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Abstract

This project involved the development of a self-assembling peptide hydrogel system,
capable of delivering a neurotrophic signal to the central nervous system in a
spatially and temporally controlled manner. Neurotrophins are a promising
approach to the treatment of Parkinson’s disease and other neurodegenerative
conditions, through this project, it was hoped that progress toward a treatment of the

condition would be made.

Initially hydrogels were loaded with a small molecule brain derived neurotrophic
factor (BDNF) mimetic, to see if it was possible to use the hydrogel as a reservoir of
the drug, and achieve a prolonged release effect. When this proved unsuccessful,
focus changed to developing a novel hydrogel, which contained a BDNF derived
sequence. The intention being to create a hydrogel which was intrinsically
neurotrophic. Through this work, a new method of Fmoc hydrogel preparation was
developed, in which carbon dioxide was diffused into the peptide solution in order

to adjust pH and trigger gelation.

The second part of this project involved investigating co-assembly of the BDNF
derived Fmoc self-assembling peptide developed earlier, with published Fmoc
peptides containing additional biofunctional motifs. The resulting hydrogels
contained both BDNF and fibronectin derived sequences. Some blended gels were
found to be biocompatible, and were tested for their ability to activate the TrkB
receptor in vitro. One blended peptide hydrogel was found to be both biocompatible,

and capable of phosphorylating TrkB.

The third part to this work involved the development of another BDNF derived self-
assembling peptide hydrogel, this time based on the self-complementary method of
self-assembly. The resulting hydrogel was biocompatible, and capable of activating

TrkB in vitro.

In the final part of the project the Fmoc BDNF derived peptide hydrogel blend which
showed the highest activity with TrkB was then tested in vivo to characterise the

inflammatory response to the hydrogel following injection into the brain. It was
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found that the blended hydrogel induced a similar inflammatory response to a PBS

only control, and is therefore a suitable material for this application.
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Chapter 1 Literature Review

Neurodegenerative diseases are an increasing burden on the world’s healthcare
systems, as incidence of these conditions increases with our aging population. There
are several diseases that share a similar neurodegenerative origin, all of which may
benefit from an appropriate regenerative material. However, for practical reasons
this project has focused on only one of these conditions, Parkinson’s disease. In this

chapter, the incidence, pathology, and treatment of the disease are discussed

An overview of current clinical strategies is provided, including dopamine treatment
- levodopa, deep brain stimulation (DBS), and neurosurgical methods.

Treatment strategies still under investigation are also discussed here. Biomaterial and
neurotrophic treatment strategies are investigated as an alternative to the
symptomatic therapies currently available. Neurotrophins are of interest, particularly
BDNF and GDNF, as they have the potential to halt or reverse the progression of
neurodegeneration, and studies regarding their use in Parkinson’s disease treatment

have been promising.

Subsequent discussion will outline the use of hydrogels in potential therapies.
Hydrogels are a class of material being widely researched with respect to its potential
use in the central nervous system[1]-[4].

The combination of favourable mechanical properties, evasion of non-specific
binding and ease of diffusion through the material makes them attractive.

Different types of hydrogels are outlined here. These are, chemically crosslinked
hydrogels - such as PEG, gelatin and other organic systems, as well as
macromolecular hydrogels, which form hydrogels through weaker bonds -
hydrogen bonding, and hydrophobic interactions. Particular emphasis is placed on
the use of peptides in hydrogel construction. Hydrogels made from peptides are an
attractive option for biological applications, as they are degradable and it is relatively

simple to incorporate bioactive ligands into their design.
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1.1 Parkinson ’s disease

Parkinson’s disease (PD) currently affects 16,/10,000 people in Western European
populations [5] and is becoming increasing common with an ageing population[6]. In
the United States alone, 59000 cases are diagnosed each year[7]. It is characterised by
a combination of motor and non-motor symptoms which worsen as the disease
progresses. While common perception of PD is associated with tremor, only 50% of
patients with PD will present this symptom[8]. Other common symptoms present in
PD patients are bradykinesia (slowness of movement), rigidity and postural
instability. Less frequent symptoms include orofacial dyskinesias[7] (involuntary
facial movements) as well as several non-motor symptoms, the most common of
which is pain[8]. Not all symptoms may be present in all patients[9], making accurate
diagnosis difficult. Typically, symptoms don’t appear until 50% to 80% of
dopaminergic neurons have already died[10]. Another confounding factor in the
correct diagnosis of PD is that there are several diseases which mimic some or all of
the symptoms, but have a different underlying cause[8]. The variety of symptoms
caused by PD can lead to unnecessary or inappropriate referrals before a correct
diagnosis is reached[8], [11]. Sometimes an entirely inaccurate diagnosis results. This
places further strain on the patient and healthcare system. While early diagnosis is
difficult, due to the progressive nature of the disease, identification becomes easier as

the disease progresses, as symptoms will increase.

Diagnosis of PD is based upon the Queen Square Brain Bank (QSBB) criteria,
originally developed in 1988[12]. The method has been improved upon since then,
and by 2001, the diagnosis accuracy had climbed to 90%[13]. There is therefore a
greater chance of accurate diagnosis at earlier stages of the disease. The goal of
successful treatment of Parkinson’s disease relies on early and accurate detection. If a
method of stopping the degeneration at a point is developed, early intervention will
leave patients in far better condition. In addition, if regeneration is achieved, it may
only be partial, so an earlier starting point for treatment will surely lead to better

outcomes.
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The primary pathological event causing Parkinson’s disease is the loss of
dopaminergic neurons within the substantia nigra (SN) and the resulting depletion
of dopamine in the striatum[5], [8]. This is often characterised by a decrease in
tyrosine hydroxylase (TH) positive cells. Secondary to this is the presence of Lewy
Bodies - insoluble cytoplasmic inclusions of alpha-synuclein[14]. These inclusions
may also be present in the condition dementia with Lewy bodies[8]. Both of these
effects are irreversible and progress with time, leading to reduced quality of life for

patients.

Current therapies for Parkinson’s disease are capable of treating the symptomatic
effects of the disease only[15]-[17] and do nothing to stop or slow the progressive
loss of SN neurons. Since its development in 1968[18] Levodopa (L-3,4-
dihydroxyphenylalanine or L-dopa) has remained the most used and most effective
treatment for Parkinson’s disease. Levodopa is an orally available dopamine
precursor. A small percentage of which is capable of crossing the blood brain barrier
and reaching the striatum. The levodopa is converted into dopamine by the enzyme
aromatic L-amino-acid decarboxylase in the brain[19] as illustrated in Figure 1.1. This
effectively replaces the dopamine lost through the degeneration of neurons in the
SN. However, dopamine isn’t unique to this region of the brain, so the remaining
dose, which is transported throughout the body, can act upon the cardiovascular
system, kidneys, digestive system and pancreas. This overflow of exogenous
dopamine can have adverse side-effects such as peripheral neuropathy[20] for the
patient. Balancing the treatment in order to achieve relief of symptoms, while
introducing minimal side-effects, is a process that takes time, and can be very specific

to the individual.
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DOPA
NH, Decarboxylase HO

HO
OH

OH



Page |6

Pharmacotherapy of Parkinson’s disease allows for significant improvement of motor
symptoms, and provides greater mobility and function in daily life[21]. Treatment
with levodopa is associated with the “on-off” phenomenon. This is a switch between
mobility and immobility, usually as an end of dose “wearing off” which is
reasonably predictable[22]. Less commonly, there can be sudden unpredictable
fluctuations of motor function[23]. Current treatments focus on the restoration of
dopamine, either through a pro-dopamine drug, or a dopamine receptor agonist. As
the disease progresses, the endogenous dopamine production continues to drop,
benefits decrease, and patients steadily become more reliant on dopamine
replacement. Effective management of the disease is difficult. The goal with
management of Parkinson’s disease is to balance clinical efficacy while minimising

adverse effects.

Since its introduction, levodopa has remained the most used medication in treating
the motor symptoms of Parkinson’s disease[21]. Dopamine is typically ionised at
physiological pH, and is unable to cross the blood brain barrier(BBB). Levodopa
however, is able to cross the BBB through interaction with L-type amino acid
transporter 1[24], and therefore functions as an orally available treatment. Once in
the brain levodopa is metabolised to dopamine. Levodopa is also metabolised to
dopamine in the gut, and typically 30% of a dose will enter systemic circulation[21].
In order to counter these effects, levodopa is often administered alongside carbidopa,
a peripheral dopamine decarboxylase inhibitor, which can’t cross the BBB, resulting
in less dopamine conversion outside the brain, which helps to reduce the peripheral
side effects of levodopa[23], [25]. This combined drug approach approximately
triples levodopa’s bioavailability in the brain, leading to reduced dose requirements,
and fewer adverse effects. Adverse effects caused by levodopa/carbidopa products
include nausea, vomiting, postural hypotension, sedation, vivid dreams, dizziness,
and confusion among others. Because of the predominantly elderly nature of
Parkinson’s disease patients, the risk of falls is a serious problem. Levodopa induced
orthostatic hypotension, which occurs in up to 20% of patients contributes to the

observed motor symptoms[21].
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Another treatment option is the use of dopamine receptor agonists. These drugs can
be used alone, or in conjunction with levodopa/carbidopa. They function through
direct activation of dopamine receptors in the caudate-putamen region of the brain,
and enhance the function of dopamine. As a monotherapy they function best in the
early stages of Parkinson’s disease. There are two classes of dopamine agonist, the
ergot and non-ergot classes. Ergot dopamine agonists are nonspecific, and able to
interact with D1 and D> dopamine receptors, as well as serotonin and adrenergic
receptors. They are infrequently used for treatment of Parkinson’s disease, as their
non-selective nature means negative side-effects are common[26]. Non-ergot
dopamine agonists are specific to the D2 and D3 receptors, and have demonstrated
clinical efficacy, and good safety and tolerability. The non-ergot class dopaminergic
agonist oral formulations absorb readily through the gastrointestinal tract, and can
readily cross the blood brain barrier. No conversion to an active state is required, and

they have a much longer half-life than levodopa, requiring less frequent doses.

Ablative neurosurgical treatment for Parkinson’s disease can be beneficial for
patients who do not receive sufficient relief of symptoms from pharmacotherapy.
With the development of advanced procedures, namely MRI-guided and stereotactic
technologies, surgical procedures have become a more attractive option[27].
Common targets for neurosurgery are the thalamus, globus pallidus and subthalamic
nucleus[28]. Thalamotomy can effectively treat greater than 85% of patients who
experience debilitating tremors, as well as some degree of rigidity. It has no effect on
akinesia or bradykinesia however[29]. Clearly, as PD presents itself differently in

patients, it is necessary to tailor the target to the symptoms of the patient.

Deep brain stimulation (DBS) involves the use of electrodes to stimulate specific
regions of the brain. It is able to achieve comparable or better outcomes compared to
ablative surgery, with fewer side effects and no tissue damage. It has taken the place
of ablative neurosurgery in the majority of cases, with neurosurgery now only used if
DBS is not possible[28]. The most common target of DBS is the subthalamic nucleus.
DBS of the subthalamic nucleus is able to achieve an improvement in all symptoms

of PD, and can reduce the need for levodopa pharmacotherapy[30], [31]. This has the
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added benefit of reducing possible dyskinesia induced by levodopa therapy[32]. The
thalamus and globus pallidus are also possible targets[30]. With stimulation of the
globus pallidus, an improvement in all PD symptoms, including an increased “on
phase” duration can be obtained[30]. More generally, DBS is a much more flexible
treatment, as the treatment can be tailored to the individual, with the ability to adjust
the stimulation parameters as needed. During the optimisation process, of
stimulation, side effects can be experienced. More troubling is the possible spread of
stimulation, leading to neighbouring regions of the brain being stimulated. Effects on

cognition[33], [34] behaviour[31] and mood[35] have been reported.

While levodopa pharmacotherapy and DBS have managed to improve quality of life
for the majority of PD patients, they are still only able to reduce the symptoms of the
disease. They do nothing to address the continued degradation of the dopaminergic
cells. Therefore, new therapies are required. One goal of a new therapy is to protect
dopaminergic neurons form further degeneration, as it would be possible to halt the
progression of the disease, meaning quality of life could be maintained. Ideally a new
therapy will be capable of regenerating or replacing the lost dopaminergic cells. This
would enable reversal of the pathology of the disease, and thus lead to functional

recovery. If this effect was sustained, a cure for Parkinson’s disease may be possible.

1.1.1 Neurotrophins as a therapy

Neurotrophins are proteins which perform several important roles in the
development and maintenance of the nervous system, as well as key roles in normal
brain function and synaptic plasticity[36]. Additionally, neurotrophins have several
functions outside the nervous system. Non-brain areas of activity include the
immune system[37], kidney, ovaries and testis[38], [39]. There are multiple classes of
neurotrophin that have been identified. The first of these is the neurotrophic factors,
consisting of nerve growth factor (NGF), brain derived neurotrophic factor (BDNF),
neurotrophin 3 (NT-3), and neurotrophin 4 (NT-4). All of the neurotrophic factors
bind specifically to a tropomyosin receptor kinase (Trk), with NGF binding to TrkA,
BDNF binds to TrkB, NT-3 uniquely can bind to both TrkB and TrkC, and NT-4 binds
to TrkB[40]. All bind with lower affinity to the common receptor p75 neurotrophin
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receptor (p75ntr). The other class of particular interest is the glial cell-line derived
neurotrophic factor family. The glial cell-line derived neurotrophic factor family, all
share the Ret protein receptors, which are highly expressed in the SN[41]-[43]. Ret
receptors require association with a GDNF family receptor a (GFRa) in order to

function in vivo[44].

1.1.1.1 BDNF

Brain derived neurotrophic factor, or BDNF, was the second neurotrophic factor to
be discovered[45]. It functions both within the central nervous system, and in the
peripheral nervous system and other tissues had been explored. BDNF acts through
both the specific TrkB receptor, and the p75ntr receptor, which is used by all of the
neurotrophin family. BDNF exists in 2 stages, proBDNF and mature BDNF, both of
which are functional, and have distinct functions. ProBDNF has been found to be
proapoptotic in cells expressing both p75ntr and sortilin[46]. Cleavage of proBDNF
produces mature BDNF[47]. Mature BDNF is important in early development of the
nervous system, and continues to function throughout adult life[48]. BDNF functions
as a neurotrophin, having roles in neural cell survival[49], differentiation[50],

proliferation[51], learning[52] and synaptic plasticity[53].

BDNEF is distributed throughout the central and peripheral nervous system. The role
of BDNF varies depending on the balance of mature to proBDNF, the concentration
of each, the tissue, as well as the receptor(s) involved[46], [54]. Binding of BDNF to
the TrkB receptor causes homodimerisation, followed by phosphorylation of the

intracellular domain.

Within the central nervous system (CNS), three known TrkB isoforms exist which are
able to bind to BDNF. These are full length (FL) TrkB, and the truncated, T1 and T2
isoforms. The T1 and T2 isoforms have the same extracellular and transmembrane
domain as the full length protein, but lack cytoplasmic tyrosine kinase domains[55].

All isoforms are present in neural cells and perform differing roles.
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Figure 1.2: In the CNS, binding of BDNF to TrkB-FL induces dimerization of the receptor, and phosphorylation of the
cytoplasmic domain. This leads to activation of the PI3K, PLC-y and MAPK pathways, shown here in pink, yellow and blue
respectively. These pathways perform many functions, including proliferation, neuroprotection, differentiation and
neural growth. Phosphorylation sites on TrkB-FL are indicated “P”. Internalisation of dimerised TrkB-FL can continue to
function within endosomes. TrkB-T1 doesn’t activate the three main pathways associated with BDNF function, and can
form heterodimers with TrkB-FL, blocking its function. TrkB-T1 regulates the concentration of BDNF, and induces
dendritic elongation. Reproduced from open access article, MDPI[56].

