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Abstract
Peptides, peptidomimetics, and peptide derivatives that self-assemble into fibrillar gels have
received increasing interest as synthetic extracellular matrices for applications in 3D cell culture
and regenerative medicine. Recently, several of these fibrillizing molecules have been
functionalized with bioactive components such as cell-binding ligands, degradable sequences,
drug-eluting compounds, and chemical modifications for cross-linking, producing gels that can
reliably display multiple factors simultaneously. This capacity for incorporating precise levels of
many different biological and chemical factors is advantageous given the natural complexity of
cell-matrix interactions that many current biomaterial strategies seek to mimic. In this review,
recent efforts in the area of fibril-forming peptide materials are described, and advantages of
biomaterials containing multiple modular elements are outlined. In addition, a few hurdles and
open questions surrounding fibrillar peptide gels are discussed, including issues of the materials’
structural heterogeneity, challenges in fully characterizing the diversity of their self-assembled
structures, and incomplete knowledge of how the materials are processed in vivo.

Introduction
Biomaterial scaffolds in regenerative medicine, tissue engineering, and defined cell culture
systems seek to recapitulate the function of natural extracellular matrices (ECMs) by
providing supramolecular frameworks capable of bringing about desired cellular or tissue-
level responses. However, ECMs are elusive design targets for biomaterial engineers
because they are tremendously multifunctional, dynamic, and not fully characterized. ECMs
exert their effects on cells and tissues through highly variable cell-matrix binding
interactions, mechanical signaling, the controlled diffusion of soluble factors, the spatial and
temporal organization of each of these aspects, and interactions with immune and
inflammatory processes. It is the summation and integration of all of these signals together
that drives cell behavior.1 This presents a great challenge for engineering synthetic scaffolds
that likewise can direct specific biological processes.2 Creating synthetic materials that can
incorporate many relevant signals and factors in a precise manner is challenging, as is
designing systems where each factor can be independently adjusted in order to
systematically elucidate complex combinations that promote specific biological responses of
interest.

To address this challenge, several strategies for constructing synthetic ECMs from synthetic
fibrillizing components have emerged recently.2–8 In general, each of these approaches is
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characterized by the design of a peptide, peptidomimetic, or peptide derivative that can self-
assemble into fibrillar gel networks. Following the design of a basic peptide building block,
functional variants of the original are designed, with each variant possessing a unique
biological or structural activity. Collectively, these approaches have advantages over
polymeric or other covalently built synthetic ECMs in that once a robust self-assembling
base material is designed, many different modifications of the base material (e.g. containing
ligands, cross-linking domains, degradable sequences, drug-releasing components, etc.) can
then be co-assembled into integrated multi-functional scaffolds. Because the materials are
constructed non-covalently, the different factors can in principle be explored as
combinations much more efficiently than within covalent or polymerized biomaterials.
Given the complexity of biological responses to biomaterials and ECMs, this modularity is
advantageous. In this review, we will highlight recent advances in the development of
fibrillizing peptide gels and discuss the characterization of these materials both in vitro and
within physiological environments. We will then summarize encouraging recent successes
of this class of materials in vivo and discuss a few challenges that remain for employing
them in biomedical applications. Other specific and complementary aspects of these
materials are covered in greater detail in other recent reviews, including those focused on
stimulus-responsiveness,9 protein and therapeutic delivery from self-assembled
scaffolds,3,10 polypeptide-based materials,4–7 peptide-amphiphiles,11 nanofibrous
biomaterials,8,12,13 and modular biomaterials.2,6

Expanding the limits of multifunctionality through non-covalent co-
assembly

Peptide-based fibrillizing materials (Figure 1) can be exploited for their modular and
multifunctional potential. One benefit of modularity is that different molecular features may
be varied independently or in conjunction with each other without having to extensively
redesign or re-characterize the material. For example, different cell adhesion ligands could
be interchanged with other bioactive amino acid sequences or chemical functionalities
without significantly altering more global aspects of the material such as fiber size, gelation
kinetics, or compliance, allowing one to conclusively relate differences in cell behavior with
the presence of a specific ligand.2 Recently, steps have been taken to refine such modularity
in self-assembling materials, focusing on different cell-binding ligands, mechanical factors,
enzymatically cleavable domains, and controllably released soluble factors. A range of
specific behaviors including attachment, migration, proliferation, and more cell type-specific
differentiation behaviors have been investigated and are discussed in the sections below.

