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Abstract

Supramolecular self-assembly of N-acetyl-B3-peptides leads to fibrous architectures of
varying sizes (from nano- to macro-scale) and shapes irresepective of amino acid sequence.
However, there is a need for fine control of B3-peptide self-assembly to exploit the potential
of these materials in future applications. In order to achieve this control, B3-peptides were
functionalised by incorporating a single alkyl chain of either Ci2, C14 or Ci onto a B3-peptide
sequence to form B3-peptide amphiphiles. A total of 12 B3-peptide amphiphiles were
designated as Ro, R1, R2 and R3 based on the position of the alkyl chain in the N-acetyl B3-
tripeptide sequence. Atomic force microscopy (AFM) and transmission electron microscopy
(TEM) were used to capture the images of the self-assembled nanostructures. The results
revealed that Ro and R; B3-peptide amphiphiles self-assembled into twisted ribbons that
exhibited a fibrous mesh architecture with surface periodicity. The height values were
between 5-8 nm for Ro and Ri B3-peptide amphiphiles. In contrast, R, and R3 B3-peptide
amphiphiles formed straight and flat nanobelts with higher height values between 14-32 nm.
The position of the alkyl chain on the N-acetyl B3-tripeptide sequence exerted significant
control over the morphology and size of the self-assembled nanostructures compared to
previously reported non-acylated B3-peptides. These B3-peptide amphiphiles also formed
stable supramolecular hydrogels under physiological conditions which makes them attractive
materials for potential application in tissue engineering, drug delivery, and three-dimensional

(3D) cell culture.

In order to propose a self-assembly model for B3-peptide amphiphiles, AFM nanoindentation
on the R; series of B3-peptide amphiphiles was carried out to probe the internal molecular
organisation of the self-assembled nanobelts. The indentation was performed in an aqueous
environment where the AFM tip was used to generate holes through the surface of the self-
assembled nanobelts. The indentation of the nanobelts revealed the presence of multiple
internal bilayers. The topographic images of the holes revealed a sheet-like organisation of
the internal architecture with a spacing of =2.6 nm, =2.8 nm and =3.0 nm. These dimensions
were used to propose a structural model mediated by the collective balance of hydrogen
bonding, hydrophobic interactions and electrostatic attraction. In addition, the stiffness of
the three R, nanobelt B3-peptides were found to be =7.4 MPa, =12.4 MPa and =16.5 Mpa

respectively suggesting that as the alkyl chain increases, the stiffness also increases. Apart

Vi



from the ability to measure the mechanical properties of the nanobelts, AFM nanoindentation
was demonstrated to be a versatile imaging technique that offers an additional high-
resolution alternative for studying the internal packing order of self-assembled peptide-based

nanostructures.

The role of hydrogen bonding during head-to-tail and electrostatic interactions during lateral
self-assembly of B3-peptide amphiphiles was also investigated. To achieve this, a new series
of Ro, R1, Rz and Rz B3-peptides were synthesised which comprised a BR residue and a C-
terminal amide in the N-acetyl B3-tripeptide sequence and self-assembly was monitored at
pH 4, 7 and 13. Both acidic and basic pH disrupted head-to-tail and lateral self-assembly
resulting in truncated discrete nanofibres which contrasted with twisted ribbons and
nanobelts of B3-peptide amphiphiles with C-terminal free acids, while at neutral pH all
modified B3-peptides amphiphiles formed a nanofibrous mesh. The height data at acidic,
neutral and basic pH values revealed a significant decrease in size indicating that lateral
assembly had been inhibited by the introduction of electrostatic repulsion. These studies
demonstrated that pH can be used to control fibre length and bundling to form different

nanostructures.

Overall, the results presented in this Thesis provide a new platform to create novel
nanostructures by supramolecular self-assembly of B3-peptide amphiphiles via simple
changes in the alkyl chain position and manipulation of the forces involved in lateral
interactions. This dissertation therefore provides strategies for the design of a new generation

of B3-peptide-based nanostructures that can be tailored for specific applications.
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Abbreviations

A Angstrom

Ac Acetyl

ACN Acetonitrile

Alloc Allyloxycarbonyl

\'EY Azide

AFM Atomic force microscopy

CAC Critical aggregation concentration
CcD Circular dichroism

CMP Collagen mimetic peptides

CPA CMP amphiphiles

DCM Dichloromethane

DMAP 4-Dimethylaminopyridine

DMEM Dulbecco’s modified Eagle’s medium
DIPEA N,N-Diisopropylethylamine

DMF N,N-Dimethylformamide

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid

eq. Equivalents

ESI-MS Electrospray ionisation mass spectrometry
Ether Diethyl ether

HPLC High performance liquid chromatography
FF Homodimer L-diphenylalanine
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Fmoc 9-fluorenylmethyloxycarbonyl

GPa GigaPascal

G Gel

HBTU O-benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate
kHz Kilohertz

TIS Triisopropylsilane

THF Tetrahydrofuran

H Hydrophobic residues

P hydrophilic residues

IKVAV Isoleucine—lysine—valine—alanine—valine
LIA B3Leu-B3lle-B3Ala

LC Liquid chromatography

MPa Megapascal

UM Micromolar

mg-H,0 MilliQ water

mm Millimeter

mg mL? Milligram per milliliter

NG No gel

Ci2 Lauric acid

Cua Myristic acid

Cis Palmitic acid

PF-QNM Peak force quantitative nanomechanical mapping
nm Nanometer

N/m Newton per meter



oD Optical density

1D One-dimensional

PBS Phosphate buffer saline

pKa Negative base-10 logarithm of the acid dissociation constant
pH Potential hydrogen ion

RGD Arginine—glycine—aspartic acid

RP-HPLC Reversed phase high performance liquid chromatography
SANS Small-angle neutron scattering

SAX small angle X-ray scattering

SD Standard deviation

SEM Scanning electron microscopy

SEM* Standard error of mean

SPPS Solid phase peptide synthesis

SSA Supramolecular self-assembly

TEM Transmission electron microscopy

TFA Trifluoroacetic acid

ACHC trans-2-aminocyclohexanecarboxylic acid

ACPC trans-(S, S)-2-aminocyclopentanecarboxylic acid
2-D Two-dimensional

3-D Three-dimensional

H20 Water

XRD X-ray diffraction
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BK
BAz*

BR

B3-homoalanine
B3-homolysine
B3-homoazidoalanine

B3-homoarginine

B3-Amino acids
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Chapter One

Introduction and Literature Review

1.1 Introduction

Self-assembly is the spontaneous organisation of small components into higher-order
structures facilitated by the collective balance of non-covalent interactions [1-3]. Peptide-
based self-assembly systems have been used to produce a range of well-defined
nanostructures such as nanotubes, nanofibres, nanoribbons, nanospheres, nanotapes,
nanorods, and hydrogels [4-6]. The peptides used to generate these nanostructures are
classified as ionic self-complimentary [7], collagen mimetic [8, 9], B-hairpin [10, 11],

multidomain [12-14], Fmoc-protected [15-17] and a-peptide amphiphiles [18-28].

Through a rational design of the classes of peptides mentioned above, nanostructures have
also been functionalised to produce biomaterials that are tailored for applications in tissue
engineering, three-dimensional (3D) cell culture, and as drug delivery materials [29-38].
However, the long-term applications of these biomaterials are limited by the degradation of
a-peptides by proteolytic enzymes. Therefore, it is necessary to develop alternative materials

that possess metabolic stability for long-term applications.

The metabolic stability of B-peptides makes them promising candidates to overcome the
proteolytic degradation of a-peptide-based materials [39, 40]. In general, B-peptides consist
of B-amino acids which differ from a-amino acids by the insertion of an extra —CH; in the
backbone between the amino group and *C atom [41-43]. Structurally, B-peptides can adopt
a variety of secondary helical structures with short sequences [43-45] and can self-assemble
into well-defined hierarchical structures. My host laboratory was the first to demonstrate the
formation of head-to-tail self-assembly motif of N-acetyl B3-peptides using at least three B3-

amino acids in a sequence [46]. The self-assembly of these B3-peptides resulted in fibrous



materials of varying sizes and shapes, from nano- to macro-scale, irrespective of the
sequence. As a consequence of this self-assembly, the side chains are aligned laterally,
resulting in a high degree of symmetry along the periphery of the B3-peptide nanorods, and
this provides an opportunity to functionalise the structure at the side chain position [47]. In
order to exploit the potential of these proteolytically stable materials, strategies to control

the morphology are required.

Previously, the incorporation of a hydrophobic alkyl chain to the N-terminus of a-peptide
monomers has been used as an effective strategy to control self-assembly [19, 23, 25, 48]. In
this Thesis, this strategy was similarly used to control self-assembled nanostructures of B3-
peptides. Its use could provide novel peptide-based biomaterials. This chapter comprises a
literature review of self-assembled peptide nanostructures, particularly those that have a

broad range of applications as biomaterials.

1.2 Peptide-based self-assembly

Peptide-based self-assembly is the spontaneous formation of a stable hierarchical structure
via a combination of molecular interactions between the components including hydrogen
bonding, hydrophobic interactions, electrostatic interactions, n-nt stacking and van der Waals
forces (without an external trigger). Peptides comprised of a-amino acids can form secondary
structures through the judicious choice of the amino acid sequence [49]. For example, a-
helices, B-sheets and coiled-coils have been shown to be involved in peptide-based self-
assembly processes and they also display diverse potential applications (Figure 1.1) [35]. The
self-assembly of peptides are classified based on the various types of secondary structural

conformations and are discussed below.
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Figure 1.1: Peptide-based self-assembly. (A) Peptide monomer [5], (B) secondary structures
[5], (C) different nanostructures including fibres [50], spheres [51] and nanotubes [52] and (D)
potential fields of application (adapted from reference [35]).
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1.2.1 a-Helical and coiled-coil assemblies

The a-helix is a secondary structural motif with a periodicity of 3.6 amino acids per turn and
stabilised by hydrogen bonding between the carbonyl oxygen atoms of residues, i, and the
amide hydrogen atoms of the fourth residues along the chain (i + 4) [53]. The side chains of
the a-amino acids protrude outwards from the helix and are involved in interactions with
other a-helices that increase stability facilitated by non-covalent interactions and exploited

in the formation of coiled-coil assemblies [53, 49].

The coiled-coil consists of two to five a-helices wrapped around each other to form a supercoil
[5, 49, 53-58]. The constituent a-helices are amphipathic; that is, they have a non-polar face
which comprises hydrophobic residues (H) and a polar face with hydrophilic residues (P). The
design of coiled-coil relies on designing the polypeptide sequences to form amphipathic a-
helices that bundle together to form dimers, trimers and pentamers which consist of heptad
repeats, (HPPHPPP)n designated as abcdefg [5, 59, 60]. Figure 1.2 shows the helical wheel

diagram in which the positions of a-amino acid residues in a heptad repeat, “a” and “d” are

3



occupied by hydrophobic residues while the other residues are polar. Woolfson’s group used
this design to obtain two different structures by changing the ionic interactions between
residues b and c to produce thick fibres (Figure 1.2(A)) while changing residues b, ¢ and f
resulted in fibrous hydrogels (Figure 1.2(B)). The two structures were determined by the

residues at position “H”, which form the core of the structure [61, 62, 54, 63].

Figure 1.2: Design principles of helical self-assembled fibres. (A) Helical wheel diagram
showing modification between position b and c led to peptide alignment and fibre thickening.
(B) Helical wheel diagram showing that the modification of positions b, c and f, resulted into
smaller, more flexible, bundles of thinner fibres (adapted from reference [64]).

Woolfson and co-workers have also designed a self-assembling system in which they
developed the “sticky-ends” motif by placing complementary charged a-amino acids at
positions “e” and “g” of the heptad repeat. The two complementary polypeptides (with 28-
residues) combined to form a parallel, “sticky ended” dimer (Figure 1.3) [65]. Axial
organisation of each dimer was facilitated by the presence of a complementary core and
electrostatic interaction. The lateral assembly was made possible by complementary features,
present in the repeating structures and resulted in thick nanofibres that are 40-50 nm in
diameter and several hundred micrometers long. The Woolfson laboratory has also published

several other related designs with the same template that formed structures referred to as



fibre branches [66], kinks [67], cages [68], nanotubes, barrels [69-72] and decorated peptide
fibres using charged peptides as tags [73], and scaffold for three-dimensional (3D) cell culture

(64, 74].
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Figure 1.3: Hierarchical self-assembly in which a-helices form a dimer with sticky ends that
resulted into fibre (adapted from reference [75]).

Hartgerink and colleagues presented a different strategy by demonstrating that sticky ended
dimers are not a prerequisite for the formation of a coiled coil nanofibre. They showed that
blunt-ended dimers are able to form nanofibres with a uniform diameter of 4 nm and
hundreds of nanometers in length [56]. The key features in the design were the selection of
charged amino acids in the peripheral positions “b”, “c”, and “f’ which played a major role in
controlling the length and the diameter of the nanofibres. Several other peptides with heptad
repeat have also been used as building blocks to form supramolecular assemblies by

modifying the a-amino acid residues at positions a, d, e and g [60, 76-80].

1.2.2 Collagen mimic a-peptides

The most abundant protein in humans is collagen which accounts for approximately 25% of

all vertebrate body proteins [81, 82]. Collagen is comprised of a triple helix with a repetitive



a-amino acid sequence (Glycine-X-Y)n, where X is usually proline and Y is hydroxyproline [9,
82-86]. Collagen mimetic peptides (CMPs) are oligomers of synthetic collagen peptides that
have been used to mimic and elucidate collagen structure, function and factors responsible
for its stabilisation [9]. Scientists are now utilizing the CMPs model to generate unique higher
assemblies with the potential for biological applications in drug delivery, tissue engineering,

and regenerative medicine [87].

The formation of collagen fibres occurs when three peptide chains come together to form a
triple helix. The three chains in the collagen helix can either be identical (homotrimer), two
identical chains (AAB heterotrimer), or different chains (ABC-heterotrimer) [88]. Therefore,
CMPs require multiple subunits to undergo self-assembly into longer fibres that can form

inter-strand fibrous networks by varying the leading, middle and lagging chains [89].

Hartgerink and coworkers have reported several designs based on CMPs that self-assembled
into homotrimeric and heterotrimeric compositions [90-93]. For example, a binary mixture of
peptides A and B (Figure 1.4) could form homotrimers (As and B3) and heterotrimers (A2B and
AB>) [88]. Therefore, a total of 27 distinct helices are possible for a ternary mixture. Figure 1.4
shows the triple helices with 6 distinct registers of an ABC heterotrimer which self-assembled
into fibres [89]. However, the peptide chain composition in the CMP heterotrimers is critical

for developing systems that mimic the native collagen structure [88, 93].
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Figure 1.4: Schematic representation of ABC triple helix with 27 unit compositions
underpinning the design of CMPs (adapted from reference [89]).

CMPs have also been further functionalised to produce CMP amphiphiles (CPA) which consist
of a hydrophilic CMP domain and a hydrophobic tail in the monomer [94]. The CPA was
functionalised at the C-terminus to produce the sequence Ci6-AsKsG[GPO]3GFOGER[GPO]3G-
NH; in which GFOGER is a cell-binding motif that is found in native collagens. The CPA self-
assembled into nanofibrous hydrogels with the characteristic collagen-mimetic triple-helical
conformation that promoted cell adhesion and development. Other examples are the
formation of hydrogels by a collagen-mimetic dendrimer which was used as a thermosensitive
drug carrier [95] and collagen-mimetic dendrimers containing an integrin-binding epitope
that exhibited cell adhesive binding activity [96, 97]. Several other CMPs have also been
synthesised further demonstrating the potential of these CMP-based compounds as

biomaterials for biomedical applications [98-103].



1.3 B-Sheet assemblies

The second important secondary structure is the B-sheet in which the assemblies are
composed of two or more a-peptide chains (B-strands) that are connected laterally by
hydrogen bonds between the backbone amide and carbonyl groups (Figure 1.5) [104, 105].
The B-strands can form parallel B-sheets in which all the C-termini lie at one end, while in an
antiparallel arrangement, the N and C termini run in the opposite directions [104]. In both
positions, the B-strands become oriented in such a way that alternate a-amino acid side
chains remain at opposite sides of the sheet which has an important influence on the

hydrogen bond orientation between sheets and side chain orientations and interactions [33].
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Figure 1.5: Molecular presentation of B-sheet secondary structure (A) B-strand and (B) the B-
strands self-associate into B-sheets stabilized by hydrogen bonding between hydrogen
bonding [106] and (C) B-sheets then assemble to form cross-B-structured fibrils (adapted from
reference [107]).

Several peptides have been designed with the B-sheet motif to form fibrillar nanostructures
[108]. For example, the B-amyloid polypeptide sequence has been used to design new
peptides that self-assembled into B-sheet structures reminiscent of the amyloid structure
[109-118]. This has resulted in an exploration of a-peptides with related sequences using the

basic parameters for a B-sheet secondary structure [119].



1.3.1 lonic-complementary a-peptides

The first example of a B-sheet based self-assembled fibre was serendipitously discovered
from a natural protein of the Z-DNA binding protein “Zuotin” with the sequence EAK16-I|
(AEAEAKAKAEAEAKAK) [120]. These peptides have now become the basis for an entire group
of peptides often referred to as the ionic-complementary peptides (or peptide Lego). They
consist of building blocks that have alternating hydrophilic and hydrophobic residues similar
to the “Lego bricks” that have both pegs and holes positioned in a well-ordered fashion,
allowing precise assembly into a predetermined B-sheet structural organisation [120-123].
Since the discovery of EAK16, further studies have been undertaken using peptides derived
from this sequence. The new peptides are designed to maintain the basic motif of alternating
hydrophilic and hydrophobic amino acids sequences. A series of peptides were studied with
this motif in order to identify which properties are critical among the a-amino acid side-chains
that influence the self-assembly characteristics of the peptides into B-sheet fibrils. For
example, these peptides RADA16-I (RADARADARADARADA) and RADA16-II
(RARADADARARADADA) have a similar periodic repeat of ionic hydrophilic and hydrophobic
a-amino acids residues [123]. As shown in Figure 1.6, the self-assembly was mediated by
hydrophobic interactions between a-alanine residues, while the positively charged a-arginine
and negatively charged a-aspartic acid of adjacent peptides self-assemble through
intermolecular ionic interactions to form nanofibres bundles with an anti-parallel B-sheet
conformation [123]. The non-specific hydrophobic interactions permit the nanofibre to slide
by diffusion along the fibre in either direction, which minimizes the exposure of the

hydrophobic a-alanines and eventually fills the gaps (Figure 1.6 (A), (B) and (C)) [124].
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Figure 1.6: A proposed sliding diffusion molecular model for the self-assembly of ionic
complementary peptides. (A) Initial state of building blocks, (B) sliding diffusion of B-strands
with alternating ionic-complementary properties, (C) final state after filling all gaps [124] and
(D) four different ionic complementary a-peptide sequences that self-assembled into
nanofibrous scaffolds using the sliding diffusion motif (fibre image of RADA16-I by electron
microscopy adapted from reference [123]).

Many of the peptides synthesised with the ionic-complementary motif have been developed
as materials with nanofibrous networks with scaffolds for use in regenerative medicine and
other biomedical applications [125-127]. Self-assembling peptide hydrogel scaffold with this
motif has demonstrated the potential to promote accumulation of a true cartilage-like
extracellular matrix within a 3D cell culture for cartilage tissue repair [128], as well as matrix
metalloprotease cleavage sites to accelerate biodegradation by self-assembled peptide
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hydrogels [129, 123]. RADA16-I in particular was used to generate a 3D scaffold hydrogel for
dopaminergic differentiation in which the differentiated neurons expressed specific
dopaminergic markers and produced appropriate patterns of action potential firing [130]. In
another study, RADA16-l hydrogel also facilitated reconstruction of acute traumatically
injured brain, by supporting cells to migrate and survive within the lesion site and reduce the
glia reaction and inflammation of the injured brain tissue [131]. It also created a permissive

environment for brain repair and axon regeneration with functional return of vision [132].

RADA-16 has now been developed into a commercial product called PuraMatrix® peptide
hydrogel as the first self-assembling peptides for clinical application [133]. It has been used
to create a biocompatible, biodegradable as well as non-toxic 3D environment for a variety of
cells. PuraMatrix® consists of 1% peptides and 99% water which self-assembles and creates a
water-soluble B-sheet structure as well as a 3D environment [134]. Clinical trials have also
been conducted using 20 patients to determine the safety and sealing properties in
postoperative lymphorrhea following pelvic surgery in humans and there was no adverse
effect observed during the 2 to 3-month follow-up period [135]. PuraMatrix® has also shown
promising results for human fetal Schwann cells (SCs) in spinal cord regeneration [136]. In
vitro and in vivo studies revealed that the human fetal SCs survived and proliferated within

the PuraMatrix® 3D scaffold.

1.3.2 Dipeptide assemblies

The homodimer L-diphenylalanine (FF) is the most investigated building block for aromatic
dipeptide assemblies. Since the emergence of FF in 2003 [137], several studies have been
carried out to design the FF-based building blocks into various functional nanostructures [138-
140]. The short peptide sequence (Figure 1.7(A)) can form highly stable hollow nanotubes in
solution. The self-assembly of FF is promoted by the backbone hydrogen bonds and n-mt
stacking interactions from the aromatic peptide side-chains of phenylalanine. Tubular
structures form when six FF units assemble into a cyclic hexamer (Figure 1.7(B)). The FF
hexamers stacked together to form honeycomb-like arrays (Figure 1.7(C)), which give rise to
nanotubes. Subsequently, stable nanotubes cluster into larger microtubular channel with a

diameter of approximately 10 A (Figure 1.7(D)) [141].
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Figure 1.7: A Molecular model of NH,-FF-COOH self-assembly. (A) The molecular structure of
FF (side-chain atoms orange colour) (B) FF units form cyclic hexamers, (C) hexamers stack to
form honeycomb-like arrays, which give rise to nanotubes and, (D) cluster of nanotubes to a
larger microtube (adapted from reference [111]).

The inner core of the tubule is surrounded by the amine and carboxyl groups of the a-amino
acids which facilitate anchoring polar molecules onto the peptide matrix. At the upper level,
the narrow channels self-associate in a hexagonal packing formation to produce B-sheets
conformations [141]. The tubes were found to be rigid, with an averaged point stiffness of
160 N/m and an estimated Young’s modulus of =19 GPa [124]. In order to explore the
potential role of electrostatic interaction in the assembly process of NH,-FF-COOH, Reches
and Gazit studied a modified peptide analog with a zero net charge, in which the N-terminal
amine and the C-terminal carboxyl groups were acetylated and amidated to give Ac-FF-NH;
and NH-FF-NH; [142]. Scanning and transmission electron microscopy analyses of both
peptides revealed a highly-ordered tubular structure. The ability of the peptide to form
ordered supramolecular structures was demonstrated to be driven by m-m stacking of

aromatic FF in place of electrostatic interaction.
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Several studies have also shown that the B-sheet secondary structure of FF-based building
blocks can self-assemble into various other nanostructures such as nanospheres or vesicles
[143, 144], nanofibre organogels [145] and nanowires [146]. FF-Based microtubes have been
used as molecular carriers and, in particular, as vehicles for the delivery of a hydrophilic
compound [141]. Most of these studies have shown that FF can form well-ordered in organic
solvents but cannot form supramolecular structures under biological conditions, without the
use of an inorganic solvent [147]. Through the introduction of aromatic capping residues such
as the Fmoc-group, FF can spontaneously form supramolecular structures. Other aromatic
dipeptides assemblies have been studied using different aromatic amino acids (e.g. NH>-WW-
COOH) and other aromatic molecules as building blocks (e.g. di-para-fluoro-Phe, di-

pentafluoro-Phe, di-para-iodo-Phe) [137, 139].