BDNF binding to the full length TrkB receptor leads to auto-phosphorylation of
tyrosine domains in the cytoplasmic domain of the protein. This in turn leads to the
activation of both the mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K)/AKT pathways[57], as well as the
phospholipase C-y (PLC-y)/PKC pathway[58], [59], AMPK/ACC[60] and NFxB
pathway[61][62]. Activation of the PI3K/ AKT signalling cascade results in
survival[63] and proliferation of neuronal cells. Activation of MAPK triggers many
cellular processes, including growth[64] and protection of neural cells, differentiation

and the release of neurotransmitters[57], [61].

The truncated TrkB receptor has a very different cytoplasmic domain, lacking the

tyrosine kinase domain[65][66], and therefore is unable to activate the same
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pathways as the full length receptor[66]. Despite these differences, a study in which
neural stem cells were isolated from the subventricular zone, showed that these cells
contained predominantly truncated TrkB, and that when treated with BDNF, the
AKT, ERK-1/2, and STAT-3 pathways are all activated[51].

By competing for BDNF, and forming heterodimers with full length TrkB, TrkB T1
can behave as the dominant isoform[66]. Increased TrkB T1 expression surrounding
injuries can limit BDNF availability, preventing axonal regeneration[67]. TrkB T1 is
also able to induce neurite outgrowth, stimulate intracellular signalling and modify
cytoskeletal structures[68]. The role of the different TrkB receptors on dendritic
growth also vary, with TrkB T1 minimising proximal branching of dendrites, and
promoting elongation of dendrites, while full length TrkB promotes proximal
dendritic branching and inhibited dendritic elongation These two isoforms inhibit

each other’s function[69].

Both TrkB and p75ntr are expressed in the striatum and SN[70], [71]. Studies have
indicated that BDNF can support the survival of nigral dopaminergic neurons[72]. It
has also been shown that BDNF signalling via TrkB plays an important role in the
aging brain on the survival of nigrostriatal dopaminergic neurons[65]. Reduced
levels of BDNF have been linked to many neurodegenerative conditions, including
Alzheimer’s disease[73], [74], Parkinson’s disease[75]-[77], Huntington’s disease[78]
and amyotrophic lateral sclerosis (ALS)[79]. BDNF also has important function with
respect to motor function in the adult brain, and decreased BDNF has been linked

with dysfunction of the motor system.

BDNEF is therefore a promising option for the treatment of neurodegeneration in
Parkinson’s disease. It has been shown to be a neurotrophic factor for dopaminergic
neurons, leading to greater survival of TH positive cells in primary cultures[72], and
reduced BDNF has been linked to incidence of Parkinson’s disease[80]. In vivo
studies have shown that BDNF infusion is capable of reducing cells loss, and
improved reinervation in models of Parkinson’s disease[81]. Other studies showed
that blocking of BDNF signalling in the SN during development leads to increased

cell death in the SN, indicating that BDNF has an important role in the development



Page |12

of this region of the brain[82]. In a study of early Parkinson’s disease, the PI3K/ Akt
pathway and MAPK pathway were shown to inhibit the apoptotic pathway, and

offer a potential endogenous neuroprotective mechanism[83].

1.1.1.2 GDNF

The GDNF family of receptors have generated significant interest as a potential
target for the treatment of neurodegenerative diseases, and particularly Parkinson’s
disease. Studies in vitro and in vivo have demonstrated the ability of GDNF to
improve survival and differentiation of neurons[82], [84], [85]. The GDNF group
factors GDNF, neurturin and presephin have been found to have beneficial effects on
dopaminergic neurons[86]-[89]. While artemin is found to be more beneficial in
dorsal root ganglion sensory neuronal populations[90][91]. The use of implanted
micropumps for the delivery of GDNF to the brains of patients with Parkinson’s
disease has been trialled[84], [92], [93]. Sufficiently high doses significantly improved
patient performance on the Unified Parkinson’s Disease Rating Scale, with general

improvements in motor function and quality of life being observed.

GDNF has been found to be a more potent and specific neurotrophin for
dopaminergic neuronal populations than BDNF[94]. BDNF has the potential benefit

however of targeting motor and non-motor pathologies[53].

1.1.1.3 Neurotrophin mimetics offer advantages over full proteins

A challenge in the use of neurotrophic factors as a therapy is effective delivery to the
central nervous system. A recent review[48] outlined that a successful neurotrophin
therapy must be capable of delivering a controlled dose of the neurotrophin over a
potentially very controlled time scale with great spatial precision. BDNF is a
moderately sized, charged protein, and therefore minimal amounts are capable of
crossing the blood brain barrier[95]-[97]. Studies in which BDNF was delivered
intravenously or intrathecaly resulted in very little penetration of the protein into the
brain and parenchyma beyond superficial layers[98]. Another issue with these
delivery methods is the half-life of BDNF of only half an hour[99]. Many solutions
have been proposed to overcome this shortfall. Implantation of a micropump which

can continuously deliver BDNF into the brain has been tested[100]. Micropump
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growth factor delivery however carries risks, with low flow rates not providing
efficacious dose levels, and higher flow rates resulting in potential tissue
damage[101]. Less invasive methods investigated the use of viral vectors to deliver
recombinant BDNF in vivo have been investigated[97], as has the use of
hydrogels[102], which carry a high concentration of the protein, release it over a
prolonged period, and protect it from degradation. As these gels are able to be
delivered though an injection, they are minimally invasive, while being capable of
providing both the physical and chemical cues necessary to support neurons, and

improve survival, growth and proliferation.

The development of small molecule mimetics has provided an alternative to full
protein BDNF. These small molecules (most less than 1kDa compared to 14kDa) have
a longer half-life, better pharmacokinetic properties, and some can cross the blood
brain barrier without difficulty[103]. Additionally, small synthetic molecules are far
easier and cheaper to synthesise and purify than a full protein, making

commercialisation of any potential therapy much simpler.

Name MW (Da) | Effective Concentration | References
Natural Products

Deoxygedunin 466.57 5mg/kg [104]-[106]
7,8-dihydroxyflavone 254.24 5mg/kg, 10-250nM [103], [107]-[114]
4’-dimethylamino-7,8-dihydroxyflavone | 297.31 1mg/kg, 10nM [115]-[118]
Peptides

cyclo[dPAKKR] 580.6 10nM [96], [119]-[121]
TDP6 24120 10nM [121], [122]
Ac-Ser-Lys-Lys-Arg-CONH2 558.36 0.05-10pM [123]
Ac-lle-Lys-Arg-Gly- CONH2 513.34 0.1-10pM [123]

Bac 1775 600-6000nM [124], [125]
Synthetic

LM22A-4 339.34 0.5-500nM [126]-[129]
N-Acetylserotonin 218.25 100nM [130]
Amitriptyline 277.40 10-250nM [131]
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1.1.1.4 Natural BDNF mimetics

Several neurotrophic natural products have been identified. A review covering a
wide range of these can be found elsewhere[132]. Of these, deoxygedunin and 7,8-
dihydroxyflavone are both capable of stimulating the TrkB receptor in vivo. Both
have been thoroughly investigated as a BDNF mimetic. The structure of these

molecules is shown in Figure 1.3.

Both deoxygedunin and 7,8-dihydroxyflavone have been found to bind to TrkB both
in vivo and in vitro, in a BDNF independent manner. Pre-treatment with
deoxygedunin before artificially inducing a parkinsonian condition via 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) treatment, reduces the observed toxicity
to TH positive cells[103], [106]. This illustrates the potential of BDNF mimicking

small molecules in the treatment of the disease.

The synthetic derivative of 7,8-dihydroxyflavone, 4’-dimethylamino-7,8-
dihydroxyflavone (Figure 1.3) has been shown to be more effective in activating TrkB
in vivo[115], displaying greater potency at lower concentrations, as well as a longer-
lived stimulatory effect. Following peripheral administration of both 7,8-
dihydroxyflavone at 5mg/kg/day and its synthetic derivative 4’-dimethylamino-7,8-
dihydroxyflavone at 1mg/kg/day, both induced significant TrkB phosphorylation,

resulting in improved motor performance of Huntington’s disease mice[116].
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1.1.1.5 Synthetic BDNF mimetics

The ligand N,N’,N”-tris(2-hydroxyethyl)-1,3,5-benzenetricarboxamide (LM22A-4) is
a promising water soluble synthetic BDNF mimetic, which has been found to act
through TrkB as a partial agonist[133]. The structure of LM22A-4 is shown in Figure
1.4A. It was discovered through computational modelling of loop 2 subregion b of
the full BDNF protein. Its function has been verified both in vivo[128], [129] and in
vitro[126]. In mouse models of Rett syndrome, one study found that chronic
administration of LM22A-4 increased TrkB signalling, resulting in improvements in
resting breathing frequency[128], while another found that acute treatment led to a
reversal of Rett syndrome associated breathing difficulties[129]. In a mouse model of
Huntington’s disease it was found to improve motor ability, prevent striatal

inflammation, and to reduce huntingtin aggregates in the striatum and cortex[134].
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Amitriptyline, an antidepressant drug, induces phosphorylation of both TrkA and
TrkB[131]. Its structure is shown in Figure 1.4B. When cells were pre-treated with
anti-NGF and anti-BDNF before treatment with amitriptyline, phosphorylation of
TrkA and TrkB were still activated, showing that amitriptyline stimulates these
receptors independently of their native neurotrophins. A more recent study using
tibroblast expressing catalytic TrkB receptors and E18 rat primary hippocampal and
cortical neuronal cultures found that, while BDNF was able to activate Trkb,
amitriptyline was unable to do so in either case[135]. Another study found it to act as
a TrkB inhibitor[125]. The activity of amitriptyline on the TrkA and TrkB receptors is

still under investigation.
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N-acetylserotonin, a melatonin precursor has been identified as a TrkB agonist, in
primary hippocampal and cortical cultures[130]. The structure of N-acetylserotonin
is shown in Figure 1.4C. In vitro analysis showed that N-acetylserotonin activates
TrkB, but not TrkA or TrkC in a dose-dependent manner, while in vivo analysis
showed that N-acetylserotonin is able to cross both the blood-brain barrier and the
blood-retinal barrier[136]. Another in vivo analysis of N-acetylserotonin activity
supports its ability to act directly through the TrkB receptor, while melatonin was

found to increase mature BDNF concentrations in the hippocampus[137].

1.1.1.6 Peptide based BDNF mimetics

An initial attempt to create a peptide mimetic of BDNF loop 2, produced an
antagonist[138]. Further work on this peptide involved synthesising bicyclic and
tricyclic dimers of this sequence, intended to mimic a pair of solvent exposed loops.
Three of the bicyclic peptides showed improved neuronal survival in primary
cultures of embryonic chick dorsal root ganglion sensory neurons, 30% as effectively
as BDNF. The tricyclic dimer, called TDP6, showed both greater survival and
potency compared to the bicyclic versions, with an ECsp of only 11pM[122]. TDP6
functioned as a partial agonist, phosphorylating TrkB on its own, but competing with
BDNF, and inhibiting the function of the full protein. Primary cultures of
oligodendrocytes demonstrated the ability of TDP6 to promote meylination in a TrkB

dependent manner[121].

A BDNF mimetic for the p75ntr receptor was developed from a tripeptide located on
loop 4 of BDNF. This peptide, cyclo[dPAKKR] was resistant to proteolysis, and
exhibited good neural survival in vitro[119]. Subsequent development on this system
led to the development of several synthetic derivatives of cyclo[dPAKKR], the most
potent of which was the longest-chain fatty alkyl amide-substituted
pentapeptide[96]. Further studies have verified that cyclo[dPAKKR] acts through
p75ntr, and has neurotrophic effect in vivo[121], [139].

Taking the SRRGE motif from NT-4, which was identified as a functional region of
the protein, a constrained cyclic peptide, N-Ac-CSRRGEC-NH2 was synthesised, and

found to be an antagonist of TrkB. It was possible to then synthesise a cyclised dimer
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of this, N-Ac-CSRRGELAASRRGELC-NH2 (Bac), which was found to be as effective

at promoting neurite outgrowth as NT-4 and BDNF in vitro[124].

Five tetrapeptide fragments from BDNF were identified as potential candidates as a
TrkB agonist. Two of these, IKRG and SKKR, both retained a partial agonist function
in vitro[123]. These peptides have been shown to be neuroprotective, as well as
upregulating both TrkB and BDNF in primary hippocampal cell cultures. This
function can be blocked by treating cells with the TrkB inhibitor K252a. Unlike the
other peptide TrkB agonists which have been developed, these still possess agonistic

function in a linear form.

1.1.2 Mimetics, direct or indirect signalling?

Many of these BDNF mimetics are reported as TrkB agonists in vivo, while there is
less evidence of their function in vitro. Recently, a comprehensive complementary
analysis of BDNF and other neurotrophins, alongside the published compounds,
LN22A-4, 7,8-DHF, Deoxygedunin, DMAQ-B1 Amitriptyline and Deprenyl was
conducted, investigating their ability to activate TrkB, and several downstream
pathways in vitro [140]. The work involved a HEK cell line, transfected with TrkB,
CHO K1 and SH-SY5Y cell lines, and primary cortical neurons. A wide panel of
assays were conducted, concluding that none of the compounds tested demonstrated
significant activation of TrkB, with DMAQ-B1 alone briefly inducing a small amount
of ERK and AKT activity. This thorough investigation of the in vitro activity of these
compounds alongside BDNF highlights that the action of the mimetics in vivo may be
different to in vitro. Other studies have reported the failure of some of these widely
reported molecules to activate TrkB [125], [135], or perform as expected with respect

to cell survival[125].
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1.2 Cell Scaffolds

Cells within the central nervous system are exposed to a complex 3D
microenvironment[141], [142]. Physically, cells interact with the extracellular
matrix(ECM), which presents a range of nanostructures to cells, often in a complex
hierarchical arrangement[143], [144]. Cells are sensitive to both the morphology and
mechanical properties of the ECM. Additionally, cells interact with the plasma
membranes of the neighbouring cells. These factors, combined with biochemical
cues, help a cell know when to grow, multiply, differentiate or die[145]. In order to
successfully treat a neurodegenerative disease, a combinatorial approach, in which
an appropriate physical support is provided to cells, in addition to a drug, will allow
greater control over the microenvironment offered to cells. This in turn will improve

the chances of developing a successful treatment[146].

Neural tissue engineering scaffolds which mimic elements of the in vivo
microenvironment are being developed, which have shown benefit in neural cell
proliferation, migration and differentiation of cells during the repair process. Two
methods of scaffold fabrication are receiving attention, the ‘top-down” approach of
electrospinning[147]-[149], and the ‘bottom-up” method of self-assembly[150]-[154].
Both methods allow the production of a fibrous network, with a broad range of
feature sizes achievable depending on the method used. This allows for a material or

method to be selected to match specific ECM environments.

