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Abstract

Under specific conditions short peptides modifieithwan N-terminal fluorenyl-9-

methoxycarbonyl (Fmoc) group can self-assemble imgdrogel scaffolds similar in

properties to the natural extracellular matrix. [Erdgphenylalanine (Fmoc-FF) for
instance, has been shown to form hydrogels at ploggcal pH that have the ability to
support 2D and 3D cell culture. The aim of this @stigation is to provide further
understanding of the self-assembly mechanism oh systems in order to progress
towards the establishment of design rules for ttepgration of scaffolds with tuneable
properties.

First, Fmoc-dipeptides composed of a combinationhydrophobic aromatic residues
phenylalanine (F) and glycine (G) were studied waitparticular emphasis on the effect of
pH variations. The systems were investigated irotd assess what influence the position
of such residues in the peptide sequence had ophymcal properties of the molecules,
and what impact the chemical structure had on #leassembly behaviour and the
gelation properties of the materials. Subsequeptignylalanine was replaced by leucine
(L), a non-aromatic amino acid that had the saniative hydrophobicity in order to
determine whether the self-assembly of such moéscisl driven by aromatic interactions
or hydrophobic effects.

Using potentiometry, the behaviour of the systemssalution has been investigated,
revealing that they were all characterised W§;, ghifts of up to six units above the
theoretical values. Fmoc-FF exhibited two transgiavhereas the other Fmoc-dipeptides
only displayed one. These transitions were founcbincide with the formation of distinct
self-assembled structures with differing molecwanformations and properties that were
characterised using transmission electron microgcoipfrared and fluorescence
spectroscopy, X-ray scattering and shear rheometry.

m-stacking of the aromatic moieties was thought éothe driving force of the self-
assembly mechanism, generating dimers that comeggabto the building blocks of the
supramolecular structures formed. On the other hane peptide components were
stabilised via hydrogen bonding and could form artllel f-sheets depending on the
amino acid sequence and the associated influen¢keongidity of the molecules. Below
their (first) apparent i, transition, Fmoc-FF, Fmoc-LL, Fmoc-FG, Fmoc-LG dfrdoc-
GG formed hydrogels, with the mechanical properdied stability varying depending on
the amino acid sequence. Fmoc-FF and Fmoc-LL ebelilthe lowest storage modulus
values '~ 0.5-5 Pa) of the studied systems while Fmoc-Li&pldyed the highest
(G’'~ 1000-2100 Pa). Fmoc-FG and Fmoc-LG had the peitylof being obtained upon
heating and where found to be particularly stabke,opposed to Fmoc-GG gels which
showed a tendency to crystallise. On the microscepale, these gels were all associated
with the presence of entangled fibrillar networkslidferent size and morphology, which
in some cases could self-assemble further throulgimallar organisation. Again, Fmoc-
FG and Fmoc-LG distinguished from the other systemshey were the only Fmoc-
dipeptides to show a supramolecular chirality ia fbrm of twisted ribbons under specific
pH conditions. In contrast, Fmoc-GF and Fmoc-GL wad form hydrogels below their
apparent i, due to the formation of sheet-like and spheritraicsures respectively.

Keywords self-assembly; dipeptide; hydrogel; nanostrucudesign; tuneable properties.
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— Chapter 1 —

Introduction

Living systems are established around hierarclyicatjanised structures with well defined
properties. Most of these supramolecular structuresult from the non-covalent
association and specific recognition of diversarimtecules such as proteins, nucleic acids
and polysaccharides, which correspond to polymédramino acids, nucleotides and
monosaccharides respectively. Despite the variétyandom combinations that could
theoretically result from the association of the@sgal monomers, only a few sequences
lead to functional macromolecules. Rules govertingglinking of these units into complex

particular structures must exist; however unranglthem remains a challenge.

Cells are the structural and functional units wihlg organisms. Like the biomolecules they
produce and interact with, cells take part of ardighical organisation and form the
complex structures of tissues and organs. Mostdidrganisms are constituted of many
different types of cells capable of generating dieestructures with specific functions

when subjected to the appropriate environmentadlitions.

Inspired by these organised and structured examgtentific researchers have chosen to
mimic Nature to produce nanoscale objects and dsviSignificant progress has been
made in the last decade and designed nanomataeridisparticular properties can now
fulfil specific applications in biotechnology (tiss engineering, 3D cell culture,
biosensing) and nanotechnology (electronics, tetimgla By virtue of the diversity of
their constitutive amino acids, peptides are ottem building blocks of choice and have
hence been extensively exploited. Such systems thevability to spontaneously self-
assemble into organised structures by either imgjistructural motifs that naturally occur
in proteins such ag-helices angs-sheets or exploiting covalently linked ligands Isuas

alkyl chains or aromatic moieties.

A relatively new class of hydrogel scaffolds form&dm the self-assembly of short
peptides modified with aromatic moieties has rdgebeen developed. The aromatic
groups play a key role in the self-assembly prod¢essughz-z interactions, while the

peptide components are stabilised via hydrogenibgnd
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The first part of this thesis is devoted to therifztion of three-dimensional soft scaffolds
with tailored properties for tissue engineering lagpions. A number of different

approaches reported in the literature to achieve aim will then be reviewed with a
careful attention to the design features chosenthadstimulus applied to trigger self-

assembly and subsequent gelation of the peptiderags

In Chapter 4, we will focus on a class of shortnaaitic peptide derivatives — dipeptides
possessing an N-terminal fluorenyl-9-methoxycartbargup —with a particular focus on
the effect of pH variations. Our effort will be amntrated on how reliable and

reproducible materials can be methodically prepared

The peptide derivatives presented in Chapter Ba@mstituted of aromatic amino acids. We
will assess what influence the position of suchremacid in the peptide sequence has on
the physical properties of the molecules, and whaact the chemical structure has on the
self-assembly behaviour and the gelation propediethe systems. The effect of such
variation on the supramolecular structures genenatk be investigated under pH control.
The molecular architecture of the self-assemblied ke probed, in particular the
arrangement of the peptide components and theanttens between the aromatic groups.
The microstructure of the self-assembled objectd be observed and the dynamic

mechanical properties of the resulting materialslva assessed.

In order to determine whether aromatic interactornydrophobic effect dictate the self-
assembly of such materials, in Chapter 6 the aromsmte chains will be replaced by alkyl
chains having the same relative hydrophobicity.ebtigation of the systems at the
molecular, microscopic and macrospic levels will bedertaken using the same

methodology. As a result of this analysis, desigas will be proposed.
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— Chapter 2 —

Literature Review

2.1. TISSUE ENGINEERING
2.1.1. Definition of Tissue Engineering

Tissue engineering is a discipline that focusesissue and organ replacement, repair and
regeneration using engineering and biological ppies [1,2]. The process consists of

isolating specific cells (differentiated or undiéatiated i.e. stem cells) from biopsies of

patients and making the tissue grow eitimevitro or in vivo in order to form tailor-made

tissues with appropriate size and shape [3,4].

Use of isolated cells or tissue-inducing substanoeseplace defective cells or promote
tissue growth respectively are strategies whichgareerally considered for small and well
contained damages [5]. A less restrictive apprdahin the use of artificial scaffolds
mimicking the natural environment (the extracellutaatrix) for tissue growth to guide

cells and facilitate the formation of functionadies.

Tissue engineering can also be used for non-clirdpalications. In this case, cells are
culturedin vitro in a three-dimensional environment (for more detaiee Section 2.1.3) in
order to produce multicellular structures, whicm cabsequently be employed for drug
development and testing, or simply exploited fordamental cell studies [4].

2.1.2. Extracellular Matrix

In vivo, cells secrete macromolecules such as proteinsabohydrates that organise, and
make up a complex network called the extracellmatrix (ECM). This matrix surrounds
the cells and acts as a supporting scaffold asatdomost the environmental mechanical

stress that tissues are subjected to [6].

The matrix composition varies depending on the type functional requirements of each
tissue. Nevertheless the ECM is mainly composegrofeoglycans and polysaccharide
chains of the glycosaminoglycan (GAG) class thaimfoca gel-like substance which

provides resistance and mechanical support toetssgi). Two types of fibrous proteins are
embedded in this polysaccharide gel: the firstdhaguctural role (e.g. collagen or elastin),
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whereas the second has an adhesive function amaofes the attachment of cells to the

matrix (e.g. fibronectin or laminin).

Collagen is a major extracellular fibrous protéMumerous types of collagen fibres exist
but all consist of three polypeptide chains, whiol around each other to make up a triple
helix — a characteristic structural feature of agdn. As a result this supramolecular
structure provides tensile strength to the maifjx Collagen molecules typically self-

assemble into bundles of 50 to 500 nm diameter [8].

The surface of cells is typically decorated witlifedent classes of receptors including
integrins. In addition to convey information betwe=ells and their environment (essential
to direct cell traffic and differentiation), thesadhesion receptors provide specific
attachment points between cells and, when intergatiith surrounding fibrous proteins,
with the ECM to ensure the anchorage of the celthé¢ matrix [7,9]. Binding of integrins
to the ECM molecules (i.e. cell attachment to thatriv) is made through recognition
sequences. Arg-Gly-Asp (RGD), a common motif presenmany of the extracellular
proteins, was the first to be identified [4]. Smadiriations on the tripeptide such as the
addition of a methyl in the amino acid side chdieading to sequences like Arg-Ala-Asp
or Arg-Gly-Glu) were found to eliminate the actiohthe motif, showing the importance
that the exactitude of this key sequence has upteraiction between cells and the
ECM [9].

In other words, the ECM is not only used as a st@tio stabilise the physical structure of
tissues but also plays a role in cell migrationplipgration, functionalisation and

regulation. Since the ECM matrix is porous, it dealcell migration and the diffusion of
various elements essential to their developmerd fkitrients, metabolites, hormones,

growth factors and oxygen [6].

2.1.3. 2D Versus 3D Scaffolds

Although within tissues, cells naturally grow irthaee-dimensional (3D) environmei,
vitro cell culture is commonly carried out in two-dim@mal (2D) systems such as culture
dishes, multi-well plates or glass slides coateth vgubstrates. Use of these methods
implies that cells are being mixed into culture mezhd seeded on top of the prefabricated
scaffolds. As a result, cells are cultured ontoghgace of the support. In 3D cell culture,
introduction of cell suspensions into culture mediapart of the scaffold preparation

process. Suspended cells can be mixed with liquaidgel precursors for instance. Cells
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are therefore integrated into the mixture durin¢gpten and surrounded by the scaffold
after its formation [10].

As they offer more realistic conditions for cellltcwe, 3D scaffolds are more appropriate
ECM mimics than 2D supports in guiding cells tonfiofunctional tissues. In such
biomaterials, cells do not need to adapt to an wmakenvironment, which reduces stress
and subsequent alteration of cell metabolism, gempression or production of
extracellular matrix proteins [11]. Importantly, 3Daterials also allow diffusion of solute
molecules from the aqueous medium through the m&twehich is necessary to cell

development.

2.1.4. Scaffold Design

Ideal multi-purpose scaffolds are difficult to dgsisince each tissue requires a specific
matrix with defined characteristics. However besideing biocompatible, materials used
in tissue engineering applications must conformatoleast certain biochemical and

physical criteria.

The generahrchitecture of the material must comply with the nanoscaleatisions of

natural ECM in order to respect the local microemwvinent surrounding cells and allow
realistic interaction with the matrix. Comparednticroscale scaffolds, the dimensions of
which are similar to those of cells and causes tiitening and spreading as if cultured
on a plane surface, nanoscale substrates enabladbelsion within a 3D structure [12].
The scaffoldsurface should be easily modified with cell adhesion ligarahd also large

enough in order to enhance initial cell attachnmamd subsequent proliferation, migration

and differentiation [5].

High porosity and adequate pore size are essential to allowsgoah of oxygen and
nutrients and removal of metabolic waste to andnfrthe cell without risking pore
occlusion [13]. On the other hand, pore radii sddog restricted to the micron scale in
order to limit the diffusion rate of biomoleculekl]. Pore size also depends on the type of
tissue to regenerate. Use of scaffolds with pare sf 20 to 125 pm have been reported for
adult mammalian skin regeneration for instance avtalger pore size ranging from 45 to
150 um and 200 to 500 um have been employed tasuippne and liver tissue formation
respectively [14].

The material must present suitaloiechanical strengthto resist environmental stresses

and maintain sufficient structural integrity unii¢ degradation allows the replacement
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tissue to complete its formation. In addition tcee teupport provided for cell growth,
scaffolds also influence differentiation of thermsteells depending on their mechanical
properties. For instance, human mesenchymal stédsmwere found to differentiate into
distinct cell types by modulating the elasticiof the material used. Neurone-like lineages
were obtained with relatively sofE(~ 1 kPa) matrices, muscle lineages with moderate
(E' ~ 10 kPa) matrices and bone lineages with rigid-(100 kPa) matrices [15].

Biodegradability, preferably in physiological conditions and at entrolled rate, is
generally required in order to avoid material-ingdianflammation reaction or immune
response from the host body. It can either be cetaglby hydrolysis, dissolution or upon

enzymatic action, and should give rise to innocumuproducts [3].

Different technologies have been developed in otdenimic the ECM, particularly the
nanofibrous and porous aspect of the collagen rmats main component. In order to
routinely produce such type of scaffold three teghes have proven to be relatively
efficient: electrospinning, phase separation antlassembly [12,16,17]. Nanofibres with
various diameters lying within the ECM collagengarwere generated depending on the
method used. Under specific conditions, phase agparmethods enabled the production
of fibres with diameters similar to natural ECM legen [18,19], whereas electrospinning
led to the formation of fibres with larger diame{eanging from nanometres to a few
micrometres) [17,20,21]. Thinner fibrils (typicallgss than 10 nm) were obtained by self-
assembly although these commonly aggregate intallesirof fibres [22]. All of these
techniques allow design of fibrillar networks wihitable dimensions, however they each
present limitations as for the production of 3Dffdds. Lack of control on the internal
pore size and use of toxic solvents constitute sofmte major issues to be addressed.
Self-assembly can be conducted in aqueous solvehish is a particular advantage in
order to avoid organic solvent residues in thel fstaffold. Here we will therefore focus
on this approach, which has received considerdt#ataon in biomaterials research during
the past ten years.

2.2. FLF-ASSEMBLY

Self-assembly is an autonomous process that ngtwedurs in nature to create ordered
and functional molecular architectures from unless ordered building blocks (bottom-up
approach). The structures generated by self-asgearbl usually in an equilibrium or

" The elasticity referred to here corresponds tot¢heile elastic modulus'. Although the values cannot be
directly compared to the shear elastic moduBis(values reported in the results chapters), it giaa
indication of the material’'s strength.
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metastable state. This spontaneous phenomenosasl loa the balance between different
types of attractive and repulsive non-covalent eakvcovalent forces, which are created
between neighbouring molecules (intermolecular radons) and within molecules

(intramolecular interactions) [23,24].

2.2.1. Self-Assembly and Forces Involved

Hydrogen bonds form between hydrogen donors (hydrogen covaletithked to

electronegative atoms such as oxygen or nitrogemj &aydrogen acceptors or
electronegative atoms. Hydrogen bonding is a doeat force, which perfect geometry
implies the alignment of the three atoms involvaditi (i.e. the hydrogen and the two
electronegative atoms which share it), resultinghie formation of a strong bond [7]. In
organic systems and in peptides in particular hyelnobonds commonly involve nitrogen

and oxygen atoms. In this case the donor and thepgar are typically ~ 3 A apart.

Electrostatic interactions occur between polar charged groups. Opposite amde s
charges attract and repel each other respectivgtsactive electrostatic interactions are
also directional as their axes lead from the pasito the negative charge. Such forces can
be particularly strong in vacuum (Table 2.1), hoaretheir strength can be reduced by up
to two orders of magnitude in polar media [25]. Tgresence of salts in solution is also
known to weaken electrostatic interactions asrsalecules act as counter-ions screening

the charges of the compounds [6].

In solution molecules tend to gather accordingh&rtaffinity to the solvent. Hence in a
polar solvent,hydrophobic interactions occur between groups such as hydrocarbon
chains and aromatic moieties in order to minimizeeirt contact with the polar
environment. This type of interaction is less getrio@ly constrained.

Aromatic z- interactions arise from the attraction of-electron clouds present on the
surfaces of aromatic groups, enabling them to statkop of each other. Due to the
arrangement of the aromatic moieties this typentdraction is directional. In a face-to-

face arrangement centroids of aromatic groups &® A apart on average [26].

Van der Waals forcesare created in a non-directional manner betweenatwms that are

in close proximity. The electron cloud surroundihgm creates temporary electric dipoles,
resulting in the attraction of the two nuclei [However, this attraction is limited as two
atoms will repel each other when the distance batvihem equals the sum of their Van

der Waals radii. The Van der Waals radii of hydmgearbon, nitrogen and oxygen (the
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most common atoms present in organic systems) aPe 4.0, 1.5 and 1.4 A

respectively [6].

Any of the above-mentioned forces, or combinatitheseof, can drive the self-assembly
process. In comparison to covalent bonds (100-408d") these forces are weak
(Table 2.1), however when acting cooperatively thag generate stable supramolecular

assemblies.

Table 2.1.Strength of different non-covalent fordés].

-1

Type of non-covalent force Strength / kJ mol
Hydrogen bonding 10-65
Electrostatic 250
Hydrophobic not applicable
-7 0-50
Van der Waals <5

Self-assembly allows structures to be built witlcrod and nanometre dimensions. Such
architectures are of particular interest becaugheif potential use in a versatile range of
applications, including microelectronics, photonicganosciences and nanotechnology
(nanotubes, nanowires, colloids, sensors). In mhdito the development of these

applications, self-assembly is crucial for fundataéiy understanding biological structures

and processes, as well as designing their nongdgcdbmimics [23].

2.2.2. Self-Assembled Hydrogels

Self-assembled fibrillar networks can often trap lenoles of solvent in a three-

dimensional manner to form gels. This phenomenahsiglayed at the macroscopic scale
by a system that does not flow when the contaménversed. When the solvent is water,
gels are referred to as hydrogels. Hydrogels haye \water content as they can absorb up
to thousands of times their own dry weight in wat8ince it is a metastable state of

precipitate, a gel is in equilibrium and can bédktdut may also dissolve or precipitate.

Most gels are based on polymeric gelators. Two goates can be distinguished:
reversible/physical gels and permanent/chemical. lysical gelsbring into play weak
forces such as hydrogen bonds, Van der Waals, plidlbc and ionic interactions (see
Section 2.2.1.) that are reversible and sensitiveetnvironmental physico-chemical
changes. In this type of gel, fibres are entangled can create heterogeneiti€semical

gels arise from covalent crosslinking. These gels aexefore irreversible. These links
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cannot be dispersed unless the system is entieglsaded. In this case again, gels may not
be totally homogeneous as the crosslink densitweanwithin the sample [13].

2.3. H'DROGELS FOR TISSUE ENGINEERING

As discussed in Section 2.2.2, hydrogels are oftgarded as mimics of the cell’'s natural
environment due to their high water content [27¢nEe they are of particular interest for
their potential applications in tissue engineeanglin vitro 3D cell culture [13].

In the last twenty years, two categories of biomale have been developed to assist 3D
tissue regeneration: synthetic and natural-dexeapolymers. In both cases, bioactive
molecules can be covalently attached to the substma order to induce their degradability
or to enhance cell adhesion to the scaffolds [BBis section presents the most commonly

used polymer hydrogels in tissue engineering.

2.3.1. Natural Polymers

Natural polymers such as proteins and polysacobsirithve been extensively used in
tissue engineering. In addition to their biocomipéty and enzyme-mediated

degradability they can generate suitable nanofiletevorks for 3D cell culture.

Collagen for instance, a major constituent of tl&VEof mammalian tissues, is widely
available from the purification of animal tissuellagen. The physical structure of such
scaffold can be controlled and tailored to speafdl culture applications. Some studies
suggested that varying the polymer concentratiomdctead to fibrillar networks with
different pore radii [29]. Collagen has been susfidly employed for tissue regeneration,
including reconstruction of liver, skin, blood vekand small intestine tissues [3], yet due
to its origins, collagen can potentially cause pg#n transmission or immune
reactions [5]. Denaturation of collagen using tharmor alkaline processes generates
gelatine. Due to its ease of gelation, gelatinears interesting polymer for tissue
engineering and has proven to be efficient in @ssepair [30]. However collagen and
gelatine gels are weak and often require chemicalifications to improve their
mechanical properties [30,31].

Hyaluronate is one of the main glycosaminoglycansé in natural extracellular matrices.
Large quantities of hyaluronate can be producethizyobial fermentation, which reduces
the risk of animal-derived pathogen transmissioels®f this anionic polysaccharide are
typically characterised by low mechanical propsttisowever their viscosity can be tuned

by chemically altering the polymer structure (eegterification) in order to obtain the
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required properties [32]. Hyaluronate hydrogelsentound applications in wound healing,
artificial skin generation and soft tissue augmeote]3]. Alternatively, marine algal
polysaccharides such as alginate or agarose caisdteto produce scaffold materials as

these polymers present low toxicity due to theigiar

Natural polymer hydrogels have been widely usedti®sue engineering approaches.
However they present weak mechanical propertiesany cases and can contain residual
amounts of growth factors or impurities, which iprablem for their use in human tissue
regeneration applications [11]. These restrictibage among others motivated the use of

synthetic polymers.

2.3.2. Synthetic Polymers

Since they can be produced with tailored propel(eg. appropriate gelation kinetics or
mechanical strength) and offer control over theructural characteristics (e.g. cross-
linking density), synthetic polymers constituteattive materials for tissue engineering.

Poly(ethylene glycol) (PEG) is one of the most camiy used synthetic polymers for
tissue engineering approaches. PEG chains candss-ltked by photopolymerisation
allowing the formation of polymeric scaffolds iretpresence of cells [33]. However use of
cross-linking agents results in toxicity concerbp On the other hand, the main advantage
of this polymer is its non-immunogenicity since i# known to be inert to most
biomolecules, including proteins [2]. The surfack tbe scaffold can be chemically
modified with specific ligands in order to enhamed adhesion [34] or induce degradation
of the polymer [35] for example. Use of PEG-basgdrbgels has been reported to be
successful for cartilaginous tissue regenerati@h. [3

Hydrogels of poly(acrylic acid) and its derivativea® another family of synthetic polymers
that has been extensively studied for tissue eegimg. One of the most widely used is
poly(hydroxyethyl methacrylate) (PHEMA), which h#&sund applications in contact
lenses and drug delivery [2,3]. PHEMA hydrogels dot degrade in physiological
conditions, however like PEG, the scaffold surfaee be chemically altered in order to
introduce degradation sites. Another example ig(pbisopropylacrylamide) (PNIPAAmM).
This polymer is characterised by a lower criticaluon temperature (LCST) located
around body temperature (~31°C in aqueous sokiti@bove which the polymeric
solution undergoes a reversible phase transiticocésted to the precipitation or the
gelation of the polymer [37]. To modulate the tenapare responsiveness of the polymer
(e.g. to body temperature) PNIPAAm is usually cgparised, making it an attractive
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candidate forin vivo applications. However the use of PNIPAAmM is liditby the
carcinogenic nature of its monomer — the residdeshiach could be problematic for tissue
engineering approaches — as well as the toxicitthefcross-linkers typically utilised to
reduce the polymer solubility in water at low temgtare [37]. Neuronal and cartilaginous
tissue regeneration has been reported using PHEMA BNIPAAmM derivatives

respectively [38,39].

Despite the versatility of copolymers and croskdns available to tune their
characteristics to the required properties, som&hsyic polymers remain potentially
harmful for tissue engineering applications. Congrus involved in the production of
these materials can indeed be toxic in some casaking hydrogels prepared from not

entirely pure polymers inadequate for such appboat

Polypeptides constitute a compromise between Haanch synthetic polymers. This class
of biomaterials can be generated synthetically imimthe behaviour of natural proteins
and may lead to hydrogel formation. The followiregtson reviews examples of peptide-
based self-assembling systems designed to createstnactured architectures with

potential applications in tissue engineering.

2.3.3.De Novo Designed Peptides

This section will begin with a brief definition peptides and proteins. Different examples
from the literature describing peptides designedj¢oerate homogeneous, reproducible

fibrous networks in a controlled manner will themdutlined.

2.3.3.1Peptides and Proteins

Proteins and (poly)peptides are molecules compo$duhear sequences of amino acids
covalently linked with one another. With exceptioh proline, all amino acids have a
common structural feature (Figure 2.1): they alhtamn both an amino and a carboxylic
function, fixed on one carbon atom, so-caledarbon (G). However, they all differ from

each other by the nature of their lateral residRje \hich is also attached on thearbon.
H
v
*H3N—C,—COO
R

Figure 2.1.General structure of an amino acid at physiologipkl.

Table 2.2 shows the 20 standard naturally occuimgo acids. Depending on the nature

of the lateral residue, they can either be nonpalacharged polar or ionisable polar. Most
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are chiral and L-enantiomers, however there areemians: glycine and cysteine. The
former is non-chiral as its residue is a hydrogemma while the latter is a D-enantiomer
because of the priority of the sulphur atom over tiitrogen atom according to Cahn

Ingold-Prelog rule [7].

Table 2.2.Properties and conventions associated with standaniho acids. Negatively charged, positively
charged, uncharged polar and nonpolar residuesramesented in red, blue, yellow and green respelti
(adapted from [7,40])n the case of proline, the molecule represented iethe full amino acid as there is
no side chain as the amine function is included aycle of five atoms.

Amino acid oK oK oK
. . Side chain 1 2 R

HoN O Code Side chain R . . |

e ' hydrophobicty | (-COOH) | (-NHs") | (R group) |
Aspartate Asp (D) —CH>-COOH -55 1.88 9.60 3.65 2.77
Glutamate Glu (E) —(CH,),—~COOH 31 2.19 9.67 4.25 3.22
Lysine Lys (K) —~(CHz)4—NH> -23 218 8.95 10.53 9.74

NH
Arginine Arg (R) /\/\NJKNHZ -14 217 9.04 12.48 10.76
H
Histidine His (H) ¥<I\/)I\‘H 8 1.82 9.17 6.00 7.59
Asparagine Asn (N) —CH2—CO-NH:2 -28 2.02 8.80 - 5.41
Glutamine GIn (Q) —(CH,),~CO-NH, -10 217 9.13 - 5.65
Serine Ser (S) —CH>-OH -5 221 9.15 - 5.68
Threonine Thr (T) —CH(CH3)-OH 13 211 9.62 - 5.87
Tyrosine Tyr (Y) @—OH 63 2.20 9.11 10.07 5.66
Glycine Gly (G) -H 0 234 9.60 - 5.97
Alanine Ala (A) —CHzs 41 2.34 9.69 - 6.01
Valine Val (V) —CH(CHa): 76 232 9.62 - 5.97
Leucine Leu (L) —CH,—CH(CH>), 97 2.36 9.60 - 5.98
Isoleucine lle (1) —CH(CHs)-CH2—CHs 99 2.36 9.68 - 6.02
Phenylalanine | Phe (F) ﬂ 100 1.83 9.13 - 5.48
Tryptophan | Trp (W) m 97 238 9.39 - 5.89
H
Methionine Met (M) —(CH2)2—S—CHs 74 2.28 9.21 - 5.74
Cysteine Cys (C) —CH,—SH 49 1.96 10.28 8.18 5.07
7 H

Proline Pro (P) HO N -28 199 10.96 ° 6.48

As depicted in Figure 2.2 the peptide bonds or antiltkks connecting amino acids arise
from the condensation of the carboxyl function noé@mino acid and the amino function
of another. The sequence so obtained is catedary structure [7]. Except in the case
of proline, for which the N bond is included into the pyrrolidine cycle, pdp bonds
are planar and in thrans configuration in proteins. This configuration iseegetically
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favourable as steric interactions between groufzlad toa-carbon are low. Rotations
are possible around the, AN and G—C bonds, enabling the peptide backbone to adopt
different spatial orientations. In order to adapttheir environment proteins self-fold to
acquire particular conformations that are closeligdd to their function. Several structure

levels can be distinguished within proteins [7].

g : Ak

v v N i
*Hs;N—C—COO" +  *HN—C—COO A HsN—C—C—'Tl—Q—COO

R R R H H

Rigid planar unit (no
High degree of freedom of rotation
rotational freedom  about the C—N bond)

Figure 2.2.Amid bond formation between two amino acids at iolygical pH (adapted from [6]).

