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What's Human
Outside under
this field of stars
in a frost
that slows
the blood
we are the dark.
We hold in a creel
of air
what's human
and stretch out
our fingertips
to the whorl
of galaxies
to feel for what's not there.
Jean Atkin
from Not Since Last Time (South Pool: Oversteps Books, 2013)
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Chapter 1
Peptide-Based Materials
Part of this chapter has been published as: B. E. I. Ramakers, J. C. M. van Hest and D. W.
P. M. Löwik, Chem. Soc. Rev., 2014, 43, 2743-2756.

1. 1 Self-Assembly in Peptide-Based Materials
Self-assembly can be considered as one of the fundamental principles in nature, and
allows structures with a high degree of organisation to be formed. This process occurs
in systems of all scales, from molecules to galaxies. Molecular self-assembly is present
on a large scale in nature and a whole host ordered systems are formed in mild
aqueous environments. Examples of ordered structures that are prevalent in nature
include the cell membrane, actin filaments, viruses, the DNA double helix and proteins.
There are two types of molecular organisation, intramolecular assembly and
intermolecular assembly, where the first refers to, for example, protein folding and the
second refers to the formation of an assembly from separate, smaller building blocks.
Both these types of self-assembly are governed by attractive or repulsive forces within
or between the molecules, such as van der Waals interactions, hydrogen bonding,
hydrophobic and electrostatic interactions.1 Intermolecular self-assembly can lead to
the formation of interesting biological materials, such as fibres, vesicles and capsids.
Unsurprisingly, scientists have attempted to mimic these structures by utilizing selfassembling molecules composed of naturally occurring building blocks such as amino
acids, sugars, lipids and nucleic acids. These are innately bioactive, biodegradable and
biocompatible. Peptide-based materials have been the topic of intensive research2, not
only because of their synthetic versatility and their potential in biomedical applications,
but also because they show promise as bio-based alternatives to synthetic materials.
Whether they are made up solely of amino acids or are combined with other molecules,
peptides are known to self-assemble and so provide an interesting platform for the
development of nano-scale, biocompatible materials. Over the last decade this class of
materials has been extensively investigated, partially as peptide synthesis is relatively
easy but also because a peptide can be conveniently tailored to adopt a desired
structure or to suit a particular function.3-9
In this chapter we will first discuss the molecular tools that facilitate the quick,
versatile and orthogonal synthesis of peptide-based materials. These include solid
phase peptide synthesis, native chemical ligation, Staudinger ligation, NCA
polymerisation and genetic engineering. Peptide-based materials assemble into many
different structures, such as β-sheets, cyclic peptide nanotubes, α-helical coiled-coils,
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fibres, vesicles, and virus-like particles. These structures can all be manipulated to suit a
particular function, and the second part of this chapter gives an overview of the
different materials, based on these structural elements, that have been realised and
their applications. Finally special attention is paid to the use of diacetylene
polymerisation for the stabilisation of peptide assemblies and other supramolecular
structures. The chapter will be concluded with a short outline of the thesis.

2. Molecular Tools for the Synthesis of Peptide-Based Materials
2.1 Solid Phase Peptide Synthesis

Figure 1: General solid phase peptide synthesis scheme, where P-AA-OH represents an N-terminally
protected amino acid, H-AA-OH represents an unprotected amino acid. The first amino acid is loaded onto a
solid support, the N-terminal protection group is removed and the subsequent amino acid is coupled. At the
end of the synthesis the deprotected peptide is cleaved from the solid support.

Pioneered by Merrifield in 1963, solid phase peptide synthesis (SPPS) has rapidly
developed into one of the most powerful and versatile molecular tools for the
construction of peptides.10 This technique centres on the fact that the growing peptide
is covalently attached to an insoluble polymeric resin. The first amino acid residue is
attached to the resin via a linker functionality, the peptide is then synthesised by
repetitive cycles of deprotection of the N-terminus and coupling of the subsequent
amino acid interspersed with filtration and washing steps to remove any unreacted
reagents (Figure 1). At the end of the synthesis the desired peptide can be cleaved from
the resin.
There are two categories of SPPS known as Boc- and Fmoc-SPPS, where the name
refers to the N-terminal protecting group of the amino acid (Boc = t-butyloxycarbonyl,
2
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Fmoc = fluorenylmethyloxy carbonyl). Initially, Boc-SPPS was the main form of SPPS.
However, it requires neat trifluoroacetic acid (TFA) for the removal of the Boc group and
neat hydrofluoric acid for the removal of the peptide from the resin. It was for these
reasons that a more convenient alternative, Fmoc-chemistry, was developed. Although
Boc-SPPS is still used today, it is much less routinely utilised for peptide synthesis than
Fmoc-SPPS. In Fmoc-SPPS, the N-terminal protecting group can be removed using
piperidine and the peptide can be removed from the resin using neat trifluoroacetic
acid (TFA). The relatively safe chemicals used in Fmoc-SPPS meant that special cleavage
equipment was no longer required and so SPPS became a more accessible technique.
The stepwise elongation inherent to SPPS circumvents the time-consuming
isolation and purification of intermediate peptides often associated with solution phase
synthesis. In addition to this, the efficiency of the coupling reactions can easily be
enhanced as, due to the ease with which the reagents can be removed after a reaction,
an excess of reagents can be used. Another advantage of this method of peptide
synthesis is that it evades any issues caused by a potential lack of solubility of the
intermediates. The combination of these features means that SPPS is ideally suited for
automation. The preliminary drawbacks of this manner of synthesis included the need
for an extremely high coupling efficiency and the chance that the chiral integrity of the
peptide may become compromised during the synthesis through oxazoline formation.
However, these drawbacks have been extensively addressed through the development
of numerous carboxyl activating agents. Nowadays, it is possible to create peptides
with absolute control over not only the amino acid sequence but also the C and N
terminus functionality, and thus SPPS has become a corner stone in the construction of
an extensive assortment of peptide-based materials.11, 12 However, even with the most
effective coupling strategies available nowadays, there is a limit of approximately 50
amino acids that can be sequentially coupled using SPPS. High molecular weight
polypeptides can be obtained through the use of native chemical ligation or
Staudinger ligation modular coupling strategies. Furthermore, polypeptides of high
molecular weight have also been produced by employing techniques from polymer
science (N carboxy anhydride polymerisation) or molecular biology (protein
engineering). These different techniques will be briefly discussed in the next
paragraphs.
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2.2 Native chemical ligation

HS

Fragment A
1

S

+

R

O

H2N

Fragment B
2

Fragment A

Fragment B

S
NH2

O

3

O

Fragment B

S
O

NH2

Fragment A

4

HS

Fragment A
O

N
H

Fragment B

5
Figure 2: Native chemical ligation is a reaction between a peptide fragment with a C-terminal thioester (1)
and a peptide fragment with an N-terminal cysteine (2). The reaction yields a thioester intermediate (3) which
rearranges via an intramolecular S,N-acyl shift (4) to give the native peptide bond (5).

Native chemical ligation (NCL) is a synthetic approach based on the chemoselective
reaction between an N-terminal cysteine and a peptide α-thioester, which leads to the
formation of a thioester-linked intermediate (Figure 2). This intermediate then
spontaneously rearranges to afford a native peptide bond. Although this reaction was
first observed in 1953 by Wieland, it wasn’t until 1994 that Dawson et al. developed it
into a potent tool for protein synthesis.13 Since then it has been used to great effect for
the synthesis of numerous proteins, including human interleukin and human psoriasin
amongst many others.14
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Figure 3: Native chemical ligation at an alanine residue. An N-terminal alanine residue is replaced with a
cysteine residue (2) which can be used in native chemical ligation with a C-terminal thioester (1). This yields
the peptide with a cysteine in place of an alanine (5). The cysteine residue can then be reduced back to an
alanine residue (6) using selective desulfurization.

More recently the native chemical ligation approach has been elaborated so that
ligations can be carried out at alanine and even leucine or valine residues. In this
extended methodology a residue in the peptide sequence, for example an alanine, is
replaced by a cysteine residue. This cysteine can then be employed in the conventional
native chemical ligation reaction with a thioester-functionalised peptide fragment. A
selective desulfurization reaction is subsequently used to convert the non-native
cysteine residue back to an alanine residue, and so the native peptide will be obtained
(Figure 3). This methodology has led to the successful synthesis of complicated proteins
such as erythropoietin and human parathyroid hormone-related protein.15
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2.3 Additional Molecular Tools
2.3.1 Staudinger Ligation

Figure 4: a) Non-traceless Staudinger ligation.16 b) traceless Staudinger ligation using thiol auxiliaries as
demonstrated by Raines and co-workers.17

The Staudinger ligation is another technique that has been developed not only for
the semi-synthesis of proteins and the labelling of biomolecules, but also as a means of
constructing peptide-based materials. Hermann Staudinger was the first to report the
reaction between an azide and phosphine in 1919.18 After initially elaborating this
reaction into what is now known as the non-traceless Staudinger ligation (Figure 4a),
Bertozzi and Raines independently reported the development of a traceless version of
this conjugation at the beginning of the millennium (Figure 4b).17, 19 The traceless
Staudinger ligation has mainly been exploited for the labelling of a whole array of
biomolecules. Both the non-traceless and traceless variant of the Staudinger ligation
have been used for the construction of peptide-based materials.20
6
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2.3.2 NCA Polymerisation
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Figure 5: NCA polymerisation initiated by a nucleophilic amine.

NCA polymerisation is a technique that makes use of α-amino acid-N-carboxy
anhydrides (NCAs) to generate high molecular weight polypeptides (Figure 5). The
polypeptides are obtained in good yield, while the integrity of the chiral centres is
retained. Due to the extensive number of NCAs available numerous polypeptides can
be prepared, which makes this an ideal technique for the construction of peptidebased materials. Control over NCA polymerisation has greatly improved since the
development of various metal- and organo-catalysts which afforded the synthesis of
well-defined block copolymers and hybrid copolymers.21 In spite of this, NCA
polymerisation still does not afford the same degree of control over the primary
structure of the polypeptide as is characteristic of SPPS or genetic engineering.

2.3.3 Genetic Engineering
Genetic engineering can be defined as the manipulation of the molecular circuitry
and machinery of a cell in order to manufacture functional compounds, such as
peptides and proteins. Cells have evolved sophisticated strategies that allow the
synthesis of long, complex polypeptides in high yields with absolute control over the
amino acid sequence, and thus the secondary structure of the polypeptide. This
combination is unattainable using techniques such as solid phase peptide synthesis,
where the length is a limiting factor, or NCA polymerisation, which lacks control over
the amino acid sequence. Due to this, genetic engineering has become instrumental as
a molecular tool for the construction of peptide-based materials.22, 23 The technique is
based on the fact that a gene can be synthetically designed to incorporate the DNA
sequence that encodes for a certain polypeptide or protein. Subsequently, this gene is
introduced in a host organism, which uses its ribosomal protein expression machinery
to produce the desired polypeptide.
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3. Peptide-Based Nanomaterials
There are 20 proteinogenic amino acids that make up all the proteins produced via
the ribosomal production pathway. The only variation in their structure is found in the
side chain, which differs in polarity, hydrophobicity, charge and size. As a result of this
the properties and structure of a peptide can be tuned by using a particular sequence
of amino acids. Certain peptides may self-assemble into larger constructs on their own
accord; however hydrophobicity can be used as an additional driving force for selfassembly. The molecular tools described above can be utilised in an orthogonal fashion
to incorporate a host of functional moieties or structural design features. In
general, self-assembling peptide-based materials fall into two categories, those based
on the structural conformations found in nature, such as β-sheets and α-helices, and
those that have been coupled to a foreign component, such as lipidated peptides and
polypeptide diblock copolymers. The following section is subdivided based on the
different structural elements that can be found in peptide-based materials and gives
illustrative examples of the different types of peptide-based materials known in
literature.

3.1 β-sheets and β-hairpins
β-sheets are a major structural component of proteins, and can have both a parallel
and anti-parallel conformation.24 A basic feature of β-sheets is that they contain a
number of peptide chains (β-strand) which have an extended backbone arrangement
that facilitates the formation of hydrogen bonds between the amides and carbonyls in
the backbone. The β-strands can be orientated so that their C-termini line up, a parallel
arrangement, or that the C- and N-termini alternate, an antiparallel arrangement.
An example of a peptide which forms a β-sheet upon assembly is the EAK16-II
peptide, in which hydrophobic alanine residues alternate hydrophilic glutamic acid and
lysine residues (AEAEAKAKAEAEAKAK).25 This peptide forms a macroscopic membrane
upon the addition of salt. Similarly, the peptide FKFEFKFE, which also contains
alternating hydrophobic and hydrophilic amino acids, was found to assemble into
helical ribbons and subsequently into fibrillar structures.26 The amino acid sequence
can have a marked effect on the self-assembly of a particular peptide as was
demonstrated by Matsumura et al. who designed a peptide with the sequence
PKFKIIEFEP.27 They found that this peptide assembled first into protofibrils, then into
ribbons and subsequently twisted in a left handed fashion to form fibres. When they
substituted the C- and N-terminal proline residues for alanines fibre formation was
disrupted and only random aggregation was observed.
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Figure 6: Formation of MAX1 hydrogels in cell culture medium.

Assembling β-hairpins into β-sheets is an approach which ensures that peptides
with a repeating sequence stack into homogeneous structures. One of the most wellknown examples was reported by the Schneider group.28 They synthesised a peptide
with the sequence VKVKVKVK-VDPPT-KVKVKVKV-NH2 (MAX 1), essentially a tetrapeptide
amid two identical fragments containing alternating valine and lysine residues. At an
elevated pH or salt concentration and in the cell growth medium DMEM, this peptide
was found to fold into an amphiphilic β-hairpin and subsequently assemble into
hydrogels (Figure 6). The tetrapeptide-VDPPT ensures that there is a type II’ turn and
thus that the identical peptide fragments align. Furthermore, the hydrogels could be
used for cell culture as they not only retained their rigidity during cell proliferation but
equally importantly, were also cytocompatible. In an attempt to accelerate hydrogel
formation in DMEM a single lysine residue was replaced with a glutamic acid to give a
peptide with the sequence VKVKVKVK-VDPPT-KVEVKVKV-NH2 (MAX 8). This minor, sitespecific change indeed led to faster gel formation in DMEM than was observed for
MAX1. Both MAX 1 and MAX 8 hydrogels were shown to encapsulate dextrans and
protein probes. In addition to this, MAX 8 hydrogels could be utilized to encapsulate
mesenchymal stem cells which, in conjunction with the fact that they showed shearthinning behaviour, made these gels a feasible platform for the delivery of cells in tissue
regeneration applications. This also illustrates that small design changes can have a
marked effect on the formation of peptide-based hydrogels.29, 30
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3.2 Cyclic peptide nanotubes

Figure 7: The Ghadiri type peptide ring and its self-assembly into nanotubes.

Cyclising peptides is another way in which self-assembly can be promoted.
Typically, the peptide in question is made using solid phase peptide synthesis and the
cyclisation is achieved either on the solid support or once it has been cleaved off the
resin. These cyclic peptides have been widely exploited in the formation of organic
nanotubes.31 One of the most well-known examples are the nanotubes formed upon
the self-assembly of Ghadiri type peptide rings (Figure 7).32 These peptide rings are
comprised of an even number of amino acids, with D- and L-amino acids alternating
around the ring. In this way the amide functionalities lie perpendicular to the plane of
the nanotube and the amino acid side chains point outwards. Self-assembly was
induced using an acidic medium to protonate the glutamic acid residues and so allow
hydrogen bonds to form between the rings. Biesalski and co-workers decorated the
surface of these nanotubes with initiators for atom transfer radical polymerisation
(ATRP) and were able to employ these nanotubes as macro-initiators.33 The growth
hormone inhibiting cyclic peptide Lanreotide has likewise been shown to form
nanotubes in water with 10 wt% acetate salt. The self-assembly into nanotubes was
driven by the formation of β-sheets through amphiphilicity and the alternating
aromatic and aliphatic amino acid residues.34
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3.3 Helices/Coiled-coils

Figure 8: a) Schematic representation of a coiled-coil dimer.6 The letters indicate the positions of the various
amino acids. b) Representation of the parallel coiled-coil fibre developed by Pandya et al, with the
interactions between the asparagines highlighted in green.35

α-Helices and coiled-coils have also been extensively used in the design and
creation of peptide-based materials. Work carried out by Pandya et al. illustrates this
well.35 They designed a 28-residue peptide in an attempt to induce the formation of a
coiled-coil dimer. Coiled-coils are formed when two or more α-helices entwine to give a
stable structure (Figure 8a)6 The α-helices that made up the coiled-coil dimer
assemblies were composed of four heptad repeats of amino acids (abcdefg) in which
residues a and d were isoleucine and leucine respectively. This ensured the formation of
coiled-coil dimers (Figure 8b). The formation of parallel dimers was reinforced by
glutamate and lysine residues that were incorporated at positions e and g. In order to
create dimers with sticky ends, and thus realise α-helical coiled-coil fibrils, the
isoleucine residues at position a in the heptad were replaced with asparagine residues
in different, complementary heptads. This gave complementary dimers as the
asparagine residues have a preferential interaction with each other.

11
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Figure 9: Schematic representation of the self-assembly of coiled coil cages.36 Left to right: Homotrimeric
coiled coil (CC-Tri3, green) and heterodimeric coiled coils (CC-Di-A, red and CC-Di-B, blue). CC-Tri and CC-DiA/CC-Di-B are linked via asymmetric disulfide bonds (purple lines) and result in two hubs; hub A (green-red)
and hub B (green-blue). Mixing hub A with CC-Di-B, or hub B with CC-Di-A produces discrete nine-helix
assemblies, whereas mixing the hubs directly produces a hexagonal network, which closes to form a cage. b)
The sequence of the coiled-coil segments in the polypeptide chain, showing the pairings of the coiled-coil
dimers.38 c) Tetrahedral structure formed upon assembly of the coiled-coils into dimers.

Recently, Woolfson and co-workers reported specifically designed coiled-coils that
could self-assemble into cages.36 They devised a 20 residue homodimer (CC-Tri3) and a
set of heterodimers: CC-Di-A, an acidic coiled-coil, and CC-Di-B, a basic coiled-coil. The
cages are based on the fact that the CC-Tri3 and either the CC-Di-A or the CC-Di-B
homodimer can be covalently linked through disulfide bridges giving rise to two
constructs. Upon their introduction to water these constructs form complementary
trimeric hubs (hub A and hub B) which when mixed form hexagonal networks, and
subsequently fold to form cages (Figure 9a). The modular nature of this approach
allows the building blocks to be altered using SPPS to suit specific applications, for
example as vehicles for biomolecule delivery or for the development of protocells.37
Analogous to this are the coiled-coil tetrahedron structures constructed by Gradišar et
al.38 They used genetic engineering to synthesise a polypeptide chain containing 12
coiled coil-forming segments interspersed with flexible peptide hinges (Figure 9b). The
polypeptide chain was designed so that the coiled-coil segments traversed each edge
of the tetrahedron twice, facilitating the formation of dimers between complementary
parallel or antiparallel coiled-coils (Figure 9c).
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Figure 10: Synthesis of high molecular weight polymers using native chemical ligation.39

O’Leary et al. showed that they could construct assemblies that closely resembled
natural collagen.40, 41 They achieved this by designing a peptide that contained repeats
of the tripeptide sequence Pro-Hyp-Gly, which is distinctive of collagen. The tripeptide
was modified at certain positions with lysine and aspartate residues. These residues
provide extra stability through the formation of salt bridges and ultimately resulted in
the creation of a stable triple helix with sticky-ends. Just like natural collagen it was
found that these helices could self-assemble into triple helical nanofibres and
subsequently into hydrogels. When subjected to collagenase it was discovered that
these hydrogels were degraded at a similar rate as is observed for natural collagen.
Another example in which the fibrous protein collagen was mimicked are the collagenlike peptide polymers designed by the Hartgerink group as a chemical and structural
mimic for the extracellular matrix.39 They used native chemical ligation (NCL) to
polymerise peptides they had previously synthesised with SPPS (Figure 10). The
peptides that were synthesised contained different numbers of the triamino acid repeat
Pro-Hyp-Gly, characteristic to collagen, an N-terminal cysteine and a C-terminal
thioester. These peptides were polymerised in phosphate buffer in the presence of
dithiothreitol to give high molecular weight polymers. The authors chose NCL as a
polymerisation technique as the aqueous conditions required for NCL also allowed the
growing polymers to adopt their natural conformation, in this case a triple helix which
is typical of collagen.
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Petka et al. designed a gene that when expressed yielded a material consisting of a
flexible, water soluble polyelectrolyte segment amid two leucine zippers. The
aggregation of the terminal leucine zippers in a neutral aqueous solution resulted in
the formation of a polymeric network. The disassembly of this network was achieved at
elevated pH or temperature.42 In a similar study these types of networks were stabilised
using templated disulfide bond formation. Cysteine residues were incorporated into
leucine zippers that flanked a random coil central segment. These constructs formed
networks above a certain concentration, and the aggregation of the leucine zippers in
these constructs resulted in the formation of disulfide bonds between the cysteine
residues. This stabilised the networks to such an extent that they were no longer prone
to dissolution upon addition of excess buffer solution.43

3.4 Peptide Hybrids
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Figure 11: a) structure of the spacer amphiphile. b) structure of the RGDS amphiphile. c) 3D model of the
cylindrical micelles with the RGDS amphiphiles highlighted in yellow.44

A much used and facile way of introducing amphiphilicity is by coupling a
(hydrophilic) peptide sequence to a hydrophobic alkyl tail. This greatly affects the selfassembly properties of a peptide and thus the formation of peptide-based materials.
Tirrell reported the formation of cylindrical micelles made up of peptide amphiphiles,
where the peptide component was derived from ovalbumin protein, and to which a
dipalmitic acid tail was coupled N-terminally.45 The peptide component encompassed a
cytotoxic T-cell epitope and it was found that these micelles could not only induce an
14
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immune response but also offered in vivo protection from tumours. Webber et al. have
also shown that by coupling palmitic acid to the N-terminus of a peptide containing an
RGDS epitope an amphiphile was created which when mixed with a non-RGDScontaining spacer amphiphile self-assembled into cylindrical micelles (Figure 11).44 It
was found that these synthetic scaffolds could be utilised to culture bone-marrow
mononuclear cells (BMNCs) in vitro, and they also demonstrated that these fibres
supported transplanted BMNCs in vivo.
The type of materials formed by a certain sequence can also be influenced by
factors such as pH. The silk fibroin-derived peptide amphiphile C12-GAGAGAGY was
discovered to change from cylindrical nanofibres to nanoribbons that aggregated into
bundles as the pH decreased from 11 to 8. Furthermore, decreasing the pH further
resulted in the formation of a robust hydrogel.46
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R1

In all the examples mentioned above the alkyl tail is introduced N-terminally. Ten
Brink et al. reported a facile method for the C-terminal functionalisation of peptides
using the aldehyde-functionalised resin (BAL resin) developed by Kappel and Barany
(Figure 12).47, 48 They utilised a variety of functional and bulky amines which they
attached to the resin using reductive amination, and subsequently synthesised a small
peptide using the functionalised resin. After cleavage from the resin the peptide was
obtained with a functionalised C-terminus. Consequently, they used this methodology
to synthesise an assortment of amphiphiles, based on the model peptide KTVIIE, in
which they varied only the position of the alkyl tail.49 They found that β-sheet type
assemblies formed for both amphiphiles with either a C-terminal or an N-terminal alkyl
tail. They expanded the approach by introducing alkyl tails at both the C-terminus and
the N-terminus of the model peptide; however, due to the dramatic increase in
hydrophobicity these amphiphiles failed to self-assemble. Peptides have also been
coupled to polymers to synthesise biohybrid block co-polymers. This was illustrated by
15
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the synthesis of a polystyrene-based peptide-polymer amphiphile.50 Klok and coworkers also reported the synthesis and self-assembly of poly(ethylene glycol)-bpeptide diblock copolymers, in which the peptide sequences are based on the coiledcoil protein folding motif, and the PEG segment was coupled to the resin-bound
peptide.51

3.5 Polypeptide-based Vesicles

Figure 13: a) Polybutadiene-b-polyglutamate (PB40-b-PGA100) vesicles.52 b) freeze-fracture TEM image of
the PB40-b-PGA100 aggregates. c) structure of the PB40-b-PGA100 block copolymers.

Polypeptide diblock copolymers can also assemble into interesting structures, for
example water soluble stimuli responsive vesicles. The Klok group used NCA
polymerisation to synthesise poly(L-glutamic acid) which was coupled to a
hydrophobic polybutadiene block.52 Upon the introduction of these block copolymers
to an aqueous solution with a basic pH, well-defined vesicular structures were observed
(Figure 13). The dimensions of the assemblies could be adjusted by altering the
secondary structure of the polypeptide segment which was achieved by varying the pH
of the aqueous environment. Moreover, the 1,2-vinyl bonds in the hydrophobic
polybutadiene block were cross-linked using UV-light, thereby stabilising these
assemblies. The authors hypothesised that these vesicles have a number of potential
applications, such as capsules for the release of both hydrophobic and hydrophilic
entities and as potential sensor nanodevices.
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Figure 14: Schematic representation of micelle formation by four-armed poly(ε-adamantane-L-lysine)2-blockpoly(ethyleneglycol)-block-poly-(ε-adamantane-L-lysine)2, its subsequent internalisation by cells and βcyclodextrin mediated disassembly of the micelles.53

Recently, the Zhang group presented core-shell micelles, made up of four-armed
poly(ε-adamantane-L-lysine)2-block-poly(ethylene glycol)-block-poly-(ε-adamantane-Llysine)2, which is abbreviated to PLys(Ad)2-b-PEG-b-PLys(Ad)2 (Figure 14).53 The
polymers were made by NCA polymerisation of the corresponding amino acid Ncarboxyanhydrides and the micelles were found to form spontaneously upon the
dissolution of the polymers in aqueous solutions. Interestingly, these micelles
disassembled upon the introduction of β-cyclodextrin to the solution. This was due to a
host-guest interaction between the β-cyclodextrin and the adamantane moieties in the
polymers. This, in addition to the fact that these micelles were non-toxic to, and could
also be internalised by HeLa cells, make them ideal candidates for the controlled
release of drugs such as doxorubicin.
Another type of peptide-based material that offers perspective as a means of
controlled drug delivery are thermoresponsive polymersomes made up of well-defined
poly(trimethylene carbonate)-b-poly(L-glutamic acid) polymers. These were
synthesised from γ-benzyl-L-glutamate N-carboxyanhydride monomers using NCA
polymerisation and an amine-functionalised poly(trimethylene carbonate) (PTMC) as a
macro-initiator.54, 55 The hydrophobic PTMC block has a crystalline nature that is subject
to a temperature-triggered conformational change. This gave rise to a reversible
change in polymersome size. This was found to be a result of the fission/budding or
fusion of vesicles. This property should enable the temperature-controlled release of
drug molecules from the polymersomes.56

17

Chapter 1

3.6 Virus-like particles
Virus-like particles are inspired from nature and are synthetic mimics of their
biological cousins. These structures are often based on the capsid protein of a
biological virus but do not contain any genetic material. These peptide-based materials
can be synthesised using both solid phase peptide synthesis and genetic engineering.

Figure 15: Model of the self-assembly of -annulus peptide fragments into a -annulus structure and
subsequently into a virus-like nanocapsule.57

An example of such a peptide-based material are the virus-like nanocapsules made
up of 24 mer β-annulus peptide fragments which come from the tomato bushy stunt
virus (Figure 15).57 Hollow capsules, with a diameter of 30–15 nm, were formed upon
dissolving the β-annulus peptide in water. The hollow nature of these assemblies was
confirmed using small-angle X-ray scattering (SAXS). The cationic interior of the
capsules facilitated the encapsulation of small anionic dyes and DNA polyanions to
create core–shell nanospheres.58 Recently, Hernandez-Garcia et al. reported the design
and biosynthesis of polypeptides that self-assemble into rod-shaped virus-like particles
in the presence of DNA. They showed that these virus-like particles were able to
transfect cells making them promising materials for the delivery of nucleic acids.59
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Figure 16: A virus capsid protein ELP fusion and its assembly products based on pH-induced and ELPinduced assembly.60

Elastin-like polypeptides (ELP) can also be used to govern the self-assembly process
of proteins as was shown in work carried out by van Eldijk et al.60 A fusion of ELP with
the cowpea chlorotic mottle virus (CCMV) capsid protein was produced and afforded a
protein block copolymer. This copolymer could be assembled into virus capsids in the
traditional way for CCMV, using a pH-dependant mechanism, but assembly could also
be induced by ELP, using elevated temperature or salt concentration (Figure 16). It was
discovered that the ELP-induced assembly gave rise to particles which differed
significantly in size compared to particles obtained using the traditional assembly
method, 18 nm for the former and 28 nm for the latter. This viral capsid architecture is
attainable only when the properties of ELP and the viral capsid protein are combined, a
requisite which can easily be satisfied using genetic engineering.
As already shown by the previous two examples, by far the most accessible
technique to access virus-like particles is genetic engineering. Using this technique a
whole host of virus-like particles have been produced, from icosahedral structures like
CCMV and MS2 to helical structures like TMV. These hollow assemblies have then been
modified both on the inside and outside, to create novel materials. For example, the
empty cavity of CCMV has been used to mineralize iron oxide nanoparticles and the
linear cavity inside TMV has been utilised for the mineralization of 3nm wide alloy
nanowires.61, 62 Proteins have also been encapsulated into the cavity of CCMV, as was
shown by Minten et al. who introduced multiple green fluorescent proteins (EGFP) by
anchoring the EGFP to the capsid proteins using heterogeneous coiled-coils to create
an EGFP-capsid protein construct.63 This construct was then mixed with the native
capsid protein and virus like particles containing around 15 EGFP proteins.
The surface of a virus-like particle can also be modified in addition to the interior,
an example includes the MS2 virus capsid which was modified on the inside with
porphyrins and on the outside with cell receptor specific DNA aptamers. 64 In this way a
targeted photodynamic therapy vesicle against Jurkat leukemia T cells was developed.
Recently, the MS2 virus capsid was modified with fibrin-targeting peptides on the
exterior and a near infrared fluorophore in the interior.65 These modifications led to the
creation of a biomolecule based nanoparticle for fibrin imaging.
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Murine Leukemia Virus virus-like particles have been used to deliver therapeutic
bioactive proteins into target cells. As well as this, the delivery of nuclear transcription
factors was possible. The required nuclear export signals could be incorporated into the
vector backbone to give virus-like particles that in the presence of the appropriate
glycoprotein were able to deliver and activate nuclear transcription in targeted cells.66

3.7 Stabilisation of Peptide Nanostructures
Cross-linking peptide-based materials adds an additional degree of stability which
was demonstrated by Biesalski et al. using amphiphiles composed of a 10,12tricosadiynoic acid tail and a GRGDSP head group.67 They were able to use diacetylenes
to cross-link monolayers comprising these peptide amphiphiles mixed with the bare
10,12-tricosadiynoic acid. These monolayers were stable enough to be transferred onto
solid substrates and were suitable for several rounds of cell culture without losing any
of their surface functionality.
The Stupp group revealed peptide amphiphile fibres could be covalently linked
using functionalities such as cysteines, that can form disulfide bridges, or diacetylenes,
that can be cross-linked using UV light.68, 69 Analogous to this, Van den Heuvel et al.
showed that SPPS could be used to construct amphiphiles with a peptide segment
based on the CS protein of a malaria parasite and a hydrophobic segment
incorporating a diacetylene functionality.70 They found that these amphiphiles formed
highly organised materials under the influence of a magnetic field, and that the
alignment at a molecular level was transferred to the high molecular weight fibres that
formed upon polymerisation of the diacetylene moieties in the alkyl tail of the
amphiphiles.71 Furthermore, it was found that if these aligned fibres were irradiated
with polarised light only the positions where the polarisation of the incident light was
parallel to the fibre orientation were polymerised. This effect offers opportunities with
regards to the formation of detailed nano-architectures.72

3.7.1 Chromatic Properties of Polydiacetylenes

Figure 17: The polymerisation of diacetylene monomers to give a conjugated system and the effect of
external stimuli on the polymer.