Self-assembled systems are an attractive approach for the development of a neural
scaffold, as the nanofibrous structure of these materials resembles some elements of
the native ECM. Of the available self-assembling materials, peptide based self-
assembling systems are extremely versatile and useful. This is due in part to the 20
natural amino acids and many other synthetic derivatives available for synthesis, and
the biocompatibility and biodegradability that is intrinsic to these systems. Peptide
amphiphiles[155], [156], aromatic peptide amphiphiles[157]-[159] and self-
complementary peptides[160]-[162] are three of the more common categories of self-
assembling peptide under investigation. Peptide amphiphiles involve a peptide

sequence conjugated to a long hydrophobic organic tail, which frequently results in
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the formation of micelles or nanofibers. Aromatic peptide amphiphiles are usually
short sequences, up to 8 amino acids, with an aromatic functionalisation such as
fluorenylmethyloxycarbonyl (Fmoc)[158], [163], [164] or napthaline[165]-[167] used
to induce self-assembly into a nanofibrous network through n stacking. Self-
complementary peptides, such as the commercially available RADA system[168]
utilise alternating hydrophobic and hydrophilic amino acids which stack to form

nanofibrous hydrogels.

P peptides are an interesting candidate for neural scaffolding, as they offer many of
the same advantages as conventional peptide based systems, but with significantly
greater stability in vivo[169], [170], which may be important when long term

structural support of tissue is required.

In order to offer the best chances of successful treatment, the use of a physical
scaffold, which can be used to deliver a drug in addition of providing an appropriate

physical environment for cell growth and survival, is desirable.

1.2.1 Gel scaffolds for neural applications

Hydrogels are materials with solid-like behaviour, composed of a crosslinked
organic, or tangled nanofibrous network providing physical support, which swell to
hold several times their own weight in water[171]. They are an attractive class of
material for use in biological systems, as the mechanical properties are in the range of
many soft tissues. Due to the high water content, they can be effectively used as a
drug reservoir, leading to controlled release of a therapeutic agent[165], [172], [173].
There are two main categories of hydrogel - 1) chemically crosslinked hydrogels, in
which covalent bonds are responsible for the bulk properties of the gel, and 2)
physical hydrogels, which are held together by weaker secondary bonds, such as n-n
stacking, hydrogen bonding and hydrophobic interactions.

Many physical hydrogels are reversible[174][175], meaning they can respond to
stimuli, and can be switched between the gel and liquid state. Many physical
hydrogels are also injectable[2], [176] - as the secondary bonds that break at high

shear can reform once the stress is removed, allowing them to flow, then re-form as a

gel.



1.2.2 Fmoc self-assembling peptides

Page |20

Short peptides capped with planar aromatic molecules, such as Fmoc have shown

flexibility in both mechanical properties of the gel, and cellular response in vitro.

Fmoc Leu-Asp was first reported as a self-assembling gel in 1995[177]. This work

detailed the use of a thermal switch to trigger gelation of the peptide into a hydrogel

at concentrations as low as 1 wt%. Since then, Fmoc peptides have been explored for

applications in cell culture[178]-[183] and drug delivery[184].

Peptide Origin of sequence 131:)0;3’15:5 cor(l;ceellil::::ilon References
VTAVV a-synuclein Unknown 6 mg/ml [3]
VTVVA a-synuclein Unknown 6 mg/ml [3]
VYAVA a-synuclein 20-100 Pa 6 mg/ml [3]
VHAVA a-synuclein 20-900 Pa Unknown [3]
VHVVA a-synuclein Unknown Unknown [3]
FRGDF Fibronectin and integrins | 10 kPa 10-20 mg/ml [185], [186]
DIKVAV Laminin 10-25 kPa 20 mg/ml [185][187][1]
DDIKVAV Laminin 1-30 kPa 10-20 mg/ml [102][187]188]
DYIGSRF Laminin 200 Pa Unknown [185]

Fmoc peptide hydrogels self-assemble into an anti-parallel B-sheet structure, with n-n

stacking of the Fmoc moieties[189], [190], and other secondary bonding dependent

upon the specific peptide sequence. Due to the hydrophobic nature of the peptides,

they are typically insoluble at physiological pH in aqueous solutions. Fmoc self-

assembling peptides which have been developed for use in neural applications are

shown in Table 1.2.

1.2.3 Gelation methods

The solvent switch method of Fmoc hydrogel formation involves first dissolving the
peptide at high concentration in good solvent, then diluting this in a poor solvent for
the peptide, leading to gelation. With the Fmoc-Phe-Phe system, hydrogels have been
formed by diluting peptide in hexafluoroisopropanol (HFIP) with water[181], and
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from DMSO into PBS[183]. The amount of residual DMSO in the hydrogel was

reported to influence the mechanical properties.

Several enzymatic methods have been developed for the formation of hydrogels
from Fmoc peptides. These involve a pre-peptide in solution, which is converted by
an enzymatic process into a gel-forming peptide. Several dipeptides have been
developed which use a phosphorylated tyrosine residue in the pre-peptide, with a
phosphatase enzyme being used to dephosphorylate the peptides and trigger
gelation[159], [191]-[193].

The pH switch method of hydrogel preparation originally involved dissolving the
hydrogel at high pH (phosphate buffered saline (PBS) and NaOH or similar) with a
hydrogel forming when pH was reduced again, using HCI. The rate of gelation
however is very rapid, meaning the gels formed were often inhomogeneous, and
mechanical properties and appearance were sometimes inconsistent. Adams et al
developed a protocol for the use of Glucono-6-lactone (GDL) as an alternative means
of reducing the pH of the solutions to trigger gelation[194]. This works through the
gradual hydrolysis of GDL into gluconic acid, causing a gradual homogenous
reduction of pH in the solution, resulting in much more reproducible hydrogels. This
method had been adopted by several research groups now, and is widely
investigated[167], [184], [195], [196]. There is some evidence indicating that this
method, for some hydrogels at least leads to less entanglements of nanofibers, and a

weaker hydrogel[196].

A variation to the pH switching method involving the use of gaseous carbon dioxide
(COz) was developed, in which a thin layer (50nm) of Fmoc-Phe-Phe was gelled on
the surface of ‘liquid marbles’[197]. The use of a gaseous phase to gel the surface
meant homogenous gelation across samples, without mechanical disturbance of the
structures. Liquid marbles were placed in a petri dish, which was itself placed in
another dish, which contained dry ice, leading to a high CO; environment. This CO>
then dissolved into the liquid phase, forming carbonic acid, and triggering self-

assembly. This method is yet to be applied to the production of bulk hydrogels.
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A temperature switching method of Fmoc hydrogel formation has also been
developed, which involves raising the temperature of the solvent to allow sufficient
solubility of the peptides, then upon cooling the solution, a hydrogel is formed[177],
[198].

1.2.3.1 Macromolecular structure/modelling

Libraries of peptides have been developed, in order to build an understanding of the
relationship between the peptide structure, and resulting properties, in an attempt to
build a set of rules for the development of new hydrogels[174], [178]. A careful
balance of hydrophobicity and sufficient ionisable moieties is required for hydrogel
formation. Figure 1.5 shows the Fmoc-FF-OH peptide, which strongly self-assembles,
due to the Fmoc group on the N terminal, with the Phe residues providing additional
n-n stacking, and the carboxylic acid on the C terminal allowing for ionisation at high
pH, and therefore solubility in an aqueous solution. If the peptide is too hydrophilic,
it may simply remain in solution, and if too hydrophobic, it may not dissolve in the

tirst place, or precipitate from solution before forming fibres, and self-assembling.

Fmoc peptide hydrogels are commonly investigated through a range of microscopy,
mechanical and spectroscopic methods. Mechanical characterisation is generally in
the form of rheological testing, where a time course is used to determine gelation
time, and peak stiffness. Frequency sweeps can be used to determine the gel shear
modulus and the glassy modulus of the hydrogel[199], [200]. Strain sweeps are used
to find the linear viscoelastic region of the material[200]. Many of these hydrogels are
described as shear thinning, or self-healing, due to their ability to flow under high
shear forces, and return to a gel state once this force is removed. A recent

investigation utilising a confocal-rheometer assembly has demonstrated that the
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fracture and re-healing of hydrogels may not be a homogenous phenomenon, with
the shear forces and therefore fracture and healing being localised, while the bulk of

the hydrogel experiences significantly less force[201].

FTIR can be used to provide information relating to the secondary bonding found
within the hydrogel. Peaks at 1630 cm! and a shoulder at 1690 cm-! are often cited as
evidence of an anti-parallel 3-sheet structure[3], [202]-[204] although the peak at
1690 cm™! has now been attributed to the adsorption of the stacked carbamate group,
rather than the antiparallel  -sheet secondary structure[205], [206] which means
these peptides are self-assembling into parallel as opposed to anti-parallel B-sheets. A
peak at 1641-1650 cm™! can indicate a random-coil structure[207][206]. And a broad
peak at 1590 cm™ for dipeptide gels indicates that some c-terminal carboxylic acid

groups remain deprotonated[206], [208], [209].

Due to the chiral nature of beta-sheets, circular dichroism can also be used to probe
the structure of the hydrogel, with characteristic CD signals between 200 and 220 nm
and 270 and 310 nm[165], [210]-[212]. The fibres that Fmoc peptides form tend to be
on the nanometer scale, so TEM methods are highly applicable. Drying a hydrogel
onto a grid, and staining using a negative stain, such a uranyl acetate or
phosphotungstic acid is a common, and simple approach[203]. AFM is another
frequently used method[3], [186]. Both of these methods require dehydration of the
sample, so the structures, and arrangement of the fibres may not be a truly accurate
representation of what exists in the hydrated state. CryoTEM avoids the issues
associated with drying the sample and has been shown to be an effective method of
imaging these systems[213], although due to the poor contrast available, combining

this with one of the previous methods is ideal.

Detailed structural analyses have been conducted on a number of Fmoc peptide
systems. A model of Fmoc-Phe-Phe was developed[203] which was based upon
measurements taken with circular dichromism and FT-IR analysis suggested an anti-
parallel B-sheet structure, with the fluorenyl rings in a n-n stacked arrangement. The
model derived from these measurements is shown in Figure 1.6, and was in

agreement with measurements of the hydrogel by WAXS and TEM. A model of a
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hybrid hydrogel, containing both Fmoc-Phe-Phe and Fmoc-Arg-Gly-Asp was
developed, based off TEM images showing 3nm fibres, and using the previously
established model[180]. This structure was verified by CD and FTIR spectra. Similar
structures have been proposed for many Fmoc self-assembling peptides [136], [137].
There is however some evidence of a parallel model for these peptide
hydrogels[214]-[216], and at this time, both can be suggested by the available
data[214]. Until higher resolution structural analyses are available, such as solid state
NMR, or crystallographic analysis, the true confirmation of these structures cannot

be confirmed.

Figure 1.6 A commonly cited structure of Fmoc self-assembling peptides is that of the anti-parallel B-sheet (A), in the
case of Fmoc-FF phenyl rings interleave themselves with the fmoc groups (B). Due to the chirality of the system, there is
an offset between each sheet, which results in a cylindrical structure (C and D). Fmoc groups are coloured orange, and
phenyl groups are coloured purple to highlight their arrangement in the resulting structure. Reproduced with permission
from Wiley [203]

1.2.3.2 Functional Fmoc peptides

While many Fmoc peptides are biocompatible, and structurally mimic extracellular
matrix environments, they are limited in their application. While the fibrous
macromolecular structure of these hydrogels is similar to the extracellular
environment, most have no biological functionality. Many biologically active small
peptides exist. One of the benefits of using a peptide based material system, is that it

is possible to build a material that contains biofunctional peptide motifs in its
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structure. When designing an Fmoc self-assembling peptide system, the length, as
well as the hydrophobicity are very important to the self-assembly behaviour of
these peptides. It is therefore highly unlikely that the addition of a functional short
peptide to the end of an existing Fmoc self-assembling peptide with result in a
functional self-assembling hydrogel. Most functionalised self-assembling Fmoc
hydrogels are the result of careful selection of additional residues to control the
hydrophobicity and pKa of the peptide. Phe is the hydrophobic amino acid most
used for modifying self-assembly, as it can add to the n-n stacking nature of the
peptides, and Fmoc-Phe-Phe is already known to self-assemble. Asp is commonly
used if the peptide is too hydrophobic, or if gelation only occurs at very high pH
values[187]. The goal when modifying the solubility of the peptides like this is to
make a sequence that is minimally soluble at pH7.4, but can be dissolved at higher
pH. If successful, upon reducing the pH back toward neutral, the peptides will self-
assemble into a fibrous structure, which entangles and forms a self-supporting
hydrogel. The cell adhesive ligands, RGD, IKVAV and YIGSR have all been used in
surface functionalisation in biomaterials. These peptides have all been modified,
through the addition of the Fmoc moiety to the C terminal, and the addition of Phe
or Asp residues to the peptide, in order to adjust the peptide’s hydrophobicity and
pKa. The resulting peptide hydrogels, Fmoc-FRGDF-OH[196], Fmoc-DIKVAV-
OHJ187] and Fmoc-DYIGSRF-OH[217] are all capable of self-assembly at

physiological pH, and have been tested in vivo.

Blended Fmoc hydrogels have been investigated, as they allow for optimising
mechanical properties, as well as incorporating biological or chemical
functionalisation. Blends of Fmoc-Phe-Phe with Fmoc- Lys, Fmoc-Ser and Fmoc-Glu
were investigated for the chemical functionality provided by the different side
groups[179]. The resulting hydrogels were self-supporting, and exhibited elastic
moduli from 502Pa up to 21.2 kPa at 25°C and 20mmol I'.. All gel blends support the
growth of bovine chondrocytes, with Fmoc-Phe-Phe/Ser and Fmoc-Phe-Phe/Glu
blends additionally supporting the growth of human dermal fibroblasts. Co-
assembly of Fmoc-Phe-Phe with Fmoc-Arg-Gly-Asp led to improved cell adheasion
and spreading on the blended hydrogel compared to Fmoc-Phe-Phe alone, indicating
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that the RGD motif is bioavailable in this co-assembled hydrogel system.[207]. Fmoc-
Phe-Phe blended 1:1 with Fmoc-Phe-Gly or Fmoc-p-(2-naphthyl)-alanine were
investigated[218]. The peptide Fmoc-Phe-Gly alone was not able to form a self-
supporting hydrogel, but when blended 1:1 with Fmoc-Phe-Phe, a clear stable
hydrogel resulted, showing that through co-gelation, incorporation of non-ideal
gelators which possess a desired chemical or biological functionalisation may be
achieved[218]. Blends of Fmoc-Gly-Gly with Fmoc-Phe-Phe are also more stable than

either peptide hydrogel alone, due to their increased fluorenyl interactions[178].

1.2.3.3 Self-complementary peptide systems

The self-complementary peptide sequence EAK16 (Ala-Glu-Ala-Glu-Ala-Lys-Ala-
Lys)2 originates in the yeast protein zuotin and was first published as self-assembling
hydrogel in 1993[219]. This was followed up by RAD16 (Arg-Ala-Arg-Ala-Asp-Ala-
Asp-Ala)z in 1995[160] which is a systematically modified version of the EAK16
sequence. After some more investigation, the sequence RAD16-1 was developed, and
is now commercially available under the name PuraMatrix by Corning. PuraMatrix
has been applied to spinal cord[168] and peripheral nerve[220] regeneration,
following seeding the hydrogel with Schwann cells. It has also been used in a system
for growing primary neural cells in low serum conditions without the need for feeder
cells for two months[221]. Modified versions of this peptide have been developed, in
which functional peptides derived from laminin I (YIGSR, RYVVLPR, PDSGR)[222],
[223] and collagen IV (TAGSCLRKFSTM)[222] fibronectin (RGD/RGDS)[224], and a
2-unit RGD binding sequence (PRGDSGYRGDS) [223] have all been studied. The
functionalised peptides generally improved cell adhesion, growth and survival when
compared to the unmodified RADA sequence. Co-assembly of these functionalised
peptides with RAD16 significantly affects the mechanical properties of the
hydrogel[222], meaning they can be blended with each other in order to control the

density of functional motifs, and/or mechanical properties.

