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Abstract

The overall objective of this thesis was to elucidate molecular design rules for the
preparation of self-assembled aromatic peptide amphiphile based hydrogels. Aromatic
peptide amphiphiles can be considered as having three distinct parts: the N-terminal aromatic
group, peptide sequence, and the linker between the two. A systematic variation of these
three molecular components has in the first instance revealed that contrary to popular belief,
the antiparallel or parallel H-bonding supramolecular conformations associated with
aromatic peptide amphiphiles cannot be distinguished by FTIR experiments alone. Instead,
the 1685 cm”' peak commonly assigned to an antiparallel arrangement, relates to the
methoxycarbonyl linker if present in these systems. The choice of linker is also seen to have
implications for assembly in both the aromatic and peptidic domains — as seen by
fluorescence emission and FTIR respectively. In addition, the linker influences the
supramolecular chirality of the fibrous nanostructures by CD. The optimal linker for
effective self-assembly and gelation is observed to depend primarily on the corresponding
aromatic moiety, with fluorenyl and pyrenyl systems exhibiting differential preferences for
relatively rigid and relatively flexible linkers, respectively. Besides covalent alterations,
aromatic peptide amphiphile materials can also be modified through co-assembly. Here, the
co-assembly structure is found to vary depending upon the aromatic and peptide segments
associated with co-assembly constituents. Orthogonal co-assembly is observed in systems
with different aromatic and peptide parts, as inferred by a preservation of characteristic
spectroscopy and material properties associated with the assembly of individual constituents.
In contrast, nanoscale phase separation is found to be disfavoured in systems that share either
a common aromatic or peptide segment between co-assembly constituents. Consequently, for
cooperative and disruptive systems, spectroscopy reveals substantial interactions between
constituents, whilst material properties are also found to be affected through co-assembly.
Finally, preliminary work demonstrates the functionalisation of bulk electrodes and MEA
devices with electrochemically deposited hydrogel coatings possessing an electronic core
furnished with a biocompatible coating as derived from the aforementioned co-assembly
design rules. Coated electrodes are found to exhibit similar impedances to those of uncoated
nodes, but prove inferior to platinised equivalents. Future work will focus on optimising said

electrode impedances for potential neuron-device interface applications.
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— Chapter 1 -
Introduction

1.1 The gel state

A gel can be defined as a colloidal state of matter,"” possessing both solid and liquid like
properties. Notably, gels are viscoelastic materials where the elastic (solid) component
should be greater than the viscous (liquid) component — e.g. gels are self-supporting upon
vial inversion.

Ultimately, gels consist of nanoscale fibres dispersed throughout a solvent. In this respect
gels can be classified according to their liquid phase; for example hydrogels®” or
organogels®™® are respectively formed in aqueous or organic media. Moreover, gels can be
further subdivided according to their dispersed phase which mainly falls into one of two
categories; polymeric’ or supramolecular'® networks. Polymer gels consist of monomers,
which are covalently bonded together. These polymeric materials can form a gel network
either via extensive covalent crosslinkage (chemical gel), or alternatively via intermolecular
interactions and entanglement of the polymer chains (physical gel). In contrast,
supramolecular gels are composed from small molecules, which rely solely on
intermolecular forces to form the resultant gel network (physical gel).

While covalently crosslinked hydrogels based on hydrophilic synthetic or natural polymers
are widely known and applied, such as poly(ethylene oxide), poly(acryl amide), poly(vinyl

"% the use of supramolecular materials based on small

alcohol), agarose or methylcellulose,
molecules is potentially more versatile and gives rise to a distinct class of hydrogel materials.
Supramolecular materials contrast those prepared using traditional covalent polymers, in that
assembly is dynamic and reversible, with readily tuneable characteristics.”>>>'%***" The
dynamic properties of these systems and the fact that these features can be kinetically
trapped in the gel phase, has advantages for the preparation and tailoring of these materials.
An important class of LMW hydrogels are those composed of aromatic peptide
amphiphiles: short chain (e.g. di-) peptides, which have been capped at the N-terminus with
an aromatic moiety.”>' For these materials, supramolecular assembly is governed by
aromatic stacking interactions, with the resulting architecture also influenced by peptidic H-
bonding interactions that form a B-sheet type arrangement.”>>’ These bio-inspired materials
provide a design approach focused on mimicry of the interactions which govern

peptide/protein assembly®® combined with synthetic aromatics to give rise to materials that

are robust, simple and versatile.
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39-42

Owing to their high water content (e.g. 99 %), tuneable mechanical properties, and

their dynamic nature,*” LMW hydrogel systems have the potential to be utilised in a variety

s 44 .45 L4649 50-52,5
of applications,” such as catalyst encapsulation,” nanofabrication, sensors,”

54-59 .
and tissue

antimicrobial ~ materials,”  controlled drug delivery devices,
engineering.®”*"*"*** In addition, the supramolecular aromatic stacking interactions that are
specific to the self-assembly of aromatic peptide amphiphiles, may lead to the development

of soft optoelectronic devices which possess some degree of electro-conductivity.®>®

1.2 Project aims

The ultimate aim of this project was to develop aromatic peptide amphiphile based hydrogels
suitable for the culture and/or characterisation of nerve or nerve-like cells.

For this intended application, electro-conductivity was desirable. Previous work has shown
that the stacking of the N-terminal aromatic moieties can give rise to some degree of electro-
coductivity.” Hence, the intial aim of this project was to investigate the gelation and self-
assembly of aromatic peptide amphiphiles with a variety of aromatic functionalities.
Inadvertently, this work led to an investigation of the corresponding linker moieties and the
origin of characteristic FTIR modes associated with aromatic peptide amphiphiles.

In addition, chemical functionality introduced via co-assembly has been previously shown
to be important to achieve efficacious materials for cell culture.”’ Hence, an assessment of

aromatic peptide amphiphile co-assembly motifs was also an important aim of this project.

1.3 Thesis overview

In Chapter 2, the self-assembly and hydrogelation of aromatic peptide amphiphiles will be
comprehensively assessed. Here, the N-terminal aromatic moiety, linker segment, peptide
sequence, and C-termini will be examined in detail, in terms of literature prominence and
their respective roles in the self-assembly process. Various possible supramolecular stacking
conformations such a parallel, antiparallel, and interlocked antiparallel will also be
considered. In addition, the higher order aggregation mechanisms, which generally favour
the formation of 1D fibrous structures as opposed to 2D nanostructures, will be rationalised
and explained in terms of a dependence on molecular structure. Furthermore, the influence of
environmental factors towards the supramolecular organisation of aromatic peptide
amphiphiles will be assessed. Thermodynamic and kinetic aspects associated with the
preparation of self-assembled hydrogels will also be considered, with gelator concentration
and temperature determining whether a continuous hydrogel network is formed, whilst the

rate of assembly can influence fibre growth, the number of fibre nucleation sites, and the
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corresponding properties of the resultant gels. Finally in this section, co-assembly will be
examined as an effective means of tailoring hydrogel properties in a modular fashion.

Chapter 3 details the synthesis and characterisation of the aromatic peptide amphiphiles
utilised in this study. In addition, the hydrogelation protocols, and corresponding
characterisation methodologies are provided.

In Chapter 4, an aspect that is fundamental to the supramolecular structure of aromatic
peptide amphiphiles will be considered: the utility of FTIR in elucidating either a parallel or
antiparallel H-bonding arrangement. Here, experiments will focus on determining the true
origin of the 1685 cm™ absorption commonly assigned to an antiparallel arrangement in
aromatic peptide amphiphile materials.

Chapter 5 moves on to consider the pivotal role of the linker segment in determining
whether or not hydrogelation is favourable. Here, for an extensive series of aromatic peptide
amphiphiles, the aromatic, peptide, and linker will be varied. Hydrogels then will be assessed
in terms of their fibrous morphologies, rheological properties, and gelation pH values. In
addition, a detailed spectroscopic analysis encompassing FTIR, fluorescence emission, and
CD will attempt to reveal how the corresponding aromatic stacking and H-bonding self-
assembly aspects are indirectly affected by the choice of linker.

In Chapter 6, we will attempt to elucidate design rules governing the co-assembly of
aromatic peptide amphiphiles. Here, Pyr-YL, Fmoc-YL, Pyr-S, and Fmoc-S, will be co-
assembled in all possible two-component systems. Hence, this should allow the extent of
aromatic stacking and peptidic interactions between the co-assembly constituents to be
inferred throughout spectroscopic means. The important question being, whether co-
assembly constituents undergo nanoscale phase separation or whether a mixed elementary
stacking arrangement is instead formed. Within this context, a simple means of being able to
modify the surface chemistry of existing gelator systems is sought; without the additional
complication of changes to the underlying fibrous assembly process and corresponding
hydrogel material properties.

Chapter 7 looks at a potential applications for surface functionalised co-assembly materials
such as Pyr-YL/Fmoc-S. Here, a fibrous core with extensive aromatic stacking interactions,
coupled with biocompatible hydrophilic functionality at the fibre-aqueous interface is
hypothesized to be an ideal candidate system for neuron-device interfaces. Preliminary work
will consider the efficacy of an electrochemical deposition process for the hydrogel
functionalisation of MEA. Coated electrodes will be assessed in terms of surface coverage
and impedance, relative to established MEA preparation protocols such as platinisation. This

work is at a preliminary stage, but further down the line could lead to a novel setup for
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characterising neural networks.
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— Chapter 2 -

Literature review: Aromatic peptide amphiphile based
nanostructures

2.1 Abstract

This chapter examines the factors which govern the self-assembly of aromatic peptide
amphiphiles used in the “bottom-up” preparation of nanomaterials, mainly hydrogels. These
aromatic peptide amphiphile molecules are composed of four segments, and hence the
influence of the N-terminal aromatic component, linker segment, (di)peptide sequence, and
C-termini upon the self-assembly process and resultant supramolecular architectures is
examined in detail. Parallel, antiparallel, and interlocked antiparallel stacking conformations
have all been proposed depending primarily upon the aromatics (both peptidic and N-
terminal) associated with the gelator in question. Furthermore, both “coiling tape” and
“helical lamellar” 1D growth mechanisms are proposed to account for the fibrous
morphologies generally observed for these materials. The impact of environmental
conditions is also assessed; with high pH values and divalent ions found to favour the
formation of crosslinked worm-like micelles as opposed to the aforementioned fibres. In
thermodynamic terms, gelator concentration and temperature effects indicate the metastable
nature of the nanoscale phase separated gel state; with the precise enthalpic and entropic
contributions towards hydrogel formation likely to vary depending upon the hydrophobicity
of a given gelator. Finally, the self-assembly initiation method is considered in terms of
affecting the final properties of the kinetically trapped hydrogel product — with both pH-
switch and enzymatic methods commonly used to tailor the number of nucleation sites and
hence the overall fibrous network morphology. Overall, this chapter elucidates many of the

trends and design rules that underpin the field of aromatic peptide amphiphile assembly.

2.2 Introduction

Supramolecular self-assembly provides a means of achieving the nanoscale “bottom-up”
design and fabrication of materials, whereby supramolecular complexity and functionality
can arise from the assembly of relatively simple molecular building blocks.'™ Various self-
assembly processes can be exploited in the laboratory setting; such as the well defined base-
pairing seen in DNA constructs.®’ It is also possible to combine naturally disparate self-

assembly processes, such as DNA base pairing and peptide assembly,® or glycoside’ and
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112 within a single construct.”” Hence, self-assembly motifs that are

peptide interactions,
natively found within their respective biopolymers, can also be utilised within the context of
small molecule assembly.

Peptides are highly attractive building blocks for the construction of supramolecular
materials - as evidenced by the fact that the apparatus of life itself is largely devoted to the
expression of approximately 20 gene-encoded amino acids. Note that throughout this
chapter, for brevity, peptide sequences will often be referred to using their one letter amino
acid codes (Fig. 2.9, Section 2.4.3.1 lists the 20 gene encoded amino acids). The diverse
range of structures and functions that can be obtained based on these materials is extensive.
In contrast to their synthetic polymeric counterparts, peptide-based materials offer a rich
variety of sides chains which, unlike what is currently possible with synthetic polymers, are
organised in a precise sequence that may encompass a range of chemical functionalities and
non-covalent bonds.>'**' For example, a range of charged (e.g. D, E, H, R, K), hydrophilic
(e.g. S, T, Q, N), hydrophobic (e.g. A, V, L, I, M), aromatic (e.g. F, Y, W) and other (e.g. P,
C, G) residues can all contribute towards the molecular assembly of peptides and proteins,

which in turn affects the higher ordered structuring of these molecules.”*

0 R1
PPN eSS ot
romatic
. (o] H x R3 Linker

(Di)peptide

O o C-terminus (e.g. OH)

Figure 2.1 Generic structure of an aromatic peptide amphiphile.

g

Using insights gleaned from protein structure, synthetic peptides can be designed which
contain sequences predisposed to form various supramolecular structures such as alpha
helices, coiled coils, and p-sheets.'>** It can also be advantageous to utilise shorter peptide
sequences; where the resultant supramolecular structures are easier to modify on account of

the relative simplicity of their molecular structures,” "

allowing a relatively facile chemical
synthesis and ultimately easier translation towards real world applications, due to lower costs
and regulatory barriers in the case of biomedical materials. In addition to numerous literature

30-36
structures based

examples of small molecule (peptide or otherwise) self-assembly motifs,
upon relatively short (e.g. di-, tri-, etc) peptide sequences often require a synthetic
hydrophobic group in order to facilitate self-assembly or gelation.”” ™’ To this end, peptide
amphiphiles are commonly functionalised with hydrophobic groups such as aliphatic
chains, 8419373052 A alternative approach is to utilise synthetic aromatic functionalities -

where in this case self-assembly will also be influenced by the directionality associated with

the resultant aromatic stacking interactions. Hence, this chapter will focus on providing an
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overview of the literature relating specifically to the self-assembly and hydrogelation of
aromatic peptide amphiphiles (Fig. 2.1) as a separate class of self-assembling peptide

systems.

(a) Monomer (b) Stacking arrangements (d) Nanofibrous network

=

Parallel Antiparallel

Linker

Peptide

C-terminus

(c) Nanostructures

Fibres/tubes

Figure 2.2 An overview of aromatic peptide amphiphile self-assembly and gelation showing; (a) a
simplified aromatic peptide amphiphile; (b) some possible elementary stacking arrangements; (c)
supramolecular nanostructures; and (d) a depiction of the overall fibrous network morphology of a
typical hydrogel.

For aromatic peptide amphiphile systems, the peptide component is composed of a
relatively short sequence - such as a dipeptide - and is capped at the N-terminus with a
synthetic aromatic moiety.'””> The linker segment between N-terminal aromatic and
peptide sequence is also a potentially important structural parameter,™ that has consequences
for the relative orientation of the other structural segments. In addition, the C-terminus may

. . 7
also be func‘uon'clhsed,5 59

or is otherwise important for achieving a balance between
protonated and ionised forms. Hence, these materials are distinct from but share some
similarities in terms of the interactions which govern peptide/protein assembly;*® adhering to
a minimalist design strategy that is facilitated by the inclusion of a synthetic aromatic
moiety. For these systems, supramolecular assembly is thought to be governed by a
combination of aromatic stacking interactions, and the propensity of the peptide to form a -
sheet-type H-bonding arrangement.®**® This mode of assembly is different from that of

aliphatic peptide amphiphiles; whose linear hydrophilic head/hydrophobic tail structure

usually predicates the formation of spherical and cylindrical micelles or lamellar
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structures.”” ™ In contrast, the self-assembly of aromatic peptide amphiphiles is also
influenced by the planarity of aromatic moieties and the geometric restrictions associated
with their preferred stacking arrangements.'>”

Much work has been carried out in an attempt to rationalise and control, both the self-
assembly behaviour and resultant properties of aromatic peptide amphiphiles and similar
small molecule gelators, via the modification of peptide or aromatic components.”*™ We
will consider the impact of molecular structure upon the self-assembly and properties of
aromatic peptide amphiphile based materials, with separate sections to focus on the roles of
the N-terminal aromatic, linker, peptide sequence, and C-terminus (Fig. 2.1). In addition,
various supramolecular architectures that have been proposed in the literature will be
examined: including the elementary stacking arrangements; chiral nanofibrous architectures
(Fig. 2.2); and the formation of worm-like micelles. Finally, the impact of the gelation
protocol itself will be considered; addressing the importance of the kinetic pathway towards
the final properties of these materials.®

Various views on the most likely self-assembly mode have been proposed in the literature
by our own group and others, and in this respect we have attempted to provide an impartial,
systematic account of the relevant literature, which we hope will provide a useful reference
regarding aromatic peptide amphiphile self-assembly. There is no question that aromatic
peptide amphiphiles are increasingly studied and are rapidly becoming an important subset

within the growing field of small molecule self-assembly.

2.3 Aromatic peptide amphiphiles: A historic
perspective

354
304
254 [
204
154 [
104 s
51 -

Papers found

1995 1997 1999 2001 2003 2005 2007 2009 2011 2013

Year
Figure 2.3 Timeline showing the prominence of aromatic peptide amphiphiles in the literature. This is
unlikely to be exhaustive since field has lacked specific terminology, but it does illustrate the lag
period and growth following initial work byVegners.®

The first known example of an aromatic peptide amphiphile hydrogelator was reported in
1995 by Vegners, where Fmoc-LD was found to form a thermoreversible gel after a heat-
cool cycle.® This initial gel which was prepared from an aromatic peptide amphiphile was

used as a carrier (or adjuvant) for the delivery of antigen presentation, with the loaded
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material successfully eliciting an antibody response when injected into rabbits. However, it
was not until 2003 onwards that a variety of Fmoc dipeptide hydrogels were serendipitously

§78% en-route to a subsequently reported pyrenyl analogue.* In addition,

rediscovered by Xu,
Xu reported the first enzyme triggered self-assembly of an Fmoc amino acid, whereby
hydrogelation was initiated via cleavage of a pendant phosphate group to form the gelator
Fmoc-Y in situ.”®”" Concurrently, Gazit’s group demonstrated the role of aromatic amino
acids in formation of amyloid structures, and through a reductionist approach identified
diphenylalanine as a minimal sequence to form peptide nanostructures.””'® Diphenylalanine
is in itself able to form peptide nanotubes on account of the directionality offered by a
combination of H-bonding and repeated phenyl stacking interactions.'”''* It was then by the
addition of various N and C-terminal capping groups to investigate the possible role of
electrostatic interactions in the FF assembly process, which resulted in the discovery of the
now ubiquitous Fmoc-FF.'” This initial work on diphenylalanine based nanostructures led to
the approximately simultaneous, but independent, discovery of physiologically stable
hydrogels based on Fmoc-FF by our group'® and Gazit'”’ for use in cell culture, thus
opening up potential applications within a biological and biomedical context. In 2006 a
variety of other aromatic peptide amphiphile hydrogelator studies were published,'® "> and
since then the field has continued to grow (Fig. 2.3); 2007, 13158016 5 g 117-121.17.122

123-132,83,64,3,65 133-150,63,57,78,61,81,53,82,60,4 151-165,77,76,166,39,84,59,58,167,168 169-
2009, 2010, 2011, 2012,

182,79,62,183 184-200,66,85,201-204 <y - .
TO62I83 and 2013. e With a diverse range of studies, such as; structure-

relationships, the effects of ions and other additives, protocols to control gelation kinetics,

supramolecular structure elucidation, and biomedical and nanotechnological applications.

2.4 Aromatic peptide amphiphiles: The four segments

2.4.1 The N-terminal aromatic moiety

R1 " (?
O - /J\ _N_ /L Aromatic
QAR
(0]

9 (Di)peptide

Figure 2.4 Generic structure of an aromatic peptide amphiphile with the aromatic moiety highlighted.

Self-assembling peptide hydrogels featuring the Fmoc moiety are commonplace; due to its
use as a protecting group in peptide synthesis. Fmoc has been found to assist the self-
assembly process and facilitate gelation for a number of systems.””” For example, various
phenylalanine and tyrosine derivatives have demonstrated that (unlike Fmoc) an N-terminal

Cbz group is not found to be conducive to hydrogelation.'** This suggests that for these
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Figure 2.5 A selection of aromatic moieties reported in the literature classified according to structure.

phenothiazine
Red indicates a substituent not part of the core aromatic functionality, whilst blue indicates the linker
that connects to the N-terminus of a peptide sequence. *Attached to lysine side chain, not N-terminus.

systems, the Cbz moiety provides insufficient aromatic stacking interactions and/or
hydrophobicity to allow a robust intermolecular arrangement. In addition, the antioxidant
carnosine, otherwise known as BAH, can undergo successful gelation only after modification
with the Fmoc moiety.” The importance of aromatic stacking interactions has also been
illustrated for a series of dipeptide and amino acid based derivatives, where the aromatic
Fmoc group at the N-terminus has also been found to be a more consistent facilitator of
gelation when compared to a simple hydrophobic group such as Boc.”” The weaker Boc
based hydrogels indicate that although hydrophobicity does contribute to the self-assembly
of these materials, planarity and specific aromatic stacking interactions are likely important
to achieve ordered intermolecular stacking.

Given that the N-terminal aromatic moiety is the key design aspect that differentiates

aromatic peptide amphiphiles from other self-assembling peptide systems, it is unsurprising
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that a variety of synthetic aromatic moieties - besides Fmoc - have been utilised to augment
the hydrogelation of these systems. To this end, various aromatic moieties have been utilised
at the N-terminus such as phenyl, naphthalene, azobenzene and pyrene derivatives. However,
the various linkers, substitutions and peptide sequences associated with alternative aromatic
functionalities make a systematic comparison impractical (Fig. 2.5), nevertheless some
general trends are apparent.

For instance, pyrene based peptide amphiphile hydrogelators have been studied, however
as might be anticipated these systems often utilise less hydrophobic sequences such as
dialanine (as opposed to diphenylalanine).*” Furthermore, the VYGGG pentapeptide
sequence is found to be too hydrophobic for achieving hydrogelation (or indeed dissolution)
when used in conjunction with an N-terminal pyrene moiety, whereas similar Fmoc and

naphthalene compounds do form hydrogels.""'

However, in the same study other
pentapeptide (GAGAS, GVGVP, VTEEIL, YGFGG) based pyrene peptide amphiphiles do
prove amenable to hydrogelation. Hence, these observations can only be partly explained by
the pyrene based gelators requiring a more appropriate balance of hydrophilic or charged
substituents. Since GVGVP and YGFGG are both more hydrophobic than VYGGG, the
precipitation of the pyrenyl VYGGG compound is likely caused in part by the flexible GGG
peptide segment, which may disrupt the self-assembly process. Hence, although some
general conclusions may be drawn on the basis of the relative hydrophobicities, there is no
obvious means of predicting the appropriate peptide sequence for a given N-terminal
aromatic functionality.

Some studies have shown naphthalene to be preferential to Fmoc, e.g. as defined by the
respective minimum gelation concentrations of analogous compounds.”® Furthermore, the
self-assembly properties of naphthalene based systems have been augmented via nitrile or
bromo substitutions on the aromatic system.”® These types of modifications provide another
means of altering the hydrophobicity of the molecule — with important consequences for the
correlation between the C log P and the apparent pK,/maximum gelation pH associated with
a given gelator (see section 2.4.4.1). In addition, the electron-withdrawing nature of the
bromo and nitro groups will also reduce the electron density of the m-system, which
consequently is likely to have an impact on the aromatic stacking interactions and the overall
self-assembly structure. Hence, ring substitutions are another potential variable to consider —
particularly for introducing complementary aromatic stacking interactions (e.g. within the
context of co-assembly as discussed in section 2.8.1).

Furthermore, the aromatic group may in itself have a functional role, in addition to being a

structural motif incorporated for the purposes of self-assembly. Indeed there are examples of
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dynamic gels whose responsiveness originates not from the peptide, but from the aromatic
N-terminal group. For example, azobenzene has been exploited due to the cis/trans
conformational switches that are mediated under UV irradiation.'® Using this mechanism it
is possible to induce reversible photo-responsive gel-solution transitions.** In addition a
change in the azobezene conformation has been observed to initiate a morphological change
in the fibres associated with a diglycine derivative.'® In this example, nanoribbons can be
converted to short fibres upon UV irradiation; a result that is symptomatic of an alteration in
the precise stacking arrangement of these molecules. Other stimuli responsive systems have
also been demonstrated using a range of cleavable aromatic moieties. For example, gel to
solution transitions can be initiated using oxidative, reductive or photolytic cleavages of
respective BPmoc, NPmoc or Bhcmoc functionalities.”’ These responsive gels are

potentially useful for the triggered release of an encapsulated material.

2.4.2 The linker segment

o7 N Y Linker
(Di)peptide

Figure 2.6 Generic structure of an aromatic peptide amphiphile with the linker segment highlighted.

The choice of linker (see Fig. 2.5 for examples) between the aromatic and peptide
component is also vital to achieving hydrogelation of these materials. For example, while the
naphthoxy group promotes gelation, equivalent naphthalene based amphiphiles with
alternative linkers fail to form hydrogels.®” These observations have been rationalised to
some extent by molecular modelling of the angles between the various linkers (Fig. 2.7),
with increased curvature of the energy minimised state associated with the molecules found
to be detrimental to effective assembly. Here, gelators seem to require relatively linear
geometries in order to allow effective intermolecular interactions in both the aromatic and
peptide self-assembly domains. In addition, the fact that the methoxy linker is a potential H-
bond acceptor may also have implications for self-assembly.

Another recent study has also shown the utility of the methoxy linker associated with the
Fmoc moiety in comparison to analogous alkyl fluorenyl linkers.”® Here, both the linker
length and flexibility are proposed to be important; with the carbamate moiety of Fmoc
providing a relatively rigid fluorenyl conformation for robust aromatic stacking interactions.
In addition, the number of methylene units was found to alter the handedness of the observed

supramolecular chirality by CD. These results mirror similar findings for aromatic-steroidal
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Figure 2.7 The effect of the linker on the overall molecular geometry; with a relatively linear
conformation being optimal for gelation. Adapted from.*

based organogelator systems, where an odd or even number of methylene units in an
analogous linker segment influenced the gelation properties.’®*” Although not directly
related to aromatic peptide amphiphiles, this work also highlights the impact this region of
the gelator can have on self-assembly and consequent material properties. Hence, the linker
clearly influences the conformations available to the gelator molecules, and as such the
optimal linker is likely to depend upon the aromatic group and peptide sequence in question.
Unfortunately, although aromatic peptide amphiphiles have generally utilised a variety of
linkers, side-by-side comparisons in the literature are rare - we propose this should be a more

active area of research in the field of aromatic peptide amphiphile assembly.

2.4.3 The peptide sequence
R1
\NAWH_JI
H (Di)peptide

Figure 2.8 Generic structure of an aromatic peptide amphiphile with the peptide sequence
highlighted.

2.4.3.1 Amino acid summary
There are twenty gene encoded amino acids across all living systems (Fig. 2.9), with a

further set formed by post translational modification. An increasing number of non-natural
amino acids are also available. Amino acids can be broadly classified in terms of their
relative affinity for water, based on whether they possess hydrophobic or hydrophilic side
chains.****" For instance, aromatic residues like Y and aliphatic residues like L are classed
as hydrophobic. Whereas residues with side chains capable of hydrogen bonding with water,
such as S are hydrophilic — though clearly this rule is not universal, since the hydrophobic Y
residue also possesses a phenol moiety capable of forming H-bonds. In addition, there are

five amino acids that are charged at physiological pH, which possess either an acidic (e.g. D)

29



Literature review: Aromatic peptide amphiphile based nanostructures

or basic (e.g. K) side chain - similarly these are also hydrophilic. Furthermore, there are three
special amino acids: glycine the most flexible and the only non-chiral amino acid; proline
whose rigidity in conjunction with glycine’s flexibility is important in forming beta turns
(within a protein context);m8

209,146
bonds.””

and cysteine which can be readily oxidised to form disulfide

Hydrophobic
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Figure 2.9 Twenty “natural” (which are gene encoded from their corresponding triplet codons) amino
acids.

2.4.3.2 The assembly of peptide fragments

Self-assembly processes are driven by maximising complimentary intramolecular and
intermolecular interactions, whilst also minimising unfavourable configurations. In addition,
a certain amount of freedom is also required to be viable in terms of entropy. Various
intermolecular interactions (Fig. 2.10) are possible depending upon the amino acid sequence,
such as electrostatics,”'® hydrogen bonding, aromatic stacking, and van der Waals forces.
The relative importance of these contributions varies, but within the context of aqueous self-
assembly hydrophobic interactions dominate - since the influence of any permanent dipoles
or charges associated with the gelator will be diminished through H-bonding with water and
electrostatic interactions with any dissolved ions.

The importance of hydrophobic interactions in the assembly of short peptides has also
been elucidated through extensive work on the amyloid formation of peptide fragments (e.g.

FF) in an effort to deduce some of the possible mechanisms in protein misfolding diseases
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Figure 2.10 Summary of non-covalent interactions associated with peptidic interactions.

such as Alzheimer’s.”” This work revealed that aromatic interactions are the dominant
contributor towards amyloid formation, with H-bonding interactions also a major factor. The
importance of peptidic aromatic stacking interactions can be illustrated by using the
intercalation of polyphenols to disrupt the normal amyloid assembly process.”'’ Furthermore,
the propensity of hydrophobic - and in particular aromatic - residues to effect the self-
assembly of short peptides, has also been previously revealed in a computational study of all
400 natural dipeptide combinations.’> The aim of this work was to identify potential
candidate sequences, predisposed to aggregation, in a logical and systematic fashion, as
opposed to employing laborious experimental trial and error. Although these amyloid and
computational dipeptide systems are evidently not aromatic peptide amphiphiles, this
comprehensive assessment of the self assembly of all possible dipeptide motifs provides
useful insights, which are also relevant to aromatic peptide amphiphile assembly. Hence, the
apparent predominance of aromatic residues (Fig. 2.11) in literature examples'>' of aromatic

peptide amphiphiles should come as no surprise.

2.4.3.3 General sequence space trends
The choice of peptide sequence is of course paramount to the self-assembly and gelation

ability of aromatic peptide amphiphiles. Ultimately, for effective gelation a
hydrophobic/hydrophilic balance must be reached where aggregation is favoured, but
precipitation does not take place. However, whilst these general principles are understood,

designing novel gelators, and rationalising their behaviour, remains a challenge.””” A
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systematic compar of the experimentally observed gelation ability of aromatic peptide

amphiphiles based upon their amino acid or dipeptide sequence is difficult. This is in part
because the gel state often represents a kinetic trapped, non-equilibrium state so many
different metastable structures may be formed from any particular gelator molecule,
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depending on the route of gelation. Indeed, different authors almost invariably follow
different gelation protocols.*>'”"*'* In addition, a variety of N-terminal functionalities are
utilised that influence the balance between the aromatic and peptidic parts of the self-
assembling molecule. However, despite these difficulties in making direct comparisons, a
literature analysis of Fmoc (Fig. 2.11 (a)) and more generally aromatic (Fig. 2.11 (b))
peptide amphiphiles, highlights the importance of hydrophobic and in particular aromatic
residues in terms of self-assembly and gelation capability (note that for the purposes of Fig.
2.11, only gene-encoded o amino acids were considered). However, it should be
acknowledged from the outset that other factors (besides self-assembly utility), such as
synthetic considerations and existing literature bias, may also have contributed to this trend.
As touched upon already, the diphenylalanine sequence is present in by far the greatest

: . S5 3 5 3
number of successful gelators including Fmoc-FF,'!:0%6%03 778183, 127.107.135.121,106.136.215.131.177

78,128,153,176 4

various naphthalene derivatives, azobenzene,® and others."””’ In addition, some
diphenylalanine gelators feature C-termini modifications (see section 2.4.4.3) such as
pyridine deriatives,”” or OEG based functionality."”” Hence, the prominence of the
diphenylalanine sequence shows the importance of hydrophobic aromatic residues in the
self-assembly of peptide amphiphiles. However, there is also clearly a historic bias from
Gazit’s pioneering work, and the role of diphenylalanine in amyloid formation as described
above, making it a natural first choice for many novel hydrogelators,'®%*-14%-103.216.98
Nonetheless, this indicates that the presence of aromatic amino acids can facilitate the
gelation process either through hydrophobic or specific aromatic stacking interactions,'”
which may act to reinforce the H-bonded B-sheet type arrangement.'”' Beyond Fmoc-FF,

prevalent successful gelators are mainly: hydrophobic dipeptides such as FY,%!'#5818

FV,78’81 F<‘A,81’84’159 and AA;78’81’87’106’153’176’120’174’89 or those which contain at least one
hydrophobic amino acid such as FG.%*77788831% 15 addition, single amino acid based
gelators are almost exclusively aromatic, based wupon either phenylalanine or
tyrosine, '8 30 164150.132. 142163 gy thermore, it has been found that for a wide variety of
naphthalene and Fmoc dipeptides, there is a correlation between the C log P values, and the
minimum gelation concentration and/or highest gelation pH.”®®' Similarly increasing
aromatic residues in the peptide backbone is found to increase the rate of hydrogelation and
the stiffness/elasticity of the network formed.®*® Although general trends can be observed
with respect to the hydrophobicity/aromaticity associated with the peptide sequence and the
corresponding physical properties of the resultant systems; it is not possible to reliably
predict whether a given molecule will form a hydrogel solely on the basis of C log P values

alone.
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In this respect, some notable outliers do exist; unsurprisingly the minimalistic diglycine
(GG) sequence has been the subject of several studies.””***"*”'® There are also examples of
successful aromatic peptide amphiphile gelator systems, which also feature hydrophilic
and/or charged residues such as S, T, Q, N, and E."""** Although the ability of relatively
hydrophilic sequences, to undergo hydrogelation is often dependant upon the corresponding
N- and C-termini — for instance, the gelator Fmoc-TF-OMe is obviously more hydrophobic
than the corresponding free acid would be.” Despite this, even non- or weakly- gelating
hydrophilic sequences can be used to tailor the properties of existing gelators through co-

assembly (see section 2.8.2),127’77

or alternatively some charged examples can exhibit co-
dependence via electrostatic interactions between components.'”> Furthermore, beyond
amino acids and dipeptide sequences, the tripeptide RGD cell binding sequence has been
utilised in a variety of self-assembly and hydrogel materials intended for cell culture
applications.**'” Although, the primary role of the RGD sequence is to encourage cell
integrin binding and adhesion to the supramolecular matrix, the alternating base-acid
sequence of Fmoc-RGD and the scrambled Fmoc-GRD, are also capable of undergoing self-
assembly and hydrogelation."”” Hence, despite the fact that large areas of the dipeptide space

remains apparently unexplored, there is clearly significant scope for covering the entire

range of amino acids and dipeptides.

2.4.3.4 Short sequences, large impact
Relatively small changes to the molecular structure can also have a large impact upon the

self-assembly, gelation, and properties of these materials. Fmoc-Y and Fmoc-F hydrogels
differ only by an —OH group, yet substantial rheological differences are observed."*> Whilst
the elastic and viscous moduli of Fmoc-Y are observed to be largely independent of the
applied frequency, Fmoc-F exhibits moduli that are heavily influenced by the frequency. In
addition, encapsulated dyes are released more easily from the Fmoc-F hydrogel. This
suggests that Fmoc-F forms a more flexible network, which adapts to applied mechanical
stresses. Whereas Fmoc-Y is a significantly stronger gelator; presumably the additional H-
bonding donor has an impact upon the H-bonding arrangement and the precise
supramolecular orientation adopted. Similarly, small structural alterations to hydrophilic
amino acids utilised in position two of a range of Fmoc free acid molecules appears to
strongly impact the gelation process.'”' Here, Fmoc-YT and Fmoc-YQ are solutions,
whereas in comparison Fmoc-YS and Fmoc-YN form hydrogels. In this example, the steric
bulk associated with an additional methyl or methylene unit has a profound impact upon the
self-assembly and material properties of these systems. Furthermore, by utilising alternative

peptidic interactions, atypical responsiveness can be built into aromatic peptide amphiphile
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hydrogels. For example, with the rich peptide chemistry available, it is possible to augment
supramolecular materials with covalent disulfide linkages. Here, the self-assembled Fmoc-
CF-OMe hydrogel can be formed in a reducing environment, with subsequent heating
resulting in the collapse of the network via oxidation of the cysteine residues.'* Hence, with
short peptide sequences it is possible to cover the full range of assembly processes available
to natural peptides and proteins. However, on this scale small changes to the peptide
sequence can have a relatively large impact upon self-assembly structures and material
properties. Compared to a high molecular weight protein or oligopeptide, a single amino acid

can have a comparatively large impact upon aromatic peptide amphiphile assembly.

2.4.3.5 Non-natural amino acid derivatives
It is also possible to alter the peptide component by modifying or replacing naturally

occurring amino acids with non-natural derivatives. The most straight forward methodology
involves modifying an amenable side chain functionality. For example, in Fmoc-KK(NDI), a
lysine residue is exploited as a pseudo N-terminus in order to introduce aromatic n-type
semiconductor functionality.” Similarly, in order to achieve an appropriate hydrophobic
balance for effective self-assembly and gelation, protecting groups such as Boc may simply
be left uncleaved."*® In addition, given the prominence of aromatic amino acid residues in the
literature it is unsurprising that non-natural amino acids such as naphthylalanine have been

% and indeed hydrogels.*> For

utilised in formation of amyloid based nanostructures, '
example, Fmoc-2-naphthylalanine has been found to exhibit relatively high thermal stability
and fast hydrogelation on account of the aromaticity/hydrophobicity of its amino acid
derivative.”” This suggests that increased aromaticity/hydrophobicity can facilitate fibre
nucleation — contributing to a robust, interconnected, network morphology.

In addition, as seen previously with the N-terminal aromatic moieties, the electronic
properties of natural aromatic amino acid residues have been modified via various ring
substitutions. For example, Fmoc-F has been halogenated with F, Cl, and Br, at ortho, meta,
and para positions.*” In this work, electron deficient side chains are found to enhance the
self-assembly rate, illustrating that these single atom modifications have a significant impact
on self-assembly and consequent hydrogelation behaviour, with F proving to have the most
dramatic effect. Both electronic and steric effects are thought to alter the monomer
conformations and the resultant helicity of the fibres, thus resulting in changes to the precise
aromatic stacking interactions present within the supramolecular assembly. In addition to
mono-halogenated Fmoc-F derivatives, the penta-fluorinated Fmoc-F analogue has also been
studied.”®'** Tt was found to undergo hydrogelation, and exhibited a minimum gelation

concentration of 0.1%wt (compared to 0.2%wt for Fmoc-Y, whilst Fmoc-F failed to undergo
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hydrogelation under similar conditions).'** Electronic, steric, and hydrophobic effects are all
believed to be potential contributors to the relative stability of this system. Hence, alteration
of the electronics of the aromatic side chains is clearly a useful technique for the tailoring of
the structural and physical properties of aromatic peptide amphiphile based materials by
enhancing n-stacking interactions between aromatic substituents.

Furthermore, one common strategy to enhance the lifetime of peptide based materials
intended for use in biological applications, for example in vivo, is the replacement of a with
B amino acids.  peptides - such as Nap-BFBF - are less likely to be metabolised due to their
increased resistance to proteolytic enzymes.''' For example, analogous Nap-FFY o and B
peptide gelators have demonstrated enhanced biostability associated with the B sequence
analogue.''® In addition, for dipeptide sequences enhanced proteolytic stability can also be
imparted by a single B-alanine residue; for instance Fmoc-fAV and Fmoc-BAF are biostable
hydrogels for potential in vivo drug release devices.”'® Here, the single B-alanine is sufficient
to ensure the stability of the amide bond with the natural valine or phenylalanine residue.
Alternatively, gelators can utilise the dextro (D-) enantiomers of the natural levo (L-) amino
acids.¥*" This reversal of handedness can also result in enhanced biostability, as illustrated
in a comprehensive study of various Nap-FF derivatives.'” In this example, a, B, D-, and
para fluorinated diphenylalanine Nap-FF gelators were considered for potential drug delivery
applications. Only the B and D- variants were found to exhibit resistance to proteinase K
digestion — thus highlighting the utility of these modifications for potential in vivo

applications necessitating biostability.

2.4.4 The C-terminus

o G
H o S (Di)peptide
C-terminus (e.g. OH)

Figure 2.12 Generic structure of an aromatic peptide amphiphile with the C-terminus highlighted.

For aromatic peptide amphiphiles, which are composed of short (e.g. di- and tri-) peptide
sequences, the normally free, acidic, C-termini, constitutes a significant part of the molecule,
and is often vital for achieving a ratio of ionised to neutral gelator molecules conducive to
gelation."””' Hence in this section the profound influence of COOH molecular segment shall
be examined in detail, in terms of the effects of pH and ions upon the self-assembly process

and physical properties.
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2.4.4.1 pH: controlling the ratio of COOH to COO"
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Figure 2.13 The self-assembly of Fmoc-FF against pH. Adapted from.""'

As previously alluded to, the gelation, properties, and supramolecular structure of a given
aromatic peptide amphiphile is usually found to be highly dependant upon the pH of the
medium concerned.'”” Aromatic peptide amphiphiles, almost invariably, have an associated
negative charge from the normally unprotected peptide C-terminus. Hence, altering the pH
changes the ratio of acid to conjugate base, which in turn affects the aqueous solubility of the
system. Ultimately it is the solubility and charge associated with the aromatic peptide
amphiphiles that determines whether or not aggregation and gelation is favourable.
Therefore it is unsurprising that pH is the primary means of controlling and initiating the
gelation of these systems.

Since the assembly of aromatic peptide amphiphiles possessing a terminal carboxylic acid
is largely dependant upon the neutralisation of negative charge, one might expect that
gelation would only occur at a relatively low pH, below the pK, of the molecular constituent.
However, this is clearly not the case, with many examples of gelation at physiological pH -
whilst the typical pK, for a C-terminal carboxylic acid is approximately 3.5. For example,
when pH titration experiments are performed on Fmoc-FF two distinct pK, shifts are
observed."”" It should be noted that an alternative study reports only a single pK, associated
with Fmoc-FF,"”’ this may be due to differences in the precise titration protocol adopted - as
the initial Fmoc-FF/pH study used heat-cool cycles between titrations in order to help ensure
a thermodynamic minimum was attained at each pH value. Further studies have shown that
Fmoc-FF is apparently unique among closely related systems (FG, GF, GG, LL, LG, GF),
which each only exhibit a single apparent pK, shift under identical experimental
conditions.”””” In any event, the initial Fmoc-FF/pH study"”' reports shifted pK, values at
about pH 9.5 and pH 6.2; which corresponds with the formation of a cloudy gel and the
gradual precipitation of Fmoc-FF, respectively. Substantial differences were also observed

by FTIR; with decreasing pH initially resulting in the appearance of amide I bands typical of
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a B-sheet type H-bonding arrangement. At low pH, below the second pK,, additional FTIR
modes also become apparent, presumably corresponding with the formation of precipitate.
Overall this points to a multistep aggregation mechanism with respect to pH (Fig. 2.13). At
high pH, Fmoc-FF is in an ionised and disordered state; below the first shifted pK,, fibre
formation and hydrogelation occurs; fibres continue to aggregate further with decreasing pH
and neutralisation of charge; until eventually below the second shifted pK, precipitation
occurs — corresponding with complete phase separation of water and peptide amphiphile.
Hence, this illustrates that hydrogelation requires the presence of some remaining ionised
material in order to prevent precipitation — the precise ratio required largely depends upon
the relative hydrophobicity of the gelator - in line with C log P correlations.”>*"""** In
addition, the observed apparent pK, shifts show that the self-assembly and gelation process
itself acts as a proton sink, which buffers against pH changes while supramolecular
reorganisation is proceeding. Although, fibres are often observed at high pH values, the
network integrity only increases via H-bonding interactions as protonation allows.®"**'*

Hence, there is likely a distinct supramolecular arrangement associated with aromatic

peptide amphiphiles high pH conditions as discussed in section 2.5.4 below.

2.4.4.2 lons and buffers

Following on from pH based assembly, the presence of various ions and the composition of
buffer can also help to facilitate the gelation process. For example, an azobenzene-GG
derivative is found to require a sufficient concentration of NaCl in order to exhibit
nanoribbon formation by TEM, chirality by CD, and undergo hydrogelation.'® In this
instance NaCl screens the negative charge associated with the carboxylate anions, which
would otherwise preclude self-assembly. Hence, the underlying mechanism behind ion
induced gelation is similar to the pH based methods, where protonation of the carboxylate
group is the driving force of self-assembly.

However, the vast array of ions available means that this is another means of potentially
augmenting the properties of aromatic peptide amphiphile based materials. For instance, the
use of various buffers can alter the mechanical properties of Fmoc-FF hydrogels prepared via
the dilution of a Fmoc-FF DMSO solution in the aqueous phase.'”’ Although the main
determinant is the final pH of the system, the choice of buffer also has a non-trivial impact
on the elastic modulus obtained. Elsewhere, the carbonate buffer has been used in the
gelation of various Fmoc based systems."”" Here, the carbonate anion is believed to be an
integral part of the H-bonding arrangement associated with various individual and co-
assembly systems.””® In this instance, increasing the number of carbonate equivalents

results in subtle spectroscopic shifts associated with CD — indicating that the carbonate can
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influence the predominance of a specific supramolecular arrangement. Phosphate buffers
have also been extensively reported throughout the literature. Due to its utility in pH
regulation, phosphate buffer is often utilised in enzymatic hydrogelation processes — since
enzymes generally have an optimal pH range.”” Phosphate buffer is also useful to define a
narrow pH range for gelation.'®'”” In addition, enzymatically cleavable phosphate in
conjunction with calcium ions allows for mineralisation on the fibrous surface of Fmoc-Y
based hydrogels.'®

Some attempts have been made to rationalise the role of anions in augmenting the gelation
of aromatic peptide amphiphiles."””'”™ Here, anions can be classified according to the
Hofmeister series,”' which assesses their relative tendency to be kosmotropes (encourages
H-bonding with water) or chaotropes (breaks H-bonding with water). Elastic moduli and Tg;
temperatures are also found to follow the same trend. Generally more resilient gels are
obtained from kosmotropes such as citrate or phosphate. Furthermore, by fluorescence, the
ratio of excimer to monomer is found to follow the Hofmeister series, with kosmotropes
displaying a more prominent excimer — suggestive of a greater degree of extended aromatic
stacking interactions. In addition, the extent of chiral organisation by CD is also found to
follow the Hofmeister series, with kosmotropes enhancing the magnitude of the negative 303
nm peak. However, the Hofmeister relationship with respect to CD is complex, with the
absolute magnitude and direction of the CD signals strongly influenced enzymatically, where
a chiral inversion takes place relative to gels prepared chemically — in this instance,
kosmotropes are similarly found to further enhance the magnitude of the now positive 303
nm peak.

Divalent cations have been observed to alter the fibre morphology of various systems
based on intermolecular ionic bonding interactions.'”> Here, with divalent Ca or Mg cations,
straight as opposed to helical fibres are observed by AFM. This difference is believed to be
mediated by charge screening of the usual electrostatic interactions which underpin the co-
assembly of for example K and Fmoc-E. The morphological differences are also
accompanied by an apparent loss of supramolecular chirality by CD. Similarly for an Fmoc-
BAH system, chelation with Zn induces hydrogelation and is also shown to cause a transition
from twisted fibrils towards wide nanotapes.39 Furthermore, because cell culture medium
contains a variety of ions, including divalent cations, existing aromatic peptide amphiphile
hydrogels can be utilised in conjunction with cell culture medium," or alternatively gelation
can be effected by the addition of cell culture medium itself."”"'"" Here, divalent cations can
facilitate the gelation process via crosslinking interactions between the fibres, which allow

for aromatic peptide amphiphiles to undergo hydrogelation over a wider pH range, and can
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potentially alter the morphology of the fibrous network.

Overall, pH and ions clearly have a strong influence upon the structure and properties of
aromatic peptide amphiphile based systems. Here, the choice of a particular salt is a
thermodynamic consideration, which can alter the morphology of the fibrous network.

Hence, this is clearly a useful means of increasing the utility of existing gelator systems.

2.4.4.3 C-terminus modifications
As discussed above, the main advantage of using the free acid C-terminus, is that the self-

assembly of the gelator can be easily triggered by pH adjustments. Hence, a range of peptidic
functionality can potentially be accommodated, since pH adjustments will alter the balance
between deprotonated and protonated forms. As such the vast majority of aromatic peptide

amphiphiles utilise the free acid.

o) 0 0
EJ\OH QLOMe "‘-JLLNHZ

COOH COOMe CONH:

Q (o) z -
SH + Cl
NT S ‘;41\ N
H N

Thiol Pyridinium
(o)

‘;LJLI\N/\/O\/\O/\/OH
H OEG
0

‘JQI\N/\/O\/\O/\/NHZ
H OEG-NH:
(0]
341\ 0 N_ _O
N~ NN NN \"/ h/
H
OEG-NHBoc (0]

Figure 2.14 A selection of C-termini reported in the literature. COOH is overwhelmingly the most
common of these.

However, when the C-terminus is functionalised (Fig. 2.14) with a methyl ester, solubility
in water can be problematic. Hence, methyl ester functionalised peptide sequences normally
possess at least one hydrophilic residue to aid solubility and dispersion in water.””*'** In
addition, self-assembly and gelation of these systems is often initiated enzymatically using a
condensation reaction of freely soluble amino acid building blocks (often catalysed by the
protease thermolysin as discussed in section 2.7.3.3). Hence, kinetic aspects which can

otherwise hinder the gelation of poorly soluble methyl ester derivatives, can be overcome
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with an in situ enzymatic condensation methodology.

A systematic variation of the C-terminus of various side chain halogenated Fmoc-
phenylalanine derivatives has broadly revealed that COOH promotes gelation, COOMe
promotes precipitation, and CONH, generally results in solutions for these systems.”® Of
course, although these C-termini solubility trends generally hold (CONH, > COOH >
COOMe), depending upon the hydrophobicity of the corresponding N-terminal aromatic and
peptide sequence, COOMe’ and CONH,"*’ C-termini can both prove perfectly amenable to
undergo gelation. Hence, simple modifications to the C-terminus can have a significant
impact on the solubility and consequently the self-assembly characteristics of these
materials.