Diacetylenes are not only an interesting way of cross-linking assemblies but they
also have intrinsic optical properties that have many applications in sensing.
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Polydiacetylenes were first reported by Wegner in the 1960s.73 Diacetylene monomers
can be topochemically polymerised through a 1,4-addition reaction to give conjugated
polymers that absorb light in the visible region (Figure 17). This can only occur if the
diacetylene monomers are aligned at an angle of 45 to 55° and are at distance of 4.4 to
5.4 Å.74 Systems in which this precise orientation can be achieved include single
crystals,75, 76 vesicles,77, 78 Langmuir monolayers,79-81 self-assembled films 82, 83 and
fibres.69, 84
The unique optical properties of polydiacetylenes arise from the molecular
properties of the polymer. The diacetylene monomers do not absorb light in the visible
region whereas the conjugated polymer has an absorption peak at round 650 nm,
corresponding to an intense blue colour. In addition to this, the polydiacetylene can
undergo a colour change induced by environmental stimuli which leads to a shift in the
absorption peak from ~650 nm to ~550 nm, observed as a blue to red colour change by
the naked eye. The characteristic blue colour of these polymers can be attributed to the
electron delocalisation along the π-conjugated backbone, more specifically to a π to π*
transition. When a colour change from blue to red occurs the conjugation length of the
polymer changes and this gives rise to shorter electronic delocalisation lengths. The red
colour is also accompanied by strong fluorescence.85
The mechanism of this colour change is still not fully understood, although it is
widely accepted that the shift in absorbance is related to a structural change in the
conjugated backbone of the polymer. Initially it was thought that the polymer
backbone changed from an ene-yne to a butatriene conformation,86 however, recently
theoretical studies have highlighted that the chromatic properties are closely related to
structural aspects of the molecules. Furthermore, it has been established that the side
chains of the polydiacetylene polymer have a marked effect on its colour transition. It is
thought that the interaction between the side chains significantly affects the possible
rotations about the C-C bonds in the polymer backbone, thus affecting the overall
conformation of the polymer. If this is the case, then the planarity of the backbone is
influenced by the side chains and as a consequence the concomitant overlap between
adjacent π-orbitals.81 This has been supported by theoretical calculations that suggest
that a few degrees of rotation of the side chains around the C-C bond would result in a
change in the π-orbital overlap and thus a colour change.87

3.7.2

Applications of Polydiacetylenes

The fact that the colour of the diacetylene polymer is so closely associated to the
interactions between the side chains means that these polymers are interesting
candidates for sensors. The sensing properties of polydiacetylenes were first utilized by
Charych who decorated polydiacetylene-based liposomes with sialic acid.88 These
liposomes were then used to probe the colour change upon binding of the influenza
virus. It was found that the absorbance of the polydiacetylene-containing liposomes
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shifted from ~630 nm to ~490 nm, which corresponds to a colour change from blue to
red. Polydiacetylene colloids functionalised with antibodies have been used to coat
nanoporous membranes thus creating a material capable of sensing the presence of
E.coli.89 In similar work, receptor glycolipids were inserted into polydiacetylenecontaining vesicles and used to detect E. coli.90 Various proteins have also been
detected using polydiacetylene-based sensors, examples include Soh who used a
bidentate aptamer-functionalized polydiacetylene liposome sensor to detect thrombin
in serum samples,91 Khiar who used polydiacetylene-based click glycoliposomes to
sense the lectin Concavalin A,92 and Jiang who assembled monohead glycolipids on the
surface polydiacetylene vesicles and so was able to detect the HA1 protein from the
avian influenza H5N1 virus.93
Polydiacetylenes have also been used to sense chemical entities, such as metal ions,
for example He2+, Pb2+ and Al3+, and pH.94-96 Interestingly, polydiacetylene-based
electrospun fibres have been used to detect HCl gas.97 These fibres turned from blue to
red due to the presence of HCl gas and this change was accompanied by the
appearance of fluorescence. In addition to HCl, carbon dioxide has also been detected
using a polydiacetylene functionalized with amines and imidazolium groups.98 The
amines react with carbon dioxide forming carbamate anions, which neutralise the
positive charges in the polymer and thus induce a colour change. Another noteworthy
example was reported by Zhang et al., who developed polydiacetylene-poly(methyl
methacrylate)/graphene composites in which the polydiacetylene provided the
electrochromic properties, the graphene provided the conductive matrix and the
poly(methyl methacrylate) ensured the mechanical performance of the materials.99
They found that the material underwent an irreversible colour change from blue to red
upon the application of a current. Organic molecules such as trinitrotoluene have also
been detected using peptide-based polydiacetylene vesicles.100

4. Aim and Outline of this Thesis
The aim of this thesis was to synthesise, characterise and investigate the application
of novel peptide-based materials in which self-assembly plays a crucial role. The
peptide-based materials described were obtained using solid phase peptide synthesis,
in some cases combined with ligation techniques. The first section focuses on systems
based on short, lipidated peptide sequences, whereas the last chapter reports a peptide
synthesis approach to a self-assembling MS2 virus capsid protein.
Chapter 2 describes the use of polydiacetylene-containing peptide amphiphile
fibres and liposomes as macroinitiators for atom transfer radical polymerisation (ATRP).
The effect of the steric crowding as a result of the growing polymer on the colour of the
polydiacetylene backbone of the fibres and the liposomes was investigated with a
range of monomers.
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Chapter 3 describes the synthesis of a small library of polydiacetylene-containing
peptides amphiphiles in which the C-terminal amino residue was varied. The fibre
formation of these amphiphiles in water and PBS buffer and the ability of the
diacetylenes to cross-link in these structures were determined. The effect of the Cterminal amino acids on the temperature dependence of the polydiacetylene backbone
was also investigated. To gain a clearer understanding of fibre formation and the
colour change in the polydiacetylene backbone upon heating, FTIR was used to explore
potential changes in the structure of the peptide component of the amphiphiles.
Chapter 4 describes the formation of a two component peptide amphiphile fibre
which is suitable for cell adhesion. The fibres consisted of two different amphiphiles,
where both amphiphiles had the same general peptide sequence and diacetylene
moieties in their alkyl tail and one of the amphiphiles was functionalised with the cell
adhesion peptide RGDS. Using the same library of peptide amphiphiles as synthesised
in chapter 3 a range of different fibres for cell adhesion were obtained and the colour
change of the polydiacetylene backbone as a result of cell adhesion was investigated.
Chapter 5 describes the alignment of diacetylene-containing peptide amphiphile
fibres using high magnetic fields and the subsequent encapsulation of these fibres in a
biocompatible hydrogel matrix. A non-activatable and activatable cross-linking
strategy was utilised in an attempt to encapsulate the fibres in the hydrogel without
disrupting their alignment.
Chapter 6 deals with the design of a methodology that allows the synthesis of long
polypeptides and proteins capable of self-assembly. This methodology centres round
the use of native chemical ligation in combination with selective desulfurisation to
provide greater flexibility in the number and position of ligation sites. This approach
was used in an attempt to synthesis the 129 amino acid long MS2 virus capsid protein
using both Fmoc and Boc SPPS.
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Chapter 2
Polymerisation-Induced Colour Changes of
Polydiacetylene-Containing Liposomes and Peptide
Amphiphile Fibres
This chapter has been published as: B. E. I. Ramakers, M. van den Heuvel, N. Tsichlis i
Spithas, R. P. Brinkhuis, J. C. M. van Hest and D. W. P. M. Löwik, Langmuir, 2012, 28,
2049-2055.

2.1 Introduction
Considerable research has been carried out on the architectures formed by peptide
amphiphiles as well as lipids.1-4 A particularly interesting aspect of the research has
concentrated on securing the individual components of these structures together. One
example includes the Stupp group who demonstrated that their amphiphiles selfassemble into fibres in water, when acidified. These fibres could be cross-linked by
means of four cysteine residues incorporated into the peptide component of the
amphiphile making the fibres resistant to disassembly.5 Another especially interesting
functional moiety that has been shown to prevent the disassembly of both amphiphiles
as well as liposomes is the diacetylene group. Various self-assembled peptide
amphiphiles have been successfully cross-linked using this moiety. Examples include
research carried out by van den Heuvel et al. and Hsu et al. where, in both cases, the
diacetylene group was present in the alkyl tail of the amphiphile.6, 7 Additionally,
liposomes such as those prepared by the Charych group were cross-linked and
subsequently utilized to investigate the colour and chromatic properties of
polydiacetylene vesicles.8
Diacetylenes, once polymerized, give conjugated polymers which typically have an
intense blue colour.9 The topochemical polymerization of diacetylenes is governed by
the distance between the monomers and the angle between the moieties, 4.4-5.4 Å
and 45-55° respectively.10 This precise orientation can be achieved in crystal structures;
however, even the small conformational change induced by polymerization may result
in the disruption of the crystal.11 Systems which facilitate the required orientation and
in which the conformational change can be accommodated include fibres,7, 12, 13
monolayers14-17 and vesicles4, 8, 18. One of the most interesting properties of
polydiacetylenes is their inclination to change colour as the external environment
changes, examples include pH, temperature, and mechanical stress. These two unique
properties have been combined in liposomes as well as peptide amphiphile fibres to
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yield novel, coloured, disassembly resistant, architectures with the characteristic optical
properties associated with polydiacetylenes. This attribute makes these assemblies
ideally suited as sensors and consequently they have been exploited as such. One
example where liposomes have been used as to detect an analyte is work carried out by
the Charych group. They exploited the binding between sialic acid and the influenza
virus by functionalizing the surface of the liposome with sialic acid, and monitoring the
colour change upon addition of the virus to the liposome solution. It was found that the
absorption maximum of the liposomes shifted from ~630nm to ~490nm, which
coincides with a colour change from blue to red.19 Additionally, work carried out by Lee
et al. demonstrated that potassium ions could also be utilized to ascertain a colour
change in polydiacetylenes when coupled to single strand DNA.20 These are just two
out of the countless examples known in literature.21-23
In this chapter we report the effect of steric crowding, induced by atom transfer
radical polymerisation (ATRP), on the chromatic properties of two polydiacetylene
cross-linked systems, namely peptide amphiphile fibres and liposomes. An important
study on the effect ATRP on the self-assembly of peptides was carried out by the
Biesalski group. They employed nanotubes assembled out of Ghadiri type peptide
rings24 which were subsequently modified to incorporate initiator moieties and utilized
in ATRP.25, 26 They demonstrated that the degree of self-assembly was affected as a
result of the polymerisation process. In contrast to the nanotubes, our peptide
amphiphile fibres and liposomes are covalently stabilized and so disassembly is not
expected to occur upon ATRP. In conjunction to this we anticipated a change in colour
of the fibres or liposomes during the polymerisation reaction.

2.2 Results and Discussion
Previous studies with respect to the effect on chromatic properties of the position of
the diacetylene moiety in the hydrophobic tail as well as the composition of the head
group showed that amphiphiles composed of a Gly-Ala-Gly-Ala-Glu pentapeptide head
group and a pentacosadiynoic acid tail were the most susceptible to environmental
changes (Figure 1). 27-29 Therefore, these amphiphiles were utilized to determine if the
colour of the polydiacetylenes could be exploited to monitor the degree of steric
crowding triggered by a polymerisation reaction on the surface of the fibres. A variety
of examples exist in which peptides as well as proteins have been used as initiators in
ATRP, which was therefore also chosen as the method of polymerisation for this
study.30-33
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Figure 1: The molecular structures of the two peptide amphiphiles and the monomers used in this study.
Peptide amphiphile 1 (PA 1, without) and peptide amphiphile 2 (PA 2, with ATRP initiator), and the
monomers ranging from hydrophobic (A) to hydrophilic (E).

2.2.1 Investigation of Suitable Reaction Conditions for ATRP on Fibres
In order to ensure that any colour changes observed resulted merely from polymer
formation on the fibres and not from the reaction conditions, various ATRP conditions
were explored. It was found that there was no change in fibre colour as a result of the
reaction conditions if the reaction was carried out in water, which was deoxygenated
by repeated argon purging followed by degassing under vacuum. The reaction was
quenched by bubbling air through the reaction mixture. To avoid gelation the reactions
were carried out with a fibre concentration of 0.4 mM; this resulted in an initiator
concentration of 0.13 mM for the 2:1 ratio of non-initiator to initiator amphiphile fibres.
Other, more common, ATRP conditions resulted in an irrevocable colour change.

2.2.2 ATRP on Peptide Amphiphile Fibres with Hydrophobic Monomers

Figure 2: a) UV spectra between polymerised fibres of PA 1, PA 2 and the 2:1 mix of these amphiphiles. b) UVVis spectra of fibre-HPMA conjugate during the reaction, measured by reflection UV spectroscopy. c) Graph
showing the 650 nm/550 nm peak ratio of the spectra obtained in b).
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Figure 3: a) and (b) TEM micrographs of fibres consisting of PA 1. c) and d) SEM pictures of HPMA-grafted PA
fibres, at the c) start (t = 0), and the d) end (t = 1 day) of the polymerisation. The white bars represent 2 μm (a),
500 nm (b), 1 μm (c and d).

Prior to the ATRP reaction, fibre formation using the two peptide amphiphiles
depicted in figure 1 was investigated. Although the UV-Vis spectra of polymerised
fibres of PA 1, PA 2 and the 2:1 mix of PA 1:PA 2 differed somewhat, they all had an
intense blue colour when viewed with the naked eye (Figure 2a). By utilizing the ATRP
conditions described above the fibres were exploited as macro-initiators for ATRP.
Initially the reaction was carried out with 2-hydroxypropyl methacrylate (HPMA, A) and
hydroxyethyl methacrylate (HEMA, B). However, as was also observed in test reactions
with ethyl bromoisobutyrate (Ebib) as an initiator instead of the fibres, a precipitate was
formed almost instantaneously. This was accompanied by a colour change, blue to
purple, for both monomers. During the remainder of the reaction the pHEMA-fibre
conjugate acquired a pinkish purple colour whereas the pHPMA-fibre conjugate turned
bright pink. In order to observe the colour change spectrally, reflection spectroscopy
was utilized; a gradual colour change was observed throughout the reaction (Figure
2b). This change can be more clearly seen as a decrease in the ratio between the peak
at 650 nm and the peak at 550 nm over time (Figure 2c). As well as this, SEM was
employed to detect a difference in morphology between the fibres before and after
ATRP (Figure 3). Before the ATRP reaction clearly definable fibres were observed,
whereas afterwards fibrous structures could no longer be identified. Incidentally, the
change in colour was not observed if one of the components of the ATRP reaction was
omitted. The change in colour was attributed to a conformational change in the
polydiacetylene backbone of the fibres, ensuing from steric crowding induced by
polymer formation on the fibre surface. Polymer formation was further implicated by
the fact that the mass of the lyophilized fibres was higher after the reaction than at the
beginning of the reaction.
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2.2.3 ATRP on Peptide Amphiphile Fibres with Hydrophilic Monomers

Figure 4: Temperature dependence of fibres grafted with OEGMA4-5 a) UV spectrum of fibre- OEGMA4-5
conjugate during heating until a precipitate formed. b) The absorption at 800nm during the heating
procedure.

To overcome the solubility issues and hence more accurately relate fibre colour to
the ATRP reaction, more hydrophilic oligo (ethylene glycol) methylether methacrylate
(OEGMA C-E) monomers were used (Figure 1). It was found that, as with HPMA (A), and
HEMA (B), OEGMA2 (C) gave a precipitate and a colour change from blue to purple. To
remove any loose peptide amphiphiles still present in the fibre solution, from which the
ATRP reaction could also occur, dialysis was performed with a 12-14 kDa MWCO
membrane prior to ATRP. The upshot of implementing this step was that no precipitate
was observed in the reactions with OEGMA4-5 (D) and OEGMA8-9 (E). As with the other
monomers there was a colour change, blue to purple, almost immediately upon
addition of all the reagents. No further colour change was observed during the
remainder of the reaction. In contrast to the polymerisations involving HEMA (A), HPMA
(B), and OEGMA2 (C), the fibres stayed in solution, which can be attributed to the more
hydrophilic nature of OEGMA4-5 (D) and OEGMA8-9 (E). Although the absence of a
precipitate indicated that there was no “free” polymer present, we ensured this was the
case by dialysing any polymer not attached to fibres out of the solution using a 10 MDa
MWCO dialysis membrane. It was found that the polymer signal was still observed in
NMR after dialysis, which suggests that the polymer was attached to the fibre surface.
Due to the soluble nature of the products obtained from the reactions with OEGMA4-5
(D) and OEGMA8-9 (E), the fibre polymers conjugates were analysed using normal
transmission UV spectroscopy. As the fibres were known to demonstrate a temperature
dependent spectral change before ATRP, the temperature dependence of the fibrepolymer conjugate was investigated. Analogous to the fibres, the fibre-polymer
conjugates also became bright pink upon heating. However, in contrast to the plain
fibres the conjugates precipitated above 67°C for OEGMA4-5 (D), and 93°C for OEGMA8-9
(E). The precipitation event was reversible, confirming LCST behaviour in accordance
with literature values.34 The transition temperature was established by monitoring the
UV-Vis spectroscopy signal at 800 nm which is indicative of scattering (Figure 4). From
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these measurements it could be deduced that the conjugates exhibited behaviour
characteristic of the two components; the colour change associated with the
polydiacetylene fibres and the LCST associated with the poly-OEGMA.

2.2.4 Investigation of Suitable Formation and Reaction Conditions for
ATRP on Liposomes

Figure 5: The molecular structures of the three lipids and the monomer used in this study. PL 3 and PL 5
(without), and PL 4 (with ATRP initiator).

Liposomes were employed as macro-initiators in the ATRP reaction as it was
anticipated that as well as further improving the solubility issues further we would also
be able to monitor the progress of the ATRP reaction with greater precision. 1,2-Di(10,12-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine (PL 3) was functionalized
with 2-bromoisobutyryl bromide to yield the phospholipid (PL 4) with initiator
functionality (Figure 5). Initially, the functionalized phospholipid (PL 4) was mixed with
PL 3 in a ratio of 1:2 to yield a lipid cake which was subsequently rehydrated, using 2
mL of Milli Q water at 60 °C to obtain liposomes. Upon polymerisation of the
diacetylene groups under UV light the liposome solution turned orange. It was
hypothesized that due to suboptimal packing of the diacetylenes in the liposomes they
turned orange instead of assuming the characteristic blue colour often associated with
polydiacetylenes. The inferior packing of the diacetylenes in the alkyl tails may be
caused by the bulky nature of the constituent lipids. In order to allow a direct
comparison to be made with the peptide amphiphilic fibres the formation of blue
liposomes was desirable. This was subsequently achieved by means of mixing PL 4 with
10,12-pentacosadiynoic acid (PL 5) in ratios of 1:2 and 1:6 PL 4: PL 5 (Figure 5).
Additionally, the rehydration of the lipid cake was carried out with 2 mL of phosphate
buffer at pH 8 containing 1 μL of OEGMA8-9 (E). The encapsulation of monomer in the
liposomes was necessary to avoid the occurrence of a colour change due to the
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osmotic pressure created by the addition of the monomer, which had been observed if
the monomer was added to a solution of polymerised liposomes. If this extra
precaution was taken no colour change was observed when the reaction conditions
were employed as described for the fibre system.

2.2.5 ATRP on Liposomes with Hydrophilic Monomers

Figure 6: a) UV-Vis spectrum of orange liposomes before and after ATRP. b) UV-Vis spectrum of blue
liposomes before and after ATRP.

As the best results for ATRP on the peptide amphiphile fibres were obtained with
OEGMA8-9 (E), this monomer was used in all the ATRP reactions concerning liposomes.
To allow the direct comparison of the fibre and liposome systems the reaction
conditions for ATRP with liposomes were identical to those employed for the fibres. It
was found that if the orange liposomes, made up of PL 3 and PL 4 in a 2:1 ratio, were
used as macro-initiators for ATRP a colour change from orange to colourless was
observed. This corresponded to the disappearance of the UV-Vis signal observed at 500
nm prior to the reaction (Figure 6a). In conjunction to this, polymer formation was
monitored using NMR in the same way that the polymer signals were monitored during
ATRP using the fibre system. Although this system provided evidence that the
formation of polymer on the surface of the liposomes could induce sufficient steric
crowding to instigate a colour change, it did not lend itself to the monitoring of the
colour change as the ATRP reaction proceeded. Employing the blue liposomes with a
ratio of 1:2 PL 4: PL 5 in the ATRP reaction resulted in a colour change from blue to pink,
corresponding to an increase in the peak at 508 nm and an increase in absorbance and
a hypsochromic shift to 545 nm for the peak at 551 nm, and a corresponding shift from
644 nm to 634 nm accompanied with a decrease in absorbance (Figure 6b). Even
though this colour change was comparable to the colour changes observed in the fibre
system and was accompanied with the characteristic polymer peaks on NMR, the
reaction was so swift the colour change could not be monitored effectively. However,
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this problem was resolved by lowering the concentration of both the OEGMA8-9
monomer as well as the concentration of the initiator, by using blue liposomes with a
ratio of 1:6 PL 4: PL 5.

Figure 7: a) UV-Vis spectra of ATRP on blue liposomes during the reaction, the arrows indicate whether the
peak is increasing or decreasing. b) Graph showing the increase in absorption for the peak at 504 nm during
the first 15 minutes of the ATRP reaction.

By employing these two new conditions in the ATRP reaction devised previously, we
were able to monitor the progress of the ATRP reaction efficiently using UV-Vis
spectroscopy (Figure 7A). It was found that within minutes the peak at 504 nm
increased (Figure 7B) whereas the peak at 551 nm shifted to 544 nm and increased, and
the peak at 642 nm shifted to 634 nm and decreased. This was virtually identical to the
shifts observed when the blue liposomes with a ratio of 2:1 PL 5: PL 4 were used as
macro-initiators; the presence of polymer was also confirmed using NMR.
Unfortunately, we were not able to correlate the colour change with the progress of the
ATRP reaction, and hence the polymer length in a quantitative manner yet; we
employed techniques such as DLS and nano-particle tracking analysis in an attempt to
observe an increase in size after ATRP but obtained no usable results due to the
aggregation of the liposomes even at elevated temperatures. In addition to this, we
found that there was no significant increase in mass after ATRP due to the low
percentage of conversion of monomer into polymer.

