reports describing attempts to prepare PAs by attachment of lipids to peptides in
solution appeared in the early 1980s [169,170], these materials were not widely investigated
until the next decade, when Tirrell, Fields, and coworkers utilized a solid-phase peptide
synthesis approach to attach a hydrophobic dialkyl glutamate tail to the N-terminus of
collagen-derived peptides [171,172]. These collagen-like PAs assemble into triple helical
structures with greater thermal stability than collagen-like peptides without hydrophobic
tails, as evidenced by 15-20 °C increases in the melting temperature. Their studies laid the
groundwork for current PA materials platforms.

In 2001, Stupp and coworkers reported a PA system that forms a bone-like composite of
peptide fibers and hydroxyapatite deposits [173]. The design of this material continues to
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template PAs today, which contain three or, more commonly, four domains (Figure 10)
[166,167,174-176]. The first domain is the hydrophobic tail, typically an unbranched alkyl
group. In aqueous solution, this tail forms the hydrophobic core of the assembly, enabling
surface presentation of the hydrophilic peptide. The second domain often consists of a
peptide portion with defined secondary structure, such as a p-sheet forming sequence.
Charged amino acid residues, which impart aqueous solubility and modulate gelation
behavior, make up the third domain. Often, PAs feature a fourth bioactive signaling epitope
domain to bolster the biological function of the material.

Examples of PA design showcase the versatility of this class of assembling peptides. In

the case of the bone-like composite material reported in 2001, the 16-carbon alkyl chain

tail yields conical PAs that form fibers in aqueous solution [173]. The peptide portion of

the PA (CCCCGGGJRGD, where J is phosphoserine) contains a mineralization-promoting
phosphoserine residue and a cell adhesion-promoting RGD motif. Additionally, the CCCC
region modulates network strength and the GGG region is a flexible linker. Acidification of
the aqueous peptide solution below pH 4 induces assembly into fibrous hydrogels. Raising
the pH back to neutral disassembles the hydrogel. We note that, rather than gelation resulting
solely from entanglement or interactions between fibers, structuring of surface water on

the fibers may also play a role in gelation [177]. Additionally, oxidation of cysteine thiols

to form disulfide bridges between adjacent molecules locks the supramolecular structure

in place [173]. After oxidation, the PA fibers remain stable at pH 8 for months, whereas
unoxidized PAs disassemble within minutes. Further investigation of PAs, varying alkyl
tails, peptide sequence, and C-terminal ligands, revealed that each of 12 PAs self-assemble
into fibrous networks with tunable surface compositions and assembly conditions, furnishing
a functional materials platform for biomedical applications [178].

Assembly of the hydrophobic alkyl tails in aqueous solution, together with interactions
between secondary structure-directing peptide segments and electrostatic repulsion of

the charged residues in the third domain determine the interfacial curvature, and by
extension, the size and shape of PA assemblies. Both the tail length and composition

of the hydrophobic structures making up the tail tune assembly [178]. While PAs with

tails of ten or more carbons assemble in aqueous solution, PAs with shorter tails do not.
Typically, the second domain peptide segment contains hydrophobic amino acids likely to
hydrogen bond, often B-sheet forming sequences. Interchain hydrogen bonding is important
for the formation of one-dimensional nanostructures (fibers) as opposed to the spherical
structures predicted to form from conical PA molecules in water. Accordingly, experiments
and molecular simulations show that spherical micelles form upon disruption of hydrogen
bonding of PAs by N-methylating amino acids [179]. The electrostatic repulsion between the
charged residues provides solubility while simultaneously allowing for on-demand assembly
(e.g., upon injection into physiological environment or by adjusting pH). For example, the
addition of a glutamic acid residue in the IKVAV-functionalized PA (A4G3EIKVAV) imparts
salt-triggered assembly at neutral pH, which is beneficial for encapsulating cells [180].

Mixtures of complementary PAs yield reversible networks that mimic the dynamic
mechanical properties of the natural extracellular environment [175,176]. Functionalizing
PAs with oligonucleotides, then blending the resulting fibers with PA fibers decorated

Acta Biomater. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gray et al.

Page 19

with complementary oligonucleotides induces rearrangement into fiber bundles driven by
oligonucleotide hybridization. Yet, no rearrangement occurs for PAs containing p-sheet
motifs that strengthen, but reduce the dynamics of, the assemblies. The hierarchical

bundled fibrous morphology of these PA-based biomaterials invokes distinct cell phenotypes
compared to analogous dispersed fibers, showcasing the potential of these materials to direct
cell behavior.

2.4. Block copolypeptides

Block copolypeptides are large amphiphiles featuring a block of hydrophobic residues
connected to a block of hydrophilic residues and can contain 200 or more amino acids

per chain. In aqueous solution, block copolypeptides assemble into stable, shear-thinning,
and self-healing hydrogels driven by the association of the hydrophobic domains. Deming
and coworkers introduced this class of entirely peptidyl amphiphilic SAPs in 2000 [181],
demonstrating that diblock copolypeptides of a hydrophobic poly-L-cysteine block and a
hydrophilic poly-L-lysine block form aggregates 600-1300 nm in diameter. Thereafter, they
showed that block copolypeptides with either poly-L-lysine (K) or poly-L-glutamate (E)

as the hydrophilic block and a-helical poly-L-leucine (L) as the hydrophobic block form
hydrogels in aqueous solution [182]. For example, the amphiphile K;ggLog forms 3 wt%
peptide hydrogels with a storage modulus of 12 Pa that are stable up to 90°C and have

a minimum gelation concentration of 2.0 wt%. Increasing the hydrophobic content to

20% (K1g0L40) decreases the minimum gelation concentration to 0.25 wt% and increases
the modulus of the 3 wt% gels to 4300 Pa [183]. Further, hydrogel formation depends

on secondary structure; the block copolypeptide K1ggL 19, in which the leucine block is

too short to form a helix, does not form a hydrogel, whereas those with longer, helix-
forming leucine blocks (Kqgoloo, K170L30, and KggLlag) form hydrogels [184]. The block
copolypeptides discussed thus far all assemble in aqueous solution in the absence of salt, but
salt can have a large effect on hydrogel properties due to the role of electrostatics in these
assemblies [185].

In contrast to examples of charged synthetic block copolymers [186], which form spherical
micelles or vesicles with a hydrophobic core in aqueous solution, Deming’s block
copolypeptides assemble into fibers and fibrillar networks. The packing of rigid helices

in the hydrophobic domain decreases interfacial curvature, hindering spherical assembly
and instead promotes the formation of fibrous hydrogels, with many block copolypeptides
gelling below 1.0 wt% [182,183,187]. The hydrophilic polyelectrolyte domain plays an
important role in assembly. While the K;ggLog copolypeptide forms gels, Kgplog does not,
even at concentrations up to 6 wt%. The authors suggest that gels form from peptides with
longer charged segments due to electrostatic repulsion that distorts (twists) the packing of
helices to generate fibers [183]. Increasing the total length of the block copolypeptides
lowers the minimum gelation concentration and increases the modulus of gels, albeit to a
smaller extent than changes in the hydrophobic domain. Similarly, triblock copolypeptides
having two hydrophilic blocks form stronger hydrogels than their diblock copolypeptides
counterparts. These observations taken together suggest a folding mechanism by which
interchain electrostatic interactions distort the packing of helical chains, which prefer flat 2D
sheets, into fibrillar tapes that entangle to form a gel network [184].
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Block copolypeptide hydrogels allow facile tuning of gelation behavior through hydrophilic
and hydrophobic block length and composition. This tunability, taken together with the
shear thinning, rapid self-healing, and high stability exhibited by these gels, highlights the
potential for block copolypeptide use in tissue engineering.

Elastin-like polypeptides

Elastin-like polypeptides (ELPs) are amphiphilic SAPs that mimic the elasticity, self-
assembly, and stability of natural elastins [188-190]. The primary structure of ELPs is
derived from the elastin precursor tropoelastin, of which the hydrophobic domain contains 1
to >100 repeating units of the pentapeptide VPGVG. Urry was among the first to study
engineered ELP sequences of (VPGVG),, which upon covalent carbodiimide-mediated
crosslinking form fibers and gels with elastic moduli of ca. 213 kPa, similar to native elastin
[191].

ELPs feature temperature-responsive behavior [192,193]. Below the transition temperature
(Ty), ELPs adopt a random coil structure and remain in solution. Upon increasing the
temperature above the T, the polypeptide collapses into a B-spiral structure with type 11
B-turns, a structural motif that reverses the direction of the peptide chain, facilitated by

the PG segments. This leads to aggregation and phase separation, producing a polypeptide-
rich coacervate phase, similar to synthetic polymers displaying lower critical solution
temperature behavior. The release of structured water entropically drives ELP folding above
the T, enhancing hydrophobic interactions of the valine (V) residues [193]. ELP aggregation
is reversible, as lowering the temperature below the T; will resolubilize the ELP. Urry

and coworkers showed that all ELPs of the form (VPGXG),,, where the ‘guest residue’ X
may be any amino acid except proline, exhibit this thermo-responsive behavior [194,195].
Substituting proline for X disrupts the type Il B-turn [195]. The identity of X modulates

the Ty; generally, hydrophobic residues lower T [195,196]. ELPs display a remarkably wide
range of Ty, with X = tryptophan affording the lowest T; at =90 °C and X = anionic glutamic
acid providing the highest T at 250 °C in phosphate-buffered saline [195]. Notably, even
one repeating unit of VPGVG is sufficient to induce the thermo-responsive transition, as
Ac-GVG-(VPGVG)-NH; has a Ty at 21 °C [193], and increasing length, or the number

of repeats, decreases T [196]. Several ELPs, including those with alanine, glycine, and
isoleucine as the guest residue, have a T near physiological conditions to enable use as
ECM scaffolds or drug delivery vehicles [189,197-200].

