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Abstract

Soft materials in nature are formed through programmed self-assembly of biomolecules to
create complex architectures and optimized physical properties. It is therefore a key challenge in
biomaterials science and engineering to understand the principles that govern the structure and
properties of such materials, and the interactions between their different components. This work
explores the self-assembly of a class of biomimetic molecules, their supramolecular interactions
within multi-component systems, and their physical properties across length scales. The materials
studied here are Peptide Amphiphiles (PAs), which mimic the self-assembly of peptides and lipids
in biological systems to create ordered nanostructures that resemble natural biopolymers. PAs can
assemble into various shapes such as twisted ribbons, flat sheets, long cylinders, and micelles,
based on the sequence of peptides in the molecule and the charge on the headgroup. High aspect
ratio PA nanofibers form networks that can be used as cell scaffolds for regenerative medicine
applications. In the first section of this dissertation, nano structures formed by a series of charged
hydrophobic PAs were investigated using high resolution atomic force microscopy (AFM). These
PAs self-assembled into twisted ribbons of different widths and periodicity. A correlation was
observed between the width and pitch lengths of these nanostructures, and a self-assembly model
was developed to explain the morphology of the nanostructures based on a balance between the
energetically favorable packing of molecules in the center of the nanostructures, the unfavorable
packing at the edges, and the deformations due to packing of twisted B-sheets. The morphological
polydispersity of PA nanostructures was determined by peptides sequences, and the model
indicated that this phenomenon is related to the twisting of their internal pB-sheets. There was a
change in the supramolecular chirality of the nanostructures as the peptide sequence was

systematically modified, even though only amino acids with L configuration were used. The
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nanostructures switched from left-handed to right-handed twist as alanines in the sequence were

replaced by larger and more hydrophobic valines. In addition, increasing the electrostatic charge
on the assemblies changed their morphology from ribbons to cylinders, and then to micelles.
Interestingly, a subpopulation of the nanostructures formed a DNA-like double helix structure with
alternating major and minor grooves. A physical model was developed by combining known
theories of chiral amphiphilic membranes and peptide twist, which established the key role of
assembly stiffness in the formation of the double helix. As the stiffness of the assemblies increased,
the ribbons become more asymmetric, and shifted towards forming double helices instead of
twisted ribbons. When used as cellular scaffolds, the stiffness of these nanostructures also
controlled the remodeling capacity of the material. Coatings of flexible fibers primarily deformed
during cell spreading and migration, while coatings of rigid fibers primarily degraded. This effect
was associated with the presence of more entanglements in flexible fiber networks, which stabilize
the coatings. In the second section, multi-component systems of different PAs were investigated
using combined fluorescence microscopy and AFM, and both uniformly mixed and self-sorted
network architectures were found. The supramolecular organization of the individual components
was found to control the final state of the mixtures, where the self-sorting was governed by the
complementarity of hydrogen bond orientations in the molecules. This approach was used to study
the co-assembly of protein-binding PAs, whose functional activities are known to be modified by
the nanostructure. A new approach to create interpenetrating supramolecular networks with
sequestered binding epitopes was developed using a combination of self-sorting and uniformly
mixing bioactive components. In the third section, the physical properties of PAs were studied
from the length scale of molecular organization up to the microscale dynamics of nanofiber

networks. Modeling of diffraction patterns showed that the molecules within nanostructures are
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arranged in a rectangular lattice, and are tilted in the direction parallel to the hydrogen bonding.

The persistence length of PA fibers, a measure of bending stiffness, was comparable to those of
natural structural biopolymers like actin and collagen. PA fiber networks also exhibited glassy
dynamics at the micron scale, like most fibrous components of the ECM, which supports their use
as biomimetic scaffolds. The dynamics of the networks were sensitive to the stiffness of nanofibers
only at high concentrations, where the collisions between fibers dominate the properties of the
networks. Together, these studies provide a deeper understanding of the nanoarchitectures and

physical properties of materials formed by self-assembling peptide-based biomolecules.
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1. Introduction

1.1. Self-assembled materials in nature

Materials in nature consists of a hierarchy of structures composed of simpler building
blocks.! The fundamental classes of building blocks in organisms — peptides, lipids, nucleic acids,
and carbohydrates — have been optimized by evolution to create materials with a wide diversity of
structural and functional properties.? Programmed interactions between these units result in their
assembly into large structures with well-defined macroscopic properties. This bottom-up approach
contrasts with top-down strategies where bulk materials are fabricated or manufactured into
smaller objects (Figure 1.1).3 In bottom-up self-assembly, the design of the larger objects is
programmed into the smaller building blocks directly. With these programmed instructions stored
in the genetic code, and the cellular machinery required to create the building blocks, organisms

can build these materials in a self-contained system.

Top-down Bottom-up

® bg 9
T 8

Bulk material Building blocks

Figure 1.1. Top-down fabrication and bottom-up assembly. In top-down fabrication bulk materials
are manufactured into complex objects, while in bottom-up assembly building blocks self-
organizing into complex objects.
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The programmed interactions in natural materials also allows for controlled

complementarity in the self-assembly process, such that materials with multiple components can
be formed simultaneously. In eukaryotic cells, the structural integrity and transport of cargo is
controlled through the cytoskeleton, a dynamic interconnecting network composed of
microtubules and actin filaments, among other components (Figure 1.2).4° Microtubules and actin
filament networks continuously assemble and disassemble in parallel even as the fundamental
building blocks of both types of filaments, the proteins tubulin and G-actin, are synthesized in the
same regions simultaneously.®° The programmed complementarity of tubulin and G-actin enables
them to form filaments selectively, without interference form the other component, even as they

interact with each other in the crowded cellular environment.

Growung

a b
Actin G-actin Thin bundles within
F-actin a cross-linked
MTs single-filament mesh
. | N 4
Microtubules @ o )
B-tubulin 7 VAR 1V
L NG A AL Thick bundles
08 ot

S

/

\ Y 4
’ / Cross-linked
cortical mesh

Figure 1.2. Actin and tubulin assembly in the cell cytoskeleton. (a) Actin and microtubule fibers
form by intermolecular assembly of monomers. Reproduced from ref.1° (b) Actin and microtubules
form hierarchical interpenetrating networks in the multicomponent cytoskeleton. Reproduced from
ref.®
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The extracellular matrix (ECM) is another multicomponent material composed of a

hierarchy of self-assembled units, which provides the structural scaffold for most cells and
tissues.!! The structure and biological properties of the ECM vary based on the tissue type and
required function, and the ECM properties in turn can direct cellular behaviour such as migration
and stem cell differentiation.*? Collagen, the most abundant protein in most organisms, is a major
component of the ECM, and comes in different forms based on the required functional and physical
properties.t® Collagen | forms large fibrils in order to provide structural integrity to bone, skin,
tendon, blood vessels, and other connective tissues that are subject to significant physical forces.
(Figure 1.3) Collagen 1l forms thinner fibrils and is found primarily in cartilage tissue, alongside
an interpenetrating network of proteoglycans. Other forms include collagen 1V which does not
form fibers, but rather assembles into two dimensional sheets to support epithelial cells. The
fundamental building blocks of fibrous collagen are peptide chains that form a triple helix, called
tropocollagen. Tropocollagen, which is about 300 nm long and 1.5 nm in diameter, stacks in
parallel in a well-defined orientation to create thick collagen fibrils.** In Collagen IV, however,
this stacking is disrupted by modification of the peptide sequences, resulting in a less ordered
sheet.® The formation of ordered fibrils or disordered sheets is therefore programmed into the
fundamental amino acid sequence. This architecture controls the physical properties of collagen,
which is essential to its function.!® In addition to its structural properties, the ECM also contains
proteins and signalling molecules that direct cellular behaviour. These including proteins that
promote interaction between focal adhesions on cells and structural component of the ECM.Y" The
ECM also binds and presents growth factors that act as signalling cues to direct cell migration and

differentiation into complex tissues.81°
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Figure 1.3. Hierarchical assembly of collagen in bone. Collagen peptides assemble into a triple
helix tropocollagen through hydrogen bonding. Tropocollagen assembles into stacks to create
fibrils, along with crystals of hydroxyapatite. The fibrils arrange in cylindrical, with space for
nerves and blood vessels. Reproduced from ref.°

1.2.  Supramolecular self-assembly

1.2.1. Supramolecular interactions

The role of intermolecular forces was popularized by the physicist Johannes Diderick van
der Waals, when he demonstrated that attraction between molecules could account for some of the
thermodynamic properties of liquids and gases.?* The concept of hydrogen bonding in organic
compounds emerged in the early twentieth century,?” and was later followed by the ground-
breaking discovery of the structure of the DNA as a double helix formed by the intermolecular
interaction of two nucleic acid chains.?®>?* The field of supramolecular chemistry was later
formalized by Jean-Marie Lehn in 1978.2° In modern supramolecular chemistry, the self-assembly
of materials is understood to be controlled by the strength and geometry of certain intermolecular

interactions, which are both weaker and more dynamic than covalent bonds.?® The fundamental
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interactions in self-assembling systems include; ion-ion interactions between charged species; ion-

dipole interactions, such as the organization of water around charged ions; dipole-dipole
interactions, especially hydrogen bonds which are essential to the organization of proteins; induced
dipole interactions, such as m-n stacking between aromatic groups, which are generally weaker
than dipole-dipole interactions; and van der Waals forces, a weak short range attractive interaction
between all atoms and molecules. These interactions are ubiquitous in natural and synthetic

supramolecular systems.

1.2.2. Self-assembly of amphiphiles

Amphiphiles are molecules composed of a hydrophobic tail and hydrophilic head group,
which aggregate in water to create nano and microstructures.?” The aggregation is driven by the
minimization of contact area between water and the lipids, as there is an entropic penalty to
arranging water molecules in close proximity to hydrophobic regions. Amphiphilic molecules like
phospholipids form supramolecular assemblies such as cell membranes and vesicles that are
ubiquitous in organisms.? The balance of hydrophobic collapse due to the tail and steric repulsion
between headgroups results in various shapes like spherical micelles, cylinders, and flat ribbons.
The relation between the geometry of the molecule - the volume, headgroup area, and length- and
the resulting structure can be described by the critical packing parameter.?® As the headgroup area
increases, higher curvature structures like spheres become energetically favourable, while increase
the tail size promotes the formation of flatter bilayer sheets. (Figure 1.4) The packing of chiral
amphiphiles is more complex, and is usually described in the continuum limit. Helfrich and Probst

developed a theory of chiral amphiphile packing where energetics of the assembled structures can
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be described in terms of the curvature of the surface.3®3! Chiral amphiphiles can assemble into

shapes such as twisted ribbons, helical ribbons, and tubes.?
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Figure 1.4. Self-assembly of amphiphiles described by the critical packing parameter (CPP) theory
of Israelachvili. Reproduced from ref.
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The curvature of the two-dimensional surface is described using the curvature tensor,

which contains information about the local surface curvature in all directions. Two characteristic
curvatures can be calculated form the curvature tensor, the mean curvature H and the Gauss
curvature K. A tube or helical ribbon has cylinder-like curvature with H > 0 and K = 0, while a
twisted ribbon has saddle-like curvature with K < 0. The Helfrich-Probst has been extended to
include a stretching energy in the 2D assemblies.?*3’ The stretching energy penalizes the saddle-
like curvature of twisted ribbons, as this requires distortion of the headgroup packing, and results
in geometrically frustrated nanostructures in between twisted ribbons and helices. The geometry
of the resulting structure is therefore dependent on the hydrophobic collapse, the chiral twist, as

well as the stretching stiffness of the assemblies.

1.2.3. Self -assembly of hydrogen bonding peptides

The self-assembly of peptides into complex structures is incredibly complex due to the
large phase space of possible peptide confirmations.*® The 20 amino acids that are genetically
encoded in eukaryotes can be included in a peptide chain, and each have side chains of different
hydrophobicity, charge, size, and conformational flexibility. Understanding the folding of peptide
chains into proteins is one of the grand challenges of biochemistry and biophysics. Peptide chains
adopt secondary and tertiary structures through the same intermolecular interactions mentioned
previously, either between different regions of the chain or with other peptide chains. (Figure 1.5)
One common secondary structure is f-sheets, where planar sheets of peptides are formed by
hydrogen bonding between chains.®® In these structures, the amino acid side chains stick out
perpendicular to the plane and contribute to further intermolecular interactions that lead to tertiary

structures. B-sheets in nature are often twisted due to the orientation of hydrogen bonds and other



24
intermolecular interactions, as determined by the amino acid side chains and the local

environment.*42 The arrangement of the peptide chain in proteins has traditional been studied
with x-ray crystallography, although recent advances in electron microscopy have enabled the

measurement of structures in water.*34*
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Figure 1.5. Folding of peptides into complex proteins. Amino acid sequences form the primary
structure, which fold into secondary structures such as the a-helix and B-sheet through interactions
between amino acids. The secondary structure folds further into complex tertiary structures, which
can interact with other components to create quaternary structures. Image from public domain.
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Long, twisted pB-sheets are also found in peptide-based nanostructures such as amyloid

fibrils.*® Here, the planar B-sheets can stack in parallel to create stable fibrils with lengths on the
micron scale, driven primarily by hydrophobic packing of the side chains. The formation of fibrils
is associated with diseases such as Alzheimer’s disease and Parkinson’s disease.*® Amyloid fibrils
are typically highly stable due to the hydrogen bonds, and cannot be easily degraded by cells,
contributing to their pathogenicity. While amyloid fibrils are associated with misfolded proteins,
other B-sheet containing fibrils are essential to certain naturals functions. Spider silk, for example,
has remarkable elastic properties and toughness due to highly ordered p-sheet stacking in the
fibers.*” The hierarchical organization of B-sheets in silk results in a semi-crystalline material with
tensile strength higher than steel. These natural materials have inspired the design of numerous

biomimetic materials fibrous materials that incorporate peptide sequences and hydrogen bonds.*®

1.2.4. Peptide amphiphiles

The self-assembling properties of amphiphiles and peptides can be combined into single
molecules, known as peptide amphiphiles (PAs).*** PAs contain a lipid tail and a charged
hydrophilic head group, similar to surfactant amphiphiles, connected by a short peptide sequence
that can form B-sheets by hydrogen bonding with other molecules.>! (Figure 1.6) These molecules
have been extensive studied by the Stupp group and others. In PAs typically studied by the Stupp
group, the lipid tail is12 to 16 carbons long, while the headgroup is composed of 2 to 3 charged
amino acids, typically lysine for positively charged PAs and glutamic acids for negatively charged
PAs at physiological pH.%? The connecting peptide sequence contains hydrophobic amino acids
such as valines or alanines, or an alternating sequence of hydrophobic and charged residues.>

These PAs can assembly into high aspect ratio structures like cylinders or ribbons by forming -
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sheets, based on the specific peptide sequence.>® (Figure 1.7) The fibrous architecture of PA

nanostructures is mimetic of the ECM, and these materials have received extensive interest for
applications as cellular scaffolds in regenerative medicine.>® Using solid phase peptide synthesis
(SPPS), it is straightforward to add bioactive peptide groups to the ends of the molecules, such as
sequences that activate cell receptors or bind growth factors.>” The Tirrell group has investigated
PAs where the peptide sequence is composed of therapeutic peptides to activate various cellular
pathways.>®>® These PAs are intended to serve as a delivery vehicle for the bioactive peptide
through the cell membrane. They have also investigated therapeutic PAs with different

hydrophobic components, such as double chain lipids.®

Hydrophobic alkyl tail Beta-sheet forming region Charged region

Figure 1.6. Peptide amphiphile structure. PAs are composed of hydrophobic tail and a charged
hydrophilic head group, similar to surfactant amphiphiles. These are connected by a short peptide
sequence that can form B-sheets through hydrogen bonding, which promotes self-assembly into
high aspect ratio nanostructures. Reproduced from ref.5

Nanostructures formed by PAs are pathway sensitive, such that the changing the charge,
ionic strength, or temperature during assembly modifies the final structure.>>®? Long PA
nanofibers can form liquid crystalline states in solution, which can be shear aligned into anisotropic
materials.®®%4 Nanofiber architectures, whether isotropic or aligned, can be fixed with the addition

of multivalent ions such Calcium. PAs can also be modified with DNA sequences® and host-guest
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components®® to create hierarchical bundles of fibers. The versatility of PAs to create various

nanostructures and architectures makes them an excellent candidate for the development

biomimetic materials.

1D Fibers

Hydrogen- Charged
bonding  hydrophilic

sequence head

NH

D S
OV'HOITHOHO

(PA1) "o "o

NH

Closed
Sacs

Aligned
Fibers

Ribbons

Figure 1.7. Peptide amphiphile assembly into nanostructures. Based on the peptide sequence, PAs
can assemble into various shapes such as long cylinders, micelles, twisted ribbons, aligned liquid
crystalline materials, and closed sacs. Reproduced from ref.>!

1.3.  Multicomponent supramolecular systems.

The scaffolds formed by PAs can mimic not only the structure of biomaterials such as the
ECM, but also the functional properties of natural materials. A common modification is to add
ECM mimetic peptides that improve cell adhesion to the ends of the PAs, such as the fibronectin

mimetic sequence RGD,® or the laminin mimetic IKVVAV.%8 Other bioactive peptide sequences
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that have been investigated in the Stupp group include epitopes derived from brain derived

neurotrophic factor (BDNF),® fibroblast growth factor (FGF),”® and Tenascin-C.”* In addition,
peptide sequences that bind proteins and growth factors have also been explored, including binding
sequences for bone morphogenetic protein 2 (BMP2),”? transforming growth factor p-1 (TGFp-
1),” and collagen binding sequences.’ Bioactive PAs are often co-assembled with bare backbone
PAs without a bioactive sequence, in order to minimize crowding and allow the sequence to be
accessible to cell receptors and proteins. This similar to the presentation of epitopes in natural
materials, such as the distribution of heparin binding groups in collagen 1,” or the nanoscale

spacing between IKVAV sequences in laminin proteins in the basal lamina.”®

It is usually presumed that PAs with the same backbone will co-assemble with other,
regardless of the bioactive sequence added to the end of the molecule, however, this effect is not
well-established. The propensity of two components to mix uniformly within nanostructures is
determined by the complementarity of molecular geometry and intermolecular interactions.’’
(Figure 1.8) When molecules that assemble via different intermolecular attractions are mixed
together, for example a molecule that assembles via hydrogen bonding with one that assembles
via -7 stacking, they can self-sort into different assemblies.’”® The complementarity of molecular
geometry and size can also lead to self-sorting even when the intermolecular interaction is the
same, such as when the orientation of metal coordination complexes does not align between
different molecules.” In these systems, the enthalpic driving force for like-molecules to interact,
or the enthalpic penalty when dislike-molecules interact, overcomes the entropic effect that
promotes mixing. This is similar to intermolecular interactions in natural biopolymers, such as the
base pairing of complementary DNA strands, or the parallel organization of actin filaments and

microtubules in the cell cytoskeleton. Interpenetrating networks of different components are also
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essential to proper function of the ECM. The ECM of connective tissues consists of a network of

collagen fibrils, surrounded by a fluidic component consisting of various glycosaminoglycans
(GAGs) such as hyaluronic acid (HA).2° (Figure 1.9) In these tissues, both collagen and HA play
essential roles in directing cell responses. It remains an open challenge to study the role of

intermolecular complementarity in the co-assembly and self-sorting of bioactive PA nanofibers.

SIZE AND SHAPE

Figure 1.8. Intermolecular complementarity in supramolecular self-sorting. Self-sorting or co-
assembly is of multiple components is controlled by complementarity of several factors including
size and shape, conformational compatibility, coordination complexes, charge transfer complexes,
and hydrogen bond geometry. Reproduced from ref.”’
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Figure 1.9. Different components of the extracellular matrix. The ECM consists of and
interpenetrating network of various fibrous components, such as collagen, hyaluronic acid, and
other proteoglycans. Reproduced from ref.8!

1.4. Biopolymer properties across length scales

The bending stiffness of polymer chains is characterized by their persistence length (1),
the length separation at which the chain bending fluctuations become decorrelated. (Figure 1.10)
While polymers typically have persistence lengths of a few nanometers, many biopolymers are
much stiffer and have persistence lengths of several microns.®2 When the contour lengths of the
fibers are also in the range of several microns, they are called semi-flexible fibers. Semi-flexible
fibers include biopolymers such as actin,®® amyloid fibrils,® and even certain filamentous
influenza viruses.®® Actin filaments have a diameter of 7 nms, contour lengths of several microns,

and persistence length of about 17 microns. (Figure 1.11) The persistence lengths of biopolymers
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can be measured either by static imaging of an ensemble of fibers, or by dynamic imaging of a

fiber over time. In static imaging, a population of fibers are deposited on a surface and imaged
with atomic force microscopy (AFM) or transmission electron microscopy (TEM).8® In dynamic
imaging, fibers are labelled with fluorescent dyes and are measured in solution with fluorescence
microscopy.® In both methods, the trajectories of the fibers are identified with image analysis

algorithms and persistence length is calculated with the semi-flexible fiber theory.

Long persistence length Short persistence length
High tangent correlation Low tangent correlation

Figure 1.10. Schematic of persistence length of fibers. Long persistence length (left) in a thermal
environment corresponds to higher bending stiffness, and higher correlation of tangent vectors.
Short persistence length (right) corresponds to lower bending stiffness, and shorter correlation of
tangent vectors.

The architecture and physical properties of materials composed of semi-flexible fibers
differ drastically from standard polymers. Solutions of semi-flexible biopolymers like collagen
fibrils typically exhibit glassy dynamics,®’# which results in unusual nonlinear rheological
properties like strain-stiffening.8%% These mechanical properties have been shown to influence
cellular behaviour and stem cell differentiation.®* Scaffold stiffness is well known to control
adhesion and spreading of cells through the activation of mechanotransducive pathways.!2
Traction forces produced by cells are transmitted to the scaffold through focal adhesions, and the
scaffold deforms based on its elastic properties. Stiff scaffolds enable higher traction forces which

promote focal adhesion assembly and activation of the focal adhesion kinase (FAK) signalling
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pathways.> Stress relaxation, a property of viscoelastic materials, modifies this signalling by

allowing the materials to deform without a residual elastic force. Fast relaxing hydrogels, which
can be physically remodelled by cellular forces, promotes the cell spreading, focal adhesion
formation, and promotes osteogenic differentiation of mesenchymal stem cells (MSCs).%>% The
microarchitecture and dynamical mechanical properties of biomaterials are therefore of great

interest in regenerative medicine applications.

In addition to viscoelastic remodelling, the degradation of the cellular scaffolds in
regenerative applications has recently received significant interest. Dynamic remodelling of the
ECM is an essential component of natural tissues, as fibroblast cells continuously degrade and
reform ECM components.®” (Figure 1.12) ECM components can be degraded by the enzymatic
actions of matrix metalloproteinases (MMPs) and reshaped by traction forces.*® As cells migrate,
spread, and differentiate, the properties of the ECM are modified in parallel.*® Disorders related to
disruption of ECM remodelling are responsible for various fibrotic diseases as well as certain
cancers.!® In biomimetic materials, replicating the degradation properties of natural tissue has
been shown to play a role controlling 3D tissue organization and in directing the fate of stem

cel |S 101-103
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b Insulin amyloid fibrils c Actin filaments

a Polymer (PVP)

f
Type Approximate diameter Persistence length Contour length
Microtubule 25nm ~ 1-5 mm 10s of um
F-actin 7nm 17 um <20 pm
Intermediate filament 9nm 0.2-1 pum 2-10 pm
DNA 2nm 50 nm Slm
SWNTs <1 nm ~ 10 um Z1pum

Figure 1.11. Semiflexible biopolymers with long persistence lengths. (a) Chains of
Polyvinylpyrrolidone (PVP), a typical polymer has short persistence length of nanometers. Semi-
flexible biopolymers have persistence lengths in the micron range, such as (b) insulin amyloid
fibrils, (c) Actin filaments, (d) influenza A filaments, and (e) collagen fibrils. (f) A table of
common biopolymers and their persistence lengths. Reproduced from refs,82:84:85104-106

respectively.
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Figure 1.12. Remodeling of the extracellular matrix. The ECM is continuously degraded by
cellular forces and MMPs, which generate signals that act in a feedback loop to direct cell
behaviour. Reproduced from ref.%

1.5. Thesis overview

This thesis aims to uncover the fundamental self-assembly principles of supramolecular
nanostructures, and the properties of materials composed of these fibrous materials. Peptide
amphiphiles are used to create biomimetic materials and investigate the intermolecularly forces

that govern their self-assembly and material properties.

