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ABSTRACT

The bioengineer has a choice of building with proteins, peptides, polymers,
nucleic acids, lipids, metals and minerals, each class containing tremendous diversity
within its category. While the platforms are diverse, they can be unified by a common
goal: to engineer nano- and micro-scale order to improve functionality. In doing so, self-
assembling systems aim to bring the lessons learned from the order in natural systems83
into the therapeutics, materials, and electronics that society uses every day. The rigid
geometry and tunable chemistry of D,L-cyclic peptides make them an intriguing
building-block for the rational design of nano- and microscale hierarchically structured
materials. Herein, we utilize a combination of electron microscopy, nanomechanical
characterization including depth sensing-based bending experiments, and molecular
modeling methods to obtain the structural and mechanical characteristics of cyclo-[(GIn-
D-Leu)s] (QL4) assemblies. QL4 monomers assemble to form large, rod-like structures
with diameters up to 2 um and lengths of 10s to 100s of um. Image analysis suggests that
large assemblies are hierarchically organized from individual tubes that undergo bundling
to form larger structures. With an elastic modulus of 11.3+3.3 GPa, hardness of

387 + 136 MPa and strength (bending) of 98 + 19 MPa the peptide crystals are among the
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most robust known proteinaceous micro- and nano-fibers. The measured bending
modulus of micron-scale fibers (10.5 = 0.9 GPa) is in the same range as the Young’s
modulus measured by nanoindentation indicating that the robust nanoscale network from
which the assembly derives its properties is preserved at larger length-scales. Materials
selection charts are used to demonstrate the particularly robust properties of QL4
including its specific flexural modulus in which it outperforms a number of biological

proteinaceous and non-proteinaceous materials including collagen and enamel.

We then demonstrate a composite approach to mechanical reinforcement of
polymeric systems by incorporating synthetic D,L-cyclic peptide nanotube bundles as a
structural filler in electrospun poly D-, L-lactic acid fibers. With 8 wt% peptide loading,
the composite fibers are >5-fold stiffer than fibers composed of the polymer alone,
according to AFM-based indentation experiments. The facile synthesis, high modulus,
and low density, and reinforcing capabilities of QL4 fibers indicate that they may find
utility as a filler material in a variety of high efficiency, biocompatible composite
materials. This study represents the first experimental mechanical characterization of

D,L-cyclic peptide assemblies or composites.
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Chapter 1: Biologically Inspired Self-Assembling Materials:
Inspiration, Structure and Properties

The purpose of this introductory chapter is to provide foundational information in areas
pertinent to the research described in Chapters 2 and 3. An initial description of relevant
chemical and structural components of natural materials, as well as a selected subset of
biologically inspired self-assembling systems, will provide a broad context and
background for the research reported in subsequent chapters. This review will then
describe the state of knowledge within our particular material of interest, the D,L-cyclic

peptide. Lastly, our research hypotheses and general methodology will be discussed.

1.1 NATURE’S STRUCTURAL MATERIALS
Introduction

Natural materials have evolved to utilize a diverse set of building blocks, often

3

9

blended together to form a composite.’  Whether composed of proteins™
polysaccharides® °, minerals®, metals’, or combinations thereof, they are remarkably
efficient in that they manifest impressive and effective structural properties with a
minimal amount of material (Figure 1.1).® In fact, certain natural materials have evolved
to outperform even the most robust known synthetic materials. For example, spider
dragline silk exhibits extremely high toughness, surpassing nylon, rubber, Kevlar 49 and
carbon fiber.” Furthermore, natural materials are degradable, synthesized under benign
conditions'’, and often serve multiple roles within the organism such as providing

structural support and molecular cues, as is displayed by the human extra-cellular



matrix.'" Nature has provided the scientist with a rich array of inspiring systems to
discover and analyze with the objective of mimicking their properties within new,

environmentally friendly, functional materials.

Figure 1.1. Natural biological materials. From left to right: Proteinaceous silk cocoon of
the silk worm, chitosan-rich mandible of a wasp, metal-doped mandible of a marine
polychaete, and mineral rich conch shell. Figures adapted from Broomell et al.'* and
Amini et al.”?

This review will focus on materials that have major protein or amino acid
components. Proteins are truly nature’s workhorses.'* Even in materials in which protein
is a minority component, such as abalone nacre'’, the protein often serves to ‘guide’ the
synthesis of the surrounding material. The remarkable properties of proteinaceous
materials are a function of the material’s chemistry, nano-structure, and microstructure. '
These factors are often inextricably linked, such that in natural systems, a mutation that
changes a molecule’s chemistry will have downstream impacts on the structure,
potentially leading to fatal consequences.'” At times, harmful structural changes can
occur without mutation, simply through protein misfolding events as is seen in an array
of neurodegenerative diseases.'® Indeed, controlling both chemistry and structure across
length scales remains a significant challenge to scientists and engineers. Before delving

into a discussion of biomimetic analogs, collagen and silk, two well-characterized,

hierarchically structured protein materials will be discussed in some detail as examples of



the remarkable control over both chemistry and structure that is accomplished through

biological processes and evidenced in naturally constructed materials.

Example 1: Collagen

By weight, collagen is the most abundant protein in the human body. It plays a
critical role in the structure of bones, ligaments, tendons, vasculature, skin, and even the
cornea of the eye.® Herein the focus will be on Type I fibrillar collagen as this type of
collagen has a well-ordered structure across length scales. The ubiquity of collagen
across multiple material types in the body is a testament to the importance of material
processing in determining material properties. Collagen is characterized by a specific
repeated amino acid motif, Glycine-X-Y in which the X or Y often represents a proline
residue that may be post-translationally modified to hydroxyproline (Figure 1.2a).” The
extended GXY repeat is flanked by cysteine containing ‘telopeptide’ domains. The
flexibility of the glycine residue coupled with repeating proline residues results in a
helical conformation that is stabilized when interacting with two fellow collagen
molecules. The three chains interact through hydrogen bonds, stabilizing the
supramolecular ‘tropocollagen’ structure.

Next, the tropocollagen molecules are packed densely in the form of a liquid
crystal for preparation for cellular export. Dense packing forces strict alignment of
tropocollagen, creating the anisotropy that is observed in collagen fibrils. During export,
flanking domains are cleaved, and the cysteine residues oxidize to form stabilizing
disulfide bonds, locking the molecules together into a microfibril with a characteristic

banding pattern of 67 nm (Figure 1.2). After export, microfibrils bundle to form



subfibrils, fibrils, fascicles, and tendon via multiple layers of hierarchical organization
(Figure 1.2)." Lastly, in their mature form collagen fibrils contain a wavy microstructure
with a periodicity on the order of 10 pm — 200 pm to augment the response to mechanical
deformation at low strains.*

The resultant tendon is able to efficiently transfer stress from muscle to bone
while maintaining sufficient compliance when strains are low, preventing undue wear and

tear.m

A tendon’s characteristic combination of compliance, strength, and durability is a
direct result of the chemistry, beginning with the amino acid sequence, to the crosslinked
microfibril, bundled fascicle, and crimp. The human body’s control over the structure and

chemistry of collagen from the molecular-to-macroscopic scale is beyond what is

currently achievable in synthetic materials.®
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Figure 1.2. Hierarchical structure in collagen and silk. (a) A tendon contains structural
hierarchy from the nanoscale, beginning with individual a chains of the collagen triple
helix, to the macroscale tendon itself. (b) A spider silk fiber display similar nano-to-
macroscale hierarchical ordering. Individual peptides form B-sheets that are interspersed
in a semi-amorphous matrix. The composite is spun into fibrils which bundle to form the
core of the web filaments. Figures adapted with permission from Meyers et al.** and
Keten et al.>

Example 2: Silk

Silk is widely regarded as the epitome of a proteinaceous material with
application-optimized structural properties. Silk’s combined stiffness, strength and
extensibility rivals even the most robust known natural or man-made fibers. Unlike

collagens which are secreted, silks are ‘spun’ from a specialized organ that consists of a



gland, a duct and a nozzle."” Indeed, the silk spinning process is of equal importance to
the protein sequence itself in creating a functional silk fiber.

The amino acid sequence of spider dragline silk from Nephila clavipes is
characterized by three major domains: a loosely conserved six amino acid glycine-rich
sequence; a poly-alanine region; and a glycine-glycine-X region in which X represents
alanine, tyrosine, leucine or glutamine.”* The emphasis on small, aliphatic amino acids
allows for dense hydrogen bonding to occur in the form anti-parallel B-crystals, between
which the protein matrix is less ordered (Figure 1.2b).*> Theoretically, one can gain
insight into the expected properties of a particular silk, by comparing the fraction of
ordered versus disordered regions; however, a quick mechanical assay of reconstituted
silk versus native silk will demonstrate that poorly processed silk is significantly weaker
than its naturally spun analog.'® Both the nano-structure and microstructure are necessary
for silk to function as required.

During processing, the nano- and microscale structure of a silk fiber is created.
Prior to spinning, dragline silk is stored in the form of a liquid crystal within a specialized
major ampullate gland.”® The careful control of solvent conditions within the gland and
the duct allow for the creation of a particularly strong silk in which there is extensive -
crystal formation. Multiple spinnerets within the duct each create a filament of 100 nm —
200 nm in diameter (Figure 1.2b). These filaments merge together to form silk fibers with
diameters of 10 um — 20 um, all while preserving the B-crystal secondary structure that
was formed within the gland.10 As the silk is strained, B-crystalline domains are able to
share the load, while the less ordered matrix unfolds. The network of B-crystals created

during the spinning process allows for very high stresses to be placed on the fiber before



it eventually fractures.”> This combination of strength and extensibility leads to the
aforementioned toughness of silk fibers. A comparison of a spider spinneret to melt
spinning, aqueous spinning, or electrospinning, demonstrates nature’s superior control
over material processing, and the importance of structure and chemistry on material

properties.

1.2 BIOLOGICALLY INSPIRED SELF-ASSEMBLING PEPTIDE MATERIALS

Building supramolecular systems from peptides

Supramolecular materials are structures in which the individual building blocks
are designed to associate through non-covalent interactions such as hydrogen bonds,
metal-coordinate bonds, van der Waals forces and electrostatic interactions. These
materials are often simplified analogs of natural materials, such as the collagens and silks
mentioned above. By building with repeating units that are stabilized by non-covalent
interactions, the resultant material often has nano- or microscale order within the
structure. As nanoscale and microscale order is difficult to achieve through top-down
processes, supramolecular self-assembly has emerged as a bottom-up synthesis method of
substantial interest in materials science. Whether one seeks to develop medically relevant
scaffolding materials®, organic electronics®’, or antibiotics®™, peptide building blocks
offer the diversity and ease-of-synthesis necessary to explore a wide-array of potential
applications. The following sections will explore four leading self-assembling peptide
systems: peptide amphiphiles, amyloids, aromatic dipeptides (diphenylalanine), and D,L-

cyclic peptides (DLCPs). Each section will describe the inspiration, structure, assembly,



properties and applications of the system. The field of organic self-assembly is broad and

this introduction does not attempt to describe all systems in detail.

Peptide Amphiphiles

Peptide amphiphiles (PAs) are composed of (1) a peptide with both hydrophilic
and hydrophobic residues™, (2) hydrophilic residues coupled to an aliphatic lipid tail*’, or
(3) peptide based copolymers.”’ Herein, the predominant focus will be on class (2),
hydrophilic peptides coupled to lipid tails.

Synthetic lipid-tailed PAs, first characterized by Dr. Stupp at Northwestern
University, are inspired by the siderophores secreted by marine bacteria.’> Within the
natural system, siderophores are used as iron harvesting molecules. They contain a
peptide head group coupled to a fatty-acid tail, and they convert from micelles into
vesicles in the presence of Fe(Ill) (Figure 1.3a). These vesicles are then taken up by the
bacterial cell and the Fe(Ill) is harvested for use. This discovery provided information
regarding the propensity of PAs to assemble, as well as the utility of specific metal ions
as assembly triggers.

The PAs designed by the Stupp Lab contain four major regions: a hydrophobic
tail, a stabilizing peptide region, a polar, charged group, and lastly a bioactive epitope
(Figure 1.3b). Each component of the peptide amphiphile plays a key role. The
hydrophobic tail provides the major impetus for self-assembly in aqueous media, the
stabilizing peptide region holds the assembly together through dense hydrogen bonding
(often in B-sheets), the charged group ensures the amphiphilic character of the molecule

overall, and lastly the bioactive epitope can be used for a broad array of applications.*
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Figure 1.3. Peptide amphiphiles. (a) Aquachelin D is a siderophore from H. aquamarina
and served as the inspiration for lipid-peptide amphiphiles. (b) Molecular structure of a
representative peptide amphiphile with the 4 major domains highlighted. (c) Molecular
graphics of IKVAV peptide amphiphile assembling to form a fiber. (d) Scanning electron
micrograph of assembled PA fibers. (e) Transmission electron micrograph of PA fibers.
Figures adapted with permission from Martinez et al.** and Cui et al.*

Like many amphiphilic molecules such as surfactants, PAs assemble above a
certain critical assembly concentration (CAC).** The relationship between the
hydrophobic and hydrophilic character of a PA is what determines its propensity to
assemble. A system containing hydrophobic chains and small polar head groups will tend

towards the formation of micelles, while a system that lacks a hydrophobic tail but

contains regions favorable to hydrogen bonding will form B-sheets.” Between these two



opposing assemblies, PAs form stable one-dimensional nanofibers in which the peptides
are oriented orthogonally to the long axis of the fiber (Figure 1.3c-¢).”> Depending on the
head and tail groups chosen, PA fibers can be triggered through changes in pH,
temperature, or enzyme concentration.*®

Peptide amphiphiles have been utilized in a broad set of applications including,
but not limited to antimicrobials’’, drug delivery vehicles®, and materials templating
scaffolds.”® This versatile scaffold holds significant promise for future commercial
application within the areas described. Peptide amphiphiles provide an intuitive first-
example of the roles of non-covalent interactions in creating supramolecular assemblies
and the role of chemistry in determining structure. Indeed, both hydrogen bonding and
hydrophobic interactions are the major stabilizing functionalities in amyloid fibrils,

aromatic dipeptides, and D,L-cyclic peptides.

Amyloid Fibers

Amyloid fibers, are of particular interest because they can be formed from many
different protein sequences.”’ Amyloids were first studied in conjunction with
neurodegenerative diseases such as Alzheimers*', but newly discovered amyloidogenic
gene products are increasingly being associated with functional (as opposed to
pathogenic) biological performance.*” Perhaps the most commercially successful self-
assembling system, PuraMatrix™, was inspired by the yeast peptide zuotin. Zuotin, first
characterized in Dr. Rich’s lab at MIT, is composed of a repeating consensus motif-- n-

AEAEAKAKAEAEAKAK-c (Figure 1.4a).* In the natural system, zuotin acts as a Z-
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DNA binding protein, but researchers found that when synthesized and studied in vitro
zuotin was able to self assemble into membrane structures.*

Amyloids are classified by their fibrillar structure in which fS-strands associate to
form an extended network of supramolecular f-sheets perpendicular to the long-axis of
the fiber.'® This structural motif is intriguing in that it is largely defined by the properties
of the peptide backbone itself, namely the propensity for hydrogen bonding between
carbonyl oxygen and amide hydrogen.45 In many cases, one face or both faces of the -
sheet contain small, hydrophobic residues such as alanine, to allow for tight packing. In
zuotin one finds aliphatic residues on one side of the -sheet and charged residues on the
other, allowing for the pairing of hydrophobic to hydrophobic and the exposure of the
hydrophilic pairs to the solvent, thus stabilizing the nanofiber (Figure 1.4 b-c).46 The
general assembly scheme of amyloids allows a variety of different proteins, when
subjected to various denaturing and assembly processes, to form amyloid-like

4
structures. !
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a Ac-HN-AEAEAKAKAEAEAKAK-CONH2 o

A single peptide
(16 amino acids)

Fib;; . Scaffold

Figure 1.4. Amyloid fibers. (a) The consensus motif from yeast Z-DNA binding proteins
that served as the inspiration for charge-alternating amyloid fiber scaffolds such as
PuraMatrix™. (b) Hierarchical structure of enginecered RADA peptides. Individual
peptides stack to form fibers which then extend and tangle to form a scaffold. (c) Atomic
force micrographs depict the length, approximate width and morphology of amyloid
fibers. Figures adapted with permission from Zhang et al.* and Hauser et al.*®

These nanoscale fibrils continue to grow and form robust fibers with hierarchical
order. Indeed, the dense hydrogen bonding and ordered structure of amyloid materials
renders them among the most robust known proteinaceous materials with experimentally
determined Young’s moduli at the nanoscale in the range of 2-4 GPa.***’ Amyloids are
also solvent and heat resistant. Their stability is what causes pathogenicity in disease, but
it also makes amyloids an interesting engineering platform for the creation of self-
assembled materials.

The combination of self-assembly, nanoscale order and high stiffness provides a

breadth of potential applications including light-harvesting®®, carbon capture®', drug

. 2 . . . . . 4 . . .
delivery™*, nanowire fabrication™, and engineered biofilms.”**> Engineering biofilms are
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a particularly interesting and novel application for a self assembling system. Peptide
amphiphiles, aromatic dipeptides and D,L-cyclic peptides all require in vitro synthesis,
but amyloids can be completely genetically encoded. This means that one can create
living, functional materials with the potential for nanoscale order, robust properties, and

designer functionality.

Aromatic Dipeptides (Diphenylalanine)

Aromatic dipeptide structures were discovered in the lab of Dr. Gazit when
researchers attempted to find the shortest consensus sequence of an Alzheimer’s f-
amyloid protein that was able to assemble.”® Unexpectedly, it was found that only two
amino acids were needed to generate supramolecular structures, a pair of phenylalanines
(FF) (Figure 1.5 a).