1.3.3 Fmoc a-peptide assemblies

The 9-fluorenyl methoxy carbonyl (Fmoc) moiety is widely used as a protecting group in
peptide chemistry for Fmoc solid-phase peptide synthesis in which Fmoc—amino acids are
used as the building blocks. Fmoc-based a-peptides consist of a peptide sequence that has an
aromatic Fmoc moiety attached to the amino N-terminus. In 1991 Burch et al. reported that
a number of Fmoc a-amino acids were found to possess a broad spectrum of anti-
inflammatory activities [148]. Since then, research has been focused on Fmoc-protected a-
peptides which can drive self-assembly of short peptide sequences into nanofibrils through
ni—Tt stacking of the Fmoc aromatic moieties [149-151]. Vegners et al. reported the first self-
assembled fibre network with Fmoc-protected dipeptides which eventually formed
viscoelastic gels in aqueous solution at 2 mg mL? [152]. Thereafter Gazit and co-workers
reported the self-assembly of Fmoc-FF into a hydrogel with remarkable mechanical rigidity
that supports cell viability and proliferation [150]. Subsequently, Ulijn and coworkers
identified the self-assembly mechanism whereby aromatic interactions of Fmoc-peptide
derivatives formed antiparallel B-sheets between the pendant a-peptide. The resulting a-
amino acid side chains were expressed on the surface through what is known as n-B
interactions [16]. Several other reports have also demonstrated that the aromatic groups in
the Fmoc moiety share electrons to form m—mn interactions, interlocking the a-peptide
derivatives in which the a-peptide chains are then brought into close proximity allowing them
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to interact with each other through anti-parallel B-sheets. Nanofibres are formed from the
combination of several of these assemblies [15, 153-156]. Bundles of these nanofibres form
highly branched nanofibrous network through supramolecular self-assembly to presents
macroscale hydrogel. Thus, the a-amino acid side chains are located on the surface of the
nanofibres to provide surface bio-functionality through interactions with cell surface
receptors [16, 147]. The molecular model for supramolecular self-assembly of Fmoc-FF is
shown in Figure 1.8 in which the individual nanofibrils bundled to form supramolecular

structures leading to the formation of a fibrous hydrogel [16, 157, 158].

Figure 1.8: A structural model for self-assembled Fmoc-FF peptides using molecular dynamics.
(A) Anti-parallel B-sheet pattern, the alignment is interlocked by four twisted antiparallel B-
sheets via m—m interactions between fluorenyl groups, (B) interlocked Fmoc groups from
alternate B-sheets to create n-stacked pairs with phenyl rings, (C) top view of the cylindrical
structure created by fluorenyl groups and (D) side view of (C). Fluorenyl groups are coloured
orange and the phenyl groups are coloured purple (in (A) (B) and (D)) (adapted from reference
[16]).

The ability to control the assembly of Fmoc—FF structures have been demonstrated by the
application of external triggers such as enzymes [149, 159, 160] and biocatalyst [161]. Several
other types of Fmoc-modified peptides were synthesised with non-aromatic amino acids as

building blocks including, Fmoc-GG, Fmoc-GF, Fmoc-LL, Fmoc-LG, Fmoc-GL, Fmoc-KK [162],
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Fmoc-AA, Fmoc-GA and Fmoc-GS [163]. The replacement of FF with non-aromatic amino acids
did not affect the propensity of the Fmoc-modified peptides to self-assemble into fibrillary
structures, which suggested that the -t interaction of the fluorenyl group played a key role

in driving the self-assembly.

The functionalisation of Fmoc-peptide using the bioactive cell adhesive RGD was
demonstrated to give the sequences Fmoc-FRGD, Fmoc-RGDF [164, 165] and Fmoc-FRGDF
[166]. These peptides form hydrogels and thus offers new opportunities for developing cell
adhesive biomedical hydrogel scaffolds for biomedical applications. Fmoc-FRGDF has been
shown to be an efficient hydrogelator via m-B self-assembly mechanism. The mechanical
properties and morphology of Fmoc-FRGDF hydrogels were controlled by tuning both the final
ionic strength and the rate of pH change [166]. Co-assembly of Fmoc-FF and Fmoc-RGD have
also been reported as a biomimetic and highly fibrous network that presented bioactive
ligands at the fibre surface [167]. The RGD functionalised hydrogel promoted adhesion of
encapsulated human dermal fibroblasts through specific RGD—integrin binding, with
subsequent cell proliferation [167], fibroblast support, extracellular matrix (ECM)
organisation and reconstruction of a normal dermal tissue [168]. The co-assembled hydrogel
using Fmoc-FRGDF and fucoidan was recently reported to support healthy cells, while
inducing apoptosis in cancerous epithelial cells [169]. This can potentially be applied in cancer

immunotherapy and drug delivery.

Significant efforts have also been made to include IKVAV (a laminin epitope) functional
sequence to Fmoc-peptides without disrupting the mechanism of assembly. The control of
Fmoc-peptide self-assembly was achieved by a rational modification of the pKa of four
different Fmoc peptides consisting of IKVAV, which is an important component of the ECM
[17]. The Fmoc-peptide sequences used include Fmoc-IKVAV, Fmoc-DIKVAYV, Fmoc-DDIKVAV
and Fmoc-DDDIKVAYV. The sequence of amino acids strongly determined the pKa of the
peptide and therefore the pH at which self-assembly occurred. The modification of the
bioactive peptide sequence (IKVAV) with acidic residues was found to have no effect on the
non-covalent interactions between individual self-assembling peptides. The individual Fmoc-
peptides interacted non-covalently to form hydrogels at physiological pH which supported

cell survival both in vitro and/or in vivo for localised viral vector gene delivery [17, 170].
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The co-assembly of Fmoc-FRGDF and Fmoc-DIKVAV was also demonstrated to form stable
hybrid nanofibres containing dual epitopes with superior, stable, transparent, shear thinning
hydrogels at biological pH. The hydrogel possesses ideal characteristics for tissue engineering

applications better than the individual self-assembling peptide [171].

1.3.4 B-Hairpin assemblies

B-Hairpins are secondary structural motifs which comprise two B-strands that are oriented in
anti-parallel directions and linked by a kink or short loop of two to five amino acids [51]. They
can be rationally designed, synthesised and self-assembled into fibrous hydrogels [123, 172].
Schneider and colleagues described a series of peptides which self-assembled into a fibrous
hydrogel network consisting of a B-hairpin motif [10, 173-175]. Pochan and Schneider
proposed a B-hairpin design composed of alternating valine (hydrophobic) and lysine
(hydrophilic) residues [173, 176]. The amphiphilic peptide, MAX1, has the sequence
VKVKVKVKVPPPTKVKVKVKV-NH> with the incorporation of B-turn-forming tetrapeptide (-
VPPPT-) into the sequence (where PP is an enantiomer of proline) [51, 176]. Lateral assembly
was driven by intermolecular hydrogen bonding, van der Waals forces and hydrophobic
interactions [123, 177, 178]. Figure 1.9 shows the self-assembly model for folded MAX1 and
MAX8 B-hairpin peptides in which the peptides exist in random coil conformations due to
electrostatic repulsions between positively charged lysine side chains. However, the addition
of Dulbecco’s modified Eagle’s medium (DMEM) for cell culture, containing approximately
160 mM salt, screens this charge and allows the peptide to self-assemble into hydrogels [179].
Several other analogs of this design also form hydrogels in response to a variety of other
stimuli including pH [176], temperature [180] and salt [174]. Other reports have shown that
peptides with the VPPPT recognition motif can undergo a transition from random coil to B-
hairpin structures in response to variations to specific stimuli such as light-activation [181,

179], ionic triggers [182], temperature [173] and pH [183].
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Figure 1.9: Self-assembly model for folded B-hairpin peptides. (A) Unfolded MAX1 or MAXS8
was triggered to fold into a B-hairpin via the addition of DMEM and (B) peptide sequences of
MAX1 and MAX8 (adapted from reference [179]).

MAX8 (VKVKVKVKVPPPTKVEVKVKV-NH;) is a peptide-based B-hairpin hydrogel with unique
properties that have been exploited for potential applications in drug delivery and stem cell
research [184, 185]. It has an overall positive charge at pH 7, due to charged lysine residues
and self-assembled upon dissolution in DMEM cell culture media resulting in hydrogel
formation. The hydrogel exhibited shear-thinning which allows homogeneous encapsulation
and subsequent delivery of mesenchymal stem cells via syringe with precision to target sites
in tissue regeneration [185]. MAX8 has also shown injectable time-released dosage control,
improving the efficacy of nerve growth factor and brain-derived neurotrophic factor in

experimental treatments of spinal cord injuries [186].

1.3.5 Cyclic a-peptide assemblies

Cyclic a-peptides are polypeptide chains that form a cyclic ring structure by linking one end
of the peptide and the other via an amide bond, or other chemical bonds [187]. Tubular
nanostructures formed from cyclic peptides are one of the earliest self-assembled nanotubes
that were first developed by Ghadiri and co-workers [188, 189]. The concept was based on
the rational design of heterochiral cyclic peptides which comprised D- and L-amino acids to
generate a planar ring that could self-assemble on top of each other, to form B-sheet tubular
structures of the desired diameter. The nanotube was prepared using the sequence, cyclo-[(.-
Gln-p-Ala--Glu-p-Ala);], where the ring-shaped subunits stack through antiparallel B-sheet

hydrogen bonding to form ordered hollow tubes with a uniform internal diameter of 7.5 A
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and distances of 4.73 A between ring-shaped subunits [189]. The peptide rings formed a flat
ring conformation through an even number of alternating D- and L-residues, which enabled
unidirectional stacking (Figure 1.10). The planar structure of the cyclic peptide backbone
projects the peptide side chains to the external periphery leaving a hollow channel [188-191,
52] which can be decorated with specific functional properties by side chain modifications

[192].
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Figure 1.10: Schematic representation of alternating D- and L-amino acid cyclic peptide to
form elongated and hollow nanotubes (adapted from reference [191]).

Ghadiri and co-workers also described the design of an artificial transmembrane ion channel
from self-assembled nanotubes that can mimic the biological function of natural ion channels
[188]. This could have potential application in molecular transport across lipid bilayers and
can be used as a delivery tool into living cells in antisense and gene therapy applications [188].
Other applications of cyclic a-peptide nanotubes include ion sensing [193] and as antibacterial

agents [194].

Jolliffe and Perrier have also reported a new series of self-assembled cyclic peptide—polymer
nanotubes with improved solubility, functionality and control over size [195, 196]. The
monomer self-assembled by exploiting the B-sheet configuration of the alternating (D and L)
cyclic peptide core [197]. In this design, the cyclic peptides were coupled to the polymeric
chains via a copper catalysed azide—alkyne click reaction, to yield well-defined conjugates
[198]. The nanotubes were prepared from a range of polymers including poly(butyl acrylate),

poly(dimethylamino ethyl acrylate), poly(acrylic acid), poly(styrene) and poly(hydroxyethyl
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acrylate) [198]. The polymer was used to shield the peptide core from the solvent and to put
a strain on the peptide core through steric repulsions. Figure 1.11 shows cyclic peptide-
polymer nanotubes designed with two different polymeric chains which resulted in hybrid
nanotubes consisting of a cyclic peptide core surrounded by a polymeric external shell. The
external shell of the nanotube assumed two different faces, one where the polymeric chains
are ‘demixed’ (Figure 1.11(A)) and the other mixed (Figure 1.11(B)) [199]. The peptides were
able to assemble as artificial pores in lipid bilayers which could be useful for intracellular

delivery of small molecules or drugs [200].

T

Figure 1.11: Cyclic a-peptide—polymer nanotubes with two different faces. (a) “Demixed”
assembly and (b) “mixed” or hybrid assembly (adapted from reference [199]).

1.4 Peptide amphiphiles/surfactant-like peptides

Peptide amphiphile is a term used to describe a molecule that comprises a hydrophobic lipid
chain coupled to a hydrophilic oligopeptide sequence [20, 201-206]. Peptide amphiphiles can
self-assemble into a range of nanostructures including nanofibres [19, 207, 208], nanotubes
[203], twisted and helical ribbons [209], micelles [210] and nanotapes [211]. The most widely
studied class of peptide amphiphiles consist of one alkyl tail that is attached to the N-terminus

which can self-assemble in water and through the influence of pH [212], light [213],
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temperature [214], enzyme [215] and ionic strength [20] with chemical diversity that is well

tolerated within the new nanostructure [216].

The first example of a a-peptide amphiphile was reported in 1995 by Tirrell and co-workers,
in which a dialkylester tail was appended to an a-peptide sequence from collagen which
resulted in the assembly of a monolayer at the air-water interface [217]. Thereafter, the Stupp
Laboratory has made significant contributions to understanding the self-assembly properties
of a-peptide amphiphiles [25, 203, 206, 218]. Figure 1.12(A) shows the chemical structure of
a typical peptide amphiphile molecule, which is generally composed of four key structural
regions [201]. The first segment is the hydrophobic domain, which consists of a long,
saturated alkyl tail. The second segment is adjacent to the alkyl tail and consists of a short a-
peptide sequence that promotes hydrogen bonding by the formation of intermolecular B-
sheets. The third segment contains acidic or basic a-amino acids to provide charge and
enhance solubility in water and also to trigger structural changes such as gelation through pH
changes or addition of salts. Finally, the fourth segment, at the C-terminus, is used to
integrate a bioactive signal, which may consist of an epitope that interacts with cell receptors

to bind proteins or biomolecules, or a pharmacological agent [201, 203].
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Figure 1.12: Molecular structure and self-assembly of peptide amphiphile. (A) Chemical
structure with four regions, (B) molecular graphics of self-assembled nanofibre as well as
illustration of the cross-section of this fibre, (C) TEM micrograph and (D) SEM micrograph of
C16-AAAAGGGEIKVAV-COOH (adapted from reference [201]).

When dissolved in water, the hydrophobic alkyl tails drive the self-assembly of the peptide
amphiphile molecules resulting in hydrophobic collapse and hydrogen bond formation
between a-amino acids in the B-sheet domain [49, 219]. Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) (Figure 1.12(C) and (D)) shows self-assembled
cylindrical nanofibres with a diameter of 6-10 nm and many micrometers in length in which
the molecules are tightly packed with the hydrophobic tail and peptide segment oriented
toward the core and aqueous environment respectively. This enabled the precise display of
biological signaling epitopes attached to the terminus of the peptide segment at the surface

of the fibre.

The molecular mechanism involved in the formation of the cylindrical nanofibres is shown in
Figure 1.13 which was described based on simulation studies in aqueous solution [203, 219].
The model takes into account only hydrophobic interactions and intermolecular hydrogen
bonding which are predominant in a-peptide amphiphile self-assembly. Micelles are obtained

when hydrophobic interactions are employed in the absence of any hydrogen bonding (Figure
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1.13(b)). In contrast, when only hydrogen bonding was involved, a broad distribution of 1D B-
sheet resulted from stepwise aggregation of monomers (Figure 1.13(f)). When both
hydrophobic interactions and hydrogen bonding coexist in a system, the phase properties and
self-assembly kinetics differ depending on the strength of each. For example, micelles formed
with random B-sheets interspersed in a relatively weak hydrogen bonding system (Figure
1.13(b)), while any increase in the hydrogen bonding energy breaks the spherical symmetry
and eventually results in long 1D cylindrical nanofibres (Figure 1.13(d)). This combined effect
of intermolecular hydrogen bonding among the peptide segments and the hydrophobic
collapse of alkyl tails leads to the formation of cylindrical nanofibres in aqueous solutions

[203].

Amorphous _|
aggregates

Hydrophobic attraction, €,

Hydrogen Bonding, &,

Figure 1.13: Schematic phase diagram of a-peptide amphiphile from molecular simulation
studies. (a) Free molecules, (b) spherical micelles, (c) micelles with B-sheets, (d) long
cylindrical fibres, (e) stacks of parallel B-sheets, (f) single B-sheets, and (g) the amorphous
aggregate phase (adapted from reference [219]).

The Stupp’s laboratory has extensively studied a broad range of a-peptide amphiphiles, using
various conditions to induce self-assembly into fibrous scaffolds reminiscent of the ECM [50,

220, 221]. Translating the supramolecular assemblies of peptide amphiphiles as candidates
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for clinical applications are still being investigated by modifying and tuning the molecular
structure for specific therapeutic target. The domain that is most frequently modified in order
to incorporate bioactive epitope is the C-terminal region. The bioactive sequences selected
are based on their ability to promote regeneration by favouring adhesion or proliferation of
a specific cell type, facilitate the binding or delivery of a specific growth factor, signaling
protein, and activate endogenous repair mechanisms within a diseased tissue [201]. An
example is the self-assembly of a bioactive a-peptide amphiphile with the sequence Cis-
V3A3K3RGDS which formed nanofibres. The RGDS-presenting nanofibres demonstrated
enhanced viability, proliferation and adhesion of associated bone marrow-derived stem and
progenitor cells for ischemic diseases [221]. Another a-peptide amphiphile was synthesised
with a laminin-derived IKVAV epitope sequence, which provided neural cells with the signal
that is known to play a significant role in neurite growth, cell attachment, migration, and
differentiation. The scaffold induced very rapid differentiation of cells into neurons for spinal

cord injury by promoting axonal regeneration in the damaged spinal cord [204].

Similarly, Hartgerink and colleagues investigated the role of hydrogen bonding and
amphiphilic packing in the self-assembly of a-peptide amphiphiles using the sequence Cis-
G7ERGDS [216]. They found that the four amino acid residues next to the hydrophobic tail
formed B-sheets by hydrogen bonding in the nanofibre. When the hydrogen bonds were
disrupted, the ability to form elongated cylindrical nanostructure was eliminated and,
spherical micelles were formed instead. The hydrogen bonding from the backbone amides
was prevented by removing specific amide hydrogen atoms and substituting them with
methyl groups. Other groups have reported the control of a-peptide amphiphile self-

assembly using different hydrophobic alkyl chain lengths [26, 222-224].

Other research groups have exploited new design motifs, for example Hamley and colleagues
synthesised an a-peptide amphiphile without the B-sheet forming region, C16-KTTKS, derived
from collagen. The monomer self-assembled into tape-like structures and spherical micelles.
Circular dichroism (CD) spectra at both pH 4 and 7 revealed B-sheet secondary conformation,
which was promoted by intermolecular hydrogen bonding between the pentapeptide
headgroup [212]. This group also reported a different a-peptide amphiphile with the
sequence Cis-YEALRVANEVTLN that was derived from the last 13 a-amino acids of the C-

terminus of lumican [225]. Twisted and curved nanotapes were observed in which small angle
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X-ray scattering (SAX) and fibre X-ray diffraction (XRD) revealed the internal packing order of
the nanotapes to contain interdigitated bilayers of the peptide amphiphile molecules. Tirrell
and co-workers also reported a different class of a-peptide amphiphile synthesised with di-
glycine and diethylene oxide spacers and denoted as C16GSH and CisEOSH respectively [18].
A pH-responsive hydrogel was obtained in which histidine residues were used as molecular
switches. At pH 7.4, more than 90% of the imidazoles were in the basic form and capable of
hydrogen bonding and the a-peptide amphiphiles self-assembled to give nanorods and

ribbons.

1.4.1 Isomeric a-peptide amphiphile assemblies

Isomeric peptides are compounds that have an identical chemical composition but different
sequence. In 2014, Stupp and colleagues reported the use of isomeric tetrapeptide
amphiphiles as a molecular building block to create supramolecular 1D nanostructures [22].
Four a-peptide amphiphile isomers, with identical composition but with different amino acid
sequence, self-assembled into different types of 1D nanostructures by only switching the a-
amino acid sequence order. Figure 1.14 shows the self-assembled features of the isomeric a-
peptide amphiphiles in which alternating hydrophobic and hydrophilic a-amino acid
sequences C16-VEVE and Ci6-EVEV formed nanobelts with an average width of ~140 nm and
twisted ribbon morphology with an average width of ~60 nm respectively. By comparison
non-alternating a-amino acids Cis-VVEE and Cis-EEVV, self-assembled into cylindrical
nanofibres with a diameter of ~9 nm and ~18 nm respectively. CD measurements for all the
a-peptide amphiphiles in aqueous solution revealed a B-sheet conformation due to

intermolecular hydrogen bonding which favours cylindrical nanofibre formation.
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Figure 1.14: Schematic representation of isomeric a-peptide amphiphiles comprising four
different a-peptides monomers that self-assembled into 1D nanostructures (adapted from
reference [22]).

The observed supramolecular architectures were proposed to be due to two principles of
molecular design. Firstly, the monomers with an alternating sequence of hydrophobic and
hydrophilic a-amino acids, self-assembled to flat nanostructures which were attributed to the
dimerization of two molecules caused by the association of hydrophobic valine surface. The
dimerized molecules with two alkyl tails tended to assemble further into a flat morphology
that eliminated the interfacial curvature between the peptide segments and the alkyl tails
[22]. The disruption of this structural motif leads to the formation of cylindrical nanofibres
resulting from the combination of alkyl tail-induced hydrophobic collapse and intermolecular
hydrogen bonding among peptide segments. Secondly, the first a-amino acid connected to
the alkyl tail played a critical role in determining the final nanostructure. When the glutamic
acid was placed next to the alkyl chain, steric effects and electrostatic repulsion among the
side chains of glutamic acid had a greater effect on the internal packing of molecules within
the self-assembled structure. The increased repulsions were considered to have limited the
lateral growth of the assembled structures, leading to the formation of twisted ribbons. Wide-
angle X-ray diffraction of C16-VEVE and Cis-EVEV assemblies also revealed that the alkyl tails
within the nanobelts were packed in an interdigitated pattern due to the innermost reflection

that corresponds to a spacing of 39.29 A. However, the XRD for C16-EVEV assemblies revealed
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only one reflection peak at 4.71 A which corresponds to B-sheet conformation and this implies
that the molecules were packed more loosely within the twisted ribbons [22]. These results
highlighted the significance of modifying a-peptide amphiphile monomer in order to direct

the final self-assembly.

1.4.2 pH-Dependent self-assembly of peptide amphiphiles

Apart from modifying the chemical composition of building blocks, variation in the solution
conditions is another important strategy that has been used to switch the self-assembly of a-
peptide amphiphiles [18,212,226-231]. An example is the lateral self-assembly of 6 a-peptide
amphiphiles at pH 4, 11 and 13 that was reported by Chen et al., 2015. The designed
sequences were, Cis-AsKaG(RADA)n (where n= 1, 2 or 3), Cis-AiKaGRA;D2AR, Cie-
AsK4G(RA)2(RA)2 and C16-AsKaG(RGDS); [229]. The surface charge of the individual a-amino
acids was selectively altered as the pH was raised above or below the pKa values of arginine,
lysine and aspartic acid. At pH 4, micellular formation occurred (Figure 1.15(b) and (c)). Since
the pKa values of lysine and arginine are 10.67 and 12.1 respectively, at pH 11, aspartic acid
and lysine residues were deprotonated while the arginine residues remain protonated (Figure
1.15(e)). The sequence C16-AsKaG(RADA)n contained alternating positive and negative charges
at pH 7 and this enabled interdigitating and bundling of nanofibres due to electrostatic
attraction. At pH 13, only the negatively charged surface was created from the deprotonation
of aspartic acid and this prevented lateral assembly due to electrostatic repulsion (Figure
1.15(g)). The lateral assembly of these a-peptides was controlled by designing a-peptide

amphiphiles with opposite charges using arginine and aspartic acid.

26



Figure 1.15: Schematic diagram of pH controlled self-assembly. (a) a-Peptide amphiphile
monomer, (b) formation of micelles at pH 4, (c) repulsion of positively charged lysine, (d)
formation of nanofibres when pH was greater than pKa, (e) attraction of charged Arg or Asp
residues, (f) lateral assembly of nanofibres into bundles, (g) repulsion between residues with
identical charges and (h) absence of lateral assembly (adapted from reference [229]).