In chapter 2, the twisted ribbon nanostructures formed by class of PAs are investigated by
systematically modifying the peptide sequence within the molecule and changing the electrostatic
repulsion between the headgroups. These studies show that the supramolecular twist in the B-sheet
controls the morphology of the twisted ribbons and can lead to a change in the supramolecular

chirality of the nanostructures. A thermodynamic model is developed that explains the formation
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of nanostructure in terms of the fundamental intermolecular forces of hydrophobic collapse,

hydrogen bonding, and electrostatic repulsion. As charge repulsion between the headgroups is
increased, the morphology of the nanostructures changes from ribbons to cylinders, and then to
micelles. This study demonstrates the complexity of the interplay between different intermolecular

forces and molecular geometry.

Chapter 3 builds on these results to explore a substructure of twisted ribbons which forms
double helices. The double helices formed by PAs are shown to have a major and minor groove
running on opposite sides of the nanostructure, an unusual geometry that is only found in DNA.
The formation of these structures is understood with a theoretical model that combines known
theories of amphiphilic self assembly and peptide self-assembly. The stiffness of the assemblies
plays an essential role in the formation of the structures. In addition, nanofibers of different
stiffnesses are used to create scaffolds for fibroblasts in order to investigate the cellular
remodelling of these materials by cells. Networks composed of flexible fibers are more entangled
and exhibit viscoelastic deformations, while networks composed of rigids fibers deform and break
under cellular traction forces. The degradation and internalization PA nanofibers are also

investigated.

Chapter 4 focuses on the multicomponent PA systems, including mixtures of PAs with
different peptide sequences, as well as mixtures of PAs with attached protein binding groups.
These studies show that PAs with different 3-sheet forming sequences can mix or self-sort based
on the complementarity of the hydrogen bonding geometry. Supramolecular twist is again found
to be an essential parameter that controls the self-sorting behaviour. PAs with the opposite
supramolecular chirality self-sort in mixtures to create interpenetrating networks, as the hydrogen

bonding orientations are unfavourable to mixing. The self-sorting is studied by incorporating
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fluorescent dyes into a subpopulation of the molecules to label each species. This system is then

expanded to include a model protein binding PA with biotin tag, which has complementary
hydrogen bonding geometry to one of the two components. The biotinylated PA becomes
sequestered in the self-sorted nano-assemblies and can selectively bind streptavidin to that
component of the interpenetrating network. The co-assembly of a therapeutic PA with a BMP2
binding epitope is also investigated. The inclusion of the BMP2 binding sequence results in

hierarchical bundling, which can modify the protein availability and internalization.

In chapter 5, the physical properties of PA assemblies are studied across length scales. The
molecular packing of the PAs in nanostructures is investigated by modelling the x-ray and electron
diffraction patterns and is found to have a near rectangular lattice with tilted molecules. The
mechanical properties of nanofibers at the micron scale are then investigated. These show unusual
scaling behaviour at short lengths below ~2 um, corresponding to non-smooth kinks in the fiber
shapes. Networks of nanofibers in solution are then studied by labelling a subpopulation of fibers
with fluorescent dyes, and imaging with video rate fluorescence microscopy. The correlation
functions calculated from these measurements show the networks exhibit sub diffusive glassy
dynamics, similar to biopolymers lick actin and collagen. Interestingly, the difference between the
dynamics of stiff and rigid fiber networks emerges only at high concentrations as collisions

between fibers become increasingly significant.

The thesis closes with chapter 6, where future directions for the study of self-assembling
biomaterials are discussed. These included further investigation of the fundamental intermolecular
forces in PA self-assembly, and how they can be manipulated to create more complex
multicomponent systems. Additional studies to investigate cell-material interactions in PA systems

and possible biomaterial applications as cellular scaffolds are proposed.
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2. Supramolecular twist controls morphology of self-assembled

nanostructures

2.1.  Objectives and significance

The relation between the amino acid sequence and the morphology of supramolecular
peptide nanostructures is generally difficult to predict due to the complex energy landscape of
possible peptide configurations. Here, self-assembling peptide amphiphiles with six amino acid -
sheet forming domains that form twisted nanoribbons in water were investigated, and a self-
assembly model that relates the supramolecular twist and the shape of the nanostructures was
developed. The ribbon dimensions were found to be determined by a balance between the
energetically favourable packing of molecules in the centre of the nanostructures, the unfavourable
packing at the edges, and the strain in the -sheet. Interestingly, a change in the supramolecular
chirality of the nanostructures is observed as the peptide sequence is systematically modified. By
increasing charge repulsion, it was found that the twisted ribbons change morphology, first to long
cylinders, and then to disordered fragments and micelles. These findings provide insight into the

self-assembly mechanism of twisted supramolecular peptide assemblies.

2.2. Introduction

Self-assembling peptide based nanostructures have received significant attention for
biomedical applications such as extracellular matrix mimetics®® and drug delivery vehicles.'%’
Peptide amphiphiles (PAs) are a class of biomimetic molecules that consist of a hydrophobic lipid
tail and a hydrophilic peptide headgroup, and can incorporate a 3-sheet forming peptide region to
self-assemble into high aspect ratio nanostructures.>® PAs have been reported to create shapes like

flat nanobelts,>* scroll-like cochleates, % twisted ribbons, % cylinders,> and spherical micelles.!*
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The morphology of PA nanostructures has been associated with changes in functional properties

such as the presentation of bioactive signals.®®"

Of the range of nanostructures formed by PAs, high aspect-ratio twisted ribbons containing
B-sheets are of particular interest due to their potential uses in biomedicine such as scaffolds for

111 or for the controlled

regenerative medicine,*® delivery vehicles for immunotherapeutic epitopes,
release of drugs.!'? A relation between the twist of the B-sheet and nanostructure morphology has
been demonstrated in several self-assembling peptide systems. Models of B-sheet stacking in
amyloid fibrils have incorporated the geometric deformation of twisted B-sheets and an energy
penalty of the open face at the edges of ribbon-like fibrils.**11* Inclusion of peptides with more
hydrophobic side chains has also been observed to increase the dimensions of B-sheet stacks.!!
These models show that the aggregation of B-sheets is controlled by the torsional strain in the B-
sheet. As fibrils grow wider, B-sheets further from the centre of the assemblies become
increasingly deformed from their ideal configuration, limiting the lateral growth of fibrils. Changes

in B-sheet twist can result in nanostructures with shapes such as single sheet tapes, ribbons, helices,

and tubes.'?’

The morphology of structures formed by different PAs has been explored empirically,
however, it remains an open challenge to understand the mechanistic relation between the peptide
sequence in a PA and the resulting nanostructure.®® In this work, the self-assembly of a set of
twisted ribbon PAs, previously developed as scaffolds for regenerative medicine applications,
was systematically explored and the role of the peptide sequence and electrostatics was
investigated. The molecules are composed of a palmitic acid tail, a charged head group with three
glutamic acids, and six hydrophobic amino acids in the middle, consisting of a varying sequence

of alanines and valines (Table 2.1). Cryogenic transmission electron microscopy (Cryo-TEM)8
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and liquid atomic force microscopy (AFM)!® was used to study the nanostructures formed by

these PAs, and a model of PA self-assembly appropriate for amphiphilic twisted ribbons was
developed. The model includes the twist of $-sheets as well as the three-dimensional geometry of
ribbons. The supramolecular chirality of PA nanostructures and its role in controlling morphology

IS investigated, as well as the role of head group charge in controlling the nanostructure shape.

Table 2.1. Molecular Sequences of PAs 1-5.
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2.3. Results and Discussion

2.3.1. Self-assembly of twisted peptide amphiphile nanostructures

PA 4 (Figure 2.1a) has been previously explored by the Stupp group for applications in
bone and cartilage regeneration;’>"® however, its self-assembly behaviour is not fully understood.
The samples were by annealing a 10 mM solution of PA 4 with 20 mM NaOH (pH 8.5) for 30
mins at 80°C, and cooling to room temperature at 1°C/min.>? This procedure results in high-aspect-
ratio nanostructures several microns long (Figure 2.2). Liquid AFM images of the PA assemblies
show polydisperse structures with a periodically varying height characteristic of twisted ribbons
(Figure 2.1b). The morphology of twisted ribbons is described by the width and the pitch length
(Figure 2.1c), where the pitch length is the distance for a full 2x rotation of a helical structure, and
a shorter pitch length corresponds to higher rotation angle per unit length. The narrowest structures
have a low cross-sectional aspect ratio with a width of 9.5 nm and a thickness of 8 nm, and a pitch
length of 120 nm. While the twisted morphology of the narrow structures is clear in the AFM
images, it is not always observable in Cryo-TEM (Figure 2.1d). When PA 4 is prepared with 5
mM NaOH (pH 5.5) to reduce the charge on the glutamic acid headgroup, there is an increase in
the width of the nanostructures to the point where the twisted ribbon morphology becomes visibly

clear in Cryo-TEM (Figure 2.1e).

The pitch lengths and ribbon widths of these nanostructures are higher at 5 mM NaOH
(pitch length 323 + 15 nm; width 14.1 + 0.4 nm) compared to 20 mM NaOH (pitch length 250 +
17 nm; width 11.8 + 0.3 nm) (Figure 2.1f). Within individual nanostructures both the width and
pitch length have high long-range order (Figure 2.3), confirming that the variance is due to
polydispersity across nanostructures. There is a positive correlation between the pitch length and

width (Pearson’s correlation coefficient = 0.65), where longer pitch lengths are correlated with



41

a 12 nm
- PA4  Charged
Hydrophobic head group _w
Tail S £
E g A
£ o
B-Sheet %
i ©
Region I . . . . . . . )
0 100 . 200 300 400
d. . Distance [nm]
;‘:’ PA 4 - 20 mM NaOH {2
R I S . . HEN
& / S P - - - - <«
: ; mmm———m———. Ribbon
Pitch Length Width
f g
&
E T
e = £, e
. B -:O S, - .
PA 4 - 5 mM NaOH S 5° -E- ..‘.. e
»?/ aAT T ARG = o~ 58 . ..""q.’.‘ : .
/ o0 / i S -:'N - ..'l.:.
£l /// i F g | 4
gL I 4 eyEH 5mM 20 mM S 5mM 20 mM 32 .'.J‘: : * 5mM NaOH
L& y
7 / b NaOH NaOH NaOH NaoH & | #%° « 20 mM NaOH
be 7 .

o

A 400 300 1200
£ / / 2 Pitch Length [nm]

Wide nanostructures

Cylindrical micelle Nanoribbon
morphology morphology

Polydisperse mixture f'z { IR
h ‘ K

Figure 2.1. Experimental characterization of twisted ribbons formed by PA 4. (a) Schematic of
peptide amphiphile molecule with a V3As B-sheet region. (b) Liquid AFM image of high aspect
ratio polydisperse nanostructures, and (c) an example height profile showing a characteristic
twisted morphology, (d) Cryo-TEM images of PA 4 prepared with 20 mM and (e) 5 mM NaOH.
(F) Comparison of ribbon width and pitch length and (g) plot of the relationship between pitch
lengths and widths of nanostructures. Pearson’s correlation coefficient = 0.65, p-value<102°,
N=211 nanostructures. (h) Schematic polydisperse population of ribbons with different widths.

wider ribbons (Figure 2.1g). A schematic of the polydisperse population of ribbons is shown in
(Figure 2.1h). However, there is no statistically significant effect of pH on the relationship
between width and pitch length (Table 2.2 Linear regression model of pH dependence of PA 4).
This suggests that while electrostatic repulsion between molecules can modify the distribution of

the polydisperse PA nanostructures, the underlying morphology remains unchanged. This is likely
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due to screening effects of bound counterions at the surface. As described by Manning, a

nanostructure with a non-zero bare surface charge and dimensions much larger than the Debye
length (~1.5-3 nm here) will condense its counterions, greatly reducing the effective surface

charge.!?°

Table 2.2 Linear regression model of pH dependence of PA 4

Estimated Coefficients:
Linear regression model: Width ~ 1 + Pitch*pH
Estimated Coefficients:

Estimate SE tStat pValue
(Intercept) 8.2991 0.59175 14.025 7.4854e-3
Pitch 0.017879 0.0020115 8.8885 3.0593e-16
pH_2 -0.97187 0.70636 -1.3759 0.17034
Pitch:pH_2 4.517e-05 0.002715 0.016633 | 0.98675

Number of observations: 211, Error degrees of freedom: 207
Root Mean Squared Error: 0.156

R-squared: 0.536, Adjusted R-Squared 0.529

F-statistic vs. constant model: 79.7, p-value = 2.52e-34

10.0 nm

\

Height Snsor Mm

Figure 2.2. Low magnification AFM image of long PA 4 nanostructures.
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Figure 2.3. Long range order in PA 4 nanostructures. (a) AFM image with labelled nanostructures.

(b & d) Height profiles and (c & e) autocorrelation functions of heights of structures | and I,
respectively.
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To understand this effect, a self-assembly model of twisted ribbons composed of B-sheet

forming amphiphiles was developed (Figure 2.4a). The twisted ribbons are treated as a
rectangularly packed bilayer of molecules in the centre with length L and width W, with
cylindrically packed molecules at the edges, and terminal groups at the ends of the nanostructures.
This model of rectangular packing is supported by wide angle X-ray scattering (WAXS), which
show the characteristic 4.7 A spacing of molecules along the B-sheets, and a lateral spacing of 9 A
between B-sheets (Figure 2.5). The model uses the micelle aggregation theory developed by
Tanford, based on a balance of the energy penalty of exposing lipid tails and hydrophobic side
chains to water, against the electrostatic repulsion between adjacent charged headgroups.?122 The

free energy change associated with the transfer of a monomer into an assembly is described with

0
A“trans fer

e +oa; + K/a;. Here, Aug, 4,55 is the constant negative

. au?
an expression of the form kLlT =
B

free energy associated with the transfer of the hydrophobic region of the molecule from water to a
hydrophobic assembly; ¢ is the hydrophobic energy per unit area for the residual contact with
water at the interface of the assembly; K is the electrostatic coefficient for the headgroup repulsion;
and a; is the effective average headgroup area occupied by a molecule in one of the possible states,

either cylindrical, ribbon, or the terminal end.

We describe the packing geometry of the molecules in each state in a manner similar to the
packing parameter theory of Israelachvili (Figure 2.4a).2® The cylindrically packed edges with
larger headgroup spacing are electrostatically more favourable than the closely packed rectangular
regions, but have higher hydrophobic penalty due to the larger residual contact with water. An

energy term for the distortions of the twisted B-sheet from its ideal configuration due to steric

hindrance from neighbouring sheets is included as an ansatz f = —H, + e%; where —H, is the
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Figure 2.4. PA nanostructure self-assembly model and results. (a) Schematic of self-assembly
model of ribbons, consisting of rectangularly packed center and cylindrical edges. Geometrical
parameters of molecular spacing (B, Q, p), morphology (L, W), molecule number (n;) in each state
are indicated. (b) Scaled energy landscape in long nanostructure regime as a function of pitch
length and width. Red line indicates the minimum energy condition, and dotted black lines indicate
contour lines at a constant energy above the minimum. (c) Plot of the pitch length and width of
individual nanostructures for PAs 1-5, with a fit of the minimum energy curve in red and the curves
calculated for the minimum energy £1ksT curves in black. N=355 nanostructures.
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Figure 2.5. X-ray diffraction of PA 4 nanostructures at 20 mM NaOH in MAXS and WAXS
regions with peak positions indicated.

negative energy change per molecule due to formation of hydrogen bonds, in units of ksT; and €
is a dimensionless coefficient for the B-sheet strain, related to the pitch length P and width W of
the nanostructure. The proportions of molecules in each discrete state are allowed to vary, along
with the total particle number. Wider ribbons therefore have more molecules per unit length, but a
smaller proportion of molecules are in the cylindrically packed state. The average free energy

change per molecule in the complete structure is the sum of the energy change associated with

n;

each state, weighted by the proportion of molecules in that state g; = ~ as described in Figure

Total

2.4a:

0
Allo Aut'ransfer

K K K
kgT - KgT + Irib (Uarib + E + f) + gcyl <O-acyl + Fyl + f) + YGend (Uaend + @) (21)
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The equilibrium condition can be found by minimizing the free energy change with respect

to the width. This gives an expression for the width of the rectangular region in the regime of long

nanostructures, where the contribution of the terminal ends is negligible (g.nq = 0).

In the limit of long fibres (L > 1) the last term can be dropped as nepg < nyjp, + 1y @nd

SO 8end 0.
Auo A”trans er

The equilibrium condition can be found by minimizing the free energy change with respect

to the width. Differentiating (2.1) with respect to W gives:

(iZOT)’ = g,nb ( + 0Qrip + f(W)) + gnbf (W) + g cyl ( + O-acyl + f(W)> + gcylf (W) (2 3)

— _ rib _Mrib
where Griv = r1b+ncyl and Geyt = nrib+ncyz’
so that g,y = 1_gcyl and glrib = _g,cyl- (2.4
and (2.5)

substituting (2.4) and (2.5) into (2.3) gives:

@’ _ ~9' (a +oay;, + f(W)> + A =gy ) W)+ g'cpt ( T 00y + f(W)) + Geyf' W)

kT

= 0 ot (K [ = | + 0y = @) + 09 26)

Acylt  Qrib

From the model,

g _ Nyl _ 1 _ (1 + Wacyl )_1
cyl — -
Y nrib+ncyl 14-1ib TloArip
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-2
And so Gey1 = — (1 + Yot ) Zeyt (2.7)

Tloarip TloQrip

Substituting (2.7) into (2.6) gives

(ap®’ _ _ Gcyl 1 1 _ 1 _ ' ,
kgT - loQrip (1+Wacyl >2 (K [acyl arib] + O'(acyl anb)) + f (W) (28)
Tloarip

We use a simple geometric argument to find an appropriate expression for f(W), the elastic
energy of deformation. In a system where the twist angle between molecules is = 0° and the pitch
length approaches infinity, sheets can stack in parallel with no deformation. At non-zero twist,
twisted sheets will deform as they are forced farther from the central axis of rotation, which is

given by the width of the nanofiber. The simplest expression which satisfies these two conditions

f(W)~—H, + e% is taken as an ansatz, where the additional constant H,, is added as the constant
energy of hydrogen bond formation. Using f(W) = —H, + %W, gives

€

ffw) =+ (2.9)

P

0N/
Substituting (2.9) into (2.8), and setting (iLT) to O leads to a calculation of W,,,;,
B

Tl P Qcyy 1 1
“min = s -—= (K [ - ] + U(acyl - arib)) -1
Acyl € mloarip Acyl  Qrib

Rewritten in a more convenient form, and using the definitions of the molecular spacing

terms a,;, and ay;:

1=

K
__ TlQ Tl Q) lpBa(p—Q) 3
-t me e (i L) 210



49
We find that the width grows with the pitch length as W~P% . Here [ is the length of the

molecules; B is the B-sheet spacing; Q and p are the lateral spacings of the rectangular and
cylindrical states, respectively. The model indicates that within the hydrophobic dominated ribbon
regime, molecules will stack into the energetically favourable rectangular state until the strain
energy penalty of an additional increase in width exceeds the energy cost of a cylindrical edge.
The energy landscape calculated numerically from this model (Figure 2.4b) shows that the
variance of the width is also expected to increase with longer pitch length, as variations in width

are less penalized in low twist, long pitch length, nanostructures.

We next measured the morphology of nanostructures formed by five PAs with increasing
proportion of valines using AFM (PA 1, PA 2, PA 4, and PA 5) and Cryo-TEM (PA 3). From the
micrographs, there is an excellent agreement of the pitch length-width relationship with the
predicted behaviour across the set of molecules (Figure 2.4c). Cryo-TEM images were used for
PA 3 as it forms wide twisted ribbons which tend to break during AFM imaging and create
artifacts. Additional images for all molecules are provided in Figure 2.7-Figure 2.9, and the
measurements for each PA are shown in Figure 2.10. The observed polydispersity of
nanostructures likely originates in nucleates early in the self-assembly process, which become
trapped in local minima as the structures grow in length. The non-dimensional € is left as a fitting
parameter, while the other parameters are calculated from counterion condensation theory as
described below,'?® measured from X-ray diffraction Figure 2.11 and Table 2.3, or the AFM
imaging. Model fitting and parameter details are provided in the following section, and in Table

2.4 and Table 2.5.
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Calculation of electrostatic repulsion parameter K

Since the model has more parameters than fitting coefficients, Manning’s theory of counter
ion condensation is used to calculate an approximate value of the electrostatic energy term.?°
Manning theory predicts the effective charge per unit area of an object in a dilute electrolyte
solution, accounting for the screening effect counterions bound to the surface. Since this is a theory
of charged surfaces, it is not expected to be numerically accurate for PA fibers, where charged

residues may be located below the surface and not accessible for counterion screening. The

electrostatic potential of a charged membrane in electrolyte solution is given by:

QZ)LD 1
€eg A

Uele =

Uele _ q%Ap 1

Nm €€o Arip

ezNgffAD 1

€€p Arib

K _ eZNgff)LD

€E€p

For ribbons, the effective charge density is the critical charge density at which counterions

condense:

_ ek In (klg)
Ocrit = — 21lg
Nerr — Ocrit

N Ne/an-b

_ xIn(xlp)
Nerr = “omy  rib
We calculate:

q= eNeff~ 8.1 x 10_21 C

K~2.0x 10722 | nm?
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Figure 2.6. Additional AFM images of PAL.
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Figure 2.7. Additional AFM images of PA2.
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500.0 nm
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Height Sensor

Figure 2.8. Cryo-TEM and AFM images of PA3. Flat untwisted ribbons are indicated with red
arrows in cryo-TEM images.
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Figure 2.9. Additional AFM images of PAS5.
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Figure 2.10. The distributions of measured fiber widths and pitch lengths at 20 mM NaOH for all
PAs. The distributions are generated using a normal kernel smoothing function with a bandwidth

of 1.5nm for widths and 40nm for pitch length.
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Figure 2.11. WAX of diffraction patterns of PAs 1-5 prepared at 20 mM NaOH. The analysis of
peak positions is provided in Table 2.3. Lattice calculation from analysis of peak positions from

diffraction measurements of PAs 1-5 prepared at 20 mM NaOH..



55

Table 2.3. Lattice calculation from analysis of peak positions from diffraction measurements of
PAs 1-5 prepared at 20 mM NaOH.

PA (01) [A] Q4] (10) [A™1] B [A] (11) 6 (deg)
PA 1 1.146 5.484 1.391 4517 1.710 84.8
PA 2 1.098 5.722 1.379 4.556 1.680 84.6
PA 3 0.625 10.053 1.353 4.64 1.455 86.5
PA 4 0.646 9.726 1.349 4.65 1.531 86.5
PAS 0.645 9.787 1.349 4.65 1.593 80.0

Details of Model Fitting

The constant in equation (2.10) is a purely geometric term, while the coefficient includes
both geometric and energy terms. This model has four geometric parameters and three energy
parameters, but only two independent parameters can be found from fitting, one of which must be
geometric. [, is found from the SAXS form factor and AFM imaging, B and Q from WAXS, and
leave p as the geometric fitting parameter as it cannot be easily found from diffraction
measurments. o is the lipid-water interface energy, an approximate value of K is calculated from
counterion condensation theory, and the Bsheet twist energy € is left as a fitting parameter. The
parameters are summarized in Table 2.4. Summary of model parameters., and fitting results are

shown in Table 2.5. Linear regression of model to all PAs.