ELPs can be chemically cross-linked into fibers, hydrogels, and other ordered structures
[190,201,202]. However, a recent report indicates that short ELPs with three N-terminal
isoleucines and two C-terminal lysines form fibrils without crosslinking, while analogues
lacking the additional residues at the termini form only amorphous aggregates [203].
Increasing the number of pentapeptide repeats in the ELP increases fibril length. ELPs
may also be combined in hybrids with silk proteins [204], fibronectin [205,206], collagen-
like peptides [207], coiled coils [208,209], and other components [210] to impart phase
separation and elastic behavior. The tunable T; of ELPs makes them attractive biomaterials
for a variety of applications requiring thermo-responsive behavior, such as gelation at body
temperature after injection.
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2.6 Classes of assembling peptides: summary and perspectives

Assembly of peptides into fibers or fibrous hydrogels for use in biomaterials relies on

a combination of amphiphilic character and adoption of helical or p-sheet secondary
structures, among other factors. Since peptide sequence determines secondary structure, it
is difficult to directly compare the different classes of peptide biomaterials. Nevertheless,
we provide a few considerations for designing biomaterials from helical vs. p-sheet
forming peptides. The generation of stable helices requires longer sequences, which add
manufacturing and purification challenges owing to the stepwise nature of solid phase
peptide synthesis. Yet, longer helical peptides offer an expanded sequence design space
and therefore more opportunities to tune molecular interactions, morphology, mechanical
properties, and biological function. While the studies we highlighted, among others,
established design rules for both helical and B-sheet forming peptides, continued study will
provide a deeper understanding of native and engineered sequences that may clarify some
guiding principles and enable more tunability in future materials [211-213]. To this end,
advanced rational design approaches combining computational and experimental approaches
for rational design are particularly impactful [81,138,146,157,214-217]. It is worth noting
that while fibers and fibrous hydrogels can form from simple bilayers of p-sheet peptides
as the building blocks, fibril formation and gelation from helical peptides, e.g., collagen-like
peptides or coiled coils, often requires higher order assembly of helical bundles. Yet, this
hierarchical assembly of helical bundles is the basis of structural fibers in mammalian
biology, and therefore merits investigation as components of biomaterials. Especially given
the increased manufacturing difficulties of longer helical peptides, preparing composites
of helical peptide fibers with synthetic polymers, as reported recently by the Kloxin
group[149], warrants further investigation.

3. Peptide Characterization Methods

Understanding the physical and chemical characteristics of peptide assemblies is integral to
establishing design rules and matching these materials to biomaterials and tissue engineering
applications. Peptide hydrogels that replicate the stiffness or morphological structure of

a tissue often are the most successful for /in vitroand in vivo applications. At the

molecular level, nuclear magnetic resonance (NMR) spectroscopy, infrared spectroscopy
(IR), and circular dichroism spectroscopy (CD) determine the chemical composition
(primary structure) and peptide conformation (secondary structure). Optical, scattering,
calorimetric, and imaging techniques provide insight into supramolecular structure and
mechanisms of assembly. NMR spectroscopy, fluorescence-based assays, and isothermal
titration calorimetry measure intermolecular interactions. Dyes, such as Congo Red and
Thioflavin T, bind B-sheet structures to aid in visualization. Scattering techniques (e.g.,
dynamic light scattering, x-ray scattering, and neutron scattering) together with atomic
force microscopy (AFM) and transmission electron microscopy (TEM) provide nanoscale
morphological information. Rheology and gravimetric stability measurements yield bulk
materials properties. It is important to use multiple of these methods in tandem to generate
comprehensive understanding of peptide biomaterials from the molecule up.

Acta Biomater. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gray et al.

3.1.

Page 22

NMR spectroscopy

In addition to confirming molecular structure, NMR spectroscopy provides a valuable label-
free means to characterize supramolecular interactions [218-220], such as those driving
peptide assembly [221-228]. The direction and magnitude of a chemical shift change, e.g.,
before and after mixing two components or increasing concentration, provides information
about the assembly kinetics and thermodynamics, including rate constants, stoichiometry,
and the residues most involved in the interaction. For example, spectra acquired before and
after sonication of fluorinated peptides to induce mixing showed a downfield change in
chemical shift indicative of conformational changes [227].

In metal-induced assembly of amyloid B (AB) fragments, NMR spectroscopy showed the
N-terminal A residues 1-28 to be most involved in binding zinc [221] and cadmium

[223], as the largest chemical shift changes occurred for protons in this region. By titrating
assembling or co-assembling peptides and acquiring spectra after each addition (Figure 11)
for the addition of Zn2* and Cd2* to AB residues 1-16 [223], NMR spectroscopy can help
determine the thermodynamic dissociation constant, Kp, of an assembling peptide from

the changes in chemical shift (in this case of valine methyl proton resonances) and the
concentrations of the component(s) [222,229]. The peak shape reveals kinetic information
about assemblies relative to the experimental time scale, approximately 22 ms for a 500
MHz NMR spectrometer [230]. In strong complexes, exchange of molecules between the
bound and unbound states that is slower than the experimental time scale yields two distinct
NMR signals, whereas rapid exchange in weak complexes affords a single peak [228].

Peak broadening indicates that exchange between the free and bound states occurs on the
timescale of an experiment. Together with the changes in chemical shift, the degree of NMR
signal broadening determined metal binding sites on Ap [221,223-225].

Providing label-free thermodynamic and kinetic information about peptide assembly, as

well as chemical information about the amino acids engaged in supramolecular interactions,
NMR spectroscopy is an extremely powerful technique for understanding peptide assembly.
The studies highlighted here and in the synthetic materials literature [218-220] showcase the
tremendous potential of this technique for informing peptide design for biomaterials.

3.2. Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy provides information about the secondary structure,
stability, and the conformational transitions of peptides upon assembly in solution. The
difference in absorbance of left- and right-handed circularly polarized light in the far UV
region (190-250 nm) by a peptide solution gives the ellipticity () in millidegrees (mdeg).
Normalizing ellipticity by residue or peptide concentration affords the mean residue or
molar ellipticity (6), respectively, in mdeg cm~2 dmol [231-234]. Characteristic spectral
features for helical, B sheet- and random coil-forming peptides enable determination

of secondary structure. The CD spectra of a-helical peptides with natural L-type
stereochemistry contains negative peaks at 208 and 222 nm and a positive peak at 193
nm, while the spectra of 8 sheets contain a negative peak at 218 nm and a positive peak at
195 nm [233]. Random coil spectra have a minimum around 195 nm. Several methods are
available for calculating the percentage of a certain secondary structural motif in a given

Acta Biomater. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gray et al.

3.3

Page 23

sample. The ellipticity at 222 nm (0,,5) is a common measure of peptide helicity; plotting
027 as a function of temperature allows determination of helix stability by the melting
temperature [117,119,234]. Time-dependent measurements of ellipticity provide kinetic
information [96]. Greenfield and coworkers published CD spectra methods for determining
thermodynamic parameters associated with protein unfolding from [231,232,234,235] that
have been adapted to study peptide assembly.

Changes in CD spectral features as a function of time, temperature, pH, concentration,

and ratio of co-assembling peptides allow monitoring of self-assembly [236], co-assembly
[237,238], and higher-order assembly, including calculation of thermodynamic and kinetic
binding constants. Concentration-dependent changes in the melting temperature of solutions
with just one type of peptide indicate self-assembly. Klok and coworkers applied CD
spectroscopy to study the pH-dependent heterodimeric assembly of coiled coil E3/K3
peptides; the CD-derived association constant was 6.85x107 M~1 which compared
reasonably with those obtained from fluorescence resonance energy transfer (4.57x107 M™1)
and isothermal titration calorimetry (2.76x107 M~1) [124]. In preparing hydrogel-forming
polymer peptide conjugates, CD spectroscopy determines whether peptides retain secondary
structure after conjugation [3,239-241].

Infrared spectroscopy

Like CD spectroscopy, IR spectroscopy probes the secondary structure of peptides. Whereas
CD spectroscopy measurements require transparent solutions, IR spectroscopy probes
secondary structure in both solution and solid state, allowing studies on peptide-based
hydrogels [83,87]. Distinct bonding configurations among peptides with random coil,
helical, or B-sheet secondary structures allow determination of secondary structure from
characteristic infrared amide | C=0 absorptions in the 1550-1700 cm™1 range [242][243].
Absorbance in the 1650-1660 cm™! range indicates a.-helical secondary structure [243]
[244][83], whereas B-sheet peptides have a characteristic absorbance 1610-1640 cm™1.
Identification of parallel vs. antiparallel B-sheets is also possible, since the latter yield an
absorbance around 1675-1690 cm™1 [99]. Random coil secondary structures yields amide |
absorptions from 1640-1650 and 1660-1685 cm™1 [243].

For characterization of the secondary structure of enantiomeric peptide mixtures [86], IR
spectroscopy is particularly useful, as the signals from p- and L-peptides would cancel

in CD spectra. Additionally, isotope-edited infrared spectroscopy can gauge whether
complementary peptides co-assemble or self-sort [86][37]. Labeling 1-2 amino acids within
a peptide with 13C groups changes the vibrational behavior of the peptides in the assembled
state due to coupling of the vibrations of the heavier atoms. For example, labeling an
L-peptide, and then blending it with an unlabeled p-peptide yielded different absorbances
relative to assemblies of each of the individual components, indicating co-assembly of the
enantiomers [37]. If no change occurred upon mixing, this result would indicate self-sorting,
rather than co-assembly.
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3.4. Fluorescence-based methods

3.4.1. Forster resonance energy transfer—Forster resonance energy transfer
(FRET) involves energy transfer from an excited molecule (donor) to a nearby acceptor
molecule [245-247]. Typically, for FRET to occur, the distance between donor and acceptor
molecules must be less than 10 nm, and the emission spectrum of the donor must overlap
with the absorption spectra of the acceptor. Exciting the donor and observing acceptor
fluorescence indicates FRET is occurring and therefore the donor and acceptor molecules
are in close proximity. Alternatively, FRET between a fluorophore and a quencher markedly
decreases fluorescence. In the context of peptide assembly, FRET elucidates assembly
mechanisms and kinetics. For example, quenching of donor emission accompanied by

an increase in acceptor fluorescence characteristic of FRET indicated co-assembly of
nitrobenzofuran-labeled L-L4KgL4 and rhodamine B-labeled p-L4KgL4 upon mixing of

the two enantiomers at pH 9, but not at pH 7 [96]. Nilsson and coworkers used FRET

with the donor fluorophore (5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid) (EDANS)
and acceptor quencher 4-(dimethylaminoazo)benzene-4-carboxylic acid (DABCYL) to
demonstrate that p- and L-(FKFE), co-assemble rather than self-sort into separate fibrils
[88]. Further examples of FRET used in SAP systems include monitoring enzymatic
cleavage in PAs [248], determining the arrangement (antiparallel vs. parallel) of strands

in a p-sheet [249], and comparing the dynamics of polymer-peptide nanotubes in solution
and in cells [250]. However, overlap between the broad emission spectra of donor-acceptor
pairs, environment-dependent fluorescence, and low signal-to-noise ratios can complicate
FRET measurements and analysis [246,251].