Other C-termini modifications used for aromatic peptide amphiphile based hydrogelators
include a thiol,'” several pyridinium derivatives,”” and variations of a OEG chain."*'* The
pyridinium derivatives are of note, since for these systems the C-termini charge has been
reversed from negative to positive. In addition, pyridinium is also of interest due to its
antibacterial activity. Unsurprising, the pyridinium gelator with the lowest minimum gelation
concentration was based on the familiar Fmoc-FF motif. In addition, one of the OEG based

hydrogelator systems,'”’

also possesses a cationic C-terminus, Boc protection of which
allows for the preparation of organogelators. Hence, there is clearly a lot of scope for
augmenting or altering the self-assembly properties of aromatic peptide amphiphile materials
via modification of the C-terminus. Ultimately the hydrophobicity of the corresponding
aromatic and peptide components must be suited to a given C-terminus for hydrogelation to

take place.

2.5 Supramolecular organisation

2.5.1 Possible stacking conformations
(a) Parallel (b) Antiparallel (c) Interlocked antiparallel
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Figure 2.15 Depiction of possible aromatic stacking interactions present in aromatic peptide
amphiphile nanostructures: blue diamonds represents the N-terminal aromatic moiety; cuboids
represent the dipeptide sequence, and the small blue squares in (b) correspond to aromatic side chains.
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The self-assembly of aromatic peptide amphiphiles is based upon the alignment of relatively

hydrophobic and relatively hydrophilic regions of the molecules.'"> For aromatic peptide
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amphiphiles, hydrophobic contributions are dominated by the influence of the aromatic
functionality at the N-terminus, whereas the peptidic H-bonding arrangement assumes the
role of the relatively hydrophilic motif. One of the key questions associated with this
supramolecular stacking arrangement is whether a parallel or an antiparallel stacking
conformation is adopted, with evidence for both modes of assembly presented in the

literature.

2.5.1.1 Parallel versus antiparallel

8]

x
<
=
2
w

~3 nm
Figure 2.16 (a) Penta fluorinated Fmoc-F (a representative example of a Fmoc-F/Y derivative); (b)
Parallel stacking arrangement; (c) Further aggregation of the elementary stacks. Adapted from.'®

Parallel stacking (Fig. 2.15(a)) arrangements have been proposed for a variety of side chain
halogenated Fmoc-F and Fmoc-Y derivatives (Fig. 2.16). This assignment is partly based
upon CD signals at 270-310 nm and 200-230 nm, which are attributed to chiral Fmoc-Fmoc
and phenyl-phenyl stacking interactions respectively,*” but this does not preclude the
alternative antiparallel structures. Furthermore, XRD spacings of 14 and 30 A are proposed
to be consistent with the length of a single Fmoc-(penta-fluorinated)-phenylalanine molecule
and the association of multiple parallel fibrils, respectively; such that the relatively
hydrophobic Fmoc moiety remains buried in the core, whilst the carboxylates interact with
the aqueous medium.'** This proposed structure, based upon buried hydrophobics and
parallel H-bonded stacking (4 A XRD spacing) interactions, is analogous to the fibrous
aggregation arrangements seen for longer, predominately aliphatic, peptide amphiphile
systems.”****’ However, similar spacings (WAXS) are also observed in (for example) the

1

Fmoc-FF system,'”' which is proposed to form an interlocked antiparallel supramolecular

arrangement (see section 2.5.1.2) — hence the elucidation of stacking arrangements from
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characteristic spacings can be somewhat subjective.

The pH dependence of the self-assembly process is also cited as an argument for the
parallel stacking arrangements of these Fmoc-F and Fmoc-Y based systems,”® since at high
pH adjacent carboxylates would presumably repel one another and preclude self-assembly
and gelation. However, substantial apparent pK, shifts are often observed for aromatic
peptide amphiphile hydrogels in general (irrespective of the proposed stacking arrangement);
with self-assembly occurring at a higher pH than would intuitively be expected,”"'"”
suggesting that carboxylic acids are in a hydrophobic environment. In addition, an
antiparallel arrangement (e.g. similar to Fig. 2.15 (b)) could be energetically advantageous
given the potentially complementary aromatic stacking interactions between Fmoc and, for
example, the electron deficient penta-fluorinated phenylalanine ring system.'* It could also
be argued that single amino acid gelators such as these, are not necessarily representative of
other aromatic (e.g. di- and tri-) peptide amphiphiles, since the single carbamate group
precludes the formation of any B-sheet type H-bonding arrangement.

In any case, aromatic peptide amphiphiles that possess aromatic side chains at least have
the option of adopting an antiparallel conformation (Fig. 2.15(b)). For instance, a
naphthalene-FFGEY derivative is believed to adopt an antiparallel structure, with a B-sheet
type H-bonding arrangement indicated by positive (near 196 nm) and negative (near 215 nm)
CD bands.""” The lack of significant excimer formation at 450 nm, and the presence of a
shoulder above 400 nm adjacent to a monomeric naphthalene peak at ~340 nm by
fluorescence, indicates naphthalene-phenyl stacking interactions as opposed to extensive
naphthalene-naphthalene stacking. These antiparallel stacks are then proposed to undergo
further aggregation into nanotubes, via interactions between the pendant EY sequences
(presumably by an interlocking mechanism different from both analogous to Fig. 2.15(c)).

Aromatic residues are also shown to be a prerequisite for the antiparallel conformation in a
study where distinct stacking arrangements have been proposed for aromatic peptide
amphiphile with different dipeptide sequences.''' With naphthoxy-GPA exhibiting stronger
naphthalene stacking interactions than naphthoxy-BFBF on account of an increased
fluorescence emission redshift. This is rationalised on the basis of naphthoxy-GBA adopting
a parallel aromatic stacking arrangement, featuring H-bonding interactions with at least two
other monomers, with layers almost perpendicularly orientated with respect to one another
(Fig. 2.17(a)). In comparison, naphthoxy-BFpF is proposed to assemble through H-bonding
between the amide group adjacent to the naphthalene and the terminal carboxylic acid, thus
giving rise to a helical structure (Fig. 2.17(b)) that assembles into fibres through the further

aggregation of these helices. Hence, it can be surmised that if there is aromaticity associated
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with the peptidic part of the gelator, then this can potentially compete with the nominal
stacking of the N-terminal aromatic groups. These radically different models, from closely
related gelators, illustrate that a single supramolecular structure, which is representative of
all aromatic peptide amphiphile systems is unlikely.

(a) Naphthoxy-GBA (b) Naphthoxy-BFBF
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Figure 2.17 Aromatic side chains lead to an apparent disruption of parallel stacking arrangement.
Adapted from.'"!

2.5.1.2 Interlocked antiparallel
As alluded to, a distinct antiparallel arrangement can be envisaged whereby stacks of H-

bonded peptides are interlocked via antiparallel stacking between adjacent N-terminal groups
(Fig. 2.15((:)).168 This interlocking mechanism is an attractive proposal, which manages to
address the disparity in aromatic stacking distances that would otherwise arise from this
conformation.'”' Henceforth, this will be referred to as the interlocked antiparallel stacking
arrangement (Fig. 2.15(c)), to avoid confusion with the aforementioned antiparallel structure
(Fig. 2.15(b)), which is obviously side chain dependant.

For example, the stacking conformation of the popular Fmoc moiety has been
hypothesized to adopt a number of possible aromatic stacking conformations, with the
interlocked antiparallel arrangement one of the most prolific. These structural assignments
have been made partly on account of the various fluorescence emission bands normally

observed for these materials,**%

with gelation often accompanied by a redshift in the
emission spectrum. For instance, Fmoc-LG is proposed to exhibit an interlocked antiparallel
stacking arrangement on the basis of a fluorescence emission redshift from 320 to 330 nm.'*
With self-assembly and gelation also accompanied by an increasing CD signal. Similar
results are also observed in a study that included Fmoc-LL and Fmoc-LG hydrogels, with an
emission redshift from 313 to 317-330 nm attributed to an interlocked antiparallel fluorenyl
stacking arrangement.”>'* Furthermore, a fluorescence shift from 309 to 323 associated

with the co-assembly of Fmoc-L. and Fmoc-K, is also thought to coincide with a

predominately interlocked antiparallel arrangement in the gel state.*® However, the existence
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of a shoulder at 380 nm is believed to be indicative of a small portion of parallel Fmoc-Fmoc
interactions — this is in agreement with the excimer emission observed for an intramolecular
parallel fluorenyl interaction.””® Others have attributed a similar shoulder at 370-380 nm to
parallel interactions within micellar aggregates.'****® Furthermore, parallel, antiparallel, and
interlocked antiparallel dimers are suggested to be present for a Fmoc-Y system on the basis
of 400, 350, and 380 nm peaks, respectively.90 In addition, there is also often an excimer
emission peak at approximately 450 nm from the extended aggregation of these aromatic
moieties. Hence, there appears to be some inconsistency in the interpretation of these
characteristic fluorescence bands — but generally speaking, a more pronounced redshift
corresponds with more extensive interlocked antiparallel structure. However, the variety of
stacking conformations proposed also indicates that various stacking arrangements can
potentially co-exist, depending upon any aromaticity associated with the peptide component,

and the degree of disorder associated with a particular system.

2.5.1.3 H-bonding within the supramolecular stacking conformation
In addition to the aforementioned aromatic interactions, H-bonding between peptides is also

likely to contribute to any proposed stacking conformation. Hence, FTIR absorptions at
~1685 and ~1625 cm’ have been extensively utilised as experimental evidence of an
antiparallel B-sheet type arrangement associated with aromatic peptide amphiphile based
hydrogels.”"® However, these characteristic assignments originate from the elucidation of
secondary protein structures, where the higher wavenumber peak at ~1685 cm™ is associated
with an antiparallel structure.”” Whereas, for aromatic peptide amphiphiles, the 1685 cm™
band actually originates from the carbamate of the Fmoc functionality.®®'” Nevertheless,
FTIR amide I peaks can still indicate the formation of an extended B-sheet type H-bonding
structure, which in conjunction with other techniques may be interpreted as antiparallel. For
instance, Fmoc-BAH is proposed to adopt an antiparallel, aromatic stacked, B-sheet type
structure on the basis of characteristic amide I bands at 1636 and 1684 cm™ by FTIR, and
XRD spacings of 3.2 A 46A and 124 A providing evidence for aromatic stacking, B-sheet
type H-bonding, and inter-sheet stacking distances, respectively.” Furthermore, the
antiparallel arrangement is suggested for a variety of other aromatic peptide amphiphiles
from FTIR, fluorescence, and XRD results.”” Here, as discussed above, the fluorescence
redshift is cited as evidence of an interlocked antiparallel fluorenyl conformation. In
addition, the XRD spacings of 3.5 A, 4.6 A, and 9.4 A are indicative of Fmoc-Fmoc
stacking, inter-strand [-sheet type H-bonding, and inter-sheet stacking distances,
respectively. This suggests an overall supramolecular conformation composed of antiparallel

H-bonded stacks, which are then interlocked with aromatic stacking interactions (Fig.
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2.15(c)). 12147

Hence, besides the overall hydrophobicity of a peptide amphiphile, H-bonding interactions
and by extension the peptide sequence also have important implications for the structural and
physical properties.'® For instance, when various glycine residue substitutions are applied to
the popular Fmoc-FF and Fmoc-LL hydrogel systems, several trends become apparent
(Table. 2.1).”7*° Although all sequences form supramolecular structures primarily through
hydrophobic interactions. The Fmoc-GF and Fmoc-GL systems precipitated, whereas Fmoc-
GG formed a meta-stable gel that precipitated over time. Only in the Fmoc-FG and Fmoc-
LG examples (also see'*’) where the phenylalanine or leucine residue is adjacent to the N-
terminal Fmoc moiety does stable gelation take place. Here, the position of the flexible
glycine residue — that is not predisposed to form B-sheets — clearly influences whether or not
the supramolecular stacking arrangement is conducive to gelation; with overly flexible
examples exhibiting less propensity for forming a B-sheet type H-bonding arrangement as
assessed by FTIR (~1685 and ~1625 cm') and WAXS (~4.6 A inter-strand spacing).
Similarly other hydrogel systems appear sensitive to the sequence order, since upon the
inversion of an Fmoc-VLK(Boc) sequence, Fmoc-K(Boc)LV exhibits relatively unoriented
assemblies, branched fibres and a larger elastic modulus."® Hence, the order of the peptide
sequence is again seen to have consequences for backbone flexibility and H-bonding
conformations available to the molecule. Overall, as a rule of thumb for Fmoc dipeptides, a
relatively flexible residue (e.g. glycine) in the first position increases the likelihood of
precipitation as opposed to facilitating gelation — by disfavouring the formation of a B-sheet
type H-bonding arrangement.

Table 2.1 Gelation, and relative inference of a -sheet type H-bonding arrangement depending upon
Fmoc-dipeptide sequence.’””

Sequence FF FG GF GG LL LG GL
Gelation Yes Yes No Yes® Yes Yes No
FTIR® Yes | Disordered | No No Yes Disordered No
WAXS° Yes No No No No No No

“metastable with gel precipitating over time. "Yes if amide I peak observed at ~1625 cm™', Disordered
if amide I peak observed at ~1640™". “Waxs B-sheet type spacing ~4.6 A

2.5.2 1D and 2D growth mechanisms

Despite all of the discussed stacking conformations (Fig. 2.15), evidently, further
aggregation mechanisms are responsible for the 1D fibrous morphologies normally observed
in these hydrogel materials — two main mechanisms are proposed herein. In either case,
curvature associated with the (interlocked) H-bonded stacking structure is ultimately
responsible for the observed supramolecular chirality,* this is important, because in general

self-assembly terms, chirality has been cited as a key factor or requirement for self-assembly
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Figure 2.18 Depicts coiling tape mechanism (as applied to aromatic peptide amphiphiles featuring
interlocked antiparallel stacking conformation — with aromatic and peptide stacking shown in blue and
yellow respectively).

into fibres/nanotubes.”’*** Here, for what shall be referred to as the coiling tape mechanism
(Fig. 2.18), elementary tapes, which would otherwise form 2D structures via lateral growth,
develop into twisted and then coiled tapes over the course of the self-assembly process.”'
This closing mechanism is found to proceed via a combination of two possible routes;
growing width and closing pitch (increasing helicity) of the elementary tape. Finally when
the coiled tapes close over, the resultant fibre or nanotube morphology is obtained. For
aromatic peptide amphiphiles, the outside and/or core of this structure could potentially be
stabilised via hydrophilic and/or hydrophobic amino acid side chains respectively, depending
of course on the precise peptide sequence in question.

A similar fibrous aggregation mechanism is also proposed on the basis of helicity.”* Here,
with increasing concentration, helical tapes undergo plane-to-plane bilayer and then lamellar
type stacking interactions to form ribbons, fibrils, and finally fibres. Hence, the lateral
growth of the elementary tapes is inherently limited by their helicity, explaining why 2D
structures are not generally observed. In addition, an infinite lamellar stack composed of
these tapes is also generally disfavoured on the basis of helicity. Hence, this shall be referred
to herein as the helical lamellar growth mechanism (Fig. 2.19), where for the specific case of
aromatic peptide amphiphiles, lamellar type stacking would be stabilised via complementary

peptide side chain interactions.

47



Literature review: Aromatic peptide amphiphile based nanostructures

(a) Helical (b) Non-helical

(i) Helical tapes (i) “Infinite” lamellar stack

6

(ii) Helical bilayer (ribbon)

?\

(iii) Helical lamellar (fibre)

Figure 2.19 Depicts (a) helical lamellar growth mechanism, where red and yellow faces refer to
generic self-complementary interactions; (b) for comparison, non-helical tapes could hypothetically
yield “infinite” (i) lamellar stacks or (ii) lateral growth.

(ii) “Infinite” lateral growth

For example, the ubiquitous Fmoc-FF system (Fig. 2.20) has been proposed to give an
interlocked antiparallel stacking conformation, followed by a higher ordered aggregation
mechanism that in part appears to be akin to the coiling tape growth mechanism (Fig.
2.18)."*! Similar to previous examples the intermolecular stacking arrangement is supported
by ordered H-bonding interactions by FTIR, and a 218 nm peak by CD that is also attributed
to this B-sheet type arrangement. In addition, the interlocking of these B-sheet stacks is
inferred from a fluorescence shift to 330 nm suggestive of an antiparallel orientation of the
Fmoc groups.® Furthermore, this system exhibits a fluorescence excimer at 460 nm,
indicating extensive J-aggregate formation. The interlocked B-sheet structure is also
rationalised on the basis that the Fmoc moieties would otherwise be too far apart to allow
effective overlap. Due to a twist present in the B-sheet which is a consequence of the

. 2
presence of chiral centres,™”

the sheets are believed to rotate to allow full fluorenyl overlap.
Overall this results in a cylindrical arrangement, with four interlocked sheets forming a the
pseudo-tertiary structure 30 A in width, with a 7 A cavity in the centre. Further side by side
aggregation of these cylindrical structures, yields the observed ribbons by TEM. These
proposals are also supported by WAXS, which features several of the spacing that would be

characteristic of this supramolecular assembly. Nanotubes are also observed for the Fmoc-
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Figure 2.20 Supramolecular structure of Fmoc-FF; (a) interlocked antiparallel arrangement, (b) sheet
helicity, (c, d) cylindrical structure, as depicted in.!?!

LLL system, with several B-sheets interlocked via aromatic stacking.'*’ In this case multiple
(e.g. three) B-sheet layers are believed to be associated with a given cylinder — as indicated
by WAXS and molecular dynamics simulations. Overall, for both Fmoc-FF and Fmoc-LLL,
the curvature associated with the interlocked sheets provides the basis of 1D
fibrous/cylindrical assembly, via the coiling tape mechanism, as opposed to an infinite 2D
sheet.

However, the higher order aggregation mechanism adopted is found to be sensitive to
small changes in the peptide sequence, with the sterics associated with peptide side chains a
major factor, as has been observed for a range of Fmoc dipeptide methyl ester systems.”
Here, spectroscopic evidence suggests that the underlying aromatic stacking (e.g. by
fluorescence redshift and excimer formation) and H-bonding (by FTIR) processes
underpinning the interlocked antiparallel assembly process are similar across the systems;
Fmoc-SF-OMe, Fmoc-TF-OMe, Fmoc-SL-OMe, and Fmoc-TL-OMe. In addition, similar
characteristic spacings are observed by WAXS; 3.8 A Fmoc stacking, 4.6 A p-sheet type H-
bonding, and a ~15 A spacing from the length of the peptide backbone. Despite this,

different supramolecular architectures are seen to be dependant upon minimal changes to the
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g [ i 0

Figure 2.21 TEM images of (a) Fmoc-SF-OMe, (b) Fmoc-SL-OMe, (c) Fmoc-TF-OMe, and (d)
Fmoc-TL-OMe based nanostructures. Adapted from.”

peptide sequence. For instance, a hydrophilic serine residue adjacent to the Fmoc moiety
(Fig. 2.21) induces more planar structures, with Fmoc-SF-OMe being the most dramatic
example - exhibiting 2D sheets.”® In contrast, when serine is substituted for threonine, this
promotes the formation of 1D fibres or twisted ribbons. These dramatic morphological
differences can be explained on the basis of minimising water contact with the additional
methyl group of threonine, thus inducing a twist in the supramolecular structure.
Furthermore, the additional chiral centre associated with threonine may also be an important
factor here. In any case, Fmoc-SF-OMe is believed to promote a planar structure via the
formation of a bilayer exhibiting an extensive lateral growth mechanism (e.g. Fig. 2.19
(b)(ii)); with the hydrophobic phenylalanine residues buried within the structure, whilst the
hydrophilic serine residues interact with the aqueous phase. These planar structures
associated with SF and SL are also supported by a WAXS spacing of ~9.3 A, which could
coincide with the side chain spacings between interacting sheets. It is also possible that these
bilayers could assemble further in a lamellar fashion as depicted in Fig. 2.19(b)(i). TEM
results suggest a possible mechanism for sheet formation; initially twisted ribbons are

observed to undergo branching, while later the nucleation of ribbons can be observed from
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the edges of the nanosheets. These apparent intermediary structures indicates that there is a
fine balance between the 2D nanostructures observed for this system, and the 1D fibres
normally obtained. This is partly ascribed to the reversed hydrolysis enzymatic assembly
mechanism used in this instance — a reversible process driven by the attainment of the most
thermodynamically favourable nanostructure — hence, it is difficult to directly compare these
systems.

|4—\16{\ —

Hydrogel
Network of 1D Nanobelts Amyloid B-sheet
hydrogen bonding
Figure 2.22 Supramolecular structure of Fmoc-KK(NDI) “nanobelt” as depicted in.”

rn-nt interactions

In an example that is similar to the hydrophilic/-phobic sequence of Fmoc-SF-OMe, the
aggregation of aromatic interlocked antiparallel B-sheets type structures, may also be subject
to the lamellar growth mechanism. For instance, the Fmoc-KK(NDI) system is proposed to
form “nanobelts” (i.e. bilayer tape structures with limited lateral growth), where the Fmoc
interlocked sheets assemble in a face to face manner that utilises the aromatic stacking of the
n-type NDI groups, whilst the unfunctionalised lysine residues point outwards into the
aqueous medium (Fig. 2.22).60 Here, stacked K(NDI) side chains and separately stacked N-
terminal Fmoc groups stabilise the H-bonded antiparallel dilysine supramolecular
arrangement. This material exhibits substantial fluorescence quenching upon self-assembly,
and is potentially well suited for 1D charge migration. The supramolecular arrangement is
supported by characteristic XRD spacings, and fluorescence emission spectroscopy which
suggests orthogonal Fmoc-Fmoc and NDI-NDI aromatic stacks. However the mechanism
responsible for inhibiting the continued lateral assembly of the Fmoc interlocked structures
is unclear. It is possibly the charge associated with the lysine residues that limits the
aggregation mechanism, as if there is a helicity associated with the ribbons (e.g. Fig. 2.19
(a)(ii)) then lateral growth would bring these surface charges into close contact with one
another. In addition, the fact that previously described sheets of Fmoc-SF-OMe were
assembled under thermodynamic control,” suggests that elementary stacking imperfections
may contribute to the inherent helicity of the interlocked B-sheet type structures. Elsewhere,

an independent study of various Fmoc-peptide (e.g. FF, FRGD, RGDF) gelators has found
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XRD spacings of about 4.7 A and 10 A, associated with the p-sheet interstrand stacking and
lamellar stacking distances, respectively.”” Here, it was observed that the latter stacking
distance was variable depending upon the precise peptide sequence employed. Hence, while
the precise mechanism and supramolecular structure may be dependant upon the peptide
sequence or gelation protocol utilised, it is clear that supramolecular chirality is important

for the formation of 1D nanostructures.
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Figure 2.23 An example of a 1D compact stacking arrangement predicted for naphthoxy-GA.
Adapted from."*

Hence, despite the predominance of 1D aromatic peptide amphiphile nanostructures, 2D
structures can also be obtained depending upon the peptide sequence. In this respect, efforts
have been made to rationalise similar behavioural differences between a naphthoxy-GA
meta-stable hydrogel and a naphthoxy-AG crystalline material.'”> Computed packing
arrangements and XRD experiments suggest that 1D H-bonded molecular aggregates are
energetically more favourable for the successful gelator, whereas the crystalline material
preferentially exhibits a 2D H-bonding network. Both systems demonstrate potential 1D
stacking arrangements composed of open tapes, which possess a parallel conformation with
aromatic stacking at the periphery, and carboxylic acids H-bonding with one another at the
centre between two parallel molecular stacks. However, only the naphthoxy-GA
hydrogelator exhibits a significant number of relatively low energy, compact, 1D H-bonding
arrangements. These more compact stacking arrangements, similarly feature parallel H-
bonding and aromatic stacking interactions, but often with the carboxylic acids H-bonding to
an amide carbonyl or the naphthoxy oxygen (Fig. 2.23). In addition, the angle between the
aromatic and peptide is also suggested as a reason for the differential self-assembly
behaviour of these systems. This is a concept that was previously discussed in section 2.4.2,

whereby naphthoxy linkers displayed the greatest potential for hydrogelation on the basis of
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a relatively linear molecular conformation.*” These findings reinforce the complexities
associated with supramolecular self-assembly, and reiterate the multitude of proposed
stacking arrangements. However, a similar theme re-emerges; the fine balance between 2D

crystallisation/precipitation and 1D fibrous hydrogel assembly.

2.5.3 Disorder in the supramolecular assembly

In addition to the proposed supramolecular models that feature a -sheet type arrangement
with ordered aromatic stacking interactions, disorder is likely to be a significant aspect of the
supramolecular structure. This is evidenced, by for example the “random coil” type

220,66,79,170 __ -
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contributions (~1650 cm™) visible within the FTIR spectra of many gels,
relative intensity of this band seen to vary, thus indicating a varying degree of disorder and
heterogeneity associated with these materials.

For example, from computational stimulations and accompanying experimental data, a
model based on a prominent “polyproline II” type conformation (i.e. a supramolecular
structure lacking substantial internal H-bonding interactions) has been proposed for the
Fmoc-AA system.'” Computational simulations were initiated using starting structures
based upon various parallel stacking conformations; with the aromatic groups concentrated
at the core, whilst the peptides point out towards the aqueous interface.'** Given the limited
simulation sizes, edge effects are likely to disproportionately affect the results. In any event,
these starting structures were found to be unstable, with a more disordered “polyproline II”
type conformation observed after the simulations were completed. In agreement with
previous studies,” a variety of aromatic stacking arrangements were exhibited by the Fmoc
groups. Furthermore, instead of a P-sheet type structure, results showed prominent H-
bonding interactions with water and between the carbamate and terminal alanines. Torsion

80,133
angles™

also inferred an apparent preference for “polyproline II” conformations; although
some angles characteristic of antiparallel structures were also observed. Experimentally,
WAXS demonstrates the presence of a 4.35 A spacing, which on account their computational
results is assigned to aromatic stacking as opposed to -sheets. The authors also report some
FTIR and CD absorptions typically attributed to P-sheet type structures. However, the
authors note that the CD peak positions are shifted with respect to proteins, and the FTIR
also shows a prominent absorption at 1644 cm™, which is assigned to random coil type
structures. Similar FTIR results were also demonstrated in a recent study that featured Fmoc-
AA.% In terms of a higher order assembly mechanism, the authors note that the

supramolecular “polyproline II” type structure yields an amphiphilic surface, with some of

the Fmoc moieties exposed to the bulk. These hydrophobic features on the surface of the
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elementary fibres, may help to facilitate further aggregation mechanisms between fibres,
resulting in extensive interconnectivity. Overall, this is an interesting study; however, it is
unfortunate that the computational simulations did not consider some of the discussed
antiparallel stacking arrangements, particularly since the torsion angle results indicated that
this conformation might be favourable. Nevertheless the study highlights that disorder is
likely to be a significant factor in the supramolecular assembly of aromatic peptide
amphiphile materials, and that protein secondary structure analogies should be applied with a

degree of caution.

2.5.4 Worm like micelles at high pH

As discussed previously in sections 2.4.4.1 and 2.4.4.2, the supramolecular assembly of
aromatic peptide amphiphiles is also sensitive to environmental factors. For instance, one
fairly intuitive proposal is the adoption of worm like micelle structures at high pH, with the
charged carboxylates at the surface and the aromatic moiety buried in the core.'”” The
presence of worm like micelles has been inferred by sample viscosity and via the observation
of structures by TEM at high pH. Here, crosslinking of the surface carboxylates could also
be facilitated using divalent cations to improve the network integrity. Supporting the cation
crosslinking worm-like micelle model is the observation that the gelation of various
naphthoxy-dipeptide derivatives at high pH is most easily facilitated by divalent cations such
as Mg and Ca, as opposed to monovalent Li, Na, or K."* Furthermore, divalent species
increase the elastic moduli of these systems by over an order of magnitude. There is also
some dependence on the counter ion, but these rheological differences are far less dramatic.
Hence, crosslinking interactions between worm like micelles allow for aromatic peptide
amphiphiles to undergo hydrogelation over a wider pH range, altering the morphology and
properties of the fibrous network in the process. The worm like micelle model also makes
sense within the context of an amphiphilic species, whose bulky aromatic most likely
precludes the formation of spherical aggregates. In addition, these high pH systems are
inherently more disorganised, since these structures lack the ordered H-bonding
arrangements normally associated with peptide amphiphiles.””’” This pH dependant, and
ultimately distinct supramolecular structure associated with aromatic peptide amphiphiles,
simply represents a different, more disordered, stage of the aggregation process before the
pH is lowered, and before extended H-bonding begins to lock the network into place."
Since TEM fibrils and fluorescence emission peaks at ~375 nm corresponding to micellar
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aggregates have been reported for Fmoc systems at high p and a preference for

parallel stacking interactions between Fmoc moieties have been inferred by molecular
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dynamics simulations at relatively low (virtual) subgelation concentrations,”” we believe
that micellar aggregation is a more general phenomena associated with aromatic peptide
amphiphiles while in the relatively ionised state — the addition of divalent cations simply

allows for gelation to take place under these conditions.

2.6 Hydrogelation: Concentration and temperature
dependence

Besides pH and ions, other environmental factor such as temperature and the gelator
concentration also have an impact on self-assembly, gelation, and the properties of aromatic
peptide amphiphile materials. As discussed previously, self-assembly is governed to a large
extent by the apparent pK, of a given gelator. However, the apparent pKa is also sensitive to
the concentration of the gelator - increasing in line with concentration before reaching a
plateau.”” In addition, gelation is also temperature dependant, as the strength of
intermolecular interactions is heavily influenced by temperature; for example at elevated
temperatures, aromatic stacking interactions begin to form before a H-bonding network is
established.® So all of these thermodynamic factors are in fact interlinked, and have a
profound effect on the gelation process.

Altering the final concentration of the gelator, has an intuitive impact upon the properties
of the resultant hydrogels; with higher concentrations resulting in more rigid materials.'”’
The generality of this rule stems from the fact that supramolecular hydrogelators typically
have an associated minimum gelation concentration.**'**** Of course, the minimum gelation
concentration does not necessarily correspond with the critical aggregation concentration;
fibres may simply be too diffuse to form a coherent network or fail to coalesce because of
electrostatic repulsion. In any event, the concentration of the gelator is one of the primary
factors that influences the properties of hydrogel materials, with the minimum concentration
differing greatly, depending upon the molecular structure of gelator concerned, and
prevailing conditions such as pH.

This relationship between hydrogel properties and gelator concentration is also reflected in
an increasing gel-solution transition (T, ) temperature as the concentration of the gelator is
increased.**'%*'" Firstly these results reiterate that, as would be anticipated, higher
concentrations result in a more dense fibrous network, which in turn enhances the rigidity
and stability of the supramolecular network. However, the interdependence between
concentration and T, highlights the importance of temperature in the self-assembly process.
Most hydrogels exhibit a T, temperature, above which the supramolecular network breaks

down and a gel to solution transition takes place. Hence, by exploiting the T, parameter it is
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possible to prepare hydrogels via a heat-cool cycle.'™ This process is easily reversible and
can be repeated without a significant impact upon the properties of the final material.''' In
addition, hydrogels prepared using a heat-cool cycle often have properties which are distinct
from those prepared using alternative methods (e.g. pH switch etc).'” Temperature affects
the entire sample, and the rate at which the sample is cooled can be precisely controlled.
Hence, by using temperature the self-assembly process can be allowed to progress over a
longer time period before the system becomes kinetically trapped in the gel state. In this
way, arguably, a more thermodynamically favourable supramolecular network can be

obtained.
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Figure 2.24 Simplified free energy description of gelation process. (a) and (b) can potentially allow
gelation between precipitate and solution phases depending upon temperature/concentration, whereas
in (c) and (d) gelation cannot occur as “compound” is too (in)soluble at all temperatures. Note that
more than one of these mechanisms could apply to a given gelator depending on pH for example. In
addition, above scheme makes the false assumption that intermolecular force strengths are
independent of temperature.

For example, a heat-cool protocol is found to increase the rate of assembly associated with
Fmoc-F based materials prepared using the DMSO dilution method.'* Furthermore, heating
has been found to help induce the gelation of Fmoc-GG and Fmoc-FG prepared via pH
adjustment.”” Here, heating followed by subsequent cooling is believed to facilitate the
dispersion of kinetically trapped aggregates, resulting in more reproducible and continuous

gel phase materials."' In the majority of instances increasing the temperature intuitively
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increases the solubility of the gelator - via the disruption of H-bonding between water
molecules, which negates the entropic penalty of mixing. However, some examples, such as
Fmoc-AA have been observed to precipitate upon heating,®’” this lower critical solution
temperature type behaviour seems to indicate an enthalpic contribution to the self-assembly
process between gelator and surrounding water molecules for some systems, which becomes
entropically disfavoured at higher temperatures. Ultimately, with respect to concentration
and temperature, gelation can be thought as metastable kinetically trapped state, where the
free energy of mixing (between water and gelator) is close to zero, such that nanoscale phase
separation takes place as opposed to spontaneous bulk phase separation (Fig. 2.24). As
discussed in the next section, the kinetically trapped nature of the gel state has important
implications for the preparation of aromatic peptide amphiphile based hydrogels under

kinetic control.

2.7 Kinetic considerations: the route of self-assembly

A
A B

Ehewy Local
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Figure 2.25 Simplified illustration of a slice through the supramolecular energy landscape — featuring
a local and global minimum that are (in)accessible depending upon the generic self-assembly route
(e.g. A or B).

As is clear from the above, self-assembly is an extremely versatile process, driven by various
intermolecular interactions that are inherently dependant upon the molecular structure of the
gelator in question, and prevailing environmental conditions such as pH, concentration, and
temperature. However, another important aspect that can be considered is the means by
which self-assembly is effected.”® Ultimately, most hydrogels are thought to be
kinetically-trapped, meta-stable materials (with the phase-separated, crystalline form
ultimately representing the lowest free energy state). A single gelator can potentially access a
variety of supramolecular structures, depending upon the self-assembly protocol (conditions,
kinetics) utilised (Fig. 2.25). This allows the formation of highly diverse materials from
identical building blocks. Seemingly simple parameters, such as the adjustment of pH is a
complex balance between encouraging the thermodynamically favoured aggregation of the

gelator below its pK,, and kinetic/heterogeneity considerations.'”'*® In contrast, enzymatic
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processes can utilise an inactive gelation precursor, which can be converted to the relevant
self-assembling monomer in a controlled fashion.”> More generally, by altering the route of
self-assembly, the precise properties of the resultant materials can be changed, even if the
underlying chemical compositions are identical. Hence, in this section we will consider some
of the common gelation initiation methodologies, and the corresponding kinetic aspects that

can influence aromatic peptide amphiphile based materials.

2.7.1 Dilution method

A relatively simple, but effective, hydrogel formation strategy involves adding a
concentrated solution of the gelator to water. The concentrated solution of typically 25 to
100 mg cm” is made up in a solvent capable of dissolving the species such as
DMSOQ, 38314351 methanol,'™ or hexaﬂuoroisopropanol.107 Upon dilution in water, the
gelator undergoes self-assembly to minimise unfavourable interactions with the aqueous
environment. This procedure has been utilised successfully for a variety of peptide
amphiphile systems, including Fmoc-FF. Ultimately, this dilution method yields a kinetic
product — assuming that the self-assembly and gelation begins on a faster timescale than
sample mixing. Hence, this diffusion controlled methodology is unlikely to give the most
thermodynamically stable structure. In addition, some systems, which are able to assemble
via the dilution method, are unable to gel using different initiation methods, despite
possessing similar final conditions. For instance, it is reported that via sonication of aqueous
Fmoc-FF it is possible to obtain an aqueous solution, but no self-assembly occurs, whereas
the DMSO dilution methodology facilitates gelation."> However, this result could equally be
a consequence of the DMSO co-solvent affecting the self-assembly process,'”’ with hydrogel
properties found to differ considerably depending upon the volume fraction of DMSO

utilised in their preparation.'>*

2.7.2 pH: as a kinetic trigger

2.7.2.1 Dropwise addition
Most commonly the pH is altered via the dropwise addition of acid (e.g. HCI) to an alkaline

solution (e.g. NaOH) of the gelator. **'5>!2"1%+11! A¢ seen previously, pH based initiation can
also be combined with other gelation parameters such as temperature, in order to help
maintain sample homogeneity during the addition of acid.””** As one of the major issues
with the dropwise pH adjustment method, is achieving a consistent pH change throughout
the sample. Unlike the aforementioned heat-cool method, dropwise addition does not occur

simultaneously throughout the sample. Instead, after dropwise addition of acid, often a more
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localised gelation is observed. Ultimately this leads to more heterogeneous materials, which
can be difficult to reliably reproduce. Hence, the dropwise pH method leads to a kinetic
product, which is highly dependant on the individual performing the experiment.

Due to the local nature of dropwise addition, the mechanics associated with the gelation
process can be crucial in determining the properties of the resultant hydrogels.'*® Usually
vortexing is applied to samples in between acid additions in order to try to minimise local pH
variations. The precise nature of the agitation protocol utilised, has been found to result in
gels that exhibit moduli differences of up to an order of magnitude, by rheology. In addition,
differences in the material properties have also been found to be reflected in subtle
morphological differences associated with the fibrous networks. These trends are difficult to
rationalise, but ultimately highlight the susceptibility of the kinetic hydrogel product to small
changes in the adopted dropwise pH protocol.

2.7.2.2 GdL decomposition

Figure 2.26 Appearance of Fmoc-LG hydrogels prepared via: (a) dropwise addition of acid; or (b)
GdL decomposition. Adapted from.'*

In order to address the reproducibility issues associated with the dropwise addition method,

L,13313257  which when

hydrogels are frequently prepared using compounds such as Gd
added decompose to alter the pH gradually, allowing for more controlled gelation.

GdL hydrolysis occurs more rapidly at higher pH and temperature, and results in the slow
release of gluconic acid over the course of several hours.'” NMR results indicate that GdL is
not incorporated into the gel fibres, instead remaining largely solvated in the aqueous phase.
The corresponding pH drop is significantly slower than the rate of dissolution, such that the
material properties of the final hydrogels do not depend upon, for example, mixing. This also

has the advantage of allowing the gelation process to be monitored in real time using for

example, TEM, fluorescence, rheology, and (despite the CD signature of GdL itself>*®) CD.*!
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The results indicate that at high pH, aggregation is primarily driven by the aromatic stacking
of Fmoc groups — potentially in a worm-like micelle structure (see section 2.5.4). As the pH
is lowered the fibrous network becomes more extensive and the supramolecular chirality is
observed to increase over time; presumably corresponding with the development of a more
extensive H-bonding arrangement, as the electrostatic repulsive forces between gelator
molecules decrease. Overall, the resultant hydrogels appear more transparent and possess far
more homogeneous structures and hence more reproducible properties (Fig. 2.26).

Not only are the properties of hydrogels prepared using GdL often more reproducible.
Some hydrogels such as Fmoc-LG, are also found to exhibit a higher elastic modulus (e.g.
184 versus 5.9 kPa) when prepared using the GdL methodology, compared with equivalent
gels prepared using dropwise pH.*"'** This reiterates the importance of the kinetics of the
initiation method towards the supramolecular properties. During the GdL mediated gelation
process, the evolution of the sample pH is found to depend strongly upon the gelator in
question — with different apparent pK, values observed in each case. As discussed
previously, the observed pK, is thought to correspond with the commencement of the
assembly process. As a consequence of the different apparent pK, values and corresponding
maximum gelation pH values associated with distinct hydrogelators, it is desirable to be able
to control the final pH. With GdL a predetermined concentration can be added, which
dictates the final pH of the resultant hydrogel.”"’®'”” Interestingly with the GdL method,
when the apparent pK, is reached, the pH begins to rise slightly for a period of time before
beginning to decrease again.®' This is an indication that GdL hydrolysis occurs on a slower
timescale than the assembly process itself, and hence GdL is unable to release protons faster
than the supramolecular construct absorbs them as assembly proceeds. Hence, the much
slower and controlled kinetics associated with GdL hydrolysis mean that the gelator
potentially has more time to assume an optimal supramolecular structure before being
kinetically trapped in the gel state. In this way, despite the fact that the final pH conditions
may be identical, the GdL method is likely to yield a more thermodynamically favourable

hydrogel product than for example dropwise addition of HCI.

2.7.2.3 Localised gelation under pH control
Due to the influence of pH upon the assembly of aromatic peptide amphiphiles, potentially

the self-assembly and gelation of these materials can be coupled to any chemical process that
releases protons. For example, it has been demonstrated that the hydrogelation of various
peptide amphiphiles can be triggered using UV irradiation.'” This process is mediated via a
photo acid generator, which is found to induce a local pH change upon exposure to radiation.

Hence, using this methodology it is possible to induce local self-assembly and gelation by
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utilising a UV mask. It can thus be envisaged that a similar technique could be used to
prepare surfaces patterned with hydrogel, in a manner similar to the photolithographic
preparation of polymeric devices.”’

In addition, electrochemistry is extremely versatile, and has also been applied in the pH
activation of self-assembling systems.'*" For example, self-assembly was achieved via an
electrochemically induced change in the local pH, effecting gelation of Fmoc-LG below pH
4. The local pH changes were brought about via the anodic two-electron oxidation of
hydroquinone to 1,4-benzoquinone, thus releasing two protons at the surface of the gold
electrode. Although a pH drop could also be induced in the absence of hydroquinone, this
inevitably requires a greater potential difference and results in degradation of the electrode
surface. In any event, the electro-deposition process produces a layer of the desired hydrogel,
which can only form within the low pH region. The membrane thickness (e.g. 0-100 nm,
though ~1 mm layers are also reported) can be controlled to some extent by altering the time
and magnitude of the applied current. The diffusion of protons into the bulk allows for the
continued growth of the hydrogel once the current has been turned off. In addition, this
procedure can be reversed with dissolution of the hydrogel membrane when a reversed bias
is applied. This technique could potentially be applied in the preparation of multilayered
materials.>*® Similar results have also been reported for the electro-deposition of Fmoc-F,'®!
indicating the generality of this process. Overall, this procedure is most likely to find

applications in the micro patterning of hydrogels onto a surface.

2.7.3 Enzyme responsive self-assembly
In nature, self-assembly processes are normally regulated as opposed to exhibiting
unattenuated aggregation in the bulk; for example, in response to stimuli, actin and tubulin

dynamically form microfilaments and microtubules, respectively.m’242

Laboratory
methodologies that utilise enzymes in the self-assembly process have recently attracted
attention, and generally involve conversion of inactive precursor(s) to a self-assembling
product,*2#32#4 114109245 o instance, B-lactamase has been applied to substrates containing p-
lactam (cyclic amide) rings, resulting in ring opening and subsequent rearrangement to a
suitable supramolecular building block.'” In the majority of cases the conversion of
substrate to product is thermodynamically favourable, and for all intents and purposes
irreversible. For these examples, enzymes are a means of accessing a range of kinetic
products; since nucleation and fibre growth is likely to take place within the immediate

vicinity of the enzyme itself. Hence, by adjusting the enzyme concentration, the number of

potential nucleation sites can be altered, which will have consequences for the properties of
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the resultant supramolecular constructs as discussed below.

2.7.3.1 Subtilisin
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Figure 2.27 Subtilisin catalysed methyl ester cleavage of a generic aromatic peptide amphiphile.

A common enzymatic process in the field of aromatic peptide amphiphile self-assembly, is
the subtilisin-catalysed hydrolysis of a methyl ester (Fig. 2.27). Although as discussed in
section 2.4.4.3, there are examples of methyl esters that are able to undergo hydrogelation,'**
in the majority of cases they prove too insoluble and instead are used as precursors.'*”'”" It
has been shown that the hydrogel stability, as assessed by the T, temperature, increases
with higher subtilisin concentrations.” This indicates that additional fibre nucleation sites are
beneficial to the integrity of the supramolecular network. In addition, this was also reflected
in an increased supramolecular ellipticity by CD, and increased fluorescence quenching with
higher subtilisin concentrations. Furthermore, in terms of morphology the lower enzyme
concentrations resulted in shorter fibres that exhibited less bundling. To further support the
fact that these observations are due to the kinetic influence of differing enzyme
concentrations, when the enzymatic hydrogels are subjected to a heat-cool cycle, the results
are essentially identical — with each sample exhibiting a T, characteristic of a high enzyme
concentration. The other striking aspect of the subtilisin based hydrogelation strategy, is the
observation that the handedness associated with the supramolecular structure is often
reversed relative to gels prepared under pH control.'"”” The reason behind this is unclear,
though it can be hypothesized that various supramolecular orientations are possible, and that
the predominance of one over the other is sensitive to the kinetic aspects of the self-assembly

process already discussed.

2.7.3.2 Alkaline phosphatase

Alkaline phosphatase has also been used extensively for hydrogel preparation via the
cleavage of an attached phosphate group — usually a tyrosine residue (Fig. 2.28).7%!26:116:90.108
In contrast, to methyl esters, phosphorylated precursors are more soluble than the desired
gelator products. However, it has been suggested that in certain instances some unreacted

phosphorylated substrate incorporated into the fibres can be beneficial in terms of assembly;
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Figure 2.28 Alkaline phosphatase catalysed phosphate cleavage of an aromatic peptide amphiphile.

particularly if the product itself is normally too hydrophobic to undergo hydrogelation.'”
Enzymatically controlled gelation, has been exploited as a means of testing phosphatase
inhibitors — providing a simple visible assay.”' Similar to subtilisin mediated gelation, higher
concentrations of phosphatase are found to increase the supramolecular order associated with
the resultant gel network."® This was demonstrated by the increased elastic modulus of the
dephosphorylated Fmoc-Y gels with higher phosphatase concentrations. In addition,
enzymatic gels were stronger and exhibited a finer fibre morphology from those prepared
under pH control. Again these differences are thought to be a consequence of the kinetics
associated with the enzymatic process, whereby the number of fibre nucleation sites is more
precisely controlled.

Alkaline phosphatase has also been observed to cause dramatic morphological changes,
such as micelle to fibre transitions as inferred by the release of a pyrene probe.'*'** In this
way chemical energy is effectively being converted into mechanical energy, during the
reconfiguration of the supramolecular structure. The cleavage of the phosphate group is also
potentially a reversible process, and gel-sol-gel transitions have been demonstrated through
the utilisation of a two component enzyme system — comprising of kinase and
phosphatase.''’ Overall, phosphatase controlled gelation has potential utility for injectable
hydrogels, that could potentially undergo self-assembly in response to phosphatase present in
vivo. Furthermore, phosphatase mediated substrate conversion and consequent fibre
formation has been observed inside of living cells.”*® In these respects phosphorylated
precursors are preferable to methyl esters; whose insolubility, coupled with the higher
temperature requirements of the subtilisin based conversion, renders them of less biological

relevance.

2.7.3.3 Thermolysin

Subtilisin and phosphatase mediated initiation processes are based upon thermodynamically
favourable reactions. However in other instances, reactions which are unfavourable can be

driven via the self-assembly process itself. Such a situation is encountered with thermolysin,
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Figure 2.29 Thermolysin catalysed amide coupling yielding a generic aromatic peptide amphiphile.

Note that this process is reversible, with the equilibrium driven to the right by the free energy
associated with the self-assembly process.

which normally acts as a protease to hydrolyse substrates. Despite this, thermolysin can be
utilised in such a way that amide bond formation becomes the predominant process (Fig.
2.29).%14112 Here, the reversed hydrolysis reaction is driven by the formation of the
thermodynamically stable supramolecular hydrogel structure.

In addition, because the thermolysin based amide coupling is inherently reversible, these
systems are believed to preferentially yield the more thermodynamically favourable
supramolecular structure. Promoting in certain cases, for example, the formation of two
dimensional nanostructures over the more conventional one dimensional fibres.” Thus
imperfections in the supramolecular structure can be corrected as the system strives towards
the thermodynamic product, as opposed to a less stable kinetic product. The thermodynamic
driving force can also lead to the evolution of the molecular composition over time.’ This
concept was demonstrated succinctly with a system composed of Fmoc-L and L,, which
initially gave rise to a supramolecular structure dominated with Fmoc-L;. However, as time
progressed Fmoc-Ls formation was accompanied by a restructuring of the supramolecular
network, to a more thermodynamically stable system. This ability of thermolysin to self
select the optimal peptide sequence has been repeatedly exploited for DCL systems.'® These
DCLs allow thermolysin to cleave and form amide bonds from a variety of potential
substrates as appropriate — the hypothesis being that the most favoured product, in terms of
self-assembly, will eventually predominate. For instance, although kinetics may initially
determine the product distribution - with thermolysin observed to have a preference for
hydrophobic residues - over time an equilibrium is reached."** (Furthermore, thermolysin has
also been utilised in conjunction with subtilisin to induce solution-gel-solution

transitions.'*’

) Hence, for the thermolysin mediated reversed hydrolysis of aromatic peptide
amphiphiles, not only do we have the usual kinetic considerations in terms of enzyme
concentration correlating with the number of fibre nucleation sites. There are also
thermodynamic considerations with a reversible system capable of correcting supramolecular
“defects”. Ultimately enzymes grant access to a greater proportion of the supramolecular

energy landscape, with a higher degree of precision than many of the other initiation
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techniques already discussed.

2.7.3.4 Non-equilibrium self-assembly
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Figure 2.30 Chymotrypsin catalysed amide coupling and respective hydrolyses. Gelator (right) is a
non-equilibrium product such that hydrogelation is temporary or fuel dependant.

For all the aforementioned enzymatic systems gelation is the equilibrium state, and unless
interfered with the corresponding hydrogels are relatively stable. However, non-equilibrium
self-assembly is also of interest, in part because this more closely resembles what is observed
in natural systems — where energy input is required even for homeostasis.

Recently, non-equilibrium self-assembly has been demonstrated for aromatic peptide
amphiphiles using the enzyme chymotrypsin (Fig. 2.30).**' Here, the naphthoxy-YY-NH,
gelator is formed in sifu from the enzymatic amide coupling of the corresponding naphthoxy-
Y-OMe and Y-NH, starting materials. However, the competing enzymatic hydrolyses of
starting material and gelator “product” mean that the system tends towards a solution of
naphthoxy-Y and Y-NH,. However, the system is able exceed the critical gelation
concentration of naphthoxy-YY-NH, for several hours before reverting to a solution once
more. In addition, the refuelling of the system with additional naphthoxy-Y-OMe substrate
has been demonstrated - unfortunately this can only be repeated a finite number of times
before becoming saturated with naphthoxy-Y. Ultimately, this is an interesting non-
equilibrium self-assembly example, but could be improved upon if a more elegant means of

refuelling the methyl ester starting material was realised.