Underivatized self-assembling peptides
Synthetic peptides are among the simplest self-assembling molecules employed as
biomaterials and are readily produced by standard peptide synthesis protocols, making them
particularly accessible. Although fibril-forming peptides have been developed based on
several different secondary structures, including α-helices,14 and collagen triple helices,15,16

we will focus here on those capable of forming gels amenable to cell culture or delivery in
vivo. In this regard, the bulk of research has focused on β-sheet fibrillizing peptides. To
date, several different peptides forming β-sheet fibrils have been studied as foundations for
multifunctional biomaterials, including the strictly alternating polar/non-polar peptides first
described by Zhang and coworkers,17,18 fibrillizing peptides from laminin,19,20 glutamine-
rich sequences such as DN1 and P11 first described by Aggeli and coworkers,21–23 other
glutamine-rich peptides such as Q11 that followed these initial designs,24–26 and peptides
from amyloidogenic proteins such as transthyretin.27 For an overview of the development of
several of these peptides, see the recent review by Semino.4 In strategies aimed at conferring
specific biofunctionality to these otherwise purely structural assemblies, functional amino
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acid sequences have recently been appended to either their N-termini or C-termini. In many
cases the functional sequences are presented on the surface of the self-assembled fibrils in
configurations that allow them to influence the behaviors of cells in contact with them. For
example, Q11 peptides (QQKFQFQFEQQ) with N-terminal IKVAV and RGDS sequences
self-assemble into fibrils that functionally display the ligands, which influence endothelial
cell growth on the surface of the gels (Figure 2).26 The presence of the ligands on the
surface of the fibrils was verified using TEM with gold labeling, and the ligands were
surface-displayed both in single-peptide fibrils and in mixtures of the ligand-bearing
peptides with unmodified Q11. Moreover, Q11 gels and mixed peptide gels containing 90%
unmodified Q11 and 10% ligand-bearing Q11 had similar fibril morphology, stiffness, and
secondary structure, indicating modularity in the system and opening the door for exploring
these and other ligands systematically in combination.

Beyond the binding of integrins and other cell attachment receptors, cell behavior can be
profoundly influenced by physicochemical factors such as matrix stiffness.28–30 As a
strategy for specifically adjusting gel mechanics that is complementary to the ligand display
described above, we also designed Q11 peptides containing C-terminal thioesters and N-
terminal cysteine residues, enabling matrix stiffening by native chemical ligation (Figure
2).25 Gels with ligated Q11 fibrils showed a 5-fold increase in storage moduli, to nearly 50
kPa, making these among the stiffest self-assembled gels yet reported. Because fibrillar
peptide gels tend to be significantly less stiff than this, having a chemoselective means for
independently adjusting their cross-linking is useful for tuning their mechanical properties,
even in the presence of other unprotected ligands or functional groups. This ability to stiffen
the matrices is useful both for specifying the mechanical properties that result in a desired
cellular behavior and also for stabilizing the materials for biomedical applications, for
example as interfacial coatings on other biomaterials. In mixtures of Q11, RGDS-Q11, and
Cys-Q11-Gly-thioester, both ligand presentation and mechanical stiffening were easily
combined, and the two factors together increased endothelial cell proliferation and CD31
expression to a much greater degree than either factor alone (Figure 2). In addition, although
the strength and elasticity of the stiffened gels was not measured directly in this work, the
stiffened gels were significantly easier to handle without fragmentation than unligated gels
(JPJ and JHC, unpublished findings). Other groups have also recently developed strategies
for modulating stiffness. For example, Schneider, Pochan, and co-workers have reported
several approaches for tailoring the stiffness of β-hairpin assemblies, employing borate ion
complexation,31 shear thinning,32 strand swapping,33 and control over lateral association.34