Table 2.4. Summary of model parameters.
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Parameter Description Value Note
Energy Parameters
Hydrophobic _2 2 108
o interaction 7.2x107%]/m Ref.
Electrostatic Calculated from
K interaction 2.0 x 107*° Jm?2 | counterion condensation
theory
[-sheet twist KJj .
€ kgT energy 194 kT or 483 — Calculated from fit
Geometric parameters
Ideal - sheet spacing,
B s acfiinsheet 0.47 nm confirmed from X-ray
pacing scattering
I Length of 4 nm Measured from AFM,
0 molecule Xray scattering
Ribbon Measured from X-ray
0 headgroup spacing 0.96 nm scattering
P hea dgrou?)yslrl)g(cjier:g 2.5nm Calculated from fit

Table 2.5. Linear regression of model to all PAs

Estimate SE tStat pValue
(Intercept) | 3.5177 0.4256 8.2653 2.855%-15
sgrt_Pitch | 0.55163 0.023658 23.317 1.8855e-73

Linear regression model: Width ~ 1 + sqrt_Pitch

Estimated Coefficients:

Number of observations: 355, Error degrees of freedom: 353
Root Mean Squared Error: 0.156

R-squared: 0.606, Adjusted R-Squared 0.605
F-statistic vs. constant model: 544, p-value = 1.89e-73
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Consistent with the model, WAXS, Fourier-transform infrared (FTIR) spectroscopy, and

circular dichroism (CD) spectra confirm the presence of hydrogen bonding and [-sheet secondary
structure for all molecules (Figure 2.11-Figure 2.12). Interestingly, the position of the peptide
sequences along the curve in Figure 2.4c does not show a straightforward trend. The initial
hypothesis was that the ribbon width would be related to the valine content in the molecule, as an
increase in hydrophobicity due to the addition of valines would encourage rectangular-like packing
over cylindrical packing, but this is not the case. The high valine-content molecules (PA 4 and PA
5) are on the bottom left of the curve making the narrowest ribbons with short pitch, the
intermediate valine molecule (PA 3) is on the top right making the widest ribbons with the longest
pitch, while the low valine molecules (PA 1 & PA 2) are found in the middle of the curve making
intermediate ribbons. The lack of a clear trend indicates that the relation between the peptide
sequence and the position along the pitch-width curve is not a straightforward function of the

peptide hydrophobicity or size.
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Figure 2.12. FTIR Spectra of PAs 1-5.
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Figure 2.13. CD Spectra of PAs 1-5.
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2.3.2. Role of supramolecular chirality in nanostructure morphology

To investigate this phenomenon further, the nanostructure morphologies were assessed by
high-magnification liquid AFM. The supramolecular chirality of the nanostructures changes from
left-handed to right-handed as the alanines are replaced by valines in the -sheet region (Figure
2.14a). PA 1 and PA 2 nanostructures have a left-handed supramolecular twist; PA 3
nanostructures can be left-handed, right-handed, or flat with no discernible twist; and PA 4 and
PA 5 nanostructures are right-handed. Additional images characterizing nanostructure twist are
shown in Figure 2.7-Figure 2.9, and a statistical analysis is provided in Table 2.6. Supramolecular
chirality statistics from high resolution AFM images PA 4 and 5 form narrow structures with short
pitch lengths as they have high positive twist, PA 3 forms the widest structures with the longest
pitch lengths as it has low twist, and PA 1 and PA 2 form intermediate structures as they have
intermediate negative twist. There is no statistically significant difference between the average
pitch lengths of PA 1 and PA 2 (473 + 10 nm and 450 £ 21 nm), or between PA 4 and PA 5 (250
+ 17 and 284 + 18 nm). The change in the handedness of the supramolecular twist explains the
unexpected trend, as the pitch length of the ribbons is given by the absolute value of the twist, but

the sign of the twist changes with the peptide sequence (Figure 2.14b).

Changes in supramolecular chirality are well known in self-assembled systems with
different molecular chirality,’?® and have also been observed in certain self-assembling peptide
systems with the same molecular chirality, such as modified amyloid forming peptide
sequences*3#4124-126 and insulin protein fibrils.!?” The relationship between the twist direction of
B-sheets and the backbone conformation of their constituent peptide chains has been studied
extensively in proteins from crystal structures*®*2 and recently in certain tissue-derived

pathological amyloid fibrils.**** The twist along the B-sheets can be right or left-handed based on
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Figure 2.14. PA nanostructure twist and change in handedness. (a) Liquid AFM images illustrating
change of supramolecular chirality of nanostructures from left-handed to right-handed with
increasing valines. (b) Schematic illustrating the relationship between the supramolecular twist
and morphology.
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the configuration of dihedral angles in the peptide, although the majority of B-sheets in proteins
are left-handed. An examination of the dihedral angle distributions of alanine and valine residues
in B-sheets, derived from protein structures in the Protein Data Bank (PDB),'?%1% is consistent
with the observation that alanine rich PAs have a higher propensity for left-handed twist than
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valine-containing PAs (Figure 2.15). CD spectra show a small red shift of the 3-sheet signal in

valine-containing PAs (Figure 2.16
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Figure 2.16) characteristic of increasing left-handed peptide twist,3° consistent with the observed

switch from left- to right-handed nanostructures.

Table 2.6. Supramolecular chirality statistics from high resolution AFM images

Probability 95% CI N

PA 1 100% LH [97%, 100%] 153

PA 2 100% LH [91%, 100%] 41
21% LH [9%, 37%)]

PA 3 37%F [22%, 54%] 38
42% RH [26% 59%)]

PA 4 100% RH [96%, 100%] 110

PA S5 100% RH [91%, 100%] 38

(LH = left-handed, RH=right-handed, F=flat)

Confidence Intervals are calculated using the Clopper-Pearson method for binomial distributions.
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Figure 2.15. Dihedral angle probability density maps. Probability density of alanine and valine
residues in the Beta sheet region. Alanines are found primarily in the right-handed portion of the
peptide twist map above the dotted line (corresponding to left-handed fibers), while Valines have
a significant presence in a section of the left-handed region below the dotted line (corresponding
to right-handed fibers). Data source Dunbrack Group. 212
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Figure 2.16. Red shift of B-sheet CD band with increasing right-handed twist.

2.3.3. Role of headgroup charge

We next investigated the charge dependence of nanostructure morphology, using the left-
handed PA 1, the low twist PA 3, and the right-handed PA 4. The pitch length and width
measurements were repeated for the nanostructures prepared at 5 mM NaOH (pH 5.5), and similar
to the results shown earlier for PA 4, showed that there is no statistically significant difference in
the overall relationship between pitch and width (Figure 2.17 and Table 2.7. Linear regression
model of pH dependence of PA 1, PA 3, and PA 4.). The nanostructures of the individual PAs do
show shifts in the pitch length and width along the curve, however, the effect of reducing charge

on PA 1 and PA 3 is different from the effect observed on PA 4 (Figure 2.18 and Figure 2.19).
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While the pitch lengths of PA 4 twisted ribbons showed a statistically significant increase when

charge was reduced (250 £ 17 nm to 323 = 15 nm), the pitch lengths PA 1 and PA 3 decreased
(473 £ 10 nm to 434 + 11 nm; and 1078 + 38 nm to 893 + 40 nm). The difference in the pitch
length response to reduced charge indicates an overall leftward rotation in the supramolecular twist
(Figure 2.18b). This is consistent with the previous observation that alanine residues, which are
closer to the headgroup and likely to be more directly influenced by charge repulsion, impart a
left-handed twist to the nanostructure. This suggests that within the ribbon regime, the change in
charge alone can affect the molecular conformation of the peptide, but the charges are effectively

screened by counterions, leaving the observed nanoscale morphology unchanged.
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Figure 2.17. pH dependence of PA 1, PA 3, and PA 4 twisted ribbon morphology. All PAs are
plotted together.



65

Table 2.7. Linear regression model of pH dependence of PA 1, PA 3, and PA 4.

Estimate SE tStat pValue
(Intercept) 3.676 0.44676 8.2281 1.1498e-15
sqrt_Pitch 0.57173 0.025624 22.312 4.0712e-81
sqrt_Pitch:pH 1 0.024657 0.015438 1.5972 0.11074

Linear regression model: Width ~ 1 + sqrt_Pitch + sqrt_Pitch:pH
Estimated Coefficients:

Number of observations: 614, Error degrees of freedom: 611
Root Mean Squared Error: 0.19

R-squared: 0.505, Adjusted R-Squared 0.504

F-statistic vs. constant model: 312, p-value = 4.21e-94

25

PA 3

ponad

20

PA 1

FH

K + 5 mM NaOH
+ 20 mM NaOH

Ribbon Width [nm]
15

PAA)'E[
3]

10

0 500 1000 1500
Pitch Length [nm]

Long Pitch

A\

PA 4

4 PA3

Short
Pitch

Twist<0° Twist>0°

Figure 2.18. Shift in PA nanostructure morphology at lower charge. (a) Shift in the average pitch
lengths and widths of PA 1, PA 3, and PA 4. (b) Schematic of the rotation of the supramolecular
twist.
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Figure 2.19. The distributions of experimentally measured fiber widths and pitch lengths at 5 mM
NaOH and 20 mM NaOH. The distributions are generated using a normal kernel smoothing
function with a bandwidth of 1.5nm for widths and 40nm for pitch length. The p-values from two-
sample Kolmogorov-Smirnov tests, a non-parametric test for whether two data samples come from
the same continuous distribution, are indicated on each graph.
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To further investigate the role of charge, a phase diagram of nanostructure morphology

was calculate (Figure 2.20a).

Derivation of phase boundaries

The ribbon to cylinder transition as a function of Pitch length and electrostatics can be
found by identifying the ribbon region, where W,,,;,, > 0.

From (2.10), this occurs when

K
_ TlQ Tl Q lpBa(p—Q) _ 5
p + p \/e loQ <1 pQB2> \/ﬁ >0,
5 2 E TL'loQZB
~ < pQB? — < Ters (2.11)

Changing the inequality to an equality gives the curve at the boundary of the ribbon-
cylinder transition. To identify the micelle region, the g.,q term that was removed in (2.1) is
reintroduced, and instead set g,;, and g.,; to O, which gives g.,q = 1. This gives the energy

change for forming micelles or nanostructures with a large portion of terminal ends:

a0, K
T’I‘d = A,u?ransfer + (@ + Gaend) (2.12)
We similarly solve for the purely cylindrical regime, where g,;, = 0, W = 0, and g.y; > Gmic.

such that gy, ~ 1. In addition, f(W) = —H, + =W = —H, when W = 0.

This gives the cylinder energy:

ap°, K
?;,l = A.u?ransfer + (Kyl + 0Qcy; + f(O)) (2-13)
The micelle region of the phase diagram is found when Auoend < Auocyl

K K
Anu?ransfer + (_ + Uamic) < A.ui(:)ransfer + (a_ + 0Qcy; — HO)

Amic cyl
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K HoamicBp
p > amicBp + o(mie-Bp) (2.14)

Assuming a spherical micelle at the end, the well-known result from Tanford?2 that the energy of

a micelle is a minimum at a,,;;c = \/; is used. Solving for K gives:

K > (aeyVo + Holey) (2.15)

Again, changing to an equality gives the curve at the boundary of the cylinder-micelle transition.
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Figure 2.20. Charge dependence of PA assembly. (a) Phase diagram of nanostructure shape from
the model as a function of charge and p-sheet pitch length. (b) X-ray diffraction patterns and (c)
CD spectra of PA 3 as a function of NaOH concentration. (d) AFM image of PA 3
nanostructures at 30 mM NaOH, and (e) a line profile of an example nanostructure showing no
measurable twist. (f) AFM images of PA 3 at 40 mM NaOH and (g) length distribution of short
fragments. (h) SAXS data and fits with the form factor models.
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The model system forms cylindrical nanostructures at high charge, where the electrostatic

penalty of closely packed molecules in the ribbon is larger than the hydrophobic penalty of the
edges. As charge repulsion is increased further and overcomes the hydrogen bonding energy, the
system forms micelles. This is similar to behaviour that has been previously reported for some
other PA assemblies.1%®119112 Tg test this behaviour, PA solutions with 30 mM NaOH (pH 9.5)
and 40 mM NaOH (pH 11) were prepared. The WAXS diffraction shows reduced crystallinity at
higher pH, consistent with a switch from ordered B-sheets to disordered assemblies (Figure 2.20b
and Figure 2.21). The CD spectra also change to a random coil signature (Figure 2.20c and Figure
2.22). In AFM images of PA 3 prepared at 30 mM NaOH, microns-long untwisted nanostructures
are seen (Figure 2.20d). The height profile shows no discernible twist in these narrow
nanostructures, consistent with a cylindrical geometry (Figure 2.20e). However, the sample is
polydisperse and several very short structures (indicated with red arrows) are also observed, along
with twisted structures (indicated with grey arrows). When charge is increased further, the
molecules form short fragments and micelles (Figure 2.20f and Figure 2.20g). A similar
behaviour is observed for the other PA sequences (Figure 2.23). This is confirmed with small-
angle x-ray scattering (SAXS), where a slope of ~0 in the Guinier region at 40 mM NaOH is seen,
indicating spherical micelles or short fragments, which decreases to -0.8 at 30 mM NaOH,
indicating a mixture of long cylinders and short fragments (Figure 2.20h).}° The SAXS
measurements at 20 MM NaOH and 5 mM NaOH indicate polydisperse ribbons with a thickness
of 8 nm (described below), consistent with the AFM imaging. A similar trend is confirmed for the
other PAs (Figure 2.24). These results suggest that the effective charge increases significantly
when multiple glutamic acid residues are deprotonated, likely because counterions cannot screen

charged residues below the surface.
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Derivation of ribbon form factor.

The smallest pitch length seen in the system (=120 nm), is beyond the range measurable
in small angle x-ray scattering. An analytical expression for the form factor of the cross section

with a rectangular region from -b to b, and the radius of the cylindrical region a, is derived below.

For an object with one dimension much longer than the other two, the scattering intensity can be

written as3!:

1(q) = bek +1,(q) j [ 4c(qq,)] do

where |,(q) zé for the long dimension. The integral over ¢ averages the object over all

orientations. The cross-section term A, is given by:

a rb+Vva?2-—x2 '
Ac(qx, qy) =f fb mel(%dﬁqw’) dydx
-aJ-b—Va2-x

X

)
—a qdy
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In polar coordinates, q,(q,¢) = q cos(¢) and q,(q,$) = q sin(¢), and the symmetry of the

cross section is used to simplify the imaginary terms. This gives the expression:

sin (q sin(¢) (b + Va2 — xz))
q sin(¢)

I
-

We then extend the model to include a core shell term, where the rectangular packed shell

2
1
1(q) = bck +5.f dx] do

0

' lja cos (q cos(¢))

is distinguished from the cylindrically packed shell. The thickness of the shell is t; (pcy1 — Psor)
is the contrast between the cylindrical shell and the solvent, (o, — p.y;) is the contrast between
the core and the cylindrical shell, and (p,;, — pcyi) is the contrast between the rectangularly

packed region of the shell and the cylindrical shell.
The final expression is given by:

sin (q sin(¢) (b + Va? — xz))

q sin(¢) ax

1(q)=bck+1fn Peyt = )facos(qcos«p))
q o cyl sol a

sin (q sin(¢) (b ++/(a —t)2 — xz))

g sin(9) dx

a—t
+ e = pe) | s @eos@)
—(a-t

2

sin (gb sin(¢)) [sin(qa cos(¢$p)) — sin (q(a —t) cos(cl)))]l i

g sin (¢) q cos ()

+ (prib - pcyl) [2



Results of SAXS form factor fitting for PA3

PA 3, 40 mM NaOH

Model: Spherical core-shell

2
_ Pcore—Pshell
Isphere(Q) - [Vshell—sphereAshell—sphere + ( Pshell—Psol ) Vcore—sphereAcore—sphere] + Bck
she N

4mR3 __ 4m(R-t)3

Vshell—sphere = 3 ’ Vcore—sphere 3

Ashell—sphere = B[Sin(qR) —qR COS(qR)]/(qR)3
Acore—sphere = 3[Sin(q(R - t)) - Q(R - t) cos(q(R - t))]/(Q(R - t))3

Results:
R (Outer radius of sphere/molecule length) =37.8 A
t (Shell thickness of sphere) = 20.2 A

(M) (Relative scattering density) = -2.08
Pshell~Psol

Bck (Background) = 0.0160

PA 3, 30 mM NaOH

Model: Spherical core-shell cylindrical core-shell mixture
Lnix = Ieyr + P Isphere + Bck

2

Pcore—Pshell
I —1[V_A_—(—>V_A_]
cyl(Q) /q shell—cyl4'shell—cyl Pshell—Psol core—cylticore—cyl

Vshell—cyl = 2mR? ) Vcore—cyl =2n(R — t)z

Ashell—cyl =2/ (qR)/(qR) ' Acore—cyl =2J1(q(R— t))/(Q(R - t))
Where J; is the Bessel function of the First Kind of order 1.

Results:

R (Outer radius of cylinder/molecule length) =41.9 A

t (Shell thickness of cylinder) = 20.0 A

(M) (Relative scattering density) = -1.14
Pshell~Psol

P (Proportion of micelles in mixture) = 0.2
Bck (Background) = 0.003
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PA 3, 20 mM NaOH

Model: Ribbon

Results:

a (molecule length/radius at edge) = 35.0 A
b (Width of ribbon) =145 A

t (Shell thickness) =26 A

(Prip — Pey1)/ (Pey1 — Psor) (Relative scattering density) = 0.1

(pc — pcyl)/ (pcyl — Psor) =-1.5
Bck (Background) = 0.0002

PA 3,5 mM NaOH

Model: Ribbon

Results:

a (molecule length/radius at edge) = 34.0 A
b (Width of ribbon) =140 A

t (Shell thickness) =23 A

(prib - pcyl)/ (pcyl - psol) =04

(pc - pcyl)/ (pcyl - psol) =-15
Bck (Background) =0.0001
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Figure 2.21. MAXS/WAXS diffraction of PA 1 and PA 4 as a function of NaOH concentration.

— 5mM NaQH = 5 mM NaOH
— 20 mM NaOH = 20 mM NaOH
— 30 mM NaOH 120 ¢ = 30 mM NaOH
— 40 mM NaOH = 40 mM NaOH
100
— — 807
E. E. 60 -
z =
= S oaol
! =
— a0
0
-20 t . : : | -20 : - . !
200 220 240 260 280 300 200 220 240 260 280 300
Wavlength [nm] Wavlength [nm]

Figure 2.22. CD spectra of a) PA 1 and b) PA 4 as a function of NaOH concentration.
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Figure 2.23. AFM images of PA 1 and PA 4 at 30 mM NaOH and 40 mM NaOH. a) PA 1 at 30

mM NaOH and b) at 40 mM NaOH. c¢) PA 4 at 30 mM NaOH and d) at 40 mM NaOH. e) height
profile of cylindrical nanostructure in c)
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Figure 2.24. SAXS measurements of PA 1 and PA 4. a) At 5 mM NaOH and 20 mM NaOH, PA 1
shows form factors characteristic of high aspect ratio nanostructures with a cross-sectional
dimension of 8.3 nm and 8.7 nm respectively, as measured from the position of the first minimum.
At 30 mM NaOH PA 1 shows bundling characteristic of hexagonal packing of narrow cylinders
with a center-to-center spacing of 19.6 nm. At 40 mM NaOH, PA 1 shows a form factor
characteristic of disordered aggregation of micelles or short fragments, with a radius of 5.7 nm
measured from the first minimum. b) At 5 mM NaOH and 20 mM NaOH, PA 4 shows bundling
characteristics of hexagonal packing of narrow ribbons or cylinders with a center-to-center spacing
of 72.2 nm and 29.9 nm, respectively. At 30 mM NaOH and 40 mM NaOH, PA 1 shows a form
factor characteristic of aggregated micelles or short fragments with a radius of 5.4 nm and 5.8 nm,

respectively.
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2.4, Conclusions

In summary, the role of peptide twist in determining the shape of self-assembled peptide
amphiphile was investigated. With increasing charge, the structures first transition into long
cylinders when the electrostatic repulsion dominates the residual hydrophobic contact, and then
into short fragments or micelles. The supramolecular twist of the ribbons also changes chirality
based on the peptide sequence in the molecules. The results from this work will guide the design
of PA materials in biomedical applications and may be of use to the broader field of peptide self-
assembly, such as the study of amyloid-forming peptides. Future work will investigate the
interaction of different PAs in mixtures, and the interaction of PA nanostructures with bioactive

peptides.

2.5. Materials and Methods

Atomic Force Microscopy (AFM) in liquid

AFM in a liquid environment of soft nanostructures like PA nanofibers has many experimental
challenges, which can be overcome with careful sample preparation and good technique. Under
idealized conditions, a noise floor of about 1.5 A can be readily achieved and features as small as

single carbon atom wide step edges can resolved, as demonstrated in Figure 2.25.
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Figure 2.25. Noise and resolution limits of liquid AFM. a) a noise floor of about 1.5 A can be
achieved on a mica surface under ideal conditions. b) HOPG step edges of 3.4 A, the van der
Waals diameter of a carbon atom, can be resolved

A list of observations made during the optimization of liquid AFM experiments, operating in

ScanAsyst mode on a Bruker Icon Dimension (Bruker) AFM on PA nanostructures is provided

below:

e In order to ensure immobilization and stability of nanostructures on mica, the use of a
multivalent cation was necessary. For negatively charged PAs, a 150 mM NaCl 20 mM
CaCl> solution was used in this work. For positively charged PAs, PBS was found to work
well. Other methods, like the deposition of a positively charged layer of Poly-D-lysine

(PDL) is also possible, but the tip integrity is quickly compromised.



79
e A Bruker SNL-10A tip, operating at a 50 nm amplitude, was appropriate for all samples.

A max force of around 1 nN was usually sufficient.

e For deposition on Mica, a 10-20X dilution of a 10mM solution of PAs (i.e. 1-0.5 mM PA)
was often appropriate.

e AsPA assemblies are often polydisperse and disordered, there are usually small fragments
or micelles in the solution. These can easily stick to the AFM tip and create artifacts. It is
essential to rinse the surface several times with NaCl solution, and then again with CaCl;
solution before imaging.

e Taking large images at high scan speeds (e.g. a 10 um image at 512x512 pixels, at 2 Hz
scan speed) quickly degrades the tip quality, as the PA nanofibers break down and

fragments can attach to the tip.

PA sample preparation

PA samples were prepared by dissolving lyophilized PA with the noted concentration of
NaOH in Milli-Q water, and sonicating for 15 mins. Solutions were annealed in PCR tubes in a
thermal cycler (Mastercycler pro, Eppendorf) at 80°C for 30 mins, followed by cooling to 20°C at

1°C/min.

For Atomic Force Microscopy, sample solutions were diluted 10X in 150 mM NaCl and
deposited on freshly cleaved mica surfaces for ~1 min, and the excess solution was rinsed with
150 mM NaCl. The samples were then rinsed with 150 mM NaCl 20 mM CacCl> to immobilize the
nanostructures on the mica surface, and measurements were performed in the liquid environment.

AFM images were captured in PeakForce tapping mode on a Dimension Icon AFM (Bruker) with
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a silicon nitride cantilever (SNL10-A, Bruker) in a liquid cell. Images were flattened to correct

sample tilt before analysis.