In another report, Ghost et al., 2012 developed a series of peptide amphiphiles that
transformed from spherical micelles into nanofibres when the pH was reduced from 7.4 to
6.6 in isotonic salt solution (Figure 1.16) [232]. This was achieved by balancing hydrophobic
and hydrogen-bonding forces, and the repulsive electrostatic and steric forces which resulted
in rapid and reversible morphological changes. The phase diagram (Figure 1.16(C)) represents
the overall influence of concentration and pH on the nature of the self-assembly. This was
obtained by critical aggregation concentration (CAC) measurements performed at pH
4.0-10.0, and CD spectra at 10-30 uM concentrations. The transition points were determined

from both techniques and then plotted to generate a concentration versus pH phase diagram.
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Figure 1.16: TEM images of pH-controlled self-assembly measured at pH (a) 4.0 and (b) 10.0
and (c) phase diagram of concentration against pH (adapted from reference [232]).

Dehsorkhi et al. also reported the transition in nanostructures driven by pH changes that were
observed for the a-peptide amphiphile with the sequence C16-KTTKS [212]. At pH 3, the a-
peptide amphiphile formed flat tape-like structures, while at pH 4 it self-assembled into
twisted right-handed structures. These twisted structures transformed again to flat tape-like
structures at pH 7. In contrast, spherical micelles were observed at pH 2. In another study,
Deng et al. also reported the morphological transition of a a-peptide amphiphile with the
sequence of C12-EVHHQKL [233]. At pH 3 and pH 10, the a-peptide amphiphile self-assembled
into nanofibrils and nanoribbons respectively. There are several other strategies that have
also been used for tuning the self-assembly of a-peptide amphiphiles in order to obtain new
morphologies, some including changes in response to temperature [214], light [213] and

enzyme action [215].
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1.5 B-peptides

B-Peptides are polyamides composed of B-amino acid which differ from a-amino acids due to
the presence of an additional carbon atom in the backbone [234, 235]. The extra CH; group
(Figure 1.17) is inserted between the amino and a-carboxy termini [235, 236]. The side chains
can be positioned at either the a- or B-carbon, resulting in either B? or B3-amino acids [234,

237].
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Figure 1.17: Structural features of a-amino acid, B2and B3-amino acids.

The synthesis of chiral -amino acids from the corresponding a-amino acids by Arndt Eistert
homologation has previously been established by the Seebach and Gellman groups [43, 45,
238, 239]. The incorporation of an additional carbon atom results in the increase in the
number of possible compositional and configurational isomers [240] which are R or S isomers
at either the a-(C?) carbon or the B-(C3) carbon which gives a total of 4 possible isomers for

any given side chain [240, 241].

1.5.1 Secondary structures of B-peptides

B-Peptides have been shown to adopt well-defined helical structures stabilised by hydrogen
bonding [242, 243]. There are at least five different helices known for B-peptides namely; 8-
helix, 10-helix, 12-helix, 10/12-helix and 14-helix (Figure 1.18) [235, 243, 244] and are
identified based on the number of atoms in the hydrogen-bonded patterns. The oligomers of
B3-peptides, in particular, are predominantly defined by a 14- and 12-helical conformation

[235, 245]. The 14-helix is stabilised by hydrogen bonding between an amide proton (HN) at
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position i and the main chain carbonyl (CO) at position i+2, forming a 14-membered pattern
[235]. Similarly, the 12-helix is stabilised by hydrogen bonds between the backbone amides
(HN) at positions i and i + 3 (CO) [235]. The structural features of the 12-helix, 10/12-helix and
14-helix are shown in Figure 1.19 and the geometrical parameters for 14-helix, 12-helix, 10-
helix and a-helix are shown in Table 1.1. The overall structure of the 14-helix differs from that
of the a-helix with a slightly wider radius (14-helix = 2.7 A and a-helix = 2.2 A) a lower number
of residues per turn (14-helix = 3.0 A and a-helix = 3.6 A) and a shorter rise per residue for a
given chain length than the a-helix (14-helix = 1.56 A and a-helix = 1.5 A). The 12-helix has a

radius of 2.3 A and consists of 2.5 residues per turn with a rise per residue of 2.1 A [235].
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Figure 1.18: Nomenclature for B-peptide helices based on hydrogen-bonding patterns
(adapted from reference [235]).
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Figure 1.19: Structure of the a-helix, 14-helix, 12-helix, and 10/12-helix. Carbon atoms are
shown in green, nitrogen in blue, and oxygen in red. The hydrogens are omitted for clarity,
except for the white coloured amide hydrogens (adapted from reference [235]).
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The 14-helix is characterised by approximately 3 residues per turn which result in the
alignment of the side chains of every third residue directly along one face of the helix (Figure
1.19) [235]. Although less prevalent, other secondary structural motifs that have been
observed in B-peptides are parallel sheet [246, 247] and B-hairpin [248] conformations.
Following the pioneering work of Seebach and Gellman, several research laboratories are
presently exploiting the use of B-peptides beyond just the secondary structure to develop

higher ordered structures by appropriate design of B-peptide oligomers.
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Table 1.1: Geometrical parameters for B-peptide helices and a-helix (adapted from
references [235] and [249].

Geometrical parameter | 14-helix | 12-helix | 10-helix | a-helix
Residue/turn 3.0 2.5 2.6 3.6
Rise/residue (A) 1.6 2.1 2.3 1.5
Pitch (A) 5.0 5.6 6.0 5.5
Helical radius (A) 2.7 2.3 - 2.2

1.5.2 B-Peptide bundles

A B3-peptide bundle arises from the cooperative folding of B3-peptides into higher-order
guaternary assemblies in solution [250]. The folded structures are notable for their protein-
like properties which bury their hydrophobic surfaces to the interior. The Zwit-1F B-peptide
bundle is an example which consists of 8 identical B3-peptides, each folded into a 14-helix,
arranged as a pair of tetra-helix “hands” at a 90° angle relative to each other. The control
over the structure (by changing individual components) and assembly of B-peptides could

lead to a new generation of biomaterials for specific applications.

The initial steps towards creating a specific helical-bundle with B-amino acid oligomers were
reported by Gellman and co-workers using two oligomers of optically active trans-2-
aminocyclohexanecarboxylic acid (ACHC) that assembled into a tetramer and a hexamer
[251]. Similarly, a 10-residue B-peptide designed to adopt amphiphilic helical conformation
was also observed to self-assemble in aqueous solution to form tetrameric and hexameric
bundles [252]. This group has also demonstrated the self-assembly of helical quaternary
bundles that are arranged in a parallel orientation formed by oligomers containing a mixture
of a/B-peptides in different combinations in aqueous solution and in the crystalline state
[253-255]. Subsequently, Cheng and Degrado also reported the folded structure of 14-helical
B-oligomers that were stabilised via long-range interhelical interactions and stapled together

by a disulfide bond [256].

The first stoichiometrically defined B-peptide bundle with several high-resolution octameric
structures and with full biophysical characterisation was reported by Schepartz and

coworkers [257-260]. The octameric bundles were made up of B3-decapeptides with three
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distinct faces: a hydrophobic B3-Leu face, a salt bridge face of alternating B3-Orn and B3-Asp
residues, and an aromatic face that contains two B3-Tyr or B3-Phe residues. The B-peptide
oligomer assembled as antiparallel helices in which B3-Leu side chains formed the core of the
bundle. Schepartz et al. also described a series of B3-peptides, which assembled into
octameric B-peptide bundles of known structure and high stability with the sequences
defined as Acid-1Y, Base-1F, Zwit-1F, Acid-1Y, Zwit-EYYO and Zwit-EYYK (Figure 1.20). The
observed thermodynamic and kinetic stability of the structure rendered it an ideal prototype

for the design and functionalisation of a new series of protein-like B-peptide bundles.
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Figure 1.20: (a) Chemical structure of B-dodecapeptide, (b) helical net representation of a -
dodecapeptide folded into a 14-helix with the different B3-peptide sequences (c) B-peptide
bundle, the homo-octamer of Zwit-1F, (d and e) close-up view of salt-bridging interactions at
the (d) anti-parallel and (e) parallel helical interfaces of Zwit-1F, and (f) space-filling model
(orange) showing tight packing of B3-homoleucine side-chains in the Zwit-1F core (adapted
from references [258] and [250]).

As a follow up to this model, the first functional B3-peptide helical bundle was recently
reported [261]. The B3-peptide bundles were capable of both substrate binding and catalysis
of 8-acetoxypyrene-1,3,6-trisulfonate which releases the fluorescent product pyranine upon

ester hydrolysis. This is useful for optical sensor applications and a fluorescent pH indicator
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for the physiological range [261]. A combination of kinetic and high-resolution structural
analysis suggested the presence of an esterase-active site composed of three functional

groups, positioned at separate strands of the octameric bundle structure [261].

1.5.3 Supramolecular self-assembly of B-peptides

Supramolecular self-assembly of B-peptides is the formation of a well-defined large structure
from the organisation of B-peptide monomers. Supramolecular structures are held together
by hydrogen bonding, m—mt stacking, metal-ligand interactions, electrostatic forces, strong
dipole-dipole association, and hydrophobic forces [3]. In the context of materials,
supramolecular self-assembly indicates that monomers are programmed by design to create
a higher ordered structure with incorporated functional property [262]. Supramolecular self-
assembly of B-peptides can occur leading to materials ranging from nano- to macroscopic in

dimension.

One of the earliest examples of a supramolecular self-assembling of B-peptide was reported
by Gellman et al., with the hierarchical organisation and lyotropic liquid crystalline behavior
of self-assembling B-peptides composed of ACHC [263, 264]. The designed peptide contained
a minimum of three repeats of the ACHC-ACHC-B3-Lys triad (Figure 1.21). This peptide folded
into a 14-helical conformation, leading to the segregation of the hydrophobic cyclohexyl ring
and hydrophilic B-3Lys residue. The cyclohexyl units of neighboring B-peptide interdigitated
to form a zipper-like motif referred to as a “cyclohexyl zipper” that was achieved by
intermolecular association mediated by the amphiphilic nature of the molecule. Structural
analysis revealed the existence of two different types of species, globular aggregates, and
nanofibres which are the predominant self-assembled structure that leads to LC phase

formation [263].
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Figure 1.21: Self-assembled lyotropic liquid crystals with a minimum of three repeats of the
ACHC-ACHC-B3-Lys triad. Biological recognition group (biotin or the tripeptide RGD) was
incorporated at R (adapted from reference [263]).

A number of 3D microstructures of B-peptides which were comprised of homo-oligomers of
trans-(S, S)-2-aminocyclopentanecarboxylic acid (ACPC) as a building block for self-assembly
have been described [265-268]. The B-peptide monomers, ACPCs, ACPC; and ACPCs have
been shown to self-assemble into novel 3D tooth-like shape, windmill-shaped and tapered
square rod structures and rectangular microtubes (Figure 1.22) [265, 268, 267, 266]. The
monomer adopted a stable right-handed 12-helical conformation in solution [265]. The self-
assembled motif was based on the fact that the helix self-assembled in an aqueous
environment through lateral hydrophobic interactions between the helical faces as well as by
head-to-tail intermolecular hydrogen bonding [266]. In a recent report, Yoo and Lee
demonstrated the diverse morphologies, molecular packing strategies, and anisotropic
characteristics of 3D molecular architectures formed from self-assembly of helical peptide
foldamers [269]. Highly ordered anisotropic molecular packing motifs, which are encoded in
the foldamer building blocks, are responsible for their unique shapes and functional
anisotropies. Kwon et al. subsequently tested the ability of these structures to align and move
under a magnetic field at the microscopic as well as macroscopic scales by implantation of
magneto-responsive foldamers into hydrogels [267]. These reports highlighted the design and
creation of biocompatible 3D molecular architectures with diverse functions and
morphologies that could potentially be used for the next generation of biocompatible

peptide-based structures.
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Figure 1.22: (A) Self-assembly of tooth-shaped architectures from trans-(R,R)-ACPCs and (B)
self-assembly of rectangular microtubes from trans-(S,S)-ACPCs (adapted from references
[270], [268] and [265]).

1.6 N-acetyl B3-peptide assemblies

N-acetyl capped B3-peptide assembly is a unique process of supramolecular self-assembly
which was first reported in 2013 [46]. Capping the N-terminus with an acetyl group provided
a 3-point hydrogen bonding stabilisation for the 14-helical conformation that is associated
with B3-peptides (Figure 1.23) as suggested by Xray crystallography [46]. The N-acetyl group
plays a critical role by providing the third donor-acceptor interaction pair and thus promotes
axial self-assembly and fibre growth into higher ordered structures. TEM and atomic force
microscopy (AFM) revealed that the peptides with a free amine showed no signs of self-
assembly, whereas the N-acetylated peptides showed self-assembled fibrous morphologies
of varying sizes and shapes in several solvents [46, 237]. The structures of two tripeptide

monomers could be superimposed with a B-hexapeptide to exhibit a typical left-handed 14-
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helical structure with exactly two turns, and internally supported by i, i+3 intramolecular

hydrogen bonds.
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Figure 1.23: Self-assembly of 14-helical B3-peptides. (A) Intramolecular hydrogen bonding
motif for helix stabilisation, (B) supramolecular self-assembly (SSA) by intermolecular
hydrogen-bonding motif (C) fibre formation by head to tail hydrogen bonding, and (D)
macroscopic fibres formed by B3-hexapeptide Ac-WKVWEV-OH (adapted from reference
[46]).

The B3-peptides self-assembled in water and methanol resulting into fibre formation from
several micrometers up to 3 cm in length and approximately 0.25 mm in diameter within one
hour of incubation (Figure 1.23(D)). The large fibrillary structures self-assembled from B3-
peptides monomers which comprised of B3-amino acids in multiples of three residues [46].
The head-to-tail model of B3-peptides self-assembly was shown to be persistent under a
variety of conditions with fibres growing into large structures. Similarly, a B3-tripeptide with
the sequence B3Leu-B3lle-B3Ala (LIA), revealed the same trend of head-to-tail self-assembly in

different solvents [271-273].

This “head-to-tail”’ self-assembly model, in combination with the unique helical structure of
the B3-peptide monomer, offers the opportunity for the introduction of a wide variety of
functions by modifying the side chains of the B3-amino acids, without perturbation of the self-

assembly motif [234]. The inherent flexibility in this unique design, as well as ease of
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synthesis, provide a new strategy for the development of novel bio- and nanomaterials via N-

acetyl B3-peptide supramolecular self-assembly.

1.6.1 Functionalised B3-peptide materials

Supramolecular self-assembly of B3-peptides provides a strategy for developing new materials
for future applications by the incorporation of specific functional components onto building
blocks without disrupting the structural motif and fibre stability. Luder et al., 2016 reported
the decoration of N-acetyl B3-tripeptides (without lipidation of the monomer) with either RGD
or IKVAV conjugated to the side chain [274]. The B3-tripeptides spontaneously self-assembled
to give nanofibres with biologically active signals that supported the growth of cardiac
fibroblasts and bone-marrow derived macrophage cells. Modulation of these biological
signals led to the optimisation of cellular attachment and proliferation. Figure 1.24 shows the
proposed self-assembly model for the decorated B3-peptide nanofibres with side chain
functionalised with a-peptide cell-attachment signals RGD or IKVAV. The integrity of each B3-
tripeptides was maintained and supramolecular self-assembly of these B3-tripeptides was

unperturbed even with the inclusion of a-peptides onto the side chain.

Figure 1.24: Design and self-assembly model of decorated B3-tripeptide nanofibres with side
chains functionalised with cell-attachment signals IKVAV (peptide A) and RGD (peptide B). A
non-decorated B3-tripeptide with the sequence LIA (peptide C) was used as control [274].
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During the course of this thesis, two papers were published [47, 275]. The first was
functionalisation of B3-tripeptide with a Ci4 alkyl chain by coupling onto the side chain of B3-
peptide backbone. Figure 1.25 shows the self-assembled nanofibres of N-acetylated-B3-
tripeptides functionalised with a Ci14 hydrophobic alkyl tail. The peptide formed a hydrogel
(Figure 1.25(C)) at a concentration of 10 mg mL* in phosphate-buffered saline (PBS) pH 7.4
and maintained a stable structure under the physiological condition that sustained neuronal

cell growth and differentiation [47, 275].
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Figure 1.25: Supramolecular self-assembled of N-acetyl-B3-tripeptide functionalised with a
hydrophobic acyl chain, (A) AFM image of nanofibres, (B) TEM image of nanofibres and (C)
stable hydrogel (adapted from reference [275]).

The second was the dual functionalisation of B3-tripeptide with a Cis alkyl chain and a cell
signaling epitope, RGD. This was achieved by first synthesising a new B3-amino acid with an
Allyloxycarbonyl (Alloc) protected aminoethyl amide side chain to allow the orthogonal
attachment of two functionalities to the B3-tripeptide using solid-phase peptide synthesis
[47]. The peptide was dissolved in PBS solution and formed a stable hydrogel at a
concentration of 10 mg mL™. The dual-functionalised B3-tripeptide showed enhanced L929
cell (mouse fibroblastic cell line) adhesion by increasing the RGD concentration from 2% to

8% [47)].

The design and functionalisation of B3-peptides may open a new era of biomaterials that

possess proteolytic stability and controlled self-assembly pattern for specific applications.
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1.7 Aims of this project

Previous studies involving N-acetyl B3-peptides exploited the head-to-tail self-assembly motif
to form fibrous structures. However, finer control of the overall architecture was required,
and the overall aim of this study was to develop a strategy for the control of B3-peptide self-

assembly.
The specific aims are;

1) To synthesise B3-peptide amphiphiles using different lengths of alkyl chains, and
characterisation of the self-assembled nanostructures
2) To investigate the internal molecular packing of self-assembled nanostructures of B3-
peptide amphiphiles
3) To determine the influence of hydrogen bonding and electrostatic interaction during
axial and lateral self-assembly of B3-peptide amphiphiles.
This thesis comprises three experimental Chapters (2, 3 and 4). Briefly, Chapter 2 describes
the rational design and synthesis of B3-peptide amphiphiles using 3 different lengths of
hydrophobic alkyl chains (C12, C14, and Ci6). A series of 12 different peptides were synthesised
and the self-assembled morphologies were characterised using AFM and TEM. Chapter 3
explored the use of nanoindentation by AFM to study the internal molecular packing of self-
assembled nanostructures. High-resolution images and dimensions of the internal structural
organisation were obtained and compared with calculated values which resulted in a
proposed self-assembly model for B3-peptide amphiphiles. Chapter 4 describes the influence
of pH changes on axial and lateral self-assembly of B3-peptide amphiphiles. Another series of
B3-peptide amphiphiles were synthesised with a C-terminal amide and the incorporation of
B3-arginine residues within the sequence. Self-assembly was studied in solution using AFM.
Chapter 5 gives the general conclusions of this project and possible future directions. Overall,
this thesis has explored the design, synthesis and structural properties of B3-peptide
amphiphiles and the results lay the foundation for the future application of these novel

materials.
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Chapter Two

Alkyl Chain Position Dictates the Self-Assembly Architecture
of B3-Peptide Amphiphiles

The design, synthesis and self-assembled morphology of B3-peptide amphiphiles was
investigated. AFM and TEM analysis revealed that the alkyl chain position significantly
influenced the morphology and size of self-assembled nanostructures. The alkyl chain at Ro or
Ri1 resulted in the formation of twisted ribbons, while those at R, or Rz formed nanobelts. In
addition, stable supramolecular hydrogels were formed under physiological conditions. The
driving force for the self-assembly was the collective balance of hydrogen bonding,
hydrophobic interactions and electrostatic attraction. These results demonstrated the
significance of modifying building blocks in order to obtain controlled supramolecular self-

assembled B3-peptide-derived architectures.

67



2.1 Introduction

Oligomers of B3-peptides are a versatile class of molecules that have demonstrated unique
self-assembly properties [1-5]. N-acetylated B3-peptides in particular, are known to
spontaneously form fibrous structures with a large range of irregular morphologies and sizes
[6, 7]. For example, a B3-tripeptide with the sequence B3Leu-B3lle-B3Ala (LIA), was recently
reported to self-assemble into diverse morphologies and size in different solvents [7].
Similarly, B3-peptides with the same composition but different B3-amino acid sequence also
underwent self-assembly demonstrating that this class of B3-peptides self-assembled
irrespective of sequence [8, 9]. However, the irregular morphology and size of the resultant
fibres limit the application of B3-peptides. Given that the control of self-assembly is an
important prerequisite for future applications, there is a need to develop new strategies for

control of material properties.

Several studies have demonstrated that incorporation of an alkyl chain within a self-
assembling a-peptide is a method to control self-assembly to form cylindrical nanofibres with
uniform diameter [10-14]. In order to achieve a similar level of control, it was hypothesised
that introducing an alkyl chain into the B3-peptide monomer will control the self-assembly

and produce nanostructures with defined architectures.

The first section of this chapter describes the design and synthesis of a series of B3-peptide
ampbhiphiles using alkyl chains of different lengths that were incorporated into the B3-peptide
sequence at different positions. The second section describes the self-assembly of the
synthesised B3-peptide amphiphiles and characterisation of the morphologies using high-
resolution AFM and TEM. In addition, the ability of these B3-peptide amphiphiles to form
stable hydrogels were investigated. The results in this chapter provide a promising strategy
for controlling the self-assembly of B3-peptides which also yielded B3-peptide-based

hydrogels for functionalisation and potential application as biomaterials.

2.2 Design of B3-Peptide Amphiphiles

N-acetylated B3-tripeptides are known to form 14-helices with a near perfect pitch of three

residues per turn and stabilised by six axially-oriented intermolecular hydrogen bonds [1, 2,
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6]. Figure 2.1 shows a schematic of the B3-tripeptide self-assembly motif which creates an
alignment of B3-amino acid side chains along each face of the helix. The position of the side
chains on the exterior of the helical structure also offers a significant opportunity to precisely

modify or attach functional moieties to the final product.

B3-Tripeptide monomer B3,4 -Helical scaffold

Figure 2.1: Alignment of side chains for self-assembled N-acetylated B3-tripeptides. The
monomer consists of three B3-amino acids residues (represented in red, blue and green
colours). The monomer forms helical scaffold with side chains presented directly atop one
another outside the helix.

A B3-peptide amphiphile is defined in this study as a class of molecule that combines the
structural features of a B3-peptide and a hydrophobic alkyl chain. Each B3-peptide amphiphile
was designed with B3-homoalanine (BA), B3-homolysine (BK) for solubility and PR3-
homoazidoalanine (BAz*) which is a novel amino acid that contains a methylazide sidechain
which allows for orthogonal lipidation. N-terminal acetylation was required to provide the
hydrogen bond pair for the self-assembly to occur [1]. To understand the role of alkyl chain
position in dictating the self-assembly, each B3-peptide amphiphile was designed with a single
alkyl chain coupled to the B3-peptide backbone at four different locations referred to as Ro,
R1, Rz, and Rs based on the residue to which the alkyl chain was coupled. Figure 2.2 shows the
structure of B3-peptide amphiphiles synthesised with alkyl chain lengths of C12, C14 and C¢ at

different positions.
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Figure 2.2: Design of B3-peptide amphiphiles with alkyl chain (red colour) wheren=9, 11 or
13 at positions Ro, R1, Rz, and Rs.

Furthermore, a peptide without an alkyl chain and another without an acyl cap were also

synthesized to act as controls.
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2.3 Materials and methods

2.3.1 Materials, Chemicals and Reagents

Fmoc-B3-homo-alanine-OH, Fmoc-B3-homo-lysine(Boc)-OH, Wang resin, O-
benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate  (HBTU) and
Triisopropylsilane (TIS) were purchased from GL Biochem Ltd (Shanghai, China).
N,N-Diisopropylethylamine (DIPEA) and N,N-Dimethylformamide (DMF) were
purchased from Auspep (Melbourne, Australia).