2.7.3.5 Other considerations
Aside from co-assembly with other gelators (see section 2.8), the hydrogelation process can

be heavily influenced by the addition of other additives, this may have ramifications for the
enzymatic methods described above.
For example, binding to vancomycin — an antibiotic — can induce the gel-to-sol transition

of the Fmoc-(D-)A(D-)A system.”” Interestingly, the stereoisomer, Fmoc-AA, is relatively
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insensitive to the addition of vancomycin — indicating that the binding mechanism
responsible is stereochemically selective. Furthermore, morphological studies of Fmoc-(D-
)JA(D-)A demonstrate the complete collapse of the fibrous supramolecular network upon
vancomycin addition. In comparison, a related study shows that the addition of vancomycin
to a pyrenyl-(D-)A(D-)A derivative actually causes an enhancement in the elasticity of the
hydrogel.* Again a binding mechanism is proposed, but in this instance the precise
orientation of the complex also facilitates self-association between adjacent vancomycin
molecules in addition to the pyrenyl-(D-)A(D-)A supramolecular stacks. The impact of
vancomycin (sometimes as low as 0.01 eq) binding upon the self-assembly properties of
these systems is remarkable. However, these observations also have potential implications
for enzymatically assembled peptide amphiphile systems — where it can be envisaged that
similar recognition mechanisms are possible.

Furthermore, even weakly interacting additives can have an impact upon the assembly and
hydrogelation of aromatic dipeptide amphiphiles. For example, dextran has been shown to
increase the gelation time, and decrease the elastic moduli associated with a naphthoxy-AG
derivative."”” These effects are believed to be mediated via an increase in the viscosity of the
aqueous medium, thus slowing diffusion and self-assembly rates in a linear fashion with
respect to dextran concentration.

The binding specificity of aromatic peptide amphiphile based hydrogels with various
proteins has been investigated.*’ Here, a hydrogel protein pull-down assay revealed that
tubulin and various other intracellular proteins of HeLa cells were bound to the hydrophobic
nanofibres. In addition, nanofibre-glycoprotein binding interactions have been inferred from
the gelation of naphthalene-FFG upon the surface of platelets - this surface coating acts to
inhibit platelet aggregation via electrostatic repulsion.”*® Elsewhere, the gelation of a
relatively hydrophobic naphthalene-GFFY derivative is found to be dependant upon the
presence of bovine serum albumin.*” In the absence of bovine serum albumin, precipitate is
formed, with the compound unable to form a stable dispersion in water. In contrast, bovine
serum albumin is able to help stabilise the hydrophobic fibres and prevent the formation of
insoluble aggregates. Hence, these examples show the generality of protein-nanofibre
interactions, and illustrate their potential impact upon the self-assembly process.

In another study the co-assembly of bovine serum albumin or B-lactoglobulin with various
Fmoc-dipeptides (YL, YN, YS, and VL) is found to have significant consequences for the
supramolecular organisation and physical properties of the resultant hydrogels.”’ Here, even
at concentrations of < 0.2 %wt, the proteins are observed to form “fractual-like clusters”,

where the slower relaxation dynamics of these clusters are believed to affect the aromatic
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peptide amphiphile gelation process by inhibiting solution mobility. In terms of material
properties, self-assembly in conjunction with protein is found to increase the elastic moduli
of the hydrophobic Fmoc-dipeptides (YL and VL), although at higher protein concentrations
(0.2 versus 0.03 %wt) this enhancement is less evident — indicating an optimal protein:Fmoc-
dipeptide ratio. In contrast, the elastic moduli of the relatively hydrophilic Fmoc-YN and
Fmoc-YS systems is found to deteriorate with protein co-assembly. The influence of this co-
assembly process can also be monitored spectroscopically, where for example the
supramolecular chirality of Fmoc-YL is completely reversed, and the associated fluorescence
emission somewhat quenched, upon assembly with B-lactoglobulin. Similar trends are also
observed with Fmoc-YL and bovine serum albumin, however, in this case the effects are less
pronounced — indicating that the increased hydrophobicity associated with B-lactoglobulin
may responsible for this difference. In any event, the addition of protein is consistently found
to favour the opposite chirality of that associated with the Fmoc-dipeptide alone — this is
similar to the chiral inversion often observed for enzyme catalysed hydrogelation. The
generality of this phenomenon suggests a templating effect is ultimately responsible, hence,
secondary effects associated with any enzymatic additives is a potential aspect of the

assembly process that should be taken into consideration.

2.8 Co-assembly of aromatic peptide amphiphiles

Finally, the co-assembly of different gelators can be a useful means of modifying the

properties of the resultant hydrogel materials in a modular fashion.

2.8.1 Co-assembly: energy transfer

For instance, through the co-assembly of molecules bearing different aromatic moieties, it is
possible to incorporate a variety of aromatic groups in a single system — a strategy that can
help stabilise aromatic stacking interactions via complementary interactions. In this way
intermolecular energy transfer mechanisms can be observed between the respective
fluorophores.”'>* For instance, a dansyl acceptor/naphthalene donor system has been
demonstrated, whereby the naphthalene-diphenylalanine derivative forms fibres based partly
on aromatic stacking interactions, with the dansyl component intercalating within this
construct (Fig. 2.31)."* In addition, this study also showed an energy transfer mechanism
between co-gelating peptide amphiphiles, with naphthalene continuing to act as a donor to an
anthracene based amphiphile acceptor. In both cases, energy transfer is shown by a redshift
in the fluorescence emission and the corresponding quenching of the emission associated

with the donor species. Similarly, functional co-assembly has recently been demonstrated
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Figure 2.31 (left) Napthoxymethyl-FF; (right) dansyl derivative; (bottom) depiction of the energy
transfer mechanism via the intercalation of dansyl within the supramolecular structure. Adapted
from.'*

using a DCL approach that incorporated a dansyl derivative acceptor, which intercalates with
a naphthalene donor based peptide amphiphile."®” In this case, the enzyme thermolysin
mediated the selection of gelator candidates via a reversible peptide coupling process, in
order to attain the most thermodynamically favourable hydrogel system, where free energy
of the gelation process actually drives the equilibrium. Here, the enzymatic conversion to
yield the YF sequence was seen to increase with the inclusion of the dansyl derivative.
Hence, this example demonstrates that the inclusion of an acceptor molecule can potentially
increase the aromatic stacking interactions within the nanostructure, improve the stability of
an existing hydrogel system, and possibly attain materials with some degree of

electroconductivity."’

2.8.2 Co-assembly: hydrophobicity, charge and chirality

Given that the self-assembly and gelation properties of aromatic peptide amphiphiles are
strongly influenced by the overall hydrophobicity of the peptide sequence, it makes sense to
further tune this attribute via co-assembly. This methodology assumes that co-assembly
components yield a mixed supramolecular structure, featuring the usual aromatic stacking
and H-bonding interactions between the constituents.””*® For example, a 1:1 ratio of Fmoc-
FF and Fmoc-GG produces hydrogels with higher elastic moduli than Fmoc-FF alone.'
This is despite Fmoc-GG failing to gel individually under similar conditions. In this instance,
the optimal 1:1 molar ratio suggests that regular (possibly alternating) intercalation of Fmoc-
GG into the Fmoc-FF fibres provides an effective balance for gelation. In comparison,
Fmoc-FF/Fmoc-RGD hydrogels show the largest elastic moduli with a 1:4 molar ratio of
Fmoc-RGD to Fmoc-FF content.® Similarly, this is indicative of Fmoc-RGD becoming an

integral part of the Fmoc-FF fibrous structure. The co-assembly of Fmoc-FF, with Fmoc-K,
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Fmoc-S, or Fmoc-D similarly resulted in significant changes to rheological properties and
fibre morphology.'?” Though it should also be noted that the rheological properties of the
Fmoc-FF system are generally very sensitive to the preparative conditions employed.'”’
Nevertheless, these results indicate that tailoring the hydrophobicity of Fmoc-FF fibres is a
useful strategy for augmenting the hydrogelation properties of the system.

In other co-assembly examples, gelators can be chosen that have complementary
characteristics. For example, when penta-fluorinated or mono-halogenated Fmoc-F
derivatives are co-assembled with unfunctionalised Fmoc-F, this process is assisted by
complementary interactions between the phenyl side chains, which possess differing
electronic properties.'® Given that penta- and mono- substituted derivatives gave similar
enhancements in rheological properties; this is not believed to be mediated by face-to-face
stacking of the phenyl groups, instead electronic effects from the halogen substituent(s) are
believed to result in more subtle offset n- m interactions. Similarly, electrostatics also has a
role to play in the co-assembly of aromatic peptide amphiphiles, with oppositely charged
Fmoc penta and hexa peptides co-assembling in this manner.'*® Individually, positively
(KKRGDK) or negatively charged (VRGDV, GRGDG) peptides could assemble, but only in
the co-assembly setup, where the charge is balanced, could gelation be effected at a neutral
pH.

Co-assembly components can also be entirely interdependent upon one another for
gelation.” For example, the assembly of K or R with Fmoc-E, relies on complementary
electrostatic interactions between the constituents — with the system effectively composed of
a pseudo Fmoc dipeptide via an ionic as opposed to an amide bond.'” In addition, in the
same study, the chirality of the nanofibres was shown to be altered with different L-/D-
compositions — where molecular chirality relates directly with supramolecular chirality.
Here, racemic mixtures are also found to form hydrogels, but with a diminished CD signal
and evidence of self sorting behaviour — or orthogonal assembly. Similarly for other systems,
substituting D-alanine for L-alanine has a direct impact upon the observed supramolecular
helicity,” with racemic mixtures exhibiting weaker rheological properties or precipitating.®
This highlights the importance of chirality in the gelation process, and also demonstrates

some of the challenges in predicting the co-assembly behaviour that will be observed.

2.8.3 Co-assembly: C-termini heterogeneity
A synergistic relationship between co-assembling aromatic peptide amphiphiles is a
principle that can also be applied to C-termini modifications. For instance, it has been shown

that the co-assembly of penta-fluorinated Fmoc-F and its OEG functionalised C-termini
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Figure 2.32 Structures of gelators used in C-termini co-assembly study.™

Table 2.2 Brief overview of gelation result from C-termini co-assembly study.’®

Gel/Solution/Precipitate Fibres observed
Gelator(s)
Water* PBSpH 7.4 Water* PBS pH 7.4
Fmoc-[3-F]-Phe-OH Gel Sol Yes Yes
Fmoc-[Fs]-Phe-OH Gel Sol Yes Yes
Fmoc-[3-F]-Phe-NH, Sol Sol = Precipitate Yes Yes
Fmoc-[Fs]-Phe-NH, Sol Sol = Precipitate Yes Yes
Fmoc-[3-F]-Phe-OMe Precipitate N/A No N/A
Fmoc-[Fs]-Phe-OMe Precipitate N/A Yes N/A
l;:?lzcc-_[[?;__l;]]__l;l}lg_gg: Gel Gel Yes Yes
l;:?lllzcci[[l;i]]:g?;—_gg: Gel Gel Yes Yes

*pH differed but largely neutral for OMe/NH, and ~3.5 for COOH

equivalent, resulted in hydrogels with high elastic moduli and the ability to recover their
mechanical properties.'” In contrast, under the conditions used in this study, penta-
fluorinated Fmoc-F itself only recovered 66% of its mechanical properties following the
application of 100% strain, whilst the OEG analogue by itself exhibits 100% recovery but
only weak gels in the first instance. Furthermore, although OEG based fibres were observed
by TEM, no evidence of the pronounced helicity normally associated with these materials
was inferred by CD — indicating that the OEG chains interfere with the parallel stacking
conformation proposed for these systems. Upon co-assembly, the mechanical improvements
were rationalised on the basis that heterogeneity helps to slow the precipitation of the penta-
fluorinated Fmoc-F, which itself contributes rigidity to the co-assembly construct. In
addition, the multicomponent material exhibits changes to the intensity and handedness of its
CD spectrum depending upon the precise ratio used; indicating the formation of mixed fibres

as opposed to self-sorting behaviour.
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In another example, the co-assembly of side-chain halogenated Fmoc-phenylalanine
derivatives with different C-termini was found to be useful for augmenting their respective
self-assembly properties (Fig. 2.32, Table. 2.2).® The phenylalanine residue is too
hydrophobic to undergo hydrogelation when used in conjunction with the COOMe
functionality. Whereas, the corresponding amide derivatives are generally solutions, being
too hydrophilic in this context to allow effective gelation. Despite this, fibrils can still be
observed by TEM in each case — indicating that co-assembly with the corresponding COOH
variants may allow for the tuning of these hydrophobicities. COOH derivatives themselves
form hydrogels at low pH, whereas in PBS solution electrostatic repulsion of carboxylate
anions compromises the mechanical properties of the hydrogel network yielding solutions. In
this regard, the co-assembly of COOH and CONH, was generally found to be beneficial at
high pH in PBS buffer — yielding hydrogels in each case. Hence, in this example, a non-
gelating species assisted the gelation of a related molecule by helping to mitigate the effects
of electrostatic repulsion; highlighting the utility of C-termini modifications within the

context of co-assembly.

2.8.4 Co-assembly: self-sorting under pH control
pKa 5.9 \/ﬁ\N/'\g/N
B
pK=51 \/ﬁ\N /'\g/*‘

H GdL hydrolysis
HO,, WOH

I
mo
I

HO.

H = = OH

0~ 0 OH OH
Figure 2.33 Self-sorting mechanism based on differential pK, and corresponding gelation pH values.
Slow pH drop is mediated via GdL hydrolysis. Adapted from.'*®

In some instances, it is possible to control the co-assembly arrangement through a judicious
choice of initiation methodology, which differentially controls the assembly kinetics for
different components in a mixture. For example, if the maximum gelation pH or apparent
pK., values of the co-assembly constituents are different, then it is possible to control the co-
assembly arrangement through pH control (Fig. 2.33)."® In this instance, if the pH is altered
slowly — by for example utilising GdL — then the higher pK, gelator will begin to assemble
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first, as inferred by the NMR silence of this species in the supramolecular state. As the pH
continues to decrease the second gelator can then assemble independently of the first,
resulting in an interpenetrating network. Alternatively if the pH is lowered rapidly, then there
will be insufficient opportunity for self sorting behaviour, and instead the mixed kinetic
product will be attained. Hence, this illustrates that the kinetics of the initiation method can

also influence the co-assembly process — potentially resulting in orthogonal assembly.

2.9 Conclusions

The self-assembly of aromatic peptide amphiphiles is based on a complex interplay of
molecular, environmental, and kinetic considerations. Aromatic and peptidic functionality
act in a synergistic fashion; contributing aromatic stacking and H-bonding interactions
towards the self-assembly motif. Self-assembly and hydrogelation requires a balance of
molecular characteristics; such as hydrophobicity, amphiphilicity, sterics, electronics, and a
linear molecular geometry. In terms of the supramolecular structures associated with
aromatic peptide amphiphiles; a variety of parallel, antiparallel, interlocked antiparallel, and
more disordered stacking arrangements have been proposed. The adoption of a particular
intermolecular stacking arrangement may depend upon a variety of factors, encompassing
both the hydrogelator in question, the prevailing environmental conditions, and the degree of
disorder and heterogeneity associated with the gelation methodology. Although the
underlying assembly mechanisms may be similar, the emergence of a particular
supramolecular structure is highly dependent upon subtle molecular alterations. For example,
fibres, sheets, tubes, and spirals can be observed depending upon the sequence employed.
Furthermore, a variety of higher order aggregation mechanisms have been proposed;
including coiling tape and helical lamellar growth mechanisms, where the adoption of a 1D
fibrous structure can be broadly explained on the basis of chirality and sterics, which
normally act to disfavour extended 2D structures. Environmental factors can also have a
profound impact upon the self-assembly and gelation process; with high pH (and ions)
encouraging the adoption of worm-like micellar aggregates. Whilst the pH, gelator
concentration, and temperature are all seen to be important factors in achieving nanoscale
phase separation between the gelator and aqueous medium. Ultimately, hydrogels are
kinetically-trapped meta-stable materials, and a single gelator can potentially access a variety
of supramolecular structures depending upon the initiation protocol utilised. Even the
adjustment of pH is a complex balance between encouraging the thermodynamically
favoured aggregation of the gelator below its pK,, and kinetic/heterogeneity considerations.

The use of enzyme responsive gelation protocols allows for more direct control over the
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number of fibrous nucleation sites, and the properties of the resultant materials. In addition,

reversible enzymatic processes can potentially allow for dynamic hydrogel systems, whose

molecular and supramolecular composition evolves over time towards a more energetically

favourable state. Hence, it is only through an appreciation of molecular, supramolecular,

environmental, and kinetic factors, that aromatic peptide amphiphiles can begin to be

tailored for given applications in a rational and systematic fashion. While the elucidation of

many of these design rules is still in its infancy, aromatic peptide amphiphile systems clearly

have great potential for the preparation of minimalist, dynamic, and biocompatible materials.
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— Chapter 3 -
Materials and methods

3.1 Synthesis of aromatic peptide amphiphile
compounds

Unless otherwise stated, all starting materials were purchased from commercial sources (e.g.
Sigma Aldrich, Merck, Bachem, C S Bio Co.) and used as supplied, without any
characterisation or purification. All peptide derivatives were purchased as the levo-amino
acid enantiomers. The purity and/or identity of all final compounds was confirmed by HPLC
(>95%), ESI MS, and 'H NMR. In addition, "*C labelled final compounds were invariably
assessed by °C NMR.

3.1.1 Carbonyl C=0 linker (1) compounds

3.1.1.1 Common precursor: Dileucine methyl ester (LLOMe)
Dileucine methyl ester (LLOMe)

To a MeOH (30 mL) suspension of dileucine (300 mg, 1.2 mmol) was added thionyl chloride
(262 pL, 3.6 mmol), and DMF (500 pL). The reaction mixture, which became a clear
solution, was stirred at room temperature for 3 hours. The solution was concentrated via
rotary evaporation, in order to afford the crude product, which was used without purification.

ESIMS +ve [M+H]" m/z 259.05, [M+Na]* m/z 281.14

3.1.1.2 Common precursor: Dileucine tert-butyl ester (LLOtBu)
Dileucine tert-butyl ester (LLOtBu)

To a stirred tert-butyl acetate (7.20 mL, 53 mmol) solution of dileucine (720 mg, 2.9 mmol)
at 0 °C was slowly added 70% perchloric acid (407 uL, 4.7 mmol). The reaction mixture was
allowed to warm to room temperature and stirred overnight. The reaction mixture was
extracted with water (x2) and HCI (x2). Potassium carbonate was added to the combined
aqueous extracts until no more gas evolution was observed. The aqueous layer was extracted
with ether (x2), and the organic layer dried over MgSO,, and concentrated via rotary

evaporation, in order to afford the title compound (800 mg, 90.4%).

3.1.1.3 9-Fluorenylcarbonyl tyrosine leucine (F1YL)"
9-Fluorenylcarbonyl tyrosine tert-butyl ester (F1YOtBu)

To a DCM (10 mL) solution of 9-fluorenylcarboxylic acid (400 mg, 1.9 mmol) was added
HCl.tyrosine tert-butyl ester salt (678 mg, 2.5 mmol), DIPEA (1.32 mL, 7.6 mmol), and 50%
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T3P solution in EtOAc (1.47 mL, 2.5 mmol). The reaction mixture was stirred at room
temperature for 1.5 hours. The reaction mixture was diluted with DCM, then washed with 1
M HCI (x2), water (x2), and brine. The organic layer was isolated and concentrated via
rotary evaporation, in order to afford the crude product. The crude product was purified via
silica column chromatography, eluting with a 0-2% MeOH/DCM gradient, in order to afford
the title compound (765 mg, 93.6%).

9-Fluorenylcarbonyl tyrosine (F1Y)

A 1:1 TFA/DCM (15 mL) solution of F1YOtBu (765 mg, 1.8 mmol) was stirred at room
temperature for 3 hours. The reaction mixture was then concentrated via rotary evaporation.
The residue was diluted with DCM, then washed with 1 M HCI (x2), water (x2), and brine.
The organic layer was isolated, dried over MgSO,, and concentrated via rotary evaporation,

in order to afford the title compound (651 mg, 97.9%).

9-Fluorenylcarbonyl tyrosine leucine tert-butyl ester (F1YLOtBu)
The title compound (856 mg, 90.5%) was prepared (from F1Y) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

9-Fluorenylcarbonyl tyrosine leucine (F1YL)

The title compound (762 mg, 99.3%) was prepared (from F1YLOtBu) via a TFA mediated
cleavage of a tert-butyl ester, in a similar fashion to that previously described for F1Y.
ESIMS +ve [M+Na]" m/z 509.15

ESIMS -ve [M-H] m/z 485.00

'H NMR (CD;0D) & 7.78 (t, J = 8.3 Hz, 2H, ArH), 7.47 (d, J = 7.5 Hz, 1H, ArH), 7.39 (dt, J
=15.8, 7.6 Hz, 2H, ArH), 7.30 (t, / = 7.4 Hz, 1H, ArH), 7.20 (t, J/ = 7.5 Hz, 1H, ArH), 7.07
(d, J=8.5Hz, 2H, ArH), 7.02 (d, J = 7.9 Hz, 1H, ArH), 6.73 (d, J = 8.5 Hz, 2H, ArH), 4.75-
4.71 (m, 2H, ArCH/COCH), 4.50-4.46 (m, 1H, COCH), 3.16 (dd, J = 14.2, 49 Hz, 1H,
ArCH,), 2.86 (dd, J = 14.0, 10.0 Hz, 1H, ArCH,), 1.73-1.61 (m, 3H, CH/CH,), 0.94 (t, J =
6.2 Hz, 6H, CHj;)

C NMR (CD;0D) § 173.9 (C=0), 171.9 (C=0), 171.4 (C=0), 155.5 (Ar-OH), 141.5 (Ar),
141.4 (Ar), 141.3 (Ar), 141.1 (Ar), 129.5 (Ar), 127.2 (Ar), 127.2 (Ar), 127.0 (Ar), 126.5
(Ar), 124.3 (Ar), 124.0 (Ar), 119.2 (Ar), 119.1 (Ar), 114.4 (Ar), 54.1 (NHCH), 53.9 (ArCH),
50.1 (NHCH), 39.8 (CH,), 35.9 (CH,), 24.0 (CH), 21.5 (CH3), 19.9 (CHs5)

3.1.1.4 9-Fluorenylcarbonyl dileucine (F1LL)
9-Fluorenylcarbonyl dileucine tert-butyl ester (F1LLOtBu)
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The title compound (354 mg, 93.2%) was prepared (from LLOtBu) via a T3P mediated

amide coupling, in a similar fashion to that previously described for F1YOtBu.

9-Fluorenylcarbonyl dileucine (F1LL)

The title compound (313 mg, 99.7%) was prepared (from FILLOtBu) via a TFA mediated
cleavage of a tert-butyl ester, in a similar fashion to that previously described for F1Y.
ESIMS +ve [M+Na]" m/z 459.12

ESIMS -ve [M-H] m/z 435.10

'H NMR (CD;0D) § 8.43 (d, J = 8.1 Hz, 1H, CONH), 8.33 (d, J = 8.1 Hz, 1H, CONH), 7.84
(dd, J =17.6,4.1 Hz, 2H, ArH), 7.58 (d, J/ =7.5 Hz, 1H, ArH), 7.54 (d, J = 7.5 Hz, 1H, ArH),
743 (q, J = 6.6 Hz, 2H, ArH), 7.33 (q, J/ = 8.1 Hz, 2H, ArH), 4.87 (s, 1H, ArCH), 4.60-4.53
(m, 1H, COCH), 4.51-4.44 (m, 1H, COCH), 1.84-1.73 (m, 1H, CH), 1.71-1.56 (m, 5H,
CH/CH,), 1.02 (d, J = 6.5 Hz, 3H, CHs;), 0.97 (d, J = 6.5 Hz, 3H, CH3), 0.90 (t, / = 6.4 Hz,
6H, CHs;)

C NMR (CD;0D) § 173.9 (C=0), 172.7 (C=0), 171.6 (C=0), 141.9 (Ar), 141.7 (Ar),
141.4 (Ar), 141.3 (Ar), 127.3 (Ar), 127.2 (Ar), 126.6 (Ar), 124.1 (Ar), 123.8 (Ar), 119.3
(Ar), 119.2 (Ar), 54.2 (NHCH), 51.3 (ArCH), 50.0 (NHCH), 40.0 (CH,), 39.7 (CHp), 24.1
(CH), 23.9 (CH), 21.5 (CHj3), 20.2 (CHs;), 19.9 (CH3)

3.1.1.5 1-Pyrenylcarbonyl tyrosine leucine (P1YL)
1-Pyrenylcarbonyl tyrosine methyl ester (P1YOMe)

The title compound (739 mg, 86.0%) was prepared via a T3P mediated amide coupling, in a
similar fashion to that previously described for F1YOtBu.

1-Pyrenylcarbonyl tyrosine (P1Y)

To a 1:1 THF/H,O (10 mL) solution of P1YOMe (739 mg, 1.7 mmol) was added LiOH (183
mg, 4.4 mmol). The reaction mixture was stirred at room temperature for 2 hours. The
reaction mixture was diluted with DCM, then washed with 1 M HCI (x2), water (x2), and
brine. The organic layer was isolated and concentrated via rotary evaporation, in order to

afford the title compound (700 mg, 98.0%).
1-Pyrenylcarbonyl tyrosine leucine methyl ester (P1YLOMe)
The title compound (490 mg, 53.4%) was prepared (from P1Y) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

1-Pyrenylcarbonyl tyrosine leucine (P1YL)
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The title compound (464 mg, 97.1%) was prepared (from P1YLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+H]" m/z 523.12, [M+Na]* m/z 545.14

ESIMS -ve [M-H] m/z 521.06

'H NMR ((CD;),SO) & 12.62 (s, 1H, COOH), 9.24 (s, 1H, ArOH), 8.79 (d, J = 8.6 Hz, 1H,
CONH), 8.36-8.29 (m, 4H, ArH/CONH), 8.23 (q, J = 9.0 Hz, 2H, ArH), 8.14 (s, 2H, ArH),
8.12 (t, J =7.6 Hz, 1H, ArH), 7.95 (d, / = 7.9 Hz, 1H, ArH), 7.24 (d, J = 8.4 Hz, 2H, ArH),
6.76 (d, J = 8.4 Hz, 2H, ArH), 4.95-4.87 (m, 1H, COCH), 4.43-4.36 (m, 1H, COCH), 3.12
(dd, J = 14.0, 3.6 Hz, 1H, ArCH,), 2.86 (dd, J = 13.9, 11.0 Hz, 1H, ArCH,), 1.87-1.75 (m,
1H, CH), 1.72-1.58 (m, 2H, CH;), 0.97 (dd, J = 12.7, 6.6 Hz, 6H, CHj;)

C NMR ((CD3),S0) 8 174.0 (C=0), 171.6 (C=0), 168.8 (C=0), 155.9 (ArOH), 131.8 (Ar),
131.5 (Ar), 130.7 (Ar), 130.3 (Ar), 130.2 (Ar), 128.3 (Ar), 128.2 (Ar), 127.7 (Ar), 127.7
(Ar), 127.2 (Ar), 126.5 (Ar), 125.7 (Ar), 125.5 (Ar), 125.1 (Ar), 124.9 (Ar), 124.3 (Ar),
123.6 (Ar), 123.6 (Ar), 114.9 (Ar), 55.0 (NHCH), 50.3 (NHCH), 36.4 (ArCH,), 24.3 (CH,),
22.9 (CH), 21.4 (CHs)

3.1.1.6 1-Pyrenylcarbonyl dileucine (P1LL)
1-Pyrenylcarbonyl dileucine methyl ester (P1LLOtBu)

The title compound (308 mg, 75.5%) was prepared (from LLOtBu) via a T3P mediated

amide coupling, in a similar fashion to that previously described for F1YOtBu.

1-Pyrenylcarbonyl dileucine (P1LL)

The title compound (257 mg, 93.5%) was prepared (from P1LLOtBu) via a TFA mediated
cleavage of a tert-butyl ester, in a similar fashion to that previously described for F1Y.
ESIMS +ve [M+H]" m/z 473.03, [M+Na]* m/z 495.11

ESIMS -ve [M-H] m/z471.10

'H NMR (CD;0D) § 8.92 (d, J = 7.7 Hz, 1H, CONH), 8.56 (d, J = 8.2 Hz, 1H, CONH), 8.48
(d, J=9.2 Hz, 1H, ArH), 8.28 (t, J = 8.0 Hz, 3H, ArH), 8.21-8.12 (m, 4H, ArH), 8.08 (t, J =
7.6 Hz, 1H, ArH), 4.90-4.86 (m, 1H, COCH), 4.66-4.60 (m, 1H, COCH), 1.98-1.87 (m, 2H,
CH), 1.83-1.73 (m, 4H, CH,), 1.12 (d, J = 6.6 Hz, 3H, CH;), 1.08 (d, J = 6.6 Hz, 3H, CH,),
1.04 (dd, J = 6.6, 1.3 Hz, 6H, CHs)

C NMR (CD;0D) § 174.0 (C=0), 173.1 (C=0), 171.0 (C=0), 132.0 (Ar), 130.7 (Ar),
130.3 (Ar), 130.2 (Ar), 127.8 (Ar), 127.6 (Ar), 126.4 (Ar), 125.7 (Ar), 125.0 (Ar), 124.9
(Ar), 124.1 (Ar), 123.8 (Ar), 123.6 (Ar), 123.5 (Ar), 52.1 (NHCH), 50.2 (NHCH), 39.9
(CHp), 39.8 (CH,), 24.3 (CH), 24.1 (CH), 21.7 (CHj3), 21.6 (CHz), 20.3 (CH3), 20.0 (CHs3)
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3.1.1.7 1-Naphthylcarbonyl dileucine (1N1LL)
1-Naphthylcarbonyl dileucine methyl ester 1N1LLOMe)

To a DCM (10 mL) solution of LLLOMe (106 mg, 0.4 mmol) was added DIPEA (244 puL, 1.4
mmol), and 1-naphthoyl chloride (90 pL, 0.6 mmol). The reaction mixture was stirred at
room temperature overnight. The reaction mixture was diluted with DCM, then washed with
1 M HCI (x2), water (x2), and brine. The organic layer was isolated and concentrated via
rotary evaporation, in order to obtain the crude product. The crude product was purified via
silica column chromatography, eluting with a 0-1% MeOH/DCM gradient, in order to afford
the title compound (147 mg, 87.1 %).

ESIMS +ve [M+Na]" m/z 435.20

1-Naphthylcarbonyl dileucine (IN1LL)

To a 0.5 M NaOH solution (25 mL) was added IN1ILLOMe (147.0 mg, 0.36 mmol). The
reaction mixture was stirred at 70 °C for 3 hours; in order to obtain an aqueous solution.
After being allowed to cool, the reaction mixture was acidified using 1M HCI, and the
resulting precipitate extracted with DCM. The DCM solution was then concentrated via
rotary evaporation, in order to afford the title compound (135 mg, 95.0 %).

ESIMS +ve [M+Na]* m/z 421.20

ESIMS -ve [M-H] m/z 397.07

'H NMR (CDCl3) & 8.27-8.22 (m, 1H, ArH), 7.91 (d, J = 8.5 Hz, 1H, ArH), 7.88-7.84 (m,
1H, ArH), 7.61 (d, J = 7.0 Hz, 1H, ArH), 7.58-7.49 (m, 3H, ArH/CONH), 7.42 (t, J = 7.7 Hz,
1H, ArH), 7.20 (d, J = 8.7 Hz, 1H, ArH), 4.94-4.86 (m, 1H, CHCO), 4.65-4.58 (m, 1H,
CHCO), 1.82-1.56 (m, 6H, CH/CH,), 1.00 (dd, J = 8.4, 6.3 Hz, 6H, CH3), 0.93 (d, / = 6.2
Hz, 6H, CHs;)

3.1.1.8 9-Anthrylcarbonyl dileucine (A1LL)
9-Anthrylcarbonyl dileucine methyl ester (A1LLOMe)

To a DCM (10 mL) solution of 9-anthrylcarboxylic acid (133 mg, 0.6 mmol) was added
thionyl chloride (44 pL, 0.6 mmol), and DMF (200 pL). The reaction mixture was stirred at
room temperature for 30 minutes, before the addition of LLOMe (106 mg, 0.4 mmol) and
DIPEA (418 pL, 2.4 mmol), after which the reaction mixture was left to stir overnight. The
reaction mixture was diluted with DCM, then washed with 1 M HCI (x2), water (x2), and
brine. The organic layer was isolated and concentrated via rotary evaporation, in order to
obtain the crude product. The crude product was purified via silica column chromatography,
eluting with a 0-1% MeOH/DCM gradient, in order to afford the title compound (142 mg,
75.1 %).
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ESIMS +ve [M+Na]" m/z 485.20

9-Anthrylcarbonyl dileucine (A1LL)

The title compound (24.8 mg, 18.0 %) was prepared (from A1LLOMe) via NaOH methyl
ester hydrolysis, in a similar fashion to that previously described for IN1LL.

ESIMS +ve [M+Na]" m/z 471.20

ESIMS -ve [M-H] m/z 447.13

'"H NMR (CDCls5) & 8.45 (s, 1H, ArH), 8.03-7.92 (m, 4H, ArH), 7.53-7.42 (m, 4H,
ArH/CONH), 7.11 (s, 1H, ArH), 6.83 (s, 1H, ArH), 5.02-4.94 (m, 1H, COCH), 4.74-4.64 (m,
1H, CHCO), 1.88-1.56 (m, 6H, CH/CH,), 1.08-0.90 (m, 12H, CHs)

3.1.1.9 Biphenyl-3-carbonyl dileucine (3B1LL)
Biphenyl-3-carbonyl dileucine (3B1LL)

The title compound (40.0 mg, 38.4 %) was prepared via an acid chloride amide coupling, in
a similar fashion to that previously described for INILLOMe.

ESIMS +ve [M+Na]" m/z 447.20

ESIMS -ve [M-H] m/z 423.13

'H NMR (CDCly) § 8.07 (s, 1H, ArH), 7.81 (d, J = 7.7 Hz, 1H, ArH), 7.73 (d, J = 7.7 Hz,
1H, ArH), 7.61 (d, J = 7.4 Hz, 2H, ArH), 7.57-7.44 (m, 4H, ArH/CONH), 7.41-7.36 (m, 1H,
ArH), 7.24-7.16 (br s, 1H, ArH), 4.96-4.88 (m, 1H, CHCO), 4.67-4.59 (m, 1H, CHCO),
1.81-1.55 (m, 6H, CH/CH), 0.98-0.94 (m, 6H, CH,), 0.88 (t, J = 6.3 Hz, 6H, CHj)

3.1.1.10 Biphenyl-4-carbonyl dileucine (4B1LL)
Biphenyl-4-carbonyl dileucine (4B1LL)

The title compound (35.2 mg, 33.8 %) was prepared via an acid chloride amide coupling, in
a similar fashion to that previously described for IN1ILLOMe.

ESIMS +ve [M+Na]" m/z 447.27

ESIMS -ve [M-H] m/z 423.20

'H NMR (CDCls) § 7.91 (d, J = 8.0 Hz, 2H, ArH), 7.62 (dd, J = 17.4, 7.7 Hz, 4H, ArH),
7.49-7.34 (m, 4H, ArH/CONH), 4.97-4.89 (m, 1H, CHCO), 4.67-4.58 (m, 1H, CHCO), 1.82-
1.55 (m, 6H, CH/CH,), 1.01-0.94 (m, 6H, CHj3), 0.92-0.84 (m, 6H, CHs)

3.1.2 Methylcarbonyl CH,C=0 linker (2) compounds

3.1.2.1 9-Fluorenylmethylcarbonyl tyrosine leucine (F2YL)’
Tert-butyl carbonyl tyrosine leucine methyl ester (BocYLOMe)

The title compound (499 mg, 85.9%) was prepared via a T3P mediated amide coupling, in a
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similar fashion to that previously described for F1YOtBu.

Tyrosine leucine methyl ester (YLOMe)
The title compound (110 mg, 29.2%) was prepared (from BocYLOMe) via a TFA mediated

cleavage of a tert-butyl carbamate, in a similar fashion to that previously described for F1Y.

9-Fluorenylmethylcarbonyl tyrosine leucine methyl ester (F2YLOMe)

The title compound (115 mg, 62.6%) was prepared (from YLOMe) via a T3P mediated
amide coupling, in a similar fashion to that previously described for F1YOtBu.

ESIMS +ve [M+Na]" m/z 537.27

ESIMS -ve [M-H] m/z 513.13

'H NMR (CD;0D) & 7.76 (dd, J = 7.6, 2.6 Hz, 2H, ArH), 7.41 (d, J = 7.4 Hz, 1H, ArH), 7.34
(q, J =6.6 Hz, 2H, ArH), 7.28-7.18 (m, 3H, ArH), 7.13 (d, J/ = 8.5 Hz, 2H, ArH), 6.72 (d, J =
8.6 Hz, 2H, ArH), 4.81 (dd, J = 9.6, 5.6 Hz, 1H, CH), 4.53 (dd, J = 9.5, 5.7 Hz, 1H, CH),
4.32 (t, J =75 Hz, 1H, CH), 3.71 (s, 3H, OCHs;), 3.08 (dd, J = 13.9, 5.6 Hz, 1H, ArCH,),
2.79 (dd, J = 14.1, 9.6 Hz, 1H, ArCH,), 2.63 (dd, J = 14.6, 7.2 Hz, 1H, ArCH,), 2.55 (dd, J =
14.7,7.8 Hz, 1H, ArCH,), 1.81-1.60 (m, 3H, CH/CH), 0.98 (dd, J = 12.0, 6.6 Hz, 6H, CH3)

9-Fluorenylmethylcarbonyl tyrosine leucine (F2YL)

The title compound (53.2 mg, 96.3%) was prepared (from F2YLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+H]" m/z 501.00, [M+Na]* m/z 523.16

ESIMS -ve [M-H] m/z 499.14

'H NMR (CD;0D) & 8.37 (d, J = 8.4 Hz, 1H, CONH), 7.75 (dd, J = 7.5, 3.0 Hz, 2H, ArH),
7.41-7.30 (m, 3H, ArH), 7.24 (td, J = 7.5, 1.1 Hz, 1H, ArH), 7.21-7.18 (m, 2H, ArH), 7.14
(d, J=8.5 Hz, 2H, ArH), 6.73 (d, J = 8.5 Hz, 2H, ArH), 4.84-4.81 (m, 1H, ArCH), 4.56-4.49
(m, 1H, CHCO), 4.31 (t, J = 7.4 Hz, 1H, CHCO), 3.14 (dd, J = 14.2, 4.6 Hz, 1H, ArCH,),
2.79 (dd, J = 14.1, 10.1 Hz, 1H, ArCH,), 2.63 (dd, J = 14.7, 7.1 Hz, 1H, ArCH,), 2.53 (dd, J
=14.6, 7.9 Hz, 1H, ArCH,), 1.85-1.74 (m, 1H, CH), 1.70 (t, J/ = 7.3 Hz, 2H, CH,), 1.00 (dd,
J=10.7,6.5 Hz, 6H, CHj3)

3.1.2.2 9-Fluorenylmethylcarbonyl dileucine (F2LL)
9-Fluorenylmethylcarbonyl dileucine (F2LL)

In a fritted column, Wang resin (500 mg, 0.6 mmol) was washed with DMF (x4). A DMF
solution of Fmoc-L (972 mg, 2.8 mmol) and pyridine (365 pL, 4.5 mmol) was then added to
the resin. DBC (394 pL, 2.8 mmol) was then added to the resin slurry, which was agitated
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overnight. The resin was then washed with DMF (x4). 20% piperidine in DMF was added to
the resin, which was agitated for 30 minutes. The resin was then washed with DMF (x4). A
DMF solution of Fmoc-L (583 mg, 1.7 mmol), DIPEA (479 pL, 2.8 mmol), and HBTU (605
mg, 2.9 mmol) was then added to resin, which was agitated for an hour. The resin was then
washed with DMF (x4). 20% piperidine in DMF was added to the resin, which was agitated
for 30 minutes. The resin was then washed with DMF (x4). A DMF solution of 9-
Fluoreneacetic acid (370 mg, 1.7 mmol), DIPEA (479 uL, 2.8 mmol), and HBTU (396 mg,
1.0 mmol) was then added to resin, which was agitated for an hour. The resin was then
washed with DMF (x4) and DCM (x4). A 95:5 TFA:water solution was added to the resin,
which was agitated overnight. The resin was then washed with DCM (x4), and the filtrate
collected, and concentrated under vacuum. The residue was then swirled with diethyl ether,
which was subsequently decanted off (x3). The residue was then concentrated under vacuum
in order to afford the title compound (66.7 mg, 24.7%).

ESIMS +ve [M+H]" m/z 451.00, [M+Na]* m/z 473.20

ESIMS -ve [M-H] m/z 449.13

'H NMR (CD;OD) 8 8.33 (d, J = 8.1 Hz, 1H, CONH), 8.11 (d, J = 7.6 Hz, 1H, CONH), 7.79
(d, J=7.5Hz, 2H, ArH), 7.53 (dd, /= 12.3, 7.1 Hz, 2H, ArH), 7.38 (t, / = 7.4 Hz, 2H, ArH),
7.29 (qd, J = 7.9, 1.1 Hz, 2H, ArH), 4.62-4.49 (m, 2H, CHCO), 4.40 (t, / = 7.5 Hz, 1H,
ArCH), 2.74 (dd, J = 14.5, 7.2 Hz, 1H, CH,CO), 2.61 (dd, J = 14.6, 7.8 Hz, 1H, CH,CO),
1.88-1.51 (m, 6H, CH/CH,), 1.02-0.96 (m, 12H, CHs)

3.1.2.3 9-Fluorenylmethylcarbonyl diphenylalanine (F2FF)
9-Fluorenylmethylcarbonyl diphenylalanine (F2FF)

The title compound (144 mg, 44.9 %) was prepared via SPPS, in a similar fashion to that
previously described for F2LL.

ESIMS +ve [M+H]" m/z 518.93, [M+Na]* m/z 541.13

ESIMS -ve [M-H] m/z 517.07

'H NMR (CD;OD) § 8.25-8.19 (m, CONH) 7.74 (dd, J = 7.9, 2.3 Hz, 2H, ArH), 7.36-7.12
(m, 16H, ArH), 4.90-4.86 (m, 1H, CHCO), 4.73-4.69 (m, 1H, CHCO), 4.27 (t, J = 7.5 Hz,
1H, ArCH), 3.25 (dd, J = 13.8, 5.3 Hz, 1H, ArCH,), 3.17 (dd, J = 14.1, 5.0 Hz, 1H, ArCH,),
3.06 (dd, J = 14.0, 8.1 Hz, 1H, ArCH,), 2.84 (dd, J = 13.9, 10.0 Hz, 1H, ArCH,), 2.57 (dd, J
=14.7,7.0 Hz, 1H, ArCH,), 2.47 (dd, J = 14.8, 7.9 Hz, 1H, ArCH,)

3.1.2.4 9-Fluorenylmethylcarbonyl phenylalanine leucine (F2FL)
9-Fluorenylmethylcarbonyl phenylalanine leucine (F2FL)

The title compound (157 mg, 52.2 %) was prepared via SPPS, in a similar fashion to that
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previously described for F2LL.

ESIMS +ve [M+H]" m/z 485.00, [M+Na]* m/z 507.13

ESIMS -ve [M-H] m/z 483.13

'H NMR (CDCl3) & 7.72 (d, J = 7.4 Hz, 2H, ArH), 7.42-7.30 (m, 4H, ArH), 7.27-7.16 (m,
7H, ArH), 6.75 (d, J = 8.4 Hz, 1H, CONH), 6.66 (d, J = 7.9 Hz, 1H, CONH), 4.95-4.87 (m,
1H, CHCO), 4.56-4.43 (m, 1H, CHCO), 4.40 (t, J = 7.1 Hz, 1H, ArCH), 3.02 (dd, J = 7.1,
3.4 Hz, 2H, ArCH,), 2.61 (dd, J = 7.2, 2.4 Hz, 2H, CH,CO), 1.72-1.51 (m, 3H, CH/CH,),
0.94 (dd, J = 6.2, 2.7 Hz, 6H, CH;)

3.1.2.5 9-Fluorenylmethylcarbonyl phenylalanine tyrosine (F2FY)
9-Fluorenylmethylcarbonyl phenylalanine tyrosine (F2FY)

The title compound (26.8 mg, 8.1 %) was prepared via SPPS, in a similar fashion to that
previously described for F2LL.

ESIMS +ve [M+H]" m/z 534.93, [M+Na]* m/z 557.13

ESIMS -ve [M-H] m/z 533.07

'H NMR (CD;0OD) & 8.22 (d, J = 8.5 Hz, 1H, CONH), 7.74 (dd, J = 7.5, 2.5 Hz, 2H, ArH),
7.38-7.12 (m, 11H, ArH), 7.09 (d, J = 8.5 Hz, 2H, ArH), 6.72 (d, J = 8.5 Hz, 2H, ArH), 4.90-
4.86 (m, 1H, CHCO), 4.64 (dd, J = 8.0, 5.1 Hz, 1H, CHCO), 4.29 (t, J = 7.5 Hz, 1H, ArCH),
3.16 (dt, J = 14.1, 5.1 Hz, 2H, ArCH,), 2.97 (dd, J = 14.0, 8.0 Hz, 1H, ArCH,), 2.83 (dd, J =
14.1, 10.0 Hz, 1H, ArCH,), 2.59 (dd, J = 14.7, 7.1 Hz, 1H, ArCH,), 2.46 (dd, J = 14.7, 8.0
Hz, 1H, ArCH,)

3.1.2.6 9-Fluorenylmethylcarbonyl dialanine (F2AA)?**
9-Fluorenylmethylcarbonyl alanine methyl ester (F2AOMe)

The title compound (434 mg, 77.1%) was prepared via a T3P mediated amide coupling, in a
similar fashion to that previously described for F1YOtBu.

9-Fluorenylmethylcarbonyl alanine (F2A)
The title compound (381 mg, 91.9%) was prepared (from F2AOMe) via LiOH methyl ester

hydrolysis, in a similar fashion to that previously described for P1Y.

9-Fluorenylmethylcarbonyl dialanine methyl ester (F2AAQMe)

The title compound (428 mg, 87.2 %) was prepared (from F2A) via a T3P mediated amide
coupling, in a similar fashion to that previously described for F1YOtBu.

'H NMR (CDCl3) & 7.78 (d, J = 7.3 Hz, 2H, ArH), 7.51 (dd, J = 7.4, 4.2 Hz, 2H, ArH), 7.40
(t, J=7.7 Hz, 2H, ArH), 7.34-7.29 (m, 2H, ArH), 6.65 (d, J = 7.6 Hz, 1H, CONH), 5.98 (d, J
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= 7.4 Hz, 1H, CONH), 4.61-4.52 (m, 2H, CHCO), 4.50 (t, / = 7.1 Hz, 1H, ArCH), 3.77 (s,
3H, OCH,), 2.71 (dd, J = 14.8, 7.0 Hz, 1H, CH,), 2.71 (dd, J = 14.8, 7.3 Hz, 1H, CH;), 1.45
(d, J=7.2 Hz, 3H, CH;), 1.34 (d, J = 7.0 Hz, 3H, CH3)

9-Fluorenylmethylcarbonyl dialanine (F2AA)

The title compound (402 mg, 97.5%) was prepared (from F2AAOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+H]" m/z 366.98, [M+Na]* m/z 389.13

ESIMS -ve [M-H] m/z 365.05

'H NMR (CD;0D) 8 7.79 (d, J = 7.5 Hz, 2H, ArH), 7.54 (d, J = 7.5 Hz, 1H, ArH), 7.51 (d, J
=7.6 Hz, 1H, ArH), 7.37 (t, /= 7.4 Hz, 2H, ArH), 7.29 (q, J = 6.8 Hz, 2H, ArH), 4.53 (q, J =
7.1 Hz, 1H, COCH), 4.46 (q, J = 7.3 Hz, 1H, COCH), 4.41 (t, J/ = 7.5 Hz, 1H, ArCH), 2.66
(dd, J = 14.6, 7.3 Hz, 1H, CH,), 2.60 (dd, J = 14.6, 7.9 Hz, 1H, CH,), 1.47 (d, J = 7.3 Hz,
3H, CHj), 1.39 (d, J = 7.2 Hz, 3H, CH3)

3.1.2.7 1-Pyrenylmethylcarbonyl tyrosine leucine (P2YL)
1-Pyrenylmethylcarbonyl tyrosine methyl ester (P2YOMe)

The title compound (1.62 g, 88.1%) was prepared via a T3P mediated amide coupling, in a
similar fashion to that previously described for F1YOtBu.

1-Pyrenylmethylcarbonyl tyrosine (P2Y)
The title compound (1.39 g, 96.7%) was prepared (from P2YOMe) via LiOH methyl ester

hydrolysis, in a similar fashion to that previously described for P1Y.

1-Pyrenylmethylcarbonyl tyrosine leucine methyl ester (P2YLOMe)
The title compound (1.37 g, 76.1%) was prepared (from P2Y) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

1-Pyrenylmethylcarbonyl tyrosine leucine (P2YL)

The title compound (1.30 mg, 97.2%) was prepared (from P2YLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+H]" m/z 536.93, [M+Na]* m/z 559.13

'H NMR (CD;0D) & 8.22 (d, J = 8.0 Hz, 1H, CONH), 8.21 (d, J = 7.7 Hz, 2H, ArH), 8.12
(d, J=7.8 Hz, 1H, ArH), 8.08 (d, J = 7.1 Hz, 4H, ArH), 8.02 (t, / = 7.7 Hz, 1H, ArH), 7.91
(d, J = 8.1 Hz, 1H, CONH), 7.81 (d, J = 7.8 Hz, 1H, ArH), 6.93 (d, J = 8.4 Hz, 2H, ArH),
6.56 (d, J = 8.5 Hz, 2H, ArH), 4.75-4.68 (m, 1H, CHCO), 4.47-4.40 (m, 1H, CHCO), 4.25
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(s, 2H, ArCH,), 3.05 (dd, J = 13.9, 4.8 Hz, 1H, ArCH,), 2.81 (dd, J = 14.0, 9.3 Hz, 1H,
ArCH,), 1.63-1.52 (m, 3H, CH/CH,), 0.84-0.81 (m, 6H, CHj;)

3.1.2.8 1-Pyrenylmethylcarbonyl dileucine (P2LL)
1-Pyrenylmethylcarbonyl dileucine methyl ester (P2LLOMe)

The title compound (211 mg, 69.0%) was prepared (from LLOMe) via a T3P mediated

amide coupling, in a similar fashion to that previously described for F1YOtBu.