Given the highly stable nature of β-rich assemblies, strategies such as these for dynamically
tuning their stiffness are significant technological advances. Designed β-hairpins are also
similarly non-cytotoxic and biocompatible compared to other fibrillizing peptides and
peptide derivatives,32,35,36 and they are highly capable of being tuned to exhibit desirable
ranges of other physical parameters such as pH responsiveness and mesh size.32,37

Ligand-bearing versions of β-sheet fibrillar peptides with strictly alternating polar/non-polar
amino acid sequences have also been investigated in recent years in a variety of biological
contexts. For example the RAD16 family of peptides is well known to form stable β-sheet
fibrillar gels in physiologic buffers with peptide concentrations as low as 1–10 mg/mL.38,4

RAD16-I has been commercialized under the trade name PuraMatrix™. Several different
pendant peptides have been attached either at the N-terminus, including the laminin-derived
YIGSR and RYVVLPR sequences and the type IV collagen TAGSCLRKFSTM sequence;39

or at the C-terminus, including the bone marrow homing SKPPGTSS and PFSSTKT
sequences,40 the osteogenic ALKRQGRTLYGF sequence, and the osteopontin-derived
DGRGDSVAYG cell adhesion sequence.41 In cultures of human aortic endothelial cells,
gelled RAD16-I peptides bearing YIGSR and TAGSCLRKFSTM ligands modulated growth
and nitric oxide production, indicating that a sufficient number of ligands were presented by
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the self-assembled fibrils to induce these changes in cell behavior.39 Gelled RAD16 peptides
bearing bone marrow homing sequences at their C-termini were also shown to promote
neural stem cell adhesion and differentiation in the absence of soluble neurotrophic
factors.40

Beyond non-native designed peptides such as Q11 and RAD16, native amyloid fibrils have
also received attention as engineered materials for applications in bionanotechnology.42–45

Some of these are capable of presenting biofunctional amino acid sequences analogously to
the engineered peptides described above. In a recent example, amyloid-forming peptides
corresponding to residues 105–115 of the protein transthyretin were functionalized with an
RGD sequence, and the ligand-bearing peptides formed fibrils exhibiting enhanced
fibroblast adhesion.27 The cross-β fibril core was completely preserved, indicating that the
conjugation of the ligand did not significantly alter the assembly of the transthyretin peptide.
In light of these studies and those discussed above, it is interesting that so many completely
unrelated β-sheet fibrillizing peptides, native or de novo, form similar fibrils that have the
capacity to display bioavailable ligands on their surfaces (Figure 1). This suggests that there
is considerable flexibility in designing fibrillar gels as biomaterials, and that not only the
displayed ligands but also the fibrils themselves can be tailored to meet the specific
constraints of a particular application. For example, the fibril-forming portions of these
peptides may be selected or engineered to address specific biological requirements (e.g. non-
toxicity, non-immunogenicity, specific degradation rate), mechanical requirements (e.g.
compliance, strength), or economic considerations (e.g. cost of synthesis, ease of
sterilization) that may vary from application to application. Examples of such efforts to
adjust the properties of the fibrillizing portions of these peptides are discussed below, and it
is anticipated that additional strategies will continue to be introduced and refined.

