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Abstract

Self-assembled peptide nanostructures have been increasingly exploited as functional materials
for applications in biomedicine and energy. The emergent properties of these nanomaterials
determine the applications for which they can be exploited. It has recently been appreciated that
nanomaterials composed of multicomponent coassembled peptides often display unique
emergent properties that have the potential to dramatically expand the functional utility of
peptide-based materials. This review presents recent efforts in the development of
multicomponent peptide assemblies. The discussion includes multicomponent assemblies
derived from short low molecular weight peptides, peptide amphiphiles, coiled coil peptides,
collagen, and f-sheet peptides. The design, structure, emergent properties, and applications for
these multicomponent assemblies are presented in order to illustrate the potential of these

formulations as sophisticated next-generation bio-inspired materials.
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1. Introduction

Materials composed of self-assembled peptides and proteins play critical roles in biological
function and dysfunction.''® The cytoskeleton and extracellular matrix are composed of
dynamic assembled proteins that regulate structure in cells and tissues.'”2° The abnormal self-
assembly of peptides and proteins into amyloid aggregates is characteristic of protein folding

disorders,16’21’22

although the regulated self-assembly of amyloid also gives rise to functional
biomaterials.”>* These naturally occurring systems have inspired the exploitation of self-
assembled peptides and proteins as functional materials, including one- and two-dimensional
fibrils and sheets as well as spherical micelles.’®>® These assembled nano- and microstructures
often exhibit emergent properties, such as hydrogelation, that enable these materials to be used
for biological applications that include drug delivery,’*™*' regenerative medicine,”* tissue

54-60

engineering,‘”_53 and self-adjuvanting vaccines. While the inherent biocompatibility of self-

assembled peptides has prompted their development as biomedical materials, recent work has

also focused on adapting these materials for applications in energy.>>'®

The inherent emergent properties of self-assembled peptides dictate the potential applications
of the materials. For example, one-dimensional fibrils may form entangled hydrogel networks
that can be used for drug delivery or tissue engineering if the mechanical properties of the gel are
appropriate.”*®! Two-dimensional sheets are unlikely to elicit bulk hydrogelation, but can be
engineered for molecular recognition of biological molecules over large surface areas.””” There
are now many examples of functional self-assembled peptide materials that have been
successfully used in an impressive array of applications. However, the emergent properties of

these materials have sometimes limited the potential applications to which they can be applied.”®
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It has been found that coassembly of multiple peptidic components can result in
supramolecular materials that overcome these limitations in specific instances and enable a

broader range of applications for the multicomponent material compared to the self-assembled

79-87

materials derived from either component. Coassembly in these multicomponent

supramolecular materials can take several forms. One common form of coassembled peptide

material involves the coassembly of a self-assembling peptide with a modified form of the same

56,79,80,88-92
£20.79:80;

assembly moti For example, peptides that self-assemble into one-dimensional fibrils

have been synthetically modified with biological signal peptides. The modified and unmodified
peptide can then be coassembled in varying ratios to provide fibrils that affect multivalent
display of the signal peptide at a density that is statistically controlled by the ratio of modified to
unmodified peptide. Coassembled systems in which a single self-assembled peptide structure

acts as a template for the assembly of a second peptide at the surface of the initial assembly have

93-98
d.

also been develope In most cases, the multicomponent coassembled systems have

enhanced functionality relative to the parent self-assembled structures.

While the same noncovalent interactions govern the formation of single component self-

99-102

assembled peptide nanostructures and multicomponent coassembled nanostructures, the

kinetic and thermodynamic parameters that influence these processes are of special interest in the

102,103

controlled coassembly of multicomponent materials. Environmental factors such as

104,105 104-106 107-109
pH,

temperature, salt effects, and solvent interactions''*'!* have been shown to
influence the kinetics and thermodynamics peptide self-assembly in ways that dictate the
ultimate supramolecular materials that are formed. When considering coassembly of multiple
peptides, the kinetics and thermodynamics of both self-assembly and coassembly of the various

components must be accounted for in order to selectively form the desired multicomponent
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materials. While dissecting these elements of self- and coassembly pathways is complex, the
manipulation of kinetics and thermodynamics can lead to greater hierarchical control over the

formation of complex, synthetic biomaterials.

This review will present a discursive overview of efforts to develop multicomponent peptide
coassembled materials. It will include peptides of varying secondary and tertiary structures,
including f-sheet fibrils, collagen triple helices, a-helical coiled coils, and unstructured peptides.
Systems in which the components coassemble in either a statistical manner or in a controlled
manner with precise spatial arrangements between the various components will both be
examined. The rationale, design, analysis, and application of the various multicomponent
coassemblies will be discussed. It is our objective to illustrate the great potential of
multicomponent peptide assemblies as sophisticated next-generation materials that are truly

greater than the sum of their parts.

Section 2. f-Sheet Peptides

[-Sheet peptides have a high propensity to self-assemble in aqueous solutions and have thus
been the focus of intense study as supramolecular materials.””''*''"® Amyloid aggregates are an
example of f-sheet assemblies that have been of special interest due to their relevance to protein

- : 2,119,120
folding disorders.” "™

These materials have inspired the development of engineered [S-sheet
aggregates, which tend to be one-dimensional fibrils or nanoribbons that lack functional

cytotoxicity and exhibit useful emergent properties that notably include the formation of

entangled hydrogel networks.”**®!'” The abundant research conducted on self-assembled S-sheet
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materials has made them an early target for the development of coassembled multicomponent

materials. These materials will be discussed in this section.

2.1 Amyloid

Amyloid proteins are of great interest based on their role in protein misfolding diseases
including Alzheimer’s disease (amyloid-£ (Af) and tau), Huntington’s disease (huntingtin),
Parkinson’s disease (a-synuclein), type II diabetes (islet amyloid polypeptide (hIAPP)), and

2,16,121-123
others.”™

Each of these disorders is characterized by the presence of f-sheet-rich
aggregates of the relevant proteins. These so-called amyloid aggregates are one-dimensional
fibrils with similar peptide packing architecture that consists of f-sheet structures in which the
amide bonds are oriented parallel to the fibril axis, forming an intermolecular hydrogen bond
network between the constituent peptides, with the side chain groups oriented perpendicular to
the fibril axis.'**'*> This fundamental “cross-/2" packing architecture is preserved among all
amyloid aggregates, regardless of sequence similarity. It has also been observed that the
formation of non-fibril oligomeric aggregates precedes the appearance of oligomers in most

amyloid self-assembly processes; these oligomer species have been hypothesized to be the main

toxic congeners in many amyloid disorders.

The Alzheimer’s disease amyloid-£ peptide (Af) has been the focus of particularly intense
study due to the hypothesis that formation of Af aggregates is potentially causative to the
disorder. Characterization of the mechanism(s) of Af self-assembly and the structure of the self-

assembled materials has been carried out to gain insight into the relationships between aggregate

structure and functional cytotoxicity at the molecular level.'*"'**** Figure 1 shows two
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structures of A fibrils, illustrating that the parallel, cross-f packing arrangement can adopt
different forms depending on the conditions under which the fibrils are formed."**"*® Af has
been the focus of coassembly studies with the primary goal of moderating the formation of toxic

aggregates.”” ! There is a vast body of literature devoted to the development of peptide'** '

and small molecule agents'*>™'¢’

that perturb amyloid aggregation. While many of these studies
are technically examples of coassembly, they fall outside the scope of research that will be
discussed herein. The coassembly studies discussed herein will instead illustrate examples of
peptides, including fragments of Af, that form unique coassembled structures with the full-

length peptide. These coassembled structures are either structurally or functionally distinct from

self-assembled A/ fibrils.
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Figure 1. Two structural models of Af40 and Ap42 that illustrate the packing structure of Af in the
context of protofilaments that are the fundamental constituents of Af fibrils. Top (A) and side (B) view
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models of the cross-f amyloid architecture of AB40 fibrils indicating C,. symmetry."” PDB coordinates
were kindly provided by Dr. Robert Tycko. (C) An alternative structural model of Ap42 fibrils
determined by cryo-EM analysis showing an in-register, cross-f architecture with additional turn
motifs."**

Barth and coworkers examined the functional consequences of coassembly of Af40 with
ApA42, two common isoforms of the Af peptide.'® Ap42 is found in higher proportions in
individuals with Alzheimer’s dementia, although both peptides are typically produced and both
are able to assemble into aggregate structures that exhibit neurotoxicity,'®® although little was
known about the extent of formation of mixed Af40 and Af42 multicomponent aggregates.
Barth ef al. interrogated coassembly of these peptides using a site-selective *C-carbonyl labeling
strategy that enabled isotope edited infrared (IR) spectroscopy to monitor aggregation.168 They
observed that mixtures of these peptides formed pre-fibril oligomer aggregates that were
morphologically distinct from those formed by self-assembly of either peptide alone. The
coassembled oligomers were composed of f-sheet aggregates in which Af40 and Ap42 were
interspersed in a nearly random fashion. These coassembly studies strengthened the idea that

heterogeneous oligomer formation could be relevant in the onset of Alzheimer’s disease.

Several groups have also investigated the coassembly of short A/ fragment peptides with full
length Af as a strategy to disrupt natural amyloid self-assembly and mitigate the toxicity of the
resulting aggregates.”*”'**!1"%!"! For example, Bitan and coworkers found that two peptides
dubbed “C-terminal fragments” (CTFs) derived from the C-terminus of Af42 (AS(31-42) and
Af(39-42)) had a neuroprotective effect toward mouse hippocampal neurons in vitro when these

peptides were mixed in varying ratios with full length Af42."*° Coassembly of the CTFs with
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AfA42 had a neuroprotective effect due to the formation of multicomponent hetero-oligomeric

structures that lacked the functional cytotoxicity exhibited by self-assembled A 42 aggregates.

The coassembly of distinct amyloidogenic peptides has also provided insight into the
inherent heterogenic nature of natural amyloid systems.'’>"'” The precise molecular mechanism
of formation of heterogeneous amyloid peptides and their effect on the progression of
amyloidogenic diseases is not well understood. Ashcroft and Radford ef al. investigated the
coassembly of hIAPP with Af40 to this end. Formation of prefibril hetero-oligomeric species
was observed in 1:1 mixtures of the two peptides.'”> Amyloid self-assembly is a nucleation
dependent process and fibril formation is typically preceded by a concentration-dependent lag
phase.'”®'”7 Under the conditions used in this study the lag phases for A£40 and hIAPP fibril
self-assembly were 9 h and 2 h respectively. A single transition was observed for fibril formation
in a 1:1 mixture of the two peptides with a lag phase of 3.5 h and the resulting fibrils contained
both Ap40 and hIAPP. A single type of morphologically distinct fibril was generated in the
coassembled mixture, although the details of the extent of hIAPP and Af40 mixing in these
fibrils were not determined. These studies provide insight into the role that cross-seeding by

disparate amyloid systems can have on the development of amyloid disorders.

The coassembly of amyloid peptides with fluorophore-labeled sequences has been used to
visualize the nucleation and elongation processes of amyloid assembly.”® Lynn and coworkers
accomplished this objective using Af(16-22), a strongly amyloidogenic fragment from the
central hydrophobic region of Af. Ap(16-22) (Ac-KLVFFAE-NH,) was mixed with a
rhodamine-labeled variant, Rh-Af(17-22), in which the lysine residue was replaced with a

rhodamine fluorophore (Figure 2A). The peptides were mixed at a 250:1 molar ratio of AS(16-
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22). Rh-Ap(17-22). Rh-Ap(17-22) was readily incorporated into the Af(16-22) fibril
assemblies. These fluorescent coassembled structures enabled the use of optical microscopy to
directly observe the nucleation and elongation processes. Nucleation occurred by initial
hydrophobic collapse of the peptides into an intermolecular molten globule from which fibril
structures extended over time. These fibril extensions were elongated by addition of monomeric
peptide to the fibril ends at an observed growth rate of 0.15 pm min™. The new growth observed
at the ends of preformed mature assemblies was consistent with previous findings and the widely
accepted amyloid-seeded model for fibril assembly. This example of the coassembly of a peptide
with a fluorophore-modified derivative of the same sequence provides a significant illustration of
the power of multicomponent assembly to afford insight into the mechanisms of amyloid

aggregation.

Figure 2. (A) Chemical structure of Rh-Af(17-22). (B) Time lapse fluorescent images of nucleation and
growth of Af(16-22):Rh-Af(17-22) (0.6 mM:4 uM) over 70 minutes from micelle-like oligomers into
one dimensional fibrils. Nanotubes began to form 40 minutes after the peptides were dissolved and
disseminated from the center of the initial micellar aggregates. Figure adapted with permission from Y.
Liang, D. G. Lynn and K. M. Berland, J. Am. Chem. Soc., 2010, 132, 6306-6308.”° © 2010 American
Chemical Society.

10
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Nowick and coworkers have utilized macrocylic f-hairpin peptides to examine coassembled
interactions between fragments of A/ that give insight into how these segments may interact in

74175 Nowick’s macrocyclic S-hairpin peptides are composed of

the context of Af assemblies.
short hairpin peptides with an unnatural Hao template and d-linked ornithine turn mimics that
close the macrocycle (Figure 3). These hairpin mimetics are designed to minimize extended S-
sheet formation by blocking hydrogen bonding to the external face of the template strand while
reinforcing hairpin structure by enabling hydrogen bonding within the macrocycle. Hydrogen
bonding is also possible on the exterior face of the templated S-strand peptide. Nowick et al.
sought to understand possible inter- and intramolecular interactions that may occur during AS
fibril and oligomer aggregation processes. To this end, they prepared two synthetic macrocyclic
S-hairpin peptides that incorporate fragments of AS,'” peptide A (residues 17-23, LVFFAED)
and peptide B (residues 30-36, AIIGLMV) (Figure 3A).""*'” In previous work, they observed
that each of these peptide macrocycles assembled into stable homotetramers.'”* They
subsequently found that mixtures of peptides A and B coassembled into an assortment of
multicomponent structures that included each macrocycle in 3:1, 2:2, and 1:3 stoichiometries.
The 2:2 heterotetramer was the dominant species observed.'”” NMR analysis revealed that the
structure was an A,;B, tetramer composed of hydrogen-bonded homodimers that laminate face-
to-face with the opposite homodimer (Figure 3B). This work suggests that the central and C-
terminal regions of A can self-segregate within S-sheet hydrogen bond networks and also that
these regions of the hydrogen-bonded f-sheets can further assemble, giving insight into Af

oligomerization and fibrillization in the biological context.'?""'7*!7?

11
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Figure 3. (A) Chemical structure of Nowick’s macrocyclic f-hairpin oligomer mimetics. (B) Energy
minimized model of the A;B, heterotetramer coassembled structure confirmed by NMR experiments.
Figure adapted with permission from N. L. Truex and J. S. Nowick, J. Am. Chem. Soc., 2016, 138,
13891-13900."° © 2016 American Chemical Society.

2.2 Amphipathic S-Sheet Peptides

[-Sheet peptides are among the most widely used self-assembling peptide motifs in

synthetic biomaterials.?>=¢27-180-181

Zhang et al. pioneered the design of self-assembling
amphipathic, ionic complementary peptides with alternating hydrophobic and hydrophilic
residues upon discovering the facile self-assembly and hydrogel formation of the EAK16

peptide, which was initially identified in the yeast Zuotin protein (Figure 4)."%'® It was found

that dissolution of EAK16 in water resulted in emergent hydrogelation and that modification of

12
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charge distribution in the sequence resulted in formation of different nanostructures ranging from
globular assemblies to long one-dimensional fibrils assemblies using EAK16 varients.'
Systematic replacement of amino acids in this sequence led to the development of other
amphipathic self-assembling peptides that readily self-assemble into fibrils that entangle to form
hydrogel networks, including KFE8'*>'*® and RADA16,"""'® Schneider’s MAX hairpin

peptides,'® ! Collier’s Q11 peptide,'”*'”* and others (Figure 4).**"**'%® These self-assembling

amphipathic f-sheet systems have been widely exploited as functional biomaterials for

applications ranging from wound-healing to tissue regeneration,*¢->¢:4248.63.116.199.200

- + + + - oS -
NH, NH, NH, NH,
HO HO. HO
H o H ) H 9 H 9 H o H g H o H 9
T”Ju N A AN A A AN TN%” ANt

EAK16-I| KFE8

NH,

HZNKNH . HNINHQ . HoN

RADA16 QN

HN;BWJ??Y /@Q{Z HHUN{UU\{V&W

j)i N

Figure 4. Chemical structures of amphipathic S-sheet peptides: EAK16, KFE8, RADA16, Q11, and
MAXI1. Alternating charge distribution patterns are shown over the top of alternating
hydrophobic/hydrophilic EAK16 and KFES peptides.

MAX1
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Amphipathic peptides with alternating hydrophobic and hydrophilic residues are a privileged
class of peptide that rapidly self-assemble in aqueous solution.®'''*” As illustrated in Figure 5
for the Ac-(FKFE),-NH, peptide, these peptides form extended [-sheets that segregate the
hydrophobic side chains and hydrophilic side chains on opposite faces of the sheet, enabling
lamination of two sheets into a bilayer architecture that protects hydrophobic functionality from
the aqueous environment, leaving the hydrophilic groups exposed to water.'®!#31% Thjs
architecture accounts for the emergent properties of this class of self-assembling peptide that

make them appropriate for applications as functional biomaterials.

0
x
<
5
('S
Ac-(FKFE),-NH, B-strand B-sheet self-assembly

i E i i Fibril Axis

Hydrophobic bilayer Supramolecular fibrils

Figure 5. (A) Model of the Ac-(FKFE),-NH, peptide in an extended f-strand orientation. (B) S-strands
align in an antiparallel, out-of-register conformation to form S-sheets. (C) f-sheets elongate and undergo
hydrophobic collapse and bilayer formation between two sheets in aqueous solution. These bilayers
segregate the hydrophobic side chains to the bilayer interior and display the hydrophilic side chains on the
outer, solvent-exposed surface. (D) Peptide bilayers extend and grow into micrometer long fibers.

Amphipathic peptides with alternating hydrophobic/hydrophilic sequence patterns have been
routinely used in multicomponent, coassembled formulations in order to improve compatibility

79,80

with biological systems. Early examples of multicomponent coassembled materials were

developed by the statistical mixture of a self-assembling f-sheet peptide with a functionalized

14
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variant of the assembly motif in which a short peptide or biological molecule was appended to
the terminus. Coassembly of the self-assembling peptide with the functionalized peptide in
various ratios results in coassembly of the two sequences into fibrils in which the functional
sequence is displayed in a multivalent array at the surface of the fibril where it is available for

interaction with biological targets_201—205

This concept has been illustrated by mixing EAK16-II with functionalized EAK16-II variants
to provide multicomponent fibrils for several biological applications.””' * The variant peptides
were functionalized with sequences that interact with cell surface receptors to provide enhanced
biocompatibility. For example, EAK16-II was coassembled with a C-terminal hexahistidinylated
analogue, EAKIIH6, giving a multicomponent fibril biomaterial in which the hexahistidine (He)

201203 1 pinds to both Ni and to anti-Hg antibodies,

motif is displayed at the fibril surface.
providing a tag for the further functionalization of the Hg-bearing fibrils. In initial studies, Hg
was verified to be presented on the multicomponent fibrils by showing that a horse radish
peroxidase-Ni complex (HRP-Ni) binds selectively to fibrils that have exposed He.” It was then
shown that the He¢ tag on the multicomponent fibrils could be used to recruit additional proteins
for display. Specifically, anti-H¢ antibody was incubated with the fibrils, followed by
recombinant A/G protein (rpAG), which has multiple sites for binding broadly to all human IgG
subclasses. After incubation with rpAG, fluorophore (FITC) labeled IgG was added and it was
confirmed by fluorescence imaging that this antibody was confined to the fibril surface. Using
this same strategy, anti-CD4 antibodies were also bound to the fibrils and these functionalized

fibrils were shown to recruit lymphocytes, both in vitro and in vivo. These antibody-bearing

fibrils were shown to remain biologically active for days.203

15
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Multicomponent EAK16-I/EAKIIH6 fibrils were then applied as a mini-thymus complex
hydrogel for the anchoring and 3D aggregation of thymic epithelial cells (TECs).”** The
coassembled hydrogels were found to successfully anchor and elicit healthy development of
Epcam-expressing TECs through the binding of cells via an adaptor molecule which included
anti-His IgG antibodies for binding to the hydrogel matrix displaying He as well as rpAG and
anti-Epcam IgG antibodies for providing a fibril display that enabled the binding of TECs to the
hydrogel matrix. When coassembled hydrogels were implanted into athymic mice, they
supported development of functional T-cells in vivo. These studies provide an innovative
strategy for the multivalent display of functional proteins on multicomponent fibrils for

biomedical applications.

The functionalization of RADA16-based hydrogel fibrils by coassembly with modified
RADA16 peptides has also been extensively employed to optimize these biomaterials for a range

of biological applications.®#207213

Figure 6 depicts various functionalized RADA16 peptides
and their coassembly into a supramolecular fibril structures where the resulting multicomponent
RADA pS-sheets display the functional motifs along the fibril in a ratio proportional to the
amounts of the various monomers, functionalized and unfunctionalized, used in the coassembly
mixture. The functional biological recognition motifs include the integrin-binding RGDS peptide
and others derived from various types of collagenf“"215 laminin,216 ﬁbrin,217 ﬁbronectin,218 and

bone marrow homing peptides.?'***

These coassembled hydrogels have exploited for the
attachment and healthy development of cells in vitro and in vivo by selectively targeting cell

surface receptors that promote cell adhesion, proliferation, and other critical processes.

16
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RADA16-1: Ac-(RADA):-CONH: RADA16-I
Aadadada —
PRG: Ac-(RADA)s«GPRGDSGYRGDS-CONH: = PBS or
P.p.2. 2. L 9, RAD: RPG = 1:1 =~ Culture Medium LN "
SIG R s gy RAD: KLT = 1:1 or change pH e
KLT: Ac-(RADA)GKLTWQELYQLKYKGI-CONH: ——— e
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Self-assembling motif Functional motif

NS
SEM Morphology
Functional motif

Figure 6. Coassembly scheme for mixtures of functionalized and unfunctionalized RADA peptides into
fibrils that comprise supramolecular self-supporting hydrogel networks. The PRGDSGYRGDS motif has
two integrin-binding RGD sequences and the KLTWQELYQLKYKGI motif acts as a VEGF agonist for
inducing cell proliferation. Coassembly of these functionalized RADA sequences with unmodified
RADA peptides in various ratios leads to supramolecular S-sheet fibrils with multivalent display of both
integrin- and VEGF-binding motifs along the fibril surfaces. The right hand side of the figure shows a gel
image (top) and a scanning eclectron micrograph (bottom) of the fibrous gel network of coassembled
fibrils. Figure adapted from ref 211 (X. Liu, X. Wang, A. Horii, X. Wang, L. Qiao, S. Zhang and F.-Z.
Cui, Nanoscale, 2012, 4, 2720-2727)*"" with permission from the Royal Society of Chemistry.