Despite its discovery within an amyloid protein, the structure of the assembly is
sufficiently different for it to be considered a new class of self-assembling peptide.
Aromatic residues are hydrophobic, yet they also possess an electrostatic interaction that
allows them to interact specifically with one another.”® Upon assembly, FF molecules
pack into a porous hexagonal structure in which the peptide backbone forms hydrogen
bonds that line the pore and the aromatic side chains interlock with one another between
pores (Figure 1.5 b).”” The resultant structures are hollow tubes with diameters of ~100
nm and lengths on the order of microns (Figure 1.5 c). Interestingly, the addition of a
third aromatic group such as a fluorenylmethyloxycarbonyl chloride (FMOC) group, or
replacing the dipeptide with D,L-d-2-napthylalanine results in very different assembly

states.”® The replacement of FE-NTs with napthylalanine analogues results in structures
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that are more fibrous in nature and have a higher polydispersity of sizes. The addition of
FMOC to the N-terminus of diphenylalanine results in the formation of a nanofibrous gel,
rather than discrete nanotubes. These modifications and resultant structures suggest that

freedom to modify FF-NTs while maintaining their structure may be limited.

a NH,-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVIA-COOH

2 um

Figure 1.5. Diphenylalanine nanostructures. (a) The central aromatic region that allows
for the formation of B-amyloid fibrils. Diphenylalnine is all that is needed for self-
assembly. (b) Molecular dynamics model of the packing of diphenylalnine structures into
a porous nanotube. The pores are lined by the peptide backbones which undergo
hydrogen bonding with one another. Opposite the pores, the aromatic sidechains interlock
to form a hydrophobic ‘zipper’ which stabilizes the structure. (c) Transmission electron
micrographs of assembled diphenylalanine nanotubes. Figures adapted with permission
from Reches et al.” and Azuri et al.”’

Diphenylalanine nanotubes are among the stiffest measured protein or peptide

based systems. A combination of AFM-based point stiffness and bending experiments
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establishes the Young’s Modulus of FF-NTs to be in the range of 19 GPa — 27 GPa,
placing them above their amyloid counterparts and spider silk.®>®' Similar to amyloids,
FF-NTs are stable to high temperatures and a broad array of solvents. Unlike the more
reversible peptide-amphiphile system discussed above, amyloids and FF-NTs are difficult
to dissolve once assembled.

The rigidity, ease of manufacture, and water solubility of FF-NTs makes them an
attractive scaffold for use in engineered materials.®> FF-NTs have been used to template
nanowires™ and reinforce epoxy resin®, while FMOC-modified structures have been

used in drug delivery and as scaffolds for cell growth.**

D,L-Cyclic Peptides

Unlike the systems described above, D,L-cyclic peptides were inspired by tubular
peptide assemblies. Within natural systems, there are many examples of tube-forming

6 coat proteins of the tobacco mosaic virus®’, and

structures including gramicidins®°
lanreotides®, each evolved to their specific roles (Figure 1.6a). The assembly of synthetic
cyclic peptides was first theorized by De Santis et al.®” and later demonstrated by Dr.
Ghadiri with a pH sensitive peptide 8-mer that was found to assemble into large, micron-
scale assemblies.””'

The peptide cycles are composed of an even number of amino acids with
alternating D- and L-stereochemistry, causing a planar geometry in which the amino acid
side chains radiate from the center of the ring and the amide backbone is perpendicular to

the plane of the ring (Figure 1.6 b). The initial work was carried out with a-amino acids;

however, researchers have expanded the space by testing both B-’* and y-amino acids”,
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as well. These adaptations allow the engineer to adjust the rigidity and size of the
assembly, including the diameter of the pore.”

This geometrical arrangement promotes their assembly into high aspect ratio
nano- and microstructures through p-sheet-like hydrogen bonding in which each ring sits
flat on the surface of another ring (Figure 1.6c), similar to a ‘cyclized amyloid’.
However, unlike linear amyloids in which (-sheets are able to slide with respect to one
another through stick-slip failure”, DLCP assemblies are only able to stack directly atop
each other. Depending on the sequence of the peptides, the nanotubes may also associate
laterally into bundles to create structures that can be microns in width and hundreds of

microns in length, significantly larger than the systems described above.”
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Figure 1.6. D,L-cyclic peptides. (a) Simplified structure of gramicidin A, one of many
tube-forming peptides that served as inspiration for D,L-cyclic peptides. (b) Molecular
structure of a DLCP 8-mer composed of a-amino acids. (¢) Individual monomers stack
directly atop one another and are stabilized by favorable B-sheet-like hydrogen bonding.
R-groups radiate to the outside of the tube. (d) Schematic of a DLCP demonstrating the
tremendous control over chemistry in multiple dimensions. The pore (a), outer surface
(b), outer diameter (c), top/bottom (d) and inner surface (f) can each be modified
selectively. Figures adapted from Wang et al.”® Ghadiri et al.”' and Chapman et al.”
D,L-cyclic peptides (DLCPs) share certain characteristics with amyloid fibrils
including dense intermolecular hydrogen bonding along the peptide backbone and
chemical and mechanical stability. DLCPs also exhibit similarities to FF-NTs in that they
are tubular in nature, rather than fibrillar. However, unlike either system, their molecular

structure and geometry allow for an enhanced ability to chemically modify the external

tube surface, internal pore, internal diameter, top face and bottom face, or to guide
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assembly via grafted molecules (Figure 1.6 d).”’* Indeed, as DLCPs are synthesized via
common solid-state peptide synthesis methods’’, one has the freedom to explore limitless
combinations of amino acids and post-synthetic modifications. This versatility has been
leveraged to study DLCPs in a variety of applications including structural antibiotics’®,

ion channels”. selective ion transporters®’, and reinforcing agents.

1.3 THESIS STATEMENT AND OUTLINE

The engineer has a choice of building with proteins, peptides, polymers, nucleic
acids, lipids, metals and minerals, each class containing tremendous diversity within its
category. While the platforms are diverse, they can be unified by a common goal: to
engineer nano- and micro-scale order to improve functionality.** In doing so, self-
assembling systems aim to bring the lessons learned from the order in natural systems83
into the therapeutics, materials, and electronics that society uses every day. This work is
guided by the principle that if one is to build, he or she must understand all aspects of the
building material. Therefore, it is important to pair fundamental studies of the materials

systems with application-oriented work.

Motivation

D,L-cyclic peptides have been studied for over two decades, but their mechanical
properties and their use as a structural component within bulk materials remains largely
unexplored. While there appears to be a growing interest in their properties as evidenced

84,85,86

by recent computational analyses , there have been no direct measurements. As
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amyloids represent some of the stiffest known protein-based materials, we hypothesized
that the similarly structured DLCP assemblies will also exhibit high modulus and
strength. Furthermore, due to their organic nature they are inherently low density, making
them an interesting candidate for fillers in high-performance composites in which weight
should be minimized. The unusual ability of DLCPs to position functional groups
precisely in space, coupled with their relatively straightforward synthesis, make them
well-suited to study the combined effects of geometry and sequence on mechanical
properties. Whether the eventual material is to be used for tissue engineering, filtration,
ion detection, or any number of other applications, understanding the mechanical impact

of incorporating DLCPs as a filler will inform the design decisions.

Hypothesis and Specific Aims

Hypothesis: D,L-cyclic peptides are a mechanically robust class of materials that
maintain their stiffness and strength across nano- and micro- length scales. When mixed
with a matrix, they are able to act as a mechanical filler, increasing the average stiffness

of the bulk material.

Aim 1: To characterize the structure, modulus, and strength of cyclo-[(GIn-D-

Leu)s], assemblies across nano- and micro- length scales.

Aim 2: To assess the ability of cyclo-[(GIn-D-Leu)s] assemblies to enhance the

elastic modulus of a non-woven mesh of poly-d,l-lactic acid nanofibers.
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General Strategy and Outline

Aim 1 will be achieved through the synthesis, assembly, and characterization of
cyclo-[(GIn-D-Leu)s] assemblies. Computational modeling, nanoscale depth-sensing
indentation, and microscale bending experiments will provide an understanding of the
mechanical properties from the atom-scale to the microscale. The structure of the
assembly will be characterized through light and electron miscroscopy as well infrared
and Raman spectroscopy. The data relating to Aim 1 is presented in Chapter 2.

Aim 2 will be achieved through the electrospinning®’ of composite nanofibers in
which poly-d,l-lactic acid forms the matrix and cyclo-[(GIn-D-Leu),] structures form the
filler. Differing weight percentages, sizes, and qualities of filler will be embedded within
the fibers. The fibers will be characterized through electron microscopy, infrared
spectroscopy, and nanoscale afm-based compressive analysis. To confirm the identity of
the peptide filler, fibers are subjected to electron dispersive spectroscopy and are later
dissolved so that the peptide filler can be recovered. The data relating to Aim 2 is
presented in Chapter 3.

Chapter 4 provides a summary of the results as well as a discussion of future

directions. Concluding statements are provided.
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2.1 ABSTRACT

The rigid geometry and tunable chemistry of D,L-cyclic peptides make them an
intriguing building-block for the rational design of nano- and microscale
hierarchically structured materials. Herein, we utilize a combination of electron
microscopy, nanomechanical characterization including depth sensing-based bending
experiments, and molecular modeling methods to obtain the structural and mechanical
characteristics of cyclo-[(GIn-D-Leu)s] (QL4) assemblies. QL4 monomers assemble
to form large, rod-like structures with diameters up to 2 um and lengths of 10s to 100s
of um. Image analysis suggests that large assemblies are hierarchically organized
from individual tubes that undergo bundling to form larger structures. With an elastic
modulus of 11.3 £3.3 GPa, hardness of 387 + 136 MPa and strength (bending) of

98 + 19 MPa the peptide crystals are among the most robust known proteinaceous
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micro- and nano-fibers. The measured bending modulus of micron-scale fibers (10.5
+ 0.9 GPa) is in the same range as the Young’s modulus measured by nanoindentation
indicating that the robust nanoscale network from which the assembly derives its
properties is preserved at larger length-scales. Materials selection charts are used to
demonstrate the particularly robust properties of QL4 including its specific flexural
modulus in which it outperforms a number of biological proteinaceous and non-
proteinaceous materials including collagen and enamel. The facile synthesis, high
modulus, and low density of QL4 fibers indicate that they may find utility as a filler
material in a variety of high efficiency, biocompatible composite materials. This study
represents the first experimental mechanical characterization of D,L-cyclic peptide

assemblies.

2.2 INTRODUCTION

Research into the structure, chemistry and functionality of biomaterials has
accelerated in recent years with the goal of creating environmentally benign materials
that have optimized physical and mechanical properties'. Many of these materials
(e.g. silks™’, collagens™®) derive their properties from protein constituents®, which
form specific secondary structures that assemble into higher order structures with
robust yet efficient mechanical behavior.” Another class of proteinaceous materials,
amyloid fibrils, are particularly interesting because they can be formed from many
different protein sequences.” Amyloids were first studied in conjunction with
neurodegenerative diseases such as Alzheimers’, but newly discovered amyloidogenic
gene products are increasingly being associated with functional (as opposed to

pathogenic) biological performance.'® Amyloids are classified by their fibrillar
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structure in which f-strands associate to form an extended network of supramolecular
B-sheets perpendicular to the long-axis of the fiber.!" This structural motif is
intriguing in that it is largely defined by the properties of the peptide backbone itself,
namely the propensity for hydrogen bonding between carbonyl oxygen and amide
hydrogen'?. This allows a variety of different proteins, when subjected to various
denaturing and assembly processes, to form amyloid-like structures.”” These
nanoscale fibrils, self-assembled from individual protein and peptide molecules,
continue to grow and form robust fibers with hierarchical order. Indeed, the dense
hydrogen bonding and ordered structure of amyloid materials renders them among the
most robust known proteinaceous materials with experimentally determined Young’s
moduli at the nanoscale in the range of 2-4 GPa.'*'> The combination of self-
assembly, nanoscale order and high stiffness provides a breadth of potential
applications including light-harvesting'®, carbon capture'’, drug delivery'®, and

. . . 1
nanowire fabrication."

D,L-cyclic peptides (DLCPs) share certain characteristics with amyloid fibrils
including self-assembly, dense intermolecular hydrogen bonding along the peptide
backbone, and chemical and mechanical stability. However, their molecular structure
and geometry allow for an enhanced ability to chemically modify the monomers or to
guide assembly.”” The peptide cycles are composed of six to ten amino acids with
alternating D- and L-stereochemistry, causing a planar geometry in which the amino
acid side chains radiate from the center of the ring and the amide backbone is
perpendicular to the plane of the ring. This geometrical arrangement promotes their
assembly into high aspect ratio nano- and microstructures through p-sheet-like
hydrogen bonding in which each ring sits flat on the surface of another ring (Figure

2.1a). Unlike linear amyloids in which f3-sheets are able to slide with respect to one

31



another’, DLCP assemblies are only able to stack directly atop each other.

Depending on the sequence of the peptides, the nanotubes may also associate laterally
into bundles to create structures that can be microns in width and hundreds of microns

in length.*

The assembly of cyclic peptides was first theorized by De Santis et al.”* and
later demonstrated using a pH sensitive peptide 8-mer that was found to assemble into
large, micron-scale fibers.”” As DLCPs are synthesized via common solid-state
peptide synthesis methods®*, one has the freedom to explore limitless combinations of
amino acids and post-synthetic modifications. This versatility has been leveraged to
study DLCPs in a variety of applications including structural antibiotics®, ion
channels™, selective ion transporters>’, and reinforcing agents.”® Additional research
has focused on the fundamental properties of cyclic peptides including the
thermodynamics of assembly and the breadth of structural flexibility.”’ One area that
remains largely unexplored is the utility of cyclic peptides as structural components of
composite materials, perhaps because there is little information on the mechanical
properties of DLCP structures themselves. While a computational analysis of DLCP
structures indicates that they are quite stiff"’, there have been no direct measurements
of their mechanical properties. As amyloids represent some of the stiffest known
protein-based materials, we hypothesized that the similarly structured DLCP
assemblies would also exhibit high modulus and strength. The unusual ability of
DLCPs to position functional groups precisely in space, coupled with their relatively
straightforward synthesis, make them well suited to study the combined effects of
geometry and sequence on mechanical properties. Such a study would provide
essential information for downstream applications of DLCPs such as medical devices,

and tissue scaffolds.
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Figure 2.1. QL4 structure and assembly. (a) Chemical structure of QL4 and schematic of QL4
fiber. (b) Optical micrograph of QL4 fibers highlighting the size and rod-like structure. (c)
Polarized light micrograph indicating that there is nanoscale order present in large QL4
structures.

In this study we demonstrate that assemblies of the DLCP cyclo-[(Gln-D-
Leu)4], abbreviated here as QL4, are among the stiffest and strongest known peptide-
based materials. This was accomplished through computational, structural and
nanomechanical analyses including molecular dynamics simulations, electron
microscopy, nanoindentation, and micro-bending studies. QL4 was selected because it
is known to form assemblies, herein referred to as fibers, that are large and stable
enough to be probed with accessible nanomechanical probe tools. This particular
DLCP has also been shown to increase the elastic modulus of polylactides when
incorporated as the filler component of a composite fiber.”® While previous attempts
at molecular dynamics simulations have given clues regarding the elastic modulus of
a DLCP assembly,” this study represents the first experimental characterization of the

mechanical properties of DLCP fibers.
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2.3 RESULTS AND DISCUSSION

Synthesis, Assembly and Structure of QL4 Fibers

QL4 was synthesized (Figure 2.2), dissolved in neat trifluoroacetic acid and

incubated in the presence of milli-Q water in a closed vessel.
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Figure 2.2. Synthesis and confirmation of cyclo-[(QL)4] mass. [left] QL4 structure
and molecular weight. [right] A singly charged [M+H'] QL4 ion is visible at 965.6
m/z and the doubly charged [M+2H ] is visible at 483.4 m/z.

Over the course of approximately 72 hours, QL4 assemblies formed at the
surface of the solution and were visualized with an optical microscope in bright field
mode (Figure 2.1b). Some QL4 fibers reach 100s of microns in length while
maintaining nanoscale order, which is indicated by their birefringence demonstrated
under cross-polarized light (Figure 2.1c). It is evident from the size of the structures
that an individual fiber is composed of thousands of individual nanotubes assembling
laterally. The hydrogen-bonded network is apparent through the specific shift in the

22,31

Amide I band of the Raman spectrum, which is similar to that of S-sheets (Figure

2.3).
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Figure 2.3. FTIR and Raman Spectroscopy of QL4 Fibers. (a) [left] The characteristic
N-H stretching frequency at 3278 cm™' indicates a hydrogen bonded network with an
average intersubunit distance of 4.7-4.8 A,*? providing evidence that QL4 fibers are
composed of peptide nanotubes. [right] In concordance with prior literature, Amide
la, Amide 1b, and Amide II are present at 1629 cm'l, 1688 cm'l, and 1540 cm'l,
respectively.’* (b) [left] Characteristic Raman spectra of an assembled QL4 fiber.
Strong peaks at 1242 cm™ and 1676 cm™ correspond to Amide 111 and Amide I beta
sheet signals, respectively.’' [right] Raman map of peptide assemblies obtained by
monitoring the intensity of the amide peak at 1676 cm™.