Peptide amphiphiles
Peptide amphiphiles (PAs), like unmodified synthetic peptides, have received significant
interest as gel-forming biomaterials owing to their predictable self-assembly, their ease of
synthesis, and their capacity for incorporating a wide variety of functional components.
Their general construction of an N-terminal alkyl tail, a β-sheet–forming central segment,
and a C-terminal functional segment represents a flexible platform for incorporating a
variety of different molecular features.46–48 In fact, the presence of the alkyl tail drives self-
assembly for peptide sequences, molecular architectures, and peptide concentrations that
would be challenging to fibrillize otherwise, making PAs even more widely applicable, in
some respects, than the peptides described above. In recent years PAs have been designed
with increasingly complex and bulky functional domains, illustrating their ability to
assemble a wide variety of cargoes into fibrils. These include PAs with bulky fluorophores,
branched PAs that present two RGD ligands or one YIGSR and one IKVAV ligand, cyclic
RGD ligands, and others.49–52 Similarly, the N-terminal alkyl tail also provides unique
opportunities for modification, as demonstrated by the inclusion of diacetylene groups
capable of being polymerized to covalently stabilize the self-assembled fibrils.53 Further
flexibility in this system has also been demonstrated by incorporating proteolytically
susceptible amino acid sequences in the central portion of the PAs.54,55 In this work, even
aggregated fibrils possessed substrate activity, suggesting that other biological functions
may also be able to be localized to this region of the molecule as well. In a more practical
sense, it was shown that matrix metalloproteinase-2 (MMP-2) substrate-containing PAs
could be transformed from fibrils to globular aggregates in the presence of the enzyme,
providing a means to design degradable β-sheet fibrillar gels. Ordinarily, β-sheet fibrillar
aggregates are highly resistant to proteolysis, so such an approach is an important step
towards gels with controllable degradation profiles. Interestingly, in related recent work,
MMP substrates were incorporated in the central portion of self-assembling peptides lacking
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lipid tails, and these assemblies also showed MMP substrate activity.56 However, gel
formation appeared to be strongly dependent on the position of the MMP sequence within
these peptides, and the gelation of some of the peptides was significantly hindered. This may
have been an indirect result of having a proline residue within the MMP substrate portion of
the peptide, however, as prolines can disrupt β-sheet fibrillization.

Other Peptide Derivatives
Peptides containing aromatic groups such as di-phenylalanine (FF) or
fluorenylmethoxycarbonyl (Fmoc) offer unique advantages and have recently received
attention as flexible fibrillizing materials.57–66 In these approaches, the mechanism of self-
assembly often includes β-sheet formation, but fibrillization is additionally favored through
π-π stacking of the aromatic groups. For example, extremely short Fmoc-FF peptides
spontaneously fibrillize in neutral buffers to produce gels with storage moduli between 2–10
kPa owing to the combined effects of π-π stacking by the Fmoc groups and β-sheet
formation in the peptide segments.59,60 For biological applications, variations on this overall
construction have recently been explored.60,67,68 These include mixtures of Fmoc-FF
peptides and Fmoc-RGD peptides, which co-assemble into relatively stiff hydrogels (G′~ 10
kPa) capable of presenting the RGD ligand in a manner similar to the approaches described
above for unmodified peptides and PAs.60 In another study, enzyme substrate activity was
imparted to self-assembling Fmoc-peptides using the thermolysin substrate Gly-Phe-Cys
sequence. In this case, rather than being used as hydrogel materials, the Fmoc-peptides were
conjugated to gold nanoparticles to produce highly sensitive optical enzyme sensors.68 One
of the significant advantages of this approach using Fmoc and other aromatic groups is that
gels can be built using much shorter peptides than with PAs or unmodified peptides. This
has an obvious benefit in reducing the cost of peptide synthesis and purification. Moreover,
the reduced complexity of these materials may also facilitate a more detailed understanding
of their fibrillar structures.59 One aspect that may influence their use as cell culture
substrates, however, is their apparent sensitivity to different amino acid sequences.60,67 For
example, the stiffness of mixed Fmoc-RGD/Fmoc-FF gels depended significantly and non-
linearly on the ratio of the two peptides, which may make independent adjustment of both
cell attachment factors and mechanical factors challenging.60 However, if ranges of peptide
mixtures can be identified where stiffness is less dependent on ligand amount, this issue can
be minimized. Considering the diversity of engineered β-sheet fibrillar structures that have
been designed to date, it can be concluded that there are many different molecular strategies
that can be employed to produce structurally similar gels of entangled fibrils (Figure 1). In
this respect, engineered β-sheet fibrillar materials mirror the diversity of natural amyloids,
which can likewise be formed from proteins of widely varying size, sequence, and native
function.