Collier and coworkers have developed multicomponent coassembled materials using the /-
sheet self-assembling Q11 peptide (Ac-QQKFQFQFEQQ-NH,) (Figure 4). As with other
amphipathic self-assembling peptides, Q11 readily coassembles with modified functionalized
QI1 analogs to provide supramolecular fibrils that display the appended functionality. The
motivation for much of this work was to create extracellular matrix mimetic materials.”*"-!*>**!
Similarly to RADA functionalized hydrogels, the Q11 peptide motif has been functionalized
with various cell signaling motifs including fibronectin derived RGDS and laminin derived
IKVAYV sequences. By mixing these two functionalized components into a single supramolecular
hydrogel, significant advantages in human umbilical vein endothelial cell culture were
demonstrated with increased binding and cell growth and proliferation with little to no effect on
the gel viscoelasticity of the resulting gel.'”” This highlights a significant advantage to using

multicomponent systems for the multivalent display of more than one functionalized motif to

allow for synergistic effects to improve biological function of the materials developed.

17
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Collier and coworkers also pioneered the use of multicomponent Q11 assemblies to develop
self-adjuvanting vaccine materials that elicit innate immune responses in vivo.”>”%'%2223 Q11
was coassembled with a Q11 peptide coupled to the antigenic OV Asp,.339 peptide sequence via
an SGSG spacer (ISQAVHAAHAEINEAGR-SGSG-Q11). Coassembly of these peptides with
Q11 into a single multicomponent fibril was investigated for elicitation of immune responses in
vivo. Mice were subcutaneously injected with hydrogels of these fibrils and immunoglobulin
concentrations were measured in collected serum. Interestingly, Q11 hydrogels alone did not
raise any detectable IgG and was determined to be non-immunogenic but OVA-Q11 elicited high
IgG titers without additional adjuvants.’® Further studies were conducted to investigate the
mechanisms of T cell-dependent immune response against the multicomponent fibrils.'”® When
multicomponent OVA-bearing Q11 fibrils were injected into mice, a strong immune response
was elicited as evidenced by the appearance of antibodies against OVA. No immune response
was seen from self-assembled Q11 fibrils or multicomponent Q11 fibrils bearing the RGD
peptide sequence instead of OVA. OVA appended to non-assembling peptides did not raise any
significant antibody response in vivo. Additional multicomponent Q11 fibrils with alternative
epitopes were developed to test the generality of these materials as self-adjuvanting vaccines.
Q11 was coassembled with Q11 modified with the malaria (NANP); peptide epitope to create

materials that raise antibody responses to malaria.’”* As with the OVA-bearing materials, the

(NANP); fibrils were found to raise anti-malaria antibodies with the addition of adjuvant.

Coassembly of functionalized and unfunctionalized f-sheet peptides into multicomponent
fibrils has also been exploited for the alteration and control of assembly morphology****® and to
tailor the emergent properties of the supramolecular coassemblies.*>**” Nilsson and coworkers

have designed multicomponent fibrils of Ac-(FKFE),-NH, and peptide nucleic acid (PNA)

18
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modified variants (PNA-(FKFE),-NH;) to form fibrils that display the PNA nucleotide
mimetics.*> At concentrations at which these fibrils entangle to form hydrogels, the hydrogels
can be stiffened in the presence of bridging oligonucleotides that are complementary to the PNA
fragments (Figure 7). This stiffening of the hydrogel is caused by DNA-mediated cross-linking
of the fibril network, which results in stabilization of the network. This stimulus-responsive
modification of the emergent properties of a supramolecular hydrogel via biomolecular
recognition is a demonstration of the enhanced functionality of multicomponent coassembled

materials.

Bridging
Biomolecule

—

Weak Hydrogel Network
Cross-linked and Rigidified Network

B
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Y

o
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H
AN/\/ N\)kN/\/O\/\o/\Q/N— (FKFE),-NH,
H H

PNA-PEG-(FKFE),

NH, o]
N;) \kaH
O)\N N/go
e .

Cytosine Thymine
o) NH,

HN N N

SN P
HN" SN TN NZ N

A A
Guanine Adenine

Nucleobases

Figure 7. (A) Pictorial representation of hydrogel viscoelastic modulation by biomolecular recognition
between PNA functionalized f-sheet peptide fibrils and a bridging complementary DNA sequences. (B)
Chemical structure of N-terminal PNA modified (FKFE), and the structures of PNA nucleobases that
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make up the PNA sequences displayed on the supramolecular fibrils. Both N-terminal and C-terminal
PNA modified peptides were mixed in solution and bridging of the supramolecular fibrils occurred after
addition of a bridging DNA molecule that was partially complementary to the PNA sequences on both
fibrils. Figure adapted with permission from J. T. M. DiMaio, T. M. Doran, D. M. Ryan, D. M. Raymond
and B. L. Nilsson, Biomacromolecules, 2017, 18, 3591-3599.% © 2017 American Chemical Society.

Statistical coassembly of modified and unmodified self-assembling peptide sequences has
also been used to form functionalized multicomponent fibrils that display small molecule
biological recognition motifs. The ALEAKLAALEAKLA-NH; peptide was coassembled with
biotin-GG-ALEAKLAALEAKLA-NH, and the resulting multicomponent fibrils were confirmed
to display biotin by interaction with streptavidin-conjugated gold nanoparticles as evidenced by
transmission electron microscopy (TEM).””> Another example by Nilsson et al. focused
producing peptide fibrils capable of abrogating HIV transmission through multivalent display of
aplaviroc, an HIV entry inhibitor that binds to CCRS5 (a critical protein receptor that interacts
with HIV surface proteins to mediate viral fusion).””® The (FKFE),-NH, f-sheet self-assembling
peptide was synthesized with aplaviroc attached to the N-terminus via a PEG linker. The
coassembly of aplaviroc bearing peptides in varying ratios with non-functionalized Ac-(FKFE),-
NH,; resulted in fibrils that presented a multivalent display of aplaviroc that targeted these fibrils
to CCRS targets on BC7 cells. While binding of cells by aplaviroc-PEG;-(FKFE),-NH, fibrils
was observed, the multivalent display did not lead to increased binding compared to aplaviroc
alone, presumably due to burial of the hydrophobic aplaviroc molecule in the hydrophobic
bilayer of the peptide fibrils. However, this work constitutes proof of principle that
multicomponent coassembled fibrils bearing pharmacologic agents that target cell surface

receptors have potential for the manipulation of biological systems.

The multivalent display of biological signal molecules on fibril scaffolds is often necessary

to tune these materials to elicit specific cellular responses. To this end, there have many
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examples of f-sheet coassembled systems focused on the display of biologically relevant
proteins.”’**?**2 The multivalent display of short peptides or small molecules on S-sheet fibrils
can be realized trivially by coassembly of the unmodified assembly motif with a functionalized
form of the assembly motif. Coassembly of the various components occurs readily when the
appended functional group is sterically small, as is seen with small molecules or short peptides.
However, when sterically large groups, including functional proteins, are appended to short self-
assembling peptides, the steric bulk of the cargo often impedes incorporation of the attached
assembly motif into the coassembled fibril. This was demonstrated by Collier et al. when they
found that Q11 conjugated to green fluorescent protein (GFP) (GFP-Q11) was poorly
incorporated into fibrils when mixed with Q11.°* To solve this problem, Collier et al. developed
a “f-tail” technique as one solution to integrating large full-length proteins into supramolecular
fibril assemblies. GFP as a model protein was expressed with a 28-residue f-tail peptide
sequence (MALKVELEKLKSELVVLHSELHKLKSEL) that was previously shown to undergo

31 This B-tail sequence was

a slow transition from random coil into f-sheet secondary structures.
also shown to coassemble with the Q11 peptide. When f-tail-GFP was mixed with QI11, the
resulting fibrils showed greater than 80% incorporation of GFP into the multicomponent fibrils,
whereas Q11-GFP was incorporated at a much lower ratio (approximately 50%) Figure 8A and
8B). The successful coassembly of f-tail-GFP with Q11 occurs due to the slow-transitioning S-
sheet propensity of fusion tail incorporation into the supramolecular fibrils. Choice of fusion

protein seems to effect integration of protein-functionalization as solutions with nonfolding S-tail

mutant-GFP or lacking Q11 at all show no sedimentation of fluorescently labeled supramolecular

fibrils.
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Figure 8. (A) f-tail GFP fusion peptide incorporation into supramolecular fibrils. GFP is expressed with
a f-tail fusion peptide (MALKVELEKLKSELVVLHSELHKLKSEL, red), which undergoes a slow -
helix to f-sheet transition. This S-tail GFP was mixed in varying ratios with unfunctionalized Q11 (green)
in order to produce functionalized Q11 supramolecular fibrils displaying fully folded GFP. (B)
Fluorescent images of a stock solution of S-tail-GFP peptide and the same solution either with or without
the Q11 S-sheet peptide (in a ratio of 1000:1 Q11:5-tail-GFP) followed by centrifugation. Partitioning of
the GFP protein into the fibril from solution was only seen in the presence of Q11. (C) Pictorial
representation of the noncovalent attachment of split GFP to fibrils that bear the complementary split GFP
peptide strand. (D) Fluorescent visualization of negative and positive controls (1 and 2 respectively)
compared to increasing percent mole ratio of GFP displayed on Ac-(FKFE),-NH, fibrils (3, 4, and 5).
Panels A and B adapted with permission from G. A. Hudalla, T. Sun, J. Z. Gasiorowski, H. Han, Y. F.
Tian, A. S. Chong and J. H. Collier, Nat. Mater., 2014, 13, 829-836.” © 2014 American Chemical
Society. Panels C and D adapted from ref 91 (J. T. M. DiMaio, D. M. Raymond and B. L. Nilsson, Org.
Biomol. Chem., 2017, 15, 5279-5283.)’" with permission from Royal Society of Chemistry.

Nilsson et al. have reported another method for the multivalent display of functional proteins
onto supramolecular f-sheet fibrils via a split protein strategy.91 This strategy relies on the
coassembly of Ac-(FKFE),-NH; with (FKFE),-NH, peptides modified with a short affinity motif
derived from a split protein system (Figure 8C). These affinity motifs are sufficiently short that
they do not impair incorporation of the attached assembly motif into the multicomponent fibrils.

These affinity motifs can be used for noncovalent attachment of the complementary split protein
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segment after the fibrils have been assembled to affect multivalent display of the recombined
functional proteins. This was demonstrated with two split protein systems, ribonuclease S’
(RNase S') and split green fluorescent protein (GFP). Ac-(FKFE),-NH, was coassembled with
(FKFE), modified with either the S-peptide from RNase S’ or with the GFP 11 fragment (the 11"
strand of the GFP fS-barrel protein). These multicomponent fibrils were then mixed with either
the RNase S’ S-protein or GFP 1-10 (strands 1-10 of GFP) respectively. In both cases, fibrils
with functional protein displayed at the surface resulted. Solutions of the reconstituted GFP
fibrils are shown in Figure 8D. This strategy enables multivalent display of proteins on
multicomponent fibrils by circumventing the steric bulk of the proteins with short affinity tags

that attract the proteins after the fibrils have been assembled.

Collier et al. have also developed a covalent capture strategy for the multivalent display of
proteins on multicomponent fibrils. Specifically, Q11 peptide fibrils bearing p-nitrophenyl
phosphonate groups that provide an electrophilic handle for the covalent attachment of functional
proteins to multicomponent Q11/Q11-p-nitrophenyl phosphonate.”® Nucleophilic groups on
proteins can displace the p-nitrophenyl group displayed on these fibrils to promote covalent
attachment of the folded proteins to the fibrils. Proof of principle was demonstrated with
cutinase-fusion proteins. Incubation of cutinase-GFP fusions with these fibrils resulted in
efficient attachment of GFP to the fibrils as evidenced by fluorescence and immunostaining.
Incubation of cutinase-GFP with QI1 fibrils that lack the electrophilic p-nitrophenyl
phosphonate groups resulted in no effective attachment of protein to the fibrils. The display of
fully folded protein antigens is important for vaccine development. Q11 nanofibers displaying
cutinase-GFP antigens were shown to act as self-adjuvanting vaccines in mice eliciting robust

and durable anti-GFP antibody responses. In contrast, injection of cutinase-GFP fusions with
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unmodified Q11 fibers resulted in antibodies primarily against cutinase. In principle this strategy
can be used to create vaccines for any protein that can be effectively folded in a cutinase fusion,

providing a general strategy for protein display on multicomponent f-sheet fibrils.

2.3. Spatial Control of Biological Signal Motifs in Multicomponent Peptide Materials

While the statistical methods of coassembling peptides discussed in this section provide some
minor control over the overall architecture of the coassembled structures, precise spatial control
over the display of multivalent biological signal motifs in synthetic peptide supramolecular
biomaterials is necessary in some cases. Stevens ef al. have developed one strategy for spatial
control over the presentation of ligands on multicomponent supramolecular peptide materials.
They synthetically attached fibronectin derived peptides, RGDS and PHSRN, to variably spaced
side chains on a S-sheet peptide scaffold.”* Supramolecular fibrils were prepared by coassembly
of the unmodified assembly motif with a functionalized variant in which the ligands were
arranged in near (0.7 nm), optimal (3.5 nm), or far (6.2 nm) spacings as determined for ideal
os ) integrin activation (Figure 9A, 9B). HUVEC cells were shown to bind and spread at a
higher rate over 24 hours and had increased os integrin gene expression as determined by PCR
analysis when cultured on the hydrogels which incorporated the correct spacing of integrin
binding domains as compared to the near or far spacing of ligands. Immunostaining was used to
visualize the amount of asf; integrin in HUVEC cells cultured in hydrogels with the three
differently spaced ligands and the hydrogel with the correct ligand spacing was found to bind

cells more effectively than the alternate spacings (Figure 9C). This provides a clear
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demonstration of the importance of spatial control in the display of biological ligands in the

context of multicomponent supramolecular materials.

5~ PHSRN

Near ' Correct Far

24 hr

Figure 9. Model of supramolecular fibrils with fibronectin derived ligands. (B) Backbone spacing of
ligands with “near”, “correct”, or “far” arrangements for optimal integrin binding on self-assembling
amphipathic S-sheet peptide networks. (C) Immunocytochemistry staining over 24 hours of HUVEC cells
cultured with hydrogels displaying differently spaced RGDS and PHSRN ligands. Green color indicates
the stained asf; integrin. Figure adapted with permission from E. T. Pashuck, B. J. R. Duchet, C. S.
Hansel, S. A. Maynard, L. W. Chow and M. M. Stevens, 4CS Nano, 2016, 10, 11096-11104.* © 2016

American Chemical Society.

2.4 Spatially Controlled Coassembly of fSheet Peptides Using Charge

The multicomponent materials described in the previous sections rely on statistical
coassembly of peptides to display functional groups on the supramolecular fibrils. This strategy
provides supramolecular materials in which the spatial orientation of the components within the
assemblies is statistically controlled only as a function of the relative concentrations of the

components, resulting in the polydisperse arrangement of functionality on the resulting materials.
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While statistical mixtures of functionalized and unfunctionalized peptides are useful for
heterogeneous assembled biomaterials, there is little control over the spatial presentation of
ligands. An ultimate goal in the preparation of multicomponent, highly functionalized, synthetic
biomaterials is the ability to spatially control or direct the mixture of the components that
compromise the assembly. Electrostatic or polarity pairing has been exploited as a prominent
strategy in efforts to affect more precise spatial control of the components within coassembled S-
sheet peptide materials.”>>**° Mixing oppositely charged short peptides has been shown to be an
effective director of coassembly and a method to control the spatial orientation of peptides in the
assembled state, the morphology of the assemblies, and even the emergent properties of the

resulting coassembled structures.>****>2%

Lynn and coworkers have developed coassembled f-sheet peptide nanotubes in which
coassembly is directed between complementary ionic interactions between the constituent
peptides.”® Fragments of A5(16-22), the positively charged Ac-KLVFFAL-NH, peptide and the
negatively charged Ac-(pY)LVFFAL-NH, peptide (where pY is a negatively charged
phosphotyrosine residue) coassemble into robust bilayer nanotubes with thicknesses mimicking
natural phospholipid membranes. It was discovered that equimolar mixtures of these peptides
generates a nanotube with a negative outer surface and a positive inner surface, composed of an
inner leaflet that consists of antiparallel f-sheets of the positive peptide and the outer leaflet
composed of antiparallel sheets of the negative peptide. The interface of the two leaflets is
stabilized by attractive ionic interactions between the positive and negative sheets. Cross seeding
experiments were conducted in which the individual peptides were self-assembled into one-
component nanotubes. These tubes were sonicated and it was shown that the fragmented tubes

could seed tube extension of the opposite polarity peptide. In these cross seeding experiments,
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the resulting nanotubes were composed of discrete negative and positive domains. These
coassembled materials provide versatile possibilities for the development of biomaterials in

which charge direction is desired.

Hudalla and coworkers have also used charge complementarity to design coassembled /-
sheet fibrils.”** The Hudalla strategy uses “CATCH” peptides (Co-Assembly Tags based on
CHarge complementarity) to induce coassembly and hydrogelation of CATCH(+) and CATCH(-
) Q11 based peptides with oppositely charged hydrophilic residues that selectively coassemble
with the charge complement sequence in aqueous solution. CATCH(+) (Ac-QQKFKFKFKQQ-
NH;) and CATCH(-) (Ac-EQEFEFEFEQE-NH;) peptides were designed resist self-assembly
due to charge repulsion at neutral pH, but to coassemble when mixed. Recombinant CATCH(-)-
GFP was also generated to test the limits of coassembling a fully folded protein into the
supramolecular structures produced from this coassembling f-sheet peptide system. Coassembly
CATCH(+)QI11, CATCH(-), and recombinant CATCH(-)Q11-GFP resulted in one dimensional
nanofibers that effectively displayed GFP. Interestingly, binary mixtures of CATCH(-)-GFP and
CATCH(+) resulted in microparticle formation instead of nanofibers, and the presence of the
peptide-GFP fusion protein altered the assembly kinetics for all components by lowering the
critical coassembly concentration relative to the parent CATCH peptides individually. Charge-
directed coassembly thus has interesting potential not only for directing the spatial arrangement
of peptide within binary assemblies, but also in the design of more complicated ternary or even

high order supramolecular structures.

2.5 Rippled S-Sheets as Spatially Controlled Coassembled Materials
In 1953, shortly after the initial description of pleated S-sheet structure, Pauling and Corey

predicted that enantiomeric L- and D-f-sheet peptides would selectively coassemble into unique
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[-sheet arrangements (Figure 10).*' These coassembled f-sheets were envisaged to adopt an
alternating orientation of L- and D-peptides within the sheet structure. They coined the term
“rippled f-sheet” to describe the appearance of these anticipated structures. This prediction
suggests the possibility of exploiting chirality to direct the coassembly of S-sheet peptides into
rippled f-sheet structures as another strategy to produce spatial control in coassembled

multicomponent peptide materials.

Rippled B-sheets

Figure 10. Pauling and Corey’s predicted model (side and top view) of a parallel-chain alignment of
enantiomeric f-sheet peptides to form rippled S-sheet fibrils. Figure reproduced with permission from L.
Pauling and R. B. Corey, Proc. Natl. Acad. Sci., 1953, 39, 253-256.**!

The use of D-amino acids in self-assembling peptide structures has previously been exploited
to alter the structural morphology of the materials or to prolong stability of the materials against
enzymatic degradation.”**?* In early research, it became evident that mixing enantiomeric
peptides provided interesting and structurally unique supramolecular assemblies compared to the
corresponding single-enantiomer assemblies although initial understanding of the principles that

governed these effects was unclear.”* ' In 2005, Higashi and Goto separately reported
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experiments in which the coassembly of enantiomeric L- and D-f-sheet peptides was
assessed.”*! Goto and coworkers reported that the L- and D-enantiomers of the Ser20-Lys41
fragment of f»-microglobulin separately self-assembled into fibrils of opposite chirality, but that
seeded assembly of either enantiomer by fibrils of opposite chirality did not proceed smoothly.
This result led them to conclude that seeded cross-reaction between self-assembling peptides of
opposite chirality was precluded by incompatible geometric constraints. Higashi ef al. conducted
similar analyses using enantiomers of the triblock L4KsLs peptide (L-enantiomer is 1L, D-
enantiomer is 1D). 1L and 1D separately self-assembled into left-handed and right-handed
twisted fibrils respectively. In contrast, equimolar mixtures of 1L and 1D did not form fibrils, but
instead formed only globular aggregates. These results also supported the notion that assembly
into amyloid-like fibrils required stereochemical compatibility, possibly contradicting Pauling
and Corey’s prediction of rippled S-sheet formation. It should be noted, however, that neither of
these studies explicitly predicted or searched for rippled f-sheets.

More recently, Schneider et al. reported that mixing equimolar ratios of L- and D-f-sheet
peptides produced supramolecular hydrogels with enhanced viscoelasticity.*> This work was
conducted using the designed self-assembling f-hairpin peptide, MAX1 (Figure 4). MAXI1
undergoes directed hydrogelation at high salt concentrations, which masks the positive lysine
charges and triggers hairpin folding with concurrent fibril self-assembly and entanglement into
hydrogel networks. Enantiomeric mixtures of MAX1 and DMAXI in 3:1, 1:3, and 1:1 ratios
resulted in hydrogels that were more rigid than the single enantiomer materials. Rheological
analysis of the hydrogels revealed that the storage modulus of the hydrogel formed from 1:1
MAXI1:DMAX1 was more than four times those of either of the pure enantiomeric peptides and

approximately two times that of the 1:3 and 3:1 enantiomeric ratios (which were approximately
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equivalent to one another). They confirmed that the mixtures formed coassembled fibrils that
contained both enantiomers. These studies provided clear evidence for coassembly enantiomeric
F-strand peptides with alternating hydrophobic/hydrophilic sequence patterns although the

structural basis for the enhanced emergent properties was not immediately evident.

Concurrently, Nilsson et al. reported a similar phenomenon occurring with equimolar
mixtures of enantiomeric Ac-(FKFE),-NH, peptides.”* Equimolar mixtures of this self-
assembling peptide formed supramolecular structures that were distinct from those formed by
single enantiomers. TEM characterization of the assembled structures revealed that the
enantiomeric coassembly formed morphologically distinct fibrils that were approximately half
the width of the single enantiomer peptide fibrils and that also lacked the distinctive helical tape
morphology seen with self-assembly of single enantiomers (Figure 11A). Isotope edited IR and
FRET experiments confirmed that the enantiomeric Ac-(FKFE),-NH; peptides were arranged in
an alternating L/D fashion as predicted by Pauling and Corey for rippled f-sheets (Figure 11B).
Isothermal titration calorimetry experiments showed a 9.3 kcal mol™ enthalpic advantage for
coassembly of D-Ac-(FKFK),-NH, and L-Ac-(FEFE),-NH, compared to the same titration
experiment using only L- peptides. It was also demonstrated that rippled f-sheet fibrils of L- and
D-Ac-(FKFE),-NH, peptides had enhanced hydrogel viscoelasticity, similar to Schneider’s
observations, and increased proteolytic stability against chymotrypsin, trypsin, and proteinase K

compared to the all-L- pleated S-sheet fibrils.®
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Figure 11. (A) Proposed structure of amphipathic L- and D- Ac-(FKFE),-NH, rippled f-sheet fibrils.
TEM image indicates rippled [-sheet peptide fibrils half the width of either enantiopure peptide
individually. (B) Structures and model of coassembly of donor/acceptor fluorophores attached to
enantiomeric strands of Ac-(FKFE),-NH,. FRET measurement of coassembled mixtures shows quenching
(green line) indicating close packing structure of L- and D- strands compared to FRET measurements of
preassembled fibrils (red line) which shows minimal quenching. Figure adapted with permission from R.
J. Swanekamp, J. T. M. Dimaio, C. J. Bowerman and B. L. Nilsson, J. Am. Chem. Soc., 2012, 134, 5556—
5559.7 © 2012 American Chemical Society.