With the intention of creating a system with more consistent mechanical properties
both with and without modification, a new self-complementary peptide was

developed by Collier and Messersmith[225] called Q11 (Ac-QQKFQFQFEQQ-Am).
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The 11 amino acid peptide self-assembled into a fibrillar network which they then
crosslink enzymatically. They further investigated this system, synthesising
functionalised versions of the peptide containing either IKVAV or the RGDS
sequence, and co-assembling these with the base peptide[226]. The resulting
hydrogels were better able to support HUVEC cell spreading, growth and
attachment compared to the base Q11 hydrogel alone, while maintaining consistent

mechanical properties.

Two octa-peptides FEKII (FEFEFKFK) and FEFKFEFK were published in 2007 as self-
assembling peptide hydrogels. Since the discovery of these octa-peptides, several
variants have been explored, with a double length variant FEKII18 (FEFEFKFK-GG-
FKFKFEFE) which effectively crosslinks the structure[227]. The double length
peptide will self-assemble alone, or can be co-assembled with the single length FEKII
peptide, leading to significantly stiffer hydrogels. Another variant made was
histidine functionalised (HHHHHHFEFEFKFK). This peptide was also capable of
independent self-assembly, but was primarily made to investigate the co-assembly of
these systems[228]. The histidine functionalised peptide was blended into the base
sequence at a 1:9 ratio and stained using nickel nitrilotriacetic acid (Ni-NTA)
nanogold. TEM analysis showed that the co-assembled structure had a fibre diameter
greater than either of the peptides alone - suspected to be caused by = stacking of the
histidine groups leading to two fibres associating. The nanogold had an average
spacing of 21nm, and was present along either side of the fibres. This spacing
suggested one in 44 peptides within the fibres was substituted with a functionalised
peptide. This peptide has also been used to make a double temperature-sensitive
polymer-peptide conjugate[229] in which the peptide was conjugated to a poly(N-
isopropylacrylamide) polymer. The resulting hydrogel system exhibits a lower
critical solution temperature phase transition at 30°C and a gel melting transition at

75°C, with both transitions being fully reversible.

The peptide, H-Phe-Glu-Phe-GIn-Phe-Lys-OH (MBG-1) self assembles into a stable
hydrogel at 37°C, at 1% w/w in a 50% water/PBS solution[162]. Variations to the

system were investigated, with altered amino acids sequences, N and C terminal
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functionalisations explored[176]. Of these, H- Phe-Glu-Phe-GIn-Phe-Lys-NH> and the
all D amino acid variant, H-phe-glu-phe-gln-phe-lys-NH: were investigated with
respect to their stability in vivo. Predictably, the D-version demonstrated no
observable degradation in human plasma. Release of morphine from the scaffold was
investigated, and a gradual release over 3 days was observed which seemed to be
independent of the drug concentration, indicating an interaction between the drug
and peptide. The L-amino acid peptide was biocompatible to 24 hours in vitro, while
the D-amino acid hydrogel showed decreased cell viability. In vivo injections of the
all-L hydrogel loaded with morphine showed a significantly increased duration of
nociceptive efficacy compared to a simple injection of morphine only, with a
measurable effect remaining at 24 hours in vivo. A follow up study has shown this
family of peptides is able to sustain a nociceptive effect for up to 4 days from a single

injection[172].

1.2.3.4 The significance of chirality on self-assembly
The use of D amino acids in peptide hydrogels enables greater proteolytic stability of

the system[230], while still enabling ease of synthesis, and many of the other benefits

of peptide hydrogels.
Peptide G’
DVFF 10 kPa
DFFV 10 kPa
DLFF 20 kPa

The three tripeptides in Table 1.3 were developed without any capping groups and
are all capable of self-assembling into rigid hydrogels following a pH switch[231],
[232]. These peptides all have a change in chirality for the N-terminal amino acid in
the sequence. Compared to their all L counterparts, these peptides under TEM and
AFM microscopy are all composed of long nanofibers, which are responsible for
gelation. The D amino acid at the N terminal of the peptide enables self-assembly

into an extended 3D molecular structure, with a phenylalanine zipper between
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adjacent pB-sheets[233]. This structural model is supported by CD, FTIR and XRD
data.

These hydrogels have been shown to encapsulate rhodamine[173], as a model
aromatic drug, and later ciprofloxacin[231], which showed an initial burst release, to
approximately 30% of the drug content, then a much slower controlled release
profile. Demonstrating their potential as a drug delivery system for hydrophobic,

planar drug molecules.

The effect of altered chirality on other self-assembling systems has been investigated,
with all D variants of the EAK16 self-assembling peptide still forming a
hydrogel[230], [234], but variants with hetero-chirality (Alternating L and D amino
acids) only able to form smaller aggregates, instead of the nanofibers required for

gelation of the system[235].
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1.3 Overview of this work

Currently, there is a lack of any therapy for neurodegenerative diseases capable of
going beyond offering symptomatic relief. In order to begin addressing this deficit in
treatment options, this project has focused on the development of a system capable of
delivering a neurotrophic signalling molecule to the central nervous system in a
spatially and temporally controlled manner. The objective being to enable targeted
neuroprotection, and potentially recovery of the affected area. To date, hydrogels
have been used to encapsulate full BDNF protein[102] and provide prolonged
release, which goes some way to achieving this goal, but the use of small molecule
mimetics enables the specific activation of the TrkB and not the p75ntr receptor, and

better stability of the drug in vivo.

The materials investigated in this work combine published functional short peptides,
and what is known about Fmoc-based and self-complementary peptides, to form
new hydrogels containing a BDNF derived motif. The co-assembly of these novel
peptides with existing, published materials is investigated in order to achieve the
best combination of mechanical properties, and chemical signalling for use in the

central nervous system.
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Chapter 2 Materials and Methods

2.1 Methods
2.1.1 Solid phase peptide synthesis

All peptides were synthesized using standard Fmoc solid phase peptide synthesis
with HBTU (2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate) activation using chlorotrityl 2-chloride resin for carboxylic
acid terminated peptides and rink-amide resin for amidated peptides. Briefly, Fmoc-
amino acid deprotection was performed in a sintered funnel, using 20% piperidine
in N,N-dimethyl formamide (DMF). Resins were washed three times, for five
minutes each. Amino acid activation was performed with 2 equivalents of Fmoc-
amino acid, 2 equivalents of HBTU, 2 equivalents of (Hydroxybenzotriazole) HOBt
and 4 equivalents N,N-Diisopropylethylamine (DIPEA). Reagents were dissolved in
4ml DMF per gram of resin. Coupling was performed at room temperature for 20
minutes in a sintered funnel with constant mixing via nitrogen bubbling. Final
cleavage was carried out using a mixture of trifluroacetic acid (TFA),
Triisopropylsilane (TIPS), and water (95:2.5:2.5 ratio). Crude peptides were
precipitated from solution using cold ether, then the liquid phase removed, the
remaining solid was redissolved acetonitrile/ether and freeze dried overnight.
Crude Fmoc-LLY peptides were too hydrophobic to be precipitated in cold ether,
thus the majority of TFA was evaporated under nitrogen flow, and the remaining oil
was redissolved in a mixture of acetonitrile/water, and then freeze-dried overnight.
The freeze-dried product was then purified by reverse-phase high pressure liquid

chromatography(HPLC) (Agilent Technologies).

2.1.1 High pressure liquid chromatography

The HPLC was equipped with a preparative gradient pump (1100/1200),
preparative C-18 column (Luna, 10 microns, 100 A, 150 x 21.20 mm, Phenomenex),
auto-sampler (G2260), Diode Array detector (G1365D). The gradient used consisted
of acetonitrile (AcN) / water with 0.1% TFA. Analytical gradients were performed

from 5-95% acetonitrile over 20 minutes.
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2.1.2 Fmoc gel preparation using hydrochloric acid

To prepare 1ml of hydrogel, 400uL pH7.4 0.1M phosphate buffer (Sigma) was added
to the peptides, followed by 100uL 1M NaOH (Sigma). These are then vortexed until
clear. A further 400uL phosphate buffer is added while vortexing. Hydrogels were
formed by adding 100uL 1M HCI (Sigma) dropwise while vortexing to achieve a

homogeneous hydrogel.

2.1.3 Fmoc gel preparation using carbon dioxide

To prepare 1ml of hydrogel, 450ul pH 7.4 0.IM phosphate buffer (Sigma) was added
to the peptide, followed by 100uL 1M NaOH (Sigma). This was vortexed until clear,
then a further 450uL PBS was added, and mixed until homogenous. The solution
was then pipetted into whatever tube or culture plate it was being used in. This was
then placed into a box with a tap connected. A balloon was filled with CO; and
connected to the tap. The tap was opened and left for 10 min. The high CO2 content
of the air caused formation of carbonic acid in the peptide solution, gradually the pH

of the solution decreases, until self-supporting hydrogels have formed.

To ensure physiological pH before seeding, all gels were rinsed with PBS or DMEM

before cell experiments are started.

2.1.4 Self-complementary peptide hydrogel preparation

Peptides were dissolved to the desired concentration in PBS (Life Technologies). To
homogenise the gels, solutions were heated to 60°C until clear, which redissolved
the hydrogel (approximately 5 minutes). Hydrogels form homogenously upon

cooling.

2.1.5 Rheology

Rheology was conducted on an Anton Paar Physica MCR 501 rheometer, with the
plates heated to 37°C. Gels were prepared as previously described. 150 uL of gel was
pipetted onto the bottom plate of the rheometer, using at 25 mm top plate (Chapter
3) or a 15mm plate (Chapter 4 and 5) and a 0.3 mm gap size. Paraffin oil was
pipetted carefully around the plate to prevent evaporation of water from the gel. The

gelation time and final modulus were measured at a 1 Hz and 0.3% amplitude.
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2.1.6 CryoTEM

Gels were prepared as described previously. 4-6 uL was transferred onto copper
grids covered in carbon lace (Lacey carbon: ProSci-Tech, Qld, Australia), which had
been plasma charged using an Edwards Auto 306 Thermal Evaporator, and
sandwiched between filter paper (Whatman 401) for 3-6 seconds. It was then
plunged into liquid ethane, and then quickly transferred to liquid nitrogen. Samples
were imaged using a Gatan 626 cryoholder (Gatan, Pleasanton, CA, USA) and Tecnai
12 Transmission Electron Microscope (FEI, Eindhoven, The Netherlands) at 120kV

with a spot size of 2 in “Low Dose” mode.

2.1.7 Negative staining

Gels were diluted 10-100x in the same buffer used for original preparation of the
hydrogel, and pipetted onto a plasma charged copper grid with flat carbon film.
Phosphotungstic acid was pipetted onto the grid, wicked away with filter paper
(Whatman 401) and reapplied, then wicked and left to dry. The sample was then
imaged using a Tecnai 12 Transmission Electron Microscope (FEI, Eindhoven, The
Netherlands) at 120kV with a spot size of 2, with a Megaview III CCD camera and

AnalySIS camera control software (Olympus).

2.1.8 Tissue culture protocols for L929

L929 fibroblasts were cultured in a 37 °C incubator with 5% CO.. Culture media was
composed of Dulbecco’s modified eagle medium(DMEM) with 10% foetal calf
serum(FCS), and 1% Penicillin and Streptomycin (Gibco). Media was changed every

2-3 days as needed.

2.1.9 Tissue culture protocols for SN4741

SN4741 cells were maintained at 33°C in a humidity controlled incubator at 5% CO..
Growth medium consisted of DMEM supplemented with 10% FCS, 1% Glutamax
(Gibco) and 1% Penicillin and Streptomycin (Gibco). Media wash changed every 2-3
days as needed, and plates were subcultured at 1:10 to 1:40 depending on

requirements.
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2.1.10 Tissue culture protocols for SH-SY5Y cells

SH-SY5Y cells were grown in high glucose DMEM containing 10% FCS, 1%
Glutamax and 2% Pen/Strep, in a humidity controlled incubator at 37 °C with 5%
COz. Media was changed every 2-3 days as required. When confluent, cells were

subcultured at 1:4-1:10.

2.1.11 Tissue culture protocols for NIH-3T3 cells transfected with TrkB

Cells were maintained at 37°C in a humidity controlled incubator at 5% COx.
Growth medium consisted of DMEM supplemented with 10% Newborn Calf Serum,
1% Glutamax (Gibco), 1% Penicillin and Streptomycin (Gibco) and 100ug/mL G418
(Gibco) to maintain transgene expression. Media wash changed every 2-3 days as

needed, and plates were subcultured at 1:20 each week.

2.1.12 Primary cell culture

Mixed cortical and hippocampal neurons were isolated from embryonic day 14-16
embryos as previously described (Taylor et al., 2005). Breifly ... Cultures were
treated at 7 days in vitro with the Trk inhibitor 120nM GNF5837 for 30 min. This was
followed by either fresh media with or without 20ng/mL BDNF, or a thin layer of

pre-conditioned hydrogels. Hydrogels were pre-conditioned with growth media.

2.1.13 Preparation of substrates for cell experiments
After forming hydrogels as previously described, they were left between 1 and 24
hours until stable, depending upon gel concentration. Then rinsed twice culture

medium to ensure they are at an appropriate pH for cell experiments.

2.1.14 Live/dead cell stain

Media was removed from wells. 100 pl of the staining solution was added to each
well, containing 4uM each of Calcein AM and ethidium homodimer-1 (Life
Technologies). The plate was then incubated for 20 min at 37 °C and images collected
on a Nikon Eclipse Ti-S fluorescent microscope within 1 hour of stain being added.
Wells were not rinsed between removal of media and addition of stain to avoid

removal of cells.
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2.1.15 MTS assay

Cells were grown in 96 well culture plates. Media was aspirated, and wells rinsed
once with PBS. 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium(MTS) reagent was mixed with serum free DMEM at a
1:5 ratio. PBS was aspirated, and 120uL of the prepared MTS and DMEM was added
to each well. The plates were left to incubate at 37°C for at least 2 hours, until the
MTS reagent had developed sufficient colour. 100uL of reagent was collected from

each well, and transferred to a new plate. Absorbance was measured at 490 nm.

2.1.16 Conditioned media experiments

6 wells in a 96 well plate of hydrogel for each condition were prepared. After
stabilising the hydrogel, and rinsing as described previously, 100ul complete culture
media was added to all wells, and left overnight in an incubator. At this point, NIH
3T3 cells were seeded into a 96 well plate, at a 6000cells per well. The media on the
hydrogels was removed and collected. Serial dilutions of this media were
performed, media on the cells was removed and replaced with this conditioned

media. After 24 hours, and MTS assay was conducted on all wells.

2.1.17 Mixed cortical and hippocampal neuron isolation

Primary neurons were isolated as previously described[1]. Cells were prepared from
C57Bl/6 ] embryos (day 14-16) and initially cultured in Neurobasal Media (Gibco-
BRL Life Technologies, Ont., Canada) [containing 10% fetal bovine serum] in poly-L-
lysine-coated plates and allowed to adhere for 4 h before their media was changed
(serum-free media). Half the media was subsequently replaced every 2 days. After 3
days, cultures were treated with 2 pM aArabinoside-C (Ara-C) for 24 h to remove

contaminating glial and other proliferative cells.