SEM analysis of the QL4 fibers indicates that there are two classes of
assembled structures, those which are not bundled and have diameters on the order of
~100 nm and those that are bundled and have diameters on the order of a few microns
(Figure 2.4a). Present within the larger bundles are striations that indicate a bundle is
composed of several ~100 nm assemblies. Furthermore, within larger bundles, one
observes gaps in which fibers have broken free as is highlighted in Figure 2.4b,
indicating that the ~100 nm assemblies are discrete elements in the larger bundle. We
hypothesize that this bundling may occur naturally due to hydrophobic effects

between the surfaces of QL4 assemblies in an increasingly aqueous environment
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during the assembly process or, alternatively, may be a function of the evaporation
necessary in sample preparation. High-resolution TEM micrographs of non-bundled
fibers show striations with thicknesses of approximately 2nm along the long-axis of
the fiber, providing evidence that the QL4 fibers are composed of individual DLCP
nanotubes (Figure 2.4c and d). Taken together, this information suggests that there are
three levels of hierarchy in a large QL4 assembly: Individual tube (~ 2nm diameter),
fiber (~ 100nm diameter), and bundled fiber (~ 1pm diameter) (Figure 2.4e). While it
is possible to verify the existence of the fiber, and bundled fiber, we have not obtained
evidence that individual QL4 tubes exist in solution. Prior work has shown that
conjugation of polymers to the DLCP side chains can lead to stable assemblies of
individual DLCP tubes,”’ 33 however, we have found that without modification,

individual tubes continue to grow until a larger fiber or bundled fiber is formed.

100 nm 50 nm
| — | —

Figure 2.4. Structure of QL4 fibers. (a and b) Scanning electron micrographs highlight
two major classes of fibers, single fibers (~100nm diameter) and bundled fibers
(~1pum diameter). Bundled fibers have characteristic striations and points of fracture
in which a single fiber was removed from the bundle. (¢ and d) High-resolution
transmission electron micrographs indicate that single nanotubes (~2nm diameter) are
the building blocks of individual fibers. (e) A schematic representation of the
hierarchical order present in a large, bundled QL4 fiber.
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Theoretical Structure, Stiffness and Density

Through molecular dynamics simulations, we obtained a theoretically ideal
structure for QL4 fibers and used this as a reference for both structural and
mechanical analyses. In this work, we employed the COMPASS force field
(Condensed-phase Optimized Molecular Potentials for Atomistic Simulation Studies)
- developed by H. Sun™, to optimize the geometry and calculate the energy of all
molecules. The COMPASS force field is based on state-of-the-art ab initio and
empirical parametrization techniques. The valence parameters and atomic partial
charges were supported by ab initio data, and the van der Waals (vdW) parameters
were derived by fitting the experimental data of cohesive energies and equilibrium

densities.

The convergence tolerance is 2x107 kcal/mol for the energy, 0.001
kcal/mol/A for the force, 0.001 GPa for the stress and 10 A for the displacement.
The Ewald method is used for calculating the electrostatic and the van der Waals
terms. The accuracy is 10” kcal/mol. The repulsive cutoff is 6 A for the van der
Waals term. For the periodical structure, the box vectors are also optimized together
with the molecules. The Mechanical Properties are calculated by applying strain using
static approach. The elastic constants were calculated from a polynomial fit to the

calculated stress—strain relation.

Along the longitudinal axis of assembly, QL4 monomers assemble through the
creation of 12 hydrogen bonds, 8 along the peptide backbone and 4 mediated by
glutamine sidechains, locking the monomers together along the z-axis (Figure 2.5).
As discussed above, there is less freedom in the stacking of DLCPs than is present for

a linear amyloid molecule. This forces the DLCP monomers to stack directly atop one
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another, maximizing the density of hydrogen bonds along the length of the tube.
When considering the rotational register of one DLCP monomer to its bonding
partner, one finds that they can only stack in four orientations, 0°, 90°, 180°, and
270°. In the case of QL4, this means that glutamine residues are always aligned

directly atop other glutamine residues (and likewise for leucine residues).

Figure 2.5. Molecular dynamics simulation of assembled QL4 tube. A single
nanotube assembles by forming anti-parallel B-sheet-like structures in which each
monomer is connected to its neighbor via 8 hydrogen bonds along its peptide
backbone. Amino acid side chains are free for lateral (x- and y- axis) and longitudinal
(z-axis) interactions.

When considering the lateral assembly (x and y dimensions), two related
conformers were examined in parallel. As described in Figure 2.6, Model 1 and
Model 2 are both square-packed structures. In Model 1, the amide functional group of
glutamine residues point to the center of the structure, while in Model 2, the tubes are
each rotated 45 degrees so that leucine side chains are turned toward the center. This
shift in structure results in differing free energies and differing mechanical properties.
The structure, and theoretical elastic moduli of each model are discussed for both

Model 1 and Model 2 below.
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Figure 2.6. Structures of Model 1 and Model 2. Model 1 and Model 2 are closely
related, each allows for lateral hydrogen bodning between tubes. In Model 1, these
hydrogen bonds occur in the area between the 4 tubes while in Model 2, they interact
in side-by-side bonding between neighboring tubes.

A detailed analysis of Model 1 is presented in Figure 2.7. The hydrogen
bonded peptide subunits are stacked tightly in an ideal antiparallel B-sheet-like
arrangement. Along the z-axis there are eight hydrogen bonds of 2.05-2.10 A between
the backbone of subunits and four hydrogen bonds of 1.98 A between the sidechains
of subunits, this supports the presence of the highly ordered periodicity along the z-
axis. The spacing of the unit cell along the Z-axis is calculated to be 9.62 A. The
lateral packing (x and y dimension) is stabilized by both leucine mediated
hydrophobic interactions and glutamine mediated hydrogen bonds. The hydrogen
bond lengths are 2.30 A between each of the 4 bonding pairs in the structure. The

spacing in the unit cell for both the x and y dimensions is equal to 17.73 A.
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Figure 2.8 describes Model 2 in detail. In Model 2, the spacing along the x-, y-

Side-chain hydrogen bonds (red
circle) and van de Waals contacts
(blue circle) along z-axis
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Figure 2.7. Model 1 in detail. [top] Model 1 copied from Figure 2.6. (a) Hydrogen
bond orientation and distance between the backbones of peptide cycles. (b) Hydrogen
bond orientation between the glutamine sidechains in the longitudinal (z-axis)
direction.

and z- axes is changed due to the rotated tube orientation. Along the z-axis, the unit
cell is expanded from 9.62 A to 9.92 A and the hydrogen bond distance increases by
approximately 0.2 A for both the backbone and sidechain hydrogen bonds. This is a

somewhat unexpected result because the longitudinal stacking of the individual




peptide monomers may be assumed to be independent of the lateral assembly,
however the model suggests that this is not the case. To minimize the overall energy
of the structure, the spacing along the z-axis must change to accommodate the
potential for bonding in the x and y planes. Along the x-axis, the unit cell is expanded
from 17.73 A to 17.94 A. Along the y-axis, the spacing is increased further from
17.73 A to 18.11 A. This creates anisotropy between all three axes, x, y and z.
Generally speaking, Model 2 is a less compact structure in which hydrogen bonds are
weakened due to the increased distance between donor and acceptor pairs along all
three assembly axes. This results in a structure that is less stable overall and possesses
a total energy calculated to be 67.6 kcal/mol higher than that of Model 1. For each
model, the expected density is approximately 1000 kg/m’, roughly equal to that of

water.
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Figure 2.8. Model 2 in detail. [top] Model 2 copied from Figure 2.6. (a) Hydrogen
bond orientation and distance between the backbones of peptide cycles. (b) Hydrogen
bond orientation between the glutamine sidechains in the longitudinal (z-axis)

direction.

A summary of the theoretically ideal packing (Model 1) of QL4 tubes in the x-

y plane is shown below in Figure 2.9.
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Figure 2.9. The lateral packing of QL4 tub es in a fiber. QL4 fibers are stabilized by
interlocking hydrogen bonds and van der Waals interactions. In the ideal structure,
glutamine sidechains point towards the center of the unit cell, creating two hydrogen
bonds with its neighbors (red circle). Meanwhile, leucine residues are packed tightly
together between each pair of tubes, allowing for close contact and favorable van der
Waals interactions (blue circle).

One can appreciate a key difference in the geometry of QL4 versus a typical
amyloid in that for QL4, hydrophobic interactions are interdigitated with the
hydrogen bonds in the lateral direction, while in a typical amyloid fiber, hydrogen
bonds and hydrophobic interactions (or other —R group-mediated interactions) are
present in two separate, orthogonal planes (Figure 2.10)**. We hypothesize that these

interlocking interactions are partially responsible for the solvent stability, large size,
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and general robustness of the assembled fibers- hydrogen bonds maintain their
strength in the presence of hydrophobic solvents while the interspersed leucine

residues may act to prevent the ingress of polar solvents.
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Figure 2.10. Simplified schematic diagram of an amyloid fibril and a DLCP assembly.
(a) A typical amyloid fibril assembles by p-sheet formation orthogonal to the
principle axis of the fiber. These sheets then bundle together such that side chains
may or may not interact in the space between. Often these interactions are
hydrophobic in nature and mediated by aromatic amino acids such as phenylalanine.*®
(b) DLCP structures also assemble through backbone p—sheet-like hydrogen bonding.
The side chains of the DLCP monomer may be tuned such that specific interactions
can occur between individual tubes. For example, a QL4 fiber is stabilized by
interlocking hydrogen bonds and hydrophobic interactions as described in Figure 2.9,
creating a very stabile, solvent resistant structure.

Returning to the properties of QL4 in Models 1 and 2, both the decreased
stability and anisotropy of Model 2 are manifest in the estimated modulus along the x,
y and z axes. The values along the z-axis are the highest since the cyclic peptides are
assembled by strong H-bonds along the z direction. This is the major source for
stabilizing the peptide in the nanotube form. The values in the x and y directions are
smaller compared with the z dimension due to the decrease in hydrogen bond density

as well as the comparatively weaker interactions, such as van der Waals and
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electrostatic type, among cyclic peptides in the x-y plane. Hence, the anisotropy of the

system is manifested by the more rigid character in the z direction.

Comparing the models, starting with the z-axis, the expected theoretical
modulus for Model 1 is 22.62 GPa versus 20.21 GPa for Model 2. It is worth noting
that these values are both very high for non-mineralized proteinaceous materials.
Turning to the x and y axes for Model 1, one sees that the theoretical modulus is 2.72
GPa in both dimensions. This is expected due to the symmetry present along these
axes. With equal unit cell spacing and equal bond distances, one would expect the

stiffness to be equal as well.

Similarly, the elastic moduli for Model 2 along the x and y axes also reflects
the symmetry, or lack thereof, in the structure. The theoretical modulus along the x-
axis is 4.43 Gpa, while the modulus along the y-axis is 1.36 Gpa. Despite the longer
bond lengths, the more optimal geometric orientation of hydrogen bond donors and
acceptors help to create a relatively high stiffness along the x-axis. A summary of the

theoretical moduli for Model 1 and Model 2 are represented in Table 2.1.

Axis Model 1 Axis Model 2
Stiffness (GPa) Stiffness (GPa)
X 2.72 X 4.43
y 2.72 y 1.36
z 22.62 z 20.21

Table 2.1. Elastic constants of cyclic peptide nanotubes. Model 1 exhibits a higher
modulus along the z-axis and intermediate moduli in the x- and y-axis. Model 2
demonstrates the anisotropy in all three dimensions with three unique modulus values.
Along the z-axis the modulus is slightly below Model 2, and along the x- and y-axis
the modulus values are higher and lower, respectively.
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The high modulus along all three dimensions likely contributes to the large
size and rod-like morphology of the assembled structures. The high aspect ratio can
be inferred from the particularly high modulus (which reflects general stability) along
the z-axis of assembly. It is worth noting that even in the comparatively compliant
axes, our model suggests that QL4 assemblies possess a stiffness in the range of 2-4
GPa, equal to the measured value in amyloid fibers. Along the stiff axis, the
theoretical modulus of 22.6 GPa is significantly higher than what has been measured

at the nanoscale for amyloid or other protein-based fibrils.

Nano- and Micromechanical Analysis

The direct mechanical characterization of QL4 fibers was performed
experimentally through both nanoindentation and micro-scale bending experiments,
which were conducted using a depth-sensing nanoindenter. Both analyses were
performed on large QL4 assemblies with widths ranging from 1-2 pum. For each
indent, the modulus and hardness were calculated from the load versus depth curve
generated with the indenter in load-controlled mode using the classical Oliver-Pharr
analysis (Figure 2.11).”” When the probe penetrates the surface, both plastic and
elastic deformation occur. The point of maximal depth at a given load provides the
measurement of hardness, while the elastic recoil in the surface upon removal of the
tip allows for the calculation of the elastic modulus. A standard curve of varying
indentation areas versus depth within a fused quartz susbtrate was used to standardize

the data.
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Figure 2.11. Nanoindentation of QL4 fibers (1). (a) A schematic representation of a
single indent depicting the loaded and unloaded surface. Elastic energy stored in the
material is responsible for the surface recoil and is used to calculate the elastic
modulus. (b) Calculation of the hardness and the elastic modulus (stiffness) of a QL4
fiber. (c) A load versus depth curve from an individual indent. As the tip is
withdrawn, the slope of the resulting curve (dP/dh) is used to calculate the material
stiffness. (d) In order to process the data, a standard curve was created in which
depths of 12-100 nm were probed and the corresponding indent-area was calculated.

In indentation studies, QL4 samples were deposited on a fused quartz
substrate and probed with a cube comer diamond tip (Figure 2.12a). The position of
each indent was accurately defined in the Scanning Probe Microscopy (SPM) mode
and multiple indents were performed along the length of several crystals (Figure
2.12b). To confirm that indents occurred directly on the center of the fibers, FESEM
micrographs were obtained after testing (Figure 2.12d). The average elastic modulus
and hardness of a large QL4 fiber were determined to be 11.3 + 3.3 Gpa and 387 =
136 Mpa, respectively. It is intriguing to note that the average modulus (measured
perpendicular to the fiber axis) is significant larger than the computed moduli in the x

and y directions (2.72 Gpa). We attribute this discrepancy to two factors. First, the
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indentation stress field beneath the indenter is complex and characterized by principal
tensile stresses whose direction lay almost perpendicular to the direction of
indentation®®, namely along the fiber axis. Since the computed modulus along the
fiber axis is high (22.6 Gpa), the results may be a consequence of some peptide
nanotube sustaining tensile stresses during indentation, resulting in a higher apparent
modulus. Second these results may also be a result of the strong lateral interactions
between the individual peptide nanotubes, leading to increased mechanical stability, a
hypothesis that is also supported by the micro-bending experiments presented next.
Despite the large size of the fibers tested here, the measured modulus and hardness of
QL4 fibers are also significantly higher than those measured for individual amyloid

fibers by AFM-based methods.
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Figure 2.12. Nanoindentation of QL4 fibers (2). (a) QL4 fibers were deposited on a
fused quartz substrate and probed directly with a cube corner indenter tip. (b)
Scanning probe microscopy (SPM) was used to select multiple points to test along an
individual fiber. (c) Residual indents were verified by FESEM analysis to confirm the
spatial accuracy of each indent. (d) An individual load versus depth curve for a single
indent. (e,f) The elastic modulus and hardness of over 100 individual indents were
used to calculate the average values.
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To elucidate the fracture strength of QL4 fibers and to gain a deeper
understanding of the fiber modulus, fibers were subjected to a micro-scale bending
analysis (Figure 2.13). QL4 fibers were deposited on uncoated molybdenum TEM
grids with 40 pm circular pores (Figure 2.14a). After locating individual fibers
spanning pores in the grid, the fiber was bent, orthogonal to the long axis, by a cono-
spherical tip with a 5 pm nominal radius. To confirm that fiber loading neither
compressed the fiber nor bent the grid, the same force was applied to fibers on a flat
surface and the measured displacement was negligible. Because the fibers are very
long in comparison to the grid pore, and because the ends of the fiber did not appear
to move during or after the experiment, we have used a clamped beam as a model for
our calculations (Figure 2.13). It is worth noting that the clamped beam model is
highly sensitive to both the suspended length as well as the geometric area of a cross-
section. For these results, a circular cross-section was used and the diameter was

measured from FESEM micrographs.
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Figures 2.13. Bending analysis of QL4 fibers (1). (a) Schematic representation of a
cylindrical clamped beam in bending. (b) A load versus deflection curve of an
individual bending experiment highlighting the initial slope and fracture of a single
fiber.
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The bending modulus and strength, 10.5 = 0.9 GPa and 97.8 + 18.8 MPa,
respectively, were calculated from individual force versus displacement curves
(Figure 2.14e and f). In the displacement curve, partial fracture is indicated by sudden
decreases in the measured load (Figure 2.14d). We hypothesize that these micro-
fractures occur as individual fibers within the larger bundle are broken and/or
delaminated from one another (Figure 2.13c). It is worth noting that microscale
modulus values via bending analysis are nearly identical to those obtained through
nanoindentation perpendicular to the fiber axis. Unlike many other molecularly self-
assembled systems, QL4 DLCPs are able to grow to such large sizes that direct nano-
and micro-scale measurements can be obtained on the same samples and compared,

providing an understanding of the mechanical properties across higher length scales.
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Figure 2.14. Bending analysis of QL4 fibers (2). (a) A 5 pm spherical tip was used to
bend individual and bundled fibers over pores in a Mo grid. (b) A large QL4 bundled
fiber bridges the pore of a Mo grid. (c) High magnification shows individual fracture
events that occurred during the bending experiment. (d) Combined raw bending data
for individual tubes. Curves exhibit a linear elastic region followed by a series of
fracture events. A fracture point is presented at the inset image. (e-f) The bending
modulus and fracture strength of QL4 fibers.
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Prior bending analyses of other tube-based assemblies including single-walled
carbon nanotube ropes and microtubules have shown that the shear modulus of the
bundle is much weaker than the axial (Young’s) modulus.*** This is due primarily to
a lack of inter-tube interaction within the bundle, which leads to bending and flexing
as tubes slide with respect to one another. Conversely, QL4 fibers contain a dense
network of inter-tube hydrogen bonds, mediated by glutamine side chains that act to
stabilize each tube with respect to its neighbors (Figure 2.9). We suggest that these
lateral interactions are directly responsible for the robust flexural and Young’s moduli
because they lead to more efficient load transfer between the tubes, which is also in
line with the high modulus measured by nanoindentation. Indeed high load transfer
will enhance the development of a continuum-like stress field beneath the indenter
that results in regions of the fibers to be under tensile stresses, as discussed above.
Furthermore these interactions contribute to the remarkably rigid, rod-like
morphology of QL4 fibers. The overall rigidity, characterized by the persistence
length ([, = El/kyT), where I is the moment of inertia of the fibers, is on the order of
meters (assuming a circular cross-section), which explains the lack of any noticeable
bending within the fibers observed to date. This brings to light an interesting lever
with which one may be able to tune the properties of DLCP structures. By tuning the
side chain chemistry of the individual DCLP monomer that composes the fiber, one
may be able to tune the flexural modulus and control the general morphology and
properties of the assembled fiber to be more rod-like or more flexible in nature. A
summary of the mechanical results for both the computational and experimental

analyses is presented in Figure 2.15.
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Figure 2.15. Summary of mechanical analyses and deformation modes. (a) Molecular
dynamics simulations suggest that the elastic modulus parallel to the long axis of a
fiber is 22.62 GPa. In the ‘weak’ directions, the elastic modulus is 2.72 GPa. (b)
Nanoindentation experiments and (c¢) bending experiments confirm a ~11 GPa
modulus across length scales.