Other modular biomaterials approaches beyond fibrillizing peptides
Additional recent work illustrates the breadth of modular approaches currently being
developed in the field of biomaterials that extend beyond fibrillizing peptides. We focus on
two of them here. The first utilizes supramolecular polymers based on ureido-pyrimidinone
(UPy) units. These self-complementary tautomers can dimerize via hydrogen bonding and
have been employed to form stable, long polymer chains in a convenient one-step
procedure. 69,70 To functionalize these polymers with cell-binding ligands in a modular way,
UPy-caprolactones were mixed with UPy-GRGDS and UPy-PHSRN, thus incorporating the
ligands via hydrogen bonding in precisely defined amounts. In cultures of fibroblasts, the
non-covalently bound ligands led to enhanced attachment.70 Any combination of other UPy-
functionalized peptide ligands can also easily be envisioned, illustrating the potential
flexibility of this approach. A second class of modular biomaterials is based on recombinant
proteins, which provide access to longer, more complexly folded domains than self-
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assembling peptides. In this regard, Heilshorn and coworkers reported multifunctional
protein scaffolds designed to support PC-12 neuronal-like cells. The multi-domain proteins
included urokinase plasminogen activator (uPA) cleavage sites for tunable degradation,
elastin-like domains to confer elasticity and resilience, and RGD cell-binding sequences.71

With only a 3% change in the total amino acid sequence, the uPA degradation half-life could
be varied over two orders of magnitude. In addition, increasing the density of RGD within
the matrices led to increased attachment, neuronal differentiation, and neurite extension in
cultures of PC-12 cells. It is expected that modular approaches such as these will continue to
be developed in the coming years as self-assembling peptides, peptide amphiphiles, peptide
derivatives, peptide-polymers, and proteins are pursued in parallel.

Spatial and temporal heterogeneities in self-assembled networks
One of the chief advantages of self-assembling materials, as described in the previous
sections of this review, is that once an adaptable base unit is designed, increasingly complex
variations on the base material may be produced. Through co-assembly of these variants,
multiple specific biofunctionalities can be installed into the matrix. In practice, however, it
is not always straightforward to achieve this goal, and in some cases self-assembly can be
altered or disrupted by the biofunctional components. In particular, small alterations in
folding, β-strand topology, or lateral aggregation imposed by the functional elements may
be propagated or magnified by the self-assembly process to significantly alter fibril
morphology,72 thus affecting bulk properties such as gel mechanics or overall fibril
morphology.60,39 In this way, self-assembling materials are more sensitive to defects than
other more top-down approaches such as microfabrication,73–75 where defects tend to be
manifested as spatially discrete anomalies rather than global changes in physical or
biological properties. To address this issue, it is likely that self-assembling components with
even greater tolerances for functionalization will be introduced in the future.