2.1.18 Primary cell culture treatment and lysis

Cultures were treated at 7 days in vitro with 120 nM GNF5837 for 30 min, followed
by either fresh media with or without 20ng/mL BDNF, or a thin layer of the
hydrogels, which had been pre-conditioned in growth media. Hydrogels were pre-
formed by the relevant method, and equilibrated overnight in PBS, to ensure an

appropriate pH for the cells. The gels were then warmed to 37°C. Media was
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removed from the cells, and gel transferred on top using a ImL micropipette. After
30 min, media/hydrogel was removed and wells rinsed with ice cold PBS. Cells
were lysed in radioimmunoprecipitation assay (RIPA) buffer, containing
phosphatase and protease inhibitors. 100uL of cold buffer was added to each well in
a 6 well plate, then samples were scraped and collected into 1.7ml centrifuge tubes.
After a total of 15 min exposure to the buffer with everything on ice, tubes were
sonicated in a bath for 10 seconds at a time, then returned to ice for 5 minutes a total
of 3 times to assist with homogenising the samples. Samples were then stored at -20

degrees until further analysis.

2.1.19 Bradford assay

Cell lysates were thawed on ice. The Bradford protein reagent was diluted 1:5 in
MilliQ water, and filtered. Lysates were diluted to 1:50 and 1:100 in MilliQ. Serial
dilutions of bovine serum albumin (BSA) were prepared as a standard curve, from
Img/mL to 0.031mg/mL. 10 pL of each sample or BSA standard was added to a 96
well plate, all in triplicate. 200 pL of the Bradford reagent was added to each well,
and left for 5 minutes at room temperature. Using a plate reader, absorbance at
595nm was measured. Triplicate readings were averaged, and a standard curve
drawn from the BSA results. Using this, the protein concentration in the lysate

samples was calculated.

2.1.20 Western blot

Referring to the Bradford assay results, the amount of protein to be loaded was
calculated. Lysates were diluted 1:1 with loading buffer, to a maximum 30pL per
well. Lysates were vortex mixed and centrifuged in a benchtop centrifuge, then
incubated at 99°C for 5 min. The gel was loaded into the tank, and filled with
running buffer. Wells were cleared by aspirating running buffer into them
repeatedly. Samples and protein marker (Bio-Rad Precision Plus Protein WesternC
Blotting Standard) were carefully pipetted into the wells in the gel. Samples were
run at 80V until the dye front was well into the gel, then voltage was increased to

120V, until the dye front reached the end of the gel.
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The gel was removed from the slide, loaded into a Bio-Rad Trans-Blot Turbo
Transfer System. Transfer was conducted using the “Turbo” protocol for mini gels.
After transfer, the membrane was removed, and blocked with TBS-T (tris buffered
saline with tween-20) containing 4% skim milk for 30 min. Primary antibodies (TrkB,
pTrkB, B-actin) were prepared in 1% skim milk, and applied overnight at 4°C. The
following day, membranes were washed 3 times in TBS-T before secondary
antibodies (goat anti-rabbit HRP [horseradish peroxidase]) in 1% skim milk were
applied at room temperature for one hour. Membranes were washed 3 times in TBS-
T, followed by incubation for 5 min in the ECL reagents (GE Life Sciences). Images

were collected on a Bio-Rad ChemiDock blot imaging system.

If re-probing a membrane, rinse 3 times in TBS-T, and apply the relevant primary

antibody, and follow instructions as before.

2.1.21 Gel preparation for in vivo injections
All hydrogels were synthesised and prepared according to the CO; diffusion
method, as described previously. The hydrogels were then loaded into the barrel of a

23G needle, which was sealed with parafilm until use.

2.1.22 Hydrogel implantation into the mouse brain

All animal experiments were approved by the Howard Florey Institute Ethics
committee and were in accordance with the National Health and Medical Research
Council guidelines. The animals were housed two Mice per cage, given free access to
food and water and kept on a 12/12 h light/ dark cycle. NesCreER2-Rosa26eYFP
Mice were administered an intramuscular injection of a predrug mix consisting of
0.1 ml atropine and 0.2 ml xylazine diluted in 0.7 ml saline. Anesthesia was induced
with 3% isofluorane in oxygen at a constant flow rate of 1.0 Imin-1. When
anaesthetised, the mice were placed into a stereotaxic frame, and the skull was fixed
in place. Bilateral craniotomies were performed at the following coordinates:
anteroposterior +0.5mm AP and lateral +1.5mm ML (medial-lateral) from the
bregma. A 32mm 23 G needle preloaded with the hydrogel was loaded onto the
stereotactic frame, and the hydrogel was implanted into the brain to a depth of

4.0mm dorsal-ventral. Phosphate buffer (20mM) was implanted as a control. For
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each mouse (n=4), the same material was implanted into both the left and right
hemispheres, to increase the chance of finding the injection site, and to compensate
for possible failed injections. The experiments were set for two time points, 7 and 14
days. After surgery, an antiseptic ointment was applied to the edges of the sutured
wound. The mice were allowed to fully recover in warm cages prior to being

returned to their home cages.

2.1.23 Immunohistochemistry

Mice were killed by cardiac perfusion under terminal anaesthesia with 0.1 ml
Lethabarb and ice-cold saline, followed by 4% paraformaldehyde solution. After
removing the brain, it was equilibrated with 30%sucrose, and 30 pm transverse
sections were obtained on a cryostat. The sections were then permeabilized with
0.5% Triton X-100, blocked with 10% normal goat serum+1% bovine serum
albumin+0.2% Tween 20 and incubated with rabbit monoclonal primary antibodies
against glial fibrillary acidic protein (GFAP; 1:1000; DAKO, Sydney, NSW, Australia)
and IBA1 (1:250; Wako Pure Chemical Industries, Osaka, Japan). Goat anti-rabbit
HRP secondary antibodies were used, followed by incubation in avidin peroxidase.
Colour was developed using DAB (3,3'-diaminobenzidine tetrahydrochloride)
substrate. Slides were then counterstained with Neutral Red. Images were obtained

on a Leica DM2500 optical microscope equipped with a 20x dry lens 0.5 NA.

2.2 References

[1] J. M. Taylor, U. Alj, R. C. Iannello, P. Hertzog, and P. J. Crack, “Diminished
Akt phosphorylation in neurons lacking glutathione peroxidase-1 (Gpx1) leads

to increased susceptibility to oxidative stress-induced cell death,” J.

Neurochem., vol. 92, no. 2, pp. 283-293, 2005.
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Chapter 3 Fmoc-LLY hydrogels for the delivery of neurotrophic signals
to the brain

3.1 Abstract

Self-assembling peptide hydrogels, composed of the peptide Fmoc-LLY have been
investigated as a drug delivery vehicle, for small molecule BDNF mimetics. A BDNF
derived self-assembling peptide was also developed, and co-gelled with Fmoc-LLY.
The hydrogels were characterised using a combination of rheology and TEM. The
preparation of Fmoc based peptide hydrogels using CO: to trigger gelation is also

described in this chapter.

3.2 Introduction

Self-assembled 3D scaffolds, which mimic the structures of the extracellular matrix,
are of interest for their potential in supporting cell growth in vitro and in vivo[1]-[3].
A variety of structures have been reported, ranging from peptide amphiphiles[4], to
self-complementary peptides such as RADA16[5]-[7]. Additionally, there is a family
of smaller peptides, based on aromatic peptide derivatives, which self-assemble
through n-f interactions|[2], [8]-[10]. The smaller size of these peptides offers several
advantages over other reported systems. They are easier to synthesise, and the
scaffolds they form are scalable. Fmoc self-assembling peptides have been widely
investigated with regards to their structure and the effect this has on the sequence’s

ability to form a hydrogel[2], [11], [12].

The peptide Fmoc-LLY had been previously developed by CSIRO, with preliminary
mechanical testing and cytotoxicity analysis conducted with L929 fibroblasts

(Unpublished work).

This chapter outlines the development of a novel method for preparing Fmoc
hydrogels, inspired by the work by Braun et al. in which they created a nanofibrous
capsule on the surface of liquid marbles. In their protocol, Lycopodium clavatum
spores were used to encapsulate a solution containing 10 mmol L-! Fmoc-FF, these

were then placed in a nested petri dishes. The outer dish contained dry ice, which
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increased COxz gas concentration within the dishes. A network of Fmoc-FF fibres
formed at the gas/liquid interface on the liquid marbles, creating a capsule. The

thickness of the fibrous layer formed was 50-500 nm.[13].

Peptide hydrogels are a promising material for the development of a treatment for
neurodegenerative diseases, such as Parkinson’s disease. Current therapies for
Parkinson’s disease are only able to at best manage the symptoms[14], [15], with no
options available that actually treat the cause, or even slow the progression of the
disease[15]-[17]. Neurotrophic therapies are a promising approach, as they harness
the brain’s ability to repair itself. Studies have shown that neurotrophins improve
dopaminergic cell survival in vitro[18], and in vivo studies have shown BDNF
treatment is beneficial in a Parkinsonian mouse model[19], [20]. Neurotrophins alone
however are unlikely to be a complete solution to the problem, as they have poor in
vivo half-life, and blood brain barrier penetration mean some combination of invasive
surgeries and/or repeated injections for prolonged periods would be required for
effective treatment. The use of a hydrogel as a combined cell scaffold and drug
delivery reservoir may help overcome some of these issues - allowing prolonged
delivery of the neurotrophic compound to the required region of the brain for as long
as is required, while also providing the physical support necessary for cells to grow

and develop new connections.

Brain derived neurotrophic factor activates the receptor TrkB with high specificity,
the function of BDNF in neural cell populations is to promote the survival,
differentiation and synaptic function[21]-[24]. BDNF was first identified in 1982[25]
and exists in the adult brain in 2 forms, a pro-BDNF state, and the mature BDNF.
After secretion of pro-BDNF from cells, the pro-domain of the protein is cleaved by
plasmin or metalloproteases yielding the mature BDNF protein[26]. Mature BDNF is
the predominant form of BDNF found in the adult human central nervous system|[27]

and has significant and potent effects on several cell populations.

A limitation of BDNF as a therapeutic is its very poor pharmacokinetic properties.
The half-life in vivo is only a matter of minutes and it has very poor blood brain

barrier penetration. The development of TrkB agonists, which achieve a
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neuroprotective effect with superior pharmacokinetic properties, is currently an area
of active research. Synthetic and naturally derived small molecule BDNF mimetics
have been reported[28], [29]. For integration into a self-assembling peptide (SAP)
system, the use of a short peptide as the functional molecule has numerous
advantages. The short peptides, Ac-Ser-Lys-Lys-Arg-NH> and Ac-Ile-Lys-Arg-Gly-
NH: were identified as partial TrkB agonists[30]. Introducing functional peptide
sequences into Fmoc gels has so far focused on the incorporation of short binding
sequences, such as RGD[31] from fibronectin and IKVAV or YIGSR[32] from laminin.
These peptides have all been reported in various materials for improving cell
adhesion and spreading on substrates[33]. In order to achieve a stable gel at
physiological pH, additional residues need to be added to the functional motif, to
either adjust the pKa[9] or add aromatic and hydrophobic[34] components to the

system.

Herein we present the peptide Fmoc-FDIKRG-OH the first Fmoc self-assembling
peptide to contain a neurotrophic signal. The action and regulation of neurotrophins
in the brain is highly concentration dependent. While an increase in BDNF signalling
is advantageous in many psychological disorders[35] the benefits may be
outweighed if there is an inadvertent increase in BDNF stimulation in areas of the
brain that are functioning normally, or the level of signalling is too high within the
targeted area. This could lead to an increase in tumour cell survival and neuronal
excitotoxicity[36]. As demonstrated by the functional Fmoc peptides containing the
functional sequences RGDI8], [37] and IKVAV[38], bioactive motifs conjugated to
these systems are bioavailable. Our hypothesis is that the sequence will be available
to cells in direct contact with the hydrogel. If correct, this will induce
phosphorylation of TrkB, and subsequent activation of the pro survival
pathways[39], [40]. The spatial effect of this material would be well constrained, as
the neurotrophic signal is an integral part of the hydrogel. In order to control the
level of BDNF signal presented and to stabilise the hydrogel, it was blended with
Fmoc-LLY.
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3.3 Results and discussion
3.3.1 Physical characterisation

Fmoc-LLY self-assembles into a self-supporting hydrogel at neutral pH following a
pH switch from high pH to pH 7.4. Thorough mixing is required to achieve a
homogeneous, transparent hydrogel. The mechanical properties of the resulting

hydrogel can be controlled through concentration of the peptide used.

Rheological analysis of the properties of the formed hydrogel are shown in Figure
3.1. At 37°C, the storage modulus begins to plateau after approximately 30 minutes
for all concentrations. This value was therefore used for subsequent experiments as a
minimum time for curing. The average peak modulus is controlled here by the
concentration of peptide used, with an upper limit of 10mg/mL. Above this
concentration, complete dissolution of the peptide is extremely difficult, using NaOH
in PBS. Self-supporting hydrogels - as shown by the inversion test are possible
bellow Img/mL, but it was extremely fragile. Even gently knocking the vial
containing the gel was enough to make the gel collapse and begin flowing. Gels were
prepared from 1mg/ml up to 10mg/ml. The storage modulus ranged from 180 to
1250 Pa over this concentration range. The ability to control the mechanical
properties of the hydrogels through this range is beneficial, as the modulus of brain

tissue ranges from 0.5-1kPa[1].
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Figure 3.1: Parallel plate rheology of Fmoc-LLY hydrogels
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3.3.2 Release of small molecule BDNF mimetic from Fmoc-LLY hydrogel

The small molecule BDNF mimetic LM22A-4 (Figure 3.2) has been widely published,
and shown to be effective at phosphorylating the TrkB receptor in vivo[41]. In order
to impart a neurotrophic function into the Fmoc-LLY hydrogels, LM22A-4 was
added to the dissolved peptide solution before forming the hydrogel.

Figure 3.2: Chemical structure of the small molecule BDNF mimetic LM22A-4.
After allowing the hydrogels to stabilise overnight, PBS was pipetted on top of the
formed hydrogels. PBS was collected, and replaced at regular intervals. The collected
PBS was analysed using HPLC. The release profile is shown in Figure 3.3. The
diffusion of LM22A-4 out of this hydrogel exhibits burst release characteristics,

reaching 80% total release in only 6 hours.
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Figure 3.3: Release of LM22A-4 from Fmoc-LLY hydrogel as characterised by HPLC
Systems which successfully used an Fmoc self-assembling hydrogel to deliver a drug
in a controlled manner have use whole proteins[42] or reasonably hydrophobic, with

planar aromatic regions[43]. As seen in Figure 3.2, LM22A-4 does contain a central
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aromatic ring, but was too hydrophilic to interact well with the peptide hydrogel.
Burst release drug delivery will not provide the control required for effective
treatment of Parkinson’s disease. Following this, alternative options were

investigated.

3.3.3 Synthesis of a new peptide hydrogel

After identifying the IKRG and SKKR peptide sequences from the full BDNF
protein[30], these were investigated to see if it was possible to incorporate one of
these into an Fmoc hydrogel system. The IKRG sequence was selected, as it
contained less hydrophobic residues and would therefore be easier to incorporate
into a hydrophobic self-assembling hydrogel. Initially, several new peptides were
synthesised. The first peptide synthesised was Fmoc-IKRG-OH, to see if the Fmoc
group alone was sufficient to form a hydrogel containing this functional sequence.
This sequence was very hydrophilic, and simply dissolved in neutral solutions tested

(PBS, DMEM and water) with no evidence of self-assembly.