Wetzel and coworkers have shown that rippled f-sheet formation is not confined only to self-
assembling peptides with alternating sequences of hydrophobic and hydrophilic amino acids.”
Polyglutamine peptides self-assemble into amyloid fibrils and are characteristic features of

Huntingtin aggregation in Huntington’s disease.”>* >

Wetzel et al. reported that aggregates of
both L- and D-polyQ peptides were equally cytotoxic to cells in culture and that seeds from
fibrils of either enantiomer could indiscriminately seed aggregation of either enantiomer without

stereospecificity. This suggests that polyQ peptides are competent to form chirally cross-seeded

rippled S-sheet structures.
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Raskatov et al. subsequently explored the coassembly of L- and D-Af42 peptides to
investigate how potential rippled f-sheet formation might influence the functional toxicity of
amyloid fibrils.”®’ A binary mixture of enantiomeric AS42 peptides showed accelerated
formation of fibrils without any lag phase compared to single enantiomer assembly. Prefibril
oligomer formation was suppressed in the enantiomeric mixture, resulting in reduced toxicity
against two different neuronal cell lines. Racemic rippled f-sheet coassembly was also
corroborated by fluorescently labeling each enantiomer; equimolar racemic mixtures of A/42
were imaged by confocal microscopy confirming significant colocalization of fluorophores in the
coassembled materials. Thus, rippled f-sheet formation appears to be general for a variety of /-
sheet peptides and not just a feature of amphipathic peptides with alternating hydrophobic and

hydrophilic residues.

Recently Schneider and Tycko structurally confirmed coassembly of MAX1 and DMAXI
into rippled f-sheet fibrils and developed an explanation for the enhanced hydrogel rigidity of
the coassembled fibrils.*® Using the previously mentioned MAX1 peptide conjugated to an azide
group and its enantiomer, DMAXI conjugated to biotin, they were able to observe colocalization
of dibenzylcyclooctyne (DBCO)-conjugated 10 nm gold nanoparticles and streptavidin-
conjugated 5 nm gold nanoparticles to a single fibril by TEM imaging (Figure 12A). Solid state
NMR was employed to elucidate the structure of the enantiomeric peptide fibrils. The NMR
analysis clearly shows coassembled rippled S-sheets with distinctive packing architectures
compared to pleated f-sheets (Figure 12B). The enhanced hydrogel rigidity of the rippled f-
sheets can be explained by small angle neutron scattering and diffusing wave spectroscopy data
that indicate the racemic fibrils are themselves more rigid lending to a stiffer gel network. The

enthalpic and kinetic preference for coassembly of enantiomeric S-sheet peptides into rippled S-
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sheets provides an additional avenue for the design of spatially controlled multicomponent

supramolecular materials.

Binding Frequency

Figure 12. (A) TEM image of MAXIl-azide and DMAXI1-biotin coassembly after incubation with
DBCO-conjugated 10 nm gold nanoparticles and streptavidin-conjugated 5 nm gold nanoparticles. Co-
localization of 5 nm (magenta color) and 10 nm (black color) gold nanoparticles were found within a
single fibril as opposed to self-sorting into individual fibrils with individual nanoparticles. (B) Top and
side packing model for rippled S-sheet coassembled mixtures of 1:1 MAX1: DMAXI1 based on solid state
NMR correlations. Figure adapted with permission from K. Nagy-Smith, P. J. Beltramo, E. Moore, R.
Tycko, E. M. Furst and J. P. Schneider, ACS Cent. Sci., 2017, 3, 586-597.% © 2017 American Chemical
Society.

Section 3. Coassembly of Low Molecular Weight Peptides
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Low molecular weight (LMW) modified amino acids and peptides have been developed that

35,258-266

self-assemble into functional supramolecular materials. These include di- and tripeptides

that self-assemble into structures with similar emergent properties, including hydrogelation, as
longer peptide sequences. LMW supramolecular peptide materials have been particularly
attractive as cheaper alternatives to those derived from synthetic peptides and proteins. However,
the limited chemical space accessible by LMW peptides sometimes limits the robustness of the
emergent properties of the resulting supramolecular materials. Coassembly of multiple LMW

peptides has often provided multicomponent materials that have drastically improved

82,267-272

properties. While appropriately modified single amino acid derivatives have also been

87,273-283

found to self- and coassemble into supramolecular structures, the discussion in this

section will be limited to materials formed from peptides that are at least two amino acids in

length.

3.1 Diphenylalanine Derived Coassembled Materials

Diphenylalanine (FF) and its derivatives are the most widely used minimalistic peptide

61,284

building blocks for self-assembled materials. FF is the minimal fragment of the Alzheimer’s

disease A/ peptide that undergoes spontaneous self-assembly.’***?** The self-assembly of FF

into discrete nanotubes was first reported by Gazit and coworkers.” FF nanotubes have

293-295 296-298 299,300
1, 1, 1

remarkable mechanica photophysica and electrica properties that have

inspired intense investigation of these materials.”* > Structural analysis of FF nanotubes
suggests that aromatic n-n stacking of the Phe side chains and hydrogen bonding mediate self-

285,286,290

assembly (Figure 13). FF derivatives, including the cationic C-terminal amide (FF-
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NH,),**?%  N-terminal acetate (Ac-FF),*®’ and carbamate-modified Fmoc-FF and Boc-

FF,115’308’309 also self-assemble into diverse structures, including nanotubes, vesicles, and fibrils,

depending on the structure of the chemical modifying group and the solvent conditions.'*=% 312

The supramolecular assemblies of FF derivatives often display unique properties relative to the
parent dipeptide, dramatically expanding the possible applications of the resulting

materials. 2313

0 o
H N\)J\ OH HCI - H N*\)J\ NH
2 S N 3 y N 2
= H 2 H

o

FF-OH FF-NH,

Boc-FF Fmoc-FF

Figure 13. Chemical structures of Phe-Phe (FF) and FF derivatives that have been shown to form self-
assembled supramolecular structures.

It has been found that coassembly of FF with modified FF derivatives or other short peptides
provides unique multicomponent supramolecular materials (Figure 14).****1*31% For example,
Reches ef al. showed that the coassembly of FF with Boc-FF in 50% ethanol in various ratios
produced a variety of supramolecular structures ranging from spheres to elongated fibers that
resembled biomolecular necklaces (Figure 15B).'® Later, Gazit et al. hypothesized that

coassembly of FF with Boc-FF could alter the elongation kinetics of FF in the multicomponent
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mixture, possibly affecting the properties of the resulting materials.””>”'* Accordingly, they
examined the coassembly of FF with Boc-FF at FF:Boc-FF ratios ranging from 20:1 to 5:1. It
was observed that the length distribution of the coassembled nanotubes decreased as the ratio of
Boc-FF increased. The random integration of Boc-FF into the FF structures was found to elicit
length control by perturbation of the kinetics of coassembly. Thus, Boc-FF/FF coassembly

enabled fine-tuning of the assembly process and the resulting supramolecular structures.

o
Qe

Fmoc-L-DOPA(acetonated)-D-Phe-OMe Di-D-2-Naphthylalanine Ferrocene-FF
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Figure 14. Chemical structures of low molecular weight molecules that have been investigated in
coassembled mixtures with FF or FF derivatives discussed in sections 3.1, 3.2, and 3.3.
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In addition to FF/Boc-FF coassembly, Reches et al. also examined FF coassembly with other
aromatic dipeptides to explore structural diversity in coassembled peptide materials.’'’"
Coassembly of FF with Fmoc-L-DOPA (acetonated)-D-Phe-OMe (Figure 14) produced varied
nanostructures including spheres (0.5 mg/mL" equimolar peptide concentrations), bi-concave
disks similar to red blood cells (RBCs) (1 mg/mL" equimolar peptide concentrations), and
spherical assemblies with bulges similar in morphology to white blood cells (WBCs) (2 mg/mL"
equimolar peptide concentrations) (Figure 15C).>" These materials were assessed for drug
encapsulation and release. FF/L-DOPA-D-Phe coassemblies were formed in buffered solutions
containing the anti-cancer drug doxorubicin, which was encapsulated within or adsorbed onto the
coassembled peptide microstructures. Doxorubicin was released into solution over 24 hours
concomitant with the structural collapse of the multicomponent RBC-like structures. This work

again highlights the tunability of the physical properties of coassembled supramolecular

structures to produce functional biomaterials.

Figure 15. (A) Chemical structure of FF and TEM image of nanotubes formed from the self-assembly of
cationic FF.*** Panels B-D show various supramolecular structures formed from the coassembly of FF
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with (B) Boc-FF to produce biomolecular necklaces,’'® (C) Fmoc-L-DOPA (acetonated)-D-Phe-OMe to
produce red blood cell like nanostructures (shown in inset with 100 nm scale bar),’"’ and (D) FFF to
produce nano-toroidal structures.’’” Panel A adapted with permission from X. Yan, Q. He, K. Wang, L.
Duan, Y. Cui and J. Li, Angew. Chemie Int. Ed., 2007, 46, 2431-2434. © 2007 Wiley-VCH Verlag
GmbH & Co. Panel B adapted with permission from S. Yuran, Y. Razvag and M. Reches, ACS Nano,
2012, 6, 9559-9566. © 2012 American Chemical Society. Panel C adapted with permission from ref 319
(S. Maity, S. Nir and M. Reches, J. Mater. Chem. B, 2014, 2, 2583-2591) with permission from the Royal
Society of Chemistry. Panel D reproduced with permission from C. Guo, Z. A. Arnon, R. Qi, Q. Zhang,
L. Adler-Abramovich, E. Gazit and G. Wei, ACS Nano, 2016, 10, 8316-8324. © 2016 American
Chemical Society.

Tendler et al. also illustrated tuning the properties of a supramolecular peptide materials by
coassembly of FF with the aromatic di-D-2-napthylalanine (di-D-Nal, Figure 14) dipeptide.™
The rationale of this study was to investigate the structural and mechanical properties that arise
from the coassembly of the well-characterized FF and di-D-Nal self-assembled materials. Each
of these dipeptides self-assembles into unique nano- and microstructures. While FF assembles
into highly rigid nanotubes 500-2000 nm in diameter with persistence lengths greater than 10
um, di-D-Nal self-assembles into flexible nanotubes with narrower 50—1000 nm diameters and
shorter persistence lengths (< 1 pm).*?' Coassembly of FF with di-D-Nal in various ratios (20-
80% di-D-Nal) gave rise to multicomponent assemblies with altered structural and mechanical
properties. At lower ratios of di-D-Nal (20%, 40%, and 60%), two distinct nanotube populations
were observed, with the 20% nanotube formulations matching closely to those observed with the
corresponding self-assembled materials. The 40% and 60% di-D-Nal formulations also displayed
nanotubes with bimodal diameters, although these were approximately 50 nm and 450 nm in
diameter. At 80% di-D-Nal, the nanotubes were generally observed to be of the smaller diameter
size. The variable size distributions were attributed to nonhomogenous coassembly of the
components within individual tubes. This conclusion was supported by thermal stability

analyses, which suggested that individual tubes were most likely composed of phase-separated
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FF and di-D-Nal assemblies. Interrogation of the mechanical stiffness of the nanotubes showed a
reduction in stiffness as a function of increasing di-D-Nal concentration, indicating that
mechanical strength can be tuned by a coassembly strategy. These studies illustrate that
structural compatibility, including stereochemical compatibility, strongly influences the
homogeneity of coassembled materials. In this system, the FF and di-D-Nal peptides are not
intimately and homogenously coassembled, but are rather largely arranged in self-assembled

phase-separated patterns within the resulting nanostructures.

Hierarchical coassembly of FF derivatives into complex microstructures under dynamic
conditions has also been explored. In one example, He and coworkers studied the coassembly of
FF and ferrocene-FF (Fc-FF, Figure 14).>'® Individually, under conditions where each derivative
is diluted from hexafluoroisopropanol (HFIP)/methanol into water, FF self-assembles into
crystalline microtubes whereas Fc-FF self-assembles into nanospheres or nanofibers as a
function of water content.*'® Coassembly of FF and Fc-FF was then examined by dissolving the
two materials in HFIP/methanol cosolvent at 5 wt% Fc-FF relative to FF. When water was
added, FF rapidly self-assembled into microtubes in a gel-like network. The wetted microtube
networks, which were surrounded by Fc-FF in solution, were then placed on glass surfaces where
the solvent was allowed to evaporate under conditions of controlled humidity. Capillary force on
the solution of Fc-FF wetting the FF microtubes resulted in subsequent assembly of Fc-FF at the
FF microtube ends, providing multicomponent structures with a dandelion-like appearance. This
hierarchical coassembly in which one component first assembles and then acts as a template for
the assembly of the second component is a simple strategy to control the formation of
multicomponent nano- and microstructures under conditions in which the components have

differential assembly properties.
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In an attempt to expand the structural diversity of nanostructures formed via the self-
assembly of minimalistic phenylalanine-based peptides, Gazit, Wei, and Zhang investigated the
coassembly of FF with the FFF tripeptide.’'” While FF self-assembles into nanotubes, FFF self-
assembles into solid nanoplates’® and nanospheres.”” Computational molecular dynamics
simulations predicted that these peptides are capable of coassembly and that the multicomponent
structures would form unique nanotoroid architectures (Figure 15D). These theoretical
predictions were experimentally confirmed by the demonstration that FF and FFF indeed
undergo coassembly into a variety of nanostructures that transition from hollow toroidal to solid
structures dependent on the ratios of FF to FFF. These unique structures were explained based on
FFF favoring structures with negative curvature, which facilitates facial clustering of the
hydrophobic benzyl side chains, altering FF- and FFF-water interactions which directs the
coassembly mechanisms.®'” This work illustrates the important co-application of theoretical and

experimental methodologies to predict and explain complex coassembly phenomena.

These examples provide compelling early demonstrations of the unique properties exhibited
by coassembled LMW peptides. It is clear that the packing architecture of the peptides within the
multicomponent assemblies accounts for the distinct supramolecular morphologies and the

resulting emergent properties. Imaging techniques including atomic force microscopy

326,327

(AFM),****%* transmission electron microscopy (TEM), scanning electron microscopy

330,331

(SEM);***** thermal analysis techniques like differential scanning calorimetry (DSC); and

the observation of amyloid like properties of coassemblies via fluorescence techniques like

thioflavin T staining®*> >

can provide information about the morphology and stability of these
structures. However, these techniques do not provide atomic scale resolution to decipher the

molecular arrangements of the components within the assemblies. An important avenue of future
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research will be the application of advanced structural analysis to correlate the molecular
packing structures of the components in coassembled formulations with the observed properties

in order to further understand these materials.

3.2 Multicomponent Low Molecular Weight Hydrogels For Tissue Engineering

Much research on the coassembly of LMW peptides has been motivated by efforts to
develop next-generation hydrogel materials for tissue engineering and other biomedical
applications.”***%* Self-assembled supramolecular hydrogels of peptides have proven to be

versatile biomaterials.***% 3%

The corresponding LMW materials are less expensive alternatives
to longer peptides, but often are often deficient in the requisite emergent proper‘[ies.274 For
example, hydrogels for tissue engineering must have appropriate viscoelastic rigidity, stability,

. 47,343,344
and shear responsiveness.*’ %

LMW peptide-based gels are often unstable to mechanical
agitation, which can result in precipitation of the gel network.**>* Coassembly of various
LMW peptides has been explored as a method to engineer the needed emergent properties into
the resultant hydrogels. Coassembled LMW hydrogel materials, as discussed for [-sheet
materials in the previous section, are often tuned for cell culture applications by immobilization
of cell receptor ligands onto the gel network to facilitate the growth and proliferation of cells in
vitro. In addition, the fundamental viscoelastic properties of coassembled LMW peptide gels are

often drastically improved compared to the corresponding self-assembled materials. In this

section we will discuss notable example of coassembled LMW peptide hydrogels.

Adler-Abramovich et al. demonstrated the ability to functionalize multicomponent LMW

peptide hydrogels with hydroxyapatite (HAP, Cas(PO4);(OH)) for bone tissue engineering
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applications.** HAP has been shown to support cell growth of human osteoblast cells and is

. . . . . . . . . 350-353
important for bone mineralization and regeneration in bone tissue engineering scaffolds. I

n
addition, biomimetic hydrogels for bone tissue engineering must have adequate mechanical
strength.>”** Coassembly of Fmoc-FF and Fmoc-R in varying molar ratios provided hydrogels
with tunable physical characteristics. Fmoc-FF provided a mechanically rigid network, while the
positive charge provided by the Fmoc-R guanidine group enabled binding of HAP to the surface
of the network fibrils. Interestingly, the inclusion of HAP increased the mechanical rigidity of all
ratios of Fmoc-FF:Fmoc-R coassembled hydrogels, increasing the storage modulus by as much
as 24-fold for the 3:1 tri-component gel. Cell viability assays of NIH 3T3 mouse fibroblasts on
the 3:1 Fmoc-FF:Fmoc-R/HAP hydrogels indicated a high number of both live and adherent
cells compared to cells cultured on control Fmoc-FF/HAP hydrogels. These multicomponent
Fmoc-FF/Fmoc-R inorganic HAP hydrogels illlustrate both the mechanical advantages of

coassembled hydrogel systems as well as the ability of individual components to recruit other

biofunctional entities to the matrix to improve the overall biochemical properties of the material.

Another example of mechanical modulation of cell culture hydrogels by multicomponent
coassembly was demonstrated by Adler-Abramovich using Fmoc-FF and Fmoc-
pentafluorophenylalanine (Fmoc-""F) (Figure 16).° Fmoc-pentafluorophenylalanine (Fmoc-
">F) has been shown to independently form supramolecular hydrogels, due in part to
enhancement of the types of side chain interactions that are possible based on electronic
perturbation of the quadrupole moment of the perfluoronated phenyl ring.87’273’277 Hydrogels of
mixtures of Fmoc-""F and Fmoc-FF tended to form more rapidly than those of either individual
component alone and the resulting hybrid hydrogels were more mechanically rigid. The 1:1

Fmoc-"F:Fmoc-FF hydrogel was the most mechanically rigid, with a storage modulus nearly
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twenty times greater than that of Fmoc-FF hydrogels and sixty times greater than Fmoc-""F gels.
Thus, the multicomponent hydrogels result in synergistic improvement of the overall mechanical

properties of the materials compared to the self-assembled gels of the individual components.

E
= F
F
o j\” C'):H Fmoc- °F

Fmoc-F°F
o
O ©

Fmoc-FF

Figure 16. Enhanced viscoelastic hydrogels of coassembled Fmoc-""F and Fmoc-FF as indicated by a
visual vial inversion test. Figure reproduced from ref 355 (M. Halperin-Sternfeld, M. Ghosh, R.
Sevostianov, I. Grigoriants and L. Adler-Abramovich, Chem. Commun., 2017, 53, 9586-9589)*>° with
permission from the Royal Society of Chemistry.

Similarly, Lin et al. studied multicomponent hydrogels of N-terminal pentafluorobenzyl
(PFB) modified FF (PFB-FF, Figure 14) coassembled with PFB-F.**° Hydrogel mixtures at
varying gelator ratios (1 wt% total gelator) were assessed to determine the effects of coassembly
on time to gelation and hydrogel viscoelasticity. Generally, increasing the ratio of PFB-FF was
found to result in increasing hydrogel storage moduli. The 1:1 PFB-FF:PFB-F hydrogel was
noteworthy in that it formed a semi-translucent gel with an average storage modulus of 3 kPa at
neutral pH, making it well-suited for application as a cell culture scaffold. Based on these
emergent properties, this hydrogel was assessed for compatibility with CTX TNAZ2 astrocytes

and MCF-7 breast cancer cells. Cell survival rates over 72 hours were 50% and 80% respectively
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when seeded on the 1:1 PFB-FF:PFB-F gels. This work illustrates the cooperative effects of
coassembly to tune hydrogel gelation at physiologic pH with emergent properties that support

cell culture applications.

Several groups have utilized the fibronectin-derived RGD motif in coassembled di- and
tripeptide supramolecular assemblies for the formation of synthetic cell responsive biomaterials.
Since RGD and other cell signaling motifs facilitate cell adhesion, multivalent display of these
ligands throughout a hydrogel provides a scaffold that more closely mimics natural extracellular
matrix.?'®*°"2%! Nisbet ez al. investigated the coassembly and hydrogelation of two short Fmoc-
derivatized peptides in which the assembly motif was modified with either the fibronectin RGD

362

or laminin IKVAYV sequences.”™” Each of these ligands are common components of mammalian

extracellular matrix (ECM)'**%

and incorporation into a multicomponent hydrogel was
hypothesized to provide a synergistic effect to improve the material as a cell culture scaffold.
Coassembled hydrogels of Fmoc-FRGDF and Fmoc-DIKVAYV supported the in vitro growth and
viability of C212 myoblast cells more effectively than either of the self-assembled hydrogels of

the individual components, or hydrogels in which the components were pre-assembled separately

and then mixed (Figure 17).
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Figure 17. C212 myoblast cell culture on coassembled hydrogels displaying RGD and IKVAYV peptides
(depicted by orange and blue rectangles respectively) (top image). Cell culture did not produce as many
healthy cells when cultured on hydrogels that were formed where the peptide components were pre-
assembled separately and then mixed together (bottom image). Figure reprinted from C. C. Horgan, A. L.
Rodriguez, R. Li, K. F. Bruggeman, N. Stupka, J. K. Raynes, L. Day, J. W. White, R. J. Williams and D.
R. Nisbet, Acta Biomater., 2016, 38, 11-22,*** © (2016) with permission from Elsevier.

Ulijn and coworkers also developed coassembled Fmoc-RGD-containing LMW
hydrogels to mimic extracellular matrix for improved tissue engineering applications.****°
Multicomponent hydrogels of coassembled Fmoc-FF and Fmoc-RGD peptides provided a
network that effectively displayed the fibronectin RGD motif to improve cell adhesion. These
coassembled hydrogels were tested in a three-dimensional cell culture system using human adult
dermal fibroblasts. After 14 days, cells remained viable and had deposited their own dense
networks of fibronectin and collagen within the artificial Fmoc-FF/Fmoc-RGD hydrogel
network. Comparison of cell viability on Fmoc-FF/Fmoc-RGD gels with Fmoc-FF/Fmoc-RGE

(an analogue of RGD) gels showed preferential adhesion and viability for the native RGD-

presenting hydrogel fibrils. These systems utilize the Fmoc-FF assembly motif to provide the
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mechanical stability of the gel while the Fmoc-RGD assembly partner tunes the cellular

biocompatibility of the gel.