Another consequence of using β-rich self-assembly to construct nanomaterials is that some
degree of structural heterogeneity is often present. This heterogeneity can exist on multiple
levels. For example, lateral entanglement and aggregation can produce a distribution of
lengths between cross-link points, and there can be heterogeneity in the twist, bend, and
topology of the β-strands themselves, as has been observed within highly controlled models
of β-fibrillization.72 Additionally, lateral aggregation can be significantly influenced by the
processing history of the molecule and its storage conditions. Because of the innate
fibrillizing behavior of these materials, care must be taken to ensure that parameters such as
concentration, pH, temperature, ionic strength, and lyophilization techniques are tightly
controlled during all points of synthesis, storage, and use. Imprecision in this regard may
result in divergent and unpredictable assembly behavior. For this reason, disaggregation in
hexafluoroisopropanol or trifluoroacetic acid has been useful for rendering consistent,
repeatable starting materials for gel formation,26,76 and consistent handling practices are
essential.77 Further, if ligand-bearing peptides are mixed to form co-assemblies with
unmodified peptides, as with several current approaches, there are the attendant
heterogeneities associated with the potentially non-uniform display of these ligands that
must be considered as well (summarized in Figure 3). One consequence of these structural
heterogeneities is that it is difficult to predict or measure the number and spatial
distributions of receptor-ligand binding events that occur between cells and fibrillized
materials in biological environments. This is a challenging question in any 3D biomaterial.
However, recent strategies developed for visualizing ligand-receptor interactions in
polymeric scaffolds such as the FRET-based techniques described recently by Mooney and
coworkers may be useful for quantifying ligand binding in self-assemblies as well.78,79

Additionally, heterogeneity may be controlled directly by designing fibrils from more
predictably folded β-sheets. As an example of work that moves in this direction, Koide and
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coworkers have designed soluble peptide self-assembly mimics based on the single-layer β-
sheet of Borrelia burgdorferi outer surface protein A (OspA) to produce water-soluble,
monodisperseβ-sheets.67,80–83 This protein engineering approach has greatly facilitated
high-resolution structure determinations of β-sheet assemblies, and an exciting possibility
may be to employ these or similar expressed β-rich proteins as nanomaterials themselves
through their controlled polymerization.

In addition to the structural heterogeneity that is a natural characteristic of materials
produced by bottom-up processes, temporal heterogeneity may also influence the behavior
of these materials in many biological contexts. Most fibrillized materials applied within
biological environments are presumed to be equilibrated and thermodynamically stable
initially, but as they are degraded or remodeled in vitro or in vivo, it is likely that their
valency, fibril morphology, and supramolecular organization will undergo transformations.
For example, MMP-cleavable peptide-amphiphiles, when degraded, transition from fibrils to
globular aggregates.55 Currently, the impact of such morphological changes have not been
clearly elucidated in biological contexts, and this is particularly true in vivo. Given the
strong dependence of many biological processes such as focal adhesion assembly or
immunogenicity on the spatial arrangement of ligands, it is likely that there is a level of
detail in the biological interactions of dynamic supramolecular structures that has yet to be
fully understood. One way of managing temporal heterogeneity in self-assemblies is by
employing degradative processes such as MMP activity so that the action of a predictable
enzyme predominantly determines the kinetics of disassembly. This strategy has been
applied both to PAs 54 and peptides,56 as described above.

Towards applications in biomedicine and biotechnology
Beta-sheet fibrillar gels are attractive in biological applications because of their modularity
and because they form very stable structures that are resistant to proteolysis or denaturation.
However, the same properties that make β-sheet fibrillar networks exceptionally useful as
engineerable biomaterials also necessitate additional characterization as they move towards
applications in vivo. For example, the materials discussed here are all structurally related to
natural amyloids, which have been predominantly associated with pathological and
neurodegenerative disorders since their discovery over 100 years ago. Interestingly,
however, there are numerous recent examples of engineered β-sheet fibrillar materials that
have been found to be very well tolerated in vitro25,26,32,35,39–41,47,84 and in vivo26,85–89 and
that show no apparent toxicity. In addition, intriguing examples continue to be introduced
where β-sheet fibers are not pathological, but where they serve specific and tightly regulated
biological functions in organisms from bacteria to humans.90–94 These examples include
structural amyloids such as curli fibers of bacteria,94 chorion proteins in the eggshells of
insects and fish,95 fungal coat-forming hydrophobins,96 and more complex biofunctional
amyloids such as Pmel17 involved in human melanin biosynthesis.92 These and other
functional amyloids have been recently reviewed.93 Understanding how certainβ-sheet
aggregates are toxic while others are non-toxic or even biologically functional is important
for the advancement of self-assembling materials in clinical applications.