3.4.2. Fluorescence Quenching—~Fluorescence quenching can refer to any
phenomena, including FRET, which diminishes fluorescence intensity. Often, introduction
of a quencher reverts the fluorophore to the ground state without emission of fluorescence
[252]. For example, in the complexation of the SAP EAK16 with fluorescein-labeled
oligodeoxynucleotides (ODNSs), the fluorescence quencher potassium iodide was added

to an aqueous mixture of the two components to determine whether the ODNs localized
inside or remained on the outward surface of the aggregate [253]. In other cases, changes

in conformation or aggregation induce quenching. The amino acid tryptophan (W) is
intrinsically fluorescent, allowing concentration determination and assembly studies, since
aromatic stacking during assembly quenches tryptophan fluorescence [254]. Tryptophan
quenching elucidated the assembly mechanism of the peptide Boc-WLWL-OMe (W =
tryptophan; L = leucine; OMe = methoxy C-terminus) [255]. While tryptophan fluorescence
increased with increasing peptide concentration up to 0.156 mM, further increases in peptide
concentration decreased the tryptophan fluorescence, indicating that aromatic stacking
begins at that concentration. However, similarly as FRET, sensitivity to the fluorophore
environment may limit quenching studies.

3.4.3. Congo red- and Thioflavin-based staining—Introduced in 1885 as a textile
dye [256], Congo red provides a valuable tool to study amyloids, protein deposits that
aggregate into p-sheet structures and causes adverse long-term outcomes in diseases such
as Alzheimer’s [257,258]. Upon binding to amyloids, Congo red emission shifts from 490
nm to 540 nm [259]. Above ca. 5 UM, the dye forms micelle-like structures, which can
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alter amyloid aggregation and sometimes reduce cytotoxicity [260]. Apart from visualization
of fibers and amyloids [16], Congo red also stains collagen, elastin, and other amyloid
structures for histological studies [258]. While Congo red assays are relatively simple to
implement, the pH-dependent fluorescence and lack of specificity require attention during
experiment design [258].

Thioflavin T (ThT), introduced in 1959, is a cationic dye that undergoes both an emission
shift, from 445 to 482 nm, and fluorescence intensity enhancement upon binding amyloids
[259,261]. This hallmark intensity enhancement eliminates the need for washing and
enables /n situ observation of fibrilization [261-263]. ThT does not seem to affect amyloid
fibrillation kinetics and therefore preserves the structure of peptide hydrogels when imaging
[259]. However, ThT binding affinity is sequence dependent, binding preferentially to
aromatic residues via pi-pi stacking and exhibiting limited binding to charged residues,
particularly cationic residues at low pH due to electrostatic repulsion [259]. Thioflavin S
(ThS), has a structure similar to that of ThT but with an additional aromatic group; ThS also
labels amyloid structures, though most commonly for diagnosis of amyloid fibril deposits in
tissue sections [259], rather than for imaging peptide assemblies.

3.5. Isothermal titration calorimetry (ITC)

ITC provides thermodynamics parameters associated with supramolecular interactions,
including those of self-assembling and co-assembling peptides. These experiments involve
measuring the heat associated with titration of a ligand (or assembling peptide) into

a solution of receptor, or more of the same compound in the case of self-assembling
molecules. Plotting the heat input required to hold a solvent-containing reference cell

at the same temperature as the sample cell upon injection of a known concentration

of ligand produces a thermogram [264,265]. Thermogram analysis yields the binding
enthalpy, equilibrium association constant, and the stoichiometry of the complex. Control
experiments, namely 1) injection of the peptide ligand (i.e., the peptide in the syringe)

into solvent and 2) injection of solvent into the peptide receptor (i.e., the peptide in the
sample cell), allow subtraction of heats of dilution [266]. During the binding and control
experiments, it is particularly important to ensure the solutions in the syringe and cell are

at precisely the same pH, as protonation/deprotonation events can produce substantial heat.
Nilsson and coworkers showed enantiomeric mixtures of cationic and anionic peptides have
a more favorable binding interaction than the analogous homochiral mixtures [88]. Similarly,
Highley and coworkers determined binding energies of coiled coil-forming peptides as a
function of length and sequence using ITC [127]. For self-assembling compounds, ITC
provides a critical aggregation concentration (CAC), which reflects the propensity of a
peptide to assemble, and mechanistic information about the driving forces of assembly.
Injecting aqueous solutions of the SAP RADA4 above the CAC into dilute aqueous solution
disassembles the peptide during the first several injections and endothermic peaks appear
on the thermogram [267]. With further injections of RADAA4, the sample cell concentration
increases, and the endothermic heats decrease and then transition to exothermic heats of
dilution of the peptide assemblies. The CAC is the minimum on a plot of the change

in enthalpy with respect to concentration. Performing temperature-dependent experiments
and determining the derivative of enthalpy associated with disassembly with respect to
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temperature gives the heat capacity. In general, exposure of hydrophobic groups to polar
media leads to positive heat capacities, whereas hydration of polar groups result in negative
heat capacities [267,268]. For example, RADA, exhibits a positive heat capacity upon
titration into 50 mM phosphate buffered saline (PBS, pH 7.4), whereas a more hydrophilic
serine-containing RADA derivative had a negative heat capacity under the same conditions.

3.6. Scattering

3.6.1. Dynamic light scattering—Dynamic light scattering (DLS) measures the
diffusion of particles in solution, allowing calculation of hydrodynamic radius, or size in
solution [269-272]. Brownian motion of particles (e.g., peptides or peptide assemblies)

in solution produces intensity fluctuations in the particle-scattered light, allowing
determination of diffusion coefficients. Provided the solution refractive index, viscosity,
and temperature, the Stokes-Einstein equation allows calculation of the hydrodynamic
radius. DLS is a bulk measurement, furnishing an average size distribution of particles

in solution (or even in hydrogels [273]) to complement nanoscale measurements of size
and shape via electron and atomic force microscopy. DLS, in conjunction with Thioflavin
T measurements, of the SAP leucine-dehydrophenylalanine showed the size to increase
with concentration, halting the measurements above 0.4 wt% as the structures exceed the
nanometer scale [263]. The nondestructive nature of DLS enables repeated measurements
on the same sample over hours, days, or weeks, including as a function of temperature,
for monitoring assembly of peptides and the stability of the resulting nanostructures.

DLS can also determine the CAC of peptide assemblies [273]. We note that since the
Stokes-Einstein equation assumes spherical particles, the DLS-derived size measurements
of fibrillar structures formed frequently from SAPs cannot provide the actual diameter or
radius of the fibers, but rather give the average and distribution of nanostructure dimensions
[274,275]. Furthermore, nanostructures must be suspended in solution as sedimentation
effectively removes material from the path of the light and any quantification.

3.6.2. Small-angle x-ray and neutron scattering—Small-angle x-ray scattering
(SAXS) and small-angle neutron scattering (SANS) allow bulk measurements of
nanostructure size and shape in solution. Electrons scatter x-rays, while atoms scatter
neutrons. In both measurements, the scattering angle corresponds to a length scale, and
thereby provides information about the dimensions of structures in the sample. While
SAXS can cause more damage to samples than SANS, the shorter acquisition times for
SAXS enable time-dependent measurements. In SANS measurements, contrast matching
by varying the ratio of H,0:D,0 solvent can isolate different components in a sample
and provide chemical information. We provide several examples here that highlight the
power of these techniques in understanding structural features of peptide assemblies, and
direct readers to two excellent reviews that detail the theory and application of small
angle scattering techniques to investigate peptide-based biomaterials [276,277]. All of these
scattering methods require the use of advanced equipment, typically only accessible in
government run national lab facilities.

Using SANS, Schneider and coworkers interrogated peptide hydrogels formed from
enantiomeric peptide mixtures [86] after rheology showed these hydrogels to be stiffer
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than hydrogels formed from the individual peptide enantiomers [87]. Reasoning that
hydrogels with a higher cross-link density and a smaller mesh size would yield a higher
scattering intensity at a given scattering angle (0.01 A= corresponding to a characteristic
length scale of 10 nm), they performed SANS on hydrogels formed from p-peptides,
L-peptides, and their enantiomeric mixtures. Similar scattering intensities from all three
hydrogels indicated similar mesh sizes and cross-link densities. This finding, together with
diffusive wave spectroscopy experiments showing stiffer peptide fibers to form from the
enantiomeric mixtures, led to the conclusion that the increased stiffness did not arise from
crosslink density, but rather from the stiffness of individual fibers. In another study, SAXS
experiments corroborated the formation of sheet-like structures from helical peptides [278].
Additionally, for hairpin p-sheet hydrogels designed to encapsulate chemotherapeutics,
SANS experiments verified that encapsulation did not significantly alter the peptide
hydrogel nanostructure [279].

3.7. Transmission electron microscopy

Exploiting the ability to focus negatively charged electrons to image at sub-nanometer
resolution [280], TEM provides important complementary information to scattering
techniques that give average information about nanostructure size and shape. Resolution
increases with electron accelerating voltage, but contrast decreases due to fewer interactions
with the sample. For the same reason, lower accelerating voltages leads to more sample
interactions and energy absorption, leading to sample damage. These factors require balance
when imaging soft materials, and typical accelerating voltages range from 80-300 keV
[280]. Contrast increases with atomic number due to the higher number of scatterers;
staining with heavy metals, for example, increases contrast of organic samples. Negative
stains (e.g., uranyl acetate) increase scattering from the background, while positive stains
are selective for the sample. Introduction of artifacts upon staining and/or drying samples
for imaging under vacuum requires consideration during sample preparation. For peptide
assemblies, TEM reveals detailed morphological features and their dimensions, from the
pitch of twisted ribbon-like fibers [83] to the periodic structure collagen-like peptide triple
helical fibers [4,148]. Cryogenic TEM (cryoTEM) largely alleviates artifacts due to drying,
enabling imaging of thin films of sample in vitrified water [281]. Indeed, cryoTEM showed
collagen-like peptide fibers to be half the width relative to those in the dry state (Figure
9D-G), suggesting that width increases upon drying [4].

3.8. Atomic force microscopy

Atomic force microscopy (AFM) probes morphology and materials properties at the
nanoscale, providing complementary information to bulk measurements of the same
properties (e.g., by scattering and rheology). Interaction of the probe (i.e., a reflective
cantilever equipped with a tip) with a surface enables topological, chemical, and mechanical
mapping with nanoscale resolution in several experimental modes [282]. Contact mode
involves measuring the height at which the deflection of a cantilever reaches a setpoint

to construct height maps (i.e., height images). However, the constant sample contact

can damage soft samples. In similar nanoindentation experiments, measuring the force

as a function of distance, given the cantilever spring constant, provides mechanical
information [283]. For imaging soft materials, tapping mode is less destructive. In this
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mode, an oscillating cantilever approaches the surface, where dampened oscillations indicate
proximity to the surface and thereby allow acquisition of height images that provide
dimensional and morphological information. Differences in oscillations can further provide
chemical information about a sample, since interactions between the tip and the surface can
introduce a phase shift to the cantilever oscillation; a phage image maps the phase shift as a
function of position.