Nilsson et al. have designed coassembled gels of Fmoc-fluorinated phenylalanine
derivatives, Fmoc-3F-FR and Fmoc-3F-FD dipeptides in an attempt to spatially control
presentation of the R and D side chains to mimic fibronectin in cell culture applications.®' Based
on structural models of self-assembled fibrils of Fmoc-F derivatives, it was hypothesized that the
side chains of the appended R and D residues would be presented at the surface of the
coassembled Fmoc-3F-FR/Fmoc-3F-FD hydrogels (Figure 18). At neutral pH, the
complementary positive and negative charges of the R and D residues respectively would assist
in imposing a supramolecular structure in which the R and D residues alternate at the fibril
surface. Based on this hypothetical packing structure, it was expected that the spatial
presentation of R and D would mimic that in the RGD motif in fibronectin and facilitate cellular
adhesion to the gel by integrin-binding. This hypothesis was confirmed based on the observation
that NIH 3T3 fibroblasts adhered to gel fibers and were viable over 5 days in systems in which
Fmoc-3F-FR and Fmoc-3F-FD were coassembled in near equimolar ratios. Integrin-binding
assays further confirmed that interactions of cellular integrins with the gel network were crucial
hydrogel biocompatibility. This work is an example of structure-based design in the development

of coassembled multicomponent peptide materials.
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Figure 18. (A) Molecular model of the proposed packing architecture of Fmoc-3F-FR and Fmoc-3F-
FD into multicomponent fibrils (left) and expanded model of a possible orientation and contacts
between Arg and Asp residues. (B) Confocal microscopy images of NIH 3T3 fibroblast cells cultured
on hydrogels of Fmoc-3F-FR: Fmoc-3F-FD (3:2) over the course of 5 days. Live/dead stained images
indicate live cells in green and dead cells in red. Figure reproduced from ref 361 (W. Liyanage, K.
Vats, A. Rajbhandary, D. S. W. Benoit and B. L. Nilsson, Chem. Commun., 2015, 51, 11260—
11263)*®" with permission from the Royal Society of Chemistry.

Following early work identifying the structurally diverse supramolecular assemblies
formed from aromatic dipeptides and their N-terminal Fmoc-modified variants, Ulijn et al.
surveyed a range of Fmoc-dipeptides as potential supramolecular gelators for cell culture
scaffolds.*®® They postulated that spontaneous self-assembly of Fmoc-dipeptides could be
tailored to form fibrous networks that formed self-supporting hydrogels at neutral pH.
Investigation of the self-assembly of various Fmoc-dipeptides led to the discovery of a
number of morphologically distinct fibrous networks that varied in fibril diameter and pH

initiation. Three formulations were found to form stable, self-supporting hydrogels at neutral

pH: Fmoc-FF, Fmoc-FF/Fmoc-Gly-Gly, and Fmoc-FF/Fmoc-Lys. All three gels were found to
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support proliferation and retention of phenotype in both two- and three-dimensional bovine
chondrocyte cell culture experiments with the positively charged Fmoc-FF/Fmoc-Lys gel

facilitating more effective cell growth.

These experiments led to further investigation of the displayed chemical functionality
that is best suited for in vitro cell culture.*®’ It is known that tuning hydrogel properties for
specific cell types is possible by altering the either the surface charge of the gel material or by
altering the mechanical properties of the gel.***>"° Chemical functionality was introduced into
Fmoc-FF hydrogel networks by coassembling with Fmoc-Lys, Fmoc-Ser, or Fmoc-Asp to
modify the surface charge on the resulting fibrous network. The hydrogels formed from all
mixtures were composed of densely packed fibers of varying thickness that correlated to the
coassembly partner. The average fibril diameters were 32, 51, and 58 nm for Fmoc-FF/Fmoc—
Lys, Fmoc-FF/Fmoc-Ser, and Fmoc-FF/Fmoc—Asp gels respectively. The mechanical rigidity
of each gel was determined by rheological analysis and revealed a range of storage moduli
from 0.5-21 kPa where Fmoc-FF/Fmoc-Asp << Fmoc-FF/Fmoc-Ser < FmocFF/Fmoc-Lys <
Fmoc-FF. Each gel type was investigated for the ability to support cell culture of three
different cell types (chondrocytes, mouse fibroblasts, and human fibroblasts). Each of the gels
were reasonable cell culture scaffolds for specific cell types, but only the Fmoc-FF/Fmoc-S
hydrogel supported the general growth and proliferation of all three cell types over at least
three, and up to seven days. This work demonstrates the utility of multicomponent
coassembly to tailor the emergent viscoelastic and biochemical properties of supramolecular

hydrogels.

These studies prompted further investigation of the Fmoc-FF/Fmoc-Ser supramolecular

hydrogels.””'*”* The structure of the Fmoc-FE/Fmoc-S coassembled hydrogels was determined
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to be a core/shell arrangement in which the fibril interior was stabilized by hydrophobic
interactions while the polar side chains of the surfactant-like Fmoc-Ser molecules were displayed
at the surface of the nanofibers. These core/shell nanofibers are noncovalently cross-linked in the
presence of cell culture media to result in hydrogelation via dense fibrous network formation.
The display of the serine hydroxyl group at the fibril surface provides beneficial interactions with
both the medium and cell surfaces. Stem cell differentiation is strongly influenced by the

: . . 373,374
mechanical properties of surrounding tissues or scaffolds.””

In order to apply these hydrogels
to stem cell culture, efforts to tune the viscoelasticity of the gel were pursued. Varying the
relative concentrations of Fmoc-FF and Fmoc-Ser in the binary mixtures led to highly tunable
gel stiffness ranging from 0.1 kPa to 32 kPa, which enabled stiffness-directed mesenchymal stem

cell differentiation.’”?

The available polar functionality and tunable mechanical properties of
these hydrogels makes them suitable candidates for the chondrogenic induction of pericytes
(perivascular stem cells). These cells are highly abundant in adipose tissue and therefore a better
candidate for cartilage tissue engineering than the more costly and time consuming method of
isolating mature chondrocytes from the differentiation of mesenchymal stem cells.*” To this end,
MSCs and pericytes were cultured on Fmoc-FF/Fmoc-Ser hydrogels containing dilute
concentrations of molecules (including lysophosphatidic acid and cholesterol sulfate) that direct
stem cell differentiation. The combination of tunable gel stiffness and bioactive molecule

additives was found to stimulate individual metabolic pathways for targeted cell differentiation

starting from both autologous MSCs and pericytes.

With this foundation, a more focused study on the differentiation of pericytes was
conducted by altering the mechanical and chemical properties of the cell culture peptide

hydrogels.”’® Pericytes were monitored over a long-term (five weeks) 3D cell culture experiment
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on an Fmoc-FF/Fmoc-Ser hydrogel tuned to a storage modulus of 15.5 kPa, similar to that found
in chondrons. Cellular expression levels were assessed for four different cartilage biomarkers up
to 35 days and all biomarker levels were highest for cells cultured in Fmoc-FF/Fmoc-S gels in
the presence of chondrogenic induction medium. Interestingly, collagen X biomarkers were
present in significantly higher amounts than collagen II biomarkers in the cells cultured on these
gels with the chondrogenic induction medium, suggesting a greater population of hypertrophic
chondrocytes. This versatile system highlights the advantages of adaptable coassembled LMW

peptide properties for fostering growth and specific cell differentiation.

3.3 Other Coassembled Low Molecular Weight Peptide Systems

In addition to cell culture and tissue engineering, coassembled materials produced from
LMW peptides have been used in other applications over the last 10 years. These applications
include artificial hydrolase mimetics;>”’ immobilization of gold nanoparticles onto FF derived
hydrogels for catalytic reduction of 4-nitrophenol;>”® formation of “sticky tubes” and magnetic
hydrogels through coassembly of FF with melanin-derived polydopamine (PDA) spheres or
core-shell PDA-Fe;0, magnetic spheres;’’”” and synthesis of two-component charge transfer
organogels via coassembly of p-type tetrathiafulvalene-FF and various electron acceptor

380

molecules.”™ In this section we will present representative examples of multicomponent

coassembled LMW hydrogelators for biocatalysis and energy transfer applications.

A coassembly strategy has been used for the development of biocatalytic microspheres.*®!
In order to produce multicomponent gel microparticles to immobilize biocatalytic enzymes, Ulijn

and coworkers developed a combined coassembly/Pickering emulsion strategy. Pickering liquid-
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liquid emulsions are emulsions that are stabilized by solid particles confined to the liquid-liquid

interface.*®?

Ulijn et al. found that Fmoc-amino acids (Fmoc-S, D, K, or Y) coassembled with
Fmoc-FF formed functionalized peptide microgel spheres 120 nm in diameter when emulsified
by hydrophobic SiO; nanoparticles (Figure 19). This is in contrast to the nanotubes and tapes
formed from Fmoc-FF/Fmoc-S, D, K, or Y coassemblies formed without SiO, present. Lipase B,
an esterase, was immobilized into the microgel particles. Catalytic esterification of octanol and
octanoic acid in heptane by these microspheres was observed. The polarity of the functional
groups of the Fmoc-X derivative in the coassembled microgels had an effect on the catalytic
activity of the immobilized enzyme. This was evidenced by decreasing esterification reaction
rates exhibited by increasing hydrophobicity of the emulsified gels in the order Fmoc-FF/Fmoc-S

gels < Fmoc-FF/Fmoc-D < Fmoc-FF/Fmoc-K < Fmoc-FF/Fmoc-Y. This strategy enables the

design of microgel particles that mimic natural biocatalytic systems.

(i) Protein

Fmoc-FF

X = Ser, Asp, Lys, or Tyr

Figure 19. Structural model of immobilized Lipase B (red) in coassembled Fmoc-FF/Fmoc-X microgels
(blue) stabilized in a Pickering emulsion via solid silica nanoparticles (gold). Figure adapted with
permission from G. Scott, S. Roy, Y. M. Abul-Haija, S. Fleming, S. Bai and R. V. Ulijn, Langmuir, 2013,
29, 14321-14327.%*' © 2013 American Chemical Society.
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Ulijn and coworkers have also conducted studies to exploit biocatalysis to direct the

383-385

coassembly of Fmoc-diaromatic peptides. Peptides containing phosphorylated Tyr (Yp)

have been shown to undergo self-assembly and hydrogelation upon dephosphorylation by

386-390

phosphatases. Ulijn showed that phosphatase treatment of mixtures of Fmoc-FYp with

Fmoc-S, Fmoc-T, or Fmoc-RGD provided a multicomponent fibrous hydrogel network under

383 The mechanical

physiological conditions upon conversion of Fmoc-FYp to Fmoc-FY.
properties of the resulting gels could be controlled by modifying the concentrations of enzyme
used. Higher enzyme concentrations led to faster dephosphorylation kinetics and more elastic
gels for Fmoc-FYp/Fmoc-T and Fmoc-FYp/Fmoc-RGD coassemblies. The opposite effect was
seen with Fmoc-FYp/Fmoc-S coassembled gels. These studies highlight the complexity of the
correlation between dephosphorylation kinetic rates and coassembly/gel formation in these
multicomponent coassemblies. This complexity warrants further investigation to more

completely explain how these factors influence the emergent properties of the resulting

materials.

Ulijn has also investigated the enzyme-promoted coassembly of LMW peptides appended
to organic donor and acceptor molecules to create novel charge-transfer assemblies.””!
Specifically, coassembly of diaromatic peptides conjugated to semiconducting
naphthalenediimide (NDI-XY) acceptor molecules with various m-electron rich donors such as
dialkoxy/hydroxyl/amino-naphthalene or pyrene derivatives (Figure 20) was explored. It is often
challenging to predict the ideal dipeptide sequences that will provide the most stable
coassembled structures. To address this challenge, Ulijn et al. employed an enzyme-modulated
dynamic combinatorial library approach to form thermodynamically stable dipeptide/acceptor

molecule combinations in situ from a pool of amino acids. Dipeptides formed in the presence of
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amide-bond forming enzymes that can undergo coassembly with partner molecules in solution
will be removed from the pool as they spontaneously coassemble under the reaction conditions.
The reversible formation of dipeptides conjugated to acceptor molecules was accomplished by
mixing NDI-Tyr with a pool of X-NH, amino acid amides (X= Tyr, Phe, Leu, Val, Ala, and Gly)
in the presence of thermolysin. Thermolysin reversibly forms amide bonds in a promiscuous
manner. The resulting dipeptide-acceptor monomers that can coassemble with various electron
rich donor molecules, including dialkoxy and hydroxyl/amino naphthalenes, are selected for by
removal from solution upon coassembly. The most stable charge transfer combinations of
donor/acceptor-peptide assemblies were then identified. It was discovered that NDI-YF and
NDI-YL derivatives effectively coassembled with 1,5-diaminonaphthalene to form
multicomponent one-dimensional charge-transfer fibers in aqueous solutions. This study
illustrates the potential of library-based methodologies to create functional multicomponent

materials.
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Acceptor: OH

Donors:

2,6-DHN 1,5-DAmN 1-PAA

Figure 20. Chemical structures of a m-electron acceptor thermolysin-catalyzed products between NDI-Y
and X-NH, where X = Tyr, Phe, Leu, Val, Ala, or Gly. Chemical structures of partner donor molecules
1,5- and 2,6-dialkoxy naphthalenes (1,5- and 2,6-DAN), 1,5-diamino naphthalene (1,5-DAmN), 1,5- and
2,6-dihydroxy naphthalenes (1,5- and 2,5-DHN), and pyrene acetic acid (1-PAA) that were mixed with
NDI-YX-NH, derivatives to create stable coassembled charge transfer peptide libraries.”’

Unmodified tripeptides have also been developed that undergo multicomponent

392-394
coassembly.

Ulijn and Tuttle have leveraged combined theoretical and experimental
methods to identify tripeptides that effectively self-assemble into supramolecular hydrogels.
They have subsequently used this approach to identify tripeptides that undergo cooperative
coassembly to provide copper-binding structures that undergo gelation in the presence of copper

ions.®* Specifically, they sought conditions under which FFD, a previously identified self-

assembling peptide, would coassemble with GHK, a non-self-assembling, copper-binding
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% They found that equimolar mixtures of

peptide derived from extracellular matrix proteins.
GHK and FFD formed homogenous, clear solutions, but that spontaneous hydrogelation
occurred in the presence of stoichiometric amounts of CuCl,. The hydrogelation was found to be
specific to copper-binding as hydrogelation was not observed in the presence of zinc or cobalt
ions. In addition, these multicomponent tape-like assemblies were distinct from the random
aggregates formed by GHK alone and the nanotubes formed by FFD alone. Computational
modeling of the coassembly mechanisms suggests that FFD forms a bilayer structure with the
negatively charged aspartate groups at the surface. The positively charged GHK peptides are
then organized at the surface of this FFD bilayer due to complementary charge effects. Copper-
binding is facilitated by the G and H residues of GHK. These materials have potential for
application in cosmetics and skin treatments based on prior observations that GHK-copper
complexes facilitates cellular uptake of copper and subsequent angiogenesis. This cooperative
coassembly that is promoted by specific solution ions is an interesting illustration of combined

theoretical and experimental strategies in the design and evaluation of functional

multicomponent peptide-based materials.

In addition to the studies discussed above in this section, LMW peptide hydrogel

materials are also often investigated as nanocarrier systems to bind and/or encapsulate drugs®>

404 405-409

or organic dye molecules. Technically, LMW hydrogels impregnated with small
molecules are multicomponent materials. However, the small molecules in these systems are
often not intimately associated with the supramolecular hydrogel scaffold but are merely
suspended within the network. As such, we will not include a detailed discussion of these types

of hydrogel delivery systems herein and direct the reader to other articles that focus specifically

on these systems.’****'%*!7 Instead, we have limited our discussion to multicomponent systems
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in which the various components are shown to be co-integrated into the assembled structure in a

manner that accounts for the properties of the material.

3.4 Multicomponent Materials of Coassembled Low Molecular Weight Peptides and

Proteins

The coassembly of LMW peptides with macromolecules has been shown to influence the
supramolecular properties of the resulting materials through cooperative assembly.418_420 This
cooperative binding can strengthen or diversify ubiquitous supramolecular network formation
during LMW peptide assembly. Often, natural macromolecular systems can form
compartmentalized architectures through self-assembly and phase-separation of dissimilar
molecular components.**'*** Some examples have been reported of controlled phase separations

via the mixture of peptidic components with various macromolecular systems, including

424,425 6

perfluorinated phospholipids, surfactants,"”® or polymeric molecules.*”” While these
systems show great potential in the generation of novel multicomponent materials, in this section
we will limit our discussion specifically to coassembled, cooperative structure formation through
interaction between LMW peptides and proteins as a method for modifying the mechanical

properties of the resulting materials.

Ulijn and Sefcik examined protein templating and binding effects on the assembly of

28 These studies were conducted with dilute A-lactoglobulin and bovine serum

Fmoc-dipeptides.
albumin (BSA) protein clusters at lower protein concentrations than would normally exert

crowding effects in the context of assembly phenomena. The assembly behavior of a collection

of self-assembling Fmoc-protected dipeptides (Fmoc-YN, Fmoc-YS, Fmoc-YL, and Fmoc-VL)
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having a range of charge and hydrophobic character was assessed in the presence of either f-
lactoglobulin or BSA. Cooperative effects of the proteins Fmoc-dipeptide assembly was
manifested by a change in chirality of the resulting supramolecular assemblies. This effect was
dependent on the amount of protein added. For example, increasing concentrations of -
lactoglobulin induced a change in Fmoc-YL supramolecular structures from right-handed to left-
handed twisted fibrils. Similar, though less pronounced, results were seen with the BSA protein.
Changing the terminal amino acid of the dipeptide to Asn or Ser (Fmoc-YN or Fmoc-YS) to
introduce additional hydrogen bonding capability and reduce hydrophobicity resulted in changes
further changes in the chirality of the assembled structures in response to proteins. Fmoc-YN
self-assembles into left-handed twisted fibrils, but this handedness switches to right-handed in
the presence of S-lactoglobulin or BSA. Similar effects were seen for all dipeptides examined,
but the extent of inversion varied from peptide to peptide. In addition, the emergent
viscoelasticity of the resulting gels was also altered, although the effects varied as a function of
protein identity and peptide sequence. This work gives insight into the complex nature of
cooperative assembly in multicomponent environments. All aspects of the environment affect the
assembly pathways of supramolecular peptide-based materials, and this investigation illustrates

the need for further research to better understand these effects.

Li and coworkers have also examined the assembly of LMW peptides in the presence of
proteins.*”’ Hydrogels were produced through the assembly of FF in the presence of a range of
proteins, including hemoglobin, myoglobin, bovine serum albumin, human serum albumin, and
fibrinogen. These studies were also conducted in the presence of glutaraldehyde, which can form
dynamic covalent imine bonds to further cross-link the FF/protein network. Gelation occurred in

all peptide/protein mixtures over varying times with FF-hemoglobin (FF-Hb) forming most
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readily in 4 hours and resulted in a hydrogel with the highest degree of pH-responsiveness. It
was found that all three components at nearly neutral pH were required for dynamic bond
formation and hydrogelation to occur. FF-Hb hydrogels were found to be pH responsive in that
the proteins were released from the hydrogel upon gel-sol transition without secondary structure
interruption of the native proteins. Upon changes in pH from neutral to acidic, the Schiff base
dynamic bonds were disrupted and the protein-peptide gels gradually degraded, whereas changes
to basic pH resulted in deprotonation the carboxylic acids of the peptides and led to quicker gel
collapse. These pH adaptive hydrogels could also encapsulate small molecules such as CdTe
quantum dots, citrate-modified gold nanoparticles, and water soluble dyes without disruption of
the gel network demonstrating their versatility as a hydrogel system and adaptive guest molecule
incorporation. A hydrogel was also formed via the coassembly of glucose oxidase into the FF-Hb
hydrogel network to effectively produce a hydrogel capable of oxidizing glucose into gluconic
acid and H,O,. This resulted in protonation events from the released gluconic acid and
subsequent hydrogel collapse demonstrating formation of a bioresponsive hydrogel. These
hydrogels formed between LMW peptides and proteins further illustrate the effect of cooperative

environmental effects on supramolecular assembly.

While many self-supporting hydrogels of FF-containing multicomponent mixtures have
been reported, many yet lack the ideal mechanical and rheological properties for in vivo
applications.”” One such property is shear-responsive behavior, which enables injection of the
hydrogels into living organisms for applications such as drug delivery. Yan ef al. have addressed
this problem using a multicomponent supramolecular hydrogel composed of Fmoc-FF with
positively charged poly(L-lysine) (PLL) polymers.>* The coassembly of these oppositely charged

components produced a shear-thinning, injectable hydrogel that maintains the helical nanofiber
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structure of self-assembled Fmoc-FF. The coassembled hydrogels displayed tunable mechanical
properties in response to varying the molecular weight of PLL. Often, protein and peptide
immunomodulatory agents can bind and affect antigen-specific T-cell surface receptors to elicit

P02 These hydrogels were investigated for their effectiveness as

autoimmune responses.
vaccines in mice due to their similar helical structure to fimbrial antigens that elicit T-cell
response. Injections of Fmoc-FF/PLL hydrogels were found to activate auto-immune responses
through T-cell recognition of specific geometrically defined fibers raising antitumor activity in
vivo in tumor-bearing mice. Increased ratios of CD4+/CD8+ T-cells were observed in mice
injected with the hydrogels which is often an indication of antigen-specific T-cell response.
Mixing Fmoc-FF with poly(L-lysine) provided hydrogels with improved shear-thinning
properties as a function of highly ordered, fibrous structure formation between electrostatically

charged components, further illustrating the advantages of multicomponent peptide systems as

next-generation materials and possible vaccines.

3.5 Coassembly of LMW Peptides with Organic Molecules: Peptide/Porphyrin

Multicomponent Assemblies
Peptides have also been coassembled with nonpeptidic organic molecules. For example, the
coassembly of peptides with photosensitizer molecules has emerged for a number of
applications, including light harvesting and photocatalysis,”***° DNA sensing,”’’ biomimetic

438-440

materials, and drug delivery and anti-tumor therapy.**'™* Porphyrins are macrocyclic

tetrapyrrole photosensitizers found in biological catalytic and light-harvesting systems***** that

have been exploited in these types of multicomponent systems due to their inherent

photophysical properties.**®**’ While the self-assembly of molecules consisting of a porphyrin
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conjugated to a peptidic component has been studied for various applications,
section will focus on a the coassembly of low molecular weight peptides and porphyrins into

hybrid supramolecular structures.