Cryo-Transmission Electron Microscopy (Cryo-TEM)

Cryo-TEM samples were prepared by plunge freezing using a Vitrobot Mark IV (FEI)
vitrification robot at room temperature and 95-100% humidity. 300-mesh copper grids with lacey
carbon support (EMS) were glow discharged for 15 s using a PELCO easiGlow Glow Discharge
Cleaning System (Ted Pella) and used immediately. 7 uL of sample solution (0.1 w/v%, diluted
from 1 w/v% into milliQ immediately before grid preparation) was placed on the copper grid,
blotted, and plunge frozen into liquid ethane. Samples were transferred into a liquid nitrogen bath
and placed into a Gatan 626 cryo-holder through a cryo-transfer stage. Cryo-TEM was performed
using a JEOL 1230 TEM working at 100 kV accelerating voltage. Images were acquired using a

Gatan 831 CCD camera.

Image analysis

Image Analysis was performed in MATLAB using the Image Processing toolbox, with
custom written codes. AFM images were thresholded and skeletonized to track fiber trajectories,
and peaks were identified from the height profiles using a pre-built peak finding algorithm. The
distance between peaks and the height of the peaks were averaged for each nanostructure to
calculate the pitch length and width. All profiles were assessed by hand, and errant trajectories
were removed from the analysis. Regions of interest containing adjacent peaks were identified by

hand in Cryo-TEM images, and the peak positions were refined by fitting the peak position to
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calculate the pitch length. A line profile was evaluated in the broadest part of each nanostructure,

and the edges of the nanostructure were identified by fitting to the minimum to calculate the width
of the nanostructures. All statistical analysis and model fitting was performed in MATLAB, using

the Statistics and Machine Learning toolbox.

X-ray scattering

X-ray scattering experiments were performed at Beamline 5-1D-D, DND-CAT, Advanced
Photon Source at the Argonne National Laboratory. The solution samples were placed in a vacuum
flow cell comprising of a 1.5mm quartz capillary connected to a syringe pump. An X-ray energy
of 17 keV was selected using a double monochromator, and the scattering patterns for an empty
capillary, water-filled capillary and sample-filled capillary were recorded using a set of three
charge coupled device (CCD) detectors.’®? The two-dimensional scattering patterns then
azimuthally integrated to generate a scattering vector magnitude g vs. intensity plot, where q is
defined as g=4nsin(0)/A for which 0 denotes the half of total scattering angle and A the X-ray
wavelength, 0.7293 A. 2D to 1D data reduction was performed by GSAS-II software.®® No

attempt was made to determine the absolute scattering intensity.

Fourier Transform Infrared (FTIR) spectroscopy

FTIR spectra were recorded on a Bruker Tensor 37 FTIR Spectrometer. Samples were
prepared as described before in deuterated water (D20) and Sodium deuteroxide (NaOD), and

placed between two CaF2 windows with a spacing of 50 um for the measurements. Spectra are the
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result of 25 scans with a resolution of 1 cm™. Atmospheric CO2 and H20 were background

subtracted.

Circular Dichroism (CD)

PA samples were diluted from 10 mM to 50 pum in H>O immediately before the
measurement was taken. All measurements were performed on a JASCO J-815 circular dichroism
spectropolarimeter in a quartz cuvette of 0.5 mm optical path length at room temperature. Three
spectra collected from 250 nm to 190 nm were averaged and normalized to the final concentration

of each sample.

Peptide amphiphile synthesis

PAs were synthesized using a previously reported protocol.*®* Purity was determined by
liquid chromatography-mass spectroscopy (LC-MS), as shown below. All PA batches were at

least 95% pure.
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3. Double helix organization in supramolecular peptide amphiphile

assemblies controlled by assembly stiffness

3.1.  Objectives and significance

Multi-stranded helical nanostructures are found in several supramolecular systems in
nature. Using atomic force microscopy (AFM) in a liquid environment, it was shown that self-
assembling peptide amphiphile (PA) nanofibers form polydisperse structures composed of twisted
ribbon fibers and double helices. The double helical structures observed here are asymmetric with
a major and minor groove running on opposite sides of the structure, similar to the well-known
DNA double helix. The abundance of double helices increases in higher stiffness nanostructures.
The formation of the double helix is described with a physical model based on optimizing
membrane bending curvature against the hydrogen bond stretch and twist in the B-sheets of
amphiphilic assemblies. With correlative AFM and confocal laser scanning microscopy (CLSM),
the degradation of PA nanofiber coatings by cells is shown to be modified due the stiffness of the
nanostructures. Coatings composed of flexible nanofiber networks are primarily deformed by cells,
while rigid nanofiber networks are primarily degraded. These findings indicate a pathway of PA
self-assembly that combines the known assembly behaviours of lipid amphiphiles and peptides to
create new nanostructures, which can be used to control the degradation behaviour of biomaterial

scaffolds.

3.2. Introduction

Self-assembling nanomaterials inspired by nature, with tunable supramolecular
interactions, can form a vast array of nanostructures. Theoretical and experimental work has

demonstrated the relation between the mechanical properties of self-assembling chiral
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biomolecules and the resulting nanostructures that they can form.32% The assembly of

amphiphilic lipids into structures essential to biology such as bilayer membranes, vesicles,
liposomes, and tubules is controlled by the bending moduli and anisotropy of the lipid layers.°
These mechanical properties can be modified by changing the molecular structure of the
amphiphiles, resulting in nanostructures with different characteristic curvatures. In addition, the
assembly of biomolecules such as proteins and peptides into fibrils is also an active area of research
due to their implication in diseases such as Alzheimer’s.**® Amyloid fibrils, formed by hierarchical
packing of individual stacks, can disrupt cellular functions and are resistant to degradation as they
create highly stable crystalline structures,*® in contrast to fluid-like structures formed by
amphiphiles. Interestingly, both systems can assembly into morphologically similar twisted

ribbons or helical nanostructures, although through different mechanisms.

The hierarchical nature of supramolecular fibrils has motivated advances in high resolution
imaging methods like Cryo-TEM, which has enabled the direct observation and high resolution
reconstructions of higher order helical nanostructures such as amyloidp segments,***3713 Tay
Paired Helical Filaments (PHF),!3%-141 and alpha-synuclein,#214® all of which can form double
helices from individual fiber strands. Multistranded helical fibrils of certain larger globular
proteins have also been reported,®1#* and certain smaller synthetic molecules have been reported
to form double helices in solid state measurements'*®>146 and more recently in water.**” The self-
assembly of hierarchical nanomaterials and their mechanical properties are also relevant to
components of the extracellular matrix (ECM), such as collagen fibrils. The mechanical properties
of ECM scaffolds are well known to affect the behaviour of biological systems, such as the

proliferation and differentiation of stem cells,*® and the migration and invasion of cancerous

cells.'*® Recently, the role of dynamic biomaterial microarchitecture and the ability of cells to non-
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elastically remodel the ECM and other scaffolds has gained significant interest.101-103149 Collagen

scaffolds have been shown to stiffen after physical remodeling by cells, which can then lead to a
modified biological response.®>° Weakening of mechanical properties, such as degradation of
hydrogel scaffolds, is also of interest as it has been shown to prolong the stemness of neural
progenitor cells.2% This ability of materials to remodel under biological conditions has emerged

as a key parameter in the design of ECM mimetic scaffolds.

Peptide amphiphiles (PAs) are a class of bioinspired molecules that consist of both a
hydrophobic lipid tail and a B-sheet forming peptide region which promotes self-assembly into
high aspect ratio nanostructures.>*>! PAs have been reported to create various nanostructures like
flat nanobelts, twisted ribbons, and cylinders,®* which are associated with changes in function
such as the presentation of bioactive epitopes.®®’* PA nanostructures can also assemble into higher
order structures due to electrostatic interactions'®2 or programmed binding cues.®® These materials
have found extensive use for applications in regenerative medicine, due to their ECM mimetic
structure and the ease of manipulating the peptide sequence to add bio-functional groups.®
Previous work from has shown that PA scaffolds implanted in vivo degrade with a half-life of ~2
weeks.®* However, the nano and microscale remodeling of PA biomaterials in biological
conditions is largely unexplored. In this work, the formation of previously unknown PA
nanostructures is investigated with high resolution imaging methods, and a model based on the
self-assembly of amphiphilic lipids and their stiffness due to a  -sheet forming peptide sequence
is developed. The change in the architecture of these materials due to cellular remodeling in

coatings was also investigated as a function of the nanostructure stiffness.
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3.3. Results and Discussion

3.3.1. DNA-like double helix

The PA Ci6-As-E3 (Figure 3.1a) has a palmitic acid tail, an internal peptide sequence of
six alanines, and a charged hydrophilic head group of three glutamic acids with amide termination.
It self-assembles in water into high aspect ratio twisted nanostructures, as seen in liquid
environment atomic force microscopy (liquid-AFM) (Figure 3.1b) and transmission electron
microscopy (TEM) (Figure 3.2). The nanostructures are prepared by annealing a 10 mM PA
solution with 20 mM NaOH (pH 8.5) at 80°C for 30 minutes followed by cooling to room
temperature at 1°C/min, a self-assembly pathway that has been previously shown to create stable
states.>? As indicated in the images, the nanostructures are polydisperse in the pitch length and
width, the two parameters that characterize a twisted ribbon structure (Figure 3.1c). When the PA
solution is prepared with 5 mM NaOH (pH 5.5), such that the glutamic acids have lower charge, a
second population of structures becomes more common, consisting of two fibers winding into a
double helix (Figure 3.3a). The morphology of double helical structures is confirmed with
negative stain TEM imaging as well as zero-loss Cryo-TEM imaging with a high coherence
emission source, automated focus, and a short defocus length (Figure 3.3b and Figure 3.3c). The
individual strands of the double helix can be seen separating near points where the two strands
overlap and lie parallel to the beam direction. Contrast between the two strands is also seen at
points where they lie parallel to the image plane, consistent with the AFM results. Occasionally
the double helices can be seen fragmenting into their individual strands, likely due to thermal
forces or collisions with other structures in solution, which serve as confirmation of the double
helical structure (Figure 3.3d-f). On average, the width of the double helix is 20 nms, while the

two strands are each 10 nms wide (Figure 3.4). The distance between the centers of the two strands
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is also 10 nms, which indicates that the individual strands have an approximately circular cross-

section with a diameter of 10 nms. The individual strands are likely similar in composition to
cylindrical PA nanostructures of similar size that have explored previously, composed of ~9

molecules per cross-section.>?

Surprisingly, the double helix observed here has a distinct morphology remarkably similar
to the DNA double helix, with major and minor grooves running on opposite sides of the
nanostructure. Large scale liquid AFM images of PA nanostructures show an alternating deep and
shallow topography in the assemblies (Figure 3.5a). A height profile along the length of the
nanostructure shows a deep minimum with a height 7 nms above the surface alternating with a
shallow minimum with a height of 15 nms. This indicates that the two strands are wound together
asymmetrically, creating the alternating depth between adjacent peaks when imaged
topographically with AFM. The deep and shallow grooves running on opposing sides of the
nanostructures are observable in high resolution liquid AFM images (Figure 3.5b). When imaged
in TEM where the top and bottom surface cannot be distinguished, an asymmetry in the outline of
the nanostructure when the strands crossover each other is seen instead (Figure 3.5c). At cross
over points of the double helix, where the two strands stack parallel to the beam direction, one side
of the nanostructure has a sharper groove than the other, as indicated with black arrows in the
expanded boxes. The orientation of the sharper groove alternates from one cross-over to the other,
with a repeat of the helix pitch length, indicative of major and minor on opposing sides of the

nanostructure.
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Figure 3.1. Self-assembly of Ci6AsE into polydisperse nanostructures at 20 mM NaOH. (a)
Molecular structure of the PA. (b) Liquid AFM image of twisted ribbon nanostructure, with
characteristic pitch length and ribbon width. (c) Liquid AFM image of polydisperse twisted ribbon
nanostructures with pitch lengths indicated.
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Figure 3.2. TEM image of C16AsEs nanofibers. Scale bar = 200nm.

50 nm 100 nm

Figure 3.3. Double helical nanostructures formed at 5 mM NaOH (a) Liquid-AFM, (b) negative
stain TEM, and (c) Cryo-TEM images of double helical structures. (e) Liquid-AFM, (f) negative
stain TEM, and (g) Cryo-TEM images of double helices with one strand breaking off at points

indicated with white arrows.
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Figure 3.5. Structure of the PA double helix. (a) Liquid-AFM image (top) and height profile
(bottom) of a nanostructure with grooves of alternating depth on opposite sides of the double
helix. Grooves are labelled as major and minor as indicated by blue and red arrows respectively.
(b) High resolution AFM image with the major and minor grooves indicated with arrows. (c)
Graphical schematic and stained TEM image of a PA double helix with the strand crossover
asymmetry highlighted with black arrows in the expanded boxes.
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The long-range order of the nanostructure topography over many microns (Figure 3.6)

indicates a stable mechanism underlying the formation of major and minor grooves. In the DNA
double helix, the offset binding between the two strands is caused by the asymmetric bond angles
between the base pairs and the phosphate backbone. While the supramolecular PA structure is
morphologically similar to the DNA double helix, it is about 2 orders of magnitude larger in length
scale, and there is no obvious source of such an asymmetry between the strands. To investigate the
origin of this phenomenon, additional properties of the nanostructure populations were measured.
It is apparent in large AFM images that the nanostructures prepared at 5 mM NaOH are more rigid
than those prepared at 20 mM NaOH (Figure 3.7a). The trajectories of nanostructures in large
AFM images were tracked using the FiberApp software library®® and the persistence lengths were
calculated using the mean squared mid-point displacement method (Figure 3.7b). The persistence
length, which is proportional to the bending stiffness in a thermal environment, is longer in the
low charge state at 5 mM NaOH (21.5 = 0.6 um vs 8.4 £ 0.2 um). The relative abundance of single
twisted ribbons and double helices between the two charge states was also quantified using both
liquid AFM and negative stain TEM images (Figure 3.7¢). In the low charge population, 60 + 8%
of the structures in the population are double helices, while 33 + 6% are double helices at high
charge. Fourier-transform infrared (FTIR), wide angle x-ray scattering (WAXS), and circular
dichroism (CD) spectroscopy show hydrogen bonding and clear B-sheet signatures (Figure 3.8),
however there is no indication of a significant change in the secondary structure between the two
populations in these spectroscopy measurements, which suggests that the difference in structure is
due to higher order organization of the B-sheets, rather than within the B-sheets. While the
abundance of double helices is lower in the high charge state, there is no difference between the

morphology of the double helices formed in the two states (Figure 3.9). This suggests that the
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change in the stiffness of the assemblies modifies the formation energy of the double helices, but

not their geometry.
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Figure 3.6. Long range order in the double helix. (a) Autocorrelation function of the height profile
in Figure 3.5, showing little decay on the micron length scale. (b) Regions of long nanostructures
separated by ~10 microns show identical nanoscale morphology.
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Figure 3.7. Properties of PA nanofibers. (a) Large AFM images and (b) persistence length of PA
nanofibers prepared at 5 mM and 20 mM NaOH, measured using the midpoint displacement
model. (c) Percentage of nanostructures with a double helix geometry, measured with AFM and
TEM. Error bars indicate 95% binomial confidence interval.
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Figure 3.9. Morphology comparison of twisted ribbons and double helices at 5 mM NaOH and
20 mM NaOH. a) Width comparison, and b) pitch length comparison.

3.3.2. Model of double helix formation

We explore the relation between nanostructure stiffness and the propensity to form either
twisted ribbons or alternating groove double helices by developing a physical model that can
explain the experimentally observed behaviour. In supramolecular peptide double helices that have
been studied previously, where the individual strands are composed of a one-dimensional stacks
of molecular units such as in AB(1-42) fibrils or Tau PHFs, the aggregation has been investigated
in terms of the side chain interactions between molecules on each strand. In PA double helices
observed here, however, the cross section of the individual strands are multicomponent assemblies,
similar to cylindrical micelles. Therefore, an approach built on classical theories of amphiphile

self-assembly in the continuum limit is adopted.



96
We propose that the double helices are formed via an intermediate helical state which splits

into two strands as described in the schematic in Figure 3.10a, which results in the observed
geometry of major and minor grooves, The Stupp group has previously reported that certain PA
sequences create both twisted ribbons and helical ribbons or tubes,****>* a phenomenon that has
been observed and studied theoretically in other self-assembling peptide systems™®>1%¢, Twisted
ribbons and helical ribbons can be described by the Gauss curvature K of the surface in the thin
two-dimensional approximation. A twisted ribbon, with a rotational axis along its center, has
saddle-like curvature (K < 0), while helical ribbons and tubes have the same curvature as the
surface of a cylinder (K = 0). The relation between the stiffness of twisted ribbon-like
nanostructures and their curvature is also well established. Selinger et al. demonstrated with
Monte-Carlo (MC) simulations that chiral supramolecular ribbons can form equilibrium states that
vary smoothly from a twisted ribbon to a helical ribbon morphology, as a function of the stiffness
of the bonds between molecules.3* Higher stiffness promotes the cylindrical curvature of a helical
ribbon over the saddle-like curvature of a twisted ribbon, as saddle-like curvature requires
distortion in the molecule spacing. Ribbons in-between the helical and twisted states, where K <
0 but the axis of rotation is not in the center of the ribbon, are found at intermediate stiffness. The
Sharon group has developed an analytical theory of similar nanostructures in continuum limit using
the theory of incompatible elasticity.3**> They extend the classical Helfrich-Probst theory of
membrane assembly,®! which describes the self-assembly of amphiphilic chiral molecules in terms
of surface curvatures, to include the effects of membrane stretching. The stretching of the
membrane penalizes the saddle-like curvature of twisted ribbons, resulting in geometrically

frustrated structures in between twisted ribbons and helices.
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As described in Chapter 2, the twist of the B-sheet plays a significant role in determining

the shape of PA nanostructures, in a manner similar to stacking of amyloid fibrils'!3. Here, a
simpler form of the geometric frustration model is used where only the hydrogen bonds in the -
sheet contribute to the stretching energy, in addition to the hydrophobic region of the molecule
which contributes to the classical membrane bending energy. A two-step model in the continuum
limit is adopted; in the first step the shape of the ribbon in terms of its bending moduli and the
anisotropic -sheet stretch is solved, and in the second step the ribbons are allowed to split into a
double helix by optimizing the B-sheet twist and the interaction between strands. To describe these
terms, an analytical model of the geometry of the nanostructures is developed, and then the

curvatures and torsions on the surface are calculated. The cross-section of a nanostructure can be

defined in a local coordinate system by a curve of the form P, (p) = {r(p) cos(p) ,r(p) sin(p), 0},

C(l)ot
2T

which is transformed along a helical path X(t) = {R cos(w,t) , R sin(w,t), } as shown in

Figure 3.10b. Here, R is the radius of the helical path, C is the pitch length of the helix, and w, =

+1 defines the handedness. The surface of the nanostructure can be parametrized as:

cos(wgt) —cos(a)sin(wyt) sin(a) sin(wyt)
P(t, p) = X() + sin(wot) cos(a) cos(wot)  sin(a) cos(wyt) Fc)(p) 1)
0 —sin(a) cos(a)

Where the coordinate transformation described by Crick is used to translate a local

coordinate system along a helix.*>" Here, « is the pitch angle of the helix, given by tan(a) = ?,

and the helix radius R corresponds to the offset of the center of the nanostructure from the axis of
rotation. For the first step the cross-section is assumed to be that of a thin bilayer ribbon, and for

the second step the cross section of either a thick ribbon r,.;;, (p) or a strand of the double helix
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rpr(p) is used, as shown in Figure 3.10c. Each strand of the double helix can be described as a

circle of radius [ with its edge lying on the central axis, offset in the x-direction by a distance +!:

P.(0)py = {£l F /I = p2,p,0} where p € [1,[]

The central section of a ribbon can be described simply by two parallel lines, one a distance
[ above the central axis, and another a distance [ below the central axis, where [ is the length of a

molecule. That is, for a ribbon:
BX(p)rip = {p, £1,0} where p € [—1,1]

This describes the central portion of the ribbon, which is compared to the central portion
of the double helix. The geometry described in equation (1) is confirmed to be a good
approximation to experimentally measured nanostructures by including the effect of AFM tip

convolution (Figure 3.11).



99

Tin(P) ToH(P)
Helical Tubular .R—n I R>n.
@ Ribbon Ribbon -
Vo ncreasing TN F ¢ )
- Increasing 4
I :?;it:: radius (R) \ rd L_J
! — ! 2 -
& N84 8
| ~ I Z
| \ |
8888
: ) ! 1 Double \l
l Q ’ g ’ ’ :s\nt" Helix | d e
\ ! Pt | High charge, low stiffness Low charge, high stiffness
N U ! I u=5, k=1 =1, k=10
___________ : : = Ribbon ) ~ — Ribbon
| | *** Double Helix /7 ~ ==+ Double Helix
| | § Y
I I 2 ~
[ I m‘ -
| 1 X
| 1
l | 0 1 2 3 4 5
~—_——- R [nm] R [nm]

Figure 3.10. Model of double helix formation. (a) Schematic indicating the morphology of
twisted ribbons and helical ribbons, and a pathway to create double helices with major and minor
grooves from geometrically frustrated ribbons. (b) The coordinate transformation used to
describe the geometry of the nanostructures. (c) Cross-section of a twist ribbon and double helix.
(d) & (e) Results for numerical analysis of the model, indicating the energy minimum for twisted
ribbon and double helix formation.
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Figure 3.11. Comparison of measured double helix AFM topography with modelled geometry.
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The bending energy of the ribbons is calculated using the classical Helfrich-Probst energy.

Previous work has demonstrated that PA molecules without a hydrogen bonding peptide
sequence create flat sheets.!° The Helfrich-Probst bending energy per unit area of such bilayer
ribbons without spontaneous curvature is given by [ref] Eyp = %kHH2 + kg K, where H and K
the mean and Gauss curvature respectively, with moduli k5 and k. The stretch energy of the

surface due to the peptide can be expressed as E; = %kﬁ(cﬁ — CO)Z, where Cy is the curvature of

the surface in the direction parallel to the helical axis, and C, is the curvature of an ideal B-sheet.
The curvatures H, K, and Cp can be calculated numerically from equation (1) as a function of the

nanostructure shape.

The energy of the internal torsional deformation of the twisted [3-sheets is described as the
torsion of the surface along the helical axis, a continuum approximation of twist of discrete -

' (p)

.
) eC? , Where r' is

sheets. The torsion parallel to the helical axis on surface is given by t(p) =

the distance from the axis of rotation to the point on the surface, and can calculated numerically
from equation (1). The torsion energy arises from the strain in the 3-sheet due to a change in twist

from its ideal state ,,. The torsional energy per unit area over the surface is described as a torsional

spring: E; = %kr(‘r(p) — 17,)%, where k, is the torsional modulus.

Eyp, Eg, and E; can be numerically integrated to calculate the total energy of the structure.
Due to the translational symmetry, all three terms are independent of the parameter t, and the
integration only needs to be performed over the cross-section. As expected, the [ Eyp and
J Eg terms drive the transition from a twisted ribbon to a helical ribbon as the kz modulus is

increased (Figure 3.12). The [ E, term is also lower in a double helix state as compared to a twisted
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ribbon (Figure 3.13), as $-sheets become more strained further from the center in ribbons, while

in double helices where each strand is similar to a cylinder, the B-sheets are more uniform and

closer to their ideal state.