In order to place the modulus and strength of QL4 within the context of other
natural and synthetic materials, we have constructed two material selection charts
(Ashby plots): one modulus vs. density plot (Figure 2.16a), with the density inferred
from the computational modeling, and one modulus vs. strength plot (Figure 2.16b).
Guidelines drawn on the modulus vs. density plot allows one to compare the specific
performance of materials in tension (given by E/p ) or in bending (given by E"%/p).*!
One sees that the efficiency of QL4 fibers in tension outpaces a variety of materials
including, collagen, tendon, cancellous and compact bone. The material
outperformance is more significant when considering the material efficiency in
bending, where QL4 fibers also outperform enamel and even steel. The relatively
facile synthesis, high aspect ratio, high modulus, and low density of QL4 fibers

indicate that they may find utility as a filler material in a variety of high efficiency,

biocompatible composite materials.
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Figure 2.16. Comparison of materials properties. Figures adapted from Wegst et al.
and Buehler et al.” *' (a) Young’s modulus versus density of a variety of materials.
Tie lines represent the efficiency of materials in tension (E/p) and bending (E"*/p).
QL4 fibers are among the stiffest known protein-based materials and surpass
collagen, tendon, and compact bone in density-adjusted flexural modulus.  (b)
Young’s modulus versus strength for a variety of materials. Tie lines represent the
ability of a material to store elastic energy (O_'f2/E). In comparing the stiffness and
strength, it is evident that QL4 fibers exhibit similar behavior to bone and that their
modulus is on par with the stiffest known proteinaceous materials including spider
dragline silk.

The stiffness vs. strength selection chart of QL4 (Figure 2.16b), together with
the materials index O'fz/E (guidelines with slope of 2) allows one to compare the
materials performance in terms of their ability to store elastic energy prior to
fracture.” *! In both stiffness and strength, QL4 fibers are most directly comparable to
bone. The stiffness of QL4 fibers exceed that of all but the most robust known
proteinaceous materials such as spider dragline silk. Although the elastic energy to
failure of silks is superior, as evidenced by their location along the far-right guideline
in Figure 2.16b, QL4 fibers exhibit a performance metric on par with commonly
known biological materials such as collagen, tendon and keratin. Perhaps
unexpectedly, Figure 2.16a and 2.16b support the claim that the mechanical response

of QL4 fibers is more similar to ‘light” bone than to other protein based materials.
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2.4 CONCLUSION

Our multi-scale mechanical analysis of QL4 fibers by nanoindentation and
micro-bending demonstrates that DLCP assemblies are comparable to the most robust
known protein and peptide materials. Indeed, the properties exceed those of amyloid

fibrils and are on par with those of silks, suckerins**

, and diphenylalanine
nanotubes*, the most robust known self-assembling peptide based materials.
Furthermore, they maintain those properties even at the micron length scale. This is a
noteworthy feature given that the larger scale assembly is not stabilized by covalent,
electrostatic, or coordination bonds between the individual monomers. In terms of
stiffness and strength, QL4 is similar to bone, despite being roughly half the density.
We hypothesize that the stiffness in both indentation and flexural deformation modes
is supported by the rigid geometry as well as the density of hydrogen bonds in the
lateral and longitudinal axes within the fibers, leading to the high persistence length
and rod-like morphologies observed. Looking forward, there are a number parameters
worth considering in order to modulate the properties of the assembled fiber including
modifying the primary sequence, inducing covalent linkages, and assembling
structures in situ within other materials to form nano-composites. The simple
synthesis, ease of modification, potential for biocompatibility, rod-like morphology,
and robust mechanical properties of DLCPs make them a promising class of peptides
for further exploration in materials science, chemistry and biology, particularly as
mechanical fillers in low-weight, high-stiffness composite materials. Looking to the
future, the versatility provided by the self-assembling DLCP structures may prove
useful for applications beyond traditional mechanical reinforcement. These
applications include including actuating, self-healing, conductive and filtration

materials.
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2. 5 Materials and Methods

Chemicals and Reagents Acetone, dichloromethane, dimethylformamide,
diisopropylamine, and piperidine were purchased from Sigma Aldrich.
Dichloromethane and dimethylformamide were dried over molecular sieves. The
following chemicals were used as provided: Acetone, trifluoroacetic acid, 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), and
(benzotriazol-1-yl-oxytripyrrolidinophosphonium  hexafluorophosphate) (PyBOP)
(Sigma Aldrich). All amino acids and Rink Amide-MBHA resin were purchased from

AAPPTEC, Louisville Kentucky.

Cyclic Peptide Synthesis and Assembly D,L-cyclic peptides were synthesized
in accordance with the procedure of McMurray.>* Fmoc-Glu-OAll was coupled to a
Rink Amide-MBHA resin through the side-chain carboxylate. When cleaved, this
residue is converted to a Gln. Standard Fmoc synthesis produced an uncyclized 8-mer
which was cyclized through a PyBop assisted coupling reaction. Peptides were
cleaved from the resin with 95% TFA, 2.5% water and 2.5% triisopropylsilane. To
isolate the peptide, the TFA solution was concentrated by evaporation and dropped
into cold diethyl ether causing precipitation. The mixture was centrifuged, re-
suspended in TFA and precipitated again to increase purity. Cyclic peptide identity
was verified by liquid chromatography electrospray ionization mass spectroscopy.
Self-assembly was achieved by dissolving 2.5 mgs/ml of QL4 in a mixture of 60%
TFA and 40% water. The assembly occurred in a glass vial over 48-72 hours at which
point microcrystals could be seen by eye. Assemblies were harvested by diluting the
assembly with a mixture of acetone and dichloromethane and pelleting the crystals by

centrifugation.
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Light Microscopy QL4 samples were deposited on glass slides and viewed on
a Zeiss Axio Observer inverted microscope. Assembled fibers were suspended in
water, deposited on a slide, allowed to dry and were viewed under both brightfield

and cross-polarized light conditions.

Field emission scanning electron microscopy of QL4 assemblies QL4
samples were deposited on a quartz substrate and sputter coated to a projected
thickness of ~5nm. All samples were sputter-coated with Au/Pd and then imaged on a
Zeiss FE-SEMSupra55VP (Carl Zeiss, Oberkochen, DE) in SE2 mode. After
indentation observations were performed using a FESEM (JEOL, 7600 F) at a 5 kV
accelerating voltage using a lower secondary electron detector (LEI) to prevent

surface charging.

Transmission electron microscopy of QL4 assemblies A suspension of QL4
assemblies in water was spotted on a quantifoil TEM grid, wicked away, and stained
with uranyl acetate. Sample was viewed on a JEOL2100 TEM at 200kV. For higher
resolution images, spots were selected in which the assembly was overlapping a pore
in the quantifoil. Attention was paid to finding particularly narrow fibers that
overlaid channels to ensure that striations could be visualized. Larger, bundled fibers

obscured the individual nanotubes.

Molecular dynamics simulation of QL4 structure and stiffness We employed
the COMPASS force field (Condensed-phase Optimized Molecular Potentials for
Atomistic Simulation Studies) - developed by H. Sun**, to optimize the geometry and
calculate the energy of all molecules. The COMPASS force field is based on state-of-
the-art ab initio and empirical parametrization techniques. The valence parameters

and atomic partial charges were supported by ab initio data, and the van der Waals
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(vdW) parameters were derived by fitting the experimental data of cohesive energies
and equilibrium densities. For more details, please refer to the supplemental

information.

Nanoindentation and Bending of QL4 assemblies QL4 assemblies were
suspended in water and dropped onto a fused-quartz substrate. The droplet was
wicked away, leaving numerous assemblies along the surface. A Triboindenter TI-950
Nanomechanical tester (Hysitron, Minneapolis, MN, USA) equipped with a 2D
standard transducer and a 50nm cube-corner tip was used to do SPM imaging and
indent along the length of individual structures. The tip was calibrated using a
standard fused quartz sample. For indentation studies, a 50nm cube-corner tip was to
indent the QL4 assemblies directly atop a fuesd-quartz substrate. Multiple indents
were made on each fiber. For bending studies, QL4 assemblies were deposited on a
Mo TEM grid with circular pores of 40 pm diameter. Assemblies overlapping pores
were bent using a Sum cono-spherical indenter tip. The force and displacement curves
were used to identify the modulus and strength as well as the nature of fracture of the

material.

2.6 ACKNOWLEGEMENT

N.S.J. acknowledges funding support from the Harvard MRSEC, the Army
Research Office STIR program under award no. ARO-167836, the IMI Program of
the National Science Foundation under award no. DMR 08-43934, and the Center for
Nanoscale Systems (CNS) at Harvard University, a member of the National

Nanotechnology Infrastructure Network (NNIN), which is supported by the National

57



Science Foundation under NSF award no. ECS-0335765. A.M thanks the support of

the Singapore National Research Foundation (NRF) though a NRF Fellowship.

58



2.7 REFERENCES

1. Zhao, N.; Wang, Z.; Cai, C.; Shen, H.; Liang, F.; Wang, D.; Wang, C.; Zhu,
T.; Guo, J.; Wang, Y.; al., e., Bioinspired materials: from low to high dimensional
structure. Advanced materials 2014, 26 (41), 6994-7017.

2. Winkler, S.; Kaplan, D. L., Molecular biology of spider silk. Reviews in
Molecular Biotechnology 2000, 74 (2), 85-93.

3. Tao, H.; Kaplan, D. L.; Omenetto, F. G., Silk materials--a road to sustainable
high technology. Advanced materials (Deerfield Beach, Fla.) 2012, 24 (21), 2824-
2837.

4, van der Rest, M.; Garrone, R., Collagen family of proteins. FASEB journal :
official publication of the Federation of American Societies for Experimental Biology
1991, 5 (13),2814-2823.

5. Fratzl, P., Collagen: Structure and mechanics. Springer: 2008.

6. Hu, X.; Cebe, P.; Weiss, A. S.; Omenetto, F.; Kaplan, D. L., Protein-based
composite materials. Materials Today 2012.

7. Wegst, U. G. K.; Ashby, M. F., The mechanical efficiency of natural
materials. Philosophical Magazine 2004, 84 (21),2167-2186.

8. Knowles, T. P. J.; Buehler, M. J., Nanomechanics of functional and
pathological amyloid materials. Nature Nanotechnology 2011, 6 (8), 469-479.

9. Selkoe, D. J., Alzheimer's disease: genes, proteins, and therapy. Physiological
Reviews 2001, 81 (2), 741-766.

10.  Zganec, M.; Zerovnik, E., Amyloid fibrils compared to peptide nanotubes.
Biochimica et biophysica acta 2014, 1840 (9),2944-2952.

11. Chiti, F.; Dobson, C. M., Protein misfolding, functional amyloid, and human
disease. Annual Review of Biochemistry 2006, 75 (1), 333-366.

12. Dobson, C. M., Protein folding and misfolding. Nature 2003, 426 (6968), 884-
890.

13. Adamcik, J.; Jung, J.-M.; Flakowski, J.; De Los Rios, P.; Dietler, G
Mezzenga, R., Understanding amyloid aggregation by statistical analysis of atomic
force microscopy images. Nature Nanotechnology 2010, 5 (6), 423-428.

14. Smith, J. F.; Knowles, T. P. J.; Dobson, C. M.; Macphee, C. E.; Welland, M.
E., Characterization of the nanoscale properties of individual amyloid fibrils.

Proceedings of the National Academy of Sciences of the United States of America
2006, 103 (43), 15806-15811.

59



15. Adamcik, J.; Lara, C.; Usov, I.; Jeong, J. S.; Ruggeri, F. S.; Dietler, G.;
Lashuel, H. A.; Hamley, I. W.; Mezzenga, R., Measurement of intrinsic properties of
amyloid fibrils by the peak force QNM method. Nanoscale 2012, 4 (15), 4426-4429.

16. Channon, K. J.; Devlin, G. L.; Macphee, C. E., Efficient Energy Transfer
within Self-Assembling Peptide Fibers: A Route to Light-Harvesting Nanomaterials.
Journal of the American Chemical Society 2009, 131 (35), 12520-12521.

17.  Li, D.; Furukawa, H.; Deng, H.; Liu, C.; Yaghi, O. M.; Eisenberg, D. S.,
Designed amyloid fibers as materials for selective carbon dioxide capture.
Proceedings of the National Academy of Sciences 2014, 111 (1), 191-196.

18. Maiji, S. K.; Schubert, D.; Rivier, C.; Lee, S.; Rivier, J. E.; Riek, R., Amyloid
as a depot for the formulation of long-acting drugs. PLoS biology 2008, 6 (2),el7.

19. Reches, M.; Gazit, E., Casting metal nanowires within discrete self-assembled
peptide nanotubes. Science 2003, 300 (5619), 625-627.

20. Ghadiri, M.; Granja, J.; Milligan, R.; McRee, D.; Khazanovich, N., Self-
Assembling Organic Nanotubes Based on a Cyclic Peptide Architecture (Vol 366, Pg
324, 1993). Nature 1994, 372 (6507), 709-709.

21. Keten, S.; Xu, Z.; Ihle, B.; Buehler, M. J., Nanoconfinement controls stiffness,
strength and mechanical toughness of beta-sheet crystals in silk. Nature Materials
2010, 9 (4), 359-367.

22. Hartgerink, J. D.; Granja, J. R.; Milligan, R. A.; Ghadiri, M. R., Self-
assembling peptide nanotubes. Journal of the American Chemical Society 1996, 118
(1), 43-50.

23. De Santis, P.; Morosetti, S.; Rizzo, R., Conformational analysis of regular
enantiomeric sequences. Macromolecules 1974,7 (1), 52-58.

24.  McMurray, J. S., Solid phase synthesis of a cyclic peptide using Fmoc
chemistry. Tetrahedron Letters 1991, 32 (52), 7679-7682.

25. Fernandez-Lopez, S.; Kim, H. S.; Choi, E. C.; Delgado, M.; Granja, J. R.;
Khasanov, A.; Kraehenbuehl, K.; Long, G.; Weinberger, D. A.; Wilcoxen, K. M.;
Ghadiri, M. R., Antibacterial agents based on the cyclic D,L-alpha-peptide
architecture. Nature 2001, 412 (6845), 452-455.

26. Motesharei, K.; Ghadiri, M. R., Diffusion-limited size-selective ion sensing
based on SAM-supported peptide nanotubes. Journal of the American Chemical ...
1997, 119 (46), 11306-11312.

217. Xu, T.; Zhao, N.; Ren, F.; Hourani, R.; Lee, M. T.; Shu, J. Y.; Mao, S.; Helms,

B. A., Subnanometer Porous Thin Films by the Co-assembly of Nanotube Subunits
and Block Copolymers. ACS Nano 2011, 5 (2), 1376-1384.

60



28. Rubin, D. J.; Nia, H. T.; Desire, T.; Nguyen, P. Q.; Gevelber, M.; Ortiz, C.;
Joshi, N. S., Mechanical Reinforcement of Polymeric Fibers through Peptide
Nanotube Incorporation. Biomacromolecules 2013, 14 (10), 3370-3375.

29. Chapman, R.; Danial, M.; Koh, M. L.; Jolliffe, K. A.; Perrier, S., Design and
properties of functional nanotubes from the self-assembly of cyclic peptide templates.
Chemical Society Reviews 2012,41 (18), 6023-6041.

30. Diaz,J. A. C.; Cagin, T., Thermo-mechanical stability and strength of peptide
nanostructures from molecular dynamics: self-assembled cyclic peptide nanotubes.
Nanotechnology 2010, 21, 115703.

31. Movasaghi, Z.; Rehman, S.; Rehman, I. U., Raman Spectroscopy of
Biological Tissues. Applied Spectroscopy Reviews 2007, 42 (5),493-541.

32. Hartgerink, J.; Granja, J.; Milligan, R.; Ghadiri, M., Self-assembling peptide
nanotubes. J. Am. Chem. Soc 1996, 118 (1), 43-50.

33. Couet, J.; Samuel, J. D. J. S.; Kopyshev, A.; Santer, S.; Biesalski, M., Peptide-
Polymer Hybrid Nanotubes. Angewandte Chemie International Edition 2005, 44 (21),
3297-3301.

34. Sun, H., COMPASS: an ab initio force-field optimized for condensed-phase
applications overview with details on alkane and benzene compounds. The Journal of
Physical Chemistry B 1998, 102 (38), 7338-7364.

35. Volpatti, L. R.; Knowles, T., Polymer physics inspired approaches for the
study of the mechanical properties of amyloid fibrils. Journal of Polymer Science
Part B: ...2014.