Yan and Mdhwald et al. have taken advantage of the inherent self-assembly of cationic
dipeptides in order to design coassembled systems for the organization of porphyrin molecules to

434436

form structures for light-harvesting and photocatalysis. They envisioned the coassembly of

the cationic dipeptides FF and KK with a sulfonated porphyrin, tetrakis(4-
sulfonatophenyl)porphine (H,TPPS) (Scheme 1), based on Coulombic attraction between the
negatively charged sulfonic acid groups on the porphyrin and the cationic amines of the
dipeptides. In aqueous solutions at pH 2 FF is net cationic at the N-terminus and H,TPPS is
dianionic due to negatively charged sulfonic acid groups and positively charged pyrrole
nitrogens.450 Coassembly of FF-NH,:H,TPPS into one-dimensional nanorods was observed at
2.3:1 stoichiometric ratios of peptide to porphyrin.*** UV-vis spectroscopy was used to identify
the presence of J-aggregates formed from stacking of the H,TPPS porphyrin groups. These
experiments indicated that the porphyrin groups stack into core fibrils that are then encased in an
FF assembly that forms a shell around the J-aggregates to give elongated nanorods (Scheme 1).
These nanorods subsequently associate to form microporous spheres 3-5 pm in diameter

(Scheme 1).
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Scheme 1. H,TPPS assembles into J-aggregates in aqueous solutions below pH 2. In the presence of
cationic FF, electrostatic interactions and n-stacking allow for the formation of core-shell nanorods with
H,TPPS forming the core and FF forming the shell layer. These nanorods further aggregate into
microporous spheres. Scheme adapted with permission from Q. Zou, L. Zhang, X. Yan, A. Wang, G.
Ma, J. Li, H. Mohwald and S. Mann, Angew. Chemie Int. Ed., 2014, 53, 2366-2370.%* © 2014
Wiley-VCH Verlag GmbH & Co.

The coassembly of the H,TPPS porphyrin system with the KK dipeptide was also
examined.”> KK and H,TPPS coassembled into long fiber bundles several pm in width and
tens—hundreds of um in length. These KK/H,TPPS aggregates were distinct from the 20-30 nm
wide nanorods formed from self-assembled H,TPPS J-aggregates.*' Both KK/H,TPPS and
FF/H,TPPS coassembled systems were investigated as light-harvesting photocatalytic materials.
The FF/H,TPPS and KK/H,TPPS coassembled structures effectively captured visible light and
facilitated the photocatalytic synthesis of Pt nanoparticles in the presence of ascorbic acid as an
electron donor. These coassembled peptide-porphyrin systems enhance the control and stability

of porphyrin J-aggregates for photocatalytic activity.

Porphyrins are proposed prebiotic precursors to early life and photosynthetic organisms.****>

As such, Yan and Mohwald proposed that multicomponent hydrogen-producing materials may
have arisen under prebiotic conditions. To test this hypothesis, KK and H,TPPS were mixed
under simulated prebiotic conditions (pH 2, 70 °C, in the presence of Na', Ti4+, Pt2+, etc.).454
Under these conditions, KK and H,TPPS form core-shell nanorods that underwent extensive
fiber bundling which increased with the addition of NaCl to shield like charges and facilitate
fiber growth and aggregation. Mineralization of both TiO, and Pt nanoparticles on the
KK/H,TPPS nanofibers was observed. The hybrid fibers capture light and were also shown to
enable photoactivated charge separation to interfacial TiO, and Pt nanoparticles, demonstrating

potential for these materials to act as reaction centers. Light-generated H, production was also
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observed in the presence of the KK/H,TPPS/TiO,/Pt biomineralized fibers. This peptide-
porphyrin coassembly is an interesting example of a photobacteria-like biomimetic system

similar to one that may have evolved under prebiotic conditions.

Section 4. Organopeptide Hybrids

Supramolecular materials composed of organopeptide hybrids composed of self-assembling
peptides conjugated to nonnatural organic functionality have also been developed. In these
materials, the organic components tethered to peptide elements either assist in directing assembly
or elicit novel emergent properties in the resulting materials. The unique emergent properties of
self-assembled organic peptide hybrids that are instilled by the organic components include
novel photophysical properties and charge transfer capability. Notable examples of

supramolecular organopeptide hybrid materials include Stupp’s peptide amphiphiles,*-'%>4>4%%

4397461 and polyaromatic peptide hybrids.”***** As with previously discussed

discotic peptides,
materials, multicomponent coassembly of organopeptide hybrids can lead to novel materials with
unique properties. Some of the coassembled materials discussed in section three also fit the
technical description of organopeptide hybrids; this section will focus on specifically on longer

organopeptides with specifically defined secondary structure and the influence that the organic

components have on the resulting multicomponent materials.
4.1 Peptide Amphiphiles

Stupp’s peptide amphiphiles (PAs) are a prominent and versatile class of self-assembling

43,105,455-458

organopeptide hybrids. PAs are typically composed of a f-strand peptide segment

bound to a hydrophobic modifier, often a long chain alkyl group (Figure 21A). PA self-assembly
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is promoted by hydrophobic collapse of the alkyl group in aqueous solution to provide a micelle-
like hydrophobic core, which facilitates one-dimensional f-sheet formation by the appended
peptides to give supramolecular nanofibers with high aspect ratios (Figure 21B). When
biological signal motifs are included as elements in the design of PAs, the resulting self-
assembled structures can be used as scaffolds for an impressive array of biomedical applications,
including progenitor cell differentiation,*** regenerative tissue engineering,*® hydrogel platforms

for neurite outgrowth and cell migration,*®

and injectable anti-hemorrhagic nanofiber
networks.*®” As discussed with S-sheet coassembled peptides, these materials are sometimes
self-assembled structures, but are often multicomponent statistical mixtures of functionalized and
unfunctionalized PAs that enable the multivalent surface display of bioactive motifs on PA

nanofibers. This section will discuss efforts to utilize mixtures of PAs in coassembly strategies to

impart desired function to the resulting materials.

A

\/\/\/\/\/\/\/\Q/N«ﬁuj\g“ﬂu%’k}u’\g'qﬁﬂ%"QHNJ:;/\:RSJ\EEOH
Alkyl Tail B-sheet peptide Functional motif
(IKVAV)

B

Figure 21. (A) Chemical structure of Stupp’s peptide amphiphile containing a hydrophobic segment
(black), a f-strand peptide (red), and biological signal motif (laminin derived -IKVAYV sequence)
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(blue).*** (B) Pictorial representation of the self-assembly of functionalized peptide amphiphiles into high
aspect ratio nanotubes with the functional groups displayed on the outer surface.

An example of the statistical coassembly of PA sequences displaying biologically
relevant recognition motifs was demonstrated in the creation of materials for cartilage
regeneration. Specifically, supramolecular fibers displaying the HSNGLPL peptide that is a
binding epitope for transforming growth factor B-1 (TGFB-1) were expected to promote the
chondrogenic differentiation of human mesenchymal stem cells (MSCs) (Figure 22).%7
Supramolecular coassemblies were constructed with mixtures of TGF-ligand-bearing PA and
unmodified PA to produce nanofibers that display HSNGLPL at the surface in ratios that
correlate to the amount of modified PA included in the mixture. These materials were assessed
for cell signaling activity that ultimately supported MSC viability and differentiation in vitro.
Release of the TGFB-1 growth factor was to occur significantly more slowly from
multicomponent PA nanofiber scaffolds with 10% HSNGLPL than from self-assembled PA
nanofibers composed only of the unmodified assembly motif. MSCs cultured on HSNGLPL PA
coassembled hydrogels indicated enhanced cell viability a period of four weeks. The
multicomponent HSNGLPL-bearing fibers were found to effectively promote healing of
microfracture chondral defects in rabbits in vivo. Self-assembled PA hydrogels without the
TGFB-1 ligand while the presence of filler PA gels did not impede healing, but a significant
increase in cartilage matrix regeneration at the wound site was observed when the coassembled

TGFB-1 ligand gels were applied.
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Figure 22. (A) Chemical structure of TGF-binding peptide amphiphile (TGF binding sequence in blue,
top) and peptide amphiphile filler (bottom) with hydrophobic chains shown in red. (B) Coassembly of
peptide amphiphiles into supramolecular nanofibers decorated with the TGF motif. Figure reproduced
with permission from R. N. Shah, N. A. Shah, M. M. Del Rosario Lim, C. Hsieh, G. Nuber and S. L.
Stupp, Proc. Natl. Acad. Sci., 2010, 107, 3293-3298.%7

Multicomponent antitumor PAs were prepared by coassembly of cytotoxic PAs with
pegylated PAs.* PAs bearing the cationic membrane-lytic (KLAKLAK), peptide at the C-
terminus were mixed with C-terminal PEG-bearing PAs. Multicomponent fibrils in with 50%

pegylated PA were found to impart a protective effect on proteolytic degradation of the

(KLAKLAK), sequence on the partner PA without reducing the cytotoxicity of the lytic
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peptides. This resulted in coassembled fibrils that were highly serum-stable and that exhibited
significant reduction in tumor growth and tumor cell proliferation in tumor-bearing mice. This
work demonstrates the great potential of multifunctional coassembled PA nanostructures as

versatile materials for in vivo biomedical applications.

Stupp et al. have also designed multicomponent PA materials in which ordered
coassembly is directed by selective interactions between the constituent PAs instead of merely
statistically controlled coassembly. One strategy to accomplish this objective has been the use of
“reverse” PAs, in which PAs with inverse polarity selectively coassemble (Figure 23).%%
Typically, self-assembling PA design places the hydrophobic alkyl chain at the N-terminus of the
peptide due, in part, to the ease of solid phase synthesis on resin. Self-assembly of these PAs
gives parallel S-sheet structures within the f-sheet segments of the assembled nanofibers. By
designing “reverse” PAs in which the alkyl chain is appended to the C-terminus of the f-sheet
peptide, Stupp and coworkers create the possibility for formation of antiparallel S-sheets when
the “reverse” C- and N-terminal PAs are mixed. One advantage of this coassembled system is
that the N-terminus of the reverse peptide is left exposed at the fibril surface, increasing the
design space for attachment of functional peptides to the resulting nanofibrils. In order to test this
design strategy, appropriate peptides were prepared in which coassembly was further biased
using a charge strategy in which coassembly partners were either net positive (K3 tag) or net
negative (E; tag) (Figure 23). “Reverse” peptides with complementary charges did, in fact,
effectively coassemble into two-component fibrils in which on PA exposes its C-terminus at the
fibril service and the partner PA exposes its N-terminus. The utility of this design was

demonstrated by the N-terminal display of peptides that bind either bone morphogenetic protein-

2 (BMP-2) or TGFB-1 (both important for stem cell differentiation) on “reverse” PAs and
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demonstrating the effective display of these ligands on coassembled PA fibrils. This work
illustrates the versatility of multicomponent PAs systems with directed coassembly for
diversification of the orientation of epitopes display at the nanofibril surface, expanding their

potential utility as functional biomaterials.
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Figure 23. Chemical structures of opposite polarity peptide amphiphiles. The top structure represents a
traditional PA with a free C- terminus and the bottom structure represents a “reverse” PA with a free V-
terminus.**®

Stupp and coworkers used a similar charge-based complementarity strategy to induce

469
PAs were

coassembly of PAs to modulate the fluorescence of an attached chromophore.
synthesized that had either a negatively charged E; motif or a positively charged K3 motif along
with a hydrophilic branched stilbene fluorophore (Figure 24). The complementary charge on
these peptides induced efficient coassembly into two-component one-dimensional nanofibrils in
which the fluorophore was displayed on the hydrophilic exterior. Coassembly was examined at
varying ratios of each of the PAs. At equimolar ratios of PAs, the displayed fluorophores were
in close proximity, resulting in fluorescence quenching; the characteristic $-sheet structure was

also disrupted in comparison to the self-assembled fluorophore-PA. This suggests that

intermolecular ©-n interactions between fluorophores at the fibril surface are enhanced in these
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coassembled materials relative to the self-assembled fibrils. When the fluorophore-PA was
included in diluted ratios in binary mixtures, the fluorescence of the fluorophores on the
nanofibrils was amplified. In addition, when the non-labeled PA was tagged with a heparin-
binding motif, resonance energy transfer was observed between the nanofibril fluorophores and a
complementary acceptor on heparin. This demonstrates that coassembly is a highly effective

strategy to modulate the photophysical properties of fluorescent multicomponent nanofibrils.
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Figure 24. Chemical structures of Stupp’s E; PA (Glu residues in red), Ks/branched stilbene PA (Lys
residues in green, stilbene fluorophore in orange), and heparin-binding PA (heparin binding sequence in
blue).**’

Coassembled PA systems have also been developed which are aimed at affording
electroactive fibers through the conjugation and display of organic chromophores on the

multicomponent fibrils. Guler ef al. coassembled both n- and p-type f-sheet organopeptide
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chromophore hybrids into a single, n/p, electroactive nanowire.*”® Pyrene coupled to the cationic
[-sheet VVAGKK peptide (pPC) was coassembled in various ratios with the anionic VVAGEE
conjugated to naphthalenediimide (nPC) (Figure 25A). The resulting coassembled n/p nanowires
exhibited an increase in fluorescence quenching with increasing amounts of nPC (Figure 25B).
Electrical measurements also showed that the coassembled structures were significantly more
conductive than self-assembled n- or p-type nanowires individually. In this case, coassembly

provided PA materials with enhanced emergent photophysical properties.

A i

pPC NH,

H

Jw%“ﬂﬁ“ﬂw%g“iw

nPC

as |

P S
\ 40,00 i | 10,0¢
l. 0,00 me y | 10.00mm

pCP pCP:nPC pCP:nPC pCP:nPC pCP:nPC nCP
3:1 2:1 1:1 1:2

Figure 25. (A) Structures of pyrene (pPC) and naphthalenediimide (nPC) conjugated peptides. (B)
Increasing ratios of nPC mixed with pCP show higher degree of fluorescence quenching when illuminated
under 254 nm light. Figure adapted with permission from M. A. Khalily, G. Bakan, B. Kucukoz, A. E.
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Topal, A. Karatay, H. G. Yaglioglu, A. Dana and M. O. Guler, ACS Nano, 2017, 11, 6881-6892."° ©
2017 American Chemical Society.

Hamley and coworkers have also investigated directed coassembly of PAs using
complementary electrostatic interactions.”’"**’? The C,4-KTTKS sequence is a self-assembly PA
in which the KTTKS pentapeptide stimulates collagen.*’ The self-assembly of this PA occurs in
relatively dilute or basic aqueous solutions. Coassembly of this PA was explored with the
oppositely charged C;s-ETTES PA. Mixtures of these PAs formed slightly opaque hydrogels
composed of a network of partially soluble B-sheet nanofibrils. Coassembly was most efficient in
aqueous solutions at pH = 5 and proceeded without the addition of salt, which is typically
required to induce self-assembly of charged PAs. Calculations predicted that under these
conditions, the net charge for C;s-KTTKS should be +1 and -3 for C;,-ETTES at pH 5.4,
suggesting that a ratio of 3:1 C;c-KTTKS:C4-ETTES may be the most efficient conditions for
ideal coassembly. However, it was experimentally determined that ratios of 1:0.5 wt% Ci¢-
KTTKS:C6-ETTES provided the most transparent, stable hydrogel; other binary mixtures
formed cloudy solutions due to partial solubility of the B-sheet assemblies. This work illustrates
both the advantage of coassembly strategies in modifying the emergent properties of
supramolecular materials and also the challenges associated with rational design that must still

be addressed using empirical approaches.

Multicomponent binary assemblies of PAs with non-peptide fatty acids have also been
developed. Stupp and coworkers exploited attractive anion-m interactions to facilitate coassembly
between dodecanoic acid and PAs containing pentafluorophenylalanine (*°F).*”* F has a
fluorinated benzyl side chain in which the quadrupole moment is reversed relative to that of the

benzyl group in Phe. While the side chains of canonical aromatic amino acids have been shown
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to participate in attractive cation-m interactions, it was hypothesized that "F perfluorobenzyl
group would instead form anion-r interactions with carboxylate groups. As such, °F groups near
the N-terminus of the PAs designed for these studies were expected to interact with the terminal
carboxylate of dodecanoic acid to promote coassembly of the two materials (Figure 26, ">F-PA
1). It was hypothesized that the dodecanoic acid group would be buried within the hydrophobic
core of the coassembled nanofibers, taking advantage of both hydrophobic and anion-r effects to
facilitate coassembly. The position of the °F amino acid was varied within the PA in order to
determine how this would effect possible anion-m interactions with the fatty acid carboxylate

(Figure 26, "°F-PA 2, "°F-PA 3).
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Figure 26. Chemical structures of peptide amphiphiles with "F in varying positions for studying anion-n
interactions between dodecanoic acid and PAs 1-3.*7*

The coassembly studies provided clear evidence that the design principles that promoted
coassembly of the PA with dodecanoic acid were sound. The PAs were each found to undergo

self-assembly into high-aspect ratio cylindrical nanofibers consistent with previously observed
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PAs. PAs with "F near the N-terminus were found to form coassembled nanofibers with
dodecanoic acids that retained the one-dimensional, cylindrical morphology. NMR, CD, and
atomistic simulations collectively verified that incorporation of dodecanoic acid into the
multicomponent nanofibrils occurred on the basis of efficient formation of anion-m interactions.
As the position of the "F changed shifted away from the N-terminus of the PA, the resulting
anion-tt interactions were perturbed, resulting in a change in morphology of the resulting
coassembled materials. PAs with ©°F shifted away from the N-terminus resulted in formation of
ribbon-like assemblies instead of cylinders. Increasing the ratio of dodecanoic acid in the binary
mixtures also resulted in a change in assembly morphology from one-dimensional fibers to
vesicles. These studies are an elegant demonstration of the selective use of specific interactions

in order to modify the fundamental characteristics of multicomponent supramolecular materials.

4.2 Discotic Peptides

Another interesting class of amphiphilic peptides includes those that can aggregate to form
columnar or porous supramolecular assemblies.*”” *'*> Besenius et al. have studied the
controlled aggregation of discotic amphiphiles which are Cs;-symmetric templated oligopeptides
(Figure 27).*°*7 Central tri-substituted aromatic molecules decorated with three peptides
undergo assembly-induced aggregation to form triple B-sheet nanofibrils in aqueous solutions. >
Attaching amphipathic [(-sheet pentapeptides with either positive or negative charges to
alternating positions around an aromatic core provides symmetrical discotic monomers (Figure
27A) that will only undergo salt-induced self-assembly at neutral pH due to the repulsive effects

of the uniform cationic or anionic charge on either system. However, when these discotic
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peptides are mixed in equimolar ratios, the complementary charge in each system enables the
directed coassembly of these materials into nanorod aggregates at neutral pH where both lysine
and glutamic acid residues are charged. Coassembly only occurs via complementary electrostatic
interactions between the B-strands since the self-assembly of these materials does not occur

under these salt-free conditions due to charge repulsion.

This assembly process is tunable by modifying the pH of the solution. At low or high pH
conditions, the charge on either peptide is neutralized and dynamic self-assembly and
disassembly processes occurs based on which of the discotic amphiphiles is neutralized (Figure
27B). The range of pH-triggered disassembly can be altered from pH 4.2 to pH 5.8 by shortening
the f-sheet segments, providing a strategy to alter assembly preferences and assembly propensity
in the multicomponent mixture. These studies demonstrate interesting supramolecular systems in
which electrostatic interactions can be effectively exploited to manipulate dynamic coassembly

Processces.
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Figure 27. (A) Schematic and chemical structure of discotic amphipathic peptide monomers with
opposite charges. (B) Tuneable pH profile that allows either self- or coassembly of the discotic
amphiphiles based on pKa of the peptide side chains. As pH becomes more acidic or basic, coassembly is
disrupted when only one of the monomers remains charged and self-assembly takes place based on the
pKa of the lysine or glutamic acid residues in the monomers. Figure reproduced from ref 477 (P. Ahlers,
H. Frisch and P. Besenius, Polym. Chem., 2015, 6, 7245-7250)""7 with permission from the Royal Society
of Chemistry.

4.3 Aromatic Conjugated n-Organopeptide Hybrids
Several groups have taken advantage of the inherent nature of self-assembled peptide
networks for the organization of conjugated-m aromatic molecules in coassembled structures in

454,478,479

aqueous solutions. For example, Tovar ef al. have harnessed the intrinsic assembly of /-

sheet peptides to organize supramolecular networks of aromatic conjugated-m molecules into
complex donor-acceptor arrays that act of mimics of natural light-harvesting, energy-transfer

462,463
systems.

This was accomplished by coassembly of organopeptide hybrids in which the
peptides are tethered to either an organic aromatic electron donor or acceptor molecule. The
peptides and conjugated-m aromatic groups were organized in a peptide-m-peptide pattern
(Figure 28A). Specifically, DFAA-1,4-distyrylbenzene-AAFD (electron donor, OPV3) and
DFAA-quaterthiophene-AAFD (electron acceptor, 4T) were coassembled in statistical mixtures,
providing supramolecular fibrils that elicited efficient energy transfer between the conjugated-n
systems via multiple mechanisms, including exciton migration in the OPV3 units and FRET
between the OPV3 and 4T units (Figure 28B).*** Interestingly, changes in pH and temperature
altered coassembly capability of the constituents and thus affected the energy transfer processes

of the coassembled structures. These results are a significant demonstration of biomimetic

energy transfer in aqueous media.
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Figure 28. (A) Chemical structures of m-conjugated distyrylbenzyl (OPV3) and quarterthiophene (4T)
peptide amphiphiles. (B) Packing model of amphiphiles into a supramolecular fibril capable of multiple
energy transfer events. Figure reproduced from ref 462 (H. A. M. Ardoiia and J. D. Tovar, Chem. Sci.,
2015, 6, 1474—1484)** with permission from the Royal Society of Chemistry.

Tovar subsequently extended the study of these coassembly process to investigate the effect
of the immediate environment of conjugated-m groups in supramolecular assemblies on the
photophysical properties of materials.*®® In this work, the OPV3 7t-system was coassembled with
a related peptide-core-peptide with an aliphatic, flexible C;y n-decyl group as the linking core
unit. The aliphatic C;y n-decyl component is incapable of interacting in any m-electron transfer
events. Coassembly of these materials in various ratios resulted in either dilution/isolation of the
OPV3 molecules within the supramolecular architecture or the localized formation of self-
associated OPV3 stacks that can interact to elicit electronic delocalization (Figure 29).
Photoluminescence analysis of the various coassembled arrangements indicated that both
arrangements exist and illustrated the nonresonant and local peptide field effects that exist in
these system, providing insight into how the optoelectronic properties of the multicomponent

materials can be tuned by varying the local environment.
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Figure 29. Chemical structures of organopeptide hybrids DDD-OPV3 and DVV-OPV3 designed to
coassemble with DVV-Cyj to isolate and study the effects of the m-electron interactions on the
assembly.*®

Tovar et al. then employed a kinetic control strategy to produce multicomponent
organopeptide n-conjugated hybrids in which the spatial arrangement of the core n-electron units
is controlled.”” Three organopeptide with peptide-core-peptide structures (OPV3, OT4-NDI, and
OT4-Ac) were prepared in which each peptide includes arrangements of n-conjugated molecules
with distinct photonic and electronic donor-acceptor properties (Figure 30A). The peptide
segments were designed so that assembly could be variably triggered in response to gradual
acidification of pH as a function of subtle pK, differences between the various peptide
components. Oligo-(p-phenylenevinylene) (OPV3) is an electron donor molecule that can funnel
energy through exciton migration to a quarterthiophene-appended peptide acceptor if in close
enough proximity within coassembled structures. The quarterthiophene serves as an excited state

electron donor to the naphthalenediimide (NDI) structures appended to the ends of the OT4-NDI
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organopeptide hybrids. Sequential photonic/electronic energy transfer was monitored as
coassembly occurred upon either rapid solution acidification (by addition of HCI) or graduate
solution acidification (by slow hydrolysis of glucono-é-lactone, GdL). When the pH was rapidly
acidified, all components randomly coassembled into supramolecular structures in which energy
transfer between the acceptor-donor functional groups was readily observed within the
supramolecular structures (Figure 30B). When the pH was gradually acidified, subtle differences
in the pK, of the organopeptide components resulting in stepwise, self-sorted self-assembly of
distinct structures in which energy transfer occurred only in an interfibril manner (Figure 30B).
This method highlighted the ability to control the spatial ordering of the organopeptide
monomers by taking advantage of the intrinsic differences in fundamental properties of the self-
assembly motifs, in this case the pKj, of the peptide side chains. This work highlights the delicate
balance and synergistic effects of electronic effects and peptide self-assembly to form
coassembled structures with intrinsic characteristics derived from the interaction of their

individual components.
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Self-sorted VS. Coassembled

Figure 30. (A) Chemical structure of OPV3, OT4-NDI, and OT4-Ac organopeptide hybrids. (B) Pictorial
representation of organopeptide hybrids that self-sort into discrete fibrils capable of inter-fibril electron
transfer events or coassemble to form multicomponent fibrils containing multiple conjugated organic
molecules capable of intra-fibril electron transfer events. This process is controlled by varying the pH
either slowly with GdL to produce self-sorted fibrils, or quickly with HCI to coassemble the
organopeptide hybrids into a single fibril. Figure adapted with permission from H. A. M. Ardona, E. R.
Draper, F. Citossi, M. Wallace, L. C. Serpell, D. J. Adams and J. D. Tovar, J. Am. Chem. Soc., 2017, 139,
8685-8692.7 © 2017 American Chemical Society.