Secondary structure designate the regular conformation stabilised loyn-covalent
hydrogen bonds found in some local parts of theigegackbone. This feature leads to
the formation of particular structural elements thost common of which arehelices
andg-sheetsa-helices are characterised by a repeat unit (o) ©fr5.2 A composed of 3.6
amino acids (Figure 2.3). Although left and riglataded helices exist, L-amino acids tend
to favour right-handed helices. Parallel and améijiel 5-sheets are constituted of peptide
strands pointing in the same or in opposite dioadti respectively. These structures
generally result from the folding of the molecuteshelter hydrophobic residues from the
aqueous environment-helices angb-sheets are commonly connected together with links

such ag-turns.

Figure 2.3.Schematic representations Af a a-helix, B) a parallel g-sheet andC) an antiparallels-sheet.
Oxygen atoms are represented in red, nitrogenslue,bhydrogens of the NH groups in white aBdin
black. Hydrogen bonds between oxygens and nitrogendn red and streaked. Amino acid lateral chains
are symbolised by purple sphefeslapted from [6]).
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Tertiary structure refers to the three-dimensional arrangement ofanthele protein; it is
stabilised through ionic bonds and hydrophobic radBons. Quaternary structure

corresponds to the assembly of several proteirusitis-into oligomers.

Amino acids do not have the same propensity to totmlices,f-sheetsf-turns or loops.
Alanine, leucine, methionine and glutamic acid iftstance are often found mhelices
whereas valine, isoleucine, tyrosine, lysine, topbtan and phenylalanine are more often
found ing-sheets. Due to the structural particularity oflipementioned above, rotation is
not possible around the, €N bond. Thus, proline favouysturn formation. Owing to the
small size of its lateral chain, which induces confational flexibility, glycine is also
commonly present inp-turns [7]. It can however be difficult to foresdélee type of

secondary structure a peptides and proteins cgot adty from their primary structure.

As they comprise a weak amino group and a wealogglic acid group, amino acids are
not totally ionised when dissolved into water. Degiag on the pH of the environment
these two functions can either be protonated oradepated. Amino acids are therefore
distinguished by a particular pH condition, theelgatric point (pl), at which their net
electric charge (i.e. the sum of all the individudlarges) is zero. As illustrated in
Figure 2.4, both the amino and carboxyl functiorescharacterised by a pH, noted,pat

which each group is half protonated.

_H+ _H+

H H H
Y Y \
*HyN—C—COOH é *H;N—C—COO" é H,N—C—COO"
ﬁ pK1 ﬁ pK2 §

Figure 2.4.lonic equilibrium reaction®f an amino acid in aqueous solution dependinghenpH (adapted
from [7]).

The K, is defined as a function of the dissociation camt(;;

pK, =-log,, K, Equation 2.1

Due to the range of amino acids available and th#éndt physical properties associated
with them, a variety of self-assembling peptidegshwspecific characteristics can be
created. Different types of forces can be exploitethe process: non-covalent interactions
as described in Section 2.2.1 as well as covalent® in the form of disulphide bridge
between cystein residues for example. By mimickimiglogical systems, specially
designed peptides can be used as molecular buitdawis in order to fabricate nanoscale

supramolecular structures with well defined prapert
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Relatively short peptides that spontaneously ssdemble into supramolecular structures,
in particular fibrillar architectures, through imeolecular interactions have been

investigated by many researchers. The advantatiesé systems is that they are generally
quick and relatively cheap to synthesise chemicalgptide-based biomaterials are

sensitive to their environment thus different paetars can be exploited to trigger gelation
such as varying concentration and temperature,gthgmH, applying UV radiation or

using enzyme-responsive materials.

2.3.3.2. gclic Peptide Based Systems

Ghadiri and co-workers pioneered the engineeringegtide system designed to create
nanotube structures [41]. By exploiting the chitygabf amino acids and alternating L- and

D-enantiomers, cyclic peptides with varied diameteere generated (Figure 2.5 A) [42].

R o
A) o} nf—iﬁﬂ\H
D N_ R

Figure 2.5. A) General structure of a cyclic D&-octapeptide.B) Diagrammatic representation of the
cyclic peptide self-assembly into a tubular struetC) Antiparallel 5-sheet-like arrangement of the peptide
with hydrogen bonding in doted lineB) Schematic representation of the antimicrobial \tti of the
peptides within a lipid bilayefadapted from [43]).

29



Chapter 2

The circular molecules were first dissolved in &h& conditions. Self-assembly was

triggered by controlled acidification of the sotuts to remove the electrostatic repulsion
created between the carboxylate groups of the miatacid side chains. Hydrogen bond
formation occurred between the monomers ip-sheet like manner, leading to their
stacking into nanotubes (Figure 2.5 B & C). Thetipalar design of these peptides
resulted in the amino acid side chains pointingvantls from the tubes, perpendicular to
their long axis. Surface properties of the struetucan therefore be simply modulated
using different amino acids. A versatile range ofclic peptide sequences with

antibacterial properties has been reported initbeature (Figure 2.5 D) [43].

2.3.3.30-Helices and Coiled-Coils Based Systems

A coiled-coil is a quaternary structure made of taromorea-helices that twist around
each other. The interhelical interactions involvéeptad motif §bcdefg consisting of
seven hydrophobic and polar amino acids, which agogically repeated along each
peptide. These residues are located at key posigsorthat they can laterally associate to
form a pair (Figure 2.6). Because the amino aa@slved in the inter-helix hydrophobic

interactions are usually leucine repeats, theseesegs are also called leucine zipper.

A)

<«— Hydrophobic Interactions

<+ Electrostatic Interactions
Figure 2.6. Schematic representation &) a coiled-coil fibre andB) a helical wheel of coiled-coil with
heptad repeats showing interhelical interactigadapted from [44]).

Woolfson and co-workers tailored a system congtitudf a pair of 28 amino acid linear
peptides in which two hydrophobic amino acids @scine and leucine) positioned an
andd of each heptad interacted with each other to farhydrophobic core whereas two
complementary polar residues (glutamic acid anéhéyspositioned ine and g of the
repeated motif electrostatically interact to stabilthe core. The peptide sequences were
designed to generate staggered pairs resultingmplementary overhanging ends, which
further self-assembled to promote the longitudimetension of the structure. Nanosized
fibres were formed in pH 7 buffer, but were foundbe sensitive to the ionic strength of

the media. Presence of salts screened the chdrtes molar residues involved in the ionic
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interactions stabilising the assembly, which ledhte unfolding of the fibres [44]. Since
negatively charged aspartic acids were presentsées of the heptamer, arginine residues
were incorporated at specificpositions of the peptide in order to satisfy intetecular
salt bridges between opposite charges located @mtexd coiled-coil fibrils. As a result,
the fibrillar structure was stabilised and fibrackening promoted [45]. Although the
fibrous network was found to be more robust at fa@albient and body temperatures as
well as tolerant to salt, use of these materiatsbfomedical applications was limited by
the non-gelling behaviour of the system, the fibsettling out of solution instead of
trapping it. Position®, ¢ andf were subsequently replaced by a combination ofirada
and tryptophan in order to promote hydrophobic rat@ons between fibrils. Stable
hydrogels were consequently formed and were shoovrsupport cell growth and
differentiation [46].

Tirrell et al also developed a system based on coiled coils.riblecules studied were
small proteins made of two terminal leucine zipgemains flanking a polar segment with
no defined supramolecular structure. The role & lihker, mainly composed of glutamic
acid, was to provide high water solubility to thelecules. The material was characterised
by gel dissolution in alkaline pH conditions andgthitemperature. Varying pH or
temperature could hence trigger reversible gelatierestingly, the gels were found to be
stable at around neutral pH and body temperatsgibéng the system potential utility for

bioengineering purposes [47].

2.3.3.45-Sheets ang@-Hairpins Based Systems

S-sheet structures are known to be involved in itv@lfsation and subsequent aggregation
of amyloid proteins implicated in neurodegeneratiiieeases such as Alzheimer's and
Parkinson’s [48]. A common feature @kstrands is their composition of alternating
hydrophilic and hydrophobic amino acids. Their ss§embly into sheets hence results in
the formation of hydrophilic and hydrophobic sugadn aqueous solutions. Further self-

assembly can ensue depending on the affinity oftinaces formed.

The firstde novopeptide capable of self-assembly into nanofibreceffolds for tissue
engineering purposes was designed by Zhang andodcers [49]. This 16 amino acid
peptide (Table 2.3, entry 1) was inspired from guesce found in a yeast protein.
Comprised of a repeated motif (EAK) made of anraligon of cationic, hydrophobic and
anionic amino acid residues, it was shown to forable S-sheets in physiological

conditions. Once folded, these structures displakigdrophobic surfaces of alanine
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residues and polar surfaces with charged ionic cindéns (from glutamic acid and lysine
amino acids). Along with the usual hydrogen bongdseif-assembly of the peptides irfto
sheets was facilitated by the complementarity efstistrand polar surfaces [50]. Based on
the same design, an analogous peptide has beelogedeNegatively charged glutamic
acids and positively charged lysines were replabgdarginines and aspartic acids
respectively, resulting in a RAD repeated motif, which the charge orientation was
reversed (Table 2.3, entry 2) [51]. Both EAK16-lhda RAD16-II formed particularly
stable fibrous matrices consisting of interwoveéanfients in salt solutions that were shown
to support mammalian cell attachment [51]. Addiélbyy use of RAD16-II scaffolds,
whose repeated motif presents similarity with tli&Rrecognition tripeptide, was reported
to promote neurite outgrowth [52]. Systematic vioizs such as the nature of the side-
chains, peptide length and charge distribution weds® carried out on the repetitive
segments. Increasing the relative hydrophobicityhef sequence using different residues
such as in KFE12, KIE12 and KVE12 (Table 2.3, est8-5) was found to lower the
critical concentration of salt needed for the gsysteto self-assemble, showing that
intermolecular hydrophobic interaction was the itigvforce of the process. Elongating the
peptides favoured the hydrophobic attraction betwe®lecules too, however it also
contributed to modify the entropy of the systensufeng in competitive effects for larger
molecules as these would be subjected to moreddisounfavourable to molecular self-

assembly [53].

Table 2.3.Peptide names and sequences used by Zhang etahbbheviation used here for acetyl is Ac.

Entry  Peptide name Peptide sequence Ref.
1 EAK16-II Ac-AEAEAK AKAEAEAK AK-NH, [49,50]
2 RAD16-I Ac-RARADADARARADADA-NH, [51,52]
3 KFE12 Ac-FKFEFKFEFKFE -NH, [53]
4 KIE12 Ac-IKIEIKIEIKIE-NH, [53]
5 KVE12 Ac-VKVEVKVEVKVE-NH, [53]

The effect of peptide concentration on self-assgrnbb also been investigated. Boden and
co-workers have designed a series of undecapeptajeable of self-assembling int
sheet tapes. The intrinsic chirality of the comnsitle amino acids was exploited to generate
twisted supramolecular structures. The moleculesrewshown to self-assemble
hierarchically as a function of the peptide concaidn, progressively revealing structures
with distinct morphologies. Chiral rod-like unitsst associated into helical tapes through

recognition of complementary groups located on efade of the molecules. Twisted
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ribbons, fibrils and finally fibres were then forthby stacking of each intermediate type of
supramolecular structure (Figure 2.7) [54].

monomer tape ribbon fibril fibre

A\ 4

Peptide concentration

Figure 2.7. Formation of higher order intermoleculgt-sheet structures from the self-assembly of chiral
rod-like molecules. Each unit possesses distinmedawhich are represented in black and wiiédapted
from [54]).

Self-assembly of the systems was triggered by mgrihie pH, resulting in the formation of
viscoelastic solutions of flexible tapes and ribbat low concentrations or gelation of
semi-rigid fibrils and fibres at higher concentoats. This series of peptides was mainly
based on the use of glutamine amino acids, the siikns of which favoured
intermolecular hydrophobic interactions in wated @momoted hydrogen bonding between
the antiparalleB-strands, as shown by FT-IR. A few hydrophobicdess (tryptophan and
phenylalanine) were also incorporated at key pmsstiin order to enhance molecular
attraction [55]. In addition to this basic compmsit P;-2 (Table 2.4, entry 1) contained a
cationic arginine residue and an anionic glutanaid aesidue. For pH values between the
apparent [, of the arginine and glutamic acid side chains éteb < pH < 10, where both
residues were charged, resulting in an electrigaiytral peptide) the fibrils were found to
flocculate, which rendered the hydrogel unstablelo® the apparentif, of the glutamic
acid side chain (low pH) gels were formed, suggegsthat one net positive charge per
peptide (due to the arginine residue) was essedbntiikperse the fibrils and hence stabilise
the network. Additional glutamic acid residues wenéroduced in P-4 (Table 2.4,
entry 2) [56]. Following the previous reasoningdiogels were formed at low pH. At
higher pH, negative charges appeared due to theotdeation of the glutamic acids.
Dissociation of the self-assembly was thereforeseduby electrostatic repulsions
occurring between neighbouring peptides. Hydrogelsld reform by simple addition of
hydrochloric acid and redissolved with sodium cidler This process was reversible up to
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a certain ionic strength, above which the samplésdt respond to any further addition of
acid or base and started to precipitate. The ceevbehaviour was observed withy-B
(Table 2.4, entry 3), a peptide rich in ornithiresidues, which are cationic nonstandard
amino acids [56]. Using the same methag3was designed to form solutions at low pH
and hydrogels under basic conditions. Interestingtjuimolar mixture of -4 and ;-5
resulted in hydrogel formation under both acidid afkaline conditions [57]. Subsequent
modifications on the peptide sequence led to thedtion of material which have found

applications as injectable lubricants for ostea@rsh58].

Table 2.4.Peptide names and sequences used by Boden etabbheviation used here for ornithine is Or.

Entry  Peptide name Peptide sequence Ref.
1 Py1-2 CH3CO-QQRFQWQFEQQ-NH, [55,56]
2 P-4 CH;CO-QQRFEWEFEQQ-NH, [56,57]
3 P1:-5 CH3;CO-QQOrFOrwoOrrFQQQ-NH, [56,57]

Pochan and Schneider also developed a series ofguiditive 20-residue peptides,
designed to self-assemble infehairpin based scaffolds in appropriate conditioRisis
variant of thes-sheet structure consists of two shgtrands linked together by a few turn
inducing residues (%PPT). As mentioned in Section 2.3.3.1, prolinefteroinvolved in
such turns due to its particular chemical strugtageit can induce a kink in the backbone
of the peptide. As well as exploiting the propextté proline, the authors have introduced
a D-enantiomer of the amino acid in the turn segegegiving a more marked kink. Like in
the f-sheet based systems described above, the rdst peptides were mainly composed
of alternating hydrophobic and hydrophilic resid@espectively valine and lysine). Under
neutral and acidic conditions the lysine side chawere positively charged, hence
electrostatic repulsion occurred between the residipreventing MAX1 (Table 2.5,
entry 1) from folding intog-hairpins, therefore suppressing hydrogel formafi®j. In
contrast, gelation was triggered upon alkalinisatid the solution to pH 9 or following
ionic strength increase with sodium chloride oil celture media (containing mono- and
divalent inorganic salts) at physiological pH. Batlethods resulted in the screening of the
positive charges on the lysine residues so that MAXuld fold intof-hairpins [60].
Intermolecular hydrogen bonds and hydrophobic auions were subsequently formed
between neighbouringg-hairpins, generating an organised nanostructuigul€ 2.8)
characterised by hydrogel formation on the maciescas confirmed by oscillatory
rheology. Interestingly, altering the net chargehaf molecules by substituting hydrophilic

residues enabled the authors to tune the pH resporess of the self-assembly process at
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a given temperature. Each lysine of the peptideiesece was sequentially replaced by a
glutamic acid residue, resulting in the reductidrthe molecule’s electropositive charge.
Consequently, gelation could be triggered at lopldy the values of which were found to
be dependent on the position of the amino acid tdutesl in the sequence [61]. At
physiological pH, incorporation of cells within th@eptide scaffold was found to be
successful in the presence of cell culture mediawing the potential of such a material as
a cell delivery device folin vivo applications. However to avoid being spread into
surrounding tissues, liquid systems should thicartkly after their introduction in the
target tissue. Gelation kinetics is therefore aialyparameter that had to be controlled. By
replacing a lysine by a glutamic acid residue tekatgpn was found to be accelerated. The
resulting MAX8 (Table 2.5, entry 2) was shown tenfomechanically rigid gels, capable
of recovering their initial stiffness following ehaar stress (performed in an injection
syringe) within a few minutes [62]. Another approamnsisted of increasing the peptide

concentration as the rate of self-assembly wasddaie concentration-dependent [59].

Figure 2.8. Schematic representation of peptides folding fiwairpins in response to an external stimulus
and subsequent self-assembly of the structuredibrittar hydrogels(adapted from [60]).

MAX3 (Table 2.5, entry 3), another derivative ofstseries of peptides was developed as a
thermally responsive material. Since more hydrophaoiblecules tend to self-assemble at
lower temperature, two valine amino acids of the MApeptide sequence were replaced
by threonine residues, the structure of which nsilar to that of valine however it is less
hydrophobic. The peptide was designed to be soktblew temperature; upon heating the
hydrophobic moieties dehydrated, triggering se#femasbly and gel formation via
hydrophobic collapse. As a result, MAX3 hydrogelsravobtained at higher temperature
than MAX1 hydrogels [63].

Light has also been used as a self-assembly trigd&X7CNB (Table 2.5, entry 4)
resulted from the modification of the basic linpaptide sequence described above with a
photo-cleavable group, which introduced electrastarepulsion between the

molecules [64]. Once exposed to UV radiation, timeiety was cleaved, enabling the
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peptide to fold into gf-hairpin structure. As for the other peptides, rimelecular
hydrogen bonding and hydrophobic interactions theth to the self-assembly of the
molecules into hydrogel networks.

Table 2.5.Peptide names and sequences used by Pochan etcatrésponds to a cystein residue capped
with ana-carboxy-2-nitrobenzyl.

Entry  Peptide name Peptide sequence Ref.
1 MAX1 VKVKVKVKVPPPTKVKVKVKV-NH, [59-61]
2 MAX8 VKVKVKVKV°PPTKVEVKVKV-NH, [62]
3 MAX3 VKVKVKTKVPPPTKVKTKVKV-NH, [63]
4 MAX7CNB VKVKVKTKVPPPTKVKXKVKV-NH, [64]

2.3.3.5Amphiphile Based Systems

Peptide amphiphiles are typically constituted gbadar peptide head and an apolar tail
linked together by electrostatic interactions [66py an amide bond [66]. Such molecules
have the tendency to aggregate in aqueous solutnsder to minimise unfavourable
interactions with their environment. The hydrophiiomponents are exposed while the
apolar tails shield within the structure througldiophobic interactions, which is exploited
as the driving force of the self-assembly procésmphiphilic peptide molecules can
generally self-assemble into extremely diverse iolggies (micelles, sheets, rods, etc.)
depending on the charge distribution, the shagheofnonomers and on physico-chemical

parameters, including concentration and ionic gfiten

Stupp and co-workers developed a particular cldssompounds in which long alkyl
chains (10 to 22 carbons) were used as hydrophaltscand peptides containing 6 to 12
amino acids as the hydrophilic heads. The molecutre found to self-assemble in water
into fibrous networks, giving rise to self-suppogigels. The alkyl chains were buried in
the centre of the rod-like structures, forming adophobic core whereas the peptides
arranged ing-sheets were located outwards, exposing peptidsgnéiton motifs such as
RGD or IKVAV (known to promote neurite growth) omet surface [67,68] (Figure 2.9 A).
[-sheet formation, more precisely hydrogen bondietyvben the amino acids close to the
core, was found to be essential in directing théassembly toward the formation of
nanofibres rather than spherical micelles, vesiabes helices [69,70]. The authors
demonstrated the structural versatility of thissslaf peptide amphiphiles by creating a
variety of nanofibre networks displaying distincorphologies and properties. As reported
for other systems self-assembly could be reversitdyiced by changing the pH of the
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solution due to the ionic nature of the peptidedhdacorporation of photo-cleavable
moieties in some of the studied systems also eddhktriggering of gel formation upon
irradiation [70]. Stability and robustness of thetarial could be enhanced by simply
incorporating cystein residues and subsequent-tirdsag of the self-assembled networks
with formation of intermolecular disulphide bondson oxidation [67]. Self-assembly into
nanofibres has also been performed in physiologamiditions, in the presence of
polyvalent metal ions or cell culture media, enadpicell entrapment within the hydrogel
formed. Since metal ions are naturally present adybfluids, this result showed the
potential of these biomaterials for cell transpdaioin or otherin vivo tissue engineering

applications [68,69].

A)

Figure 2.9. Schematic representation of peptide amphiphileassembling intcA) a cylindrical micelle
andB) a nanotube (top) or a nanovesicle (bottdagapted from [67,71]).

Alternatively, peptide amphiphiles exclusively ctinded of amino acids have also been
designed. A few consecutive hydrophobic residuesgesieas the hydrophobic tail while the
polar head was constituted of a cationic (Table 2r@ry 1) [71] or anionic amino acid
(Table 2.6, entry 2) [72]. Due to their lipid-likeature these compounds were capable of
self-assembling into nanotubes and nanovesiclesaiter (Figure 2.9 B) and were also

reported to cause membrane protein solubilisatmhsaabilisation [71,72].

Table 2.6.Peptide amphiphile names and sequences used by Zhah

Entry  Peptide name Peptide sequence Ref.
1 KVe KVVVVVV [71]
2 VeD Ac-VVVVVVD [72]

2.3.3.6 Aromatic Interactions Based Systems

The use of short aromatic peptide derivatives s laeen investigated to generate well-

ordered structures by self-assembly. Aromatic nesetan be incorporated in peptide
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systems either through the amino acid side chairyy @ddition to the peptide sequences.
These particular groups interact throughr stacking, directing the peptides to approach
closer to each other and stabilising intermolechiatrogen bonding and ionic interactions.

Such attractive forces associated with the resttiggeometry introduced by the aromatic
moieties provide order and directionality, whichti®ught to drive the self-assembly

process [73].

Aromatic amino acids

Short peptides composed of aromatic amino acide Yeemd to self-assemble into tubular
nanostructures. For example, diphenylalanine (&Fppssible constituting structural motif
of p-amyloid fibrils, was found to self-assemble intanotubes that were subsequently
employed as templates for the formation of metalomares with potential application in
nanoelectronics [73]. Gazit and co-workers showed the dipeptides adoptediesheet
arrangement within the self-assembled structurg [fBich is controversial due to the
short length of the peptides [74]. The group of Mem showed that IF, an analogous
dipeptide in which one of the phenylalanine resgduas substituted by a non-aromatic
amino acid with a comparable relative hydrophopjoitas also enabled to self-assemble
into gelling high-order structures [75]. Such obs#éion suggested that hydrophobic

interactions may also play an important role ingal-assembly of short peptides.

Influence of the aromatic ligand

To exclude any potential electrostatic contributimiween terminal amine and carboxylic
functions and focus on the role of aromatic intBoa; FF has been modified by a number
of researchers with aromatic ligands such as bergghrbonyl (Cbz), naphthalene (Nap)
and 9-fluorenylmethoxycarbonyl (Fmoc). Cbz-FF, Ndp-and Fmoc-FF were found to
form fibrous networks [76,77]. Circular dichroisn€d) and FT-IR spectroscopy data
showed that all systems were similar at the mo&cstale, all displaying #&-sheet
conformation. However nanofibres with different mloology and dimensions were
observed at the supramolecular level, dependin®iN-termini aromatic ligand.

Solubilisation of the peptide derivatives

A change in environmental conditions has been égaldn order to induce spontaneous
self-assembly of short aromatic peptide derivative®d nanostructured hydrogels.
Solubilisation of the molecules in aqueous soluttonstituted a key step in the procedure
and was found to be challenging due to the ampliipltharacter of the peptide
derivatives. Various methods have been reportetiariterature. A first one consisted in

bringing the medium to its boiling point. Thesererte conditions allowed the peptide
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derivatives to dissolve at neutral pH and hydrdgehation was observed upon cooling of
the solutions [78]. Use of organic solvents, inahgddimethyl sulfoxide (DMSO) and
fluorinated solvents such as hexafluoroisoprop@A&lP) has also been widely employed
to solubilise such molecules. Self-assembly waggéiied by modifying the solvent
polarity upon dilution into aqueous solutions [A/6,79-81]. Another method involving
pH-triggered self-assembly has been commonly uSdee pH of aqueous peptide
suspensions was first raised by addition of sodlwdroxide to ionise and therefore
solubilise the molecules. It was subsequently aegusuntil gelation by addition of
hydrochloric acid [82,83] or sugar precursors whigbnerated acid througm situ
hydrolysis [84,85]. Use of borate buffer has alserb reported to solubilise peptide
derivatives, however in this case the pH was niticed and gels were obtained at alkaline
pH [86].

Enzymatic reactions

Alternatively, enzymatic reactions have been regmbrto induce self-assembly and
associated hydrogel formation of short aromatictidepderivatives. For example, Ulijn
and co-workers showed that simple methyl ester vafoom Fmoc-peptide methyl ester
restored the amphiphilic character of the molecudlswing them to spontaneously self-
assemble [87,88]. This subtilisin-catalysed hyds@y resulted in the formation of
nanotubes with varying diameters depending on thi@@acid building blocks. Similarly,
the group of Xu demonstrated that Fmoc-Y-P(O)(©H9] and Nap-FFGEY-
P(O)(OH)} [90], two phosphorylated tyrosine-based compoungi®sented a sol-gel
transition upon addition of alkaline phosphatasdenrbasic conditions (Figure 2.10 A). In
solution, the tyrosine side chain of the precukgas ionised, preventing the self-assembly
of the molecules due to electrostatic repulsionmBeal of the phosphate group (i.e.
dephosphorylation) yielded Fmoc-Y and Nap-FFGEYtra&d compounds capable of self-
assembly into fibrous hydrogels. The apparent nubderder of the structures was shown
to be dependent on the enzyme concentration [94¢ill@ory rheology confirmed the
viscoelastic nature of the material. Slow diffusioh aqueous calcium chloride and
phosphate buffer was exploited to form a calciuragpihate coating on the surface of the
fibres, resulting from the coprecipitation of thats. Such biomineralisation was found to
improve the mechanical properties of the initialtenial [92]. Fluorescence spectroscopy
data suggested thatstacking of fluorenyl pairs was at the origin bétself-assembly of
the Fmoc derivatives. On the other hand, strongrations of the naphthyl groups with

the phenylalanine side chains rather thestacking of the naphthyl moieties only were
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found to be the driving force of the self-assemlay Nap-pentapeptide systems.
Interestingly, dephosphorylation and the subseqpaise transition were found to be
reversible upon addition of tyrosine kinase to NE{SSEY hydrogels in the presence of
adenosine triphosphate (ATP) [90].