36. Azuri, 1.; Adler-Abramovich, L.; Gazit, E.; Hod, O.; Kronik, L., Why are
diphenylalanine-based peptide nanostructures so rigid? Insights from first principles
calculations. Journal of the American Chemical Society 2014, 136 (3), 963-969.

37. Pharr, W. C. O. G. M., Measurement of hardness and elastic modulus by
instrumented indentation: Advances in understanding and refinements to
methodology. 2004, 1-18.

38.  Fischer-Cripps, A. C., Nanoindentation. Springer: 2011; Vol. 1.

39. Kis, A.; Kasas, S.; Babi¢, B.; Kulik, A.; Benoit, W.; Briggs, G.;
Schonenberger, C.; Catsicas, S.; Forrd, L., Nanomechanics of Microtubules. Physical

Review Letters 2002, 89 (24), 248101.

40. Salvetat, J. P.; Briggs, G.; Bonard, J. M.; Bacsa, R. R., Elastic and shear
moduli of single-walled carbon nanotube ropes. Physical Review Letters 1999.

41. Ashby, M. F.; Gibson, L. J.; Wegst, U., The mechanical properties of natural
materials. I. Material property charts. ... of the Royal ...1995.

61



42. Guerette, P. A.; Hoon, S.; Ding, D.; Amini, S.; Masic, A.; Ravi, V.
Venkatesh, B.; Weaver, J. C.; Miserez, A., Nanoconfined 3-sheets mechanically
reinforce the supra-biomolecular network of robust squid Sucker Ring Teeth. ACS
Nano 2014, 8 (7),7170-7179.

43, Guerette, P. A.; Hoon, S.; Seow, Y.; Raida, M.; Masic, A.; Wong, F. T.; Ho,
V. H. B,; Kong, K. W.; Demirel, M. C.; Pena-Francesch, A.; Amini, S.; Tay, G. Z.;
Ding, D.; Miserez, A., Accelerating the design of biomimetic materials by integrating
RNA-seq with proteomics and materials science. Nature Biotechnology 2013, 31 (10),
908-915.

44, Kol, N.; Adler-Abramovich, L.; Barlam, D.; Shneck, R. Z.; Gazit, E.; Rousso,

I., Self-assembled peptide nanotubes are uniquely rigid bioinspired supramolecular
structures. Nano Lett 2005, 5 (7), 1343-1346.

62



Chapter 3: Mechanical Reinforcement of Polymeric Fibers Through
Peptide Nanotube Incorporation

Daniel J. Rubin'?, Hadi T. Nia’, Thierry Desire*, Peter Q. Nguyenz, Michael Gevelber,
Christine Ortiz>, *Neel S. Joshi'?

'Harvard University, School of Engineering and Applied Sciences
*Wyss Institute for Biologically Inspired Engineering

*Massachusetts Institute of Technology, Department of Materials Science and
Engineering

“Boston University, Department of Mechanical Engineering

* njoshi@seas.harvard.edu

The proceeding chapter has been adapted from the following published study: Rubin, D.
J.; Nia, H. T.; Desire, T.; Nguyen, P. Q.; Gevelber, M.; Ortiz, C.; Joshi, N. S.,
Mechanical Reinforcement of Polymeric Fibers through Peptide Nanotube Incorporation.
Biomacromolecules 2013, 14 (10), 3370-3375.

3.1 ABSTRACT

High aspect ratio nanotubular assemblies can be effective fillers in mechanically
reinforced composite materials. However, most existing nanotubes used for structural
purposes are limited in their range of mechanical, chemical, and biological properties.
We demonstrate an alternative approach to mechanical reinforcement of polymeric
systems by incorporating synthetic D,L-cyclic peptide nanotube bundles as a structural
filler in electrospun poly D-, L-lactic acid fibers. The nanotube bundles self-assemble
through dynamic hydrogen bonding from synthetic cyclic peptides to yield structures
whose dimensions can be altered based on processing conditions, and can be up to

hundreds of microns long and several hundred nanometers wide. With 8 wt% peptide
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loading, the composite fibers are >5-fold stiffer than fibers composed of the polymer
alone, according to AFM-based indentation experiments. This represents a new use for
self-assembling cyclic peptides as a load-bearing component in biodegradable composite

materials.

3.2 INTRODUCTION

Materials whose mechanical and physical properties can be precisely tuned are
critical for the fabrication of effective tissue engineering scaffolds,’ wound dressings,”
medical sutures, filtration devices, and textiles.? Increasingly, a composite design in
which a high-aspect ratio filler material is incorporated within a less-structured matrix is
employed in order to match the specific combination of high-performance properties
required by the structure. For example, carbon nanotubes (CNTs)* and cellulose
nanowhiskers’ have been investigated extensively to increase the stiffness and strength of
synthetic polymer fibers. Mathematical models and empirical studies of composite
materials have suggested that there are four key factors that affect their mechanical
properties: 1) the Young’s modulus of the filler material, 2) the strength of the molecular
interactions between the filler material and the surrounding polymer matrix, 3) the filler
material aspect ratio, and 4) the orientation of the supporting material with respect to the
fiber long axis.® Both CNTs and cellulose nanowhiskers make for effective filler
materials in some composites because they exhibit high Young’s moduli and high aspect
ratios. However, due to their methods of synthesis they both exhibit limited capabilities
in terms of controlling the spatial complexity of possible surface modifications, accessing

a wide range of dimensions, and inducing assembly and disassembly. Both materials are
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generally regarded as non-biodegradable, raising questions about their ultimate fate after
incorporation into biological systems.” Although cellulose nanowhiskers are thought to
be biocompatible, toxicity remains an ongoing hurdle for CNTs."

Materials created through self-assembly may provide alternative reinforcement
systems that exhibit a combination of biocompatibility and biodegradability, enable the
formation of nanostructures with controllable dimensions, allow for rapid exploration of
complex surface chemistries, and provide refined methods for stimulus responsive and
self-healing materials. Specifically, due to their straightforward synthesis and
customizability’, engineered peptides have emerged as a powerful way to create
nanostructures and larger scale materials with highly tunable properties.'” However, the
vast majority of these systems are designed such that short linear amino acid sequences
assemble to form porous networks composed of entangled supramolecular fibers.'' In
order to create peptide-based filler materials that can mimic the mechanical stability of
conventional fillers, a supramolecular system capable of forming rigid assemblies is

required.
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Figure 3.1. D,L-cyclic peptide composite fibers: chemistry and fabrication (a) Schematic
of an 8-amino acid D,L-cyclic peptide. R = sidechain. Individual monomers stack atop
one another in antiparallel B-sheets, resulting in peptide nanotubes and larger crystals. (b)
Chemical structure of QL4, schematic of QL4 microcrystal, and QL4-Polymer composite
structure.

We have developed a bottom-up approach to synthesizing filler materials for
composite reinforcement based on the self-assembly of D-, L-cyclic peptides (DLCPs).
Originally selected for use as membrane-disrupting antibiotics due to their unique
structure, customizable surface chemistry, and potential for biocompatibility,'> DLCPs
have since been underutilized in biomaterials applications. The peptide cycles are
composed of eight amino acids with alternating D- and L-stereochemistry, causing a
planar geometry in which the amino acid side chains radiate from the center of the ring
and the amide backbone is perpendicular to the plane of the ring, promoting their
assembly into high aspect ratio nano- and microstructures through f-sheet-like hydrogen

bonding (Figure 3.1a)."> Depending on the sequence of the peptides, the nanotubes may

also associate longitudinally into bundles to create structures that can be hundreds of
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microns in length. In the previous Chapter, the data confirm that the Young’s modulus of
DLCP assemblies is comparable to the stiffest known self-assembled organic systems.'*
Thus, the self-assembled structures exhibit many of the desirable structural features for
filler materials in composites — they are mechanically rigid, they have high aspect ratios,
and their surface chemistry can be customized to maximize filler-matrix interactions.
Most importantly, since DLCP nanotubes are created through bottom-up self-assembly,
they represent an intriguing dynamic scaffold whose physical properties can be changed
based on assembly state, allowing for future work in stimulus responsive and self-healing
materials.

We demonstrate the mechanical reinforcement of synthetic polymer fibers using
DLCP-NTs by AFM-based indentation experiments. This was accomplished through the
fabrication of composite fibers where the major component was poly(D-, L-lactic acid)
(PDLLA) and the minor component was DLCP-NTs (Figure 3.1b). While aliphatic
polyesters such as PDLLA are convenient to use because they are commercially available
and have been deemed safe for human implantation by the FDA, their mechanical and
physical properties are sub-optimal for applications in which they must replace or
augment load bearing tissues.'”” PDLLA was selected for this study, because: 1) it is
commonly used in the fabrication of implantable biomedical materials’, 2) its amorphous
structure prevents the creation of nanocrystalline irritants upon biodegradationl6, yet 3) it
is less stiff than its crystalline analogs, and 4) it is unstable when subjected to a static
load."” Despite the extensive study of self-assembled peptide systems for various
applications, there have been few examples'® of their use as mechanical reinforcement

agents. We have accomplished the controlled synthesis of DLCP-NT bundles, their
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incorporation into electrospun PDLLA fibers, and the mechanical characterization of this
system. This represents the first demonstration of DLCPs as mechanically stabilizing

components of a composite material.

3.3 RESULTS AND DISCUSSION

Synthesis, Assembly and Processing of DLCP Structures

DLCPs were synthesized on the solid phase using previously published
protocols.” For this study, we used cyclo-[(QL)4], which we abbreviate as QL4 (Figure
3.2). This sequence was chosen because of its known tendency to assemble into large,
stable bundles of tubes, which here we call fibers, assemblies or structures. In this case,
assembly was accomplished by dissolving the DLCPs in trifluoroacetic acid (TFA) and
adding pure water until a concentration of 40:60 water was reached. Formation of DLCP-
NT bundles (microcrystals) proceeded over the course of 48 hours. SEM analysis of the

fibers revealed that they exhibited a range of dimensions.
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Figure 3.2. Verification of cyclo-[(QL)4]. [left] Structure of QL4. [right] Verification of
peptide monoisotopic mass by electrospray ionization mass spectrometry. The singly
charged [M+H'] ion is visible at 965.6 m/z and the doubly charged [M+2H'] is visible at
483.4 m/z.

The largest observed structures had diameters of several hundred nanometers and
reached 10-50 pm in length (Figure 3.3a). Given that a single nanotube of stacked DLCPs
is only a nanometer in diameter, this indicates that the microcrystals are composed of
thousands of laterally associated DLCP-NTs. Previous reports of QL4 assemblies have
suggested that this bundling is mediated by hydrogen bonding between glutamine
residues'”, which was since confirmed in Chapter 2. Importantly, the microcrystals were
quite robust once assembled, being able to withstand centrifugation and vortexing.
However, upon ultrasonication the microcrystals were shortened, presumably by
transverse fracture, since the average lengths decreased from 14 + 12 ym to 3 £ 2 um

while the average widths remained largely unchanged (Figure 3.3b). Over the course of

multiple syntheses and assemblies we did not observe any smaller nanostructure being
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formed. It appears that QL4 assembles very rapidly once it is nucleated and strongly

favors structures on the size scale presented here.
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Figure 3.3. Size characterization of QL4 fibers (a) SEM images of microcrystals before
and after sonication. White dashed boxes indicate region that is magnified in the lower
images (b) Length and width distributions of microcrystals indicating that sonication
causes transverse fracture but does not alter the width of the fibers.

Lyophilization also led to DLCP-NT disassembly and aggregation to varying
degrees (Figure 3.4). We hypothesize that when QL4 assemblies are allowed to dry

completely, the intermolecular and intertube interactions become sufficiently strong to
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prevent the re-solubliziation of assemblies upon resuspension. Attempts at resuspension
and removal from vessel surfaces result in the aggregation and disassembly described in

Figure 3.4.

Figure 3.4. Optical micrographs of pristine and disassembled QL4 fibers. [Top left]
pristine, [top right] sonicated, [bottom left] partially disassembled, and [bottom right]
extensively disassembled.

Materials Processing and Structural Analysis

To prepare the spinning solution, the DLCP-NTs were mixed with PDLLA in 3:1
acetone/dichloromethane. As QL4 is generally hydrophobic, yet has a high density of
hydrogen bonding moieties, it was expected to interact favorably with PDLLA. In order
to probe the dispersion of DLCPs into the polymer matrix, droplets of the spinning
solution were placed on glass slides and allowed to dry. Optical micrographs of the dried
droplets revealed that the intact DLCP-NTs at 1%, 4% and 8% loading were evenly
dispersed inside the polymer matrix (Figure 3.5). Indeed, in a polymer droplet it appears

as though DLCP-NTs are able to interact within the matrix, creating the potential for an
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interpenetrating network. In contrast, DLCP-NTs that were poorly mixed, or
disassembled did not disperse evenly and formed clumps within the dried spinning
solution (Figure 3.5). These highly irregular dispersions create a significant amount of
variation between samples. Due to the large size of QL4 assemblies, dispersion is imaged

at the micron scale.
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Figure 3.5. Bright field images of dried polymer droplets containing QL4 dopant. [Top,
left to right] pristine 1%, 4% and 8% loading. [Bottom, left to right] Sonicated, partially
disassembled and extensively disassembled with 8% loading. Partially and extensively
diassembled/aggregated filler materials appear to clump within the polymer droplets.
Electrospinning experiments confirmed that composite nanofibers could be
obtained with varying concentrations of PDLLA and microcrystals. A noteworthy

observation is that solutions containing pure PDLLA formed lightly beaded fibers at and

below a polymer concentration of 8% by weight (Figure 3.6).
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Figure 3.6. Composite fiber morphology and beading. The addition of QL4, at one weight
percent (with respect to the mass of PDLLA), decreases the propensity of fibers to bead.
The decrease in beading is more pronounced when QL4 assemblies are sonicated before
fiber incorporation, likely due to more efficient mixing, increased homogeneity and
increased microcrystal-polymer interactions.

However, when QL4 microcrystals were added to the spinning solutions, little to
no beading was observed at an 8% polymer concentration. As beading can be caused by
inefficient polymer entanglement", it is possible that favorable polymer-microcrystal
interactions promote increased effective entanglement during the spinning procedure.
Like the fibers composed of pure PDLLA, those containing DLCP-NTs exhibited smooth
morphologies, suggesting that the microcrystals were aligned with and fully encapsulated
by a polymeric sheath (Figure 3.7a). If the microcrystals exhibited alternative alignments,

they would be visibly protruding from the fiber, which is not observed in any of the SEM

images.
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Figure 3.7. Characterization of composite fibers. (a) Representative SEM images of
electrospun fibers with 0% (left), 8% pristine (center), and 8% sonicated (right) DLCP-
NTs. (b) Average fiber diameter. (¢) FTIR spectra of composite fiber mats in which
(dashed) corresponds to pure PDLLA and (black) and (gray) correspond to pristine
microcrystals and sonicated microcrystals respectively. Amide C=O stretch peak near
1620 cm™ indicates the presence of DLCP-NTs in the fibers.

Fibers spun with intact microcrystals consistently exhibited smaller diameters
(~0.5 um) compared to those composed of pure PDLLA (~1.5 pm) (Figure 3.7b). This
observation is in accordance with previous publications on nanocomposite fibers, which
have attributed it to increased conductivity or changes in viscosity of the spinning
solution upon addition of the nanofiller.” The resultant nanofiber mats were self-standing
and sufficiently strong to be lifted from their collection surface for further
characterization. The presence of QL4 DLCP-NTs within the fiber was confirmed by
Fourier-transform infrared spectroscopy (FTIR) (Figure 3.7¢c). The Amide I (1625 cm™)

peak, which is characteristic of proteins and peptides, is present only for fibers containing

DLCP-NTs. The IR absorbance peak at 1750 cm™', which is present in all three samples,
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corresponds to the carbonyl stretching frequency of the PDLLA matrix. Furthermore, the
position of the amide N-H stretch at 3278 cm™ (Figure 3.8) matches previously reported
values'", which were correlated with the presence of a tightly hydrogen bonded network
with an inter- peptide distance of 4.7 — 4.8 A, according to a Krimm’s analysis®,

indicating that the microcrystals are ordered and composed of nanotubes.
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Figure 3.8. FT-IR spectra of composite nanofiber with 8% peptide loading. The
characteristic N-H stretching frequency at 3278 cm™ indicates a hydrogen bonded
network with an average intersubunit distance of 4.7-4.8 A", providing evidence that
microcrystals are composed of peptide nanotubes, and that peptide nanotubes are not
compromised by electrospinning.

The next step in understanding the general structure of the fiber is to confirm the
dispersion and identity of the component generating the amide signal. To accomplish this,
electron microscopy was used to image the fibrous mat at high resolution (Figure 3.9).
The general morphology of the mat is uniform, but there are places in which bulges

suggest that peptide crystals may be embedded. These spaces are marked with blue

rectangles.
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Figure 3.9. Characterization of DLCP dispersion within composite fibers. [Left] A
composite fibrous mat containing dispersed, sonicated DLCP assemblies. [Right] An
expanded image of the mat with DLCP assemblies highlighted in blue. DLCP assemblies
are well dispersed throughout the fiber mesh.