2. 3 Conclusion
In conclusion, polydiacetylene-containing peptide amphiphile fibres with initiator
functionality were successfully employed as macro initiators for ATRP. It was
established that the chromatic properties of the fibres were reliant on the
polymerisation reaction. A variety of different monomers were exploited in the ATRP
reaction, with more hydrophobic monomers inducing a larger spectral shift than
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hydrophilic monomers once grafted onto the fibre. The resulting fibre-conjugates
combined the properties of both the fibre and the attached polymer. In conjunction to
this we provided evidence that the reaction was transferable to liposome systems and
that by utilizing these liposomes as macro initiators we were able to monitor the colour
change of the polydiacetylenes induced by steric crowding. In addition to this we were
able to use UV-Vis spectroscopy to monitor the colour change as the polymerisation
reaction progressed. Further research is required in order to determine if the length of
the polymer on the surface of the liposomes can be correlated to their colour.
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2.5 Materials and methods
2.5.1 Materials. All starting materials were obtained from commercial suppliers and
used as received. 1,2-di-(10,12-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine was
obtained from Avanti Polar Lipids, Inc. and used as received. Thin layer chromatography
was performed on Kieselgel F-254 pre-coated silica plates or RP-8 F-254s. Visualization
was accomplished with 4,4′-tetramethyldiamino-diphenylmethane (TDM) and chlorine
gas35 or by an aqueous 0.1M potassium permanganate solution. Column
chromatography was carried out on Merck silica gel 60 (230-400 mesh ASTM). 1H-NMR
spectra were recorded on a Varian Mercury, 400MHz. As a solvent shift reference DMSOd5 (δ = 2.50 ppm), CDCl3 (δ = 7.26 ppm) and D2O (δ = 4.79 ppm) were used. Mass
spectra were recorded on a JEOL AccuTof-CS spectrometer as well as on a Thermo
Finnigan LCQ Advantage MAX using MeOH as a solvent. GPC spectra were recorded on
a Shimadzu LC-10AD chromatograph, with an RID10A refractometer, and an SPD-10AV
UV-Vis detector at 30°C with THF as a solvent at a flow rate of 1 mL/min, with
polystyrene calibration. UV-Vis measurements of the fibres were recorded on a Varian
Cary-50 at a concentration of 1.0 mg/mL using a 1 mm quartz cell. Reflection samples
taken during the reaction were measured in a 1 mm quartz cell and the spectra were
recorded on a Perkin-Elmer Lambda 35 UV/Vis spectrometer. UV-Vis spectra of the
liposomes were recorded on a Varian Cary-50 spectrometer using a 1 cm quartz
cuvette. Dynamic light scattering (DLS) measurements were performed on a Malvern
Instrument Zetasizer Nano-S (ZEN 1600), equipped with a He-Ne laser (633 nm, 4 mW)
and an Avalanche photodiode detector at an angle of 173°. The DLS data were
processed and analysed with Dispersion Technology Software (Malvern Instruments).
Transmission electron microscopy (TEM) samples were prepared by floating a carboncoated copper grid on a peptide amphiphile solution of 0.2 mg/mL for 5 min, followed
by removal of residual water by blotting with a paper filter. The TEM samples were
visualized using a JEOL 1010 transmission electron microscope set on an accelerating
voltage of 60 kV. Scanning electron microscopy (SEM) samples were prepared by
freeze-drying a fibre solution which was attached to a SEM sample holder using
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double-sided carbon tape The SEM samples were coated with 1.5 nm of platinum using
a Cressington 208HR sputter coater, and visualized using a JEOL 6330 Cryo FESEM.
2.5.2 Synthesis of the Peptide Amphiphiles. PA 1 was synthesized from 1 g of Wang
resin (0.6 mmol/g) which had already been functionalized with Fmoc-Glu(OtBu). The
Wang resin was swollen in DMF and the subsequent couplings were carried out with
3.0 equivalents of the required amino acid, 3.3 equivalents of DIPCDI and 3.6
equivalents of HOBt in DMF, and all deprotections where achieved with 20% piperidine
in DMF. After each coupling and deprotection a Kaiser test36 was used to ensure the
reaction had gone to completion. Finally 10,12-pentacosadiynoic acid was coupled to
the peptide using 3 equivalents of the acid, 3.3 equivalents of DIPCDI and 3.6
equivalents of HOBt. The peptide was cleaved from the resin by treatment of the resin
with a mixture of trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/H2O (95:2.5:2.5) for 2
hours, followed by precipitation in ether or by removal of the solvents under reduced
pressure. Column chromatography (eluent: CHCl3/MeOH/H2O 65:25:4) and subsequent
lyophilization afforded 48 mg (0.063 mmol, 10%) of white solid. TLC: Rf 0.12 (eluent:
CHCl3/MeOH/H2O 65:25:4). Mass spectrometry: expected [C40H65N5O9 + H]+ 760.4861,
found 760.4866. 1H-NMR [DMSO-d6]: δ 0.85 (t,3H), 1.24 (m,32H), 1.44 (m, 6H), 1.66 (m,
1H), 1.84 (m, 1H), 2.10 (t, 2H), 2.16 (t, 2H), 2.27 (t, 4H), 3.68 (m, 4H), 4.00 (m, 1H), 4.24 (m ,
2H), 7.75 (d, 1H), 8.01 (d, 1H), 8.33 (m, 3H).
The synthesis of PA 2 started similarly with 1 g Wang resin (0.6 mmol/g), swollen in
DMF. Fmoc-Ser(Trt)-OH (1.0 g, 1.8 mmol, 3 eq) was dissolved in a solution of HOBt (3.6
eq, 6.5 mL 1M in DMF) and DIPCDI (3.3 eq, 5.9 mL 1M in DMF), and the mixture was
added to the swollen resin. Overnight reaction gave a Fmoc-Ser(Trt) functionalized
resin with a loading of 0.51 mmol/g (86%). Approximately 1 mg dry resin was accurately
weighed in triplicate to which 3.00 mL piperidine (20 % in DMF) was added and left to
react for 10 min. The absorbance at 290 nm was measured and used to determine the
loading, using a 20 % piperidine solution as a blank. The subsequent attachment and
deprotection of Fmoc-protected amino acids and pentacosadiynoic acid was
performed analogous to the synthesis of PA 1. After coupling of the alkyl tail, the serine
was deprotected with 20 mL 3% TFA and 5% TIS in DCM (5 min), followed by rinsing
with DCM, and addition of another 20 mL 3% TFA and 5% TIS in DCM, (20 min). After
washing the resin (DCM, DMF and DCM), DMAP (6 eq, 660 mg, 5.4 mmol), DIPCDI (6 eq,
836 μL, 5.4 mmol) and DIPEA (6 eq, 918 μL, 5.4 mmol) were added to the resin which
was suspended in DCM, after which 2-bromo isobutyric acid (900 mg, 6 eq, dissolved in
DCM) was added and the mixture was shaken overnight. The resin was washed (DCM,
DMF and MeOH) and left to dry. The product was cleaved from the resin with 10 mL
TFA:TIS:H2O (95:2.5:2.5, 2h). The product was precipitated in diethyl ether and separated
from the solvent through centrifugation. After drying, PA 2 was lyophilized from acetic
acid to yield 225 mg of a white solid. Column chromatography (eluent:
CHCl3:MeOH:H2O 65:25:4) afforded 158 mg (0.16 mmol, 31%) of a white solid. TLC: Rf
0.20 (eluent: MeOH/ CHCl3/ H2O (25:65:4). Mass spectrometry: expected [C47H75BrN6O12 +
H] 995.4705, found 995.4744. 1H-NMR [DMSO-d6]: δ 0.85 (t, 3H), 1.1-1.3 (m, 32H), 1.4-1.5
(m, 6H), 1.8-1.85 (m, 8H), 2.10 (t, 2H), 2.18 (m, 2H), 2.27 (t, 4H), 3.65-3.75 (m, 4H), 4.054.15 (m, 3H), 4.20-4.32 (m, 2H), 4.53 (d, 1H), 7.54 (s, 1H), 7.88 (d, 1H), 8.04 (d, 1H), 8.26 (s,
1H), 8.52 (s, 2H).
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2.5.3 Fibre preparation. The peptide amphiphiles were dissolved in Milli-Q at
concentrations of either 0.2 or 1.0 mg/mL. The samples were heated to 50 °C for 30 min,
followed by 15 min sonication at that temperature. Subsequently, the samples were
heated to 90 °C and allowed to cool to room temperature in the water bath overnight.
2.5.4 Polydiacetylene polymerisation. Polymerisations were carried out on 1 mg/mL
samples in a 15 mL glass vial (containing approximately 10 mL fibre solution), which
was open and illuminated from above using either a UVASPOT 400T lamp with a
sample-light source distance of 22 cm for 1 min, or a Bluepoint 2 UV lamp with a lampsample distance of 10 cm for 999 s. These two conditions gave the same UV spectrum.
2.5.5 Circular dichroism. Measurements were carried out at a fibre concentration of
0.2 mg/mL using a 1 mm quartz cell. The spectra were recorded on a JASCO J-810
spectropolarimeter. To obtain temperature curves, a heating or cooling rate of 3 °C/min
was used. Measuring the peak intensity in time was hampered by the presence of the
diyne functionalities which readily polymerised when illuminated with the short
wavelengths used for the CD measurements. Therefore, spectra were recorded only
every 10 °C (265-185 nm, 100 nm/min), and the shutter was closed (5 μm) between
these measurements.
ATRP. All ATRP reactions were performed under Argon using standard Schlenk
conditions. Solvents were deoxygenated with roughly 10 cycles alternating between
vacuum and argon.
2.5.6 Removal of stabilizers. Stabilizers in 2-hydroxypropyl methacrylate (HPMA) and
2-hydroxyethyl methacrylate (HEMA) (monomers A and B) were removed by distillation
of the monomers, which were subsequently stored under argon at -20 °C prior to use.
Stabilizers in the oligo (ethylene glycol) methylether methacrylate (OEGMA) monomers
(C, D and E) were removed by column chromatography on neutral Al2O3 after which the
monomers were used immediately.
2.5.7 Preparation of the catalyst solution. For HPMA (A), HEMA (B) and OEGMA2 (C):
Under argon atmosphere, CuBr (1.44 mg, 0.01 mmol, 1eq) was mixed with 2,2’bipyridine (bpy, 3.28 mg, 0.021 mmol, 2.1 eq) in 5 mL deoxygenated Milli Q water. The
solution was left stirring for 30 min to ensure formation of the catalyst complex
(Cu(bpy)2).
For OEGMA4-5 (D) and OEGMA8-9 (E): CuCl (1 eq, 10 mg, 0.1 mmol) was mixed with 2,2’bipyridine (bpy, 32 mg, 0.21 mmol, 2.1 eq) in 4 mL deoxygenated deuterium oxide.
The solution was left stirring for 30 min to ensure formation of the catalyst complex
(Cu(bpy)2).
ATRP with monomers A, B and C.
2.5.8 ATRP Reaction. Prior to the ATRP reaction ethyl 2-bromoisobutyrate (0.067
mmol, 9.8 μL) was dissolved in 10 mL Milli Q and deoxygenated, or PA 1 (5.1 mg, 6.6
μmol) and PA 2 (3.3 mg, 3.3 μmol) were dissolved in 10 mL MilliQ. Fibre formation and
polymerisation was carried out according to the standard procedures. Subsequently,
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monomer (2000 eq, 1.32 mmol, (190 mg for A, 172 mg for B, 190 mg for C)
corresponding to 264 mM in the reaction mixture) and initiator stock solution (0.67
μmol, (2 mL of the fibres or 100 μL Ebib stock solution), corresponding to 0.13 mM in
the reaction mixture) were dissolved in Milli Q to a volume of 4.6 mL, which was
deoxygenated. Catalyst solution (0.8 μmol, 0.4 mL, to yield 0.16 mM) was added and the
reaction mixture was stirred overnight, yielding an insoluble polymer.
ATRP with monomers D and E.
2.5.9 ATRP on Fibres. Prior to the ATRP reaction ethyl 2-bromoisobutyrate (0.077
mmol, 11.3 μL) was dissolved in 2 mL D2O and deoxygenated, or PA 1 (5.1 mg, 6.6 μmol)
and PA 2 (3.3 mg, 3.3 μmol) were mixed and dissolved in 10 mL MilliQ. Fibre formation
and diacetylene polymerisation were carried out according to the standard procedures.
Subsequently, monomer (2000 eq, 1.32 mmol, (396 mg for D and 627 mg for E)
corresponding to 264 mM in the reaction mixture), initiator stock solution (0.67 μmol, (2
mL of the fibres or 17 μL Ebib) corresponding to 0.13 mM in the reaction mixture) and
DMF (150 μL, 2 mmol) were dissolved in Milli Q water to a volume of 5.0 mL which was
deoxygenated. Catalyst solution (0.7 μmol, 29 μL, to yield 0.14 mM) was added. During
the reaction, 0.5 mL samples were taken and analyzed with NMR, by comparing the
vinyl monomer signals (at 6.0 and 5.6 ppm) with those of DMF (at 7.8 ppm). In case of
the Ebib initiated system with GPC the PDI of the product was determined to be 2. In
case of ATRP from the peptide fibres the resulting polymer absorbance was measured
with UV-Vis absorbance spectroscopy. After analysis by NMR, the reaction mixture was
dialyzed with a 106 kDa membrane (6x12 h against 500 mL water, followed by 3x12 h
against 30 mL D2O) to remove any polymer not attached to the fibre before. After
dialysis the samples were re-analyzed using NMR. With Ebib as initiator before dialysis:
1
H-NMR (D2O): δ 0.79 (s, polyOEGMA) 0.92 (s, polyOEGMA) 1.79 (s, 1H) 2.70 (s, DMF) 2.86
(s, DMF) 3.23 (s, 3H) 3.47 (m, 4H) 3.54 (s, 30H) 3.68 (d, 2H) 4.03 (s, polyOEGMA) 4.19 (d,
4H) 5.59 (s, 3H) 6.01 (s,3H) 7.78 (s, DMF). With Ebib as initiator after dialysis: 1H-NMR
(D2O): δ 3.26 (s, 3H) 3.51 (s, 4H) 3.58 (s, 30H). With fibres as initiator before dialysis: 1HNMR (D2O): δ 0.77 (s, polyOEGMA) 0.91 (s, polyOEGMA) 1.78 (s, 1H) 2.68 (s, DMF) 2.85 (s,
DMF) 3.22 (s, 3H) 3.53 (m, 4H) 3.55 (s, 30H) 3.67 (d, 2H) 4.06 (s, polyOEGMA) 4.18 (d, 4H)
5.58 (s, 3H) 6.01 (s,3H) 7.77 (s, DMF). With fibres as initiator after dialysis: 1H-NMR (D2O):
δ 0.80 (s, polyOEGMA) 0.94 (s, polyOEGMA) 3.26 (s, 3H) 3.51 (s, 4H) 3.58 (s, 30H) 4.06 (s,
polyOEGMA).
2.5.10 Lipid Functionalisation. 100 mg of 1,2-di-(10,12-tricosadiynoyl)-sn-glycero-3phosphoethanolamine (PL 3) was dissolved in anhydrous DCM and DiPEA (43.1 μL, 2.2
eq) and 2-bromoisobutyryl bromide (14.9 μL, 1.1 eq) were added while stirring on ice.
After 1h the ice bath was removed and 2-bromoisobutyryl bromide (6.8 μL, 0.5 eq) was
added. After stirring for an additional hour the reaction was quenched with 1 M HCl and
extracted with 1 M HCl, H2O and 5% NaHCO3. The crude product was purified using
column chromatography (eluent: CHCl3:MeOH:H2O 65:25:4). 1H-NMR (CDCl3): δ 0.88 (t,
6H) 1.26 (s, 32H) 1.37 (m, 8H) 1.50-1.51 (m, 12H) 2.19-2.30 (m, 12H) 3.52 (s, 2H) 3.94 (s,
4H) 4.16 (q, 1H) 4.39 (d, 1H) 5.24 (d, 1H) 7.25 (s, 4H) 7.68 (s, 1H). MS expected
[C55H90BrNO9P- + Na+ + H]+ 1042.18 and 1044.55 (due to Br isotopes), found 1044.9 and
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1067.0 [C55H90BrNO9P- + 2xNa+]. TLC Rf 0.6 (eluent: DCM:MeOH 8:2). The purified product
(PL 4) was obtained as a yellow solid in 61%.
2.5.11 Liposome Formation with PL 3 and PL 4. 1,2-di-(10,12-tricosadiynoyl)-snglycero-3-phosphoethanolamine (PL 3) (5.8 mg, 6.6 mmol) and functionalised lipid (PL
4) (3.4 mg, 3.3 mmol) were dissolved in chloroform (1 mL) and the solution was filtered
through filter paper. The solvent was removed under an argon stream and the resulting
lipid cake was dried under vacuum overnight. Milli Q water was heated to 60 °C before
being used to rehydrate the lipid cake. The resulting solution was stirred at 60 °C for 1.5
hours and placed at 4°C overnight. The liposome solution was extruded at 80 °C first
through a 400 nm membrane and then through a 200 nm membrane. The liposomes
were placed at 4 °C overnight and subsequently irradiated with UV light (UVA SPOT
400T) at a distance of 22 cm for 2 minutes. An orange colour was observed. DLS of
sample: average size 150 nm. PDI of sample: 0.174. UV: broad peak observed at 500 nm.
2.5.12 Liposome Formation with PL 4 and PL 5. PL 5 (8.3 mg, 0.023 mmol) and PL 4
(1.7 mg, 0.0016 mmol) were dissolved in chloroform (1 mL) and the solution was filtered
through filter paper. The solvent was removed under an argon stream and the resulting
lipid cake was dried under vacuum overnight. Potassium phosphate buffer (2 mL, 100
nm, pH 8) and OEGMA8-9 (E) (200 μL for 1:2 PL 4: PL 5 liposomes and 1 μL for 1:6 PL 4: PL
5 liposomes) were mixed and heated to 70 °C before being used to rehydrate the lipid
cake. The resulting solution was stirred at 70 °C for 1.5 hours and placed at 4 °C
overnight. The liposome solution was extruded at 70 °C first through a 400 nm
membrane and then through a 200 nm membrane. The liposomes were placed at 4 °C
overnight and subsequently irradiated with UV light (UVA SPOT 400T) at a distance of
22 cm for 2 minutes. A blue colour was observed. DLS of sample: average size 122 nm.
PDI of sample: 0.149. UV: peaks observed at 508 nm, 551 nm, 644 nm.
2.5.13 ATRP on PL 3/PL 4 Liposomes. Liposome solution (500 μL), DMF (360 μL) and
OEGMA8-9 (E) (0.1 mL, 33 mmol), which had been purified over aluminium oxide as
described above, were dissolved in D2O (650μL). The resulting solution was
deoxygenated using the standard procedure for ATRP reactions described above. A
stock solution of Cu(bpy)2 was made by dissolving CuCl (5 mg, 0.05 mmol) and 2,2bipyridine (16 mg, 0.1 mmol) in deoxygenated (as above) D2O. An aliquot (10 μL) of the
Cu(bpy)2 stock solution was added to the reaction mixture containing the liposomes,
DMF and OEGMA8-9 (E). The reaction was stirred at room temperature overnight. The
sample was dialyzed with a 106Da membrane against H2O (3x 3h) UV: peak at 500nm
disappeared. 1H-NMR (D2O): δ 0.81 (s, polyOEGMA) 0.95 (s, polyOEGMA) 1.81 (s, 1H) 2.73
(s, DMF) 2.88 (s, DMF) 3.22 (s, 3H) 3.50 (m, 2H) 3.57 (s, 9H) 3.70 (d, 2H) 4.07 (s,
polyOEGMA) 4.20 (d, 2H) 5.61 (s, 3H) 6.03 (s,3H) 7.80 (s, DMF)
2.5.14 ATRP on PL 4/PL 5 Liposomes. Liposome solution (600μL), DMF (360 μL) and
OEGMA8-9 (E) (0.1 mL, 33 mmoles), which had been purified over aluminium oxide, were
dissolved in D2O (650 μL). The resulting solution was deoxygenated using the standard
procedure for ATRP reactions described above. A stock solution of Cu(bpy)2 was made
by dissolving CuCl (5 mg, 0.05 mmoles) and 2,2-bipyridine (16 mg, 0.1 mmoles) in
deoxygenated (as above) D2O. An aliquot (10 μL) of the Cu(bpy)2 stock solution was
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added to the reaction mixture containing the liposomes, DMF and OEGMA8-9 (E). The
reaction was stirred at room temperature overnight. UV: peaks at 508 nm, 545 nm, 634
nm. 1H-NMR (D2O): δ 0.81 (s, polyOEGMA) 0.95 (s, polyOEGMA) 1.80 (s, 1H) 2.72 (s, DMF)
2.88 (s, DMF) 3.24 (s, 3H) 3.49 (m, 2H) 3.56 (s, 9H) 3.70 (d, 2H) 4.06 (s, polyOEGMA) 4.21
(d, 2H) 5.61 (s, 3H) 6.03 (s,3H) 7.80 (s, DMF)
2.5.15 Monitoring the ATRP Reaction. The reaction was carried out as described
above for PL 4/PL 5 liposomes, however prior to the addition of Cu(bpy)2 the reaction
mixture was transferred to a 3 mL glass cuvette (1.0 cm path length) which had been
flushed with argon. The cuvette was sealed with a septum and kept under argon by
means of a balloon. The UV-vis spectrometer was set to measure a spectrum every 1
min. The measurement was started simultaneously with the addition of the catalyst. UV:
peaks at 504 nm 544 nm, 634 nm. 1H-NMR (D2O): δ 0.81 (s, polyOEGMA) 0.97 (s,
polyOEGMA) 1.80 (s, 1H) 2.72 (s, DMF) 2.88 (s, DMF) 3.24 (s, 3H) 3.48 (m, 2H) 3.57 (s, 9H)
3.71 (d, 2H) 4.05 (s, polyOEGMA) 4.19 (d, 2H) 5.61 (s, 3H) 6.03 (s,3H) 7.80 (s, DMF)
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Influence of the C-Terminal Amino Acid on the Structure
and Properties of Diacetylene-Containing Peptide
Amphiphile Fibres
3.1 Introduction
Peptide amphiphiles are molecules that contain a hydrophobic and hydrophilic
component and can be made up either entirely of amino acids,1-3 or of a peptide
coupled to a hydrophobic tail.4-6 The self-assembly of the latter class of peptide
amphiphiles is mainly governed by the hydrophobicity of the alkyl tail and the
intermolecular hydrogen bonds that form between the peptide segments. Peptide
amphiphiles can assemble into different macromolecular structures, however one of
particular interest are nanofibres. The morphology of peptide amphiphile-based fibres,
such as the width,9 helical pitch,10 and the final structure,11 are influenced by subtle
variations in the amphiphile structure, for example, the length of the alkyl tail6, 12 and
the head group.7
Studies into the mechanism of formation of peptide amphiphile based nanofibres
were carried out by Paramonov et al.7 The amphiphiles used in this study had a peptide
component with the sequence, GGGGGGAERGDS, coupled N-terminally to palmitic
acid. A library of peptide amphiphiles was synthesised in which the alanine was
sequentially moved one amino acid to the left until it was the N-terminal amino acid.
They found that if the alanine was in one of the four positions closest to the N-terminus,
the resulting nanofibres assumed a β-sheet conformation with hydrogen bonds
perpendicular to the long axis of the nanofibre. In addition to this, they determined
that disrupting the hydrogen bonding near the core of the fibres, by methylation of the
nitrogens in the peptide bonds closest to the N-terminus of the peptide, led to the
formation of spherical micelles instead of nanofibres. In comparison to this, the amino
acids located on the periphery of the fibre played a less important role in stabilising the
fibre. However, as was demonstrated by Aggeli et al. the charge of the peptide can also
have an effect on the morphology of the resulting fibres.8
The combination of glycine and alanine residues, as used to great effect in the work
described above, is a well-known β-sheet forming sequence that is inspired by
silkworm silk. Various tools have been employed to obtain peptides that are based on
the amino acid sequences found in silkworm silk. For example, Zhang et al. have used
the enzyme elastase to cleave the peptide bond between glycine and alanine residues
at the edges the silk fibroin fibril and so obtain a dodecapeptide with the sequence
GAGSGAGAGSG.15 Solid phase peptide synthesis is another tool which enables the
synthesis short peptides that mimic the amino acid sequence found in silkworm silk.
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This approach was utilised by Guo et al. who coupled dodecanoic acid to a pepide with
the sequence GAGAGAGY.16 They found that these amphiphiles formed nanofibres and
subsequently hydrogels in response to a decrease in the pH.
The alkyl tail of the peptide amphiphile can also be used to introduce additional
functionality, as was also shown by Guo et al. who coupled an alkyl chain containing
diacetylene functionality to the silk inspired octapeptide, GAGAGAGY.17 They found
that these molecules formed fibres and that the diacetylene moieties in the alkyl tail
could be polymerised to yield highly coloured, thermoresponsive fibres. The chromic
behaviour of polymerised diacetylenes was originally reported by Wegner.18 The
packing of the molecules in these assemblies has a marked effect on the
polymerisability of the diacetylene bonds. The ease with which the diacetylene bonds
can be polymerised is subject to the nature of the hydrophobic tail and the hydrophilic
head group. A variety of different hydrophobic tails and hydrophilic head groups have
been incorporated into amphiphilic molecules.19-30
Recently, Nieuwland et al. reported on the effect of the amino acid sequence on the
structure and morphology of polydiacetylene containing peptide fibres. They
synthesised a series of peptide amphiphiles based on the pentameric peptide GAGAG,
with a diacetylene containing alkyl tail.31 They varied the C and N-terminal amino acid,
either with a glutamic acid or a lysine, and the C-terminus of the peptide was either a
free acid or an amide. All the peptide amphiphiles assembled into fibres; however the
morphology of the fibres varied greatly. When the glutamic acid or lysine residues were
charged smaller more twisted fibres were observed, whereas when these residues were
uncharged broad fibres were formed. Furthermore, if the bulky amino acid was
positioned close to the alkyl tail then polydiacetylene packing was disturbed.
In this chapter, we elaborate on the work carried out by Nieuwland et al. and for this
purpose a small set of peptides based on the silkworm-silk sequence, GAGAX, with an
N-terminal diacetylene containing alkyl tail were synthesised. The C-terminal amino
acid of the peptide was varied with a range of different amino acids and FTIR, in
addition to more conventional techniques such as TEM, CD and UV-Vis spectroscopy,
were employed to investigate fibre formation and morphology. In this way we hoped
to gain an understanding of the effect of the C-terminal amino acid on the structure
and properties of the corresponding polydiacetylene containing fibres in both water
and PBS buffer.
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3.2 Results and Discussion
3.2.1 Fibre Formation in Water and PBS Buffer
The peptide amphiphiles were synthesised using solid phase peptide synthesis, and
the structure of the amphiphiles is depicted in Figure 1a. Fibres were prepared by
suspending the desired peptide amphiphile in either Milli Q water or PBS buffer (pH 7.2)
at a concentration of 1 mg/mL. The resulting solutions were sonicated and heated to 90
°C and allowed to cool to room temperature slowly before being polymerised using UVlight (Figure 1b and 1c). The C-terminal amino acid of the peptide was varied between
charged, polar and hydrophobic amino acids (Table 1). The diacetylene moieties in the
assemblies made up of 10,12C25-GAGAN were unable to polymerise in water. The solution
remained turbid with undissolved material after the fibre formation procedure was
carried out. Although some blue aggregates were observed, this could be
unsuspended solid material that polymerised due to the UV irradiation. The diacetylene
moieties in the 10,12C25-GAGAE assemblies were not able to polymerise in PBS buffer.
Initially this was also the case for the 10,12C25-GAGAD assemblies; however upon
prolonged storage at 4 °C some light purple aggregates were formed.

Figure 1: a) schematic representation and structure of the peptide amphiphiles employed in this study. The
peptide is represented by the oval and the alkyl tail by the line. The peptide and alkyl tail are connected via a
peptide bond. b) polymerisation of diacetylene moieties to give a highly coloured, conjugated
polydiacetylene. c) schematic representation of the self-assembly of peptide amphiphiles into fibres and the
subsequent polymerisation of the diacetylenes in the alkyl tail of the amphiphiles to give the polydiacetylene
backbone.
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Table 1: λ max of the polydiacetylenes in the backbone of the peptide amphiphile fibres and the colour and
morphology of the resulting fibres on visual inspection. The fibres are referred to by their C-terminal amino
acid, for example E-fibres have the amino acid sequence Gly-Ala-Gly-Ala-Glu.

Amino Acid
Sequence
E-fibres
(charged)
D-fibres
(charged)
K-fibres
(charged)
Q-fibres
(polar)
N-fibres
(polar)
S-fibres
(polar)
V-fibres
(hydrophobic)
A-fibres
(hydrophobic)
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λ
max
(nm)
635
646
628
644

Water
Colour and
Morphology on visual
inspection
Dark blue,
homogeneous with
some large aggregates
Dark blue,
homogeneous
Dark blue,
homogeneous
Dark blue,
homogeneous

λ
max
(nm)

PBS
Colour and
Morphology on visual
inspection

-

-

628
646

-

-

648

645

Dark blue, homogenous

648

648
645

Dark blue, large
aggregates
Dark blue,
homogenous

645
648

Light purple,
few aggregates
Dark blue, small
aggregates
Dark blue,
homogeneous
Dark blue,
homogeneous with
some large aggregates
Dark blue,
homogeneous
Dark blue,
homogeneous
Dark blue,
homogeneous
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3.2.2 Transmission Electron Microscopy of fibres in water and PBS buffer
In order to investigate the morphology of the different fibres transmission electron
micrographs were made of fibres formed in water and fibres formed in PBS buffer. The
samples were prepared using 0.2 mg/mL solutions of the fibres. The samples were
stained using uranyl acetate to improve the contrast of fibres under the transmission
electron microscope (TEM).

Figure 2: transmission electron micrographs of GAGAE fibres, GAGAK fibres and GAGAA fibres in water and
PBS buffer.

The 10,12C25-GAGAE, 10,12C25-GAGAK and 10,12C25-GAGAA amphiphiles readily formed
fibres in water in which the diacetylene moieties in the alkyl tail could be polymerised.
The GAGAE fibres formed a dense network, which consisted of single as well as
intertwined fibres. Extended, intertwined fibres were observed in the GAGAK sample;
however they formed a more discrete aggregate instead of a network. In contrast to
this the GAGAA fibres formed extended ribbon-like structures, in addition to shorter
ribbon-like fibres which had a tendency to cluster (Figure 2). Although the diacetylenes
in the alkyl tails of the 10,12C25-GAGAE amphiphiles could not be polymerised when the
fibre formation was conducted in PBS buffer, extended assemblies were still observed
when this sample was studied with TEM. The density of fibres was however severely
reduced when compared to the GAGAE sample in water. The fact that assemblies are
still observed in the GAGAE sample in PBS buffer suggests that some degree of
assembly is possible, however, the presence of salts in the PBS buffer may disrupt the
packing of these amphiphiles and as a result the precise orientation required for
diacetylene polymerisation is not achieved. Analogous to the GAGAK fibres in water,
aggregates were also observed when GAGAK fibres were formed in PBS buffer.
However, in PBS buffer the aggregates consisted of shorter rod-like fibres as opposed
to the extended fibres observed in the GAGAK aggregate in water. In addition to
aggregates, long, individual fibres were also observed in the GAGAK sample. In PBS
49

Chapter 3
buffer the GAGAA fibres were found to be more rod-like instead of the ribbon-like
morphology observed in water (Figure 2). However, both in water and PBS buffer the
10,12
C25-GAGAA amphiphiles formed extended fibres.

Figure 3: transmission electron micrographs of GAGAQ fibres, GAGAS fibres and GAGAV fibres in water and
PBS buffer.

Analogous to the GAGAE fibres, 10,12C25-GAGAQ amphiphiles also formed a dense
network of fibres in water. Likewise, the GAGAS and GAGAV fibres formed in water had
a similar ribbon-like morphology as GAGAA fibres formed in water. Notably, the GAGAV
fibres in water had a clearly defined, regular twist in their structure (Figure 3). In PBS
buffer, GAGAS fibres had a similar rod-like morphology as GAGAA fibres in PBS buffer;
furthermore, the ribbon-like morphology observed for GAGAV fibres in water was
conserved when the fibres were formed in PBS buffer (Figure 3). The GAGAQ assemblies
in PBS buffer were markedly different than their counterparts in water. A fibrillar
structure cannot be clearly defined in this sample, instead indistinct beads were
observed along the length of the assemblies. This may be an artefact of salts in the PBS
buffer which are present on the surface of the fibre and consequently stained when the
TEM sample was treated with uranyl acetate.
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Figure 4: transmission electron micrographs of GAGAD fibres and GAGAN fibres in water and PBS buffer.

The GAGAD fibres had a rod-like morphology in water which was also observed for
the GAGAE fibres in water, although the GAGAD fibres did not form a dense network.
No fibre formation was observed for the 10,12C25-GAGAN amphiphiles in water (Figure 4).
This was expected as the solution remained turbid after the fibre formation procedure
and did not assume the characteristic blue colour upon irradiation with UV-light
suggesting that the diacetylene moieties were not correctly aligned. Some assemblies
were observed in the GAGAD sample in PBS buffer, which is in line with the result
observed for the GAGAE fibres in water. The edges of the GAGAD assemblies were
indistinct which could again be caused by the accumulation of the salts on the surface
of the assemblies. The same ribbon-like structures with a regular twist seen in the
GAGAV fibres in water were observed for the GAGAN fibres in PBS buffer (Figure 4).
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3.2.3 Circular and Linear Dichroism

Figure 5: a) CD and LD spectra of the different fibres in water. b) CD and LD spectra of the different fibres in
PBS buffer.

In an attempt to elucidate the structure of the different assemblies, and so
determine if the C-terminal amino acid had an effect on the structure, CD and LD
spectroscopy were used. Both CD and LD spectra were measured at room temperature.
In water only fibres made up of the peptide amphiphile with the sequence 10,12C25GAGAD showed a minimum at 196 nm which corresponds to a random coil structure
(Figure 5a). Fibres made up of the 10,12C25-GAGAV amphiphiles gave a weak signal with a
minimum at 200 nm. The signal observed was very small even at a concentration of 1
mg/mL, which is most likely the result of the aggregated nature of the fibres. Both
fibres made up of 10,12C25-GAGAE and 10,12C25-GAGAN did not give a CD signal and fibres
made up of 10,12C25-GAGAQ only showed a small positive signal. The fact that the 10,12C25GAGAN assemblies did not give a CD signal confirms that these amphiphiles were not
able to form fibres in water (Figure 5a). Fibres containing the amphiphiles 10,12C25GAGAK, 10,12C25-GAGAA and 10,12C25-GAGAS all showed a strong positive signal with a
maximum at 206 nm for the former and 200 nm for the latter two amphiphiles (Figure
5a). These strong signals can be attributed to macroscopic alignment in the sample
caused by the aggregation of the fibres. With the exception of 10,12C25-GAGAK, all the
fibres exhibited a strong LD signal which confirms the macroscopic alignment in the
sample (Figure 5a). An LD signal was not observed for the 10,12C25-GAGAN assemblies.
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In PBS buffer assemblies made up of the 10,12C25-GAGAD amphiphiles exhibited a
minimum at 203 nm which lies in between a β-sheet and random coil, however these
fibres only formed after prolonged storage at 4 °C and even then only a few purple
aggregates were observed (Figure 5b). Fibres consisting of the 10,12C25-GAGAK
amphiphiles exhibited a β-sheet signal in PBS buffer. The remaining fibres all gave a
strong positive CD signal at 201 nm and these fibres all showed LD signals which
suggests there is macroscopic alignment in these samples (Figure 5b).
As the macroscopic alignment of the fibres obscured the CD signal, we could not
determine if there were different structural elements present in the fibres which could
potentially influence the structure and stability of the fibres. For this reason FTIR was
employed in an attempt to elucidate the structure of the fibres further.
3.2.4 FTIR
Infrared (IR) spectroscopy is one of the oldest and most well established analytical
techniques in chemistry. The introduction of lasers to the technique has resulted in the
development of Fourier Transform infrared spectroscopy (FTIR), which is a valuable tool
for the investigation of protein conformation in water based solutions. FTIR
spectroscopy is a measurement of the absorbance of IR radiation at a particular
wavelength. Peptide and protein structure can be elucidated using FTIR as the
repeating units present in these structures give rise to nine characteristic IR absorption
bands, namely amide A, B and I-VII.32 Two of these bands correspond to the most
prominent vibrational band of a protein or peptide backbone. Of these, the amide I
band (1700-1600 cm-1) is mostly due to the C=O stretch vibrations of the peptide
bonds, and thus the vibrations in this region can be linked to each of the structural
elements in peptides and proteins. The analysis of peptide and protein secondary
structure is based on the idea that the protein can be considered as a linear sum of
some fundamental secondary structural components. The amide I band is particularly
useful for assigning secondary structure elements as each type of secondary structure
gives rise to a characteristic C=O stretching frequency due to the unique molecular
geometry and hydrogen bonding pattern and also to a characteristic peak shape, with
β-sheets giving rise to a sharp peak at 1628 cm-1 and random coils giving rise to a wide
peak at 1645 cm-1. H2O is the ideal solvent for studying protein or peptide structure as
under these conditions they are in their native configuration. However, one of the
biggest problems is that H2O has a strong IR absorbance with three prominent bands,
one at 1645 cm-1 which corresponds to the H-O-H bending. This H2O vibration overlaps
with the amide I vibration and the IR absorbance of H2O in this region is an order of
magnitude higher that the amide I absorbance. Therefore, elucidation of protein or
peptide structure is preferably carried out in D2O as deuterium is heavier than
hydrogen and so the peak corresponding to the D-O-D bend is red-shifted and this
reduces the congestion in the amide I region.
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Various different peptide-based materials have been subjected to structure
elucidation by FTIR.33-40 We chose three different peptide amphiphiles, 10,12C25-GAGAE,
10,12
C25-GAGAK and 10,12C25-GAGAA, each with a different morphology as observed by
TEM, to investigate the effect of the C-terminal amino acid on fibre formation. Fibre
formation in D2O was analysed using FTIR as well as the effect of increasing the
temperature on polymerised fibres.
The amphiphiles were suspended at a concentration of 2 mg/mL in fresh D2O. The
samples were sonicated and placed in a temperature-controlled Harrick cell with CaF2
windows and a 100 μm Teflon spacer. The sample was then heated from 20 °C to 90 °C
before being allowed to cool to 20 °C again. A spectrum was measured every 10 °C,
both while heating and cooling the sample. The sample was polymerised by irradiating
the Harrick cell with UV light and subsequently heated to 90 °C with spectra being
measured every 10 °C as before.
The spectra were analysed by fitting Gaussian distributions to the signals. This was
done in order to separate the contributions of the different secondary structural
elements present in the samples to the signal and study how these change throughout
the experiment. The change in the absorbance signal was fitted using a Hill fit which
makes use of the following equation.
equation 1

From this equation the melting point of the structural elements can be determined as
/2, where Ai is the starting value of the sigmoid and Af
when k x , then
is the final value of the sigmoid. k is the midpoint of the sigmoid which is equal to the
midpoint of the transition, thus k represents the melting point. The site cooperativity of
the system is indicated by the fitting parameter, n.
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3.2.4.1 FTIR studies of fibre formation with 10,12C25-GAGAE

Figure 6: a) change in FTIR spectra of 10,12C25-GAGAE amphiphiles with decreasing temperature. b) change in
FTIR spectra of pre-formed GAGAE fibres with increasing temperature. c) table showing melting points of the
different structural elements present during the FTIR studies.

An example of a typical IR spectrum of the non-polymerised E-fibres at 20 °C can be
found in the appendix (Figure S1). Initially, upon heating the suspended 10,12C25-GAGAE
amphiphiles three signals were seen in the FTIR spectra, at 1626 cm-1 and 1633 cm-1
corresponding to a β-sheet and at 1642 cm-1 corresponding to a random coil (Figure
S2). We propose that the two β-sheet signals correspond to the structure within the
fibres (1626 cm-1, β-sheet fibres) and to the interaction between different fibres (1633
cm-1, β-sheet interaction). These fibres were also found to aggregate on the TEM
micrographs, which would explain why an interaction between different fibres is also
seen (Figure 2). There were no clear trends in the β-sheet or random coil signals upon
heating the amphiphile solution for the first time. This suggests that the amphiphiles
had not yet fully self-assembled. As signals corresponding to the structural elements
were observed at the onset of the experiment it suggests that there is some local
assembly of the amphiphiles which is to be expected. Clear trends in the FTIR signals
were observed upon cooling the amphiphile solutions from 90 °C to room temperature
(Figure 6a). There was a clear increase in both the signal corresponding to the β-sheet
interaction (1633 cm-1) and the signal corresponding to the β-sheet within the fibres
(1626 cm-1) at lower temperature. It was found that the melting temperature of these
structural elements were 54 °C and 42 °C respectively (Figure 6c). Interestingly, the βsheet signal at 1626 cm-1 did not entirely disappear at 90 °C, which suggests that the
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amphiphiles were not completely disassembled. The signal corresponding to a random
coil was no longer observed upon cooling.
There were also two β-sheet signals present in the FTIR of the pre-formed,
polymerised fibres, at 1625 cm-1 and at 1632cm-1 which correspond to the presence of a
β-sheet within the fibres and β-sheet interaction between the fibres respectively
(Figure 6b). These signals also decreased upon heating to 90 °C, with the β-sheet
interaction signal at 1632 cm-1 showing the most pronounced decrease. The melting
temperatures were found to be 86 °C for the β-sheet in the fibres and 44 °C for the βsheet interaction. The signal corresponding to the β-sheet within the fibres decreased
to a lesser degree at high temperature in the pre-formed, polymerised fibres than in the
non-polymerised assemblies. This shows that the self-assembled structure is more
stable after polymerisation of the diacetylene moieties, as expected. The transition
temperature of the β-sheet within the fibres changed from 54 °C to 86 °C once the
fibres were polymerised, which confirms that the fibres are more stable post
polymerisation of the diacetylene bonds. In contrast to this, the transition temperature
of the β-sheet interaction between the fibres stayed the same, 42 °C and 44 °C, whether
the fibres had been polymerised or not (Figure 6c). The absence of stabilisation
corroborates the idea that this peak arises from an interaction between the fibres as
these should not be affected by the polymerisation of the diacetylene moieties.
The cooperativity of the structural elements appears to be higher before the
diacetylene bonds in the backbone of the fibres have been polymerised. This is to be
expected as non-polymerised assemblies are able to associate and dissociate to form
local assemblies, however once the amphiphiles are cross-linked this is no longer
possible (Figure 6c).
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3.2.4.2 FTIR studies of fibre formation with 10,12C25-GAGAK

Figure 7: a) change in FTIR spectra of unpolymerised 10,12C25-GAGAK amphiphiles with decreasing
temperature. b) change in FTIR spectra of pre-formed, polymerised GAGAK fibres with increasing
temperature. c) table showing melting points of the different structural elements present during the FTIR
studies.