A) Oy _OH
1
0 0 % P O ATP
H H H
N\:/kNH N\)J\N N\__)J\OH
o = o) H oo <
D Q/ phosphatase kinase
P
—OH 1
H,O ADP
2 2
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Figure 2.10. (A) Molecular structure andschematic representation of a Nap-peptide involiredan
enzymatic dephosphorylation and phosphorylatione Tdephosphorylated species is noted 1 and
phosphorylated 2. ATP, ADP and P stand for ademogsiphosphate, adenosine diphosphate and phosphate
respectivelyadapted from [90])(B) Molecular structure andchematic representation of Fmoc-amino acids
and dipeptides forming tripeptides, which self-asiske into hydrogelgéadapted from [93]).
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Enzyme-catalysed reactions can be used to perfemerse hydrolysis (i.e. condensation
reaction), which has also been reported to drilleassembly. Addition of thermolysin to
non-assembling, non-gelling Fmoc-amino acid and adifred dipeptides led to the
formation of Fmoc-tripeptides and their subsequeydrogelation (Figure 2.10 B). The
self-assembly process (Figure 2.10 B, equilibriynwas thought to be the driving force
for the reaction, which favoured peptide bond c¢osafFigure 2.10 B, equilibrium 1) [93].
This condensation reaction was found to be comlylatversible and to favour the

formation of the most thermodynamically stable comgnts [94].

General characteristics

Fmoc-oligopeptides are common intermediates inigpeynthesis and have been reported
to have anti-inflammatory properties [95]. Based tbe non-enzymatic and enzymatic
methods described above, a series of Fmoc-dipeptdd -tripeptides covering a large
range of hydrophobicities has been extensivelystigated. Under specific conditions and
depending on the peptide sequence, spontaneouasselinbly can be achieved, resulting
in the formation of materials with different morpbgical, physical and mechanical
properties. However not all the molecules tested I® hydrogel formation. For instance,
despite the same amino acid composition, Fmoc-FBI€T2.7, entry 4) formed hydrogels
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whereas Fmoc-GF did not [83]. No evidence allowetknination of whether non-gelling
self-assembled structures of Fmoc-GF were formedth® other hand, gel formation was
observed from both Fmoc-VLK(Boc) and Fmoc-K(Boc)lVin which the lysine side
chain was protected hiert-butyloxycarbonyl (Boc), a non-aromatic protectiggoup to
prevent any interferences arising from chargesaatutitional aromatic moieties. However,
both systems exhibited distinct self-assembling abelurs and conformational
differences [86]. Modifying the order of the amiagid sequence therefore altered the

structural properties of the systems, which hadstntial impact on self-assembly.

Table 2.7. Peptide sequences used by the groups of Xu and bitig their pH conditionsThe fibre
diameters were measured for different peptide cotnations.

Entry Peptide sequence pH Fibre diameter / nm Ref.
1 Fmoc-GG <4 33+8 [82,83]
2 Fmoc-AA <4 68 + 18 [82,83]
3 Fmoc-FF <8 56 £13 [83]
4 Fmoc-FG <4 25+6 [83]
5 Fmoc-LG <4 22+5 [83]

Although, for some systems, hydrogels with simpapperties could be generated using
different methods, the preparation route followexbswalso found to be determinant in some
other cases. For instance, Fmoc-LL nanotubes wbtain@d upon hydrolysis of the
corresponding pre-synthesised ester whereas skeestructures were observed from
precursors formed via reverse hydrolysis [87]. Terhanical properties of the hydrogels
formed were also found to be dependent on the @ndeconditions of sample preparation,
as shown by the difference of one order of mageitird elastic modulus reported for
Fmoc-FG [81,85]. Another example is that of Fmoc;Avkich formed hydrogels in acidic
conditions upon pH change (Table 2.7, entry 2)§885] whereas turbid solutions rather
than gels were obtained by enzyme-triggered rea¢8d|, suggesting the pH conditions
related to the enzyme activity were not approptieteyelation. Table 2.7 provides a list of
Fmoc-dipeptides constituted of different hydroplatg@sidues that have been studied using

pH methods and were found to form fibrillar suprdecalar structures.

Interestingly, Fmoc-FF (Table 2.7, entry 3) was timdy system for which gelation was
observed at pH near physiological. Fluorescenca daabwed evidence of the pairing of
fluorenyl groups in an antiparallel manner, emps$iagi the role ofr-stacking in the self-
assembly process. The Fmoc group has been regorteal’e the propensity to induge
sheet conformations [96], as confirmed for FmocklyFCD [83]. In addition to displaying

fibre diameters in line with those found in the ECiMinoc-FF hydrogels were found to be
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strong and rigid &' of 10000 Pa and ten times higher ti@t#) under small oscillatory
deformation, showing the potential of such hydregedior tissue engineering
applications [80]. Besides, the mechanical propsrivere strengthened in the presence of
cell culture media [97]. 2D and/or 3D culture oflesuch as bovine chondrocytes [83] or
Chinese hamster ovary [80] were performed succigsim Fmoc-FF hydrogels, showing
the biocompatibility of the scaffold [83]. Chemidahctionalisation of these matrices has
recently been reported by mixing Fmoc-FF with Frpoatected single amino acids with
various side chains. Depending on the functionalugs incorporated in the fibrous
networks, hydrogels with distinct mechanical propsrwere formed and were found to
suit specifically different cell types [97]. Bioast hydrogels have also been developed by
self-assembly of Fmoc-FF with Fmoc-RGD moleculesed) for 3D cell culture, the
produced substrate was shown to promote adhesidmumfan dermal fibroblasts, the
spreading of which was found to be dependent onuheable density of RGD sequences
decorating the scaffold [98].

2.4. 3IJMMARY AND OBJECTIVES

To date various peptide systems capable of sedfralsly and hydrogel formation have
been developed. Under specific conditions thesetsires have shown the ability to mimic
the ECM and to support tissue culture, demonsgaheir potential for tissue engineering
applications. Such biomaterials have been obtaimgdexploiting the spontaneous or
induced molecular self-assembly of peptides and therivatives. This process can be
achieved through a combination of hydrogen bondoegween peptide backbones,
hydrophilic and hydrophobic cooperative effectsanfphiphile molecules or-stacking of

aromatic moieties. As expected, since amino acrdscharacterised by particulaKyp

values, self-assembly occurred under specific pHditmns depending on the peptide

sequence, showing the importance of this envirotah@arameter.

The previously investigated systems, most of wharimed s-sheet rich structures, were
typically constituted of over 10 amino acids. Irder to simplify the systems and make
them more easily tuned, a few groups including dwzrge adopted a strategy that centred
on the exploitation of-interactions, enabling the use of shorter pepti@ese of the main
challenges of molecular self-assembly remains tatrob the self-assembly process in
order to ensure the formation of uniform, reproflestructures, hence most of the studies
published so far mainly focus on the self-assembbperties of the systems. However, the
literature suffers from a lack of documentationtbe gelation properties and structural

characterisation of the gels formed, which willibeestigated in this thesis. Overall, this
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work aims to provide further understanding of tlef-assembly mechanism of aromatic
short peptide derivatives in order to rationallgide biomaterials with tuneable properties

to match the requirements of specific cell typeallmw stem cell differentiation.

The main focus of this project is to charactertse behaviour in solution, as well as the
self-assembly and gelation properties of Fmoc-didep containing either aromatic or
non-aromatic hydrophobic residues using a pH chapgeoach. Due to its proven ability
to form hydrogels at neutral pH, Fmoc-FF will reeeiparticular attention. In order to
evaluate how the aromatic side chains of the andomls affect the self-assembly
behaviour of the molecules, glycine will be intradd in the peptide sequence, giving rise
to Fmoc-FG, Fmoc-GF and Fmoc-GG. As suggested enlitbrature, substitution of
aromatic amino acids by non-aromatic amino acidssessing alkyl side chains that
exhibit a similar hydrophobicity may not alter tbelf-assembly and gelation properties of
the systems. Phenylalanine will therefore be regulaby leucine to allow the study of
Fmoc-LL, Fmoc-LG and Fmoc-GL. Further understandin§ the self-assembly
mechanism of this set of Fmoc-dipeptides will beviled based on potentiometry, FT-IR,
fluorescence spectroscopy, wide angle X-ray sacaffefWAXS), transmission electron
microscopy (TEM) and shear rheometry.
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Materials and Methods

3.1. MATERIALS
3.1.1. Raw Materials

All Fmoc-dipeptides were purchased from Bachem @orf, Switzerland) or
C S Bio Co. (Menlo Park, USA) and used without &myher purification. The purity of
the compounds was checked by HPLC (>98 %) and spestrometry. HPLC grade water
was purchased from Merck, and deuterated wate® @®m % D) from Sigma-Aldrich.

3.1.2. Sample Preparation

Depending on the desired concentration, the reduamount of commercial Fmoc-
dipeptide powder was suspended into 2 mL of HPL&dgrwater. Sodium hydroxide
(0.5 M) was added to the aqueous suspensions didpegerivatives until pH 10.5 was
reached (~ 55 pL for 10 mmoll sample). The samples were vortexed and sonicated
(VWR ultrasonicator bath, 30 W) for 1 minute tolyuldissolve the modified peptide.
Depending on the concentration and on the target gHequired volume of dilute
hydrochloric acid (0.085 M) was then added dropewighile the solution was vortexed
and sonicated until the target pH was obtainedtNbg samples were heated to 75-80 °C

for different time periods depending on the sys(@able 3.1) and homogenised.

Table 3.1.Molecular weight, mass and weight percentage cpoasding to Fmoc-dipeptide 2 mL samples at
10 mmol [*, and typical heating times.

MW /g mol 7 m / mg Wt % t heating / MiN
Fmoc-FF 534.61 10.7 0.53 1.0
Fmoc-FG 444,49 8.9 0.44 25
Fmoc-GG 354.36 7.1 0.35 1.0
Fmoc-GF 444.49 8.9 0.44 2.0
Fmoc-LL 466.58 9.3 0.47 1.0
Fmoc-LG 410.47 8.2 0.41 25
Fmoc-GL 410.47 8.2 0.41 15

The samples were subsequently cooled and maintainédC for ~ 12 hours (overnight)
to promote gelation. To allow comparison betweer #tudied samples, all were
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investigated after this same aging time (the patrwhich they were considered to be in a
temporal equilibrium). Reported pH values were ¢hogeasured after storage. They were

found to be identical to the pH values measuredredieating within £ 0.3 units.

3.2. METHODS

In this section we will take an interest in the dfetical and technical aspects of the
methods employed to characterise the studied sgsteon each technique a brief overview
of the background focused towards our uses asasdie experimental procedure will be

described.

3.2.1. Reverse Phase High Performance Liquid Chronmagraphy
3.2.1.1.Theory

High performance liquid chromatography is an anedytmethod enabling the separation

of polar molecules depending on their affinity watimobile and a stationary phase.

The stationary phase is typically composed of sitiel beads, with a particle size of 2—
5um and a pore diameter of 10 nm [1]. The siliegtipes can be covalently modified
with non-polar hydrocarbon chains, with the alkighin length determining the affinity to
hydrophobic solutes. Long chains (e.g., contaidigarbons, ‘C-18’) tend to retain more
hydrophobic molecules, while short chains (e.gntaming 8 carbons, ‘C-8") preferably

retain less hydrophobic compounds.

The mobile phase is a solvent or a mixture of salvef different polarity (commonly

methanol or acetonitrile with water). In the caseeverse phase HPLC, the polarity of the
mobile phase is higher than the polarity of thdi@tary phase (as opposed to normal
HPLC where the stationary phase is more polar thenmobile phase) leading to the
retention of hydrophobic molecules and the elutiddrthe hydrophilic compounds first.

While the flow of the mobile phase is maintainedwhigh pressure, its composition can
be varied in order to modify its polarity with tings an elution gradient. The polarity of
the solvent mixture is decreased as the separatioceeds to elute more hydrophobic

molecules.

Different types of detectors can be used to quatiié amount of eluted compounds. The
most widely used for HPLC exploit the moleculestio@l properties such as refractive
index, fluorescence or absorption [1]. In the lateise the analyte absorption can be
measured at one (monochromatic detection) or skevgralychromatic detection)

wavelengths in the UV-visible spectrum.
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HPLC chromatograms are commonly presented as Swlzdnce detected as a function of
time. Each separated componengppears in the form of a peak, the afgapf which is
proportional to the molar amount of the compoundhie sample [1]. After attribution of
the elution peaks the proportion of each compongntcan be calculated using the

following equation:

: Equation 3.1
2 A
1

wheren is the total number of components contained irstmaple.

3.2.1.2. Experimental Procedure

HPLC analyses were carried out using diluted sasnplepared in a water/acetonitrile
(50:50) mixture. Chromatograms were recorded u§ihgpmeleon software on a Dionex
HPLC system consisting of a P680 pump connectedntASI-100 automated sample
injector and equipped with a UVD170U detector. Atits of 100 pL were injected with a
flow rate of 1 mL min' into a Macherey-Nagel C-18 column (length: 250 ndiameter:
4.6 mm) containing silica particles (diameter: 5,pares diameter: 10 nm). The gradient
used was a linear exchange between water/aceter{g@f:20, 0.1% TFA) at 4 minutes to
water/acetonitrile (20:80, 0.1% TFA) at 35 minut€éee commercial compounds and the
cleaved product were quantified by monitoring tlhsabance of the peptide bonds and

aromatic groups at a wavelength of 265 nm.

3.2.2. Potentiometry
3.2.2.1.Theory

Potentiometry allows measurement of the potenif&rénce between two electrodes, an
external reference and an internal reference, irs@tkein a solution. These two electrodes
are usually of the same type e.q. silver/silveoatle. For more convenience they are often

grouped as a ‘combination electrode’ in a glas$tfRagure 3.1).

The internal electrode can be ion selective: pHtteddes for example are specific to
protons (H ions). This type of electrode consists of a silwére coated with silver

chloride (Ag/AgCIl) immersed in a solution of HCI.{OM) saturated with potassium
chloride (KCI). Its extremity is a pH sensitive ggamembrane which contains positively

charged ions (typically N [1].
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Reference electrode
Reference solution ——— “

Diaphragm

Internal electrode

Internal solution ﬁIF Glass membrane

Figure 3.1.Schematic representation of a combination pH etetd#(adapted from [2]).

When the combined electrode is immersed in theiedusolution, equilibrium is created
between the cations contained in the glass memtaadethe H ions contained in the
sample. This equilibrium is at the origin of thegutial measured. The potential provided
by the internal reference electrode is proportidoathe proton activityay+, whereas the
potential provided by the external reference ebeldris proportional to a standard
potential. The pH displayed on the pH meter redutts the difference between these two
potentials.

Clotting of the membrane can occur when analysielg gr viscous solutions. Lack of
flow over the electrode’s membrane in such typsashple may affect measurements and
result in improper pH values. To prevent aggredatenation and ensure the samples
remain in a liquid state during the experiment tanisstirring is commonly applied using

magnetic stirrers for example.

pH is a measure of the acidity of a solution. liéfined as a function of the hydronium ion
activity, aqso+. For more convenience pH is commonly expressed &sction of the
hydrogen ionay+ although it is in its solvated forayzor:

pH =-l0g,, 8,40, OF pH =-log,,a,. Equation 3.2

and 10" =a,,,, or 10™ =a,, Equation 3.3

In very dilute solutions Equation 3.2 can takefthren of:
pH = —|OglolH +] Equation 3.4

where [H] is the concentration of protons [2].
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In deuterated solvents the pH analogue for deuteiion activity is denoteghD. This
variable can be measured using a standard glastsoele by simply applying a constant

correction to the pH meter readino, as described in the following equation [2]:

pD = pH, + 040 Equation 3.5

3.2.1.2 Experimental Procedure

pH measurements were performed using a Hanna insims pH210 pH-meter equipped
with a Hamilton Spintrode pH-probe (reference syst&g/AgCl, electrolyte: 3 M KClI,
diaphragm: ceramic, sensitivity: 58 mV / pH unit2& °C). The pH-meter was calibrated
before each experiment to check the response oéldwtrode with two buffer solutions
purchased from Fisher Scientific: phthalate pH 46d phosphate pH 7.01 solutions.

3.2.1.3. Titration’ Experiments

For 5, 10 and 20 mmol L samples, the required amount of Fmoc-dipeptide dir@stly
suspended into 2 mL of HPLC grade water. Sodiumrdyide (0.5 M, volumes are
indicated in Table 3.2) was added to the aqueosgesisions of Fmoc-dipeptide until pH
10.5 was reached. The samples were vortexed amchgeoh for 1 minute to fully dissolve
the modified peptide. For less concentrated samplesmol L samples at pH 10.5 were
used as stock solutions and diluted to the desioadentration in a final volume of 2 mL.
The pH of the final solutions was then adjusteitb10.5. The ‘titration’ experiments
were performed by step-wise addition of small vadégnof diluted HCI (0.085 M), up to a
total added volume of 750 puL. The volumes addexhah step were adjusted appropriately
during the titrations; for example 2 uL per steghigihh pH whilst volumes of up to 60 pL
per step at lower pH, towards the end of the erpanis. After each addition the samples
were heated to 75-80 °C for one minute, vortexedjcated, and subsequently cooled
back to room temperature using a water bath. pldegivere recorded before and after
heating of the samples. The samples were deemégd riiked when no significant
difference (£ 0.3 pH unit) was observed betweenttvee pH measurements. As a control,
water was also titrated using the same methodolisggribed above; that is, NaOH was
added to the water in order to bring the pH ofdbkition to 10.5 and then HCI| was added

step-wise.
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Table 3.2. Typical volume of NaOH needed to bring the pH & #olution to 10.5 depending on the
concentration of Fmoc-dipeptide.

Sample concentration
/ mmol L

Vnaon / ML 2 3 4 7 28 55 103

0 (H,0) 0.01 0.1 1 5 10 20

3.2.3. Transmission Electron Microscopy
3.2.3.1.Theory

Transmission electron microscopy employs smallerelangths than visible wavelengths,
which enables observation of structures at higblugisn (~ 1 A). The relative wavelength
of an electron beam depends on the acceleratiriggeobpplied (typically high tension of
100 kV corresponds to a wavelength of 0.037 A) [Bhis technique is based on the

transmission of an electron beam when it traveisudjh a specimen.

As shown in Figure 3.2, a filament (usually of tatem) attached to a high voltage supply
is electrically heated and produces electrons #natsubsequently accelerated between
their source and the anode. Emerging from the releqiun, the electron beam is focused
by electromagnetic fields onto the sample throughdenser lenses, providing sufficient
illumination for its visualisation. After passingrough the specimen, the transmitted beam
is focused by the objective lens, which supplies iaitial enlarged image. This
intermediate image of the sample is then magnifigther through the projector lenses,
where the electron beam is refocused. The final nifiagd image, which consists of
variations of electron density, can be transmite@ detector such as a charge-coupled
device (CCD), to a photographic emulsion or pragdabnto a fluorescent sulphide-based

(typically a mixture of zinc and cadmium sulphides®wing screen [4].

The carbon coated grids on which the samples adetband organic specimen themselves
have similar electron density. To improve contraamples often require metal shadowing
or staining. Solutions of heavy metal salt suctplagsphotungstic acid or uranyl acetate
are commonly used to stain thin specimens [4]. ¥/pdsitive staining requires substantial
sample preparation — fixation, dehydration and eddlvg — (that might considerably alter
the microstructures) and involves chemical inteoacbetween the specimen and the stain,
negative staining is relatively quick and simplel @ not specific to the sample. Negative
staining is therefore widely used. This method pmtes good enhancement of the sample
density, however it can be the origin of artefasisice the stain can deposit on the

surroundings of the structures, increasing theiaagnt size. As TEM experiments have to
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be carried out under high vacuum, sample desolvaimecessary prior to observation.
This step in the sample preparation can also ctngsstructures in solution to collapse or

to shrink upon drying.

Electron source
Anode

Condenser lens

Specimen

Objective lens

Magnified intermediate image

Projector lens

Final image
Detector

Figure 3.2.Schematic representation of an electron micros¢apapted from [5]).

3.2.3.2. Experimental procedure

Transmission electron microscopy was performed gusan JEOL 1220 transmission
electron microscope connected to a high resolufignto 3 A pixel* resolution) Gatan
Orius CCD camera. A carbon coated copper grid (466h, Agar Scientific) was glow
discharged for 30 seconds then placed onl16f sample for 15 seconds. After blotting on
Whatman 50 filter paper, the loaded grid was waskedlouble distilled water for
30 seconds and blotted. The sample was then stawtéd10uL of 2 % (w/v) uranyl
acetate (centrifugated for 5 minutes beforehand)Lfminute and blotted for 10 seconds.
The grid was inserted in the microscope througlarapte holder and subjected to high

vacuum. Images were subsequently taken at an aatietgvoltage of 100 kV.
3.2.4. X-Ray Scattering

3.2.4.1.Theory

X-rays are electromagnetic radiation with wavelésgtl, in the order of angstroms
(typically 0.5-2.5 A for X-ray crystallography) [6Bince periodic distances within matter

are also typically of this order of magnitude, tesolution provided by X-rays is therefore
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adequate for investigating the structure of mate@ad self-assembled morphologies [7].
X-ray diffraction techniques are mainly used todsticrystalline compounds that are

characterised by the regular repeat of three-diroeakarrays of atoms.

For laboratory-scale experiments X-rays are geedrdiy an X-ray tube, in which
electrons impact upon a target metal such as co@fpermore details about electron

production, see section 3.2.3.1). The resultanatiat has a wavelength, of 1.5418 A.

A beam of X-rays can be regarded as a stream dbpbiothe energyg, of each X-ray
photon being defined as:

hc ,
E= T Equation 3.6

where h is Planck’s constant and is the speed of light. During sample irradiati@n,
monochromatic beam of X-rays, the direction of his defined by the incident unit
vector, §, penetrates the matter and interacts with elestrsmrrounding the atoms.
Although part of the incident radiation is absorlbgdhe material or directly transmitted, a
fraction of the beam is scattered by the molecaled reemitted in another direction
following the scattered unit vecto®,. This reemission can either be done in an elastic
(without energy loss) or inelastic (with energydpsnanner. Here, we will focus on the

elastic phenomenon which impli€y E 5.

The scattering geometry is characterised by thétesoay vector,s, the magnitude of
which is given by:

___2sind@
H =8= p Equation 3.7

As illustrated in Figure 3.3, scattering of X-rapy a crystalline sample — which is
regarded as a stack of parallel crystallographémes$ separated by a distange, occurs
according to Bragg'’s law:

A =2dsiné Equation 3.8

whered represents the angle of incidence.
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Incident X-rays Scattered X-rays
1 1
2 S 2

\ /
3\ d s < /3,

Figure 3.3.Schematic representation of X-rays scattering adicgy to Bragg’s law(adapted from [8]).

The scattered X-rays reach a (one- or two-dimemsjometector where their energy is
converted into an electric current, which is sulbsedly transformed into voltage pulses.
These pulses can be counted in order to measutiatédmsity of the X-rays scattered as a
function of the scattering anglé,[8]. Crystalline materials produce sharp pattetas to
diffraction whereas amorphous samples usually teatie detection of broad peaks. Data
are commonly presented as a function of the raiattering vectory, the magnitude of
which is defined as follows:

q=275 Equation 3.9
and can also be written:

an . _
q= 78Im9 Equation 3.10

By combining Equations 3.8 and 3.10, the distaratevéen the planescan be determined

through the following equation:

d=— Equation 3.11

X-ray scattering experiments can be undertakeniffarent configurations depending on
the source-detector distance and therefore onathgerof angles of incidence accessible.
Depending ond, X-ray scattering can enable access to structafafmation at short
distances (typically 0.1-1 nm, i.e. for wide anyles provide information about order at
long distances (typically 1-1000 nm, i.e. for smaifigles) [9]. Small angle neutron
scattering (SANS) is frequently used as a compléangmmethod to small angle x-ray
scattering (SAXS) for structural investigations s#lf-assembled morphologies. Indeed,
neutrons provide the same resolution as X-rays,ellewthe neutrons interact with the
nuclei of the atoms whereas the electrons intexétt the electron cloud surrounding the

atoms [7].
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3.2.4.2 Experimental Procedure

Solvent scattering can be an issue for water basgdrials such as hydrogels, since water,
their main component, has the particularity to hawebroad, diffuse scattering
overwhelming the scattering pattern of the samplgpecially for low concentration
samples. To bypass this concern, samples can lodvaesl by freeze drying or dried as
thin layers. This procedure is based on the assamgiat the specimen are in a pseudo-
crystalline state and that the molecular orgarosais the same in the hydrated and
dehydrated states. The powder diffraction speditaied this way enables the structural

identification of the compounds depending on teeattering pattern [8].

WAXS experiments were conducted using 10 mmolsamples. Wet samples were spread
onto glass slides as thin films and allowed todayrfor 48 hours prior to data collection.
Experiments were performed on a Philips X'Pertrddfometer equipped with a copper
source, applying scans from Bragg angles of 13fo 3

3.2.5. Fourier Transform Infrared Spectroscopy
3.2.5.1.Theory

The infrared spectral range is composed of threepy: near IRA(= 1-2.5 pum), mid IR
(A =2.5-25 um) and far IRA& 25 pm). Infrared spectroscopy measurements arallys
undertaken in the mid IR frequency range i.e. bet&000 and 400 cth

Fourier transform infrared (FT-IR) is a vibrationgpectroscopy technique that gives
access to the conformational and structural org#iois of the studied systems. Since
vibrational interactions occur with a charactecistequency that depends on the type of
chemical bonds, the atoms’ mass and the moleculairomment FT-IR can provide

information about the type of bonds existing witlmolecules or interactions between

molecules.

A molecule composed & atoms has I8 degrees of freedom that can be described in the
three Cartesian coordinates. For a non-linear mtdedhree degrees of freedom are
associated to the translational motion of the maée@nd three others to its rotational
motion. The number of vibrational degrees of lipdrence is equal to KB— 6). Among
these possibilities the most widely known molecul@ovements are stretching
(symmetrical and asymmetrical) and bending (in ant of plane) vibrations. When a
compound is subjected to infrared radiation, aerattion between the electromagnetic

wave and chemical bonds of the molecules occurghadan result in a transfer of energy.
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The material can only absorb the radiation energl/therefore be infrared (IR)-active at
two conditions: the radiation and the chemical [sonfl the molecules must oscillate at
similar frequencies and the radiation must causgaage in the dipole moments (i.e. in the
charge distribution) of the bonds. In the reverase¢ the vibrational modes would be IR—
inactive [10].

Characteristic functional groups give rise to vilmaal bands in distinctive frequency
ranges on IR spectra regardless of the moleculhich they belong. However these
bands can be shifted depending on the environnfeheanolecules, which is whether the
chemical bonds are involved in intra or intermolacunteractions for instance. Hydrogen
bonding, which plays an important role in self-askly processes, typically leads to a
shift to lower frequencies of stretching vibratioasd to an increase in the band width.
Thus, FT-IR is particularly adapted to the studypefptide structures as peptide amide
bonds absorb infrared radiation at characteristeguencies (amide bands). Different
amide bands exist but in practice the amide | hamptimarily used to identify protein and
peptide structures as its frequency values arecedsd with different widely known
secondary structures (Table 3.3) [11,12]. This bambich appears at ~ 1650 tinis
intense and is related to the stretching of the GofX.

Table 3.3.Amide | frequency values (in chgenerally associated with some secondary strestim water
and deuterated watdadapted from [11,12]).

Type of conformation H ,0 D,O
a-helix 1648-1657 1642-1660
B-sheet 1612-1641 1615-1638

Antiparallel B-sheet 1670-1695 (weak) 1672-1694 (weak)
B-turn 1662-1686 1653-1691
Random caoll 1640-1657 1639-1654

The main disadvantage of IR spectroscopy is thgelabsorption peak of water which
appears in the middle of the amide | band at 1660.cTo avoid this issue, samples are
usually prepared in deuterated wates@2 As illustrated in Table 3.3, this method causes

the infrared signal to shift towards lower frequiesc

Fourier transform spectrometers are commonly usethey are based on the use of a
Michelson interferometer, which enables the fuledpal range to be recorded in one
measurement [1].