Section 5. Coiled-Coil Peptides
The coiled coil motif is another protein structure that has been exploited in the design of self-
assembled, supramolecular peptide materials.***** The a-helical secondary structure consists of

seven-amino acid repeats that compromise two turns of the standard helix, with each amino acid
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in this heptad denoted as abcdefg (Figure 31A). Coiled coils are bundles of two to seven o-
helices stabilized by hydrophobic knob-in-hole and complementary electrostatic interactions

484985 The coiled coil motif is abundant in nature, playing roles

between the constituent a-helices.
in protein machinery that mediate biological processes ranging from gene transcription to viral
infection.***™*® Coiled coils have been extensively investigated in the design of self-assembled,
one-dimensional nanofibrous materials. Conceptually, extended coiled coil fibrils have been
designed using a “sticky-end” approach in which a-helical proteins with blocks of positive and
negative charges that can interact leaving dangling ends that can nucleate addition of partner o~
helices at both ends (Figure 31B and 31C). These extended structures form long helical fibers
that have been used as functional biomaterials. Both homo- and hetero-coiled coils exist in

nature, making coiled coil peptides distinctly appropriate targets for the design of

multicomponent coassembled materials.*®**° This section will highlight the design, assessment,

496,497

and application of multicomponent materials derived from coassembled coiled coils.

A lonic Interaction

Hydrophobic
Interaction
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Figure 31. (A) Representation of the seven amino acid repeat, abedefg, that compromises a-helical
peptides that wrap around each other to form a left-handed helix supercoil. Hydrophobic residues in the a
and d positions make quaternary contacts to form a hydrophobic core and polar residues in positions e and
g often form salt bridged contacts further stabilizing the helix. (B) Woolfson’s designed block helical
peptides with nonpolar residues in helix residue positions @ and d, and alternating e and g positions have
Lys (blue) or Glu (red) resides that provide a positive or negatively charged overhanging “sticky end”.
(C) “Sticky ends” promote protofibril-protofibril lamination events and elongation of the helix bundles to
form extended fibril networks. Inter-helical electrostatic interactions are shown in dashed lines. Panels B
and C reproduced with permission from D. Papapostolou, A. M. Smith, E. D. T. Atkins, S. J. Oliver, M.
G. Ryadnov, L. C. Serpell and D. N. Woolfson, Proc. Natl. Acad. Sci., 2007, 104, 10853—-10858.*"

Self-assembled coiled coil nanofibers have been pioneered by several methods. Woolfson
et al. have explored synthetic coiled coil self-assembled fiber systems and their subsequent
hydrogelation for the formation of biomaterials.*”*>" In the Woolfson strategy, helical peptides
were designed with complementary charged blocks in which the e and g residues were either Lys
(positively charged) or Glu (negatively charged).*® Electrostatic-driven self-assembly into
dimeric coiled coils left terminal “sticky ends” that promoted longitudinal extension of coiled
coil bundles, creating fibrils 50 nm x 10 um or larger (Figure 31C). Alteration of the building
blocks of these materials can give rise to unique supramolecular morphologies that include
linear, waved, kinked, and branched structures. 3496749901 Hartgerink et al. also designed self-
assembled coiled coils nanofibrils that demonstrated that “sticky ends” were not strictly required
to facilitate longitudinal extension of the materials.””’ In this approach, blunt ended coiled coils
in which the charge of amino acids in the peripheral b, ¢, and f positions is carefully modified
were also shown to extend longitudinally and aggregate laterally into one-dimensional fibrils.
Collectively, these strategies have been exploited to design functional, supramolecular-coiled

coil peptide materials.

Iwata and coworkers have developed coassembled coiled coil systems in the preparation of

hydrogels for cell culture applications.”®® They used extracted coiled coil from natural type II
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keratin (K14) coassembled with a designed chimeric protein consisting of an o-helical K14
fragment fused with the globular domain 3 of the laminin &3 chain (LG3K14). This mixture
resulted in the formation of K14 centralized coiled coils which entangled to form hydrogels with
LG3 domains, which are known to interact with integrins and provide a point of adhesion for
neural stem/progenitor cells, exposed at the surface of the hydrogel network. The utility of these
coassembled hydrogels was demonstrated with the improved survival rate of neurosphere-
forming embryonic rat brain cells, a cell type prone to poor survival, on K14-LG3K14 gels
compared to pure keratin gels. Similar to previously discussed f-sheet, LMW, and organopeptide
hybrid hydrogels, these multicomponent coiled coil materials also exhibited enhanced

functionality relative to the self-assembled counterparts.

Koksch et al. demonstrated that a self-assembling o~helical coiled coil peptide were able to
coassemble with a f-sheet self-assembling peptide, and that the coassembled material formed a

coiled coil fibrous structure devoid of S-sheet structure.’®*~*

They identified two 26-residue
peptides, VW01 and VW19 based on an a-helical coiled coil heptad repeat. VW01 was designed
with structural elements that favor o-helical conformations, while VW19 incorporated Val
residues in critical positions of the heptad repeat, which was expected to favor f-sheet
conformations (Figure 32).°* As expected, VW01 self-assembled into a three-helix coiled coil
fibril whereas VW19 self-assembled into amyloid-like S-sheet fibrils. The coassembly of VW01
and VW19 was then assessed in molar ratios (VW19:VWO01) of 2:1, 1:1, and 0.5:1. When VW19
was in excess (2:1), f-sheet amyloid fibrils were observed in the mixture. However, at equimolar

concentrations or at an excess of VW01, a-helical coiled coil aggregates were instead observed,

with two molecules of VW01 and one molecule of VW19. The helical VW01 peptide induces
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cooperative helical folding of VW19, suppressing its aggregation into amyloid fibrils and instead
forming multicomponent coiled coils. This work has interesting implications for the use of

helical peptides to divert dysfunctional amyloid into non-cytotoxic folding pathways.’**

Figure 32. Schematic of designed peptides based on the abcdefg heptad repeat in a-helical peptides. The
b, ¢, and f positions of the sequence on the left have been replaced with amphipathic residues (shown in
red) that induce f-sheet self-assembly between peptides (VW19). The right sequence is the a-helical
peptide capable of destabilizing the f-sheets and inducing co-helical formation upon coassembly in

various ratios (VW01).>

In an attempt to prepare more complex supramolecular 3D microstructures using designed
coiled coil peptides, Woolfson and coworkers developed self-assembled peptide-based cages
(SAGEs) decorated with various proteins to demonstrate the multivalent display and co-

localization of proteins onto nanoparticles.’**>"

The foundation of these multicomponent
structures was constructed of a homotrimeric coiled coil core (CC, Figure 33 shown in green in

top left panel). To the exterior face of each of the three core strands was attached an additional

a-helical peptide, covalently attached to the binding partner via a disulfide bond. These exterior
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o-helical peptides were either acidic (DiA, Figure 33 shown in red in top left panel) or basic
(DiB, Figure 33 shown in blue in top left panel). These six-helix multicomponent structures
(CC-DiA and CC-DiB) were then mixed to form a two-dimensional, hexagonal peptide lattice
(SAGE) (Figure 33, top right panel) in which the coassembly of CC-DiA and CC-DiB was
driven by complementary electrostatic charge interactions. The hexagonal peptide lattice extends
two-dimensionally and eventually folds into three-dimensional spherical nanoparticles

approximately 100 nm in diameter.

HubA SAGE hexagonal lattice
N
&
C .‘ ..om‘.: :..1

‘\‘&E ’l(( K4-HubB }’“‘{ }’“{
®og0 4, It
o j’*’f Sooef

HubA-Protein

a

Figure 33. Representation of coiled coil peptide hubs with homotrimeric cores (green coils), each strand
of which was bound to another acidic (red, HubA) or basic (blue, HubB) o-helical peptide (top left
panel). Some peptide hubs were synthesized with a K4 N-terminal portion for better solubility. When
coassembled in equimolar ratios, the peptide hubs form a hexagonal lattice that extend and folds into
spherical nanoparticle (top right panel). Peptide/protein hubs are formed via conjugation of proteins to the

&3
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N- or C- terminus of HubA or HubB. Bottom left panel shows peptide HubA decorated on the N- and C-
terminus with proteins such as GFP (1, and 2). N-terminally appended maltose binding proteins (light
blue, M) was included in some constructs due to improved expression and solubility of the resulting
proteins. Bottom right panel depicts a SAGE nanoparticle with pendent proteins displayed on either the
inside or outside of the nanoparticle depending on the conjugated peptide terminus. Figure adapted with
permission from F. Ross, A. Bridges, J. M. Fletcher, D. Shoemark, D. Alibhai, H. E. V. Bray, J. L.
Beesley, W. M. Dawson, L. R. Hodgson, J. Mantell, P. Verkade, C. M. Edge, R. B. Sessions, D. Tew and
D. N. Woolfson, ACS Nano, 2017, 11, 7901-7914.°® © 2017 American Chemical Society.

These multicomponent SAGE nanostructures could also be used to display functional
proteins at the surface. The constituent coiled coil peptides could be expressed as N- or C-
terminal fusions with various proteins, including GFP, mCherry, or luciferase. The a-helical
coiled coil segments of these fusions were still competent to assemble, and coassembling various
ratios of these fusions facilitated the co-localized multivalent display of the cargo proteins at
either the exterior or interior surface of the nanoparticles (Figure 33 bottom left panel). The
SAGE:s investigated were found to tolerate display of numerous copies of fusion proteins both
inside and outside of the nanoparticles as well as the simultaneous incorporation of different
proteins into a single SAGE. These multi-protein decorated SAGEs are potentially useful for the
modular assembly of nanomaterials for a wide variety of uses, including nanoreactors via
immobilization of catalytic enzymes or for presenting antigenic proteins for vaccine
development and testing. This work is an elegant demonstration of the rational design and
creation of sophisticated multicomponent materials that extend beyond one-dimensional

nanofibers into three-dimensional particles.

Multivalent protein display on coiled coil nanoparticles were also reported by Xu and
coworkers.’” The Xu group had developed three helix coiled coils derived from peptide-(PEG)-
lipid conjugates. These three-helix coiled coil amphiphiles were shown to self-assemble into

multimeric structures and stable spherical particles that have potential as biological
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nanocarriers.”’””*® They subsequently designed a four-helix coiled coil conjugate that was shown
to undergo effective coassembly with a three-helix conjugate to form stable spherical micelles
that were less than 20 nm in diameter (Figure 34). By fusing additional proteins to the coiled
coil motifs, they were able to create nanoparticles in which the cargo segments were displayed at
the exterior face of the nanoparticles. It is noteworthy that the three- and four-helix bundles in
these multicomponent structures retained their native oligomeric states upon mixing, showing no
evidence for cross-oligomerization of the component coiled coil bundles. These particles, with
appropriate surface functionality on the exterior face, have potential for use in tumor targeting
and treatment through enhanced permeation and retention effects as well as selective ligand

direction.
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Figure 34. Pictorial representation of 3- and 4-helix peptide-polymer-lipid conjugates that form sub-20
nm micelles with discrete partitioning of 3- and 4-helix bundle nanodomains for local multivalent display
of functional ligands. Figure reproduced with permission from J. Ang, D. Ma, B. T. Jung, S. Keten and T.
Xu, Biomacromolecules, 2017, 18, 3572-3580.°°° © 2017 American Chemical Society.

Section 6. Collagen Mimetic Peptides

Collagen is a fibrous protein that is the main structural element in the extracellular matrix
(ECM) and connective tissues.””~'" Collagen is the most abundant protein in humans and is
critical for structural integrity of the ECM and in bones. Proline and glycine rich sequence

repeats (X-Y-Gly),, in which X and Y are often proline (P) or hydroxyproline (O) comprise the
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509,511
sequence of natural collagens.”

The high periodicity of rigid proline and flexible glycine
residues enable self-assembly of collagen into triple helical fibrils that account for the structural
rigidity of collagen. While natural collagen has been used for a variety of applications, synthetic
collagen mimetics have gained attractiveness as functional materials due to their

biocompatibility and ease of access.’'*>'® Collagen mimetic peptides (CMPs) have also been

used in coassembled multicomponent materials as will be discussed in this section.

Foundational work in the design of self-assembled CMPs enabled this synthetic architecture
to be exploited for the development of hydrogels and other functional biomaterials.”'>'® Chaikof
and Conticello et al. and Hartgerink et al. separately reported CMP fibrous systems that closely
mimic the emergent properties of natural collagen. These CMPs have the general sequence
(PXG)4(POG)4(YOG)s where X and Y are Arg and Glu in Chaikof’s system,Slg’520 and Lys and
Asp in Hartgerink’s system.”'””'***! These CMPs self-assemble into triple helices stabilized by
intermolecular electrostatic interactions that leave sticky ends which enable elongation in
nanofibers several hundred nanometer long. In Hartgerink’s example, this propagation leads to
the entanglement of fibers to form a hydrogel that is degraded at rates similar to that of natural

collagen.

Inspired by self-assembled triple helical CMPs, multicomponent heterotrimeric triple helical
collagen mimetics have also been developed.’’’ Understanding the critical noncovalent
interactions that promote coassembly of CMPs into heterotrimeric helices is challenging.
Investigators over the last decade have leveraged sequence variation and template assembly
strategies to identify heterotrimeric CMPs.”**%° Hartgerink et al. have pioneered this work with
the characterization of ABC heterotrimer collagen mimetics designed to coassemble using

complementary electrostatic interactions across the constituent peptide chains.”'®*>*" In an
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effort to direct the selective coassembly of CMPs into heterotrimeric triple helices, neutral,
negative, and positive charged CMPs were designed (Figure 35).°*® The three CMPs were (X-Y-
Gly)o repeats with positive amino acids in the Y position of one peptide, negative amino acids in
the X position of another peptide, with (POG); used as the neutral peptide system. Mixing these
peptides resulted in formation of stable heterotrimeric triple helices, with lysine-aspartate
interactions providing the most significant cross-strand stabilization of the heterotrimeric

assemblies.>25>3!

(DOG),,* (PKG),,* (POG),,

Figure 35. Molecular model of designed basic (red), acidic (blue), and neutral (green) CMPs for
heterotrimer formation. The contact distances between Lys (blue) and Asp (red) side chains are shown.
Figure adapted with permission from V. Gauba and J. D. Hartgerink, J. Am. Chem. Soc., 2007, 129,
15034-15041."*® © 2007 American Chemical Society.

Nanda and coworkers have also exploited the charge-directed coassembly of higher order
CMP structures for the development of biomaterials.”*® In an effort to rationally design CMPs,
Nanda et al. employed computational methods to predict and design 30-residue CMPs with
optimized charge pairing interactions to favor ABC heterotrimer formation in which peptides A,
B, and C were composed of a different combination of five triplets: PRG, ROG, EOG, PEG, and

POG.*** Despite using “positive” and “negative” computational design methods to optimize
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the stability and disfavor competing states respectively for the identification of an ideal ABC
heterotrimer, no experimental evidence supported folding into a distinct ABC triple helix. Other
heteromeric CMP species such as A:2B, 2B:C, and B:2C were experimentally observed,
although it was difficult to discern between 2B:C and B:2C trimers. Further investigation of the
B:C heteromixtures indicated that it was possible to alter the properties of the assemblies of the
two-component systems by varying the ratio or total concentration of the mixed peptides.””
These examples highlight the challenges associated with the rational design of heteromeric
collagen systems and provide avenues for future research to deepen understanding of the

fundamental principles that underlie collagen folding.

Nanda et al. subsequently focused on interrogating the charge contributions between
designed CMPs in collagen folding processes in order to facilitate improved design of directed
coassembled systems.’'* % Mixtures of supercharged CMP peptides R6, K6, E6, and D6 (Table
1) were investigated to determine the difference in contributions between charged pairs to affect

the higher order coassembly of triple helical CMPs.”*®

Each individual peptide was tested for
homotrimer formation and it was found that R6 and K6 were highly folded and E6 and D6 were
only partially folded. Interestingly, mixtures of the homotrimers resulting in lateral coassembly
into higher ordered microsheets, although this microsheets were only observed between R6 and
either E6 or D6. Coassembly of K6 homotrimers with either of the anionic CMPs did not occur
(Figure 36). While it was clearly evident that only arginine containing CMP triple helices
participated higher ordered association with charge-complementary triple helical peptides, the
reasons for this preference is unclear. It may be due in part to the higher propensity of guanidinyl

nitrogens to participate in both intra- and intermolecular hydrogen bonds compared to lysine.

This propensity has been observed in natural protein systems where arginine is four times more
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likely to participate in complex network hydrogen bonding than lysine.”*® These studies illustrate
the nuanced complexity of charge-complementary as a driving force for multicomponent

coassembly of supramolecular collagen-based materials.

Table 1. List of cationic and anionic CMP sequences used in coassembly studies to interrogate

electrostatic contributions between peptides to form heteromeric higher-ordered assemblies.”

CMP Amino Acid Sequence
R6 (RRG)3(POG);
K6 (KKG);(POG),
E6 (EEG)3(POG),
D6 (DDG);(POG);

Cation affects assembly

+ =

RIArgmme “"‘.

Figure 36. CMP triple helices with charge paired ends to facilitate coassembly. Choice of cation for the
positively charged peptide affects the lateral association of triple helix coassembly into microsheet
structures. Arginine triple helix CMPs ((RRG)3(POG);) coassembled with aspartate triple helix CMPs
((DDG);(POG);) to provide multicomponent microsheets (top model and TEM, R¢D¢). When lysine

No Assembly
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containing triple helix CMPs ((KKG)3;(POG);) were coassembled with the aspartate triple helix CMPs,
K¢Ds microsheets were not observed, indicating a non-equivalency in arginine and lysine for the
formation of supramolecular coassembled CMP structures. Figure adapted with permission from A. S.
Parmar, J. K. James, D. R. Grisham, D. H. Pike and V. Nanda, J. Am. Chem. Soc., 2016, 138, 4362—
4367.7* © 2016 American Chemical Society.

There are additional reports of coassembled multicomponent systems composed of CMPs.
Nanda ef al. initiated an additional example as an empirical study of the role of hydrophobicity

541,542

in collagen assembly. They conducted a study of CMPs by the systematic replacement of

X and Y residues in the (POG)3(XYG)3(POG), sequence to generate CMPs with varying degrees

of hydrophobicity.>*'

They identified several CMPs that self-assembled into triple helical
structures with interesting higher order structures. The CMP designated as sequence H4
((POG);POGLIGLIG(POG),) assembled into nanodiscs displaying a hydrophobic disc edge,
whereas CMP H6 ((POG);LIGLIGLIG(POG),), with a longer central hydrophobic segment,
formed fibers with hydrophobic ends. The hypothesis that the coassembly of these two CMPs
would form a hybrid nanostructure was validated with a coassembly of 2:1 H6:H4 which
produced nanostar structures in which H6 fibers were found to protrude from the hydrophobic
edge of the H4 nanodiscs (Figure 37). They also discovered that the H4 discs coassembled with
rod-shaped uni-flagellar bacilli to form structures with a disc-on-a-string (DoS) morphology by

bundling of the fibrous flagella with the H4 discs.’**

This bundling effect was further studied by
coassembly of H4 with a number of other systems, including fibers of a-synuclein, collagen I,
and tropomyosin, which all formed DoS structures through non-specific binding of hydrophobic
regions of the fibrous proteins. These empirical studies indicate not only interesting collagen

coassembly phenomena, but also the productive interface of collagen nanostructures with other

supramolecular architectures.
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(POG),(XYG), (POG),

ﬁ-—

Nanodiscs

? % Nanofibers

Figure 37. CMPs with general sequence (POG);(XYG),(POG),, where the central XYG segment varies
in chain length and hydrophobicity by linking POG segments with LIG repeats. Peptide assembly with
CMPs that have a shorter central hydrophobic segments results in nanodisc formation (top TEM, H4) and
longer hydrophobic segments lead to fiber formation (bottom TEM, H6). A 2:1 coassembly of H6:H4
results in a combination of structures that produce nanostars where the nanofibers extend from
hydrophobic nanodisc centers. Figure adapted with permission from K. McGuinness, 1. J. Khan and V.
Nanda, ACS Nano, 2014, 8, 12514-12523.>*' © 2014 American Chemical Society.

2:1
coassembly

Nanostars

Chmielewski et al. studied formation of higher order structures from CMPs in which
heteromixed sequences coassemble into micro- and nanostructures through reversible metal
chelation.”* Two CMP triple helices with complementary metal binding ligands attached to the
N- and C- terminus of each peptide flanking a (POG)y core were synthesized, HisCol and IdaCol,
containing two histidines or an iminodiacetic acid moiety respectively (Figure 38). Cooperative
coassembly of HisCol and IdaCol and higher order assembly into micrometer length sheets was
observed only in the presence of divalent metals such as nickel, zinc, and copper. This controlled
coassembly was shown to be fully reversible upon addition of EDTA. TEM images revealed a
periodic banding of these structures at the nanoscale that was similar to that in natural collagen.
The banding showed 9-12 nm spacing between gaps, which correlates to the computed average
length of the (POG)y CMP core flanked by metal binding ligands. It was postulated that the

periodic banding occurs from the linear association of metal bound triple helical CMPs which

91



Chemical Society Reviews

then undergo in- or out-of-register lateral association to form higher order micro structures. The
use of metal templating to direct coassembly of collagen sequences is an innovative

demonstration of the versatility of multicomponent supramolecular CMP architectures.

IdaCol

H
)J\N 0 N\))I\N NH,
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Figure 38. Chemical structure and three-dimensional models of IdaCol and HisCol CMPs and their
coassembly via metal ion chelation using metals such as Ni, Zn, and Cu. Figure adapted with permission
from M. M. Pires, D. E. Przybyla, C. M. Rubert Pérez and J. Chmielewski, J. 4m. Chem. Soc., 2011, 133,
14469-14471.°* © 2011 American Chemical Society.