1-Pyrenylmethylcarbonyl dileucine (P2LL)

The title compound (194 mg, 94.8%) was prepared (from P2LL.OMe) via LiOH methyl ester
hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+Na]" m/z 509.07

ESIMS -ve [M-H] m/z 485.13

'H NMR (CD;0D) 6 8.32 (d, J = 9.4 Hz, 1H, ArH), 8.21 (d, J = 7.9 Hz, 2H, ArH), 8.16 (dd,
J =114, 8.6 Hz, 2H, ArH), 8.07 (s, 2H, ArH), 8.02 (dd, J = 14.6, 7.7 Hz, 2H, ArH), 4.56-
4.50 (m, 1H, COCH), 4.43-4.37 (m, 1H, COCH), 4.33 (s, 2H, ArCH;), 1.71-1.44 (m, 6H,
CH/CH,), 0.90 (dd, J = 14.9, 6.2 Hz, 6H, CH3), 0.80-0.73 (m, 6H, CHs)

3.1.2.9 1-Naphthylmethylcarbonyl tyrosine leucine (1N2YL)
1-Naphthylmethylcarbonyl tyrosine leucine (IN2YL)

The title compound (137 mg, 49.2%) was prepared via SPPS, in a similar fashion to that
previously described for F2LL.

ESIMS +ve [M+H]" m/z 463.00, [M+Na]* m/z 485.13

'H NMR (CD;OD) § 7.89-7.77 (m, 3H, ArH), 7.51-7.44 (m, 2H, ArH), 7.39 (dd, J = 8.1, 7.1
Hz, 1H, ArH), 7.26 (d, J = 6.9 Hz, 1H, ArH), 6.91 (d, J = 8.4 Hz, 2H, ArH), 6.61 (d, J= 8.4
Hz, 2H, ArH), 4.70-4.64 (m, 1H, COCH), 4.46-4.40 (m, 1H, COCH), 3.97 (s, 2H, ArCH,),
3.03 (dd, J = 14.0, 4.8 Hz, 1H, ArCH,), 2.79 (dd, J = 14.0, 9.3 Hz, 1H, ArCH,), 1.69-1.54
(m, 3H, CH/CH,), 0.90 (dd, J = 10.0, 5.9 Hz, 6H, CHs)

3.1.2.10 1-Naphthylmethylcarbonyl dileucine (1N2LL)
1-Naphthylmethylcarbonyl dileucine methyl ester (1IN2LLOMe)

The title compound (132 mg, 76.0%) was prepared (from LLOMe) via a T3P mediated

amide coupling, in a similar fashion to that previously described for F1YOtBu.
1-Naphthylmethylcarbonyl dileucine (IN2LL)

The title compound (122 mg, 95.6%) was prepared (from IN2LLOMe) via LiOH methyl

ester hydrolysis, in a similar fashion to that previously described for P1Y.

91



Materials and methods

ESIMS +ve [M+H]" m/z 413.10, [M+Na]* m/z 435.19

'H NMR (CD;0D) & 8.10-8.03 (m, 1H, ArH), 7.89 (d, J = 7.6 Hz, 1H, ArH), 7.84-7.79 (m,
1H, ArH), 7.56-7.42 (m, 4H, ArH), 4.53-4.37 (m, 2H, COCH), 4.06 (s, 2H, ArCH,), 1.68-
1.49 (m, 6H, CH/CH,), 0.94-0.84 (m, 12H, CHs)

3.1.2.11 2-Naphthylmethylcarbonyl tyrosine leucine (2N2YL)
2-Naphthylmethylcarbonyl tyrosine leucine (2N2YL)

The title compound (172 mg, 61.8%) was prepared via SPPS, in a similar fashion to that
previously described for F2LL.

ESIMS +ve [M+H]" m/z 463.00, [M+Na]* m/z 485.13

'H NMR (CD;OD) & 7.85-7.73 (m, 3H, ArH), 7.63 (s, 1H, ArH), 7.50-7.42 (m, 2H, ArH),
7.23 (dd, J = 8.4, 1.5 Hz, 1H, ArH), 7.00 (d, J = 8.4 Hz, 2H, ArH), 6.62 (d, J= 8.4 Hz, 2H,
ArH), 4.67 (dd, J=9.4, 4.8 Hz, 1H, COCH), 4.44-4.38 (m, 1H, COCH), 3.66 (d, J = 8.5 Hz,
2H, ArCH,), 3.10 (dd, J = 14.2, 4.8 Hz, 1H, ArCH,), 2.81 (dd, J = 14.1, 9.5 Hz, 1H, ArCH,),
1.68-1.54 (m, 3H, CH/CH,), 0.88 (dd, J = 8.1, 5.8 Hz, 6H, CHj;)

3.1.2.12 2-Naphthylmethylcarbonyl dileucine (2N2LL)
2-Naphthylmethylcarbonyl dileucine methyl ester (2N2LLOMe)

The title compound (124 mg, 71.2%) was prepared (from LLOMe) via a T3P mediated

amide coupling, in a similar fashion to that previously described for F1YOtBu.

2-Naphthylmethylcarbonyl dileucine (2N2LL)

The title compound (115 mg, 96.1%) was prepared (from 2N2LLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+H]" m/z 413.10, [M+Na]* m/z 435.19

'H NMR (CD;0D) § 7.87-7.77 (m, 4H, ArH), 7.51-7.42 (m, 3H, ArH), 4.53-4.37 (m, 2H,
COCH), 3.73 (s, 2H, ArCH,), 1.73-1.47 (m, 6H, CH/CH,), 0.98-0.80 (m, 12H, CHj3)

3.1.3 Methoxycarbonyl CH,OC=0 linker (3) compounds

3.1.3.1 9-Fluorenylmethoxycarbonyl tyrosine leucine (F3YL)"*
9-Fluorenylmethoxycarbonyl tyrosine leucine tert-butyl ester (F3YLOtBu)

The title compound (796 mg, 70.1 %) was prepared via a T3P mediated amide coupling, in a
similar fashion to that previously described for F1YOtBu.

9-Fluorenylmethoxycarbonyl tyrosine leucine (F3YL)
The title compound (658 mg, 91.7 %) was prepared (from F3YLOtBu) via a TFA mediated
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cleavage of a tert-butyl ester, in a similar fashion to that previously described for F1Y.
ESIMS +ve [M+H]" m/z 517.13, [M+Na]* m/z 539.20

ESIMS -ve [M-H] m/z 514.87

'H NMR (CD;0D) § 7.80 (d, J= 7.5 Hz, 2H, ArH), 7.59 (d, J = 7.4 Hz, 2H, ArH), 7.39 (t, J =
7.4 Hz, 2H, ArH), 7.31 (q, J = 7.1 Hz, 2H, ArH), 7.11 (d, J = 8.3 Hz, 2H, ArH), 6.71 (d, J =
8.3 Hz, 2H, ArH), 4.46 (t, J = 7.3 Hz, 1H, ArCH), 4.43-4.36 (m, 1H, COCH), 4.32 (dd, J =
9.9, 6.8 Hz, 1H, COCH), 4.24-4.14 (m, 2H, CH,0), 3.08 (dd, J = 13.9, 4.7 Hz, 1H, CH,Ar),
2.78 (dd, J = 14.0, 9.7 Hz, 1H, CH,Ar), 1.75-1.62 (m, 3H, CH/CH,), 0.94 (dd, J = 8.2, 6.3
Hz, 6H, CHs;)

C NMR ((CD;),S0) 172.7 (C=0), 170.8 (C=0), 154.8 (OC=0), 153.8 (Ar-OH), 141.9
(Ar), 139.1 (Ar), 128.0 (Ar), 125.9 (Ar), 125.3 (Ar), 124.8 (Ar), 122.9 (Ar), 117.5 (Ar),
112.8 (Ar), 64.6 (CH,0), 54.5 (NHCH), 54.4 (NHCH), 48.9 (ArCH), 38.5 (CH,), 34.9
(CH,), 22.6 (CH), 20.0 (CHj3), 18.6 (CHs)

3.1.3.2 9-Fluorenylmethoxycarbonyl leucine-1-'3C leucine (F3L*L)
9-Fluorenylmethoxycarbonyl leucine-1-"C (F3L¥)

To water (6 mL) was added leucine-1-"C (500 mg, 3.78 mmol), and triethylamine (528 uL,
3.78 mmol). Separately, Fmoc-NHS ester (1.28 g, 3.78 mmol) was dissolved in MeCN (5
mL). The two solutions were mixed, and the pH raised to 9.0 via the dropwise addition of
triethylamine. The reaction mixture was stirred at room temperature for 1.5 hours. The
reaction mixture was acidified with 1M HCI and extracted with EtOAc. The organic layer
was dried over MgSO, and concentrated under vacuum in order to afford the title compound
(1.20 g, 89.5 %).

'H NMR (CD;0D) & 7.80 (d, J = 7.6 Hz, 2H, ArH), 7.69 (t, J = 7.3 Hz, 2H, ArH), 7.40 (t, J
=7.4 Hz, 2H, ArH), 7.32 (tt, /= 7.5, 1.1 Hz, 2H, ArH), 4.37 (d, J = 7.1 Hz, 2H, ArCH/CH,),
4.26-4.18 (m, 2H, CH,/CHCO), 1.78-1.69 (m, 1H, CH), 1.64 (td, J = 7.3, 2.5 Hz, 2H, CH,),
0.97 (dd, J = 12.6, 6.5 Hz, 6H, CH3;)

9-Fluorenylmethoxycarbonyl leucine-1-"C leucine tert-butyl ester (F3L¥*LOtBu)
The title compound (1.70 g, 95.8 %) was prepared (from F3L*) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

9-Fluorenylmethoxycarbonyl leucine-1-"C leucine (F3L*L)
The title compound (1.50 g, 98.7 %) was prepared (from F3L*LOtBu) via a TFA mediated
cleavage of a tert-butyl ester, in a similar fashion to that previously described for F1Y.

ESIMS +ve [M+H]" m/z 468.13, [M+Na]* m/z 490.27
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'H NMR (CD;0D) & 7.81 (d, J = 7.5 Hz, 2H, ArH), 7.68 (t, J = 7.4 Hz, 2H, ArH), 7.40 (t, J
=7.5 Hz, 2H, ArH), 7.32 (tt, J = 7.5, 1.3 Hz, 2H, ArH), 4.46 (td, J = 7.4, 2.5 Hz, 1H, ArCH),
439 (d, J = 6.9 Hz, 2H, CH,0), 4.26-4.19 (m, 2H, CHCO), 1.78-1.52 (m, 6H, CH/CH,),
0.99-0.89 (m, 12H, CH3)

C NMR (CD;0D) § 173.5 (*C=0)

3.1.3.3 9-Fluorenylmethoxycarbonyl leucine leucine-1-'3C leucine
(F3LL*L)

Leucine-1-"C tert butyl ester (L*OtBu)

The title compound (381 mg, 53.5 %) was prepared via formation of a tert-butyl ester, in a
similar fashion to that previously described for LLOtBu.

'H NMR (CDCly) § 3.37 (dt, J = 8.3, 5.6 Hz, 1H, CHCO), 1.86-1.77 (m, 3H, CH/CH,), 1.48

(s, 9H, CH3), 0.95 (dd, J = 9.2, 6.6 Hz, 6H, CH,)

9-Fluorenylmethoxycarbonyl leucine leucine-1-"C tert-butyl ester (F3LL*OtBu)
The title compound (785 mg, 96.3 %) was prepared (from L*OtBu) via a T3P mediated

amide coupling, in a similar fashion to that previously described for F1YOtBu.

9-Fluorenylmethoxycarbonyl leucine leucine-1-"C (F3LL*)
The title compound (687 mg, 98.0 %) was prepared (from F3LL*OtBu) via a TFA mediated

cleavage of a tert-butyl ester, in a similar fashion to that previously described for F1Y.

9-Fluorenylmethoxycarbonyl leucine leucine-1-"C leucine tert-butyl ester (F3LL*LOtBu)
The title compound (699 mg, 74.8 %) was prepared (from F3LL*) via a T3P mediated

amide coupling, in a similar fashion to that previously described for F1YOtBu.

9-Fluorenylmethoxycarbonyl leucine leucine-1-"C leucine (F3LL*L)

The title compound (604 mg, 94.6 %) was prepared (from F3LL*LOtBu) via a TFA
mediated cleavage of a tert-butyl ester, in a similar fashion to that previously described for
F1Y.

ESIMS +ve [M+H]" m/z 581.20, [M+Na]* m/z 603.33

'H NMR (CD;0D) & 8.21-8.16 (m, CONH), 8.04 (d, J/ = 7.9 Hz, CONH), 7.82 (d, J = 7.5
Hz, 2H, ArH), 7.70-7.65 (m, 2H, ArH), 7.41 (t, J= 7.4 Hz, 2H, ArH), 7.32 (tt, J = 7.5, 1.1
Hz, 2H, ArH), 4.52-4.34 (m, 4H, ArCH/CHCO/OCH,), 4.24 (t, J = 6.8 Hz, 1H, CHCO), 4.19
(t, J=7.6 Hz, 1H, CHCO), 1.76-1.52 (m, 9H, CH/CH,), 0.99-0.88 (m, 18H, CH3;)

C NMR (CD;0D) § 172.5 ("C=0)
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3.1.3.4 9-Fluorenylmethoxycarbonyl alanine-1-'3C alanine (F3A*A)?
9-Fluorenylmethoxycarbonyl alanine-1-""C (F3A%)

The title compound (800 mg, 92.3 %) was prepared via Fmoc protection, in a similar fashion

to that previously described for F3L*.

9-Fluorenylmethoxycarbonyl alanine-1-">C alanine tert-butyl ester (F3A*AOtBu)
The title compound (1.03 g, 77.2 %) was prepared (from F3A*) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

9-Fluorenylmethoxycarbonyl alanine-1-">C alanine (F3A*A)

The title compound (839 mg, 92.9 %) was prepared (from F3A*AOtBu) via a TFA
mediated cleavage of a tert-butyl ester, in a similar fashion to that previously described for
F1Y.

ESIMS +ve [M+H]" m/z 384.07, [M+Na]* m/z 406.20

'H NMR (CD;0D) & 7.81 (d, J = 7.5 Hz, 2H, ArH), 7.68 (t, J = 8.0 Hz, 2H, ArH), 7.40 (t, J
= 7.4 Hz, 2H, ArH), 7.33 (td, J = 7.4, 0.9 Hz, 2H, ArH), 4.44-4.34 (m, 3H, CHCO/CH,0),
424 (t, J = 6.9 Hz, 1H, ArCH), 4.21-4.15 (m, 1H, CHCO), 1.42 (d, J = 7.2 Hz, 3H, CHj;),
1.37 (dd, J = 6.9, 4.4 Hz, 3H, CHs)

"C NMR (CD;0D) § 173.4 (°C=0)

3.1.3.5 1-Pyrenylmethoxycarbonyl dileucine (P3LL)
1-Pyrenylmethoxycarbonyl dileucine (P3LL)

To a THF (15 mL) solution of 1-pyrenemethanol (300 mg, 1.3 mmol) was added DIPEA
(270 pL, 1.6 mmol) and 4-nitrophenyl chloroformate (260 mg, 1.3 mmol). The reaction
mixture was stirred at room temperature for 15 minutes. Dileucine (316 mg, 1.3 mmol) was
added, and the reaction mixture refluxed overnight. The reaction mixture was diluted with
DCM, then washed with 1 M HCI (x2), water (x2), and brine. The organic layer was isolated
and concentrated via rotary evaporation, in order to afford the crude product. The crude
product was purified via silica column chromatography, eluting with a 0-2% MeOH/DCM
gradient, in order to afford the title compound (64.8 mg, 10.0%). At all stages of the
preparation glassware was wrapped in tinfoil to avoid potential photocleavage of the
product.’

ESIMS +ve [M+Na]" m/z 525.05

'H NMR (CD;0OD) & 8.37 (d, J = 9.2 Hz, 1H, ArH), 8.25 (dd, J = 7.5, 3.9 Hz, 2H, ArH), 8.20
(d, J=8.4 Hz, 2H, ArH), 8.14-8.07 (m, 3H, ArH), 8.05 (t, /= 7.6 Hz, 1H, ArH), 5.84 (s, 2H,
ArCH;0), 4.50-4.42 (m, 1H, COCH), 4.31-4.23 (m, 1H, COCH), 1.77-1.48 (m, 6H,
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CH/CH,), 0.94 (d, J = 6.7 Hz, 6H, CHs), 0.90 (dd, J = 13.2, 6.2 Hz, 6H, CHs)

3.1.3.6 1-Pyrenylmethoxycarbonyl tyrosine leucine (P3YL)
Tert-butyl carbonyl tyrosine leucine tert-butyl ester (BocYLOtBu)

The title compound (779 mg, 97.3%) was prepared via a T3P mediated amide coupling, in a
similar fashion to that previously described for F1YOtBu.

Tyrosine leucine (YL)
The title compound (507 mg, 99.6%) was prepared (from BocYLOtBu) via a TFA mediated
cleavage of a tert-butyl ester and carbamate, in a similar fashion to that previously described

for F1Y.

1-Pyrenylmethoxycarbonyl tyrosine leucine (P3YL)

The title compound (60.0 mg, 6.3%) was prepared (from YL) via 4-nitrophenyl
chloroformate mediated carbamate formation, in a similar fashion to that previously
described for P3LL.

ESIMS +ve [M+Na]" m/z 575.08

'H NMR (CD;OD) § 8.28-8.21 (m, 3H, ArH), 8.19-8.14 (m, 2H, ArH), 8.12-8.02 (m, 3H,
ArH), 7.97 (d, J = 7.7 Hz, 1H, ArH), 7.09 (d, J = 8.4 Hz, 2H, ArH), 6.70 (d, J = 8.4 Hz, 2H,
ArH), 5.74 (d, J = 9.5 Hz, 2H, ArCH,0), 4.50-4.41 (m, 2H, COCH), 3.09 (dd, J = 14.1, 4.7
Hz, 1H, ArCH,), 2.76 (dd, J = 14.1, 9.7 Hz, 1H, ArCH,), 1.74-1.61 (m, 3H, CH/CH,), 0.92
(dd, J=9.8, 6.2 Hz, 6H, CH3;)

3.1.4 Ethylcarbonyl (CH,),C=0 linker (4) compounds

3.1.4.1 Common precursor: 1-Naphthylpropanoic acid (1N4)
1-Naphthylethanol mesylate ester (1N4OMS)

A DCM (20 mL) solution of 1-naphthylethanol (1.00 g, 5.8 mmol) was cooled to 0 °C in an
ice bath. To this was added triethylamine (1.21 mL, 8.7 mmol), before the dropwise addition
of methanesulfonyl chloride (494 ul, 6.4 mmol). The reaction mixture was then stirred for an
hour whilst being allowed to warm to room temperature. The reaction mixture was washed
with HCl (x2), NaHCO; (x2), water (x2), dried over MgSO,, and concentrated via rotary
evaporation in order to afford the crude product (1.42 g, 97.7%).

1-Naphthylethylnitrile (1N4CN)

To a DMSO (15 mL) solution of 1IN4OMs (1.42 g, 5.7 mmol) was added sodium cyanide

(292 mg, 6.0 mmol). The reaction mixture was then stirred, and heated at 90 °C for 4 hours.
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The reaction mixture was then partitioned between DCM and water. The organic layer was
isolated, dried over MgSO,, and concentrated via rotary evaporation in order to afford the
crude product. The crude product was purified via silica column chromatography, eluting
with a 5-25% EtOAc/Hexane gradient, in order to afford the title compound (635 mg,
61.8%).

1-Naphthylpropanoic acid (1N4)

To an ethanol (10 mL) solution of IN4CN (635 mg, 3.5 mmol) was added 1 M KOH
solution (40 mL). The reaction mixture was then stirred, and refluxed for 72 hours. The
reaction mixture was acidified using 1M HCI, which caused precipitation to occur. The
organics were extracted using DCM, which was dried over MgSO,, and concentrated via
rotary evaporation in order to afford the title compound (689 mg, 98.2%).

'H NMR (CDCl5) § 8.06 (d, J = 8.4 Hz, 1H, ArH), 7.90 (d, J = 7.9 Hz, 1H, ArH), 7.77 (d, J
= 7.8 Hz, 1H, ArH), 7.59-7.50 (m, 2H, ArH), 7.46-7.38 (m, 2H, ArH), 3.50-3.45 (m, 2H,
ArCH,), 2.89-2.84 (m, 2H, COCH,)

3.1.4.2 1-Naphthylethylcarbonyl tyrosine leucine (1N4YL)
1-Naphthylethylcarbonyl tyrosine methyl ester (1IN4Y OMe)

The title compound (499 mg, 88.2%) was prepared (from 1N4) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

1-Naphthylethylcarbonyl tyrosine (IN4Y)
The title compound (460 mg, 95.9%) was prepared (from 1N4YOMe) via LiOH methyl ester

hydrolysis, in a similar fashion to that previously described for P1Y.

1-Naphthylethylcarbonyl tyrosine leucine methyl ester (1IN4YLOMe)
The title compound (522 mg, 84.0%) was prepared (from 1N4Y) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

1-Naphthylethylcarbonyl tyrosine leucine (IN4YL)

The title compound (444 mg, 87.5%) was prepared (from 1IN4YLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+H]" m/z 477.02, [M+Na]* m/z 499.17

ESIMS -ve [M-H] m/z 475.09

'H NMR (CD;0D) & 8.21 (d, J = 8.2 Hz, 1H, CONH), 8.06 (d, J = 8.6 Hz, 1H, ArH), 7.97
(d, J = 8.4 Hz, 1H, CONH), 7.87 (d, J = 8.4 Hz, 1H, ArH), 7.73 (d, J = 8.2 Hz, 1H, ArH),
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7.54 (td, J =17.6, 1.6 Hz, 1H, ArH), 7.48 (td, / = 7.4, 1.4 Hz, 1H, ArH), 7.38-7.34 (m, 1H,
ArH), 7.26 (d, J = 6.8 Hz, 1H, ArH), 7.01 (d, J = 8.5 Hz, 2H, ArH), 6.68 (d, J = 8.5 Hz, 2H,
ArH), 4.70-4.63 (m, 1H, CHCO), 4.49-4.43 (m, 1H, CHCO), 3.28 (td, J = 7.8, 2.9 Hz, 2H,
ArCH,), 3.03 (dd, J = 14.1, 5.0 Hz, 1H, ArCH,), 2.76 (dd, J = 14.1, 9.2 Hz, 1H, ArCH,),
2.60 (t, J =7.5 Hz, 2H, CH,CO), 1.76-1.61 (m, 3H, CH/CH,), 0.95 (dd, J = 12.8, 6.3 Hz, 6H,
CHs)

3.1.4.3 1-Naphthylethylcarbonyl dileucine (1N4LL)
1-Naphthylethylcarbonyl leucine methyl ester (1IN4LOMe)

The title compound (409 mg, 83.4%) was prepared (from 1N4) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

1-Naphthylethylcarbonyl leucine (1N4L)
The title compound (388 mg, 99.0%) was prepared (from 1IN4LLOMe) via LiOH methyl ester

hydrolysis, in a similar fashion to that previously described for P1Y.

1-Naphthylethylcarbonyl dileucine methyl ester (1N4LLOMe)
The title compound (438 mg, 80.3%) was prepared (from 1N4L) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

1-Naphthylethylcarbonyl dileucine (1IN4LL)

The title compound (405 mg, 95.6%) was prepared (from 1N4LLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+H]" m/z 427.05, [M+Na]* m/z 449.21

ESIMS -ve [M-H] m/z 425.13

'H NMR (CD;0D) § 8.18 (d, J = 8.1 Hz, 1H, CONH), 8.14 (d, J = 8.2 Hz, 1H, ArH), 8.03
(d, J =17.9 Hz, 1H, CONH), 7.87 (d, J = 8.1 Hz, 1H, ArH), 7.74 (dd, J = 6.8, 2.6 Hz, 1H,
ArH), 7.55 (td, J = 7.6, 1.5 Hz, 1H, ArH), 7.49 (td, J = 7.4, 1.2 Hz, 1H, ArH), 7.41-7.36 (m,
2H, ArH), 4.48-4.40 (m, 2H, CHCO), 3.42 (td, J = 7.7, 3.1 Hz, 2H, ArCH,), 2.69 (t, J = 7.7
Hz, 2H, CH,CO), 1.80-1.68 (m, 1H, CH/CH,), 1.68-1.63 (m, 2H, CH/CH,), 1.58-1.42 (m,
3H, CH/CH,), 0.96 (dd, J = 16.0, 6.5 Hz, 6H, CH3), 0.89 (dd, J = 10.6, 6.2 Hz, 6H, CHj;)

3.1.4.4 Common precursor: 2-Naphthylpropanoic acid (2N4)
2-Naphthylethanol mesylate ester 2N4OMs)

The title compound (1.40 g, 96.3%) was prepared via formation of the mesylate ester, in a

similar fashion to that previously described for 1IN4OMs.
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2-Naphthylethylnitrile 2N4CN)
The title compound (746 mg, 73.6%) was prepared (from 2N40OMs) via nucleophilic

addition of cyanide, in a similar fashion to that previously described for IN4CN.

2-Naphthylpropanoic acid (2N4)

The title compound (814 mg, 98.8%) was prepared (from 2N4CN) via nitrile hydrolysis, in a
similar fashion to that previously described for 1N4.

'H NMR (CDCls) 8 7.85-7.78 (m, 3H, ArH), 7.69 (s, 1H, ArH), 7.51-7.43 (m, 2H, ArH),
7.37 (dd, J = 8.4, 1.6 Hz, 1H, ArH), 3.15 (t, J/ = 7.8 Hz, 2H, ArCH,), 2.80 (t, / = 7.8 Hz, 2H,
COCH,)

3.1.4.5 2-Naphthylethylcarbonyl tyrosine leucine (2N4YL)
2-Naphthylethylcarbonyl tyrosine methyl ester 2N4YOMe)

The title compound (665 mg, 88.2%) was prepared (from 2N4) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

2-Naphthylethylcarbonyl tyrosine (2N4Y)
The title compound (623 mg, 97.3%) was prepared (from 2N4YOMe) via LiOH methyl ester

hydrolysis, in a similar fashion to that previously described for P1Y.

2-Naphthylethylcarbonyl tyrosine leucine methyl ester 2N4YLOMe)
The title compound (548 mg, 65.2%) was prepared (from 2N4Y) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

2-Naphthylethylcarbonyl tyrosine leucine (2N4YL)

The title compound (473 mg, 88.9%) was prepared (from 2N4YLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+H]" m/z 477.02, [M+Na]* m/z 499.17

ESIMS -ve [M-H] m/z 475.09

'H NMR (CD;0D) 8 8.19 (d, J = 8.2 Hz, 1H, CONH), 7.97 (d, J = 8.1 Hz, 1H, CONH),
7.82-7.73 (m, 3H, ArH), 7.61 (s, 1H, ArH), 7.47-7.39 (m, 2H, ArH), 7.30 (dd, J = 8.5, 1.8
Hz, 1H, ArH), 7.00 (d, J = 8.5 Hz, 2H, ArH), 6.66 (d, J = 8.5 Hz, 2H, ArH), 4.67-4.60 (m,
1H, CHCO), 4.48-4.41 (m, 1H, CHCO), 3.06-2.96 (m, 3H, ArCH,), 2.76 (dd, J = 14.1, 9.1
Hz, 1H, ArCH,), 2.60-2.54 (m, 2H, CH,CO), 1.74-1.55 (m, 3H, CH/CH,), 0.92 (dd, J = 14.9,
6.3 Hz, 6H, CHj;)
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3.1.4.6 2-Naphthylethylcarbonyl dileucine (2N4LL)
2-Naphthylethylcarbonyl leucine methyl ester (2N4LOMe)

The title compound (535 mg, 81.8%) was prepared (from 2N4) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

2-Naphthylethylcarbonyl leucine (2N4L)
The title compound (486 mg, 94.9%) was prepared (from 2N4L.OMe) via LiOH methyl ester

hydrolysis, in a similar fashion to that previously described for P1Y.

2-Naphthylethylcarbonyl dileucine methyl ester (2N4LL.OMe)
The title compound (451 mg, 66.0%) was prepared (from 2N4L) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

2-Naphthylethylcarbonyl dileucine (2N4LL)

The title compound (422 mg, 96.6%) was prepared (from 2N4LLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+H]" m/z 426.99, [M+Na]* m/z 449.21

ESIMS -ve [M-H] m/z 425.19

'H NMR (CD;0D) 8 8.15 (d, J = 8.1 Hz, 1H, CONH), 7.98 (d, J = 8.0 Hz, 1H, CONH),
7.83-7.77 (m, 3H, ArH), 7.67 (s, 1H, ArH), 7.47-7.37 (m, 3H, ArH), 4.46-4.35 (m, 2H,
CHCO), 3.10 (t, J = 7.4 Hz, 2H, ArCH,), 2.73-2.60 (m, 2H, CH,CO), 1.77-1.65 (m, 1H,
CH), 1.64-1.59 (m, 2H, CH,), 1.50-1.37 (m, 2H, CH,), 1.31-1.21 (m, 1H, CH), 0.93 (dd, J =
18.4, 6.5 Hz, 6H, CH,), 0.72 (dd, J = 17.7, 6.6 Hz, 6H, CH;)

3.1.4.7 Common precursor: 9-Fluorenylpropanoic acid (F4)’
9-Fluorenylpropanoate methyl ester (F40Me)

A DMSO (20 mL) solution of fluorene (1.00 g, 6.0 mmol) was cooled to 0 °C in an ice bath,
and stirred under nitrogen. To this was added 60% NaH dispersion in mineral oil (313 mg,
7.8 mmol), and the reaction mixture stirred for 40 minutes, before the subsequent addition of
methyl 3-bromopropionate (985 pL, 9.0 mmol). After being allowed to warm to room
temperature, the reaction mixture was stirred for a further hour, before being quenched by
the slow addition of MeOH. The reaction mixture was then partitioned between DCM and 1
M HCI solution. The organic layer was isolated, dried over MgSO,, and concentrated via
rotary evaporation in order to afford the crude product. The crude product was purified by
silica column chromatography, eluting with 2% MeOH/DCM in order to afford the title
compound (297 mg, 19.6%).
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9-Fluorenylpropanoic acid (F4)

The title compound (260 mg, 92.7%) was prepared (from F40Me) via LiOH methyl ester
hydrolysis, in a similar fashion to that previously described for P1Y.

'H NMR (CDCls) & 7.77 (d, J = 7.4 Hz, 2H, ArH), 7.52 (d, J = 7.6 Hz, 2H, ArH), 7.40 (t, J =
7.2 Hz, 2H, ArH), 7.33 (td, J = 7.4, 1.2 Hz, 2H, ArH), 4.11 (t, J/ = 5.2 Hz, 1H, ArCH), 2.49-
2.42 (m, 2H, CH,), 2.04-1.98 (m, 2H, CH,)

C NMR (CDCl5) & 178.3 (COOH), 145.3 (ArH), 141.0 (ArH), 126.9 (ArH), 126.6 (ArH),
123.8 (ArH), 119.5 (ArH), 45.5 (ArCH), 28.5 (CH,), 26.8 (CH,)

3.1.4.8 9-Fluorenylethylcarbonyl tyrosine leucine (F4YL)'
9-Fluorenylethylcarbonyl tyrosine methyl ester (F4YOMe)

The title compound (211 mg, 93.3%) was prepared (from F4) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

9-Fluorenylethylcarbonyl tyrosine (F4Y)
The title compound (202 mg, 99.0%) was prepared (from F4YOMe) via LiOH methyl ester

hydrolysis, in a similar fashion to that previously described for P1Y.

9-Fluorenylethylcarbonyl tyrosine leucine methyl ester (F4YLOMe)
The title compound (120 mg, 45.0%) was prepared (from F4Y) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

9-Fluorenylethylcarbonyl tyrosine leucine (F4YL)

The title compound (114 mg, 97.3%) was prepared (from F4YLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+H]" m/z 515.20, [M+Na]* m/z 537.27

ESIMS -ve [M-H] m/z 513.20

'H NMR (CD;0D) § 8.18 (d, J = 8.0 Hz, 1H, CONH), 7.83 (d, J = 8.3 Hz, 1H, CONH), 7.76
(d, J=7.7Hz, 2H, ArH), 7.51 (dd, J = 13.9, 7.2 Hz, 2H, ArH), 7.38-7.27 (m, 4H, ArH), 7.01
(d, J = 8.5 Hz, 2H, ArH), 6.65 (d, J = 8.6 Hz, 2H, ArH), 4.58-4.50 (m, 1H, CHCO), 4.43-
4.36 (m, 1H, CHCO), 3.94 (t, J = 5.5 Hz, 1H, ArCH), 3.00 (dd, J = 14.1, 5.0 Hz, 1H, CH,),
2.66 (dd, J = 14.0, 9.5 Hz, 1H, CH,), 2.25-2.18 (m, 2H, CH,), 1.94-1.80 (m, 2H, CH,), 1.70-
1.56 (m, 3H, CH/CH,), 0.89 (dd, J = 16.1, 6.3 Hz, 6H, CHj;)

C NMR (CD;0D) 173.8 (C=0), 173.6 (C=0), 172.0 (C=0), 155.3 (Ar-OH), 145.8 (Ar),
140.6 (Ar), 129.4 (Ar), 127.3 (Ar), 126.3 (Ar), 126.2 (Ar), 123.7 (Ar), 118.9 (Ar), 114.2
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(Ar), 53.9 (NHCH), 50.1 (NHCH), 45.7 (ArCH), 39.8 (CH,), 36.0 (CH,), 30.5 (CHp), 27.8
(CHy), 24.0 (CH), 21.4 (CH3), 20.0 (CH3)

3.1.4.9 9-Fluorenylethylcarbonyl dileucine (F4LL)
9-Fluorenylethylcarbonyl leucine methyl ester (F4LOMe)

The title compound (182 mg, 91.4%) was prepared (from F4) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

9-Fluorenylethylcarbonyl leucine (F4L)
The title compound (170 mg, 97.0%) was prepared (from F4LOMe) via LiOH methyl ester

hydrolysis, in a similar fashion to that previously described for P1Y.

9-Fluorenylethylcarbonyl dileucine methyl ester (F4LLOMe)
The title compound (140 mg, 60.5%) was prepared (from F4L) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

9-Fluorenylethylcarbonyl dileucine (F4LL)

The title compound (133 mg, 97.9%) was prepared (from F4LLOMe) via LiOH methyl ester
hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+Na]" m/z 487.27

'H NMR (CDCl3) & 7.76 (d, J = 7.3 Hz, 2H, ArH), 7.52 (t, J = 7.7 Hz, 2H, ArH), 7.39 (t, J =
7.2 Hz, 2H, ArH), 7.32 (tt, J = 7.4, 1.2 Hz, 2H, ArH), 7.00 (d, J = 8.2 Hz, 1H, CONH), 6.38
(d, J=8.6 Hz, 1H, CONH), 4.59-4.48 (m, 2H, CHCO), 4.07 (t, J/ = 5.3 Hz, 1H, ArCH), 2.48-
2.34 (m, 2H, CH;), 1.90-1.84 (m, 2H [obscured], CH,), 1.70-1.59 (m, 2H, CH/CH,), 1.58-
1.48 (m, 3H, CH/CH,), 1.43-1.32 (m, 1H, CH/CH,), 0.93-0.83 (m, 12H, CHj;)

*C NMR (CD;0D) 173.9 (C=0), 173.8 (C=0), 172.9 (C=0), 145.9 (Ar), 140.7 (Ar), 126.4
(Ar), 126.2 (Ar), 123.7 (Ar), 118.9 (Ar), 51.1 (NHCH), 51.0 (NHCH), 45.8 (ArCH), 39.8
(CHp), 30.4 (CH,), 27.7 (CHy), 24.0 (CH), 21.5 (CH3), 20.2 (CHj3), 19.9 (CHs)

3.1.4.10 Common precursor: 1-Pyrenylpropanoic acid (P4)6
1-Pyrenylethanol (P40OH)

A THF (20 mL) solution of 1-pyreneacetic acid (1.5 g, 5.8 mmol) was cooled to 0 °C in an
ice bath, and stirred under nitrogen. To this was added 2.0 M LiAlH, THF solution (5.8 mL,
11.5 mmol), and the reaction mixture stirred under nitrogen for 2 hours before being
quenched by the slow addition of EtOAc. The reaction mixture was washed with HCI (x2),

dried over MgSQ,, and concentrated via rotary evaporation in order to afford the crude
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product (1.38 g, 97.2%).

1-Pyrenylethanol mesylate ester (P4OQMSs)
The title compound (1.79 g, 98.5%) was prepared (from P4OH) via formation of the

mesylate ester, in a similar fashion to that previously described for IN4OMs.

1-Pyrenylethylnitrile (P4CN)
The title compound (609 mg, 43.2%) was prepared (from P4OMs) via nucleophilic addition

of cyanide, in a similar fashion to that previously described for IN4CN.

1-Pyrenylpropanoic acid (P4)

The title compound (624 mg, 95.4%) was prepared (from P4CN) via nitrile hydrolysis, in a
similar fashion to that previously described for 1N4.

'H NMR (CD;0D) & 8.34 (d, J = 9.2 Hz, 1H, ArH), 8.22-8.12 (m, 4H, ArH), 8.05 (s, 2H,
ArH), 8.00 (t, J = 7.6 Hz, 1H, ArH), 7.95 (d, J = 7.9 Hz, 1H, ArH), 3.71-3.65 (m, 2H,
ArCH,), 2.88-2.82 (m, 2H, COCH,)

3.1.4.11 1-Pyrenylethylcarbonyl tyrosine leucine (P4YL)®
1-Pyrenylethylcarbonyl tyrosine methyl ester (P4Y OMe)

The title compound (468 mg, 94.8%) was prepared (from P4) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

1-Pyrenylethylcarbonyl tyrosine (P4Y)
The title compound (440 mg, 97.0%) was prepared (from P4YOMe) via LiOH methyl ester

hydrolysis, in a similar fashion to that previously described for P1Y.

1-Pyrenylethylcarbonyl tyrosine leucine methyl ester (P4YLOMe)
The title compound (430 mg, 75.7%) was prepared (from P4Y) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

1-Pyrenylethylcarbonyl tyrosine leucine (P4YL)

The title compound (400 mg, 95.4%) was prepared (from P4YLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+H]" m/z 551.00, [M+Na]* m/z 573.15

ESIMS -ve [M-H] m/z 549.13

'H NMR (CD;OD) 8 8.31 (d, J = 9.3 Hz, 1H, ArH), 8.22-8.13 (m, 3H, ArH), 8.10 (d, /= 7.9
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Hz, 1H, ArH), 8.04 (s, 2H, ArH), 8.01 (t, J = 7.6 Hz, 1H, ArH), 7.82 (d, J = 7.9 Hz, 1H,
ArH), 6.97 (d, J = 8.5 Hz, 2H, ArH), 6.64 (d, J = 8.5 Hz, 2H, ArH), 4.72-4.65 (m, 1H,
CHCO), 4.48-4.42 (m, 1H, CHCO), 3.54 (t, J = 7.8 Hz, 2H, ArCH,), 3.01 (dd, J = 14.1, 5.1
Hz, 1H, ArCH,), 2.78-2.68 (m, 3H, ArCH,/CH,CO), 1.74-1.56 (m, 3H, CH/CH.), 0.93 (dd, J
=9.7, 6.2 Hz, 6H, CH;)

3C NMR ((CD;),S0) 171.4 (C=0), 171.1 (C=0), 171.0 (C=0), 155.7 (Ar-OH), 135.7 (Ar),
130.8 (Ar), 130.4 (Ar), 130.2 (Ar), 129.3 (Ar), 128.0 (Ar), 127.9 (Ar), 127.4 (A1), 127.3
(Ar), 127.0 (Ar), 126.5 (Ar), 126.1 (Ar), 124.9 (Ar), 124.8 (Ar), 124.1 (Ar), 124.1 (AD),
123.2 (Ar), 114.8 (Ar), 53.9 (NHCH), 50.5 (NHCH), 37.2 (CH,), 37.1 (CH,), 36.8 (CH,),
28.7 (CH,), 24.3 (CH), 22.9 (CH;), 21.5 (CH;)

3.1.4.12 1-Pyrenylethylcarbonyl dileucine (P4LL)
1-Pyrenylethylcarbonyl leucine methyl ester (P4LOMe)

The title compound (431 mg, 98.2%) was prepared (from P4) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

1-Pyrenylethylcarbonyl leucine (P4L)
The title compound (401 mg, 96.4%) was prepared (from P4LOMe) via LiOH methyl ester
hydrolysis, in a similar fashion to that previously described for P1Y.

1-Pyrenylethylcarbonyl dileucine methyl ester (P4LLOMe)
The title compound (302 mg, 56.8%) was prepared (from P4L) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

1-Pyrenylethylcarbonyl dileucine (P4LL)

The title compound (283 mg, 96.2%) was prepared (from P4LLOMe) via LiOH methyl ester
hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+H]" m/z 501.03, [M+Na]* m/z 523.19

ESIMS -ve [M-H] m/z 499.17

'H NMR (CD;0D) & 8.40 (d, J = 9.3 Hz, 1H, ArH), 8.23-8.18 (m, 2H, ArH), 8.18-8.13 (m,
2H, ArH), 8.06 (s, 2H, ArH), 8.02 (t, / = 7.6 Hz, 1H, ArH), 7.94 (d, J = 7.8 Hz, 1H, ArH),
4.46-4.32 (m, 2H, CHCO), 3.76-3.66 (m, 2H, ArCH,), 2.81 (t, / = 7.6 Hz, 2H, CH,CO),
1.78-1.66 (m, 1H, CH/CH,), 1.65-1.59 (m, 2H, CH/CH,), 1.45-1.37 (m, 1H, CH/CH,), 1.36-
1.27 (m, 1H, CH/CH,), 1.20-1.08 (m, 1H, CH/CH,), 0.93 (dd, J = 14.0, 6.5 Hz, 6H, CH,),
0.66 (t, /= 6.3 Hz, 6H, CHj;)
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3.1.4.13 1-Pyrenylethylcarbonyl serine (P4S)°
1-Pyrenylethylcarbonyl O-tert-Butyl-serine tert-butyl ester (P4S(OtBu)OtBu)

The title compound (967 mg, 87.5%) was prepared (from P4) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

1-Pyrenylethylcarbonyl serine (P4S)

The title compound (591 mg, 80.1%) was prepared (from P4S(OtBu)OtBu) via a TFA
mediated cleavage of a tert-butyl ester and ether, in a similar fashion to that previously
described for F1Y.

ESIMS +ve [M+H]" m/z 362.13, [M+Na]* m/z 384.13

ESIMS -ve [M-H] m/z 360.00

'H NMR (CD;0D) & 8.38 (d, J = 9.3 Hz, 1H, ArH), 8.21-8.11 (m, 4H, ArH), 8.04 (s, 2H,
ArH), 8.00 (t, J/ = 7.6 Hz, 1H, ArH), 7.95 (d, J = 7.8 Hz, 1H, ArH), 4.56 (t, J/ = 4.6 Hz, 1H,
CHCO), 3.89 (dd, J = 11.3, 5.0 Hz, 1H, CH,0), 3.80 (dd, J = 11.2, 4.1 Hz, 1H, CH,0), 3.72-
3.66 (m, 2H, ArCH,), 2.84 (td, J = 8.1, 1.7 Hz, 2H, CH,CO)

C NMR ((CDs),S0) 172.0 (C=0), 171.5 (C=0), 135.8 (Ar), 130.8 (Ar), 130.4 (Ar), 129.4
(Ar), 128.0 (Ar), 1274 (Ar), 127.3 (Ar), 126.5 (Ar), 126.1 (Ar), 124.9 (Ar), 124.8 (Ar),
124.2 (Ar), 124.1 (Ar), 123.3 (Ar), 61.4 (CH,), 54.6 (NHCH), 37.0 (CH,), 28.6 (CH,)

3.1.5 Methoxymethylcarbonyl CH,OCH,C=0 linker (5)
compounds

3.1.5.1 1-Naphthylmethoxymethylcarbonyl dileucine (1N5LL)
1-Naphthylmethoxyacetic acid (1N5)

To a THF (20 mL) solution of 1-naphthalenemethanol (273 mg, 1.7 mmol) was added
bromoacetic acid (200 mg, 1.4 mmol), and 60% sodium hydride dispersion in mineral oil
(127 mg, 3.2 mmol). The reaction mixture was initially stirred under nitrogen at 0 °C for 10
minutes, before being allowed to warm to room temperature and stirred for a further 3 hours.
The reaction mixture was quenched by the dropwise addition of methanol, and concentrated
via rotary evaporation. The residue was partitioned between 1 M HCI and DCM, and the
organic layer isolated, dried over MgSO,, and concentrated via rotary evaporation in order to
afford the crude product. The crude product was purified via silica column chromatography,

eluting with 50% EtOAc/Hexane, in order to afford the title compound (206 mg, 66.1 %).
1-Naphthylmethoxymethylcarbonyl dileucine methyl ester (INSLLOMe)

The title compound (310 mg, 71.4%) was prepared (from 1INS and LLOMe) via a T3P

mediated amide coupling, in a similar fashion to that previously described for F1YOtBu.
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ESIMS +ve [M+Na]" m/z 479.27

ESIMS -ve [M-H] m/z 455.07

'H NMR (CDClL3) & 8.11 (d, J = 8.3 Hz, 1H, ArH), 7.91-7.82 (m, 2H, ArH), 7.59-7.50 (m,
2H, ArH), 7.48-7.42 (m, 2H, ArH), 6.94 (d, J = 8.6 Hz, 1H, CONH), 6.77 (d, J = 8.0 Hz, 1H,
CONH), 5.09 (d, J = 12.0 Hz, 1H, ArCH,), 4.98 (d, J = 12.0 Hz, 1H, ArCH,), 4.60-4.48 (m,
2H, COCH), 4.04 (s, 2H, OCH,), 3.72 (s, 3H, OCHj3), 1.69-1.38 (m, 6H, CH/CH,), 0.91-0.87
(m, 12H, CHs)

1-Naphthylmethoxymethylcarbonyl dileucine (INSLL)

The title compound (294 mg, 97.7%) was prepared (from INSLLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+Na]" m/z 465.27

ESIMS -ve [M-H] m/z 441.00

'H NMR (CD;0D) & 8.40 (d, J = 8.1 Hz, 1H, CONH), 8.23 (d, J = 8.4 Hz, 1H, ArH), 7.94-
7.87 (m, 2H, ArH), 7.68 (d, J = 8.5 Hz, 1H, CONH), 7.61-7.51 (m, 3H, ArH), 7.51-7.45 (m,
1H, ArH), 5.16 (d, J = 12.0 Hz, 1H, ArCH,), 5.04 (d, J = 12.0 Hz, 1H, ArCH,), 4.56-4.49
(m, 1H, COCH), 4.48-4.41 (m, 1H, COCH), 4.07 (d, J = 6.5 Hz, 2H, OCH,), 1.78-1.61 (m,
3H, CH/CH,), 1.60-1.41 (m, 3H, CH/CH,), 0.97-0.89 (m, 12H, CH3)

3.1.5.2 2-Naphthylmethoxymethylcarbonyl dileucine (2N5LL)
2-Naphthylmethoxyacetic acid (2NS)

The title compound (211 mg, 67.7%) was prepared via nucleophilic addition of an alkoxide,

in a similar fashion to that previously described for 1NS.

2-Naphthylmethoxymethylcarbonyl dileucine methyl ester 2NSLLOMe)

The title compound (284 mg, 63.9%) was prepared (from 2N5 and LLOMe) via a T3P
mediated amide coupling, in a similar fashion to that previously described for F1YOtBu.

'H NMR (CDCls) & 7.88-7.81 (m, 3H, ArH), 7.78 (s, 1H, ArH), 7.53-7.43 (m, 3H, ArH),
7.09 (d, J = 8.7 Hz, 1H, CONH), 6.93 (d, J = 8.0 Hz, 1H, CONH), 4.73 (d, J = 8.8 Hz, 2H,
ArCH,), 4.65-4.55 (m, 2H, COCH), 4.02 (d, J = 5.9 Hz, 2H, OCH,), 3.72 (s, 3H, OCH,),
1.77-1.50 (m, 6H, CH/CH,), 0.94 (dd, J = 6.2, 4.7 Hz, 6H, CHs;), 0.90 (d, J = 6.1 Hz, 6H,
CH;)

2-Naphthylmethoxymethylcarbonyl dileucine (2NSLL)

The title compound (197 mg, 71.5 %) was prepared (from 2NSLLOMe) via LiOH methyl

ester hydrolysis, in a similar fashion to that previously described for P1Y.
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ESIMS +ve [M+Na]* m/z 465.20

ESIMS -ve [M-H] m/z 441.13

'H NMR (CD;0D) § 8.44 (d, J = 8.0 Hz, 1H, CONH), 7.91-7.85 (m, 4H, ArH), 7.83 (d, J =
8.3 Hz, 1H, CONH), 7.54 (dd, J = 8.4, 1.7 Hz, 1H, ArH), 7.52-7.48 (m, 2H, ArH), 4.79 (d, J
= 6.6 Hz, 2H, ArCH,), 4.61-4.54 (m, 1H, COCH), 4.50-4.43 (m, 1H, COCH), 4.06 (s, 2H,
OCH,), 1.79-1.56 (m, 6H, CH/CH,), 0.98-0.91 (m, 12H, CHs)

3.1.5.3 9-Anthrylmethoxymethylcarbonyl dileucine (A5LL)
9-Anthrylmethoxyacetic acid (A5)

The title compound (234 mg, 60.9%) was prepared via nucleophilic addition of an alkoxide,

in a similar fashion to that previously described for 1NS.