Sample analysis can be conducted in various waysg usfrared spectroscopy: on
hydrated samples or dry powder, in transmissiomefbection.
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For reflection experiments (e.g. by attenuatedl tagfiection (ATR)) measurements are
based on the difference in refractive indexof the two media: the crystal and the sample.
The crystal such as diamond or zinc selenide (ZmSeharacterised by a high refractive
index (= 2.4 for diamond and ZnSe) whereas the sampla haser refractive index. As
illustrated in Figure 3.4, when an incident bearaches the interface between the two
media with a particular angle, it is totally refled. However, an evanescent wave extends
in the less dense medium and is attenuated dukstr@ion by the sample before being
completely reflected. The light beam can be refidcbnce using a ‘single bounce’
accessory or several times using a ‘multiple boudeeice in order to increase the signal-
to-noise ratio by accumulating a succession of teféections.

Sample

Crystal

IR beam

Figure 3.4.Schematic representation of a multiple bounce ATRRFerystal-sample setup.

For transmission experiments the sample is demgbdietween windows of IR non-
absorbent materials such as potassium bromide (&Bspdium chloride (NaCl). A spacer
of known thickness can be inserted between the awsd allowing quantitative

measurements to be made.

3.2.5.2. Experimental Procedure

Multiple bounce ATR-FTIR experiments were undertakesing samples prepared in
deuterated water. Spectra were recorded on a ThNraodet 5700 spectrometer equipped
with a trough plate comprising of a ZnSe crystahick permitted 12 reflections with a
45 ° angle of incidence. The samples were spreaattti on the surface of the trough
plate. Spectra were acquired in the 4000—-400 camge with a resolution of 4 chover

128 scans. The deuterated water spectrum was gdetkground and subtracted from all

spectra (software used: Omnic version 7.2, Thertaotébn Corporation).

Single bounce ATR-FTIR experiments were performedie commercial Fmoc-peptide
powders and on thin films. Spectra were recordedhensame spectrometer as above
equipped with a platter comprising of a diamondtglavhich led to a 42 ° angle of
incidence. The samples were pressed in intimatsipalycontact with the plate. Spectra
were acquired using the same parameters as abbgeanibient air spectrum was used as

background and subtracted from all spectra.
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3.2.6. Fluorescence Spectroscopy
3.2.6.1.Theory

Fluorescence spectroscopy is an optical methodviltp the environment of aromatic
molecules to be probed, providing insight aboutrteucture, dynamics and the manner
in which they interact with each other. When extibg visible or near ultraviolet (UV)
radiation range, some compounds re-emit all or plathe energy absorbed in the form of

light. This luminescent phenomenon is at the orajifluorescence.

The Jablonski diagram shown in Figure 3.5 describedifferent deactivation processes
that can occur after absorption of a photon. Faisorption of a photon arises when
molecules are excited: initially in the ground élenic state § molecules reach the
excited electronic state,.SThen molecules relax by vibrational deactivati@mernal
conversion) to the lowest vibrational energy le®l without photon emission (non-
radiative transitions). At this stage, energy ieased in the form of heat. After this step
molecules can return tq Sibrational levels at longer wavelength, by reiegenergy in a
radiative way (i.e. with emission of photon) eithdirectly by fluorescence or via
intersystem crossing to an excited triplet statey phosphorescence. Both phenomena are
characterised by different time scale that is Werage time between excitation and return
to the ground state. Fluorescence has a typicatinie of a few nanoseconds whereas
phosphorescence is characterised by a lifetimehef drder of the milliseconds to

seconds [13].
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Figure 3.5.Simplified version of the Jablonski diagrdadapted from[13]).

In a spectrofluorometer (Figure 3.6), the light reeu(typically a xenon lamp) produces

polychromatic light which passes through an exictamonochromator, allowing a certain
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range of wavelengths to strike the sample and mdtg fluorescence. As fluorescent
samples behave like light sources which emit irda#ctions, the emitted radiation has to
be separated from the incident radiation. Hence,etmitted light is measured at a right
angle to the incident beam through an emission mlmoonator, enabling a narrow band of

wavelengths to be detected for measurements [1].

S

Excitation Samplin
Source > 2 TRing
monochromator area
Y k
Emission
monochromator
Detector
Read-out

Figure 3.6.Layout of the different components of a typicabifiscence spectrometer, withtthe intensity of
the incident beam andthe intensity of fluorescen¢adapted from [14]).

Fluorescence phenomenon usually occurs from maeatdntaining multiple conjugated
double bonds or aromatic compounds. The lattergarerally defined as cyclic systems
containing (4 + 2) m-electrons according to the Huckel rule. Fluoreseertan be
enhanced in the presence of electron donor grougs & hydroxyl (-OH) and amine (-
NH>) functions. The intensity of the fluorescent sigalso depends on the temperature,

concentration, pH conditions and solvent nature [1]

Peptides can contain intrinsic chromophores sineetam amino acids such as
phenylalanine, tryptophan and tyrosine side chaimistain aromatic groups. EXxtrinsic
chromophores can also be introduced to peptidesheynically modifying them with

fluorescent moieties.

3.2.6.2.Experimental Procedure

Fluorimetry experiments were undertaken using akiRdtimer LS55 luminescence
spectrometer equipped with a Julabo F25 temperataratrol device. After their

preparation, the samples were transferred into PMi&fsosable cuvettes of 1 cm in width
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(Fisher Scientific) and left at 4 °C overnight. 810n spectra (excitation at 265 nm) were
acquired at 25 °C in the 300—600 nm range witham speed of 300 nm minusing FL

WinLab software.

3.2.7. Rheology
3.2.7.1.Theory

Rheology is defined as the study of the deformafmg. elasticity, viscosity, plasticity,

etc.) and flow of matter, whether it is in a soliquid or gas form [15].

Stressg, is defined as a force per unit area (Pa). Thdicgtipn of a stress to a material

results in a relative deformation called strairWWhen a stress is imparted within the linear
regime (i.e. where stress is proportional to sjraive subsequent deformation of the
material does not affect its structural propertigsis behaviour is usually observed at low
deformation [16]. As illustrated in Figure 3.7 onay to apply stress to matter is to shear it

by applying a stress parallel to the plane on wkiiehmaterial lies on.

Shear

! stress

Figure 3.7.Schematic representation of shear stress applied omaterial.

Elasticity is characteristic of solid materialspArfect solid deforms instantaneously under
external forces and returns to its original shapemwthe stress is removed. In the linear
regime, such solid response to an applied stredssisribed by Hooke’s law:

o =Gy Equation 3.12

whereG is the rigidity modulus or shear modulus (congtantly is the shear strain.

On the contrary, viscosity is a characteristicigfild materials. Under the smallest stress a
pure liquid flows slowly and does not revert toiit#tial dimensions after release of the
applied force following Newton’s law:

ag=ny Equation 3.13

wherey is the viscosity (constant) arjdis the shear strain rate or shear rate.

However these particular examples represent the éxteemes of behaviour from a

rheological point of view [17]. Many real materiailscluding gels, are characterised by the
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coexistence of both elastic and viscous propedesare therefore defined as viscoelastic.
There are two approaches to the investigation ef rtieological properties of such
materials. Small deformation measurements are lyswhployed to determine the
viscoelastic properties of the material upon sksé@ss or strain whereas large deformation
measurements are typically used to assess the meahlbehaviour of the gel up to failure

upon extensional stress or strain [18].

Oscillatory rheology is typically used to make dyna measurements which involve the
harmonic variation of stress and strain with tinfethe stress applied at a particular
frequency oscillates with time then the resultitrgia will also do so with a delay in phase
called phase angl&. However for perfect elastic solids the stresgniphase with the
strain (i.e.d = 0 rad §) whereas it ist/2 rad §' ahead of the strain for purely viscous
liquids. Figure 3.8 represents the two wave-forras/mg in a sinusoidal manner with an
angular frequencyy (rad %), defined as:
a =27f Equation 3.14

wheref is the frequency of oscillation (Hz).

Sin w
L

-1

Figure 3.8.Wave-forms for oscillatory stress input and strautput: shear stress (solid line) in advance by
angles compared to the shear strain response (dashedl fiirea viscoelastic materighdapted from [15]).

The determination of the complex shear modutrs(Pa), defined as follows, allows the

full characterisation of the studied material:

Gr=220 Equation 3.15

whereoy andy, are the stress amplitude and the strain amplitesigectively.
This value can also be decomposed as:
G*=G' +iG" Equation 3.16

whereG' refers to the elastic modulus a@d corresponds to the viscous modulus [15].

The elastic modulus or storage modulus (Equati@i)3reflects the amount of energy
stored during (and released after) deformation chadacterise the solid-like contribution.
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The viscous modulus or loss modulus (Equation 3rh8asures the energy dissipated
during the experiment and characterise the flkd-kontribution. Both dynamic moduli
can be expressed as a function of the complex ghedulus and the phase angle as
follows:
G' =G*coso Equation 3.17
G"=G*sind Equation 3.18

The damping factor, taf, enables the viscoelasticity of a material to bargified since it
is defined as the ratio of the energy dissipatethéoenergy stored in the material during
one cycle of oscillation:

G"
tand = o Equation 3.19

The main advantage of using rheometers with foosmllations is that they cover a wide
frequency range, typically from T0to 1¢ s [15]. The material is contained by capillary
forces between a parallel-plate or a concentrilmdgr and a flat stationary plate. In the
second case, a small angle is formed between the and the fixed plate. During the
measurements, the mobile geometry oscillates imasagidal manner with time and the

motion is transmitted to the fixed plate through thaterial [15].

3.2.7.2 Experimental Procedure

Mechanical properties were assessed using a sioesolled rheometer (Bohlin C-VOR)
equipped with a Peltier device (Bohlin Instrumertts)control temperature. Cone-plate
(40 mm diameter, 4°) and parallel-plate (40 mm diter) geometries were used for stiff
and weak gels respectively. To ensure the measutenaere made in the linear regime,
amplitude sweeps were performed and showed notiarien G' andG" up to a strain of
1% (Appendix B). The dynamic moduli of the hydrogedre measured as a function of
frequency in the range 0.01-100 rathwith a strain of 1%. The samples were allowed to
rest for a few minutes after loading and the messents were undertaken without any
pre-shear conditioning. To keep the sample hydratedolvent trap was used and the
atmosphere within the sample chamber was satuvatadvater. Unless otherwise stated
the experiments were performed at 25 °C and regestéeast three times (each time on
new samples) to ensure reproducibility. The stashdi@viation of multiple experiments is

represented by error bars in the dynamic frequen®@eps.
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— Chapter 4 —

Solution Behaviour Investigation for the Developmenof a

Controlled Sample Preparation Method

4.1. ABSTRACT

Fmoc-dipeptide hydrogels initially prepared by sagfial pH change were found to be
relatively stiff. However the rigidity of the scaffls appeared to be related to the presence
of aggregates within the samples. In order to gdietter understanding of the onset of the
molecular self-assembly, the ionisation behaviduthe molecules was investigated and
‘titrations’ were carried out on the systems. Thample preparation method was
accordingly modified, leading to the formation @producible and more homogeneous
hydrogels.

4.2. INTRODUCTION AND OBJECTIVES

The main focus of our work was to characterises#léassembling behaviour of the four
peptide derivatives presented in Figure 4.1. Theekecules are based on the pairing of
two amino acids, phenylalanine and glycine, modifsth an Fmoc group.

SOVEY. SOVEY
O__N OH —— 3 *
O e \)\N/H( O O\”/N\:)\N)\H/O + H
= H 5 H
O Ry (0] 0O Ry (0]
Notation Fmoc-FF Fmoc-FG Fmoc-GG Fmoc-GF
D D
O W ()

Figure 4.1.Equilibrium between Fmoc-dipeptide neutral (acidpdonised (conjugated base) forms and
notation.

" Part of this chapter has been published as: SwiM,, Williams, R.J., Tang, C., Coppo, P., Collif&F.,
Turner, M.L., Saiani, A., and Ulijn, R.\iEmoc-diphenylalanine self-assembles to a hydrogelavnovel
architecture based on-r interlockedp-sheets Advanced Materials2008 20(1): p. 37-41 and Tang, C.,
Smith, A.M., Collins, R.F., Ulijn, R.V., and SaianA. Fmoc-diphenylalanine self-assembly mechanism
induces apparent pishifts.Langmuir,2009 25(16): p. 9447-9453.
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Samples were initially prepared as described pusiyoby Jayawarnat al, using a
sequential pH change method [1]. The pH of aqugmyide suspensions was raised by
addition of sodium hydroxide to ionise and therefeplubilise the molecules. Hydrogel
formation was pH-triggered by subsequent adjustroénbe pH with hydrochloric acid.
However the hydrogels generated displayed hetesityenin order to rationalise and
ameliorate the formation of the self-assembled feltid, ‘titrations’ were undertaken,

providing a better understanding of the moleculgsalviour in solution.

The objectives of this section are to investighte different aspects of the current sample
preparation method that can be perfected and inepttoem. Ultimately materials resulting
from a modified method should be reproducible aalialble enough to perform full
accurate characterisation.

4.3. RESULTS AND DISCUSSION
4.3.1. Preliminary Study: Sequential pH Change Metbd

As previously described [1], samples were prepaiedg a sequential pH change method
to induce gelation from solutions of Fmoc-dipepsiddqueous suspensions of peptide
derivatives were first turned into clear solutidayssupplementing the samples with NaOH.
The pH of the solutions was then adjusted by amdiof HCI, drops of which were
constantly dispersed within the samples by vorigxintil gels were obtained. Amounts of
NaOH and HCI to add were simply assessed in a isuizaner. No pH control was
undertaken at this stage. As soon as hydrogeledtty form, the samples were placed at
4 °C for ~ 12 hours before characterisation.

Fmoc-FF, Fmoc-FG and Fmoc-GG all formed turbid bgets at different pH values
(about pH 7.5, pH 5 and pH 4 respectively) whem@asipitates rather than self-supported
hydrogels were obtained under all pH conditionsHimroc-GF (Figure 4.2).

Frmoc-FF Frnoc-F G Frmoc-GG Frnoc-GF

=

Figure 4.2.Macroscopic appearance of Fmoc-dipeptide hydrogels precipitate formed by sequential pH
change: anoc-FF (pH ~ 7.5), Fmoc-FG (pH ~ 5), Fn@&G- (pH ~ 4) and Fmoc-GF (pH ~ 5) samples at
10 mmol C~.
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The viscoelastic properties of the hydrogels formaétdr ~ 12 hours storage at 4°C were
assessed using oscillatory rheology. Figure 4.3mdws the mechanical properties
obtained at room temperature for Fmoc-FF (pH ~, F&)oc-FG (pH ~ 5) and Fmoc-GG

(pH ~ 4) at 10 mmol T-

A) 100000
10000 L AaAAAAAAAAAAAAAAAAAAAAAAAAAAAA
g retepghesteteed
= b 9600 ‘tvzf':zizz‘“z-xzz A A
2 1000~ SN W Mﬁg
g E ,@%@ ia T
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S ] s rw@@l@& ¢V o
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100 T
] A G' Fmoc-FF
1 A G"Fmoc-FF ¢ G' Fmoc-GG
O G" Fmoc-GG
10 T \\\HH‘ T \\\HH‘ T \\\HH‘ T T T TTTIT
0.01 0.1 1 10 100

Angular frequency / rad g

Figure 4.3. A) Dynamic frequency sweep of Fmoc-dipeptides hydsdgemed by sequential pH change:
Fmoc-FF (pH ~ 7.5), Fmoc-FG (pH ~5) and Fmoc-GGH (p4) samples at 10 mmol'L Schematic
representation oB) a heterogeneous fibrillar network containing kinetly trapped aggregates and) a
homogeneous fibrillar network.

For all three sample&' was approximately one order of magnitude highant®" with
both moduli nearly independent of frequency betwéefl and 100 rads Such
behaviour indicated the materials were all elasttber than viscous, confirming their gel-
like nature. Cryo-scanning electron microscopy ¢&%M) of the gels revealed they were
constituted of rigid, physically cross-linked filtber networks [1]. Fmoc-FF hydrogels
displayed particularly high storage modulus val(@'s~ 10000 + 900 Pa) [2] compared to
Fmoc-FG and Fmoc-GG gel&'(~ 1800-2900 Pa). This significant difference bemvthe
systems could be related to morphologically andcstirally distinct fibrillar networks,
suggesting that simple variations in the peptidgisace of the molecules could enable to

tune the stiffness of the self-assembled structures

The three systems were characterised by largegetaraduli given the low concentration
of peptide G' values of different orders of magnitude have begorted for peptide based
hydrogels depending on the kinetics of the seléansy process [3,4]. By increasing the
ionic strength of solutions used, Pocleral [3] were able to accelerate the self-assembly
kinetics of their peptides. The addition of saisulted in the formation of networks with
higher cross-link density leading to stiffer hydetsy(Figure 4.3 B)G' values were found

to increase from ~ 100 Pa to ~ 3000 Pa when 20 mé1490 mM of salt solutions, were
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employed respectively. Investigating enzyme-trigggi-peptide hydrogels, Xet al.[4]
have also shown that the morphology of the netwgmkerated depends strongly on the
kinetics of hydrogelation. Using low concentratiafsenzyme, thin, uniform fibrils were
formed slowly resulting in relatively weak hydrogekith G' of ~ 300 Pa (Figure 4.3 C).
On the other hand, when higher concentrations afree were used, the formation of
nanofibrils was found to be almost instantaneowesadihg to the formation of
heterogeneous bundles of fibres resulting in hyeloogithG' of ~ 4000 Pa (Figure 4.3 B).
From these observations we hypothesised that grerhodulus values obtained for Fmoc-
FF, Fmoc-FG and Fmoc-GG resulted from the presehé@netically trapped aggregates
formed during the sample preparation (see secti®®) which reinforced the mechanical
properties of the materials (Figure 4.3 B). Thestnce of such heterogeneities in the

micrometre size was confirmed by the turbid aspétte samples.

Gels formed from the studied Fmoc-dipeptides wése Bpund not to be particularly stable
with time. Within a couple of hours at room tempera, the hydrogels would typically
begin to flow. The kinetics of gel alteration westower at 4 °C: after a few days,
expulsion of water from the samples accompaniedirbyncrease of their turbidity was
typically observed for Fmoc-FF and Fmoc-FG wherp@ipitation started to occur in
Fmoc-GG hydrogels. These macroscopic aspect attesatvere accompanied by a change
in pH. We believe such changes in aspect and pHe welated to the presence of
heterogeneities, probably arising from the additadnHCI| during sample preparation.
Indeed, addition of acid to the alkaline solutiéed to the instantaneous formation of gel
around the drops, where acid was locally relatieslgcentrated. As a consequence, the pH
might not have been homogeneous through the speairhis stage. It is likely that local
acidity diffused slowly through the samples asphkkeof the hydrogels was found to vary
(x 0.6 pH units) during overnight storage at lomperature. Although the evolution of the
pH with time has not been rigorously monitoredydts found to still shift after a few days.
This observation suggested the systems were pgigge®wards an equilibrium state over

a long period of time.

Scaffolds presenting interesting and promising raaal properties were obtained from
Fmoc-dipeptides. However these properties wereddonbe related to the presence of
acid pockets that were causing heterogeneitiesmikie hydrogels. Additionally, stability

issues were encountered with samples prepared trengequential pH change method. In
order to perform full characterisation of the spse reliable measurements on

reproducible specimen were needed. To improveldtadnd homogeneity of the samples,
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addition of NaOH and HCI had to be rigorously cotiéd. The solution behaviour of the
systems was therefore investigated.

4.3.2. Towards a Controlled Sample Preparation Metbd
4.3.2.1.Sodium Hydroxide and Fmoc Loss

Addition of NaOH during the sequential pH changeswacontrolled. As a result the pH
of the dissolved Fmoc-dipeptide solutions couldhelaigh pH values (up to pH 11-11.5).
Fmoc groups are known to be particularly instabidan alkaline conditions [5], hence
NaOH had to be added in a controlled manner. Tmgnmaim volumes of NaOH needed to
dissolve the peptide derivatives were thereforeessexd for the four Fmoc-dipeptides.
Optimisation of the method revealed that all weudlyfdissolved from pH 10.5. At
10 mmol L%, all systems turned out to require an optimiseldme of ~ 55 pL of NaOH
(0.5 M) to reach the solubility pH limit. To ensuiteat these conditions did not lead to
significant hydrolysis of the carbamate and lossthed fluorenyl moiety (Figure 4.4),
HPLC was used to estimate the cleavage percerftagee 4.6 shows the chromatograms
obtained for a solution of Fmoc-FF in the presenteNaOH only (pH 10.5) 1 houir,
2 hours and 6 days after addition of the alkalwlatgon.

9 H O| Rz -CO, ‘Q (? R,
O O\H/N?H/'\[O(OH A O . HQN?N)I(OH

0]

Figure 4.4.Cleavage of the Fmoc group from an Fmoc-dipeptigiang rise to a carbamate and a dipeptide.
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Figure 4.5.HPLC chromatogram of a diluted solution of Fmoc-&fH 10.5 as a function of time.
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Comparing these chromatograms with the one cornelpg to the solution of Fmoc-FF
without NaOH shows that the elution peak at 31.but@s corresponds to Fmoc-FF
molecules. In alkaline conditions Fmoc-dipeptides expected to be cleaved and produce
two additional components: the dipeptides and tlagbamate groups. Being less
hydrophobic the dipeptides were assumed to comeheffcolumn rapidly that is in the
injection peak. The component eluted after 36.5uteis was therefore ascribed to
carbamate groups which are more hydrophobic. Thiampercentage of Fmoc cleaved
was estimated from HPLC analyses. After 1 hourp@$ and 6 days (144 hours) less than
1%, ~ 4% and ~ 30% of Fmoc groups were removed fromoc-FF respectively. It was
assumed that comparable Fmoc cleavage occurredhé&rother Fmoc-dipeptides of
interest. Since the specimens were not left inpiesence of NaOH (pH 10.5) for more
than 10 minutes during sample preparation, the gotimm of molecules cleaved was

negligible.

4.3.2.2.Solution Behaviour

Addition of HCI to alkaline solutions led to therfoation of acid pockets that were related
to the fibrillar network being mainly constrained some domains of the samples. These
strong junction points were difficult to completadisperse by simply vortexing the gels,
hence the samples were heated following the addaioacid to dissolve the kinetically
trapped aggregates. In order to obtain clear amgolgeneous solutions, it was found that
the optimum heating temperature was 75-80°C. Asrteg in Table 3.1, the heating time

were adjusted depending on the systems.

To regulate the addition of HCI and control the gtiting sample preparation, ‘titration’
experiments highlighting the ionisation behaviotithe molecules were performed on the
Fmoc-dipeptides below and above their critical y@taconcentration, at 1, 5, 10, and
20 mmol ! with additional experiments at 0.01 and 0.1 foroerFF only (Figure 4.6).
All experiments started at pH 10.5 (conditions dtioh the Fmoc-dipeptides were fully
dissolved at all concentrations) following additiohNaOH. The samples’ pH variations
were then recorded as a function of added HCI. Hezesamples were heated after each
addition of acid. Due to the strong and constaitaagn applied, samples were liquid at
all times during the ‘titration’ experiments. Wateas also titrated in the same way as a

control.
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Figure 4.6. Titration’ curves (pH vs. moles of added HCI) aéiter andA) Fmoc-FF at 0.01, 0.1, 1, 5, 10
and 20 mmol %, B) Fmoc-FG,C) Fmoc-GG andD) Fmoc-GF samples at 1, 5, 10 and 20 mmal The
theoretical pkK values of the Fmoc-dipeptides were assessed uSFARC web calculator
(http://ibmlc2.chem.uga.edu/sparc).

At 0.01 mmol C* Fmoc-FF was found to be soluble at all pH valdd= ‘titration’ curve
obtained at this concentration was similar to tifavater. At 0.1 mmol L' Fmoc-FF was
found to be soluble at pH values above 7, whillwaer pH values the peptide was found
to precipitate. The overall pH variation as a fimttof added HCI was in this case also
similar to that of water. For samples prepared atniol L™ and above, Fmoc-FF was
found to be fully soluble at high pH>(@0.5) only. At this pH most of the FmeaeF
molecules are expected to be ionised. When HCI added to the solutions, the pH
gradually dropped for all the samples (Figure 4)6@nce a pH of ~ 9.2 was reached, the
pH of the 5, 10 and 20 mmoltsamples was found to increase slightly to-2(62 and in
the case of the 10 and 20 mmat samples became constant. For the 1 mmbkample,

no increase in pH was observed and a transitionokasrved at a slightly lower pH of
~ 8.6. As the samples went through this first titeos, they became slightly cloudy. Once
the first transition was complete, the pH of alingdes was found to decrease again with

addition of HCI. The samples became more turbithagH decreased. At a pH of 6322,
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a second transition was observed and the pH o6H® and 20 mmol * samples was
found to become constant. As the samples went gihrahis second transition, a white
precipitate appeared. For samples with pH valuésibB, phase separation occurred with
the emergence of a clear liquid phase at the tdpaamhite precipitate at the bottom of the
test tube when left at room temperature. As themald decreased further, the precipitation
and phase separation were found to become moreymoad and rapid. At low pH (< 3),
all the ‘titration’ curves were found to merge withe water ‘titration’ curve. The two
transitions observed on the ‘titration’ curvesué tl, 5, 10 and 20 mmoltsamples were
more marked as the peptide concentration was iseded hey are reminiscent dfptype
transitions. As we will see in Chapter 5, these tstifted’ apparent i, transitions (Ka 1
and <, 2, Figure 4.6 A) are related to two marked stradttransitions resulting from the
peptide self-assembly. As Fmoc-FF is a weak adidhigh pH we can assume in a first
approximation that addition of one mol of HCI rasuh the neutralisation of one mol of
Fmoc-FF, its conjugated weak base (Figure 4.1). Assumimgt &t pH 10.5 (before
addition of HCI) all molecules are ionised (Fmopeptide-COO), the peptide degree of

ionisation,a, can simply be written as:

a=1- r]HCI

Equation 4.1
nFmoc—dipeptide—COOH

wherenyc is the number of moles of HCI added correctediiernumber of moles of HCI
needed to titrate the water anghoc-dipeptide-cooHS the number of moles of peptide present
in the sample. In Figure 4. Tyc is plotted as a function afgmec.rr for the 1, 5 and
10 mmol ! samples at three pH values: 8.9, just below ttpa@mt K, 1 transition, 7
and 4.3, just above and below the appard&atptransition, respectively. The degrees of
lonisation derived from the slope of the fittedelan curve are given in the inset of
Figure 4.7. As can be seen for the three samplesthe same at a fixed pH, suggesting

that the same processes are occurring in the ctratien range investigated.
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Figure 4.7.ny¢ (moles of HCI added corrected for moles of HCldezkto titrate water) vs.qfoc.rr (Moles
of peptide present in the sample) for the 1, 5ad@ 20 mmol T* samples at pH values of 8.9, 7.0 and 4.3.
Inset: Degree of ionisatiom, derived from the slope of the fitted linear cu@ve

At pH 10.5 most of the Fmoc-FG molecules were etqubto be ionised. However at 10
and 20 mmol C* samples were slightly cloudy in these pH condiiand went through a
clear phase only after they were heated (i.e. ioiig the first addition of HCI). In all
cases as HCI was added to the solutions, theirnaduglly decreased while the samples
became slightly cloudy (Figure 4.6 B). Once a pH-af.3 was reached the pH of the 10
and 20 mmol ' samples was found to become constant. This transitcurred at a pH
of about 6.3 and 5.5 for 5 and 1 mmot lsamples respectively. Once the transition was
completed, the pH dropped again and the samplesdunto more turbid solutions with
addition of HCI. From pH 3.8 a white precipitatarséd to appear at 1 mmol‘lwhereas
the samples became more viscous and started tegajgrat 5 mmol Land above. As the
pH decreased, further precipitation of the samplesurred and all the ‘titration’ curves

were found to merge with the control curve.