In studying peptide assemblies, AFM confirms fibril morphologies [95,120,284-286],
however the small width of fibrils complicates mechanical analysis [86,287]. Schneider
and coworkers used AFM height images to quantify fibrils from hairpin -sheet peptides

as approximately 2 nm, consistent with a hairpin bilayer held together with hydrophobic
interactions [87]. In characterizing helical peptide assemblies, AFM height images revealed
single-layer 2D sheets [278] and the assembly of ca. 10 nm helical bundles into rods [138].
In most cases, sample preparation involves depositing peptide assemblies in solution or

as dilute hydrogels, onto silicon wafers or freshly cleaved mica substrates, followed by
rinsing with water to remove salt and drying. Similarly as in TEM, imaging in the dry

state may distort morphological information, and tip-sample or substrate-sample interactions
may introduce additional artifacts. Solution-state AFM imaging allows nanoscale imaging
of peptide assemblies in the hydrated state, yet requires covalent or strong non-covalent
(e.g., electrostatic) interactions to anchor assemblies to the surface. Therefore, as with any
materials characterization, employing a suite of complementary techniques gives the most
complete picture of the structure of assembled peptide materials.

3.9. Rheology

Rheology measures the bulk dynamic mechanical properties of peptide biomaterials,
including stiffness and elasticity, for comparison to natural tissue mechanics, as well

as shear-thinning properties important for designing injectable biomaterials [288,289].
Given the importance of mechanical and flow properties in the design, manufacture,

and application of peptide-based biomaterials, rheological characterization is ubiquitous.
Applying oscillatory shear to biomaterials and measuring the response yields the shear
storage modulus G’, reflective of the solid-like character and stiffness of the sample, and
the loss modulus G”, that characterizes the liquid-like behavior and viscous nature of the
material. Measuring these moduli as a function of strain, frequency, and temperature in
experiments called strain sweeps, frequency sweeps, and temperature sweeps, respectively
provides integral information for the storage and use of peptide-based biomaterials in a
variety of conditions [18,20,27,288,290]. It is common throughout the peptide [289,291],
protein [292], and synthetic hydrogel [293] fields to use the criteria of G* > G” to indicate
gelation [294]. However, this is not an absolute definition for defining a gel; for example,
some define gels as materials having G’ at least an order of magnitude greater than G”
[295]. A transition to G” > G’ typically indicates gel disassembly or disintegration into a
liquid-like material. Therefore, rheology allows monitoring of gel formation, deformation,
and disassembly as a function of applied shear, time, and environmental changes [44,67,86].
The “cross-over point’ is the condition (shear rate, frequency, temperature) at which G” =
G”. In frequency-dependent experiments, the inverse of the frequency at the cross-over point
yields a relaxation time scale for characterizing biomaterial dynamics [20,290]. The moduli
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of hydrogels depend on peptide charge, concentration, and solvent conditions, among other
factors. For example, the storage moduli of cationic amphiphilic self-assembled peptides
hydrogels decrease with the number of charged residues in the peptide and increase with
increasing salt concentration and ionic strength [296]. Frequency sweeps allow calculation
of the hydrogel mesh size using the Boltzmann constant, temperature, and the squared
persistence length of fibril divided by the observed G’ at the frequency corresponding to
the lowest G” [297]. Measuring viscosity as a function of strain rate describes the time
dependency of viscoelastic flow and how materials can flow under strain: for instance,

the viscosity at rest (low strain rates) or under significant applied strain, like during
bioprinting or injection. Recovery experiments, involving cyclic application and removal of
strain that determine the magnitude and response rate of changes in physical properties,

are also relevant to injectable, printable, shear thinning and self-healing biomaterials
[83,279,284,298-300]. For example, the viscosity of pentapeptide hydrogels decreases
linearly with shear rate (shear thinning), presumably due to the disruption of the fibrillar
structure (Figure 12C [83]). These hydrogels recover nearly instantaneously upon removal
of applied shear over at least 4 cycles (Figure 12D [83]). In the investigation of peptide
hydrogels designed to guide mineralization for bone tissue engineering, rheology show that
the G’ of peptide hydrogels with a mineralization sequence increases after the addition

of mineralization-inducing alkaline phosphatase; control hydrogels with the mineralization
sequence reversed exhibit no such increase [67]. Additionally, strain sweeps show that
encapsulation of cells in a peptide hydrogel minimally impacts mechanical properties
[298]. While shear rheology is more common in characterizing the mechanics and gelation
behavior of soft, viscoelastic peptide hydrogels, measuring the response to application of
tensile or compressive strain gives the Young’s modulus for materials with more elastic
character. Young’s modulus describes deformation in response to a normal force and is
well suited to describing elastic materials with extensive linear portions in their stress-strain
curves. Assuming the materials are incompressible (i.e., with a Poisson’s ratio of 0.5),
Young’s moduli are approximately 3X the shear moduli [301].

Degradation

The stability of SAP-based biomaterials sets the conditions and time scale for use in

tissue engineering and the release of encapsulated therapeutics. Owing to their nature as
physical hydrogels, peptide-based biomaterials are inherently susceptible to remodeling
via shear forces and dilution, in addition to denaturation (e.g., with hydrogen bond
disrupting agents such as urea) and hydrolytic and enzymatic degradation. Peptide fibers
can be made to dissolve, break, or slip past each other in response to cellular traction
forces or protease secretion. Yet, assembly, gelation, and inclusion of protease-resistant
D-peptides impart stability to peptide-based biomaterials. The p-sheet SAP EAK16 forms
macroscopic membranes that remain intact against the degrading enzymes a-chymotrypsin,
papain, proteinase K, and pronase, in surfactant solution at 90 °C, at high and low pH,

and in the presence of hydrogen bond-disrupting guanidine hydrochloride and urea [16].
However, degradation can be beneficial in permitting cell remodeling of the hydrogel
microenvironment which may be necessary for cytoskeletal rearrangement, changes in cell
morphology, stem and progenitor cell proliferation or differentiation, and cell migration
[28,302]. AFM images of b-EAK B-sheet fibrils before and after incubation with trypsin,
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pepsin, protease K, and pronase showed no evidence of degradation [303]. Peptides

and proteins with b-amino acids resist protease degradation [304,305]; indeed Nilsson
and coworkers found proteolytic stability of peptide fibrils to increase with p-peptide
content, with the stability of fibrils from 1:1 mixtures of pb- and L-peptides rivaling that

of p-peptide fibrils [89]. These experiments involved incubation of peptide fibrils below
the gelation concentration with a.-chymotrypsin, trypsin, or proteinase K, followed by
disassembly of the remaining fibrils by addition of dimethylsulfoxide. High performance
liquid chromatography (HPLC) of the disassembled fibril fraction allows quantification of
the concentration of intact peptide. Performing stability measurements below the gelation
concentration removes mass transfer limitations imposed by hydrogels and isolates the
inherent proteinase stability of the peptides. Integration of b-amino acids into hydrogel-
forming diphenylalanine peptides improves stability to proteinase K, but decreases the
propensity for assembly [305]. Notably, placement of a single b-amino acid at the C-
terminal position imparts more stability than in the N-terminal position [305]. Similarly,
Schneider and coworkers designed five hydrogel-forming B-hairpin SAPs with tunable
susceptibility to matrix metalloproteinases [306]. Rheology frequency sweeps showed the
storage modulus to decrease with time, and isolation of degraded fractions by HPLC for
mass spectrometry analysis enabled identification of the fragments.

4. Peptides assemblies in tissue engineering and regenerative medicine

Peptide hydrogels provide niche environments that are tunable to specific tissue needs
regarding cell-binding, mechanics, chemical and topological cues, matrix remodeling,

and porosity., there are ample ways to engineer injectable and self-healing peptide
hydrogels for minimally invasive administration or for 3D printing-based manufacturing
[64,83,263,279,284,299]. Self-assembling peptide hydrogels in particular offer benefits in
tissue engineering due to their ease of use and customizability, as the sequences can

consist of both natural and synthetic amino acids [45,83,215,307] or synthetic polypeptides
prepared by ring-opening polymerization of amino acid N-carboxyanhydrides [244,308—
311]. Peptide hydrogels serve as biomimetic 3D environments to study cells in vitro

and facilitate tissue regeneration /in vivo [312,313]. One of the most important factors to
consider when designing a peptide hydrogel is biocompatibility, meaning low toxicity to
cells and compatibility with the immune system to avoid inflammation and rapid clearance
[83,314]. In creating microenvironments for studying cells, peptide hydrogels can impact
cell adhesion, morphology, and peptide/protein expression [315-317]. Together, the features
of peptide hydrogels render them highly amenable to use for regenerative medicine in a
multitude of tissues, including the central nervous system (CNS), muscular tissues, and
bone.

Injectable peptide hydrogels are particularly desirable for minimally invasive regenerative
medicine. These hydrogels serve multiple purposes: protecting encapsulated cells from
shear force during syringe needle injection; preventing cell clumping during injection;
maintaining cells at the site of injection and preventing reflux of cells through the

needle track; decreasing anoikis (i.e., programmed cell death resulting from matrix
detachment); protecting cells from the sometimes hostile environments encountered post-
delivery; and providing cues and mechanical support to promote engraftment, migration,
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growth, and/or stem cell differentiation [32,46,64,315,318]. Shear-thinning and self-healing
properties allow the gel to provide a stable microenvironment to cells pre- and post-
delivery, while flowing and absorbing forces during injection and protecting cells from
shear forces that could otherwise damage cells during delivery [31,32,284]. Furthermore,
rapidly assembling (and recovering) hydrogels are particularly beneficial for retaining

and protecting encapsulated cells post-injection [4,319]. Engineering favorable interactions
between SAP hydrogels and the host cellular environment promotes integration of
transplanted and endogenous cells in the tissue site [4,311]. The same viscoelastic shear-
thinning and self-healing properties that render SAP hydrogels amenable to injection also
enable bioprinting, or the engineering of intricate, precise, hierarchical structures as artificial
cell matrices [320]. This biofabrication “bottom up” approach may better replicate /n vivo
matrices [320]. For instance, Peptilnks, a series of commercial peptide hydrogels designed
for 3D printing by Manchester BIOGEL, are cytocompatible and amenable to modification
with a variety of motifs from integrin, collagen, and other ECM native protein [320].
Additionally, printable ILVAGK peptide hydrogels support proliferation of a variety of stem
cells for regenerative medicine [321].