9-Anthrylmethoxymethylcarbonyl dileucine methyl ester (ASLLOMe)

The title compound (322 mg, 72.5%) was prepared (from AS and LLOMe) via a T3P
mediated amide coupling, in a similar fashion to that previously described for F1YOtBu.

'H NMR (CDCl3) § 8.49 (s, 1H, ArH), 8.34 (d, J = 8.5 Hz, 2H, ArH), 8.03 (d, J = 8.4 Hz,
2H, ArH), 7.60-7.54 (m, 2H, ArH), 7.52-7.46 (m, 2H, ArH), 6.89 (d, J = 8.5 Hz, 1H,
CONH), 6.75 (d, J = 8.0 Hz, 1H, CONH), 5.58 (q, J/ = 11.8 Hz, 2H, ArCH,), 4.58-4.44 (m,
2H, COCH), 4.11 (d, J = 1.6 Hz, 2H, OCH,), 3.70 (s, 3H, OCH;), 1.67-1.33 (m, 6H,
CH/CH,), 0.87 (d, J = 5.8 Hz, 6H, CH,), 0.84 (dd, J = 6.5, 1.6 Hz, 6H, CHj;)

9-Anthrylmethoxymethylcarbonyl dileucine (ASLL)

The title compound (228 mg, 72.7 %) was prepared (from ASLLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+Na]" m/z 515.27

ESIMS -ve [M-H] m/z 491.20

'H NMR (CD;0D) & 8.57 (s, 1H, ArH), 8.49 (d, J = 8.8 Hz, 2H, ArH), 8.39 (d, J = 8.0 Hz,
1H, CONH), 8.08 (d, J = 8.4 Hz, 2H, ArH), 7.65 (d, J = 8.3 Hz, 1H, CONH), 7.62-7.57 (m,
2H, ArH), 7.54-7.49 (m, 2H, ArH), 5.67 (d, J = 1.0 Hz, 2H, ArCH,), 4.55-4.48 (m, 1H,
COCH), 4.47-4.40 (m, 1H, COCH), 4.16 (d, J = 10.1 Hz, 2H, OCH,), 1.77-1.39 (m, 6H,
CH/CH,), 0.96-0.87 (m, 12H, CHj3)

3.1.5.4 Common precursor: 1-Pyrenylmethoxyacetic acid (P5)
1-Pyrenylmethoxyacetic acid (PS)

The title compound (59.1 mg, 14.1%) was prepared via nucleophilic addition of an alkoxide,

in a similar fashion to that previously described for 1NS.
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'H NMR (CD;0D) & 8.54 (d, J = 9.3 Hz, 1H, ArH), 8.26-8.21 (m, 2H, ArH), 8.20-8.16 (m,
2H, ArH), 8.11-8.01 (m, 4H, ArH), 5.34 (s, 2H, ArCH,), 4.26 (s, 2H, CH,)

3.1.5.5 1-Pyrenylmethoxymethylcarbonyl tyrosine leucine (P5YL)
1-Pyrenylmethoxymethylcarbonyl tyrosine methyl ester (P5YOMe)

The title compound (235 mg, 81.1%) was prepared (from PS) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

1-Pyrenylmethoxymethylcarbonyl tyrosine (PSY)
The title compound (218 mg, 95.6%) was prepared (from PSYOMe) via LiOH methyl ester

hydrolysis, in a similar fashion to that previously described for P1Y.

1-Pyrenylmethoxymethylcarbonyl tyrosine leucine methyl ester (PSYLOMe)
The title compound (230 mg, 84.4%) was prepared (from PSY) via a T3P mediated amide

coupling, in a similar fashion to that previously described for F1YOtBu.

1-Pyrenylmethoxymethylcarbonyl tyrosine leucine (PSYL)

The title compound (221 mg, 98.5%) was prepared (from PSYLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+Na]" m/z 589.33

ESIMS -ve [M-H] m/z 565.20

'H NMR (CD;0D) § 8.37 (d, J = 9.2 Hz, 1H, ArH), 8.29-8.18 (m, 4H, ArH), 8.12 (d, J = 1.1
Hz, 2H, ArH), 8.05 (t, J/ = 7.6 Hz, 1H, ArH), 7.98 (d, J = 7.8 Hz, 1H, ArH), 6.98 (d, J/ = 8.5
Hz, 2H, ArH), 6.60 (d, J = 8.6 Hz, 2H, ArH), 5.23 (d, J = 10.5 Hz, 2H, ArCH,0), 4.74-4.67
(m, 1H, CHCO), 4.49-4.43 (m, 1H, CHCO), 4.10 (d, J = 15.2 Hz, 1H, OCH,), 4.00 (d, J =
15.2 Hz, 1H, OCH,), 3.09 (dd, J = 14.0, 5.1 Hz, 1H, ArCH,), 2.81 (dd, J = 14.1, 8.7 Hz, 1H,
ArCH,), 1.74-1.61 (m, 3H, CH/CH,), 0.92 (dd, J = 11.1, 6.2 Hz, 6H, CH;)

3.1.5.6 1-Pyrenylmethoxymethylcarbonyl dileucine (P5LL)
1-Pyrenylmethoxymethylcarbonyl dileucine methyl ester (PSLLOMe)

The title compound (63.3 mg, 58.6%) was prepared (from PS5 and LLOMe) via a T3P
mediated amide coupling, in a similar fashion to that previously described for F1YOtBu.

'H NMR (CDCly) & 8.35 (d, J = 9.2 Hz, 1H, ArH), 8.25-8.21 (m, 2H, ArH), 8.20-8.15 (m,
2H, ArH), 8.12-8.02 (m, 3H, ArH), 7.98 (d, J/ = 7.8 Hz, 1H, ArH), 6.96 (d, J = 8.4 Hz, 1H,
CONH), 6.59 (d, J = 8.1 Hz, 1H, CONH), 5.36 (d, J = 11.9 Hz, 1H, ArCH,), 524 (d, J =
11.9 Hz, 1H, ArCH,), 4.61-4.54 (m, 1H, COCH), 4.51-4.43 (m, 1H, COCH), 4.12 (s, 2H,
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OCHy), 3.73 (s, 3H, OCHj3), 1.68-1.26 (m, 6H, CH/CH,), 0.89 (d, J = 6.2 Hz, 6H, CHj;), 0.81
(dd, J=6.5,4.1 Hz, 6H, CH3)

1-Pyrenylmethoxymethylcarbonyl dileucine (PSLL)

The title compound (52.9 mg, 85.8 %) was prepared (from PSLLOMe) via LiOH methyl
ester hydrolysis, in a similar fashion to that previously described for P1Y.

ESIMS +ve [M+Na]" m/z 539.33

ESIMS -ve [M-H] m/z 515.20

'H NMR (CD;0D) & 8.48 (d, J = 9.3 Hz, 1H, ArH), 8.38 (d, J = 8.0 Hz, 1H, CONH), 8.27-
8.18 (m, 4H, ArH), 8.12-8.02 (m, 4H, ArH), 7.70 (d, J = 8.3 Hz, 1H, CONH), 542 (d, J =
11.9 Hz, 1H, ArCH,), 5.27 (d, J = 11.9 Hz, 1H, CH,), 4.52-4.40 (m, 2H, COCH), 4.15 (d, J
= 8.6 Hz, 2H, OCH,), 1.76-1.59 (m, 3H, CH/CH,), 1.55-1.33 (m, 3H, CH/CH,), 0.91 (dd, J =
14.8, 6.4 Hz, 6H, CH,), 0.78 (dd, J = 12.7, 6.1 Hz, 6H, CH,)

3.2 Hydrogel preparation protocols

Note that for all the hydrogel preparation protocols, care must be taken throughout the NaOH
and HCI/NaH,PO, addition, to ensure that the pH value remains less than 10.5 to prevent the

base catalysed loss of Fmoc functionality (if present).’

3.2.1 Dropwise pH method

The peptide derivative was suspended in 1 mL of doubly distilled (ddH,O), to give 20
mmol/L. Dissolution was achieved via sonication and the addition of 0.5 M NaOH solution
(50 puL). 1 M HCI was then added dropwise while the sample underwent repeated sonication,
vortexing, and rest periods until the sample was self-supporting upon vial inversion. Note
that this methodology — though simple — does not yield the most reproducible results,*’ as if

the 1M HCl is added too quickly sample inhomogeneity and/or precipitation can result.

3.2.2 Phosphate buffered hydrogels

For the single component systems; gelator/surfactant (20 umol) was suspended in 807 pL of
double-distilled water (ddH,O). For the co-assembly systems, gelator(s)/surfactant(s) (20
umol of each) were suspended in 787 pL of double-distilled water (ddH,O). For the single
component systems, in the first instance, 25 pL of 1 M NaOH was added. For the co-
assembly samples 45 pL. of 1 M NaOH is required to account for the additional 20 pmol of
carboxylic acid present. In each case, the mixture is sonicated to give a clear solution. An

additional, 68 pL. of 1 M NaOH and 100 pL of 1M NaH,PO, were added together and the
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mixture vortexed briefly to give a 100 mM phosphate buffered hydrogel with a final pH of
~7.3. For the lower pH systems, the final pH can be decreased by 1 M HCI addition. For
FTIR samples, the above procedure was followed, using deuterium oxide (D,0O) in place of
water; though a negligible number of protons will be present from the non-deuterated NaOH,
NaH,PO,, and the gelator and/or surfactant compound(s) themselves. In addition, to
minimize water content, the low pH deuterated FTIR samples were prepared by decreasing
the initial concentration of NaOH (instead of neutralizing with HCl) — this alternate
methodology requires more vortexing and sonication to achieve similar levels of dissolution

and consequent homogeneity in the gel state.

3.2.3 HQ electrochemical hydrogel coating

3.2.3.1 Pre-gelation coating solutions
The gelator (Fmoc-F or Pyr-YL) and surfactant (Fmoc-S) if applicable were suspended in

0.5 mL of double distilled water (ddH,0), to give 5 mmol/L of each component. 18 pL of
0.5 M NaOH solution was added, and the mixture sonicated to give a clear solution (e.g.
~pH 9-10). For the Pyr-YL based systems, 5 pL. of 1 M NaH,PO, solution was added. In all
cases the pH was then adjusted via the dropwise addition of 1 M HCI to achieve a final pH
value of either 6.7 (Pyr-YL and Pyr-YL/Fmoc-S) or 8.0 (Fmoc-F). Hydroquinone was then
added to the solution, so as to achieve a 50 mM concentration. Due to the auto-oxidation of

hydroquinone, once prepared the solutions were used within a few hours.

3.2.3.2 Bulk coating procedure

A strip of paper ~1.5 cm in width was wrapped around folded-back strands of copper cable
such that only a single copper strand was exposed at one end. Another copper cable with all
strands exposed, was then attached to the first using electrical tape. Crocodile clips were
used to connect the copper cables to a Precision Gold M105 multimeter operating in
ohmmeter mode, such that the single copper strand would act as an anode, whilst the
unmodified cable would act as the cathode or counter electrode. The anode and cathode were
inserted into an eppendorf containing the coating solution (see above), such that both were
submerged. Here, the length of the anode (copper strand determined to have a thickness on
the order of 200 pm and assumed to be cylindrical) and the resistance scale setting on the
multimeter could be adjusted to afford rudimentary control over the applied current density.
The applied current was measured by a second Iso-Tech IDM 71 multimeter, connected in
series, operating in ammeter mode. In each case the current was applied for four minutes,

and the coating subsequently assessed visually and under UV irradiation.
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3.2.3.3 MEA platinisation and electrochemical coating procedure
The MEA array was connected to a custom made PCB with switches for addressing

individual nodes on the array. The current source used was a Yokogawa GS610, operating
under galvanostatic control in all cases. For platinisation, a standard 1% platinic chloride
(PtCIgH,) and 0.08% lead acetate (Pb(OAc),) aqueous solution was utilised; selected nodes
acted as cathodes, with an 80 nA current applied per electrode for 2 minutes and 20 seconds.
For Pyr-YL hydrogel coatings, the previously described gelator coating solution was utilised;

selected nodes acted as anodes, with an 8 nA current applied per electrode for 4 minutes.

3.3 Characterisation techniques

3.3.1 Fourier transform infrared spectroscopy

Gels were prepared as described above, using D,O in place of water. However, a negligible
number of protons will be present from the non-deuterated NaOH, HCI/NaH,PO,, and the
gelator compounds themselves. Hence, broad baseline-type absorptions from HOD or H,O
were generally in the amide I region. Spectra were recorded on a Bruker Vertex 70
spectrometer averaging 25 scans per sample at a resolution of 1 cm’. Samples were

sandwiched between two 2 mm CaF, windows separated with a 25 um PTFE spacer.

3.3.2 Fluorescence emission spectroscopy

Spectra were recorded on a Jasco FP-6500 spectrofluorometer, with emission measured
perpendicular to the excitation light. 2 mL samples were transferred into cuvettes with a path
length of 1 cm. An excitation wavelength of 295 nm was used, and the emission intensity
recorded in the range between 300 and 600 nm. An excitation and emission bandwidth of 3
nm was utilised, while the fluorometer sensitivity was altered to as to attain a well defined

spectrum in each case.

3.3.3 Circular dichroism

In order to obtain homogeneous samples and acceptable HT signals, it was necessary to use a
range of concentrations (5-15 mM), due to the viscous nature and high absorption of the gels.
Samples were pipetted into a 0.2 mm cell. Spectra were measured between 200 and 400 nm
on a Jasco J600 spectropolarimeter with 1 s integrations, a step size of 1 nm and a single
acquisition with a slit width of 1 nm. Note that for co-assembly samples, since pyrene
absorption dominates; for the purposes of calculating the molar ellipticity, the concentration
of fluorophore present (e.g. either pyrene or fluorene) was used. For example, a 20 mM/20

mM co-assembly sample would be defined as: 20 mM if an Fmoc and pyrene based
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component were both present; or 40 mM if both species possessed the same fluorophore.

3.3.4 Atomic force microscopy

20 pl of a 2 mM solution, was placed on a trimmed, freshly cleaved mica sheet attached to
an AFM support stub, which was left to air-dry overnight in a dust-free environment, prior to
imaging. The images were obtained by scanning the mica surface in air under ambient
conditions using a Veeco MultiMode with NanoScope IIID Controller Scanning Probe
Microscope (Digital Instruments, Santa Barbara, CA, USA; Veeco software Version 6.14r1)
operated in tapping mode. The AFM measurements were obtained using a sharp silicon
probe (TESP; nominal length (Inom) = 125 wm, width (wnom) = 40 pm, tip radius (Rnom) =
8 nm, resonant frequency (nom) = 320 kHz, spring constant (knom) = 42 N m™'; Veeco
Instruments SAS, Dourdan, France), and AFM scans were taken at 512 x 512 pixels
resolution. Typical scanning parameters were as follows: tapping frequency 308 kHz,
integral and proportional gains 0.3 and 0.5, respectively, set point 0.5 — 0.8 V and scanning
speed 1.0 Hz. The images were analyzed using Veeco Image Analysis software Version

6.14rl.

3.3.5 Rheology

To assess the mechanical properties of the hydrogels, dynamic frequency sweep experiments
were carried out on a strain-controlled rheometer (Malvern Kinexus Pro) using a parallel-
plate geometry (20 mm) with a 0.50 mm gap. To ensure the measurements were made in the
linear viscoelastic regime, a strain sweep (1 Hz) was performed. The dynamic modulus of
the hydrogel was measured as a frequency function (~0.2 %, see appendices), where the
frequency sweeps were carried out between 0.1 and 100 Hz. Note that at frequencies > 10
Hz, the extrusion of water and the consequently increased concentration of the samples,

generally results in a sharp increase in the respective moduli values.

3.3.6 Scanning electron microscopy
SEM images of the MEA device were recorded using an FEI Quanta 250 field-emission gun
environmental scanning electron microscope (FEG-ESEM) (courtesy of Dr Paul Edwards,

Semiconductor spectroscopy & devices, Dept. of Physics).

3.3.7 Brightfield and fluorescence microscopy
MEA coatings were assessed using a Zeiss Imager A1 microscope operated in brightfield
(100 W halogen lamp) and epifluorescence (50 W mercury lamp) modes. For

epifluorescence a standard DAPI filter insert was used. In all cases, images were captured
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using a Canon Powershot G6 camera.

3.3.8 Impedance measurements

For impedance measurements an Iso-Tech LCR Meter LCR821 was used with an operating
voltage of 0.1 V. For bulk hydrogel measurements a probe was inserted into the existing gel
and impedance measured over the frequency range 12-2x10° Hz. For MEA impedance
measurements, individual nodes were measured using custom made PCB apparatus with
switches for addressing individual nodes on the array. Throughout the MEA impedance
measurements, coatings were stabilised'® in 100 mM pH 5.0 sodium phosphate buffer -

identical conditions were used for the measurement of platinised and uncoated nodes.

3.3.9 High performance liquid chromatography

The co-assembled Pyr-YL/Fmoc-S bulk electrochemical hydrogel coating was scrapped off
into an HPLC vial and diluted with 50% acetonitrile/water. A Dionex P680 HPLC system
equipped with a Macherey-Nagel C18 column of 250 mm length, 4.6 mm internal diameter
and 5 mm particle size was used with a gradient of 20% acetonitrile/water at 4 minutes to
80% acetonitrile/water at 31 minutes. With each run lasting a total of 46 minutes, using a

flow rate of 1 mL min™', and a detection wavelength of 280 nm.
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— Chapter 4 -

Assessing the utility of FTIR in B-sheet type H-
bonding structure elucidation

4.1 Abstract

B-Sheets are a commonly found structural motif in self-assembling aromatic peptide
amphiphiles, and their characteristic “amide I infrared absorption bands are routinely used
to support the formation of supramolecular structure. In this chapter, we assess the utility of
IR spectroscopy as a structural diagnostic tool for this class of self-assembling systems.
Using various Fmoc and analogous Fmc functionalised dipeptides as examples, we show that
the origin of the band around 1680-1695 cm™ in FTIR spectra, which was previously
assigned to an antiparallel B-sheet conformation, is in fact absorption of the stacked
carbamate group in Fmoc-peptides. IR spectra from "*C-labeled samples also support our

conclusions.

4.2 Introduction

Infrared spectroscopy is well-established as a useful technique to assist in the determination
of secondary structure elements in proteins, specifically in the amide I region (1600-1700
cm™), which is sensitive to hydrogen-bonding patterns found in o-helices and B-sheets.'”
Recently, IR spectroscopy has been utilized to help characterize the supramolecular structure
of self-assembling nanostructures composed of oligopeptides. It is theoretically possible to
differentiate between infinite parallel and antiparallel B-sheets, the former typically showing
a single band at approximately 1615-1640 cm™” and the latter having an additional
component near 1685 cm’™.

This practice of using models developed for the secondary structure determination of
proteins may not be valid for interpreting the infrared spectra of LMW hydrogels. In
examples that consist of 7-29 amino acid residues,* typically a 1615 cm™ amide I peak and
a much weaker 1680 cm™ peak are observed - characteristic of proteins with an antiparallel
B-sheet structure. However, the presence of -sheets has also been reported for a class of
LMW gelators composed from various short (e.g., di- and tri-) peptides capped at the N-
terminus with an aromatic group - most commonly the Fmoc moiety.'>' The assignment of
infrared bands that are apparently analogous to those seen in longer peptides is often used as
a key piece of evidence to support an antiparallel B-sheet structure. While the absorption

bands of LMW gelators resemble B-sheet signals in terms of line position, the relative

114



Assessing the utility of FTIR in [-sheet type H-bonding structure elucidation

infrared peak intensities for these materials are not always typical of that found for longer
peptides or indeed proteins.”” Significant variation in the intensity of the 1690 cm™ band has
been observed, with this band often being of similar or greater magnitude compared to the

lower frequency (1615-1640 cm™) amide I contribution,'*'****2*

which is higher than
expected for even a perfect antiparallel B-sheet.”® Additionally, the relative intensity of the
1690 cm™ band is observed to decrease as the ratio of amide to carbamate groups increases
in longer Fmoc-peptide examples.'®*' This is not consistent with what would be expected if
this peak is truly indicative of an antiparallel B-sheet in these systems, especially since the
longer chain length would be more likely to increase the v Il component (see Fig. 4.1), rather
than decrease it. The ambiguity surrounding these assignments has led to doubt regarding the
presence of antiparallel B-sheet structures in spite of infrared evidence suggesting this
conformation, with authors increasingly wary of applying traditional protein secondary
structure interpretations.”*’ For instance, in spite of IR evidence for “antiparallel” B-sheets,
parallel p-sheet structures have been proposed based on X-ray diffraction data,”® and a recent

experimental and computational study has suggested a polyproline II conformation,”” which

lacks significant hydrogen bonding between residues.

(a) Parallel (b) Antiparallel

L

Figure 4.1 (a) Parallel and (b) Antiparallel models showing potential 3-sheet hydrogen bonding
patterns for a generic aromatic dipeptide amphiphile — side chains omitted for clarity, so nominally
Fmoc-GG. Arrows show the direction of parallel (Il) and perpendicular (L) excitons as discussed in
the text.

Additionally, we have previously observed the absence of the 1690 cm™ peak,” in
hydrogels assembled from non-Fmoc aromatic dipeptides that lack the carbamate group. The

carbamate group is known to absorb IR light in the 1685-1730 cm™ range, ™

including a
report by Nuansing et al. on Fmoc-FG powders,”* which shows contributions significantly
higher than the 1650 cm™ absorption for free amide groups. For these reasons, it is important
to assess the diagnostic value of the amide I infrared region for these systems.

In the general case of antiparallel B-sheets, the low-frequency component (1615-1640 cm’
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") arises from interstrand delocalization and mode coupling (v, see Fig. 4.1), which shifts
the mode to lower wavenumbers as strands become more aligned and the number of strands
per sheet increases.*” In contrast, the frequency of the high wavenumber peak (1680-1695
cm’') is generally independent of the number of strands and originates from vibrational
excitons that run along a particular B-strand (v I, Fig. 4.1)." As a consequence, the transition
dipole moment along the strands will be relatively small for short peptide B-sheet strands (<3
amino acids), and it is conceivable that this peak may not be resolvable in spectra of their
supramolecular structures. Moreover, in cases of [-sheets of finite size, correctly
determining the presence of a parallel or antiparallel structure can be challenging; as disorder
or twists, which may be expected for short, flexible peptides, can severely diminish the
delocalization of vibrational modes and therefore broaden or shift optical transitions." >’

In this chapter we examine the amide I infrared bands of various hydrogels capped with
either Fmoc or Fmc (or F3 and F2, respectively, according to nomenclature adopted in
Chapter 3) at the N-terminus. Fmc was utilized as a close analogue for the Fmoc moiety but
crucially lacks the carbamate oxygen and is instead linked to the dipeptide sequence via an
amide bond (see Fig. 4.2). A range of common dipeptide sequences were considered (Fig.
4.2),"***** in order to investigate and confirm the generality of any trends observed using
FTIR spectroscopy and isotope labelling. However, particular focus was given to the Fmoc-
dialanine (Fmoc-AA) and Fmc-dialanine (Fmc-AA) systems; as alanine is the simplest
chiral amino acid and consequently dialanine based aromatic peptide amphiphiles have been

the subject of recent computational studies.””*

4.3 Results and discussion

Hydrogels were prepared via the dropwise addition (see Chapter 3, section 3.2.1) of 1 M HCI
to 20 mM solutions of the gelator compound in D,0 at an initial pH of ~9 and a final pH of
~4-7 (Table 4.1). Note that this methodology — though simple — does not yield the most

reproducible results,**

as if the 1M HCl is added too quickly sample inhomogeneity and/or
precipitation can result.

In an effort to elucidate the mechanisms responsible for the FTIR features generally
observed in corresponding Fmoc and Fmc systems, a variety of Fmoc and Fmc
functionalised dipeptide gelators were examined in this study (Fig. 4.2). While it should be
acknowledged that different linkers can potentially have a non-trivial impact upon the self-
assembly and gelation of aromatic peptide amphiphiles (see Chapter 5).** Due to the

structural similarity between corresponding Fmoc and Fme molecules, it is reasonable to

assume that similar supramolecular H-bonding arrangements and corresponding FTIR results
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P
&

Figure 4.2 Molecular structures the gelators utilised in this study.
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Figure 4.3 Comparison of FTIR spectra seen for analogous (a,c) Fmoc and (b,d) Fme dipeptides.
Spectra vertically offset for clarity: *each division corresponds with 0.02 units; **each division
corresponds with 0.2 units.

should be observed — particularly if the accepted vL and v Il amide I assignments are correct.
However, an initial comparison of the FTIR spectra of Fmoc and Fmec gels reveals clear

differences between these species (Fig. 4.3). In particular the 1685 cm™ band traditionally
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associated with an antiparallel B-sheet type H-bonding arrangement is absent for the Fmc
based systems. Hence, we instead attribute this absorption to the carbamate moiety present

for the Fmoc materials.>*

4.3.1 Degree of ionisation

In some of the spectra, a broad contribution around 1590 cm’ is discernible, which indicates
that a fraction of terminal carboxylic acid groups remain deprotonated, in line with other
aromatic peptide amphiphile based gels.”>*® Also note that the high wavenumber absorption
(~1705 cm™) seen in the FTIR spectra of Fme-LL, Fme-FL, and Fme-YL is assigned to the
terminal protonated carboxylic acid group and should not be confused with the carbamate
absorption.” The 1705 cm™ peak may also be present in some of the Fmoc systems, such as
Fmoc-FF, where it is partially obscured by the carbamate band. Hence, the presence of the
1705 cm™ contribution is likely to be dependant upon both the hydrogel pH value and the
apparent pK, of the gelator in question; where the apparent pK, has been previously found to
be largely dependant upon the C log P value, with the apparent pK, and maximum gelation
pH broadly increasing with hydrophobicity.*”*' Using the dropwise HCl method, sample
reproducibility can be an issue, in addition, the gelation properties of these materials can
vary when using D,O instead of water - thus the quoted pH values (Table 4.1) are likely to
differ from the pH/pD of the samples used in FTIR experiments. Hence, the prominence of
the 1705 cm™ in certain spectra indicates that the pH of these samples was lower than
necessary to achieve gelation, with some degree of precipitation and loss of B-sheet type
structure likely.”

Table 4.1 pH and C log P values of gelators

Fmoc Fmc
pH* C log P** pH* C log P**
AA 4.9 2.47 4.1 2.03
YL 5.1 4.68 5.2 4.12
LL 6.3 4.82 5.5 4.33
FY 4.9 4.83 5.0 4.38
FL 6.1 5.04 6.0 4.61
FF 6.4 5.28 54 4.76

*pH measured in hydrogel (H,O) samples and hence may differ from pH/pD of deuterated gels (D,0)
used for the FTIR study. **Using online program at Virtual Computational Chemistry Laboratory

4.3.2 Fmoc based gels

The FTIR spectra of the Fmoc dipeptide systems display varying degrees of associated
disorder. For example, the Fmoc-AA gel (Fig. 4.3(c)) shows a characteristic amide I band
centred around 1640 cm™, which clearly has at least two overlapping contributions,

indicating substantial inhomogeneity associated with the amide I arrangement. In
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comparison, Fmoc-LL, Fmoc-FF, Fmoc-FL, and Fmoc-YL all exhibit more clearly
separated amide I bands; with a contribution at ~1625 cm™ that is assigned to an ordered B-
sheet type H-bonding arrangement, as well as major absorptions at ~1640 cm™ that are
indicative of relatively disordered H-bonded stacks.”*® The tails of these FTIR absorption
bands also extend beyond 1650 cm™, which is usually attributed to “random coil”
conformation in protein spectroscopy. In short peptides, this is more commonly assigned to
disordered” or unstacked® amide groups, indicating imperfect sheet stacking or partial
polyproline II conformation.””***® These broad convoluted amide I peaks, despite the
presence of only a single amide group, demonstrate that there are at least two distinct
supramolecular populations associated with these Fmoc systems. Furthermore, in contrast to
the other Fmoc based gels, Fmoc-FY exhibits a small peak at 1615 cm™ and a broad
contribution around 1670 cm™. Given the relatively opaque appearance of the Fmoc-FY gel
(Fig. 4.4), this suggests that material is precipitating out to a greater extent, resulting in a far
more pronounced splitting of the amide I peak. Hence, the Fmoc materials exhibit several
amide I bands indicative of H-bonding stack size inhomogeneity — suggesting some degree
of precipitation, as evidenced by the aforementioned 1705 cm™ peak that is partly obscured

in the Fmoc-FF spectrum, for example.

Fmoc-AA

» i

Fmoc-FL Fmoc-FY 7

Figure 4.4 Appearance of the Fmoc based gels.

While the extent of implied amide I disorder appears to vary considerably between the
gelators, and is also likely to be affected by the nature of the gelation protocol utilised,'**’
there is generally less variation in the frequency associated with the carbamate moiety. The
relative consistency of this absorption frequency (~1685 cm™) is likely a consequence of the
carbamate being adjacent to the supramolecular interlocked aromatic stacking arrangement.'’
Hence, there is potentially a greater degree of freedom associated with single amide group of
the Fmoc based gelators — thus accounting for the pronounced split amide I peaks exhibited
by several of the Fmoc systems. Furthermore, both the amide I and carbamate bands are

consistently observed to be of a similar intensity, which is not expected for antiparallel -

sheets, but is characteristic for Fmoc-dipeptide hydrogels,” and evidently this supports the
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carbamate assignment.

4.3.3 Fmc based gels

For the Fmec based systems (Fig. 4.3(d)), we observe that in comparison to the Fmoc
hydrogels, there is generally less associated amide I inhomogeneity, with a greater
proportion of amide I contributions now at lower wavenumbers. This general observation is
attributed to the additional amide group now adjacent to the aromatic, which similar to the
carbamate also likely has less freedom and hence less variability in its H-bonding
arrangement. For instance, Fmc-AA, exhibits a peak at 1625 cm™, whose non-Gaussian
shape suggests that this is the convolution of two close absorption bands (i.e. there are two
amide groups). Similarly, Fmc-FF and Fmc-FY each demonstrate an amide I peak centred
around 1625 cm™, consistent with B-sheet type structure* with only weak contributions at

higher (e.g. 1650 cm™) wavenumbers .

Fmc-FL | J %FY Fmc-YL
Figure 4.5 Appearance of the Fmc based gels.

In contrast, the analogous Fme-LL, Fmc-FL, and Fme-YL gels exhibit more complex
amide T bands. Fme-LL shows broad amide I bands at 1615 and 1650 cm™, indicative of a B-
sheet type arrangement and a relatively disordered conformation, respectively. In this Fmec-
LL example, the disordered 1650 cm” band is relatively prominent. Whilst, Fmec-FL
demonstrates a convoluted amide T band at 1630 cm™', in addition to a small peak around
1650 cm™ from disordered or relatively unstacked amide groups. Similarly, Fme-YL shows
overlapping 1615, 1620, and 1630 cm™ amide I contributions and a shoulder that extends
beyond 1650 cm™. The apparent disorder present in the Fme-LL, Fme-FL, and Fme-YL
systems is also accompanied by the aforementioned 1705 cm™ peak, and for Fme-LL,
additional higher wavenumber contributions. This indicates that the observed amide I band
disorder, correlates with the partial precipitation of these systems.

Overall however, the Fmc systems consistently demonstrate the absence of the 1685 cm™
peak, which is characteristic of the corresponding Fmoc based gels. Assuming that the self-

assembly of analogous Fmoc and Fme systems proceed in a similar fashion, these results

120



Assessing the utility of FTIR in [-sheet type H-bonding structure elucidation

would again indicate the 1685 cm™ peak is more likely a consequence of carbamate moiety
absorption, rather than the v Il component of antiparallel B-sheets, as the latter is expected to

be of negligible intensity for very short peptide chains.

4.3.4 Methanol solutions
The carbamate assignment is confirmed by the spectra of Fmoc-AA and Fmc-AA in neat
methanol at the same concentration (Fig. 4.3(a,b)). Despite the absence of gelation or any
apparent self-assembly in this solvent — and the consequently higher wavenumber
absorptions compared to the corresponding D,0O gels — it is clear that the spectrum of Fmoc-
AA shows distinctly separate bands at 1670 and 1708 cm™" assigned to the respective amide I
and carbamate absorptions, whereas Fmc-AA shows two overlapping amide I bands around
1652 and 1670 cm’ from the two respective amide groups. Furthermore, in both
experimental spectra a band is present at 1730 cm™ due to the carboxylic acid terminal
group. Note that a weak methanol absorption is responsible for the sloped background below
1600 cm.

It is also apparent that the absorption of Fmoc-AA and Fmc-AA in methanol solution has
a much lower intensity due to the lack of the cooperative effect (note the difference in scale
between Figures 4.3(a,b) and 4.3(c,d)), but the relative intensities of the bands are preserved.
This indicates that, in the gel state, both the ~1625-1640 cm’ amide band and the 1685 cm™
carbamate band of Fmoc based gels are equally enhanced as part of the B-sheet structure,
which again suggests that interstrand delocalization is responsible in each case, rather than

the v Il and v L components.

4.3.5 '3C labelled gelators

Conclusive evidence for the assignment of the 1685 cm™ peak to the carbamate group was
given by the IR spectrum of "°C labelled Fmoc-A*A, Fmoc-L*L,”* and Fmoc-LL*L">*
gels, whereby the amide carbonyl closest to the C-terminus was modified (Fig. 4.6). This
procedure typically red-shifts the vibrational frequency of affected H-bonded carbonyl
groups by 40-43 cm™ (e.g., ref >'). Figure 4.3 shows that, in comparison with unlabelled
Fmoc-AA, only the lower frequency band moves from about 1640 to 1600 cm™, while the
position of the 1685 cm™ peak remains unaffected, in agreement with its different chemical
nature. Similarly, for Fmoc-L*L, the ~1685 cm’ carbamate band is preserved, whilst the
previously observed amide I bands are shifted to around 1605 cm™ — thus further confirming
the assignment of these respective peaks. In the case of Fmoc-LL*L, we now possess
carbamate, amide I, and °C amide I groups all in a single system. Correspondingly, the 1685

cm’, 1640 cm™, and 1600 cm™ bands are now observed simultaneously, although the latter

121



Assessing the utility of FTIR in [-sheet type H-bonding structure elucidation

peak is partially obscured with a broad 1585 cm™ contribution from a portion of carboxylate
anions.”” Hence, it is clear that the 1685 cm™ vibration corresponds to the carbamate moiety,
and hence is not associated with an antiparallel B-sheet arrangement for these aromatic
peptide amphiphile systems. However, this does not necessarily preclude the antiparallel
structure, since for short dipeptide sequences, one would anticipate that the v || component

(Fig. 4.1) should be minimal.'

Fmoc-A*A o
( o~ et
13 N\)L
. 0~ N7 PcT Yy OH
H 1o
L) o
FmocL*L
0
13 ,N
L
O Y
FmocLL*L
13
\/ N OH
H

Figure 4.6 Molecular structures of the C labelled Fmoc-A*A, Fmoc-L*L, and Fmoc-LL*L
hydrogelators.

4.4 Conclusions

In summary, we have demonstrated that for self-assembling Fmoc-containing peptides the
presence of two separate peaks in the amide I region of the IR is not indicative of antiparallel
B-sheets. Instead, results show that it is the presence of the carbamate moiety that is
responsible for the 1685 cm™ peak observed in these systems rather than a v Il component. A
similar peak pattern can thus be expected for, for example, Cbz functionalised peptides. As a
consequence, neither parallel nor antiparallel B-sheets can be ruled out as potential
supramolecular structures on the basis of infrared spectroscopy alone. Recent computational
work also qualitatively agrees with the experimental results presented here.”” In any case,
this work mainly indicates that a more cautious interpretation of infrared results of short
peptides will be required in the future but does not necessarily alter the conclusions of the
parallel,”® antiparallel,” or polyproline II models*’ proposed for specific cases. Ultimately,

the unambiguous determination of a parallel or antiparallel supramolecular conformation
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will likely require the culmination of a variety of experimental techniques including, for

example, vibrational circular dichroism,

36,53,54 R 5,55,56
9

multidimensional I and solid state

NMR.Y’
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— Chapter 5 -

The impact of the linker upon gelation properties and
supramolecular structure

5.1 Abstract

In this study, we identify the molecular characteristics of aromatic dipeptide amphiphiles,
and attempt to elucidate the design rules vital for achieving supramolecular aggregation and
hydrogelation for a subset of compounds. In particular, the impact of the linker between the
aromatic moiety and dipeptide sequence will be considered. Successful gelators are assessed
firstly on the basis of their gelation pH, and rheological properties. In addition, gels are also
characterised by AFM, FTIR, CD, and fluorescence; so as to comprehensively assess the
supramolecular fibres, B-sheet content, and aromatic stacking interactions which underpin
the self assembly process. Overall, this study demonstrates a clear dependence upon the
precise linker utilised - this will help to facilitate the design and tailoring of potential gelators

in future.

5.2 Introduction

Much work has been carried out in an attempt to rationalise and control, both the self
assembly process and resultant properties of aromatic peptide amphiphile based hydrogel
materials." One of the most common strategies for elucidating aromatic peptide amphiphile
design rules is by making changes to the molecular structure. For example, the peptide
sequence can be defined by synthetic means,”” or alternatively prepared via an enzymatic
(e.g. thermolysin) reversed hydrolysis mechanism.*'® Here, the self-assembly initiation
method utilised, can have an impact upon the properties of the resultant materials,'' with the
initiation method affecting the kinetics of the self-assembly process. As a consequence, the
relative thermodynamic stability of the kinetically trapped hydrogel network can vary
considerably. Although these effects are outside the scope of this study, it should be noted
that the molecular structure associated with the hydrogelator is an important but not an all
encompassing parameter.

In terms of the molecular structure, altering the peptide gives access to all of the diverse
chemical functionality associated with amino acids,'> either to simply tailor the
hydrophobicity of the amphiphile, or to introduce more specific interactions, between for
example charged or H-bonding residues. At the N-terminus a variety of aromatic moieties

have been studied: such as phenyl, naphthalene, pyrene, azobenzene, and anthracene, but the
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Fmoc group is overwhelmingly the most common.>*"*'® Furthermore, peptide and aromatic
components have been altered with various ring substituents, where the augmented
electronic, hydrophobic, and steric properties of the ring system can have an impact upon the
precise aromatic stacking interactions and resultant supramolecular properties.*'” In addition,
the effect of the C-termini modifications has also been investigated, with the common
carboxylic acid functionality substituted with methyl ester or amide groups, this change in
the solubility and amphiphilicity has a dramatic effect on the self-assembly of these
materials."® Hence, by making relatively minor alterations to the molecular structure of
aromatic peptide amphiphiles it is possible to attain a variety of nanoscale morphologies
including: fibres, tubes, sheets, and spheres.lc”'“’9 Furthermore, for a subset of gelators it has

3 ..
472223 Thus, it is clear

been possible to correlate the gelation pH with calculated log P values.
that there is the potential for the development of design rules, which attempt to elucidate the
relationship between molecular structure, supramolecular organisation, and the resultant
physical properties of these hydrogel materials.

In terms of the molecular structure, altering the peptide gives access to all of the diverse
chemical functionality associated with amino acids,'> either to simply tailor the
hydrophobicity of the amphiphile, or to introduce more specific interactions, between for
example charged or H-bonding residues. At the N-terminus a variety of aromatic moieties
have been studied: such as phenyl, naphthalene, pyrene, azobenzene, and anthracene, but the
Fmoc group is overwhelmingly the most common.”*"*™'® Furthermore, peptide and aromatic
components have been altered with various ring substituents, where the augmented
electronic, hydrophobic, and steric properties of the ring system can have an impact upon the
precise aromatic stacking interactions and resultant supramolecular properties.*'” In addition,
the effect of the C-termini modifications has also been investigated, with the common
carboxylic acid functionality substituted with methyl ester or amide groups, this change in
the solubility and amphiphilicity has a dramatic effect on the self-assembly of these
materials."® Hence, by making relatively minor alterations to the molecular structure of
aromatic peptide amphiphiles it is possible to attain a variety of nanoscale morphologies
including: fibres, tubes, sheets, and spheres.lc”'“’9 Furthermore, for a subset of gelators it has

3 o, .
472223 Thus, it is clear

been possible to correlate the gelation pH with calculated log P values.
that there is the potential for the development of design rules, which attempt to elucidate the
relationship between molecular structure, supramolecular organisation, and the resultant
physical properties of these hydrogel materials.

To this end, we have identified the three distinct regions** within our gelator molecules

(excluding the C-terminus which remained unfunctionalised in this study); the N-terminal
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aromatic component, (di)peptide sequence, and the nature of the linker which combines the
two. In the current chapter, we have varied these three parameters in a systematic fashion;

325 the influence of which has been somewhat

but with particular emphasis on the linker,
neglected in the past. It is believed that by using a consistent gelation protocol the kinetic
effects of the initiation process can be largely discounted in this study, with the final pH
being the main determinant of the hydrogel properties.”® Hence, the focus of this study will

be on the molecular considerations.

5.3 Results and discussion

To ascertain the molecular-supramolecular relationships within aromatic dipeptide
amphiphile hydrogelators, the molecule was considered to consist of three separate entities
(Fig. 5.1). Previous work has described the hydrogelation properties of Fmoc-LL (F3LL)”
and Fmoc-YL (F3YL)® in some detail. Hence, LL and YL were chosen as model dipeptides
in our study; broadly covering typical hydrophobic sequences, whilst tyrosine is also an
aromatic residue believed to have a role in stabilising B-sheet fibrils.” In addition, we sought
to alter the aromatic component, utilising several functionalities such as: fluorene,
naphthalene, and pyrene, which provides continuity with our previous work and also
addresses the impact of additional aromaticity. However, our focus was to investigate the
role of the linker section by replacing the methoxycarbonyl (carbamate) with alternative
amide linkers of varying lengths. The methoxycarbonyl (3) linker has been shown to be an
optimal choice for fluorenyl YL compounds; hence the ubiquity of the N-termini Fmoc
group.” Extrapolating from this, we hypothesised that achieving the correct linker length and
a rigidity/flexibility balance may be a more general parameter to consider for aromatic

dipeptide amphiphile gelators.

5.3.1 Linker flexibility

The linker segments were ultimately derived from the popular methoxycarbonyl (3 -
specifically Fmoc) motif. From least to most flexible: the minimal carbonyl (1) linker
segment; for methylcarbonyl (2) the methoxy oxygen has been removed, in ethylcarbonyl (4)
the methoxy oxygen has been replaced with a methylene unit, and finally for
methoxymethylcarbonyl (5) a methylene unit has been inserted between the methoxy oxygen
and the carbonyl. In terms of the linker segments 1-5 (Fig. 5.1), self-assembly trends are
believed to correlate with the flexibility or degrees of freedom associated with a particular
motif.”> Hence, as the linker length is increased additional orientations become available —

which may or may not facilitate supramolecular organisation. However, as seen with
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Figure 5.1 (Top) Generic structures with explicitly defined linkers. (Bottom) Compound numbering
system example.

fluorenyl YL analogues,” the methoxycarbonyl (3) linker does not adhere to the apparently
intuitive relationship that holds for the amide linkers. On the basis of linker length alone, one
would expect the methoxycarbonyl (3) linker to be broadly equivalent to the ethylcarbonyl
(4) linker, but this is not the case.

The key difference may be rationalised on the basis of a difference in the flexibility
(entropy) associated with the carbamate moiety of F3YL, as the lone pairs on the methoxy
oxygen, can potentially donate electron density to the adjacent carbonyl giving rise to a
partial double bond (Fig. 5.2). Given the increased electronegativity of oxygen compared to
nitrogen, this resonance form is not likely to be as significant as the analogous resonance
structure that is well documented to restrict amide bond rotation.’*?' In addition, the
methoxy oxygen is a potential H-bond acceptor, which could also have implications for the
relative assembly characteristics of these materials. Thus throughout this study the
methoxycarbonyl (3) linker compounds should be considered separately from their amide
equivalents, since the increased rigidity associated with the carbamate moiety likely

precludes the elucidation of a simple relation between the two types of linkers.

oD 0
\Q}J]\H/ - \O+/J\N/

Figure 5.2 A resonance structure associated with the carbamate group.
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5.3.2 Synthesis

For the most part, syntheses consist of repeated amide couplings and a C-termini

deprotection strategy (see section 5.3.2.1). The most challenging synthetic aspect was the
incorporation of a particular linker segment. Naturally, for the methoxycarbonyl linker (3)
variants, Fmoc amino acids are commercially available, however, the corresponding Pmoc
analogues had to be prepared (see section 5.3.2.2). Pyrenyl, naphthyl, and fluorenyl variants
of the carboxylate and acetic acid precursors of the respective 1 and 2 linker compounds
were commercially available. However, corresponding propanoic acid (4) and methoxyacetic
acid (5) linker precursors had to be prepared using various methodologies (see section

5.3.2.3).

5.3.2.1 Amide couplings

B ——RJL *r e JW

~80 % ~95 %

Repeat

Scheme 5.1 (a) T3P, DIPEA, protected amino acid, DCM; (b) LiOH, THF/H,O or TFA/DCM for
methyl or tert butyl ester respectively.

Compounds were prepared via a solution phase synthetic scheme - similar to previously
reported methods.””**** Amide couplings were followed by one of two deprotection
strategies depending upon the lability of other functionalities (Scheme 5.1). In addition, the
choice of amide coupling reagent was also important; as in our hands we often found the
common HBTU" reagent unsatisfactory during the aryl linker coupling to the first amino
acid. Presumably, these limitations arise from steric requirements around the aromatic

moiety, and consequently T3P was selected as our coupling reagent of choice.

5.3.2.2 Pmoc

10.0 % (P3LL), 6.3 % (P3YL) Y
Scheme 5.2 (a) (i) 4-nitrophenyl chloroformate, DIPEA, THF; and (ii) dipeptide.
Due to the potentially photolytic®® nature of the Pmoc (P3LL and P3YL)’’ functionality, a
synthetic scheme was devised whereby the aromatic alcohol, carbamate linker, and dipeptide

were combined in a one-pot synthesis (Scheme. 5.2). This reaction was poor yielding (e.g.

10%), possibly due to steric hindrance around the pyrene 4-nitrophenyl intermediate — the
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presence of which was inferred by TLC before addition of the dipeptide. However, despite

the poor yield, a sufficient quantity of material was obtained for study in each case.

5. 3 2.3 Propanoic acid and methoxyacetic acid precursors

O‘ oH _b
9@ ‘

97.2 % (PAOH) e
‘/\/K ‘NCN 98 5 % (P4OMs)
95.4 % (P4) 43.2 % (PACN)

Scheme 5.3 (a) LiAlH4, THF, 0 °C; (b) Mesyl chloride, triethylamine, DCM; (¢) NaCN, DMSO, 80
°C; and (d) KOH aqueous reflux.

19.6 % (FA0OMe) 92.7 % (F4)
Scheme 5.4 (a) NaH, methyl 3-bromopropionate, DMSO, 0 °C; and (b) LiOH, THF/H,0.

O o (O
e = Gy

14.1% (P5)
Scheme 5.5 (a) NaH, bromoacetic acid, THF, 0 °C.

Compounds containing the ethyl amide linker (4) had to be prepared via one of two routes
(Scheme 5.3 or 5.4). 1-pyrenylpropanoic acid was prepared from the corresponding acetic
acid, which was reduced to the alcohol, converted to a mesylate ester, which was displaced
with cyanide, and finally hydrolysed to prepare the homologous carboxylic acid. Note that an
equivalent synthetic methodology was also used to prepare corresponding naphthyl
compounds. However, this route proved unsuitable for the fluorene analogue, due to the
acidity and reactivity of the ArylCH proton position. Hence, 9-fluorenylpropanoic acid was
synthesized from fluorene, which was deprotonated, giving 9-fluorenylpropanoate methyl
ester via bromide displacement, subsequent methyl ester hydrolysis yielded the final product.
This fluorene scheme was poor yielding (~15% over 2 steps) due to the competing formation
of the di-substituted product.

Methoxyacetic acid linker (5) based compounds were similarly prepared via the
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deprotonation of the corresponding alcohol (Scheme. 5.5). Note that an equivalent synthetic
methodology was also used to prepare corresponding naphthyl compounds. However, this
route proved unsuitable for the fluorenyl analogues; in this instance, an alternative route was

not devised.

5.3.3 Preliminary gelation results

The hydrogelation of each system was attempted in 100 mM phosphate buffer under a range
of pH conditions (see later, sections 5.3.4.1 and 5.3.5.1). A subset of the aromatic peptide
amphiphiles formed stable hydrogels (Table. 5.1, black font) as determined by vial inversion.
In line with expectations, the successful gelators included the previously studied F3LL
(Fmoc-LL) and F3YL (Fmoc-YL) compounds,”?’ in addition to a variety of pyrene and
other fluorene based systems. In comparison, all naphthalene, bi-phenyl, and anthracene
compounds that were tested precipitated.

Table 5.1 Preliminary gelation results
Linker 1 Linker 2 Linker 3 Linker 4 Linker 5

9-Fluorenyl
LL
9-Fluorenyl
YL
1-Pyrenyl
LL
1-Pyrenyl
YL
1-Naphthalyl
LL
1-Naphthalyl
YL
2-Naphthalyl
LL
2-Naphthalyl
YL
9-Anthracenyl
LL
3-Bi-phenyl
LL
4-Bi-phenyl
LL
NB - Stable hydrogel systems indicated by black font, those in grey failed to form stable hydrogels,
whilst those with an asterisk displayed apparent self-assembly properties. Bold border indicates the
linkers and aromatics which will be the focus of the remainder of this chapter.

F1LL F2LL F3LL -

F1YL F2YL F3YL F4YL -

P2LL P3LL

P1YL P2YL P3YL P4YL

In the case of bi-phenyl derivatives, the perpendicular arrangement of the aromatic rings
may preclude stable aromatic stacking arrangements vital for supramolecular assembly.
Although not covered extensively in this study, 9-anthracene has independently been found
to fail to form hydrogels in the past,'® we hypothesize that this may be a consequence of the

steric hindrance associated with the 9-substituted ring. Furthermore, despite the fact that
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naphthalene gelators, including naphthylmethylcarbonyl (N2) derivatives, have been

. 13,34,38,3
reported previously,'****%%

other studies have shown a strong dependence upon the linker
utilised, with the naphthoxymethylcarbonyl moiety found to be a more optimal choice on
account of a more linear molecular conformation.’