At all concentrations tested Fmoc-GG peptide dékiea were totally dissolved at
pH 10.5. A shoulder was observed at a pH of ~ 8dwas found to be more marked as
the concentration in Fmoc-GG was increased. Tlatufe was believed to be due to the
neutralisation of excess of NaOH in solution by HGIit was also detected in the water
‘titration’ curve. This shoulder was also presemtthhe other Fmoc-dipeptides ‘titration’
curves but was more apparent here because unlikbdoother systems the apparekt p
did not occur at similar pH values. At 1 mmot the sample remained clear over the range
of pH studied and no transition was observed. AtrBol L and above, the samples were
all clear at high pH and became slightly cloudympadition of HCI as the solutions’ pH
was gradually lowered. The pH was found to be stablvalues of about 4.9, 4.5 and 4.0
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for 20, 10 and 5 mmol ™ samples respectively (Figure 4.6 C). Towards the &f the
transition, samples became more viscous and tudbitbw pH (< 3) precipitate appeared

and the ‘titration’ curves started to merge with thater curve [6].

At all concentrations tested, Fmoc-GF peptides vedse fully dissolved at pH 10.5. The
samples’ pH decreased upon addition of HCI. Onp#laof ~ 6.2 was reached, samples
started to become cloudy. Then the pH of the sasnplas found to rise and became
constant at about pH 7.6, 7.2, 7.0 and 6.7 for 20, 5 and 1 mmolT samples
respectively (Figure 4.6 D). As the samples werdubh this transition they became more
turbid. After the transition, the samples’ pH dexed again and at all concentrations
studied, precipitation occurred at pH of ~ 3.5.the pH decreased further all the ‘titration’

curves merged with the control curve.

Only one transition was observed for Fmoc-FG, Fi@&-and Fmoc-GF. However, like
Fmoc-FF these Fmoc-dipeptides are weak acids amdlthe assumed to be fully ionised
at high pH (10.5). In such conditions their conjegbweak bases, Fmoc-dipeptide-COO
can be neutralised by addition of HCI in a molaroraf 1:1. The molecules degree of
ionisation can be estimated for all systems usiggaion 4.1. To determine the degree of
ionisation at each stagsyci was plotted againStemoc-dipeptide-coor@bove and below the
apparent [, that is at pH 6.5 and 3.8 for Fmoc-GG and pH && 2.0 for Fmoc-FG and
Fmoc-GF. As shown in Figure 4.8, was extracted from the slope of the fitted linear
curves and indicated that in the three cases alalbsf the molecules remained ionised
before the transition at pH 8.5: 96%, 88% and 97%mnooc-FG, Fmoc-GG and Fmoc-GF
respectively. As opposed to Fmoc-FF, which gradsglf-assembly mechanism was
associated with a two-transition feature, theseetsystems were characterised by a one-

transition feature, suggesting different self-adslérg processes were involved.
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For all the studied Fmoc-peptide derivatives tl@gitions were found to be more marked

upon increasing the concentration of the peptidevatives. Figure 4.9 A shows that the

pK shifts increased with the Fmoc-dipeptides conegiom up to 5 mmol T for Fmoc-FF

and 10 mmol [ for the three other systems. Beyond this threshibie transition pHs

were found to be independent of the peptide devestconcentration.
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Figure 4.9. A) Transition pH values versus concentration of thmoE-dipeptides studied (1, 5, 10 and
20 mmol Y. B) Transition pH values versus Log P values of the&uiipeptides at 10 mmori

All apparent X, transitions occurred at pHs higher than the thiaiepK, values, Ka",

of the Fmoc-dipeptides, which confirms the restdisently reported by Adanet al.[7].

Shifts of about 6.3 (and 2.1) 3.0, 0.6 and 3.7 pkisuon average were observed for Fmoc-
FF (Ks"=3.58), Fmoc-FG (6."=3.76), Fmoc-GG (6" =3.82) and Fmoc-GF
(pPKa" = 3.64) respectively at 10 mmol*L(concentration at which full characterisation of

the systems will be carried out in Chapter 5). PKg shifts were found to be related to the
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chemical structure of the molecules and more pedcis their Log P value (octanol-water
partition coefficient), which again is in agreememtith observations described
elsewhere [7]. These values correspond to a mea$uhe molecules hydrophobicity and
were determined using ACD/Labs v. 12.01/ChemSketchshown in Figure 4.9 B the
transition pH for Fmoc-GG, the less hydrophobic ecale of this set of peptide
derivatives, occurred at relatively low pH, closeits theoretical i, value. On the other
hand, the apparentkp 1l for Fmoc-FF occurred at much higher pH resulimg more

pronounced K, shift.

4.3.2.3.0ptimised Sequential pH Change Method for Gel Fdiona

Based on the observations reported above the gplamtion method was modified in
order to improve the control of the samples’ pH #melr homogeneity. NaOH was added
to the suspensions of peptide derivatives untiirtléssolution at pH 10.5. HCI was
subsequently added drop-wise until a target pH washed while the solutions were
constantly vortexed and sonicated in order to aagigregate formation. Both the required
volume of acid and the target pH varied in functairnthe studied Fmoc-dipeptides and
were estimated from the ‘titration’ curves presdnte Figure 4.6. Next, the samples were
heated to dissolve remaining aggregates at a tetyperof 75-80 °C. The heating times
were optimised at this temperature for the differglndied systems and are reported in
Chapter 3. This step ensured all samples went ghrauliquid phase before they were
cooled and maintained at 4 °C for ~ 12 hours tanmte gelation. Under appropriate pH
conditions, the sol-gel transition of Fmoc-FG waarfd to occur while the samples were
being heated. These samples appeared to be paniycidtable at low and room
temperature only at the condition that the hydregeere completely formed at high
temperature. Removing the samples from the bloeltenavhile they were still in a liquid
state led to their irreversible precipitation dgrirstorage at low temperature. The
difference in pH before and after storage was reduo = 0.3 pH units using this method,
however hydrogels were obtained at slightly differ@H values than the non-heated
samples (Figure 4.2). In particular Fmoc-FF gelsewabtained at pH 9.0 whereas their
non-heated homologues formed under near-physi@bdpH ~ 7.5). As illustrated in
Figure 4.10 clearer self-supporting hydrogels satigg more homogeneous samples were
formed although Fmoc-FF and Fmoc-GG gels lookedkerethan the corresponding non-

heated samples. Again, Fmoc-GF did not form hydsoge
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qu:u:-GG_ ) Froc-GF

Figure 4.10. Macroscopic appearance of Fmoc-dipeptides hydrogelsl precipitate formed by the
optimised sequential pH change: Fmoc-FF (pH 9.0)\0€-FG (pH 5.1), Fmoc-GG (pH 4.4) and Fmoc-GF
(pH 4.7) samples at 10 mmot'L

The viscoelastic properties of the newly formedsgelere determined by oscillatory
rheology. The storage modulg’, of the studied hydrogels prepared using the apéich
and the previously reported methods are comparefligare 4.11 A. In all cases the
rheological data confirmed the weakness of the nmar®ogeneous sampleS! values
obtained for the heated samples were lower thasethmeasured for the non-heated
samples with a difference of one order of magnitdde Fmoc-FG and Fmoc-GG
(G'~ 100-400 Pa), and up to four orders of magnittaie Fmoc-FF G'~ 0.5-5 Pa).
Therefore the better homogeneity of the samples dradmpact on their mechanical
properties. However as shown in Figure 4.11 B,appigmised sample preparation method
did not affect the structure of the self-assemldieshe same WAXS pattern was observed
for Fmoc-FF hydrogels prepared using the two déifiemethods. These Bragg peaks were
related to different features of the molecular-ssembly and will be discussed in detall

in Chapter 5.
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Figure 4.11. A) Storage modulus, ‘Gof Fmoc-FF, Fmoc-FG and Fmoc-GG hydrogels at Tfaii™
formed using the optimised (open symbols) and theiqusly reported sample preparation method (plain
symbols)B) WAXS spectrum of a dried layer of Fmoc-FF hydrqgepared using the optimised and the
previously reported method.
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4.4. CONCLUSION

All four systems studied in this section displaymanpletely distinct behaviours mainly
due to their difference in hydrophobicity. Depergdion the amino acids side chain,
hydrogels were obtained in different pH and heatogditions. Investigations on the
solution behaviour of the systems enabled to mothky previously reported sample
preparation method. Control of the sample pH wasesed and formation of kinetically
trapped aggregates was reduced, improving the hensity of the samples. Although in
all cases the newly obtained hydrogels appeareddetoless stiff, their molecular
organisation did not seem to be modified. The immdcahe better homogeneity on the

sample properties will be discussed in more déetalhapter 5.
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— Chapter 5 —

Effect of Hydrophobic Aromatic Moieties on the
Self-Assembly of Fmoc-Dipeptides

5.1. ABSTRACT

pH conditions were found to have an effect on teH#-assembly process of Fmoc-
dipeptides (Fmoc-FF, -FG, -GG and -GF), resultingapparent I§; shifts above their

theoretical K, Using Fourier transform infrared (FT-IR) and ftascence spectroscopy,
transmission electron microscopy (TEM), wide-anyleay scattering (WAXS), and

oscillatory rheology, these transitions were shdwrtoincide with significant structural
changes. Overall, this study provides further usideding of the self-assembly
mechanism of aromatic short peptide derivatives.

5.2. INTRODUCTION AND OBJECTIVES

In the previous chapter, Fmoc-dipeptides basedempairing of phenylalanine and glycine
were found to form hydrogels in particular pH cdimfis. Thea-carboxylic acid groups of
amino acids are in their anionic form at neutral pHprotected nonpolar peptides have
pKa values of 3.7 on average [1]n dilute solutions, one would therefore expectrieal
carboxylic acid groups to be ionised at pH valuighdr than 3.7 and the molecules to be
negatively charged. Self-assembly would presumbblynfavoured at pH higher than 3.7
due to electrostatic repulsion between the nedstolearged molecules. Indeed, a number
of Fmoc-peptides including Fmoc-FG and Fmoc-GG ailpwed self-assembly at low
pH [2,3]. However, Fmoc-FF, a highly hydrophobigppeée derivative, was found to self-
assemble at neutral pH [4]. It is known tha€,jpcan shift dramatically in protein and
peptide self-assembly especially in hydrophobiciremments [5]. For example, a shift of
6.1 pH units has been observed for aspartic adiel ghain carboxylic acid in a family of

protein based polymers composed of the repeat lgpeotapeptides [6]. K, shifts have

" Part of this chapter has been published as: SwiM,, Williams, R.J., Tang, C., Coppo, P., Collif&F.,
Turner, M.L., Saiani, A., and Ulijn, R.\Emoc-diphenylalanine self-assembles to a hydrogelavnovel
architecture based on-r interlockedp-sheets Advanced Materials2008 20(1): p. 37-41 and Tang, C.,
Smith, A.M., Collins, R.F., Ulijn, R.V., and SaianhA. Fmoc-diphenylalanine self-assembly mechanism
induces apparent pishifts.Langmuir,2009 25(16): p. 9447-9453.

T SPARC web calculator to be found at http://ibmit2m.uga.edu/sparc.
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also been encountered in fatty acids, for instapaémitic acid (Gg) revealed a Ig, shift
of up to 3.9 which is related to the formation @i by these molecules [7].

Hydrogels of aromatic short peptide derivativesemvareviously formed by sequential pH
change [2], dilution from fluorinated solvents [&s well as enzymatic hydrolysis of
corresponding esters [9]. Here we focus on the gptddence of the Fmoc-FF, Fmoc-FG,
Fmoc-GG and Fmoc-GF self-assembly process usingribeified sample preparation
method described in Chapter 4. We show that sekrably of the studied Fmoc-
dipeptides results in a suppressed ionisation hgadd dramatic K, shifts related to

significant structural transitions.

5.3. RESULTS AND DISCUSSION
5.3.1. Fmoc-FF
5.3.1.1 Proposed Molecular Model

From a biotechnological point of view Fmoc-FF appéato be particularly interesting as
it has recently been shown to form hydrogels atspiggical pH on which cells could
grow and proliferate [2,10,11]. Supported by spesttopic data collected on specimens at
neutral pH prepared by sequential pH change, aculale model for the self-assembled
structure formed by this system has subsequendy peoposed by Smitt al [4].

Based on circular dichroism and FT-IR analyses, ¢-fi6 peptides were shown to form
antiparallels-sheets. From fluorescence spectroscopy dataefiybgroups were found to
self-assemble in antiparallel dimers through stacking. Additionally, evidence for the
presence of extensive aromatic aggregates wasvelosesuggesting the phenyl rings from
the phenylalanine side chains interacted with #iespf Fmoc groups. The combination of
these three features was explored using molecutatelting (Hyperchem software), in
which energy minimisation of the structures wadqremed using the Amber force field.
Fmoc-FF molecules were arranged in antipargiisheets through hydrogen bonding of
the peptide components, leaving the fluorenyl meseton the edges of the sheets
(Figure 5.1 A). In this configuration, the phenyhgs of the C-terminal phenylalanine
residues interacted with the fluorenyl moietiesciimng the molecules to bend, resulting in
a kink in the peptide backbone. Such molecular misgdion revealed the Fmoc groups
located on the same edge would be too far apdretable tor-stack. The sheets were
therefore positioned side by side, to enable thlerlapping of Fmoc groups from one sheet
with the Fmoc groups of another one. This molecidarangement resulted in the

formation of z-stacked pairs of fluorenyl groups alternating wighhenyl rings
84



Effect of Hydrophobic Aromatic Moieties on the Sedéembly of Fmoc-Dipeptides

(Figure 5.1 B). p-strands are intrinsically twisted due to the dhirature of their
constitutive amino acids. Hence, the lateral assgiori of fourf-sheets was found to result
in the formation of a cylindrical fibril with an &enal diameter of ~ 30 A (Figure 5.1 C).
As a consequence of the twisted nature of the shtet distance between the centres of
the fluorene pairs would be ~ 16 A and ~ 8 A altmglong and diagonal axes of the fibril
respectively (Figure 5.1 D). These fibrils wouldeh further self-assemble laterally,
forming large flat ribbons that were observed byMIB-or a detailed discussion of the

model built by A. M. Smith, we refer the readeréterence [4].

Figure 5.1.Proposed model structure 8f) Fmoc-FF peptides arranged in an antiparallesheet pattern.
B) interlocking laterally throughre-stacked pairs of Fmoc groups and phenyl ringsreate a cylindrical
structure.(C) Top view andD) side view of the structure. The fluorenyl groups eoloured orange and the
phenyl groups are coloured purgi].

In order to confirm the proposed molecular modeilther structural analyses were
undertaken using wide angle X-ray scattering. FmBchydrogels at pH ~ 7.5 were
prepared using the method employed by Srettlal. (i.e. sequential pH change without
heating of the samples). The gels were depositéd glass slides and allowed to air-dry
slowly (~ 48 hrs) until thin dried layers were abtd. A scattering pattern characteristic of
a relatively well-ordered structure was obtained ahowed a series of scattering peaks

that we were able to relate to the different fezgwof the proposed model (Figure 5.2).
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Figure 5.2.WAXS spectra of Fmoc-FF hydrogel at 10 mmbidried at pH ~ 7.5.
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The strong reflection peak detected cgt 2.4 nm™* corresponds to a repeat distance,
d =26.0 A, which is consistent with the diametetta# individual fibrils predicted by the
model (Figure 5.1 C). Up to six higher orders o§ tteflection were observed at spacings
corresponding ta/n (1<n<6), which is characteristic of a lamellar orgatiea The
presence and number of these reflections is cemsigtith the relatively large flat ribbons
observed by TEM [4]. In this publication, examiatiof torn ribbons revealed that these
structures resulted from the lateral assembly wdlsi fibrils of 26.0 A in diameter. The
absence of any further series of Bragg peaks iitiaddo the series of six higher order
reflections detected suggests that the ribbons wene-dimensional structures
(Figure 5.3 A). Indeed, the two-dimensional packaigylinders would generate non-flat
ribbons and result in the detection of a hexagphake with reflections at spacingsdpf
diN3, dV4, dN7, dN9... (Figure 5.3 B).

A) B)

G9000

Figure 5.3.Schematic representation of cylindersdha lamellar packing (1D growth) anl) a hexagonal
packing (2D growth).

A peak at 4.3 A =14.6 nm") was also observed and ascribed to the iftsirand
distance. Although such a low spacing was repddedilk hydrogels [12], this periodicity
is lower than the one usually observed fsheet arrangements (4.7 to 4.8 A [13]),
suggesting that th¢-sheet conformation in our system is probably ndedl’. This
unusual periodicity could be due to the kink in fheptide backbone resulting from the

interaction of Fmoc pairs with phenyl rings of tketerminal phenylalanine residues
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discussed above. Two additional reflections wereseoked at 3.9 and 8.3 nhn
corresponding to repeat distances of 16.0 and 7.Bhkse peaks were ascribed to the
distance between the pairs of Fmoc groups alongyedrical structure and its diagonal
axis respectively (Figure 5.1 D). Although the nooll@ar model was built from Fmoc-
derivatives arranged in an antiparallel mannersitunlikely that such short peptide
components formed sufficiently stalfesheets capable of driving the self-assembly. As
we will see later, the self-assembly of such systesdriven byz-stacking of the fluorenyl

groups, and depending on the amino acid seqygsbeets can be formed.

5.3.1.2pH Study

As observed in Chapter 4 the ‘titration’ of Fmoc-iSFcharacterised by two transitions. In
order to relate the ionisation behaviour of Fmocté-ks self-assembly properties, we have
performed a structural investigation of the samplesind four different pH values:

— 10.5, the starting point of the ‘titration’

— 9.0, below the apparenKp 1 transition

— 7.4, above the apparerKp2 transition

— 4.7, below the apparenKp2 transition.

The samples were prepared as described in Chapidre3main difference compared to
the sample used for the ‘titration’ experimentthit, in this case after homogenisation, the

samples were stored a 4 °C overnight to promotigal

First we discuss the 10 mmot'isamples. At pH 10.5 (above the ‘shifted’ appaptitl),
Fmoc-FF was solubilised by addition of NaOH. As barnseen from Figure 5.4, the FT-IR
spectrum of the sample at pH 10.5 showed a bastbcthble peak at 1625 chwhich is
usually characteristic of the presencepesheet structures [14]. The broad band centred
around 1592 cit is associated with the asymmetrical stretchingionet of the ionised

carboxyl end group of the peptides [15].

At this same pH, TEM micrographs showed a smallupatpn of fibres (Figure 5.5 A)
compared to what was observed at lower pH valuegilabe discussed later. At this high
pH, most of the Fmoc-FF molecules are expectecetmhised, and therefore, due to the

electrostatic repulsion between peptides, thefragdembly is thought not to be favoured.
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Figure 5.4.FT-IR spectra of Fmoc-FF samples at 10 mmdldrepared in QO at pH 10.5 starting point of
the ‘titration’ experiment, pH 9.1 (below apparepi, 1) and pH 6.8 and 4.2 (above and below apparent
pK; 2 respectively).

Figure 5.5. TEM micrographs of Fmoc-FF samples at 10 mmoIA) at pH 10.5 starting point of the
‘titration’ experiment;B) at pH 9.0 (below apparent gKkl) — the right hand side inset illustrates a patjen
average of the fibres, scale bar represents 6 @jnat pH 7.4 (above apparent pR) andD) at pH 4.7
(below apparent pK2). Scale bars represent 100 nm. Left hand sideténcorrespond to photographs of the
samples showing their macroscopic appearance.
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When the pH was reduced to ~ 9.0 (just below appap&,l transition), a weak,
translucent, self-supporting hydrogel was obtaifeishown on the infrared spectrum of
the sample, the band at ~ 1592 tmelated to COOwas weaker at this pH, confirming the
partial protonation of the peptide derivatives (F@5.4). A strong peak at 1625¢m
consistent with the presence g@fsheet structures and a second one at 1687 cm
characteristic of an antiparallel arrangement efftlsheets were also displayed in the FT-
IR spectrum [14]. It should be noted that althoulgé positions of these two peaks are
consistent with an antiparallel arrangement of gleheets, their relative intensity is not.
For ‘ideal’ antiparallel f-sheet arrangements, usually encountered in lopggtide
sequences and proteins, the band at 1687 isnexpected to be much weaker [16,17]. The
exact origin of this effect is not yet fully undersd. It is thought that insertion of
phenylalanine side chains betweestacked pairs of Fmoc groups induces a kink in the
peptide backbone, which would result in the antipar f-sheet arrangement not being
‘ideal’. This observation is in agreement with thleusuals-sheet spacing observed by
WAXS. It should be noted that IR band intensities sensitive to small changes in bond
environment. Additionally, the infrared spectraaibed from a thin dried layer (prepared
as described in Section 3.2.4.2 for the WAXS expernits) showed the presence of the
characteristic antiparallgtsheet peaks (Appendix C). This result indicates the drying
process did not affect the molecular arrangemdms. gresence of these two peaks in both
the hydrated and dried states indicates clearlyahthis pH self-assembly of the Fmoc-FF
had occurred. This observation was confirmed by T@igure 5.5 B). Analysis of the
micrograph revealed the presence of an extendesh@ged network composed of mainly
(80 %) thin flexible fibres with a width of 6.0 +HDnm. Image analysis of the averaged
fibre projection map (inset Figure 5.5 B) reveagethin high-contrast line running along
the middle of the fibres parallel to the long aXikis feature suggests that the fibres either
correspond to a hollow tube of 6 nm in diametearer formed by the lateral association of
two smaller fibrils, each of ~3 nm in diameter.eThatter interpretation is favoured;
indeed, the accumulation of stain down the centra loollow fibre of this size would be
difficult with the particular staining techniqueagshere. From the TEM micrograph, the
diameter of the central hole would be less than Kéeping in mind that the fibres are
first deposited on the grid and then stained, tlenestaining of the central part of the tube
over several micrometers, as observed here, wikdly Iresult in incomplete staining. The
fact that the stain is even along the full lengthtiee fibres is more consistent with a

surface coating staining action caused by the agtation of stain in the ‘cavity’ at the
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interface between two fibrils. Each fibril wouldetin correspond to the cylindrical structure
described previously [4].

The exact reason and origin of the associatiorhe$é fibrils in pairs has not yet been
elucidated. It is also of interest to note thathglahe length of the paired fibrils a clear
3.0 nm periodic repeat can be observed (inset &igu B). The cylindrical nature of the
model proposed by Smitt al.[4] is due to fourssheets forming a square cross section,
with each face corresponding to gisheet, rotating around a central axis (Figure®§.6
Based on the model, the pitch of the helical stmectvould be 120 A. As a consequence,
an alternation of flat to ridged to flat surfacesnfi the square cross section (Figure 5.6 B)
with a periodicity of 30 A should be observed. &sealed in the TEM micrograph, the
alternation of bright and dark ‘patches’ along fbeg axis of the fibres was indeed
observed and would result from the difference a@irstlensities between the flat and ridged

surfaces, with the ridged surfaces appearing dakéhney collect more stain.

B) TEM direction of view

+

Slices through a fibre
(2 fibrils)

Figure 5.6.A) Cross sections of the fibril previously descriliedeferencd4] corresponding to #-sheets
forming a square tube that rotates around a cendrds. As a consequence, viewed down the longgaedti
appears to give a cylinder. Slices 15 A apart atated 45 to each otherB) Schematic representation of a
view down the length of a fibre (top) with 1 andl&ft) representing two slices 15 A apart rotated 45°
through the depicted structure showing flat andged surfaces, and fibre projection map (right) abéa
from the TEM micrographs showing the parallel amg@ment of two fibrils. The light and darker regions
correspond to the alternation of flat (light) andged (dark) surfaces. Scale bar represents 6 Riar. (nore
details, see the text)

As can be seen in Figure 5.7, the intensity ofditettering pattern was lower for the gels
formed at pH ~ 9.0 using the modified sample prafpam method than for the gels
prepared at pH ~ 7.5 using the previously repodgedquential pH change (Figure 5.2).
Although hydrogels were formed in both cases, thecpnditions at which they were
obtained were different due to the improved homeggrof the samples resulting from the
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modified method. However, the reflection at 2.3-%”, corresponding to a repeat
distance of 25.6-27.7 A was still observed. Thisqukicity is in agreement with both the
fibril size estimated by TEM and the repeat unis@tved along the long axis of the fibril.
TEM and WAXS experiments were undertaken using ddrs&amples, which could

introduce artefacts on the morphologies observedl the scattering pattern detected.
However, FT-IR spectra of dried and hydrated sampl@mwed no structural difference,

suggesting that drying did not affect the architesf the fibres.
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Figure 5.7.WAXS spectra of Fmoc-FF samples at 10 mmbdtied at pH 8.8 (below apparent pK) and
pH 7.6 and 3.6 (above and below apparenf pKrespectively).

The gel-like nature of the sample at this pH wasfiomed by dynamic rheology. As can
be seen from Figure 5.8, at pH 9.0, the elasticulu=d(G") was higher than the viscous
modulus G"), indicating the material was elastic rather thimcous. BothG' andG" were
weakly dependent on frequency between 0.01 andra6™. This behaviour is
characteristic of entangled polymer networks anthigood agreement with the type of
network topology revealed by TEM5' values were in the range of 0.5-5 Pa which
confirms the hydrogels were weak compared to thed-RF hydrogels prepared using the
previous pH change method [4] or upon dilution fronganic solvents [8] (f0Pa). As
discussed in Chapter 4 we believe that heatingstmeples at 780 °C increased their
homogeneity and storing them at 4 °C resultedsto& hydrogelation dynamic producing

more homogeneous hydrogels with lower moduli.
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Figure 5.8.Dynamic frequency sweep of Fmoc-FF samples at 16l athat pH 9.0 (below apparent pK.)
and pH 7.6 (above apparent pg).

As clearly shown, self-assembly of the peptide vdgives occurs during the apparent
pK, 1 transition. Neutralisation of Fmoc-FBy addition of HCI is thought to favour self-
assembly as the electrostatic repulsion betweepdpede derivatives is decreased. As the
Fmoc-FF molecules are neutralised, they self-assemblerta the cylindrical structures
described above (Figure 5.9). At the end of appap&n 1 transition, only 34 % (i.e.

a = 0.66) of the Fmoc-FFmolecules are thought to be neutralised, suggettat the self-
assembled fibres incorporate a significant amofistilh ionised peptide. In Smitht al’s
model [4], most of the terminal acid groups areated on the surface of the fibril. We
therefore expect the surface of the fibrils to bgatively charged.

Clear Translucent Turbid viscous Two phases
solution hydrogel solution

. . pH6.2-5.2
+ water

pH10.2-95  .: pH9.5-62

s0e o
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Peptide ) Fibres

Aggregation
self-assembly thickening and precipitation
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Degree of ionisation a

Figure 5.9.Proposed self-assembly mechanism of Fmoc-FF frgm ta low pH above the critical gelation
concentration as a function of the peptide degffderdsation,a.