Co-assembly with Fmoc-LLY was tested, in which Fmoc-IKRG-OH was dissolved

alongside Fmoc-LLY when forming a hydrogel. The gel formed as normal, for Fmoc-
LLY, with release of Fmoc-IKRG-OH characterised by HPLC, shown in Figure 3.4. A
rapid burst release profile resulted, indicating that the Fmoc modification alone was

not sufficient to achieve hydrogel formation, or co-assembly with Fmoc-LLY.
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Figure 3.4: Release of Fmoc-IKRG from Fmoc-LLY hydrogels, as characterised by HPLC.
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It was hypothesised that the IKRG containing peptide needed to be made more
hydrophobic for self-assembly to occur. Given the role of aromatics in the self-
assembly of these systems, Phenylalanine was added to subsequently synthesised
peptides. The peptides synthesised were Fmoc-FIKRG-OH, Fmoc-FFIKRG-OH and
Fmoc-FFFIKRG-OH. Of these, Fmoc-FFIKRG-OH and Fmoc-FFFIKRG-OH were too
hydrophobic, with little, if any of the peptide dissolving even at very high pH values.
Fmoc-FIKRG-OH was soluble at very low pH, and formed a weak hydrogel at
approximately pH 3. If the pH was raised any higher than this, the peptide would
precipitate, and destabilise the hydrogel.

Work by Wiliams et al. demonstrated that addition of Aspartic acid residues to a
peptide can shift the pH required for self-assembly[9], so 2 more peptides were
prepared, Fmoc-FDIKRG-OH and Fmoc-FDDIKRG-OH. Of these, Fmoc-FDDIKRG-
OH was too hydrophilic, and did not form a hydrogel. However, Fmoc-FDIKRG-OH
could form a self-supporting hydrogel, following a pH switch from a basic solution
to approximately 7.4. This gel however was not perfect, and over hours to days

would begin to grow cloudy, and eventually precipitate.

3.3.4 Co-gelling Fmoc peptides

As Fmoc-LLY is a very robust gel-forming sequence, able to form a hydrogel at very
low concentrations, it was thought that it may be able to stabilise the Fmoc-FDIKRG-
OH peptide hydrogels, making a temporally stable biofunctional peptide hydrogel.
Since both peptides are soluble at high pH, both were dissolved in phosphate buffer
with NaOH added until clear. Various ratios of the dissolved peptides mixed
together. These were then neutralised dropwise using HCl, and diluted to 10mg/mL,
and left overnight to see which were stable, and which were not. Figure 3.5 shows
the vials of hydrogel inverted after 1 hour. This preparation of Fmoc-LLY was quite
cloudy from the start, but formed a very stable, and rigid hydrogel. Fmoc-FDIKRG is
still partially gelled, but has started to collapse, with visible aggregates visible after
24 hours. B was marginally better, but at 24 hours still had small visible aggregates.
The gels C-E were still clear and stable. Therefore, a minimum 20% Fmoc-LLY was

required for a stable gel to form. The optimum ratio of these materials needs to be
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temporally stabilised, and therefore requires at least 20% Fmoc-LLY, as well as
containing an acceptable amount of Fmoc-FDIKRG to stimulate the TrkB receptor. It
is important to be able to balance the material properties and biological response, so

having a large window if freedom is beneficial.
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Figure 3.5: Fmoc-LLY and Fmoc-FDIKRG peptide hydrogel blends after 1 hour. A: Fmoc-FDIKRG, B: 90% Fmoc-FDIKRG, C:
80% Fmoc-FDIKRG, D: 70% Fmoc-FDIKRG,E: 60% Fmoc-FDIKRG, F: Fmoc-LLY

3.3.5 TEM Characterisation of hydrogels

In order to compare and differences in the structure of the hydrogel blends, TEM
microscopy was used. Two complementary methods were implemented. Negative
stain, and CryoTEM. This is done, as each method shows different information.
Negative staining a sample enables fast sample preparation, and shows in high
contrast many of the features present in the sample. However, since preparation of
the sample requires dilution and dehydration onto a grid, the arrangement and
interactions of the fibres may have altered. CryoTEM is the method best able to
preserve the native hydrated state of the hydrogel, and observe the arrangement,
packing and morphology of the hydrogel as they exist in the native state. CryoTEM
however suffers from poor contrast, and a low signal to noise ratio, since the sample
is imbedded in a film of vitreous ice, and there are no heavy elements in the sample

to provide significant contrast.

Fmoc-FDIKRG alone was only able to form a hydrogel for short periods, before
beginning to precipitate. TEM samples were prepared while the hydrogel was still
optically clear. The morphology of Fmoc-FDIKRG is shown in Figure 3.6. This
hydrogel is composed of a mixture of twisted ribbon-like fibres, and a larger helical

tibre structure. In Figure 3.6b, a collapsed helix can be seen. A hydrated helix is
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shown in Figure 3.6c. It is likely growth of these large fibres that eventually leads to

cloudiness of the hydrogel, followed by precipitation, and collapse of the system.
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Figure 3.6: Macromolecular structure of Fmoc FDIKRG by A: CryoTEM and B: Negative Stain. C

clearer helical fibre. Scale bars: 100nm

ryoTEM iniage showing a

Blends of the peptides Fmoc-LLY and Fmoc-FDIKRG were able to form self-
supporting hydrogels, which were temporally stable. These blends were all
examined by CryoTEM and negative stain. Interestingly, blends of the hydrogels
show a morphology entirely like that seen for Fmoc-LLY alone. The consistent
morphology in the gel-forming blends shows that Fmoc-LLY, as a robust gelator is
able to stabilise other peptides. This is supported by previous work, which showed
that a robust gel-forming Fmoc peptide, when blended with a non-gel forming

peptide led to co-assembly[44].
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Figure 3.7: CryoTEM micrographs of Fmoc-LLY and Fmoc-FDIKRG hydrogel blends. A: 10%, B: 20% and C: 40%. Scale bars:
100nm D: Fibre diameter of Fmoc hydrogel blends, as measured by CryoTEM.

Comparing these 2 methods of characterisation. The measurements obtained for fibre
diameter were consistently smaller than those obtained via negative stain. The
differences were not consistent, as would be expected if this were caused simply by
the relaxation/spreading of the fibres as they were dried onto the grid for negative
staining. Therefore, for the most accurate measure of fibre size, CryoTEM is the

preferred method.
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Figure 3.8: Fmoc-LLY and Fmoc-FDIKRG peptide blends imaged by negative stain. A: 10%, B: 20% and C: 40%. Scale bars:
100nm D: Fibre diameter of Fmoc hydrogel blends, as measured by negative stain.

However, in the case of Fmoc-FDIKRG, the fibres are very large, and the relative
contrast in cryoTEM quite poor, so it was not possible to measure the width of
enough fibres. Negative stain TEM is still a valuable tool in the characterisation of
these materials, especially when the low contrast of Cryo imaging leads to an
ambiguous interpretation of the macromolecular structure. The difference between a
twisted ribbon structure, and 2 intertwined fibres for example, being very difficult to

differentiate in cryoTEM, but is easy to resolve in a negatively stained sample.

3.3.6 A novel approach to the preparation of bulk Fmoc hydrogels
Formation of a hydrogel from peptide Fmoc-LLY requires it to first be dissolved at

high pH, with gelation triggered by subsequently lowering the pH back down to pH
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7.4. It has been reported that forming Fmoc hydrogels using the pH switching
method can lead to inhomogeneity and inconsistency[45]. By using the slow
hydrolysis of glucono-6-lactone (GDL) to reduce the pH of the peptide solution, a
stronger and more homogeneous hydrogel resulted[45]. This method has now been
used by several groups working with these peptide systems [34], [46]-[48]. These
works demonstrated the benefits of homogenous gradual pH changes upon the
properties of the hydrogels formed. Based on the work in which a high concentration
of gaseous CO, was used to form nanofibers on the surface of liquid marbles
containing solubilised Fmoc peptides[13]. Therefore, a new approach to bulk
hydrogel preparation was proposed. Peptides are dissolved in PBS or DMEM and
1M NaOH. They are then pipetted into the required vessel for the work (culture dish
or plate, rheometer plate, Eppendorf tube etc) which is then placed into a box, with a
tap connected to a side. A balloon filled with COxz is connected to the tap, and
allowed to fill the box (the container is not airtight). When using DMEM, containing
phenol red, the pH change is easy to see, due to the colour change as pH decreases.
After 30 minutes, for thin layers (less than 2 mm) the colour change has penetrated
the gel, and upon inversion, the hydrogels are fully self-supporting. For thicker
layers (bmm or greater) a colour gradient can be seen. Leaving these thicker layers
for longer times results in homogeneous colour, and stable hydrogels. Precise control
of the pH is difficult by this method, so samples are always rinsed multiple times in
PBS or DMEM before any cell work is conducted, to ensure a physiologically relevant

environment.

The use of CO; gas for making hydrogels from Fmoc-LLY, compared with the
dropwise HCI method has led to much more homogeneous gels by appearance, and

greater consistency in mechanical properties, when compared to the HCl method.
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Figure 3.9: CryoTEM icrographs f Fmoc-LLYhydrogeIs prepared both by A: dropwise addition of HCI, and by B: CO,
diffusion. Scale bars:100nm

The structure of Fmoc-LLY as prepared by each method was investigated using the
TEM methods implemented previously. The cryoTEM micrographs can be seen in
Figure 3.9. The fibre diameters as characterised by negative stain and cryoTEM are in
Table 3.1. By both methods the fibre diameters were found to be significantly
different (P<0.005). While both methods resulted in the formation of a transparent
hydrogel, the nanostructure has changed. This difference is possibly caused by the
rate of gel formation, as noted when preparing Fmoc hydrogels with GDL[34].

Table 3.1: Fibre diameter of Fmoc LLY hydrogels prepared by HCl addition and CO, diffusion methods, as characterised by
both CryoTEM and Negative stain.

HCl CcO2

Negative Stain | 8.56+1.54 nm | 5.24+1.28 nm

CryoTEM 4.61£1.28 nm | 4.04£0.93 nm
3.3.7 Biocompatibility of Hydrogels

Cell culture was conducted on these gels. Initial results using L929 fibroblasts,
involved using a live/dead fluorescent stain, 24 hours after seeding cells onto Fmoc-
LLY. Fmoc-LLY hydrogels at 10mg/mL were prepared, in a 96 well plate. After
leaving the gels to stabilise for at least an hour, they were rinsed with PBS twice, to
ensure pH was neutral, and any residual TFA from synthesis was removed. Cells
were seeded on top of the hydrogels, and images collected using a fluorescent

microscope. These results are shown in Figure 3.10. The ratio of live to dead cells
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observed was very favourable, although very few total cells were observed. This was
thought to be caused by low cells adhesion to the hydrogels. There is some auto
fluorescence of these hydrogels in the red channel, but dead cells are brighter, and
therefore still observable. After the initial L.929 live-dead results were obtained, cell
work was performed using a neural cell type for further analysis, as this provided a

better model of the intended application.

SN4741 is a mouse cell line derived from the Substantia Nigra and is an appropriate
model for dopaminergic neurons in vtro. Given our intended target for this project is
Parkinson’s disease, this was an ideal cell type for our next series of cell experiments.
Using the SN4741 cell line, live/dead assays were conducted. Figure 3.11 shows cells
grown on the surface of Fmoc-LLY, Fmoc-FDIKRG, and a 1:1 blend of these two
hydrogels after 1 day in vitro. The cells grown on Fmoc-LLY are almost entirely
dead, as are those grown on the 1:1 blend hydrogel. Fmoc-FDIKRG was not stable
enough, and after 24 hours, most of the hydrogel has degraded, meaning the cells
imaged here were growing on the culture plate. While not an ideal case, it does
indicate however that the degradation products of Fmoc-FDIKRG are biocompatible,

and unlikely to cause cell death.
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Following this initial experiment, a hydrogel with better stability than Fmoc-FDIKRG
alone, but also better biocompatibility was required. Blends of Fmoc-LLY and Fmoc-
FDIKRG were prepared as described in Table 3.2. All thee gel blends were more
stable than Fmoc-FDIKRG alone, and showed a favourable ratio of live to dead cells

at 24 hours (Figure 3.12).

Fmoc-FDIKRG Fmoc-LLY
Gel 1 100% 0%
Gel 2 82% 18%
Gel 3 62% 38%
Gel 4 58% 62 %




Page |83

During the process of optimising these experiments, continued attempts at
Live/Dead assays to longer time points had been made. Results were inconsistent,
with some assays showing entirely dead cells after 24 hours, while others still had

live cells after longer time points.

3.3.8 Conditioned media experiment

A cell toxicity assay was conducted using NIH-3T3 cells, a robust fibroblast cell line.
Gels were prepared as normal, and had complete culture media placed on top
overnight. This media was then collected, and serial dilutions made. Cells were
cultured for 24 hours, then their media was exchanged for the pre-conditioned
media. After 24 hours, an MTS assay was conducted, the results are shown in Figure
3.13. This clearly shows that a component of the hydrogels is diffusing into the
culture media, and causing cell death. It has been shown that components of Fmoc
hydrogels leeching out is sufficient to cause necrosis once concentration gets high
enough[49]. In that study, it took 72 hours for Fmoc-FF to trigger this response,
however the Fmoc-LLY peptide may have a lower critical concentration for this

effect, or leech out of the hydrogel faster.
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After several months of inconsistent results using the Fmoc-LLY hydrogel system,

these combined results convinced us that it was no longer worth pursuing. It may be
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possible to adapt the Fmoc-LLY hydrogel to another application in future, but for

neural cell types at least, it appears to be cytocoxic.

3.4 Conclusion

While the Fmoc-LLY hydrogel appears to be compatible with robust cell types, and
therefore is promising as a biomaterial for some applications. It is not biocompatible
with neural cells which are the focus of this project. The mechanical properties are
reproducible, easily modified within a wide range, and make it an easy material to
work with. The CO; diffusion method of hydrogel preparation developed in this
chapter has been carried over into subsequent work, as it enables far easier
preparation of reproducible hydrogels than the HCl method. The novel peptide
Fmoc-FDIKRG is further developed upon in chapters 4 and 6.
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Chapter 4 Bi-Functional Fmoc Peptide Hydrogels
4.1 Abstract

In the previous chapter, the peptide Fmoc-FDIKRG was developed, and blended
with Fmoc-LLY to form hydrogels. Fmoc-LLY was incompatible with neural cells, so
alternative peptides were investigated for blending with Fmoc-FDIKRG, in order to
improve compatibility of the hydrogels with neural cell types. Several Fmoc peptide
hydrogels from the literature were identified as potential candidates, three were
selected because of proven biocompatibility in the literature and the presence of
integrin binding motifs. Of these, Fmoc-FRGDF was able to co-assemble with Fmoc-
FDIKRG most effectively, so these materials were investigated further. Hydrogels
formed from blends of these two peptides were characterised by TEM methods and
rheology. Following physical characterisation, the hydrogels formed were tested for

biocompatibility and for their ability to activate the TrkB receptor.