Trifluoroacetic acid (TFA) was purchased from Oakwood Chemical Co. (Estill, SC, USA).
4-Dimethylaminopyridine (DMAP), acetic anhydride, dodecanoic acid (lauric acid),
tetradecanoic acid (Myristic acid) and hexadecanoic acid (Palmitic acid) were
purchased from Aldrich Chemical Co. Inc. (St Louis, MO, USA).

Dichloromethane (DCM), Tetrahydrofuran (THF), Piperidine, Diethyl ether (Ether) and
HPLC grade Acetonitrile (ACN) were purchased from Merck KGaA (Darmstadt,
Germany).

Fmoc-L-Dbu(N3)-OH (Fmoc-B3-homo-azidoalanine) was purchased from Iris Biotech
GmbH (Marktredwitz, Germany).

Triphenylphosphine (PPhs) was purchased from BDH Chemicals (Pooles, England).
Phosphate buffer saline (pH 7.4) was purchased from Gibco® life technologies ™ (New

York, USA).

2.3.2 Synthesis of B3-peptide amphiphiles

B3-peptide amphiphiles were synthesised using solid phase peptide synthesis (SPPS). The

synthesis was carried out on a 0.1 mmol scale where the first B3>-amino acid was attached to

Wang resin using 3.1 eq B3-amino acid, 3 eq HBTU, 4.5 eq DIPEA and 0.1 eq DMAP, dissolved

in DMF overnight with constant mixing. The resin was then washed 3 times with DMF before

deprotection of the Fmoc group on the first B3-amino acid with 20% piperidine in DMF (2 x 20

min). The by-products were removed by washing 5 times with DMF after deprotection. The

second B3-amino acid was then coupled to the free N-terminus of the first B3>-amino acid using

3.1 eq B3AA, 3 eq HBTU and 4.5 eq DIPEA in DMF for 1 hour. The cycles were repeated until

the B3-tripeptide sequences were completed.
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Alkylation and acetylation were carried out following the final coupling of B3-amino acid in
the sequence. The B3-tripeptides with the sequences; C12-KAK-OH (P1), C14-KAK-OH (P2) and
C16-KAK-OH (P3), were alkylated at the N-terminus and referred to as Ro. The Fmoc on the N-
terminal residue was deprotected before coupling the alkyl chains with lauric acid (3.1 eq.),
myristic acid (3.1 eq.) and palmitic acid (2 eq.) to P1, P2 and P3 respectively using 3 eq HBTU
and 4.5 eq DIPEA for coupling C12 and C14 in DMF, while 2 eq HBTU and 6 eq DIPEA were used
for coupling palmitic acids in DMF. N-terminal acetylation was carried out before alkylation
was performed for B3-tripeptides with the sequences Ac-Az*(C12)KA-OH (P4), Ac-Az*(Cia)KA-
OH (P5), Ac-Az*(C16)KA-OH (P6), Ac-AAz*(C12)K-OH (P7), Ac-AAz*(C14)K-OH (P8), Ac-
AAz*(C16)K-OH (P9), Ac-KAAZ*(C12)-OH (P10), Ac-KAAz*(C14)-OH (P11) and Ac-KAAz*(C16)-OH
(P12). For N-terminal acetylation, the Fmoc-protecting group of the N-terminal B3-amino acid
was cleaved off before the addition of 0.45 mL acetic anhydride and 0.05 mL DIPEA in 4.5 mL
DMF (2x20 min). For the alkylation, reduction of the azide moiety to an amine was carried
out using 3 eq PPhs dissolved in THF and H;0 (4:1). This was incubated overnight or in a
microwave for 2 hrs set at 60°, 100 W and 75 Psi. The mixture was then washed with THF/H,0
(4:1), DCM and DMF before the alkylation was performed as described above. The B3-peptide
amphiphiles with alkyl chains attached to the amine of Az* at residue 1, 2 and 3 are called,
Ri, R2 and Rs (for example P4, P7 and Pi1o) respectively. Two control peptides with the
sequences Ac-Az*KA-OH (P13) and NH,-Az*(Ci4)KA-OH (P14) were also synthesised as

described above but without alkylation and N-terminal acetylation respectively.

B3-tripeptides were cleaved off the resin with a 10 mL cleavage cocktail made with 2.5% v/v
water, 2.5% v/v TIS in 95% TFA for 3 hrs. Thereafter, TFA was evaporated under a stream of
N2 and the synthesised product was precipitated by the addition of 40 mL diethyl ether. The
precipitate was filtered through a sintered glass funnel and reconstituted in HO/ACN (3:1)
before it was lyophilised overnight in the FreeZone® -105°C 4.5 L benchtop freeze dry system
(Labcono, VWR).

2.3.3 Purification of B3-peptide amphiphiles

All B3-peptide amphiphiles were purified using a preparative reversed phase high-

performance liquid chromatography (RP-HPLC) using an Agilent HP1200 system equipped
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with a preparative column (Cig, 300 A, 5 um, 10 mm x 250 mm). The peptides with the alkyl
chain length of Ciz, Cia and Cis were first dissolved in 40%, 50% and 60% v/v ACN in H20
respectively and filtered through a 0.45 um Acrodisc® syringe filter with Supor® membrane
(Pall Corporation), before injecting 5mL of the filtrate onto the preparative column. All the
peptides were eluted with gradients from 20-70% over 60 min (Table 2.1) except for P13
which was purified 0-20% over 50 min (Table 2.2), using 0.1% TFA in H,O (Solution A) and
0.1% TFA in ACN (Solution B) at a flow rate of 6 mL/min. To assess peptide purity, the collected
fractions were then analysed by analytical HPLC (Agilent HP1100) and mass confirmed by
mass spectrometry (Agilent 1100 MSD SL). Fractions with the confirmed purity and molecular

mass were pooled together and lyophilised.

Table 2.1: RP-HPLC gradient used for purifying P1 — P12 and P14.

Time (min) | Buffer B (%)
0 20
50 70
55 98
57 98
60 20

Table 2.2: RP-HPLC gradient for purification of P13.

Time (min) | Buffer B (%)
0 0
50 20
52 98
54 98
60 0
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2.3.4 Atomic force microscopy

All samples were dissolved in water to a final concentration of 0.25 mg/mL and incubated for
at least 1 hr. Thereafter, 2 uL of samples were placed on a freshly cleaved 12 mm mica and
air dried at room temperature. Structural analysis was performed using AFM in air with
NanoScope® IV equipped with a MultiMode™ head (Veeco Instrument Inc. New York, USA
and a Bruker AFM multimode VIII (Bruker Corporation Massachusetts, USA) powered by Peak
Force® Tapping mode with ScanAsyst. Images were obtained using a ‘J-scanner’ or ‘E-
scanner’. The probe used was a mikromasch cantilever (NSC-15 ‘B’ silicon cantilevers) with a
force constant of 40 N/m. Topographic, phase and amplitude images were captured
simultaneously using a scan frequency of 1 Hz. The captured images were processed, and
measurement of height values was carried using Gwyddion 2.45 software. For the height
values, 100 different measurements of self-assembled morphology was carried out by
extracting the profiles before exporting to Microsoft Excel in order to produce normalised
height profile graphs. Finally, statistical analysis was done using one-way ANOVA and Tukey’s

multiple comparison test.

2.3.5 Transmission electron microscopy

Structural analysis was carried out by TEM using 2 uL peptide sample solution deposited onto
a carbon-coated copper grid. The excess solution was gently blotted with filter paper and left
to dry for 30 min under ambient conditions. Microscopy was done on a Hitachi H-7500 TEM
(80 keV) and a FEI Tecnai G2 Spirit TEM (Oregon, USA) operated at 100 keV and 120 Kev. The

captured images were processed and analysed using ImageJ software.

2.3.6 Hydrogel formation

All B3-peptide amphiphile samples were dissolved to a final concentration of 10 mg/mL in
phosphate-buffered saline (PBS) solution. The peptide solutions were allowed to stand for 1
hr for visual inspection of hydrogels. Thereafter, the inversion test was carried to observe the

formation of the hydrogel. A complete and stable hydrogel results in a zero visible
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deformation, while a sample undergoing incomplete gel transition shows deformation in the

form of flow towards the lid [15].
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2.4 Results

2.4.1 Synthesis and purification of B3-peptide amphiphiles

To explore the effect of alkyl chain length and position in controlling the self-assembly of B3-
peptides, 14 B3-peptide amphiphiles (P1-P14) were designed and synthesised as shown in
Figures 2.2 and 2.3. The final B3-peptide amphiphiles P1-P12 possess both a hydrophilic
residue BK and hydrophobic alkyl chain (C, where n = 12, 14 and 16). Figure 2.4 shows the
SPPS of Rofor P1, P2 and P3, while Figure 2.5 shows the SPPS for R1, Rz and Rs. The synthesis
of Ro was performed without BAz* because the alkyl chain was coupled directly to the N-
terminal end. Therefore, BK was used in place of BAz* because of its hydrophilic nature. For
the synthesis of Ri, Rz or Rs, the BAz* was used as a means to couple the alkyl chain to the
side chain. This was achieved by converting the azide (N3’) group in BAz* to an amine via the
Staudinger reduction [16]. The amine provided the handle for conjugation of the alkyl chain

to the B3-peptide backbone.

In addition, the two control peptides P13 and P14 were synthesised without an alkyl side
chain and N-terminal acylation respectively. The purpose of P13 and P14 was to provide more
insight into the influence of the alkyl chain and N-terminal acetylation on the self-assembly

of B3-peptides amphiphiles.
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Coupling of 3.1eq. Fmoc-BK(Boc)-OH to Wang resin + with 3eq. HBTU, 4.5eq. DIPEA and 0.1eq DMAP

2. Repeat cycles of deprotection + wash + coupling Fmoc-BA + Fmoc-K(Boc)

Fmoc deprotection + Lauric/myristic/palmitic acids 3.1eq./3.1eq./2.1eq.. DIPEA 4.5eq/4.5eq/6eq and

cleavage

n=9,11o0r13

Figure 2.4: SPPS reaction sequence for P1, P2 and P3 in which alkyl chains were incorporated

at the N-terminus.
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(1), (2) and (3) Coupling of 1st, 2nd and 3rd Fmoc-B3-amino acids respecctively
(4.) B3-peptide backbone + N-terminal acetylation

(5) PPh; reduction of azide for 18 hr

(

6) Alkylation with myristic/lauric/palmitic acids for at least 1hr + Cleavage

n=9,11o0r13

Figure 2.5: SPPS reaction sequence for R1, Rz and R; B3-peptide amphiphiles. The B3-peptide
backbone shows the side chain azide (N3) of BAz* before reduction to the amine via
Staudinger reaction. This scheme was used for the synthesis of P4 - P12. P13 and P14 were
also synthesised using the same scheme but without the alkyl chain and N-terminal
acetylation respectively.

The purified B3-peptide sequences, calculated mass and obtained mass are shown in Table
2.3. The mass obtained for the synthesised peptides corresponded to the calculated mass.
Following synthesis and purification, the peptide fractions were analyzed by RP-HPLC for
purity. The purity of each synthesised B3-peptide amphiphile was confirmed by the presence
of only one main peak detected at 214 nm. The RP-HPLC chromatograms obtained for P1 -

P14 analyses are shown in Figure 2.6.
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Table 2.3: Synthesised and purified B3-peptide amphiphiles.

Alkyl Code Alkyl chain | Peptide Sequence | Calculated | Obtained

chain length mass mass
position

R, P1 (o C,,-KAK-OH 569.5 570.3
P2 Cua Cy4-KAK-OH 598.3 597.9
P3 Cuis C,6-KAK-OH 625.51 624.4
R, P4 (o Ac-Az*(Cy,)KA-OH 569.4 568.3
P5 Cu Ac-Az*(Cy4)KA-OH 596.3 596.5
P6 Cis Ac-Az*(Cy)KA-OH 625.5 624.4
R, P7 (o Ac- AAZ*(C,,)K-OH 569.4 568.3
P8 Cua Ac- AAZ*(Cy4)K-OH 596.4 596.5
P9 Cuis Ac- AAZ*(Cy6)K-OH 625.5 624.4
R, P10 (o Ac- KAAZ*(C,,)-OH 569.4 568.3
P11 Cua Ac- KAAZ*(C,)-OH 596.4 596.5
P12 Cis Ac- KAAZ*(Cy6)-OH 625.5 624.4
Controls P13 - Ac-Az*KA-OH 4133 414.0
P14 Cua NH,-Az*(C;4)KA-OH | 555.4 556.3
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Figure 2.6: Chromatograms of analytical RP-HPLC for purified peptides P1 - P14.




2.4.2 Self-assembly of Ro B3-peptide amphiphiles

AFM and TEM were used to characterise the self-assembled nanostructures of Ro B3-peptide
amphiphiles. The effect of alkyl chain length and position on the self-assembly of B3-peptide
amphiphiles was investigated by dissolution of the samples in mg-H20. As shown in Figure
2.7, the AFM images revealed that P1, P2 and P3 formed nanofibres. Figure 2.7(A), (B) and (D)
show an intertwined nanofibrous mesh. The nanofibres are long with a surface periodicity
(indicated with white arrows). As an alternative, TEM images also revealed a similar
morphology to that observed by AFM except for P1 which could not be imaged by TEM. P1
may require staining of the TEM grids which will increase the contrast of the image [17]. TEM
images for P2 and P3 (Figure 2.7(C) and (E)) revealed evidence of twisted ribbons, consistent
with the periodicity observed by AFM for both P2 and P3. In addition, the variation in the
length of alkyl chains did not show any effect (except for P1) on the self-assembled

morphology for Ro B3-peptide amphiphiles.
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Figure 2.7: Self-assembled architectures of Ro B3-peptide amphiphiles. (A) AFM image of P1
nanofibres, (B) AFM and (C) TEM images of P2 nanofibres, (D) AFM and (E) TEM images of P3

nanofibres. The white arrows in (B), (D) and (E) indicate surface periodicity by AFM and
twisted ribbons by TEM.
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Figure 2.8 shows sections of P2 and P3 nanofibres which exhibited rope-like nanostructures
with a surface periodicity. The surface profiles of these nanofibres were extracted and the

topologies of the nanofibres revealed a periodicity of 1.6 + 0.5 nm in height.
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Figure 2.8: Extracted profiles of surface periodicity in self-assembled Ro B3-peptide
amphiphiles. (A) P2 periodicity (B) P3 periodicity. Inserted AFM images show the highlighted
twisted ribbon sections of the extracted profiles.

To ascertain the dimensions of these twisted ribbons by AFM, a total of 100 height
measurements were taken and used to determine the mean, mode, standard deviation (SD)
and standard error of mean (SEM*) from the frequency distribution plots (Table 2.4). The
average height value for each peptide from this distribution was taken to be the mean value
from the Gaussian analysis curve. The average height values of P1, P2 and P3 are 5.4 + 0.3
nm, 6.4 + 0.6 nm and 8.2 + 1.0 nm respectively. It was also observed that the height

distribution of P1 was bimodal. The heights increased as the alkyl chain length increases. The
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height values of P1 was found to be significantly lower than that of P2 and P3 (p < 0.05), and
P2 was significantly lower than P3 (p < 0.05).

Table 2.4: Summary table of heights distribution for Ro B3-peptides amphiphiles.

Alkyl chain Code Height Distribution Heights
position (nm)
25
Ro
= 2 Mean = 5.4
=
g 151 Mode = 5.4
-1
ﬂ P1 g ' SD=0.3
'™
d SEM = 0.1
i C
12 ol
™ N ALK —on 4 6 8 10
Height [nm]
25
< 20 Mean = 6.4
E‘l 15 Mode = 6.4
8
P2 §- 10 SD=0.6
g SEM = 0.1
Cia
;l 6 8 10
Height [nm]
25
= 20 Mean = 8.2
&
E‘ 15 Mode = 8.4
v
P3 % 10 Sb=1.0
fref
5 SEM =0.1
Ci6 o
5 6 7 8 9 10
Height [nm]
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2.4.3 Self-assembly of R; B3-peptide amphiphiles

The Ri B3-peptide amphiphiles P4, P5 and P6 also self-assembled into a nanofibrous
architecture. Figure 2.9 shows the self-assembled nanostructure of P4, P5 and P6 which
revealed an intertwined nanofibre mesh by both AFM and TEM. Despite the different
positions of the alkyl chains in Ro B3-peptide and R1 B3-peptides, the morphological features
are very similar. For example, AFM images revealed nanofibres with evidence of surface
periodicity (Figure 2.9(A), (C) and (E)). It was also found that the different length of alkyl chains

did not show any effect on the final self-assembled structure.
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Figure 2.9: Self-assembled morphology of R1 B3-peptide amphiphiles. (A) AFM and (B) TEM
images of P4 nanofibres, (C) AFM and (D) TEM of P5 nanofibres, (E) AFM and (F) TEM images
of P6 nanofibres. The highlighted dotted boxes in (A), (D) and (F) are shown in high
magnification in Figure 2.10.

The nanofibres presented by P4, P5 and P6 (Figures 2.9(A), (D) and (F)) were further analysed

in which the extracted surface profile of P4 revealed a periodicity of 0.9 + 0.2 nm (Figures
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2.10(A) and (B)). The TEM images of P5 and P6 (Figures 2.9(D) and (F)) were also analysed by
high magnification (x67000). Figure 2.10(C) and (D) show several points (indicated by white

arrows) where the twisted ribbon patterns occurred for P5 and P6.
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Figure 2.10: Surface profiles of R1 B3-peptide amphiphiles by high-resolution AFM and TEM.
(A) High magnification of AFM image for P4 showing surface periodicity, (B) analysis of the
extracted length profile along the surface of the nanofibre in A, (C) TEM high magnification
(x67,000) image of P5 and (D) high magnification (x67,000) of P6. White arrows used for (C)
and (D) show the location of the twisted patterns.

The frequency distribution of the height values was obtained by AFM analysis (as previously
described for Ro B3-peptide amphiphiles). The average height of P4, P5 and P6 were found to
be 5.8 + 0.7 nm, 6.2 + 0.6 nm and 8.4 + 0.9 nm respectively (Table 2.5). As the hydrophobic

alkyl chain length increases, the size was observed to also increase. For example a difference
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in height values between P4 and P6 of =2 nm was observed. Regardless of the length of alkyl
chain or position, the average height values for R; and Ro B3-peptide amphiphiles were
observed to be similar. The height values of R1 peptides revealed that P4 and P5 are
significantly lower than P6 (p < 0.05) however, there was no significant difference in the

height values between P4 and P5 (p > 0.05).

Table 2.5: Summary table of height distribution for R; B3-peptides ampbhiphiles.

Alkyl chain Code Height Distribution Height
position nm
iti (nm)
20
R4
3? 15
'5 Mean = 5.9
P4 5,; Mode = 5.8
Q
- SD=0.7
Ci SEM =0.1
o 4 6 8 10
DH Height [nm]
(Dn 2 Mean = 6.3
7 20 Mode = 6.2
315 SD=0.6
£
P5 § 10 SEM = 0.1
o
Cia )
;I 6 8 10
Height [nm]
Mean = 8.2
20
Mode = 8.4
£ SD = 1.0
Q
P6 § 10 SEM = 0.1
4
o5
c16
;1 6 8 10
Height [nm]
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2.4.4 Self-assembly of Rx B3-peptide amphiphiles

The self-assembled morphology of R, B3-peptide amphiphiles were a stark contrast from
those observed for Ro and Ri peptide amphiphiles. The AFM images of R, B3-peptide
amphiphiles in Figure 2.11 revealed a distinct nanobelt morphology for P7, P8 and P9. The
nanobelts appeared flat, long and straight, and in comparison to the twisted ribbons displayed
by Ro and R1, the nanobelts of R, B3-peptide amphiphiles did not exhibit any twisted patterns.
The TEM images obtained under the same conditions further confirmed the rigid nanobelt
morphology (Figure 2.11(B), (D) and (F)). Given that P7, P8 and P9 all formed nanobelts, this
indicates that variation in the length of alkyl chain did not affect the type of self-assembled
morphology for R, B3-peptide amphiphiles. However, the change in self-assembled structures
from the twisted ribbon to nanobelt was dictated by only switching the position of the alkyl

chain from Ro/R1 to Rz on the B3-peptide backbone.
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Figure 2.11: Self-assembled morphology of R, B3-peptide amphiphiles. (A) AFM and (B) TEM
images of P7 nanobelts, (C) AFM and (D) TEM images of P8 nanobelts, (E) AFM and (F) TEM
images of P9 nanobelts.

In order to further understand the surface features of the nanobelts, the images in Figure

2.11 were converted to a 3D format which shows well-defined rigid nanobelts (Figures
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2.12(A), (C) and (E)). The surface topological profiles were extracted and graphically presented
as shown in Figures 2.12(B), (D) and (F). The profiles revealed that the nanobelts have flat
plateaus with wide architecture of more than 200 nm. Wider nanostructures formed as a
result of smaller nanobelts that merged together by lateral association. For example, a rod-
like surface profile was observed for P7 (Figures 2.12(A) and (B)) which merged to form a
wider nanobelt surface. The decrease in height value on the surface for profile 1 of P7, (Figure
2.12(B)) indicates the point where two nanobelts merged. Similarly, profiles 1 and 2 for P8
(Figure 2.12(D)) also shows merging points for three and two nanobelts respectively. For P9,
profile 2 (Figure 2.12(F)) shows two nanobelts with different height values that merged

together to give a single nanobelt.
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Figure 2.12: Surface topology of self-assembled nanobelts of R, B3-peptide amphiphiles by
AFM. (A) 3D image of P7, (B) graphical presentation using extracted profiles from sections of
(A), (C) 3D image of P8, (D) graphical presentation using extracted profiles of C, (E) 3D image
of P9, (F) graphical presentation using extracted profiles of (E).

The average height values for P7, P8 and P9 nanobelts were obtained by AFM from the

frequency distribution plot (as previously described for Ro peptide amphiphiles). Table 2.6
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shows the heights to be 18.5 + 1.9 nm, 23.9 + 2.5 nm and 32.1 + 1.9 nm for P7, P8 and P9
respectively. The height values of P7 are significantly lower than those of P8 and P9 (p < 0.05)
while the height values of P8 are significantly lower than that of P9 (p < 0.05). In addition, the
height values of R, peptides are significantly higher than Ro and R; peptides (p < 0.05). This
suggests that the length of the alkyl chain significantly influenced the size of the nanobelts for

Rz B3-peptide amphiphiles.
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Table 2.6: Summary table of height distribution for R, B3-peptides ampbhiphiles.

Height [nm]

Alkyl chain Code Height Distribution Height
position (nm)
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2.4.5 Self-assembly of R3 B3-peptide amphiphiles

The self-assembled morphology of R3 B3-peptide amphiphiles is shown in Figure 2.13. The
AFM and TEM images of P10, P11 and P12 revealed nanobelts which overlap with each other
at various points in different directions (Figures 2.13(A), (C), (E) and (F)). The nanobelts
formed by Rs B3-peptide amphiphiles are structurally similar to that of R, B3-peptide
amphiphiles. This result indicates that the variation in alkyl chain length does not have an
effect on the type of self-assembled nanostructure for the Rs series and that the position of

the alkyl chain exerts a similar effect on morphology as R..
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P11
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Figure 2.13: Self-assembled morphology of R3 B3-peptide amphiphiles. (A) AFM and (B) TEM
images of P10 nanobelts, (C) AFM and (D) TEM images of P11 nanobelts, (E) AFM and (F) TEM
images of P12 nanobelts.