An example of a typical IR spectrum of K-fibres at 20 °C can be found in the
appendix (Figure S3). Upon heating the suspended 10,12C25-GAGAK amphiphiles three
signals were observed, at 1631 cm-1 which corresponds to the β-sheet structure within
the fibres, at 1651 cm-1 which corresponds to a random coil signal, and at 1673 cm-1,
which does not correspond to any of the known secondary structures (Figure S4). As a
solid these amphiphiles had a blue colour which suggests partial polymerisation of the
diacetylene backbone. Thus the signal at 1673 cm-1 may correspond to the double
bonds found when the diacetylene moieties have already polymerised. C=C bonds are
normally not visible in IR spectra due to their symmetrical nature, however these fibres
have a tendency to aggregate, as seen on the TEM micrographs (Figure 2), and this may
cause the C=C bond to align into a macrostructure causing the weak signal from these
vibrations to be amplified and consequently become visible in the IR spectrum. As the
fibres were cooled from 90 °C to room temperature the β-sheet fibres signal remained
low until approximately 60 °C, after which there was a rapid increase in the signal
(Figure 7a). This structural element was found to have a transition temperature of 30 °C
(Figure 7c). The random coil signal at 1651 cm-1 remained steady throughout the
cooling cycle, only increasing slightly when the temperature fell below 50 °C. Similar
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behaviour was observed for the signal at 1673 cm-1. Interestingly, a β-sheet interaction
between the fibres was not observed.
GAGAK fibres were pre-formed and polymerised as described above and heated to
90 °C. As the temperature increased the signal corresponding to the β-sheet decreased
(Figure 7b). The melting temperature for this structural element was found to be 67 °C
(Figure 7c). There was an increase in the random coil signal, however it was much less
pronounced than the change in the β-sheet fibres signal and had a melting
temperature of 70 °C (Figure 7a and Figure 7b). The signal at 1673 cm-1 increased at
higher temperatures and had a melting temperature of 68 °C (Figure 7c). After
polymerisation the melting temperatures of all the structural elements increased
significantly.
In this case the cooperativity observed in the β-sheet element is larger once the
fibres have been polymerised, whereas the cooperativity observed in the random coil
signal is the same before and after fibre formation (Figure 7c). The signal at 1673 cm-1
has an extremely high cooperativity which increases after polymerisation. This
observation also suggests that this signal results from the macroscopic alignment of
the diacetylene bonds, which is more pronounced when the backbone is polymerised.

3.2.4.3 FTIR studies of fibre formation with 10,12C25-GAGAA

Figure 8: a) change in FTIR spectra of unpolymerised 10,12C25-GAGAA amphiphiles with decreasing
temperature. b) change in FTIR spectra of pre-formed, polymerised GAGAA fibres with increasing
temperature. c) table showing melting points of the different structural elements present during the FTIR
studies.
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An example of a typical IR spectrum of A-fibres at 20 °C can be found in the
appendix (Figure S5). The suspended 10,12C25-GAGAA amphiphiles were heated to 90 °C
in the temperature controlled Harrick cell. Notably, a strong signal corresponding to a
β-sheet interaction (1631 cm-1) was observed at 20 °C (Figure S6). This could be due to
the fact that the diacetylenes in the amphiphiles had partially polymerised while in the
solid state, which would immediately introduce a higher degree of order. A small signal
possibly resulting from the β-sheet interaction between the amphiphiles was also
observed at 1623 cm-1. No random coil signal was observed for these amphiphiles,
which could suggest that these fibres are more inclined to from ordered assemblies. A
β-sheet signal was still observed at 90 °C, which suggests that there is still some degree
of assembly present and that even at this temperature the amphiphiles are not single
entities in solution. As the sample was cooled the signal corresponding to the β-sheet
interaction disappeared and was replaced with the signal corresponding to the β-sheet
within the fibres (Figure 8a). This suggests that any large assemblies are disrupted at
high temperature and are subsequently able form a more ordered structure. Assuming
that eventually all the β-sheet content disappeared, it was possible to fit a Hill function
to the curve, which suggested that the transition temperature lies at 117 °C (Figure 8c).
This is extremely high and obviously due to the boiling point of water it is not possible
to accurately verify this, however this corroborates the idea that the packing in these
assemblies is superior to the packing in the 10,12C25-GAGAE and 10,12C25-GAGAK fibres.
In keeping with this, almost no change was seen in the β-sheet signal (1625 cm-1) of
the pre-formed, polymerised fibres upon heating to 90 °C (Figure 8b). A small signal
corresponding to the β-sheet interaction between the fibres was seen in this sample,
again no change was observed in this signal as the sample was heated.

3.2.4.4 FTIR spectra of the 10,12C25-GAGAE, 10,12C25-GAGAK and10,12C25-GAGAA
monomers

Figure 9: FTIR spectra of the 10,12C25-GAGAE, 10,12C25-GAGAK and 10,12C25-GAGAA amphiphiles in DMSO.
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To ensure that the signals observed with FTIR were a result of contributions of the
fibres and not the individual amphiphiles, monomer spectra of the amphiphiles were
measured in DMSO (Figure 9). In DMSO the amphiphiles cannot assemble and are
essentially dissolved. The 10,12C25-GAGAK and 10,12C25-GAGAA amphiphiles were dissolved
at 10 mg/mL and the 10,12C25-GAGAE amphiphiles were dissolved at 20 mg/mL, to
ensure that an adequate signal was observed. The spectra were analysed by fitting
Gaussian distributions to the signals.
Table 2: Peak positions of the signals in the FTIR spectra of the
GAGAA amphiphiles in DMSO.

Amphiphile

10,12

C25-GAGAE

10,12

C25-GAGAK

10,12

C25-GAGAA

10,12

C25-GAGAE,

10,12

C25-GAGAK and

10,12

C25-

Peak Position (cm1
)
1667
1691
1719
1630
1668
1693
1714
1631
1666
1689
1725

The 10,12C25-GAGAK and 10,12C25-GAGAA amphiphiles gave a small signal at 1630 cm-1
and 1631 cm-1 respectively (Table 2). These signals correspond to a β-sheet which is
present as both these samples partially polymerise in the solid form and so the
amphiphiles in these samples are not completely in the monomer form. An additional
signal is seen for the 10,12C25-GAGAK amphiphiles at 1714 cm-1, which corresponds to the
signal at 1673 cm-1 seen in the heating and cooling spectra. This signal has been blueshifted due to the solvent interactions with DMSO. The main peak was found at 1667
cm-1 for 10,12C25-GAGAE, 1668 cm-1 for 10,12C25-GAGAK, and 1666 cm-1 for 10,12C25-GAGAA,
and thus the signals observed in the FTIR studies of fibre formation cannot be due to
contributions from the monomers.

3.2.5 UV-Vis studies on the effect of the C-terminal amino acid on the
temperature-dependant colour change
The temperature at which the different fibres changed colour was also investigated.
The fibre solutions were heated at 5 °C/min and a UV-Vis spectrum was measured every
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5 °C. The change in absorbance with temperature was plotted and fitted using
equation 1 and the transition temperature was obtained.
Table 3: Different fibres and their transition temperatures in water and PBS buffer.

Fibre

Transition Temperature (°C)
Water

PBS buffer

GAGAD

41

no assembly

GAGAQ

43

41

GAGAE

49

no assembly

GAGAS

53

51

GAGAA

57

52

GAGAK

57

61

GAGAV

70

55

GAGAN

no assembly

51

It is clear that the C-terminal amino acid of the amphiphile has an effect on the
transition temperature of the polydiacetylene backbone of the corresponding fibres. It
appears that the transition temperature was slightly higher when the fibres were
formed in water as opposed to PBS buffer, with the exception of GAGAK fibres for
which the opposite was observed (Table 3). This suggests that the salts in the PBS
buffer interact with the amino acid side chains and thus disrupt the packing of the
peptides. The fact that the diacetylene moieties in the alkyl tails of the GAGAE and
GAGAD fibres cannot be polymerised in PBS suggests that the packing between the
amphiphiles is not optimal. In general terms the fibres with a charged or polar amino
acid at the C-terminus had a lower transition temperature, again with GAGAK fibres as
the exception. This suggests that the packing in fibres with a hydrophobic C-terminal
amino acid was better, which can be explained by the fact that this would also
minimise the interaction between the hydrophobic amino acid and the surrounding
solvent. It does not appear that there is a correlation between the transition
temperatures of the structural elements present in the fibres determined by FTIR and
the temperatures at which the fibres change colour. The melting temperatures of the
peptide components in the fibres that were determined from FTIR are higher that the
transition temperatures of the polydiacetylene backbones in these fibres as determined
using UV-Vis spectroscopy. This implies that the hydrogen bonds between the peptide
components do not need to be completely broken to induce a colour change in the
polydiacetylene backbone. This is in keeping with research in which it was found that
already a small rotation around the C-C bonds of the side chains of the polydiacetylene
affects the overlap between adjacent π-orbitals, resulting in a colour change.41, 42
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3.3 Conclusions
It was found that the C-terminal amino acid of a peptide amphiphile has a marked
influence on the properties of the resulting fibres. The C-terminal amino acid affected
the morphology of the fibres as observed with TEM, as well as the temperature at which
the polydiacetylene backbone of the fibres underwent a colour change. There is no
clear correlation between the nature of the amino acid side chain and assembly
behaviour of the fibres, although the nature of the side chain does affect the
temperature at which there is a colour change in the polydiacetylene backbone.
However, the medium in which the fibres were formed effected both the fibre
formation as well as the temperature at which the polydiacetylene backbone changed
colour. As CD spectroscopy did not provide conclusive results with regards to the
structure of the fibres, FTIR was employed to investigate the fibre formation of GAGAE,
GAGAK and GAGAA fibres. These fibres were all found to contain a β-sheet structure
within the fibres, which increased upon formation of the fibres. In addition to this a βsheet interaction between the GAGAE fibres and between the GAGAA fibres was
observed, and this interaction disappeared at higher temperatures. The GAGAK fibres
were found to have a random coil element, which did not increase or decrease greatly
upon heating or cooling. The melting temperatures of the structural elements were
found to increase insignificantly after the diacetylene moieties had been polymerised. It
does not appear that there is a correlation between the melting temperatures of the
structural elements present in the fibres determined by FTIR and the temperatures at
which the fibres change colour. This implies that the colour change in the
polydiacetylene backbone of the fibres is governed by more subtle forces than the
disruption of the β-sheet packing in the peptide component of the fibres.
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3.5 Experimental
3.5.1 Materials. All starting materials were used as received. Amino acids were
obtained from Novabiochem. The 2-chlorotrityl resin (200-400 mesh) was obtained
from Bachem. N,Nʹ′-Diisopropylcarbodiimide (DIPCDI) was obtained from Biosolve. All
other starting materials were obtained from commercial suppliers.
3.5.2 Synthesis of Peptide Amphiphiles. The peptide amphiphiles were synthesized
from 1 g of 2-chlorotrityl resin (1 mmol/g). The resin was swollen in dry
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dichloromethane (DCM). 2 equivalents of the relevant amino acid and 3 equivalents of
diisopropylethylamine (DiPEA) were dissolved in dry DCM and added to the resin for 1
h. Subsequent couplings were carried out with 3.0 equivalents of the required amino
acid, 3.3 equivalents of DiPCDI and 3.6 equivalents of 1-hydroxybenzotriazole hydrate
(HOBt) in dimethylformamide (DMF) (average coupling time 45 mins), and all
deprotections where achieved with 20% piperidine in DMF (average deprotection time
20 mins). After each coupling and deprotection a Kaiser test43 was used to ensure the
reaction had gone to completion. Finally 10,12-pentacosadiynoic acid dissolved in
DCM was coupled to the peptide using 3 equivalents of the acid, 3.3 equivalents of
DIPCDI and 3.6 equivalents of HOBt. The peptide was cleaved from the resin by
treatment of the resin with a mixture of trifluoroacetic acid (TFA)/triisopropylsilane
(TIS)/H2O (95:2.5:2.5) for 3 hours, followed by precipitation in ether or by removal of the
solvents under reduced pressure. The peptides were lyophilized from acetic acid and
purified using preparative HPLC. The peptides were characterized using Analytical
HPLC and LCMS.
3.5.3 Reversed Phase HPLC. Semi-preparative HPLC was performed on a Shimadzu
LC-20A Prominence system equipped with a Gemini-NX C18 column, 110A, 150x21.2
mm, particle size 10 μm (Phenomenex). Elution of the peptides was achieved with
water/acetonitrile gradient containing 0.1% trifluoroacetic acid (5-100% in 40 mins,
then 20 mins at 100%, flow 6 mL/min). Samples were dissolved in acetic acid.
Analytical HPLC was performed on a Shimadzu LC-20A Prominence system equipped
with a Gemini-NX C18 column, 110A, 150x3 mm, particle size 3 μm (Phenomenex).
Elution of the peptides was achieved with water/acetonitrile gradient containing 0.1%
trifluoroacetic acid (5-100% in 50 mins, flow 0.4 mL/min). Samples were dissolved in
acetic acid at 1 mg/ml.
3.5.4 Liquid Chromatography Mass Spectroscopy (LC-MS). Mass spectra were
recorded on a Thermo Finnigan LCQ-Fleet ESI-ion trap equipped with a C18 ReproSil
column, 50x2 mm, particle size 3 μm (Screening Devices) elution with water/acetonitrile
gradient containing 0.1% formic acid, gradient 5-100% in 20 mins. Samples were
dissolved in methanol at 0.2 μM.
10,12

C25-Gly-Ala-Gly-Ala-Glu-OH
ESI-ion trap m/z: [M+H]+ 760.12 (calcd. 760.48)
10,12
C25-Gly-Ala-Gly-Ala-Lys-OH
ESI-ion trap m/z: [M+H]+ 759.56 (calcd. 759.53)
10,12
C25-Gly-Ala-Gly-Ala-Ala-OH
ESI-ion trap m/z: [M+H]+ 702.08 (calcd. 702.47)
10,12
C25-Gly-Ala-Gly-Ala-Ser-OH
ESI-ion trap m/z: [M+H]+ 718.08 (calcd. 718.47)
10,12
C25-Gly-Ala-Gly-Ala-Val-OH
ESI-ion trap m/z: [M+H]+ 730.12 (calcd. 730.50)
10,12
C25-Gly-Ala-Gly-Ala-Gln-OH
ESI-ion trap m/z: [M+H]+ 759.12 (calcd. 759.49)
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10,12

C25-Gly-Ala-Gly-Ala-Asp-OH
ESI-ion trap m/z: [M+H]+ 746.10 (calcd. 746.46)
10,12
C25-Gly-Ala-Gly-Ala-Asn-OH
ESI-ion trap m/z: [M+H]+ 745.12 (calcd. 745.48)
3.5.5 Fibre Preparation. The peptide amphiphiles were dissolved in PBS buffer (140
mM NaCl, 2.6 mM KCl, 1.5 mM KH2PO4, 10 mM Na2HPO4, pH 7.2) at concentrations of 1.0
mg/mL. The samples were sonicated for 15 minutes at 25 °C, subsequently heated to 90
°C and allowed to cool to room temperature in the water bath overnight.
3.5.6 Polymerisation. Polymerisations were carried out on 1.0 mg/mL samples in a 4
mL glass vial (containing approximately 1.5 mL fibre solution), which was open and
illuminated from above using a Bluepoint 2 UV lamp with a lamp-sample distance of 3
cm for 999 s.
3.5.7 Transmission Electron Microscopy. Transmission electron microscopy (TEM)
samples were prepared by floating a carbon-coated copper grid on a peptide
amphiphile solution of 0.2 mg/mL for 5 min, followed by staining by floating the grid
on a 1% solution of uranyl acetate in Milli-Q water for 30 seconds. Finally, the grid was
floated on Milli-Q water and the excess water was removed by blotting with paper filter.
The TEM samples were visualised using a JEOL 1010 transmission electron microscope
set on an accelerating voltage of 60 kV.
3.5.8 CD and LD Microscopy. CD spectra were measured on a Jasco J-815 using a 0.5
mm quartz cuvette at a concentration of 0.2 mg/mL. LD spectra were measured on a
Jasco J-810 using a 0.5 mm quartz cuvette at a concentration of 0.2 mg/mL.
3.5.9 Temperature Dependent UV-Vis Spectroscopy. UV-Vis absorption spectra of
the fibre samples during heating were recorded on a JascoV-360 spectrometer, with a
temperature gradient of 5 °C/min, using a 1 mm or 0.5 mm quartz cuvette at a
concentration of 0.05 mg/mL. The transition temperature was determined by fitting the
decrease in absorption at 647 nm with temperature using a Hill 1 function in Origin.
equation 1
Where, when k = x then y
A A /2,
Ai = the starting value of the sigmoid
Af = the final value of the sigmoid
3.5.9 FTIR Measurements of Fibre Formation in D2O before and after
polymerisation. Peptide amphiphiles were suspended in D2O at 2 mg/mL. The sample
(120 μL) was loaded into a temperature-controlled Harrick cell with a 100 μm Teflon
spacer and CaF2 windows. The measurements were carried out using a Bruker Vertex 70
FTIR (3 measurements, 80 sec delay time, resolution of 1 cm-1, 25 scans per
measurement, 800 cm-1 to 4000 cm-1) These three measurements were averaged to
obtain the FTIR spectra for the fibres. The sample was heated to 90 °C and allowed to
cool to 20 °C, with a measurement being taken at 10 °C intervals. A background
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measurement was conducted in between each sample measurement. Once the Harrick
cell had cooled to room temperature it was removed from the FTIR and irradiated with
a Hillways Ltd DY-20P UV lamp at a distance of 15 cm for 40 mins. The formation of
fibres was confirmed through measurement of a UV-Vis spectrum. The Harrick cell
containing the sample was returned to the FTIR and heated to 90 °C with a
measurement once again being taken at 10 °C intervals. Once again a background
measure was carried out before each sample measurement to minimise the intensity of
the water lines.
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Influence of C‐Terminal Amino Acid
3.7 Appendix

Figure S1: typical IR spectrum of E-fibres at 20 °C with the fit shown in red and the Gaussian distributions
shown in green.

Figure S2: change in FTIR spectra of
polymerisation of the diacetylene bonds.

10,12

C25-GAGAE amphiphiles with increasing temperature, before

Figure S3: typical IR spectrum of K-fibres at 20 °C, with the fit shown in red and the Gaussian distributions
shown in green.
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Figure S4: change in FTIR spectra of
polymerisation of the diacetylene bonds.

10,12

C25-GAGAK amphiphiles with increasing temperature, before

Figure S5: typical IR spectrum of A-fibres at 20 °C with the fit shown in red and the Gaussian distributions
shown in green.

Figure S6: change in FTIR spectra of
polymerisation of the diacetylene bonds.
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Chapter 4
Sensing Cell Adhesion using Polydiacetylene- Containing
Peptide Amphiphile Fibres
Part of this chapter has been published as: B. E. I. Ramakers, S. A. Bode, A. R. Killaars, J. C.
M. van Hest and D. W. P. M. Löwik, J. Mater. Chem. B, 2015, 3, 2954-2961

4.1 Introduction
Polydiacetylenes are an interesting class of conjugated polymers with intrinsic
optical properties. In addition to absorbing light in the visible region they can undergo
a colour change in response to external stimuli, and these attributes make them ideal
candidates for sensing their environment.1-3 Polydiacetylenes can be easily prepared
through topochemical polymerisation of the diacetylene monomers using ultraviolet
(UV) irradiation.4 However, their formation is subject to the distance between the
monomers and the angle between the moieties, which must be ~4.4-5.4 Å and ~45-55°
respectively.5 Systems in which these requirements are met include fibres,6-8
monolayers9-11 and vesicles.12, 13 Charych et al. were first to utilize the sensing properties
of polydiacetylenes by decorating polydiacetylene-based liposomes with sialic acid and
monitoring the colour change of the polydiacetylene backbone upon addition of the
influenza virus.14 They found that the ultraviolet-visible (UV-Vis) absorption peak of the
liposomes shifted from ~630nm to ~490nm, which coincides with a colour change from
blue to red upon binding of the virus. Since then various polydiacetylene-based sensors
have been designed to detect a wide variety of analytes such as microorganisms,15, 16
and various proteins.17, 18 In these sensor systems the polydiacetylene is incorporated in
coatings, vesicles or liposomes. Polydiacetylene formation has also been realized in
well-organized peptide amphiphile fibres, as a means of creating disassembly-resistant
architectures. For example, Stupp and co-workers functionalized the peptide Lys-LysLeu-Leu-Ala-Lys with a diacetylene-containing alkyl tail and found that these
amphiphilic molecules could self-assemble into fibres. Furthermore, the diacetylenes
could then be cross-linked using UV-light to yield fibres with an intense blue colour
which is indicative of polydiacetylene formation.6 In similar work, a diacetylenecontaining alkyl tail was coupled to a peptide segment based on the circumsporozoite
(CS) protein of a malaria parasite to construct amphiphiles that self-assembled into
fibres and subsequently the diacetylenes could be polymerised using ultra violet-light
(UV-light).8, 19, 20
Peptide-based fibres are interesting as the peptide sequence in these structures can
be tailored to suit a particular function. For example, the peptide component of an
amphiphile can be functionalized with the fibronectin-derived sequence Arg-Gly-Asp
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(RGD), which can induce biological cell adhesion. The RGD peptide was identified by
Pierschbacher and Ruoshlati as minimal cell adhesion domain in fibronectin.21 Since
then, it was found that the short peptide sequence is present in various extracellular
matrix (ECM) and cell surface proteins and is recognized by many integrin receptors.22
Cells communicate with neighbouring cells and the ECM through cell adhesion
receptors. Integrins comprise the most important class of these receptors as they play a
major role in processes like cell differentiation, immune response, embryogenesis and
hemostasis.23 Because of its established role in cell adhesion, the RGD peptide has been
widely studied in the biomaterials field and has shown to be highly effective in
inducing the attachment of cells to a large range of functional materials.24-31 An
example includes the peptide amphiphile fibres used by Webber et al. to culture bonemarrow mononuclear cells.32 However, the alkyl tail in these fibres did not contain a
diacetylene functionality. A two-dimensional polydiacetylene based material was used
for cell culture by Biesalski and co-workers. They synthesised amphiphiles composed of
a 10,12-tricosadiynoic acid tail and a GRGDSP head group.9 They were able to use
diacetylenes to cross-link monolayers comprised of these peptide amphiphiles. In this
example the polydiacetylene functionality was again only used to stabilise the
monolayers. Until now, the sensory properties of polydiacetylenes have not been
employed in conjunction with any type of cell binding scaffold to detect the interaction
with mammalian cells. This would be a valuable feature as it would allow a direct
visualization of the adhesion process and also could be used to study cell migration in
materials by visual inspection.
In this chapter we report to the best of our knowledge, for the first time,
polydiacetylene-containing peptide amphiphile fibres that have the right level of
stability to be used as a sensitive colourimetric sensor for cell adhesion (Figure 1). To
achieve this we functionalised diacetylene-containing peptide amphiphiles with the
cell adhesion motif RGDS and mixed these with spacer (non-RGDS) diacetylenecontaining amphiphiles to form nanofibres. We found that the propensity of the RGDS
fibres to change colour in response to cell adhesion could be tuned by varying the Cterminal amino acid of the spacer amphiphiles. It was found that the degree of the
colour change was related to the amount of RGDS amphiphile present in the fibre.

Figure 1: schematic representation of the concept of a cell-adhesion induced colorimetric response in
peptide amphiphile fibres.
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4.2 Results and Discussion
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Figure 2: the molecular structures of the three peptide amphiphiles used in this study. The spacer
amphiphile, in which the C-terminal amino acid is varied, the RGDS amphiphile, which has the cell-adhesion
sequence, and the scrambled amphiphile, which has the scramble cell-adhesion sequence.

The amphiphiles were designed to contain two structural components, the
hydrophilic peptide sequence found in silk-worm silk, containing repeating glycine and
alanine residues, and a 10,12-pentacosadiynoic acid alkyl tail.33-35 In this way the
formation of stable fibres was enabled as a result of both the hydrophobic interactions
of the alkyl tails and the β-sheet-forming character of the peptides. In order to allow for
cell adhesion on the surface of the fibres we synthesised an amphiphile with the
sequence 10,12C25-Gly-Ala-Gly-Ala-Lys-Arg-Gly-Asp-Ser (RGDS amphiphile) and as a
control an amphiphile with the scrambled cell adhesion sequence 10,12C25-Gly-Ala-GlyAla-Lys-Asp-Gly-Ser-Arg (scrambled amphiphile) (Figure 2). In order to obtain tunable
nanofibres with respect to composition, a spacer amphiphile was mixed with the RGDS
amphiphile or scrambled amphiphile, the structures are shown in Figure 2. By
manipulating the C- terminal amino acid of the spacer amphiphile (C25Gly-Ala-Gly-AlaXaa), we aimed to tune the stability of the fibres and thus the susceptibility of the
polydiacetylene backbone to colour change (Figure 2 ). Previous studies have shown
that the amino acid sequence of the peptide segment in these fibres can have a marked
effect on the sensitivity of the diacetylene backbone to environmental changes (see
also chapter 3).11, 36 The first letter of the fibre name indicates the amino acid at the Cterminal position of the spacer amphiphile. In this way we aimed to create an RGDScontaining fibre that was stable enough to resist changing colour at the temperature
required for cell growth but sensitive enough to change colour due to cell adhesion on
the surface of the fibres.
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Figure 3: Transmission electron micrographs of the different fibres. The first letter denotes the C-terminal
amino acid of the spacer amphiphile, for example E-fibres have the amino acid sequence Gly-Ala-Gly-Ala-Glu.
Where a mixture of two different spacer amphiphiles was used the C-terminal amino acids of the two
different spacer amphiphiles are denoted as X/Y-fibres, for example A/E-fibres have a 1:1 mixture of Gly-AlaGly-Ala-Ala and Gly-Ala-Gly-Ala-Glu amphiphiles. a) E-fibres, scale bars represent 500 nm and 200 nm
(magnification). b) K-fibres, scale bars represent 2 μm and 500 nm (magnification). c) A-fibres, scale bars
represent 1 μm and 200 nm (magnification). d) S-fibres, scale bars represent 500 nm and 100 nm
(magnification). e) V-fibres, scale bars represent 5 μm and 200 nm (magnification). f) D-fibres, scale bars
represent 2 μm and 500 nm (magnification). g) Q-fibres, scale bars represent 1 μm and 200 nm
(magnification). h) N-fibres, scale bars represent 1 μm and 500 nm (magnification). i) A/E-fibres, scale bars
represent 200 nm and 200 nm (magnification). j) K/E-fibres, scale bars represent 1 μm and 200 nm
(magnification). k) A/K-fibres, scale bars represent 1 μm and 200 nm (magnification).

For the fibre solutions to be more compatible with cell growth, fibre formation
should ideally be possible in phosphate buffered saline (PBS) instead of water. All of the
spacer amphiphiles were able to form fibres in PBS with the exception of the E-spacer
and D-spacer amphiphiles which were first formed in water and diluted with
concentrated PBS. Both of the E- and D-spacer fibre solutions became dark purple and
slightly aggregated upon the addition of PBS. The structure of the various fibres was
investigated using transmission electron microscopy (TEM) (Figure 3). All the fibres had
a similar ribbon-like morphology, with the exception of fibres consisting of the K-spacer
amphiphile in which small aggregates comprised of short fibres were observed in
addition to extended fibres. In addition to the fibres mentioned above, fibres
composed of two different spacer amphiphiles were formed to determine if this would
have an effect on the transition temperature of the polydiacetylene backbone. The
mixed fibres contained A- and E-spaced amphiphiles (A/E-fibres), K- and E-spacer
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amphiphiles (K/E-fibres) or A- and K-spacer (A/K fibres) amphiphiles each with a 1:1
ratio of the different amphiphiles. The mixed fibres all formed in PBS and turned dark
blue upon irradiation with UV light. They were found to have a similar morphology to
the fibres containing only one type of spacer amphiphile (Figure 3).
Table 1: Transition temperatures of the RGDS fibres with the various spacer fibres in a ratio of 6:1 spacer
amphiphile to RGDS amphiphile. The first letter denotes the C-terminal amino acid of the spacer amphiphile,
for example E-fibres have the amino acid sequence Gly-Ala-Gly-Ala-Glu. Where a mixture of two different
spacer amphiphiles was used the C-terminal amino acids of the two different spacer amphiphiles are denoted
as X/Y-fibres, for example A/E-fibres have a 1:1 mixture of Gly-Ala-Gly-Ala-Ala and Gly-Ala-Gly-Ala-Glu
amphiphiles.

Inspired by the results obtained by Stupp and co-workers we initially chose to mix
the spacer amphiphile and RGDS amphiphile or scrambled amphiphile in a ratio of 6:1
respectively.32 Subsequently, we investigated the susceptibility to colour change of the
polydiacetylene backbone in the RGDS-containing fibres with respect to increasing
temperature. We found that merely varying the C-terminal amino acid of the spacer
amphiphile had a marked effect on the temperature at which a colour change occurred
in the fibres. The E-RGDS fibres were most sensitive to a temperature-induced colour
change, changing colour at 37°C, whereas the A-RGDS fibres were most temperature
stable, only exhibiting a colour change at 53°C (Table 1). The RGDS fibres based on the
remaining spacer amphiphiles, exhibited a temperature-induced colour change at
temperatures spanning this range (Table 1). The A/E-RGDS fibres, K/E-RGDS fibres and
A/K-RGDS fibres all had a transition temperature in between the transition
temperatures observed for the component amphiphile, A-RGDS, E-RGDS and K-RGDS
fibres. The temperature at which the fibres exhibited a colour change did not correlate
directly with the β-sheet-forming propensity of the C-terminal amino acid, which
suggests it occurs as a result of more subtle effects (see also chapter 3).37 The fact that
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the different RGDS-containing fibres changed colour at different temperatures also
suggests that the colour change due to cell adhesion will be more pronounced in some
fibres than in others, and thus that the choice of spacer amphiphile can be used to tune
this.
With this series of peptide fibres in hand, we were able to test the ability of HeLa
cells to adhere to the surface of the fibres and investigate the effect of cell adhesion on
the colour of the polydiacetylene backbone of the fibres. We performed brightfield
microscopy on living cells, which not only allowed the analysis of the colour of the
sample, but simultaneously provides information about the cell morphology (Figure
4a). The samples were prepared by mixing detached HeLa cells (40,000 per sample) in
phenol-red free culture medium with the fibre solutions so that a concentration of 0.5
mg/mL of the fibres was obtained. Phenol-red free culture medium was used so that a
potential colour change could be clearly visualized. The mixture of HeLa cells and fibres
was then seeded in 8-well chambered microscopy slides. The cells were incubated for
18 hours at 37 ºC. A positive control for each experiment was carried out by seeding
40,000 HeLa cells onto a gelatin-coated chamber of the microscopy slides. In addition
to this, negative controls were performed using fibres that were not functionalized with
RGDS (spacer fibres) as well as scrambled-fibres that contained the amphiphiles with
the scrambled cell adhesion sequence (DGSR). In order to be able to determine the
extent of the colour change more accurately control samples were included in every
experiment, consisting of the spacer-, RGDS- and scrambled-fibres mixed with phenolred free culture medium without cells. These samples were treated in the same manner
as the samples with cells. To ensure that the buffer, fibre and serum concentrations in
these samples were the same as in the samples containing cells, the sample
preparation was performed by mixing the fibre solution with an equal amount of
phenol-red free medium supplemented with 10% FBS. After the incubation period, all
samples were immediately studied using brightfield widefield microscopy. The gelatin
control was used to verify the quality of the samples and to set the white-balance for
the brightfield camera. These experiments showed that the half of RGDS-fibres
promoted cell adhesion, giving rise to nicely spread cells, and this observation was
independent of the type of spacer amphiphile in the fibres.
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Figure 4: a) Brightfield widefield microscopy images of cell adhesion experiments and the corresponding UVvis absorption spectra. The colour captured by the brightfield camera is compared between the spacer,
scrambled and the RGDS-fibres. Shown here are the results for the K-, E- and A-fibres. As the E-fibres have the
tendency to form large aggregates in the presence of cell culture medium, some of these superstructures can
be observed in the E-scrambled sample. We did not observe similar aggregates for the K- and A-fibres. Scale
bar represents 150 μm. b) UV-vis spectra recorded after the spacer fibres, RGDS-fibres and scrambled-fibres
were incubated for 18h in the presence of detached HeLa cells; a colour-shift from 630 nm to 550 nm is only
observed for the K-RGDS fibres.
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Figure 5: a) Brightfield widefield microscopy images of cell adhesion experiments and the corresponding UVvis absorption spectra. The colour captured by the brightfield camera is compared between the spacer,
scrambled and RGDS-fibres. Shown here are the results for the S-, V- and D-fibres. Scale bar represents 150
μm. b) UV-vis spectra recorded after the spacer fibres, RGDS-fibres and scrambled-fibres were incubated for
18h in the presence of detached HeLa cells; a colour-shift from 630 nm to 550 nm is only observed for the KRGDS fibres. c) Chromatic ratios calculated for all the fibres that were suitable substrates for cell adhesion. d)
Chromatic ratios calculated for the K-RGDS fibres with a varying RGDS content.