Fibers were then subjected to analysis by electron dispersive spectroscopy (EDS),
which allows one to probe the particular atomic components present at a point in the field
of view. Figure 3.10 depicts 2 such spectra, one in which there is a peptide microcrystal
present (blue) and one in which there is no crystal present (red). Although there are many
peptide crystals present within the fiber mesh, this result supports the claim that there are
also many places within the mesh that are devoid of any reinforcing element. We
hypothesize that this is due to the similar diameters of the peptide microcrystals and
composite fibers. The final step in confirming the identity of the DLCP microcrystals
was to dissolve the fiber mat by solvating with acetone and dichloromethane (the same
solution used for fiber fabrication). After dissolving the mesh and centrifuging the

solution, samples were placed on TEM grids for imaging. Figure 3.10c shows intact
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pristine and sonicated microneedles that have been ‘extracted’ from dissolved composite

fibers. This confirms the presence of DLCP assemblies throughout the fibrous mesh.

c

N

Sonicated

Figure 3.10. Confirmation of DLCP identity within fiber mesh. (a) A fibrous mat
containing sonicated DLCP microcrystals. The red and blue asterisks correspond to spots
in the mesh in which a DLCP microcrystal is (blue asterisk) or is not (red asterisk) (b)
Electron dispersive spectroscopy (EDS) analysis of the fiber mesh at the position of the
asterisks. [Top] a nitrogen peak suggests that there are peptides present at this point.
[Bottom] A lack of nitrogen signal allows us to conclude that there are no peptides
present at this point. (c) Composite fibers were digested in 3:1 acetone/dichloromethane
allowing the extraction of peptide structures. [Top] Extracted pristine microcrystals.
[Bottom] Extracted sonicated microcrystals.

AFM-Based Nanomechanical Characterization

In order to probe the mechanical stabilization conferred by QL4, individual fibers
were subjected to nanoindentation experiments using an atomic force microscope with a
glass microbead (40 pm diameter) affixed to the cantilever tip. The deflection and z-piezo
measurements of each indentation were converted from volts to nanometer to calculate
the indentation depth. The force was obtained as the product of the measured spring

constant of the cantilever and the deflection. The force-displacement curves were then
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used to obtain Young’s modulus of each fiber. Average force displacement curves were
generated for dried fibers on silicon backing with the following four fiber compositions:
0%, 1%, 4%, 8% by weight DLCP-NTs (Figure 3.11). Fibers containing pristine
microcrystals were compared to those containing sonicated microcrystals as well as those

that had been either partially or extensively disassembled by lyophilization.
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Figure 3.11. Force/Displacement of composite fibers. A representative example of force
displacement curves generated through AFM-based compression testing. It is evident that
with increasing peptide concentration, the slope of the curve increases, indicating a stiffer
material. The increase in stiffness begins to plateau after 4% loading, likely due to
peptide aggregation in the spinning dope used to fabricate the fiber.

For each indentation curve the modulus was obtained by fitting a Hertzian contact

model. We utilized the contact model between two elastic bodies with curved surfaces for
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which an analytical solution exists. The model consists of two perpendicular cylinders
approximating the spherical indenter and the cylindrical fibers.?' Since the diameter of
the spherical probe (D ~ 40 um) is much larger than the diameter of each fiber (d ~ 0.8
um), the approximation of two cylindrical bodies describes the indentation contact

geometry closely. According to the Hertzian contact model of ellipsoidal contact area:
4
F= agE*Rl/Z(S?’/Z (1)

where F is the indentation force and § is the indentation depth. The modulus Eis

obtained from the following relationship

E*

2)

1—v2

where the Poisson’s ratio v is assumed to be 0.3 and £ is the Young’s modulus of the

fiber. The effective Gaussian radius of curvature R in Eq. (1) is obtained from

R=.\RR, )

where R; is the radius of the spherical probe, R; ~ 20 um, and R, is the average radius of
the fiber, R, ~ 0.4 um. The coefficient « is a correction constant that is found by finite
element simulation of the spherical indentation of cylindrical fibers and accounts for the

contact geometry between the cylindrical fibers and the flat substrate.
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The finite element model was implemented using the commercial finite element
software ABAQUS (Version 6.9, SIMULIA, Providence, RI) for the configuration shown
in Figure 3.14a. Because of the symmetry of the problem, we modeled half of the fiber
from the apex of the indenter. The probe tip is modeled as rigid sphere of radius ~ 20 pm
and the substrate were modeled as a rigid surface since they are much stiffer than the
fibers. The fibers are modeled as elastic cylinders of radius ~ 0.4 pm and half-length of 3
um, which is much larger than the contact distance between the special probe and sample.
The probe tip as assigned a displacement of 40 nm, close to the experimental indentation
depth. The coefficient a is calculated to be « = 0.56 by comparing the analytical
expression in Eq. 1 with the force-displacement curve that is obtained from the finite
element simulation (Figure 3.12). Young’s modulus £ at each indentation site is obtained

by curve fitting of Eq. (1) to the experimental indentation curves (Figure 3.13).
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Figure 3.12. Finite element model of compression geometry. Finite element model of the
contact between rigid spherical AFM tip, elastic composite fiber and rigid flat substrate
has been implemented to find the correction coefficient a to the analytical expression for
Hertzian contact between two cylindrical elastic bodies in Eq. 1. Stress distribution is
shown at the cross section of the fiber for a typical indentation depth of 40 nm and E =
100 MPa.
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Figure 3.13. Hertzian contact model. Hertzian contact model (in blue) has been fitted to
the experimental indentation curves (in back) to obtain the elastic modulus of each fiber.
Here typical curves are shown for a fiber with 4% nanotubes.

When comparing the average modulus between fibers with varying loadings of
sonicated and pristine peptide assemblies, one recognizes a dose-dependent increase in
fiber modulus, with the highest QL4 loading (8%) leading to the highest modulus values
for each fiber type. Furthermore, we observed significantly decreased reinforcement for
the samples in which the DLCP-NTs had been disassembled partially and a further
decrease in reinforcement when the DLCP-NTs had been disassembled extensively.
Composite fibers reinforced with sonicated microcrystals exhibited the highest stiffness
values, despite the fact that their average length was smaller than microcrystals in the

pristine sample. We believe that this is likely due to their narrower length distribution

(Figure 3.3b), which allows for more homogeneous mixing in the pre-spinning solution,
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and consequently more contact area with the surrounding polymer matrix and better
stress transfer from microcrystal to polymer after fiber formation. Due to the decrease in
the regularity of the structure of disassembled microcrystals, it was not possible to
compare their average lengths to the pristine or sonicated sample-sets. Fibers containing
sonicated microcrystals at a loading of 8% exhibited a Young’s modulus of ~595 MPa,
corresponding to a >5-fold increase in stiffness over fibers composed of PDLLA alone.
Fibers containing pristine microcrystals at a loading of 8% were the next best performer
with a Young’s modulus of ~465 MPa, roughly 4-fold higher than the control sample. A
student’s t-Test was performed on the calculated Young’s modulus £. In all the tests, a p-

value of <0.05 was taken as statistically significant.
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Figure 3.14. Nanomechanical characterization of composite fibers. (a) Schematic of AFM
probe with a spherical colloidal tip used for testing. (b) Average Young’s modulus of
fibers plotted against DLCP-NT concentration for sonicated, intact, partially
disassembled, and extensively disassembled microcrystals (N = 16; N = 48 for control).
The stiffest measured samples are composites containing sonicated QL4 fillers with a
loading of 8% by weight.

It is theoretically possible that variations in fiber diameter across the samples
could affect the fiber mechanics. However, based on an analysis of modulus vs. fiber
diameter for the experimental sample set, it is apparent that the amount and identity of the
filler material are the main contributors to the increased stiffness values (Figure 3.15).
One sees that there are cases in which the fiber diameter remained constant, while the

Young’s Modulus changed in parallel with the increased filler composition (Sonicated),

as well as cases in which the Young’s Modulus remained stable while the diameter of the
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fiber varied greatly (Control). Furthermore, it is typical to observe increased stiffness

when fibers possess diameters below the 500nm diameter shown here .
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Figure 3.15. Correlation between fiber modulus and fiber diameter depicted for each of
the experimental conditions: sonicated (diamonds), pristine (squares), partially
disassembled (#riangles), extensively disassembled (circles), and control (exes). Each
data point within each series corresponds to a different loading of DLCP microcrystal,
however, only the sonicated series is labeled for clarity. Note that for control samples
(0% peptide loading), large changes in diameter result in no change in modulus, however
for sonicated and pristine microcrystals, large increases in stiffness occur without a
corresponding change in diameter, implicating filler quantity and state as the primary
determinants in reinforcement. Each data point represents 16 measurements at a given
condition.

The measurements of average moduli suggest that the composite fiber mesh is
generally more robust than the control mesh, however, reporting the average values of the
modulus does not convey a complete story. Figure 3.16 depicts a series of point-stiffness
measurements from which the averages were calculated, as well as a schematic structure

of the internal structure of the fiber. Analysis of the system by SEM, EDS and FT-IR

suggests that there are regions within the fiber that do not contain peptide reinforcers.
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Within a given section of fiber, one can imagine indenting in an area with an embedded

structure at the core of the fiber, at the surface of the fiber, or with no embedded peptide

at all. Depending on the area that is tested, the point stiffness will appear significantly

higher or lower. This leads to highly variable point stiffnesses.
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Figure 3.16. Composite fiber structure and distribution of point-stiffnesses. [Top] SEM,
EDS and FT-IR based structural analysis suggests that the internal structure of the fiber is
inhomogenous, likely due to the similar diameters between peptide assemblies and the
fiber in which they are embedded. This lends itself toward a material with very disperse
point stiffnesses depending on where the force (P) is applied. [Bottom] Distribution of
modulus values from individual force-displacement experiments for all composite fiber
samples. Variance suggests that point-stiffness is a function of proximity to a

microcrystal.
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Control fibers that do not contain any peptide have a consistent point stiffness
below 200 MPa. As peptide is added to the system, pristine or otherwise, the individual
point stiffness measurements begin to increase. The higher the loading percentage of
filler material, the more likely one is to probe an area that is influenced by the peptide
filler and therefore there are an increased fraction of measurements that fall above the
control baseline. The stiffest measured areas have elastic moduli of 1-1.4 GPa,
representing approximately a 10-fold increase in stiffness as compared to the average
value of the control. These maximum stiffness measurements are on par with well
characterized biomaterials such as collagen and tendon. ** ** This indicates that with
increased loading, one can expect to continue to reinforce the scaffold so long as the
composite fiber is able to maintain a similar morphology. It is worth noting that the
geometry of the mechanical test described herein is an unusual method to probe fibers.
Fibers, by definition, are anisotropic structures in which the long axis is strong and the
axes orthogonal to that are relatively weak. Despite sample loading along the weak axis,
the composite fibers described here are able to approach the properties of robust
biomaterials. This raises an interesting consideration for the use of DLCP-NTs as a filler
element that helps stabilize the ‘weak’ axis of fibers.

Complete tables of average moduli and statistical significance are presented in
Figures 3.17 and 3.18. At just 1% loading by weight, pristine and sonicated DLCP-NTs
were able to generate roughly 3-fold increase in the average modulus of the tested fibers.
Indeed, with the exception of completely disassembled peptide filled fibers, all peptide

fillers generated statistically significant reinforcement at 1% loading by weight. Due to
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the plateauing reinforcement effect detected herein, there is a decrease in statistical

separation between conditions as one moves from 1% to 4% and from 4% to 8% loading.

Average Young’'s Modulus (MPa)
Partially Extensively
Sonicated Pristine Disassembled Disassembled
1% 356 + 68 270+ 18 143 +18 123+13
4% 497 £ 53 402 + 38 227 +30 139+14
8% 594 + 78 465 + 66 278 £ 55 175+19

Figure 3.17. The average Young’s modulus and corresponding standard errors of
composite fibers. The most significant reinforcement occurs when sonicated QL4
microcrystals act as the filler material.

Statistical Significance in Young’s Modulus Values
1% 4% 8% 1% 4% 8% 1% 4% 8% 1% 4% 8%
Sonic Sonic Sonic Pris. Pris. Pris. P. Dis. P. Dis. P.Dis. | E.Dis. | E.Dis. | E.Dis.
0% * * * * * * * * * ns * *
1% 1% 1% 1%
Sonic ns e Pris. - i P. Dis. - - E. Dis. ns -
4% 4% 4% 4%
Sonic ns Pris. ns P. Dis. ns E. Dis. ns
8% 8% 8% 8%
Sonic Pris. P. Dis. E. Dis.

Figure 3.18. The statistical significance (student’s t-test, p < 0.05) between, denoted by
(*), is presented between each sample set and the control, as well as within a given
sample set. All sample sets, excluding disassembled microcrystals, are statistically
significant with respect to the control at 1 weight percentage incorporation.

3.4 CONCLUSION

In summary, we demonstrated that electrospun PDLLA fibers can be reinforced
by incorporation of self-assembled cyclic peptide nanotubes. At only 1% peptide loading
by weight, both pristine and sonicated DLCP-NTs were able to reinforce the PDLLA

fiber mesh by a factor of ~3. Higher concentrations of uniform microcrystals led to
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higher stiffness values, with the stiffest fibers obtained with 8% by weight loading of
sonicated DLCP microcystals exhibiting a modulus value of 595 MPa, representing a >5-
fold increase in modulus as compared to the control. We also demonstrated that DLCP-
NTs are able to withstand the high energy conditions associated with electrospinning,
potentially establishing DLCP-NTs as a compatible filler component in a variety of other
material processing techniques. Nano- and micro-structures assembled from DLCPs
possess a unique combination of customizable surface chemistry and rigidity that are
absent in most high aspect ratio nano-scale materials. However, examples of DLCP
incorporation into macroscopic materials have heretofore been limited. The versatility
provided by the self-assembling DLCP structures makes them a potentially useful
alternative to those restricted by covalent bonding when considered for applications in

high-performance and self-healing materials.

3.5 MATERIALS AND METHODS

Chemicals and Reagents Acetone, dichloromethane, dimethylformamide,
diisopropylamine, and piperidine were purchased from Sigma Aldrich. Dichloromethane
and dimethylformamide were dried over molecular sieves. The following chemicals were
used as provided: Acetone, trifluoroacetic acid, 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU), and (benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate) (PyBOP) (Sigma Aldrich). All
amino acids and Rink Amide-MBHA resin were purchased from AAPPTEC, Louisville

Kentucky.
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Cyclic Peptide Synthesis D,L-cyclic peptides were synthesized in accordance
with the procedure of McMurray.** Fmoc-Glu-OAll was coupled to a Rink Amide-
MBHA resin through the side-chain carboxylate. When cleaved, this residue is converted
to a Gln. Standard Fmoc synthesis produced an uncyclized 8-mer which was cyclized
through a PyBop assisted coupling reaction. Peptides were cleaved from the resin with
95% TFA, 2.5% water and 2.5% triisopropylsilane. To isolate the peptide, the TFA
solution was concentrated by evaporation and dropped into cold diethyl ether causing
precipitation. The mixture was centrifuged, resuspended in TFA and precipitated again to
increase purity. Cyclic peptide identity was verified by liquid chromatography
electrospray ionization mass spectroscopy.

Self-Assembly Sclf-assembly was achieved by dissolving 2.5 mgs/ml of QL4 in a
mixture of 60% TFA and 40% water. The assembly occurred in a glass vial over 48-72
hours at which point microcrystals could be seen by eye. Crystals were harvested by
diluting the assembly with a mixture of acetone and dichloromethane and pelleting the
crystals by centrifugation. Crystals were rinsed 3 times with acetone/dichloromethane
before characterization and incorporation in PDLLA.

Electrospinning Nanofibers were produced by traditional electrospinning
methods. Solutions containing 8% poly-D,L-lactide and varying amounts of QL4
microcrystals ranging from 0 wt% to 8 wt% in 3:1 acetone to dichloromethane were
vortexed to promote mixing. The solutions were then electrospun at a flow rate of 0.07
ml/min, 25 kV and at 30cm from the collecting plate. Samples were collected on

aluminum foil and silicon wafers and stored for later use.
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FE-SEM Imaging of Fibers and DLCP Nanotubes Electrospun fiber samples
deposited on aluminum foil were cut and mounted onto SEM stubs using carbon
adhesive. For the recovery of DLCPs from non-woven mats, nanofibers were incubated
in acetone, selectively dissolving the polymer while leaving QL4 microcrystals intact.
Once the PDLLA had dissolved, QL4 was pelleted by centrifugation and washed 3 times
with acetone, before resuspension in water. This suspension was applied to a Nuclepore
filter under low vacuum, the filters were allowed to dry under vaccum, and then mounted
onto SEM stubs as above. All samples were sputter-coated with Au/Pd and then imaged
on a Zeiss FE-SEMSupra55VP (Carl Zeiss, Oberkochen, DE) in SE2 mode.

Fourier-Transform Infirared Spectroscopy A Bruker Hyperion 3000 FTIR
microscope (Bruker Optics Inc, Billerica, MA) was used to confirm the presence of
DLCPs in the composite fibers. Electrospun fibers, with aluminum foil backing, were
placed under the objective and measurements were taken in reflectance mode.

Mechanical Characterization An Asylum MFP3D AFM (Asylum Research,
Santa Barbara, CA) was used to perform the nanoindentation on single fibers atop a
silicon wafer in the dry state. A glass spherical probe tip (Polysciences, Warrington, PA),
diameter ~ 40 um, was attached to the tipless cantilever with nominal spring constant k ~
30 N/m (Budget Sensors, Sofia, Bulgaria). The thermal oscillation method was applied to
determine the cantilever spring constant for each probe tip **_ The indentation was
performed under force control scheme, with maximum force ~ 900 nN. The axial (z
direction) displacement of tip is calculated as the z-piezo subtracted by the vertical
deflection of the cantilever. All data reported in this manuscript is based on axial loading

of fibers.
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Chapter 4: Summary and Future Directions

4.1 SUMMARY

Biologically Inspired Self-Assembling Materials: Inspiration, Structure and Properties

In Chapter 1, examples of natural materials, descriptions of biologically inspired
self-assembling peptides, and the guiding hypotheses of this work were provided. Nature
has evolved a diverse toolkit from which it creates the inspiring materials synthesized by
plants and animals. In many cases, these materials are composites and demonstrate
hierarchical structures organized from the nano- to the macroscale. Collagen' and silk?,
the two examples discussed in Chapter 1, are both well characterized and serve as
inspiration to materials engineers.