Around pH 7.4 (just above the apparelt g transition), the sample was turbid and a thick

viscous solution rather than a weak gel was obtiaiAs can be seen from Figure 5.8 at
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pH ~ 7.4,G" was found to be lower tha@" until a crossover of the moduli was observed
beyond 10 rad$, confirming that when the pH is decreased the rizd$ebecome viscous.
Both G' andG" showed a strong frequency dependence between 0108 rad €. Such
rheological behaviour is characteristic of liquikkel materials. From the FT-IR data, it is
apparent thaf-sheets are still present at pH ~ 7.4 both in yurdtate (Figure 5.4) and the
dried state of the hydrogels (Appendix C). The arethe peaks at 1625 and 1687 Lt
pH~9.0 and ~ 7.4 are comparable, suggesting teeepce of a comparable overall
amount of-sheets at both pH values. TEM micrographs at pHr&vealed the presence
of large, flat ribbons resulting from the lateraisaciation of many fibrils (Figure 5.5 C)

similar to the ones observed by Snetral [4].

The structural characteristics highlighted by FTaRl TEM were confirmed by WAXS.
Figure 5.7 shows that although the sample preparatiethod was changed, the same
pattern as reported in our previous work (Figu®) Was obtained at this pH, suggesting
that the structural arrangement of the self-assedndiructures was related to the degree of
ionisation of the molecules rather than the geksté the samples. An intense Bragg peak
was detected at 2.5 A corresponding to a repeat distance of 25.6 A wad again
attributed to the individual fibril diameter. Theegence of higher orders of this reflection
confirmed that the flat ribbons observed by TEMutesl from the lamellar organisation of
fibrils into flat ribbons. The peak attributed tet spacing betweefF-strands was also

observed at 14.6 rith corresponding to a repeat distance of 4.3 A.

As pH is reduced from ~ 9.0 to ~ 7.4 the ionisatitagree of Fmoc-FF decreases. It is
assumed that further neutralisation of the chamyesbles lateral interactions between
fibrils (Figure 5.9). As shown by the diagonal sactof the titration curves between the
two apparent I, transitions, more molecules are gradually protedaallowing new fibre-
fibre contacts (Figure 4.5 A). Fibre thickeninguks in the formation of large flat ribbons
through lateral hydrophobic interactions. The reasd this apparent one-dimensional
aggregation of the fibrils is not clear but suggette presence of specific directional
interfibre interactions. These ribbons are expettebe highly rigid and would therefore

not entangle easily and form hydrogels but formitiglike nematic structures.

Around pH 4.2 (below the ‘shifted’ appareri4®) precipitate formation was observed.
The TEM micrograph revealed the presence of rigitlike elongated objects at pH 4.7
(Figure 5.5 D). The lateral dimension of these cisjés similar to the one of the flat ribbon

observed at higher pH, suggesting that they prgbaétive from them. It is thought that
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during the apparentiq 2 transition, all the remaining Fmoc-Hfolecules are neutralised.
Further assembly of the ribbons occurs as the atiois degree of the peptide decreases
further. This hypothesis is confirmed by infrargebstroscopy since the band associated
with ionised carboxyl groups is no longer deteated 1592 crit (Figure 5.4). As a resullt,
these larger rigid rod-like structures, probablyresponding to aggregated ribbons, are
formed and precipitate out of solution. Once thecpss is complete, the pH of the sample
decreases again. Below the apparéqtdtransition, a fully separated two-phase system i
obtained with a clear liquid phase, corresponding water, and a solid phase,

corresponding to the precipitated rod-like objeistaining the peptides (Figure 5.9).

WAXS experiments were also performed at pH ~ 4.8 ahowed a similar scattering
pattern as at pH ~ 7.4, although the intensityhef Bragg peaks, in particular the ratio
between the first and second order peaks, was howgr, suggesting a loss of structure
(Figure 5.7). This loss of well defined structurasaconfirmed by FT-IR since the peaks
corresponding to antiparallgsheets were still observed but the area of th&gpems
much smaller (Figure 5.4). On the other hand anluti peaks were observed in the amide
| region at 1694 and 1649 cmThe peak at 1649 cthhas been assigned in the literature
to peptides adopting a random coil conformationsMwould suggest that as the ribbons
aggregate and precipitate, the peptides lose t#iparallel f-sheet organisation. The
spectrum of Fmoc-FF in its dehydrated form (commaérproduct straight from the
manufacturer, i.e. not structured) shows a peak6&4 cm®, which is related to the
stretching of the carbonyl group of the amide bémal, confirming the loss of peptide
organisation (Appendix D). The exact nature of ¢hpsecipitated aggregated ribbons and
their internal structure has not been yet eluctlate

5.3.1.3Concentration Study

Similar results to those described above for thentibl L™* sample were obtained for the
5 and 1 mmol [* samples. For instance, Figure 5.10 A shows thiabagh the area of the
peaks was much smaller at 5 mmot than at 10 mmol T, the infrared data were overall
similar. Above and below the apparer{,d transition (pH 9.2 and 6.8 respectively),
peaks characteristic of antiparalfekheets were observed at 1687 and 1623.cis the

pH was lowered to 4.3, the intensity of these paddaeased and additional peaks were
detected at 1694 and 1649 ¢mTEM micrographs also revealed the same type of
structures as at 10 mmofl'Lwith thin flexible fibres of ~ 6 nm in width praseat pH 9.3
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(Figure 5.10 B), large flat ribbons at pH 7.6 (Fg5.10 C) and aggregated ribbons at
pH 4.1 (Figure 5.10 D).

Although the signal-to-noise ratio was much reduedl mmol L, FT-IR spectra
presented similar features as at 10 and 5 mrolThe only major difference between the
two lower concentrations studied was their macrpgcappearance: while for the
5 mmol L sample a weak gel was also obtained just belovapiparent |, 1 transition,
for the 1 mmol C* sample a viscous solution was obtained, suggestatgor this system

the critical gelation concentration lies betweeantl 5 mmol .
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Figure 5.10. A) FT-IR spectra of Fmoc-FF samples at 5 mmol prepared in DO at pH 9.2 (below
apparent pK 1) and pH 6.8 and 4.3 (above and below apparent2kespectively). TEM micrographs of
Fmoc-FF samples at 5 mmot'iB) at pH 9.3 (below apparent gK.), C) at pH 7.6 (above apparent pR)
andD) at pH 4.1 (below apparent pi). Scale bars represent 100 nm.

Figure 5.11 shows the dynamic frequency sweep afd-iRt hydrogels at 5 mM above the
apparent K, 1 transition (pH 8.9). Gwas higher than Gbetween 0.01 and 100 rad s
confirming the material was elastic rather tharceis. As expected, at this concentration
the gels were not as strong as at 10 mmblresulting in Gvalues in the order of 0.1 Pa.
The difference between the two moduli being retdjivsmall added to the fact that they
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displayed weak frequency dependence only up toad 5* confirmed the weakness of the
hydrogels. At higher frequency (> 1 rad)sa crossover of the moduli was observed,

suggesting that the shear stress applied was m@idan the linear regime for such weak

gels.
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Figure 5.11.Dynamic frequency sweep of Fmoc-FF hydrogels atoht™ (pH 8.9).

5.3.1.4Summary

We have shown that Fmoc-FF molecules self-assemd@ lowering pH (Figure 5.9).
Although the modified peptides self-organised iaittiparallel 5-sheets within the pH
range investigated, they showed different struttbedaviours depending on the pH. At
high pH, most of the molecules were ionised anddlution; therefore, almost no self-
assembly was observed. The first ‘shifted’ appargikf transition, at pH 10.2-9.5
corresponded to the self-assembly of molecules pawed fibrils. Above the critical
gelation concentration, the fibres entangled, tewylin the formation of a three
dimensional network and a hydrogel. The graduatrabsation of the peptide molecules
between pH 9.5 and 6.2 resulted in the lateralasdembly of fibres through hydrophobic
interactions and in the formation of large rigidbons. The second ‘shifted’ appare#t,p
transition observed at pH 6.2-5.2 was shown todtetad to further aggregation of the
ribbons and their precipitation out of solutioneélpitation was associated with a loss of
the antiparalle/F-sheet conformation adopted by the peptides. Fina#iow the apparent
pK, 2 transition, almost all Fmoc-FFmolecules were neutralised and phase separation

occurred.

This study provides further understanding of thé-agsembly mechanism of aromatic
short peptide derivatives. The methodology use@ &l be exploited in the following
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sections to understand the self-assembly behawbuhe other systems of this set of

peptide derivatives: Fmoc-FG, Fmoc-GG and Fmoc-GF.

5.3.2. Fluorescent Molecular Behaviour

Fmoc groups were previously found to play a ke ialthe self-assembly mechanism of
Fmoc-FF, enabling the molecules to interact wittheather through-z stacking. In order

to monitor the environment of Fmoc-FF, Fmoc-FG, Efsss and Fmoc-GF fluorenyl
moieties as a function of pH, fluorescence spectiog was used. The set of Fmoc-
dipeptides was studied at 10 mmot lin different pH conditions. In order to allow the
detection of the molecules in their monomeric stdte systems were also investigated in
conditions that were not favourable to self-assgmble. at low concentration
(0.1 mmol ) above their apparentKp transition (pH 8.4-9.1). All the fluorescence
spectra were normalised so that the intensity efeimission maximum was set to 1 (see

Appendix E for the non-normalised spectra). As shawFigure 5.12, the four systems of

interest displayed common features.
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Figure 5.12.Normalised fluorescence emission spectré&fmoc-FF,B) Fmoc-FG,C) Fmoc-GG andD)
Fmoc-GF samples at 10 mmot‘lat pH 10.5 starting point of the ‘titration’ exgetents and at different pH
values above and below their respective apparentgitd at low concentration (0.1 mmof‘Labove their

apparent pK (doted lines).
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At low concentration and above their theoretidd}, palues, the molecules were expected
to be in solution in all cases. The emission maxmabserved at ~ 313 nm for all samples

(blue dotted line) was therefore ascribed to monsm&Fmoc groups.

Above the critical gelation concentration and atpdd conditions tested, a fluorescence
peak was detected with a maximum centred at 317A880The emergence of this red
shift with respect to the monomer peak at ~ 313isnndicative of excimers (excited
dimers) of fluorenes. The presence of this bana etgoH 10.5 showed that the molecules
were not entirely isolated as most of them werdalndy dimerised byt-stacking of their

Fmoc moieties at this stage.

Upon lowering pH, the excimer peak was found tdt$tom 317 to 325 nm for Fmoc-FG,
Fmoc-GG and Fmoc-GF (Figure 5.12 B, C & D). Thikdeaour could either be attributed
to a pH effect on the fluorescence wavelengths §t8gflect a more efficient overlapping
of the fluorenyl groups [19]. However the excimezakg for Fmoc-FF was found to be
shifted to the same extent at all pH conditiongetb$Figure 5.12 A). This feature provides
further support for the hypothesis that more effitioverlapping of the aromatic moieties
is at the origin of the enhanced red shifts obgkfeethe three other systems. However, as
can be seen in Figure 5.13 the red shifts detefttedhese three systems were not as
marked as for Fmoc-FF in any conditions (even at fiH), suggesting that the most
efficient z-stacking conditions were obtained for Fmoc-FF mooles. This behaviour
could be related to the presence of the bulky plaésnyine aromatic side chains, which

contributes to rigidify the molecules and is thoughfavour the stability of the excimers.
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Figure 5.13.Red shift of the excimer peak with respect to tbeamer peak as a function of pH for Fmoc-
FF, Fmoc-FG, Fmoc-GG and Fmoc-GF samples at 10 nirtfol
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Emission spectra of fluorene-type moieties arrarigea parallel manner have previously
been reported to be shifted towards higher wavéhsngompared to their antiparallel
analogues [20]. Hence the shoulder observed atO-nBv for Fmoc-FG, Fmoc-GG and
Fmoc-GF suggests that a small population of thed-dieptides overlapped in a parallel
fashion [19]. The higher stability of the antipdehlarrangement was supported by
molecular dynamics simulations in which fluorenybgps arranged in an antiparallel
manner were found to be more energetically favdar#tan those arranged in a parallel
fashion [21]. At pH 10.5 i.e. in the presence ofO¥honly, the shoulder indicative of
parallel Fmoc groups was found to be particularbriked compared to what was observed
after addition of HCI. Interestingly, this shouldeas not observed for Fmoc-FF and was
more pronounced for Fmoc-GG and Fmoc-GF than fand=R(5, suggesting that ability of
these molecules to form parallel dimers is reldtetheir flexibility. Indeed, introduction
of a glycine residue next to the fluorenyl moiebhances the flexibility of the molecules.
As can be seen from Figure 5.14 in which the twzesyof arrangements are shown, the
steric hindrance due to the presence of pheny(s)rand electrostatic repulsions related to
the presence of a negative charge at the carboxiyheake a parallel arrangement of the
molecules not favourable. The introduction of ghginext to the Fmoc group probably
confers enough flexibility to the molecule taildabow some level of parallel arrangement,
although as can be seen from the fluorescencerapie antiparallel arrangement was

favoured in all cases.

A) , B) R,

Figure 5.14.Schematic representation of Fmoc-dipeptiglesacking inA) a parallel andB) an antiparallel
manner.

At lower pH the shoulder at ~ 370 nm was no longeserved for all samples. As shown
for Fmoc-FF and as will be seen in the followingtsms for Fmoc-FG, Fmoc-GG and
Fmoc-GF, self-assembly is observed upon loweringlpid likely that self-assembly locks
the molecules in their most stable conformation inean antiparallel arrangement. This
hypothesis suggests that antiparallel dimers pigbabrrespond to the base building

blocks of the supramolecular structures observed.
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As the pH was lowered from 10.5 to acidic condsioa broad photoluminescence peak
centred at 425-445 nm indicative of multiple aramgtoups (Fmoc and/or phenyl rings)
stacked through-interactions, was also detected [19]. The presefdkis peak suggests
that at lower pH, as the peptide derivatives becananly un-ionised, electrostatic
repulsion between the molecules is reduced, famgutheir packing into extensive
aggregates. As shown in Figure 5.12 D, the photmlastence peak was found to be
relatively intense for Fmoc-GF at pH values of @ntl 3.8. Photoluminescence bands have
been reported to be particularly intense in sonweprs where the fluorophores were
located in highly protected environments [22]. Thehaviour suggests that Fmoc groups
could be buried deeper within the self-assemblesttres formed by Fmoc-GF than in
those formed by the other Fmoc-dipeptides. Indasdyill be discussed in the following
sections, Fmoc-GF self-assemblies were remarkaifffigreht from those formed by the

other systems.

As shown above for Fmoc-FF, most notably by TEMyddng the pH led to an increase of
the level of organisation within the self-assemtd&dctures, resulting in the formation of
larger molecular self-assemblies. This behavious a@nfirmed here as a red shift of the
emission peak was observed, as well as an increagghotoluminescence intensity
compared to the spectrum of the solubilised moec[23]. As these two features were
also observed for Fmoc-FG, Fmoc-GG and Fmoc-GRyadysas a function of pH should
reveal the same trend for these systems — thheifotmation of self-assembled structures
and enhancement of their level of organisation Upaering pH.

As observed in Chapter 4 the ‘titration’ of FmocsFEmoc-GG and Fmoc-GF is

characterised by only one transition as opposdénoc-FF for which the self-assembly
process was associated with two pH transitiongrdier to relate the ionisation behaviour
of these three systems to their self-assembly ptiepe structural characterisation of the
samples has been undertaken using the same meibgdal different pHs: 10.5, the

starting point of the ‘titration’; above and belone apparentk, transition.

5.3.3. Fmoc-FG
5.3.3.1pH Study

At pH 10.5 all Fmoc-FG molecules are thought tofbky ionised. As mentioned in
Chapter 4, solutions became clear only after thaptes were heated. This behaviour
suggests structures in the size range of visilgkt livavelength were formed at room

temperature and were only dissolved at high temipera TEM micrographs show the

100



Effect of Hydrophobic Aromatic Moieties on the Sedéembly of Fmoc-Dipeptides

presence of twisted ribbons with average pitch amdth of 213 +17 nm and
34.8 £ 4.1 nm respectively under these pH condsti¢Rigure 5.15 A). Although the
handedness of these chiral objects cannot be deedrdue to the sample preparation and
observation conditions used, we can assume thattings from the self-assembly of L-
peptide derivatives the supramolecular structuresevieft-handed [24]. As indicated by
the broad band centred at 1598 tim the infrared spectrum (Figure 5.16), the temhin
carboxylic groups are ionised at this pH. The preseof self-assembled structures at
pH 10.5 is consistent with the non-normalised fisoence spectra (Appendix E) since the
emission maximum at ~ 313 nm was significantly matense for this system than for the
other Fmoc-dipeptides which did not self-assembtaia pH.

Figure 5.15. TEM micrographs of Fmoc-FG samples at 10 mmbW) at pH 10.5 starting point of the
‘titration’ experiments,B) at pH 8.6 and 7.6 (above the apparent,plandC) pH 5.0 (below the apparent
pKy). Scale bars represent 100 nm.

Although glycine does not have the propensity wmta 5-sheet formation, the Fmoc-FG
molecules could possibly arrange in antipargflalheets at the molecular level as weak
peaks at 1690 and 1623 Trwere detected by FT-IR (Figure 5.16).
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Figure 5.16.FT-IR spectra of Fmoc-FG samples at 10 mmoldrepared in QO at pH 10.5 starting point
of the ‘titration’ experiment, pH 8.4 and 7.2 (aleahe apparent p and pH 5.4 (below the apparent pK
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Upon addition of HCI (above the appareHt,p turbid solutions were obtained after being
left overnight at 4 °C. From the dynamic frequesaeep in Figure 5.17, we can see that
at pH 7.6 the viscous modulu&') was higher than the elastic modulus’)(until a
crossover of the moduli was observed beyond 1@Tad\dditionally, both moduli were
frequency dependent between 0.01 and 100 Taccenfirming that the material was

liquid-like.
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Figure 5.17.Dynamic frequency sweep of Fmoc-FG samples at 16l inthat pH 7.6 and 5.1 (above and
below the apparent respectively).

At pH 9.0-7.2 the twisted ribbons observed at highld in absence of HCI were still
visible in the TEM micrographs (Figure 5.15 B). dddition, larger twisted ribbons with
pitch and width in the range of 1565-3920 nm and-384 nm respectively were also
observed. The infrared peaks characteristic oparsilel 3sheets (at 1687 and 1638 ¢jn
were barely detectable at pH 8.4, however they wbserved at pH 7.2 (Figure 5.16). An
additional band, which could be attributed to randooils also started to appear at
1649 cm® at pH 7.2. The formation of self-assembled stmestwvith different molecular
conformations is associated with the apparefy fpansition observed for this sample
(Chapter 4). As shown in Figure 5.17, in this phhiga WAXS reflection peaks were
observed at 2.0 and 9.9 Am corresponding to repeat distances of 31.1 andA6.4
Although the size of the structures observed by Tl&fe substantially different at pH
~ 9.0 and 7.6, the Bragg peaks observed in théesicaf pattern were at the same positions
at both pH values, suggesting that the periodgitietected were likely to be related to
repeat units within the self-assembled structukégufe 5.18). The distances between the

[Gstrands (~ 4.3 A) and the pairs of Fmoc groupsiglthe diagonal axis of the fibres
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(~7.6 A) that were detected for Fmoc-FF systemeweot observed here since the

reflection peak at 6.4 A was not in the range of afithese two features.
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Figure 5.18.WAXS spectra of Fmoc-FG samples at 10 mriadilied at pH 9.0 and 7.6 (above the apparent

pKy) and pH 5.1 (below the apparent K

Just below the apparenKp clear hydrogels were obtained upon heating. Gromded
down the hydrogels formed were found to be relatigtable provided that the samples
had been heated long enough beforehand. Indeed¢-F@ohydrogels formed upon
dilution of organic solutions into water were foumdt to be stable over time and
precipitated after a few hours, showing the impwéaof the heating step in the gel
formation for this system [25]. The gel-like natwiethe sample at pH 4.7 was confirmed
by rheology (Figure 5.17). The elastic modul@ £ 100—400 Pa) was about ten times
higher than the viscous modulus, confirming theemak was elastic rather than viscous.
Additionally bothG' andG" depended weakly on frequency between 0.01 andatD§".
This behaviour, characteristic of entangled polymetworks, was in agreement with the
morphology of the structures observed by TEM. Aswahin Figure 5.14 C, the presence
of an extended entangled network composed of tbied with a width of 8.6 £ 0.5 nm
was revealed. From the infrared data, it is appahen the peaks at 1649 chand at 1687
and 1638 cr characteristic of random coils and antiparaffetheets respectively were
still present (Figure 5.16). An additional peak vedserved at. As expected, the band at
1598 cm® characteristic of ionised carboxylate groups wagomger detected. As can be
seen from Figure 5.18, the Bragg peaks of highnsitg detected at 31.1 and 6.4 A at
higher pH were still present, with comparable &b pH 5.1. This observation suggests a
common feature exists in the molecular arrangeroktite self-assembled structures over

the range of pH conditions tested. The varioustasisand straight ribbons and fibres

103



Chapter 5

observed above and below the apparéqttpansition may all result from the same basic
unit periodically repeated down the long axis @& #tructures. Additional reflections were
detected at pH 5.1 with a broad peak at 23.8/A4 2.7 nm?) and another peak at 15.5 A
(q=4.1 nm?) that were both of low intensity. Unlike for Fm&&, no Bragg peaks

corresponding to higher order reflections were aett suggesting the absence of well
defined lamellar organisation. This difference cbide due to the structures formed
resulting from lateral growth, rather than latesalf-assembly of individual fibrils into

larger bundles of fibres (below the appardfyj pansition). Such behaviour was confirmed

by TEM since lateral association was not observed.

5.3.3.2Temperature Study at pH ~ 4.5

As mentioned in Chapter 4, Fmoc-FG hydrogels werend to form during the heating
step, suggesting an increase in the mechanicakpgrep of the materials with increasing
temperature. To monitor this evolution, rheologiceasurements were undertaken below
the apparentkg, transition, from room temperature (25 °C) up t°80while the gels were

forming in the rheometer.

Samples were prepared as described in Chaptet@ the heating step — that is they were
not heated. To prevent self-assembly to occusatiples were thoroughly sonicated prior
to experiment. The temperature variations usuatiguaing during sample preparation
were mimicked as closely as possible: the solutweie heated from 25 to 80 °C at a rate
of 10 °C min®. The temperature was then kept at 80 °C for 2r5mefore being reduced
to 4 °C over a period of one minute. Samples warally kept at 4 °C for 8.5 min.
Figure 5.19 shows the viscoelastic behaviour of &G upon heating and subsequent
cooling. G’ was always higher tha@” for the duration of the measurement, even before
heating. This behaviour suggests that self-asserabburred at 25 °C. However, the
Fmoc-FG samples exhibitgd’ andG" of the same of order of magnitude and displayed
relatively lowG’ values (< 1 Pa) between 25 and 55 °C, indicatiagous solutions rather
than gels were formed at the start of the experim&s the temperature rose from 55 to
80 °C,G’ andG" increased by three and four orders of magnituspadively, resulting in

G' values about one order of magnitude higher tka&nvalues. Stable storages'(

~ 1950 + 150 Pa) and loss moduli values were oleseas the sample was cooled down to
40 °C. This feature indicated that a relativelystr stable gel-like material was formed,
which is in agreement with the visual observatiomsde during hydrogel preparation.
Upon lowering temperature further to 25 °C an abudgcrease ifc’ andG” to ~ 6 and

3 Pa respectively was observed.
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Formation of Fmoc-FG hydrogels situ (i.e. in the rheometer) revealed an overall
increase of one order of magnitude in b&hand G" between the beginning of the
measurement at 25 °C and the end of the experiatehtC. Interestingly, the heating and
cooling curves showed a hysteresis phenomenonougth as expected, the viscoelastic
properties of the material increased with tempeeatip to greate6' values than those
obtained for pre-formed hydrogels, they also reedimemperature dependent as this
parameter was lowered. Final values of storage tmedat 25 °C were found to be
~ 10 times lower compared to those obtained foffammed hydrogels. This difference in
moduli could be due to the samples being preparetistinct ways. Pre-formed gels were
cooled down in the test tube unperturbed beforeséimeples were subjected to rheological
measurements. In contrast, gels preparestu were sheared in the rheometer as they were
cooled down, resulting in the disruption of the. g@nsequently the gel broke into lumps

as observed at the end of the experiment, whicloléalverG' values.
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Figure 5.19.Dynamic temperature sweep at constant strain of 8f0Fmoc-FG samples (10 mmof)Las a
function of temperature (from 25 °C to 80 °C ta3).°

A TEM micrograph of a non-heated sample is showRigure 5.20 A. The fibres observed
before and after heating (Figure 5.15 C) were fownide similar in both cases. As shown
in Figure 5.20 B, infrared spectra of non-heated hrated samples were found to be
similar too at this pH. This behaviour suggests b®ating step does not alter the
morphological and structural properties of the-ssdembled objects. On the other hand,
the homogeneity of the samples was improved —dhgptes became clear and transparent
upon heating rather than being cloudy. This behavwould either be due to the presence
of aggregates or be related to solubility issudkveng addition of HCI. The latter
interpretation is favoured; indeed, no clusteragdregated fibres were observed by TEM.
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It is therefore likely that addition of acid led tbe precipitation of some Fmoc-FG
molecules. During the heating step these moleowke re-dissolved and locked in the
self-assembled structures, resulting in an incréasaoduli and a more stable hydrogel
upon cooling. Although the drop in moduli observdaen the sample was cooled down is
related to a shearing effect, it also suggestsaagdhin the fibre properties which is not yet

fully understood.
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Figure 5.20.A) TEM micrograph of a non-heated Fmoc-FG sample ambtol ! below the apparent pK
transition. Scale bar represents 100.n&) FT-IR spectra of non-heated and heated Fmoc-FG &esmgt
10 mmol C* prepared in DO below the apparent pKransition.

5.3.4. Fmoc-GG pH study

At pH 10.5 the absence of structure on the TEM ographs (Figure 5.21 A) and of
significant peaks in the amide | region of the IRT'dpectrum (Figure 5.22) suggested that
the molecules were not self-assembled. As expe€emhc-GG was ionised at this pH,
which was confirmed by FT-IR with the presence@abdrband at ~ 1594 ¢fn

Figure 5.21.TEM micrographs of Fmoc-GG samples at 10 mmbR). at pH 10.5-7.3 (above the apparent
pKa,,) andB) pH 4.8 (below the apparent pgKScale bars represent 100 nm.
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Figure 5.22.FT-IR spectra of Fmoc-GG samples at 10 mmbpkepared in QO at pH 10.5 starting point
of the ‘titration’ experiment, pH 8.4 and 7.2 (aleahe apparent p and pH 3.5 (below the apparent pK

When the pH was reduced to 9.0-7.2 (above the app@K,) clear solutions were still
obtained. TEM (Figure 5.21 A) and infrared (Figbt22) data remained similar, showing
that Fmoc-GG molecules were still in solution. Aancbe seen from Figure 5.23, the
rheological spectra showed a strong frequency dbpee of botlG' andG" between 0.01

and 100 rad$, which is also typical for liquid-like materials.
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Figure 5.23.Dynamic frequency sweep of Fmoc-GG samples at 1@ ifnat pH 7.2 and 4.2 (above and
below the apparent respectively).