There were, however, several exceptions, in the Q-RGDS, N-RGDS, A/E-RGDS, K/ERGDS and A/K-RGDS samples the cells were not viable. In addition to this, the cell
viability was reduced in the sample with the D-RGDS fibres. However, the K-RGDS-fibres
changed colour from blue to pink upon cell adhesion and importantly, the original blue
colour was preserved in the control samples (Figure 4a). As expected from the
temperature-UV data, all the E-fibres changed colour to pink upon incubation at 37 ºC
(Figure 4). RGDS-fibres based on the remaining spacer amphiphiles (A-,V-, D- and Sspacer) remained blue upon cell adhesion (Figure 4a, Figure 5a and Table 2). Based on
the transition temperature it would be expected that the V-RGDS and D-RGDS fibres
should also change colour due to cell adhesion to their surface. The fact that this was
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not observed for the D-RGDS fibres could be a result of the reduced cell count; however
this was not seen for the V-RGDS fibres. These results suggest that not only the fibre
stability but also the type of C-terminal amino acid is important for a colour change to
be observed upon cell adhesion. The negative controls showed that HeLa cells were not
able to adhere to any of the spacer-fibres, nor to the scrambled-fibres. In these samples,
only detached cells with a round morphology were observed.
To study the colour change caused by cell adherence to the fibres in more detail,
UV-vis spectra of the RGDS-fibres and scrambled fibres were recorded after incubation
with detached HeLa cells for 18h at 37 °C. The extent of the colour change was
quantified by means of the chromatic ratio. The results are summarised in Figure 5c and
clearly show that the K-RGDS fibres displayed the largest colour change upon cell
adhesion. These experiments were in full agreement with the brightfield microscopy
experiments (Figure 4b and Figure 5b).
Table 2: summary of the effect of the C-terminal amino acid of the spacer amphiphile, concentration of the
fibres on the cell viability and colour change of the polydiacetylene backbone due to cell adhesion.

To investigate the influence of the fibre concentration on the cell adhesion
properties and colour change upon cell binding, the K-fibre solutions were also
prepared at concentrations of 0.5 mg/ml and 0.75 mg/ml and were used to prepare
samples for microscopy analysis as described above (Table 2). We did not observe
significant colour changes in the RGDS-containing samples and investigation by phase
contrast microscopy revealed that for the 0.75 mg/ml fibre solutions about half of the
observed cells remained detached while the rest of the population did adhere to the
fibres. However, this was not sufficient to induce a similar colour change as observed
for the sample prepared from 1 mg/ml fibre solution. The amount of adherent cells was
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further diminished when a concentration of 0.5 mg/ml was used. Microscopy images
for this experiment can be found in the appendix (S1).
To study whether the amount of RGDS amphiphile present in the fibres had an
effect on cell adhesion, and thus the colour change, a series of fibres was made in which
the ratio of spacer amphiphile to RGDS amphiphile was varied from 3:1 to 24:1. The Kfibres were used for this study, as this was the only system to show a colour change
upon cell adhesion. For this series of fibres brightfield microscopy and UV-vis
spectroscopy experiments were performed as described above (S2). These studies
showed that a ratio of 6:1 spacer amphiphile to RGDS amphiphile gave the largest
colour change which is reflected by the chromatic ratio (Figure 5d). Increasing the
RGDS content to 3:1 spacer amphiphiles to RGDS amphiphiles, gave a less pronounced
colour shift and smaller chromatic ratio. Notably, only cells with a round morphology
were observed in this sample. The intensity of the colour change decreased as the
RGDS-content in the fibres was lowered from 6:1 to 24:1 (Figure 5d). For the 9:1 and
12:1 the brightfield microscopy showed that some cells were still able to adhere to the
fibres, although the amount of spread cells seemed to decrease significantly with the
reduced RGDS-content. Consequently, the chromatic ratio was found to be much lower
in these samples (Figure 5d). Hardly any cell adhesion was observed for the sample with
the lowest RGDS content, 24:1, and correspondingly no colour change was observed.
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Figure 6: a) Cell viability images for the K-RGDS fibres and K-scrambled fibres. Images are composed from
overlays of the calcein (green) and EthD-1 (red) signals. Scale bar represents 150 μm. b) Data is composed out
of 4 to 6 confocal microscopy images. Total amount of cells are counted for each sample and shown as
numbers above the bars. The ratio between the amount of spread cells and the total cell count was calculated
and represented as the bars. A clear decrease in both cell count and the spread cells to total cells ratio is
observed when the amount of RGDS in the fibres was lowered.

To investigate the cytotoxicity of the RGDS-containing fibres, live/dead assays based
on calcein AM/ethidium homodimer-1 (EthD-1) were performed. The samples were
prepared using the procedure described above for the brightfield microscopy. After the
incubation period, the cells were treated with calcein AM and EthD-1 and were
analysed immediately by confocal laser scanning microscopy (CLSM). It was found that
cells adhering to the RGDS-fibres were viable and nicely spread, with no significant
differences in viability and cell count being observed among the various RGDS-fibres.
The exceptions were the N-, and Q-RGDS fibres where the cells were unviable, and DRGDS fibres, where the cell viability was severely reduced. Furthermore, for all spacer79
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and scrambled-fibres, only cells with a round morphology were observed, however the
viability of these cells varied with the type of incorporated spacer amphiphile. For
example, for the E-fibres all the cells observed in the negative controls were dead,
whereas for the K-fibres the cells were still viable, albeit not spread. Viability data for the
K-spacer fibres, the K-RGDS with the different RGDS content, and K-scrambled fibres are
shown in Figure 6a, and a clear difference in cell adhesion and cell count can be noted
in these images. Microscopy images for all other fibres can be found in the appendix
(Figure S3-S7). The live/dead assay of the K-RGDS-fibres with a decreasing amount of
RGDS showed a decrease in the number of spread cells. In conjunction to the
brightfield microscopy and UV-vis spectrometry, this viability assay also showed that
the fibres with a 6:1 spacer-amphiphile to RGDS-amphiphile ratio were best at
promoting cell adhesion (Figure 6b). The microscopy data from the cell viability
experiment was used to quantify both the total amount of cells in each sample, and the
amount of spread cells in each sample. The ratio of spread cells to the total amount of
cells was calculated for each sample and it was found, as expected, that a ratio of 6:1
spacer amphiphile to RGDS amphiphile in the fibres was optimal for cell adhesion.
Notably, increasing the RGDS content to 3:1 spacer amphiphile to RGDS-amphiphile,
led to a large decrease in the total amount of cells, and furthermore only cells with a
round morphology were observed in this sample. A gradual decrease in cell count and
spread cells to total cells ratio was found as the RGDS content in the fibres decreased
(Figure 6b). This decrease in cell count and the spread cells to total cells ratio correlates
with the decrease in the chromatic ratio (Figure 5d).

Figure 7: UV-vis absorption spectra of the K-RGDS-fibres recorded after 0 and 10 minutes of incubation with
the isolated human integrin protein. This shows a slight colour shift to pink after an incubation of 10 minutes.

Integrin-mediated cell adhesion is induced by recognition of the RGD domain in the
fibres by integrin receptors and this process is comprised of multiple events that can
partially take place at the same time. Initially, cell attachment is induced by cell contact
with the ECM that leads to ligand binding, allowing the cell to stick to a surface. Then,
the cell starts to flatten and the cytoplasm will spread out over the substrate. This
induces the reorganization of the actin cytoskeleton, after which focal adhesions will be
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formed that link the cytoskeleton to the ECM. Most probably, the colour change of the
K-RGDS-fibres is induced during the first two steps of the cell adhesion process. To
investigate whether cell attachment or cell spreading is most crucial for the colourchanging behaviour of the K-RGDS-fibres, UV-vis experiments were performed in which
the fibres were incubated with the isolated human αVß3 integrin protein and
monitored for 10 minutes (Figure 7). During this experiment, a slight increase for the
absorbance maximum at 550 nm was observed and small decrease in the absorbance
at 630 nm. This suggests that the initial cell binding to the fibres induces a small colour
change, but that steric crowding on the surface of the fibres by cell spreading is likely to
be the most important step in setting off a colour change. Interestingly, this mirrors the
slight colour change observed for the 3:1 K-spacer:K-RGDS fibres for which it was found
that cells could adhere to the surface, but were not able to spread (Figure 5d and Figure
6b). When the integrin binding experiment was performed using the stable A-RGDSfibres, it was found that these fibres remained blue.

4.3 Conclusions
In conclusion, polydiacetylene-containing peptide amphiphile fibres functionalized
with the cell-binding moiety RGDS were used to investigate the effect of cell adhesion
on the chromatic properties of the polydiacetylene backbone. It was found that the KRGDS fibres were most susceptible to a colour change, from blue to pink, induced by
cell adhesion. RGDS containing fibres based on the spacer amphiphiles V, A, and S did
not undergo a colour change upon cell adhesion, however, cells were viable. This may
be due to the fact that the peptide components in these fibres have a more stable
packing. The E-RGDS fibres were also a suitable substrate for cell adhesion, however
these fibres were sensitive to the incubation temperature required for the cell studies,
and thus turned pink upon incubation irrespective of cell adhesion. In contrast to this,
the N-RGDS, Q-RGDS, A/E-RGDS, K/E-RGDS and A/K-RGDS fibres were found to be
cytotoxic to cells and the cell count was severely reduced in these samples. The D-RGDS
fibres were also suboptimal for cell adhesion and a reduced cell count was observed in
these samples. Furthermore, we were able to determine that a ratio of 6:1 Kspacer:RGDS was the optimal ratio for cell adhesion and consequently the biggest
change in colour was observed for the K-RGDS fibres with this ratio. This suggests that
the RGDS spacing in the fibres is an important factor in the degree of cell adhesion and
spreading. Upon lowering the concentration of the 6:1 fibres to 0.75 mg/mL and 0.5
mg/mL we found that the cell count was significantly reduced. Intriguingly, it was
ascertained that the addition of the protein integrin could trigger a slight colour
change in the polydiacetylene backbone of the 6:1 K-RGDS fibres. Nonetheless, the
steric crowding induced by cell spreading on the surface of the fibres is required to
achieve a maximum colour change in the polydiacetylene backbone.
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4.5 Experimental
4.5.1 Materials. All starting materials were used as received. Amino acids were
obtained from Novabiochem.
The 2-chlorotrityl resin (200-400 mesh) was obtained from Bachem. N,Nʹ′Diisopropylcarbodiimide (DIPCDI) was obtained from Biosolve. All other starting
materials were obtained from commercial suppliers. Fetal bovine serum (FBS) was
obtained from Integro (Zaandam, The Netherlands), plain Dulbecco’s Modified Eagle
Medium (DMEM) and trypsin/EDTA were both from PAA Laboratories (Pasching,
Austria). Phenol-red free Dulbecco’s Modified Eagle Medium (DMEM) and the
Live/Dead® viability kit were obtained from Life Technologies (Thermo Fisher Scientific
Inc., Waltham, U.S.A.). HeLa CCL-2 cells were obtained from American Type Culture
Collection (ATCC, Manassas, U.S.A.). Human integrin αVβ3 protein in Triton X-100
formulation was obtained from Merck Millipore (Billerica, U. S. A.). Confocal laser
scanning microscopy (CLSM) studies were performed on a Leica-microsystems
(Mannheim, Germany) TCS SP2 AOBS system, installed on an inverted motorised DM
IRE2 microscope and equipped with a dry HC PL apo CS 20x/0.70 D lens. Brightfield
images were obtained using the same microscope and objective. The images were
acquired with a Leica DFC 420C colour- camera operated by the LAS software.
4.5.2 Synthesis of Peptide Amphiphiles. The peptide amphiphiles were synthesized
from 1 g of 2-chlorotrityl resin (1 mmol/g). The resin was swollen in dry
dichloromethane (DCM). 2 equivalents of the relevant amino acid and 3 equivalents of
diisopropylethylamine (DiPEA) were dissolved in dry DCM and added to the resin. This
coupling was shaken for 1 hour. Subsequent couplings were carried out with 3.0
equivalents of the required amino acid, 3.3 equivalents of DIPCDI and 3.6 equivalents of
1-hydroxybenzotriazole hydrate (HOBt) in dimethylformamide (DMF) (average coupling
time: 45 mins), and all deprotections where achieved with 20% piperidine in DMF
(average deprotection time: 20 mins). After each coupling and deprotection a Kaiser
test38 was used to ensure the reaction had gone to completion. Finally 10,12pentacosadiynoic acid was coupled to the peptide using 3 equivalents of the acid, 3.3
equivalents of DIPCDI and 3.6 equivalents of HOBt. The peptide was cleaved from the
resin by treatment of the resin with a mixture of trifluoroacetic acid
(TFA)/triisopropylsilane (TIS)/H2O (95:2.5:2.5) for 3 hours, followed by precipitation in
ether or by removal of the solvents under reduced pressure. The peptides were
lyophilized from acetic acid and purified using preparative HPLC. The peptides were
characterized using analytical HPLC and LCMS.
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4.5.3 Reversed Phase HPLC. Semi-preparative HPLC was performed on a Shimadzu
LC-20A Prominence system(Shimadzu, ’s Hertogenbosch, The Netherlands) equipped
with a Gemini-NX C18 column, 110A, 150x21.2 mm, particle size 10 μm (Phenomenex).
Elution of the peptides was achieved with water/acetonitrile gradient containing 0.1%
trifluoroacetic acid (5-100% in 40mins, then 20 mins at 100%, flow 6 mL/min). Samples
were dissolved in acetic acid. Analytical HPLC was performed on a Shimadzu LC-20A
Prominence system (Shimadzu, ’sHertogenbosch, The Netherlands) equipped with a
Gemini-NX C18 column, 110A, 150x3 mm, particle size 3 μm (Phenomenex). Elution of
the peptides was achieved with water/acetonitrile gradient containing 0.1%
trifluoroacetic acid (5-100% in 50 mins, flow 0.4 mL/min). Samples were dissolved in
acetic acid at 1 mg/ml.
4.5.4 Liquid Chromatography Mass Spectroscopy (LC-MS). Mass spectra were
recorded on a Thermo Finnigan LCQ-Fleet ESI-ion trap equipped with a C18 ReproSil
column, 50x2 mm, particle size 3 μm (Screening Devices, Amersfoort, The Netherlands),
elution with water/acetonitrile gradient containing 0.1% formic acid, gradient 5-100%
in 20 mins. Samples were dissolved in methanol at 0.2 μM.
10,12

C25-Gly-Ala-Gly-Ala-Glu-OH
ESI-ion trap m/z: [M+H]+ 760.12 (calcd. 759.48)
10,12
C25-Gly-Ala-Gly-Ala-Lys-OH
ESI-ion trap m/z: [M+H]+ 760.56 (calcd. 759.53)
10,12
C25-Gly-Ala-Gly-Ala-Ala-OH
ESI-ion trap m/z: [M+H]+ 702.08 (calcd. 701.47)
10,12
C25-Gly-Ala-Gly-Ala-Ser-OH
ESI-ion trap m/z: [M+H]+ 718.08 (calcd. 717.47)
10,12
C25-Gly-Ala-Gly-Ala-Val-OH
ESI-ion trap m/z: [M+H]+ 730.12 (calcd. 729.50)
10,12
C25-Gly-Ala-Gly-Ala-Gln-OH
ESI-ion trap m/z: [M+H]+ 759.12 (calcd. 758.49)
10,12
C25-Gly-Ala-Gly-Ala-Asp-OH
ESI-ion trap m/z: [M+H]+ 746.10 (calcd. 745.46)
10,12
C25-Gly-Ala-Gly-Ala-Asn-OH
ESI-ion trap m/z: [M+H]+ 745.12 (calcd. 744.48)
10,12
C25-Gly-Ala-Gly-Ala-Lys-Arg-Gly-Asp-Ser-NH2
ESI-ion trap m/z: [M+H]+ 1174.3 (calcd. 1173.12) [M+H]2+ 588.00 (calcd. 587.37)
10,12
C25-Gly-Ala-Gly-Ala-Lys-Asp-Gly-Ser-Arg-NH2
ESI-ion trap m/z: [M+H]+ 1174.3 (calcd. 1173.12) [M+H]2+ 588.00 (calcd. 587.37)
4.5.5 Fibre Preparation. The peptide amphiphiles were dissolved in PBS buffer (140
mM NaCl, 2.6 mM KCl, 1.5 mM KH2PO4, 10 mM Na2HPO4, pH 7.2) at concentrations of 1.0
mg/mL. The samples were sonicated for 15 minutes at 25 °C, subsequently heated to 90
°C and allowed to cool to room temperature in the water bath overnight. For the D- and
E- fibres, the samples were prepared at 2.0 mg/mL in Milli Q as described above and
diluted with 2x PBS buffer to give a final concentration of 1.0 mg/mL.
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4.5.6 Polymerisation. Polymerisations were carried out on 1.0 mg/mL samples in a 4
mL glass vial (containing approximately 1.5 mL fibre solution), which was open and
illuminated from above using a Bluepoint 2 UV lamp with a lamp-sample distance of 3
cm for 999 s.
4.5.7 Temperature Dependent UV-Vis Spectroscopy. UV-Vis absorption spectra of
the fibre samples during heating were recorded on a JascoV-360 spectrometer, with a
temperature gradient of 5 °C/min, using a 1 cm quartz cuvette (a 0.1 mm quartz cuvette
was used to measure the K-RGDS fibres). The transition temperature was determined by
fitting the decrease in absorption at 647 nm with temperature using a Hill 1 function in
Origin.

equation 1
From this equation the melting point of the structural elements can be determined as
when k x , then
/2, where Ai is the starting value of the sigmoid and Af
is the final value of the sigmoid. k is the midpoint of the sigmoid which is equal to the
midpoint of the transition, thus k represents the melting point. The site cooperativity of
the system is indicated by the fitting parameter, n.
4.5.8 Transmission Electron Microscopy. Transmission electron microscopy (TEM)
samples were prepared by floating a carbon-coated copper grid on a peptide
amphiphile solution of 0.2 mg/mL for 5 min, followed by staining by floating the grid
on a 1% solution of uranyl acetate in Milli-Q water for 30 seconds. Finally, the grid was
floated on Milli-Q water and the excess water was removed by blotting with paper filter.
The TEM samples were visualised using a JEOL 1010 transmission electron microscope
set on an accelerating voltage of 60 kV.
4.5.9 Cell Culture. HeLa cells were maintained in sterile conditions in Dulbecco’s
Modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal
bovine serum (FBS). Cells were maintained on tissue culture plastic and kept at 37°C in a
humidified atmosphere of 7.5%
CO2. Cells were passaged every 2-3 days. Prior to cell viability assays or cell adhesion
studies, cells within a confluent layer were detached using trypsin/EDTA. Cells were
then resuspended in phenol-red free DMEM supplemented with 10% FBS and the
number of cells was counted using a standard inverted microscope and a cell counting
chamber (Fuchs-Rosenthal).
4.5.10 Brightfield Microscopy. Fibre solutions (1 mg/mL in PBS) were prepared as
previously mentioned. To each well of an 8-chambered coverslip (Nunc, Wiesbaden,
Germany) 150 μL of the fibre solution was added. Then, 40,000 HeLa cells in 150 μL
phenol-red free DMEM + 10% FBS were seeded in each well. Wells coated with gelatin
were used as a control sample and these were prepared by incubating the wells with a
0.1 % gelatin solution for 15 minutes, after which the excess gelatin was removed. In
these control wells, 40.000 HeLa cells were seeded in 300 μL phenol-red free DMEM +
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10% FBS. The cells were then incubated for 18 hours at 37°C/7.5% CO2. After the
incubation period, the colour of the samples and the cell adhesion to the fibres was
analyzed by brightfield microscopy. For these experiments, the white balance of the
brightfield camera was set using the transparent gelatin controls. These controls were
furthermore used to verify the quality of the samples. All images in one experiment
were recorded using the same camera settings.
4.5.11 UV-Vis Spectroscopy after Incubation with Cells Fibre solutions (1 mg/mL in
PBS) were prepared as previously mentioned. For this experiment, 48-well plates were
used. In each well, 175 μL of the fibre solution was added. Then, 60,000 HeLa cells in
175 μL phenol-red free DMEM + 10% FBS were mixed in with the fibre solutions in each
well. Wells coated with gelatin were used as a control to verify the quality of the
sample. To do so, wells were coated with a 0.1 % gelatin solution for 15 minutes, after
which the excess gelatin was removed. In these control wells, 60.000 HeLa cells were
seeded in 350 μL phenol-red free DMEM + 10% FBS. The cells were then incubated for
18 hours at 37°C/7.5% CO2. After the incubation period, the samples transferred to a
cuvette and measured by UV-vis absorption spectroscopy. UV-Vis spectra of the fibre
samples with/without cells were recorded on a Varian Cary-50 spectrometer using a 1
mm quartz cuvette. For each sample the chromatic ratio was calculated using the
absorptions at 634 nm (Ablue) and 558 nm (Ared).
4.5.12 Chromatic Ratio Calculations
Chromatic ratios (CR) were calculated using the following equation.7
CR = [PB0-PB1/PB0].100

equation 2

where PB0 = pre-exposure to analyte and PB1 = post-exposure to analyte
PB = Ablue/(Ablue + Ared)
equation 3
4.5.13 Cell Viability. For the cell viability experiments, the samples were prepared
similarly to the brightfield microscopy samples. Only after the incubation period of 18
hours at 37°C/7.5% CO2. the cells were treated with the live/dead staining, which was
prepared by diluting calcein AM and ethidium homodimer-1 (EthD-1) in PBS to obtain a
concentration of 8 μM calcein AM and 16 μM EthD-1. To each well, 100 μL of the
staining solution was added, yielding a final concentration of 2 μM calcein AM and 4 μM
EthD-1. The samples were then allowed to rest for 10 minutes, after which they were
immediately analyzed by confocal laser scanning microscopy. Green fluorescence is
indicative for living cells as they exhibit esterase activity by which the non-fluorescent
calcein AM is converted into calcein which can be excited with blue light. Red
fluorescence of the nuclei is characteristic for dead cells in which EthD-1 is able to cross
the plasma membrane leading to a 40-fold increase in its fluorescence intensity upon
binding to nucleic acids. Calcein was excited with the 488 nm line of an argon ion laser,
and emission was collected between 494 and 515 nm. EthD-1 was excited with the 561
nm line of a yellow diode laser and emission was collected between 600 and 625 nm.
Using the ImageJ software, overlay images of the calcein and EthD-1 signals were
produced. The overlay images can be found together with their corresponding
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transmission images in figure SX2-S6. For the series of K-fibres, the total amount of cells
(living and dead) was counted for each sample (composed of at least 4 images for each
sample) and from this the average total amount of cells could be calculated (figure 4B).
Next, the average total amount of living, spread cells was counted for each sample
(data obtained from the same images as used to calculated the average total amount of
cells). This was then used to calculate the ratio between spread cells and the total
amount of cells (figure 4B). The optimal concentrations for the live/dead dyes were
determined by staining dead HeLa cells with a varying concentration of EthD-1
(between 1 and 10 μM). From this, it was found that at a concentration of 4 μM EthD-1
the nuclei were brightly fluorescing, whereas the cytoplasm was not stained. Similarly,
the optimal concentration of calcein AM was determined by treating dead HeLa cells
with a ranging concentration of 1 to 10 μM calcein AM to avoid aspecific staining of the
cytoplasm. The best results were obtained using concentrations lower than 2 μM. We
then verified that this concentration gave sufficient fluorescence in living HeLa cells.
4.5.14 Integrin Binding. Isolated human αVβ3 integrin protein (100 nM, in 20 mM TrisHCl, pH 7.5, 150 mM NaCl,2 mM MgCl2, 0.2% Triton X-100) and the 6:1 K-RGDS fibre
solution (100 nM (based on theRGDS content), in 20 mM Tris-HCl, pH 7.5, 150 mM NaCl,
2 mM MgCl2, 0.2% TritonX-100) were mixed 1:1 and incubated at 30 °C for 10 mins. The
UV-Vis spectrum of the resulting sample was measured using a 1 mm quartz cuvette on
a Varian Cary 50 spectrometer. The 50 nM fibre solution in the Triton X-100 buffer
mentioned above was also measured using a Varian Cary 50. The chromatic ratio was
calculated using the absorptions at the following wavelengths: Ablue = 646 nm and Ared
= 540 nm.
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4.7 Appendix

Figure S1: Phase contrast micrographs of the K-fibres at concentrations of 0.75 mg/ml (A) and 0.25 mg/ml (B).
The scale bar represents 150 μm.

Figure S2: Brightfield micrographs of the K-fibers. The scale bar represents 150 μm.

Figure S3: Confocal fluorescence laser scanning micrographs of the A-fibres. Living cells are represented as
green (Calcein fluorescence) and dead cells are represented as red (EthD-1). The scale bar represents 150 μm.
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Figure S4: Confocal fluorescence laser scanning micrographs of the D-fibres. Living cells are represented as
green (Calcein fluorescence) and dead cells are represented as red (EthD-1). The scale bar represents 150 μm.

Figure S5: Confocal fluorescence laser scanning micrographs of the V-fibres. Living cells are represented as
green (Calcein fluorescence) and dead cells are represented as red (EthD-1). The scale bar represents 150 μm.

Figure S6: Confocal fluorescence laser scanning micrographs of the S-fibres. Living cells are represented as
green (Calcein fluorescence) and dead cells are represented as red (EthD-1). The scale bar represents 150 μm.
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Figure S7: Confocal fluorescence laser scanning micrographs of the E-fibres. Living cells are represented as
green (Calcein fluorescence) and dead cells are represented as red (EthD-1). The scale bar represents 150 μm.
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Encapsulation of Aligned Peptide Amphiphile Fibres in a
Hydrogel Matrix
5.1 Introduction
The construction of discrete molecular assemblies had been extensively reported in
literature, an overview of these materials was given in the introductory chapter.
However, in all those examples the formation of materials is a result of spontaneous
self-assembly and there is no control over the macroscopic assembly. One way in which
the macroscopic assembly can be influenced is by employing external forces, such as
mechanical and electric forces.1, 2 Another, though less accessible technique, is the use
of strong magnetic fields. Various assemblies have been aligned using strong magnetic
fields, for example fibrin,3 collagen,4, 5 phospholipids,6-8 viruses9 and bacteriophages.10, 11
The alignment of these molecules is possible as they are either large, or can be
assembled into larger structures, and contain functionalities that have a high magnetic
susceptibility. These characteristics ensure that Brownian motion is overcome and does
not negatively influence the alignment of these assemblies. Löwik et al. applied a high
magnetic field to align peptide amphiphiles and so prepare highly organised fibres in 1
mm path length cuvettes.12 They also showed that the diacetylene functionality present
in the alkyl tail of the amphiphiles could be polymerised in these aligned fibres. The
aligned system however proved to be fragile and was easily disrupted by applying
mechanical forces, such as were applied when removing samples from their cuvette.
As discussed in chapter four, peptide amphiphiles are easily modified to suit a
particular function, for example they can be functionalised with the peptide IKVAV,
which is known to promote neurite outgrowth of different types of neuronal cells.13
Stupp and co-workers incorporated this sequence into peptide amphiphile nanofibres
and were able to induce the differentiation of neural progenitor cells into neurons.14
They later extended this approach by pipetting these amphiphile solutions through a
saline solution containing 25 mM CaCl2, and so creating gels in which the fibres were
aligned via the shear forces exerted by the pipetting process. The amphiphiles in these
fibres were modified with the IKVAV motif and thus these gels were a suitable matrix for
neurite growth. It was shown that the neurites were able to grow along the length of
the aligned nanofibres, and after two weeks the neurons displayed spontaneous
electrical activity and established synaptic connections.15 In the system described
above the neural cells had to be mixed with the amphiphiles prior to gel formation,
which is a limiting factor for example when in vivo applications are pursued.
In this chapter we report the encapsulation of magnetically aligned diacetylenecontaining peptide amphiphile fibres in a hydrogel matrix. Hydrogels are polymeric
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networks that contain large amounts of water or biological fluids, and as such are ideal
materials for cell culture. By encapsulating the aligned fibres in a hydrogel we aim to
circumvent the problems experienced by Löwik et al. with regard to the disruption of
the alignment upon removal of the fibres from their cuvette. This material could
provide a first step toward a more generally applicable scaffold for the directed growth
of neuron cells.

5.2 Results and Discussion

Figure 1: structure of the amphiphiles used in this study. Peptide amphiphile 1 (PA 1) has the peptide
sequence Gly-Ala-Gly-Ala-Glu. Peptide amphiphile 2 (PA 2) has a neuron binding motif and has the peptide
sequence Gly-Ala-Gly-Ala-Glu-Ile-Lys-Val-Ala-Val.

The fibre-filled hydrogel was composed of two components. As a matrix material
poly(ethylene glycol) (PEG) was chosen as a well-known hydrogel-forming compound
with high levels of biocompatibility. The gel was made by mixing four-armed star
polymers star-PEG-BCN (Figure 2b) and star-PEG-N3 (Figure 2a), of which the
bicyclo[6.1.0]nonyne (BCN) and azide (N3) at the extremities of the star arms can
spontaneously react via a strain promoted alkyne-azide cycloaddition (SPAAC).16-18
Fibres were composed of the peptide amphiphiles depicted in figure 1, in which 10,12C25GAGAE (PA1) functioned as a spacer amphiphile and 10,12C25-GAGAEIKVAV (PA 2) as the
biofunctional motif for stimulation of neurite outgrowth. Initially, fibre formation was
investigated prior and post encapsulation in the PEG-based hydrogel. Fibres were
formed using the 10,12C25-GAGAE (PA 1)amphiphiles (Figure 1), by heating to 90 °C and
allowing to cool to room temperature slowly. The diacetylene moieties in the alkyl tail
were polymerised using UV-light and the fibres assumed their characteristic blue
colour. The polymerised fibres were then mixed with 20 mg/mL of star-PEG-BCN and
star-PEG-N3 (Figure 2a and 2b), and gel formation was studied. Both at a fibre
concentration of 0.5 mg/mL and 1.0 mg/mL the polymers were able to form gels as
confirmed using the inverted vial test. Similarly fibre formation was not affected when
the amphiphiles were encapsulated in the gel prior to fibre formation.
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Figure 2: structure of the polymers used in this study. a) structure of the azide functionalised starpolyethylene glycol (PEG-N3). b) structure of the bicycle[6.1.0]nonyne (BCN) functionalised star-polyethylene
glycol (PEG-BCN). c) structure of the 3,4-dihy-droxyphenylacetic acid functionalised star-polyethylene glycol
(PEG-DHPA).