While some peptide hydrogels are designed for specific tissues as described in tissue-themed
sections that follow, others find applications in a wide range of tissues. Biomaterials

from the SAPs EFK8, Fmoc-FF, MAX8, RADA, and RAPID are compatible with a wide
range of cell types [32,45,48,67,79,322-324]. Apart from supporting cell proliferation and
differentiation, SAPs such as RADA16 , I3SLKG, and Fmoc-FF [105,325-329] serve as
vessels for drug delivery as reviewed elsewhere [330].

Neural tissue

The human brain is highly interconnected and complex, containing 100 billion cells

with each neuron forming up to 10,000 connections with other neurons [331,332].

The heterogeneity in structure and cell type presents a significant challenge to design
biomaterials to mimic and interact beneficially with neural tissue. Structural heterogeneity
means that brain tissue varies in stiffness, with Young’s Modulus usually between 0.5 -
2.5 kPa depending on the region [333,334]. Neurons use membrane-based ionic action
potentials to signal other neurons chemically at the synapse and are the drivers of brain
functionality, necessitating potential biomaterials to support complex electrophysiology
[335]. Glial cells provide structure at synapses and remove excess neurotransmitter from
the synaptic cleft [336]. Examples of glial cells include oligodendrocytes, which insulate
neuronal axons to improve transmission efficiency [337], and astrocytes [317], which
provide support and regulate reduction/oxidation in the brain [21]. One of the most studied
cell types in neural engineering is the oligodendrocyte progenitor cell (OPC), a migratory
proliferative cell with many functions in CNS development and disease [338].

The similar rheological properties of brain tissue and many peptide hydrogels allow cell
culture and delivery in environments similar to /n7 vivo conditions, providing simplified
systems to study neural tissue development, disease progression, and injury response
[31,83,339]. Peptide hydrogels can incorporate high concentrations of neural-relevant
bioactive peptide motifs to drive cell growth and differentiation [340]. Incorporating ECM-
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derived motifs, such as RGD and IKVAV integrin binding peptides, promotes cell adhesion,
increases neurite sprouting, and directs neuron growth and migration [180,341-343], which
improves neural integration and function. Sequences of note in neural peptide design include
RADA16, RAPID peptides, EFK8 variants, and varying peptide amphiphiles.

4.1.1. RADALl6—Attributed at least in part to similarity with the integrin binding cell
adhesion motif, RGD, RADA hydrogels support differentiation and neurite outgrowth of
primary neurons, and, notably, active synaptic connections between neurons [45]. The lack
of inflammation and necrosis following implantation into rat leg muscles [45] prompted
subsequent investigations of these hydrogels to support neuronal cell growth and promote
regeneration of native tissue [328,344]. RADA16 hydrogels increase axonal regeneration
of differentiated neural progenitor cells (NPCs) compared to unencapsulated cells when
transplanted into an injured spinal cord by protecting the cells post-transplantation from
the harsh microenvironment of the injury site [345]. The transplanted gels allow migration
of both transplanted and native cells throughout the implant, facilitating integration with
surrounding tissue. Additionally, RADA hydrogels decreased traumatic brain injury (TBI)-
induced lesion cavity size in rat cortex and spared tissue function in the surrounding region
[346]. Hydrogel-assisted transplantation also reduces the host astrocytic inflammatory
response relative to unencapsulated cells [346]. RADA-mediated cell delivery also assisted
in regenerating a portion of the vagus nerve by promoting nerve myelination important for
improving action potential propagation [347].

4.1.2. RAPID—The RAPID family of peptides form hydrogels up to 17 kPa in storage
modulus, depending on peptide concentration and sequence. RAPID hydrogels protect cells
during syringe-based delivery, a desirable property with the growing use of stem cell-based
therapies. Among the RAPID hydrogels, AYFIL exhibits a G’ = 1.5 kPa similar to that of
neural tissue (G’ = 0.5 — 2.5 kPa) [83,333,334]. Injecting cell suspended in AYFIL hydrogels
dramatically improves the short-term viability of oligodendrocyte progenitor cells (OPCs),
mouse myaoblasts (C,C15s), human mesenchymal stem cells (hMSCs), and primary mouse
lung fibroblasts (MLFs) compared to injection in PBS (Figure 13A,B) [32]. The RAPID
hydrogels are cytocompatible, affording high OPC viability over 4 days of 3D cell culture.
OPCs extend processes within 2 days of culture in AYFIL hydrogel without bioactive
cellular adhesion peptide sequences. Moreover, RAPID, like many peptide sequences, is
amenable to modification with cell adhesion motifs such as RGD, IKVAV, and YIGSR, to
control cell adhesion and differentiation.

4.1.3. FEFEFKFK—Shear thinning, self-healing, nanofibrous hydrogels from the B-sheet
forming peptide FEFEFKFK can carry NPCs and serve as scaffolds for spinal cord tissue
engineering [298]. While encapsulation of viable bovine neural precursor cell (b0NPC)
populations in these FEFEFKFK hydrogels over 7 days of encapsulated culture did not
substantially impact cell behavior, significant increases in gene expression over 14 days
(relative to unencapsulated cells) suggest preservation of the neural progenitor phenotype
during culture. ECM protein deposition also increased relative to unencapsulated controls.
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4.1.4. Peptide Amphiphiles—IKVAV-functionalized peptide amphiphiles (PA) self-
assemble into nanofibers and hydrogels displaying high densities of the laminin epitope
IKVAV. The porosity of IKVAV PA hydrogels promotes viability of encapsulated NPCs

by allowing cell migration and diffusion of nutrients and oxygen through the networks,

with cells surviving as long as 22 days [180]. IKVVAV-PA hydrogels with a G’ of ~ 2000

Pa facilitate superior differentiation of NPCs into neurons relative to laminin or solution
controls, underscoring the importance of the nanoscopic structure of the hydrogel that
imparts mechanical integrity [180,341]. IKVAV PA fibers feature a higher density of IKVAV
than naturally found in laminin [348], and the majority of NPC neurite growth occurs

along the nanofibers [342]. The effect of the IKVAV motif cannot be overstated, with
neurite growth up to three times higher in number and much longer in length in NPCs
cultured in IKVAV-PA compared to those in PAs without IKVAV (Figure 13C-D) [342]. The
directionality of fibers provides topographical cues to orient cell growth, thereby promoting
synapse formation between neurons in culture. Another study showed differentiation of
human bone marrow mesenchymal stem cells into neural cells in IKVAV-PA hydrogels, as
evidenced by laminin | ECM expression and long processes [349].

Along with uses in cell culture, IKVAV-PA has been studied extensively in vivo. The
peptide hydrogel promotes axonal regeneration following spinal cord injury in vivo,
increasing functional recovery of motor skills in mice after lesion [350]. IKVAV-PA reduced
astrogliosis, neuronal apoptosis, and glial scar formation relative to a PA lacking IKVAV
and promoted regeneration of both sensory axons and motor axons [342,350]. Reduction

of scar formation and neuronal apoptosis were specifically attributed to the IKVAV-1-
integrin interactions [342,350]. Treatment of contusion injury mice with acellular IKVAV-PA
promoted regeneration of axons and serotonergic fibers [341]. While the hydrogel supports
impressive neural regeneration, IKVAV-PA did not promote remyelination or increase the
local number of neurons in injured sites long term [341]. NPCs transplanted in aligned

fiber scaffolds also thrive post transplantation, resulting in cell migration from the peptide
scaffold, a highly desired outcome [342]. Aligned scaffolds presumably lead to better neural
recovery by mimicking the structure found in mature neural tissue. Together, these results
suggest that IKVAV-PA is suited best for axonal regeneration and alignment and requires
additional growth extracellular cues to promote full regeneration and recovery in damaged
tissue.

Apart from IKVAV-PA, other PAs also form highly functional substrates for neural

tissue engineering. Polylysine-based peptide amphiphiles varying in length from one to
one hundred lysine residues assemble into nanofibers that resemble fibrous ECM [351].
Encapsulated human iPSC-derived neurons grew neurites 100 um longer in gels with four
lysine repeats (K4, G* = 80 Pa) compared to those grown in gels from PAs containing

ten lysine repeats (K10, G” = 110 Pa). These results indicate that softer hydrogels with
fewer lysine repeats are better suited for promoting the survival of neurons with desired
phenotypes. Additionally, recent work from the Stupp lab showed the importance of
hierarchical structure on engineering neural cell phenotypes [176]. PA fibers functionalized
with complementary DNA strands form supramolecular bundles that promote a reactive
phenotype from astrocytes cultured on these materials. Culturing astrocytes on substrates
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with similar bulk stiffnesses, but comprised only of individual (non-bundled) fibers, does not
yield the reactive phenotype.

Muscular engineering

4.2.1. Skeletal muscle—Skeletal muscle is highly organized, hierarchical, and
anisotropic — features that fibrous peptide hydrogels can recapitulate to support growth
and differentiation of myocytes for engineering muscle tissue. Myoblasts fuse to form
multinucleated myocytes, and aligned myocytes band together to comprise myofibrils and
multinucleated skeletal muscle fibers [352-354]. As muscle orients in the direction of
contraction, the tissue is highly anisotropic [355-357]. While mature muscle tissue is
quite stiff at 23 kPa, the moduli of individual cells and immature muscle can be as low

as 10% that of mature muscle. Peptide hydrogels closely mimic the mechanics of softer
muscle tissues, enabling use for muscle generation and development. Additional design
consideration should be given to: 1) innervation of skeletal muscles by motor neurons,
requiring peptide hydrogels to support complex electrophysiology, and 2) blood vessel
growth into the tissue, requiring peptide hydrogels to retain structure when subject to shear
from flowing liquid [358,359].

Myocytes are most viable in highly organized scaffolds with electrophysiology (i.e., frequent
electrical stimulation) analogous to /n vivo muscular stimulation [361]. With a sparse ECM,
myocytes respond minimally to cell adhesion motifs. Instead, myocytes rely on proximal
cells to provide cues and structural support [362]. Biomaterials designed for myocyte

culture feature moduli similar to natural soft muscle tissue (G’ = 20 kPa) while allowing
intercellular interactions conducive to generating the characteristic hierarchical organization
of muscle tissue. On the other hand, skeletal muscle progenitor cells (SMPCs) do not require
the aligned cell orientation needed for myocytes, and respond to cell adhesion sequences
[363]. Peptide amphiphiles are the major building blocks in peptide hydrogels used in
skeletal tissue engineering.

4.2.1.1. PAs: Mouse skeletal muscle progenitor cells cultured in 3-15 kPa PA gels,
stiffnesses ideal for developing muscle, remain highly viable (>85%) [25]. Moreover, these
gels yield higher levels of muscle progenitor cell alignment compared to cells on unaligned
fibers. Encapsulation of growth factors, such as vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (bFGF), in PA hydrogels induces myoblast proliferation
in vitro. Cell alignment was inversely proportional to cell density, supporting the hypothesis
that cell activity and growth leads to increases in PA remodeling, thus decreasing cell access
to the scaffold’s oriented nanofibers. PA scaffolds injected /7 vivo maintain alignment and
increase engraftment of myoblasts in injured muscles compared to unencapsulated cells
(Figure 14A).