Hence, while some of these aromatics are potentially of interest when used in conjunction
with alternative linkers or peptide sequences, the remainder of this study will instead focus

on fluorenyl and pyrenyl examples; these will be considered separately from one another for

ease of interpretation.

5.3.4 Fluorenyl systems

5.3.4.1 Gelation results and rheological properties
To ascertain the quality of the stable gels, both the gelation pH and rheological results were

considered. The gelation pH is an important indicator of the relative ease of gelation; with
apparent pK, values previously found to correlate with C log P values.**’ Hence, a relatively
low minimum gelation pH associated with a given gelator implies either that fibre formation
is less favourable, or that individual fibres fail to coalesce with one another on account of
electrostatic repulsion. There is also literature evidence for the existence of worm like
micellar aggregation (with COOH groups assumed to be deprotonated and solvent facing) at
high pH values.* Meanwhile, rheological moduli provide a measure of the macroscale
strength of the hydrogel network, in particular it is the ratio between the elastic (G') and
viscous (G") moduli which defines a viscoelastic gel; where the elastic (solid) component
must be greater than the viscous (liquid) component. In addition, the stable range of the
frequency sweep indicates the point at which the gel network is unable to recover fast
enough, and G' and G" values begin to deviate from the average values quoted for the linear
region. It should be noted that the mechanical properties are difficult to compare between
gelators with different quoted pH values —i.e. if a system is said to gel at pH 6.5 that implies
it would be a solution at higher pH values.

Table 5.2 Fluorenyl systems: Gelation pH and rheological properties summary

System pH? G’/ Pa G” /Pa Stable Freq / Hz
F1YL 7.3 (gel) 202 6.5+ 1.5 0.1-4.0
F2YL 6.5 (gel) 230 + 30 5010 0.1-4.0
F3YL 7.3 (gel) 390+ 70 190 £ 20 0.1-5.0
F4YL 6.0 (gel) 32020 559 0.1-5.0
F1LL 7.3 (gel) 460 + 45 100 £ 20 0.1-12.6
F2LL 6.5 (gel) 840+ 70 120 £ 40 0.1-7.9
F3LL 7.0 (gel) 110+ 20 25+ 10 0.1-10.0

“Gelation initially attempted at ~7.3 before reattempting at lower pH values if required.
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With the exception of F4LL, all the fluorenyl compounds studied were found to form
hydrogels at a 20 mM concentration in 100 mM phosphate buffer. However, the buffer pH
required for gelation and the corresponding rheological properties of the gels differ
considerably between systems (Table 5.2, and Appendices Figs. A.3-A.9).

For the YL based fluorenyl hydrogelators, the gelation trends with respect to the linker are
clear. F2YL and F4YL form hydrogels at the relatively acidic pH 6.5 and pH 6.0
respectively. Whereas in comparison, F1YL and F3YL successfully formed hydrogels at pH
7.3 — which was the highest pH attempted in this study. Of the physiological pH hydrogels,
F3YL was found to exhibit an elastic modulus of ~390 Pa, whereas F1YL was over an order
of magnitude less rigid with an elastic modulus of ~20 Pa. F2YL and F4YL exhibited elastic
moduli of ~230 Pa and ~320 Pa respectively, and in addition exhibited a larger elastic :
viscous moduli ratio compared to gels F1YL and F3YL. However, these properties are
difficult to directly compare due to differences in the required gelation pH — at pH 7.3
systems F2YL and F4YL were solutions. These initial gelation results indicate that the
choice of linker does have a significant impact upon the properties of these materials.
Interestingly on the basis of these results F3YL is the strongest gelator at physiological pH.
The amide based linker analogues show a correlation between pH and linker length, with the
shorter linkers being more optimal at high pH compared to longer equivalents. These trends
lend some credence to the notion that F3YL behaves more like F1YL because the carbamate
is a relatively rigid linker on account of resonance arguments.

The LL based fluorenyl systems appear to exhibit similar patterns with respect to the
linker segment utilised. For example, the longest linker compound, F4LL, precipitated
because it lacks the correct balance for effective aqueous self assembly; at least partly on
account of an overly flexible linker. Similarly, F2LL requires a maximum hydrogelation pH
of 6.5, compared to 7.3 and 7.0 for the respective F1LL and F3LL systems. Interestingly,
for the dileucine examples, the minimal amide linker compound F1LL provides a more
effective balance for gelation than the corresponding carbamate linker F3LL system — which
is also reflected in a higher elastic modulus value (460 Pa versus 110 Pa). Hence, while the
fluorenyl LL gelation results broadly mirror those of the corresponding YL systems, they
also indicate that the optimal linker segment may switch between 1 and 3 depending upon
the hydrophobic/-philic balance as a result of the precise dipeptide sequence under
investigation.

In summary, as seen previously,”?’

the Fmoc hydrogels form at physiological pH values.
Overall F3YL (Fmoc-YL) gels at a higher pH value and is more rigid than the analogous

F3LL (Fmoc-LL); here the less hydrophobic YL dipeptide sequence provides a more
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effective balance for gelation; this result does not follow the trend expected based on C log P
values.* In terms of the amide linkers (1, 2, and 4), there appears to be a clear correlation
between the linker length, and the resultant properties of the hydrogels. For instance, the
fluorene gelators appear to require an increasingly low gelation pH as the linker length is
increased. There is also an influence from dipeptide sequence, where for example, the LL
derivative F1LL exhibits a greatly increased stiffness compared with the corresponding YL
based F1YL. However, the YL dipeptide motif accommodates a wider array of linkers. So
overall, fluorene gelation is facilitated by shorter, or more rigid, amide linkers. However, the
YL sequence is more capable of supporting the hydrogelation of the longer, less optimal,

linker segments compared to the LL dipeptide motif.

5.3.4.2 Fluorescence emission spectroscopy
Fluorescence emission was utilised as a means of inferring the extent and orientations of

aromatic stacking interactions within the supramolecular structures. The majority of the
fluorene hydrogels show multiple peaks associated with excimer formation, indicating the
presence of different orientations within the structure, from relatively disordered aromatic
stacking interactions (Fig. 5.3).%™*

For the YL based fluorenyl hydrogels (Fig. 5.3(a)) the most significant excimer redshift —
indicative of extensive aromatic stacking interactions*>** — is exhibited by F3YL, with an
emission maximum around 450 nm. In comparison, F2YL and F4YL, show multiple
excimer bands around 380 and 400 nm — suggestive of less efficient aromatic overlap,
previously attributed to antiparallel and parallel dimers.”>** Similar bands are also observed
for F3YL, but these are largely masked by the main 450 nm excimer peak. These prominent
multiple peaks may be a consequence of these 2 and 4 linkers facilitating a multitude of
stacking orientations — as opposed to a more consistent intermolecular arrangement.
Interestingly, F1YL does not show any excimer formation, instead only the redshift relative
to the dilute solution spectrum (330 nm versus 315 nm) is observed. Hence, an extended J-
aggregate is not inferred for this material. This is thought to be a consequence of the 1 linker
being too short to allow orientation of the fluorenyl groups for effective aromatic stacking
interactions. Generally, aromatic stacking is believed to be dominated by extended
antiparallel fluorenyl—fluorenyl interactions,” however, alternative less-aggregated fluorenyl
arrangements and fluorenyl-tyrosine interactions are also likely to contribute to some extent.
Overall, the amide linker trends are less clear, but evidently the Fmoc derivative F3YL is
found to exhibit the most extensive aromatic stacking arrangement on account of a relatively
long but sufficiently rigid linker segment that allows a more stable and consistent aromatic

stacking arrangement.
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Figure 5.3 Fluorescence emission spectra of fluorenyl hydrogels and their corresponding dilute
solutions: (a) tyrosine leucines; and (b) dileucines.

Some similar trends are also observed for the corresponding fluorenyl LL systems (Fig.
5.3(b)). As seen for F1YL, the minimal linker compound F1LL similarly does not exhibit
significant excimer formation. This observation suggests that aromatic stacking interactions
are also not prominent for this system, as the rigid 1 linker is thought to restrict the
favourable molecular and supramolecular orientations of the fluorene moiety, resulting in
relatively simple fluorescence spectra. Perhaps for these 1 linker examples, hydrophobic
interactions in conjunction with B-sheet type H-bonding formation provides a sufficient basis
for robust self assembly. In contrast; the F2LL and F3LL hydrogels each display a
redshifted monomer emission that is accompanied by various excimer contributions -
indicative of extensive aromatic stacking interactions. As seen for other systems, F2LL
exhibits multiple contributions at 380, 400, and 425 nm, but unlike the corresponding F2YL
gel, F2LL also shows a prominent 450 nm band. Hence, this difference supports the notion
that intercalation of the tyrosine residues is responsible for some of the observed disruption
to the interlocked fluorenyl-fluorenyl stacking arrangement.” Overall, the extent of fluorenyl
stacking interactions and the degree of associated disorder seems to correlate strongly with
the choice of linker, which likely influences the precise stacking arrangement(s) available to

the gelator in question.
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5.3.4.3 Circular dichroism
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Figure 5.4 Circular dichroism and corresponding high tension voltage spectra of the various fluorenyl
systems: (a) tyrosine leucines; and (b) dileucines.

CD was used to help ascertain the presence of chirality associated with the supramolecular
fibres. At high pH (e.g. 10.5) values, where samples lacked any apparent self-assembly and
gelation, samples were found to be CD silent. CD was performed on subgelation
concentrations of the hydrogelators; this was found to be necessary to achieve homogeneity
throughout the sample cell. In addition, this methodology attempts to minimize the influence
of an excessive HT signal, potential linear dichroism, and any scattering effects. Due to
excessive absorption and the relative weakness of the circular dichroism observed on a molar
basis,***” it was not possible to consistently record a CD spectrum covering the wavelength

range relevant to the P-sheet organization.'>***’ Despite this limitation, it is possible to
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observe the substantial induced chirality associated with the aromatic portion of the gelator
molecules.™ For the fluorenyl systems a peak at ~305 nm is typically observed, in addition to
shorter wavelength signals which potentially have a contribution from the tyrosine residues
of the YL gelators (Fig. 5.4).%*°"!

For the YL based fluorenyl systems (Fig. 5.4(a)), F3YL and F4YL exhibit a stronger
molar ellipticity than the other systems in terms of the magnitude of the 305 nm absorption.
In addition, F3YL also demonstrates substantial absorption bands at 275 nm, which may
have some contribution from the tyrosine residue.’’ In terms of the direction associated with
the amide based linkers, it is of note that the handedness of the 305 nm peak switches
between positive and negative as methylene units are added. This indicates that the length of
the alkyl chain is having a direct effect upon the fluorenyl conformation, and the precise
supramolecular chirality adopted. F3YL appears to have a positive 305 nm peak similar to
F2YL, which is interesting since both compounds possess a single methylene associated
with their linker segments. These results again show the importance of the linker towards the
self-assembly of these materials, and again suggest that F3YL adopts a relatively ordered
supramolecular arrangement. Here, the linker length/flexibility may be influencing the
precise stacking arrangement associated with these systems as additional methylene and/or
oxygen units alter the relative orientation between the peptide and aromatic segments.”

All of the LL based fluorenyl systems (Fig. 5.4(b)) adopt a negative CD signal, in contrast
to the fluorenyl YL gelators where the linker appeared to have an effect on the observed
supramolecular handedness. Given that this linker dependence is not apparent for the
fluorenyl LL gelators, we propose that it is the relative orientation between the fluorene and
tyrosine fluorophores that influences the observed handedness.

In previous studies, handedness is seen to often be dependant not only of the structure of
the gelator but also upon the precise hydrogelation initiation technique employed — such as
enzymatic versus pH control.”*'" Hence, we believe that a multitude of stacking
arrangements and consequent supramolecular chiralities are possible. Ultimately the
predominance of a particular structure is thought to be dependant upon both thermodynamic
and kinetic factors. Molecular structure is a single consideration in a complex interplay of

variables which will ultimately dictate the precise self-assembly arrangement adopted.

5.3.4.4 Infrared absorption spectroscopy
In general, the FTIR of the gels (in D,O) demonstrates the coupling of well aligned H-

bonded amide I modes at ~1625 cm™.”**** However, the precise frequency and relative
intensity varies considerably between the gelators (Fig. 5.5) . With some examples exhibiting

multiple overlapping peaks, which is indicative of inhomogeneity arising from a variety of
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H-bonding stack sizes. In addition, the most apparent linker-dependent observation is the
presence of the higher wavenumber band at ~1685 cm’, which corresponds with the
carbamate moiety of 3 analogues.” The amide I and carbamate peaks are both indicative of
the enhancement of these vibrational modes within an ordered [B-sheet type H-bonding

56,54,32,2,28,11
arrangement.” "7
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Figure 5.5 Amide I region of the infrared spectra for fluorenyl gelators: (a) tyrosine leucines; and (b)
dileucines. *Optical density has been shifted for clarity, each division corresponds to 0.1 units.
**Viscous solution in D,O.

Infrared absorption spectroscopy (Fig. 5.5(a)) of the YL based fluorenyl gels (in D,0) in
each case shows the amide I band around 1625 cm’™, associated with the increase in peak
intensity due to the coupling of well-aligned H-bonded amide modes.”> ** However, the
degree of apparent inhomogeneity associated with these materials varies considerably. While
F3YL and F1YL in particular exhibit relatively sharp well defined peaks, F2YL and F4YL
demonstrate broader overlapping bands, suggestive of a variety of H-bonding stack sizes.””®
These observations appear to qualitatively correlate with the required gelation pH in each
case, suggesting more disorder associated with the lower pH hydrogels. In addition, it should
be noted that F3YL shows an additional band at 1685 cm™ that is associated with the peak
intensity enhancement of the aligned vibrational modes belonging to the carbamate moiety.”
As such this additional band is not believed to infer a distinct H-bonding arrangement

associated with this material. Hence, the relation between linker length and H-bonding
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inhomogeneity correlates well with the fluorenyl YL based gelators being dependent upon a
shorter or more rigid linker segment.

However, the linker trends observed for the YL variants do not appear to hold for the
corresponding fluorenyl LL systems (Fig. 5.5(b)). In contrast to F3YL, F3LL displays a
more dominant peak at 1645 cm’', which corresponds with a more disordered arrangement
associated with the amide groups.”® The corresponding amide linker based gelators also
show substantial disorder in their FTIR spectra. For instance, FI1LL exhibits a variety of
overlapping amide I bands from 1610-1630 cm™, indicative of substantial inhomogeneity. In
addition, F2LL displays various weak amide I peaks, however this result may be related to
the fact that this system only yielded a viscous solution when using deuterated water.
Regardless, the LL sequence appears to consistently result in increased disorder associated
with the H-bonding arrangements of these fluorenyl systems. This is proposed to be a
consequence of the tyrosine residue playing a role in better defining the preferred orientation

4319 whereas

of the amino acid side chains within the interlocked B-sheet type arrangement,
the more uniform LL sequence is less likely to consistently adopt a given side chain

arrangement (based solely on being either the first or second leucine residue).

5.3.4.5 Atomic force microscopy
AFM images (Fig. 5.6) show the presence of nanoscale fibres within the hydrogel matrix of

all the gelators studied. The fibres or bundles of fibres observed in these systems vary in
size, but are typically about 40-200 nm in width, a result which is broadly consistent with
nanofibre dimensions seen in similar materials.”>*%

Significant differences were observed between the YL based fluorenyl systems, with
F2YL showing very few fibres by AFM compared to the corresponding F3YL and F4YL
samples. F3YL and F4YL each demonstrate dense fibrous assemblies composed from a
multitude of overlapping individual fibres. This suggests a high propensity for fibre
formation in these systems. However, these morphologies are not all homogeneous, for
instance, F4YL shows substantial variability in the fibre diameters (e.g. ~80-250 nm) with
the larger examples appearing helical; this is likely due to the further aggregation of
elementary fibres via coiling mechanisms. In addition, no fibres were seen to be present in
the corresponding F1YL system, which instead exhibited a more amorphous structure
featuring lumpy spherical aggregates. Given the inflexibility of the 1 linker, it is likely that
there is substantial disorder associated with fluorene stacking. It is possible that F1YL
adopts a hydrogel network which is interlaced with a high proportion of micellar type
aggregates. Hence, although fibres are the dominant, almost ubiquitous morphology, there

appears to be the potential for a variety of other aggregation mechanisms throughout the
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A e

Figure 5.6 AFM mages of all fluorenyl systems with 2 and 1 pm scale bars.

supramolecular constructs. This again reflects the structural inhomogeneity previously
inferred by FTIR and fluorescence.

In terms of the fluorenyl LL examples, AFM similarly shows substantial variability
between systems with different linkers. For instance, F1LL exhibits the greatest propensity
for fibre formation, and also appears to show elementary fibres interweaving with one
another and combining to form larger fibrous structures. Furthermore, F2LL and F3LL also
show the presence of fibres — though those of F2LL appear to be more discontinuous and
less prevalent than many of the others systems described here. Overall, the AFM results
should be interpreted with caution, as they are highly dependent upon the dried sample
preparation, and as such are not necessarily representative of the fibrous morphologies
present in the gel state. Nevertheless, under the dried sample preparation conditions utilised,

the choice of linker appears to have a substantial effect on the overall fibrous morphology,
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although a correlation with the corresponding spectroscopic results is unclear.

5.3.4.6 Summary
High pH/physiological gelation of fluorenyl based systems is facilitated by short and/or rigid

linkers such as carbonyl (1) and methoxycarbonyl (3). Comparing the spectroscopic results,
it becomes clear that the implied extent of aromatic stacking interactions does not always
correlate with the extent of H-bonding seen by FTIR. For instance, F1YL shows a strong
well-defined amide I peak, but little excimer formation by fluorescence emission. Whereas
other systems such as F2LL and F3LL shows an extensive excimer band, but only a
relatively weak or disordered amide I contribution by FTIR — indicative of substantial H-
bonding inhomogeneity. In contrast, F2YL and F4YL exhibit moderate excimer redshifts
and broad amide I contributions with a fair degree of disorder. Only in examples that possess
optimal peptide and linker segments, such as F3YL,” do both processes appear to manifest
strongly within the same system. Hence, these results indicate that only with certain linker
dependant molecular orientations are aromatic peptide amphiphiles able to adopt a robust
aromatic stacking and H-bonding arrangement — this is perhaps linked to the respective
distances required for B-sheets (~4.5 A) and aromatic stacking (~3.5 A).“ Overall, we also
find that that when a compromise must be made the YL derivatives are more prone
disruption of fluorenyl-fluorenyl aromatic stacking interactions (Fig. 5.3), whilst in contrast
the LL derivatives have more disordered H-bonding interactions (Fig. 5.5). These trends are
attributed to tyrosine residue intercalation and a more random side chain orientation, for YL

and LL fluorenyl systems, respectively.

5.3.5 Pyrenyl systems

5.3.5.1 Gelation results and rheological properties
Similar to the fluorenyl materials, the self-assembly and gelation properties of the pyrenyl

based systems were initially assessed by gelation pH and rheology if applicable (Table 5.3,
and Appendices Figs. A.10-A.15).

In terms of the hydrogelation properties of the pyrenyl YL based compounds, there are
several points to note. For instance, PSYL forms a particulate gel as opposed to a single
continuous phase (Fig. 5.7). This is presumed to be a consequence of the ether (5) linkage
allowing excessive degrees of freedom, such that the molecules are unable to adopt a
consistent stacking arrangement. The additional (or shifted) H-bonding acceptor may also be
a factor in perturbing the stacking arrangement of this system. In contrast, the other
compounds all form stable homogeneous hydrogels. For example, the P1YL and P2YL

systems each exhibit a gelation pH of 7.0 and similar rheological properties to one another.
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However, the optimal hydrogelator in terms of the maximum required gelation pH is the
P4YL system, which possesses a relatively flexible linker. In direct contrast, the carbamate
linker based compound, P3YL, exhibits a relatively acidic required gelation pH of 5.5;
indicating that for pyrenyl based materials sufficient flexibility is important. Hence, these
results suggest that for pyrenyl based hydrogel systems, longer or more flexible linkers are
preferable - although generally there is less variation than that observed for the equivalent
fluorenyl based materials.

Table 5.3 Pyrenyl systems: Gelation pH and rheological properties summary

System pH?® G’/ Pa G” /Pa Stable Freq / Hz
P1YL 7.0 (gel) 290 + 50 60 + 20 0.1-12.6
P2YL 7.0 (gel) 310+ 35 35+£5 0.1-5.0
P3YL 5.5 (geD) 300 £ 35 40+3.5 0.1-12.6
P4YL 7.3 (geD) 190 + 30 45 £ 20 0.1 -15.8
P5YL 7.0 (parts)® - - -

P2LL 7.3 (gel) 60+7 10+2 0.1-3.2
P3LL 6.5 (gel) 8§+t1 1.5%£0.5 0.1-3.2
P4LL 7.3 (meta)® - - i

“Gelation initially attempted at ~7.3 before reattempting at lower pH values if required. "Metastable
collapsing hydrogel. “Particulate gel solution.

For the pyrenyl systems, the hydrophobic LL sequence is detrimental to the gelation and
self-assembly properties. For instance, the most rigid and most flexible P1LL and PSLL
systems both precipitated, indicating that there is little linker length/flexibility tolerance. In
addition, P4LL forms a hydrogel initially, but over the course of 7 hours proceeds to
collapse to form a small fragile pellet that retains the shape of the container (Fig. 5.8, and
supplementary video). The metastable®’ P4LL is thought to be a consequence of the LL
dipeptide causing hydrophobic collapse of the supramolecular structure, resulting in the
expulsion of water. Although syneresis of aromatic peptide amphiphile hydrogels has been
reported previously,” to our knowledge this is the most extreme example of this process.
Hydrophobicity is clearly a factor in the precipitation or collapse of the LL based pyrenyl
systems, however, these phenomena are also evidently dependant on the linker in question -
given that the related P2LL and P3LL systems do form stable gels. Similar to the YL
systems, the carbamate linker system P3LL only gels at a relatively acidic pH of 6.5, and
exhibits an elastic modulus of just 8 Pa. In comparison, the P2LL hydrogelator is a more
optimal choice in terms of linker, with a physiological gelation pH of 7.3, and an elastic
modulus of 60 Pa — though this is still a fairly weak gel compared to many of the pyrenyl YL
systems. Hence, the pyrenyl LL gelation trends with respect to the choice of linker are less

clear, as the hydrophobicity of these compounds limits our ability to discriminate between
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different linkers. However, as for the pyrenyl YL materials, a physiological gelation pH is
facilitated by amide (e.g. 2 and 4(metastable)) as opposed to carbamate (3) linkers.

In summary, carbamate linker pyrene compounds, P3LL and P3YL, only gel at a
relatively acidic pH, with P3LL demonstrating an elastic modulus over an order of
magnitude less than the more robust hydrogels. Pyrene may have more specific aromatic
stacking requirements, on account of its increased planarity and steric bulk compared to
fluorene. The corresponding amide linker pyrene amphiphiles exhibit a distinct relationship
with respect to gelation properties and amide linker length. For pyrene, physiological
gelation is favoured by longer linker lengths, with the necessary gelation pH generally
observed to decrease slightly as the linker length decreases (e.g. from P4YL to P2YL). This
apparent preference for more flexible linkers is in direct contrast to fluorenyl examples,
however, there is generally less variation in the physical properties observed for the pyrenyl
systems with regards to linker dependence. In this respect, hydrophobicity has a significant
role for the pyrenyl systems, with the hydrophobic LL sequence clearly not conducive to

effective gelation with only a single stable pyrene amide linker example.

Figure 5.7 (left) Particulate appeafance of the PSYL system; (right) representative hydrogel examples
(top) P4YL, (bottom) F4YL. Similar in appearance to other hydrogel systems.

1 hour 4 hours 7 hours
Figure 5.8 Collapse of the metastable P4LL hydrogel over time. Contrast adjusted for clarity.

5.3.5.2 Fluorescence emission spectroscopy
Unsurprisingly, the pyrenyl gelators (Fig. 5.9) display a more extensive excimer redshift than

the corresponding fluorenyl systems (Fig. 5.3), which is characteristic of the presence of
extensive aromatic stacking interactions within the supramolecular aggregates. In addition,
the pyrene based materials generally exhibit complete quenching of their characteristic
monomer emission.®”®® This suggests that as would be expected in moving from fluorene to
pyrene; gelation is increasingly dominated by the aromatic interactions.

For YL based pyrenyl gels, P1YL and P2YL demonstrate the least pronounced redshift in

their excimer emission, with fluorescence intensity concentrated around 418 nm (Fig.
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Figure 5.9 Fluorescence emission spectra of pyrenyl hydrogels and their corresponding dilute
solutions: (a) tyrosine leucines; and (b) dileucines.

5.9(a)). This 418 nm peak corresponds with the shoulder seen in the dilute pyrene solution
spectra,”*® suggesting less aromatic stacking interactions due to a lack of linker flexibility.
This is a similar result to that seen previously for the 1 linker fluorenes (section 5.3.4.2). In
addition, the P1YL solution spectrum is red-shifted with respect to the other pyrenyl solution
spectra, and exhibits poorly defined peaks. This may also be a consequence of the
inflexibility associated with this molecule, possibly resulting in an intramolecular interaction
with the adjacent tyrosine residue, or alternatively conjugation with the carbonyl group may
be a factor. In the P2YL hydrogel, the conformational restrictions arising from a short linker
may also result in increased disorder associated with the aromatic stacking interactions, with
the tyrosine residues possibly interacting with pyrene in an intermolecular fashion.* In
contrast, the P3YL and P4YL systems consistently show a pronounced broad excimer
redshift upon hydrogel formation. We also observe complete quenching of the characteristic
dilute solution spectra peaks; this suggests extensive aromatic stacking interactions
throughout their respective supramolecular networks. Hence, for the pyrene YL gelators,
sufficient linker length appears to be the main factor in determining whether pronounced

excimer formation will be observed.
In contrast to what is observed for pyrene YL systems, both P2LL and P3LL demonstrate
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a pronounced broad excimer redshift upon hydrogel formation (Fig. 5.9(b)). The P2LL and
P3LL systems exhibit maxima at around 490 and 475 nm, whereas the related P2YL, P3YL,
and P4YL hydrogels exhibit their main peaks at 418, 475 and 460 nm respectively. This
provides additional evidence that it is the intercalation of the tyrosine residues that
contributes to the disruption of pyrene-pyrene stacking interactions, here, longer linkers
appear to mitigate this effect to some extent. Hence, for the pyrenyl based materials, the
fluorescence emission of the LL derivatives are not influenced by the linker segment to the

same extent as the equivalent YL systems.

5.3.5.3 Circular dichroism
Pyrene generally shows well defined peaks at ~330 and ~350 nm. However, these peaks

change in wavelength, intensity, and handedness depending upon the linker and peptide
components (Fig. 5.10). The observed circular dichroism associated with the pyrene moiety
is consistently stronger on a molar basis than that seen previously for fluorene (Fig. 5.4) -
this general observation may indicate that pyrene stacking is more specific and less
disordered.

There is considerable variation in the circular dichroism observed for the YL based
pyrenyl systems (Fig. 5.10(a)). P1YL displays a strong positive CD signal, which is also
significantly blue shifted relative to the other systems. However, this observation
undoubtedly ties in with the previously discussed fluorescence emission of both gel and
solution, which also demonstrated unusual characteristics. Again this can be ascribed to the
rigidity of this particular molecule's linker segment, which could certainly have implications
for aromatic stacking interactions and supramolecular chirality - potentially via intercalation
of the tyrosine residues. On the other hand, P3YL shows relatively weak circular dichroism -
a result which is presumably a consequence of the rigidity associated with the
methoxycarbonyl (3) linker inhibiting the supramolecular chiral organisation of peptide and
aromatic. In contrast, P2YL and P4YL adopt similar CD profiles in terms of possessing a
negative signal and moderate intensity. This indicates that these materials assume analogous
supramolecular structures whose organisation is facilitated by the longer amide linkers.

For the LL based pyrenyl systems (Fig. 5.10(b)), P2LL demonstrates a relatively weak
circular dichroism signal in the pyrene region. In contrast, P3LL demonstrates a strong
positive CD signal; a complete reversal of the previously described chirality of P2YL and
P4YL. Although it is not immediately obvious why P2LL and P3LL should exhibit
characteristics that do not reflect those of their YL equivalents (P2YL and P3YL), there is a
possible role for tyrosine intercalation in determining the overall supramolecular chirality.*

Overall, the linker and peptide segments both contribute towards the observed
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Figure 5.10 Circular dichroism and corresponding high tension voltage spectra of the various pyrenyl
systems: (a) tyrosine leucines; and (b) dileucines.

supramolecular chirality of these pyrenyl based gelators. Given that the supramolecular
helicity ultimately originates from the molecular chirality of the peptide component, it is
perhaps unsurprising that the trends seen for the LL. and YL gelators do not necessarily

correlate with one another.

5.3.5.4 Infrared absorption spectroscopy
Several trends are apparent with respect to the FTIR spectra of YL based pyrenyl gels in D,O

(Fig. 5.11(a)). For example, P3YL, exhibits a relatively high wavenumber amide I band at
1645 cm™. The apparent disorder associated with P3YL, is related to the rigidity of the

methoxycarbonyl linker, restricting self-assembly in the peptide domain. However, the
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additional oxygen atom may also provide potential H-bonding stacking arrangements that
perturb the overall supramolecular structure. In comparison, the amide linker based gelators
P1YL, P2YL, and P4YL all show amide I bands in the ~1620 cm™ region, typically
associated with an extended B-sheet type H-bonding arrangement. Varying degrees of
inhomogeneity are observed for these systems, with the majority exhibiting some higher
wavenumber contributions. The P1YL peak is somewhat less broad than the other systems,
suggesting a more ordered H-bonding arrangement. In this case, the short rigid conjugated
carbonyl (1) linker that precludes optimal aromatic stacking, benefits assembly of the peptide
segment. Hence, these results indicate that for the pyrenyl systems, short or more rigid

linkers preclude optimal assembly for both the aromatic and peptide domains.
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Figure 5.11 Amide I region of the infrared spectra for pyrenyl gelators: (a) tyrosine leucines; and (b)
dileucines. *Optical density has been shifted for clarity, each division corresponds to 0.1 units.
**Viscous solution in D,O.

For the pyrenyl LL systems (Fig. 5.11(b)), similar to P3YL, P3LL is observed to
demonstrate a relatively high wavenumber amide I band at 1635 cm™. In addition, what is
assumed to be the carbamate peak of P3LL appears at ~1675 cm™, which is approximately
10 cm™ lower than that exhibited by the other 3 analogues. This apparent shift is another
indication that the precise H-bonding arrangement around the carbamate moiety can be
different for these pyrene based systems. In contrast, the P2LL system exhibits a band at
~1620 cm™ similar to that observed for the corresponding P2YL gel. Overall, it can be
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surmised that for both LL and YL pyrenyl gels, the carbamate linker results in substantial
disorder associated with the H-bonding arrangement, with (longer) amide linkers providing a

more effective balance for self-assembly.

5.3.5.5 Atomic force microscopy
Fifie S ey PRlaRe . i

Figure 5.12 AFM images of all pyrenyl systems with 2 and 1 um scale bars.
P1YL, P3YL and P4YL all demonstrate dense fibrous assemblies composed from a
multitude of overlapping individual fibres by AFM. This suggests a high propensity for fibre
formation in these systems. However, these morphologies are not all homogeneous across
the sample, as P3YL exhibits spherical structures that intersect the overlapping fibres, which
could indicate the presence of crystallinity associated with this system. In addition, P2YL
also exhibits fibres — though they appear to be relatively short and less prevalent than the
others YL systems described here. Hence, as seen for the fluorenyl materials, substantial

differences are observed between these pyrenyl YL systems, though rationalising these
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differences is difficult.

The morphology of pyrenyl LL materials is also affected by the choice of linker segment.
With P2LL demonstrating the presence of isolated fibres, while P3LL appears to exhibit a
dense fibrous assembly composed from a multitude of overlapping individual fibres — though
the resolution of these images is poor. As stated before, AFM is of limited diagnostic value
as the preparation of these dried sample films is subject to features not found in the gel state
materials. Nonetheless, the morphology of the network appears to have substantial

variability, depending upon the hydrogel system studied.

5.3.5.6 Summary

In contrast to the fluorenyl systems, pyrenyl based materials appear to display a preference
for relatively flexible linkers. We can hypothesise that the additional flexibility provided by
the CH position on fluorene, provides a more effective means of achieving a conformation
which is conducive to self assembly with short or more rigid linker like carbonyl (1) or
methoxycarbonyl (3). For example, the rigid P1YL system shows strong/sharp amide I
modes and a pronounced, if distorted, positive CD signal. This is indicative of an extensive
H-bonding arrangement and chiral supramolecular organisation. Despite this, the rigid linker
is apparently not conducive to extensive aromatic stacking interactions. In comparison, the
rigid, but longer, P3LL and P3YL examples exhibit extensive aromatic stacking interactions
by fluorescence emission spectroscopy. However, for P3LL we observe a distinct H-bonding
arrangement associated with carbamate group of this material by FTIR. In addition, P3YL
exhibits an inferred random coil type H-bonding structures by FTIR; with this lack of order
associated with the peptide also reflected in the much weaker circular dichroism. Hence,
while for P1YL it is aromatic stacking interactions that suffer; for P3LL and P3YL, it is the
B-sheet type H-bonding formation that fails to effectively reconcile with the aromatic stacked
arrangement. In each case, this is likely a consequence of insufficient linker flexibility acting
to disfavour the optimal orientations, intermolecular distances and consequent assembly in
both the aromatic and peptidic domains. In contrast, the P4YL hydrogelator variant
possesses a suitable balance of hydrophobics/-philics, aromatic stacking, and linker
flexibility to also facilitate B-sheet type H-bonding formation, and resultant hydrogelation at
a physiological pH. The self-assembly of aromatic peptide amphiphiles can thus be
considered to have two main contributors; aromatic stacking and peptidic H-bonding
interactions. In general terms, as anticipated, replacing fluorene with pyrene results in more
extensive aromatic stacking interactions. In addition, the YL sequence appears to offer a
better balance for H-bonding and gelation, with the LL sequence seen to be more prone to

precipitation. However, the influence of these aspects cannot be considered in isolation, and
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evidently the linker segment between these molecular domains is key.

5.4 Conclusions

In summary, we have reported on the effects of a systematic variation of the aromatic, linker,
and dipeptide domains of this class of small molecule hydrogelators. Overall, results suggest
the existence of an optimal but distinct linker flexibility trend for the respective fluorene and
pyrene gelator classes — based on the peptide sequences tested here. The linker must not be
too rigid to preclude the conformation required for simultaneous aromatic stacking and f-
sheet type H-bonding formation. However, equally important is the need to avoid an
excessive degree of freedom, particularly in hydrophobic examples where precipitation is an
all too viable alternative to gelation. As proposed previously,” short (e.g. 1) and/or relatively
rigid (e.g. 3) linkers, appear to facilitate the physiological pH gelation of the fluorenyl
systems. In contrast, pyrene gelators exhibit a preference for longer, more flexible, amide
linkers (e.g. 4), with methoxycarbonyl (3) observed to be a particularly poor choice in terms
of minimum gelation pH and/or mechanical properties. Presumably this difference is a
consequence of pyrene's increased planarity and steric requirements, which mean that a more
flexible linkage is required for effective orientation in both the dipeptide B-sheet type and
aromatic stacked supramolecular self assembly domains. These differential linker
preferences that depend upon the aromatic moiety, clearly demonstrate that the distinct
structural features cannot be considered in isolation.

This is further exemplified as the YL hydrogelators consistently have a better balance for
hydrogelation, with LL often unsuitable, particularly for pyrene based materials. This is
evidenced nicely by the collapsing P4LL, which seems to be exhibiting a metastable
hydrogel state, en route to a fragile pellet — an “unconventional” precipitation process. In
contrast, the equivalent P4YL system forms a stable hydrogel under identical conditions.
FTIR, fluorescence, and CD have respectively inferred the importance of B-sheet type H-
bonding formation, aromatic stacking interactions, and supramolecular chirality in the self-
assembly of these materials. These disparate aspects of the supramolecular structure are seen
to be strongly influenced by the choice of linker, which indicates that this is a key variable in
the self assembly process. This primarily appears to depend on the linker length/flexibility,
which is thought to influence the available orientations and intermolecular distances of the
peptide and aromatic assembly. However, the potential H-bonding accepting oxygen of the
methoxy (3) moiety may also be a factor in influencing the overall stacking arrangement.
The disorder associated with many of the studied systems is likely to be highly dependent

upon the gelation protocol utilized as well as the molecular structure of gelator itself, as

150



The impact of the linker upon gelation properties and supramolecular structure

ultimately rapid hydrogelation will result in kinetically favoured supramolecular structures,

as opposed to the thermodynamic product. The increased contribution of aromatic stacking

interactions towards the integrity of the supramolecular structures of pyrene based gelators,

suggests that similar materials could potentially find optoelectronic applications which

utilise this extended aromatic aggregation mechanism. It is hoped that this work will aid in

the future development process, of novel, small molecule hydrogelators.
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— Chapter 6 —

Insights into the co-assembly of gelators and
surfactants

6.1 Abstract

The co-assembly of small molecules is a useful means of increasing the complexity and
functionality of their resultant supramolecular constructs in a modular fashion. In this study,
we explore the assembly and co-assembly of serine surfactants and tyrosine-leucine
hydrogelators; capped at the N-termini with either Fmoc or 1-pyrenylethylcarbonyl. These
systems all exhibit self-assembly processes which are influenced by aromatic stacking
interactions, while the hydrogelators also exhibit B-sheets type arrangements which reinforce
their supramolecular structures. We provide evidence for three distinct supramolecular co-
assembly models; cooperative, disruptive and orthogonal. The co-assembly mode adopted
depends upon whether the individual constituents; (I) are sufficiently different, such that
effective segregation and orthogonal assembly occurs; (II) adhere to a communal mode of
self-assembly; or (III) act to compromise the assembly of one another via incorporation and
disruption. We find that greater scope for controllable co-assembly exists within orthogonal
systems; which show minimal relative changes in the native gelator structure by FTIR, CD,
and fluorescence spectroscopy. This is indicative of the segregation of orthogonal co-
assembly constituents into distinct domains; where surfactant chemical functionality is
presented at the surface of the gelator’s supramolecular fibres. Overall, this work provides
new insights into the design of modular co-assembly systems, which have the potential to

augment the chemical and physical properties of existing gelator systems.

6.2 Introduction

Owing to their high water content; rheological properties that can mimic those of a variety of
tissues;"” and bio-inspired chemical functionality; hydrogels have the potential to be utilized
in a variety of biomedical applications, such as controlled drug delivery devices®™* and cell
culture™®. In addition, the supramolecular aromatic stacking interactions that are central to

the self-assembly of aromatic peptide amphiphiles, may lead to the development of soft

optoelectronic devices which possess some degree of electro-conductivity.” "'

When considering the hydrogel’s supramolecular architecture, it is desirable to control the

12,13 14-17 7-11

stiffness, aromatic interactions, and the presentation of (bio-)chemical

topology,

5,18-20

functionality at the surface. These aspects are particularly important considerations for
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(a) Orthogonal

===

(b) Cooperative  (c) Disruptive

B o

Figure 6.1 Conceptual diagram illustrating different possible co-assembly modes; (a) orthogonal self-
assembly, where blue and red building blocks segregate into distinct structural components; (b)
cooperative self-assembly, where building blocks both adhere to a common mode of self-assembly;
and (c) disruptive self-assembly, where partial incorporation and mismatches between building blocks
result in the occurrence of defects/discontinuities in the structure.

the development of biocompatible materials, which can help bridge the gap between biology
and technology.”' Due to the likely competing requirements for a particular application that
interfaces a device with biology, it is desirable to be able to tailor the properties of existing
gelator systems. In general terms, co-assembly is a potentially useful means of augmenting
materials in a modular fashion.***°

For example, using co-assembly it is possible to incorporate a bioactive peptide within a
mixed hydrogel structure to improve cell culture viability.”” In addition, mixed/cooperative
(Fig. 6.1) co-assembly between donor and acceptor molecules is a useful means of achieving
supramolecular charge transfer structures for optoelectronic applications.®” However the
co-assembly of different molecules can potentially result in other arrangements, besides a
simple mixed/cooperative structure (Fig. 6.1).”'

There has been much recent interest in the development of so-called “orthogonal” co-
assembly, or self-sorting behaviour.”® In these systems, individual constituents such as
gelators and surfactants, are able to assemble independently in the presence of one another.
This orthogonal assembly process can potentially result in various architectures such as
interpenetrating networks, or mixed fibrous structures with domains or layers consisting of
predominately one of the individual components. This phase separation behaviour can be a
consequence of intermolecular interactions or environmental effects, such as pH.*>***" Such
hybrid systems can potentially exhibit characteristics neither system could achieve in
isolation.” This associated increase in complexity is a desirable development in the field of

small-molecule self-assembly,”™ where the chemical and/or physical properties of existing
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supramolecular materials can be combined synergistically.
In an effort to start elucidating co-assembly design rules, we herein report on the
development of gelators based on pyrene peptide amphiphiles, ™"

analogous Fmoc-capped compounds,*”* see Fig. 6.2. Both Fmoc-YL” (F3YL) and Pyr-YL

studied together with

(P4YL) have been found to gel at a physiological pH. The corresponding Fmoc-S” and Pyr-S
(P4S) surfactant compounds were chosen because Fmoc-S has been previously found to
improve cell viability on Fmoc-FF based hydrogels. In this chapter, gelators are
distinguished by their ability to form a B-sheet type H-bonding arrangement, whereas
surfactant  self-assembly is  governed solely by aromatic stacking and
hydrophobic/hydrophilic considerations. Hence, in our study the influence of the peptide and
aromatic upon supramolecular co-assembly structures can be investigated in a systematic

fashion.

Pyr-YL

Q
QO Oy O

Pyr- Q Fmoc-S
0 Ui 1.
oorgr O

Figure 6.2 Structures of the gelator (YL) and surfactant (S) molecules.

This chapter first discusses the proposed models for each of the individual systems,
followed by a detailed examination of the different combinations of Fmoc- and pyrene
compounds by infrared, fluorescence and circular dichroism spectroscopy, atomic force
microscopy and rheology. The results are organized according to the corresponding
characterization techniques utilized, with a separate subsection for systems proposed to
follow a particular model. This approach facilitates comparison between the proposed

supramolecular structures within the context of the experimental techniques.

6.3 Results and discussion

Gelators Fmoc-YL>*** and Pyr-YL were chosen for this study on account of their ability to
form hydrogels at a physiological pH. The surfactant Fmoc-S along with the analogous Pyr-

S, were selected in order to explore the effects of co-assembly with micellar components.’
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These gelator and surfactant compounds (Fig. 6.2) enable a comparison of the variation in
both peptide and aromatic moieties. Note that despite the nomenclature adopted in this
chapter, the surfactant Pyr-S is capable of gelation at a relatively acidic pH. In the first
instance, individual gelator and surfactant molecules were considered, before undertaking a
systematic analysis of their co-assembly characteristics. All systems were initially prepared
at 20 mM or 20 mM:20 mM concentrations in 100 mM phosphate buffer. In addition,
although not investigated here, it is likely that Pyr-YL and Fmoc-YL gelators can adopt

(worm-like) micellar structures under high pH (e.g. 10.5) conditions.”>*

6.3.1 Proposed models

The adoption of a particular arrangement is believed to be determined primarily by the
similarity between individual components in terms of both aromatic and peptidic
intermolecular interactions. In order to facilitate interpretation of the experimental results,
hypothesized models (Fig. 6.3) are first presented for each of the individual or co-assembly

systems. Note that these are idealized cartoons for the purposes of interpretation.

6.3.1.1 Gelators

Fmoc-YL™ and related aromatic peptide amphiphile based hydrogelators have been
previously shown to give an antiparallel B-sheet type H-bonding arrangement (Fig. 6.3(a)),
which is then interlocked via aromatic stacking interactions.””"”*** The influence of the
peptide also results in a chiral supramolecular organization. The resultant fibres
subsequently aggregate further and form a supramolecular network, thus accounting for their
viscoelastic properties. Hence, the analogous Pyr-YL system is proposed to self-assemble in

a similar fashion.

6.3.1.2 Surfactants

Fmoc-S® and Pyr-S surfactant-like molecules are hypothesized to assemble into spherical
(Fig. 6.3(b), left) and/or worm-like (Fig. 6.3(b), right) micelles™*®"% respectively, owing to
the amphiphilic nature of their molecular structures. In contrast to the previously described
gelators, an extensive internal H-bonding structure is not expected for these molecules, with

their relatively hydrophilic amino acid side chain functionality.

6.3.1.3 Orthogonal co-assembly
Orthogonal co-assembly is believed to be most likely for the respective Pyr-YL/Fmoc-S and

Fmoc-YL/Pyr-S systems; where the corresponding co-assembly partners possess different
aromatic and peptide parts. Hence, there is expected to be relatively little interaction between

the two components (Fig. 6.1(a), 6.3(c)) with orthogonal systems forming the aromatic
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(a) Gelators (b) Surfactants

Fmoc-YL Pyr-S

b || =

Figure 6.3 Proposed supramolecular models for: (a) The gelators Pyr-YL and (Fmoc-YL); (b) The
surfactants Fmoc-S and Pyr-S; (c) Orthogonal Pyr-YL/Fmoc-S and (Fmoc-YL/Pyr-S); (d)
Cooperative Pyr-YL/Fmoc-YL and Pyr-S/Fmoc-S; and (e) Disruptive Pyr-YL/Pyr-S and (Fmoc-
YL/Fmoc-S). The legend (bottom) defines the simplified molecular structures utilized in these
models. Within each co-assembly cartoon one component is highlighted for clarity.

stacked, B-sheet reinforced YL fibres discussed previously. Provided that these fibres are
sufficiently stable, the surfactant molecules can potentially coat the YL fibres, without
significant incorporation into the aforementioned aromatic stacks, or -sheet type structures.
This orthogonal model is a potentially useful co-assembly mechanism, as in principle it
should allow the furnishing of a supramolecular fibre with a variety of chemical
functionality’ which is presented at the fibre-aqueous interface.

The complete segregation of co-assembly constituents into interpenetrating networks of
single component fibres has also been referred to as orthogonal.”****>*® Hence, it should be

clarified that the so-called orthogonal systems presented herein, are only such from the
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perspective of the underlying YL fibres — in this model, micelles are not believed to exist

independently of the main fibrous assembly.

6.3.1.4 Cooperative co-assembly
Cooperative co-assembly (Fig. 6.1(b)) systems are hypothesized to follow either a mixed

aromatic stacked [-sheet type arrangement (Fig. 6.3(d), top), or a mixed micellar
organisation (Fig. 6.3(d), bottom), respectively. This cooperative mode of assembly is
believed to be facilitated by the Pyr-YL/Fmoc-YL and Pyr-S/Fmoc-S systems, when
molecules which possess similar individual supramolecular arrangements — on account of

their peptidic functionality — are combined within a single structure.

6.3.1.5 Disruptive co-assembly
In contrast to cooperative co-assembly, disruptive co-assembly is hypothesized to occur

when the individual constituents possess the same aromatic moiety, but differ in their ability
to form a B-sheet type H-bonding arrangement (e.g. Pyr-YL/Pyr-S and Fmoc-YL/Fmoc-S).
For this scenario, there is a high propensity for aromatic stacking interactions between
constituents, but the surfactant will likely be unable to contribute to the -sheet type mode of

assembly utilized by the gelator molecules (Fig. 6.1(c), 6.3(e)).

6.3.1.6 Other potential co-assembly arrangements
Besides the co-assembly arrangements presented in Fig. 6.3, there are other supramolecular

arrangements which can be considered. More traditional orthogonal arrangements such as
interpenetrating fibrous networks,” and fibres mixed with micellar structures are distinct
possibilities.”* Where appropriate, these alternatives will also be considered within the

context of the experimental results.

6.3.2 Infrared absorption spectroscopy

6.3.2.1 Gelators
Infrared spectra of the deuterated gels show an amide I peak at 1625 cm™ for Fmoc-YL and

1620 cm™ for Pyr-YL (Fig. 6.4(a)). Furthermore, an additional 1684 cm’ peak is seen for the
Fmoc-YL gelator, attributed to the presence of the carbamate moiety.*** The intensity and
definition associated with these peaks is indicative of the enhancement of the respective
carbonyl vibrational modes that occurs within the ordered [-sheet type H-bonding
arrangement. For both gelators, the amide peak has a smaller component towards higher
frequencies, which may be attributed to inhomogeneity associated with the H-bonding stack
sizes. A broad peak is observed around 1586 cm™, which corresponds to the presence of the

carboxylate anion, which shows a fraction of the C-termini remains deprotonated at the
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sample pH (~7.3).

6.3.2.2 Surfactants

The surfactant systems show the typically broad infrared absorption bands associated with an
unstructured H-bonding arrangement that features extensive solvent interactions (Fig.
6.4(b)). For both samples, the carboxylate band (1586 cm’ for Pyr-S and 1596 cm’ for
Fmoc-S) has a more prominent presence than in the gelator samples. In Fmoc-S, a broad
band around 1680 cm™ is assigned to unstructured carbamate groups. A weak band,
analogously assigned to unstructured amide groups, can be distinguished in the Pyr-S
spectrum around 1640 cm™. As expected for both these single amino acid amphiphile
systems: the absence of a cooperatively enhanced H-bonding arrangement confirms that the
Pyr-S hydrogel represents a distinct self-assembly mode, likely driven only by hydrophobic

. . . . 5
interactions between the pyrene moieties.’*®"®’

6.3.2.3 Orthogonal co-assembly
The proposed orthogonal co-assembly systems exhibit spectra (Fig. 6.4(c)) that resemble

those of their corresponding gelator components (Fig. 6.4(a)). In addition, the prominent
carbamate peak around 1685 cm™ specifically requires that the Fmoc-YL B-sheet type H-
bonding structure is present within the Fmoc-YL/Pyr-S mixed assembly. No such peak was
observed in the Pyr-YL/Fmoc-S spectrum (Fig. 6.4(c)); this result indicates that as expected
the carbamate groups of the surfactant molecules do not form an extended H-bonding stack
within the Pyr-YL/Fmoc-S co-assembly system. For the Pyr-YL/Fmoc-S system, the broad
1676 cm™ contribution in the surfactant spectrum disappears, while a weak band rises at
1666 cm™', which may be attributed to inclusion of the carbamate moiety on the surface of an

Fmoc-dipeptide fibrous core.