In the continuum approximation used here, the discreteness of the charged molecules and
their bound counterions has been removed, which is appropriate for a ribbon or for each individual
strand of the double helix. Within a complete double helix, however, the interaction of two strands
is expected to contribute an additional net energy penalty, primarily due to electrostatic repulsion.
The interaction at the interface between strands is treated as a constant energy per unit length

Einter = € > 0.
The final energy per unit length of nanostructures is:
Erivbon = [ Enpltrin] + [ Eslrrin] + [ Ex [1rip] (2)
Epy = [ Epplron] + [ Eslrpu] + [ E; [rpu] + € 3)

where the integration is over the cross-section of a nanostructure. A numerical analysis of
the model shows that twisted ribbons have lower energy than double helices when the membrane
bending modulus is low and the charge repulsion is high, as the minimum energy state is a twisted
ribbon with R = 0 (Figure 3.10d). When the bending modulus is high and the charge is low,
however, the double helices have lower energy with R = 0, resulting in a double helix with major
and minor grooves (Figure 3.10e). The parameters for the numerical calculations were chosen to
provide qualitatively similar behaviour to experimental observations, and a complete phase
diagram is shown in Figure 3.14. The results indicate that the major and minor grooves originate
from the transition from a twisted ribbon to a helical ribbon intermediate, driven by an increase in

the stretch stiffness. The change in the state from the helical intermediate to a double helix is driven
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by the reduction of the $-sheet strain and is opposed by the electrostatic penalty at the interface of

the strands. This emergent supramolecular behaviour contrasts with the peptide based double
helices reported previously, where the aggregation of two individual one-dimensional strands is

controlled by the interaction of side chains at their interface.
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Figure 3.12. Ribbon curvature and stretch energies as a function of asymmetry parameter R, for
different values of stiffness. Dots indicate R value that minimizes energy.
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Figure 3.14. Phase diagram of the complete model.

3.3.3. Nanomechanical measurements of PA nanofibers
In addition to measuring the persistence length of nanofibers, direct measurements of the
stiffness of the nanostructures were attempted with AFM indentation experiments. For these

measurements, the Quantitative Nano mechanics (QNM) system developed by Bruker was used,
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where the AFM tip is oscillated at a sub-resonant frequency during imaging and the force curves

are recorded simultaneously.®3> This method provides high resolution stiffness maps, which are
essential to observe the stiffness of small nanostructures like PA nanofibers. An unusual
phenomenon is observed in these experiments, where the measured stiffness has an unexpected
dependence on the morphology of the nanostructure, as shown in Figure 3.15. For twisted ribbons,
the peaks in the height correspond to stiff regions, while the troughs correspond to soft regions.
On the other hand, in double helices the major groove corresponds to stiffest regions, the peaks
correspond to regions of intermediate stiffness, while the minor groove corresponds to softest
regions. Rather than a real change in the stiffness of the nanostructures, it is hypothesized that this
effect is an artifact of the three-dimensional arrangement of the nanostructure above the mica
substrate. This is tested by calculating the distance between the bottom of the nanostructures and
the substrate, using the geometry developed previously. The apparent stiffness is first assumed to
be directly proportional to the distance between the bottom of nanostructure and the substrate, and
the result is compared to the measured stiffness. As described in Figure 3.6, there is an excellent
agreement between the simulations and experiments for both twisted ribbons and double helices.
This confirms the hypothesis that the stiffness measured using QNM is not related to the modulus

of nano assembly but is instead an artifact of the morphology.

Previous work by Sweers et. al. has also shown that QNM measurements on charged
nanostructures are highly sensitive to the salt content in the solution.®® At high salt, the measured
modulus of nanostructures can appear to be higher than the underlying substrate, which contradicts
the assumptions made when measuring the modulus itself. This likely due to a change in the short-
range electrostatic repulsion near the surface of charged objects due to screening by salts. The

AFM tip during QNM measurement is likely deflecting due to the electrostatic double layer
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repulsion before the nanostructure is physically deformed, leading to an incorrect interpretation of

the elastic modulus. These results, combined with the measurements shown here, suggest that
QNM is not a reliable method to measure the stiffness or elastic modulus of charged nanostructures
with complex morphologies. Therefore, only the persistence length is used as a measure of

nanofiber stiffness.
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Figure 3.15. Relation between nanostructure height and stiffness measured with QNM.
Measurements for (a) twisted ribbons and (b) double helices.
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Figure 3.16. Simulations and measurements of PA nanomechanics. Comparison of the
simulated and measured height and stiffness of (a) double helices and (b) twisted ribbons, with
the assumption that the apparent stiffness is entirely an artifact of the geometry. (c) A
comparison illustrates that the apparent stiffness (red line) is highly correlated to the distance
between the bottom of the nanostructure and the substrate.



107
3.3.4. Remodeling of nanofiber biomimetic scaffolds

The persistence lengths of the PA nanostructures observed here of the same order of
magnitude as those of extracellular matrix (ECM) components such as collagen fibrils (Pl ~ 10-
100 ums). Therefore, the applicability of these nanostructures with different persistence lengths
as biomaterial scaffolds was investigated. While PA scaffolds have been shown to degrade in vivo,
changes in PA network architecture in biological environments has not been investigated. For
biological experiments, PA solutions were deposited onto coatings to immobilize the network
architecture formed by fibers of the different persistence lengths. To visualize changes in the
micro-architecture of the coatings, the PA nanostructures were doped with a fluorescent dye
labelled version of the molecule. Coatings were formed by diluting the labelled PA solutions to
0.1 mM in phosphate buffer saline (PBS), and drop casting onto poly-D-lysine (PDL) coated glass
bottom petri dishes. The excess solution was washed off, and the coatings were equilibrated in
PBS before plating normal Human Lung Fibroblasts (NHLF). AFM imaging shows that the
coatings are thin monolayer networks of fibers, and confocal laser scanning microscopy (CLSM)
confirms that the coatings are uniform across length scales of 100s of microns, much larger than

the size of the cells (Figure 3.17).

Imaging the coatings 24 hours after cell plating shows that the microstructure of the
nanofiber networks is significantly modified by the cells (Figure 3.18a). There are large areas in
the vicinity of the cells that are cleared of fluorescence, while some small regions, indicated with
white arrows, show an increase in fluorescence intensity, suggestive of bundling and aggregation
of fibers. To examine these microarchitecture changes in more detail, correlative CLSM-AFM
imaging was used, where the same regions of the sample are imaged with both CLSM and AFM.

The correlative imaging confirms that the fiber network is physically degraded and deformed by
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the cells in the areas with decreased fluorescence (Figure 3.18b and Figure 3.18c). These regions

are interpreted as locations that were occupied by the cells during the incubation and were modified
by cellular traction forces. In addition, fibers are seen to aggregate at higher density at the edges
of the deformed areas, which correlates directly with local increases in fluorescence intensity, as
indicated with arrows. Although the resolution of optical microscopy is much lower than size of
individual nanostructures, these measurements confirm that the fluorescence intensity of the

coating can be used as a measure of the local network architecture.

In addition to the regions of localized high intensity around the periphery of the cell,
internalization of the fluorescent molecules is also observed. PA nanostructures have previously
been shown to be readily internalized by a variety of mammalian cell lines, and the endocytosis
behaviour is determined primarily by the lipid tail.®%16! Three-dimensional z-stacks in CLSM
confirm that the PA coatings used here are also internalized by the cells, as fluorescence intensity
can be seen localized inside the cell body (Figure 3.19). Labelling the cells with lysotracker
(Sigma), a pH sensitive cell permeant dye, also confirms that the internalized PA is present in
lysosomes within the cell body (Figure 3.20). The deformation, degradation, and internalization

of the PA coating by the cells observed here is indicative of significant material remodeling.
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Figure 3.17. PA Coating uniformity measured with CLSM and AFM. a) CLSM max intensity
projection of a stitched composite image, of a flexible fiber coating. AFM images of a b) flexible

fiber coating and c) rigid fiber coating.
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Figure 3.18. Remodeling of PA nanostructure coatings by cells. (a) CLSM image of a PA
coating (red) with fibroblasts (green) plated for 24 hours. Dark regions correspond to areas
where PA has been removed from the surface, and white arrows indicate regions of high
fluorescence intensity. (b) and (c) Correlative CLSM-AFM of the boxed region in (a), where the
fluorescence signal from PA nanostructures in (a) correlates with density of nanostructures on
the coating observed in the AFM image in (b). White arrows indicate regions of higher fiber
density.
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Figure 3.19. Z-stack CLSM images of internalization of fluorescent PA by into the cell body.
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Figure 3.20. Trafficking of internalized PA to lysosomes.

While previous work has established that PA nanofibers are internalized via a clathirin
mediated pathway, it is unclear how the PA nanofibers disintegrate before internalization. While
the PAs could be degraded by proteases at the cell surface, the mechanism may be more general
as a variety of different peptide sequences have shown to internalized. Missirlis et. al.

demonstrated that a bioactive PA maintained its bioactivity once internalized, which suggests the
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PA is internalized without cleavage of the peptide sequence. The possibility that the biophysical

interaction between PAs and amphiphilic phospholipids on the cell membrane could cause the
assemblies to disintegrate, similar to a detergent effect, is also investigated. To test this idea,
supported lipid bilayers (SLB) of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), a common
phospholipid in cell membranes, were prepared using published protocols.t®2 Briefly, lyophilized
DOPC (Sigma) is dissolved in chloroform, aliquoted, and the chloroform is evaporated off under
nitrogen flow to create a film of DOPC. The DOPC is dissolved in deoxygenated milliQ water at
a concentration of 0.5 mg/ml, stirred for 1 hour with a magnetic stir bar, and then sonicated for 10
minutes. This results in a clear solution composed of nanoscale vesicles. The solution is deposited
onto cleaved mica substrates for 20 minutes, and then rinsed with PBS. The formation of an SLB
is confirmed by de-wetting the surface to observe the disintegration of the bilayer (Figure 3.21).
PA nanofibers were added to the SLB at a concentration of 0.1 mM, and rinsed off after 10 mins.
AFM imaging shows that the nanofibers break apart into smaller fragments on the surface (Figure
3.22). In addition, the breakdown of fluorescently labelled PA nanofibers on SLBs was measured
with CLSM. The CLSM images showed rapid disintegration of nanofibers into small fragments
after 2 hours of contact with lipid bilayer (Figure 3.23). These results confirm that a non-specific
biophysical interaction of PA nanofibers with amphiphilic phospholipids is sufficient to explain

the disintegration observed in cell experiments.
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Figure 3.21. DOPC supported bilayers on mica substrates. DOPC bilayers on mica image (a)
before and (b) after de-wetting.
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Figure 3.22. AFM images of disintegration of PA nanofibers on DOPC bilayers. Example AFM
images of PAs deposited on DOPC biolayers, imaged after de-wetting, with small fragments and
bundles visible.
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Figure 3.23. CLSM images of disintegration of PA nanofibers on DOPC bilayers. (a) Control
image of fluorescent PA nanofibers on mica substrate. (b) Image of fluorescent PA nanofibers
deposited on DOPC biolayer after 2 hours of incubation.

We next compared the cell mediated degradation of PA coatings composed of rigid fibers
with those composed of flexible fibers. Maximum intensity projections were calculated from z-
stack CLSM images (Figure 3.24a and Figure 3.24d) and the total degraded surface area in the
vicinity of each cell was measured (Figure 3.24b and Figure 3.24e). The uniformity of the
degraded region around the boundary of the cells was also measured, as a percentage of the area
overlapping between the immediate vicinity of the cell boundary and the degraded region of the
coating (Figure 3.24c and Figure 3.24f). The measurement shows that the rigid coatings are
degraded over a significantly larger area than flexible coatings (Figure 3.249). In addition, the

rigid coatings are degraded more uniformly around the boundary of the cells, while cells on
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flexible coatings overlap with regions where nanofiber microarchitecture has not been degraded

(Figure 3.24h). To understand this difference, the interaction of cells with the fiber network was
assessed at the edges of the cellular lamellipodia, where traction forces are highest during cell
spreading and migration.!%® The average intensity profile of the PA coating across the
lamellipodia edges shows a large drop in intensity in the rigid fiber compared to the flexible
coatings, indicating more removal of material from the local environment of the lamellipodia
(Figure 3.24i). This suggests that the difference in coating degradation is due to a modified
material response to the traction forces exerted near the cell edges as the cells spread on the

coating.

The deformation of the PA network around the lamellipodia was investigated using Z-stack
3D CLSM images and AFM. Cells were imaged in brightfield (Figure 3.25a), and approximate
cell outlines were identified from the autofluorescence signal (Figure 3.25b). The fluorescence z-
stacks were converted to depth coded intensity images, and the three-dimensional position of the
nanofibers over the cell lamellipodia were compared (Figure 3.25c). On rigid fiber coatings the
nanofibers are mostly cleared around the lamellipodia, and some material is found on top of the
cell body farther from the edge, as expected. In contrast, on the coatings of flexible fibers the fibers
overlapping the lamellipodia lie on top of the cell rather than underneath, which implies that the
cells migrate between the substrate and the coating, and displace the network out of the plane of
the substrate without significant degradation. As confirmation, regions near the cell lamellipodia
on flexible fiber coatings that were imaged in brightfield and z-stack CLSM imaging (Figure
3.25d and Figure 3.25e) were also measured in correlative AFM (Figure 3.25f). Nanofibers can
be observed crossing across the top of the cells in the correlative images, as indicated with arrows

in Figure 3.25g, which confirms that the cellular extensions at the lamellipodia edges bury
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underneath the coating. In contrast, the rigid fibers seen in AFM-CLSM appear to be removed

entirely from the vicinity of the cells, as expected from the previous results (Figure 3.26).
Although it initially appeared that the cells were spreading over the flexible PA network, these
results show that cells can deform the flexible coatings without degrading them during spreading.
This also suggests that under these experiments the cell behaviour is likely dominated by
interactions with the underlying substrate. Interestingly, there is no statistically significant
difference in the cell morphology, cytotoxicity, or oxidative stress between either of the PA
coatings or the blank control (Figure 3.27). This confirms that the difference in the coating
response is due to the physical properties of the material itself, rather than a change in biological
behaviour of the cells. The conclusion is that the cells degrade the coatings to adhere to the
attractive PDL substrate after plating, and then flexible fiber coatings are primarily deformed by

traction forces rather than degraded further.
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Figure 3.24. Remodeling of PA coatings as a function of fiber stiffness. (a) CLSM of a coating
of rigid fibers plated with NHLF cells for 24 hours. (b) Measurement of degraded area per cell
and (c) uniformity of degradation around the boundary of the cell. Green regions indicate
overlapping areas between the cell edge and the degraded region. (d-f) Corresponding image and
analysis for flexible fiber coating. (g) Degraded area and (h) degradation uniformity comparison
between rigid and flexible coatings. (p-val=1.3x10"* and p-val=1x10"1°, N=35). (i) The average
fluorescence intensity profile across the lamellipodial edges of cells. Dotted lines indicate the
95% confidence interval (n= 40).
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Figure 3.25. Out of plane deformation of PA coatings. (a) Bright field image of a cell on a
flexible fiber coating, (b) autofluorescence image of cell with approximate cell edge highlighted,
and (c) depth coded z-stack of nanofibers on rigid (top) and flexible (bottom) fiber coatings. (d)
Bright field and (e) depth coded image of nanofibers on the cell, (f) correlative AFM image of
the same region, and (g) zoomed topographic image of the boxed area in (f). White arrows
indicate nanofibers that pass on top of the cell.
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Figure 3.26. Correlative AFM for Rigid coatings. a) CLSM image of a cell and coating, and b)
AFM image of the same cell in the vicinity of the lamellipodia.
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Figure 3.27. Characterization of cell behaviour. (a) Measurements of cell area and (b) cell

eccentricity. (c) Example representative cell viability assessments on coatings, with comparison
to dead cell control, shows no changes in cytotoxicity.

This effect can also be seen in certain images where the cells deform the network and leave
behind bundled tracks along the direction of spreading, as indicated with arrows in Figure 3.28a.
In rigid coatings, however, primarily micron sized pieces of material broken off from the network
are seen, as indicated with arrows. It is hypothesized that the flexible fiber coating is more resistant
to degradation due to a more entangled network topology, while the rigid fibers are less entangled
resulting in networks that are more easily deformed and degraded by traction forces. To test this
hypothesis, networks of fibers with different persistence lengths are modelled using a Monte-Carlo

scheme. Each fiber of length L consists of segments of length ds, where the angles between
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adjacent segments are drawn from a normal distribution with a mean of zero and a variance of

o? = ds/l,. The origin point of each fiber is assigned a random location within the 2D simulation

box, and the initial angle of the first segment is drawn from a uniform distribution between [0, 27].
Fibers pairs in the network are identified as either overlapping or entangled, as shown in the
schematic in Figure 3.28b. To assess crossover points in the network, each pair of fibers is
compared sequentially. If the two fibers do not intersect, there is no cross over. If the two fibers
intersect once, that is considered an overlapping pair. If the two fibers intersect more than once,
then the fibers are randomly assigned as either lying on the top or bottom with equal probability.
If the individual fibers have at least one crossover on top and one on the bottom, the intersections
are treated as an entanglement. Otherwise the intersection is treated as overlapping. Overlapping
fibers are expected to slip past each other, while entangled fibers should create more stable
networks. Simulation snapshots confirm that low persistence length flexible fibers have more
entanglements in the networks, while high persistence length rigid fibers primarily overlap without
entanglement. This effect increases logarithmically with the persistence length of the fibers in the
network (Figure 3.28c). Shear rheology measurements show that upon calcium cross-linking, the
flexible fibers prepared at 20 mM NaOH form a hydrogel with a higher storage modulus (G’=76.1
+ 0.8 kPa, G”=9.1 £ 0.2 kPa) than the stiff fibers prepared at 5 mM NaOH (G’= 4.8 + 0.1 kPa,
G”=0.83 + 0.02 kPa) and more viscous behaviour (Figure 3.28d). In these bulk hydrogels, the
calcium crosslinking is expected to immobilize the network in a manner analogous to the coatings
of fibers deposited on a substrate.5® The rheological measurements confirm that a highly entangled
network of flexible fibers is more elastic than a network of rigid fibers with fewer entanglements,

and is therefore more stable under shear stress.
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Figure 3.28. Deformation of entangled and overlapping PA networks by cells. (a) Deformation
of a flexible coating with bundled tracks indicated with white arrows (left) and removal of
material from rigid coating, indicated with white arrows (right). (b) Monte-Carlo simulation of
fiber networks of low and high persistence length, with overlapping and entangled points
indicated. (c) Percentage of fiber pairs with overlaps and entanglements as a function of
persistence length. (d) Shear rheology of PA hydrogels.
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3.4, Conclusions

In this work, a new high aspect ratio nanostructure formed by a self-assembling peptide
amphiphile that is similar in morphology to the structure of the DNA double helix is reported, with
major and minor grooves running on opposite sides of the nanostructure. It is proposed that this
structure is formed by geometrically frustrated twisted ribbons splitting into two strands to
optimize the twist in the [(-sheets. With correlative fluorescence and AFM imaging, the
microarchitecture formed by these nanomaterials is shown to respond differently to cellular forces,
with rigid fiber networks degrading more than the flexible fiber networks. The nanostructure
preparation pathways investigated here may be used to modulate the scaffold remodeling response
in applications in regenerative medicine. Scaffolds composed of flexible twisted ribbons area
likely more suitable for applications where implantable scaffolds are required to support cellular
growth over the long term, while the rigid structures may be preferred when faster remodeling and

degradation are required.

3.5. Materials and Methods

PA solution preparation

PA samples were prepared by dissolving lyophilized PA with the noted concentration of
NaOH in Milli-Q water, and sonicating for 15 mins. For fluorescently labelled PA solutions, PAs
were mixed with 5 mol % TAMRA labelled PA in HFIP in Eppendorf tubes. The samples were
left under vacuum overnight, and then dissolved in NaOH solution and sonicated. Solutions were
annealed in PCR tubes in a thermal cycler (Mastercycler pro, Eppendorf) at 80°C for 30 mins,

followed by cooling to 20°C at 1°C/min.
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Atomic Force Microscopy (AFM)

Sample solutions were diluted 10X in 150 mM NaCl and deposited on freshly cleaved mica
surfaces for ~1 min, and the excess solution was rinsed with 150 mM NaCl. The samples were
then rinsed with 150 mM NaCl 20 mM CaCl; to immobilize the nanostructures on the mica surface,
and measurements were performed in the liquid environment. AFM images were captured in
PeakForce tapping mode on a Dimension Icon AFM (Bruker) with a silicon nitride cantilever
(SNL10-A, Bruker) in a liquid cell. Images were flattened to correct sample tilt before analysis.
Persistence lengths were measured by tracking fiber trajectories from large images (20x20 um)

using the FiberApp plugin, with the mid-point displacement method.

High resolution Cryogenic transmission electron microscopy (TEM)

For cryo-TEM, samples were diluted 10-fold and was plunge-frozen onto glow-discharged
lacey carbon grids (LC-300-Cu, Electron Microscopy Sciences) using a Gatan Vitrobot Mark IV
instrument. High resolution cryo-TEM was obtained on a JEOL 3200FS microscope operated at
300 kV acceleration voltage, equipped with an in-column energy filter and a Gatan K2 Summit
direct electron detector. The image acquisition was controlled by Leginon software'®* with a

defocus of 2 um.
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Negative Stain TEM

Samples were diluted to ~1mM concentration with water immediately prior to sample
preparation. Carbon coated TEM grids (CF300-Cu-UL, Electron Microscopy Sciences) were glow
discharged using a PELCO Easi-Glow instrument with 15 mA current for 30 s. 5 uL of diluted
sample was applied on a grid and the excess solution wicked with a filter paper after 30s. 5 uL of
1 wt% uranyl acetate solution, filtered with a 200 nm PTFE syringe filter before use, was applied
on the grid. After 10s, the excess staining solution was wicked with a filter paper, and the sample
was allowed to dry. TEM images were obtained using a JEOL ARM300F microscope operated at
300 kV acceleration voltage. The images were recorded with a Gatan OneView IS detector in

imaging mode, with real-time drift correction.

PA Coating preparation

Glass bottom petri dishes (Mattek) were incubated with 0.01 mg/ml PDL for 3 hours, rinsed
three times with water, and allowed to dry in a sterile biosafety cabinet. PA solutions were prepared
as previously described at a concentration of 10 mM, diluted to 0.1 mM in PBS, and drop cast onto
the PDL coated glass wells. The dishes were rinsed with PBS three times after 1 minute of

incubation, and kept covered with PBS until ready for cell plating.

Cell experiments

Normal human lung fibroblasts (NHLF) cells were cultured in Dulbecco’s Modified Eagle

Media (DMEM, Gibco), with 10% fetal bovine serum (FBS, Gibco), and 1% penicillin-
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streptomycin, and passaged every three to four days. For measurements of coating deformation

and degradation, cells were plated onto PA coated dishes at low concentration of 1000 cells/ml, to
ensure minimal overlapping between cells. The cells were kept in a cell incubator at 37°C at 5%
CO: for the required time of the experiment, then rinsed with PBS and fixed with 4%
paraformaldehyde (PFA). Live-dead staining was preformed using a Calcein-Propidium lodide
assay. Samples were incubated in the Calcien-P1 solution for 20 mins in a cell incubator, and then
imaged using a 20X air objective. Lysosomes were labelled with Lysotracker-Green

(Thermofisher) by incubating cells at 50 nM for 30 mins in PBS, followed by confocal imaging.

Confocal Laser Scanning Microscopy (CLSM)

Fluorescence microscopy was performed on a Nikon-A1R confocal microscope. For
analysis of degradation area and coating deformations, z-stacks of fixed dimensions were
measured with a 20X air objective (Nikon), and maximum intensity projections were calculated
for further analysis. The 488 nm laser line was used to image cellular autofluorescence. Image

analysis was performed using custom written Matlab codes using the Image Processing toolbox.

Correlative AFM-Fluorescence imaging on cells was performed by removing the glass
coverslip from the petri dish with razor blade, and mounting the coverslip on the AFM stage. The
region of interest with a cell was identified using the digital camera mounted to the AFM head, as

illustrated in

Figure 3.29. AFM images were captured in PeakForce tapping mode on a Dimension Icon

AFM (Bruker) with a silicon nitride cantilever (SNL10-A, Bruker).
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Figure 3.29. Correlative AFM-CLSM of cells on PA coatings. (a) CLSM image of cell and (b)
image taken through the digital camera mounted on the AFM. The two can be compared to identify
correlating regions.