4.2.1.2. RADA derivatives: Inspired by RADA16, fibrous gels from the p-sheet SAP
RLDLRLALRLDLR dubbed SPG-178 have a G’ ~100 Pa, which is notably more compliant
than muscle tissue, but still appears to be well suited for myoblast culture [22]. Mouse
myoblasts (C,Cq, cells) cultured in the hydrogels proliferated ~12.4 fold more than C,Cy,
cells cultured without peptide over 8 days in a plate. Encapsulated C,C15 cells also
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elongated by 20% when stretching the gel to 120% of its original length (20% strain),
indicating that the hydrogel transmits mechanical forces to encapsulated cells. Relative

to unstrained cells, stretched hydrogels yield higher expression of phosphorylated kinase
and total extracellular signal-regulated kinase (ERK) than unstretched cells, factors usually
expressed in growth signaling pathway in differentiating myoblasts. Together, these results
highlight the beneficial impacts of encapsulation in stretched scaffolds for muscle cell
growth and differentiation.

4.2.2. Cardiac muscle—While skeletal and cardiac muscle have numerous similarities,
such as striation and contractile mechanisms, significant differences in these muscle

cell types and tissue structure require distinct biomaterial design criteria for engineering
myocardial tissue. The cardiac syncytium is an isotropic connection of mononucleated

cells connected by intercalated disks [364]. Numerous gap junctions and adhesion
receptors transmit force and electrical signals between myofibrils in the syncytium. This
highly interconnected structure ensures rapid transmission of signal responsible for the
simultaneous motion of cells in heartbeats. Challenges arise when engineering cardiac tissue
as the constant movement of the heart necessitates robust and flexible scaffolds, while

the highly interconnected nature of the myocytes requires scaffolds to ensure intercellular
connection.

RADAL16 hydrogels support proliferation and differentiation of cardiac progenitor cells
[365]. Appending the laminin and collagen motifs, YIRGR and TAGSCLRKFSTM,
respectively, to RADALG6 provides basement membrane extracellular matrix cues naturally
presented in the aortic endothelium [366]. Growth of human aortic endothelial cells
(HAECS) cultured within functionalized RADA16 scaffolds suggests that the HAECs
recognize the cell-binding RADA sequences. The functionalized peptide hydrogels also
enhance nitric oxide, laminin 1, and collagen IV release, all of which contribute to healthy
myocyte growth and differentiation. In another study, RADA16 modified with QHREDGS,
an avp3 integrin binding motif, form gels that increase viability of MSCs delivered
following myocardial infarction in comparison to unmodified RADAL6 [324].

RADAZ16 is useful for multiple surgical procedures and treatments, such as wound repair, in
the heart [367]. Blending PuraMatrix, a commercial variant of RADAL6, with mesenchymal
stem cells (MSCs) offers an injectable treatment for heart failure [368]. Depositing hydrogel
droplets directly onto the epicardial surface of a beating heart forms a coating on the

heart that supports growth of transplanted MSCs on the heart. MSC incorporation into the
hydrogel droplet coatings enhanced cardiac function at day 28 after administration relative
to a hydrogel lacking MSCs, as the gel facilitated MSC regeneration of cardiac tissue.
PuraStat®, another commercially available RADA16 formulation, prevented excessive
bleeding during heart surgery when applied directly to the heart (Figure 14B) [360].

A peptide amphiphile containing Dopa, a biological adhesive for immobilization of
molecules on metal surfaces, enables nanofiber coating on steel surfaces such as cardiac
stents [369]. In conjunction with stent implantation, Dopa PAs functionalized with the
fibronectin-derived integrin binding motif REDV leads to endothelial cell growth on
stainless steel surfaces, an otherwise difficult task due to the stiffness of steel. Cell adhesion,
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spreading, viability, and proliferation of endothelial cells are greatly increased on steel
surfaces coated with PA in comparison to those without.

4.3. Bone engineering

Bone tissue engineering using soft hydrogels is notoriously difficult due to the stiff
structures and heterogeneous compositions of bone. Skeletal bones include 1) compact
osteons, consisting largely of the mineral hydroxyapatite, the main inorganic component of
bone; 2) spongy bone, a less dense osseous structure; and 3) bone marrow, concealed within
the osteons [370]. The Young’s Modulus of each tissue at the bone-soft tissue interfaces
varies between ~17,900 MPa for osseous tissue [371,372] to ~1 kPa for bone marrow
[373]. The cells residing within hard bone structures include osteoblasts that generate
hydroxyapatite, osteoclasts that remodel hydroxyapatite, osteocytes that maintain the bone,
and undifferentiated bone stem cells known as osteoprogenitor cells [374,375]. Peptide
hydrogels are useful for /in vitro cell culture, but the low porosity of osteons prevents
peptides from interacting with osseous tissue [376]. However, peptides can guide tissue
engineering and regeneration of the bone marrow and soft tissues of the bone, as both
matrix stiffness and adhesion cues are critical for successful cell differentiation and growth
[377]. Additionally, peptides can assist in recalcification of damaged hard bone by guiding
regeneration. Peptide hydrogels tuned for bone engineering target both soft and hard tissue
to promote growth and differentiation and, as with hydrogels for soft tissues, can vary
appreciably in sequence and physical characteristics.

4.3.1. PFD-5—Fibrous hydrogels of the B-sheet peptide Prp-5 (PDFDFDFDFDFDP)
form in cell culture medium, and divalent calcium ions provide further stability through
electrostatic interactions with the carboxylates on the aspartic acid (D) residues [66].
When encapsulating human fetal osteoblastic (hFOB) cells, Pgp-5 initiates bone generation
and mineralization /n vitro. The peptide also elevates hFOB cell number and alkaline
phosphatase (ALP) expression, a marker for hard tissue formation, to levels similar or
greater than those in the presence of beta tricalcium phosphate (8-TCP). Pgp-5 treatment
In vivo increases osteon bone regeneration compared to the no treatment control, with
B-TCP-loaded Prp-5 further increasing regeneration of bone as seen by TEM images.
Functionalization of Pgp-5 with RGD increases osteoblast number compared to the
unfunctionalized hydrogel [378].

4.3.2. Functional PAs—Co-assembly of two peptide amphiphiles, one presenting a
phosphoserine residue for hydroxyapatite nucleation and the other an RGDS cell adhesion
sequence on the nanofiber surface, yields nanofibrous, injectable hydrogels promote
mineralization [379]. These hydrogel formulations are capable of syringe injection, remain
localized to the injection site 48 hours after implantation in mouse fractures, and generate
an artificial bone matrix, mimicking the natural biomineralization process. Compared to PA
hydrogels lacking phosphoserine and RGDS, the co-assembled hydrogels afford a nearly
two-fold increase in ossified bone in a mouse model.

4.3.3. Amphipathic p-sheet peptides—Glutamic acid-containing (LE)g and
(VEVSVKVS), peptides form fibrils that cross-link in the presence of divalent calcium
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ions into injectable hydrogels [64]. Addition of phosphate initiates mineralization to
produce amorphous calcium phosphate within the hydrogels as a precursor to promote bone
regeneration. Following injection, mineralization occurs within the composite hydrogels
from both peptides /n vitro.

The B-hairpin peptide VKVKVKVK-V(D)PPT-KVEVKVKV-MLPHHGA, an amalgam of
the MAX8 hairpin peptide and the heptapeptide MLPHHGA that directs mineralization,
forms mechanically rigid hydrogels with G” ~2500 Pa [67]. In solutions with low

ionic strength, the peptide remains unfolded due to repulsive electrostatic interactions;
addition of CaCl, and beta glycerophosphate (B-GP) screens these interactions and triggers
peptide folding. Upon cleavage of B-GP with naturally occurring alkaline phosphatase to
liberate the phosphate for calcium phosphate mineralization within osteons, the hydrogels
direct formation of hydroxyapatite induced both biochemically and by cementoblasts,
highly differentiated mesenchymal cells that support mineralization [380]. Cementoblasts
encapsulated within the hydrogels remained viable for at least 72 hours and deposited
calcium phosphate over 9 days of culture.

4.3.4 P11-4—P11-4is a self-assembling peptide with sequence QQRFEWEFEQQ that
forms hydrogels that leverage biomimetic mineralization for treatment of tooth lesions
[381]. This 11-amino acid peptide hydrogel assembles into fibrillar scaffolds in solutions
with high ionic strength and low pH — conditions that mimic those of oral wounds [382].
Interestingly, P11-4 utilizes natural remineralization induced by saliva mineral content,
enabling P11-4 to guide enamel regeneration. Additionally, while many peptide hydrogels
have clinical potential, P11-4 is one of the few peptide hydrogels that have progressed
through pre-clinical animal trials and into clinical trials (Clinical trials NCT03927794,
NCTO04776785), illustrating the material’s potential use for future clinical applications.

Immune engineering

The immune system is an intricate network of cells and tissues throughout the body that
prevent, isolate, and eliminate invading pathogens [383]. Peptides designed to interact with
the immune system typically target circulatory immune cells responsible for recognizing
pathogens and promoting immunity, such as lymphocytes and monocytes, and act as vaccine
adjuvants, additives that elevate immune response to vaccinations. Neutrophils act as early
responders responsible for phagocytosis, i.e., engulfing material and initiating an immune
response, while lymphocytes provide adaptive immunity and monocytes present antigens
and can differentiate into macrophages, the activated phenotype of neutrophils [384,385].
Immune cells can easily phagocytose fibrillar, antigen-containing peptide assemblies due to
their large size, elevating levels of pathogen recognition and neutralization in the host.

4.4.1. KFKE—Modification of the p-sheet peptide KFE8 (FKFEFKFE) with T-cell
binding epitopes can induce an immune response to antigens, effectively vaccinating
the host [315,386]. KFE8 supramolecular nanofibers cause antigen-presenting cells to
phagocyte the epitope-peptide supramolecular structure at a rate higher than the epitope
alone. Fibrillar structure is essential to present epitopes for recognition by T cells. For
example, an ovalbumin (OVA) epitope conjugated to FKES elicits a heightened immune
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response compared to that the OVA epitope conjugated to non-assembling peptide sequences
[47]. OVA-KFE8/CaCO3 composite microparticles increase epitope uptake and immune
response, circumventing the need for additional adjuvant components [387]. Immunization
also occurs via oral delivery of OVA-modified FKES8 [387]. Decorating KFES8 fibrils with
epitopes of West Nile Virus led to higher survival of mice post infection compared to mice
vaccinated with the soluble epitope [46].