6.3.2.4 Cooperative co-assembly
The spectrum for the Pyr-YL/Fmoc-YL co-assembly (Fig. 6.4(d)) closely resembles a linear

combination (Appendices, Fig A.16) of its individual components. The 1620 cm™ amide I
peak is significantly larger than the carbamate peak as expected from the 3:1 ratio of amide
to carbamate moieties present in the mixed system. Note that the strong absorption in the
amide I region occurs as a consequence of the excitonic coupling effect only seen for well-
ordered amide groups like in a P-sheet-type structure.** Therefore, these observations
indicate that the propensity to form B-sheet structures is not influenced by the different
aromatic moieties. However, these FTIR results cannot distinguish between a cooperative
co-assembly and a completely segregated co-assembly mode where a block co-assembly or

separate Fmoc-YL and Pyr-YL fibres are present; although this self-sorting can often only be
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Figure 6.4 Amide I FTIR spectra of: (a) The gelators Pyr-YL and Fmoc-YL; (b) The surfactants
Fmoc-S and Pyr-S; (c) Orthogonal Pyr-YL/Fmoc-S and Fmoc-YL/Pyr-S ; (d) Cooperative Pyr-
YL/Fmoc-YL and Pyr-S/Fmoc-S; and (e) Disruptive Pyr-YL/Pyr-S and Fmoc-YL/Fmoc-S. *Spectra
have been vertically offset for clarity; each division corresponds to 0.1 units.

achieved for molecules that gelate under different environmental conditions, such as pH.*
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Pyr-S/Fmoc-S (Fig. 6.4(d)) exhibits only weak, broad infrared bands in the amide I region.
Compared to a linear combination of the two individual components, a broad band centred
around 1643 cm™ was observed, which indicates Pyr-S molecules with their amide bonds in
a randomly structured configuration. The 1676 cm™ IR absorption, assigned to the Fmoc-S
carbamate groups, weakens slightly in the co-assembled gel; relative to what would be
expected from a linear combination of the individual components (Appendices, Fig A.16),

pointing to a change in the Fmoc-S state.

6.3.2.5 Disruptive co-assembly
The proposed disruptive co-assembly systems show clear differences from the spectral sum

of their components (Appendices, Fig A.16). For instance, Fmoc-YL/Fmoc-S exhibits a
more distinct amide I peak around 1640 cm™ (Fig. 6.4(e)); the emergence of this significant
contribution, while the lower frequency band decreases in intensity, can be assigned to a less
extended secondary structure. The amide I region of the Pyr-YL/Pyr-S system (Fig. 6.4(e))
exhibits two close bands around 1620 and 1626 cm™, compared to a relatively strong 1620
cm™ band with a tail towards 1630 cm™ that is assigned to inhomogeneity for the Pyr-YL
(Fig. 6.4(a)) and Pyr-YL/Fmoc-S (Fig. 6.4(c)) systems. This could be explained by two
different types of linear amide stacks, while the inhomogeneous component also appears to
still be present. These differences in the FTIR of the Fmoc-YL/Fmoc-S and Pyr-YL/Pyr-S
systems suggest that the surfactant component is having an impact on the B-sheet type H-

bonding formation associated with the dipeptide.

6.3.3 Fluorescence emission spectroscopy

Fluorescence emission was utilized as a means of inferring the extent and orientations of
aromatic stacking interactions within each of the supramolecular constructs (Fig. 6.5). The
dilute solution spectra of materials consisting of Fmoc constituents (e.g. Fig. 6.5(a), lower
panel, faded line) show a band with contributions around 306 and 315 nm, with a tail
extending beyond 350 nm.**%” Dilute pyrene amphiphile solutions (e.g. Fig. 6.5(a), upper
panel, faded line) exhibit multiple distinct bands at 380, 398, and 418 nm.®***> Hence, the
non-overlapping emission profiles of fluorene and pyrene should allow the monitoring of the
individual constituents within co-assembly systems with mixed fluorophores. However, at
gelation concentrations pyrene completely quenches the fluorene peaks (Fig. 6.5(c,d)), due to
its absorption at the fluorene emission wavelengths.” The %max intensities of characteristic
monomer emissions are utilized in Fig. 6.6, to provide an indication of the CAC in these
systems. Above the CAC, excimer peak(s) become apparent, and as the concentration is

increased the excimer becomes gradually more intense than the corresponding monomeric
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Figure 6.5 Fluorescence emission spectra of: (a) The gelators Pyr-YL and Fmoc-YL; (b) The
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emission. The concentration at which the excimer and monomeric emissions are equal is
indicated in Fig. 6.6 (Xs) and it is primarily these 50%max values that are used to compare
the various systems. However, it should be noted that the initial aggregates detected at very
low concentrations may differ from the supramolecular structures found in the gel state.”'
The data in utilized in Fig. 6.6 originates from extracted Gaussians (see Appendices, section

A32).

6.3.3.1 Gelators

The gelators Pyr-YL and Fmoc-YL demonstrate substantially redshifted emission when
compared to their corresponding dilute solutions. This is indicative of aromatic stacking
interactions within the hydrogel network and resulting intermolecular energy transfer.”>”’
The Pyr-YL hydrogel in particular exhibits a continuous broad emission profile, with
complete quenching of its characteristic monomer peaks (Fig. 6.5(a)).”* In comparison the
Fmoc-YL system displays the presence of various aggregates other than the main excimer
peak. This would suggest that not all of the fluorene segments are effectively incorporated
into the supramolecular structure. This observation suggests that fluorenes can exist in a
multitude of different conformations, with varying degrees of disorder.”””” In terms of the
50%max intensities (Fig. 6.6(a)), we observe a clear transition at approximately 0.7 mM;
where pyrene’s monomeric emission becomes increasingly quenched as the concentration is
increased and the broad excimer emission becomes dominant. In contrast, the fluorene
monomer contributions at <320 nm markedly shift to higher wavelengths at ~4 mM. In
addition, the fluorene excimer emission at 454 nm only becomes the dominant feature at the
20 mM gelation concentration (see Appendices, section A.3.2). Hence, while aromatic
stacking helps drive Pyr-YL assembly, for Fmoc-YL these interactions are weaker as would
be anticipated. Overall, fluorescence emission spectroscopy confirms the presence of
supramolecular aggregates within the YL hydrogelator assemblies. However, this aspect of
the self-assembly mechanism is more prominent for the Pyr-YL system, as may be expected

on account of its increased aromaticity.

6.3.3.2 Surfactants

Compared to the Pyr-YL system, Pyr-S displays a marginally more pronounced excimer
redshift (Fig. 6.5(b)), exhibiting a maximum at approximately 466-475 nm compared with
453-462 nm for Pyr-YL (see also Appendices, section A.3.2). Lacking a B-sheet like H-
bonding arrangement; the assembly of the Pyr-S molecules is entirely dependant upon
aromatic stacking interactions. The fact that Pyr-S exhibits a larger redshift than Pyr-YL is

believed to be a consequence of a B-sheet type formation in the latter, altering the optimal
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orientation of the aromatic stacking interactions. Furthermore, besides the broad Pyr-S
excimer band, we also observe a peak at 418 nm. This feature of the emission spectrum
indicates that there are additional supramolecular arrangements associated with the Pyr-S
surfactant molecules that are less strongly bound to each other; perhaps loosely aggregating
on the surface of the main assembly. This observation contrasts with the comparatively well
defined stacks present in the Pyr-YL supramolecular structures. In addition, the Pyr-S
excimer does not persist to be the main peak below concentrations of 1.5 mM; which
coincides with the predominance of the monomeric pyrene emissions (e.g. 380 nm) (Fig.
6.6(b)). Hence, it can be surmised that the Pyr-S forms aggregates which are less persistent
at lower concentrations since these structures lack the additional stabilization afforded by B-
sheet formation. Nonetheless, at higher concentrations the %max intensity of the higher
wavelength contributions indicates the formation of extended 1D nanostructures. This
observation, combined with the inferred disorder and solvation associated with H-bonding of
the serine residues by FTIR, suggests that worm like micelles are prevalent in the Pyr-S
system. Here the planarity of the pyrene ring predisposes the formation of extended 1D
structures as opposed to the related spherical micelles. Worm like micelle structures have
also been recently reported in the literature for Fmoc-FF and other peptide amphiphile
systems at high pH.®""®

In contrast, the Fmoc-S surfactant exhibits the least prominent excimer redshift (Fig.
6.5(b)). This observation suggests that the self-assembly mode adopted by Fmoc-S does not
feature the extended 1D aromatic stacking interactions seen for the other individual systems,
which would be consistent with the spherical micelle model. Besides the modest excimer
redshift, we also observe the existence of multiple peaks from alternative fluorene
orientations.”> Moreover, the fact that the fluorene group features a non-aromatic bridgehead
carbon atom, may put some geometrical constraints on the extended stacking of Fmoc-
groups when not assisted by a beta sheet configuration of an appended peptide; which could
account for some of the spectral differences between Fmoc-S and the analogous 1D Pyr-S

system.

6.3.3.3 Orthogonal co-assembly

When moving to the co-assembled systems, it was found that the excimer redshift of Pyr-
YL/Fmoc-S is similar to that of pure Pyr-YL (Fig. 6.5(c)), as also seen for FTIR, although
the loss of some %max intensity at higher wavelengths is observed. This suggests that
intercalation of fluorene is not occurring to a great extent within the aromatic pyrene stacks.
The fluorescence versus concentration data of the pyrene and fluorene constituents illustrates

that within the co-assembly system an energy transfer from fluorene to pyrene takes place;
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with monomeric fluorene at 306 nm only dominating at concentrations under 0.1 mM (Fig.
6.6(c)). Similarly for Fmoc-YL/Pyr-S co-assembly, we observe the preservation of the
excimer redshift (Fig. 6.5(c)) associated with Pyr-S structures, unlike the FTIR which was
dominated by Fmoc-YL H-bonding. These complementary observations suggest that the Pyr-
S molecules retain significant pyrene stacking interactions in the co-assembly structure;
hence intercalation with Fmoc-YL is not inferred. This is consistent with the proposed
orthogonal coating mechanism, or it could alternatively suggest self-separation whereby the
respective Fmoc-YL and Pyr-S fibrous structures exist independently of one another. Further
evidence for the orthogonal coating mode of assembly is provided in the circular dichroism
section, see below. In Fmoc-YL/Pyr-S, the fluorene to pyrene energy transfer mechanism is
seen to be significant even at the lowest concentrations (Fig. 6.6(c)). These observations
suggest that even at low concentrations Fmoc-YL and Pyr-S remain in close proximity
through aggregation, allowing comprehensive energy transfer. Overall, the largely preserved
pyrene excimer redshifts suggests that Fmoc-YL/Pyr-S and Pyr-YL/Fmoc-S each adhere to
an orthogonal co-assembly arrangement (Fig. 6.1(a), 6.3(c)), due to the differential modes of

peptide and aromatic assembly exhibited by each of their constituents.

(a) Gelators
PyrYL| — — — — — P—— - — — — — — —
FmoeYLf — — — — — — — — — — P — — — —
(b) Surfactants
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Figure 6.6 Summary of the fluorescence intensity versus concentration data of each system. Where
“X” indicates the concentration at which Pyr (380 nm) or Fmoc (306 or <320 nm) monomer emission
intensity is 50%, while the lines show the full 0-100% range of the sigmoidal region of the graphs (see
Appendices, section A.3.2).

6.3.3.4 Cooperative co-assembly
In the Pyr-YL/Fmoc-YL system the excimer redshift (Fig. 6.5(d)) is less pronounced than for

pure Pyr-YL gel; exhibiting a narrower band than either Pyr-YL or Pyr-YL/Fmoc-S. This is
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thought to be caused by extensive intercalation of Pyr-YL and Fmoc-YL aromatic stacked [3-
sheet structures, which acts to curtail the extended pyrene intermolecular energy transfer
seen in other systems. Even so, it is likely that discrete sections of stacked pyrene and Fmoc
exist, with intercalation between the two a random occurrence rather than an alternating
pattern. In conjunction with the previously observed cooperatively enhanced FTIR
absorptions, these results are consistent with a mixed cooperative structure as opposed to an
interpenetrating network of separate Pyr-YL and Fmoc-YL fibres. This mixed structure does
not appear to be detrimental to the resilience of the supramolecular constructs; hence,
aggregation and quenching of the 380 nm monomeric pyrene emission (Fig. 6.6(d)) occurs at
a similar concentration to that observed for Pyr-YL alone. In addition, the 380 peak's %max
intensity decreases upon the appearance of the 306 nm fluorene peak, as also for Pyr-
YL/Fmoc-S (see Appendices, section A.3.2). This is thought to be a consequence of reduced
energy transfer between fluorophores, as the aggregates do not persist to same extent at
lower concentrations (<0.1 mM).

For the co-surfactant Pyr-S/Fmoc-S hydrogel the excimer redshift (Fig. 6.5(d)) is similar
to that of Pyr-S. This suggests that the co-assembly consists of extensive 1D aromatic
stacking interactions within a cooperative worm-like micelle structure, similar to that
proposed for Pyr-S. Hence, despite the presence of Fmoc-S, extensive pyrene stacking
interactions within these structures is observed. In addition, we also see the preservation of
the typical Pyr-S 50%max (Fig. 6.6(d)). Interestingly however, upon altering the
concentration we observe the fluorene monomer only dominating at the very lowest
concentration (~5 nM). This robust Fmoc-S to Pyr-S energy transfer mechanism indicates
that these components remain in mixed aggregates irrespective of concentration. This
suggests that as the concentration is lowered, mixed spherical micelle structures are likely to
exist, which continue to mediate the energy transfer mechanism between fluorene and pyrene
fluorophores. However, these spherical micelles result in a loss of 1D stacking interactions
and therefore show a relatively low pyrene excimer redshift (see Appendices, section A.3.2).
Thus, these results suggest that while Pyr-YL/Fmoc-YL and Pyr-S/Fmoc-S each exist in
cooperative co-assembly structures, the co-surfactant system shows that co-assembly has a
relatively small impact upon extended Pyr-S stacking in the gel state. This may be evidence
of some segregation between components within the Pyr-S/Fmoc-S structure, or this may be

facilitated by the relatively disordered nature of the proposed worm-like micelle construct.

6.3.3.5 Disruptive co-assembly
The Pyr-YL/Pyr-S excimer redshift (Fig. 6.5(e)) suggests that this system adopts a structure

more in line with that seen for Pyr-YL; hence the aromatic stacked p-sheet type H-bonding
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structure is present, as opposed to the worm-like micelle structure proposed for Pyr-S. This
observation was also supported by FTIR, which suggested a cooperatively enhanced, albeit
disrupted, H-bonding arrangement. This system also exhibits a gradual increase in the
wavelength of the dominant peak as the concentration is increased, as opposed to more stable
excimer redshift seen for individual Pyr-YL and Pyr-S systems (see Appendices, section
A.3.2), thus suggesting that this represents a convolution of the two separate profiles as the
co-assembly of Pyr-YL and Pyr-S results in a mixed structure, which is subject to
considerable disruption (Fig. 6.1(e), 6.3(e)).

For the Fmoc-YL/Fmoc-S system, fluorescence emission spectra (Fig. 6.5(e)) are similar
to those seen previously for Fmoc-YL; possessing an initial excimer redshift more in line
with the Fmoc-YL structure. Thus, this system is also thought to adopt the aromatic stacked,
B-sheet type reinforced fibrous structures seen previously for the YL gelators. This was also
inferred from the disrupted, but present, cooperatively enhanced FTIR absorptions. Hence,
we believe this Fmoc-YL type structure also features intercalation of Fmoc-S into the 1D
aromatic stacking arrangement. This is supported by the much longer and distorted sigmoidal
region of the fluorescence versus concentration graph, which shows a two-step change in the
fluorene monomer intensity as Fmoc-S is increasingly incorporated into the Fmoc-YL
aromatic stack as the concentration is increased (Fig. 6.6(¢e), see Appendices, section A.3.2).
This is significant when compared to the much sharper transitions seen previously for the

individual Fmoc-YL and Fmoc-S systems (Fig. 6.6(a,b), see Appendices, section A.3.2).

6.3.4 Circular dichroism

CD was used to help ascertain the presence of chirality associated with the supramolecular
fibres (Fig. 6.7). Due to the viscous nature of these materials, CD was performed on
subgelation concentrations of the hydrogelators; this was found to be necessary to achieve
homogeneity throughout the sample cell. This methodology also attempts to minimize the
influence of an excessive HT voltage, potential linear dichroism, and any scattering effects.
Previous work on aromatic peptide amphiphiles found that self-assembly (as determined by
pK, shifts) is sensitive to the concentration.” Tt is for this reason that all concentrations used
for CD were still significantly greater than the CAC, as defined by fluorescence data (Fig.
6.6). Hence, we are assuming that the supramolecular structures present at these subgelation
concentrations are largely representative of those found in the gel state — e.g. isolated fibres.
In addition, due to excessive absorption and the relative weakness of the circular dichroism

12,41

observed on a molar basis, it was not possible to consistently record a CD spectrum

80-82

covering the wavelength range relevant to the [B-sheet organization. Despite this
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limitation and the fact that the aromatic groups are not chiral by themselves, it is possible to
observe the substantial supramolecular chirality associated with the stacking of the aromatic

portion of the studied molecules.*

6.3.4.1 Gelators
Pyr-YL in particular shows well defined peaks at 330 and 350 nm; these consistently exhibit

a negative CD signal (Fig. 6.7(a)). In comparison, Fmoc-YL demonstrates a positive CD
peak at ~305 nm, in addition to strong shorter wavelength signals centred around 275 nm
which potentially have a contribution from the tyrosine residues.”>® Thus, it has been
ascertained that both the Fmoc-YL and Pyr-YL fibres have an associated supramolecular

chirality.

6.3.4.2 Surfactants

Similarly, Pyr-S exhibits characteristic pyrene peaks at around 330 and 350 nm, but in
contrast to Pyr-YL, now a positive signal is observed for these peaks (Fig. 6.7(b)), providing
further evidence that the Pyr-S gel doesn’t conform to the aromatic-stacked, B-sheet like H-
bonding reinforced model of Pyr-YL. Instead proposed individual worm like micelles are
believed to coil around one another in an arrangement determined by the chirality of the
external serine residues. On the other hand, Fmoc-S, which is believed to form spherical
micelles, as expected does not exhibit a significant CD signal. The absence of CD signals
that are typical of fibre formation is consistent with the spherical micelle model for Fmoc-S.
These results validate the previous fluorescence emission observations that only suggested

an extended 1D structure for the Pyr-S system.

6.3.4.3 Orthogonal co-assembly

Co-assembly of Pyr-YL/Fmoc-S results in a negative CD signal associated with the pyrene
arrangement, similar in handedness and intensity to that observed for Pyr-YL (Fig. 6.7(c)), as
seen previously from FTIR and fluorescence emission spectroscopy. In contrast, co-
assembly of Fmoc-YL/Pyr-S gives a weakly negative pyrene CD signal, in addition to a
reversal of handedness for the remainder of the spectra, when compared to that seen for Pyr-
S alone. The observation that the associated supramolecular chirality of the Pyr-YL structure
is relatively unaffected by the Fmoc-S co-assembly, is thought to support the notion of an
orthogonal co-assembly mechanism (Fig. 6.1(a), 6.3(c)). However, it is also observed that
the 335 and 355 nm peaks have changed slightly in relative magnitude and wavelength —
hence, the Fmoc-S coating is likely having some effect upon the chiral pyrenyl arrangement.
For Fmoc-YL/Pyr-S, we see a significant change in the supramolecular chirality from that

observed for the worm-like micelle structures; this result rules out the possibility of an
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Figure 6.7 CD spectra (top panels) and corresponding HT spectra (bottom panels). (a) The gelators
Pyr-YL and Fmoc-YL; (b) The surfactants Fmoc-S and Pyr-S; (c¢) Orthogonal Pyr-YL/Fmoc-S and
Fmoc-YL/Pyr-S; (d) Cooperative Pyr-YL/Fmoc-YL and Pyr-S/Fmoc-S; and (e) Disruptive Pyr-
YL/Pyr-S and Fmoc-YL/Fmoc-S.

Fmoc-YL/Pyr-S interpenetrating fibrous network. While CD is consistent with Pyr-S
adhering to the Fmoc-YL fibres (as opposed to following its own independent self-assembly
mode) this result does not in itself preclude disruptive co-assembly. However, because
significant intercalation between fluorene and pyrene is not inferred from fluorescence data
(Fig. 6.5), this mechanism is deemed to be orthogonal, with the Pyr-S adhering to the Fmoc-
YL fibre surface to shield the hydrophobic pyrene moiety, whilst exposing the hydrophilic

serine residue to the aqueous environment. Thus, the native Fmoc-YL and Pyr-YL aromatic
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stacked [B-sheet structures are believed to exist intact underneath their respective Pyr-S or
Fmoc-S serine coatings; as also evidenced by FTIR, which showed preservation of their 8-

sheet type structures (Fig. 6.4).

6.3.4.4 Cooperative co-assembly
The Pyr-S/Fmoc-S system exhibits a spectrum which is fairly consistent with that previously

observed for Pyr-S alone (Fig. 6.7(d)). In particular, the characteristic positive 330 and 350
nm pyrene signals are preserved. This provides further indication that the surfactant-like
nature of both Fmoc-S and Pyr-S acts to facilitate the formation of structures which are akin
to those previously observed for Pyr-S. For the co-assembling YL amphiphiles, the presence
of Fmoc-YL appears to enhance the negative Pyr-YL CD signals, suggesting aromatic
stacked B-sheets that compliment one another. In conjunction with previous fluorescence
emission data that suggested extensive intercalation between fluorophores; the enhanced CD
signal further supports a mixed cooperative structure as opposed to an interpenetrating
network. However, for the Pyr-YL/Fmoc-YL system, we also observe a change in the Fmoc-
YL 305 and 275 nm peaks, from positive to negative. This may be indicative of Fmoc-YL
following a stacking arrangement specific to Pyr-YL, or alternatively pyrene’s absorption
may dominate that of Fmoc. In any case, these results suggest a mixed co-assembly
mechanism (Fig. 6.1(b)) for Pyr-YL/Fmoc-YL and Pyr-S/Fmoc-S; in each case gelators or
surfactants cooperatively assemble within their common peptide determined mode of self-

assembly.

6.3.4.5 Disruptive co-assembly
Co-assembly between Pyr-YL and Pyr-S results in a diminished negative pyrene CD signal,

suggesting that their respective modes of self-assembly act to compromise one another (Fig.
6.7(e)). Ultimately, the negative CD signal reasserts that it is Pyr-YL, the gelator, which
dictates the co-assembly between the two molecules. In addition, co-assembly of Fmoc-
YL/Fmoc-S, is characterized by a loss of Fmoc-YL’s positive 305 and 275 nm signals.
Hence, both of the mixed peptide common aromatic co-assembly partners exhibit an
apparent disruption in the supramolecular structure, as was previously suggested based on
FTIR evidence. We believe that this effect is particularly prominent for these co-assembly
partners because the supramolecular chirality originates from the chiral peptide segment of
these molecules. Hence, intercalation between the identical aromatic segments of these
molecules, which adhere to entirely disparate modes of self-assembly, results in disruption of
the supramolecular B-sheet type structure, and consequently a diminished CD spectrum,

compared to that previously obtained from the individual gelator components.
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6.3.5 Atomic force microscopy
(a) Gelators (b) Surfactants
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Figure 6.8 AFM of: (a) The gelators Pyr-YL and Fmoc-YL;() he surfactants Fmoc-S and Pyr-S;

(c) Orthogonal Pyr-YL/Fmoc-S and Fmoc-YL/Pyr-S; (d) Cooperative Pyr-YL/Fmoc-YL and Pyr-
S/Fmoc-S; and (e) Disruptive Pyr-YL/Pyr-S and Fmoc-YL/Fmoc-S.

6.3.5.1 Gelators

Atomic force microscopy was used to examine the fibre morphology of the gelator systems
(Fig. 6.8(a)). Both of the YL hydrogelators show the presence of dense fibrous assemblies,
which was anticipated for these aromatic stacked, B-sheet reinforced fibrous networks. The
(bundles of ) fibres observed in these systems vary in size, but are typically about 40-200 nm
in width. Care should be taken with quantitative feature size interpretation of these AFM
images, which may depend on AFM sample preparation. However, the fibre sizes observed
here are broadly consistent with nanofibre dimensions seen in similar materials.”>>* The
varying fibre diameters observed is also consistent with the supramolecular inhomogeneity

previously inferred by FTIR and fluorescence.

6.3.5.2 Surfactants

Atomic force microscopy shows the absence of any fibres for the Fmoc-S system, instead

exhibiting spherical structures, which may be from micellar aggregates (Fig. 6.8(b)). The
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surfactant Pyr-S shows fibres, but in comparison to the gelators appears more heterogeneous;
indicating increased disorder associated with the system, and thus reflecting the proposed

worm-like micelle nature of the species.

6.3.5.3 Orthogonal co-assembly
Fmoc-YL/Pyr-S shows the presence of dense fibrous networks by AFM, which also

characterized the individual Fmoc-YL material (Fig. 6.8(c)). We also note that the fibrous
network appears finer than that of the individual Fmoc-YL system. These results indicate
that Pyr-S is having an impact on the macroscale Fmoc-YL fibres, as opposed to forming
distinct structures of its own. The observed fibres most likely form via the aggregation of
more elementary supramolecular structures. The observation of thinner fibres may then
relate to reduced aggregation of the elementary Fmoc-YL fibrils as a consequence of an
increased negative charge from the Pyr-S coating on the fibre surface. Hence, this result is
consistent with the orthogonal coating mechanism and also demonstrates the absence of an
interpenetrating network morphology.

Co-assembly of Pyr-YL and Fmoc-S results in a fibre morphology which appears to be
homogeneous along the length of the fibre, which is consistent with interfacial assembly of
Fmoc-S. In this case, co-assembly does not result in significant changes to the fibre
morphology of the native Pyr-YL gelator. In contrast to Pyr-S, Fmoc-S does not natively
form fibres or 1D aromatic stacking interactions and thus may have less relative influence

over the corresponding gelator’s fibre morphology.

6.3.5.4 Cooperative co-assembly
Pyr-S/Fmoc-S forms truncated fibres on the order of 2 um in length (Fig. 6.8(d)), whereas

individually Pyr-S showed much longer fibres; at least on the scale of the recorded AFM
images. This is hypothesized to be a consequence of Fmoc-S rich areas, with a tendency to
form spherical aggregates, capping the ends of the Pyr-S dominated worm-like micelle
structures. This model is consistent with CD that previously showed marginally less intense
positive Pyr-S peaks, which could indicate a shorter 1D nanoscale structure. Hence, this co-
assembly arrangement could be considered to be disruptive in terms of the overall network
morphology. If accurate, this model is also an example of the effective segregation of
components within these size limited, supramolecular structures, which would account
somewhat for the preserved Pyr-S fluorescence excimer redshift. Such an assembly
mechanism makes sense within the context of these serine surfactants whose self-assembly is
most strongly influenced by aromatic stacking, since no scope for -sheet type organization

exists.
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In contrast, Pyr-YL/Fmoc-YL shows the presence of dense fibrous networks. This
demonstrates again that co-assembly can work if there is sufficient commonality between
constituents, such that they adhere to similar modes of supramolecular assembly, and are
thus able to accommodate one another to an extent. The observation of only a single
population of morphologies implies that Pyr-YL and Fmoc-YL do form mixed cooperative
fibres as opposed to an interpenetrating network - this was also previously suggested by

spectroscopic evidence.

6.3.5.5 Disruptive co-assembly
In terms of fibre morphology, the Pyr-YL/Pyr-S co-assembly system appears to exhibit the

intermittent fibrous and disordered regions which previously characterized the Pyr-S
surfactant (Fig. 6.8(e)). This further supports the notion that Pyr-S is acting to perturb the
standard B-sheet type H-bonding and fibre formation associated with Pyr-YL alone. The
related Fmoc-YL/Fmoc-S system shows fibres with a consistent tendency to form into spiral
structures. This also hints at the idea that the Fmoc-S is having a disruptive effect on the 1D
Fmoc-YL structure. Thus for each of the proposed co-assembly systems possessing
components with a common aromatic moiety, AFM images suggest that the inclusion of an
intercalating surfactant does have an influence on supramolecular structure and the observed

fibre morphology; a result consistent with the disruptive model (Fig. 6.1(c), 6.3(e)).

6.3.6 Rheology and gelation results

Rheology and gelation results are presented for each of the systems in turn. Note that the pH
values reported for each system in Table 6.1 apply throughout the text. All systems were
initially prepared in 100 mM phosphate buffer at pH 7.3, before the pH was lowered via the
addition of 1 M HCI if required for gelation (Fmoc-S excepted) as determined by vial
inversion test. Hence, rheological properties can only be meaningfully compared for systems
at the same pH — i.e. lower pH systems were solutions at pH 7.3 value. However, we believe
that over our limited 7.3 to 5.0 pH range, the reported supramolecular structures are broadly
representative — with the pH influencing surface charge and the likelihood of forming a
continuous hydrogel network as opposed to isolated fibres in solution.® Also note that, at
frequencies greater than the stable ranges reported in Table 6.1, the extrusion of water and
the consequent breakdown of the hydrogel network and concentration of the sample,
generally results in a sharp increase in the respective moduli values (Appendices, section

A3.3).°
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6.3.6.1 Gelators
In terms of their material properties (Table 6.1 and Appendices, section A.3.3), both Fmoc-
YL and Pyr-YL demonstrate gelation at a physiological pH. The rheological properties the

Pyr-YL system demonstrates a relatively low*>'* G’

of approximately 190 Pa. In addition,
Pyr-YL also shows a relatively large stable frequency sweep range — where elastic (G') and
viscous (G") moduli remain largely constant. Comparing rheological properties, it becomes
clear that Fmoc-YL does not form a particularly robust gel, as it exhibits a small elastic (G')
to viscous (G") modulus ratio. These moduli values differ from some previously reported
Fmoc-YL gels with G’ sometimes in excess of 1000 Pa, however this parameter is found to
vary greatly depending upon salts, pH, concentration, and the precise method of preparation
employed.** Fmoc-YL also exhibits a more brief stable frequency sweep range. In
addition, the fact that G’> > G’ at some higher frequencies (Appendices, section A.3.3)
indicates that in these instances gel network is unable to recover on this timescale — as also
evidenced by the relatively large phase angle associated with Fmoc-YL and similarly
affected systems (Appendices, section A.3.3). Furthermore, it can also be observed that the
Pyr-YL more readily recovers its ability to withstand vial inversion, simply after the
mechanical stresses associated with transferring samples using a spatula. So it can be
surmised that Fmoc-YL forms a more rigid, but brittle hydrogel. The increased aromaticity

of Pyr-YL is thought to be responsible for the more robust mechanical properties and

recovery of Pyr-YL compared to the Fmoc-YL hydrogelator system.

6.3.6.2 Surfactants

Fmoc-S forms a solution, and as such no gelation pH or rheology data is applicable (Table
6.1 and Appendices, section A.3.3). Pyr-S forms gels, but at a more acidic pH than Pyr-YL;
a lower gelation pH implies that greater protonation is needed to facilitate self-assembly and
consequently increased interconnectivity between fibres. This makes sense within the
context of a worm-like micelle model, whose carboxylates at the aqueous interface will
preclude further aggregation and effective gelation - unless a sufficient number are
protonated, or divalent cations are used for cross-linking.”® In terms of its rheological
properties, Pyr-S has a relatively low elastic modulus, and a short stable frequency sweep
range. These are unsurprising observations, since evidently Pyr-S lacks the additional
structural integrity afforded by B-sheet type H-bonding formation. Hence, Pyr-S is believed

to follow an entirely different self-assembly mode from the related Pyr-YL gelator.

6.3.6.3 Orthogonal co-assembly
In terms of material properties (Table 6.1 and Appendices, section A.3.3), Fmoc-YL/Pyr-S
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Table 6.1 Gelation pH and Rheology Data

pH , ” Stable Freq
System (Gel/Sol) G’ /Pa G” /Pa / Hz
Pyr-YL 7.3 (Gel) 190 + 30 45 £ 20 0.1-15.8
Gelators
Fmoc-YL 7.3 (Gel) 39070 190 + 20 0.1-5.0
Pyr-S 6.5 (Gel)* 585 8+3 0.1-2.5
Surfactants
Fmoc-S 7.3 (Sol) - - -
Pyr-YL/Fmoc-S 7.3 (Gel) 160 £ 20 30+ 14 0.1-15.8
Orthogonal
Fmoc-YL/Pyr-S 7.3 (Gel) 450+ 100 70 £20 0.1-15.8
Pyr-YL/Fmoc-YL 7.3 (Gel) 27%5 104 0.1-1.6
Cooperative
Pyr-S/Fmoc-S 5.0 (Gel)* 980 +230 | 200 £ 180 0.1-31.6
Pyr-YL/Pyr-S 6.0 (Gel)* 290 + 27 60t 15 0.1-15.8
Disruptive
Fmoc-YL/Fmoc-S 7.0 (Gel)* 263 5106 0.1-2.0

*These systems are solutions at pH 7.3 as defined by vial inversion test. **Quoted moduli values are
averages over the stable frequency range.

and Pyr-YL/Fmoc-S both gel under physiological pH conditions, as did their individual
Fmoc-YL and Pyr-YL hydrogels. Furthermore, Pyr-YL and the co-assembled Pyr-YL/Fmoc-
S system display very similar rheological properties. The co-assembly system shows the
characteristically large stable frequency sweep range and the elastic (G') and viscous (G")
moduli remain largely consistent with those of the Pyr-YL material. Hence, Fmoc-S does not
appear to interfere with Pyr-YL’s material properties; this would be expected if the proposed
orthogonal mechanism is accurate. Co-assembly between Fmoc-YL and Pyr-S appears to
result in relatively robust mechanical properties, exceeding both Fmoc-YL and Pyr-YL in the
magnitude and ratio of the respective moduli, and equalling the stable frequency sweep
range of Pyr-YL. This observed change in the mechanical properties of Fmoc-YL, also
reflects the apparent morphological changes seen by AFM (Fig. 6.8(a,c)). The pH and
rheological results suggest that robust co-assembly is facilitated when both aromatic and
peptide components are sufficiently different such that segregation between components is
able to occur. This prevents mismatches from occurring between the B-sheet type H-bonding
or indeed the aromatic stacking interactions, which are both crucial to stable gel formation.
Ultimately, this is also a vital prerequisite for the orthogonal co-assembly model, where the

intermingling of components is undesirable.
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6.3.6.4 Cooperative co-assembly
Pyr-S/Fmoc-S is only capable of gelation at pH 5, which is over a pH unit lower than the

individual Pyr-S worm-like micelle hydrogel (Table 6.1 and Appendices, section A.3.3).
This illustrates the impact of the previously observed (by AFM) fibre truncation upon the
overall network integrity of the hydrogel, which now requires substantial protonation and
interconnectivity for effective gelation. In terms of rheology, the Pyr-S/Fmoc-S hydrogel is
surprising robust when comparing its stable frequency sweep range and moduli magnitude to
the other systems. However, the low gelation pH requirement indicates that of all the
systems studied, Pyr-S/Fmoc-S has the least propensity for gelation; to reiterate, Pyr-
S/Fmoc-S is a solution at pH 7.3 value. For the co-gelators, the relative weakness of the
Fmoc-YL hydrogel is also inherited by the co-assembled Pyr-YL/Fmoc-YL system which
also demonstrates a brief stable frequency sweep range. In addition, we also observe low
elastic and viscous moduli accompanied by a low moduli ratio; this suggests that the mixed
system is significantly less rigid and less robust than the individual Fmoc-YL component
alone. This compromising of Pyr-YL’s mechanical properties suggests — in agreement with
what was observed by fluorescence and CD - that complete segregation of Pyr-YL and
Fmoc-YL fibres doesn’t occur. Instead Fmoc-YL is thought to hinder Pyr-YL assembly via
effective incorporation into the [-sheet type H-bonding arrangement, but is then
subsequently unable to fulfil pyrene’s aromatic stacking requirements. The discrete pyrene
and fluorene aromatic assemblies are believed to result in an overall structure which contains
aromatic stacking mismatches, resulting in more structural “defects” and consequently
weaker fibres. Ultimately, the mixed cooperative supramolecular structure compromises the

mechanical properties of the network at the macroscale.

6.3.6.5 Disruptive co-assembly
The hydrogelation of Pyr-YL/Pyr-S only occurs at pH 6, which is significantly lower than

the physiological Pyr-YL hydrogel (Table 6.1 and Appendices, section A.3.3). If Pyr-S was
merely a spectator, then the gelation pH of the mixed system would not be expected to
change; this is strong evidence that Pyr-S is incorporating itself into the Pyr-YL structure. A
lower gelation pH implies that greater protonation and consequently increased
interconnectivity between fibres is required for effective gelation. We hypothesize that
strong pyrene stacking interactions imply that effective segregation doesn’t occur between
Pyr-YL and Pyr-S molecules in the co-assembly state. Consequently, Pyr-S intercalates the
Pyr-YL aromatic stacked, H-bonding reinforced, fibrous assembly (Fig. 6.3(e)). Owing to
serine’s inability to form a B-sheet type arrangement, this has the effect of compromising the

Pyr-YL structure; in a process analogous to having missing rungs in a ladder. In addition, the
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relatively weak rheological properties of the Fmoc-YL hydrogel appear to be compounded
by co-assembly with Fmoc-S, which results in over an order of magnitude drop in the
respective moduli. Furthermore, the stable frequency sweep range decreases. We
hypothesize that the Fmoc-YL gel is weakened by Fmoc-S co-assembly in much the same
way as the Pyr-YL/Pyr-S system: fluorene stacking interactions between components result
in the YL B-sheet type structure being distorted by the serine residues. These observations
indicate that disruptive co-assembly (Fig. 6.1(c), 6.3(e)) has a profound impact on the
structural integrity of these materials. A conclusion that is also supported by the apparently
disrupted FTIR and CD spectra. Hence, these systems represent a failure of the co-assembly
components to either structurally segregate, or accommodate one another by effectively

following a common self-assembly mechanism.

6.4 Conclusions

In summary, based on spectroscopic, morphological, and mechanical properties, we propose
three distinct co-assembly models. Cooperative co-assembly occurs between the molecules
in this study that share their propensity to adopt the B-sheet type H-bonding mode of
supramolecular self-assembly. In this case, either a mixed serine micellar model or a mixed
YL aromatic stacked, H-bonding reinforced structure is adhered to. Furthermore, by tailoring
the constituents ratio in the Pyr-S/Fmoc-S system, it is anticipated control over micellar
dimensions is possible. Disruptive co-assembly is proposed to take place with systems that
only share the same aromatic moiety. This results in substantial intercalation of the serine
constituent, which ultimately compromises the structural integrity of the YL B-sheet type
arrangement. Finally, attaining effective structural segregation between hydrogel
components is a prerequisite for the orthogonal co-assembly model. This is only readily
achievable if the aromatic and peptide segments of each component are sufficiently different
such that partial incorporation and disruption of their respective supramolecular structures
does not occur. The orthogonal co-assembly mechanism is potentially useful for cell culture
applications that require the chemical functionalisation of fibre surfaces, without affecting
the material properties of an existing gelator system. The other co-assembly paradigms could
also find utility; however, the disruption of the underlying gelator structure will likely make
tailoring gels for a given application more complex, with several variables to consider. In
general, upon substituting Fmoc for pyrene there is an increase in the aromatic stacking
contribution in terms of the factors driving the aromatic dipeptide amphiphile assembly.
Consequently, the pyrene based materials have a greater potential for exhibiting electro-

conductive properties. Overall this study provides new insights into the design of co-
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assembly structures based upon aromatic peptide amphiphiles. The rules of thumb that result

provide a potentially useful design paradigm, which may allow the formation of fibrous

materials furnished with (bio)chemical functionality. In more general self-assembly terms,

orthogonal assembly or the phase separation of nanoscale structures is facilitated by

dissimilar co-assembly constituents; this is analogous to the bulk phase separation that can

occur between (for example) polar and non-polar solvents.
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— Chapter 7 —

Self-assembled hydrogels: coated micro electrode
array towards neuron device interfaces

7.1 Abstract

Within the context of micro electrode arrays (MEAs) used for the electrical characterisation
of neurons; functionalising said electrode surfaces with hydrogel coatings is potentially a
useful means of improving cell adhesion and consequently electrical signal fidelity. To this
end, the anodic oxidation of hydroquinone is utilised as the basis for an electrochemical
hydrogel deposition process that has been demonstrated in the bulk with the Fmoc-F, Pyr-
YL, and Pyr-YL/Fmoc-S systems. Similarly the Pyr-YL coating has been successfully
applied to MEA devices, as confirmed by fluorescence microscopy. Preliminary MEA
impedance measurements show that the hydrogel coated electrodes exhibit impedances
similar to those of the uncoated device, but thus far demonstrate higher impedances than
electrodes that have been electroplated with platinum. Hence, further work is required in
future in order to optimise the coating process and lower corresponding impedances, to allow

for eventual application as a neuron device interface.

7.2 Introduction

The electronic stimulation and/or monitoring of neurons has many important laboratory
applications, such as gaining an increased understanding of network development or neuron
degeneration processes.'> Micro electrode arrays (MEAs) provide a useful device for the
study of neurons, whereby the electrodes are approximately on the same scale as the cells
(e.g. tens of microns), such that an individual neuron can in principle by addressed by one or
more electrodes.*” The electrodes are normally ITO based, but are subsequently
electroplated with a relatively inert metal such as platinum in order to provide a conductive
medium with a high surface area for neuronal contact, thus ensuring an efficacious signal-to-
noise ratio. However, the use of such hard electrode substrates is in no way representative of
the native extracellular environment of neurons.’ In this respect, coating the electrode
surfaces with a hydrogel could potentially provide a relatively biocompatible device
interface, and encourage neuron-device interaction — thus improving signal fidelity.
Hydrogels are composed of an extensive 3D array capable of retaining a large quantity
(e.g. ~99%) of water within the structure; in this respect hydrogels can be considered as

simple mimics of the extra cellular matrix.”® In addition, the presence of substantial
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supramolecular aromatic stacking interactions, may lend itself well to the development of
soft optoelectronic devices.”'* As discussed in chapter 6, the orthogonal co-assembly of Pyr-
YL/Fmoc-S could be of utility in offering a potentially conductive pyrene stacked core, with
biocompatible hydrophilic serine functionality at the surface. This Pyr-YL/Fmoc-S co-
assembly motif is proposed to be of interest within the context of hydrogel coated MEA
devices for the neuron device interface. However, while it is also possible to covalently

functionalise surfaces with biocompatible peptidic functionality,'®

selectively coating a
MEA surface with self-assembled peptide-based hydrogels is a potential challenge.
Nevertheless, the formation of aromatic peptide amphiphile based supramolecular materials
is usually reversible with changes in pH. Hence, the localised surface gelation of aromatic
peptide amphiphile systems can be readily achieved by for example coupling to an
electrochemical oxidative process that releases protons — inducing a local decrease in pH and
gelation at the electrode surface.'” "

Hence, we herein report on work towards the establishment of a protocol for coating MEA
surfaces with co-assembled aromatic peptide amphiphile hydrogels; composed of a
potentially conductive fibrous core with biocompatible functionality at the surface. In
addition, the efficacy of the coated MEA is assessed in terms of its impedance, particularly at
1 kHz, which is relevant for working towards potential neuronal applications in the future.*

Note that at the time of writing, the co-assembly coating and impedance optimisation work
is at a preliminary stage. Additionally, electro-conducting polymers including polyacetylene
have been shown to require doping with additives such as iodine, in order to achieve
substantial levels of electro-conductivity.”' Similarly, the conductivity of iodine can be
increased via the addition of aromatic compounds such as naphthalene and pyrene.”
Furthermore, the conductivity of supramolecular organogels based on readily oxidised
tetrathiafulvalene derivatives is also dependant upon doping with iodine in order to yield a
mixed valence state.”?* Hence, it is likely that significant levels of conductivity are
attainable with the current hydrogel system only after iodine doping and/or the addition of

25,26
d

more readily oxidised (and intercalate ) aromatic additives.

7.3 Results and discussion

Pyr-YL (P4YL) and the Pyr-YL/Fmoc-S systems (Fig. 7.1(a)) were selected for this study on
account of their ability to form an orthogonal core-shell self-assembled structure (Fig. 7.1(b),
see chapter 6), whereby Pyr-YL provides a fibrous core and Fmoc-S a hydrophilic
biocompatible coating at the fibre surface.**’ Here, the Pyr-YL forms an antiparallel H-

bonding arrangement, interlocked via extensive pyrenyl stacking interactions along the fibre
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axis (Fig. 7.1(c)). Hence, this supramolecular motif provides some degree of electro-
conductivity as previously demonstrated for Fmoc-LLL,” where the increased aromaticity of
pyrene compared to fluorene should improve this effect. In addition, the nanoscale
topography generally associated with aromatic peptide amphiphile hydrogels should provide
a high surface area.

(a) Compounds (b) Fibrous hydrogel structure (c) Pyr-YL supramolecular arrangement

Pyr-YL :H
OO‘O A,
Iy
Fmoc-So OH Y
Q. Ay
O o

Fmoc;iokN /qg
. H [o}

Figure 7.1 (a) Compounds utilised in coating study; (b) Nanoscale hydrogel structure and orthogonal
summary, where green represents the Fmoc-S coating over the; (c) Pyr-YL interlocked antiparallel
supramolecular fibrous structure.

7.3.1 Coating optimisation

pH > apparent pKa (solution)
OH (o)

Figure 7.2 Electrochemical coating mechanism' via the anodic oxidation of hydroquinone, which
produces a local pH drop and gelation at the electrode surface.

Due to the influence of pH upon the assembly of aromatic peptide amphiphiles,™* the self-
assembly and gelation of these materials can be coupled to any chemical process that
releases protons. For example, self-assembly can be achieved via an electrochemically
induced change in the local pH; effecting gelation of Fmoc-LG at pH values less than 4.
Here, the local pH change was brought about via the anodic two-electron oxidation of
hydroquinone to 1,4-benzoquinone, thus releasing two protons at the surface of the gold
electrode (Fig. 7.2). Although a pH drop could also be induced in the absence of
hydroquinone, this inevitably requires a greater potential difference and results in potential
degradation of the electrode surface. This electro-deposition process produces a thin layer of
the desired hydrogel, which can only form within the local low pH region. The membrane

thickness can be controlled to some extent by altering the time and magnitude of the applied
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P

Figure 7.3 Bulk coating photographs corresponding to conditions summaised in Table. 1

Table 7.1: Coating conditions utilised

(a) (b) (c) (d)
Coating Yes No Partial Yes
Gelator Fmoc-F Pyr-YL Pyr-YL Pyr-YL
Solution pH 8.0 8.0 6.7 6.7
Current density 100 pA cm™ 100 pA cm™ 300 pA cm™ 4500 pA cm™
NaCl concentration 100 mM 100 mM N/A N/A
*PO, concentration N/A N/A 20 mM 10 mM

*Sodium phosphate buffer

current. In addition, this procedure can be reversed with dissolution of the hydrogel
membrane when a reversed bias is applied. Similar results have also been reported for the
electro-deposition of Fmoc-F,'” indicating the generality of this process.

Hence, using Fmoc-F as a model system, bulk hydrogel coatings could be applied to
copper wire using similar conditions to those reported previously.'” However, when an
identical methodology was applied to Pyr-YL, no coating was observed. Various gelator and
ion concentrations, initial pH values, and current densities were then utilised in an attempt to
rationalise this initial unexpected negative result (Fig. 7.3, Table 7.1). It was noted that the
addition of sodium phosphate buffer ions proved vital to achieving a Pyr-YL coating,
whereas in comparison NaCl was ineffective — thus electrostatic screening alone cannot
account for this. This observation can be related to the Hofmeister anion sequence, where
phosphate is classed as a kosmotrope and can encourage H-bonding with water. This effect
has been previously found to improve the mechanical properties of aromatic peptide

amphiphile hydrogels,”***

and hence is likely responsible for improved adhesion to the
electrode surface. However, the addition of phosphate also buffers against the very pH
change necessary for local hydrogelation. So in order to achieve a consistent coating, a
compromise must be reached between a relatively low phosphate buffer concentration (10

mM), and a relatively high current density (4.5 mA cm™).
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3509

HQ Fmoc-S Pyr-YL
300 + — 1:1 solution
—— 1:1 solution + HQ
250 o —— Hydrogel coating
o]
< 2004
=
2 150+
Q
E L
1004
50 4 A
0 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45
Time / mins

Figure 7.4 Pyr—YL/limoc-S coating and HPLC verification of compositional consistency throughout
coating procedure.
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Figure 7.5 Current timecourse for Pyr-YL bulk coating procedure.

Identical conditions can also be applied to achieve a Pyr-YL/Fmoc-S coating. Here HPLC
analysis (of a scraped off Pyr-YL/Fmoc-S coating) was used to confirm that the composition
of the pregelation solution - or the ratio between Pyr-YL and Fmoc-S - is essentially retained
in the final hydrogel coating (Fig. 7.4). In addition all deposited Pyr-YL based gels were
found to be stable in PBS (pH 7.4) — indicating their suitability for use under physiological
conditions.

The kinetics of the coating process were also assessed by monitoring the applied current
over time (Fig. 7.5). After an initial rise in current thought to be related to multimeter
response limitations, the current was observed to decrease over time before reaching a
plateau, corresponding to an increase in the DC resistance as the hydrogel layer increased in
depth before stabilising. This is believed to be a consequence of both the phosphate buffer
limiting the influence of the local pH gradient, and the hydrogel coating inhibiting diffusion

and conductivity, such that hydrogel growth ceases. It is believed that increasing the applied
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current could overcome this effect, however given the preliminary nature of the bulk coating
study, and the limited level of control offered by the experimental setup, this was not

attempted.