Additionally complicating the translation of in vitro work to in vivo settings is the sensitivity
of fibrillar peptides to environmental conditions, which is highlighted in recent work by
Schneider, Pochan, and co-workers where MAX1 β-hairpin gels were stiffened in the
presence of borate but were more compliant in the presence of glucose.31 In vivo, it may be
difficult to predict how the presence of small molecules, glycoproteins, polysaccharides, or
proteoglycans may similarly influence the lateral aggregation points in fibrillar peptide gels.
Further, other work with β-hairpins illustrates how the mechanical properties of fibrillar
self-assemblies may be significantly altered by shear forces.32 These studies highlight the
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importance of evaluating fibrillar peptide assemblies in culture conditions that replicate the
in vivo biochemical and mechanical environment as faithfully as possible.

A final critical hurdle for employing fibrillar biomaterials in vivo is understanding the
factors that impact their immunogenicity and their interactions with inflammatory cells.
Functionalized self-assembled fibrous networks, by virtue of their repeated patterns of
epitopes, can in principle induce immune responses, as has been illustrated in other highly
oligomerized systems.97–99 However, there have been few studies fully examining the
immunogenicity of peptide-based hydrogels. Nitric oxide-releasing PA hydrogels delivered
to rat carotid arteries did not elicit any obvious adverse inflammation, which is
encouraging.89 Few infiltrating macrophages and neutrophils were observed within RAD16-
II assemblies injected within myocardium,85 which is additionally encouraging, but it is
indirect evidence that these materials are well tolerated by the immune system. Moreover,
not all in vivo studies using self-assembling peptides have resulted in the absence of
inflammation.100 To specifically measure the immunogenicity of Q11-based peptides, we
recently investigated anti-peptide IgG production against Q11 and RGDS-Q11 in mice,
finding immeasurable immunogenicity for Q11 and little to no immunogenicity for RGDS-
Q11.26 Low antibody titers have also been reported in rabbits and goats for RAD16
peptides.84 Collectively, these studies represent several examples of minimally
immunogenic fibrillizing peptides and PAs, but the highly oligomerized and non-native
structure of these materials nevertheless continues to warrant attention with respect to their
immunogenicity, especially when functionalized with increasingly complex ligands.

Despite the challenges described above regarding the biological application of fibrillizing
materials for clinical use, several recent reports indicate progress in this regard (Figure 4).
For example, cardiomyocytes or embryonic stem cells mixed with RAD16 peptides have
been delivered to the myocardium (Figure 4a). Co-injection of RAD16 peptides promoted
either improved cell transplant survival or the recruitment of progenitor cells around the
injected area.86,101 The transplanted embryonic stem cells also showed evidence of
cardiomyocyte differentiation after co-delivery with the peptide biomaterial.86 In this way,
self-assembling peptides may be a viable option for improving cell-based therapies. Nitric
oxide-releasing PAs have also been investigated recently in rats to inhibit neointimal
hyperplasia following carotid artery balloon angioplasty (Figure 4c). Nitric oxide-releasing
PA gels were applied around the insulted area, resulting in a decrease in vascular smooth
muscle cell proliferation and an increase in re-endothelialization.89 Also, similar PA
nanofibers have been applied within the interconnected pores of titanium (Ti) foam in order
to improve osseointegration into orthopedic implants (Figure 4b).87,102 Combining fibrillar
gels with other biomaterials in this way is advantageous for several reasons. First, previously
approved materials and devices may facilitate the addition of novel coatings or bioactive
components from both a regulatory and a practical standpoint. Having a well-characterized
starting material helps enable a more complete understanding of how the novel components
behave. In addition, the Ti foam complements the PA by providing mechanical stiffness,
which tends to be lacking in self-assembled materials.