When considering a self-assembling platform for the design of a material, one
must take into account the chemistry of the monomer in order to determine the system’s
properties. These properties include, but are not limited to, the ability to modify the self-
assembling building block, the size and structure of the assembly, the dynamic or static
nature of the assembly, and the mechanical and chemical stability of the assembly. The
breadth of systems that have been engineered to date is evidence of the difficulty in
designing a ‘winning’ system that can become a technology of choice across application
areas. While some systems excel in their stability, others are easier to modify, and others
may be best for dynamic materials applications.

D,L-cyclic peptides were chosen as the centerpiece of this research because they
combine unparalleled chemical flexibility with a high persistence length an distinct rod-

like morphology that is not apparent in other peptide systems. The size and morphology

96



of DLCP assemblies serve as indicators of their stability. Despite recent interest in
mechanical analyses, there was little experimental evidence to support expectations that
D,L-cyclic peptides actually had the properties necessary to enable bio-engineered real-
world applications. This work was undertaken to more fully characterize the fundamental
mechanical properties of DLCP assemblies so that engineers could make better informed

decisions about their potential as a nanoscale construction material.

Structure and Mechanical Properties of D,L-Cyclic Peptides

In Chapter 2, the structure and mechanical properties of bundled fibers, assembled
from QL4, were examined in detail. Through electron microscopy and computational
modeling of assemblies it was revealed that QL4 forms large structures on the order of
100nm-2pm in diameter and up to 10pm-100um long. The structures are hierarchically
organized from individual tubes that form fibers, which then bundle to form the large
fibers used in mechanical testing. We hypothesize that the size and stability of QL4
assemblies is a factor of two characteristics. First, by cyclizing the peptide, the degrees of
conformational freedom are limited and the potential for intermolecular interactions is
similarly constrained. This necessitates that QL4 monomers stack directly atop one
another when bonding and prevents freedom to slip in the x- or y-plane orthogonal to the
long axis of assembly. Second, the presence of symmetric glutamine residues on the
peptide cycle allows for dense, favorable packing between tubes (inter-tube associations),
with alternate leucine residues providing a secondary stabilizing effect in the structure.
Together, these factors result in a distinctly large and rod-like morphology that is not

found in other organic self-assembling systems.
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Bundled fibers were subjected to nanoindentation and depth-sensing-based
bending over micron-scale channels. The density adjusted stiffness (specific modulus)
was found to be superior to collagen and tendon’, as well as amyloid fibrils measured at
the nanoscale by similar methods.*>® The density adjusted flexural modulus of QL4
fibers is more pronounced, outperforming both enamel and steel. The strength of QL4
fibers (measured in flexion) is similar to collagen, tendon, bone and enamel.” Together,
this data indicates that QL4 fibers behave similarly to what one expects from ‘light” bone,
rather than a typical peptide material.

Due to the high stiffness, particularly in flexion, and the low density of QL4
fibers, they have interesting potential for use as mechanical fillers in low-density, high-
performance composites. When one considers the potential for dynamic assembly,
disassembly, and tunable surface chemistry, it is evident that D,L-cyclic peptides could

be an intriguing scaffold for a variety of composite materials applications.

D,L-Cyclic Peptides as Filler Materials in Biodegradable Composite Fibers

In Chapter 3, bundled QL4 fibers were utilized as a structural filler material
within poly-d,I-lactic acid (PDLLA) fibers. Peptide assemblies were incorporated in four
different forms: pristine, sonicated, partially disassembled, and fully disassembled. Upon
sonication, the average length of a bundle decreased from ~20 um to ~3 um. Fibers were
disassembled/aggregated by lyophilization followed by scraping from the sides of vessels
and resuspension. Each type of peptide filler was incorporated at 1, 4, and 8 weight

percentage loadings into PDLLA solution.
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Peptide-doped PDLLA solutions were electrospun into nanofibers using a
traditional electrospinning apparatus.’ Pristine and sonicated peptide fillers disperse well
within the polymer solution while disassembled/aggregated fillers tend to clump, leaving
significant areas within the polymer solution devoid of peptide reinforcing elements. The
resultant composite fibers were smooth, indicating the peptide assemblies were aligned
with the long axis of the fiber. Fibers were analyzed by SEM, FTIR and EDS in order to
characterize their internal structure. Unlike a true nano-composite, the peptide assemblies
are similar in diameter to the fiber diameter, resulting in fibers with gaps between filler
elements.

The elastic moduli of the composite fiber meshes was tested using AFM-based
indentation methods. In these tests, fibers were indented perpendicular to their long axis.
This method allowed for the determination of average properties of the fiber mesh based
on a series of ‘point’ stiffness measurements. Composite fibers containing 8% by weight
sonicated peptide filler exhibited the highest average modulus, roughly 6-fold higher than
the control samples. The performance of sonicated peptide fillers was followed by
pristine, partially disassembled, and fully disassembled peptide fillers. The results
indicate that the nature of the peptide filler, whether due to internal structure or potential
for dispersion, determines the potential for reinforcement.

Self-assembled DLCP structures possess a unique combination of customizable
chemistry and rigidity that are absent in most high aspect ratio nano-scale materials and
self-assembled peptide materials. This is the first example of DLCP incorporation into a

bulk material. The versatility provided by the self-assembling DLCP structures may
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prove useful for applications beyond traditional mechanical reinforcement, including

actuating and self-healing materials.

4.2 FUTURE DIRECTIONS
Systematic Characterization of DLCP Structures with Alternative Bonding Modalities

The preceding studies describe a first foray into the mechanical characterization
of D,L-cyclic peptides. QL4 was selected for these studies due to its large size, stability,
and ease of synthesis. While QL4 has proven to be an interesting model system, the true
potential of DLCPs is in their nearly limitless chemical diversity. As discussed in Chapter
1, DLCPs are somewhat unique in their ability to tolerate side-chain modification while
still assembling into supramolecular structures.® If one considers natural amino acids,
unnatural amino acids, heterocyclic peptides and post-translational modifications, it is
evident that DLCPs are a high-potential engineering platform with a broad array of
applications.

Filtering the potential peptide candidates to discern reasonable monomers for
future experiments can be a challenge. Focusing exclusively on disentangling the range
of modulus, strength and densities that one can achieve with a simple DLCP 8-mer, it
would be beneficial to explore other bonding modalities, particularly metal-coordinate
bonds, salt-bridges, and covalent linkages. Metal-coordinate chemistry is found
throughout natural systems, perhaps most notably in the oxygen-carrying hemoglobin
protein. However, metal coordinate chemistry is used by nature in the reinforcement of

materials as well. The jaw of the marine polychaetes Nereis virens, and Glycera
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dibranchiata are loaded with Zn and Cu, respectively.” ' '' In each case, nature has
chosen protein-mediated metal-coordinate bonds as a means to retain hardness, wear
resistance, and stiffness within an aqueous environment.'”> When one considers the
potential medical uses of DLCPs, particularly in the form of composites, it may be
relevant to imbue the DLCP filler with similar water-tolerant chemistry. The natural
ability of histidine residues to chelate metals could prove to be an affective component of
a DLCP tailored to this use.

As a point of comparison, synthesizing DLCPs that are capable of salt-bridging
will provide an alternate stabilization mechanism that is of interest. Pioneering work in
DLCP synthesis and characterization led by Dr. Ghadiri explored the use of cyclo-[(L-
Glu-D-Leu),] and cyclo-[(L-Lys-D-Leu),] as a co-assembly pair.” A computational and
mechanical analysis of this bridged co-assembly would provide an interesting
counterpoint to the other non-covalent assemblies, H-bond mediated and metal-
coordinate mediated. Furthermore, by utilizing a salt-bridging pair, one could begin to
explore self-assembly in-situ within an aqueous environment, a hurdle that is
insurmountable with the extremely hydrophobic, insoluble QL4 peptide.

Lastly, to test the upper limits of stiffness and strength, one could explore the use
of covalent bonding pairs. An experimentally tractable starting point may be to utilize
cysteine-mediated covalent capture as is described in the peptide amphiphile system
designed by the Stupp Lab." While disulfide bonds are less stable than carbon-carbon or
amide bonds, they have the added benefit of external control through modulation of redox
conditions within the solution.” This would provide a method for testing covalent

linkages without compromising the dynamic nature of the material.
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The direct comparison of hydrogen bond, metal-coordinate, salt-bridge, and
covalent stabilization will provide significant breadth in our understanding of the DLCP
as a structural material. An area yet to be discussed is the anisotropy of bonding within
the aforementioned materials. Along the long axis of assembly, all structures will be
stabilized through hydrogen-bonds as was the case with QL4 fibers. However, in addition
to backbone-mediated bonding the side chain chemistry may impact both longitudinal
and lateral assembly. Further experimentation with the chemistries described above will
expand the potential utility of DLCPs to include stronger, more wear-resistance, and
water-tolerant composites.

Preliminary results of the synthesis of cyclo-[(ELKL),] its structural

characterization are presented in Appendix A.

Controlling the Size and Shape of DLCP Assemblies

The end goal of supramolecular self-assembly is to build intricate, functional
structures with nano- and microscale dimensions, from the bottom up.'® Even a cursory
analysis of a natural system will inspire one’s innate curiosity to understand how such
ordered diversity can be created from such simple building blocks. While DLCPs provide
a vehicle to create tremendous diversity, it is a scaffold that has proven difficult to
control.> For DLCPs to realize their full potential, we must develop methods for
controlling the diameter and length of cyclic peptide nanotubes and fibers.

Current techniques to control peptide length and diameter are limited to
appending polymer chains from DLCPs and utilizing layer-by-layer deposition

techniques.'”""** The pioneering work by Dr. Biesalski demonstrated that by
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conjugating polymer chains of varying lengths to DLCPs, one could prevent lateral
aggregation and control the length of the assembly within the range of ~50 nm — 150
nm."” Mizrahi, et al. have also demonstrated control over DLCP nanotube length by
layering alternately charged DLCP monomers on a gold surface.”’ These results stand in
stark contrast to the comparatively massive structures formed by QL4 that can reach
above 100 um in length.’ While these methods provide control, they are very labor
intensive and are not particularly scalable. Taking these data points to represent the
smallest and largest structures that can be formed from DLCPs, it is evident that there is a
wide range, representing multiple orders of magnitude, within which one can seek to
control both length and diameter.

It has been reported that DLCPs assemble by a cooperative mechanism in which
there is a slow nucleation step followed by a rapid elongation step.”” Therefore,
controlling the initiation of assembly and time of assembly may allow one to exert some
control over the length and diameter of structures. One option to consider would be to
‘seed’ the assembly with partially disassembled DLCP structures. The addition of the
seeds bypasses the nucleation step, and the overall size of assembly may be controlled by
the ratio of seed to monomer. A secondary control mechanism of interest is an on-
demand assembly trigger. By using a photo-cleavable protecting group such as 2-
nitroveratry123, one could prevent the assembly of the DLCP until the proper conditions
are achieved, affording both nucleation control and prevention of premature assembly. To
date, methods for the control of DLCP assemblies have been limited, however it is a
necessary focus if cyclic peptides are to become a practical, functional scaffold for

materials engineering.
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Preliminary results describing seeded DLCP assemblies are presented in

Appendix B.

Utilizing DLCP Fibers as Polymer Stabilizers

Due to the high cost of synthesis and processing, it is unlikely that DLCPs will
find a use as a pure, bulk material. Rather, DLCPs may find their niche as a minority,
functional component within a larger, less costly matrix. These functional composites
could find utility as filters**, ion sensors™, or responsive polymers.”> One area that is yet
to be explored is the use of DLCP fibers or DLCP nanotubes as reinforcing elements for
polymer materials subjected to static loads, such as resorbable orthopedic implants.

Resorbable materials are of interest in medicine because they obviate the need for
post-operative surgery and can enhance healing by preventing stress shielding that may
otherwise occur.” Indeed, over the last fifty years, research in biodegradable polymers
for application in therapeutic structural materials has yielded many clinically relevant
devices including sutures, plates and screws.”” Due to their high yield-stress and modulus,
polymers based on lactic acid (PLA), glycolic acid (PGA), or blends of the two (PLGA),
have come into favor for applications in which the material must bear significant loads.”®
Despite their high elastic modulus, it was discovered that over time, under static loading
conditions such as is present in the spine, these devices would fail before the body was
able to fully heal.

While a solid polymer material appears rigid and stable, molecular rearrangements
within the bulk can still occur. These rearrangements are never observed because without

. . . . . 29
an outside stimulus, the time scale and degree of movement is virtually zero.” However,
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as soon as a stress is applied to the system, the polymer chains begin to flow. In the case
of a polymer structure undergoing a slow deformation, the forces exerted on the bulk
material are transferred to individual molecular chains, which flow with respect to one
another, allowing the material to stretch significantly. If one considers placing a material
under static load, rather than a fixed strain rate, it is evident that over long enough time
scales, the structure will still deform, and eventually fail.?®

There are several ways to imagine engineering around the mechanical failure of
polylactides/glycolides. Traditional approaches include, but are not limited to,
reengineering the polymer itself, crosslinking the structure, and using a polymer blend.
An alternate approach to consider is the integration of a nanoscale filler such as a DLCP
nanotube or fiber. By incorporating peptide-based nanostructures of complimentary
surface chemistry to the polymer, one may be able to increase the overall stability.
Namely, the nanostructures will associate closely with the polymer, decreasing its
flexibility, acting as ‘side chains’, and increasing favorable interactions within the melt,
all of which act to decrease the free volume, and increase the glass transition temperature
and time-to-failure.’® Due to the potential for control over size, dimensions and surface
chemistry, one can imagine a suite of DLCP-fillers, specifically tuned for use in a variety
of load-bearing, resorbable materials.

An area concern for any application of DLCPs in vivo is their biocompatibility, or
lack thereof. Research by the Ghadiri Lab suggests that the toxicity (as measured by
hemolysis) of amphipathic DLCPs varies with sequence but is quite low.” Early work
within the Joshi Lab suggests that assembled QL4 fibers, when mixed with media, do not

cause cell death in fibroblasts. Together, these analyses represent two potential toxicity
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extremes, monomers and very large fibers. For a complete study, the analysis of a variety
of DLCP monomers, assemblies, and large assemblies should be tested in vifro and in
Vivo.

Preliminary results of the fabrication, structural characterization and mechanical

analysis of cyclo-[(QL),]-loaded PDLLA films is presented in Appendix C.

DLCP Assemblies as Toughening Agents

Materials toughness is defined as the total amount of energy that can be
absorbed by a material before failure. Biomaterials, particularly silks, have
remarkable toughness that surpasses similar synthetic materials. 2 32 Often this
toughness is achieved by synthesizing a composite in which one component is held
together through ‘sacrificial’ bonds that are able to break, and possibly reform, upon
stress. This allows the material to absorb a huge amount of energy. If one considers
the example of a spider web trapping a flying insect, it is clear that if the material
must withstand the momentum of the insect by dissipating the energy. Otherwise
the insect would be more likely to break through, or bounce off. Both strength and
extensibility are necessary.

As DLCPs are supramolecular in nature, they may prove to be interesting
‘crosslinking-nodes’ within composites. By crosslinking the stiff DLCP assembly into
a softer, more elastic matrix it may be possible to approximate the overall structure
of silk. Rather than (-crystals, the material would have DLCP fibers. As stresses are

imposed on the matrix, forces will be transferred to the DLCP structures are able to
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come apart. This will allow for the continued deformation of the material as a whole
but will also provide stiffness and strength. Upon relaxation of the material, one may
find that DLCP structures are able to reattach to one another, allowing the material
to self heal between deformations.

The focus in Chapters 2 and 3 was on the model system of QL4, however to
analyze the toughening potential of DLCP crosslinkers one would need to synthesize a
peptide with more readily available crosslinking handles. The options include amine or
carboxylic containing amino acids such as glutamate, aspartate and lysine, as well as
sulfhydryl containing amino acids such as cysteine. Of course, unnatural amino acids
could be included as well.

Preliminary results of the fabrication, structural characterization and mechanical

analysis of ELKL2/Elastin films is presented in Appendix D.

4.3 Conclusions

Self-assembled peptide systems allow for the creation of hierarchically structured
materials with broad functionality. However, building with peptides is not without its
share of difficulties. Specifically, self-assembling peptides lack the programmability of
nucleotide-based structures and therefore the assembly process is very difficult to control.
This is observed in peptide amphiphiles, amyloid fibrils, aromatic dipeptides, and D,L-
cyclic peptides.

Within the field, D,L-cyclic peptides possess their own specific challenges
including difficulties in synthesis/cyclization, unpredictable solubility, uncontrolled

assembly/disassembly, and concerns over biocompatibility. First, amino acid conjugation
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during synthesis can be a challenge with certain sequences. For efficient coupling, the
peptide end should be fully exposed to the surrounding solvent. Repeated amino acids
with flexible structures, such as glycine, can lead to a hidden reactive site that decreases
the overall coupling efficiency. Cyclization may be inhibited by a flexible backbone, or
by a backbone that is overly constrained due to the presence of bulky side-chains or post-
translational modifications.

Solubility varies greatly between DLCPs of similar chemistry. For example, the
peptide QL4, which has been described extensively herein, is soluble only in
trifluoroacetic acid. The replacement of a single leucine with a lysine residue causes the
peptide to be soluble in all aqueous media and polar organics. Peptides with oppositely
charged functional groups such as glutamates and lysines are insoluble in aqueous media,
despite the addition of salts and manipulation of pH.