4.2 Introduction

In order to produce a bi-functional hydrogel, containing integrin binding peptides in
addition to the BDNF derived IKRG motif, a literature search was conducted, and
Fmoc hydrogels containing functional motifs investigated. Three published Fmoc
hydrogels, Fmoc-FRGDEF[1]-[6], Fmoc-DIKVAV([6], [7] and Fmoc-DYIGSRF[6] were
identified as potential candidates for co-gelation with the Fmoc-FDIKRG peptide. It
has been shown that the Fmoc-FRGDF and Fmoc-DIKVAYV peptides can co-
assemble[3]. Depending of the method of co-assembly, the properties, and
macromolecular structure could be controlled. If the peptides were gelled separately,
and then mixed, the gels consisted of 2 distinct populations of fibres, intertwined,
where if both peptides were dissolved and gelled as one, they co-assembled into the
same fibres. These peptides have been shown to be non-cytotoxic in vivo[6]. The
Fmoc-FRGDF material tested in vivo in the brain induced an inflammatory
response[6], with heightened astrocyte and microglia density surrounding the
injection site. It was hypothesised that this was due to the absence of fibronectin in
the brain ECM. Many studies have been published, finding that the density of RGD

present on a surface has a significant effect on the response of cells or tissue to that
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substrate[8], [9], with evidence that too high an RGD concentration is sub-optimal for
neurite outgrowth[10]. Therefore, in the case of Fmoc-FRGDF, where the entire
material is presenting the RGD motif, the density of signalling may be too high for
successful culture of neural cells. By blending Fmoc-FRGDF with other self-
assembling peptides, it may be possible to sufficiently reduce the RGD motif density,

and improve the response of cells to the material.

Of the three peptides investigated for blending with Fmoc-FDIKRG, only Fmoc-
FRGDF was able to co-assemble under the conditions tested into a stable hydrogel,
with the others precipitating within 24 hours, therefore work with the Fmoc-FRGDF

peptide was continued.

By blending these peptides into a single material, we can harness the proven
biocompatibility and integrin binding of the Fmoc-FRGDF hydrogel, and provide
additional neurotrophic function through the Fmoc-FDIKRG peptide. The intention
here being to enable the formation of a bi-functional hydrogel, which can physically
support neural cells in an ECM-like environment, while stimulating growth and

proliferation through the TrkB receptor.

These hydrogels were prepared using the CO; diffusion method developed in
Chapter 3. The gels were physically characterised by rheology and TEM methods, as
described previously. Biological testing involved live/dead staining and MTS assays,
to determine the biocompatibility of the hydrogels. Further testing of the hydrogels
involved treating primary cells with the hydrogels, and using western blots to

determine the ability of these peptide hydrogels to activate the TrkB receptor in vitro.
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4.3 Results and Discussion
4.3.1 New blended peptides

One of the reasons for developing an Fmoc based peptide with the IKRG moiety was
the number of other peptides that have been developed using this assembly system.
This gives the option of blending these together to achieve a combination of integrin
binding and BDNF activating sequences in a single hydrogel. Fmoc-FRGDEF|2],
Fmoc-DIKVAYV and Fmoc-DYIGSRF[6] were all synthesised, and blends of the
peptides prepared. Stable hydrogels only formed from the combination of Fmoc-
FRGDF and Fmoc-FDIKRG, so this system was explored further. Table 4.1 shows the
ratios of Fmoc-FDIKRG and Fmoc-FRGDF which are able to form a stable self-
supporting hydrogel.

Fmoc-FDIKRG | Fmoc-FRGDF | Clear Self Supporting Gel?
100% 0% No
75% 25% No
50% 50% Yes
25% 75% Yes
10% 90% Yes
5% 95% Yes

4.3.2 Mechanical testing

Mechanical characterisation of the hydrogels at 10mg/mL was conducted in a
parallel plate rheometer. Due to the rapid rate of gelation in these materials, the tests
were invariably started once the gel had already formed, then vortexed to allow
them to flow, and transferred to the rheometer. All gels showed an initial rapid
increase in storage modulus. The storage modulus continues to gradually climb up to
2 hours, where the rate of change was marginal. As seen in Figure 4.1, Fmoc-FRGDF
has the highest storage modulus, and this decreased with greater Fmoc-FDIKRG
content in the hydrogels. All gels had an order of magnitude difference between their

storage and loss modulus, indicating that these are all elastic and solid-like
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hydrogels[11]. This gelation behaviour informed subsequent experiments, and all

gels were left for a minimum of two hours to stabilise before use.
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Figure 4.1: Storage and loss modulus of 10mg/ml Fmoc hydrogel blends, as measured with a parallel plate rheometer at
37 degrees.

4.3.3 TEM Characterisation of hydrogels

As in Chapter 3, the hydrogels were analysed using a combination of cryoTEM, for
the most accurate representation of the hydrogels in their hydrated state, and
negative stain, which is used to reveal features that may not be apparent in cryoTEM.
Representative micrographs of the structures visible in each hydrogel formed are

shown in Figure 4.2.

Analysis of the structure of the hydrogels reveals a nanofibrous network for Fmoc-
FRGDF, agreeing with the literature[4]. Fibre diameter are shown in Figure 4.2F. The
diameter and structure of the fibres present in 100% Fmoc-FRGDF gels are straight
narrow fibres, averaging 10+3.4 nm in diameter, which is similar to reported atomic
force microscopy measurements for this peptide[1]. Fmoc-FDIKRG, as discussed in
chapter 3, had a very distinct structure, consisting of significantly larger fibres and
sheets. A structure similar to Fmoc-FRGDF is observed for all blended hydrogels. As
seen in the Fmoc-LLY blends in Chapter 3, the stable blends have fibre sizes much

closer to those found in the more robust gel-forming peptide system, with the
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relatively small standard deviation in these systems indicating a homogeneous fibre

population.
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Figure 4.2: CryoTEM micrographs of A: Fmoc-FRGDF, B: 95% Fmoc-FRGDF with 5% Fmoc-FDIKRG C: 75% Fmoc-FRGDF with
25% Fmoc-FDIKRG D: 50% Fmoc-FRGDF with 50% Fmoc-FDIKRG E: Fmoc-FDIKRG F: Average fibre diameter, measured
from cryoTEM micrographs in imagel.

In the blended hydrogels, there are two predicted mechanism of co-assembly. The
tirst is that each peptide would self-assemble with itself, resulting in observed
structures that are combination of the large fibres seen in Fmoc-FDIKRG, and the
smaller fibres seen in Fmoc-FRGDF. The other mechanism being the peptides co-
assembling into the same fibres, showing a single type of fibre. Since there are none
of the large fibres observed in Fmoc-FDIKRG in any of the blended hydrogels, the

peptides are clearly interacting, resulting in smaller nanofibers, much closer in
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morphology to Fmoc-FRGDF, which is a more stable hydrogel. This is supported by
work in which Fmoc-FRGDF and Fmoc-DIKVAV were co-assembled by two
mechanisms, in the first, both peptides were solubilised together, the gels formed by
this method were found to be composed of homogenous nanofibers containing both
peptides, while the gels formed by preparing each peptide separately, then mixing
them together resulted in more heterogeneous fibres[3]. The absence of the larger
tibres seen in Fmoc-FDIKRG alone also means that the blended hydrogels are

optically transparent, as the smaller nanofibers do not cause significant light

scattering.

Figure 4.3: Negatively stained TEM imaged of A: Fmoc-FRGDF, B: 95% Fmoc-FRGDF with 5% Fmoc-FDIKRG C: 75% Fmoc-
FRGDF with 25% Fmoc-FDIKRG D: 50% Fmoc-FRGDF with 50% Fmoc-FDIKRG E: Fmoc-FDIKRG.
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Negative stained TEM micrographs are shown in Figure 4.3. The structures shown in
this set of images are much clearer, with the greater contrast making it simpler to
distinguish individual fibres. The hydrogels can be seen to consist of a composition-
dependent mixture of straight or twisted fibres. In the Fmoc-FRGDF containing
hydrogels, some twisted fibres are visible, some of these are more apparent than
others. In the Fmoc-FDIKRG sample, we see a combination of ribbon like fibres, the
twisted region, and large sheet like fibres. Many of these structures are suggested by
the cryoTEM images of the same compositions. By combining these complementary

methods, we can confidently interpret the morphology of these hydrogels.

The negative stain reveals an interesting feature, as seen in Figure 4.3D. At least some
of the highly twisted fibres 50% Fmoc-FDIKRG are actually 2 smaller fibres twisting
around each other. Possibly explaining the larger fibre diameter and standard

deviation measured in this sample compared to the other blended hydrogels.

Fibre diameters were not measured from the negatively stained micrographs, as it
was possible to determine the diameter of the fibres from the CryoTEM micrographs,

giving the most accurate measure of fibre size.

4.3.4 Biocompatibility of Fmoc hydrogel blends

SH-SY5Y cells are a human derived cell line, which is frequently used as an in vitro
model for neuronal function and differentiation. These cells were used to assess the
biocompatibility of these materials. MTS assays and fluorescent Live/Dead stain
were used in combination, as this gives a good indication of not only the survival of

cells, but also the proliferation of cells over time on these materials.

Composition

Fmoc-FRGDF-OH | Fmoc-FDIKRG-OH

1]100% 0%
— | 2|90% 10%
G

3| 75% 25%

4|50% 50%
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Hydrogels were prepared at 10 mg/mL. Compositions used are outlined in Table 4.2.
They were prepared in a 96 well culture dish, using the CO; diffusion method. They
were then equilibrated to physiological pH by rinsing twice with 200 ul PBS.
Complete culture media was then left on the hydrogels overnight. Cells were seeded
at 105 cells per well. Live/Dead assays and MTS assays were conducted on cells

grown on the hydrogels at 24 hours after seeding.

After 1 day in vitro, the only hydrogel of this series which showed significant cell
survival was the 50% Fmoc-FDIKRG condition, as seen in Figure 4.4. All other
hydrogels showed poor survival. Unfortunately, due to the clustering of the cells on

this material, it is difficult to quantify the live-dead ratio.

An MTS assay was conducted in parallel with the live/dead assay (Figure 4.5). After
subtracting the background, and normalising the readings to the highest absorbance,
the 50% FDIKRG showed 10 times the metabolic activity of any other tested

hydrogel, which supports the live/dead data.
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Figure 4.5: Relative MTS absorbance from cells grown on different hydrogels. Gel 4 is significantly greater than all other
conditions (P<0.001)

To determine the cause of the cell death observed in Gel 1, 2 and 3, a conditioned
media experiment was conducted. The aim was to determine if a component of the
hydrogels was leeching out and causing the toxicity observed. It has been shown that
at high concentrations, degradation products of Fmoc hydrogels (specifically Fmoc-
FF) cause cell necrosis in a variety of cell lines in vitro[12]. Gels were prepared as
previously described. Then, complete culture media was left on top of the gels
overnight. This modified media was then collected, and serial dilutions were made.
Cells cultured on TCPS were incubated in this media overnight. An MTS assay was
conducted on these cells and MTS readings were normalised to a TCPS control after
subtracting background absorbance. Results are shown in Figure 4.6. All conditions
at 100% concentration of the conditioned media led to reduced MTS reading, but the
conditioned media from Gel 4 was significantly better than the other compositions
tested, with cells grown on this gel exhibiting 50% the metabolic activity of untreated
cells, compared to <20% for all other hydrogels. The 50% FDIKRG conditioned media

continues to be the least detrimental over several serial dilutions of the media.
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Figure 4.6: Relative absorbance from an MTS assay conducted with conditioned media from different hydrogels.

This indicates that a compound present in the Fmoc-FRGDF hydrogel and the
blended hydrogels containing a majority of Fmoc-FRGDF is leeching out of the gels,
and causing the cell death. This trend in unexpected, as the gel modulus increases
with higher Fmoc-FRGDF content as seen in Figure 4.1. These high modulus gels
would be expected to release fewer peptide fragments than the softer Fmoc-FDIKRG
rich gels. All gels were prepared identically, with multiple rinses of PBS before
preparing the conditioned media, so TFA residue is unlikely to be the cause[13].
Published studies suggested that the Fmoc-FRGDF hydrogel would be biocompatible

with neural cell lines.

Self-assembled Fmoc hydrogels are typically prepared using HCI[14], [15] or
GDL][16], [17] to obtain the appropriate pH and trigger gelation. The gels in this
chapter are prepared using CO> diffusion. Therefore, it was deemed necessary to
compare cell growth on CO; gels to growth on the same composition created via a
more conventional method. In the literature, Fmoc-FRGDF is usually prepared by the
HCI method[1], [5], so this was used for the comparison. This would determine
whether the cause of cell death was associated with the pH trigger used in
preparation of the hydrogels. SN4741 neural cells were seeded at 1000 cells per well
on 100% Fmoc-FRGDF gels prepared using CO or HCl, alongside untreated cells in a
culture dish as a positive control, or cells plus DMSO as a negative control. MTS

assays were conducted after 24 hours. As seen in Figure 4.7, cell metabolism was
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very low on both Fmoc-FRGDF gels regardless of preparation method. These results
suggest that the method of hydrogel preparation is not the cause of the observed cell
death.
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Figure 4.7: MTS assay of SN4741 cells grown on Fmoc-FRGDF prepared using either CO, diffusion or HCl addition, with
untreated cells, and cells +DMSO as controls. All values are significantly different (P<0.0001)

One possible cause for the improved cell survival observed in cultures of SH-SY5Y
and SN4741 cells is that both of these cell lines express the TrkB receptor, and that at
high enough concentrations, Fmoc-FDIKRG is able to activate TrkB, and improve cell
survival. Alternatively, as Fmoc-FRGDF appears to be cytotoxic to these cells, simply
reducing the concentration of this component may be sufficient to explain the cause

of improved cell survival.

4.3.5 Measuring the biological activity of Fmoc-FDIKRG

It was hypothesised in chapter 3 that the Fmoc-FDIKRG peptide gel is able to activate
the TrkB receptor in a similar fashion to free BDNF. This was initially assessed using
the SHSY5Y and SN4741 cell lines. Cells were treated with 20ng/mL BDNF, as was
used in the paper which originally described the IKRG peptide[18]. GNF5837, a
selective pan-Trk inhibitor[19] was used to block the TrkB receptor, and therefore the
activity of BDNF or the peptides. Controls for these tests were untreated cells on
TCPS, as a baseline. Activation of TrkB was examined via Western Blot. Initial
experiments were unsuccessful in detecting pTrkB, even after multiple repeats. It

was unclear if this result was due to the cells or antibodies, so further testing was



Page | 102

conducted with NIH 3T3 cells, which were transfected to express TrkB (Kindly
donated by David Kaplan). However, after finally optimising the western blot and
staining protocol, and using a whole brain lysate as a positive control, no pTrkB was
detectable (Figure 4.8). This was despite culturing the cells with G418 to maintain

transgene expression.

Ladder
Untreated
+BDNF
+BDNF+GNF5837
Whole Brain

Figure 4.8: Negative result for TrkB receptor in NIH 3T3 cells transfected with TrkB

In order to determine whether the Fmoc-FDIKRG peptide is able to activate the TrkB
receptor as hypothesised, western blots were repeated using primary mixed
hippocampal/ cortical neuron cultures. Primary cells remove the uncertainty of
protein expression, and therefore give the greatest chance of observing the desired

result, as well as being a more accurate model than cell lines.
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Figure 4.9: TrkB and B-tubulin stained western blot, Intensity of pTrkB band normalised first to B-tubulin, then to the
highest signal, +BDNF.