The early in vivo successes of fibrillizing peptide biomaterials, along with their expanding
capacity for incorporating multiple biological factors, are good evidence that they are
advancing towards meaningful biomedical and biotechnological use. Continuing progress
will be greatly facilitated by improvements in understanding and controlling these materials’
heterogeneity, their modularity, and the physiological processes that govern their behavior in
various biological contexts.
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Figure 1.
Negative-stained TEM images of β-rich fibrils from different peptides, PAs, and peptide
derivatives. (a) fibrils formed from the peptide Q11; (b) fibrils formed from the peptide
RGDS-Q11; (c) fibrils formed from the thiol-presenting peptide Cys-SGSG-Q11; (d) fibrils
formed by the β-hairpin peptide MAX1;103 (e) fibrils formed by mixtures of two aromatic
short peptides, Fmoc-FF and Fmoc-RGD;60 (f) fibrils formed by a PA terminated with a
cyclic RGD sequence.50 (d) is reprinted with permission from Ozbas et al. Macromolecules
2004, 37, 7331–7337; (e) is reprinted with permission from Zhou et al. Biomaterials 2009,
30, 2523–2530; (f) is reprinted with permission from Guler et al. Biomacromolecules 2006,
7, 1855–1863.
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Figure 2.
Co-assembling peptides for controlling matrix mechanics and enhancing cell adhesion. Self-
assembling peptides with N-terminal Cys residues and C-terminal thioesters self-assemble
into fibrils capable of undergoing native chemical ligation (a). RGD-bearing peptides are co-
assembled within these gels to provide for cell attachment. Both ligation and RGD
functionalization significantly and additively improved endothelial cell growth (p<0.01 by
ANOVA compared to Q11 (*) or all others (**), n=4, means±SD).25 Ligand display was
also evidenced by streptavidin-colloidal gold labeling of biotinylated RGDS-Q11 fibrils (c).
RGDS-Q11 incorporation significantly improved human umbilical vein endothelial cell
(HUVEC) growth (d, Q11 gel; e, Q11 gel containing 10% RGDS-Q11, both at day 7 post-
plating).26 Stiffening by native chemical ligation significantly improved CD31 expression in
HUVEC cultures (f, Q11 gel; g, ligated CQ11G-thioester; green, CD31; blue, DAPI).25 (d)
and (e) were reprinted with permission from Jung et al. Biomaterials 2009, 30, 2400–2410.
(b), (f), and (g) were reprinted with permission from Jung et al. Biomaterials 2008, 29,
2143–2151.
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Figure 3.
Potential types of heterogeneity within ligand-bearing self-assemblies. Several structural
aspects may influence the number and spatial distributions of ligand-integrin binding events,
which collectively determine cell behavior. Peptide ligands must be appropriately spaced
from surfaces to efficiently deliver the ligand to the binding pockets of integrins (a). Inter-
fibril lateral aggregation (b), ligand burial, or ligand adsorption (c) may also remove a subset
of ligands from interacting with integrins. These aspects as well as potential phase
separation may influence the clustering of the ligands on the fibril (d), which may in turn
influence integrin clustering, focal adhesion assembly, and the resultant intracellular
signaling. It is also conceivable that the density of the ligand itself could sterically influence
the ability of integrins to bind (e). Strategies to define and control these aspects will
contribute significantly to the biological precision possible with these materials.
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Figure 4.
Potential uses of fibrillar peptide gels for clinical applications. Improvement in cell-based
therapies (a). Fibrillizing peptides are mixed with cardiomyocytes or undifferentiated stem
cells and injected into damaged myocardium for improved transplanted cell survival and
wound healing after myocardial infarction.86,101 Improvement of prosthetics (b). PAs are
integrated into the pores of titanium foam to create bioactive composites that induce
mineralization and vascularization around and within orthopedic implants.87,102 Direct
application of a therapeutic-releasing gel (c). Following angioplasty, a nitric oxide-releasing
PA gel is applied directly to the exterior of the vessel at the site of injury, reducing smooth
muscle cell proliferation and increasing endothelialization compared to non-hydrogel treated
controls.89
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