The images in Figure 2.13 were also analysed for surface topology as described for Ry B3-

peptide amphiphiles. Figure 2.14 shows the 3D images and graphical presentation of the
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extracted profiles for P10, P11 and P12 (Figures 2.14(B), (D) and (F)), which revealed rod-like

surface similar to P7 and flat plateaus similar to that of P8 and P9.
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Figure 2.14: Surface topology of self-assembled nanobelts of R3 B3-peptide amphiphiles by
AFM. (A) 3D image of P10, (B) graphical presentation using extracted profiles from sections
of (A), (C) 3D image of P11, (D) graphical presentation using extracted profiles of (C), (E) 3D
image of P12, (F) graphical presentation using extracted profiles of (E).

The height values for P10, P11 and P12 nanobelts are shown in Table 2.7 obtained as
previously described. The average height values were found to be 13.9 + 1.8 nm, 16.6 + 1.2
nm, and 28.3 £ 2.4 nm for P10, P11 and P12 respectively. The height values of P10 are
significantly lower than those of P11 and P12 (p < 0.05) while P11 is significantly lower than
that of P12 (P < 0.05). This suggest that increase in length of alkyl chain influenced the size

distribution of nanobelts in R3 B3-peptide amphiphiles.
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Table 2.7: Summary table for height distribution of R3 B3-peptides amphiphiles.

20 25 30 s
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2.4.6 Self-assembly of unacylated B3-peptides

The AFM analysis of the control peptide P13 (without an alkyl chain) revealed dendritic fibres
with irregular shapes (Figure 2.15(A)). The self-assembled structures spread across the
surface in a disordered pattern exhibiting different morphologies to P1-P12 which were

functionalised with alkyl chains. The height values of the nanostructures in P13 are shown in
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Figure 2.15(C). This revealed variable sizes with the extracted height profiles for sections 1, 2
and 3 (Figure 2.15(A)) indicating values of =40 nm, =115 nm and =220 nm respectively (Figure
2.15(C)). This also suggests a lack of control in P13 self-assembly.

On the other hand, the control peptide P14 (without N-terminal acetyl group) revealed

aggregate-like nanostructures with no signs of nanofibre formation (Figure 2.15(B)).
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Figure 2.15: Self-assembled morphologies for unacylated B3-peptide (A) Dendritic fibres with
other morphologies for P13, (B) no fibre formation for P14 and (C) height values of extracted
profiles of (A).

In comparison with P1-P13, the absence of an N-terminal acetyl-capped end in P14 was the

only difference and thus confirming its significant role in previous studies [6-9].

2.4.7 Hydrogel formation

The inverted-vial method is still the simplest way to initially confirm the formation of a

supramolecular hydrogel [18]. According to the visual inspection performed, supramolecular
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hydrogels were formed without any external aid at 10 mg/mL concentration for P2-P11 in PBS
(pH 7.4) as shown in Figure 2.16, while only P1 and P12 did not form hydrogels at 10 mg/mL.
The hydrogels retained their 3D structures and were able to support their own weight. The
stable hydrogelated structure is comparable to previous studies [19-22] and was also

maintained under physiological conditions for at least 2 weeks.
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Alkyl chain
position

Figure 2.16: Visual evidence of hydrogels formed from B3-peptide amphiphiles. *G = gel, *NG=
no gel.
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2.5 Discussion

The overall goal of this chapter is to explore strategies for controlling the self-assembly of B3-
peptides. To achieve this, a new series of B3-peptide amphiphiles P1 — P12 were synthesised.
As shown in Figure 2.2, the control of fibre morphology was attempted by varying the alkyl
chain position and alkyl chain length. It was found that the presence of either C12, C14 or Cis
alkyl chains lengths resulted in a controlled self-assembly compared to previous non-acylated
peptides to come from our laboratory. In particular, the presence of fibres of fairly uniform
diameter was the most striking observation as opposed to the dendritic and macroscopic
fibres previously reported [6]. The effect of these alkyl chains on peptide self-assembly is
consistent with previous studies in which alkyl chains of least 10 carbons were required to

control the self-assembly of a-peptide amphiphiles [10, 12, 14, 23-30].

In most a-peptide amphiphiles the hydrophobic alkyl chain is introduced by coupling palmitic
acid with the N-terminal amine of a short peptide on resin [11, 26, 27, 31-34]. Other reports
have also revealed that the control of a-peptide amphiphile self-assembly was not only due
to the incorporation of alkyl chains, but also due to the variation of peptide sequence length
[35], or by incorporating a proline [36, 37] or a phenylalanine [38, 39] residue in the peptide
sequence. This suggests the possibilities of also controlling the one-dimensional (1D)
nanostructures through the rational choice of amino acid residues. In this study, twisted
ribbons and nanobelts were formed by switching the alkyl chain position within the B3-
peptide backbone. However, understanding the molecular design of the building blocks will
be helpful in deciphering the self-assembly motif of B3-peptide amphiphiles. This approach of
switching the building block order within the sequence was similarly used in previous reports

for a-peptide amphiphiles [40].

The self-assembly of N-acetylated B3-peptide containing only B3-amino acids with a tripeptide
as the shortest possible repeating unit is known to occur by head-to-tail orientation, driven
by hydrogen bonding between the amine proton at position i and a carbonyl at position i + 2
to form 14 helical fibres [41, 6]. Hydrogen bonding is common in polypeptides which also
stabilises a-helical [42] and B-sheet conformations [43], which are also found in the structural
domain of a-peptide amphiphile self-assemblies [12]. The orientation of the hydrogen bond

is also important for perfect geometry [44, 45].
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The AFM and TEM images revealed that the incorporation of an alkyl chain into the B3-peptide
monomer at different positions did not disrupt nanofibre self-assembly suggesting that the
intermolecular hydrogen bonding between the B3-peptide amphiphile monomers was
remarkably resilient. The unique property of the B3-peptide self-assembly motif was not
compromised even when the side chains were functionalised [46, 5, 47]. Most significantly,
compared to other peptide-based self-assembling materials, these results further illustrate
that N-acetylated B3-tripeptides form fibrous scaffolds in solution irrespective of the B3-

peptide sequence [6-9].

2.5.1 Self-assembled morphologies of B3-peptide amphiphiles

The self-assembly of Ro/R1 and R2/Rs into twisted ribbons and nanobelts respectively utilises
the head-to-tail hydrogen bonding motif that is associated with N-acetyl B3-tripeptides. The
molecular structure and the arrangement of side chains on the exterior face of the helix for
Ro (Ch-KAK-OH) and R1 (Ac-Az(Cn)KA-OH) are shown in Figure 2.17. The location of alkyl chains
on the exterior of the helix gives further opportunity for higher order assembly via
hydrophobic interactions. The presence of the N-terminal hydrogen acceptor in the acyl
groups of both peptides provided the complete 6 axially oriented donor-acceptor
interactions, which enabled nanofibre formation and elongation as the monomer aligned

axially via hydrogen bonding.
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Alkyl chain position Design
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Figure 2.17: Chemical structures (i) and helical net diagram (ii) of (A) Ro and (B) R1 B3-peptide
amphiphiles. The helical net diagram shows that positions of side chains and C-terminal
carboxyl group outside the helix (n=9, 11 and 13).

The presence of the alkyl chains at the exterior of the helix for Ro and R1 peptides would have
resulted in hydrophobic interactions between nanofibrils. The formation of twisted ribbons
by these peptides was attributed to hierarchical assembly of the nanofibrils through lateral
associations. Previous studies for self-assembled a-peptide amphiphiles have predominantly
exploited lateral non-covalent interactions [23, 48-53]. The driving forces that governed self-
assembly of a-peptide amphiphiles to cylindrical nanofibres arise from the combined effect
of hydrophobic interactions of the alkyl chains, hydrogen bonding among the middle peptide
segments, and electrostatic interactions between the charged amino acids [10, 11, 29, 54-56].
A number of studies have proposed that the hydrophobic alkyl chains of a-peptide

amphiphiles are screened from the agqueous environment, which results in a rod-like shape
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that eventually forms fibres with hydrophilic peptide component on the surface while the
hydrophobic alkyl chains pack in the core of the structure [11, 14, 57]. In this study, B3-peptide
amphiphiles may have self-assembled laterally by hydrophobic interaction to form an interior
core similar to that of a-peptide amphiphile fibres. However, the internal packing of alkyl
chains within the hydrophobic core requires the ideal orientation of peptide monomers [11,
58]. Nieuwland et al. reported two different packing possibilities for alkyl chains in a-peptide
amphiphiles nanostructures, in which the alkyl chains form a bilayer with non-interdigitation
or complete interdigitation [37]. In addition, Cui et al. also demonstrated using X-ray
diffraction studies that alkyl chains in twisted ribbons are loosely packed within the
hydrophobic core [40]. Therefore, the formation of twisted ribbons by B3-peptide amphiphiles
may be attributed to the loose packing of alkyl chains in a non-interdigitated pattern. The
space between the alkyl chains in the hydrophobic core allows flexibility within the

nanostructure which accounts for the twisted patterns and intertwined network.

On the other hand, the chemical structure and helical net diagram of Rz and Rz B3-peptide
amphiphiles are shown in Figure 2.18 in which the arrangement of the side chains, alkyl chain
and C-terminal carboxyl group is at the exterior of the helix (Figure 2.18). Given that the
morphology of the R, and Rs B3-peptide ampbhiphiles are different from that of Ro and R1
peptides amphiphiles, the self-assembly is likely to have followed a different pathway of
internal organisation. From previous reports, it has been revealed that nanobelts of a-peptide
amphiphiles were formed as a result of the close-packed organisation of a-peptide segments
and complete interdigitation of alkyl chains [40, 59, 60]. Therefore, given that R, and Rs
peptide amphiphiles formed similar nanobelts to a-peptide amphiphiles, the alkyl chains may
have packed in an interdigitated pattern. This is also consistent with other proposed models
for interdigitated alkyl chains with self-assembled nanobelts of a-peptide amphiphiles with
sequences that consist of alternating hydrophobic and hydrophilic amino acids [32, 40, 59],
and with a non-alternating monomer that exhibits multiple equilibria between non-covalent

interactions [61-65].

Given that the geometrical compatibility and packing of building blocks are key factors that
influence molecular self-assembly [33, 66-70], the contrasting morphologies observed for

Ro/R1 and R2/R3 peptides may be attributed to the different positions of alkyl chains which

105



eventually dictated the self-assembly of B3-peptide amphiphiles possibly due to the molecular

packing order within the nanostructures.
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Figure 2.18: Chemical structures (i) and helical net diagram (ii) of (A) R, and (B) R3 B3-peptide
amphiphiles. The helical net diagram shows that positions of side chains and C-terminal
carboxyl group outside the helix (n=9, 11 and 13).

In terms of size, self-assembled nanostructures of previously reported a-peptide amphiphiles
revealed that cylindrical nanofibres and twisted ribbons are of a uniform diameter between
7-9 nm, and often many micrometers long [40, 71, 72, 30]. On the basis of the data obtained
in this study for B3-peptide ampbhiphiles, the AFM height value of = 8nm for twisted ribbons
(formed by P3 and P6) is within the same range as that reported for a-peptide amphiphiles.
In addition, the bimodal distribution observed for P1, also suggest that small fibres can merge

into larger structures. Also, a previous report of a-peptide amphiphile nanobelts with the
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sequence Cis—VEVE-OH, revealed long nanobelts that were formed after two days with
heights between 10 — 20 nm [59]. In comparison with B3-peptide amphiphiles nanobelts, the
height values of =18 nm and =23 nm for P7 and P8 respectively are similar to that of a-peptide

amphiphiles.

Apart from the hydrophobic interaction that promotes lateral self-assembly, it has also been
shown that electrostatic interaction contributes to the stability of cylindrical nanofibres of a-
peptide amphiphiles [56, 71, 70, 73-76]. Electrostatic attraction has also been used to control
the self-assembly behavior of a-peptide amphiphiles, using different numbers of charged a-
amino acid residues in the peptide sequence [77]. In addition, electrostatic interaction
between terminal charges of a-peptides has been shown to direct the twisting of nanofibres,
which induce lateral stacking to form twisted ribbons and nanobelts [78]. In B3-peptide
amphiphiles, electrostatic attraction is possible between the protonated BK residue and
deprotonated C-terminal carboxylic group displayed on the surface of the nanofibrils.
Therefore, from the AFM and TEM results obtained it is apparent that electrostatic attraction
between charged groups on the nanofibril surface also contributes to the supramolecular self-

assembly of these materials.

An additional goal of this study is to explore the ability of B3-peptide amphiphiles to form
hydrogels. Peptide-based hydrogels are an attractive biomaterial for potential application in
tissue engineering, drug delivery, and three-dimensional (3D) cell culture [18, 79]. In this
study, the test for hydrogel formation was carried out for P1-P12 which revealed
supramolecular hydrogels for P2 — P11 at 10 mg/mL concentration. This is comparable to
previous studies that form hydrogels with nanofibrous scaffolds from peptide-based
materials [19-21]. Peptides that form hydrogels are known to entrap water within the
networks and are formed due to noncovalent interactions [18, 80-82]. The inability of P1 and
P12 to form hydrogel may be due to the type of solvent system or concentration, however

other conditions might be effective for hydrogelation of these peptides.

Our group has recently reported the hydrogelation properties of P4 which exhibited a storage
modulus of 1.2 kPa. Additionally, the hydrogel could completely recover following high strain,
thereby demonstrating the injectable nature of this gel [46]. The hydrogels of B3-peptide
amphiphiles in this study appear to be consistent with other hydrogels produced from a-
peptide amphiphiles [21, 40, 51, 83-88]. However, previous reports have shown that the
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formation of hydrogels using B-amino acid-containing peptides was based on external stimuli
[82, 89], including changes in pH and temperature, thus, raising concerns over their utility for
cell encapsulation in tissue engineering applications. The unique advantage of B3-peptide
amphiphile hydrogels is that they do not require a pH or thermal trigger for gelation. Given
that biomaterials suffer from degradation by proteolytic enzymes which limit their long-term
application, B3-peptide amphiphile hydrogels would be preferable to provide long-term
physical support with improved biostability [46]. In addition, most hydrogels described in the
literature are formed from fibrous networks [19, 34, 40, 90-92] which are identical to those
observed in Ro and R1 B3-peptide ampbhiphiles. Although the formation of hydrogels from
nanobelts like those observed in R2 and Rs B3-peptide amphiphiles are rare, Zhang et al.
recently reported the formation of hydrogels from a-peptide amphiphiles that form flat, stiff
and straight nanobelts [50, 61]. This was achieved in a hierarchical manner by modulating the
self-assembly behavior of a-peptide amphiphile with the sequence Cis-GHK-OH in the

presence of a zwitterionic surfactant mixed systems.

2.5.2 Towards a model for the self-assembly of B3-peptide amphiphiles

The observations and analysis carried out for images obtained by AFM and TEM of P1 — P12

are summarised below:

1. Self-assembled nanostructures of P1-P12 exhibited a controlled dimension when
compared to that of P13. As described previously, the variation in alkyl chain length
was found to significantly influence the size of self-assembled morphology. In
particular, the height values for B3-peptide amphiphiles are between 5-8 nm and 14-
32 nm for twisted ribbons and nanobelts respectively (Figure 2.19). The similarity in
height values for Ro/R1, and Rx/Rs peptides, also suggest a similar mode of self-

assembly.
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Figure 2.19: Summary of height values for B3-peptide amphiphiles nanofibres obtained by
AFM.

2. The height values also suggest bundling of B3-peptide amphiphiles between nanorods.
Since the diameter of a single B3-peptide nanorod is known to be 0.5 nm [6], it is
possible that P6 for example with a height value of =8nm will contain more than one
individual nanorods.

3. The self-assembled morphology for PB3-peptide amphiphile revealed uniform
morphology for each sample which clearly contrasts with that of P13.

4. The surface topology for P1-P12 revealed periodicity by AFM and twisted patterns by
TEM for both Ro and R; peptides, while the nanobelts exhibited flat surfaces for both
Rz and Rs peptides.

In order to propose a model for B3-peptide amphiphile self-assembly, additional information
is required for the self-assembled nanostructures, in particular the internal molecular
organisation of the self-assembled monomers. The next chapter will present investigations

into the internal packing order of B3-peptide amphiphiles by AFM nanoindentation.
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2.6 Conclusion

This study presents the design, synthesis and self-assembly of B3-peptide ampbhiphiles. The
control of morphology was investigated by incorporating an alkyl chain into the B3-peptide
sequence to produce new series of B3-peptide amphiphiles, which self-assembled to yield
stable and well-defined nanostructures. The results demonstrated the significance of alkyl
chain position in controlling the morphology of P1 — P12, in which twisted ribbons and
nanobelts were generated by switching the position from Ro/R1 to R2/R3 respectively. This is
in contrast to P13 which had no alkyl chain in the sequence and thus, self-assembled to fibrous
morphologies of several sizes and shapes. The variation in the length of alkyl chains (C12, Cia
and Ci6) was also found to influence the height values of self-assembled nanostructures. The
driving forces that governed the self-assembly of PB3-peptide amphiphiles include
intermolecular hydrogen bonding among the B3-peptide monomers, hydrophobic
interactions of the alkyl chains, and electrostatic attraction between protonated BK and
deprotonated C-terminal carboxylic acid. As an excellent starting point for exploring
biomedical applications, the B3-peptide amphiphiles also formed supramolecular hydrogels,
which provides a unique type of soft matter with abundant opportunities for the rational
development of biomaterials. Therefore, since B3-peptide amphiphiles have distinct
properties different from a-peptide amphiphiles which include inherent metabolic stability
and sequence independent self-assembly, these peptides can be tailored to produce

materials with varied morphologies and properties through chemical modification.
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Chapter Three

AFM Nanoindentation to Probe the Internal Molecular

Organisation of Self-Assembled B3-Peptide Amphiphiles

The internal molecular organisation of self-assembled R, B3-peptide amphiphiles was
investigated via nanoindentation by AFM. The indentation was carried out in an agueous
environment to punch holes in self-assembled nanobelts. The topographic images of the
holes created revealed a sheet-like organisation of the internal architecture. Experimental
dimensions were obtained and used to further develop the proposed self-assembly model for
the nanobelts. Nanoindentation by AFM provides the means to unravel the internal molecular

organisation of B3-peptide-based materials.
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3.1 Introduction

In the preceding chapter, AFM and TEM images for R, B3-peptides P7, P8 and P9 revealed
well-defined nanobelts after self-assembly in water. The internal molecular organisation of
these B3-peptide amphiphiles is still unknown. In order to propose a model for B3-peptide
amphiphile self-assembly, the aim of this chapter is to determine the internal organisation

using AFM nanoindentation.

Techniques that are commonly utilised for studying self-assembled nanostructures of
peptide-based materials include SAX, XRD and small-angle neutron scattering (SANS) [1-7].
However, the need to align the fibrillar assemblies to a preferred direction for the orientation
of fibre diffractions and the final correlation of observed diffraction patterns with proposed

models remains a challenge.

Presently, AFM nanoindentation is mostly used for the determination of mechanical
properties in nanostructures [8-19]. Recently Del Mercato et al. demonstrated the fracture of
amyloid-like fibrils via nanoindentation while investigating Young’s modulus using AFM in air
[20]. However, the images obtained from the fractured fibrils did not show internal features
after indentation. Thus, in order to visualise the interior of P7, P8 and P9 nanobelts, it was
envisaged that an AFM nanoindentation performed in a hydrated system may provide a softer
material for easier and controlled penetration of the AFM tip into the nanostructure. At the
same time, the morphological and nanomechanical properties (Young’s modulus) of the

nanostructures can be immediately characterised.

The first part of this chapter describes the protocol used to achieve the nanoindentation

followed by the correlation of the data into a proposed self-assembly model.
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3.2 Materials and methods

3.2.1 Materials

e OLTESPA-R3 0.01-0.02 ohm-cm silicon probe was purchased from Bruker Corporation,
(Billerica, Massachusetts, United States).
e P7, P8 and P9 (synthesised in chapter two)

e All other materials and methods are as described previously in Chapter 2.

3.2.2 AFM Nanoindentation

Nanoindentation was investigated using an OLTESPA-R3 0.01-0.02 ohm-cm silicon probe with
a spring constant of 2 N/m, resonance frequency of 70 kHz and cantilever tip radius of 7 nm.
The protocol for tapping mode AFM was previously described in Section 2.3.4. The only
modification was the use of 35 pL of distilled water in a fluid cell. The principle of
nanoindentation is based on bringing the AFM tip close to the sample and punching a hole
using a specific trigger threshold. The AFM tip was used to measure the sample topology while
submerged in solution and enclosed in a fluid cell. The nanoindentation was performed when
the AFM tip precisely approached and punched into the sample until the predefined force
was reached before the tip was retracted. This was achieved by first manoeuvring the AFM
tip with successive “Offset” and “Zoom” in order to identify the position to indent on the
sample. During this complete cycle the position of the tip, as well as the force exerted on the
cantilever were accurately monitored, resulting in a force-distance curve. The force curve or
ramp was achieved with a trigger threshold of 100 nm, 200 nm and 250 nm for P7, P8 and P9
nanobelts respectively. Nanoindentation was performed at various positions on the fibres by
bringing into contact the sample and the AFM tip in a vertical movement facilitated by a
predefined ramp size [21]. The topographic, phase and amplitude images were captured

simultaneously and processed using Gwyddion 2.45 software after nanoindentation.

3.2.3 Quantitative nanomechanical mapping of P7, P8 and P9 nanobelts

The peak force quantitative nanomechanical mapping (PF-QNM) was performed in a fluid cell

using the OLTESPA-R3 probe on a MultiMode 8 Bruker’s AFM under ambient conditions. To
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ascertain deflection sensitivity, the AFM tip was first calibrated using a clean sapphire surface.
Thereafter, surface topology and Young’s modulus mapping were performed for P7, P8 and
P9 at a scan rate of 1 Hz. All the images were captured simultaneously with typical scan sizes
of <10 um. Images were captured and analysed using the software Nanoscope analyser and

Gwyddion 2.45 software.
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3.3 Results

3.3.1 AFM nanoindentation of R, B3-peptide amphiphile nanobelts

Given that the AFM tip radiusis 7 nm, only P7, P8 and P9 nanobelts were investigated because
the height values were >18 nm and this can accommodate the indentation force triggers
without crashing the AFM tip. Nanoindentation was not carried out for twisted ribbons of Ro
and R; B3-peptides because the height values are < 8 nm. Nanoindentation of all R, B3-peptide
amphiphile (P7, P8 and P9) nanobelts was carried out either along the edge or in the middle
of a single nanobelt as shown in Figure 3.1. The two different positions were used in order to
ascertain whether the internal features of the nanobelts were similar at various locations

along the fibre.
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P7 = Ac-AAz(C2)K-OH

P8 = Ac-AA7(C4)K-OH
P9 = Ac-AAZ(C6)K-OH

Figure 3.1: Positions of AFM cantilever tip on nanobelts during nanoindentation. (A) Central
position and (B) exterior position.

3.3.2 Nanoindentation of P7 nanobelts

Figure 3.2 shows the AFM images of the holes created after the indentations carried at the
central position of the peptide P7 for three different nanobelts with a trigger threshold of 100
nm. All the holes created by the AFM tip appeared to be irregular in shape and size. The

images captured did not reveal good internal features at this position.
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Figure 3.2: Nanoindentation of P7 at the central position for three different nanobelts (A), (B)
and (C).

The alternative indentation at the edge of P7 nanobelt was performed by adjusting the
position of the cantilever using the offset and zoom control parameters. The indentation was
carried out using a trigger threshold of 100nm. Figure 3.3 shows that P7 nanobelt was notched
at the edge and the image revealed internal features that depict a stepwise pattern. The
notched section was also magnified (Figure 3.3(B)), and this convincingly indicated that the

layers are stacked (3D image Figure 3.3(B)).