4.4.2. Ql1—Q11 (QQKFQFQFEQQ) is another B-sheet fibril-forming peptide that acts
as an immune adjuvant when fused to a peptide antigen [47]. Appending epitopes to

the N-terminus of Q11 displays the epitopes on the nanofiber surface and does not

disrupt peptide assembly [315]. Moreover, the epitopes retain functionality /7 vivo and
unmodified Q11 does not elicit an immune response. The antibody production response to
epitopes conjugated to peptides depends on the fibrillization state of the peptide, providing
another degree of tunability for epitope delivery [47]. OVA-Q11 elicited detectable

immune responses over 52 weeks, demonstrating the potential for long-term protection

by of Q11-mediated vaccinations (Figure 14C). Similarly, (NANP)3 malaria epitopes
conjugated to Q11 elicited T cell-dependent immune responses over 40 weeks [315].
Co-assembly of OVA-Q11 and (NANP)3-Q11 in a 1:1 ratio induced similar responses as
separate injections of OVA- and (NANP)3-presenting Q11 fibers at least 16 weeks after
injection, highlighting the suitability of these materials for co-vaccinations [315]. Q11 fibers
presenting p-nitrophenyl phosphonate (pNP) ligands enable conjugation and presentation of
protein epitopes [386]. These fibers elicit robust antibody responses following delivery in
mice. Modification of the assembling Q11 sequence by varying charge or hydrophobicity
modulates uptake in T-cells [388].

4.4.3. Coil 29—While many examples of peptide-based biomaterials involve p-sheet
forming peptides, Coil 29 (QARILEADAEILRAYARILEAHAEILRAQ) forms a-helical
nanofibers that can present epitopes and induce robust immune responses [5]. Assembly
occurs via arrangement of helical peptides perpendicular to the fiber axis. The C-termini
of the peptides cluster near the axis of the nanofiber, while exposed N-termini present
conjugated epitopes at the fiber surface.

5. Synergistic combinations of polymers and assembling peptides in

functional biomaterials

Peptide-polymer hybrid materials combine the inherent benefits of each component,
marrying the sequence-specific functions and biocompatibility of peptides with the
tailorability and robust mechanics of polymeric materials [1,389-391]. Appending
assembling peptides to polymers, to produce amphiphilic conjugates, directs assembly
into an array of micro- and nanoscale structures well suited for tissue engineering

and regenerative medicine, among other therapeutic applications [244,392,393]. Reliable
bioconjugation and polymer chemistry enable routine preparation of hybrid materials
with polymeric and self-assembling or co-assembling peptide components [390,394—
399]. In 1999, Kopecek and coworkers reported coiled coil peptides that crosslink
poly(hydroxypropylacrylamide) hydrogels [2]. Thereafter, expanding this approach by
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Kopecek [240,241,400], Klok [401], Collier [3], and others [402] generated a diverse
library of biomaterials, incorporating other peptides, e.g., collagen-like peptides and p-
sheet peptides [403], and polymers, e.g., poly(ethylene glycol). Recently, Kloxin and
coworkers embedded collagen-like peptide fibers within a poly(ethylene glycol) hydrogel
to recapitulate the fibrous nanostructure of the extracellular matrix within non-fibrous
synthetic polymer hydrogels for 3D cell culture [4]. Placing peptides at polymer chain
end(s) yields polymer-peptide block copolymers that associate in solution into defined
nanoscale constructs well suited for therapeutic delivery [126,404-410]. Attaching one
coiled coil peptide to poly(N-(2-hydroxypropyl)methacrylamide) copolymers and the
complementary peptide to methotrexate (MTX) drug conjugates facilitates efficient drug
loading into polymer constructs for delivery [411-413]. Appending the peptide LPFFD,
similar to a sequence found in the amyloid B peptide implicated in Alzheimer’s

disease, to poly(hydroxypropylmethacrylamide) creates a polymer-peptide conjugate that
disperses amyloid B aggregates [414]. The conjugate improves on previous peptidyl and
peptidomimetic inhibitors of aggregation that suffer from difficulties specifically targeting
amyloid B.

6. Concluding remarks: challenges and opportunities in assembling

peptide biomaterials

Advances in assembling peptide-based biomaterials enable current capabilities in tissue
engineering and regenerative medicine, and will undoubtedly fuel future innovation and
impact in this space. Precision design of peptides supports biological and medical use

due to reliable formation of fibers and fibrous hydrogels with controlled dimensions

and morphology under cytocompatible and physiological conditions [41,415]. This
opportunity to review the state-of-the-art in the design, characterization, tunability, and
tissue-specific application of peptide-based biomaterial platforms provides a snapshot for
the reader in 2021. Inspiration for these materials comes from Nature, rational design,

and computationally driven screening and exploration [81,138,146,157,214-217]. Looking
forward, engineering peptide-based biomaterials to interact in an increasingly productive and
specific manner with living systems, for example, instructing cell growth and differentiation,
will further transform tissue engineering and regenerative medicine. We anticipate a future
where precision medicine approaches guide the design, synthesis, and testing of peptide-
based biomaterials. Simultaneously, tailoring these biomaterials for 3D printing-based
biofabrication will propel clinical implementation of these emerging technologies [320,416].

Multi-faceted, multi-scale characterization will be at the forefront of developing and
translating the next generation of peptide-based biomaterials, connecting peptide sequence
and secondary structure to the morphology, mechanics, and tissue-specific biological
function. At the molecular level, chromatography and mass spectrometry confirm the
sequence/primary structure and purity of peptides, providing confidence in the structure-
property relationships that govern our understanding of peptide biomaterials. Circular
dichroism and infrared spectroscopy under different conditions give insight into the
molecular conformation or secondary structure, while calorimetry and spectroscopy yield
information about molecular interactions. Of these techniques, NMR spectroscopy is
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notable, as it is a relatively under-utilized label-free method for characterizing molecular
interactions of peptides. After assembly into nanoscale structures, scattering provides
average dimensional information, whereas microscopy offers complementary information

in the form of images of assembled structures. Molecules with environment-dependent
optical properties serve as stains for imaging peptide assembly in complex, biologically
relevant environments. Then, at the bulk material level, rheology yields details about the
mechanics and dynamics. Combining these experimental methods with multiscale molecular
simulations brings opportunities to enrich understanding at all levels, from sequence to bulk
materials [212,417].

We see challenges and opportunities in tailoring the proteolytic stability, specific
interactions, and dynamics of peptide-based biomaterials. While peptides impart structure
and biological function to biomaterials, proteolytic stability remains an unaddressed
challenge. Devising ways to increase and control stability, such as building on the field’s
current understanding of incorporation of b-amino acids and specific interactions between
p- and L-peptides [37,86-89], will enable longer term application of these biomaterials.
Heteroassembling B-sheet forming peptide pairs also increase the design space, as no such
pairs exist in nature [212]. Further, leveraging specific interactions between peptides (e.g.,
heterodimeric coiled coils,) in combination with photo-patterning techniques holds promise
for spatiotemporally controlled presentation of biomolecules [127].

The physical, and thus reversible, nature of the molecular interactions between assembling
peptides is ideal for injectable biomaterials and 3DP-based biofabrication; harnessing and
tuning these interactions holds promise for engineering peptide-based 3DP inks. Application
of shear during printing or injection disrupts these interactions, which reform upon removal
of shear. Other stimuli, such as changes in pH and salt concentration, also modulate

peptide interactions and allow for triggered assembly, cell encapsulation, and/or release

of cells and therapeutics. Tuning the strength of peptide interactions provides compelling
opportunities to program the dynamics of biomaterials [175,176]. Given the dynamic nature
of the natural extracellular matrix to support tissue growth, engineering cell-driven material
rearrangement (i.e., stress relaxation) on biological time scales is an important design
criterion [373,418]. While in its infancy, leveraging stereochemistry-driven interactions
between peptides provides a compelling way to tailor the stability and thermomechanical
properties of peptide assemblies.

In these pursuits, balancing function - biological outcomes, printability, and stability,
among others - with material complexity will be important. For example, short p-sheet
forming SAPs provide a strikingly simple materials system for forming well-defined,
reproducible fibers. Expanding efforts to develop these short assembling peptide platforms
will provide opportunities to simplify, scale-up, and reduce costs of manufacturing peptide
biomaterials. To these ends, combining relatively complex, functional peptides with
simpler, yet biocompatible, mechanically robust, and less expensive polymers merits further
development [389]. Feedback between structure-property relationships that establish design
rules and rationale to identify new sequences and materials that are well-suited to various
applications will be critical going forward.
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Statement of significance

Well-defined topological and mechanical properties of assembled peptides can be used

to direct biological responses. Engineering peptide-based extracellular matrices offers
immense opportunity for regenerative medicine and tissue engineering. Here we review
the molecular-scale features of assembling peptides that result in useful extracellular
matrix properties and desired cell interactions. Aiming to inspire researchers approaching
this challenge from both the peptide biomaterial design and tissue engineering
perspectives, we present characterization tools for understanding the connection between
peptide structure and properties and highlight the use of peptide-based biomaterials in
neural, orthopedic, cardiac, muscular, and immune engineering applications.
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Figure 1.
Assembly of amphipathic -sheet peptides. (A) Intermolecular hydrogen bonding on

the peptide backbone, hydrophobic interactions between alanine residues (green), and
electrostatic interactions between aspartic acid (red) and arginine (blue) residues direct
assembly of the amphipathic peptide RADA16 in aqueous solution. (B) RADA16 nanofibers
assemble through hydrophobic interactions of alanine residues between peptides in the

core of the nanofiber and electrostatic interactions between the positively and negatively
charged side chains of arginine and aspartic acid residues in a checkerboard pattern on

the nanofiber surface. (C) Atomic force microscopy image of assembled nanofibers. (D)
Macroscopic image of a RADA16 hydrogel formed at 0.1 wt% in PBS at pH 7.5. Adapted
with permission from Yokoi et al. [44], Copyright (2005) National Academy of Sciences,
US.A.
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Figure 2.