7.3.2 MEA coating

MEA coating overview

FEIARRERERRRRLEARRAR AR

Cathode

Anodes
(switches)

Coating solution

Galvanostat

(HTTHITTRITTW

Layers of MEA

Figure 7.6 Overall schematic depicting MEA coating setup, hexagonal array of microelectrodes (each
node is ~5 pm in diameter; ~1 pm in depth), and layered structure of the MEA device.

An identical Pyr-YL coating solution was also applied to the MEA device (Fig. 7.6),
however, in this instance a 4.5 mA cm™ current density for four minutes was ineffective.
Keeping the coating time constant and varying the current density it was found that a
significantly higher current density of approximately 40 mA cm™ was required — equating to
8 nA per node. The reason for this difference is not well understood, but most likely relates
to edge effects that limit the stability of the growing membrane at this scale, given that each
node is only ~5 pum in diameter and ~1 pm in depth (Fig. 7.7). In any case, a similar kinetic
profile associated with the coating process was observed, with the DC resistance seen to
increase slightly before reaching a plateau at the end of the four minute cycle — though as
might be anticipated, the plateau region of the resistance plot is relatively unstable (Fig. 7.8).

Using a printed circuit board (PCB) setup individual nodes could be selectively addressed
(Fig. 7.9). In this way some nodes were electroplated with platinum, whilst the others were

separately coated with hydrogel. Platinum black scatters light due to its microcrystalline
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Figure 7.7 SEM image of a single MEA node. Note the conductivity associated with the ITO (dark)

relative to the surrounding silicon nitride.
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Figure 7.8 Resistance timecourse (galvanostatic control) for Pyr-YL MEA coating procedure.

b

MEA Switches

Figure 7.9 (left) MEA device photo and (right) individual switches apparatus photo.

structure and appears dark under brightfield microscopy (Fig. 7.10, nodes below black line),

while the presence of the Pyr-YL based coatings could be easily inferred using fluorescence
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microscopy (Fig. 7.10, nodes above black line).'**> Although some general inhomogeneity is
observed, and the hydrogel coatings themselves were apparently only 61% effective based
on a visual inspection (i.e. the percentage of the relevant nodes that appear fluorescent) of

the MEA device, this is believed to be a terminal contact issue.

Figure 7.10 (a) Brightfield image of hexagonal MEA grid; (b) brightfield image with lower (darker)
nodes electroplated with platinum black; (c) fluorescence image of upper Pyr-YL coated nodes; (d)
overlay of brightfield and fluorescence images.

7.3.3 Impedance measurements
Impedance®® equates to the resistance experienced by an AC current. When measuring the
impedance associated with an electrochemical setup, this can be generalised to a simple
circuit diagram (Fig. 7.11).> Where, R, is the resistance associated with the solution, while
the electrode-solution interface has two terms connected in parallel; Zgagqc and Cq,
corresponding with the resistive and capacitive terms, respectively. The resistive term relates
to electrochemical redox processes, whilst the capacitive term results from the redistribution
of charge. Hence, if a DC current is applied the capacitance will be quickly saturated and the
system will have to resort to faradaic processes to maintain a current, so in this case the
resistance is essentially R+ Zg,q4qic. However, if an AC current is applied, the capacitance is
repeatedly charged and discharged, such that as the frequency of the applied current tends
towards infinity the measured resistance tends towards R;.

In the first instance the impedance of conventionally (not electrochemically) prepared Pyr-

YL and Fmoc-YL (F3YL) hydrogels were compared; 20 mM gels were prepared both by the
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Figure 7.11 Generalised circuit diagram® to illustrate the principles of impedance measurements.
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Figure 7.12 Bulk impedance graphs: [top] magnitude; [bottom] phase angle.
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Figure 7.13 Bulk impedance summary at 1 kHz.

dropwise addition of HCI and in pH 7.3 100 mM phosphate buffer. Fmoc-YL was used as it

provides a direct comparison with the Pyr-YL system of interest; addressing the impact of
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aromaticity. As anticipated, the dominant factor is ionic conductivity, as evidenced by the
lower impedances associated with the phosphate buffered hydrogels (Fig. 7.12 and 7.13). In
addition, the impedance associated with phosphate buffer alone appears to be lower than that
of either of the corresponding phosphate buffered gels; indicating that hydrogel formation
may be restricting ion mobility. However, in each case the Pyr-YL gel possesses a
significantly lower impedance than the equivalent Fmoc-YL system — indicating the effect of
additional aromaticity upon the conductivity of the supramolecular constructs. The phase
angle associated with the bulk impedance is approximately -80° at low frequencies and then
tends towards 0° as the frequency is increased — hence the system increasingly behaves as an
ideal resistor (i.e. R) as the frequency is increased.””’

For the MEAs, the impedance of the platinised, Pyr-YL hydrogel coated, and naked ITO
substrate were compared (Fig. 7.14 and 7.15). Notably, compared to the bulk impedance
measurements, there is a larger error associated with the impedance of these low area
electrodes, which is unsurprising since edge effects (i.e. note the depicted curvature in Fig.
7.2) are likely to significantly affect these measurements. In addition, during the coating
process the local pH achieved at the edges of an electrode is likely to be higher than that at
the centre, resulting in structural inhomogeneity associated with the gel coating. In any
event, it is observed that the Pyr-YL coated nodes are comparable to the uncoated nodes,
whilst those electroplated with platinum demonstrate an impedance approximately half that
of the other nodes at the 1 kHz frequency of interest. In order to ensure a good signal to
noise ratio for neuronal applications, ideally an impedance of < 1MQ would be desirable.
Hence, although these preliminary results are encouraging, optimisation of the MEA coating
procedure is required. The phase angles associated with the impedance of the uncoated and
hydrogel coated MEAs are approximately -90° at low frequencies before reaching -75° at
higher frequencies - this observation combined with the linear impedance plots indicates that
the Zggic term is still contributing (because of insufficient capacitance) even at high
frequencies — this is likely a consequence of the much smaller surface area compared to that
of the bulk impedance measurements. However, the phase angle associated with the
platinised electrodes is consistently less negative (about -60°) than that of the equivalent gel
and ITO systems - which is thought to be a consequence of the high conductive surface area
associated with platinised electrodes. There also appears to be some anomaly associated with
the platinised resistance at high frequencies above ~20 kHz, where the platinised nodes
exhibit a higher resistance than the equivalent gel and ITO systems — this is believed to be a
consequence of the electroplating conditions not being optimal (i.e. see variability in the

appearance of the platinised nodes in Fig. 7.10). Hence, in general terms, future work is to
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focus on optimisation of the MEA coating/electroplating conditions, and a means of

monitoring this process in sifu.
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Figure 7.14 MEA impedance graphs: [top] magnitude; [bottom] phase angle.
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7.4 Conclusions
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In summary, the anodic oxidation of hydroquinone has been successfully utilised for the

deposition of Pyr-YL based hydrogels upon MEA devices. The Hofmeister anion phosphate,

is found to improve adhesion of gel to the electrode surface. Pyr-YL is a judicious choice of

aromatic peptide amphiphile gelator, on account of its facile visualisation by fluorescence

microscopy, and the extensive aromatic interactions that underpin its assembly and can (in

future) potentially contribute to the conductivity of the coated arrays. Bulk impedance
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measurements demonstrate the lower resistance associated with Pyr-YL gels compared to
equivalent Fmoc-YL gels. MEA impedance is essentially unaffected by deposition of the
Pyr-YL hydrogel, however this setup has a higher impedance than platinised MEAs, and in
its current form is unsuitable for neuronal electro-characterisation. Additional optimisation
of the MEA coating procedure with iodine doping (and potentially other additives) will
likely be required in an attempt to lower the 1 kHz impedance to at least 1IMQ for neural
applications. Furthermore, the orthogonal co-assembled Pyr-YL/Fmoc-S system will be
applied to MEA devices in future, as the serine fibre coating should improve

biocompatibility, neuron-device contact, and signal fidelity.
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— Chapter 8 —
Conclusions and future work

8.1 Overall conclusions

In summary, various self-assembled aromatic peptide amphiphile based hydrogels have been
prepared, encompassing a variety of aromatic and corresponding linker functionality -
beyond that of the ubiquitous Fmoc motif. In the first instance, experiments have highlighted
that FTIR in itself cannot be used to infer an antiparallel B-sheet type H-bonding structure on
the basis of the ~1685 cm™ absorption. Instead, for both fluorenyl and pyrenyl based
aromatic peptide amphiphiles, this peak is shown to be dependant upon the choice of linker,
specifically the methoxycarbonyl moiety. Regardless, this does not preclude the existence of
an antiparallel arrangement; which can still be inferred for these materials on the basis of a
combination of characterisation techniques. Hence, the interlocked antiparallel conformation
remains our working model for aromatic peptide amphiphile assembly — environmental
factors excepted.

Although often an overlooked parameter, the choice of linker segment has proven to be
vital to achieving the hydrogelation of aromatic peptide amphiphiles. Furthermore, the
optimal linker has been found to vary depending upon the corresponding aromatic and
dipeptide functionality present within the molecule. Broadly speaking, relatively rigid linkers
such as carbonyl and methoxycarbonyl are found to facilitate the self-assembly and gelation
of fluorenyl based systems. Here, the Fmoc moiety is believed to be a relatively rigid motif
on account of a partial double bond resonance structure that acts to inhibit rotation around
the carbamate. In contrast, the hydrogelation of the pyrenyl systems was shown benefit from
a relatively flexible ethylcarbonyl linker. However, for pyrenyl systems in particular, the
choice of dipeptide sequence also played a vital role in tailoring the hydrophobics of the
molecule — with the YL sequence consistently providing a more effective balance for
gelation compared to LL, which has been shown to cause precipitation or the formation of a
metastable gel. Ultimately, the choice of linker is believed to influence the orientations
available to both the aromatic moiety and dipeptide sequence of these materials. Hence, the
choice of linker can augment self-assembly in both the aromatic and peptidic domains, as
seen by significant changes in the inferred aromatic stacking and H-bonding interactions by
fluorescence and FTIR - with sub-optimal linkers, either or both of these aromatic peptide
amphiphile self-assembly processes can be impaired. In addition, particularly for fluorenyl

YL hydrogels, supramolecular chirality by CD was found to be dependant upon the length of
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the linker segment — with a reversal of handedness observed with the addition of each
methylene unit. Hence, although in terms of self-assembly it is difficult to deconvolute the
influence of the respective aromatic, linker, and peptide parts of these molecules, it is clear
that the choice of linker has an important role in adjusting the properties of these aromatic
peptide amphiphile hydrogel systems.

The co-assembly of aromatic peptide amphiphiles has also proven to be an effective means
of tailoring the properties of the corresponding hydrogel materials in a modular fashion.
Here, the adopted co-assembly arrangement has been found to depend upon the relative
aromatic and peptide segments of the co-assembly constituents. The orthogonal co-assembly
structure was inferred in instances where both the aromatic and peptide parts of the
respective aromatic peptide amphiphiles are distinct; Pyr-YL/Fmoc-S and Fmoc-YL/Pyr-S.
Here the YL based gelators form a fibrous core, with the hydrophilic serine surfactants
adhering to the surface of the said fibres. This nanoscale phase separation of constituents was
inferred from spectroscopic and rheological evidence, which broadly demonstrated that for
orthogonal systems, the properties specific to the arrangement of the individual constituents
were preserved in the co-assembled state. An exception to this rule being the loss of the
distinct supramolecular chirality (CD) associated with the Pyr-S worm-like micelles in the
co-assembled state; a result which was consistent with the fibre coating mechanism as
opposed to an interpenetrating network of fibres and micelles. In contrast to the orthogonal
coating mechanism, for cooperative (Pyr-YL/Fmoc-YL and Pyr-S/Fmoc-S) and disruptive
(Pyr-YL/Pyr-S and Fmoc-YL/Fmoc-S) co-assembly systems, constituents share either the
same peptide sequence or aromatic moiety, respectively. In these instances, extensive
intercalation and mixing of the respective constituents was inferred. For cooperative systems,
either a mixed fibrous or a mixed micellar structure was proposed for the gelators and
surfactants, respectively. For example, a reduced fluorescence emission redshift associated
with Pyr-YL in the Pyr-YL/Fmoc-YL system indicated extensive (random) intercalation of
pyrene and fluorene moieties within the shared interlocked antiparallel structure. Similarly,
in disruptive systems, extensive aromatic intercalation between constituents was inferred;
resulting in disruption of the corresponding H-bonding arrangement by FTIR and CD.
Furthermore, in contrast to the orthogonal case, cooperative and disruptive systems were
seen to exhibit significant changes in material properties relative to their respective
individual constituents. Hence, this work highlights some co-assembly design principles
important for aromatic peptide amphiphiles and potentially further afield — mainly that the
nanoscale phase separation of constituents requires dissimilar co-assembly partners.

An electrochemical hydrogel deposition process that operates via the anodic oxidation of
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HQ has been demonstrated for both a bulk and MEA setup. Here, the local lowering of pH at
the anode surface has been shown to promote the spatioselective gelation of the Pyr-YL (and
Pyr-YL/Fmoc-S systems). In both of these systems, phosphate buffer is found to be
necessary to facilitate gelation and adherence to the electrode surface. HPLC analysis of the
co-assembly coating confirmed preservation of the 1:1 ratio of the Pyr-YL/Fmoc-S
pregelation solution. Bulk impedance results on conventionally prepared Fmoc-YL and Pyr-
YL gels showed that increased aromaticity improves conductivity. However, MEA
impedance results indicated that although not detrimental to the conductivity of the native

ITO electrodes, the hydrogel coated nodes proved inferior to their platinised counterparts.

8.2 Future work

Future work on the elucidation of aromatic peptide amphiphile assembly should firstly focus
on unambiguously determining whether an antiparallel, parallel, or other conformation is
adhered to — although it is anticipated that the same supramolecular representation will not
be applicable to all systems under all conditions. In any case, novel approaches such as
utilising experimental and computational evidence in parallel, and/or solid state NMR
experiments are cited as a potential means of taking this research forward.

In terms of molecular design rules, the linker work presented here should be expanded
considerably in order to increase understanding of this structural facet. For example, since
the methoxycarbonyl linker has proven effective based upon the partial double bond
resonance structure associated with the carbamate moiety, it is proposed that replacing the
methoxy oxygen with an alternative heteroatom could be a means of tailoring the gel
properties. For example, urea, thiocarbamate, and dithiocarbamate based linker derivatives
are cited as some potential structural motifs to explore. Furthermore, the rigidity and
conformation of the linker could instead be amended by the inclusion of a formal double
bond — that could also be conjugated to the aromatic, carbonyl, or both. In essence, since the
linker, like the aromatic, is an arbitrary synthetic segment, potentially unlimited variability
can be accommodated here.

Future co-assembly investigations, could attempt to expand upon the orthogonal,
cooperative, and disruptive supramolecular structures, by taking greater account of the
influence of pH. As within the current co-assembly systems, in effect there are four
components, if taking into account the ionised and neutral form of each constituent. In this
respect, it is anticipated that the so-called gelators will behave increasingly as surfactants at
higher pH values, with a micellar arrangement adopted in place of the interlocked

antiparallel structure. In addition, if and how the different co-assembly regimes affect the
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apparent pK, of the gelator constituents has yet to be established. Furthermore, kinetic
factors could be explored in detail within the co-assembly context — for example, potentially
an interpenetrating Pyr-YL/Fmoc-YL co-assembly structure could be attained by utilising a
slow change of pH. Elsewhere, since the orthogonal coating mechanism is thought to be a
useful means of chemically functionalising existing fibrous systems, this approach could be
extended to multiple amenable surfactants within the one system. In this regard, an
unambiguous means of validating the surfactant coating mechanism is desirable. For
instance, HR-TEM could possibly be used to observe contrast between fibre and coating if a
substantial disparity in the atomic distribution were created — e.g. by using cysteine and gold
nanoparticles.

The MEA work presented is evidently at a preliminary stage. However, future work should
attempt to optimise the hydrogel coating conditions, both to improve consistency and in an
attempt to tailor the electrode properties in a rational manner via altering the precise coating
methodology utilised. This could begin by adjusting the solution composition/concentration,
applied current density, and gel deposition time. To this end, a means of monitoring the
hydrogel coating process in real time would be advantageous. Further to this, besides
fluorescence microscopy, the MEA gel coatings have not been characterised — in order to
assess the morphology and height of the deposited material, environmental SEM should be
considered. However, the most important issue is that the current MEA Pyr-YL setup has
demonstrated a resistance that is too high for eventual application with neurons. If future
coating optimisation fails to address this issue, then there are several approaches that could
be explored. For example, since a slight correlation between increased aromatic stacking
interactions and conductivity has been inferred, augmenting the current system with for
example a PDI derivative could potentially increase this effect through complementary
stacking interactions between pyrene and PDI. Furthermore, given the generality of the
electrochemical hydrogel deposition process, an entirely different aromatic peptide
amphiphile system could be utilised instead. Ultimately, in any case doping of the aromatic
peptide amphiphile system with iodine will likely be required to facilitate substantial electro-
conductivity. Alternatively, the benefits of the high conductivity associated with platinised
nodes could in principle be combined with the soft biocompatible gel coating by adopting
the sequential electrodeposition of these features. Since the hydrogel coating required a
lower current density than the corresponding platinisation process, it is thought that the
reversed DC bias of the gel coating would not overly affect any existing Pt already deposited

on the electrode surface.
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A.1 Intranet based repository

A.1.1 Background and motivation

Due to the wide range of aromatic peptide amphiphile hydrogelators studied in the literature
it can be difficult to rationalise overall trends or patterns. In addition, even within the
confines of the Uiljn group it can be challenging to keep track of unpublished results others
have obtained for particular systems. If this wealth of information could be organised, this
would potentially facilitate research activities by reducing the repetition of previous work.
The old adage “a negative result is still a result” is particularly relevant here, as while it is
tempting to disregard unsuccessful gelators and move on, recording this information could
save someone else a lot of time later. Hence, a systematic means of keeping track of

aromatic peptide amphiphile systems was sought.

A.1.2 Data structure

An intranet based repository would allow for the storing and retrieval of relevant research
data; whereby information could be organised according to the molecular structure of the
aromatic peptide amphiphiles. To achieve this, a MySQL database was utilised, which
contained the following visible fields: Sequence, Synthesis/Structure, AFM, CD, DLS, F,
HPLC, IR, Modelling, SEM, SLS, TEM, and Miscellaneous. Using these fields, entries
can be organised in a table alphabetically, and information accessed on an individual
technique, or alternatively the entire record pertaining to a particular molecule. Associated
with each field or category is a title and a full description - with the option of also uploading
a single jpg image.

In addition, because each record corresponds with a particular hydrogelator that may have
been studied in one or more publications, it became necessary to allow multiple pdf files to
be associated with a particular record. To achieve this, another MySQL table was
implemented, whose sole purpose was to link records with uploaded pdf files. When a pdf
file is uploaded a unique key is generated and stored in this database; so if the same pdf is
uploaded again in future (for association with a different record) then this key is recognised
and duplication of pdf files on the server is avoided.

Furthermore, a final MySQL table was used to store user login details - with the password
field being hashed. In principle this login facility could have been used in conjunction with

the other tables to allow (for example) users to have ownership privileges over certain
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records. However, in practice such features were never implemented, and each registered
user has equivalent permissions (full read/write access) when logged in. The overall data

structure is summarised in Figure A.1.

MySQL database structure

! Where X ranges from 1-12 :
Sequence 1 to accomodate all fields i

. emmmnaEmd
— Main —~_ X_value

Id \ X_comment

Members
' TN

Id / Password

Username
Figure A.1 Summary of the MySQL database structure associated with the intranet repository.

A.1.3 Description of each “webpage”
Note that the full source code of each file is available as supplementary information on the
attached compact disc. This section is merely intended to be a brief guide as to the purpose

or function of each of the listed files.

A.1.3.1 Design template files

Template files define certain design features common to all pages — potentially facilitates
future amendments affecting the entire website. Note that the majority of the design is
largely unaltered from a variant of the Microsoft Webmatrix starter site template. However,
the underlying source code was altered extensively, which included a conversion from asp to
php in order to work with the linux server available to us.

_Sitelayout.php

A.1.3.2 Login details template files

MySQL database access was required for all webpages; hence login details were retained
within the following templates for easier editing if necessary (i.e. after a database password
change).

ulijndb.php

membersdb.php
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A.1.3.3 Main menu pages
These files define the pages accessible from the main menu. Note that the appearance of

Database.php depends upon whether a user is logged in or not (Figure A.2).
(a) Logged in

scott. fleming@strath.ac.uk Logout

Ulijn Group Database

Ulijn Group Database

You have been granted access to the database. Sort records by dicking on the column headings. Clicking links will bring up more detailed information on a particular
record.

Add a new record

Sequence Synthesis/Structure AFM €D oLSE WL R Modelling SEM SLSTEM  Miscellaneous
POF Report BABA 2-Napoxy(1C) No Get Edit Delete
POF Report BAAIbBA-OMe  Boc Yes Yes Yes  Yes  Organogels Edit Delete
POF Report BAF Fmoc Yes Yes Yes Gels Edi
POF Report 84H Fmoc Yes Yes Yes Yes  Gels
POF Report BAH [ Yes Yes Yes Yes  Gels
POF Report BAH C6-Phenyt Yes Gels
POF Report BAH 8-Phenyt Yes Gels Edit
POF Report BAH C10-Phenyt Yes Gels Edit Delete
POF Report BAH C12-Phenyt Yes Gels Edit Delete
POF Report BAH C14-Phenyt Yes Gels Edit Detete
POF Report BAH C16-Phenyt Yes Gels Edit Detete
POF Report BAV Fmoc Yes Yes Yes Gels Edit Delete
PDF Report 67 2:Nap(1C No Gel Edit Delete
POF Report BFBF 2.Nap(1) Yes Yes Yes Yes  Gels E
POF Report BFBFY 2.Nap(1) Yes  Gels
POF Report BFEFYp 2.Nap(1) Yes  Gels
PDF Report 2-Nol Fmoc Yes Yes  Gels
POF Report ABA 2-Napoxy(1C Yes Yes Yes  Gels
PDF Report A-C16 (Me)3Ne Yes Yes Yes Yes Yes Yes  Yes  Gels
POF Report A-PEG-NH2 1:Nap(1C) Nogel
POF Report APEG-NHBoc  1:Nap(1C) Nogel
POF Report AA Fmoc Yes Yes Yes Yes Yes  Yes  Gels

dit Delete

Report AA Ay Yes

Yes Edit

(b) Loggt_ed out

Register Login

Ulijn Group Database

Ulijn Group Database

You need to login or register first before accessing this content.

© 04:41:2013 - Ui Group Database

Figure A.2 Appearance of Database.php page when (a) logged in and (b) logged out.
index.php — Default homepage
About.php — Contains instructions for use
Contact.php — Contact form for emailing admin

Database.php — Access to aromatic peptide amphiphile database

A.1.3.4 Database access pages
These pages are generally accessed via Database.php and allow: the adding, deleting,

editing, and viewing of records; and the association, disassociation, and viewing of relevant

pdf files. As a consequence, the contents of these pages vary extensively and are only
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accessible when logged in.
RecordInfo.php — Displays full or partial record information
NewRecord.php — Create a new record
EditRecord.php — Edit an existing record
DeleteRecord.php — Delete an existing record

Papers.php — View associated pdf files

A.1.3.5 Account pages

These pages are required for registering, logging in, logging out, and changing password.
Register.php
success.php
Login.php
Logout.php
ChangePassword.php

A.1.4 Processing of data for literature review analysis

The preparation of the dipeptide sequence figure (Chapter 2, Fig. 2.11) necessitated the
processing of data largely contained within the intranet based repository. The starting point
was the export of a text file from the MySQL database containing aromatic, sequence, C-
termini, and basic (Boolean) gelation data. This text file was manually edited, removing
records out with the narrow remit of aromatic dipeptide amphiphiles. This file was then
processed using a C++ program (see source code below) that outputted the data necessary to
prepare the figure. The general process can be summarised as follows: for each dipeptide
sequence, aromatic, or C-terminus, “points” are assigned based on literature occurrences and
the cited gelation ability in each case (gel +1, no gel -1, co-assembly gel + %2); for the
dipeptide table, hexadecimal colour codes are computed such that the full range of “scores”
are suitably represented by a colour gradient; results are then outputted in HTML format.

Source code:

// lit_rev_processing.cpp : Defines the entry point for the console application.

// modified to only consider Fmoc functionalised compounds as far as the dipeptide table is concerned...
// this necessitates differentiation using the number of papers as opposed to gel/no gel etc...

// fresh_start modifications:

// input, 4 variables Aromatic/linker, (di)peptide, C-termini, Y/N/C/O

1

#include "stdafx.h"

int loaddata(string arg[][4]) {
int a;
string f;
char str[80]="fresh_start.txt";
ifstream in(str);
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if(lin) {
cout << "Cannot open file. \n";
// ERROR
}
/I can begin reading actual data
a=-1;
while (in) {
at++;
in >>f;
if (in) { arg[a][0] = f; } // aromatic + linker
in >> f;
if (in) { arg[a][1] =1; } // peptide
in >>f;
if (in) { arg[a][2] =f; } // C-termini
in >>f;
if (in) { arg[a][3] =f1; } // Y/N/C/O
1
in.close(); // close file
a=a-1;
return a;
}

void twentytwenty(string arg[][4], int a) {

double table[21][21][4];
/1 first 0 not used, second is if single amino acid sequence
char title[22] = { '"Z'/A",'V",T,'L',M"'F,'W.Y"'S,'T','N',)Q,R",/H",)'K','D"'E','C",/G,'P',\0" };
/l first entry bogus to keep things simple
inti;
int b;
for (i=0; i<=20; i++) {
for (b=0; b<=20; b++) {
table[i][b][0] = 0;
table[i][b][1] = 0;
table[i][b][2] = 0;
table[i][b][3] = 0;
}
}
// double 0=0;
double result;
int resultr;
double x1, y1;
string aal, aa2;
int x=0, y=0;
for (i=0; i<=a; i++){
/ interpret dipeptide sequence and translate onto 20x20 array
aal = arg[i][1];
/I consider only dipeptides and amino acids
// ignore anything with d b or brackets (it'll be more than 2 long so don't need to worry
if (aal.length() <=2 && aal[0] !="d" && aal[0] !="b") {
// entry is valid
if (aal.length() == 1) {
// amino acid
aa2 ="7";
} else {
// dipeptide
aa2 = aal[l];
aal = aal[0];

}
}
else {
// entry is invalid
aal ='Z";
aa2 ='7";
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}

// aal = aal[0];

for (b=0; b<=20; b++) {
if (aal[0] ==title[b]) { x=b
if (aa2[0] == title[b]) { y = b;

s

i)
}
}

// use for only Fmoc
if (arg[i][0] != "Fmoc") { x =0; }
// ends here

if (x > 0) { // ignore invalid entries
// now have the appropriate x and y coordinates
/I determine gelation characteristics and enter into table
if (arg[i][3] =="Y") { table[x][y][0] = table[x][y][O] + 1; } //it's a gel
if (arg[i][3] == "N") { table[x][y][1] = table[x][y][1] + 1; } // not a gel
if (arg[i][3] == "C") { table[x][y][2] = table[x][y][2] + 1; } // co-assembly gel

if (arg[i][3] == "O") { table[x][y][3] = table[x][y][3] + 1; } // omit for some other reason

}
/l ready for next entry
}
// table ready just need a nice visual way to interpret
// let hydrogel be worth 1 point
// no gel worth -1
// co-assembly be worth .5 points
// omit be worth 0 points
/1 total up points into 0 slot
x1 =-1000; // use to find max
y1 =1000; // use to find min
/I if we want to omit FF...
table[6][6][0] = 0;
table[6][6][1] = 0;
table[6][6][2] = 0;
table[6][6][3] = 0;
// resume here */
for (i=0; i<=20; i++) {
for (b=0; b<=20; b++) {
table[i][b][0] = table[i][b][0] - table[i][b][1] + 0.5 * table[i][b][2]; /MODIFIED
if (x1 < table[i][b][0]) { x1 = table[i][b][O]; }
if (y1 > table[i][b][0]) { y1 = table[i][b][O]; }
/1 if (o < table[i][b][2]) { o = table[i][b][2]; }
}
}
/l now with max and min values we have range that we can correlate with hexadecimal values
/I UPDATE f{fffff background and gels from 000000 -> ff0000
// output to file
ofstream out("peptide_table.htm");
if(lout) {
cout << "Cannot open file. \n";
// ERROR
}

/l can begin outputting actual data

out << "<html><head><title>Peptide table output</title></head>\n";
out << "<body>\n<table>\n";
out << "<tr>";

// titles
out << "<td></td>";
for (i=1; i<=20; i++) {
out << "<td><b>" << title[i] << "</b></td>";

}

out << "</tr>\n";
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// main body
for (b=0; b<=20; b++) {

if (b>0) { out << "<tr><td><b>" << title[b] << "</b></td>"; } else { out << "<tr><td></td>"; }
for (i=1; i<=20; i++) {
if (table[i][b][0] == 0 && table[i][b][1] == 0 && table[i][b][2] == 0 && table[i][b][3] == 0){

} else {

// if no data is available
out << "<td style="height:20px;width:20px' bgcolor="ffffff>";

out << "<td style="height:20px;width:20px' bgcolor="";
result = 255 * ((table[i][b][0] - y1) / (x1 - y1));

result = result + 0.5;

resultr = (int)result;

if (resultr < 16) { out << "0"; }
out << hex << resultr;

out << "0000>";

/*

result = (255 - (((table[i][b][0] - y1) / (x1-y1)) * 255));

result = result + 0.5;
resultr = (int)result;
if (resultr < 16) { out << "0"; }
out << hex << resultr;
if (resultr < 16) { out << "0"; }
out << hex << resultr;
out << "">";
*/
// out << dec << table[i][b][0];
}
out << "</td>";
}
out << "</tr>\n";
1
out << "</table></body>\n";
out << "</html>";
out.close(); // close file

}

void cter(string arg[][4], int a) {
double table[51][4];
// may need more later - okay for now

// four stems from qualitative assessment of system reported as hydrogel, viscous, organogel, or no_gel

string title[51]; // don't know what the titles are going to be initially

int i;
unsigned int b;

//double 0=0;

double result;

int resultr;

double x1, y1;

string aal, aa2;

int x=0, y=0;

for (i=0; i<=50; i++) {
title[i]="";
table[i][0] = O;
table[i][1] = 0;
table[i][2] = 0;
table[i][3] = O;

}

for (i=0; i<=a; i++){

aa2 = arg[i][2]; // simpler than before!
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// now need to determine whether aa2 is novel or has been encountered previously
x=0;
for (b=0; b<=50; b++) {
if (title[b] =="") {
title[b] = aa2; // assign title to blank entry

}

if (title[b] == aa2) {
x=b; // Entry
b=50; // escape loop

}

// now have the appropriate x coordinates
/I determine gelation characteristics and enter into table

if (arg[i][3] =="Y") { table[x][0] = table[x][0] + 1; }
if (arg[i][3] == "N") { table[x][1] = table[x][1] + 1; }
if (arg[i][3] == "C") { table[x][2] = table[x][2] + 1; }
if (arg[i][3] == "O") { table[x][3] = table[x][3] + 1; }

/I ready for next entry

}

// table ready just need a nice visual way to interpret (plot values in excel later)

/I need to simplify interpretation to be consistent with dipeptide table

/I let hydrogel be worth 1 point

/I no gel worth -1

/I co-assembly worth 0.5 point

// omit neutral

// organogels separate table (actually can't really do this as some were both - leave for now) 1 point but separate
from above

// total up points into O slot

x1 =-1000; // use to find max
y1 =1000; // use to find min

for (i=0; i<=50; i++) {
table[i][0] = table[i][0] - table[i][1] + 0.5 * table[i][2]; //IMODIFIED
if (x1 < table[i][0]) { x1 = table[i][0]; }
if (y1 > table[i][0]) { y1 = table[i][O]; }
//if (o < table[i][2]) { o = table[i][2]; }
}

/l don't need any of the hexadecimal stuff this time around....
ofstream out("C_table.htm");

if(lout) {
cout << "Cannot open file. \n";
// ERROR

}

/Il can begin outputting actual data - CONTINUE EDITING FROM THIS POINT FORWARD

out << "<html><head><title>Peptide table output</title></head>\n";
out << "<body>\n<table>\n";

// main body
for (i=0; i<=50; i++) {
if (title[i] =="") {
i=50; // escape
} else {
out << "<tr><td><b>" << title[i] << "</b></td>";
out << "<td>" << table[i][0] << "</td></tr>\n";
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}

out << "</table></body>\n";
out << "</html>";
out.close(); // close file

}

void nter(string arg[][4], int a) {
double table[51][4];
/I may need more later - okay for now
/I four stems from qualitative assessment of system reported as hydrogel, viscous, organogel, or no_gel
string title[51]; // don't know what the titles are going to be initially

inti;

unsigned int b;

double 0=0;

double result;

int resultr;

double x1, y1;

string aal, aa2;

int x=0, y=0;

for (i=0; i<=50; i++) {

}

title[i]="";

table[i][0] = 0;
table[i][1] = 0;
table[i][2] = 0;
table[i][3] = 0;

for (i=0; i<=a; i++){

}

// interpret N-termini and record or confirm previous existence
/I N-termini modification defined in slot O
x=0;
y=0;
aa2 = arg[i][0];
// now need to determine whether aa2 is novel or has been encountered previously
x=0;
for (b=0; b<=50; b++) {

if (title[b] =="") {

title[b] = aa2; // assign title to blank entry

}
if (title[b] == aa2) {

x=b; // Entry

b=50; // escape loop
}

}

// now have the appropriate x coordinates
// determine gelation characteristics and enter into table

if (arg[i][3] == "Y") { table[x][0] = table[x][0] + 1; }
if (arg[i][3] == "N") { table[x][1] = table[x][1] + 1; }
if (arg[i][3] == "C") { table[x][2] = table[x][2] + 1; }
if (arg[i][3] == "O") { table[x][3] = table[x][3] + 1; }
/ ready for next entry

/I table ready just need a nice visual way to interpret (plot values in excel later)
// need to simplify interpretation to be consistent with dipeptide table
// let hydrogel be worth 1 point
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/I no gel worth -1
/I coassembly worth 0.5
// omit neutral

/I organogels separate table (actually can't really do this as some were both - leave for now) 1 point but separate

from above
// total up points into O and 2 slots respectively

x1 =-1000; // use to find max
y1 =1000; // use to find min

for (i=0; i<=50; i++) {
table[i][0] = table[i][0] - table[i][1] + 0.5 * table[i][2]; //IMODIFIED
if (x1 < table[i][0]) { x1 = table[i][O]; }
if (y1 > table[i][0]) { y1 = table[i][O]; }
//if (o < table[i][2]) { o = table[i][2]; }

}

/l don't need any of the hexadecimal stuff this time around....
ofstream out("N_table.htm");

if(lout) {
cout << "Cannot open file. \n";
// ERROR

}

/I can begin outputting actual data - CONTINUE EDITING FROM THIS POINT FORWARD

out << "<html><head><title>Peptide table output</title></head>\n";
out << "<body>\n<table>\n";

// main body
for (i=0; i<=50; i++) {
if (title[i] =="") {
i=50; // escape
} else {
out << "<tr><td><b>" << title[i] << "</b></td>";
out << "<td>" << table[i][0] << "</td></tr>\n";

}

out << "</table></body>\n";
out << "</html>";
out.close(); // close file

}

int _tmain(int argc, _"TCHAR* argv[])
{
string structures[ 1000][4]; //data
int number; // number of entries
/l input from file => dipeptide [at least initially], aromatic (and only aromatics), gel/no gel/organogel
number = loaddata(structures); // remember 0 entries
/I now free to process data as you desire based on:
/I dipeptide sequence
// aromatic
/I linker
// gelation ability

/1 so in first instance how about successful gels based on dipeptide sequence... (20x20 table)
twentytwenty(structures, number);

/I count C-termini modifications in similar manner to above - obviously simpler; values can simply be

outputting and utilised in a bar graph
cter(structures, number);
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/I count N-termini modifications in similar manner to above - obviously simpler; values can simply be outputted

and utilised in a bar graph
nter(structures, number);

return O;

}

A.2 Rheological data for linker hydrogels

Representative examples of strain and frequency sweep plots for each successful gelator that

features in Chapter 5.
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Figure A.3 System F1YL elastic (G’) and viscous (G’’) moduli; (top) strain and (bottom) frequency

sweep (~1%) examples.
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Figure A.4 System F2YL elastic (G’) and viscous (G’”) moduli; (top) strain and (bottom) frequency

sweep (~0.2%) examples.
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sweep (~0.2%) examples.
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sweep (~0.2%) examples.
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Figure A.8 System F2LL elastic (G’) and viscous (G’’) moduli; (top) strain and (bottom) frequency

sweep (~0.2%) examples.

100+ r100
©
Q. 104 10 @
- ]
@ 2
= e o
T 1 --G" SIS
= -¥-phase angle
0.1 T v T 0.1
0.01 0.1 1 10 100
Strain / %
100000 - 100
---G'
810000- --G"
; 1000 -¥-phase angle @
3 o
= 10 9
'g 100+ a
=
104
1 T T 1
0.1 1 10 100

Frequency / Hz
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sweep (~0.2%) examples.

212



Appendices

r100

1000

© 100

o

»n 101

=

g "
-G’

20.1- —--G"
-¥-phase angle

0.01 T T T

0.01 0.1 1 10 100

Strain / %

100000 1

-G’

810000- —--G"

- -¥-phase angle

3 1000:

3 100

o ]

=

101
1 T

©
—

1 10

Frequency / Hz

1
100

Figure A.10 System P1YL elastic (G’) and viscous (G’”) moduli; (top) strain and (bottom) frequency

sweep (~0.2%) examples.
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Figure A.11 System P2YL elastic (G’) and viscous (G’’) moduli; (top) strain and (bottom) frequency

sweep (~0.2%) examples.
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sweep (~0.2%) examples.
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Figure A.14 System P2LL elastic (G’) and viscous (G’’) moduli; (top) strain and (bottom) frequency

sweep (~0.4%) examples.
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Figure A.15 System P3LL elastic (G’) and viscous (G’’) moduli; (top) strain and (bottom) frequency

sweep (~1%) examples.
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A.3 Additional co-assembly results
A.3.1 FTIR

Linear combinations (Fig. A.16) of the single component FTIR spectra are provided to

compare with the co-assembly FTIR spectra in the main text.

(a) LC Orthogonal

Pyr-YL/FMoOC-S ===
Fmoc-YL/Pyr-S mm=

Optical Density*

1550 1590 1630 1670 1710 1750
-1
Wavenumbers / cm
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Figure A.16 Linear combinations of single component systems: (a) Orthogonal Pyr-YL/Fmoc-S and
Fmoc-YL/Pyr-S; (b) Cooperative Pyr-YL/Fmoc-YL and Pyr-S/Fmoc-S; and (c) Disruptive Pyr-
YL/Pyr-S and Fmoc-YL/Fmoc-S. *Spectra have been vertically offset for clarity; each division
corresponds to 0.1 units. Note that a phosphate buffer spectrum (without peptides) has been subtracted
from the linear combinations to achieve a similar background optical density.

A.3.2 Fluorescence emission

In the dilute solution (< 2 mM) spectra of mixed Fmoc/pyrene systems (Chapter 6, Fig.
6.5(c,d)), a fluorene quenching mechanism is found to disproportionately reduce the
intensity of the ~315 nm fluorene aggregate peak. Where we can clearly see the contribution
at ~306 nm become dominant, with the suppressed 315 nm fluorene aggregates (dimers etc)
only appearing as a shoulder. The 306 nm contribution is believed to be most evident in

these dilute Fmoc/pyrene systems as the formation of mixed Fmoc/pyrene aggregates
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Figure A.17 Most intense fluorescence emission peaks (top panels) and monomer emission peak
heights (bottom panels) as a function of concentration. (a) The gelators Pyr-YL and Fmoc-YL; (b)
The surfactants Fmoc-S and Pyr-S; (c¢) Orthogonal Pyr-YL/Fmoc-S and Fmoc-YL/Pyr-S; (d)
Cooperative Pyr-YL/Fmoc-YL and Pyr-S/Fmoc-S; and (e) Disruptive Pyr-YL/Pyr-S and Fmoc-
YL/Fmoc-S. Note that in the co-assembly systems the concentration refers to that of each constituent
e.g. 20:20 mM. *Peak data originates from extracted Gaussians (see below for more information).
**Due to the concentration-dependent redshift associated with aggregate (dimers etc) fluorene
emissions, the monomer/unassembled peaks are arbitrarily defined as those <320 nm.
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(dimers etc) results in efficient energy transfer to pyrene and the consequent quenching of
the 315 nm peak, while the monomer emission (which by definition is not in contact with
pyrene) is not quenched. These observations mean that in the mixed Fmoc/pyrene systems
the 306 nm fluorene monomer fluorescence can be monitored directly against concentration
(Fig. A.17(c,d) and Chapter 6, Fig. 6.6(c,d)). In contrast, for Fmoc only systems, interference
from the fluorene aggregate peaks at ~315 nm necessitates that the unassembled fluorene
“monomer” be arbitrarily defined as those <320 nm in Fig. A.17(a,b,e) and Chapter 6 Fig.

6.6(a,b,e) in the main text.

A.3.2.1 Peak extraction procedure
1. Spectra normalised and maxima selected

2. Gaussian modelled so as not to exceed leeway parameter (4), otherwise noise in the
spectrum results in unnaturally sharp peaks. Only whole number stddev considered
as otherwise gaussians are consistently too broad due to the influence of leeway
parameter. Current values selected simply by trial and error.

Gaussian subtracted from spectra and process repeated.

Program terminates when maxima < 10% (essentially noise at this stage)

Peaks summarised in output file

S kW

Individual gaussian xy values also outputted, though for processing batches a
prepared excel sheet which utilises the summary file is more efficient.

Source code (C++) follows:

/I deconvolute.cpp : Defines the entry point for the console application.
1

#include "stdafx.h"
/*
Organised all functions and the majority of variables within
class decon to improve readability of main procedure and to
minimize the repeated passing of parameters.
*/
class decon {
int i, a, mean; // i (for loops), a (number of xy values)
float f, stddev, area, spectra[1000][4], summary[100][5]; // f (scaling factor)
/*
Spectra and summary array sizes are more than enough for my purposes.
It's not worth the effort of dynamically assigning memory since there's
no straightforward way of knowing in advance how many peaks there will
be to summarise!
*/
public:
int peaks;
float max;
void readxy(int);
void findmax(void);
void normarea(void);
void outputsummary(int);
void outputgauss(int);
void updatesummary(void);
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void gausscalc(float);

b

int _tmain(int arge, _"TCHAR* argv[])
{

int b=0, number;

float leeway;

decon process;

// prompt for vital details

cout << "Files to be processed must be numbered from 1 onwards.\n";
cout << "Please enter number of files : ";

cin >> number;

cout << "\nPlease enter the leeway (4 is a sensible starting point) : ";
cin >> leeway;

/' loop starts here

for (b=1; b<=number; b++) {
// establishes filename to open and populates and normalises spectra array:-
process.readxy(b);

// the next section should loop around until remaining signal is under threshold value
process.peaks = 0;
while (process.max > 10) {

/I Calculate the gaussian for most notable peak
process.gausscalc(leeway);

// output each peak gaussian to a separate file (for method validation purposes mostly)
process.outputgauss(b);

// Update peak info to array (and to the screen)
process.updatesummary();

// find max value for NEXT run
process.findmax();

}

/! work out the normal area
process.normarea();

// time to output the summary
process.outputsummary(b);

}

cin >> number; // pauses the program
return O;

}

// various class decon functions
void decon::readxy(int b) {
float min;
char str[80];
sprintf(str, "%d", b);
strcat(str, ".txt");
ifstream in(str);
if(lin) {
cout << "Cannot open file. \n";
// ERROR
}

// read from the file
do {
in >> str;
} while (strcmp(str,"XYDATA"));
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/I can begin reading actual data

a=0;
while (in) {
a++;
in >>f;
if (in) { spectra[a][1] =f; }
in >>f;
if (in) { spectra[a][2] =f; }
}
in.close(); // close file
a=a-|1;

// find max and min values
for (i=1; i<=a; i++) {
if (i==1) {
max = spectra[i][2];
min = spectra[i][2];
} else {
if (spectra[i][2] > max) { max = spectra[i][2]; }
if (spectra[i][2] < min) { min = spectra[i][2]; }
}
}

// normalise
for (i=1; i<=a; i++) {
if (max == spectra[i][2]) { mean =1; } // records location of max in array
spectra[i][2] = 100 * (spectra[i][2] - min) / (max-min);
}
max = 100;
}
void decon::gausscalc(float leeway) {
bool conlp = true; // initially use to know when to exit the loop
float inten;
stddev = 0;
mean = mean + (spectra[1][1] - 1); // converts mean into a more physically meaningful variable
/I best fit being defined as the one before we start getting negative intensity values!!!
do {
stddev++;
f = max; // scaling factor
for (i=1; i<=a; i++) {
inten = f * exp(-0.5 * ((spectra[i][1] - mean) / stddev) * ((spectra[i][1] - mean) / stddev)); //
where inten is intensity of gaussian at this wavelength
spectra[i][3] = spectra[i][2] - (inten); // gaussian intensity temporarily subtracted from spectra

if ((spectra[i][2] >= 0 && spectra[i][3] < - leeway) Il (spectra[i][2] < 0 && (inten) > leeway))
{ // allow some leeway - 10 seems to give fairly sensible results

/I stddev too large!!!

conlp = false;

stddev = stddev - 1;

if (stddev == 0) { cout << "Error:- stddev is zero!"; }
i=a; // escape loop

}
} while (conlp);
f = max;
}
void decon::outputgauss(int b) {
/l output gaussian (not strictly necessary), also convenient to calculate area
float inten;
char str[80];
char str2[80];
area =0;
peaks++;
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sprintf(str, "%d", b);
sprintf(str2, "%d", peaks);
strcat(str, "-");
strcat(str, str2);
strcat(str, ".txt");
// open gaussian file for output
ofstream out(str);
if (out) { cout << "Cannot open " << str << " for output."; }
// subtract and calculate area under gaussian curve...
for (i=1; i<=a; i++) {
inten = f * exp(-0.5 * ((spectra[i][1] - mean) / stddev) * ((spectra[i][1] - mean) / stddev)); // where inten
is intensity of gaussian at this wavelength
spectral[i][2] = spectra[i][2] - inten; // gaussian intensity PERMANENTLY subtracted from spectra
area = area + inten;
out << spectra[i][1] << "," << inten << "\n";

out.close();
}
void decon::updatesummary(void) {
cout << "Peak" << peaks << "\n" << "Lambda max @ " << mean << "nm, Intensity =" << max << "\n";
cout << "Standard Deviation = " << stddev << ", Gaussian area = " << area << "\n\n";
summary[peaks][0] = mean;
summary[peaks][1] = max;
summary[peaks][2] = stddev;
summary[peaks][3] = area;
/l can't do the normal area yet!

void decon::findmax(void) {
for (i=1; i<=a; i++) {

if (i==1) {
max = spectra[i][2];
mean = i;

} else {
if (spectra[i][2] > max) { max = spectra[i][2]; mean =1i; }

}

}
}

void decon::normarea(void) {
for (i=1; i<=peaks; i++) {
ifi==1){
max = summary[i][3];
} else {
if (summary[i][3] > max) { max = summary[i][3]; }
}
}
for (i=1; i<=peaks; i++) {
summary[i][4] = 100 * summary[i][3] / max;
1
}

void decon::outputsummary(int b) {
/I order peaks by wavelength
int short_wl = 1; // location of shortest wavelength
char str[80];
/I open peaklist file for output
sprintf(str, "%d", b);
strcat(str, "-peaklist.txt");
ofstream out(str);
if (out) { cout << "Cannot open " << str << " for output."; }

for (i=1; i<=peaks; i++) {
if (summary[i][0] != 0 && (summary[i][0] < summary[short_wl1][0] Il summary[short_wl1][0] == 0)) {
short_wl =1;
}
if (i == peaks && summary[short_wl][0] != 0) { // if we've reached the end of the loop and still have
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valid entries left
out <<

summary[short_wl][0] <<

non

"" << summary[short wl]J[1] <<

" g

summary[short_wl][2] << "," << summary[short_wl][3] << "," << summary[short_wl][4] << "\n";
summary[short_wl][0] = 0; // avoid duplication
i=0; // return to the start of the loop

}

out.close();

}

A.3.2.2 Example Output
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Figure A.18 An example of Gaussians extracted from a typical spectrum; Pyr-YL @ 20 mM

Table A.1 Example of data output; Pyr-YL @ 20 mM

Wavelength / nm | Height/ %max | Line width/nm | Area/AU | Area/%max
432 20.58 9 464.23 7.12
462 100 26 6517.23 100
520 33.03 18 1490.45 22.87
555 11.86 19 565.02 8.67

A.3.3 Rheological data

Representative examples of strain and frequency sweep plots for each successful gelator

system that features in Chapter 6 — for Pyr-YL and Fmoc-YL see P4YL (Fig. A.13) and

F3YL (Fig. A.5) above.
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Figure A.19 System Pyr-S elastic (G”) and viscous (G’”) moduli; (top) strain and (bottom) frequency
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Figure A.20 System Pyr-YL/Fmoc-S elastic (G’) and viscous (G’’) moduli; (top) strain and (bottom)
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Figure A.21 System Fmoc-YL/Pyr-S elastic (G’) and viscous (G’’) moduli; (top) strain and (bottom)
frequency sweep (~0.2%) examples.
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Figure A.22 System Pyr-YL/Fmoc-YL elastic (G’) and viscous (G’’) moduli; (top) strain and
(bottom) frequency sweep (~0.2%) examples.
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Figure A.23 System Pyr-S/Fmoc-S elastic (G’) and viscous (G’’) moduli; (top) strain and (bottom)
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Figure A.24 System Pyr-YL/Pyr-S elastic (G’) and viscous (G’”) moduli; (top) strain and (bottom)
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Figure A.25 System Fmoc-YL/Fmoc-S elastic (G’) and viscous (G’’) moduli; (top) strain and
(bottom) frequency sweep (~0.2%) examples.
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