Supported lipid bilayers (SLB)

DOPC SLBs were prepared as described by Attwood et al.'%? Lyophilized 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC, Sigma) was dissolved in chloroform, aliquoted, and evaporated
off under nitrogen flow. The DOPC was dissolved in deoxygenated milliQ water at a concentration
of 0.5mg/ml, stirred for 1 hour with a magnetic stir bar, and then sonicated for 10 minutes. The
solution was stored at 4°C, and was sonicated again before use. The solution was deposited onto
cleaved mica substrates, which were glued onto glass slides, for 20 minutes and then rinsed with
PBS, without allowing the surface to de-wet. AFM imaging was performed as previously

described. For CLSM, a glass coverslip was placed on top of the mica to create a wet mount.
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Rheological measurements

An Anton Paar MCR302 Rheometer with a 25 mm cone plate was used for rheological
testing. CaCl?> was used to gel PA solutions, which were prepared as described previously. The
final concentration for the measurements was 7.81 mM PA and 50.1 mM CaCl2. The samples
were initially equilibrated at 0.1% strain and 10 rad/s, followed by a frequency sweep from 1 - 150

rad/s at 0.1 % strain, an amplitude sweep at 10 rad/s from 0.1 to 150 % strain.
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4.  Supramolecular co-assembly of peptide amphiphiles

4.1. Objectives and significance

Soft materials in nature like the extracellular matrix (ECM) and the cell cytoskeleton are
composed of mixtures of molecules with different functions that self-assemble into
multicomponent networks through supramolecular interactions. It is therefore an important
challenge to create biomimetic materials with multiple components that can self-sort into
individual populations. Here, it is demonstrated that peptide amphiphiles (PAs) with different
hydrogen bonding sequences can be designed to co-assemble within nanostructures or self-sort,
by tuning the amino acid sequence. Fluorescent dyes are used to monitor the self-sorting within
nanostructures with fluorescence imaging, and atomic force microscopy (AFM) is used to measure
the nanomorphology of the assemblies. Unlike previously reported self-sorting networks which
are controlled by the chemical similarity, the driving force for the self-sorting reported here is
determined by the supramolecular twisting in the PA nanostructures. It is demonstrated that the
self-sorted networks can be designed to selectively sequester biofunctional PAs within either of
the components, by including biotinylated PAs as a model protein binding group. Finally, the
addition of a bone morphogenetic protein 2 (BMP2) binding PA sequence is found to change the
supramolecular nanostructure into fiber bundles, which slows the degradation and

internationalization of the bioactive component.

4.2.  Introduction

Biomaterials in nature have complex architectures composed of multiple types of fibrous
networks in coexistence. These networks can form by programmed supramolecular interactions,

which impart robust architecture and biological function to materials. Actin and Microtubules, for
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example, assemble into coexisting fibrous networks in the complex environment of cell cytoplasm,

and each plays a different structural role in the cellular cytoskeleton.®” The ECM of connective
tissues consists of a network of collagen fibrils, surrounded by a fluidic component consisting of
various glycosaminoglycans (GAGS) such as hyaluronic acid (HA). In these tissues, both collagen
and HA play essential roles in directing cell responses.’ The growth of these fibers is precisely
controlled through programmed interactions between monomers and various enzymes. The
different components in fibrous biomaterials can impart different biological functions, such as
presenting biochemical cues, binding protein, or controlling scaffold stiffness.'® In order to mimic
the formation of these materials, supramolecular interactions between synthetic molecules must
be designed to enable them to self-sort into independent populations. In order to self-sort, the
interactions between individual components must have a sufficient enthalpic penalty overcome the
entropic driving force towards uniform mixing.1%®%" This can be achieved by incorporating
different supramolecular interactions into the components, such that they interact favourable only
with similar molecules.”” Shigemitsu et. al. developed a self-sorting supramolecular hydrogel
where one component assembles due to peptide-like hydrogen bonding, while the other assembles
due to lipid-like hydrophobic collapse.” The response of supramolecular double network (SDN)

to stimuli could be tuned by targeting either of the two component sequentially.

Self-sorting can be readily achieved by manipulating different intermolecular interactions,
or combining components with significantly different molecular geometries, thereby increasing
the enthalpic penalty of mixing.1%81% However, self-sorting networks from geometrically similar
components using the same type of supramolecular interaction are more challenging to
create.1’%17! peptide Amphiphiles (PAs), a class of self-assembling biomolecules composed of

lipid tails attached to peptide sequences, which form high aspect ratio nanofibers in water through
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hydrophobic collapse and hydrogen bonding between peptides.® These materials are of great

interest due to their potential use as scaffolds for regenerative medicine and delivery vehicles for
proteins.®® PAs modified with bioactive groups have been co-assembled with bare PAs to create
scaffolds with functional properties, such as controlling the fate of stem cells or guiding neural
regeneration.®® 212 pAs can be modified with standard solid phase synthesis to present bioactive
peptide epitopes or protein binding sequences. In previous chapters, it was demonstrated that the
hydrogen bonding interactions of PA molecules within assemblies are highly complex due to large
phase space of possible peptide conformations, however the hydrogen bonding complementarity

of different peptide sequences within PA mixtures is largely unexplored.

Previous work by the Stupp group has also demonstrated that nanostructures formed with
the co-assembly of biofunctionalized PAs with backbone PAs are highly effective at cell signaling
and growth factor binding and release.®® One biofunctional PA system of particular interest is a
PA with a peptide binding sequence for Bone morphogenetic protein 2 (BMP2).”> The BMP2-
binding PA has shown great promise for applications in bone regeneration, due to its ability to
promote osteogenesis with much lower concentrations of BMP2 than standard treatments.'”® This
PA has the highest efficacy in vitro when it is co-assembled with a backbone PA without a
bioactive group. The mechanism underlying this increase in efficacy with the addition of a non-
functional PA is unknown, although it is likely related to the creating of more stable
nanostructures. In addition, it has not been conclusively demonstrated whether a mixture of
bioactive PA and backbone PA are uniformly co-assembled within individual assemblies, due to
a lack of an experimental method to directly measure this effect. Direct observation of co-assembly
or self-sorting of supramolecular nanostructures remains experimentally challenging in disorders

systems like PAs. One approach that has been used successfully for supramolecular self-sorting
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materials is to use a fluorescent probe which is similar to the individual components in the

interacting portion, such that it can selectively label assemblies that are rich in that particular
component.t™ In Chapter 3, it was the viability of this approach to study the microscale properties
of nanofiber materials was demonstrated. Previously, the Stupp group has also attached fluorescent
dyes to the ends of PA molecules to investigate the kinetics of self-assembly and mixing within
single component nanostructures.t” In this work, it is demonstrated that multicomponent PA
mixtures can be designed to self-sort into SDNs by tuning the amino acid sequence within the
molecules, even as all components assemble due to B-sheet forming hydrogen bonds. PAs are
labelled with fluorescent tags to monitor their location within assemblies, and the nanostructures
are imaged with confocal laser scanning microscopy (CLSM) and atomic force microscopy
(AFM). The relation between amino acid sequence, the supramolecular nanostructure, and the
resulting co-assembly or self-sorting behaviour of the molecules in mixtures is investigate. The
effect of bio-functional epitopes on the formation of PA nanostructures, and the effect of

nanostructure morphology on the bioactivity of the BMP2-binding PA, is also studied.

4.3, Results and Discussion

4.3.1. Self-sorting and co-assembly of PA mixtures
The PA with sequence CisAsEs (PAL) forms long, high aspect ratio twisted ribbons in
water, as described in Chapter 2 (Figure 4.1a). Previously, the Stupp group has investigated the
kinetic mixing of monomers between nanofibers using super-resolution microscopy, by
incorporating fluorescent dye-labelled molecules into the system.!”® To visualize the co-assembly
or self-sorting of PAs, fluorescent dyes are attached to the terminal ends of the molecules via a tri-
glycine linker (Figure 4.1b). The dyes used in this work are Cy3 (e.g. PA1-Cy3), Cy5 (e.g. PA1l-

Cy3), TAMRA (e.g. PAl1-Tamra), or FITC (e.g. PAL-FITC). To prepare the assemblies, 2 mol%
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each of PA1-Cy3 and PA1-Cy5 are mixed with 96 mol% PALl. The mixture is made in

Hexafluoroisopropanol (HFIP), which disrupts hydrogen bonding and results in PA monomers
uniformly dissolved in solution.®> HFIP is removed under vacuum, and the deposited film is
resuspended in 20 mM NaOH to a final concentration of 10 mM total PA. The solution is annealed
at 80°C for 30 minutes, then cooled by 1°C per minute to room temperature.>? The fluorescently
labelled PA solutions are diluted by 200X in PBS, deposited onto freshly cleaved mica disks, and
rinsed with PBS after approximately one minute. The disks are then rinsed with a 20 mM CacCl;
150 mM NacCl solution, a coverslip is placed on top, and the samples are imaged with confocal
laser scanning microscopy (CLSM). In the images in this work, the colours representing each the
cyanine dyes are blue-shifted by a channel for easier visualization, therefore the far red emission
signal of Cy5 is shown in red, while the red emission signal of Cy3 is shown in green.
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Figure 4.1. Molecular structure and assembly of PA1. a) Structure of the backbone PA and b)
structure of the fluorescent dye functionalized PA.

The mixture of PA1-Cy3 and PA1-Cy5 with PAL filler shows high colocalization of the
fluorescent signals when imaged with CLSM (Figure 4.2a and Figure 4.2b), where the
nanofibers on the surface appear yellow. This is expected as both dye populations are attached to

the same backbone PA. In contrast, when PA1/PA1-Cy3 and PA1/PA1-Cy5 mixtures are
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prepared separately, and then deposited on the same surface, two clear populations can be seen

(Figure 4.2d and Figure 4.2e). This can be quantitatively measured using object-based
correlation, where the centers of nanofibers are identified using an image skeletonization
procedure, and their intensity in both imaging channels is compared (Figure 4.3). The intensities
co-assembled networks have a high positive correlation (p=0.44), while the negative control,

separated networks have a negative correlation (p=-0.45) (Figure 4.2c and Figure 4.2f).

a
PA1-Cy3 + PA1-Cy5 d 98% PA1 + 2% PA1-Cy3,
(98% PA1 + 2% PA1-Cy3 + 2% PA1-Cy5) 98% PA1 + 2% PA1-Cy5

Figure 4.2. Co-assembly of dye labelled PA1. a) Schematic of the core assembly of dye label
PAs, and b) CLSM image of co-assembled fibers deposited on a mica surface. c) Plot of object-
based pixel intensities of the nanofibers showing correlation between the two channels. d)
Schematic of the mixture of two separate PA populations, e) a CLSM image of the mixture
deposited on the mica surface. f) Corresponding histogram of the non-co-assembled PAs.
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Figure 4.3. Analysis of co-assembly in CSLM images of PA nanofibers. Threshold and
skeletonize CLSM images and combine into one composite. Plot the intensity for the
skeletonized pixels in both channels. Calculate correlation between the two channels.
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Next, similar dye labelled molecules were prepared with a second PA backbone,

C16V3A3E3 (PA 2) as shown in Figure 4.4a. In Chapter 2 it was shown that PA 1 and PA2 both
form twisted ribbons, but with opposite supramolecular chirality. PA1 forms left-handed ribbons,
while PA 2 forms right-handed ribbons, which is related to twist of the peptide sequence and steric
restrictions within the assemblies (Figure 4.4b). When PA1 and PA2 are co-assembled in HFIP at
1:1 ratio and annealed, the system has both left and right handed fibers (Figure 4.4c). This could
either be due to a majority-rules behaviour where molecules within nanofibers are mixed but with
majority controlling the nanostructure, or due to self-sorting.1”® PA1/PA1-Cy5 and PA2/PA2-Cy3
are co-assembled, again with 2 mol% of each dye labelled component. The PAs are imaged
immediately after dissolving in water (Figure 4.5a), before the assemblies can form into long
nanostructures, and it is confirmed that PA1-Cy5 and PA2-Cy3 are initially colocalized. Upon
annealing, the fibers are separated into two populations rather than colocalized, which indicates a
self-sorting effect (Figure 4.5b). The colocalization intensity plots confirm a negative correlation
(p=-0.33), as expected (Figure 4.5c). Together, these measurements confirm that the mixtures

begins as a co-assembly and then self-sort into separate populations, as described in Figure 4.5d.
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Figure 4.4. Molecular structure and co-assembly of PA1 and PA2. a) Structure of the backbone
PA 2. b) opposite Supramolecular chirality of PA 1 PA 2. ¢) AFM image of the co-assembly of
PA 1 and PA 2 with left and right-handed fibers indicated.
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Figure 4.5. Co-assembly of fluorescent dye labelled PA1 and PA2. a) CLSM image mixture of
PA 1-Cy5 and PA 2-Cy3 freshly dissolved into solution, and b) after annealing, deposited on a
mica surface. ¢) Histogram of intensities calculated from the non-co-assembled image. d)
Schematic illustrating these self-sorting behaviours off PA 1 and PA 2.
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4.3.2. Correlative AFM-Fluorescence imaging of single nanofibers

While left-handed PA1 and right-handed PA2 self-sort into different populations, it is
unlikely that these individual nanostructures are entirely pure. This raises the question of whether
the supramolecular chirality behaviour of the individual components is preserved in the self-sorted
nanostructure. To investigate this, correlative AFM-CLSM is used, where the same regions of the
sample are imaged in CLSM and in AFM. Example images are shown in Figure 4.6, where the
ability to measure nanoscale features of the assemblies is compared alongside CLSM images,
which can be used to label the chemical identity of each species. The procedure is described in
Figure 4.7. First, the mica surface is marked with a scratch, the PA sample is deposited, and the
surface is imaged in CLSM. The coverslip is then removed, and the sample is transferred to the
AFM stage. Using a digital camera that is attached to the AFM head, the same approximate region
of the sample is identified and imaged. Distinctive features such as bending or crossing nanofibers
are identified in the CLSM and AFM images, and are then used to align the two images as shown

in Figure 4.8.

Correlative AFM-CLSM images of the co-assembled PA1/PA1-Cy5 and PA2/PA2-Cy3
system confirm the ability to identify fibers labelled with a particular dye, and measure their
nanostructure (Figure 4.9). Imaging confirms that nanofibers rich in PA1-Cy5 are left-handed,
and those rich in PA2-Cy3 are right-handed Figure 4.10. These measurements are repeated with
the alternate dye labelled system, PA1-FITC and PA2-TAMRA, in order to rule out effects of the
dyes. This system also shows self-sorting behaviour, and correlative AFM-CLSM confirms that
the sorted fibers maintain the supramolecular chirality of their pure populations Figure 4.11.
Beyond the use of this experimental method to study the self-sorting of PA nanofibers, this

approach can be used to answer other questions about PA self-assembly. Correlative AFM-CLSM
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may be used, for example, to study the presentation of bioactive epitopes on nanostructures,

measure protein binding, or be used with the (thioflavin T) THT assay to monitor aggregation

behaviour of different nanostructure morphologies in a polydisperse system.

1.0 um

Figure 4.6. Demonstration of Correlative AFM- CLSM on PA1-TAMRA. a) CLSM image of
PA1-TAMRA deposited on a mica surface, and b) AFM image of the same region, with distinctive
crossing fibers indicated with white arrows. c), d) and e) high resolution AFM images of the
corresponding boxed regions in a).
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Figure 4.7. Description of the procedure to measure correlative AFM-CLSM images of PA
nanostructures. a) schematic of the prepared sample. b) The sample is first imaged in the
confocal microscope through the cover glass, in the vicinity of the marked region shown in c). d)
The scratches on the mica show brightly as nanofibers aggregate at the high energy step edges.
Signal in the fluorescent channels and €) the zoom in image of the region adjacent to the cross. f)
Schematic of the sample after removal of the coverslip and transfer to the AFM stage. g) The
same region of the sample is identified through the digital camera attached to the AFM head and,
f) images are captured.
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100 um

Figure 4.8. Procedure to align and compare AFM and CLSM images of PA mano fibers. . a)
Large CLSM image taken in the vicinity off the marked mica, and b) an AFM image taken
within that region. ¢) The CLSM image is rotated 90 degrees to align with the AFM setup and
distinctive corresponding features are identified, as shown in the boxed regions. d) Finally, the
identified region can be directly aligned with the AFM image.
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Figure 4.9. Correlative AFM- CLSM images of PAs. a) CLSM image of PA1-Cy5 and PA 2-Cy3
deposited on a mica surface, and b) zoomed in image of the boxed region. ¢c) AFM image of the
corresponding region with the same fibers visible.
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100 nm

Figure 4.10. Chirality of PA nanofibers measured in Correlative AFM-CLSM images. a) CLSM
image of PA1-Cy5 and PA 2-Cy3 deposited on a mica surface, and b) AFM image of the
corresponding region with the same fibers. c) Higher resolution AFM image of the indicated
fibers. d) and e) magnification of the boxed fibers showing the supramolecular twist direction.
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Figure 4.11. Additional images PA nanofibers measured in Correlative AFM-CLSM. a) AFM
image of PA1-FITC and PA2-TAMRA deposited on a mica surface, and b) CLSM image of the
corresponding region with the same fibers. ¢) and d) Higher resolution AFM images of the
indicated fibers showing the supramolecular twist direction.

4.3.3. Influence of supramolecular chirality on self-sorting of PAs

Next, PA3 is incorporated into the co-assembly system (Figure 4.12a). PA3 forms a
mixture of right-handed, flat, and left-handed nanostructures (Figure 4.12b), as described in
Chapter 2. It is therefore expected that it may be able to co-assemble with PAL1 and PA2. The
combination of PA1/PA1-Cy5 and PA3/PA3-Cy3 results in colocalized fibers (Figure 4.12c), and
the object-based intensity histograms show a positive correlation (p=0.64, Figure 4.12d) . In
contrast, the combination of PA2/PA2-Cy5 and PA3/PA3-Cy3 results in a mixture of red, green,
and yellow fibers in colocalization composite images (Figure 4.12¢), as well as an intermediate
correlation value (p=0.03, Figure 4.12f). This suggests that the mixture is kinetically trapped with
local minimums near the co-assembled state. A summary the PA molecular sequences the phase

diagram of the mixtures shown in Figure 4.13. If the PAs mixtures in water are treated as regular
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ternary solutions composed of two molecules and water, the co-assembled pair can be interpreted

to have free energy of mixing A,,;,G < 0, the self-sorted pair to have A,,;,G > 0, and the
intermediate pair to have A,,,;,,G =~ 0 although the structures are trapped in local minima. All pairs
will have the same entropy of mixing, as their respective mole fractions are the same. Interestingly,
the that degree of co-assembly between two components is not directly a function of the chemical
similarity of the molecules, as the most miscible pair (PA1 and PA3) is chemically less similar
than the intermediate pair (PA2 and PA3). It is also not a directly related to the expected
confirmational flexibility of the peptide sequence, as PA1 with only alanines would be expected
to be the most miscible with the other molecules. Instead, the self-sorting is determined by
supramolecular twist of the individual components. Figure 4.13c shows a schematic of the amount
of twist, measured as the average pitch length in Chapter 2, of each molecule. PAL is left-handed
with negative twist, PA 2 has close to zero twist, and PA 3 has high positive twist. There is a direct
correlation between the difference between the twist of the pairs and their ability to co-assemble.
PAL and PA2 are the farthest apart in twist, and therefore have the strongest drive to self-sort. PA1
and PAS3 are the closest pair, and therefore have the lowest self-sorting, while PA2 and PA3 are
intermediate. Finally, AFM imaging confirms that the mixture of PAL1 and PA3 has only left-
handed fibers while the mixture of PA2 and PA3 has only right-handed fibers, as would be
expected if PA3 was the most flexible PA (Figure 4.14). From this result, it can be concluded that
the supramolecular twist of the peptide amphiphile assemblies is preserved in these mixtures, and
is the source of the enthalpic energy penalty that determines whether two PAs from this class of

sequences mix or self-sort.

Next, a three-component system consisting of PA1-Cy3, PA2-Cy5, and PA3 (unlabeled)

was investigate. If PA3 is miscible with both PA1 and PA2, it may serve to bridge the interactions
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in @ manner that results in a co-assembled state. However, if the supramolecular chirality of PA3

is flexible and can match either PA1 or PA2, and the supramolecular twist is the driving force for
self-sorting, then the mixture would also be self-sorted. It is observed that a mixture of 25 mol%
PA1-Cy3, 25 mol% PA2-Cy5, and 50 mol% PAS3 results in a self-sorted nanostructure, as shown

in Figure 4.15.
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Figure 4.12. Molecular structure and co-assembly of PA3. a) Structure of the backbone PA 3,
and b) nanostructures with mixed supramolecular chirality. ¢) CLSM image of co-assembled
PA1-Cy5 and PA3-Cya3 fibers deposited on a mica surface, and d) histogram of pixel intensities
of the nanofibers showing positive correlation between the two channels. e) CLSM image of co-
assembled PA2-Cy5 and PA3-Cy3 fibers deposited on a mica surface, and f) histogram of pixel
intensities of the nanofibers showing no correlation between the two channels.
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Figure 4.13. Dependence of PA co-assembly on supramolecular twist. a) Schematic of the phase
diagram of PA co-assemblies. b) Interpretation of the source of enthalpic pick energy penalty
due to peptide twist in co-assemblies. ¢) Interpretation of the propensity to co-assemble based on
the distance between the PA supramolecular twists.
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Figure 4.14. AFM images of PA 3 co-assemblies. a) Co-assemblies of PA1 and PA3 showing all
left-handed fibers. b) Co-assemblies of PA 2 and P A3 showing all right-handed fibers.
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Figure 4.15. Co-assembly of PA1, PA2, and PA3. a) CLSM image of co-assembled PA1-Cy5,
PA2-Cy3, and PA-3 fibers deposited on a mica surface, and b) histogram of pixel intensities of
the nanofibers showing negative correlation between the two channels.
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Finally, the concentration dependence of the self-sorting was studied. In these experiments,

the mole fraction of the dye labelled PA1-Cy5 and PA2-Cy3 is kept at 2 mol% each, while the mol
fraction of the filler PAs is varied. The final mol fractions of the PA1/PA1-Cy5 component vary
from 90% to 10%. At high mole fractions of PA1/PA1-Cy5 at 75mol% and 90 mol%, a similar
self-sorting behaviour as the initial experiment at 50 mol% is seen, as shown in Figure 4.16. At
low concentrations of 25 mol% and 10 mol%, the PA1-Cy5 fluorescent signal is instead no longer
found in long fibers, but rather in short fragments or micelles. As PA1 should form fibers at 25
mol% this unexpected behaviour is likely due to the dye labelled component not completely
assembling with the unlabelled component. It is possible that PAL is in fact co-assembled with
PA2 nanofibers, but the PA1-Cy5 component is not able to enter those nanofibers at high enough
concentration, limiting the colocalization signal. To test this hypothesis, a mixture of PA1/PA1-
Cy3 at 10 mol% with 90 mol% of unlabelled PA2 was prepared. A strong PA1-Cy3 fluorescence
signal was found in micelles, but also a weaker signal in nanofibers (Figure 4.17). This suggests
that PAL at low concentrations is co-assembled with PA2. These results suggest that PA2 has a
high driving force to self-sort as it forms an independent population at low concentrations, while
the driving force is weaker with. This can be interpreted as resulting from the increased number of

valines in the PA2 sequence which create a more conformationally restricted peptide.
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Figure 4.16. Concentration dependence of PA 1 and PA 2 co-assembly.
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Figure 4.17. Incomplete co-assembly at low PA 1 concentrations.
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4.3.4. Supramolecular composite networks with sequestered bioactive groups.