R, [ ———— (ANAAED—on

(Mn

Figure 3.3: AFM nanoindentation of P7 at the edge of the nanobelt. (A) Nanoindentations of
nanobelt at two lateral positions (i) and (ii). (B) Magnified image of highlighted section (ii) in
(A).
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The images were further analysed by extracting the profiles of the nano-holes which was
subsequently fitted with a Gaussian function. Figure 3.4(A) shows the extracted profile of the
surface for one section of P7 that was indented. The graph also corresponds to the stepwise
pattern observed from the images. The height profiles were used to generate the frequency
distribution plot in order to determine the dimension of the layers from 100 different height
measurements. Figure 3.4(B) shows the height distribution which was used to determine the
mean, mode, standard deviation (SD) and standard error of mean (SEM). The average height
value was found to be 2.6 + 0.3 nm. This value corresponds to AFM height value of 2.65 nm
that was previously observed for small step-like architectures in self-assembled a-peptide

amphiphile nanobelts [7].
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Figure 3.4: Height profiles of the internal features in P7 nanobelt after AFM nanoindentation.
(A) Example of a graphical presentation of an extracted profile from the inserted 3D image
and (B) frequency distribution of 100 height measurements.

3.3.3 Nanoindentation of P8 nanobelts

The nanoindentation of P8 was also carried out at two different locations. Figures 3.5(A) and
(C) show the indentations at the central position in which holes were created with a trigger
threshold of 200 nm which is higher than the trigger threshold of 100 nm used for P7. A

section of the nanobelt near the hole in Figure 3.5(A) was removed after the indentation. The
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surface topology of this section was extracted to obtain two graphical profiles (Figure 3.5(B)).
Profile 1 shows the height values to be =25 nm for the nanobelt, while profile 2 shows a
stepwise decrease in height from =25 nm, =21 nm and =19 nm suggesting that a single layer
is =3 nm. The 3D image (Figure 3.5(C)) provided a better view of the layers from the
highlighted blue section of Figure 3.5(A). Similarly, Figure 3.5(D) shows nanoindentations on
a different nanobelt in which holes were created at the central position. In contrast to P7,
some layers were observed underneath the hole (highlighted in blue Figure 3.5(E)) and

magnified to show the 3D orientation (Figure 3.5(F)).
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Figure 3.5: AFM nanoindentation of P8 at the central position. (A) Hole created by
indentation, the white arrow shows a layer of a fractured part of the nanobelt that was
removed near the hole when the trigger threshold was applied, (B) height profile of the two
sections 1 and 2 in (A), (C) 3D image of the highlighted blue section in (A), (D)
nanoindentations of another nanobelt showing holes highlighted in white, and (E) magnified
image of highlighted white section in (D), and (F) 3D image of the highlighted blue section in

(E).
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The second indentation for P8 was carried out at the lateral position (Figure 3.6). A trigger
threshold of 200 nm was applied which resulted in small cracks at the edge of the nanobelt
(white arrows in Figure 3.6(A)). The P8 nanobelts were very stiff and thus difficult to notch at
the edge even after four consecutive indentations. However, the nanobelt exhibited grooves

of multiple layers as shown in the 3D image in Figure 3.6(B).

Figure 3.6: AFM nanoindentation at the lateral position of P8. (A) Three different indentations
indicated by white arrows and (B) 3D image of a highlighted section of (A) showing grooves
of several layers.

From the holes and openings created, the features were analysed by extracting the height
profiles of the surface topology (Figure 3.7(A)) as described previously. For example, the hole
in Figure 3.5(D) was graphically presented which shows three layers that are arranged in a
step-wise pattern. Frequency distribution of the height values for the layers was analysed to
obtain the normal distribution curve in Figure 3.7(B). The average height value for each layer

of P8 was found to be 2.8 + 0.2 nm which is =0.2 nm more than the layers in P7.
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Figure 3.7: Measurements of layers in P8 after AFM nanoindentation. (A) Example of a
graphical presentation of an extracted profile of inserted 3D image showing the arrangement
of layers and (B) frequency distribution of the height values obtained from both central and
lateral indentations.

3.3.4 Nanoindentation of P9 nanobelts

The nanoindentation of P9 was carried out with a trigger threshold of 250 nm which is higher
than the value used for P7 and P8. A trigger threshold below 250 nm did not produce any
indentation of P9 indicating these fibres to be the stiffest of this series. Figures 3.8(A) and (C)
show two different holes created at the central positions after nanoindentation. The
magnified images (Figure 3.8(B) and (D)) together with the 3D images of the indented sections
of P9 revealed distinct layers on the surface which appeared stacked atop of each other. This
further reinforced the previous observation of multiple layers that were observed in P7 and

P8.
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Figure 3.8: AFM nanoindentation of P9 at the central position. (A) The hole created after
indentation, (B) magnification of highlighted section in (A) showing staircase-like morphology
of the interior, (C) hole created in another nanobelt after indentation and (D) magnification
of highlighted section in (C) showing the interior stacking of layers. Inserts are 3D images of
(B) and (D).

Nanoindentation of P9 was also carried out at the edge with a trigger threshold of 250 nm.
Figures 3.9(A) and (B) show that the nanobelts were notched at the edge to reveal the internal
structural arrangement. The result indicated a similar internal organisation comparable to
previously observed images of P7 and P8, thus suggesting that the self-assembly mechanism

of Ry B3-peptide amphiphiles might be similar.
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Figure 3.9: AFM nanoindentation of P9 at the edge position showing indentations that
exposed the underlying layers. Inserts are 3D images of (A) and (B).

The structural analysis of the indented sections of P9 was carried out as previously described.
The extracted profile for the surface topology of one of the holes (Figure 3.10(A)), revealed
the internal architecture of multiple layers stacked on each other. The normal distribution

curve (Figure 3.10(B)) shows the average height value for each layer to be 3.0 £ 0.2 nm.
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Figure 3.10: Measurement of the internal organisation of self-assembled P9. (A) Example of
a graphical presentation of an extracted profile of inserted 3D image showing the
arrangement of layers and (B) frequency distribution of height values from 100
measurements.
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In comparison, Figure 3.11 shows the summary of all the sizes for the layers from P7, P8 and
P9. The size of P7 layer (2.8 £ 0.2 nm) is significantly lower (p < 0.0001) than P8 (2.6 + 0.2 nm)
and P9 (3.0 £ 0.2) while the size of P8 layer is significantly lower than that of P9 (p < 0.0001).
It also suggests that as the length of alkyl chain increases (P7 = C12, P8 = C12 and P9 = Cs6), the
size of the layers also increases. These values were used to propose the self-assembly model

for B3-peptide amphiphiles.

Heights (nm)
N

P7 P8 P9

Peptides

Figure 3.11: Summary of height values for the layers from P7, P8 and P9 after
nanoindentation. One-way ANOVA Tukey's multiple comparisons test was used for the
analysis where p values < 0.0001 (****) is significant.

3.3.5 PeakForce nanomechanical properties

To ascertain the stiffness of P7, P8 and P9 nanobelts, the individual force curves from each
tap that occurs during the nanoindentation imaging process was analysed using PF-QNM. The
morphology and Young’s modulus of the nanobelts were measured simultaneously when the
AFM tip penetrated into the nanobelts. Figure 4.12 shows the modulus for P7, P8 and P9 to
be =7.4 MPa, =12.4 MPa and =16.5 MPa respectively. The stiffness for P7 is significantly lower
that of P8 (p < 0.01) and P9 (p < 0.0001) while P8 is significantly lower in stiffness than P9 (p

<0.01). The data also suggest that modulus increases with increase in alkyl chain length.
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Figure 3.12: Young’s modulus for P7, P8 and P9 obtained by PF-QNM in a liquid environment.
One-way ANOVA Tukey's multiple comparisons test was used for the analysis where p values
are <0.01 (**) and < 0.0001 (****),
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3.4 Discussion

3.4.1 Structural and mechanical properties of P7, P8 and P9 nanobelts

Nanoindentation by AFM was used to investigate the internal molecular packing of self-
assembled nanobelts of P7, P8 and P9 in a hydrated environment. Several holes were created
by punching the nanostructures with the AFM tip which exposed the internal architecture of
the self-assembled nanobelts. This involved manipulation of the AFM tip in the fluid by
vertical and horizontal adjustments including control of the trigger thresholds. Although this
technique is commonly used for quantitative measurements of mechanical properties in
nanostructures [14, 20, 18, 22, 23, 16], the method developed in this chapter allows the

probing of B3-peptide-based material in a liquid environment.

The only example of AFM nanoindentation found in literature that is related to this study is
the work reported by Del Mercati et al., which was carried out in order to determine the
mechanical properties of single amyloid-like fibril from a poly-pentapeptide and their
applicability in nanobiotechnology [20]. They demonstrated the use of AFM nanoindentation
in air to fracture a fibril with nanometric control by the AFM tip to obtain a longitudinal cross-
sectional gap of =135 nm. Figures 3.13(A) and (B) show the single fibril that was fractured via
AFM nanoindentation. While the single fibril was broken into two parts after the indentation,

there was no evidence of internal molecular features.

Figure 3.13: AFM nanoindentation of a single amyloid-like fibril. (A) Fibre fracture indicated
by the arrow, (B) 3D image after fracture with a final gap of 135 nm was obtained (A and B
from reference [20] used with permission from the American Chemical Society) and (C) 3D
image of P7 after nanoindentation.

134



In contrast to the report of Del Mercato et al., this present study describes AFM
nanoindentation of B3-peptide amphiphiles in a hydrated environment to obtain a variety of
nanoscale holes which revealed the internal features of the nanostructure. In comparison,
Figure 3.13(C) shows an example of two holes that were punched through the edge of P7
which clearly show the topology of the internal features. The internal features of the
nanobelts after indentation revealed evidence of layers with the average height values of 2.6
+£0.3nm, 2.8+ 0.2nmand 3.0+ 0.2 nm for P7, P8 and P9 respectively. Cui et al. have reported
similar nanostructure with layers (but not by nanoindentation) which exhibited bilayers for
an a-peptide amphiphile (C16-VEVE) which was = 2 nm in height [6]. These features are also
similar to the multi-layered steps observed on the surface of nanobelts that are atop of each
other [7]. The results obtained in this study are consistent with the multiple layers observed
previously for a-peptide amphiphile nanobelts utilising SAXS, which formed bilayer

organisation in the interior of the nanostructure [7, 24, 25].

The hydrated environment used for nanoindentation in this study played an important role
in enhancing the penetration of the AFM tip into the nanobelts. Previously, indentations were
carried out in air using a range of trigger thresholds between 350 — 400 nm which was not
sufficient to punch a hole through the nanobelts. In some cases, it completely fractured the
nanostructures with no useful internal information. However, holes were created when the
nanoindentation was carried out in fluid with a trigger threshold of 100 nm, 200 nm and 250
nm for P7, P8 and P9 respectively. The hydrated samples proved to be softer and more
malleable than the dry samples. The ability to study samples in a liquid environment provides
a significant advantage for maintaining physiological conditions for future applications [26-

33].

PF-QNM was also used to determine the stiffness of P7, P8 and P9 nanobelts. The analysis of
the mechanical properties indicated a significant decrease in stiffness from P9 > P8 > P7 which
is linked to the inherent molecular design of individual molecules [34, 35]. In a previous study,
the variations in a-peptide sequences were reported to affect the mechanical properties of
nanofibres from a-peptide amphiphiles [36]. The peptides were initially designed by
increasing the number of valine residues which raised the mechanical stiffness, whereas
alanine tends to reduce the stiffness. The high stiffness correlated with the increase in

hydrophobicity and noncovalent interactions. Therefore, the changes observed for Young's
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modulus in this study suggest that there are different levels of thickness and rigidity in the
nanobelts which could be due to the increase in alkyl chain length from C12, C14 and Cys. This
also accounts for the differences in the trigger threshold that was used for indentation of P7,
P8 and P9 nanobelts. The variation in stiffness is based on the internal organisation of
individual molecules which is also commonly observed in a-peptide amphiphiles [37, 36, 38].
The Young’s modulus of =7.4 MPa, =12.4 MPa and =16.5 MPa obtained for P7, P8 and P9
respectively, suggest that these peptides can contribute to the development of new
generation of biomaterials for example, as the stiffness is within the range of the mechanical
properties of tissues such as cartilage tissue or skin tissue which is characterised by stiffness
ranging between 5 — 100 MPa [39-42]. Furthermore, as far as we can ascertain, there is no
report in literature that describes such superior stiffness for B3-peptide materials. However,
in the case of a-peptides, Young’s modulus ranging from 3.5 — 7.0 MPa was obtained for
amyloid-like fibrils, [20], whereas Guo et al. obtained 5 - 50 MPa for insulin amyloid-like fibrils
[14]. The relative simplicity of the technique used in this study can facilitate rapid collection
of quantitative information related to the packing density and heterogeneity of self-

assembled B3-peptide-based materials.

3.4.2 Self-assembly model for P7, P8 and P9 nanobelts

The results obtained in this study have highlighted important directions for the self-assembly

model of R, B3-peptide amphiphile nanobelts, which is based on the following observations;

e The visualised AFM images after nanoindentation revealed multiple layers that are
stacked atop of each other.

e A regular spacing of height values for the layers was observed for P7, P8 and P9.
In order to estimate theoretical dimensions of the self-assembled materials, B3-peptides
adopt 14-helices in which the diameter of the backbone core of a 14-helical turn for a single
self-assembled B3-tripeptide nanorod is known to be = 0.5 nm [43-46]. The angle and average
length of a carbon — carbon bond in a fully saturated alkyl chain are 109.5° and 0.15 nm
respectively [47-50]. The estimated length of the alkyl chain for example P7 (with C12) will

therefore be 6nm and together with nanorod diameter of 0.5 nm, the total size of P7 will be
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1.4 nminsize ((0.15 nm x 6) + 0.5 nm). In a similar manner, P8 and P9 will be 1.55 nm and 1.7

nm respectively (Figure 3.14).

a

0.5 nm
>
O'VW\/\/\N —
L ' J
X
P7 = 0.9 nm
P8 = 1.05 nm : I
P9 =1.2 nm
Y
P7 =1.4 nm
P8 = 1.55 nm
P9 =1.7 nm

Figure 3.14: Proposed self-assembly model for P7, P8 and P9 nanobelts (A) Helical net
diagram of B3-tripeptide with all side chains located outside the helix, (B) a representation of
the top view of a single monomer, “X” is the size of alkyl chain length, (C) self-assembled
nanofibril with alkyl chains aligned at one side of the nanofibril, “Y” is the size of a single
nanofibril.

It was described previously in Chapter 2 that the nanofibrils of self-assembled B3-peptide
amphiphiles undergo lateral association via hydrophobic interaction and electrostatic
attraction to form higher ordered structures (Figure 3.15). The experimental values obtained
in this chapter were found to be consistent with the calculated values of a bilayer based on

the assumptions underpinning the calculated values (Table 3.1).
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Table 3.1: Summary of experimental height values and calculated sizes for P7, P8 and P9
bilayers.

Peptide Calculated values Experimental values
(nm) (nm)
P7 2.8 2.6
P8 3.1 2.8
P9 3.4 3.0

The packing of the alkyl chain is critical for the type of morphology that will be produced. In
Chapter 2 it was proposed that the packing of alkyl chains in twisted ribbons (Ro and R1) are
non-interdigitated while they may be interdigitated in the nanobelts (R; and Rs). However,
from the images obtained using AFM nanoindentation for the R, series of B3-peptide
amphiphiles, it is still not clear how the alkyl chains pack within the nanostructures of B3-
peptide amphiphiles. Although several reports have already demonstrated via SAXS, SANS
and XRD that the alkyl chains of a-peptide amphiphiles which form nanobelts pack mainly by
complete interdigitation which results in a straight rigid structure lacking twist or curvature
[1, 51, 6]. Taking this into consideration, the alkyl chains may also tilt to an angle [52] which
may also influence the packing and final self-assembled structure. The proposed packing
possibilities for alkyl chains in the B3-peptide amphiphiles may be with or without tilting as

shown in Figure 3.15 in non-interdigitated and interdigitated packing (Figure 3.15).

138



T NN
iR

Figure 3.15: Possible self-assembly mechanisms for alkyl chain packing of B3-peptides

amphiphiles. (A) Non-interdigitated, (B) interdigitated, (C) non-interdigitated tilt and (D)
interdigitated tilt.

The values obtained experimentally suggest that there may be two nanofibrils associating
laterally via hydrophobic interaction to form a bilayer “Z” (Figure 3.16(A)) with a calculated
dimension of 2.8 nm, 3.1 nm and 3.4 nm for P7, P8 and P9 respectively. Given that the heights
“H” (Figure 3.16(C)) of R2 nanobelts with Ci2, C14 and Cis alkyl chains are =18 nm, =25 nm and
=32 nm respectively, this indicates that the bilayers are stacked together on top of each other

to form a supramolecular structure (Figure 3.16(B)).
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P7 =18 nm
H=—3  pg=25nm
P9 =32 nm

Figure 3.16: Self-assembly model for P7, P8 and P9 nanobelts. (A) Complete interdigitation of
alkyl chain to form single bilayer “Z”, (B) bilayers stacked together to form flat nanobelt, (C) a
schematic diagram for nanoindentation with an AFM tip which exposed the internal structure
of nanobelts. The height values “H” were previously obtained in Chapter 2. Inserted 3D
images show evidence of stacked layers.

Bilayer stacking along the z-direction was reported to be a major factor that is responsible for
the thickness, size and stiffness of nanobelts in a-peptide amphiphiles [6, 36]. The self-
assembly model of a-peptide amphiphile nanobelts with interdigitated packing of alkyl chains
among the a-peptide segments was previously characterised using SANS and a bilayer spacing
of 4.3 nm was obtained [6]. This value was also consistent with the AFM measurements, thus
suggesting that a height value of 12 nm corresponds to the stacking of 3 a-peptide amphiphile
bilayers. Similarly, Castelletto et al. provided a model using XRD and SAXS data to show that
nanostructure of a self-assembling a-peptide amphiphile (C16-KTTKS) formed nanobelts with
a bilayer configuration in the internal structure [24, 7]. The bilayers revealed regular spacing
of 5.2 nm and stabilised by hydrogen bonding. They specifically observed small steps with

height values of 2.65 nm which corresponded to exactly half of one layer. The formation of a
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bilayer in this study is also in agreement with other reports for nanobelts formation, which
identified the common motifs of association via hydrophobic interaction of alkyl chains and
the sequence order of a-amino acids [51, 25]. Therefore, the AFM images and dimensions
obtained in this study of R, B3-peptide amphiphiles suggest that a bilayer structure which
stacks along the z-direction is a strong possibility. If this is the case, the internal dimensions
indicate that there are approximately 7, 9 and 11 bilayers that stack together to form the

nanobelts of P7, P8 and P9 respectively.

As a follow-up from the information gathered in Chapter 2 and with the present insight into
how nanobelts self-assemble, a possible model for the self-assembly of Ro and R1 B3-peptide
amphiphiles that form twisted ribbons is shown in Figure 3.17. The alkyl chains of each
nanofibril promote hydrophobic interactions to form a non-interdigitated bilayer-like
architecture (Figure 3.17(B)) which eventually forms the interior hydrophobic core of the
nanostructure. Although some degree of interdigitation is possible, non-interdigitated alkyl
chain packing (with and without tilting) is shown here for to Ro and R1 due to the fact that
non-interdigitated packing is known to promote flexibility and twisting of nanofibres [51].
Electrostatic attraction between positively charged BK residues and the negatively charged C-
terminal carboxyl group can also promote the lateral assembly by bundling of the nanofibrils.
The combined influence of both electrostatic attraction and hydrophobic interaction of the
non-interdigitated alkyl chains result in twisted ribbons. Further analysis is required to
confirm the validity of this model. This model also demonstrates the collective balance of
electrostatic interaction, hydrophobic interaction and hydrogen bonding which are pivotal for

the formation of self-assembled nanostructures of B3-peptide amphiphiles [53-61].

In terms of the potential of using other techniques to probe the molecular and
supramolecular organisation of B3-peptide amphiphiles, SAXS for example can provide
guantitative nanoscale density differences in the self-assembled twisted ribbons and
nanobelts. SAXS measurements was previously reported by Pizzey et al., to characterise fibre-
like nanostructures that are formed by sequence-directed assembly of oligomeric B3-peptides
[62]. The result from this study implies that SAXS can also be used to potentially deliver the
size distribution and characteristic distances that will help to quantitatively resolve the
structural organisation of self-assembled B3-peptide amphiphiles. This could be achieved via

the elastic scattering patterns of X-ray when it travels through the self-assembled
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nanostructures at small angles of 0.1 — 10°. It should be noted however, that we lack any
definitive models of B3-peptide assembly, which are governed by a different set of parameters
than a-peptides and are yet to be described. This means that the utilisation of SAXS and SANS

is only possible once a complete model using fibre diffraction has been completed.
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Figure 3.16: Proposed self-assembly model for twisted ribbons of B3-peptide amphiphiles. (A)
(A) Helical net diagram for Roand R B3-peptide monomer showing positively charged BK and
negatively charged C-terminus, (B) hydrophobic interaction of alkyl chains forming non-
interdigitated packing with and without tilting of alkyl chains, (C) formation of twisted ribbon
shown showing nanofibre mesh with periodicity and twisted patterns by AFM and TEM
images from Chapter 2.
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3.5 Conclusion

The results presented in this chapter described the use of AFM nanoindentation to investigate
the internal molecular packing of self-assembled nanobelts for P7, P8 and P9 in a liquid
environment. The indentation at the central and at the edge positions with the AFM tip
created holes which revealed the internal features of the nanobelts which are multiple
bilayers that can be seen easily from the AFM images. The bilayers stacked together exhibiting
a regular spacing of 2.6 £ 0.3 nm, 2.8 £ 0.2 nm and 3.0 £ 0.2 nm for P7, P8 and P9 nanobelts
respectively. The dimensions of the bilayer obtained experimentally are consistent with the
calculated values which were subsequently used in determining the self-assembly model.
AFM nanoindentation was demonstrated to be a versatile imaging technique that offers an
additional high-resolution alternative for studying the internal packing order of self-
assembled peptide-based materials along with the mechanical properties. The stiffness of P7,
P8 and P9 nanobelts was found to be =7.4 MPa, =12.4 MPa and =16.5 Mpa respectively. By
using PF-QNM, Young’s modulus was measured and shown that nanobelts from the same R;
B3-peptide series that differ only in the length of alkyl chain, exhibit significantly different
values of stiffness. AFM nanoindentation can also be used in combination with other
methods, for example, SAXS, XRD, and Cryo-EM in resolving the self-assembly pattern of
nanostructures. Furthermore, the ability to perform AFM nanoindentation in a fluid
environment vastly increases the potential applications of AFM technology under

physiological conditions and real-time observations of samples.
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Chapter Four

pH-Controlled Self-Assembly of B3-Peptide Amphiphiles

The role of hydrogen bonding and electrostatic interactions in the axial and lateral self-
assembly of B3-peptide amphiphiles was investigated by designing modified N-acetylated B3-
peptide sequences incorporating B3-arginine (BR) and a C-terminal amide. The surface charge
of the BR residue was altered by incubation of the B3-peptide in phosphate buffer pH 4, 7 and
aqueous sodium hydroxide pH 13. Both the acidic and basic pH values disrupted head-to-tail
and lateral self-assemblies resulting in truncated discrete nanofibres which contrasted with
twisted ribbons and nanobelts of B3-peptide amphiphiles with C-terminal acids. In addition,
at neutral pH, the modified B3-peptides formed a nanofibrous mesh which were quite distinct
from the structures presented in Chapter 2. The height data values revealed a striking
decrease in size at all pHs tested. These results clearly underscore a new perspective towards
the rational design of novel materials that can switch morphology in response to changes in

pH.
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4.1 Introduction

The self-assembly of well-defined supramolecular nanostructures that change morphology
and size in response to a specific condition depends on the control over non-covalent
interactions [1-8]. This can be achieved by the rational design of sequences and tuning of
environmental factors such as pH. The aim of this Chapter is to investigate the role of
hydrogen bonding and electrostatic interactions during axial and lateral self-assemblies of B3-

peptide amphiphiles via changes in pH.