With unpredictable solubility comes difficulty in assembly. First, peptides lack
the obvious base-pair mediated programmability of nucleotide-based self-assembling
systems. Therefore, DLCPs must be assembled by controlling external factors such as
solvent, solute concentration, pH, and temperature. QL4 assembles to form robust
structures, but it is not easily controlled. Conversely, the majority of other peptides that
were investigated failed to assemble at all. This suggests that DLCP assembly tends to be
an, ‘all or nothing” phenomenon in which the peptides either assemble until the point of
precipitation, or fail to assemble.

Lastly, the potential biocompatibility for DLCPs remains a concern. The
chemistry of DLCP monomers, the aggregate chemical behavior of the assembled DLCP

structure, and the size and shape of the DLCP structure must all be considered. While
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individual monomers may be sufficiently small to be passed through the body, one must
ensure that the chemistry in the crystalline form, and in the monomer, is not directly toxic
and does not generate an immune response. Perhaps more subtle is the concern over the
physical structure of DLCPs. Taking QL4 as an example, it is quite similar in size and
shape to asbestos. This suggests that toxicity could be a function of shape and size.

Many of the aforementioned complications can be mitigated through the
conjugation of other molecules to the DLCP ring. Solubility, assembly, and
biocompatibility may all be controlled through the conjugation of molecules with known
solubilities and biocompatibilities to a basic DLCP backbone. The Xu and Biesalski labs
have pioneered this approach and it has shown promise in the control of assembly.

However, to my knowledge, a detailed biocompatibility study has not been completed.
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Appendices

The results presented in appendices A-D describe preliminary work. They are provided to
serve as a foundation for new research within each area.

APPENDIX A: SYNTHESIS AND CHARACTERIZATION OF SALT-BRIDGED
DLCP ASSEMBLIES

Introduction

In prior studies, salt-bridged DLCPs, cyclo-[(L-Glu-D-Leu),] and cyclo-[(L-Lys-
D-Leu),], were used as a co-assembly pair." Here the synthesis and assembly of the
peptide cyclo-[L-Glu-D-Leu-L-Lys-D-Leu)s], referred to as ELKL2, is presented.
Rather than requiring a mixture of two peptides, ELKL2 is able to form self-self salt
bridges to stabilize growing assemblies. Salt-bridged peptides provide advantages
over QL4 because they are water soluble and have the potential for pH- and solute-
controlled triggerable assembly. Furthermore, the electrostatic bond energies are
higher than van der Waals forces and hydrogen bonds and consequently may

provide more stable structures.

Results and Discussion

ELKL2 was synthesized using common peptide synthesis methods.? Upon
cleavage from the resin, peptides were precipitated in cold ether and resuspended
in multiple aqueous buffers and solvents. ELKL2 is highly soluble in aqueous buffers

across the pH range of 3-12 and is insoluble in non-polar solvents. Assembly was
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attempted at both high and low pH, but was only achieved by dissolving ELKL2 in
TFA and incubating the TFA solution in the presence of water vapor (see methods

for assembly of QL4). The resultant structures are presented in Figure Al.
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Figure A1l. Synthesis and structural analysis of cyclo-[(ELKL)2]. (a) Chemical
structure and mass of ELKLZ2. (b) Confirmation by ESI-TOF mass spectroscopy. The
singly charged ion is apparent at 967.8 m/z and the doubly charged ion is apparent
at 484.4 m/z.

ELKL2 assembles into small, twisted structures that wind together. It is
worth noting that these structures are roughly an order of magnitude smaller in
both length and width as compared to QL4 fibers. The average length and width of
ELKL2 structures are approximately 3 pm and 50 nm, respectively. The helical

morphology of ELKL2 is unlike any DLCP structures mentioned to date in the

literature.3
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Conclusions

The discrepancy between QL4 fibers and ELKL2 assemblies is striking.
Indeed, ELKL2 appears significantly more closely related to a traditional twisting
amyloid fiber* than a rigid, DLCP assembly. This analysis suggests that there is
significant freedom to control assembly morphology, even within the geometrically
constrained DLCP system. Future results should seek to confirm the orientation of
individual monomers within the twisting fibers. Modern electron microscopy based
analysis methods would lend themselves to structural characterization of a material

of this size.>

Materials and Methods

Self-Assembly Self-assembly was achieved by dissolving 2.5 mgs/ml of ELKL2
in neat TFA. The TFA-peptide solution was incubated in a large beaker containing water,
and the system was covered. The assembly occurred as water vapor diluted the TFA
solution. Structures were isolated after 48-72 hours and were viewed on SEM. SEM

methods are described in Chapters 2 and 3.
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APPENDIX B: CONTROL OF ASSEMBLY AND SIZE THROUGH SEEDING

Introduction

A challenge that persists in many self-assembling systems is the control of
assembly size. Chapters 2 and 3 provide examples of QL4 structures that are
permitted to grow to their maximum length and width. However, for many
applications, including mechanical fillers, control over the size and aspect ratio is
necessary.

Within amyloid systems, seeds have been used to initiate amyloid assembly.®
Herein sonicated QL4 fibers are used as seeds to examine whether it is possible to
adjust the length distribution of assembled QL4 fibers by adjusting the

concentration of seeds.

Results and Discussion

QL4 was dissolved at a concentration of 2.5 mgs/ml within neat TFA. Water
was added until a 60:40 ratio of TFA:water was achieved. Immediately afterwards,
various serial dilutions of sonicated QL4 bundled fibers were added to the assembly
solutions. The capped vials were left untouched for 24 hours. An analysis of
brightfield microscopy images was used to measure the lengths of QL4 assemblies.

The data from this analysis is presented in Figure B1.
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Figure B1. Length distribution of seeded QL4 fibers assemblies. A 10x serial dilution
of sonicated QL4 seeds was added to QL4 assemblies. At full concentration, the
seeds shifted the average length of QL4 structures to approximately 6 um. As the
concentration of seeds decreased there was a corresponding increase n the length of
QL4 structures. Unseeded samples and dilutions of 1/1000 showed similar results.

There is a large shift in the size of QL4 structures that appears to be
dependent on the amount of seed added. One would expect that at high seed
concentration, nucleation begins in many areas, leading to a large number of smaller
structures. Alternatively, at low seeding concentration, assembly is nucleated in
many fewer areas, leading to fewer, larger structures. Eventually the concentration
of seeds will drop low enough that there is no observable effect.

At the ‘full’ seed concentration, DLCP assemblies exhibit an average length of
just 6 um, significantly below the unseeded average of ~25 pum. Alternatively when
seeds are diluted 1:10 or 1:100, the average length of the assembly extends beyond

what is observed for unseeded. At full dilution (1:1000), the seeds appear to have no

impact and the distribution closely parallels that of unseeded assemblies.
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Conclusions

While these results are preliminary, they indicate the potential to control
assembly length through seeding. An added benefit of seeding the assembly is that
the assembly time is decreased from multiple days to just 24 hours (some
cloudiness was observed in a few hours). Seeding of DLCP assemblies will not afford
high fidelity control over size as one could expect from other assembling systems
such as DNA, however it may allow enough control and homogeneity in the
structures to increase their utility. An analysis seed identity as well as seed
concentration and structure size through seeding will likely lead to interesting

results.

Materials and Methods

Preparation of seeds Seeds were prepared by probe sonication of a solution of
bundled QL4 fibers in water. Prior to experimentation, seeds were diluted to adjust their
concentration, then concentrated to ensure that the ratio of TFA:Water within the
assembly vessel was not disturbed.

Self-Assembly Sclf-assembly was achieved by dissolving 2.5 mgs/ml of ELKL2
in neat TFA. Water was added to the solution until a ratio of 60:40 TFA:water was
achieved. Seeds at varying concentrations were then added to the solution, mixed,

capped, and let stand for 24 hours.
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APPENDIX C: FABRICATION AND CHARACTERIZATION OF QL4-LOADED
POLYMER THIN FILMS

Introduction

The use of QL4 structures as reinforcing elements within polymer
composites continues to be an area of interest. Due to QL4 fibers’ large size, it is
evident that the reinforcing of nanofibers is likely not the best materials system with
which to analyze their performance. As a stepping-stone toward understanding the
behavior of QL4-PDLLA solid composites under static compression, films were cast

to analyze properties under tension in hydrated conditions.

Results and Discussion

QL4 structures were assembled and mixed with dissolved PDLLA as is
described in Chapter 3. The solution was placed in a PDMS mold and left to dry
overnight. After preliminary drying, films were placed in a drying oven at 38C for 2-

4 hours. Figure C1 provides a schematic of the fabrication method.
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Figure C1. Schematic of QL4-PDLLA composite films. QL4 Fibers/microcrystals were
blended with PDLLA in acetone/DCM and cast in PDMS molds.

The resultant films were removed from their molds and characterized by FT-
IR and SEM. The Amide I and Amide II signals generated by DLCPs act in orthogonal
planes to one another.” This enables the analysis of orientation while a film is being
strained. Within composite PDLLA films with 5% peptide loading by weight, both
the Amide I and Amide II are visible. SEM analysis of the thin film surface shows that
in the absence of QL4, the PDLLA film is smooth, while in QL4 containing samples,

structures can be seen along the surface and are aligned isotropically.
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Figure C2. Structure of composite films. (a) Amide I and Amide II provide unique
signals in FT-IT. This allows one to identify the orientation of a tube or fiber on a
surface or within a material. (b) When QL4 is embedded in a PDLLA film, both
Amide I and Amide II signals are visible. (c) A pure PDLLA film has a smooth surface
[top] while a QL4-loaded film has a rough surface in which QL4 fibers are easily
visualized [bottom].

Films were pulled at a fixed strain rate on an Instron materials testing
machine. Both composite and non-composite films exhibited similar moduli, on the
order of 500 MPa. Both samples display the expected deformation pattern; an initial
stiff region followed by strain softening and plastic deformation. Composite films

show a lower yield stress, but higher flow stress, perhaps indicating that plastic

deformation is retarded by the presence of the QL4 structures. As there are no

121



chemical crosslinks acting to bind QL4 fibers to the polymer matrix, it is not

surprising that similar moduli and stress values would be achieved when tested in

tension.
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Figure C3. Stress/strain relationship in composite and non-composite films. (a)
Stress versus strain curves show the similarity in properties between QL4-doped
and pure PDLLA films. One interesting difference is that the strain softening effect is
much less pronounced in the composite film versus pure PDLLA. (b) Yield stress and
yield strain of PDLLA and composite films.

After deformation, composite films were analyzed by FT-IR and electron
microscopy. The first notable observation can be made by eye. Composite films
change opacity when strained while pure PDLLA films maintain their transparency.
This effect is due to microcracking the occurs between the filler and the matrix
material as seen in Figure C4c. FT-IR analysis of the Amide II signal suggests that

QL4 fibers are reorienting within the matrix as would be expected during

deformation if the fibers are unable to form a stable, interpenetrating network. SEM
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analysis shows significant separation of QL4 fibers from the polymer matrix as well

as broken fibers.
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Figure C4. Post-strain structural changes in composite and non-composite films. (a)
[Top] FT-IR analysis of pre-strain and strained PDLLA composites shows a
decreased Amide II signal, indicating that fibers are reoriented within the matrix.
[Bottom] The reorientation can be visualized in the form of a polar plot. The signal is
strongest orthogonal to the strain-axis of the film. (b) Photographs of films.
Composite films become opaque as they stretch. (c) [Top] pure PDLLA film.

[Bottom] Composite PDLLA film displaying cracks and delamination.

Conclusions

The preceding analysis provides a stepping-stone toward analysis of solid
composites under static load. Fiber reorientation, delamination, and decreased
strain softening indicate that the load is being exerted on the QL4 fibers as well as

the polymer matrix. In tension, the impact may appear minimal due to cracking and

123



delamination that decreases any potential reinforcement. However, when tested in
compression, crack propagation is no longer a concern and it is expected that QL4

fibers will have a more significant impact.

Materials and Methods

Fabrication of films QL4 peptides were synthesized in accordance with the
methods described throughout. QL4 fibers and PDLLA were combined in 3:1
acetone:DCM mixed thoroughly, and degassed to remove any bubbles. The degassed
solution was carefully poured into a shallow PDMS mold and spread to remove any air
bubbles. Samples were left to dry overnight and then incubated for 2-4 hours in a drying
oven at 38C. Once dry, films were carefully removed from the mold and dogbones were
punched from the films for use in mechanical testing.

Mechanical testing Films were tested on an Instron materials testing apparatus.
Films were hydrated at 38C in PBS to mimic in vivo conditions. The stress versus strain

measurements were taken at fixed strain rate.
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APPENDIX D: ELASTIN-LIKE PEPTIDE FILMS WITH ENHANCED
TOUGHNESS

Introduction

Materials toughness is defined as the total amount of energy that can be
absorbed by a material before failure. Biomaterials, particularly silks, have
remarkable toughness that surpasses their synthetic analogues. 8 - Often this
toughness is achieved by synthesizing a composite in which one component is held
together through ‘sacrificial’ bonds that are able to break, and possibly reform, upon
stress. This allows the material to be both strong and extensible. Here we examine
the use of ELKL2 assemblies (as described in Appendix A) as a crosslinking molecule

within an elastin-mimetic peptide (EMP) matrix.

Results and Discussion
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Figure D1. Schematic of ELKL/EMP tough composites. ELKL2 peptides are combined
with elastin mimetic peptides, then cast into films via a controlled solvent
evaporation method. The resultant film is crosslinked with glutaraldehyde vapor.
This results in the formation of crosslinks between ELKL2 structures, ELKL2
structures and EMPs, and between EMPs.
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ELKL2 Peptides were synthesized and assembled as described in Appendix A.
ELKLZ2 was chosen because it contains lysine residues that can be easily crosslinked
through glutaraldehyde via vapor or solution methods. The elastin mimetic protein
LysB10 was used as the matrix material.10 EMPs are particularly interesting protein
materials because they exhibit a reverse phase transition. At high temperatures,
EMPs crosslink to form solids, while at low temperatures they remain as liquids.
This allows for easy synthesis of films, fibers, and particles. In order to toughen the
material, there must be an extensible matrix that is able to exert forces on the
reinforcing element. The lysines present in LysB10 are also able to crosslink with
glutaraldehyde. This results in a system with 3 forms of crosslinks: DLCP-DLCP,

EMP-EMP, and EMP-DLCP, all of which should act to stabilize the system.
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Figure D2. Synthesis and structural analysis of cyclo-[(ELKL):]. (a) Chemical
structure and mass of ELKLZ2. (b) Confirmation by ESI-TOF mass spectroscopy. The
singly charged ion is apparent at 967.8 m/z and the doubly charged ion is apparent
at 484.4 m/z.
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Fabricated films were stable to touch and could be strained by hand (Figure
D3). The structure of the fabricated films was visualized by eletron microscopy. The
surface appeared relatively smooth (Figure D3) while the cross-section showed a
tangled, fibrous matrix which is expected for EMP films.11 Due to the small size of
ELKLZ2 and the fibrous nature of the EMP film, it is not possible to detect embedded

ELKL2 structures within the film.

Figure D3. Morphology of composite film. [Left to right] Composite films can be
stretched by hand. SEM micrographs of the surface indicate that the films are
relatively smooth. The cross section shows a dense tangle of protein fibers.

Pure EMP films, crosslinked EMP films, and crosslinked composite films were
tested on an Instron materials testing apparatus. Tests were done in PBS at 38C to
mimic in vivo conditions. Because of the elastomeric nature of the matrix material,
cyclic strain tests were done. Films were strained by 30% and allowed to recover to
their initial length. Each sample was subjected to two strain cycles so that sample
conditioning could be observed.

All samples exhibit a similar stress-strain curve in which there is an initial
stiff region, followed by a softening and continued extension. When the material is
allowed to relax, it exerts very little force. In total, this demonstrates that the EMP

and EMP composite films have high hysteresis (energy dissipation). Upon
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crosslinking, the stiffness of the film is increased dramatically from ~7MPa to
~30MPa, a roughly 4-fold increase. The crosslinked composite exhibits a further
increase up to ~60 MPa. In total there is a roughly 8-fold increase in modulus upon
addition of ELKL2 and crosslinking.

The yield stress shows a similar but more pronounced pattern. The
uncrosslinked film has a yield stress of 0.34 MPa, while the composite crosslinked
film has a yield stress of 3.8 MPa. This represents an 11-fold increase in yield stress.
The dramatically improved yield stress and the preserved extensibility (up to 30%
which was as far as was tested) demonstrate that the inclusion of ELKLZ as a

crosslinking agent dramatically improves the materials toughness of EMP films.
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Figure D4. Mechanics of composite and non-composite EMP films. [Top] Cyclic
stress-strain curves for films. The ‘toe’ region at the base of the composite curve is
due to slack that was introduced upon submerging the sample into liquid. [Bottom]
Table of modulus and Yield stress values.

Conclusions

Material toughness is important for structures that must absorb significant
amounts of energy without fracture. Nature achieves toughness through clever
hierarchical structure and the use of sacrificial bonds.1213 Herein, we provide
similar reinforcement by the addition of a hierarchically assembled filler material

that is crosslinked into an elastomeric matrix. These preliminary results suggest
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that there may be interesting applications of DLCP structures as toughening agents
within composites. Furthermore, DLCP structures may be able to reform their
intramolecular bonds, creating a material that not only improves toughness but self-

heals as well.

Materials and Methods

Casting films Films were cast from 100mg/ml solutions of LysB10. The
solution was kept on ice to maintain solubility during the casting process. 50 pl of
solution was added to a Teflon mold. The mold was incubated in the presence of an
open beaker of water to control the rate of film dehydration. After 48 hours, the
mold was filled with water and the film was lifted from the surface. The film was
then punched in dogbones for mechanical testing.

Mechanical testing Films were tested on an Instron materials testing apparatus.
Films were hydrated at 38C in PBS to mimic in vivo conditions. The stress versus strain
measurements were taken at fixed strain rate. Each sample was strained to 30%, allowed

to relax, and then strained again for a total of 2 complete cycles.
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