Section 7. Polydisperse Polypeptides

Polydisperse polypeptide-based hydrogels have gained attention as biomimetic
materials.”**** “Polydisperse polypeptides” are herein defined as synthetic polypeptides
synthesized by statistical polymerization of N-carboxyanhydride (NCA), or related, precursors as
opposed to peptides prepared by solid phase peptide synthesis in which the peptide length and
sequence are precisely controlled. As such, the sequence and lengths of polydisperse
polypeptides are an ensemble determined by the polymerization conditions, including the
numbers of amino acids and the relative concentrations of each component. These polypeptides

can include any mixture of natural or nonnatural amino acid side chain functional groups,
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providing highly versatile materials. Depending on the amino acid constituents, polydisperse

546-550
d

polypeptides have been observed to be disordere or to adopt secondary structure,

including o-helical and A-sheet conformations.”” > Polydisperse polypeptides, including

poly(L-glutamic acid) and poly(L-lysine) (Figure 39), have been exploited for drug delivery,”>*

557,558 559,560

3% food technologies, tissue engineering, and as antimicrobial agents.’®’

Hy
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Figure 39. Chemical structures of poly(L-glutamic acid) and poly(L-lysine) polypeptides.

The emergent properties of polydisperse polypeptides composed of single amino acids are
often not ideal for applications in water at physiological pH. For example, the charged side
chains of poly(L-glutamate) at neutral pH sometimes induce interchain repulsive effects that can
induce precipitation or reduce entanglement of the polypeptides into higher order networks.’***%
To circumvent these effects for the production of stable hydrogels, Vacogne et al. developed the

363364 poly(y-benzyl-

two-component poly(L-glutamate-co-allylglycine) polypeptide (Scheme 2).
L-glutamate-co-allylglycine) was synthesized via ring opening polymerization between NCA y-

benzyl-L-glutamate and allylglycine N-carboxyanhydride (NCA) precursors. Poly(y-benzyl-L-

glutamate-co-allylglycine) strands were then subjected to UV radiation to induce photo-
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crosslinking with a 1,9-nonanedithiol linker to form fibrous gels in organic solutions (Scheme
2). Debenzylation of the polypeptide glutamate side chains followed by removal of solvent and
subsequent reconstitution in aqueous solution resulted in a pH responsive hydrogel material. The
covalent cross-linking of the polymer chains stabilized the gel network, while the glutamate side
chains enable hydrogel formation at pH values of 6-10. At pH values of 6 and below, a~helical

formation dominates due to protonation of the carboxylic acids and hydrogels being to shrink.

NCA Monomers
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Scheme 2. Synthetic scheme for preparation of poly(y-benzyl-L-glutamate-co-allylglycine) polypeptides
by ring opening polymerization of y-benzyl-L-glutamate and allylglycine NCA derivatives, followed by
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cross-linking of peptides with 1,9-nonanedithiol, and finally deprotection of the benzyl protecting group
to form water soluble polypeptides.*®

While synthetic copolymer approaches have been used to tune the emergent properties of
polydisperse polypeptides, multicomponent coassembly strategies have also been explored. Cai
et al. employed a coassembly approach to investigate supramolecular polypeptide materials
made from block copolymers that form hierarchical well-defined supramolecular structures that
mimic biological multicomponent materials.’® Supramolecular structures were observed after
coassembling poly(y-benzyl-L-glutamate) (PBLG) with poly(y-benzyl-L-glutamate)-block-
poly(ethylene glycol) (PBLG-b-PEG), which increased water solubility and altered the
mechanical properties of the resulting coassembled hydrogel (Figure 40A). Morphological
changes of the supramolecular aggregates were observed as the molecular weight of the PBLG
polymers increased; spherical morphologies were observed for lower molecular weights of
PBLG (PBLG molecular weight = 40,000 g mol") coassembled with PBLG-b-PEG and long,
helical rods and rings were generated in coassemblies with higher molecular weights (PBLG
molecular weight = 520,000 g mol™") compared to small, spherical aggregates formed from the
self-assembly of PBLG-b-PEG alone (Figure 40B). Increasing the water content in the
coassembled mixtures from 5 wt% to 23 wt% induced a shift to super-helical structure in the
aggregates, which was hypothesized to result from twisting of the PBLG rods flanked by PEG

blocks in an attempt to alleviate interfacial tension between PBLG peptides (Figure 40C).
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Figure 40. (A) Chemical structure of poly(y-benzyl-L-glutamate)-block-poly(ethylene glycol). (B) TEM
images of coassembled PBLG-b-PEG and PBLG at PBLG molecular weights of 40,000 g mol” and
520,000 g mol™ (left and right TEM image respectively). (C) Model of predicted super-helical structure
formed from twisting of PBLG rods (gold) flanked by PEG blocks (green) with increased water content in
the solvent. Panels B and C reproduced from ref 565 (C. Cai, J. Lin, T. Chen, X.-S. Wang and S. Lin,
Chem. Commun., 2009, 0, 2709-2711)°% with permission from the Royal Society of Chemistry.

Based on these observations, theoretical in silico simulations guided selection of additional
experimental coassembly formulations to increase understanding of the hierarchical assembly of
these materials.’®® Varying the parameters of the coassembly conditions, including temperature,

the ratio of the constituent polypeptides, and the rigidity of the polymer backbones, led to a

96

Page 96 of 183



Page 97 of 183

Chemical Society Reviews

better understanding of supramolecular structure formation and hierarchical design of a novel
morphologies including fibers, super-helices, spheres, and “balls of wool.” Varying these
parameters led them to deduce that interactions between PBLG segments as a function of
temperature led to the formation of the super-helical and abacus-like morphologies. Investigating
coassemblies of PBLG and polystyrene (PS) based polymers also gave insight into how the
rigidity of the hydrophobic segments affect the supramolecular structures. Coassembly of
polystyrene-b-poly(ethylene glycol) (PS-b-PEG) and PBLG homopolymers revealed fibers
without helical features. These structures matched structures predicted by simulations, indicating
that rigidity in the hydrophobic segment of the block copolymer is important for ordered packing
in supramolecular structures. Similarly, PS homopolymers (Figure 41A) coassembled with
PBLG-b-PEG block copolymers resulted in PS spherical core structures with ordered packing of
PBLG segments on the outer surface of the spheres leading to striped spherical structures that
resemble “balls of wool” (Figure 41B). Both simulations and experimentation led to rationally
designed supramolecular structures that revealed insight for future hierarchical assembly

processes.
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Figure 41. (A) Chemical structure of the polystyrene homopolymer (PS) used in coassembly with PBLG-
b-PEG block copolymers. (B) TEM image of structures from coassembly of PBLG-b-PEG:PS in a
weight ratio of 1.5:1 to create “balls of wool” morphologies. Panel B adapted with permission from C.
Cai, Y. Li, J. Lin, L. Wang, S. Lin, X.-S. Wang and T. Jiang, Angew. Chemie Int. Ed., 2013, 52, 7732—
7736.°° © 2013 Wiley-VCH Verlag GmbH & Co.

Strategies for the directed formation of coassembled supramolecular structures from
polydisperse peptides have also been investigated. Miserez et al. developed a system in which
complementary charge was exploited to direct the coassembly of polypeptides in aqueous
solutions to mimic natural glue proteins.”®” The adhesion proteins Pc-1 and Pc-2 are secreted
from the sandcastle worm and are used to bind mineral particles in the construction of
underwater shelter for the organism.’***® These proteins are post translationally modified with
3,4-dihydroxyphenylalanine (DOPA) and phosphoserine (pSer). Miserez et al. synthesized gram

scale quantities of positively and negatively charged polypeptides that mimic Pc-1 and Pc-2

adhesion proteins by NCA ring opening polymerization of precursors in ratios that matched
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those found in the worm glue proteins (Figure 42). Serine phosphorylation was accomplished by
post-polymerization phosphorylation.’”® Spherical, colloidal coacervates of the two peptides
were discovered when polypeptides were mixed in a 6:4 ratio of positive:negative peptides in
phosphate buffered saline solutions (pH 6.8). The pH at which coacervate initialization was
observed could be altered by varying the ratio of the polypeptide components. These materials
exhibited emergent properties that included low surface tension and shear thinning behavior,
which was found to be similar to the adhesive properties of the natural glue proteins. These

multicomponent coacervates were thus accurate models of naturally occurring bioadhesive

OH +
HO NH;3
H i H '
H W X\ H Y = z

materials.

DOPA Gly Lys Tyr
B o, 5
Ho—P=
HO 4

Ser Tyr pSer

Figure 42. Chemical structures of positive (A) and negative (B) polypeptides that mimic adhesion
proteins. The positively charged polypeptide is composed of 30 mol% DOPA, 50 mol% Gly, 10 mol%
Lys, and 10 mol% Tyr and the negatively charged polypeptide is composed of 40 mol% Ser, 40 mol%
pSer, and 20 mol% Tyr. Each canonical and non-canonical residue is labeled beneath the chemical
structure.>”’
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The coassembly of polypeptides with natural proteins has also been explored in the creation

571-575

of biomimetic multicomponent materials. Resilin,”’" an insect extracellular matrix protein

with low stiffness and rubber-like elasticity, has been a target for the development of biomimetic

materials.”’®

Recl-resilin, a recombinant form of resilin (310 amino acids with
GGRPSDSYGAPGGGN repeats), has been engineered to gel in response to external stimuli
such as pH, heat, and light’”*"® While these properties make Recl-resilin an attractive
supramolecular biomaterial, it undergoes dual-phase transition behavior at an upper and lower
critical solution temperature (UCST and LCST respectively) in which phase separation occurs;
unfortunately, these limits are outside of physiological temperature ranges (UCST ~6 °C and
LCST ~70 °C). Choudhury et al. explored coassembly as a method to lower the upper critical
solution temperature at which phase separation occurs for Recl-resilin.”’' This was done by
coassembling Recl-resilin with polyproline-II, which has a rigid structure and relatively low
molecular weight (10.7 kDa)’” or silk fibroin (37-200 kDa).”® Structure, morphology, and
phase-transition behavior were all affected by the coassembly of these polypeptides with Recl1-
resilin. Analysis of the coassembled structures indicated intermediate secondary structures and
sizes of structures between that of Recl-resilin and either of the biopolymer partners. The critical
solution temperature at which assembly occurs for Recl-resilin was lowered to 41 °C (near
physiological temperature) when coassembled with polyproline-Il and 42.5 °C when

coassembled with silk fibroin. Thus, coassembly can be exploited to modify the properties of

natural biomaterials to tune the emergent properties for specific application conditions.

Polydisperse peptides coassembled with proteins have also been utilized as drug delivery

572,573

materials. For example, poly(aspartic acid) (PAS), a biodegradable and water soluble

negatively charged polypeptide at physiological pH, was coassembled with globular bovine
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serum albumin (BSA), which contains multiple amino- and carboxylic acid groups that can be
further modified after assembly with PAS and is therefore an attractive biomaterial candidate.’”
PAS/BSA coassembly was found to occur with intramolecular interactions occurring maximally
at a PAS:BSA ratio of 0.54:1. Dynamic light scattering (DLS) and atomic force microscopy
(AFM) studies of the coassembled material indicated complexation between polypeptide/protein
particles as evidence by increased hydrodynamic radius of the particles with increasing
concentrations of BSA. These polyelectrolyte/protein coassembled materials with water soluble,

biocompatible components are attractive biomaterials that have abundant functionality for

possible covalent attachment of bioactive molecules.

A similar multicomponent polypeptide/protein system was exploited for the encapsulation of

573 .
3 Yan and coworkers mixed

photosensitizers for use in photodynamic antitumor therapy.
positively charged poly(L-lysine) polypeptides (PLL) with human serum albumin (HSA) to form
nanospheres (Figure 43) that encapsulated three different photosensitizers, chlorin e6 (Ce6),

581

protoporphyrin IX, and verteporfin.””" HSA was selected as the protein component since many

tumors express proteinases for albumin catabolism, which could be used to trigger cargo release

%2 HSA and PLL were coassembled and the resulting

in the proximity of tumors in vivo.
nanospheres were further cross-linked by treatment with dithiothreitol (DTT) to ensure disulfide
bond retention in the HSA components. They demonstrated that an encapsulated photosensitizer
(Ce6) was effectively released from the polypeptide/protein nanospheres in the presence of
MCF-7 breast cancer tumors in vivo. The release of Ce6 from loaded PLL/HAS nanospheres was
also triggered by changes in pH, protease degradation, and glutathione reduction. Released Ce6

could then be used in photodynamic antitumor strategies by irradiative photoexcitation. The

observed tumor ablation effects of this multi-triggered release was found to be more significant
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in mice bearing MCF-7 tumors than mice treated with free Ce6. These coassembled
peptide/protein-based nanoparticles are promising new materials for drug delivery applications

and antitumor therapy.
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Figure 43. (A) Model of coassembly between human serum albumin and poly(L-lysine) to form
nanospheres for surface PEG modification and encapsulation of photosensitizers. (B) Schematic
representation of the in vivo internalization of the nanospheres at a tumor site and subsequent stimuli-
responsive release of the photosensitizer for efficient photodynamic therapy. Figure reproduced with
permission from N. Zhang, F. Zhao, Q. Zou, Y. Li, G. Ma and X. Yan, Small, 2016, 12, 5936-5943.°" ©
2016 Wiley-VCH Verlag GmbH & Co.

Similar drug delivery vehicles were developed by Yang et al. to investigate targeted drug
release in antitumor therapies.”’* They coassembled cholate grafted PLL (PLL-CA) with
amphiphilic polyethylene glycol (PEG) doxorubicin conjugated polymers (PEG-DOX) (Figure
44A). Cholate was selected as hydrophobic molecule to improve tendency for vesicle

formation.”® These two polymers form micelle aggregates individually and were found to

coassemble into vesicles with varying wall thickness based on the coassembly ratio of PLL-
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CA:PEG-DOX (Figure 44B). This tunable vesicle structure, along with the use of acid labile

PEG-DOX benzoic imine bonds (red in Figure 44A), allowed for enhanced vesicle uptake and

triggered dissociation of doxorubicin with a pH drop from 7.4 to 5 in MCF-7 cancer cells in

Vitro.

A T

HO OH

PLL-CA PEG-DOX

Figure 44. (A) Chemical structures of cholate grafted poly(L-lysine) and PEG conjugated doxorubicin.
(B) TEM image of vesicles that form from the coassembly between PLL-CA7:PEG-DOX in a weight
ratio of 1:2 in PBS at pH 7.4. Panel B adapted with permission from L. Zhu, L. Zhao, X. Qu and Z. Yang,
Langmuir, 2012, 28, 11988-11996.""* © 2012 American Chemical Society.

Section 8. Peptide/Biopolymer Hybrids
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Multicomponent supramolecular materials have also been developed that exploit the

interaction of peptides with non-peptidic biopolymers.’>*** > These “hybrid” materials include

593-596 597,598 599,600 I

mixtures of peptides with oligonucleotides, phospholipids, and carbohydrates. n

some cases, these materials have been created for a particular purpose, such as intracellular

S97.601-604 11y other cases, these materials have been

delivery of oligonucleotides for gene therapy.
discovered to have unique emergent properties that invoke novel applications.®*>**® While there
is extensive literature devoted to hybrid materials composed of peptidic elements covalently

modified with other biomolecules,’”’ "2

we will limit our discussion herein to selected examples
of multicomponent supramolecular peptide hybrids in which the elements assemble via

noncovalent interactions.

8.1 Peptide/Oligonucleotide Hybrids

Peptides have been shown to form supramolecular complexes with DNA or RNA

: . 1 593-595,597,601-604
oligonucleotides. 397,

These hybrid materials have been designed for a variety of
reasons. A major objective of many peptide/oligonucleotide hybrids has been to address the
challenge of functional delivery of therapeutic oligonucleotides into cells.®"* "> Other examples
have been devised that, beyond a functional application, exhibit interesting structural properties
as novel materials.®**®'®*'7 Designed peptides for binding oligonucleotide sequences typically
exploit positive charge for complementary electrostatic charge pairing with the phosphodiester
backbone. Aromatic and nonpolar amino acids that can form n-w or van der Waals interactions
are also found in oligonucleotide-interacting peptides. There exists a large body of work

dedicated to the complexation of these designed cell penetrating peptides (CPPs) to

oligonucleotides to aid in translocation across cell membranes for gene therapy
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applications.®®>*'* ! 'While CPPs coassemble with oligonucleotides to form noncovalent
complexes, discussion herein will be limited to selected recent examples of peptide-based
carriers for cellular oligonucleotide delivery in which the peptide/oligonucleotide nanomaterials

have been characterized.***%*

Several groups have investigated the ability of self-assembling peptide materials to form
complexes with oligonucleotide sequences through directed assembly to create artificial virus
mimetics and nanocarrier systems for intracellular oligonucleotide delivery.***®"" Lee and
coworkers, for example, have shown that self-assembled p-sheet peptides with positively
charged peptide segments complex with oligonucleotides to provide discreet, filamentous
nanocarrier systems capable of binding and translocating siRNA and other molecular cargo into
cells.** % In an early study, they demonstrated that self-assembling (FKFE); S-sheet peptides
modified with a cell-penetrating peptide, Tatsss0 (GRKKRRQRRRPPQ), encapsulated

hydrophobic molecules (Nile red or pyrene) in the core of the hydrophobic nanofibril bilayer and

644

that encapsulated molecules were transported into cells in vitro (Figure 45).
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Figure 45. (A) Chemical structure of Tatyg.40-GSGG-(FKFE);-NH, CPP/peptide hybrid. R group labeled
in red is either H or FAM (chemical structure pictured) for following cell internalization by fluorescence
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microscopy. (B) Schematic of the assembly of the CPP decorated nanofibrils for guest molecule
encapsulation in between the bilayer formed by the S-sheet peptide segment. Panel B reproduced with
permission from Y. Lim, E. Lee and M. Lee, Angew. Chemie Int. Ed., 2007, 46, 3475-3478.°** © 2007
Wiley-VCH Verlag GmbH & Co.

Based on these results, Lee et al. further developed the concept of novel filamentous
nanocarrier virus mimetics for the cellular delivery of siRNA.%** They designed and prepared an
artificial virus mimetic from a multidomain self-assembly fS-sheet peptide, Glu-KW (Figure
46A). Glu-KW (Glu-GSGSGS-KKKKKKKK-GGSGGS-(WKWE);WG) included a poly-Lys
segment for siRNA binding and cell penetration, an N-terminal D-glucose for binding to cell
surface glucose transporters in mammalian and cancerous cells, and a C-terminal self-assembling
amphipathic sequence.®*® The peptide underwent nanofibril self-assembly in phosphate buffered
saline and was also shown to bind siRNA duplexes at the surface of the peptide S-ribbon
nanofibril (Figure 46B). They found that this designed nanocarrier system delivered siRNA into
cells and elicited functional knockdown of gene targets with efficiencies near that of the

Lipofectamine 2000 transfection agent.**
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Figure 46. (A) Chemical structure of the Glu-KW multidomain peptide with D-glucose attached to the N-
terminus followed by a poly-lysine segment for oligonucleotide binding, and a f-sheet (WKWE); peptide
to induce fibril formation. (B) Schematic of f-sheet formation and subsequent oligonucleotide biding
(shown in dark blue) to the multivalent display of poly-lysine peptide segments on the supramolecular
fibrils. Panel B reproduced with permission from Y. Lim, E. Lee, Y.-R. Yoon, M. S. Lee and M. Lee,
Angew. Chemie Int. Ed., 2008, 47, 4525-4528.% © 2008 American Chemical Society.

Dong et al. have also reported similar self-assembling f-sheet multidomain peptides that
mediate transport of DNA plasmids into cells.*”” They investigated several formulations of the
self-assembling S-sheet peptide (QW)s in which Ky was appended to the N-terminus or in which
Ks domains were attached to both termini. Charge distribution of the lysine domains affected
both assembly and transfection efficiency of the systems. The Ks(QW)¢Ks peptide failed to self-
assemble, whereas the K;o(QW)s sequence efficiently assembled into short S-sheet nanofibrils
with persistence lengths less than 50 nm. K,;o(QW) nanofibrils were shown to complex with the
Hoechst 33258 dye® and facilitate its transport into HeLa cells. The K;o(QW)s nanofibrils

bound to luciferase plasmid DNA to provide ~50 nm nanostructured complexes that invoked
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luciferase expression when coincubated with HEK293 and HeLa cells, providing evidence of
functional cell transport. Collectively, these studies by Lee et al. and Dong et al. demonstrate
that supramolecular fS-sheet assemblies can bind oligonucleotides and function as effective

tranfection agents in vitro.

Nilsson and Dean et al. have developed stimuli-responsive peptide-siRNA complexes for the
functional delivery of siRNA into cells.*** Cyclic peptides were designed in which a short RNA-
binding sequences was flanked with cysteine residues that facilitated cyclization by disulfide-
bond formation.®®' Of these peptides, cyclic Ac-C(WR)4CG-NH, was found to effectively
complex with siRNA via Arg-mediated ionic interactions to form ~20 nm nanoparticles (Figure
47A, inset). These particles facilitated efficient delivery of siRNA into A549 lung cells in vitro.
Highly efficient knockdown of gene targets was observed both in vitro and in the lungs of mouse
models in vivo. The rationale for this delivery system is that the constraining peptide disulfide
bond should be stable in the oxidizing environment of the extracellular space, giving stability to
the complexes and enabling peptide-mediated delivery of the siRNA cargo to the cytosol. The
peptide disulfide bonds should be reduced by cellular glutathione upon delivery to the cytosol,
rendering the now-linear peptides to enzymatic proteolytic degradation and releasing the siRNA
cargo to the RNA interference machinery (Figure 47). These multicomponent peptide-
oligonucleotide supramolecular hybrids illustrate the design of functional materials through

noncovalent assembly of peptides with non-peptide/protein biopolymers.
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Disulfide ‘
Reduction

Figure 47. Schematic representation of siRNA complexation to positively charged, disulfide constrained
peptides for facilitated entry into a cell. Upon entering the cell, reducing conditions break the disulfide
bonds apart and releases siRNA. (A) Inset shows TEM image (200 nm scale bar) of peptide/siRNA
nanoparticles formed in the presence of 1000-times excess peptide with a zoomed in region indicating a
single nanoparticle (100 nm scale bar). Figure adapted with permission from J. J. Welch, R. J.
Swanekamp, C. King, D. A. Dean and B. L. Nilsson, ACS Med. Chem. Lett., 2016, 7, 584-589.5** © 2016
American Chemical Society.