In Chapter 2, the self-assembly of B3-peptide amphiphiles designated as Ro/Ri and Ra/R3
produced twisted ribbons and nanobelts respectively. The self-assembled morphologies were
stabilised by the collective balance of non-covalent forces. In particular, hydrogen bonding
and electrostatic interactions were identified as important driving forces for axial and lateral
assembly. As a follow-up to that proposed model, this Chapter describes the modification of
B3-peptide amphiphile sequences by incorporating B3-arginine (BR) and a C-terminal amide
into an N-acetylated B3-tripeptide template. Axial and lateral self-assembly were manipulated
at acidic, neutral and basic pH values. The first section of this Chapter describes the design
and synthesis of B3-peptide amphiphile analogues with modified sequences for the proposed
pH study. The second section describes the effect of pH on the self-assembly of B3-peptide
amphiphiles. The pH-dependent self-assembly demonstrated the significance of pH
environment and B3-peptide side chain interactions in supramolecular self-assembly, which

can be further exploited for future applications in biomedicine.

4.2 Design of B3-peptide amphiphiles with a C-terminal amide

The modified B3-peptide amphiphiles P15, P16, P17 and P18 were designed based on the Ci¢-
templates P3, P6, P9 and P12 (previously synthesised and reported in Chapter 2) which
contained a Cy6 alkyl chain at the N-terminus (Ro), or at the side chain of residues 1 (R1), 2 (R2)
and 3 (R3) respectively. The Cis alkyl chain was chosen in preference to Ci2 and Cisa because
the morphologies produced in Chapter 2 by Cis B3-peptides are more well-defined and
displayed the greatest differentiation between the twisted ribbon and nanobelt structures. In

addition, the alkyl chain was positioned at Ro, R1, R2 and Rs in order to understand the
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influence of pH on the self-assembled morphology for each alkyl chain position. Since one of
the goals of this Chapter is to investigate the role of electrostatic interactions in the lateral
self-assembly of B3-peptide amphiphiles, BR was used in place of BK because it has a higher

pKa value which ensures it remains protonated over a wider pH range [9-11].

Figure 4.1 shows the B3-peptide amphiphiles modified by incorporating BR (pKa (side chain) =
12.5) in place of BK (pKa (side chain) = 10.5) and BA. To mask the negative charge of the C-
terminal carboxylic group at pH values above 2.0, the C-terminus was modified to yield a C-
terminal carboxamide (CO-NH,). The electrostatic properties of the building blocks change
upon protonation or deprotonation of side chains, thus triggering or inhibiting specific non-
covalent interactions which eventually dictates self-assembly and the structural features of

the resulting supramolecular materials [12].
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Figure 4.1: Chemical structures of modified B3-peptide amphiphiles. The Cig-templates (from
Chapter 2) are P3 (Ro), P6 (R1), P9 (Rz2) and P12 (R3) in which BR and a C-terminal amide were
incorporated into the N-acetylated B3-tripeptide sequence to obtain the modified B3-peptides
P15 (Ro), P16 (Ri), P17 (R2), and P18 (R3) with the Cis alkyl chain incorporated onto B3-
azidohomoalanine (Az*). n denotes 13 carbons

Figure 4.2 shows two additional peptides P19 and P20 which were designed using P16 and P6
as Cie-templates respectively. These B3-peptides were designed to understand the influence

of the C-terminal amide during self-assembly. Thus, P19 has the same sequence as P16 but
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retains the free C-terminal carboxyl group, while P20 has the same sequence as P6 but

contains a C-terminal amide.
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Figure 4.2: Chemical structures of additional B3-peptide amphiphiles used to further
investigate the effect of the free acid and the amide at the C-terminus. The modified B3-
peptides P19 and P20 are based on the Cis-templates P16 and P6 respectively. The Cis alkyl

chains were located at the Ry position. Az* = B3-azidohomoalanine and n = 13.
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4.3 Materials and Methods

4.3.1 Materials, Chemicals and Reagents

Monosodium dihydrogen orthophosphate, disodium hydrogen phosphate and sodium
hydroxide (NaOH) pellets were purchased from Sigma-Aldrich Ltd (St. Louis, Missouri
USA)

e B3-Homo-arginine (Pbf)-OH and Rink amide AM resin were purchased from GL
Biochem Ltd (Shanghai, China).

e ScanAsyst-fluid-Plus probes with silicon tip, a nitride lever bearing spring constant of
0.7 N/m and resonance frequency of 150 kHz w purchased from Bruker Corporation
(Billerica, Massachusetts, United States).

e All other materials, chemicals and reagents used are as previously described in

Chapters 2 and 3.

4.3.2 Synthesis of B3-peptide amphiphiles with C-terminal amides

The synthesis of modified B3-peptide amphiphiles commenced by attaching the first B3-amino
acid to the Rink amide AM resin. This was performed immediately after deprotection of the
resin with 20% piperidine in DMF (2x20 min) to remove the Fmoc protecting group. The
coupling reaction was allowed to stand for 1 hour before the resin was washed 5 times with
DMF to remove by-products and excess reagents. To attach the second B3-amino acid, the
Fmoc protecting group of the first B3-amino acid was removed by deprotection (as described
above). The synthesis cycle was repeated until the B3-peptide sequence was complete. The
only exception was the double coupling of 3.1 molar excess Fmoc-B3-homo-arginine (pbf)-OH
in the presence of HBTU (3 eq.) and DIPEA (4.5 eq.). The purification was carried out as
previously described in Section 2.3.3. All peptides were purified using the same protocols as

previously described (Section 2.3.3).
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4.3.3 Atomic Force Microscopy in Fluid

All peptides were dissolved in phosphate buffer pH 4, 7 and aqueous NaOH pH 13 to a final
concentration of 0.25 mg/mL and incubated for 24 hrs. Thereafter, 2 uL of incubated samples
were placed on a freshly cleaved 15 mm mica surface. Structural analysis was carried out using
AFM in fluid whereby the topographic, phase and amplitude images were captured as
previously described in Chapters 2 and 3. In addition, the height values of the nanofibres were

determined for each B3-peptide ampbhiphile as previously described in Chapter 2.
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4.4 Results and Discussion

To explore the effect of pH on axial and lateral self-assembly of B3-peptide amphiphiles, six
N-acetylated B3-peptides were synthesised as shown in Table 4.1. Analysis of the synthesised
B3-peptide amphiphiles by HPLC and mass spectrometry indicated that the correct B3-
peptides were obtained and purity was confirmed by the presence of a single peak in

analytical RP-HPLC chromatograms (Figure 4.3).

Table 4.1: Modified B3-peptide amphiphiles

Alkyl Code | Modified Peptide Calculated | Obtained
chain Sequence MW MW
Position
R, P15 | C -RAR-NH, 681 681
R, P16 | Ac- Az*(C )RR-NH, 738 738
R, P17 | Ac-RAz*(C )R-NH, 738 738
R, P18 | Ac-RRAz*(C,)-NH, 738 738
R, P19 | Ac- Az*(C )RR-OH 739 740
R, P20 | Ac- Az*(C  )KA-NH, 625 625
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Figure 4.3: Analytical RP-HPLC chromatograms of purified B3-peptides amphiphiles namely;
Ro (P15 = Cle-RAR-NHz), R1 (P].G = AC-AZ*(C16)RR-NH2), R2 (P17 = AC-RAZ*(Cle)R-N Hz), R3 (P18
= AC-RRAZ*(Cle)-N Hz), R1 (P19 = AC-AZ*(Cls)RR-OH) and Ry (PZO = AC-AZ*(C16)KA-N Hz).
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4.4.1 Self-assembly of B3-peptide amphiphiles with a C-terminal amide

The supramolecular self-assembly of B3-peptide amphiphiles was reported in Chapters 2 and
3 to be driven by the overall balance of non-covalent forces for axial and lateral self-
assemblies. These non-covalent interactions resulted in the formation of twisted ribbons and
nanobelts from Ro/R1 and R2/Rs B3-peptide amphiphiles respectively. Figure 4.4 shows the
schematic illustration of the 3 non-covalent interactions that govern supramolecular self-
assembly of B3-peptide amphiphiles. Axial head-to-tail self-assembly of N-acetyl PB3-
tripeptides is known to be responsible for fibre lengthening and facilitated by intermolecular
hydrogen bonding (HB) of B3-peptide monomers [13-18]. Lateral self-assembly of B3-peptides
is mediated largely by the B3-peptide side chains which result in fibre bundling and can be

facilitated by both electrostatic attraction (El) and hydrophobic interaction (HI) [17, 19].
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Figure 4.4: Schematic representation of the supramolecular self-assembly of B3-peptide
amphiphiles. (A) Axial head-to-tail self-assembly via hydrogen bonding (HB), (B) lateral self-
assembly by electrostatic attraction (El) and (C) lateral self-assembly by hydrophobic
interaction (HI) of alkyl chains.
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In order to design specific nanostructures, rational control of non-covalent interactions is
crucial [20]. An important parameter in directing supramolecular self-assembly is the overall
charge of the peptide building block, which is also dependent on the pH of the environment
[5, 21-23]. We hypothesised that incubating the modified B3-peptide amphiphiles in solutions
of different pH values will disrupt the non-covalent interactions. The focus of this study
therefore is to understand the control of self-assembled structures and properties of B3-
peptide amphiphiles simply by switching the pH of the solution. The control of supramolecular
self-assembly using pH to alter the surface charges of individual a-amino acid residues
according to the a-amino acid pKa values has been demonstrated in several studies [12, 20,
21, 24-28]. The BR side chain of the modified B3-peptide amphiphiles was thus exploited to
generate different protonation states when dissolved in phosphate buffer pH 4, 7 and
aqueous NaOH pH 13 (Figure 4.5). At pH 4 and 7 the two BR residues are protonated while at
pH 13 the BR side chains are deprotonated on the surface of the nanofibril. However, since
the pKa value for BRis 12.5, the proportion of protonated BR at pH 7 is less than that at pH 4.
The corresponding charged states of the template B3-peptides P3, P6, P9 and P12 that retain

the C-terminal carboxyl group are shown schematically in Figure 4.6.
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Figure 4.5: Schematic representation of protonated and deprotonated states of the PR
residue in P15, P16, P17 and P18 at pH 4, 7 and 13, where n = 13.

162



C-1¢ Templates
C-terminal acid

<

R
H H n
\gN Y N\E/\Lr \;\rr
Y g
o]
(2)n

H,N

R3 P12

Figure 4.6: Schematic representation of protonated and deprotonated properties of template
B3-peptides P3, P6, P9 and P12 with C-terminal carboxylic acids at pH 4, 7 and 13 (n = 13). The
C-terminal COO" is coloured differently at each pH to denote the different degree of
protonation which impacts on the overall charge.

4.4.2 Self-assembly of Ro B3-peptides (P15 and P3)

The results obtained for P15 (Ro with C-terminal amide) revealed straight discrete nanofibres
at pH 4 and 13 (Figure 4.7(A) and (E)), while at pH 7 a mesh-like network of long nanofibres
was observed (Figure 4.7 (C)).
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Figure 4.7: Self-assembly of P15. (A) nanofibres at pH 4, (B) height distribution for (A), (C)

nanofibres at pH 7 (D) height distribution for (C), (E) nanofibres at pH 13 and (F) height
distribution for (E).

In comparison with the elongated nanofibres at pH 7, the nanofibres at pH 4 and 13 were
predominantly shorter in length and aligned in one direction. The height values for P15 at pH
4,7 and 13 were 3.7 £+ 0.4 nm, 5.6 + 0.5nm and 3.6 + 0.4 nm respectively (Figure 4.7(B), (D)
and (F)) and were significantly lower at pH 4 (p < 0.05) than at pH 7. The short and discrete

nanofibres at pH 4 and 13 for P15 suggest that the acidic and basic pH influenced the axial
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and lateral self-assembly. Significantly, the morphology of P15 at pH 7 was considerably

different to those of the Ro B3-peptides presented in Chapter 2.

The effect of acidic and basic pH on the self-assembly of P3 (the corresponding Cis-template

with Ci6 alkyl chain at Ro position) was also investigated as shown in Figure 4.8.
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Figure 4.8: Self-assembly of P3 at different pH environments. (A) Very short twisted ribbons
at pH 4 (insert is high magnification of a twisted ribbon), (B) height distribution for (A), (C)
nanofibre mesh in milliQ water, (D) height distribution for (C), (E) short nanofibres at pH 13,
and (F) height distribution for (E). Note that the shaded data for pH 7 was obtained in Chapter
2.
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As demonstrated in Chapter 2, P3 formed a mesh of twisted ribbons in water as shown in
Figure 4.8 (from Fig 2.7 (D) in Chapter 2). However, at pH 4 truncated rod-like twisted ribbons
were observed (inset image in Figure 4.8 (A) shows a twist at high magnification) which also
aligned in one direction and is very similar to the nanofibres observed above for the
corresponding amidated analogue P15. The nanofibres formed by P3 at pH 13 were also short
in length but longer than the nanofibres at pH 4. The height values for P3 at pH 4 and 13 were
2.7 £ 0.4 nm and 2.5 + 0.2 nm respectively and were not significantly different (p > 0.05).
However, the height values of P3 were approximately 1 nm less than the values obtained for
P15 at pH 4 and 13. The stunted and discrete nanofibres observed for P3 demonstrates that
regardless of sequence or charge, B3-tripeptides that are acylated at the N-terminus are likely

to show a switch in morphology at acidic and basic conditions.

Given that head-to-tail self-assembly of N-acetyl B3-tripeptides is facilitated by intermolecular
hydrogen bonding which promotes fibre elongation, [13, 15, 29], the short nanofibres
observed at pH 4 and 13 indicated that the hydrogen bond formation of the amidated P15
monomer was suppressed, thus affecting the head-to-tail self-assembly and fibre elongation.
This observation was also supported by the truncated rod-like fibrils that were formed by the

corresponding template peptide P3 with the free acid at pH 4 and 13.

In terms of the lateral self-assembly, given that there are two positively charged BR residues
on the surface of the nanofibrils at pH 4, the discrete nanofibres may be due to electrostatic
repulsion of the nanofibrils. Several reports using a-peptide amphiphiles with charged
residues have demonstrated the control of lateral assembly by the inclusion of charged
residues on the outer faces of fibres to reduce fibre bundling [24, 30-32]. Similarly, a-peptide
amphiphiles have also been shown to change morphology when the pH is varied by
deprotonation of the carboxylic acid moieties resulting in inter-strand repulsion between the
interwoven fibres [33]. Stupp and colleagues have also shown that by increasing the
electrostatic repulsion, the self-assembled fibre becomes a high energy structure that results
in the formation of truncated small fibres of similar size [34], which is also seen in Fig 4.8A. In
addition, Chen et al. also demonstrated a different model using complementary sequences
made up of alternating charged a-amino acids which identified electrostatic repulsion as the

major constraint for lateral assembly of nanofibres [20]. Therefore, the discrete nanofibres
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observed at acidic pH for P15 and P3 could be due to electrostatic repulsion between the

positively charged BR and BK residues respectively of individual nanofibrils.

In contrast to the observations at acidic and basic pH values, the long nanofibrous mesh at pH
7 for P15 (with C-terminal amide) suggests that axial and lateral self-assemblies were not
disrupted at neutral pH (compared to pH 4). The nanofibrous mesh of P15 (Figure 4.7(C))
contains long and interwoven fibres with a few differences to that of P3 (free acid) structure
in milliQ water (Figure 4.8(C)). However, the fibres formed by P15 showed no clear periodicity,
were able to cluster into large bundles of = 10.4 nm and exhibited a flat ribbon morphology.
In comparison, P3 fibres formed cylindrical fibres with a well-defined periodicity. The long
nanofibrous mesh obtained for P15 suggests that hydrogen bonding and electrostatic
interactions associated with axial and lateral self-assembly respectively were enhanced at pH

7 for P15 compared to P3.

The discrete nanofibres observed at pH 13 for P15 (Figure 4.7(E) suggest that lateral self-
assembly was also restricted at this pH. Thus, the absence of charged groups on the surface
of P15 nanofibrils eliminated electrostatic forces and lateral self-assembly. In the case of P3,
disruption of lateral self-assembly at pH 13 (Figure 4.8 (E) may be due to electrostatic

repulsion of negatively charged C-terminal carboxylate on the surface of the nanofibrils.

4.4.3 Self-assembly of R; peptides (P16 and P6)

The self-assembly of P16 (R1 with C-terminal amide) also revealed short discrete nanofibres
at pH 4 and 13 while a nanofibrous mesh formed at pH 7 (Figure 4.9). The heights for P16 at
pH4,7,and 13 were 3.2+ 0.1 nm, 2.1 £ 0.6 nm and 4.5 + 0.2 nm respectively (Figure 4.9 (B),
(D) and (F)). The height values for P16 at pH 4 were significantly lower than at pH 13, while at
pH 7 the height value was significantly lower than heights at pH 4 and 13 (p < 0.05). These
results for P16 again suggest that head-to-tail and lateral self-assembly were suppressed at
acidic and basic pH in a similar fashion to P15. Interestingly, these observations can also be
correlated with the suppressed self-assembly of P6 (free acid with alkyl chain at the R
position) at acidic and basic pH (Figure 4.10). While P6 consistently formed a long fibrous
mesh of twisted ribbons in aqueous solution (as shown in Chapter 2), the morphology of P6

changed dramatically to truncated rod-like nanofibres at pH 4 and 13 (Figure 4.10 (A) and (E)).
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The high magnification image at pH 4 (inset in Figure 4.10(A)) revealed short twisted ribbons
(similar to P3 at the same pH), while at pH 13, P6 formed discrete straight nanofibres similar
to P16 at the same pH (Figure 4.9 (E)). The height values increased significantly (p < 0.05) from
4.5+0.4nmto 5.6 £0.4 nm for pH 4 and 13 respectively (Figures 4.10 (B) and (F)).
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Figure 4.9: Self-assembly of P16. (A) Short nanofibres at pH 4, (B) height distribution for (A),

(C) nanofibre mesh at pH 7 (D) height distribution for (C), (E) short nanofibres at pH 13 and
(F) height distribution for (E).
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Figure 4.10: Self-assembly of P6 at different pH environments. (A) Short twisted ribbons at
pH 4 (insert is high magnification of a twisted ribbon), (B) height distribution for (A), (C)
nanofibre mesh in milliQ water, (D) height distribution for (C), (E) short nanofibres at pH 13,
and (F) height distribution for (E). Note that the shaded data for pH 7 was obtained in Chapter
2.

The long interwoven nanofibrous mesh of P16 (R1 with C-terminal amide) at pH 7 (Figure
4.9(C)) was also similar to that of P6 (R1 with C-terminal free acid) as shown in Figure 4.10(C)),
again suggesting that head-to-tail self-assembly was not suppressed. However, the decreased

size of the fibres formed by P16 indicate a possible inhibition of lateral assembly.
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4.4.4 Self-assembly of R, peptides (P17 and P9)

The self-assembly of P17 (R, with C-terminal amide) at pH 4 and 13 resulted in short flexible
nanofibres (Figure 4.11 (A) and (E)), while at pH 7, an intertwined nanofibre mesh was
observed (Figure 4.11 (C)). The heights for P17 at pH 4, 7, and 13 were 4.0+ 0.6 nm, 7.0 £ 0.3
nm and 8.0 = 0.7 nm respectively (Figure 4.11 (B), (D) and (F)). The height values at pH 4 were
significantly lower (p < 0.05) than the values at pH 7 and 13, while there was no significant
difference between the height values at pH 7 and 13 (p > 0.05). In addition, the height
distribution at pH 7 was bimodal at =7.0 nm and =13.0 nm (Figure 4.11 (D)).

The self-assembled structures of P17 contrast significantly with the rigid nanobelts that were
previously observed for R, B3-peptides (P9) in Chapter 2. The short flexible nanofibres
observed at acidic pH in this Chapter suggest that head-to-tail self-assembly was suppressed
by the disruption of hydrogen bonding between the monomers. The P17 nanofibres appeared
thin and sparsely distributed and is most likely due to electrostatic repulsion between the two
positively charged BR side chains on the surface of the nanofibrils which prevented lateral
self-assembly. Slightly longer but relatively thin nanofibrils were observed at pH 13 (relative
to pH 4), again suggesting suppression of lateral self-assembly at pH 13. However, it should
be noted that the fibres produced by P17 are larger than other peptide amides indicating that

the ability of the C-terminal amide to H-bond may also contribute to lateral assembly.

170



Rz ) (P17 = Ac-RAZ*(C1¢)R-NH,)

o

Mean = 4.0nm

Mode = 3.9nm
= SD = 0.6nm
S, 304 SEM = 0.08nm
>
Q
$ 201
-]
-3
[
T 101

0 5 10 15 20

Height [nm]
Mean = 7.0nm

30 n Mode = 7.0nm
- SD = 0.3nm
E. SEM = 0.3nm
> 201
Q
c
Q
=
S 101
L)
'8

0 5 10 15 20

Height [nm]
y =6.5
20- Mean = 6.5nm
Mode = 8.0nm
— SD = 0.7nm
R 1=
o, 151 SEM = 0.7nm
-
Qo
S 1o
=
-2
-
'8
0.
1] 5 10 15 20
Height [nm]

Figure 4.11: Self-assembly of P17. (A) Short nanofibres at pH 4, (B) height distribution for (A),
(C) nanofibre mesh at pH 7 (D) height distribution for (C), (E) mixture of short and long
nanofibres at pH 13 and (F) height distribution for (E).

The self-assembly of the corresponding free acid template B3-peptide P9 (the Cis-template
B3-peptide with the alkyl chain at the R position) at pH 4 and 13 yielded long nanofibre
bundles (Figure 4.12). The nanofibres appeared to be in the process of nanobelt formation
with partial lateral self-assembly. The height values for P9 at pH 4 and 13 were 3.2 + 0.2 nm

(Figure 4.12 (B)) and 6.1 + 1.6 nm (Figure 4.12 (F)) respectively. This observation contrasts
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significantly with the well-defined nanobelts that were previously observed in Chapter 2 for

P9 in water with a height of =32 nm.
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Figure 4.12: Self-assembly of P9 at different pH environments. (A) Long nanofibrils bundling
at pH 4, (B) height distribution for (A), (C) nanobelts in milliQ water, (D) height distribution for
(C), (E) nanofibre bundles at pH 13, and (F) height distribution for (E). Note that the shaded
data for pH 7 was obtained in Chapter 2.

Figure 4.12 shows the most striking outcome for pH-mediated self-assembly of R, B3-peptides
in which a nanofibrous mesh was formed by P17 (Figure 4.11(C) in place of nanobelts of P9
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(Figure 4.12(C)) at neutral pH. Since the extent of protonation of BR is less at pH 7 than pH 4
for P17, electrostatic repulsion of nanofibrils at pH 7 was lower thus resulting in a nanofibre
mesh. The BR residues inhibited the bilayer formation shown in Chapter 3 by electrostatic
repulsion, which would indicate that the lower energy form for this self-assembled structure
to be twisted ribbons similar to those of Ro/R1 peptides (Chapter 2). This is the first example
of switching the morphology of B3-peptide nanobelts to nanoribbons. A similar type of pH-
controlled assembly was reported for the a-peptide amphiphile Ci6-VEVE in which the
nanobelts formed by this peptide was disrupted by deprotonation of glutamic acid residues,
which led to the separation of multilayered nanobelt structures by inter-strand electrostatic

repulsion [35].