To ensure that the 10,12C25-GAGAE amphiphiles could also be aligned using a
magnetic field we suspended the amphiphiles in water and transferred the mixture to a
1 mm quartz cuvette. For these experiments a 32 T Bitter magnet was used, which was
equipped with a temperature controller and a set-up to measure birefringence in situ.
Magnetic birefringence (Δn) is the difference in the refractive index between the
parallel and perpendicular directions with respect to the magnetic field. The cuvette
was placed in the magnet once the temperature controller had reached 80 °C, this was
done in order to mimic the formation process of the fibres in the lab, which involves
suspending the amphiphiles in water, placing the mixture at 90 °C and allowing the
mixture to cool to room temperature slowly in the water bath. A temperature of 80 °C
was used during the magnet experiments in order to keep the time needed to heat the
insert in an acceptable range. Once the magnetic field had been switched on the
sample was cooled to 20 °C and the birefringence was measured as retardation (in
degrees). The retardation between different samples can be compared if the path
length of the cuvette and the wavelength of the laser are kept constant.
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Figure 3: a) Delta retardation values of fibres made up of the 10,12C25-GAGAE amphiphiles at different
magnetic fields while cooling from 80°C to 20°C. Wavelength of laser 632.8 x 10-9 m, path length of cell 1 mm.
b) Magnetic field dependence of the maximum retardation, obtained after cooling from 80 °C to room
temperature (the red line has been added to guide the eye). c) Polymerised fibres samples after magnetic
alignment, observed through a polarizer. Left: polarizer film placed parallel to the direction of the magnetic
field, leading to a strong absorbance of the light. Right: polarizer film placed perpendicular to the applied
field. The arrow indicates the direction of the polarizer.

As expected these amphiphiles behaved in the same way as those used by Löwik et
al., 7, 12 with no alignment being observed at 0 T and the largest retardation value being
observed at 20 T (Figure 3a). This means that alignment in the fibres was highest at 20 T,
which was the maximum magnetic field used for these studies. The retardation is
negative in value, meaning that the alkyl chains are orientated perpendicular to the
magnetic field. After alignment the diacetylene moieties in the fibres were polymerised
and the alignment of the sample was verified by eye using a polarizer (Figure 3c). This
effect was quantified using polarized UV-Vis spectroscopy (Figure 4b). If the polarizer
was parallel to the direction of the fibres, thus parallel to the diacetylene backbone of
the fibres, a large absorbance was observed. If the polarizer was perpendicular to the
direction of the fibres, and thus to the direction of the polydiacetylene backbone,
almost no absorbance was observed. UV-Vis analysis showed the same trend as the
birefringence, with most alignment being observed in the sample that had been
subjected to a 20 T magnetic field. This was confirmed by calculating the dichroic ratio,
which is obtained by dividing the maximum absorbance (at 640 nm) when the polariser
was parallel to the fibre direction by the maximum absorbance (at 640 nm) when the
polariser was perpendicular to the fibre direction (Figure 4b). The largest ratio was
found to be 10 and was obtained for the 20 T sample, which shows there is a large
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different between the parallel and perpendicular absorbance and thus that the fibres
are aligned.

Figure 4: a) UV-Vis spectrum of the 20 T sample with the polarizer parallel and perpendicular to the applied
magnetic field. b) Dichroic ratio at the different magnetic field strengths, obtained by dividing the
absorbance in the parallel direction through the absorbance in the perpendicular direction for the maximum
around 640 nm.

As one of the future perspectives of this project is to create a material that can
support neurons we also synthesised an amphiphile with the sequence 10,12C25GAGAEIKVAV (Figure 1). This amphiphile was mixed in a 1:6 ratio with the 10,12C25-GAGAE
amphiphile. When subjected to a 20 T magnetic field in the same way as described for
the 10,12C25-GAGAE amphiphile fibres it was found that this 6:1 mix of GAGAE:IKVAV had
a comparable retardation (-8.4°) to the 10,12C25-GAGAE amphiphiles.
Another prerequisite for cell culture using the proposed hydrogel-fibre system is
that the cells can move through the hydrogel and attach to the fibres. For this reason a
polymeric building block containing an azide-functionalised matrix metalloproteinase
(MMP) sensitive peptide was synthesised. These peptides are degraded by MMPs
present on the cell surface or in the extracellular domain and have been incorporated in
hydrogels to create materials that have the spatial requirement necessary for cell
culture.19-24 The N-terminal azide functionalised peptide, N3-GGPQGIAGQG, was
synthesised as this contains an MMP sensitive sequence, which is cleaved between the
glycine and isoleucine residues by several different MMPs.25
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Figure 5: Delta retardation values of GAGAE fibres entrapped in a hydrogel network, which was formed in situ
during magnetic alignment of the fibres. For comparison, GAGAE fibres in water at 0 T and 20 T are shown.
Wavelength of laser 632.8 x 10-9 m, path length of cell 1 mm.

Initially, the10,12C25-GAGAE amphiphiles without the cell adhesion domain, and the
unfuctionalised SPAAC-PEG components were added to the cuvette. This sample was
treated in the same manner as before, heated to 90 °C subjected to a 20 T magnetic
field and allowed to cool to 20 °C. At the outset a negative retardation was observed,
which suggested that the amphiphiles were aligned, however, the retardation levelled
off, which suggests that the cross-linking of the PEG components hampers the
alignment. This was found to be the case for gels at 20 mg/mL and 15mg/mL (Figure 5).
This means that the cross-linking method utilised in the SPAAC-PEG gel is not suitable
for the encapsulation of aligned fibres. This can be attributed to the fact that gel
formation occurs simultaneously with fibre alignment, and that the density of the PEG
network formed hinders long range alignment.
In order to separate the gel-forming process from the fibre alignment, an alternative
cross-linking strategy was employed based on the recently developed strain-promoted
oxidation-controlled cyclooctyne-1,2-quinone cycloaddition (SPOCQ), which is a
temporally controlled reaction between cyclooctynes (for example BCN) and 1,2quinones, induced by facile oxidation of 1,2-catechols (for example, 3,4-dihydroxyphenylacetic acid, DHPA).26 In this reaction the gelation is activatable through the
addition of an oxidizing agent, either sodium periodate or enzyme mushroom
tyrosinase.27 The formation and characteristics of this type of gel formation lie outside
the scope of this thesis, however it was envisioned that this manner of inducible gel
formation would not disrupt the alignment of the fibres. Thus a star-PEG with DHPA at
the extremities was synthesised and was combined with the PEG-BCN (Figure 2a and
2c) and the10,12C25-GAGAE amphiphiles (PA 1) in the cuvette. This sample was treated in
the same manner as before, heated to 90 °C subjected to a 20 T magnetic field and
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allowed to cool to 20 °C. Fibre alignment in this sample was as expected. Two samples
were prepared in this manner to allow us to investigate gel formation using both
methods of activation. It was found that enzyme mushroom tyrosinase was not a
suitable activating agent for this system as it did not diffuse into the 1 mm cuvette
sufficiently to induce gel formation through the whole sample. However, gel formation
was realised when sodium periodate was used and importantly the alignment of the
fibres was retained over a period of two weeks (Figure 6).

Figure 6: Polarized UV-Vis spectra for the NaIO4 oxidized star-PEG-BCN / star-PEG-DHPA/ GAGAE fibre mixture
over time. UV-Vis absorbance parallel (solid line) and perpendicular (dashed line) to the direction of the fibres.

5.3 Conclusion
In this chapter we aimed to align peptide amphiphile fibres using a high magnetic
field and subsequently stabilise this alignment in a biocompatible hydrogel material. It
was found that both fibres made up of only 10,12C25-GAGAE amphiphiles as well as fibres
with a 6:1 mix of 10,12C25-GAGAE amphiphiles : 10,12C25-GAGAEIKVAV amphiphiles could
be aligned using a 20 T magnetic field. SPAAC-PEG gels were found to hamper the
alignment of GAGAE fibres and thus were not suitable as a hydrogel matrix for this
system. It was found that SPOCQ-PEG gels in which gelation was activated using
sodium periodate did not disrupt fibre alignment and thus are suitable for further
development of this material. Further research should focus on determining whether
cells can cleave the MMP sequences in the hydrogel material and so migrate and
adhere to fibres with a cell adhesion motif. If this appears to be successful then aligned
fibres with the IKVAV motif can be encapsulated in MMP sensitive SPOQC-PEG gels and
this material could be used to culture neuron cells.
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5.5 Experimental
The synthesis of the polymeric hydrogel components can be found in reference 27 and
28. PEG compounds were supplied by Anika Jonker. Extensive details regarding the
birefringence set-up used for the alignment experiments can be found in the thesis by
Jeroen Gielen, reference 29.
5.5.1 Synthesis peptide amphiphiles. Peptide amphiphiles containing GAGAE and
GAGAEIKVAV as peptide component were prepared via standard solid phase peptide
synthesis (SPPS) using a 2-chlorotrityl resin. In the final step, 10,12-pentacosadiyonic
acid (3 eq) was coupled, using DIPCDI (3.3 eq) and HOBt (3.6 eq). Cleavage from the
resin was performed by treatment of the resin with TFA: TIS: H2O (95: 2.5: 2.5) for 3 h at
r.t. The peptide amphiphiles were afforded by precipitation in ether, followed by freezedrying from acetic acid. Purification was performed using preparative HPLC.
10,12

C25-Gly-Ala-Gly-Ala-Glu (10,12C25-GAGAE)

LC-MS: m/z: 760.12 [M + H]+ (calculated [M + H]+ = 760.48)
HPLC: Rt = 34.54 min

10,12

C25-Gly-Ala-Gly-Ala-Glu-Ile-Lys-Val-Ala-Val (10,12C25-GAGAEIKVAV)

LC-MS: m/z: 1271.6 [M + H]+ (calculated [M + H]+ = 1270.8 ), Rt = 12.13 min.
HPLC: Rt = 30.45 min

5.5.2 Fibre formation. The peptide amphiphiles were dissolved in MilliQ, at a
concentration of 1.0 mg/mL. Sonication of the samples was performed for 15 min at
25°C. Samples were heated to 90°C using a water bath and were allowed to cool to
room temperature overnight in the water bath.
5.5.3 Fibre polymerization. After fibre formation, samples were illuminated with UV
light for 15 minutes. Fibres were illuminated from above, with a distance of 3 cm
between the light-guide of the lamp and the sample, using a Bluepoint 2 UV lamp.
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5.5.4 Gelation and fibre formation studies
SPAAC gel formation with preformed fibres
Star-PEG-BCN (4.0 mg) was dissolved in 200 μL polymerised GAGAE fibre solution (1.0
mg/mL; blue). A solution of star-PEG-N3 (4.0 mg) in 200 μL polymerised GAGAE fibre
solution (1.0 mg/mL; blue) was added to the BCN-solution. This resulted in a solution
with a total polymer content of 20 mg/mL and a fibre content of 1.0 mg/mL. Gel
formation was examined after approximately 75 min, via the inverted vial test.
Hydrogels were heated to 90°C and thereby showed their characteristic colour change
from blue to pink.
Concurrent fibre and SPAAC gel formation
Star-PEG-BCN (4.0 mg) was dissolved in 200 μL GAGAE solution (1.0 mg/mL; colourless).
A solution of star-PEG-N3 (4.0 mg) in 200 μL GAGAE solution (1.0 mg/mL; colourless) was
added to the BCN-solution. This solution was kept in the dark while gel formation
occurred. The hydrogel was heated to 90°C and allowed to cool to room temperature to
enable fibre formation. Polymerisation with UV light (15 min) resulted in the expected
blue hydrogel. This gel turned pink when heated to 90°C.
5.5.5 Magnetic alignment of peptide amphiphile fibres. Prior to measuring the
peptide amphiphile fibre samples, several temperature sweeps (20 → 80°C and 80 →
20 °C) were conducted on a water sample to check the temperature effect on the
retardation values. Only small variations in retardation values were recorded, showing
that temperature changes do not have an influence on the birefringence
measurements. Peptide amphiphile fibres were formed as described above, in
concentrations of 1.0 mg/mL. For the IKVAV-containing amphiphiles, a mixture of
GAGAEIKVAV and GAGAE fibres in a ratio of 1:6 was prepared. Fibres (± 350 μL) were
loaded in a quartz optical cell with a path length of 1 mm. Samples were measured on a
32 T Bitter magnet from the High Field Magnet Laboratory (HFML). This magnet has a
power of 18 MW, a bore size of 50 mm and is equipped with a temperature controller
and a birefringence insert. Samples were placed in the magnet, which was already
heated to a temperature of 80°C. When the temperature was stable at 80°C, the magnet
was switched on to the desired strength (5 T, 10 T, 15 T or 20 T) using a sweep rate of 80
mT/s. The temperature was lowered to 20°C in approximately 45 minutes, while
monitoring the birefringence. The magnet was switched off when a temperature of
20°C was reached. As a control experiment, this procedure was repeated without
magnetic field (0 T). For all experiments, the path length was kept constant (1 mm),
meaning that birefringence and retardation are equal. The measured birefringence
values were graphically represented as delta retardation (°). The birefringence value
recorded at 80°C was taken as the constant starting point; delta retardation was
calculated by subtracting this constant value. After magnetic alignment, samples were
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polymerised with UV light for 15 minutes. All samples were examined using a polarizer
film.
5.5.6 Gelation and fibre formation studies in a magnetic field: SPAAC crosslinking
Concurrent fibre and SPAAC gel formation
Samples for in situ hydrogel formation were prepared by dissolving star-PEG-BCN in a
GAGAE solution (1.0 mg/mL) and by dissolving star-PEG-MMP-N3 in a GAGAE solution
(1.0 mg/mL). Amounts of the polymers were chosen to yield a ratio of 1:1 between the
BCN and N3 groups and a final polymer concentration of 15 mg/mL or 20 mg/mL.
Directly after mixing the two polymer-peptide amphiphile solutions, the mixture (± 350
μL) was loaded in the optical cell and placed in the magnet (already at 80°C).
Measurements were performed at 20 T as described above. The fibres in the resulting
hydrogels were polymerised with UV light.
SPAAC gel formation with preformed fibres
The sample for hydrogel formation after magnetic alignment was prepared by
dissolving star-PEG-MMP-N3 (40 mg/mL) in a GAGAE peptide amphiphile solution (1.0
mg/mL). This solution (± 320 μL) was loaded in the cuvetter, heated to 80 °C and
allowed to cool in a 20 T magnetic field. After polymerisation, star-PEG-BCN (20 μL, 40
mg/mL) was loaded on top of the sample. The total polymer concentration of the
resulting hydrogel was 20 mg/mL (ratio BCN: N3 1:1). As a control experiment, a
birefringence measurement was performed on a mixture of polymers of star-PEG-BCN
and star-PEG-MMP-N3. The retardation values of the formed hydrogel were measured at
20 T at room temperature. All samples were examined using a polarizer film.
5.5.7 Gelation and fibre formation studies in a magnetic field: SPOCQ crosslinking. Two equal samples were prepared by dissolving star-PEG-BCN in a GAGAE
peptide amphiphile solution (1.0 mg/mL) and by dissolving star-PEG-DHPA in a GAGAE
peptide amphiphile solution (1.0 mg/mL). A ratio of 1:1 between the BCN and catechol
groups was taken with a final polymer concentration of 20 mg/mL. After mixing the two
polymer- peptide amphiphile solutions, the mixture (± 300 μL) was loaded in the
optical cell and placed in the magnet (already at 80°C). Measurements were performed
at 20 T as described above. The fibres were polymerised with UV light. Samples were
examined with a polariser film and measured in a UV spectrometer. To one of the
samples, 50 μL sodium periodate (1 eq, based on amount of DHPA groups) was added
on top of the material in the optical cell. To the other sample, 50 μL enzyme mushroom
tyrosinase (500 units/mL) was added. Both samples were analysed using the polariser
film and UV spectroscopy 16 h, 2 days and 2 weeks after addition of the oxidizing agent.
After 2 weeks, both optical cells were opened to check gel formation.
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5.5.8 UV spectroscopy. UV spectra were recorded on a Jasco v630 spectrometer at a
wavelength range of 400 – 800 nm. Samples used for magnetic alignment (in a 1 mm
quartz optical cell) were measured. A polarizer film was placed in front of the light
beam, to be able to measure parallel (0°) and perpendicular (90°) to the applied
magnetic field. UV spectra were corrected by subtracting the background spectrum
recorded for water. UV spectra were baseline corrected using Origin software (version
8.*). To determine the dichroic ratio, absorbance value for the peak at 640 nm was
taken. The dichroic ratio is defined as the absorbance in the parallel direction divided
by the absorbance in the perpendicular direction yields the ratio.
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Chapter 6
A synthetic Route towards the Bacteriophage MS2 Viral
Capsid
6.1 Introduction
Viruses are interesting biological entities, the simplest of which comprise a piece of
DNA or RNA and a protein coat also known as the virus capsid. They have evolved to
become extremely effective at infecting host cells and subsequently depositing their
cargo. Much research has been carried out regarding viruses as they are well defined
particles with regard to their dimensions and number of self-assembling units. As such
they are not only interesting from a biological perspective but also from a nanoscience
point of view. Virus-like particles resemble the native virus, however are no longer
infectious as they do not contain any viral genetic material. Various virus-like particles
have been reported in literature, from icosahedral particles like CCMV and MS2 to
helical structures like TMV, where often some genetic material is still present. The
interior and exterior of these hollow assemblies have been modified, to create targeted
photodynamic therapy vesicles,1 for the delivery of bioactive proteins,2 and for the
mineralization of nanoparticles and nanowires.3, 4

Figure 1: 3D structure of the MS2 virus capsid.5

The MS2 bacteriophage has one of the smallest viral genomes and is made up of
single stranded RNA containing 3569 nucleotides, a maturation protein containing 393
amino acids and 180 identical capsid proteins each containing 129 amino acid
residues.5 These capsid proteins assemble to form a protein coat with an icosahedral
(T = 3) geometry which contains multiple pores with a diameter of approximately two
nanometers (Figure 1). The MS2 protein coat was found to have good thermal stability
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even when modifications to the primary sequence of the capsid protein were
introduced.6 This stability towards changes in its amino acid sequence means that the
MS2 virus capsid lends itself well to modification with various chemical moieties. A
negatively charged amino acid tag was genetically encoded into the capsid protein by
Glasgow et al. which allowed for the specific incorporation of proteins upon selfassembly of the virus capsid.7 The Francis group modified the interior of the capsid with
porphyrins which produced singlet oxygen upon irradiation with light, and the outside
of the capsid with cell receptor-specific DNA aptamers.1 In this way they were able to
carry out the targeted delivery of photodynamic agents to cancer cells. Recently, the
MS2 virus capsid was also used as a delivery system for siRNA.8 Various other entities
have been encapsulated in the MS2 virus capsid including, the ricin A chain,9
nanoparticles,10 organic fluorophores,11 chemotherapeutic drugs,10, 12 and protein
toxins.10 In the examples mentioned above the modified virus capsids were obtained
via semi-synthetic means, using genetic engineering for the construction of the
proteins, followed by bioconjugation to introduce the desired functionalities. Although
this approach is versatile, it is hampered by the fact that the basic protein is still
prepared via biosynthesis, which only affords limited control over the positioning of
any amino acid based modifications within the capsid protein. In order to gain
complete control over the incorporation of groups of interest in the (hybrid) capsid
protein, such as reactive moieties, non-natural amino acids, but also peptide nucleic
acids, a fully synthetic methodology should be utilised. As the capsid protein only
contains 129 amino acids, this comes within reach of what can be achieved with state
of the art solid phase peptide synthesis and ligation techniques. A successful synthesis
would lead to the first synthetic bacteriophage with its specific self-replicating
properties. This chapter describes the endeavours to develop a fully synthetic
methodology to construct the MS2 capsid protein.
The sequential synthesis of peptides that are more than 50 amino acids in length is
far from trivial. However, several ligation strategies have been developed that facilitate
the synthesis of long peptides. Shorter peptide fragments may be coupled to yield the
full length peptide. One major problem with this method is the loss of chirality due to
oxazolone formation upon activation of the C-terminus, which means it can only be
used effectively if the C-terminal amino acid is a glycine.13 Other ligation methods
include KAHA ligation, which is based on the reaction of a C-terminal α-keto acid with
an N-terminal hydroxylamine,14 a Staudinger ligation inspired reaction in which a Cterminal thioester and an N-terminal azide are coupled using phosphinobenzenethiol,15
and native chemical ligation (NCL), which is based on the reaction of a C-terminal
thioester with an N-terminal cysteine (Figure 2).16 All of these ligation strategies result in
the formation of a native peptide bond at the ligation site with only minimal
racemisation.17, 18
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Figure 2: a) Example of a KAHA ligation. b) Example of a Staudinger ligation. c) Example of a native chemical
ligation.

Native chemical ligation is the most accessible way of coupling peptide fragments
and as such the reactivity of the C-terminal thioester towards the N-terminal cysteine
has been extensively investigated.19, 20 The speed of the thiol-thioester exchange is
higher when the thioester is derived from a mildly acidic thiol, such as arylthiols. In
contrast, alkylthioester derivatives have a lower reactivity toward the N-terminal
cysteine than their arylthiol counterparts. However, the incorporation of an arylthiol
moiety into a peptide is problematic and thus they are often introduced in situ via a
thioester exchange. The peptide is synthesised with an alkylthiol at the C-terminus and
an arylthiol is generated by including an excess of a mildly acidic thiol such as 4mercaptophenylacetic acid (MPAA) in the ligation mixture. This arylthioester then
rapidly reacts with an N-terminal cysteine.17, 21
However, problems arise when synthesising thioester peptides using standard
Fmoc-SPPS; due to the instability of the thioester moiety in the presence of bases such
as piperidine, which is used for Fmoc-removal during synthesis, the peptide can be
(partially) cleaved from the resin. A variety of strategies have been developed that deal
with this problem, examples include: the introduction of the thioester to the peptide
prior to its cleavage from the resin,22 the introduction of an amino thioester post
cleavage,23 or the in situ formation of the thioester using α-methylcysteine.24 Melnyk
developed an approach that centres around the use of bis(2-sulfanylethyl)amido
peptides (SEA peptides) as thioester precursors (Figure 3).17, 18, 25, 26 This specific
precursor inherently meets an important requirement for native chemical ligation, the
cis-conformation of the sulphur moiety with respect to the amide which is essential to
allow the N,S-acyl shift to occur. In the case of the SEA-linker, one sulfanylethyl moiety
is always in the right conformation for the N,S-acyl shift. Another interesting feature of
this methodology is the ability to switch between the reduced or reactive form and
oxidised, unreactive form. In its reduced form the molecule can participate in a native
ligation reaction whereas in its oxidised form a sulfide bridge is present between the
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sulfanylethyl groups which inhibits its participation in a native ligation reaction. This is
known as the SEAon/SEAoff principle and is particularly useful for one-pot ligation
strategies, as was shown by Ollivier et al.18

Figure 3: synthesis scheme of the one-pot assembly of three peptide fragments. The peptide is synthesised
in the N to C-terminal direction. Fragment B is functionalised with a SEAoff moiety and coupled to fragment A
via its N-terminal cysteine. The SEAoff moiety is reduced to its SEAon conformation using phosphine and
subsequently coupled to fragment C.18

They carried out a two-step ligation of three peptide fragments, the middle
fragment was functionalised with an N-terminal cysteine and a C-terminal SEA moiety
in its oxidised or off state. The middle fragment was coupled to the thioester
functionalised N-terminal peptide fragment, subsequently the second ligation step was
triggered by the reduction of the SEAoff moiety to the give the SEAon moiety and the
addition of the cysteine containing C-terminal peptide fragment (Figure 3). In the
above example the SEA group is used directly for native chemical ligation, however it
can also participate in transthioesterification reactions to give both arylthioesters and
alkylthioesters.
One major drawback of native chemical ligation is the relatively low abundance of
cysteine in naturally occurring peptides and proteins, and in addition to this the
position of the cysteines in proteins is predetermined. Both these factors significantly
reduce the practical use of native ligation for the synthesis of proteins, and for these
reasons the native ligation toolkit has been expanded. Selective desulfurization of
cysteines has greatly increased the scope of native chemical ligation as a tool for
protein synthesis. The ability to convert cysteine to alanine, using Raney nickel or a free
radical based desulfurization method, means that additional cysteines can be
introduced in place of alanine in the amino acid sequence.27, 28 These additional
cysteines can then be used as ligation sites and subsequently erased using selective
desulfurization to yield the native protein. This methodology is extremely useful when
synthesising proteins without any native cysteines, but also to simplify the synthesis of
106

Towards a Synthetic MS2 Virus Capsid
proteins containing native cysteines, in these cases the native cysteines can be sidechain protected with an acetamidomethyl (Acm) or thiazolidine (Thz) protecting group
until after the desulfurisation step.29

a

Fragment A: 1-45
ASNFTQFVLVDNGGTGDVTVAPSNFANGVAEWISSNSRSQAYKVT
Fragment B: 46-100
CSVRQSSAQNRKYTIKVEVPKVATQTVGGVELPVAAWRSYLNMELTIPIFATNSD
Fragment C: 101-129
CELIVKAMQGLLKDGNPIPSAIAANSGIY

Figure 4: a) division of the MS2 capsid protein into three fragments. b) ligation strategy needed to synthesise
the capsid protein. c) MS2 fragment A is shown in blue, fragment B is shown in green and fragment C is
shown in red.

Due to the fact that the capsid protein consists of 129 amino acids there are
considerable reservations about synthesizing it sequentially using Fmoc-SPPS. For this
reason a strategy was designed to make the chemical synthesis of this capsid more
accessible. As the sequence contains two cysteines, the peptide can be divided into
three fragments (Figure 4a and c). Fragment A and B can be functionalised with the SEA
group, and the peptide fragments can then be coupled in a sequential fashion starting
with fragment A (Figure 4b). During fragment ligation the SEA group must be present
in the off (oxidised) conformation, which prevents cyclisation of the fragment.
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Figure 5: a) Alternative division of MS2 capsid protein in suitable peptide building blocks b) alternative
ligation strategy for capsid protein synthesis.

The synthesis strategy outlined above may still pose some problems as two of the
fragments are still rather large. In addition to this, as can be seen from the protein
crystal structure, the protein contains a large β-sheet (Figure 4c). The peptide
fragments that fall into this region may be difficult to synthesise, due to aggregation of
the peptide on the resin. For these reasons we extended the methodology using the
selective desulfurization approach which has been widely used for the synthesis of
proteins.30, 31 In this way fragment A and B can be sub-divided into smaller, more
manageable peptides (Figure 5). An important point is that the native cysteine in
fragment B1 must be protected with an Acm group to avoid the formation of unwanted
side products.
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6.2 Results and Discussion
6.2.1 Functionalization of the Resin
In order to obtain a solid support functionalised with the SEA group we first had to
synthesise the bis-(mercaptoethyl)amine (BMEA) linker (Scheme 1). Starting from bis(2chloroethyl)amine hydrochloride 1, a substitution reaction of chloride with trityl
mercaptan was carried out giving compound 2 in 54% yield after purification.
Subsequently, an Fmoc-group was introduced on the amine using Fmoc-Cl to give
compound 3. The introduction of the Fmoc group to the BMEA molecules is not strictly
necessary however it provides a useful tool to determine the resin loading. Compound
3 was then treated with a mixture of trifluoroacetic acid (TFA) and triisopropylsilane
(TiS) to remove the trityl moieties and yield compound 4 in 67% yield. The deprotected
compound 4 was coupled to a 2-chlorotrityl resin to give solid support 5, which was
subsequently capped using methanol and 2,6-lutidine. After preparation of solid
support 5 the resin loading was determined. The loading was found to be 0.087
mmol/g. It was kept deliberately low to ensure that the linker was attached to the resin
via both sulfur atoms of the BMEA molecule.

Scheme 1: i) DBU, DMF, rt, 3h, 55%. ii) Fmoc-Cl, DiPEA, DCM, rt, 30 min, 78%. iii) TFA, TiS, rt, 30 min, 67%. iv)
Barlos resin, DMF, rt, on, 0.087 mmol/g.

A model peptide, based on the first six C-terminal amino acids of fragment B, was
synthesized using resin 5 (Scheme 2). However, this approach did not yield any results.
The C-terminal amino acid of the model peptide was an aspartic acid and as there have
been reports about possible side reactions between the side chain of aspartic acid and
C-terminal thioesters,32 resin 5 was functionalised with a glycine residue. This also failed
to yield the desired product upon cleavage. The reason why this approach did not yield
any tangible results remains elusive, however it can be hypothesised that both of the
sulfur atoms in the linker did not attach to the resin. Therefore the resin fuctionalisation
had to be optimised.
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Scheme 2: i) 20 % piperidine, DMF,rt, 20 mins. ii) Fmoc-Asp(OtBu)-OH, PyBrOP, DiPEA, DCM, rt, on, 0.8
mmol/g. iii) standard Fmoc SPPS.

Huo et al. have shown that the BMEA linker can also be synthesised on the resin.
One of the main advantages of this approach is that only one sulfur atom is attached
directly to the resin and thus there is no restriction on the resin loading. The BMEA
linker can be synthesised from a cysteamine resin and trityl-protected
mercaptoethanol. A 2-chlorotrityl resin can be easily functionalized with cysteamine by
stirring in TFA and then removing the TFA under vacuum which pulls the equilibrium
towards the cysteamine resin, 9 (Scheme 3a).
2-mercaptoethanol was reacted with an excess of trityl chloride to give compound
10 in 50% yield after purification with column chromatography. As large amounts of
this compound were required for the further functionalization of resin 9, the low yield
obtained after purification was not ideal. For this reason the reaction was optimized by
using an excess of the 2-mercaptoethanol with respect to trityl chloride (Scheme 3b).
Upon cooling the reaction mixture to 0 °C the product precipitated from solution and
the excess 2-mercaptoethanol was removed by washing with water. This gave
compound 10 in 94% yield.
The functionalization of resin 9 was continued by introducing an NBS-group to the
amine to ensure mono-alkylation. Subsequently compound 10 was introduced to the
resin using Mitsunobu reaction conditions to yield resin 12. Finally, the NBS group was
removed using 2-mercaptoethanol and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) to
give 13 and the first amino acid was coupled using 1-hydroxy-7-azabenzotriazole
(HOAt) and diisopropyl carbodiimide (DIPCDI) to give 14 (Scheme 3c). The resin loading
was determined to be 0.4 mmol/g, which is a significant increase when compared to
the loading obtained using the first approach. In addition to this when 14 was cleaved
from the resin a mass corresponding to the desired product was observed.
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Scheme 3: On-resin synthesis of the BMEA linker a) i) TFA, rt, 30 min. b) i) 1.2 eq trityl chloride, THF, 50 °C, 4 h,
50%. ii) 0.8 eq trityl chloride, THF, 50 °C, 4 h, 94%. c) i) collidine, THF/DCM, rt, 2 h. ii) PPh3, DIAD, 10, THF/DCM,
rt, 3 h. iii) 2-mercaptoethanol, DBU, DMF, rt, 2 h. iv) Fmoc-Asp(OtBu)-OH, HOAt, DiPCDi, DCM/DMF, rt, on, 0.4
mmol/g.

The model peptide 8, based on the first six C-terminal amino acids of fragment B,
was successfully synthesised from resin 14 using standard Fmoc-SPPS (Scheme 4a). To
investigate the native chemical ligation reaction using a BMEA functionalised peptide,
the small cysteine containing peptide H-Cys-Glu-Leu-OH (16), derived from the Nterminus of fragment C, was synthesised (Scheme 4b). Peptide 8 and peptide 16 were
then ligated in the presence of 4-mercaptophenylacetic acid (MPAA), TCEP.HCl,
guanidine.HCl in a phosphate buffer at pH 7.3, to give peptide 17 (Scheme 6c).
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Scheme 4: a) i) standard Fmoc SPPS. ii) TFA, TiS, H2O, EDT, rt, 90 min, 77 %. c) i) MPAA, TCEP·HCl,
guanidine.HCl, phosphate buffer pH=7.3, rt, on.