Assembly, hydrogel formation, shear-thinning, and self-healing of MAX8. A) Unfolded
MAX8 assembles into -hairpins that form fibrillar hydrogels upon the addition of salt

to aqueous peptide solution. Applied shear disrupts hydrogel networks, which reassemble
upon cessation of shear. (B) Recovery of MAX8 hydrogels (0.5 wt%, pH 7.4) from shear
stress as analyzed by monitoring G’ as a function of time: region | shows gelation onset
under 0.2% strain; region 11 shows shear-thinning of the hydrogel under 1000% strain; and
region 111 shows recovery following reduction of strain to 0.2%. Frequency = 6 rad*sec™?
for all measurements. (C) Laser scanning confocal microscopy z-stack image shows cells
distributed homogenously within the MAX8 hydrogel (viewed along the y axis, from the
side of the hydrogel) following syringe injection (/nset shows loaded syringe prior to shear-
thinning). Scale bar = 100 um. (D) Laser scanning confocal microscopy z-stack imaging
(viewed along the z axis, from the top of the hydrogel) showing cell viability within the
MAX8 hydrogel following syringe injection using the Live/Dead assay (Red, dead cells;
green, live cells) t = 3 h after delivery. Scale bar = 100 pym. Adapted with permission from
Haines-Butterick et al. [59], Copyright (2007) National Academy of Sciences, U.S.A.
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Figure 3.
Supramolecular assembly of Fmoc-FF. Combining spectroscopy and molecular models

shows that (A) p-sheets initially associate in an anti-parallel manner; and (B) Fmoc groups
from adjacent p-sheets interlock by m-m interactions. (C) Top view; and (D) side view of
ribbons that form as B-sheets twist to meet the geometrical constraints required to preserve
-1t interactions. In A, B, and D, orange rings are fluorenyl groups and purple rings are
phenyl groups. (E) TEM image of an Fmoc-FF gel composed of entangled ribbons, proposed
to form from multiple Fmoc-FF fibrils. Shear force-induced tears, such as the one enlarged
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in the inset, show that the ribbons are flat without a hollow interior. Scale bar = 500 A.
Adapted with permission from Smith et al. [71], Copyright (2008) Wiley-VCH GmbH &
Weinheim.
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Figure 4.
Sequence-dependent assembly of RAPID peptides (1.5 wt% in pH 7.4 PBS). TEM images

of four different RAPID peptides highlight the sequence-dependent morphology. KYFIL and
KYFAL assemble into hydrogels composed of twisted ribbons, while AYFIL assembles into
hydrogels composed of twisted fibrils and KAFIL forms spherical nanostructures in solution
without any hydrogel formation, likely because it is the only of these sequences that does
not contain two adjacent aromatic residues. Further, the size of the ribbons formed differs

by sequence, as KYFIL forms ribbons ca. 40 nm while KYFAL forms ribbons ca. 10 nm.
Reproduced with permission from Tang et al. [84], Copyright (2019) American Chemical
Society.
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1:1 D-MAX1:L-MAX1

Figure 5.
Models of enantiomeric (left) and homochiral (right) fibrils of the rippled sheet forming

peptide MAX1. Top images show the orientation of MAX1 B-hairpins in a fibril monolayer.
Corey-Pauling-Kulton (CPK) renderings show packing of valine side chains on two adjacent
peptides. Bottom images show the packing of side chains as viewed along the long axis

of the fibril. Nested interactions in the enantiomeric mixture, particularly between the
hydrophobic valine side chains, yield considerably tighter packing than in the side chains

in the homochiral fibrils. Adapted with permission from Nagy-Smith et al. [93], Copyright
(2017) American Chemical Society.
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Figure 6.
Arrangement of amino acids in a dimeric coiled-coil peptide held together by hydrophobic

interactions between residues in the aand ¢ positions of the heptad repeats and electrostatic
interactions between e and g residues. Adapted with permission from Mason and Arndt
[109], Copyright (2004) Wiley-VCH GmbH & Weinheim.
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Figure 7.
pH-dependent assembly of glutamic acid-containing E3 and lysine-containing K3 peptides.

CD spectra of the E3, K3 and their equimolar mixture in 10 mM PBS at (A) pH 7 and

(B) pH 5. Both E3 and K3 are random coils while their heterodimeric assembly is helical

at pH 7. At pH 5, the heterodimer partially unfolds into E3 trimers and random coil K3
unimers. (C) Schematic of E3 (blue) and K3 (green) peptides self- assembly at pH 7 and pH
5. Adapted with permission from Apostolovic and Klok [124], Copyright (2008) American
Chemical Society.
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Figure 8.
Higher order assembly of helical bundles: (A) Schematic of tetrameric coiled coil

bundlemers of thiol-functionalized peptide 1 (yellow) and maleimide-functionalized peptide
2 (blue). (B) Assembly of peptide bundlemers into rigid rod-like chains by thiol-maleimide
click chemistry. (C) TEM image of rigid bundlemer rods. Adapted with permission from
Sinha et al. [136], Copyright (2019) The Royal Society of Chemistry.
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Figure 9.
Assembly of collagen-like peptides into triple helices and fibrils: (A) primary structure of

multifunctional collagen-mimetic peptides (MFCMPs) 1a and 2a; (B) schematic showing
triple helical and higher order assembly of the mFCMPs; (C) CD spectroscopy-based
melting temperature measurements, monitoring the ellipticity at 225 nm as a function of
temperature, showing mfCMP-2a to melt at higher temperatures than mfCMP-1a; (D, E)
TEM and (F, G) cryo-TEM of the mFCMPs. Scale bars = 200 nm. Adapted with permission
from Hildebrand et al. [149], Copyright (2020) The Royal Society of Chemistry.
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Reglon 4: Bloactive epitope

Structure and assembly of PAs: (A) typical structure of a PA, including a hydrophobic tail,
B-sheet forming region, charged region, and a bioactive epitope; (B) rendering of a PA with
an IKVAV bioactive epitope and the assembly of the IKVAV-presenting PA into nanofibers;
(C) scanning electron micrograph of the nanofiber network formed by addition of cell
media to an aqueous solution of IKVAV-PA; (D) transmission electron micrograph of the
IKVAV-PA nanofiber network. Adapted with permission from Cui et al. [167], Copyright

(2010) Wiley-VCH GmbH & Weinheim.
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Figure 11.
1H NMR spectra of AB(1-16) showing valine methyl group resonance shifts during (A)

Zn2* and (B) Cd?* titration. Increasing molar equivalents of metal ion titrated resulted in
larger chemical shift changes, indicating stronger binding. In (C), the plot of valine yCH3
chemical shifts (ppm) against the molar equivalents of Zn?* and Cd2* relative to AR shows
increasing interactions of the peptide with metal up to equimolar ratios, indicating a 1:1
stoichiometry. Insert indicates chemical shifts for the -y and -y’ methyl protons of valine.
Adapted with permission from Syme and Viles [223], Copyright (2006) Elsevier.
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AFM and rheology of peptide hydrogels: (A) AFM height image of an H2 peptide hydrogel,
adapted from Scelsi et al. [286], Copyright (2018) Wiley-VCH GmbH & Weinheim; and
rheology of RAPID hydrogels, showing a strain sweep (B) to determine the storage (G”)
and loss (G”) moduli. Studying hydrogel behavior as a function of shear rate (C) provides
the shear-thinning behavior, while cyclically applying and removing strain (D) determines
the stress recovery properties, which gauge the injectability of a hydrogel. Adapted with
permission from Tang et al. [84], Copyright (2019) American Chemical Society.
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Figure 13.

Tissue engineering applications of RAPID and IKVAV peptide amphiphile (PA) hydrogels.
(A,B) RAPID hydrogel encapsulation nearly doubles OPC viability post injection relative
to injection in PBS, showing the protective capabilities of shear-thinning RAPID hydrogels
and their potential uses in regenerative medicine. Adapted with permission from Tang et
al. [32], Copyright (2019) American Chemical Society. (C,D) Culture of neuronal cells

in IKVAV PA hydrogels led to larger axon diameters and a greater degree of axonal
interconnectivity than cells cultured in PA hydrogels lacking the IKVAV motif. Scale bars
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are 2 um. Adapted with permission from Tysseling et al. [341], Copyright (2010) Wiley-
VCH GmbH & Weinheim.
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Figure 14.
Tissue engineering applications of PA, RADA, and Q11 SAPs. (A) Encapsulation of

myogenic precursor cells in aligned PA scaffolds yielded higher cell viability at all
timepoints compared to unencapsulated cells, especially in scaffolds with mid-range (G’
~9 kPa) and high (G” ~15 kPa) moduli. C,C45 cells (green) in the PA scaffold (red) grew
along the axis of alignment, with the white arrow heads indicating dead cells. Adapted
with permission from Sleep et al. [25], Copyright (2017) National Academy of Sciences
U.S.A. (B) Application of commercially available PuraStat RADA hydrogels to the surface
of cardiac tissue decreased probability of heart failure in mice. Adapted with permission
from Giritharan et al. [360], Copyright (2018) BioMed Central Ltd. (C) Mice injected
subcutaneously near the shoulder blades with coassemblies of OVA-Q11 and NANP3-Q11
elicited heightened immune responses compared to those receiving separate injections of the
two peptides. The Y axis represents the degree of antibody production responses. Adapted
with permission from Rudra et al. [315], Copyright (2012) Elsevier.
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Summary of the classes of assembling peptides reviewed here, including the peptide family, the class of
assembling peptide to which the family belongs, and selected key references.

Peptide family Type Examples sequences Ref.
EAK16 Amphipathic B-sheet Ac-(AEAEAKAK),-NH, 16, 38
RADA16 Amphipathic p-sheet Ac-(RARADADA),-NH, 38,44, 45
KFE Amphipathic B-sheet Ac-(FKFE)3-NH, 33, 88, 89
MAX Amphipathic B-sheet Ac-VKVKVKVKVPPPTKVKVKVKV-NH, 17, 18, 48, 49
E1Y9 Amphipathic B-sheet Ac-EYEYKYEYKY-NH, 50, 51
Q11 Amphipathic B-sheet Ac-QQKFQFQFEQQ-NH, 52-55
Diphenylalanine Short aromatic B-sheet Ac-FF-COOH 69, 70, 71,73, 79
Tripeptides Short aromatic p-sheet YFD, FYD, DFY, DYF, KYF, KYY, KFF, KYW 80-82
RAPID Short aromatic B-sheet KYFIL, AYFIL, KYFAL 32,83
Metal-ion binding Metal-ion induced B-sheet Pyrene-CGPC, ILVAGH, GQ(PHGGGWQG),CG 35, 97-99

Coiled coils

Helical

Ac-GYK(IAALKEK),-IAALKEG-NH,, Ac-
GYE(IAALEKE),-IAALEKG-NH,

27,105, 108-111, 114,
115

Collagen-like

Helical

Ac-(GPO)g-GG-NHy, Ac-(GPO)3-GAO-(GPO),-GG-NH,

139-142

Peptide amphiphiles

Lipid-tail p-sheet

Lipid-CCCCGGGJRGD, Lipid-GGGGGGGERGDS

166-168, 171,172

Block copolypeptides

Multiple

Kisoloo, Kigol4oK1so

181-184

Elastin-like peptides

Intrinsically disordered

VPGPG

188-190, 192, 193,
201,202
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