Since PAs with fluorescent dyes clearly have the ability to sequester within a mixture of
two PAs into the PA assemblies consisting of the molecule with the matching backbone, it is next
explored if this effect can be used to sequester bioactive groups. In the proposed scheme (Figure
4.18), two different bioactive ligands are attached to two different self-sorting PA backbones, like
PA1 and PA2. The system will then be expected to self-assemble from a homogenous mixture into
a supramolecular double network (SDN) with different bioactive groups on each component,

mimetic of natural materials like the ECM.

This approach is tested by adding an additional component, a biotinylated-PA with the
same backbone as the filler PAs (Figure 4.19a).1"" In these experiments the fluorescent PAs are
kept in the mixtures as well, in order to visualize the nanostructures in CLSM. The biotin group is
used as a model epitope, as it strongly binds to the streptavidin protein. Streptavidin conjugated to
the Alexa-488 fluorescent dye is used order to measure the binding of the protein.t’® In the
following images, the Alexa-488 signal is shown with blue colour. The specificity of streptavidin
binding to PA nanostructures is measured by co-assembly PA1 with 10 mol% PA1-Biotin, without
any fluorescent labels. The solution is diluted by 100X in PBS, then deposited onto a mica disk as
described previously. The streptavidin-A488 solution is added at 10ng/ml in PBS for 10 mins. The
process is repeated for a pure PAL solution, to act as a control for non-specific binding of
streptavidin. CLSM confirms the binding of streptavidin-A488 onto the fibrous network on the
surface (Figure 4.19b and Figure 4.19c). Some non-specific binding to the nanofibers is also seen,

but the signal is much lower in intensity, as expected.

Next, PAl-biotin is added to the mixture of PA1 and PA2. Here, 38 mol% PA1, 2 mol%

PA1-Cy3, 10 mol% PAl-biotin, 48 mol% PA2, and 2 mol% PA2-Cy5 is used. The mixture is
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prepared and deposited on the surface as before, and streptavidin-A488 is added to the solution.

CLSM imaging confirms that the streptavidin-A488 binds to fibers containing PA1-Cy3, and not
to fibers containing PA2-Cy5 (Figure 4.20a). This confirms that the biotin PA also sequesters into
nanostructures with the same backbone in a mixture of PA1 and PA2. When the backbone of the
biotin PA is switched, i.e. in the mixture with 10 mol% PAZ2-biotin and no PA1-biotin, the
streptavidin-A488 signal binds primarily to fibers containing PA2-Cy5 instead (Figure 4.20b).
However, there are also several fibers in both systems that appear to be unlabeled by the
fluorescent dye. These fibers only have a signal corresponding to streptavidin-A488, which
suggests they contain only the biotin PAs. Taken together, these results confirm that a protein
binding group can be sequestered into either population in a system of self-sorting PAs by choice

of the backbone of the binding PA, and can effectively bind the target protein in solution.
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Figure 4.18. Multicomponent PA networks with sequestered bioactive groups. Schematic of the
self-sorting of two PA backbones each with a subpopulation of bioactive groups attached.
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Figure 4.19. Biotinylation of PA nanofibers. a) Structure of the biotin functionalized PAL. b)
Schematic of the proposed test system with fluorescently labeled streptavidin binding to
biotinylated PA fibers.



154

PA1-Cy3 + PA2-Cy5
+ PA1-Biotin + Streptavidin

PA1-Cy3 + PA2-Cy5
+ PA2-Biotin + Streptavidin

10 um

Figure 4.20. Sequestration of biotinylated PAs within multicomponent PAs. A mixture of PAl
and PA2 demonstrating the sequestration a) the PA1-Biotin into PA1 nanofibers, and b) the PA2-
Biotin into PA2 nanofibers, as labeled by fluorescent streptavidin binding.
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4.3.5. Supramolecular structures of protein binding PAs.

A protein-binding PA of particular interest is the PA with a peptide sequence that binds to
bone morphogenetic protein 2 (BMP2). This PA has shown promise in applications for
regeneration of bone tissue, particularly in spinal cord fusion studies. Interestingly, in vitro work
shows that the PA must be co-assembled with a backbone PA in order to be efficacious.’? In these
experiments the PA solutions were added to plated C2C12 cells with 50 ng/ml of BMP2 protein.
As shown in Figure 4.21, the pure BMP2-binding PA and the negative control backbone PA show
a similar osteogenic effect as measured with an alkaline phosphatase (ALP) assay. However, the
co-assembly of the BMP2-binding PA and the backbone shows a significantly higher efficacy then
portion by itself. The mechanism of this unusual synergy has not yet been identified, and it is likely
that the protein binding and release behaviour of the co-assembly differs significantly from that of

the pure BMP2-binding PA.

AFM measurements on the PA systems show a significant change in the nanostructure of
the systems (Figure 4.22). While the backbone PA assembles into long nanofibers, as expected,
the BMP2-binding PA only forms short fragments and micelles. On the other hand, the co-
assembly of the two results in large bundles ~100 nm in diameter, as well as some isolated fibers
and smaller micelles. It is confirmed that the backbone PA and the BMP2-binding PA are co-
assembled in fibers using the CLSM, by labelling 2 mol% of each population with a dye labelled
version of the molecules (Figure 4.23). These large nanostructures likely form due to the
interactions of bioactive headgroup between individual fibers in the co-assembly, where the
interactions are blocked due to crowding in the pure BMP2-binding system. In Chapter 2, it was

shown that PA nanofibers are readily internalized by cells. In addition, studies on BMP2 have



156
shown that the protein is internalized by cells and degraded, which reduces its effectiveness in

activating the BMP receptors on the cell surface.!” Based on the nanostructure change, it is
hypothesized that the internalization of the protein is modified by complexing with the PA
nanostructures (Figure 4.24). Since the BMP2-binding PA forms short fragments, its complex
with BMP2 protein would be internalized quickly. However, the large nanostructures and bundles
in the co-assembly would slow down the internalization of BMP2-protein, thereby extending its

half-life and effective dose.

This hypothesis is tested by first measuring the internalization of PA and PA co-assemblies
by C2C12 cells in flow cytometry, where 5 mol% of the molecules in each system are labelled
with fluorescent dye (TAMRA). In these experiments, the PA solutions were added to plated cells
for a fixed amount of time, and the cells were fixed and processed for flow cytometry. Preliminary
results confirm that the large bundles in the co-assembly are internalized at a slower rate than the
individual components by themselves (Figure 4.25). This effect is observable at both 4 and 24
hours of PA incubation time. Next, BMP2 protein is labelled with fluorescent dye (Alexa 488) to
visualize it CLSM and flow cytometry. The fluorescent protein is confirmed to bind to the BMP2-
binding PA co-assemblies as shown in Figure 4.26. In future work, the internalization of the

BMP2 protein will be directly measured in these PA systems.
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Figure 4.21. In vitro efficacy of BMPb-PA co-assemblies. a) Cryo-TEM images of Es PA,
BMPb-PA, and co-assembly. b) ALP stain of cells with 1 ug/ml and 10 ug/ml of PA in solution,
with 50 ng.ml of BMP2 protein. ¢) ALP assay of Es PA, BMPb-PA, and co-assembly.
Reproduced from ref.”
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Figure 4.22. Superstructure bundling of BMPb PA. AFM images of a) Es PA alone, b) BMPb PA
alone, and c) 50 wt% co-assembly of Es PA and BMPb PA. Material preparation by Dr. Wei Ji.
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Figure 4.23. Co-assembly of C16V3AzE3 with BMPb-PA. CLSM images show high
colocalization between the signals of fluorescently labeled C16V3AsEs and BMP2b-PA. Samples
prepared by Ruomeng Qui.
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Figure 4.24. Schematic of the hypothesis of the cellular degradation of BMP2 PA-protein
complex.
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Figure 4.25. Flow cytometry measurements of cellular uptake of BMPb-PA co-assemblies.
Experiment performed by Ruth Lee.
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Figure 4.26. BMP2-Alexa488 binding to BMPb-PA co-assembly. CLSM images of a) co-
localization of Es PA and BMPDb-PA and b) co-localization of BMP2-A488 with the PA co-
assembly. Samples prepared by Ruth Lee.
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4.4. Conclusions

In summary, it was shown the multicomponent PA mixtures can co-assemble or self-sort
based on the supramolecular twist of the assemblies. When molecules that form left-handed
nanostructures are mixed with molecules that form right-handed nanostructures, the two
components self-sort. This is likely due to the enthalpic penalty of the torsion required to change
the twist of a peptide in a (-sheet. However, a PA that forms both left- and right-handed
nanostructures can co-assembly with either PA to different extents. Correlative AFM-CLSM
confirms that in these situations, the nanostructures adopt the supramolecular twist of the
homochiral component. This self-sorting behaviour is controlled by the internal hydrogen bonding
sequence, and so bioactive groups can be attached to the ends of the PAs, and can be selectively
sequestered into either component. The addition of BMP2-binding PA also causes the formation
of large bundles when mixed with a backbone PA, although the BMP2-binding PA forms short
fragments in a pure population. The bundles slow down the cellular uptake of the PA system, likely

prolonging the half-life of bound BMP2, and resulting in higher efficacy.

4.5. Materials and Methods

Atomic Force Microscopy (AFM)

Sample solutions were diluted 10X in 150 mM NaCl and deposited on freshly cleaved mica
surfaces for ~1 min, and the excess solution was rinsed with 150 mM NaCl. The samples were
then rinsed with 150 mM NaCl 20 mM CaCl» to immobilize the nanostructures on the mica surface,
and measurements were performed in the liquid environment. AFM images were captured in
PeakForce tapping mode on a Dimension Icon AFM (Bruker) with a silicon nitride cantilever

(SNL10-A, Bruker) in a liquid cell. Images were flattened to correct sample tilt.
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Confocal Laser Scanning Microscopy (CLSM) and analysis

Fluorescence microscopy of PA nanofibers was performed on a Nikon-A1R confocal
microscope. 10 mM PA solutions were diluted to 0.05 mM in PBS, deposited on freshly cleaved
mica surfaces glued onto glass slides, for ~1 min, and the excess solution was rinsed with PBS.
The samples were then rinsed with 150 mM NaCl 20 mM CaCl, to immobilize the nanostructures
on the mica surface. A glass coverslip was placed on top to create a wet mount, and the images
were captured with a 20X air objective (Nikon). Object based correlation histograms were

calculated using custom Matlab codes utilizing the Image analysis toolbox.

For streptavidin binding experiments, the PAs were deposited onto mica substrates, and a
10 ng/ml solution of streptavidin-Alexa 488 (Sigma) was added for 1 min. The solution was rinsed
off with PBS, and then with 150 mM NaCl 20 mM CaCl,. A glass coverslip was placed on top,

and imaging was performed as before.



163
5. Physical properties of PA assemblies across length scales

5.1.  Objectives and significance

Many soft materials in nature are composed of molecular building blocks which assemble
into nanofibers, which then interact to create networks. The design of biomimetic materials
requires an understand of analogous properties across multiple length scales. In this work, the
molecular organization of peptide amphiphiles within nanostructures, the properties of nanofibers,
and the dynamics of nanofiber networks in solution are investigated. By modelling diffraction
patterns, it is found that stacked PA [-sheets are organized in a rectangular lattice, and the
molecules are shown to be tilted along the direction parallel to the hydrogen bonding by angle
between 16° and 19°. At the length scale below 2 ums, the nanofibers exhibit anonymous
compressed exponential scaling in the tangent correlation function due to sharp kinks in the
trajectories, but exhibit standard semi-flexible behaviour at larger length scales. Fluorescence
imaging and image correlation analysis are used to investigate the dynamics of nanofiber networks
as a function of persistence length, and find concentration dependent glassy dynamics. The
network dynamics are independent of persistence length at low concentrations, but show a
significant change at high concentrations, where high persistence length corresponds to slower
decorrelation of the network. Together, these experiments provide fundamentally new insights into

the behaviour of PA materials across length scales.

5.2. Introduction

Biomaterials found in nature are inherently hierarchical with drastically different properties
across length scales. Materials such as collagen scaffolds in the extracellular matrix or actin and

microtubule networks in the cell cytoskeleton are composed of proteins with well-defined tertiary
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structure, which assemble into high aspect ratio supramolecular fibers with diameters in the

nanoscale and lengths on the micro scale.®”* The fibers in turn interact with each other as well as
with other components of the system to create macroscale materials. The approach to
understanding these materials also changes at each length scale. At the small length scale, the
structure of proteins are studied with x-ray scattering from crystalized proteins®® and with electron
microscopy reconstruction.*3138.143181 proteins are studied extensively with analytical chemistry
methods such as infrared spectroscopy,'® circular dichroism (CD),'3%18% and nuclear magnetic
resonance (NMR) spectroscopy.!8* At the intermediate length scale, the properties of interest of
supramolecular fibers are primarily related to their mechanical properties, such as the persistence
length, extensional stiffness, and stability. These properties are typically studied with imaging
methods like atomic force microscopy (AFM) and transmission electron microscopy (TEM),
and fluorescence imaging.8® At the microscale, the physical properties of networks of fibers are
with imaging methods to measure network density or pore size,'®® as well as with bulk
measurements like rheology.®*° Biomaterials composed of semi-flexible fibers have been studied
extensible with computer simulations and analytical modelling, which has shown that these fibrous
materials exhibit glassy dynamics in solution.828788 Glassy behaviour is essential for the unique
rheological properties of biomaterials such as strain stiffening and visco-plasticity.® In order to
create biomimetic materials, it is important to investigate material properties at similar length

scales and understand the design principles control their structure and function.

Peptide amphiphiles (PAs) are a class of biomimetic materials that show great promise for
their potential applications as scaffolds for regenerative medicine.*® PAs are composed of a lipid
tail and hydrophilic charged head group that promotes hydrophobic collapse, as well as an internal

hydrogen bonding sequence which forms B-sheets. As shown in previous chapters, PAs assemble
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into high aspect ratio twisted nanofibers which interact to create networks and scaffolds. Previous

work has shown that diffraction patterns of PA assemblies with hydrogen bonding amino acids
exhibit a peak corresponding to a 4.7 A spacing, associated with the formation of B-sheets.!8’
Analysis of diffraction patterns from PAs that form 2D crystalline sheets has been used to establish
the lattice type and describe the orientation of the molecules within the unit cell.}1%88 However,
this approach has not yet been applicable to PA nanofibers due to limited crystalline order and
complex cylindrical symmetry. In chapter 3, the mechanical properties of PA nanofibers were
investigated by measuring their persistence lengths under the assumption that they behave like
semi-flexible fibers, but the length scale at which this assumption becomes valid was not
established. The biological response to static 2D scaffolds was also studied as a function of fiber
persistence length, but the formation of networks in solution and their dynamics were not

explored.

In this work the molecular organization of PAs within twisted ribbons is investigated with
x-ray scattering and electron diffraction, combined with analytical modelling. The lattice spacing
is identified, as well as the orientation of molecules within the unit cell by modelling the diffraction
in fiber geometry. The tangent correlation functions of nanofibers from AFM images are then
investigated, and used to identify the semi-flexible regime, as well as anomalous scaling
behaviour. This is combined with confocal laser scanning microscopy (CLSM) of nanofibers to
measure their persistence length with dynamic imaging. Finally, CLSM is used to measure the

dynamic properties of PA nanofiber networks in solution.
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5.3. Results and Discussion

5.3.1. X-ray and electron diffraction of PA assemblies

WAXS diffraction from solutions of C16AsE3 nanofibers show a large peak corresponding
to 4.53 A, which has previously been associated with the B-sheet spacing (Figure 5.1a). However,
several other discernible peaks are also observed in the vicinity of this peak. Notably, a shoulder
at slightly lower q than the largest peak corresponds to 4.76 A, closer to expected position of a -
sheet peak. Due to the disorder in the PA assemblies in solution, the peaks are not sharp, making
peak assignment difficult. Therefore, selected area electron diffraction (SAED) measurements
were performed on aligned PA fibers, from which 2D fiber diffraction patterns were measured
(Figure 5.1b). Comparing the peaks in the solution WAXS to the those in the electron diffraction
allows one to assign peak positions, as the angle of the peak positions can be clearly identified.
Interestingly, it is observed that the shoulder corresponds to the direction parallel to the fiber
alignment, marked as ‘B’ in Figure 5.1, while the largest peak is offset, marked as ‘A’. Additional
peaks are identified in the diffraction pattern which are associated with the lateral packing of -
sheets (01) at 5.48 A, as well as the (11), (02), (20), and (03) peaks. The 5.48 A lateral spacing
peak is the expected spacing of two sheets composed of alanines. All peaks identified in the
electron diffraction pattern correspond to a standard 2D lattice, with the surprising exception of
the largest peak. The shoulder at lower q is concluded to be the (10) B-sheet, and an explanation
for the origin of the largest peak corresponding to a spacing of 4.53 A is explored. This peak is
found on the same position along the y-axis as the (10) B-sheet peak, but is off-set along the x axis.
While peaks in crystal diffraction patterns are associated with spacings between Bragg planes,
diffraction patterns from fibers with cylindrical or helical symmetries commonly can exhibit

additional peaks, such as the famous cross ‘X’ pattern of the DNA double helix.?*® These peaks
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come from the interference pattern of the Bessel functions which describe crystals with cylindrical

symmetry. For helical chains of molecules, like DNA, peaks on a 2D diffraction pattern appear on
layer lines along the y-axis, similar to what is observed for the large ‘A’ peak in the PA diffraction
pattern. As layer lines originate from the 1D nature of a chain of molecules, it is considered that
this peak may have a similar origin in the 1D geometry of the f-sheets. Specifically, if a straight

1D chain has a spacing of dg between molecules, its reciprocal lattice will consist of layer lines
separated by a spacing of 2m/dg. The diffraction pattern will then be given by the intensity of the

Fourier transform of the scattering density within the unit cell, the basis, that lies along the layer
lines. The scattering from an aligned sample of fibers can be calculated by integrating the intensity
over all orientations. The diffraction patterns can therefore be calculated numerically by modeling

the lattice and the scattering density within the unit cell.

The scattered intensity can be written in spherical coordinates as:

o =

1@~ 7 [T e |F ()12 sin(¢) dp d (5.1)

Where F is the form factor of the basis, and the summation is over the reciprocal lattice

vectors E{ o; is the characteristic spread of the of the Gaussian approximation of the scattering
intensity, inversely proportional to the coherence length of crystalline order. As the coherence
length increases the Gaussian approximation approaches a delta function, as expected for large
crystals. The calculation of x-ray diffraction patterns requires the lattice vectors, which can be
found from the measured diffraction patterns, as well as the form factor of the basis, which must

be approximated.
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Figure 5.1. Diffraction patterns of C1sAsEs nanofibers. (a) MAXS and WAXS diffraction from
PA solutions. (b) Electron diffraction form aligned nanofibers.

The resolution at which the molecular electron density distribution can be measured is
determined by the order in the crystal. Since the diffraction patterns measured from PAs do not
show sharp peaks, a coarse-grained approximation for the molecule’s electron density distribution
is used. Similar to previous work, the PA molecules are approximated as cuboid slabs of constant
electron density with the three sides of length a, b, and c.*° The form factor of a cuboid is given

by its Fourier transform:*3!
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f(q) ~ sinc (q’z‘—a) sinc (%) sinc (M) (5.2)

2

A simple expression can be found for the scattering from a 2D sheet of cuboid molecules,
appropriate to describe the flat portion of a twisted ribbon corresponding to 8 = 0°, as shown in
Figure 5.2a. In the 2D projection of this the molecules are arranged in a rectangular lattice for
illustration purposes. Since PA nanofibers have pitch lengths much longer than the spacing
between molecules, the lattice can be treated as a 2D Bravais lattice without twist. Here, expression

5.1 describes the product of the reciprocal rectangular lattice with the form factor of the basis.

Around each reciprocal lattice point given by G, the intensity is described by a Gaussian with
width o, represented by circles in Figure 5.2a. Multiplication with the cuboid form factor results

in a diffraction pattern similar to the schematic, with the highest intensity spot in the middle.

Scattering from the narrow portion of the twisted ribbon, corresponding to & = 90° can be
found in a similar way, as shown in Figure 5.2b. Along this projection, the molecules appear as a
1D chain rather than a 2D sheet. The resulting representation of expression 5.1 is a series of
reciprocal space lines with width given by o, multiplied by the form factor of the molecule. If the
cuboid was strictly parallel or perpendicular to the fiber alignment direction, the highest intensity
peak would lie along the x- or y-axis, respectively. Since the highest peak lies along the first layer
line, but offset along the x-direction by an angle «, it is treated as a tilted cuboid instead. The tilt

can be included by rotating the y and z-axis of the molecules coordinate system;10-1%
qy = qy cos(a) — q,sin (a),

qz = qy sin(a) + q,cos (a), and

F(g) ~ sinc (q"a) sinc (qi’b) sinc (%) (5.3)

2
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The contribution of the & = 90° orientation therefore results in the additional ‘A’ peak that
does not correspond to a Bragg plane. Instead, this peak originates from the tilt of the molecule in
a 1D fiber diffraction geometry. The total scattering intensity can be found by integrating over all
angles 8. These results are summarized in Figure 5.3. A direct comparison of the peaks in the
WAXS patterns and the electron diffraction patterns confirms that the largest peak in WAXS
corresponds to the rotated peak from the molecular tilt, while the lower intensity shoulder peak
corresponds to the B-sheet spacing. This can be described by tilting the molecules in a 2D sheet by
the angle measured in the electron diffraction pattern, and approximating the molecules as cuboid
slabs of electron density. Calculating the full scattering density for (10) peak using expression 5.1
shows an excellent agreement with the measured WAXS pattern. The -sheet spacing appears to
split into two peaks, with the lower intensity shoulder corresponding to the spacing of 4.76 A, and

the higher intensity peak corresponding to a tilt angle of 19.7°.

These measurements were repeated for the PA C16V3A3Es3, and similar results were found
(Figure 5.4). The tilt angle measured from electron diffraction is lower at 16.1°, and therefore
there is less separation between the peak and shoulder measured in WAXS. The calculated pattern
shows a B-sheet spacing of 4.75 A, while a naive interpretation of the main peak would correspond
to a spacing of 4.64 A. For this molecule, the lateral (01) spacing between B-sheets is larger at 9.61

A, consistent with the larger size of the valine side chains.
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Figure 5.2. Explanation of peak positions in PA nanofiber diffraction. Diffraction patterns from
the projection of the (a) top orientation of the flat portion of the ribbons and (b) from the side

orientation of the narrow portion of the ribbon.
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Figure 5.4. Diffraction patterns of C16V3AszE3 nanofibers. (a) MAXS and WAXS diffraction from
PA solutions, (b) electron diffraction form aligned nanofibers, and (c) comparison with calculated
diffraction pattern.

5.3.2. Persistence length and the tangent correlation function

We next investigate the behaviour of the CisAsEs nanofibers at the microscale. PA
nanofibers are deposited on mica surfaces as described previously. The tangent correlation
function of nanofibers, which contains information about the bending stiffness or persistence
length, is calculated by tracking fiber trajectories in large AFM images (Figure 5.5). The fibers

are tracked using an open source MATLAB plugin FiberApp,® developed by the Mezzenga group.
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Figure 5.5. Tracking nanofiber trajectories from AFM images. (a) Large AFM image of C16A6E3
nanofibers and (b) trajectories tracked with FiberApp.

The tangent correlation function is calculated from the ensemble of discretized fiber
trajectories, with appropriate weighting for the number of data points at each length scale. The
AFM images used for this calculation are 20x20 microns, long enough to capture the bending

behaviour of the fibers. For an ensemble of semi-flexible fibers on a 2D surface, the tangent

r

correlation functions is expected to exhibit an exponential decay of the form g(r) = e 2, where

r is the distance along the fibers, and L, is the persistence length. It is more convenient to look at

the logarithm of the correlation function, given by log(g(r)) = — % as it forms a straight line of
14
constant slope.