4.4.5 Self-assembly of R3 peptides (P18 and P12)

The self-assembled morphologies of P18 (Rs with C-terminal amide) revealed predominantly
short discrete nanofibres at pH 4 and 13, while a nanofibre mesh was observed at pH 7.0
(Figure 4.13). These self-assembled morphologies are similar to that observed for P15 (Ro)
and P16 (R1). The height values for P18 were 3.5+ 0.3 nm, 3.7 £ 0.7 nm and 2.9 £ 0.2 nm at
pH 4, 7 and 13 respectively (Figure 4.13 (B), (D) and (F)) and were not significantly different
(p > 0.05) at each pH value. A bimodal height distribution was also obtained at pH 13, with

heights of 2.8 nm and 4.8 nm respectively.
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Figure 4.13: Self-assembly of P18. (A) Short nanofibres at pH 4, (B) height distribution for A
(C) nanofibre mesh at pH 7 (D) height distribution for (C), (E) short nanofibres at pH 13 and (F)
height distribution for (E).

The formation of truncated discrete nanofibres at pH 4 and 13 also suggest that axial head-
to-tail and lateral self-assemblies were suppressed as previously described for P15, P16 and
P17. In comparison, the switch in morphologies of Rs B3-peptides at neutral pH is shown in
Figures 4.13(C) and 4.14(C) in which P18 formed a nanofibre mesh in contrast to the template
B3-peptide (P12, R3 with free C-terminal acid) which formed nanobelts. The switch in

morphology seen in these Rs PB3-peptides is reminiscent of those observed in the
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corresponding R, B3-peptide amide (P17) suggesting a similar mechanism behind the

morphology switch.
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Figure 4.14: Self-assembly of P12 at different pH environments. (A) Nanofibrils bundling at pH
4, (B) height distribution for (A), (C) nanobelts in milliQ water, (D) height distribution for (C),
(E) short nanofibre bundles at pH 13, and (D) height distribution for (C). Note that the shaded
data for pH 7 was obtained in Chapter 2.

The self-assembled structures obtained for the R3 B3-peptide with free acid template P12 at

pH 4 and 13 revealed gradual formation of nanobelts that bundled laterally into flat structures
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(Figure 4.14 (A)). The height of the nanobelts at neutral pH (=28 nm) indicate a stacked bilayer
structure similar to that seen in P9 (data was obtained from Chapters 2 and 3). Conversely,
the flat nanobelts observed at pH 4 and 13 are approximately 3.5nm, which would correspond
to a single bilayer, suggesting that electrostatic repulsion is inhibiting growth of the fibre in
the z-axis. However, H-bonding may be responsible for lateral interactions creating the flat

nanobelts.

4.4.6 Self-assembly of BK-amide peptide and BR peptide with a free acid (P19 and P20)

The self-assembly of P15 (Ro), P16 (Ri), P17 (R;) and P18 (Rs) revealed remarkable
morphological changes through the variation of pH. To further assess the role of electrostatic
repulsion, a B3-peptide which contained two BR residues but also a C-terminal acid was we
designed. We envisaged that this B3-peptide (P19), which was an acid analogue of P16, would
display similar structures to those observed by the R B3-peptides presented in Chapter 2. A
B3-peptide analogue of P6 that contained BK with a C-terminal amide was also designed and
synthesised. These two additional B3-peptides are designated P19 (R1) and P20 (R1) with the
sequences Ac-Az(Ci6)RR-OH and Ac-Az(Ci6)KA-NH; respectively.

Figure 4.15 shows the self-assembled morphology of P19 in which truncated rod-like
nanofibres were formed at pH 4 and 13 (Figure 4.15 (A)) which are similar to those observed
for P16 (R1). Interestingly, the heights of the fibres formed at pH 4 (4.5 + 0.4 nm) were higher
than those observed for P16 indicating some lateral assembly likely due to the partial
deprotonation of the C-terminus and corresponding electrostatic attraction. In contrast, the
heights of the fibres of P19 at pH 13 (3.8 £ 0.3 nm) were significantly smaller than the fibres
of P16, likely due to the electrostatic repulsion of the sole negative charge of the C-terminus.
P19 also self-assembled into a nanofibrous mesh at pH 7 in a similar fashion to P6 (R1). The
formation of a nanofibre mesh with a fibre height of 5.5 + 0.8 nm is evidence of lateral

assembly (compared to 2.1 + 0.6 nm for P16).
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Figure 4.15: Self-assembly of P19 in different pH environment. (A) Short nanorods at pH 4, (B)
height distribution for (A), (C) nanofibres mesh at pH 7 (D) height distribution for (C), (E)

truncated discrete nanofibres at pH 13 and (F) height distribution for (E).

A completely different self-assembled morphology was produced by P20. At pH 4 spherical
particles were observed with height values of 6.2 + 1.3 nm (Figure 4.16 (A) and (B)).
Remarkably, the self-assembly of P20 into spherical particles is the first example of N-acetyl

B3-tripeptides adopting this architecture and is either a consequence of inhibition of the

hydrogen bonding motif or the induction of a different mode of self-assembly.
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Figure 4.16: Self-assembly of P20 in different pH environments. (A) Spherical particles at pH
4, (B) height distribution for (A), (C) nanofibre mesh at pH 7, (D) height distribution for (C), (E)
truncated discrete nanofibres at pH 13 and (F) height distribution for (E).

Itis possible that the formation of spherical particles was favoured by hydrophobic interaction
of the alkyl chains which may have dominated over other interactions by forming an interior
core. This may be similar to spherical assembly of a-peptide amphiphiles in which the
hydrophobic interaction of alkyl chains pack into the interior core region [36-42]. In contrast,
at pH 7, P20 revealed a nanofibre mesh with some evidence of surface periodicity. This may

be related to changes in the proportion of deprotonated BK residue as the pH increased from
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4 to 7 towards the pKa value. On the other hand, at pH 13, P20 formed discrete nanofibres
that were similar to P6 at this pH. The height values for the P20 nanofibres at pH 7 and 13
were 8.3+ 1.8 nmand 5.0 £ 0.4 nm respectively (Figure 4.16 (D) and (F)) and were significantly
different (p < 0.05).

4.4.7 General Discussion

Itis clear from the results presented in this Chapter that head-to-tail and lateral self-assembly
were suppressed at pH 4 and 13 with the formation of truncated rod-like nanofibres, while
significant self-assembly occurred at pH 7. Fibre dimensions have been used as an index for
estimating the number of nanofibrils for a-peptide amphiphiles that assembled to produce
bundles [20, 35, 43-48]. As shown in Figure 4.17, there was very little difference between the
height values for all the BR-amide peptides P15, P16, P17 and P18 and they were all much
smaller than the Cis-template B3-peptides presented in Chapter 2. In addition, the height
values obtained for the modified BR-amide peptides at pH 4 and 13 were between 2.0 - 4.5
nm which suggest the possibility of a bilayer architecture in which nanofibrils comprised of 2

rows of monomers may associate via hydrophobic interactions.
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Figure 4.17: Summary of height values for the template (P3, P6, P9 and P12) and modified B3-
peptides (P15, P16, P17 and P18). Height values for Cis-template peptides at pH 7 were
obtained previously in Chapter 2. Height value at pH 7 for the template are generally higher

than those of template peptides.

Overall, this study has demonstrated the control of axial head-to-tail and lateral self-
assemblies of B3-peptide amphiphiles via pH. Figure 4.18 shows a schematic diagram of the
major outcomes in this study for B3-peptide amphiphiles with C-terminal amides in which
acidic and basic pH environment produced truncated rod-like nanofibres by suppressing
intermolecular hydrogen bonding and electrostatic attraction. At neutral pH a nanofibrous

mesh was produced regardless of the alkyl chain location suggesting that the C-terminal acid

is critical to the formation of nanobelts.
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Figure 4.18: Schematic diagram for the pH control self-assembly of B3-peptide amphiphiles
with C-terminal amides. Truncated discrete nanofibres were observed at acidic and basic pH
while a nanofibrous mesh was produced at neutral pH.

Figure 4.19 shows the summary of the self-assembly for free acid B3-peptides amphiphiles (P3,
P6, P9 and P12). Truncated discrete rod-like nanofibres were produced at pH 4 and pH 13 by
P3 (Ro) and P6 (Ri), while long nanofibres that appear as partly formed nanobelts were
produced by P9 (Rz) and P12 (R3). In comparison, as presented in Chapter 2, at neutral pH a
nanofibre mesh was produced by P3 (Ro) and P6 (R1) while large nanobelts formed by P9 (R2)
and P12 (Rs).
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Figure 4.19: Schematic diagram for the pH control of B3-peptide amphiphiles with C-terminal
free acids. For P3 (Ro) and P6 (R1) truncated discrete nanofibres were observed at acidic and
basic pH while a nanofibre mesh formed at pH 7. For P9 (Rz) and P12 (Rs3) long fibres were
produced at pH 4 and 13 while nanobelts formed at neutral pH.

Another unique outcome of this study is the alighment of nanofibres observed for some B3-
peptide amphiphiles (for example P15, P16 and P17) at pH 4 and pH 13 without an external
trigger (Figure 4.18). Previous reports with a-peptide amphiphiles demonstrated the
alignment of nanofibres only through the use of external influences such as dip-pen
nanolithography [49], ultrasonication [50] or a magnetic field [51]. Weronski et al. also
demonstrated the neutralisation of positively charged residues of a-peptide amphiphiles
using basic pH which resulted in the alignment of nanofibres in a controlled parallel pattern
on the surface of the mica (Figure 4.20 (B)) [52]. Fibre alignment at pH 13 for a-peptide fibres
was attributed to a reduction in electrostatic interactions between the a-peptide amphiphile
monomers [51]. The use of soft lithographic techniques to align and pattern nanofibres over
large areas was also demonstrated under the influence of ultrasonic agitation and
confinement of the topographic features with an elastomeric stamp [53]. The nanofibres
yielded uniform height values on the substrate after the stamp was removed (Figure 4.20 (C)).
In comparison, apart from the intrinsic metabolic stability of B3-peptides amphiphiles, the
alignment of the nanofibres at acidic and basic pH may also represent a novel strategy for

designing materials for specific application, for example biosensors.
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Figure 4.20: Self-assembled peptide nanofibre alignments. (A) Alignment of P13 nanofibre at
pH 13, (B) pH spontaneous alighment of a-peptide amphiphile (adapted from reference [52]
with permission from American Chemical Society Copyright © 2010), and (C) lithographic
technique alignment for a-peptide amphiphile (adapted from reference [53] with permission
from American Chemical Society Copyright © 2007).
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4.6 Conclusion

This Chapter described the design and self-assembly of pH-responsive N-acetyl B3-tripeptide
ampbhiphiles containing BR residues and a C-terminal amide. The modified B3.peptide
amphiphiles P15 (Ro), P16 (R1), P17 (Rz) and P18 (R3) were synthesised based on the B3-
peptide templates P3 (Ro), P6 (R1), P9 (R2) and P12 (Rs3) respectively to probe the role of
hydrogen bonding and electrostatic interactions in the axial and lateral self-assembly via
changes in pH above or below the pKa value of BR. It was found that axial head-to-tail self-
assembly which is facilitated by intermolecular hydrogen bonding between B3-peptide
monomers was suppressed at pH 4 and 13 to produce truncated rod-like nanofibres. In
addition, a morphology switch between the nanobelt of R, and Rs peptides (previously
demonstrated in Chapters 2 and 3) to nanoribbons was achieved. Another notable outcome
was the formation of aligned nanofibre patterns without an external stimulus. The well-
defined discrete pattern was attributed to the disruption of lateral self-assembly between
nanofibrils as a result of electrostatic repulsion at pH 4. In contrast, at pH 13 all the BR residues
in P15 (Ro), P16 (R1), P17 (R2) and P18 (R3) were deprotonated presenting neutral B3-peptide
amphiphiles, therefore lateral self-assembly was most likely eliminated due to the absence of

attractive electrostatic forces.

The suppression of axial and lateral self-assemblies of P15 (Ro), P16 (R1), P17 (Rz2) and P18 (R3)
was further investigated with corresponding B3-peptides amphiphiles with C-terminal acids
P3 (Ro), P6 (R1), P9 (R2) and P12 (Rs) which produced similar results in the same pH
environment. All the modified B3-peptides also self-assembled into a nanofibrous mesh at
neutral pH which is similar to the results obtained in Chapter 2 for P3 (Ro), P6 (R1), P9 (Rz) and
P12 (Rs3) in an aqueous environment. These results clearly confirm that the twisted ribbons
and nanobelts observed for Ro/R1 and Ry/Rs B3-peptides respectively are mediated by
hydrogen bonding, electrostatic attraction and hydrophobic interaction during self-assembly
but that the relative contribution of each interaction can be manipulated to result in different
morphologies. Furthermore, the results in this Chapter underscore that through rational
design of B3-peptide amphiphile sequences, it is possible to develop dynamic materials that
can switch morphology and size in response to changes in pH and also create new spherical
nanoparticles. Future structural evaluation of the packing order will be helpful to elucidate

the internal structure and obtain more insight of the design process.
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5.1 Conclusions

N-acetyl-B3-tripeptides containing acyclic amino acids adopt a 14-helical conformation
irrespective of the monomer sequence, allowing the self-assembly motif within these B3-
peptides to be completely confined to the B3-peptide backbone. This unique self-assembly
motif creates the opportunity for B3-amino acid sidechains to be involved in lateral self-
assembly without perturbation to self-assembly. This led to the uncontrolled assembly of a
variety of hierarchical structures that included a large range of sizes (from a few nanometres
to centimetres) within the same sample [1-4]. In this dissertation, the control of structures
formed by self-assembly of N-acetyl B3-tripeptides was achieved by the incorporation of fatty
acids within the B3-peptide sequence. We hypothesised that lipidation of B3-amino acid side
chains presented on one face of the 14-helix would offer an opportunity to better control self-
assembly and limit the ability of these B3-peptides to form macrostructures [1, 5-8], without
affecting their ability to self-assemble and form fibres in solution. Therefore, N-acetyl B3-

tripeptides were lipidated to obtain the first N-acetyl-B3-peptide amphiphiles.

Chapter 2 describes the design, synthesis and self-assembly of 12 B3-peptide amphiphiles (P1
—P12) in which the alkyl chains were placed at Ro, R1, Rz and Rs positions on the B3-tripeptide
sequence. The position of the alkyl chain dictated the type of self-assembled morphology
produced as evident from the summary presented in Figure 5.1. Morphological
characterisation by TEM and AFM showed that N-acetyl-B3-peptide amphiphiles with the alkyl
chain at Ro (P1, P2 and P3) and R1 (P4, P5 and P6) self-assembled into twisted ribbons (Figure
5.1 (A), (B), (C), (D), (E) and (F)) while those with the alkyl chain at R (P7, P8 and P9) and R3
(P10, P11 and P12) formed nanobelts (Figure 5.1 (G), (H), (1), (J), (K) and (L)). This is a striking
difference given that the composition of the B3-peptides are either identical or very similar
and demonstrates the fine balance in the forces that govern the self-assembly of these B3-
peptides. In particular, the location of acylation seems to be primarily responsible for the
mode of hierarchical self-assembly and the internal packing order of the alkyl chains.
Interestingly, the length of the alkyl chain produced subtle differences in the dimensions of
the fibres but did not alter fibre morphology. Modifications to the general tripeptide structure
with unsaturated fatty acids may provide further insight into fibre packing and is a logical next
step forward. Additionally, the introduction of polyaromatic systems (for example, steroids)

may provide some degree of control over self-assembly. Finally, introduction of carbohydrate
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or PEG-based linkages may also exert control over self-assembly without decreasing the water

solubility of the peptide. However, these would be unlikely to gelate.

Figure 5.1: Summary of the self-assembled morphologies of B3-peptide amphiphiles with a
free C-terminal acid.

To determine the suitability of these B3-peptide amphiphiles as biomaterials, stable

supramolecular hydrogels were formed at 10mg/mL in PBS (pH 7.4) with P2 — P11. These

193



rapidly self-assembled in an aqueous environment and provide great potential for the
development of finely tuned cellular microenvironments suitable for tissue engineering by
chemical modification at the monomer level. Overall, the results in Chapter 2 demonstrated
the role of the alkyl chain position in the control of self-assembled supramolecular

architectures of N-acetyl-B3-peptides amphiphiles.

In Chapter 3, the internal molecular packing of the self-assembled N-acetyl-B3-peptide
amphiphile nanobelts obtained in Chapter 2 was investigated using nanoindentation by AFM.
The focus was to create holes in the nanostructure surface with the AFM tip to enable
visualisation and characterisation of the internal packing structure. The indentation was
carried out at different locations along the fibres (central and lateral) which exposed the
multi-layered internal features of the nanobelts with a regular spacing of =2.6 nm, =2.8 nm
and =3.0 nm for P7, P8 and P9 respectively. The results indicated that the stepwise internal
features were bilayers which stack during self-assembly. These high-resolution images are the
first evidence of the internal structure of the N-acetyl-B3-peptide amphiphile materials and
lay the foundation for future structural analysis of these fibres. In addition, nanomechanical
measurements of the fibres were made using AFM, which indicated that the length of the
attached fatty acid contributed to the stiffness of the resulting fibres. The results of this
Chapter also demonstrated that AFM nanoindentation can be used as a powerful tool to
complement other techniques such as SAXS and fibre diffraction to investigate the internal

organisation of self-assembled nanostructures.

In Chapter 4, the effect of pH on axial and lateral self-assembly of B3-peptide amphiphiles was
investigated. This was achieved by designing 4 modified B3-peptide sequences (P15 — P18)
which comprised BR and a C-terminal amide in each N-acetyl B3-tripeptide using the Ro/R1 and
R2/Rs; B3-peptide amphiphile templates in Chapter 2 which self-assembled into twisted
ribbons and nanobelts respectively. The protonation of the BR residues was achieved by self-
assembly in phosphate buffer at pH 4 and 7, while deprotonation was achieved at pH 13. The
AFM images of this set of B3-peptides at pH 4, 7 and 13 are reproduced in Figure 5.2 and a
number of significant morphology changes were observed. Firstly, the nanobelt structures
observed in Chapter 2 for the R2 and Rs; B3-peptides were not evident at pH 7 for the BR-
containing amidated PB3-peptides, but were replaced by a fibrous mesh. Secondly, self-

assembly of all the modified B3-peptide amphiphiles was significantly compromised at pH 4
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and 13, clearly demonstrating that fibre morphology can be manipulated by changes in
ionisation. In particular, the presence of short fibres indicates that the head-to-tail self-
assembly was inhibited by high and low pH reflecting effects on the H-bonding or indeed
effects on the ability of the N-acetyl B3-tripeptide to adopt the requisite 14-helix. In addition,
the changes in ionisation impacted on the fibre widths as a result of suppressed lateral

interactions.
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C-terminal

pH 4

pH 13a

Figure 5.2: Summary of the pH-controlled self-assembled morphologies of B3-peptide
amphiphiles.

Overall, the results of this chapter provide a rationale for the design of novel B3-peptide-based

materials that can be manipulated through changes in pH.
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5.2 Future Directions in B3-Peptide Amphiphile Design

The results presented in this Thesis provide a new platform for the supramolecular self-
assembly of B3-peptide amphiphiles. Firstly, all peptides (unless they were not N-terminally
acylated), self-assembled in either water or pH 7 buffer irrespective of sequence, further
demonstrating that side chain modification does not impact on fibre formation and paving
the way for the design of novel B3-amino acids to control either fibre morphology and/or
function. This feature has important ramifications in the development of new biocompatible
materials with long-term stability. However, before discussing the long-term applications, a
number of structural features need immediate characterisation. Firstly, the results of
nanoindentation by AFM can be built on through, for example, fibre diffraction of these
samples and coupled with molecular dynamics to develop molecular models of these
materials. This information is important to allow more rational design of the next generation
of materials. Other high-resolution techniques such as cryoEM should also be explored to

provide another avenue for structural determination.

Functionalisation of B3-peptide amphiphile monomers provides enormous scope for the
design of new biomaterials with specifically engineered biorecognition properties by
incorporating a variety of functional groups tailored for specific applications. When coupled
with tailored structural properties, the possibilities are endless. Our group has recently
functionalised P5 (Ci4, R1 B3-peptide) by attaching the bioactive cell adhesion epitope RGD on
the second residue of the N-acetyl B3-tripeptide sequence via an alloc-protected
aminoethylamide [8]. The functionalised B3-peptide amphiphile self-assembled into a
nanofibrous mesh architecture without perturbing the self-assembly motif (and still
presenting functionality) as previously observed with P5 without an RGD epitope. In a similar
manner, future studies may include the attachment of other bioactive compounds to the side-
chain of the second residue such as IKVAV (for neurite extension) and YIGSR (for neuron
adhesion). Functionalisation of Ry and R3 B3-peptide amphiphile nanobelts can also be carried
out by incorporating bioactive epitopes on the free residues. The co-assembly of
functionalised B3-peptide amphiphiles will provide a new approach to biomaterial design, by
mixing B3-peptides with different bioactive molecules at an optimised ratio in solution to
produce a scaffold with multiple biological signals. A scaffold with multiple biological epitopes

from B3-peptide amphiphiles could provide additional functionality to the self-assembled
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nanostructure, allowing for bioactive epitopes to be multiplexed in a synergistic way to
regulate cell activity. Co-assembly of multiple B3-peptide amphiphiles into a single
nanostructure may thus offer additional functionality and mechanical properties of the self-

assembled architecture.

To exploit the ability of these materials to form hydrogels and act as viable biomaterials that
resemble the mechanical properties of the target tissue, the mechanical properties of these
B3-peptides amphiphiles in terms of porosity and mechanical stability is necessary. The bulk
properties of hydrogels not only depend on the intrinsic properties of the fibres but also on
the network topology [10]. Given that the alkyl chain position exerts a significant effect of
morphology, the position and the length of the alkyl chain can be incorporated into future
hydrogel design to control matrix stiffness and hence regulate cell morphology and

differentiation [16].

The formation of large nanobelts with a high aspect ratio provides an interesting avenue in
the design of materials for energy applications. The incorporation of organic molecules like
thiophenes and perylenes may form novel field-effect transistors and semiconducting
materials. The ability to control the morphology switch between a fibrous mesh and
nanobelts also provides an additional design feature which could be exploited in a wide range
of applications. Thus, further manipulation of lateral interactions via changes in electrostatic
and hydrophobic forces may provide additional control over the formation of twisted ribbons
and nanobelts. This could be explored by probing the self-assembly of B3-peptide amphiphiles
that comprise of B3-glutamic acid (BE) or B3-aspartic acid (BD) in place of BR and BK in the N-

acetyl B3-tripeptide sequence.

It was observed in Chapter 4 that the Ri B3-peptide with C-terminal amide, P20 (Ac-
Az*(C16)KA-NH3) formed spherical particles at pH 4. This is another significant outcome and
may provide an avenue for the development of B3-peptide-based nanoparticles for a range of
applications such as drug delivery similar to the spherical particles of a-peptide amphiphiles
which are known to produce a geometric particle core that allows high drug loading per
surface area [17]. These nanoparticles could also be easily modified to introduce cell targeting

epitopes on the surface of the particle.
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Overall, the control of the self-assembled morphology of B3-peptide amphiphiles was dictated
by the molecular design of the building blocks in which the position of alkyl chain (Ro, R1, Rz
and Rs) on the N-acetyl B3-tripeptide sequence together with molecular forces that define the
lateral interactions, plays a crucial role in defining the final nanostructure. Therefore, this
dissertation has significantly expanded the scope of B3-peptide self-assembly by establishing
strategies for the design of a new generation of B3-peptide-based materials with geometric

precision and potential for tailored functions.
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