6.2.2 Functional Group Orthogonality
In order to achieve complete compatibility between all the functionalities
present during different stages of the capsid protein synthesis, it was important to
investigate the orthogonality of the different reactions. For example, when carrying
out a desulfurization reaction on one of the fragments containing a BMEA linker, the
linker must remain inert. For this reason, a model peptide (18) was designed
containing all possible functionalities encountered during the different stages of
fragment assembly (Figure 6). This model peptide was synthesised and then
subjected to the reaction conditions required for the transformations of the specific
functional groups.

Figure 6: Model peptide for the orthogonality evaluation of Acm-protected cysteine (green), free cysteine
(red) and the BMEA moiety (blue).

For the synthesis strategy to be successful the selective desulfurization of the
additional cysteines must be carried out while the BMEA linker is present in its SEAoff
(oxidised) state. Furthermore, oxidative and reductive conditions need to be applied
to switch between the SEAon and SEAoff configuration of the BMEA linker, without
causing intermolecular crosslinking of the free cysteines, or intramolecular ring
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closure with the BMEA linker. Finally, to prevent the native N-terminal cysteine
participating in any of the abovementioned reactions, it has to be protected with an
acetamidomethyl protecting group. This Acm-protecting group must be able to
withstand all reaction conditions employed to bring about the required changes to the
molecule. If so, it can be removed orthogonally at a later stage during synthesis and the
resulting free cysteine can be employed for native chemical ligation. For example, after
two sub-fragments have been coupled and subjected to desulfurization, the Acm
group can be removed and the fragment can participate in a subsequent native
chemical ligation reaction.

6.2.2.1 Oxidation of the BMEA Linker
Oxidation with iodine is one way in which the BMEA can be converted to its SEAoff
state; however, iodine is also one of the cleavage methods for the Acm-protecting
group. It was hypothesized that there may be a kinetic advantage in reaction time for
the ring-closure reaction compared to the reaction time for the Acm-cleavage. As a
result model peptide 18, with the BMEA linker in the SEAon conformation, was dissolved
in AcOH/H2O and iodine was added in an attempt to obtain the SEAoff peptide 19
(Scheme 5). The oxidation reaction was monitored on LC-MS for 5 minutes. It was found
that the BMEA linker was completely converted to the SEAoff configuration within 5
seconds as seen on LC-MS. Unfortunately, partial cleavage of the Acm-protecting group
also occurred within these 5 seconds (20). Furthermore, a small amount of product was
observed in which the free cysteine within the peptide had formed an intramolecular
sulfur bridge with the BMEA linker (21), although no intermolecular crosslinking was
found. It is possible that a third side product is formed in which the Acm-group has
been cleaved and the BMEA linker has reacted with the free cysteine, however this
product has the same mass as 20 and thus its formation cannot be confirmed using
mass spectroscopy.
For this reason another approach to oxidizing the BMEA linker into a SEAoff
configuration was investigated. Model peptide 18 was dissolved in a 1M ammonium
bicarbonate solution and the solution was left open to the atmosphere overnight
(Scheme 5). This oxidation reaction was also monitored using LC-MS and complete
conversion of the SEAon to the SEAoff configuration was achieved within 40 minutes,
without the formation of side products, making this a suitable method for use during
fragment condensation.

Scheme 5: i) I2, DMSO/AcOH/H2O, rt, 5 mins. ii) Ammonium bicarbonate (1M), H2O, rt, 40 mins.
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6.2.2.2 Selective Desulfurization of Free Cysteine
Another important reaction that must be compatible with the BMEA linker is the
selective desulfurization of the additional cysteines. Kent et al. utilised Raney nickel,
TCEP and sodium borohydride to convert a cysteine to an alanine through
desulfurization.27 We made use of the same reaction conditions, however as TCEP
can also be used to reduce the BMEA linker from its SEAoff to its SEAon conformation,
the BMEA linker was also subject to desulfurization. In an attempt to prevent the
BMEA linker from being reduced, the desulfurization reaction was carried out in the
absence of TCEP. This did not, however, lead to product formation (Scheme 6).

Scheme 6: i) Ammonium bicarbonate (1M), H2O, rt, 40 mins. ii) NaBH4, Ni(OAc)2(H2O)4, TCEP.HCl, Na3PO4, H2O,
rt. iii) NaBH4, Ni(OAc)2(H2O)4, Na3PO4, H2O, 40 °C, 72 h.

To circumvent this problem, the BMEA linker was replaced by 3mercaptopropionic acid, a thioester that is inert to desulfurization, through a
transesterification reaction.18, 28 In conjunction to this we employed a milder radicalbased desulfurization method based on the radical initiator VA-044,28 and the
desired peptide 24 was formed without unwanted side-products (Scheme 7).

Scheme 7: i) TCEP.HCl, Na2HPO4, H2O, 37 °C, on. ii) VA-044, EtSH, tBuSH, TCEP.HCl, H2O, 37 °C, on.

6.3 Fragment synthesis using Fmoc SPPS
Having established a suitable methodology for fragment assembly we
proceeded with the synthesis of the separate fragments. Fragment C was readily
synthesised using standard Fmoc-SPPS and a Wang resin. The synthesis of fragment
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B commenced with the functionalization of the resin with a BMEA as described above.
The resin loading was determined to be 0.2 mmol/g after coupling of the first amino
acid (14). As fragment B is 55 residues in length a lower resin loading should be
beneficial during the synthesis as this should prevent the growing chains interacting.
The resin was capped using acetic anhydride and pyridine and peptide elongation was
carried out using standard Fmoc-SPPS with HOBt and DiPCDi. Notably, after cleavage of
the Fmoc group from the first four amino acids in the chain the Kaiser tests were brown
as opposed to blue, which appears to be a specific property of the BMEA resin. After the
addition of residue 16 the Kaiser tests became difficult to interpret. A small sample of
resin was subjected to the cleavage mixture TFA/EDT/H2O/TiS (91:5:2.5:1.5), and the
resulting peptide was precipitated in ether and analysed using LC-MS. None of the
masses found corresponded to the desired peptide, nor to any capped products.
Despite the low resin loading it was thought that the growing peptide chains
aggregated, and as a result the N-terminal amino acid is shielded and unable to
participate in the synthesis.

Figure 7: structure of an Fmoc-pseudoproline dipeptide.

As a result of this, the strategy was adjusted by splitting up fragment B into two
subfragments. Furthermore, the amino acid sequence of this fragment was such that
pseudoproline dipeptides could be incorporated at certain positions. Pseudoprolines
have been designed as temporary proline mimics based on serine and threonine
oxazolidine formation and should improve the overall coupling efficiency (Figure 7). 33
The potential difficulty of coupling a subsequent amino acid to a hindered oxazolidine
has been circumvented by including this residue in the building block, giving rise to
pseudoproline dipeptides. During the cleavage of a pseudoproline-containing peptide
from the resin using TFA the 5-membered ring is opened yielding the native serine or
threonine.
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Fragment A1: 1-20
ASNFTQFVLVDNGGTGDVTV
Fragment A2: 1-45
APSNFANGVAEWISSNSRSQAYKVT
Fragment B1: 46-67
CSVRQSSAQNRKYTIKVEVPKV
Fragment B2: 68-100
ATQTVGGVELPVAAWRSYLNMELTIPIFATNSD
Fragment C: 101-129
CELIVKAMQGLLKDGNPIPSAIAANSGIY
Figure 8: The positions of the pseudoproline dipeptides are shown in red, the Acm-protected cysteine is
shown in green, and the alanines that will be replaced with cysteines and desulfurised after the fragments
have been coupled are shown in blue.

The synthesis of fragment B2 was carried out using resin 14. Two pseudoproline
dipeptides were incorporated at the positions shown in figure 8. These inclusions
had the desired effect as the coupling efficiency was still good at residue 20.
However after the coupling of a proline residue at position 23 the coupling
efficiency decreased. This may be due to the incomplete coupling of the proline
residue, which due its secondary amine, cannot not be subjected to a Kaiser test to
determine if the coupling has gone to completion. A chloranil test can be used to
detect the presence of secondary amines, however, this test is generally less
sensitive than a Kaiser test.34, 35 Finally the N-terminal alanine was substituted for a
cysteine residue and the peptide was cleaved from the resin using standard
cleavage conditions, precipitated in ether and analysed using mass spectroscopy
(Figure 9). The desired product was found in addition to several side products.

Figure 9: LC-MS spectrum of fragment B2 with the relevant peak and corresponding mass highlighted in red.
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The synthesis of fragment B1 was carried out using a valine functionalised BMEA
resin with a resin loading of 0.20 mmol/g as before. The time required for a coupling to
go to completion was twice as long as compared with the coupling times required for
the synthesis of fragment B2. In some cases the coupling would only go to completion
after the addition of the more reactive Opfp-ester containing amino acids. After 13
residues the Kaiser tests became difficult to interpret, LC-MS analysis of the peptide
after 18 residues showed that the desired product was still present however, albeit
among significant impurities. At the end of the synthesis the peptide was cleaved from
the resin as before, precipitated in ether and analysed using LC-MS (Figure 10a). The
correct product could not be identified.

Figure 10: a) LC-MS spectrum of fragment B1, no identifiable product could be found. b) LC-MS spectrum of
fragment A2 after coupling 15 amino acids, no identifiable product could be found.

The synthesis of the full length fragment A was initially attempted, however, it was
clear from the long coupling times required right from the start of the synthesis that
this fragment would also need to be split up into two sub fragments. The synthesis of
fragment A2 was carried out in a comparable fashion to the synthesis of fragment B1
and B2, using a BMEA resin. Mass analysis after 10 residues showed the correct product
was present although a significant number of side products had also been formed. A
pseudoproline dipeptide was incorporated into the peptide at positions 12 and 13.
Nonetheless, after 15 amino acids the correct product mass could no longer be
identified (Figure 10b). Due to the difficulties encountered up to this point, the
synthesis of fragment A1 was not attempted using Fmoc-SPPS.
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6.4 Fragment synthesis using Boc-SPPS

Figure 11: structure of the trityl mercapto acetyl Leu PAM Polystyrene resin.

As there were significant problems with the synthesis of the sub fragments A1,
A2, B1 and B2 these fragments were also synthesised using Boc-SPPS. The BMEA
resin is incompatible with Boc-SPPS as TFA is used to deprotect the growing peptide
chain. For this reason a trityl mercapto acetyl Leu PAM Polystyrene resin was used
(Figure 11).36 Cleavage of the peptide from this resin using HF yields a peptide
thioester which can be utilised for native chemical ligation. The synthesis of the
fragments commenced with the removal of the trityl group using TFA and
subsequently the first amino acid was coupled using HOBt and DiPCDi. Standard
Boc-SPPS protocols were used for the synthesis of all the fragments, coupling with
HOBt and DiPCDi and deprotection with TFA. The fragments were cleaved from the
resin using neat HF and p-cresol. The peptides were dissolved in TFA and
precipitated in ether. LC-MS analysis showed that only fragment B1 was synthesised
successfully. The glutamine in fragment A1 had dehydrated during the synthesis
leaving a cyanide moiety in the side chain. This issue can be circumvented by using
glutamine in which the side chain is protected with a xanthyl group. During the
synthesis of fragment B2 the peptide was capped at an early stage, thus a truncated
peptide was obtained. Unfortunately, no identifiable masses were found in the
analysis of fragment A2.

6.5 Proposal for an Alternative Fragment Division
Fragment 1: 1-25
ASNFTQFVLVDNGGTGDVTVAPSNF
Fragment 2.1: 26-40
Thz-NGVAEWISSNSRSQ
Fragment 2.2: 41-53
Thz-VYKVTCSVRQSS
Fragment 3: 54-81
Thz-QNRKYTIKVEVPKVATQTVGGVELPVA
Fragment 4.1: 82-96
Thz-WRSYLNMELTIPIF
Fragment 4.2: 97-107
Thz-TNSDCELIVK
Fragment 5: 108-129
CMQGLLKDGNPIPSAIAANSGIY
Figure 12: Alternative division of MS2 capsid protein, showing the positions of the pseudoproline dipeptides
(red), the Acm-protected cysteine (green), and the thioprolines (blue).
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The abundance of alanine residues in the MS2 capsid sequence means that it can be
subdivided in an alternative way (Figure 12). This strategy avoids the use of native
cysteine residues as native chemical ligation sites; instead the two native cysteines are
both Acm-protected. The cysteines at the N-terminus of each fragment are protected as
thioprolines, which avoids unwanted intramolecular cyclizations or intermolecular
dimerizations, but can be easily converted to cysteine by treatment with
methoxyamine. The fragments are coupled from the C-terminus to the N-terminus
using the methodology described in this chapter. The synthesis of these smaller
fragments is ongoing using both Fmoc-SPPS and Boc-SPPS, and so far this seems
promising.

6.6 Conclusion
An orthogonal methodology was created to enable the synthesis of the MS2 capsid
protein. The methodology described makes use of a combination of native chemical
ligation and selective desulfurisation to allow multiple fragments to be coupled. The
orthogonal nature of this methodology was investigated using a model peptide and we
were able to carry out the desulfurisation of a cysteine without the C-terminal thioester
being affected. In order to be able to synthesise the MS2 capsid protein the peptide
sequence was initially divided into three fragments. However, this division contained
two fragments that were 45 and 55 amino acids and these proved very difficult to
synthesise. A different fragment division was made in an attempt to optimise fragment
synthesis. Great difficulties were still experienced with the peptide synthesis of the
fragments that fall into the β-sheet region of the capsid protein. The most probable
explanation for this is that β-sheet forming peptides have a tendency to aggregate
even when on the resin. If the capsid protein is split into seven smaller fragments, as
described in the discussion of an alternative fragment division, the need for cysteine to
be used as ligation site would be eliminated, which would also be a suitable
methodology for synthesising proteins without any cysteine residues, for example TMV.
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6.8 Experimental
6.8.1: Materials. All starting materials were obtained from commercial suppliers and
used as received. Amino acids were obtained from Novabiochem. The 2-chlorotrityl
resin (200-400 mesh) was obtained from Bachem. N,N′-Diisopropylcarbodiimide
(DIPCDI) was obtained from Biosolve Peptides were synthesized on a Labortec AG
Peptide Synthesizer SP 4000 or SP 640. 1H-NMR spectra were recorded on a Varian Inova
400. Chemical shifts (δ) were reported in parts per million (ppm) relative to a residual
proton peak of the solvent which is 7.26 for CDCl3. Purifications carried out using
column chromatography on silica gel were performed with Merck silica gel (0.040-0.043
and 6 nm pore size). TLC was performed on Merck TLC Silica gel 60 F254 plates (layer
thickness 0.25 mm). Plates were analyzed at 254 nm. LC-MS analysis was carried out on
a Thermo Finnigan LCQ-Fleet ESI-ion trap equipped with a C18 ReproSil column, 200x2
mm, particle size 3 μm, elution with water/acetonitrile gradient containing 0.1% formic
acid, gradient 5-100% in 50 mins. Samples were dissolved at 0.2 μM. Resin loading was
determined using a Varian Cary-50 in a 1 mm quartz cuvette. Preparative HPLC was
performed on a Shimadzu LC-20A Prominence system equipped with a C18 ReproSil
column, 250x10 mm, particle size 5 μm. Peptide elution was achieved with a H2O/MeCN
gradient containing 0.1% TFA (5-100%, 1-50 min, flow 4 mL/min).
6.8.2: General procedures
1) Standard Fmoc-SPPS
Functionalized resin was swollen in dry DCM for 30 min after which the resin was
washed with dry DMF (3x). All couplings were carried out using 3 eq of the required
Fmoc- amino acid, 3.3 eq of DiPCDi (1M in DMF) and 3.6 eq of HOBt (1M in DMF) for 45
min at rt. All deprotections were carried out using 20% piperidine in DMF for 20 min at
rt. A Kaiser test was used to ensure the reaction had gone to completion after each
coupling and deprotection step.

2) Determination of resin-loading
20% piperidine in DMF (3 mL) was added to the functionalized resin ( ̴1 mg) and this
was shaken for 20 minutes. The absorption of the dibenzofulvene-piperidine adduct
was measured in triplo at 290 nm. Subsequently, the loading was calculated from
equation 1.
/

.

∗

equation 1

3) Standard Boc-SPPS
Trityl mercapto acetyl leu PAM Polystyrene resin (1 g, loading 0.67 mmol/g) was treated
thrice with 20 mL TFA/Tis/H2O (95:2.5:2.5) until the yellow colour disappeared. The resin
was washed with DCM and DMF. All couplings were carried out using 3 eq of the
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desired Boc-amino acid, 0.5M HBTU in DMF and 8.5 eq DiPEA. After the first coupling
the resin was capped with 0.5 mL benzoylchloride and 0.5 mL pyridine for 10 mins. The
first coupling was carried out for 1 h, subsequent couplings for 45 mins. After coupling
the amino acid the resin was washed with DMF, followed by DCM. The Boc-group was
removed using TFA for 3 mins. The resin was washed with DCM, DMF, DiPEA and finally
1M HOBt in DMF before the next coupling was carried out.
4) HF cleavage
CAUTION: Hydrogen fluoride is extremely dangerous. Personal safety measures
should include lab coat and glasses, and appropriate gloves. It is particularly important
to avoid contact with the HF transfer lines and the ethyl ether used to wash the
precipitated peptide as it may contain dissolved HF. All steps must be carried out in
specially designed HF apparatus in a well-ventilated fume hood.
The HF apparatus was kept under vacuum for 30 mins to ensure the vacuum in the
apparatus remained constant. The required resin (500 mg) and p-cresol (500 μL, 3.8
mmol) were added to the Teflon reaction vessel. A solution of KOH (7 M, 125 mL) in H2O
was added to the quenching vessel. The receiving vessel, containing cobalt fluoride,
was cooled using liquid nitrogen. Liquid HF was transferred into the cold receiving
vessel. The reaction vessel, containing the resin and the p-cresol, was cooled with liquid
nitrogen and 10 mL HF (0.5 mmol) was transferred to the reaction vessel. The reaction
vessel was allowed to heat up to 0 °C and the reaction was stirred for 1 h at this
temperature. The HF was transferred to the quenching vessel. The resin was washed
with TFA to elute the peptide and subsequently the peptide was precipitated in ether.
6.8.3: Synthesis of bis(2-[triphenylmethylsulfanyl]ethyl)amine (2)

Dried DMF (25 mL) was cooled to 0 °C in an ice bath under an argon atmosphere. Bis(2chloroethyl)amine.HCl 1 (1.50 g, 8.4 mmol, 1.0 eq) and triphenylmethanethiol (4.64 g,
16.8 mmol, 2.0 eq) were added followed by the dropwise addition of DBU (5.03 mL, 33.6
mmol, 4.0 eq). Subsequently, the ice bath was removed and the mixture stirred at rt. for
3 h. Purification was carried out on silica using hexane/ethyl acetate/triethylamine
(9:1:0.05), Rf =0.67. After removal of the solvent the product was obtained as a white
powder (2.87 g, 55%).1H-NMR (400 MHz, CDCl3): δ 7.26-7.41 (m, 30H, Trt), 2.20-2.35 (m,
8H, CH2), 1.26 (s, 1H, NH). LC-MS (m/z): [M+H]+ 622.30 (expected: 622.25)
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6.8.4: Synthesis of bis(2-[triphenylmethylsulfanyl]ethyl)fluorenylmethyloxycarbonylamine (3)

Compound 2 (0.53 mmol, 330 mg, 1.0 eq) was dissolved in DCM (5 mL). Fmoc-Cl (0.53
mmol, 137 mg, 1.0 eq) and DiPEA (0.58 mmol, 102 μL, 1.1 eq) were added to this
solution. The reaction mixture was stirred at rt. for 30 min. After this, the solvent was
removed under reduced pressure and the crude product purified over silica using
hexane/ethyl acetate (9:1), Rf=0.80, yielding the desired product as a white powder
(260 mg, 78%).1H-NMR (400 MHz, CDCl3): δ 7.27-7.83 (m, 38H, CH), 4.69 (d, 2H, CH2), 4.50
(t, 1H, CH), 3.30 ( t, 4H, CH2), 2.31 (t, 4H, CH2). LC-MS (m/z): [M+H]+ 844.34 (expected:
844.32)
6.8.5: Synthesis of bis(2-sulfanylethyl)fluorenylmethyloxycarbonylamine (4)

Compound 3 (260 mg, 0.24 mmol, 1.0 eq) was stirred in TFA/TiS (97.5:2.5) (10 mL) for 30
min at rt. The solvent was removed under reduced pressure and any residual TFA was
removed by co-evaporation with hexane (3x50 mL). Purification on silica using
heptane/ethyl acetate (9:1), Rf=0.60, yielded compound 4 as a white solid (57.7 mg,
67%).1H-NMR (400 MHz, CDCl3): δ 7.35-7.87 (m, 8H, CH), 4.68 (d, 2H, CH2), 4.50 (t, 1H,
CH), ), 3.30 ( t, 4H, CH2), 2.75 (t, 4H, CH2). LC-MS (m/z): [M+H]+ 360.22 (expected: 360.10)
6.8.6: Synthesis of bis(2-sulfanylethyl)fluorenylmethyloxycarbonylamine resin (5)

2-chlorotrityl resin (1g) was swollen in anhydrous DCM for 30 min. The solvent was
removed and replaced with anhydrous DMF. Compound 4 (0.14 mmol, 50 mg) was
added and the reaction was shaken at rt. overnight. The resin was washed with DMF
(3x) and capping was carried out using MeOH (100 μL) in the presence of 2,6-lutidine
(300 μL) in DMF (10 mL) at rt. for 30 min. The resin was washed with DMF (2x), MeOH
(2x), DMF/DiPEA (95:5, 2x), DMF (2x) and Et2O (2x). The resin loading was determined as
described in general procedure 2 and found to be 0.087 mmol/g.
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6.8.7: Introduction of FmocAsp(OtBu) on BMEA resin (6)

20% piperidine in DMF (5 mL) was added to resin 5 and shaken for 20 mins at rt. The
resin was washed with DMF (3x). Fmoc-Asp(OtBu) (1.0 mmol, 411.5 mg, 11.5 eq) was
dissolved in a minimal volume of DCM and added to the reaction vessel together with
PyBrOP (1.0 mmol, 466.2 mg, 11.5 eq) and DiPEA (3 mmol, 0.524 mL, 34.5 eq). The
reaction mixture was shaken overnight at rt. Subsequently, the resin was washed using
DMF (3x), DCM (3x), DMF (3x), Et2O (3x) and dried. Fmoc-determination was carried as
described in general procedure 2 out yielding a resin-loading of 0.08 mmol/g.
6.8.8: Synthesis of 2-chlorotrityl cysteamine resin (9)

2-chlorotrityl resin (100 mg) was suspended in TFA (5 mL). Cysteamine.HCl (0.06 mmol,
6.78 mg) was added and the resin was shaken for 30 min at rt. Subsequently, the TFA
was evaporated under reduced pressure and the resin washed with Et2O (2x), DMF (2x),
DCM (2x), and Et2O (2x). The resin was capped using MeOH/DiPEA (2:1) for 30 min at rt.
A positive Kaiser test confirmed presence of a primary amine on the resin.
6.8.9: Synthesis of 2-(triphenylmethylsulfanyl)ethanol (10)

Trityl chloride (37.49 mmol, 10.4 g, 0.8 eq) was added to a solution of 2mercaptoethanol (46.9 mmol, 3.28 mL, 1.0 eq) in THF (30 mL). The reaction mixture was
stirred at 50 °C for 4 h. The solution was left to cool to rt. upon which crystals started to
grow in the solution. The mixture was placed in the refrigerator at 4°C overnight. The
resulting white solid was washed with H2O and dried in vacuo at 50 °C yielding
compound 10 as a white powder (11.3 g, 94%). 1H-NMR (400 MHz, CDCl3): δ 7.21-7.48
(m, 15H, Trt), 3.39 (t, 2H, CH2), 2.52 (t, 2H, CH2)
6.8.10: Synthesis of BMEA resin: Introduction of the o-NBS group (11)

Resin 9 (5 g, 0.25 mmol/g) was swollen in THF/DCM (2:1) for 10 min. o-NBS chloride
(6.25 mmol, 1.38 g, 5 eq) and collidine (6.25 mmol, 0.83 mL, 5 eq) were added to the
suspension and the mixture was stirred for 2h at rt. The resin was washed with DMF (3x)
and DCM (3x).
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6.8.11: Synthesis of BMEA resin: Introduction of 2-(triphenylmethylsulfanyl)
ethanol (12)

PPh3 (6.25 mmol, 1.64 g, 5 eq) and DIAD (6.25 mmol, 1.26 g, 5 eq) were premixed at rt. in
dry THF for 15 min. Compound 10 (6.25 mmol, 2.01 g, 5 eq) was dissolved in anhydrous
DCM and added to the DIAD solution, the solution was stirred for an additional 10 min
at rt. The entire solution was then added to the resin and stirred at rt. for 3 h. The resin
was washed with THF/DCM (2x) and the reaction repeated as described twice more. The
resin was washed with THF/DCM (2x), THF (2x), i-Pa (2x), DCM (2x) and Et2O.
6.8.12: Synthesis of BMEA resin: Removal of the o-NBS group (13)
The o-NBS group was removed from the amine by addition of 2-mercaptoethanol (25
mmol, 1.75 mL, 20 eq) and DBU (12.5 mmol, 1.88 mL, 10 eq) in DMF (10 mL) and stirring
at rt. for 2 h. After deprotection the resin was washed with DMF (5x) and DCM (5x).
6.8.13: Introduction of Fmoc-Asp(OtBu)-OH on BMEA resin (14)

Resin 13 (500 mg) was swollen in anhydrous DCM for 5 minutes. Next, the solvent was
replaced by anhydrous DCM/DMF (1:1) followed by the addition of Fmoc-Asp(OtBu)-OH
(0.2 mmol, 83 mg, 4 eq), DiPCDi (0.2 mmol, 31.3 μL, 4 eq) and HOAt (0.2 mmol, 27.2 mg,
4 eq). The reaction mixture was shaken at rt. for 3 h. The reaction was repeated
overnight at rt. The resin was washed using DMF (3x), DCM (3x) and Et2O (3x). The resin
loading was determined to be 0.4 mmol/g using general procedure 2.
6.8.14: Peptide elongation: FATNSD-SEA peptide (15) and cleavage (8)

The FATNSD-SEA-peptide was synthesized using general procedure 1 and starting from
BMEA resin 14 (500 mg). Cleavage of the peptide was carried out using a mixture of
TFA/PhSCH3/TiS/H2O (10 mL) (92.5:2.5:2.5:2.5) and stirring for 90 min at rt. The resin was
washed with TFA (5 mL). The TFA was concentrated under reduced pressure and
subsequently precipitated in Et2O. The precipitate was washed with Et2O and air dried
to yield 8 as a white powder (119 mg, 77%). The product was not purified. LC-MS (m/z):
[M+H]+ 773.56 (expected: 773.56), Rt = 6.07 min
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6.8.15: Peptide elongation: CEL peptide and cleavage(16)

CEL
Pre-functionalised Leu-Wang resin (4g, 0.67 mmol/g) was capped for 30 min using
Ac2O (0,50 mL) and pyridine (0.50 mL) in DMF. The resin was washed with DMF (3x),
MeOH (3x), and DMF (3x). The resin was reswollen in DMF and the peptide synthesized
using general procedure 1. The peptide was cleaved off the resin using a mixture of
TFA/TiS/H2O (10 mL) (95:2.5:2.5) and washed with TFA (5 mL). The TFA solution was
concentrated under reduced pressure, and precipitated in Et2O. The precipitate was
washed with Et2O and air dried to yielding 848 mg of peptide 16 (87 %). LC-MS (m/z):
[M+H]+364.08 (expected: 364.15), Rt = 5.32 min.

6.8.16: Native chemical ligation of FATNSD and CEL (17)

FATNSD CEL
Peptide 8 (2.59 μmol, 2 mg, 1.0 eq) was added to a solution of MPAA (69.06 μmol, 11.61
mg, 27 eq) in phosphate buffer (1 mL, 0.1 M, pH=7.4). NaOH (5M) was used to adjust the
pH to 7.64. Peptide 16 (3.87 μmol, 1.40 mg, 1.5 eq) was then dissolved in a phosphate
buffer (1 mL, 0.1 M, pH=7.4) containing TCEP.HCl (69.06 μmol, 18.55 mg, 27 eq). The pH
of this solution was adjusted with NaOH (5 M), to a final pH of 7.33. The solutions
containing peptides 8 and 16 were then combined and incubated at rt. overnight. LCMS (m/z): [M+H]+ 999.72 (expected: 999.40), Rt = 6.30 min.
6.8.17: Peptide elongation: C(Acm)KGFCTNSD-SEA peptide (18)

The C(Acm)KGFCTNSD SEA-peptide was synthesized using general procedure 1 starting
from BMEA resin 14 (4 g). Cleavage was carried out using a mixture of TFA/EDT/H2O/Tis
(20 mL) (91.5:5:2.5:1.5) with stirring at rt. for 90 min. The resin was filtered and washed
with TFA (5 mL). The resulting TFA solution was concentrated under reduced pressure
and precipitated in Et2O. The precipitate was washed with Et2O (3x) and lyophilized
from AcOH yielding 520 mg of the crude peptide18 (44 %) as a white solid.LC-MS (m/z):
[M+H]+ 1164.30 (expected:1164.42), [M+H]2+ 582.65 (expected: 582.71), Rt = 6.06.
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6.8.18: Iodine oxidation of 18 to C(Acm)KGFCTNSD-SEAoff peptide (19)

SEAon peptide 16 (2.00 mg, 1.72 μmol, 1.0 eq) was dissolved in AcOH/H2O (2 mL, 1:4).
Subsequently, iodine (0.87 mg, 3.44 μmol, 2.0 eq) was dissolved in DMSO (17.45 μL, 197
mM). The solutions were combined and reaction was monitored on HPLC (each HPLC
sample was quenched using ascorbic acid, 2.0 eq). The reaction was quenched with
ascorbic acid (0.606 mg, 3.44 μmol, 2.0 eq) in H2O (106 μL, 32.4 mM) after 5 minutes. The
desired SEAoff peptide 19 was obtained as shown by LC-MS within 5 s. Multiple side
products were also observed. LC-MS (m/z): [M+H]+ 1162.40 (expected:1162.41),
[M+H]2+582.08 (expected: 581.70), Rt = 5.28 min. Rt side products = 6.05 min (20), 6.74
min (21)
6.8.19: Ammonium bicarbonate oxidation of 18 to C(Acm)KGFCTNSD-SEAoff
peptide (19)

SEAon peptide 16 (2.00 mg, 1.72 μmol, 1.0 eq) was dissolved in an ammonium
bicarbonate solution in MilliQ H2O (2 mL, 1M). The solution was left open to
atmosphere at rt overnight and monitored on LC-MS. The desired SEAoff peptide 19 was
obtained within 40 min. LC-MS (m/z): [M+H]+ 1162.40 (expected:1162.4), [M+H]2+582.08
(expected: 581.70) Rt = 6.02 min.
6.8.20: Synthesis of C(Acm)KGFCTNSD peptide thioester (23)

3-mercaptopropionic acid (390 mg, 3.57 mmol, 830 eq) was added to a solution of
TCEP.HCl (0.50 mmol, 143.1 mg, 116 eq) dissolved in a Na2HPO4 buffer (6.5 mL, 0.2 M,
pH 7.3). The pH was adjusted to 4.00 using a solution of NaOH in MilliQ H2O (5M).
Subsequently, SEAon peptide 18 (5.00 mg, 4.30 μmol, 1.0 eq) was added to the solution.
The reaction was stirred under argon atmosphere at 37 °C overnight. The solution was
diluted with MilliQ H2O (10 mL) and 10% TFA in MilliQ H2O (5 mL) followed by extraction
with Et2O (3x10 mL). Analysis on LC-MS showed complete conversion of the starting
material to the correct product. LC-MS (m/z): [M+H]+ 1132.52 (expected: 1132.41),
[M+H]2+567.68 (expected: 567.76), Rt = 5.67 min.
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6.8.21: Selective desulfurization of C(Acm)KGFCTNSD peptide thioester to
C(Acm)KGFATNSD peptide thioester (24)

TCEP.HCl (1.11 mmol, 317 mg, 625 eq) was dissolved in MilliQ H2O (2.22 mL, 0.5 M) and
the pH was adjusted to 7.00 with Et3N. tBuSH (1.31 mmol, 118 mg, 147 μL, 738 eq) and
EtSH (408 μmol, 25.4 mg, 29,5 μL, 231 eq) were added. Argon was bubbled through the
solution for 30 min. Thioester 18 (1.77 μmol, 2.00 mg, 1 eq) was added to the solution.
Finally, VA-044 (7.38 μmol, 2.38 mg, 4.17 eq) was added to the reaction mixture which
stirred under an Argon atmosphere at 37 °C for 18 h. Analysis on LC-MS showed
formation of the desired product. LC-MS (m/z): [M+H]+ 1100.48 (expected:1100.44)
6.8.22: Introduction of Fmoc-Asp(OtBu)-OH on BMEA resin (14)

Resin 13 (1 g) was swollen in anhydrous DCM for 5 minutes. Next, the solvent was
replaced by anhydrous DCM/DMF (1:1) followed by the addition of Fmoc-Asp(OtBu)-OH
(0.2 mmol, 83 mg, 4 eq), DiPCDi (0.2 mmol, 31.3 μL, 4 eq) and HOAt (0.2 mmol, 27.2 mg,
4 eq). The reaction mixture was shaken at rt. for 3 h. The reaction was repeated
overnight at rt. The resin was washed using DMF (3x), DCM (3x) and Et2O (3x). The resin
loading was determined to be 0.2 mmol/g using general procedure 2.
6.8.23: Introduction of FmocValOH on BMEA resin (20)

Resin 13 (1 g) was swollen in anhydrous DCM for 5 minutes. Next, the solvent was
replaced by anhydrous DCM/DMF (1:1) followed by the addition of Fmoc-Val-OH (0.25
mmol, 84.8 mg, 4 eq), DiPCDi (0.25 mmol, 39.2 μL, 4 eq) and HOAt (0.2 mmol, 27.2 mg, 4
eq).The reaction mixture was shaken at rt. for 3 h. The reaction was repeated overnight
at rt. The resin was washed using DMF (3x), DCM (3x) and Et2O (3x). The resin loading
was determined to be 0.19 mmol/g using general procedure 2.
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6.8.24: Synthesis of fragment B2 and C
CTQTVGGVELPVAAWRSYLNMELTIPIFATNSD-SEA
CELIVKAMQGLLKDGNPIPSAIAANSGIY

Fragment B2: 68-100
Fragment C: 101-129

Fragment B2 was synthesized using general procedure 1 starting from BMEA resin 14.
Fragment C was synthesized using general procedure 1 starting from a
prefunctionalised Wang resin. Cleavage of both fragments was achieved with
TFA/EDT/H2O/Tis (20 mL) (91.5:5:2.5:1.5) for 90 min at rt. The resulting TFA solution was
evaporated under reduced pressure and precipitated in Et2O. The precipitate was
washed with Et2O (3x) to give either fragment B2 or fragment C.
B2: LC-MS (m/z) [M+H]2+ 1867.52
(expected:1245.59), Rt = 17.16 min.