As shown in Figure 5.24, diffraction peaks of rsfaly low intensity were observed by
WAXS. The presence of these Bragg peaks suggestamallar packing pattern
characteristic of crystalline structures withl apacing of 29.9 Aq= 2.1 nm*) and up to
six higher order reflections were detected. Singestnuctures were observed by TEM in

these pH conditions, it is believed that the peal@sse from the formation of crystals
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during the sample drying process. An additionalemgfon peak was detected at 25.3 A
(q = 2.5 nm?), which could correspond to a repeat distanceeptesown the long axis of

the structures.
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Figure 5.24. WAXS spectra of Fmoc-GG samples at 10 mmlotkied at pH 9.0 and 7.3 (above the
apparent pK) and pH 4.6 (below the apparent pK

When the pH was reduced further below the appani€gtcloudy hydrogels were formed.
As can be seen from Figure 5.23, at pH @&2was higher tharG" between 0.01 and
100 rad ', with both moduli displaying little frequency deyience, confirming the gel-
like nature of the sample. Like for Fmoc-FG hydisg&' values were in the range of
100-400 Pa, which shows Fmoc-FG and Fmoc-GG hytiagere stronger compared to
the Fmoc-FF hydrogels reported in Section 5.3.15-®Pa) [26]. The rheological
behaviour of Fmoc-GG was consistent with the ere&thdjbrillar network observed by
TEM at pH 4.6 as flat ribbons of various widths &véound to form from fibril units of
~3 nm in width (arrows in Figure 5.21 B). As caa been from the micrograph, an
increase in the number of fibrils per ribbon resdlin the straightening of the self-
assembled objects. FT-IR spectroscopy confirmed ahsence of ionised Fmoc-GG
species at this pH with the disappearance of thed bat ~ 1594 cit. The infrared
spectrum of the sample also displayed a peak &63 ¢m”, indicating the peptide tail of
the molecules possibly adopted a random coil comftion (Figure 5.22). Fmoc-GG
hydrogels were found not to be particularly stadsdeprecipitation of the samples started to
occur after gel formation at 4 °C and was acceteratt room temperature. Figure 5.25
shows a TEM micrograph of Fmoc-GG at pH ~ 4.6 &ftoom temperature for one week.
The large structures observed were assumed tospomd to crystals, which would be in

agreement with the scattering pattern obtainettiatpgH (Figure 5.24). Since the samples
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used for WAXS experiments were obtained by a sloyind process at room temperature,
crystallisation was observed in the scatteringgpattThe series of Bragg peaks ascribed to
a lamellar type organisation observed at highemald still present, however a slight shift
in size was observed since the series was chasstteby ad spacing of 28.2 A
(q=2.2 nm") and up to six higher order reflections. Thiseeis thought to arise from the
Fmoc-GG self-assembly into ribbons of fibres. Hoerewince the hydrogel state is
metastable, the system tends to return to the siatgde precipitated state by expelling

water, resulting in smaller repeat distances.

Figure 5.25.TEM micrographs of Fmoc-GG hydrogel at 10 mmidlrecipitating slowly after one week.
Scale bars represent 100 nm.

5.3.5. Fmoc-GF pH study

At pH 10.5, clear solutions were obtained from Fr@&e As can be seen from the TEM
micrograph (Figure 5.26 A) no self-assembly wasnieal, which was confirmed by FT-IR
with the absence of peak in the amide | regionufed.27).

Figure 5.26. TEM micrographs of Fmoc-GF samples at 10 mmblA) at pH 10.5 and 8.9 (above the
apparent pK) andB) pH 7.3 and 4.6 (below the apparentjpkScale bars represent 100 nm.
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Figure 5.27.FT-IR spectra of Fmoc-GF samples at 10 mmoldrepared in DO at pH 10.5 starting point
of the ‘titration’ experiment, pH 8.3 and 7.2 (aleahe apparent p and pH 5.0 (below the apparent pK

After addition of HCIl at pH ~ 8.7 (above the appareK,), clear solutions were still
obtained. No significant difference was observed Ti§M (Figure 5.26 A) and FT-IR
(Figure 5.27) suggesting that self-assembled strestwere not formed yet at this stage.
As can be seen from Figure 5.28, a weak reflectiars observed afj=2.2 nm’,

corresponding to a repeat distancel 6f28.2 A.
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Figure 5.28.WAXS spectra of Fmoc-GF samples at 10 mmadiied at pH 8.8 and 6.9 (above the apparent
pKy) and pH 4 (below the apparent pK

Upon further addition of HCI, milky flocculates ildting the formation of insoluble self-
assembled structures were obtained. In contrabt thé other Fmoc-dipeptides studied in
this Chapter no high aspect ratio architecturesevediserved. TEM micrographs revealed
the presence of large sheet-like objects of moam thO0 nm in width (Figure 5.26 B).
These structures were too short to entangle with ethers, so no 3D networks enabling
solvent trapping could be formed, which explainsywalydrogels were not formed at any
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pH conditions with Fmoc-GF system. Complementarplyses of the self-assembled
objects were undertaken by atomic force microsd@dyM). Although the quality of the
micrographs obtained was not good due to samplpapréon issues related to the
technique, measurements were carried out on thends structures (Appendix F). Rough
estimations of the thickness of the sheets weraiméd by measuring the difference in
height between the top of the objects and the migéace, which provided values of
~ 50 nm, enabling it to be concluded that the sheedre constituted of multilayers of
peptide derivatives. The formation of non-gelliniustures was also observed from Fmoc-
GF by Gazitet al, however the self-assemblies were identified bslar by the authors. It
is likely that this difference resulted form distirmethods of preparation since Gazit's
samples were obtained upon dilution of organic tsmis of peptide derivatives into
water [25]. At pH 7.3-4.4 (below the apparerd,pransition), absorption bands were
observed in the infrared spectrum (Figure 5.2®icating that at this stage self-assembly
of Fmoc-GF has occurred, which is in agreement with microscopy results. Although
the molecular arrangement is not fully understoetl yhe resemblance of the infrared
spectra below the apparen{itransition and of the peptide powder as recei@dicned
the peptide tails were not structured in these pHditions. The presence of the self-
assembled structures observed by TEM is in agreemiémthe WAXS pattern as a series
of Bragg peaks of relatively low intensity suggegta lamellar packing was observed at
pH 6.9, near the apparenKptransition (Figure 5.28). Just as the spectrosceminal
detected by FT-IR became stronger upon additiomafe HCI (pH 5.0, Figure 5.27), the
intensity of the Bragg peaks observed by WAXS iasesl at pH 4.4. As shown in
Figure 5.28 the lamellar organisation was confirmatth the presence of reflection peaks
at the same values as at neutral pH, displaying apacing of 14.8 Aq = 4.2 nm?) and

up to four higher order reflections. An additiolBtagg peak was observed at 15.7hm
corresponding to a repeat distance of 4.0 A.

5.3.6. Summary

From fluorescence spectroscopy data, Fmoc-FF, A@&c+moc-GG and Fmoc-GF
molecules were found to essentially dimerise in amiparallel manner through-
interactions of their fluorenyl groups. Furtherfsesembly of the base building block
dimers was then driven bystacking and hydrogen bonding to generate supetular
structures upon lowering pH. For all the studiedtaems the apparentKp transitions
highlighted in Chapter 4 were found to be assodiatéh the formation of distinct self-
assembled structures with differing molecular comfations that were amino acid
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sequence dependent. Indeed, phenylalanine proxigldgy to the molecules and has the
propensity to favourp-sheet formation whereas glycine brings about sdevel of

flexibility, tending to promote random coil confoations.

Due to the C-terminal phenylalanine residue of FHRBa-stacking with Fmoc dimers, the
peptide backbones of the molecules were constraaretl rigid enough to allow the
formation of antiparalleB-sheets. Replacement of the phenylalanine by angyesidue
in the C-terminal position of Fmoc-FG slightly atd the rigidity of the molecules and the
stability of the antiparalleb-sheets. As a result they were found to coexishh iahdom
coils at low pH. Introduction of glycine next toetffrmoc group in Fmoc-GF and Fmoc-GG
enhanced the flexibility of the molecules’ tail, kiveg intermolecular hydrogen bond
formation unfavourable and resulting in random soffor Fmoc-GG) rather than

antiparallelp-sheet structures.

Below their (first) apparentiy, transition, Fmoc-FF, Fmoc-FG and Fmoc-GG formed
hydrogels with varying mechanical properties dejpamndn the amino acid sequence,
which were associated with entangled fibrillar netveé on the microscopic scale. Fmoc-
FF and Fmoc-GG both formed fibres of ~ 3 nm in wjdthich could further self-assemble
laterally to adopt a lamellar organisation with spacings of about 26 and 28 A
respectively. However, Fmoc-GG hydrogels were fotmde not particularly stable as
they tended to precipitate and crystallise. Degjhiéeionised state of the molecules above
their apparent Ig,, Fmoc-FG peptide derivatives were found to forngdatwisted ribbons

at high pH. Neutralisation of the peptide derivasivresulted in the formation of an
entangled network of untwisted fibres of ~ 8.5 mwidth. The hydrogels associated with
this transition had the peculiarity of being ob&drupon heating. Unlike the other studied
systems, Fmoc-FG did not exhibit a lamellar orgatios, indicating that the self-assembly
mechanism was not based on the lateral associefiomdividual fibres. However, both
twisted and untwisted structures were charactefiyecommon repeat distances that were
probably related to the conformation of the pepti@eivatives within the self-assembled
structures. Thel spacing of 31 A is therefore likely to correspdnda periodicity in the
long axis of the fibres. Similarly, th# spacing of 25 A detected for Fmoc-GG could also

be related to a repeat unit in the long axis offitres.

In contrast, below its apparenKpFmoc-GF was characterised by the presence of large
sheet-like structures related to the formation afi-gelling flocculates. The formation of
such structures confirms fluorescence spectroscafata in  which a strong

photoluminescence band characteristic of extenaygregates was detected. From the
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TEM observations, it is unlikely that these struetu resulted from the lateral self-
assembly of smaller fibrils. Although the paramettitat control the preferential growth
direction of the sheets have not yet been eluaidatés clear from the WAXS pattern that
these supramolecular objects result from a lamallganisation with ad spacing of
~15A.

5.4. GONCLUSION

Like Fmoc-FF molecules, Fmoc-FG, Fmoc-GG and FmBge€ptide derivatives also self-
assembled upon lowering pH. Study of the differgrgtems as a function of pH revealed
the dramatic K, shifts characterising the four systems of inteiasthis chapter were
related to significantly different structural bei@aws. The peptide derivatives typically
showed self-assembling behaviour below their apygi€, following a mechanism that
was either gradual (two-transition feature) for Eakd- or more abrupt (one-transition
feature) for Fmoc-GG and Fmoc-GF. Despite its oaadition feature, Fmoc-FG did not
follow the exact same trend as the other systemi$.aSsembly also occurred above the

apparent l,, however the transition coincided with structwaatl morphological changes.

By varying the two amino acids of the Fmoc-dipegsidmicroscopic objects displaying
various morphologies were formed. Entangled netearfkdifferent types of fibres related
to hydrogel formation were formed for Fmoc-FF, Frk@& and Fmoc-GG whereas sheet-

like structures associated with precipitation whsesved for Fmoc-GF.

Although for the four systems the new sample prpar method did not seem to affect
the structural properties of the aggregates forrttexistability of the samples was found to

be altered in the case of Fmoc-GG.
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— Chapter 6 —

Effect of Hydrophobic Alkyl Chains in the
Self-Assembly of Fmoc-Dipeptides

6.1. ABSTRACT

The self-assembly process of Fmoc-dipeptides pssgearomatic side chains was found
to be pH dependent. In order to understand the ritapoe of the aromatic moieties on the
self-assembly mechanism, similar systems possessitigyside chains were investigated.
‘Titrations’ of Fmoc-LL, Fmoc-LG and Fmoc-GL alsevealed apparent shifts above
their theoretical K.". Using Fourier transform infrared (FT-IR) and ftescence
spectroscopy, transmission electron microscopy (J,EMide-angle X-ray scattering
(WAXS), and oscillatory rheology, these transitiomgre shown to coincide with
significant structural changes. Common featuresevadserved between the leucine-based
systems and their phenylalanine-based homologuegidpg additional clues towards the
design rules for the preparation of hydrogels uattored properties. Fmoc-LL hydrogels
were characterised by relatively weak mechanicap@rties in a similar manner to Fmoc-
FF. Fmoc-FG and Fmoc-LG both exhibited supramogecthirality and formed gels upon
heating. As for Fmoc-GF, Fmoc-GL was found to selemble into structures
incompatible with hydrogel formation. On the otleand, no lamellar organisation was
detected for the leucine-based Fmoc-dipeptidesradly to what was observed for their

phenylalanine homologues.

6.2. INTRODUCTION AND OBJECTIVES

Fmoc-dipeptides based on the pairing of phenylakand glycine were shown to exhibit
dramatic K, shifts that were found to be related to signiftcstnuctural modifications. In

order to measure the impact of the aromatic sidenshon the self-assembling behaviour
of the studied systems, phenylalanine was replageéucine (Figure 6.1), the alkyl side
chain of which has the same hydrophobicity as thengl side chain of phenylalanine
(Table 2.2). Such type of substitution has previppbgen shown not to alter the ability of
the molecules to self-assemble into higher ordercsires [1]. Additionally, formation of

hydrogels from leucine-based Fmoc-peptides by phkhgh and by enzymatic reaction has
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been reported in the literature. No hydrogels wierened from Fmoc-GL [2,3]. Under
specific conditions, Fmoc-LG was found to genefdiellar networks forming hydrogels,
whether the pH was adjusted with HCI [2] or sugaecprsors of acid [4]. Fmoc-LL
hydrogels could be generated by hydrolysis of tbheresponding ester. Interestingly,
distinct morphologies (nanotubes or nanofibres)ewabtained depending on the route
used to synthesise the Fmoc-LL-OMe precursor [5].

Despite these studies, there is still insufficidata about the structural characterisation and
mechanical properties of the gels formed. Employiregysame pH controlled procedure as
used in Chapter 5, here we will study the Fmoc-Emoc-LG and Fmoc-GL ionisation

behaviour in the first instance. The full physideemical characterisation of the systems

will then be investigated.

! H O R, ! 0O R,
O OTN\/QN)\WOH
o R M 0o
Notation Fmoc-LL Fmoc-LG Fmoc-GL

R1 )\ )\ —H
R2 )\ —H )\

Figure 6.1.Equilibrium between Fmoc-dipeptide neutral (acidpdonised (conjugated base) forms and
notation.

6.3. RESULTS AND DISCUSSION
6.3.1. Solution Behaviour

To investigate the ionisation behaviour of Fmoc-Hmoc-LG and Fmoc-GL, ‘titrations’
were undertaken at varying concentrations at 1,16, and 20 mmol T>. At all

concentrations tested the peptide derivatives weund to be fully dissolved upon
addition of NaOH to pH 10.5. HCI was then added aadation of the samples’ pH was

measured as shown in Figure 6.2. The same procedsr@pplied to water as a control.
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Figure 6.2.Titration’ curves (pH vs. moles of added HCI) oditer andA) Fmoc-LL,B) Fmoc-LG andC)
Fmoc-GL samples at 1, 5, 10 and 20 mmdl The theoretical pKvalues of the Fmoc-dipeptides were
assessed using SPARC web calculator (http://ibrcihe2n.uga.edu/sparc).

At pH 10.5, Fmoc-LL was fully dissolved at all cemtrations studied and clear solutions
were obtained in all cases. As shown in Figurefg.the pH of all solutions progressively
decreased upon addition of HCI and became sligiidlydy. Once a pH of about 8.5, 7.6,
7.4 and 6.4 was reached for 20, 10, 5 and 1 mifosamples respectively, the specimen
started to become cloudier and their pH values vi@rad to remain relatively constant.
After the transition, the pH started to drop fdrtaé samples. An increase in turbidity was
observed in particular for 10 and 20 mmat lsamples, which started to become more
viscous. However the pH of the 20 mmot sample was found to augment slightly before
dropping again. Although the origin of such augragoh has not yet been investigated,
the feature was reproducible and also observe@@anmol ! samples (data not shown).
Upon further addition of HCI, decrease in pH wasomgpanied by the formation of a
precipitate. At pH ~ 2.1, phase separation occuwehl the emergence of a clear liquid
phase at the top and a precipitate at the bottotheotest tube and the ‘titration’ curves

started to merge with the water curve.
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At all concentrations tested Fmoc-LG peptides fullgsolved at pH 10.5 following
addition of NaOH. The pH of the solutions was tigeadually lowered as HCI| was added.
As depicted in Figure 6.2 B, a shoulder correspogpdo the neutralisation of NaOH
excess contained in water was observed on altiiin’ curves at a pH of ~ 8.0. Again this
feature was common to all Fmoc-dipeptides studigdMas only visible when the apparent
pK transition did not occur in the same pH range. Zr10 and 5 mmol € samples, the
pH became constant at values of about 5.9, 5.85aBdespectively while the samples
became cloudy. The turbidity of the samples ina@dasong the transition and was found
to be more apparent for the most concentrated san(t0 and 20 mmolt). After the
transition, the samples’ pH decreased again whéeipitation occurred at pH ~ 3.0 for 20,
10 and 5 mmol T samples. At 1 mmol ™ the solution remained clear throughout the
experiment, although a transition was observecwael pH value of ~ 4.4. As the pH

decreased further all the ‘titration’ curves stdrte merge with the control curve.

Fmoc-GL followed the same overall trend as Fmoc-AGpH 10.5 the peptide derivatives
were found to be soluble at all concentrations istlldA decrease in the samples’ pH
(Figure 6.2 C) and an increase in their turbidigrevobserved upon addition of HCI. The
shoulder related to neutralisation of the excesNa®®H present in solution was observed
at pH ~ 8.0. The pH of the samples became conataratiues of about 5.4, 5.1, 5.0 and 4.3
for 20, 10, 5 and 1 mmolt samples respectively. Once the transition was tetaphe
samples’ pH dropped again. However as the sampkaspjtated in the form of a solid
mass constituted of insoluble peptide derivatitlesy became less turbid. Towards the end
of the ‘titrations’ the liquid phase became almdstar at all concentrations tested and the

samples’ curves were found to merge with the waieve.

Only one apparentKy transition was observed for Fmoc-LL, Fmoc-LG andog-GL.
Like for the phenylalanine-based Fmoc-dipeptidess, set of peptide derivatives are weak
acids and are presumably all ionised at pH 10.5aiygthe degree of ionisation of the
molecules can be estimated using the equationdated in Chapter 4:

n
— HCI .
a=1- Equation 6.1
nFmoc—dipeptide—COOH

Figure 6.3 shows the degree of ionisation of threel-moc-dipeptides above and below
their respective apparenKpthat is at pH 8.5 and 7.0 for Fmoc-LL and pH &8 &.0 for
Fmoc-LG and Fmoc-Glnyc) was plotted again$kmoc.-dipeptide-coorit €ach stage andwas

inferred from the slope of the fitted linear curv@&efore the transition arose (pH 8.5),
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97%, 95% and 96% of Fmoc-LL, Fmoc-LG and Fmoc-GEpestively were in their
ionised form. Neutralisation of the molecules pitdipgust started during thekp transition
(and must have continued as the pH was decreadbéruas about half of them were still
in their ionised form just below their apparei{,pa59%, 40% and 53% of Fmoc-LL,
Fmoc-LG and Fmoc-GL respectively).

A) B) C)
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Figure 6.3.ny¢ (Moles of HCI added corrected for moles of HCldwekto titrate water) vS.gRoc-dipeptide-cooH
(moles of Fmoc derivative present in the samplejtfe 1, 5, 10 and 20 mmofLsamples of) Fmoc-LL at
pH values of 8.5 and 7.8) Fmoc-LG at pH values of 8.5 and 5.0 abdFmoc-GL at pH values of 8.5 and
5.0. Inset: Degree of ionisatianderived from the slope of the fitted linear cutves

The apparentlf, transitions became more marked and occurred hehigH values as the
concentrations of peptide derivatives increasedvéier beyond 5-10 mmolt.the pH at
which the transition appeared, no longer dependethe Fmoc-dipeptide concentration
(Figure 6.4 A). The ¥, transitions of the Fmoc-dipeptides were all sdiftewards higher
values compared to their theoretic#lp, as recently reported in the literature [6]. Fmoc-
LL (pK."=3.79), Fmoc-LG (" = 3.82) and Fmoc-GL " =3.79) displayed K.
shifts of about 4.3, 2.0 and 1.5 pH units on averagspectively at 10 mmolt As
illustrated in Figure 6.4 B, the shiftedkpvalues were also found to arise at high pH for
molecules possessing high Log P valu@sg. Fmoc-LL) and at lower pH for molecules
characterised by lower Log P values (e.g. Fmoc-@idicating that the transition pH was
related to the relative hydrophobicity of the Fntbpeptides and confirming the results
published by Adamst al[6]. Although free leucine is characterised byighbr K, than
free phenylalanine, thekp transition for the leucine-based Fmoc-dipeptides ¥ound to
occur at lower pH than for their phenylalanine-litaeemologues, suggesting an effect of

the side chain nature on the transition pH.

" Log P values were determined using ACD/Labs WO1/ZhemSketch.
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Figure 6.4. A) Transition pH values versus concentration of thmoE-dipeptides studied (1, 5, 10 and
20 mmol Y. B) Transition pH values versus Log P values of the&ulipeptides at 10 mmori

Due to the slight increase in pH observed belowattgarent K, transition for Fmoc-LL at
20 mmol %, the pH drop following the i, transition was found to be gradual but did not
reveal a two-transition feature as shown by Fmockiée Fmoc-FG and Fmoc-GF, Fmoc-

LG and Fmoc-GL were characterised by a one-tramsfeature.

The behaviour in solution of the leucine-based Falipeptides revealed similarities with
what was observed for phenylalanine-based Fmo@tiges since the pH at which thEp

transition occurred increased with the hydrophaypiof the molecules. It can therefore be
assumed that the difference in behaviour underliheseffect of the nature of the amino

acid side chains (i.e. aromatic or aliphatic).

Equations 6.2 and 6.3, corresponding to the filireehr curves of the phenylalanine- and
leucine-based system transitions respectively, ccqaltentially be used to estimate the
apparent K, values of other phenylalanine and leucine comaginFmoc-peptides.
However further investigations will be needed idearto validate this hypothesis.
Transition pH =1.86 + 1.18 |d}) Equation 6.2
Transition pH = 2.65 + 0.67 |d®) Equation 6.3

6.3.2. Fluorescent Molecular Behaviour

Phenyl rings of the amino acids side chains weunadao participate in the intermolecular
interactions between phenylalanine-based Fmoc-tige=p In order to assess whether the
peptide derivatives-stacked in a different manner due to the lackrofreatic moieties or

if the alkyl chains were likely to interfere in theverlapping of the Fmoc groups,

fluorescence spectroscopy was used to monitor tlkgomment of the Fmoc-LL, Fmoc-
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Normalised intensity / a.u.

o
il

LG and Fmoc-GL fluorenyl moieties. Measurementsevearried out on 10 mmolt

samples as a function of pH and at 0.1 mmdldt pH ~ 8.6. All the fluorescence spectra
were normalised so that the intensity of the emissmaximum was set to 1 (see
Appendix E for the non-normalised spectra). As shawFigure 6.5, the three systems of

interest displayed common features.

At low concentration (0.1 mmolt) and above the apparenKp(pH ~ 8.6) of all the
Fmoc-dipeptides studied, clear solutions were abthi In these conditions all molecules
should be in their ionised form. Hence the emissmaximum observed at ~ 313 nm for all

samples was ascribed to Fmoc group monomers.
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Figure 6.5. Normalised fluorescence emission spectraApfFmoc-LL, B) Fmoc-LG andC) Fmoc-GL
samples at 10 mmoltat pH 10.5 starting point of the ‘titration’ experents and at different pH values
above and below their respective apparent pid at low concentration (0.1 mmol’Labove their apparent

pK; (doted lines).

At 10 mmol ! (i.e. above the critical gelation concentrationtioé three systems) an

emission maximum presumably related to antipardti®loc excimers was observed at
317-330 nm at all pH conditions tested. The presefithis peak at pH 10.5 indicated that
interactions between the Fmoc-dipeptides occurkexh @t high pH, forming base dimer
units, probably at the origin of the structuresried at lower pH. As the pH was reduced
this band was found to shift from 317 nm toward® 86 for Fmoc-LL and Fmoc-LG,
showing that the Fmoc groups constituting the dewvegre overlapping in a more efficient
manner. On the other hand, the excimer peak forcF@lowas found to be shifted to the
same extent at all pH conditions, suggesting theeds formed were not stabilised further
by lowering the pH (Figure 6.6). This behaviour lcobe due to the presence of glycine
next to the Fmoc group, which enhanced the moledid&ibility and would disfavour the

stability of the excimers.
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Figure 6.6.Red shift of the excimer peak with respect to tbeamer peak as a function of pH for Fmoc-LL,
Fmoc-LG and Fmoc-GL samples at 10 mmdl L

A shoulder centred at 370-375 nm likely indicatioe Fmoc excimers arranged in a
parallel manner was also detected [7,8]. This baas found to be particularly marked at
pH 10.5 than in any other pH conditions tested wad more pronounced for Fmoc-GL
than for Fmoc-LL and Fmoc-LG. This difference coblkel related to the flexibility of the

molecule brought about by the introduction of ghgciadjacent to the Fmoc group, which
leads to an increased flexibility of the Fmoc-GLppée tail compared to the two other
systems. Steric hindrance arising from the leuali@hatic side chain and the electrostatic
repulsions caused by the carboxylate group werefibre reduced. As a result, some level
of parallel arrangement was allowed although agesigd by Figure 6.5 the antiparallel
conformation was favoured for all systems. The &lmuascribed to parallel dimers was
no longer observed at lower pH, which could be tluself-assembly occurring, which

locks the molecules into the supramolecular strestas described later in this chapter.
Interestingly, this shoulder was found to be overaire or equally marked for the leucine-
based Fmoc-dipeptides than for their phenylalabeased homologues. This behaviour is
in agreement with the effect of the molecular fleidly on parallel dimerisation since the

leucine aliphatic side chain confers more flexipiio the molecule tail than the phenyl

ring of the phenylalanine side chain.

An extensive emission band was observed at ~ 42atnon below pH values of 7.1, 5.6
and 5.3 for Fmoc-LL, Fmoc-LG and Fmoc-GL respedyiverhich is in all cases below the
apparent K, transition. As previously mentioned this photoloescence peak is
characteristic of the-z stacking of multiple fluorenyl moieties and indies the presence
of higher order aggregates [8]. This behaviourasststent with the hypothesis that self-
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assembled structures are formed below the shifted s shown in Figure 6.5 A, the
photoluminescence emission was particularly intefe Fmoc-LL. Detection of a
photoluminescence band in these conditions impliesfluorenyl groups could be packed

in hydrophobic clusters away from the solvent ia éiggregates formed [9].

The fluorescence study of leucine-based Fmoc-digept revealed that like in
phenylalanine-based Fmoc-dipeptides, the fluoremyileties were preferentially arranged
in antiparallel dimers. However at high pH, whenlecales are mainly ionised, parallel
dimerisation can be also allowed. Again, lowerirfgttte pH appeared to enhance the
overlapping of the Fmoc-LL and Fmoc-LG moleculessgibly due to the presence of
fewer ionised entities in solution causing feweectlostatic repulsions and hence
favouring the formation of higher order aggregdtéigure 5.14). Like Fmoc-FG, Fmoc-
GG and Fmoc-GF, the molecular structures of Fmogcfmoc-LG and Fmoc-GL also
presented a degree of flexibility. The dimers fodnbgy these systems were therefore found
to be less stable (feature associated with a plérdignce of the antiparallel excimer peak)
compared to those resulting from the associatiothefmore rigid Fmoc-FF molecules.
Introduction of a glycine residue next to the Fnmagiety contributed to an enhancement
in the flexibility of the molecules. As a conseqoenFmoc-GL formed the least stable
dimers of the Fmoc-dipeptides studied as showrhbyteak red shift of the excimer peak

with respect to the monomer peak.

Based on the behaviour in solution and the onesitian feature displayed by this set of
Fmoc-dipeptides, hydrogels were formed from thestesns under specific conditions.
The mechanical properties of these scaffolds wesessed using oscillatory and the
systems were characterised as a function of pHyudEM, FT-IR and WAXS.