Meier and coworkers have developed sophisticated multicomponent particles composed of
self-assembling peptides that condense oligonucleotides and small molecule therapeutics for the
combined stimulus-responsive cellular delivery of the cargo molecules.®”® This work was
motivated by the challenges posed by multidrug resistance in cancer treatments that may be met
by the codelivery of therapeutics with complementary activity profiles, including small molecule
drugs and antisense oligonucleotides (AONs) that can alter the expression of proteins that enable
drug resistance. Meier et al. had previously reported amphiphilic gramicidin-derived peptides
that self-assembled into spherical micelles capable of embedding hydrophobic and hydrophilic
cargo.®*%* They adapted these peptides to include an oligonucleotide-binding tri-histidine motif
attached to the assembly motif via a disulfide linker (Figure 48). These adapted peptides self-

assembled into spherical micelles that could be loaded with hydrophobic small molecule cargo as

well as AONs. These multicomponent particles were shown to effectively deliver both small
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molecules and AONs into cells where reduction of the disulfide bond linker region resulted in
release of the AON and small molecule cargo. This elegant design has great promise for

application as a next-generation nanocarrier for the selective codelivery of therapeutic cargo

molecules.
H H H H
Y Y Y e s
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AON binding sequence Gramicidin-derived assembly sequence

Figure 48. Chemical structure of Meier’s amphipathic self-assembling peptides that form micelles that
bind to AON and release this cargo upon disulfide bond cleavage of the tri-His sequence.**

Guler et al. investigated multicomponent peptide amphiphile (PA)/oligonucleotide sytems for
intracellular delivery of AONs.®”? PAs were designed that included N-terminal lauryl groups
attached to a P4 polyproline with C-terminal olignoculeotide-binding/cell penetrating motifs
(Figure 49A). These self-assembling PAs were found to form spherical particles that bound
AONSs at the solvent exposed exterior face (Figure 49B). Toxicity and AON uptake were
assessed for each PA system and it was found that the KRSR-PA PA had the best toxicity/AON
transport profile. Efficient transfection and release of Bcl-2 AONs in MCF-7 cells was effective
for all systems except for the K-PA assembly, presumably due to poor AON binding with only a
single lysine available for complementary pairing. Transport assays conducted in the presence of
uptake inhibitors®>® demonstrated that AON delivery with the K-PA/AON and the R4-PA/AON
complexes were not inhibited by any of the assessed inhibitors, suggesting a non-endocytotic

pathway for internalization. Delivery with the Rg-PA and KRSR-PA/AON complexes were
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found to be dynamin-mediated and interestingly, coassembled Rg-PA/KRSR-PA/AON
complexes were found to be mediated by dynamin, clathrin-mediated endocytosis, and caveolae-
mediated endocytosis internalization pathways, indicating the complex effects of PA formulation

on transport mechanism.
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Figure 49. (A) Chemical structure of four peptide amphiphiles (K-PA, KRSR-PA, R4-PA, and Rg-PA)
with two different oligonucleotide binding sequences: R, or Rg cell penetrating peptide segments or
KRSR proteoglycan binding peptide sequence attached to a poly-proline peptide amphiphile with a
C,1Hy; hydrophobic tail. (B) Pictorial representation of the nanoparticles formed from the complexation
of K-PA derivatives with AONs. (C) TEM images of the KRSR-PA (left) and KRSR-PA/AON
complexed nanoparticles (right). Increase in size from approximately 20 to 70 nm indicated AON binding
to surface of the nanoparticle. Panels B and C adapted with permission from D. Mumcuoglu, M. Sardan,
T. Tekinay, M. O. Guler and A. B. Tekinay, Mol. Pharm., 2015, 12, 1584-1591.° © 2015 American
Chemical Society.

Guler et al. also investigated the effects that the carrier morphology has on the cellular

internalization of coassembled oligonucleotides.®” They prepared peptide amphiphiles (PAs)
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with a positively charged N-terminal region for oligonucleotide binding, a central peptide
segment consisting of either a polyproline or -sheet peptide, and a hydrophobic tail (Figure 50).
Each PA was also functionalized with glucose near the N-terminus, which facilitates multivalent
glycogen display at the surface of each PA structure, a feature that can aid in tumor tissue
targeting to glucose transporters that are overexpressed at the surface of cancer cells. The PAs
with polyproline cores formed self-assembled nanospheres whereas the [3-sheet peptide PAs self-
assembled into cylindrical structures. Both of these PA nanostructures were complexed to
antisense oligonucleotides (AON) and their cellular internalization was visualized in vitro using
MCEF-7 cell lines. The spherical AON carriers were internalized more rapidly than the cylindrical
carriers. Cellular uptake of the spherical AON carriers was not inhibited in the presence of
endocytosis inhibitors, suggesting an alternative mechanism of translocation through the cell
membrane for these peptide/oligonucleotide hybrids. In contrast, translocation of the cylindrical
nanocarriers into cells was significantly reduced by endocytosis inhibitors, confirming that these
structures enter the cell through mediated endocytosis. These observations provide interesting
insight into the design principles that underlie the development of multicomponent cellular

delivery agents and also raise questions about the mechanisms of cellular transport.
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Figure 50. Chemical structures for Guler’s peptide amphiphiles designed to form either nanospheres or
fibers by incorporating a polyproline or S-sheet assembling peptide respectively to a hydrophobic alkyl
chain tail. Each PA was also modified with glucose near a positively charged C-terminus for the ability to
bind both oligonucleotides and cancer cell glucose receptors. Figure adapted with permission from D.
Mumcuoglu, M. Sardan Ekiz, G. Gunay, T. Tekinay, A. B. Tekinay and M. O. Guler, ACS Appl. Mater.
Interfaces, 2016, 8, 11280—11287.°* © 2016 American Chemical Society.

Additional peptide/oligonucleotide coassembled materials have been inspired by the structure
of naturally occurring viral capsids.®’®®*'"*® In one example, Ni e al. designed peptide/DNA
nanoparticles from peptides containing a hydrophobic C-terminal region, a central S-sheet
peptide segment to induce self-assembly, and a cationic tail capable of binding to the phosphate
backbone of DNA (Figure 51A).°"%%¢ Peptide nanococoons condensed around the DNA and
produced ellipsoid-shaped nanoparticles approximately 65 x 47 nm wide (Figure 51B). The
DNA was encapsulated inside the peptide shell, protecting it from enzymatic degradation in
vitro. These nanococoons are similar to the structure of parapoxvirus viral capsids that
encapsulate DNA inside of a striped, outer peptide barrier (Figure 51). Tuning the stability and

morphology of the peptide/DNA mixtures was possible by altering the hydrophobic core of the
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peptides and the N/P ratio (number of positive charges from peptide amines over the number of

negative charges from the phosphates on DNA).%*
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Figure 51. (A) Chemical structure of DNA binding peptide with a cationic (red), S-sheet (black), and C-
terminal hydrophilic region (blue). (B) Schematic of peptide/DNA coassembly into nanococoon structures
and a TEM image of nanococoons produced from the coassembly of these materials. Figure reproduced

with permission from R. Ni and Y. Chau, J. 4m. Chem. Soc., 2014, 136, 17902-17905.°"° © 2014
American Chemical Society.

Similarly, Ke et al. demonstrated the hybrid nanostructures formed by coassembly of
collagen mimetic peptides and DNA nanosheets.®’” One dimensional banded nanowires were
observed from the coassembly of the (PRG);(POG);(PRG); collagen mimetic peptide and two
layer DNA origami nanosheets (Figure 52). These nanowires featured a periodic coassembled

structure in which the alignment of the peptide helices is perpendicular to the DNA nanosheet
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faces. This allowed for the tunable control of the distances between DNA nanosheets via
extension of the middle (POG) motif of the CMP. These hybrid nanostructures give a sense of
the breadth of coassembled structures that are accessible by interaction of peptides with

olignonucleotides.

I DNA origami

I Peptide layer
DNA Origami Hybrid
nanostructure nanostructure

Figure 52. Coassembly of (PRG);(POG);(PRG); CMP with DNA nanosheets to form one dimensional,
banded nanowires. Figure reproduced with permission from T. Jiang, T. A. Meyer, C. Modlin, X. Zuo, V.
P. Conticello and Y. Ke, J. Am. Chem. Soc., 2017, 139, 14025-14028.°"" © 2017 American Chemical
Society.

8.2 Peptide/Phospholipid Hybrids

Multicomponent supramolecular peptide/phospholipid hybrid systems have been developed

597.657.658 and stabilization of membrane

for applications including drug or gene delivery
proteins.””*®° In one example, Ko et al. developed an oligonucleotide nanoparticle delivery
vehicle formed from the coassembly of the PL9R phospholipid-peptide conjugate (Figure S3A),
with oligodeoxynucleotides (ODNs).”"” Mixtures of PLIR with ODNs formed lipid micelles with
the cationic peptide segment in the interior of the micelle where the ODNs were sequestered

(Figure 53B). ODN encapsulation was also observed by the coassembly of PLI9R with

unmodified phospholipids (PLs), PEGylated PLs to modify solubility, and Tat-PEG-PL
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conjugates for increased cellular uptake mediated by the cell-penetrating Tat peptide (Figure
53B). The biocompatibility of this ODN delivery system was greater than that of a similar one
assembled from PLs conjugated to polyethylenimine ODN binding cations instead of the 9R
peptide, which was previously shown to encapsulate ODN but was toxic to cells above a
concentration of 10 pg/mL. The PL9R system had a significantly lower toxicity threshold as
indicated through a 91.4% cell viability compared to 37% of NIH 3T3 fibroblasts when treated
with 50 pg/mL of the PLOR or polyethylenimine ODN delivery systems respectively.
Intracellular delivery of ODNs to HeLa cells was observed with the Tat-presenting system,
whereas ODNs in nanoparticles without the Tat display failed to enter the cytosol. Tumor-
selective in vivo delivery of siRNA by Tat-nanoparticles in HeLa tumor-bearing mice was also
demonstrated. These multicomponent assemblies exploit phospholipid molecules to drive
assembly in nanoparticles while the peptide components are used mediate ODN encapsulation

and facilitate membrane translocation and delivery of cargo.
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Figure 53. (A) Chemical structure of the PLIR phospholipid-peptide. (B) Model of the ODN
nanoparticle cellular delivery system. Coassembly of phosphatidylcholine (POPC), PL9R phospholipid-
peptide conjugate, a PEGylated phospholipid (PEG-PE), and cholesterol provide a delivery system
capable of binding and encapsulating nucleic acids. This vesicle delivery system was surface modified for
multivalent display of the Tat cell penetrating peptide for increased cellular uptake. Figure reproduced
with permission from J. H. Kang, G. Battogtokh and Y. T. Ko, Biomacromolecules, 2017, 18, 3733—
3741.°7 © 2017 American Chemical Society.

Another coassembled vesicle system was developed by Nie et al. to down-regulate
extracellular matrix (ECM) levels in pancreatic tumors.’>’ Pancreatic tumors feature rapid
proliferation of pancreatic stellate cells, which secretes ECM and presents a significant barrier to
diffusion of chemotherapeutics to the tumor. The objective of this work was to create particles
that encapsulate and selectively release pirfenidone (PFD) at the site of pancreatic stellate cells to
down-regulate ECM formation to circumvent this barrier to tumor treatment (Figure 54). This

objective was addressed by coassembling an amphiphilic matrix metalloproteinase-2 (MMP-2,
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upregulated in many tumors) substrate peptide (GPLGIAGQ) with L-a-phosphatidylcholine to
create nanoparticles that to encapsulate pirfenidone (PFD). The MMP-2 cleavage sequence
would be selectively cleaved in the tumor environment, releasing pirfenidone directly to
pancreatic stellate cells. Liposomes from coassembly of the peptide and lipid components at a
1:5 ratio of peptide:lipid exhibited MMP-2 responsive release of over 80% of the encapsulated
pirfenidone in vitro. Pancreatic tumor bearing mice were treated with the pirfenidone liposomes
with 7 injections over 15 days, followed by treatment with gemcitabine, a tumor targeting
chemotherapy drug, for 5 days to ablate tumor growth. A significant decrease in tumor size was
seen in mice treated with the PFD vesicles compared to the control group presumably due to the
down regulation of ECM at the site of the tumors from targeted pirfenidone treatment. These
coassembled peptide hybrid structures are promising, sophisticated stimulus-responsive materials

for tissue-specific delivery of therapeutics.

r 3
5% o o8 3TN * Phospholipid e Pirfenidone 5 MMP-2
ég...... ,“ 3 é LS ...70 Lo
: 12;.'. : @ : MMP-2 & | ®ee QZ : 72 MMP-2 Responsive Amphiphilic Peptide
e ) '_; ‘v ° = )
’ '{,L D) Cleavage AR ﬁ * Gemcitabine or Probes .~ ECM
sy TR
MRPL %<

Enhanced Penetration

Figure 54. Pictorial representation of MMP-2 responsive vesicles designed to release pirfenidone in vivo
at the site of pancreatic tumors for ECM-regulation and subsequent treatment with gemcitabine. A
delivery vehicle is formed via coassembly of phospholipids with MMP-2 responsive peptide with
cleavable sequence GPLGIAGQ to encapsulate pirfenidone. At tumor sites in mice, the liposomes are
weakened via MMP-2 cleavage of the GPLGIAGQ peptide followed by pirfenidone release, which causes
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down regulation of the extracellular matrix. The mice are then more easily treated with the antitumor drug
gemcitabine to mitigate tumor growth. Figure reproduced with permission from T. Ji, J. Lang, J. Wang,
R. Cai, Y. Zhang, F. Qi, L. Zhang, X. Zhao, W. Wu, J. Hao, Z. Qin, Y. Zhao and G. Nie, 4CS Nano,
2017, 11, 8668-8678.°” © 2017 American Chemical Society.

Zhang et al. have developed an intelligent supramolecular delivery vehicle for melittin.®*®

Melittin, a  positively charged, 26 amino acid anticancer drug candidate
(GIGAVLKVLTTGLPALISWIKRKRQQ-NH,), is difficult to administer in vivo because it
disrupts phospholipid bilayers of cell membranes and causes hemolysis as a detrimental side
effect upon intravenous injection.®® It was postulated that the charges on the a-helical melittin
peptide could be shielded during delivery in a nanoparticle via linkage to the N-terminus of
another co-helical peptide, FAEKFKEAVKDYFAKFWD-NH,. This ca-helical peptide had
previously been shown to coassemble with a peptide-phospholipid scaffold to form 20 nm core-
shell lipid nanoparticles in which the inner embedded peptide retains its natural structure and
function.®®  This led to the design of the hybrid omelittin  peptide,
DWFKAFYDKVAEKFKEAF-GSG-melittin, which was expected to similarly coassemble with
phospholipids to embed the attached melittin peptide within the resulting nanostructure,
preventing its hemolytic effects during delivery. After formation of the nanoparticle, measured
zeta potentials indicated a near neutral charge of the nanoparticles, confirming effective charge
shielding of the melittin. /n vitro analysis using red blood cells indicated a significantly
decreased cytotoxicity threshold for melittin nanoparticles compared to free melittin before
cytotoxicity was observed. Significant tumor growth inhibition was observed by the a-melittin
nanoparticles against B16F10 melanoma when administered to tumor-bearing mice. This is yet
another example of a multicomponent coassembled hybrid system that enables efficient in vivo

delivery of a problematic drug candidate.
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8.3 Peptide/Carbohydrate Hybrids

Peptides have been shown to coassemble with oligosaccharides as well as oligonucleotides
and phospholipids. Hyaluronic acid (HA) (Figure 55), for example, is the most common
glycosaminoglycan found in the extracellular matrix, making it an inviting material for
biological applications®®*°**. In one such application, Rupenthal ez al. developed a nanoparticle
carrier system to deliver and extend the bioactivity of Cx43 MP, a peptide mimetic of a 43 kDa
isoform of a connexin transmembrane protein.®®> Cx43 MP reduces inflammation, neuronal cell
death, and vascular leakage after retinal injury.®®® Targeted delivery of Cx43 to the retina was
accomplished by coassembling the peptide into HA-coated human serum albumin nanoparticles.
Specifically, Cx43 MP was loaded into human serum albumin nanoparticles that were surface
modified through conjugation of HA to provide nanoparticles that encapsulate Cx43 and display
HA at the exposed surface. HA is recognized by CD4 receptors that are a widely expressed
retinal glycoprotein.®®” The HA coated nanoparticles were shown to significantly increase the
amount of Cx43 MP delivered to human retinal pigment epithelial cells (ARPE-19) in vitro
compared to amount of Cx43 MP delivered by nanoparticles that were not coated with HA. The
HA nanoparticles also protected Cx43 from degradation and sustained its release time in retinal
cells. This is an improvement to the intravitreal delivery of the Cx43 MP using a coassembled

system composed of natural components and biopolymers.“g’669
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Figure 55. Chemical structure of hyaluronic acid.

Hong et al. have developed a protective film of coassembled peptide/HA components to
encapsulate mesenchymal stem cells.®” Intravenous delivery of mesenchymal stem cells (MSCs)
for treatment of inflammatory diseases is plagued by challenges to MSC viability in harsh
microenvironments as they are subjected to shear stress.’”! In order to increase cell survival, a
coating was deposited around the MSCs using layer-by-layer coassembly of poly(L-lysine), HA,
and RGD peptide building blocks to stabilize the cells with a shear thinning polymer coating
(Figure 56). Significant increases in MSC survival rate was seen in both in vitro and in vivo
experiments using protectively coated-MSCs as evidenced by the activation of the Akt protein
through CD44-HA receptor binding, a key indicator for cell survival.’’”? Further evidence of
prolonged MSC survival was obtained using green fluorescent protein expressing MSCs (GFP(+)
MSCs) with and without the multicomponent protective coating. GFP(+) MSCs were delivered
intravenously to mice which were then subjected to muscle injury. The prolonged cell viability
and migration of GFP(+) cells to the affected tissue was observed in 4 out of 5 mice in the group
with protectively coated MSCs compared to 1 out of 5 in the control group that received
injections of non-coated cells. This peptide/polymer multicomponent coating made it possible to
prolong cell viability without impairing natural cell activity and provides a promising technique

for cell manipulation biotechnology.
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Figure 56. Pictorial representation of poly(L-lysine), hyaluronic acid, and RGD peptide coassembly to
form a protective coating over mesenchymal stem cells. Coated cells exhibited increased survival rates
upon intravenous injection in mice. Figure reproduced with permission from D. Choi, H. Lee, H. B. Kim,

M. Yang, J. Heo, Y. Won, S. S. Jang, J. K. Park, Y. Son, T. I. Oh, E. Lee and J. Hong, Chem. Mater.,
2017, 29, 2055-2065."° © 2017 American Chemical Society.

As many of the previous examples have illustrated, oftentimes a nanoparticle or vesicle
structure is prepared in a solution containing negative and positively charged
peptide/polymer/drug molecules that interact through complementary noncovalent interactions.
The driving forces that govern the assembly and mechanical properties of the resulting structures
are not well understood at the molecular level.*”**’* In order to gain insight into the fundamental
principles that govern multicomponent supramolecular assembly, Stupp et al. investigated the
relationship between osmotic pressure and membrane formation in a two-liquid multicomponent
system which contained oppositely charged peptide amphiphiles (+) and HA (-) molecules
(Figure 57A).°°°% The addition of the higher density HA solution to a lower density solution

containing a positively charged PA (C;sV3A3K3-NH;) led to a polymer-filled peptide sac in
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which a membrane instantaneously forms at the interface of the two solutions. Osmotic swelling
and inflation of the membrane were investigated to characterize the mechanical response of these
peptide sacs in solutions. It was found that higher incubation times of HA drops in the PA
solution led to a decrease in water permeability of the membranes. Osmotic pressure was also
investigated by removing the membrane sacs from their initializing solution and placing them
into pure water. Membranes were found to inflate with permanent deformation with some
retention of elasticity and recoverable strain (Figure 57B). Interestingly, membranes formed
from a solution with higher HA content or longer incubation times in the initial PA solution
resulted in less permanent changes due to osmotic pressure change. Cell viability and
differentiation was also demonstrated inside the PA/HA sacs by human MSC encapsulation and

subsequent culture in growth media over a period of two weeks.®”

These unique
peptide/polymer sacs that have both dynamic and static components exhibit interesting

characteristics in a controlled coassembly between two oppositely charged biomolecules.
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Figure 57. (A) Chemical structures of the C;sV3A3;K3-NH, PA and hyaluronic acid used to make
polymer-filled peptide sacs. (B) Images of the polymer sac swelling capability in water where the initial
sac is shown in the left image and the swollen sac in pure water is shown on the right. Lines a and b
indicated on the left hand side are used to determine the volume of the peptide sac; a measures
approximately 1.5 mm in this image. Panel B reproduced from ref 606 (J. Boekhoven, R. H. Zha, F.
Tantakitti, E. Zhuang, R. Zandi, C. J. Newcomb and S. I. Stupp, RSC Adv., 2015, 5, 8753-8756)" with
permission from the Royal Society of Chemistry.

Stupp et al. also investigated alginate-PA core-shell microparticles for drug delivery
applications.®” This alginate-PA multicomponent system was used to pioneer techniques to tune
the size and diameter of PA-oligosaccharide hybrid materials. First, a sodium alginate dispersion
was created and cross-linked via addition of calcium ions (Figure S8A). Size tunable particles
were formed ranging from 600 nm to 2.3 um in diameter. These particles were then submerged

in a solution of cationic C;4V3A3K3 PAs, resulting in assembly of the PA at the surface of the PA

particle. In order to assess the ability to use these PA coated particles as drug carriers, the

124



Page 125 of 183 Chemical Society Reviews

alginate was first modified with doxorubicin through an acid cleavable hydrazone linker (Figure
58B), which makes it amenable to release of doxorubicin in acidic tumor microenvironments.
Doxorubicin loaded particles were encapsulated within a coassembled two-component PA
system unfunctionalized PA mixed with varying ratios of a second folate-functionalized PA.
Folate was used to target the particles to cancer cells overexpressing folate receptors. MDA-MB-
231 breast cancer cells treated with doxorubicin-loaded particles containing 10% folate-PA
exhibited ICsy values for cancer cell growth that were 60-fold lower than those treated with
nanoparticles without folate-conjugated PA. These PA/oligosaccharide supramolecular particles
illustrate the growing sophistication in the design of multicomponent materials informed by
fundamental understanding of the chemical, material, and biological characteristics of the system

components.
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Figure 58. (A) Chemical structure of calcium cross-linked alginate. (B) Chemical structure of
doxorubicin modified alginate with an acid cleavable hydrazone linker highlighted in red.®”

Section 9. Conclusion

The design of multicomponent coassembled peptide-based materials is an emerging frontier in
supramolecular chemistry and biomaterials. As has been illustrated herein, the peptide coassembly
provides materials in which the emergent properties are often dramatically altered compared to the
properties of the self-assembled materials of the individual components. Often, these emergent properties
are difficult to predict and explain. There, there is the need and opportunity to study and understand these
multicomponent materials in order to understand the fundamental kinetic, thermodynamic, and structural
physicochemical principles that account for their unique characteristics. This much needed insight will
enable a shift in approach from largely empirical to principle-based rational design of next-generation
multicomponent peptide-based materials. This shift has already begun, as can be seen in several elegant
examples of rationally designed materials discussed herein. While much of the work reported herein has
involved binary mixtures of peptides, there are also examples of much more complex mixtures. The
complexity of multicomponent supramolecular architectures will increase as our understanding of the
fundamental principles of supramolecular chemistry deepens. Using the complex hierarchical
construction of the cell as inspiration, we anticipate the future design of even more complex
multicomponent structures in which peptides and other biomolecules interact in the productive generation

of functional materials.
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