(expected:1867.39),

[M+H]3+1245.40

C: LC-MS (m/z): [M+H]2+1494.78 (expected:1494.78), [M+H]3+ 996.83 (expected: 996.19),
Rt = 18.46 min.
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The increasing appeal of nanotechnology has paved the way for the discovery and
development of novel peptide-based materials. The relative ease with which peptidebased materials can be synthesised, and the wide range of synthetic techniques
available, have ensured that these materials can be tuned to adopt a specific
conformation or modified to contain specific functional groups. As such peptide-based
materials offer an excellent platform for the development of targeted drug delivery
systems, sensing systems for diagnostics and as substrates for regenerative medicine.
Nevertheless, significant challenges remain to gain full control over peptide-based
materials. In the first part of this section we will discuss ideas for future research based
on the results presented in this thesis. The second part of this section deals with the
issues that need to be addressed in order for the field to move forward to materials
with increased control over functionality.

7.1 Perspectives Concerning This Thesis
Through the work described in this thesis we hope to contribute to the knowledge
of the functionalization diacetylene-containing peptide amphiphile fibres and
liposomes, as well as the synthesis of peptide-based materials.
In chapter two we describe the use of peptide amphiphile fibres and liposomes,
integrated with a colorimetric polydiacetylene sensor as macro-initiators for atom
transfer radical polymerisation. Although we were able to demonstrate that this was
possible, we were not able to correlate the length of the polymer to the colour of the
polydiacetylene backbone of these materials as ATRP in water is not controlled enough.
An alternative would be to use Activator ReGenerated by Electron Transfer
(ARGET) ATRP, which can be carried out in aqueous media using very low
concentrations of catalyst and has also been successfully employed to create welldefined polymer protein conjugates, or single electron transfer-living radical
polymerisation (SET-LRP).1-3 This may allow the length of the polymer on the surface of
these materials to be linked to the colour of their polydiacetylene backbone. In addition
to this, it would be interesting to place a cleavable group between the initiator
functionality and the fibres or liposomes as this would allow the polymer to be
removed from the surface of these materials after the polymerization reaction.
The characterisation of polydiacetylene containing peptide amphiphile fibres with
different C-terminal amino acids is described in chapter 3. We were able to determine
that the C-terminal amino acid has a marked effect on the temperature at which a
colour change occurs in the polydiacetylene backbone of the fibres. We were able to
investigate the formation of fibres with three different C-teminal amino acids using FTIR
and found that the C-terminal amino acid also affected the temperature at which the β-
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sheets in the peptide component of the fibres were disrupted. However, we could not
find a clear correlation between these events, thus more research is required to
determine the exact mechanism by which the colour change in the polydiacetylene
backbone is induced, and the effect of the C-terminal amino acid on the packing of the
amphiphiles. A next step may be to model the amphiphiles and their assembly into
fibres, to gain a fuller understanding of the effect of the C-terminal amino acid on their
packing.
The functionalization of peptide amphiphile fibres with the cell binding motif RGDS
and the effect of colour change due to cell adhesion on the surface of the fibres was
investigated in chapter 4. We found that fibres with a 6:1 ratio spacer amphiphiles to
RGDS amphiphiles were optimum for cell adhesion. In addition to this we found that
the C-terminal amino of the spacer amphiphile has a marked effect on the ability of the
fibres to change colour due to cell adhesion. An interesting follow up study would be to
use atomic force microscopy (AFM) to induce forces similar to those exerted by cells on
the RGDS fibres and observe if this is enough to cause a colour change in the fibres. It
would be also interesting to use this system to investigate cell migration through an
extracellular matrix material. For this to be realised the RGDS fibres should be
encapsulated in a hydrogel, for example polyisocyanide hydrogels, to make them
suitable for 3D cell growth. If this material is suitable for cell growth, it may be possible
to monitor cell migration using the colour of the RGDS fibres.
In chapter 5 the alignment of peptide amphiphile fibres using high magnetic fields
was demonstrated.4 Amphiphiles both with and without a nerve cell adhesion motif
were aligned in this manner. In addition to this, the aligned fibres without the adhesion
domain were encapsulated in a biocompatible hydrogel. It would be interesting to
align fibres that have been functionalised with the motif that allows nerve cell adhesion
and also encapsulate these aligned fibres in a hydrogel matrix. This material could then
be used to direct the growth of nerve cells.
In chapter 6 a methodology is outlined that allows the synthesis of large peptides
such as the MS2 virus capsid protein. The methodology relies on the use of native
chemical ligation in combination with selective desulfurisation to circumvent the need
for cysteines at appropriate positions in the peptide. Thus far we have shown that the
methodology is effective using model peptides but have not been able to realise the
synthesis of the MS2 capsid protein. However through combination of different peptide
synthesis strategies, such as the use of Boc chemistry, this should be possible. In
addition to the MS2 capsid protein it should also be possible to synthesise proteins that
do not contain cysteine residues, such as the TMV capsid protein. Through the
synthesis of the capsid protein we hope to be able to selectively introduce functionality
into the protein as well as gaining insights into the assembly of the capsid.
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7.2 The future of this field
The future of peptide-based materials investigated in this thesis lies in the
biomedical field. However, a big challenge that faces the transition of self-assembled
peptide-based materials from the lab to pharmaceutical applications is their production
at large scale. For this to be realised, their synthesis must be facile and reproducible,
they must be easy to purify and importantly there must be a high level of control over
the self-assembly of the peptides. The synthesis of peptides at large scale is already
established in industry. Recently, reports have emerged in which peptides can be
synthesised using flow chemistry.5 Current methods for the self-assembly of peptidebased materials however often still rely on their spontaneous assembly in aqueous
medium and for example provide limited control over the length of peptide
amphiphile fibres. Further research into the assembly mechanisms of peptide-based
materials may provide insights into how this can be achieved.
If the self-assembly process of a peptide-based material were fully understood and
could be directed, then the automation of such a process would ensure reproducibility
of the material. Several other factors such as the stability and ease of use of any
peptide-based material will also affect the commercialisation of such a material.
To date there are a limited number of examples of peptide-based materials being
applied in a clinical setting even though literature is full of claims that these materials
would be ideally suited for regenerative medicine or tissue engineering. Perhaps the
single biggest obstacle in the transition of the fundamental research to industry is the
lack of collaborations between the two. A closer relationship with industry would mean
that promising materials could be developed beyond the scope of academia.
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Summary

Nature is a major source of inspiration for the fabrication of innovative materials
that meet the demands of today’s society. Peptide-based materials have been used for
a whole host of applications in academia, from drug delivery to tissue engineering. This
thesis focuses on the synthesis and functionalization of peptide-based materials and
has two main components. The first section concentrates on the characterization and
functionalization diacetylene-containing peptide amphiphile fibres. Diacetylenes in
these molecules are interesting as they can be polymerized using UV-light if they are
orientated in a specific way in the fibres. The resulting polydiacetylenes are highly
coloured and very sensitive to changes in their environment.
In chapter two we functionalized diacetylene-containing peptide amphiphiles and
phospholipids with α-bromo esters so that they could be used as initiators in atom
transfer radical polymerization (ATRP) reactions. Subsequently, the supramolecular
assemblies formed by these molecules upon their addition to water, namely peptide
amphiphile fibres and liposomes, were stabilized by polymerizing the diacetylene
moieties present in the molecules. As a result highly coloured, disassembly resistant,
macro initiators were created. To investigate if steric crowding on the surface of these
assemblies could influence the colour of the polydiacetylenes, we utilized the initiator
functionality that had been introduced prior to assembly in ATRP. We found that the
chromatic properties of the polydiacetylenes were directly related to the formation of
polymer on the surface of peptide amphiphile fibres as well as liposomes. Furthermore,
we were able to demonstrate that the progress of this colour change could be
monitored with UV-Vis spectroscopy.
The effect of the C-terminal amino acid residue of the peptide component of the
fibres on the self-assembly and the sensitivity of the polydiacetylene backbone were
investigated in chapter three. A small library of different peptide amphiphiles with
different C-teminal amino acids were synthesised and various techniques were used to
determine the structure of the resulting fibres. The results obtained using conventional
techniques like transmission electron microscopy (TEM) and circular dichromism (CD)
were not conclusive, thus Fourier transform infrared spectroscopy (FTIR) was employed
to investigate the self-assembly of amphiphiles with three different C-terminal amino
acids. We found that all these fibres contained a β-sheet structure, although the
melting temperature of the structural elements was affected by the C-terminal amino
acid. Cross-linking the diacetylene bonds in the fibres resulted in the stabilisation of the
structural elements in the peptide component of the fibres. Investigation into the
temperature at which the polydiacetylene backbone of the fibres changed colour
revealed that the C-terminal amino of the peptide had a marked effect on this
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temperature. We found no correlation between the melting temperature of the β-sheet
in the peptide and the temperature at which the polydiacetylene backbone changed
colour, which suggest this colour change is governed by more subtle factors.
In chapter four we devised an intuitive measure for cell binding by means of a
colourimetric response due to cell adhesion. Polydiacetylene-containing peptide
amphiphiles fibres were designed to sense cell adhesion by means of a colour change.
The diacetylene-containing peptide amphiphiles were functionalised with the cellbinding motif RGDS, and subsequently mixed with non-functionalised diacetylenecontaining spacer amphiphiles. The diacetylenes in the backbone of these fibres were
polymerised using UV-light to give dark blue fibre solutions. Subsequent cell adhesion
induced a colour change from blue to pink. The propensity of the RGDS fibres to
change colour upon cell adhesion could be tuned by varying the C-terminal amino acid
of the spacer amphiphile. In addition to this, by varying the RGDS density we found that
the optimum colourimetric response was obtained for fibres with a 6:1 ratio of nonRGDS to RGDS amphiphiles.
The alignment of diacetylene-containing peptide amphiphile fibres using high
magnetic fields and their subsequent encapsulation in biocompatible poly(ethylene
glycol) based hydrogel matrix is described in chapter five. The hydrogel matrix was
crossed linked using both a non-activatable and activatable cross-linking strategy. The
non-activatable method was found to disrupt the alignment of the fibres whereas the
activatable cross-linking method did not have a negative effect of fibre alignment.
Chapter six deals with the synthesis of the capsid protein of the MS2 bacteriophage.
Due to the length of the capsid protein we devised a methodology that centres on
native chemical ligation, which is a method that results in the formation of a native
peptide bond through the reaction between a C-terminal thioester and an N-terminal
cysteine. By combining native chemical ligation with selective desulfurization we were
able to apply native chemical ligation at alanine sites within the protein. This approach
was shown to be effective using a model peptide, however the synthesis of the capsid
protein fragments was problematic and as such is still ongoing.
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De natuur is een belangrijke bron van inspiratie voor de fabricage van
innovatieve materialen die voldoen aan de eisen van de hedendaagse
samenleving. Peptide-gebaseerde materialen zijn gebruikt voor tal van
toepassingen in de wetenschap, van geneesmiddelafgifte tot tissue
engineering. Dit proefschrift richt zich op de synthese en functionalisering van
op peptide gebaseerde materialen en heeft twee hoofdcomponenten. Het
eerste deel omvat de karakterisering en functionalisering van diaceteleenbevattende peptide amfifiel vezels. De diacetylenen in deze moleculen zijn
interessant omdat ze kunnen worden gepolymeriseerd met UV licht als ze op
een specifieke manier georiënteerd zijn in de vezels. De resulterende
polydiacetylenen zijn sterk gekleurd en zeer gevoelig voor veranderingen in
hun omgeving.
In hoofdstuk twee hebben we diacetyleen-bevattende peptide amfifielen en
fosfolipiden gefunctionaliseerd met α-broom esters zodat ze kunnen worden
gebruikt als initiatoren bij atoomoverdrachts radicaalpolymerisatie (ATRP)
reacties. De supramoleculaire assemblages die worden gevormd door deze
moleculen in water, namelijk peptide amfifiele vezels en liposomen, werden
vervolgens gestabiliseerd door het polymeriseren van de diacetylenen die
aanwezig zijn in de moleculen. Dit resulteerde in de vorming van sterk
gekleurde de-assemblage resistente macro-initiatoren. Om te onderzoeken of
sterische hindering aan het oppervlak van deze assemblages de kleur van de
polydiacetylenen zou kunnen beïnvloeden hebben we de initiator
functionaliteit die geïntroduceerd was vóór de assemblage, gebruikt in een
ATRP reactie. We hebben ontdekt dat de kleurkarakteristieken van de
polydiacetylenen rechtstreeks in verband stonden met de vorming van het
polymeer aan het oppervlak van de peptide amfifiel vezels en liposomen.
Bovendien waren we in staat om aan te tonen dat de voortgang van deze
kleursverandering kon worden gevolgd met UV-Vis spectroscopie.
Het effect van het C-terminale aminozuur-residu van het peptide deel van
de vezels op de zelf-assemblage en de gevoeligheid van de polydiacetyleen
backbone werd onderzocht in hoofdstuk drie. Een serie van verschillende
peptide amfifielen met verschillende C-terminale aminozuren werd
gesynthetiseerd en verschillende technieken werden gebruikt om de structuur
van de resulterende vezels te bepalen. De resultaten die verkregen werden met
conventionele technieken zoals transmissie-elektronenmicroscopie (TEM) en
circulair dichromisme (CD) waren niet overtuigend, daarom werd Fourier
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transformatie infrarood spectroscopie (FTIR) gebruikt om de zelf-assemblage
van amfifielen met drie verschillende C-terminale aminozuren te onderzoeken.
Alle vezels bevatten een β-sheet structuur, hoewel de smelttemperatuur van de
structuurelementen werd beïnvloed door het C-terminale aminozuur. Het
polymeriseren van de diacetyleenbindingen in de vezels leidde tot de
stabilisering van de structurele elementen in het peptidecomponent van de
vezels. Onderzoek naar de temperatuur waarbij het polydiacetyleen backbone
van de vezels van kleur veranderde heeft aangetoond dat het C-terminale
aminozuur van het peptide een duidelijk effect had. We vonden geen correlatie
tussen de smelttemperatuur van de β-sheet in het peptide en de temperatuur
waarbij het polydiacetyleen backbone verkleurde, hetgeen suggereert dat deze
kleurverandering wordt beïnvloed door subtielere factoren.
In hoofdstuk vier omschrijven we een intuïtieve maat voor celbinding door
middel van een colorimetrische reactie ten gevolge van cel-adhesie.
Polydiacetyleen-bevattende peptide amfifiele vezels werden ontworpen om
celhechting te detecteren door middel van een kleurverandering. De
diacetyleen-bevattende peptide amfifielen werden gefunctionaliseerd met het
cel-bindende motief, RGDS, en vervolgens gemengd met nietgefunctionaliseerde diacetyleen-bevattende spacer amfifielen. De diacetylenen
in de backbone van deze vezels werden met behulp van UV-licht
gepolymeriseerd tot donkerblauwe vezel oplossingen. Cel-adhesie
veroorzaakte een kleurverandering van blauw naar roze. De neiging van de
RGDS vezels om te verkleuren door cel-adhesie kon worden aangepast door het
variëren van het C-terminale aminozuur van het spacer amfifiel. Daarbij hebben
we, door het variëren van de RGDS-dichtheid, gevonden dat de optimale
colorimetrische respons werd verkregen bij vezels met een 6:1 verhouding van
niet-RGDS tot RGDS amfifielen.
De uitlijning van diacetyleen-bevattende peptide amfifiel vezels in sterke
magneetvelden en de daaropvolgende inkapseling in een biocompatibele en
op poly(ethyleenglycol) gebaseerde hydrogel matrix, wordt beschreven in
hoofdstuk vijf. De hydrogel matrix werd vernet door middel van zowel nietactiveerbare als activeerbare vernettings-strategiën. De niet-activeerbare
methode bleek de uitlijning van de vezels te verstoren terwijl de activeerbare
vernettingsmethode geen negatief effect had op de uitlijning van de vezels.
Hoofdstuk zes behandelt de synthese van het capside-eiwit van de
bacteriofaag MS2. Gezien de lengte van het capside-eiwit hebben we een
methode ontwikkeld die gebruik maakt van natuurlijke chemische ligatie
(native chemical ligation). Dit is een methode die leidt tot de vorming van een
natieve peptide binding via de reactie tussen een C-terminal thioester en een
N-terminaal cysteïne. Door de combinatie van natuurlijke chemische ligatie met
selectieve ontzwaveling te gebruiken was natuurlijke chemische ligatie bij
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alanine residuen in het eiwit mogelijk. Deze aanpak is effectief gebleken bij een
model peptide, maar de synthese van de capside-eiwit fragmenten was
problematisch en verder onderzoek op dat gebied is nog gaande.
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Bedankt | Thanks
Wat wist ik over Nijmegen toen ik er naar toe verhuisde? Dat ze op de universiteit een
keer een kikker hebben laten zweven in een magneet (dank je wel Lennart). Toch
besloot ik om de stap te wagen en een promotie te gaan doen bij bio-organische
chemie in Nijmegen. En wat is het belangrijkste dat ik geleerd heb na vier jaar
promoveren? Dat je een promotie nooit alleen doet! Hier heb ik de kans om iedereen te
bedanken die heeft bijgedragen aan mijn promotie, of dat nou op wetenschappelijk
vlak, persoonlijk vlak of beide was.
Als eerste aan de orde is alle wetenschappelijke hulp die ik gehad heb en dan is de
eerste “Thank you” voor Dennis. Voordat ik begon had ik je alleen nog maar gesproken
via Skype, maar gelukkig was je in het echt niet anders dan aan de telefoon. Je hebt een
ernom enthousiasme voor de wetenschap en met name voor alles wat met peptides te
maken heeft. Dit enthousiasme wist je altijd naar mij over te brengen en na een
meeting met jou ging ik altijd weer met goede moed aan de slag. Je was altijd bereid
om vragen te beantwoorden en praktische oplossingen te offeren, en natuurlijk om een
biertje mee te drinken tijdens een van de vele borrels.
Iemand die ook een heel groot aandeel heeft gehad in de goede afloop van mijn
promotie is Jan. Ondanks dat je het onzettend druk hebt maak je altijd tijd voor je
promovendi, postdocs en studenten. Tijdens mijn twee-wekelijkse overleg had je vaak
veel goede suggesties en wist je kleine ideeën uit te werken tot ambitieuse projecten.
Je bent een erg toegangkelijk iemand en dat maakt jou zeer prettig om voor te werken.
Bedankt voor alle wetenschappelijke steun en hulp!
I would also like to thank Dr Neil Hunt for allowing me to spend a week in his lab
measuring FTIR of peptide amphiphile fibres, the results of which are a substantial part
of chapter 3. Thank you for showing me the dark side (yes, I mean physics). It was an
extremely informative and constructive week and you’ll be glad to know I stuck to
using Origin, although I have remained firmly on the biological side of life.
Tot de grote jaloezie van mijn natuurkundig aangelede broertje heb ik met een
grote magneet mogen werken. Ik wil Peter Christianen en Roger Rikken bedanken
voor de hulp bij het ontwerpen en uitvoeren van het werk dat beschreven staat in
hoofdstuk 5. Roger, ik wens je heel veel succes met het voorzetten van je eigen
onderzoek!
Ook wil ik Alan Rowan, Rob Liskamp en Patricia Dankers graag bedanken voor het
plaatsnemen in mijn manuscript commissie en voor alle goede suggesties die daaruit
voort zijn gekomen.
Zonder deze mensen zou de afdeling niet half zo goed draaien:, Peter v G, Jan D,
Helene, Liesbeth, Geert-Jan, René, Ad, Theo, Paul, Desiree, Jacky en Paula bedankt
voor alle technische en administrative hulp tijdens mijn promotie. Peter v D , bedankt
voor de hulp met alle bestellingen en voor de interesse die je altijd in mij getoond hebt!
Marieke, het was altijd gezellig om bij jou langs te gaan! Je was altijd uiterst
behulpzaam en begripvol, bedankt hier voor!
Dit dankwoord is natuurlijk niet compleet zonder Hans te noemen! Je bent een
onuitputelijke bron van peptide kennis en zonder jou was het virus capside nog minder
compleet geweest dan het nu is. Bedankt voor de informatie en hulp die je mij gegeven
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hebt! Na vier jaar peptides maken ben ik het helemaal met je eens dat “geen enkel
peptide het zelfde is”.
Mijn promotie had er heel anders uit gezien zonder de hulp van een aantal
studenten. Ten eerste Carim...ja wat moet ik over jou zeggen... je was de eerste student
die aan het virus capside ging werken en mede door jou inzet is hoofdstuk 6 zo lang
geworden. Het was nooit saai met jou op het lab en je was natuurlijk niet alleen een
student maar bent vooral een goede vriend. Een advies? Nog even oefenen voordat je
met de volgende beer vecht. Joost, ook jij mocht aan het virus capside werken, sterker
nog je keeg het TMV virus er ook nog bij. Bedankt voor de inzet en toewijding waar
mee je aan dit project hebt gewerkt, het was zeker niet makkelijk. Pascal, jij bent de
laaste die ik heel even heb mogen beleiden met het virus project, ik vind het jammer
dat het niet langer was. Ik weet zeker dat het virus capside door jou enthousiasme en
inzet nog een stukje dichterbij zal komen. Dennis v G, samen met Carim maakte je deel
uit van team Britta (hoewel jullie dat anders zagen geloof ik). Ondanks je inzet en
doorzettingvermogen heeft jou werk dit boekje niet gehaald, desondanks bedankt
voor je inspanningen. Anouk, jij was een gedeelde student tussen mij en Saskia, en
hebt het grondwerk gelegt voor hoofdstuk 4. Je was zeer zelfstandig en had al snel de
verschillende aspecten van dit project onder de knie, iets wat zeker
bewonderingswaardig is. Uiteindelijk is mede dankzij je inzet dit hoofdstuk
gepubliceert. Tenslotte wil ik ook Kimberley en Martijn bedanken voor jullie inzet
tijdens jullie stages.
Er zijn een aantal mensen die zowel op wetenschappelijk als op persoonlijk vlak een
grote bijdragen hebben gemaakt, en dan in beizonder twee mensen, Anika en Saskia
(a.k.a peptide angels). Behalve alle wetenschappelijke overleggen, peptide synthese,
celkweek, confocal, magneet, HPLC, vriesdroger, en Noortje hulp, wil ik jullie bedanken
voor alle gezelligheid tijdens de kopjes thee, etentjes, shoptripjes, kappertripjes,
congressen en op het lab!
Anika, je bent een echt doorzetter en had altijd tijd om mij te helpen ondanks dat je
het vaak heel druk had. We hebben ook uitgelijnde vezels in een PEG gel gestopt
(hoofdstuk 5, a.k.a. project ruggengraat), en die combinatie zelfs nog in een magneet.
Dat de samenwerking tussen ons goed ging kon eigelijk ook niet anders. Ik kon altijd
mijn ei bij je kwijt, en samen hebben we het lab vaak verrijkt met onze zang kunsten
(iets wat Ruud kan beamen). Bovendien weet ik nu waarschijnlijk meer over Almere
dan welke stad dan ook in Nederland. Ik wens je heel veel succes met je eigen promotie
tot een goed einde brengen, iets waar je heel hard voor gewerkt hebt en wat ook zeker
gaat gebeuren.
Saskia, zonder jou hulp was hoofdstuk 4 nooit geworden wat het nu is. Het is het
project wat ik het leukste heb gevonden om aan te werken en dat kwam mede door
onze samenwerking. Gelukkig was cel/vezel project succesvoller dan de baksels waar
we het mee wilde vieren. Ik heb veel bewondering voor je wetenschappelijke talenten
maar natuulijk ook voor je creativiteit, je positiviteit en je doorzettingsvermogen, en ik
kan me helemaal vinden in jou voorliefde voor gaatjestrüien. Ik wens je heel veel geluk,
niet alleen met het afmaken van je boekje, maar ook met alle andere leuke dingen die
gaan gebeuren dit jaar!
Er zijn heel veel leuke, gezellige, behulpzame mensen waar ik de laaste vier jaar mee
samen heb gewerkt. Daarom wil ik Ruud, Annika, Joep, Marcel, Pim, Morten, Sanne,
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Mark, Nanda, Matthijs, Zhipeng, Petra, Marjoke, René B, Stijn, Selma, Dave, Dennis
M, Gaston, Rens, Stefan, Lise, Lianne, Bram, Marielle en alle andere bewoners van
vleugel 1 bedanken.
Ook een woordje dank voor de glitter artist, Vinzzent groepie, Harry Potter fan,
polymersoom koningin, mijn buro buurvrouw en paranimf Silvie. We hebben veel
leuke dingen gedaan en gezien, Edinburgh, Barcelona, Cambridge, Ruud zonder gel in
zijn haar, met als highlight natuurlijk het concert van Vinzzent inclusief handtekening
en zweterig kusje. Bedankt voor alle gezelligheid en steun! Ik hoop dat je snel een kopje
thee komt drinken in Schotland!
Dan mijn lieve, natuurkundig aangelegde broertje Lennart. Waar ik een “curly
arrow” voor teken schrijf jij een wiskundige vergelijking voor. Toch is het gelukt om
samen te werken aan een project. Niet alleen heb je geholpen met de FTIR meetingen
maar ook met de data verwerking van de honderden IR en UV sprectra die ik gemeten
heb. Bedankt, zonder jou had mijn data nooit een physics seal of approval gehad. Ik
vind het ook heel leuk dat je mijn paranimf wilt zijn, en dat je altijd bereid bent geweest
om je te verdiepen in mijn bio dingen.
Zonder alle leuke dingen die ik gedaan heb waren de afgelopen jaren een stuk
saaier geweest. Iedereen die de borrels en groepsuitjes zo gezellig hebben gemaakt,
bedankt! Dan zijn er nog paar belangrijke mensen die ik wil bedanken. In no particular
order....Carim (homie), Maike, Gaston (oeioeioeioeioei!) bedankt voor de etentjes, laser
game en glow in the dark golf partijtjes. Ruud, voor de ww-theetjes en het oprapen van
de stoep. Annika en Arne, voor de etentjes. Annika, Anika en Saskia, voor de
dierentuin uitstapjes, en etentjes. Anika en Saskia en Silvie en Stéphanie voor de
shop tripjes en kapper uitjes. Silvie en Stéphanie voor de cocktail-sushi avonden. Na
Rae, voor de lunchafspraakjes in Utrecht. Bas, Eva, Robert en Natascha, voor alle
gezelligheid tijdens de etentjes, drankjes, avondjes uit en waterglijbaan ervaringen.
Maartje, we spelen al lang niet meer met barbies maar zijn nog steeds viendinnen.
Bedankt voor de gezellige afspraakjes en de interesse die je altijd getoond hebt in mij
en in mijn onderzoek. Jan-Piet, Femke, ik was altijd welkom bij jullie om lekker te eten
of BBQen, jullie hebben altijd veel interesse getoond in wat ik doe. Bedankt niet alleen
daar voor maar ook voor alle gezelligeheid. Janne en Aukje, ik vond het heel leuk om
met jullie te zwemmen en spelen (op de trampoline onder andere), en natuurlijk dat ik
model mocht zitten voor jullie creative kapsels. Julia, despite the distance you are
always there for me. Dziękuję, for all the fun, support and help, it means a lot!
Ook mijn schoon familie wil ik graag bedanken. Piet en Jenny, jullie hebben mij
voorgesteld aan de wadden eilanden, iets waar ik heel blij mee ben. Ik voel me bij jullie
helemaal thuis. Bedankt, voor de goede zorg, steun, gezelligheid en interesse! Yvon, ik
ben blij dat ik zo’n leuke schoonzus heb, waar ik altijd mode en make-up advies aan kan
vragen. Je bent altijd geinteresseerd, hebt altijd tijd om te helpen en het is gewoon
altijd gezellig, bedankt hier voor!
Ik heb een hele leuke, gezellige, beetje gekke famillie! Anita, René, Rik, Paula, Roel,
Tess, Fem, Wim, Marco, Marjorie, Mieke en Rob (ja, jij hoort er ook bij). Als famillie zijn
jullie echt priceless! Bedankt voor alle hulp, interesse en gezelligheid! Mieke en Rob
(a.k.a. reserve papa en mama), hotsknots en raadje plaatje waren altijd super leuk.
Bedankt voor de goede zorg en de interessante dicussies. Ik heb vaak bij jullie op de
bank gelegen, ik hoop dat jullie dat hier ook een keer komen doen!
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Papa en Mama, jullie hebben me altijd mijn eigen keuzes laten maken en
aangemoedigd bij alles wat ik wou doen. Bedankt voor de steun tijdens mijn studie,
promotie en daarbuiten, en natuurlijk ook met de vele verhuizingen. Jullie staan
positief in het leven, iets wat ik overgenomen heb, en wat heel erg geholpen heeft de
laaste paar jaar. Bedankt dat jullie er ondanks alles altijd voor me zijn.
Ik ben vaak verhuisd tussen Schotland en Nederland, maar de laaste keer heb ik wel
iets heel bijzonders mee genomen. René, je bent een bijzonder iemand. Ik ben heel blij
met je en ook ontzettend trots op jou! Wat heb ik naar vier jaar promoveren geleerd?
Eigelijk is het heel simpel, het mooiste wat ik aan mijn promotie over heb gehouden
dat ben jij.

from Finis Exoptatus
Life is mostly froth and bubble,
Two things stand like stone,
Kindness in another’s trouble,
Courage in your own.
Adam Lindsay Gordon
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