6.3.3. Fmoc-LL pH study

At pH 10.5, clear solutions constituted of ionis€mnoc-LL were obtained. This
observation was confirmed by FT-IR (Figure 6.7) hwithe band at ~ 1589 ¢
characteristic of carboxylate. As can be seen ftbenTEM micrograph in Figure 6.8 A
and the absence of significant peak in the amidsgion (Figure 6.7), no self-assembled

structures were formed in these conditions.
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Figure 6.7.FT-IR spectra of Fmoc-LL samples at 10 mmolgrepared in RO at pH 10.5 starting point of
the ‘titration’ experiment, pH 8.1 (above the apgat pK,)), pH 6.8 and 4.6 (below the apparenthK
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Figure 6.8. TEM micrographs of Fmoc-LL samples at 10 mmbIA) at pH 10.5 and 8.0 (above the
apparent pK) andB) at pH 6.8 and 4.3 (below the apparent,pkScale bars represent 100 nm.

Addition of HCI led to gradual protonation of theeptide derivatives. After a slight
reduction of the samples’ pH, clear solutions webtained. The molecules remained
mostly ionised (as indicated by the presence ofbidned at ~ 1589 crhin the infrared
spectrum). Self-assembly did not occur at pH 8.8. ¢ <0.97) as shown by TEM
(Figure 6.8 A) and FT-IR (Figure 6.7).

As shown in Figure 6.9 the absence of organisagttstre above the apparerkjpwas

consistent with the WAXS data as no Bragg peak® wetected at pH 8.2.
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Figure 6.9.WAXS spectra of Fmoc-LL samples at 10 mmbodtied at pH 8.2 (above the apparentpnd
pH 6.6 and 4.3 (below the apparentpK

The liquid-like nature of the sample was confirnigdoscillatory rheology. As illustrated
in Figure 6.10 at pH 8.5, the elastic modueiswas found to be lower than the viscous
modulusG" until a crossover of the moduli was observed afoi® rad s". Both G' and
G" showed strong frequency dependence between 0dD1CGnrad §, which is indicative

of liquid-like materials.

10000

100075

=
= o
o o
RN BT R R EEREITT B

Modulus / Pa
=

o
N

o
o
=

<5 o#® G pHBS

@ O G"pH85

A G pH7.0

f A G'pPHT.0

0.0001 AL T T T T T T T TTTT

0.01 0.1 1 10 100
Angular frequency/ rad s*

0.001

Figure 6.10.Dynamic frequency sweep of Fmoc-LL samples at 16lmrhat pH 8.5. and 7.0 (above and
below the apparent respectively).

Further addition of HCI led to the formation ofrisducent self-supported hydrogels below
the apparent .. As can be seen from Figure 6.10 at pH T0,was higher tharG"
between 0.01 and 100 rad,with both moduli displaying weak frequency deperae
confirming the gel-like nature of the samp(@' values were in the range of 0.7-5 Pa,
showing the hydrogels formed by Fmoc-LL were weBlke entangled fibrillar network

observed by TEM at pH 6.8 was consistent with tieological behaviour of the system.
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As can be seen in Figure 6.8 B, fibres of ~ 150/#Anm in width were formed. A
topology of this type with a comparable size hasnbeeported for Fmoc-LL hydrogels
formed through hydrolysis of the corresponding resi@as et al showed that the
morphology and dimensions of the self-assembledtires obtained varied depending on
the route via which they were prepared. TubularA%51.1 nm in width) and fibrillar
(12.0 £ 2.5 nm in width) structures were generatdten the corresponding ester were
synthesised by conventional solution phase metlggolnd by solid-solid reactions
respectively [5]. FT-IR also confirmed the formatiof self-assembled structures at this
pH since peaks were detected in the amide | redtagure 6.7 reveals the presence of
bands at 1687 and 1624 ¢necharacteristic of antiparall@tsheets, which is in agreement
with the results of Dast al In addition, the peak at 1643 thshowed the coexistence of
random coils. As shown by WAXS in Figure 6.9, braatlection peaks were detected at
4.1, 5.3 and 7.2 nmh corresponding to distance of 15.4, 11.9 and 8.THese Bragg
peaks indicated the structures formed did not tdsoin lateral self-assembly, hence no

lamellar organisation was observed.

When the pH was reduced to 4.3, milky flocculateggesting the formation of insoluble
self-assembled structures were obtained. As showfigure 6.8 B, nanofibres were still
observed by TEM. However at this pH a large sigaahparable to the spectrum of Fmoc-
LL in its dehydrated form (commercial product gjfai from the manufacturer) was
detected by FT-IR, confirming the peptide derivasiwvere precipitating out of solution
(for more details about FT-IR spectrum of the comuiadly available Fmoc-LL, see

Appendix D). The WAXS pattern in Figure 6.9 dismdya drop in intensity indicating a

loss of structure that was probably provoked bypiteeipitate state of the sample.

Although Fmoc-LL was characterised by only on€, pransition, similarities with the
Fmoc-FF system were observed. In both cases, tthedgls formed exhibited simil&’
values and indicated that the gels were weak. @miltroscopic scale these gels were
associated with the presence of entangled fibnilétworks, however no lateral association
of the fibres characteristic of a lamellar organ@awas observed for Fmoc-LL. Despite
the absence of interactions between Fmoc groupshanamino acid side chain, which was
found to rigidify the peptide backbone of Fmoc-Rfstem favouring the formation of
antiparallel g-sheets, such conformation was detected for Fmoctnder specific

conditions.
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6.3.4. Fmoc-LG
6.3.4.1.pH Study

At pH 10.5, clear solutions were obtained from Fra&and no structures were observed
at the microscale (Figure 6.11 A). As expectedsigmificant band other than the broad
one at ~ 1597 ci was detected by FT-IR, confirming the ionisedestit the molecules
(Figure 6.12).

A)

Figure 6.11. TEM micrographs of Fmoc-LG samples at 10 mmbW) at pH 10.5 starting point of the
‘titration’ experiment,B) at pH 7.6 (above the apparent )KandC) at pH 5.6 and 4.3 (below the apparent
pKa). D) Close up of the box in C. Scale bars representritf0
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Figure 6.12.FT-IR spectra of Fmoc-LG samples at 10 mmoldrepared in RO at pH 10.5 starting point
of the ‘titration’ experiment, pH 7.5 (above thepapent pK), pH 5.5 and 4.6 (below the apparentpK

When the pH was reduced (above the apparigt glear solutions containing a small
portion of precipitate were obtained at pH 7.6.this same pH, infrared data remained
similar as in the presence of NaOH only, suggedtiag most of the molecules were still
in solution (Figure 6.12). However relatively stiati ribbons of 24.0 £ 1.7 nm in width
were observed by TEM in a few windows of the griig(re 6.11 B). These self-
assembled structures were likely to constitutepfezipitated fraction of the sample. As
can be seen from the WAXS data at pH 7.7 (Figut8)6a lamellar packing pattern with a
d spacing of 29.0 Aq=2.2 nm?%) and up to five higher order reflections was desteic
This feature indicated that the straight ribbonsesbed by TEM resulted from the lateral

association of fibrillar structures.
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Figure 6.13.WAXS spectra of Fmoc-LG samples at 10 mmotitied at pH 7.6 (above the apparent pK
and pH 5.8 and 4.1 (below the apparentpK
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From the frequency sweep in Figure 6.14, we cartlsgeat pH 7.65' was mainly lower
than G" and both moduli were frequenoyependent between 0.01 and 100 fad s

confirming that the material was liquid.
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Figure 6.14.Dynamic frequency sweep of Fmoc-LG samples at 16l iarhat pH 7.6. and 4.5 (above and
below the apparent respectively).

At pH ~ 5.5 (below the apparenKyp viscous solutions were obtained. As shown in
Figure 6.12, the disappearance of the band at 7 ¢58' was observed, indicating that the
molecules were protonated at this stage. Peaks sty detected in the amide | region
of the infrared spectrum, suggesting that the systeent through a transition and a
different type of structure formed. At this same, pisted ribbons with average pitch and
width of 149.2 £20.3 nm and 13.5+ 0.9 nm respetyi were observed on the TEM
micrographs (Figure 6.11 C), which is in agreenweitih the FT-IR data. These structures
were found to coexist with a few flat ribbons of.2% 1.0 nm in width, remaining from
the previous pH stage. At this same pH, the reflactat 29.0 A ¢=2.2 nm%)
corresponding to a periodic unit present in thaight ribbons was still detected, however
the intensity of the five higher order reflectiomgés attenuated (Figure 6.13). This

attenuation could be due to the presence of thestogy twisted ribbons.

As the pH was lowered further to ~ 4.3, transluceydrogels were formed. Like the
Fmoc-FG hydrogels studied in Chapter 5, these sssnplere found to gel during the
heating step at 80 °C and to be relatively staptnwcooling to 4 °C and room temperature
(should the gels have been completely formed ah Hgmperature). As shown in
Figure 6.14, a typical gel spectrum was obtainexhfioming the gel-like nature of the
sample.G' values (1000-2080 Pa) were about one order of ratgmihigher tharG"
values and both moduli were slightly frequency deleat between 0.01 and 100 ral s
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which suggested the presence of an entangledldibrietwork. Higher values @' have
been reported for Fmoc-LG hydrogels obtained by gtinge (5900 Pa) [4]. Such
difference is likely to be related to the method mEparation of the samples. As
hypothesised in Chapter 4, non-heated samplestedsinl stiffer materials constituted of
kinetically trapped aggregates. Besides, the hylsogere prepared at a slightly higher
concentration (~ 15 mmolt). The entangled nature of the system was consigtiém the
type of microstructures observed by TEM as the @res of twisted ribbons, similar to
those formed at pH ~ 5.5, was noted (Figure 6.11 ) relative reduction of the
proportion of flat ribbons compared to that of twasted ribbons led to a significant
decrease in intensity of the Bragg peak at 2.2'r{ire. d = 29.0 A). As can be seen from
the FT-IR spectrum (Figure 6.12), the peaks cenatei717, 1687 and 1652 chwere
more resolved at pH ~ 4.3 than at pH ~ 5.5. Theskp were related to the stretching of
the carbonyl functions in the Fmoc group and theomised carboxylic acid, and to the
amine of the amide bond respectively. It is likéiyat these peaks were related to the
presence of the twisted ribbons.

The Fmoc-LG and the Fmoc-FG systems were charaetetbhy common features. Both
were found to form stable hydrogels upon heatingl axhibited structural and
morphological changes, including supramolecularatity with the sol-gel transition. For
both systems, the self-assembled structures digextubit any lamellar organisation. On
the other hand, replacement of the phenylalanina Bucine residue altered the relative
rigidity of the molecule, preventing them from dreg intermolecular hydrogen bonding
that would stabilise the structures imtesheets. As a result, this conformation was not

detected at any pH conditions.

6.3.4.2Temperature Study at pH ~ 4.7

Surprisingly, Fmoc-LG hydrogel formation appearede temperature dependent (in the
same manner as Fmoc-FG, as seen in Chapter 5métieanical properties of the system
were therefore monitored below the appardfy, @s a function of temperature duriimg

situ (in the rheometer) gel formation.

Sequential addition of NaOH and HCI was undertaken described in Chapter 3.
Following this the samples were not heated butaighly sonicated. They were then
subjected to the following temperature variatidnsm 25 to 80 °C at a rate of 10 °C min
! 2.5 min at 80 °C, 1 min from 80 to 4 °C and 8i6 &t 4 °C. The temperature-dependent

mechanical spectrum of Fmoc-LG is presented inreigul5.G' values were found to be
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higher (about one order of magnitude) than@®jevalues at all temperatures, including at
room temperature (at the beginning of the expertindinis observation suggests that self-
assembly occurred at 25 °C before the samples hesited. The lack of stiffness of the
sample was however confirmed by the relatively BWalues displayed by the solutions
between 25 and 50 °C. Both moduli increased by tatioee orders of magnitude as the
temperature was raised further, reaching a maxir@walue of ~ 3000 Pa at 80 °C (i.e.
close to theG' values obtained for the corresponding pre-formdd)gé' and G" values
were then found to decrease of about one orderagiitude G' ~ 320 = 65 Pa) when the
samples were kept at 80 °C and to remain relatigehstant as the samples were cooled
down between 70 and 4 °C. The heating—cooling semubetween 25 and 4°C resulted in
an overall increase of about one order of magniindeoth G' and G". As observed for
Fmoc-FG, Fmoc-LG pre-formed hydrogels displayedagfe modulus values that were
about ten times higher than those obtained forsttstems heateih situ. The decrease in
G' was attributed to the samples being damaged whég tvere cooled down in the

rheometer during the measurement.
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Figure 6.15.Dynamic temperature sweep at constant strain of 6f0Fmoc-LG samples at 10 mmot ks a
function of temperature (from 25 °C to 80 °C ta3).°

A TEM micrograph of a non-heated sample is showrFigure 6.16 A. Although the

microstructures formed from non-heated samplesdddkss regular than those obtained
from heated samples (Figure 6.11 C), the coexistesfctwisted and flat ribbons was

observed in both cases. FT-IR analyses of the samptre undertaken in both conditions.
Spectral signatures of the specimen were foundet@dmparable in the amide | region
although absorption bands were not as well defifed the non-heated samples
(Figure 6.16 B). The heating step was thereforavehim improve the homogeneity of the
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samples without altering the molecular arrangenwdtitin the self-assembled structures

and their topography.

Eiffiv,/\qv///\/“/\\\\\\ﬁng//
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Figure 6.16.A) TEM micrograph of a non-heated Fmoc-LG sampleGatmiol C* below the apparent pK
transition. Scale bar represents 100 nB). FT-IR spectra of non-heated and heated Fmoc-LGpsssrat
10 mmol ! prepared in RO below the apparent pKransition.

6.3.5. Fmoc-GL pH study

As expected, no self-assembly has occurred at pbl tl@ar solutions were obtained from
Fmoc-GL molecules and no microstructures were olesein the TEM micrographs
(Figure 6.17 A).

A)

Figure 6.17.TEM micrographs of Fmoc-GL samples at 10 mmoR) at pH 10.5-5.7 (above the apparent
pKy) andB) at pH 4.2 (below the apparent pk- the right hand side inset corresponds to aelop of the
box. Scale bars represent 100 nm.

As shown by FT-IR in Figure 6.18, the infrared spsm was noisy, however no
significant peak was detected in the amide | regoomfirming that no particular structure

was formed in these conditions.
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Figure 6.18.FT-IR spectra of Fmoc-GL samples at 10 mmdldrepared in RO at pH 10.5 starting point
of the ‘titration’ experiment, pH 7.5 and 5.9 (aleahe apparent p and pH 4.4( below the apparent pK

After addition of HCI to produce pH 7.5 (above tapparent Kj), small amounts of

precipitate were observed in the clear solutiormvéler, TEM (Figure 6.17 A) and FT-IR
spectroscopy (Figure 6.18) remained the same a#ldi0.5 showing that the molecules
were mostly not self-assembled yet in solution has pH. WAXS data revealed the
presence of a weak Bragg peak at 23.29% p.7 nm?) that could be related to the

periodicity of the molecular arrangement within grecipitated matter (Figure 6.19).
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Figure 6.19.WAXS spectra of Fmoc-GL samples at 10 mmiadilied at pH 7.6 and 5.8 (above the apparent
pKy) and pH 4.1 (below the apparent YK

After further addition of HCI to pH ~ 5.8 (still alse the apparentqq) clear solutions with
small amounts of precipitate were still obtainea $ignificant structural changes were
noted since TEM (Figure 6.17 A), FT-IR (Figure 6.18hd WAXS (Figure 6.19) data

remained overall identical.
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At pH 4.1 (below the apparentKp, turbid solutions containing small amounts of
precipitates were obtained, however no particulzattering pattern was detected by
WAXS (Figure 6.19). This behaviour could be duethe sample precipitating out of
solution at this pH, which led to the loss of tlatsering pattern. As shown in Figure 6.18,
the precipitated state of the sample was in agreemith the FT-IR data since the
spectrum obtained at pH 4.4 was similar to the @hEmoc-GL in its dehydrated form,
exhibiting a large band centred around 1652*dfior more details about the commercial
Fmoc-GL spectrum, see Appendix D). In contrast Wik other Fmoc-dipeptides studied
in this Chapter no high aspect ratio architectunese observed. Observations of the
insoluble material by TEM (Figure 6.17 B) reveatbd coexistence of spherical irregular
aggregates (ranging from approximately 25 to 90immiameter) and sparse ribbons that
were both unable to form a solvent trapping 3D wekwThe extremities of the ribbons
were found to split into narrower ribbons or fibres3.9 £ 0.6 nm in width, providing
indications on the formation process of such suptaaular structures. Similar
morphological behaviour has previously been repoffier peptide amphiphiles as a

mechanistic evidence of the lateral self-assembfibbons into larger ribbons [10].

As for Fmoc-GF, self-assembly of Fmoc-GL below aggparent [, transition was not
accompanied by hydrogel formation because of thbility of the structures generated to
trap solvent, resulting in the system precipitatikinlike Fmoc-GF, Fmoc-GL formed
spherical objects and sparse ribbons rather thaetdilke structures. Consequently no
lamellar organisation was detected. In both casespresence of the glycine adjacent to
the Fmoc moiety enhanced the flexibility of the g tail, which unfavoure@-sheet

formation.

6.3.6. Summary

The behaviour of Fmoc-LL, Fmoc-LG and Fmoc-GL itusion revealed that each system
was characterised by one appardfs pansition, which in all cases has been showreto b
associated with structural and morphological changieat were peptide sequence

dependent.

Based on fluorescence spectroscopy data, all $ysiems were all found to be ordered
through their Fmoc groups, which were maimgtacked into antiparallel dimers that were
thought to correspond to the base unit of the asdembled supramolecular structures
generated as the pH was reduced. On the other Fraod-LL peptide tail was found to

arrange ing-sheets below the apparer€malthough leucine does not have the propensity
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to favour such conformation. The coexistence ofdoam coils was also detected. As
expected, Fmoc-LG and Fmoc-GL did not foffiisheets in any conditions due to the

flexibility of the molecules brought about by ba¢ucine and glycine.

Although the Fmoc-LG molecules were ionised abdwe dpparent i, straight ribbons
were observed at the microscopic scale. Neutralisatf the peptide derivatives induced
the formation of an entangled network of twistdabans. Stable hydrogels associated with
this phenomenon were obtained upon heating. Theassémbly of Fmoc-LL into an
entangled network of fibres of ~ 15.7 nm in widtboaled to hydrogel formation, however
the modulus values were lower than Fmoc-LG gelsoimtrast, Fmoc-GF self-assembled
into spherical objects and sparse ribbons, whiclrewiacompatible with hydrogel
formation, leading to precipitation of the systeihe absence of a regular scattering
pattern — in agreement with the TEM observatiorshewed that in most cases (with the
exception of Fmoc-LG) the leucine-based Fmoc-digeptdid not exhibit any lamellar
organisation. Thel spacings detected by WAXS were therefore ascribgueriodic units

down the long axis of the structures rather thégrdd association.

6.4. GONCLUSION

Similar behaviours were observed between the ledsased Fmoc-dipeptides and their
phenylalanine-based homologues. Fmoc-LL, Fmoc-L& amoc-GL peptide derivatives
were each characterised by a single shiftég pansition. Study of the systems as a
function of pH showed this transition coincidediwmolecular self-assembly or structural
and morphological changes. Again, the structuraperties of the systems were found to
be dependent on the peptide sequence. Entangletiafimetworks associated with
hydrogel formation were formed for Fmoc-LL and Fnride whereas the nature of the
architectures generated for Fmoc-GL favoured pitipn rather than hydrogel

formation.
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Conclusions and Future Work

7.1. CONCLUSIONS

The strategy adopted in this project consistedsingudipeptides that were modified with
aromatic ligands to drive the self-assembly of thelecules througtx-interactions and

hydrogen bonding. Combinations of glycine with fogitobic aromatic (phenylalanine) or
non-aromatic (leucine) residues were exploited fideo to stabilise and reinforce the
structures formed. Despite the distinct chemicalicstires of these two amino acids,
similarities were found in the self-assembling babar of the Fmoc-dipeptides based on
them. In all cases the supramolecular structuregirs under specific conditions were
formed from base dimer units of Fmoc-dipeptidestacking in an antiparallel manner, as

demonstrated by fluorescence spectroscopy.

As shown for the Fmoc-FF gelling system, aromatign® acids in the peptide sequence
were found to participate in the stabilisation loé self-assembled structures. The rigidity
brought about by the phenyl rings was shown to suppoth the stacking of the Fmoc
groups and the antiparallgisheet arrangement of the peptide components. &spknt

of the phenylalanine residues by leucines (amindsalcaving the same hydrophobicity)
also led to hydrogel formation. Antiparallgisheet supramolecular structures were also
detected for Fmoc-LL. Although the molecular arramgnt of the peptide derivatives in
the self-assembled structures is not fully undexstget, it is apparent that hydrophobic
effects involving the amino acid alkyl side chamso contributed to the self-assembly
mechanism. Additionally, Fmoc-FF and Fmoc-LL hydslsg were characterised by

relatively poor mechanical properties in comparigath the other systems studied.

Fmoc-FG and Fmoc-LG showed the peculiarity to fdmpadrogels upon heating below
their respective apparenKp In both cases, self-assembly was observed alhevshifted
pK, transition, however the sol-gel transition coimddwith morphological changes
involving chiral and non-chiral structures as ithased by the straight and twisted ribbons

observed at the microscopic level.

138



Conclusions and Future Work

Introduction of a glycine residue adjacent to threoE group (leaving the hydrophobic
amino acid in the C-terminal position of the pept@bmponent) provided flexibility to the
systems (Fmoc-GF and Fmoc-GL), preventing molecsddirassembly to generate high

aspect ratio architectures and giving rise to nelfirgg samples.

On the other end, Fmoc-derivatives composed ofimglyexclusively were able to form
hydrogels. Due to their inherent flexibility, thenbc-GG molecules were less constrained
and were more able to adopt spatial conformatidva twould favour self-assembly.

However the resulting hydrogels were found notdstable.

As summarised in Table 7.1 the hydrogels formedibgted different mechanical
properties and morphologies depending on the sysi¥itin the exception of Fmoc-FG,
the phenylalanine-based Fmoc-dipeptides tended oton fone-dimensional lamellar
aggregates whereas their leucine-based homologdesot (with the exception of Fmoc-
LG). However the fibres resulting from the selfesbly of the leucine-based systems
were generally found to be wider than those foriinech the phenylalanine-based systems.
Such behaviour suggested thenteractions in which amino acids with aromatidesi
chains were involved enabled a tight packing of ti@ecules, which resulted in narrow
structures. On the other hand, the hydrophobicraot®ns in which amino acids
possessing alkyl side chains to led to a loosekipgof the peptide derivatives, resulting

in the formation of larger fibres.

Entry System Log P  Apparent pK, Phase G'/ Pa Morphology

10.2-9.5
1 FmocFF 677 pgiagigs Gel 0.5-5 #—» %

2 Fmoc-LL  6.95 6.4-8.5 Gel 0.7-5 #
3 FmocFG 458 7.3-6.3 Gel (highT)  100-400 %—»#

4 Fmoc-LG 4.66 5.3-5.9 Gel (high T)  1000-2080 %/Q%—’ é

5  Fmoc-GF  4.56 7.6-7.0 Precipitate - &= .‘

6 Fmoc-GL 4.66 5.4-4.3 Precipitate - ° oJ k

7 Fmoc-GG  2.37 4.8-4.0 Gel 100-400 #‘

Table 7.1.Summary of the main characteristics of the stuéiedc-dipeptides.

& Macroscopic aspect below the apparent.pK
® Average width of the fibrillar units.
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7.2. FUTURE WORK

Overall trends on the behaviour of Fmoc-dipeptictemposed of hydrophobic amino acids
were drawn from the results of this project. Aduh&l investigations using fluorescence
spectroscopy at specific pH conditions should aloletter understanding of the influence
of positioning of the hydrophobic amino acid withime peptide sequence on the self-
assembly behaviour of the molecules.

In order to generalise the hypotheses venturedinvestigations will need to be extended
to other phenylalanine and leucine containing Fipeptides. In particular further work
will allow verification of the use of the proposeduations to estimate the apparelt p

values of such systems.

Further research might focus on the effect of themhinal aromatic ligand. For example,
dipeptides modified with naphtalene (Nap) and béengarbonyl (Cbz) groups have been
studied previously, however the literature suffieosn a lack of documentation regarding

the gelation properties and structural charactioisaf the self-assembled architectures.

Although kinetic effects have not been investigatethis work, it is believed that aging
effects would lead to stiffer structures, presemimproved mechanical properties. Fmoc-
FG and Fmoc-LG for instance were found to be paldity stable with time, including at
room temperature, and should hence be good caedidat this type of investigation.
Additionally, under specific conditions these twestems led to the formation of twisted
ribbons, the pitch of which was too large to beaditd by WAXS. Using small angle X-
ray scattering (SAXS) it should be possible to deitee such characteristics.
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Appendix A: HPLC Chromatograms of Commercial Fmoc-Dpeptides
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Appendix B: Dynamic Amplitude Sweeps of Fmoc-Dipeptle Hydrogels
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Appendix C: FT-IR Spectra of Thin Films of Fmoc-FF
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FT-IR spectra of Fmoc-FF samples at 10 mmoldried at pH 9.1 (below apparent pK) and pH 7.3
(above apparent pi2).

Appendix D: FT-IR Spectra of Commercial Fmoc-Dipeptides

The doublet centred at ~ 1600 ¢nis related to benzene ring (phenylalanine sidéngha
stretching [1]. Absorption bands commonly fluctuatelely in intensity in this region of
the spectrum. As a result, this doublet can be vesalt is the case for Fmoc-FG, or can
appear as a weak shoulder on the high frequeneydia@ peak like it was observed for
Fmoc-GF. As expected, these bands were absentfi@fmoc-GG spectrum.

In short peptides the carbonyl group of un-ionisatboxylic acids is usually characterised
by a weak band at ~ 1680 tmHowever ionisation of the acid results in theagigearance
of this band [1]. Consequently the peak correspandld this function can be observed in
the spectra of the dehydrated commercial Fmoc-tighesp and at low pH but not around
and above the apparerpof the systems.

The bond linking the Fmoc moiety to the dipeptidesn the form of the group R—NH-
CO-OR, which is also called urethane. In secondegthanes the carbonyl group has been
reported to absorb in the range of 1739-1705 §hj. Hence, the peak detected at
~ 1730 cm' for Fmoc-FG, Fmoc-GG and Fmoc-GF corresponds ¢ocirbonyl of the
Fmoc group. Although it is off-range, the band &t746 cm* on the Fmoc-FF spectrum
was also attributed to the Fmoc carbonyl as th& peald be shifted to higher frequencies
due to the presence of steric effects caused bghhbayl group. C=0 stretching vibrations
are indeed known to vary as a function of the anglefined by the axes of the C=0 and
C—X bonds, X being the nearest substituent of &mbanyl group [2].

As expected, the carbonyl group of the peptide taiysbrbs at ~ 1655 ¢h1].
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Appendix E: Fluorescence Spectra of Fmoc-Dipeptides
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Appendix F: AFM Micrographs of Fmoc-GF

A) AFM height micrograph of Fmoc-FG (10 mmof)Lat pH 5.6. The sample was prepared following the
TEM preparation procedure and imaged using a Vedatiimode atomic force microscope equipped with a
Nanoscope llla controller and an ‘E’ scanner. Theeuen surface is due to carbon coatiBy.Observation

at higher magnification of the selected area irS&ale bars represent 200 nm.
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