This expected behaviour can be seen by simulating an ensemble of semi-flexible fibers
with persistence length similar to contour length, the relevant regime for PA nanofibers, as shown

in Figure 5.6. The simulated fibers are generated using the procedure described in Chapter 3.
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Interestingly, the log correlation of C16AsE3 nanofibers prepared at 20 mM NaOH shows a deviates

from this behaviour at short lengths scales, where the early part of the curve is not exponential,
and the expected exponential decay begins at a length of ~2 um (Figure 5.7). A similar behaviour
is observed for nanofibers prepared at 5 mM NaOH, but with a slower overall decay as the

nanofibers are stiffer. The tangent correlation function can be generalized to the form g(r) =

T ﬁ
e"(i) , Where f = 1 corresponds to the usual scaling, 8 < 1 corresponds to stretched exponential

decay, and 8 > 1 corresponds to a compressed exponential decay. The logarithm of the correlation

B
function is given by a power law with exponent f3, log(g(r)) =— G) . As shown in Figure 5.8,

the slope of the curve on a log-log plot corresponds to the scaling exponent. At longer length
scales, it is observed that g = 1, as expected, while § =~ 1.33 at length scales below 2 um. A
second linear region in the portion below 300nm is also observed, however this is likely too short
of a length scale to be experimentally meaningful. A similar compressed exponential scaling is
observed for the system at 5 mM NaOH, which reverts to f = 1 scaling at the micron scale.
Compressed exponential scaling in correlation functions is rare, but has been observed in some
glassy systems.®! It corresponds to an avalanche like change in order, where a jammed system
suddenly changes order. Examinations of the nanofiber images shows occasional kinks in the fiber
trajectory, where the fiber direction changes rapidly over a short distance (Figure 5.9). These kinks
in the nanofibers likely arise due to localized disorder in the assembly, and may be responsible for
the compressed exponential scaling in the tangent correlation function. A similar scaling of the
tangent correlation function in C16V3AsEs PA nanofibers is confirmed (Figure 5.10), with an
initial compressed exponential regime with exponent g = 1.9, followed by a semi-flexible regime

corresponding to a persistence length of 11 um.
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Figure 5.6. Tangent correlation function of simulated semiflexible fibers. (a) Simulated ensemble
of semiflexible fibers and (b) the tangent correlation function on a log scale, showing a straight
line.
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Figure 5.7. Tangent correlation function of CisAeEz PA nanofibers. Persistence length is
calculated form the linear regime at long distances.
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Figure 5.8. Log of the tangent correlation function of CisAsEs PA nanofibers. Curves show an
initial compressed exponential regime followed by a standard semi-flexible regime.
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Figure 5.9. Kinks in nanofiber trajectories. Red arrow indicates point of deviation.
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Figure 5.10. Tangent correlation functions of CisV3AsEs. Curves show an initial compressed
exponential regime followed by a standard semi-flexible regime.

Nest, the temporal dynamics of single nanofibers were measured by dynamic light
scattering (DLS),*? as well as by tracking fiber trajectories in fluorescence microscopy. The

dynamic correlation function of dilute semiflexible fibers fluctuating in a thermal environment are

expected to follow a stretched exponential decay of the form g(r)~e‘(T\T)% 82 The PA solutions
were diluted to 50 uM and measured in a Zetasizer light scattering instrument (Malvern). The
resulting correlation function is well described by the expected 73/* stretched exponential scaling
(Figure 5.11). This confirms that PA nanofibers obey semiflexible fiber dynamics. C16AsEs was
then co-assembled with 5 mol% of a TAMRA labelled version of the PA, in order to visualize the
assemblies in fluorescence microscopy. The solutions were imaged in CLSM at video rates using
the resonant scanning mode. In these videos, individual nanofibers can be seen, and their bending
fluctuations can be observed in real time. Using a modified version of the FiberApp MATLAB
code, the trajectories of the nanofibers were tracked over the course of a video, as described in
Figure 5.12. The trajectories can then be used to calculate the persistence of the fibers.®® The

tangent angles along the discretized fiber trajectory 6(s) are calculated and expressed as a sum of
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cosine Fourier modes 6(s) = /2m\L Y-, a, cos(gs), where L is the length of the trajectory,

and a,, is the amplitude of the n™ Fourier mode. The amplitudes of the bending modes contain

information about the dynamics of the fiber at different length scales. Specifically, the variance of

2
the amplitudes measured at different time points is given by Var(a,) = (i) li The expression
14

nm

for the variance of the measured trajectories, including the effects of noise, is given by:%

Var(a,ymeaswred = (L)’ D+ <et>[1+ W -Dsin? ()], (5.4)

nmw
nrm 2N

where < €2 > is the measurement noise which is left as a fitting parameter.

10° 102 10* 108 108
r[us]

Figure 5.11. Dynamic correlation function measured from DLS. The red line is a fit to stretched
exponential function.
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Figure 5.12. Nanofiber tracking procedure in CLSM videos.

The variance of the Fourier amplitudes measured experimentally for several fibers are fit
to expression 5.4, as shown in Figure 5.13. The measured variances follow the expected semi-
flexible behaviour closely, as the smallest length scales observable with fluorescence microscopy
correspond to ~1 um, around the length scale where the tangent correlation function adopts semi-
flexible scaling behaviour. The measure persistence lengths vary from 20-50 um, although this
experimental method cannot be easily scaled to large numbers of measurements. This method has
been used to report the persistence lengths of biopolymers like actin and microtubules. In

particular, the persistence lengths of PA nanofibers are quite similar to those of actin (~10 um).%?
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Figure 5.13. Variance of Fourier amplitudes from nanofiber trajectory videos. Results are shown
for three fiber trajectories.

5.3.3. PA nanofiber network dynamics

As the concentration of PA nanofibers in solution increases, collisions between nanofibers
begin to dominate the behaviour of the system. Networks of semiflexible fibers are expected to
show glassy dynamics at length scales longer than or comparable to the fiber interaction
spacing.821% PA nanofiber networks can be observed in CLSM similar to the previous section, but
the concentration at which fibers can be resolved is limited by the diffraction limit of light of ~500
nm. Therefore, an approach to measuring the dynamics of high concentrations of fibers was
developed, by labelling only a subset of the nanofibers with a fluorescent dye. This is done by
mixing the fluorescent dye labeled nanofibers with a solution of unlabelled nanofibers, as
described in the schematic in Figure 5.14. Here, the concentration of the labelled PA solution is
kept constant at 10 uM, while the concentration of the total PA can be varied. Droplets of the
mixed PA solutions are deposited on glass bottom petri dishes and imaged in CLSM using a
resonant scanner for video rate imaging. The sample is allowed to equilibrate after deposition to
minimize flow or drift within the solution, and images are taken ~50 um above the glass surface

at a frame rate of 15 Hz, for a total of 50 seconds. Snapshots of the videos at different



182
concentrations are shown in Figure 5.15, where fluorescent fibers are resolvable within a high

concentration PA solution.

Low concentration High concentration

Figure 5.14. Schematic of the fluorescent labelling of PA nanofiber solutions.

10 uM 1mM ImM

10 um

Figure 5.15. Snapshot of labelled nanofiber solutions at different concentrations. Individual
nanofibers are clearly observable even at high concentrations.

We use temporal image correlation analysis to analyze the dynamics of the nanofibers, as
described in Figure 5.16.1% In this method, each image in a series, given by the function I(x, y, t),
is converted to Fourier space I(k,, ky,t) using a fast Fourier transform (FFT). The temporal

autocorrelation function is calculated for the amplitude of each Fourier mode, given by
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9(ky ky,7) =<I(ky ky, t)I(ky, ky, t +T) >, where the angular brackets indicate average over

all values of t. As the system is isotropic, the correlation function g(kx, ky, r) is radially average

over values of |E| = \/W giving the final temporal correlation function G(k, 7). G(k, ) is
the 2D equivalent to the correlation function measured in DLS. However, this method enables the
measurement of the dynamics of PA networks at higher concentrations than is usually accessible
in DLS. In addition, the correlation functions for different lengths is measured simultaneously, as
opposed to DLS where most instruments only measure scattering at a fixed g vector. Together, this

approach is used to study the concentration dependent dynamics of PA networks.
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Figure 5.16. Explanation of the image temporal correlation algorithm. Reproduced from ref.%

First, the temporal correlation functions measured from solutions of flexible PA nanofibers,
prepared at 20 mM NaOH, exhibit an initial fast exponential decay followed by power law decay
at long time scales (Figure 5.17). Both the plateau and the scaling exponent decrease as the
concentration increases, indicating the emergence of glassy dynamics at high concentrations. The

curves can be compared to the measurement of a static network of fibers, measured on the glass
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surface, which includes only the contribution of photophysical dynamics and noise. Next, the

initial decay rate for the different concentrations is measured as a function of the spatial k-vector,
which describes the decorrelation time at different length scales. The initial decay is approximated
as an exponential G (k, T) = e~%/*k, where 4, is the characteristic decorrelation time. In a diffusive
system, a ballistic scaling of the form A, ~k? is expected. The scaling coefficient is close to k®?
for all concentrations, indicative of glassy dynamics over all spatial scales (Figure 5.18). These
PA networks are compared to networks of fibers with higher stiffness, prepared at 5 mM NaOH.
While the temporal correlation curves in the dilute systems at 10 uM and 100 uM are nearly
identical, a significant difference in the plateau and scaling at the higher concentrations of 9 mM
is observed (Figure 5.19). As described in Chapter 3, this decrease in dynamics corresponds to
reduction the storage modulus of hydrogels upon calcium cross linking, and an increase in
viscosity (Figure 3.28). This is likely due to fewer entanglements when the material is sheared,
where the stiffer nanofibers are able flow past each other. On the other hand, the correlation decay
time follows a similar ~k®? sub-diffusive power law scaling over spatial scales (Figure 5.20), with
similar behaviour at all concentrations. This suggests that the change in nanofiber persistence
length effects the network dynamics only at high concentrations, where the fiber fluctuations
become significantly reduced by the surrounding fibers in the solution. However, this effect does

not change the spatial length scale dependence of the power law scaling in the decorrelation time.
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Figure 5.17. Temporal correlation function of PA nanofibers prepared at 20 mM NaOH. The
curves exhibit an initial concentration dependent fast decay, followed by a power law decay at
long timescales.
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Figure 5.18. Scaling of network decorrelation time over spatial scales. The black line indicates a
scaling of k%2, The dark blue lien is a static control system.
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Figure 5.19. Temporal correlation function of PA nanofibers with different stiffness. The
dynamics are only significantly different at the highest concentration.
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Figure 5.20. Stiffness dependence of the scaling of network decorrelation time over spatial scales.
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5.4. Conclusions

Together, these results combine different experimental and modelling approaches to
investigate the properties of PA nanostructures from the Angstrom scale organization of molecules
in the nanostructures to the microscale dynamics of the nanofiber solutions. Although the PA
nanostructures are not highly ordered crystals, the lattice structure as well as coarse grained
distribution of the electron density distribution within the unit cell have been identified, which
suggests that the molecules area tilted in the plane of the nanoribbons parallel to the B-sheet.
Without this complete analysis using electron diffraction and simulations, the peak assignments in
the x-ray diffraction pattern would be incorrect. The low coherence in the assemblies is also seen
at the micron scale, where sharp kinks in the nanofiber trajectories results in tangent correlation
functions with anomalous compressed exponential behaviour. However, the measurements
confirm that PA behave as semi-flexible fibers at length scales above a few microns. The
interactions of nanofibers create glassy networks in solution, with sub-diffusive dynamics at long

time scales, similar to biopolymers such as actin and collagen.

5.5. Materials and Methods

X-ray scattering

X-ray scattering experiments were performed at Beamline 5-1D-D, DND-CAT, Advanced
Photon Source at the Argonne National Laboratory. The solution samples were placed in a vacuum
flow cell comprising of a 1.5mm quartz capillary connected to a syringe pump. An X-ray energy
of 17 keV was selected using a double monochromator, and the scattering patterns for an empty
capillary, water-filled capillary and sample-filled capillary were recorded using a set of three

charge coupled device (CCD) detectors.’®? The two-dimensional scattering patterns then
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azimuthally integrated to generate a scattering vector magnitude g vs. intensity plot, where q is

defined as q=4msin(0)/A for which 0 denotes the half of total scattering angle and A the X-ray
wavelength, 0.7293 A. 2D to 1D data reduction was performed by GSAS-II software.'** No

attempt was made to determine the absolute scattering intensity.
Selected area electron diffraction (SAED)

For SAED acquisition, dried TEM samples with a high density of aligned nanostructures
were produced by applying 5 uL of the 10 mM samples on glow-discharged carbon coated TEM
grids, followed by wicking with a filter paper from a corner of the grid and subsequently drying
the grid. The JEOL ARM300F was used with the emission current reduced to 5 uA, and the sample
was searched in diffraction mode with a selected area aperture inserted to identify and quickly
obtain the fiber diffraction patterns. The sample was then imaged in bright field mode to confirm

the correspondence between the diffraction pattern and the real space images.
Atomic Force Microscopy (AFM)

Sample solutions were diluted 10X in 150 mM NaCl and deposited on freshly cleaved mica
surfaces for ~1 min, and the excess solution was rinsed with 150 mM NaCl. The samples were
then rinsed with 150 mM NaCl 20 mM CaClz to immobilize the nanostructures on the mica surface,
and measurements were performed in the liquid environment. AFM images were captured in
PeakForce tapping mode on a Dimension Icon AFM (Bruker) with a silicon nitride cantilever
(SNL10-A, Bruker) in a liquid cell. Images were flattened to correct sample tilt before analysis.
Tangent correlation functions were measured by tracking fiber trajectories from large images

(20x20 um) using the FiberApp plugin.8®
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Dynamic Light Scattering (DLS)

DLS Measurements were performed on a Malvern Zetasizer Nano ZSP light scattering
spectrometer. The PA solution was diluted to 50 uM in milliQ water and measured for 10 seconds
at 1730 backscatter mode. Measurements were averaged over 5 runs. Default automatic settings

were used of the attenuator.

Confocal Laser Scanning Microscopy (CLSM)

Fluorescence microscopy of PA nanofiber solutions was performed on a Nikon-A1R
confocal microscope. 20 uL droplets of PA solutions were deposited on glass bottom petri-dishes,
and the images were captured with a 20X air objective (Nikon), using the resonant scanner for
video rate imaging. Image series analysis was performed using custom written Matlab codes, and

a modified version of the FiberApp software.
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6.  Summary and Future Directions

Together, these studies demonstrate the importance of designed intermolecular interactions
in formation of peptide based biomimetic nanomaterials. This work investigated the organization
of supramolecular materials from the sub-nanometer scale of molecular packing up to the
microscopic scale of cellular scaffolds. Intermolecular complementarity of hydrogen bonding was
manipulated to create multi-component systems with sequestered bioactive groups. This thesis lays

the groundwork for future investigations of supramolecular biomaterials across length scales.

6.1.  Fundamental principles of peptide amphiphile self-assembly

The relation between the amino acid sequence and the morphology of peptide
nanostructures developed in chapter 2 demonstrates the role of supramolecular twisting in the self-
assembly process. The role of headgroup charge repulsion was also studied, and it was shown that
as charge is increased the structures first transition into long cylinders and then into short fragments
or micelles. The supramolecular twist of the ribbons also changes chirality based on the peptide
sequence in the molecules, which is intrinsically linked to the morphology of the structures. While
the peptide sequences used in this work were relatively simple, consisting only of valines and
alanines, there is a large number of interesting sequences that can be explored. The larger size of
the valine side chain is clearly an important factor in determining the morphology of the
nanostructures as it increases the spacing between p-sheet stacking and modifies the peptide twist.
This can be extended to investigate larger side hydrophobic side chains such as leucine and
isoleucine. In addition, including amino acids with polar uncharged side chains such as serine in

the peptide sequence may lead to new fundamental insights into the self-assembly process.
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The discovery of a new nanostructure in chapter 3, a double helix with major and minor

grooves, illustrates the complexity of PA self-assembly that remains to be explored. While
hierarchical PA superstructures have been created using designed interactions between fibers, >
this work demonstrates the emergence of complex structures from fundamental intermolecular
forces and simple building blocks. Different self-assembly pathways, in this case the charge state
of the molecules during assembly, can control the morphology of the nanostructures. Other
pathway parameters of interest that can be investigated include the ionic strength of the solutions,
the temperature, concentration, and pressure. The role counterions in particular would be of
significant interest, as recent work has shown that charge screening by counterions can modify the

curvature and twist of PA assemblies.1%8

In the course of these studies, a significant improvement in the quality of nanoscale
imaging was developed which allowed access to these new structures. Improvement in high
resolution atomic force microscopy (AFM) in a liquid environment was crucial to measure the
supramolecular chirality of the nanostructures. While the same molecules have been studied by
the Stupp group in the past, the nanostructures were characterized primarily by transmission
electron microscopy (TEM) methods, where information about chirality is lost as there is no in-
plane mirror symmetry when electrons pass through the entire nanostructure. The relation between
peptide sequence and nanostructure morphology found in chapter 2 can only be understood if the
supramolecular chirality is included. This raises the possibility that other PAs studied by the Stupp
have similar changes in chirality which have gone unnoticed, but may be essential to understanding

the self-assembly.
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6.2. Multicomponent PA systems

Chapter 4 reports on multicomponent mixtures of different PAs, which were found to self-
sort into different populations when the -sheet twist orientation did not match between molecules.
Including a biotin group on one of the two components resulted in sequestration of the biotinylated
PA into one of the self-sorted components, and this was used to demonstrate selective binding of
a model protein. The imaging methods developed in this work, especially single nanofiber
fluorescence microscopy, holds great promise for further investigation of multicomponent
systems. This imaging method enabled direct observation of the locations of specific molecules in
the system, and when combined with correlative AFM, provided information about the
nanostructure as well. Although different PAs are often mixed together in biological studies, the
self-sorting or co-assembly of different PAs is a largely unexplored area. It is presumed that the
PAs co-assemble when they have the same internal peptide sequence, but this effect can now be
tested directly. This approach can also be extended to study the binding of proteins or peptides to

PA nanofibers, an active area of research in the Stupp lab.

The sequestration of bioactive groups in interpenetrating networks can be used to create
better ECM mimetics. Different signalling epitopes and protein binding groups could be added to
the different network components. For example, separating a BMP2 binding sequence on one
component and a TGFB1 binding sequence on the other may lead to improved osteogenic effects
as both BMP2 and TGFP1 work through similar pathways,'®*'% and separating the signals
spatially may prevent interference. Alternatively, a cell adhesion promoting sequence like RGD
could be sequestered on one component, while the other binds and presents a growth factor like

BMP2.
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6.3. Physical and biological properties of PA materials

Chapter 5, as well as the second half of chapter 2, explores the properties of PA
nanomaterials across length scales. The molecular packing of PAs within assemblies was found to
create a near rectangular lattice with tilted molecules. The model developed to derive the structure
from x-ray and electron diffraction pattern is applicable to PA nanofibers more generally, and can
be used to investigate the packing and orientation of many PAs studied in the Stupp group. The
persistence length of the PA nanofibers, a measure of their bending stiffness, was shown to
increase when the charge repulsion between molecules is reduced. This effect will be of interest
to the study of charged bioactive PAs such as those presenting IKVAV epitopes. The change in
persistence length also modified the properties of nanofiber networks, both in solution and on
coatings. Solutions of PA nanofibers exhibit concentration dependent glassy dynamics similar to
biopolymers. Further studies can use this approach to investigate the interaction of PA nanofibers

with proteins or crosslinking agents.

When used as 2D scaffolds, PA nanofiber networks were found to be deformed and
degraded by fibroblasts. The change in the scaffold microarchitecture was directly observed using
fluorescence microscopy. Networks composed of flexible fibers were primarily deformed by cells,
while networks composed of rigid fibers were primarily broken and degraded. This is likely due
to an increase in fiber entanglement in the flexible nanofiber networks. The degradation of the PA
coatings was accompanied by internalization of the PA nanostructures by cells. Experiments on
phospholipid bilayers suggest that the biophysical interactions of PAs with lipid amphiphiles can
lead to disintegration of the nanostructures. However, PA nanofibers may also be degraded by

MMPs excreted by cells, and the role of MMPs in PA degradation is currently unknown and
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represents a rich area to be explored. Understanding the various mechanisms of PA degradation

may be essential for applications where PAs are implanted in vivo. In addition, the Stupp lab has
published several studies in variety of cell types showing significant cell-material interactions on
PA scaffolds - such as adhesion, migration, and mechanostransduction - in systems where there no
adhesion epitopes like RGD or IKVAV 546569134 This raises the question of how focal adhesions
on cells bind to the PA scaffold and transmit traction forces. This adhesion likely occurs due to
non-specific binding of PA nanofibers to an excreted ECM component like fibronectin, but may
also involve the cell glycocalyx, or regions of the cell membrane with different lipid or cholesterol
composition. An extensive study of the mechanism of cell-PA attachment, in the absence of

adhesion promoting sequences, is required to understand this effect.
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Department: Physics, Group of Prof. Peter Grutter.
Thesis Project: Development of a force sensing device for neurosurgery and neurodegeneration.

BSc | 2013 | McGill University, Montreal, QC
Major: Honours Physics

Minor: Mathematics

First Class Honours (CGPA: 3.6)

Mentorship

(2016-2017) Mentored a master’s student in Biomedical Engineering for her research thesis
project. Worked closely with her to design a project, plan experiments and discuss results.

(2017 Summer) Mentored an undergraduate student during a summer research internship and was
responsible for all aspects of the student’s project. Helped the student understand the research topic
by assigning readings and discussing literature in an educational manner.

Teaching Experience

Managed discussion sections and taught students during office hours.

Winter 2018 Teaching Assistant, Northwestern University, Thermodynamics
Fall 2014 Teaching Assistant, McGill University, Electricity and Magnetism
Winter 2013 Teaching Assistant, McGill University, Measurements Lab

Fall 2013 Teaching Assistant, McGill University, Modern Physics Lab

Leadership Experience

Leadership Fellow — Northwestern Center for Leadership Jan 2019-June 2019
Researched the challenges faced by organizations to implement diversity initiatives and harness
the value of diverse teams to create impact, and ran a workshop for ~20 graduate students.

McCormick Graduate Leadership Council (MGLC) Sept 2016-Aug 2018
President (2017-2018), and Professional Development Chair. Managed professional development
and social programs for graduate students in the McCormick School of Engineering.

Oversaw a team of 8 members who organized events for graduate students, and collaborated with
University faculty, staff and alumni.
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Developed new programs for graduate students including an entrepreneurship event series, and
an Alumni mentorship program.

Advisory Committee on Investment Responsibility (ACIR) Sept 2018-May 2020
Graduate student representative (elected position). Represent the interests of the graduate student
community on questions of Ethical and Social policies in the management of the Northwestern
endowment.

Worked closely with a university committee consisting of faculty, staff, alumni, and
undergraduate students to assess investment policy proposals, and advise the Northwestern
endowment committee.

Graduate Student Association (GSA) Sept 2018- Aug 2019
Social Chair. Work with team of graduate students from departments across Northwestern to create
social events for students.
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Fellowships and awards

2015 Professional development scholarship (Northwestern, $2000)

2015 Graduate Excellence Award (McGill, $5000)

2014 GREAT Travel Award (McGill, $1000 )

2014 NSERC-CREATE Neuroengineering Graduate Fellowship (McGill, $17000)

2013 NSERC-CREATE Neuroengineering Graduate Fellowship (McGill, $17000)

2013 NSERC-CREATE Neuroengineering Undergraduate Fellowship May (McGill, $6500)