Controls used were, untreated cells, cells treated with 20ng/mL soluble BDNF
protein, and cells pre-treated with GNF5837, then treated with soluble BDNF. The
hydrogels tested in this experiment were blended Fmoc-FRGDF and Fmoc-FDIKRG
hydrogels, containing 10% and 50% Fmoc-FDIKRG respectively, each with an
inhibited condition. The first series of experiments is shown in Figure 4.9, in which
the function of soluble BDNF and the inhibitor perform as expected, with BDNF
potently activating TrkB, and GNF5837 inhibiting this. The 10% Fmoc-FDIKRG
hydrogel was unable to phosphorylate TrkB in the primary cells. The 50% Fmoc-
FDIKRG hydrogel produced 85% of the activity of soluble BDNF, indicating that the
IKRG motif is bioavailable, and highly functional in this state. In the paper which
first described the IKRG peptide, treatment with 20 ng/mL soluble BDNF resulted in
six times more pTrkB than the control condition, and 1 pM IKRG peptide resulted in
approximately 1.8 times the activation of the control[18], indicating that the gel 4 is

more effective than 1 pM of soluble IKRG peptide at activating TrkB.
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Figure 4.10: Western blots of the A: first and B: second set of lysates. C: Graphed pTrkB intensity for 3 sets of western
blots. No results are statistically significant.

This experiment was repeated with a 25% FDIKRG condition added, to determine
whether there was a dose response effect for the IKRG containing peptide gels. The
results of all repeats of this experiment are shown in Figure 4.10C. The three control
conditions used were the same, but showed considerably less difference than in the
tirst experiment. This indicated that both the BDNF and GNF5837 had potentially
deteriorated between experiments. None of the hydrogels from the repeated
experiment had any more pTrkB than any of the three control samples, including
50% Fmoc-FDIKRG. The method and times of incubation did not change between
repeats. This inconsistency between experiments, leaves us uncertain as to the
biological function of these materials. Unfortunately, due to time constraints, further

repeats of this experiment were not possible, so a conclusive result was not achieved.
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4.4 Conclusion

The functional small peptide, Fmoc-FDIKRG developed in this chapter has proven to
be biocompatible, and capable of co-assembly with the previously published Fmoc-
FRGDF peptide. Fmoc-FRGDF was found to be incompatible with the cell lines
tested in this work, although this effect was significantly reduced when blended 1:1
with the Fmoc-FDIKRG peptide. Cells treated with the 1:1 peptide blend for 20
minutes showed TrkB phosphorylation equivalent to 85% of 20ng/mL BDNF full
protein, which is significantly higher than that reported for IKRG alone [18].
Repeated testing however did not support this early result. Repeated experiments,

with fresh reagents would hopefully enable a conclusive result.
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Chapter 5 Self-Complementary Peptide Hydrogels
5.1 Abstract

Developed in parallel with the Fmoc peptides discussed in chapters 3 and 4, another
family of self-assembling peptide was investigated. It was hypothesised that
changing the gel system would result in a different presentation of the IKRG ligand
to cells, and thus yield a different cellular response. The system investigated was
based around the self-complementary peptide H-FEFQFK-NH2 (MBG-6). A variant
of MBG-6 was synthesised, containing the IKRG motif, H-FEFQFKGGIKRG-NH
(MBG-B5). This peptide was found to be biocompatible, stable under culture

conditions, and was capable of phosphorylating TrkB in vitro.

5.2 Introduction

The self-complementary peptide hydrogel H-FEFQFK-NH; (MBG-6) has been used
in the literature for the in vivo delivery of drugs[1], [2], and is the smallest self-
complementary peptide hydrogel currently in the literature, at only 6 amino acids.
Unlike the Fmoc peptide systems, the MBG-6 gel is capable of self-assembling in
aqueous solutions without a pH switch, or other external stimulus. This was an
attractive option, as it would simplify the potential development of this material as a
3D cell scaffold, as the gel could form around cells at physiological pH. In the Fmoc
systems, where a pH or solvent switch is required to form the gel, the pre-gelled
environment is unsuitable for cells, and therefore cell encapsulation is more difficult

to achieve.

Self-complementary peptide hydrogels have been widely reported for use in
biological applications[3]-[5], including some commercially available sequences. One
commercially available example is PuraMatrix[6], [7], which is based the RADA
tamily of peptides[8] and is used as a cell culture substrate[9]. Functionalisation of
self-complementary peptides is far simpler than in Fmoc based peptide systems, as
functional ligands can be conjugated to either the C or N terminal of the peptide and
hydrogels still from the resulting peptides[3], [10]-[13]. In some instances, this has
minimal effects on the hydrogels properties[13] while sometimes it can have a

significant effect[3]. The functionalised version of the peptide can then be used alone,
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or blended with the base peptide from which it was derived. Often, one or two
glycine residues are used to separate the functional region of the peptide, and the
self-assembly region[4], [13], [14]. This is done to improve bioavailability of the
functional ligand. Within the self-complementary peptide hydrogel family, the hexa-
peptide MBG-6 is the smallest, making it the simplest and cheapest to synthesise,

while still possessing robust self-assembly under physiological pH and temperatures.

The MBG-6 self-assembling peptide system is attractive due to the ease of hydrogel
formation. Ballet et al. have used it to investigate the in vivo delivery of opioids[1]
and other biologically relevant small molecules[15]. This chapter focuses on the
modification of the peptide MBG-6 with the IKRG functional group, which is of
interest due to its ability to stimulate neural growth as previously discussed.
Published self-complementary peptides with functional modifications frequently use
glycine residues as a means of separating the biofunctional motif from the self-
assembling region of the peptide, allowing for greater bioavailability of the
functional motif[16]. This work involved the synthesis of a peptide, H-
FEFQFKGGIKRG-NH (MBG-B5), which is capable of forming a self-supporting
hydrogel in pH 7.4 PBS, at 37 degrees, much like MBG-6. Physical characterisation of
the synthesised peptide, was conducted via rheology and TEM methods. Co-
assembly of MBG-B5 and MBG-6 was investigated. Hydrogels composed of MBG-B5
were tested for biocompatibility, and the ability of the MBG-B5 peptide hydrogel to

activate the TrkB receptor.
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5.3 Results and discussion
5.3.1 Physical characterisation

The peptide hydrogel MBG-6 forms a self-supporting hydrogel within the
concentration range of 10 to 20 mg/mL[1], [15]. Initially, 10 mg/mL was used to
determine whether the modified peptide MBG-B5 was likely to form a hydrogel.
After dissolving the peptide in PBS, and heating it to 60 degrees to ensure a

homogenous solution, a soft hydrogel formed once the solution had cooled.

Following this, a series of vials were prepared consisting of a mixture of MBG-6 and
MBG-B5 all at 10 mg/mL. All formed a self-supporting hydrogel following heating,

mixing and cooling.

Figure 5.1: Hydrogels formed from A: MBG-6 and B: MBG-B5.

Rheological testing of MBG-B5 and MBG-6 revealed that MBG-B?5 is a softer hydrogel
compared to MBG-6. This is to be expected, as the functional section of the peptide,
while containing both hydrophilic and hydrophobic residues,

does not conform to the pattern used in the base self-

assembling sequence. Modification of the widely investigated RADA hydrogels with
functional groups has been shown to significantly influence the mechanical
properties of the resulting hydrogels[3], which likely explains the significantly lower
storage and loss modulus of it versus MBG-6 alone. The storage modulus of MBG-B5
at 10mg/mL is above 10kPa, making it appropriate for use in a range of applications

in the body, and within the range of what is found in the central nervous system[17].
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Figure 5.2: Storage and loss modulus of MBG-6 and MBG-B5 at 10mg/mL

As in previous chapters, the hydrogel morphology was investigated using a
combination of CryoTEM and Negative stain. CryoTEM micrographs are shown in
Figure 5.4. All hydrogels were composed of a dense network of nanofibers, the

diameters of which are shown in

Figure 5.3. MBG-6 is composed of the narrowest fibres, at 3.7 nm, with MBG-B5
being 4.8 nm. The blended peptides fall between 5.4 and 4.2 nm diameter. Given the
small difference between the fibre diameters in all samples, and similar morphology,
it is difficult to say whether the fibres in the blended system are composed of two

intertwined populations of fibres, or a single co-assembled type of fibre.

Negatively stained TEM micrographs are shown in Figure 5.5, in these, it is much
easier to distinguish individual fibres. The heavy metal stain used, phosphotungstic
acid allows for significant improvements in contrast, while still allowing for high
resolution imaging. Drying samples onto the grid tends to increase the fibre density.
Given the fibres observed in CryoTEM were already very densely packed, the
samples were diluted 1:10 with PBS to disperse the fibres, and make imaging easier.
If undiluted gels are used, the fibre density is too high, and distinguishing fibres
becomes very difficult, and over-crowding of the grid also makes it difficult for the

negative stain to settle around fibres.
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Figure 5.3: Fibre diameters for peptide hydrogels as determined using CryoTEM.
Comparing the two imaging methods, the fibres seen in negative stain appear similar
in morphology to those observed by cryoTEM. Negative stain of MBG-B5, Figure 5.5
f) shows a bundling of the fibres not seen in the other samples, but by cryo methods,
this is not observed. This bundling is likely an artefact caused either by the dilution
process, when the mat of fibres was separated, or by the drying of the hydrogel on
the carbon support grid. Other areas of the grid contained single fibres, similar to

those seen in the other samples.
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Figure 5.4: CryoTEM micrographs of A: MBG-6, B: 90% MBG-6 with 5% MBG-B5 C: 75% MBG-6 with 25% MBG-B5 D: 50%
MBG-6 with 50% MBG-B5 E: 25% MBG-6 with 75% MBG-B5 F: MBG-B5. These images are cropped and
brightness/contrast adjust to allow for easier viewing of fibres Scale Bars = 100nm
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Figre 5.5: Negative Stain micrographs of hydrogels. A: MBG-6, B: 90% MBG-6 with 5% MBG-B5 C: 75% MBG-6 with 25%
MBG-B5 D: 50% MBG-6 with 50% MBG-B5 E: 25% MBG-6 with 75% MBG-B5 F: MBG-B5. These images are cropped and
brightness/contrast adjust to allow for easier viewing of fibres. Scale bars are 100nm
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5.3.2 Biocompatibility

To understand the biocompatibility of these materials, MTS assays were used to
investigate the metabolic activity of cells grown on MBG-6 and MBG-B5. NIH-3T3
cells grown on untreated culture plates were used as a positive control for these

experiments, and all results were normalised to the TCPS reading.

The first MTS assay showed that at 2 days in vitro, MBG-6 and MBG-B5 had 67% and
5% respectively of the metabolic activity of the positive control. These gels were
prepared at 20mg/mL. In MBG-6 wells, the gel had almost entirely degraded by the
time this reading was made, despite the high peptide concentration. MBG-B5
however, was still present. This results however is questionable, as the MBG-B5
hydrogel was seen to develop a strong colour upon incubation in the MTS reagent.

This was insoluble, and did not get transferred into the plate reader.

Following this initial MTS assay, MBG-6 was tested for biocompatibility using a
fluorescent live/ dead stain. Gels were prepared at 20mg/mL, and left to stabilise
overnight before seeding with cells. After 24 hours incubation with cells, the cells
were alive as seen in Figure 5.6, but the gels again, had entirely degraded, either by
the cells, or the combination of temperature, and a component of the complete
culture media. The rapid degradation of MBG-6 is undesirable for our application.
Previous studies have shown favourable outcomes with materials that degrade over
a period of 2-4 weeks[18], so somewhere in this window would be ideal. Despite this,
the cells grown under these conditions have been shown to be alive. Therefore, the
gels themselves, and their degradation products are unlikely to cause

biocompatibility issues.
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It has been demonstrated that this hydrogel is stable for greater that 24 hours in
PBS[19], and it has been applied in vivo, where some degradation was observed
within 12 hours of injection, but the hydrogel remained present for several days[15],

so the cause of the observed degradation is not clear.

Follow up experiments on MBG-6 at 10mg/mL involved time points at day 2 and
day 5, indicated that the cells grown under these conditions had 100% +8.5% and

92.6% £0.6% of the metabolic activity of the positive control respectively (Figure 5.7).
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Figure 5.7: MTS results of 2 and 5 days in vitro cultures on MBG-6.
MBG-6 gels were prepared containing Swt% MBG-B5 and live dead assays were
conducted. Micrographs of cells grown on these materials and untreated controls are
shown in Figure 5.9. The live to dead cell ratio is very favourable, and, for MBG-6
agrees with the MTS data. By day 2, the hydrogels had completely degraded, and
cells were growing on the base of the culture plate. This showed us that at 10mg/mL,
MBG-6 is not cytotoxic. Additionally, the inclusion of 5% MBG-B5 into the hydrogel

had no significant effect on cell viability.
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A conditioned media experiment was conducted, in which gels were incubated in

complete culture media overnight, this was collected, and serial 2x dilutions

performed. Cells were plated into untreated wells. After 24 hours their media was

exchanged for the conditioned media. After a further 24 hours, the MTS assay was

conducted. Figure 5.10 shows that there is a component of the hydrogels which is

leeching out, and negatively affecting the growth of these cells, in a concentration

dependant manner.
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Figure 5.10: MTS results of conditioned media experiment. A component of the MBG hydrogels appears to be leeching
out, and affecting cell activity. At a quarter concentration, the effect is considerably reduced.

MTS assays were also repeated with MBG-B5 at 10mg/mL. Since the gel is stable
long term under culture conditions, a lower peptide concentration may reduce the
leeching effect demonstrated in the conditioned media experiment, and improve cell
survival. The MTS assay was conducted at 24 hours in vitro. These follow up assays
indicated metabolic activity 72% + 26% compared to untreated cells, a significant
improvement over previous results. At 10mg/mL, MBG-B5 hydrogels provide a
good environment for cell growth. At a lower peptide concentration, the colour

absorbtion of the MTS reagent observed previously was less pronounced.
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| 5% MBG-BS

25% MBG-B5
50% MBG-B5

MBG-B5
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Figure 5.11: Micrographs of hydrogels composed of A: MBG-6, B: 5% MBG-B5, C: 25% MBG-B5, D: 50% MBG-B5 and E
MBG-B5 and F: an image of culture plate containing MBG hydrogels after24 hours cell culture.

Figure 5.11F shows the typical state of the hydrogels after 24 hours in culture
conditions. MBG-Bb5 is the only gel still present after this time. Cells were still
growing in all wells. Unstained micrographs of each condition are also shown. In
Figure 5.11A-C, the cells are all in a single focal plane, and show well developed
processes. Figure 5.11F clearly shows that the gel in the 50% MBG-B5 wells has
degraded, however these cells do not have elongated processes. Figure 5.11E shows
cells growing on MBG-B5. Some processes are visible, but these are less elongated,

and not present for every cell, and the cells are in different focal planes.

Figure 5.12: SH-SY5Y cells grown on MBG-B5 at A: 1 day and B: 5 days, and untreated cells at C: 1 day and D: 5 days.

Having now demonstrated the ability of MBG-B5 to survive in culture conditions,
and that it is able to support the growth of mammalian cells, MBG-B5 hydrogels
were tested for biocompatibility with a neural cell line, SH-SY5Y, with a1 and 5 day
time point used for both MTS and live/dead staining. The MTS results showed that
cells grown on these gels had only 16% and 24% the metabolic activity of untreated

cells at 1 and 5 days respectively. However, the live/dead staining showed a more
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favourable live to dead cell ratio at both time points. Unfortunately, it was very
difficult to quantify the differences, as the cells tended to cluster on the hydrogel,
especially at 5 days. The large number of stained live cells indicated that MBG-B5 is
biocompatible with the SH-SY5Y neural cell line. There was noticeable auto-
fluorescence of the hydrogel in the red channel, which meant characterisation of a
live : dead ratio by thresholding and comparing the relative area of red to green cells
was not possible. Percent area coverage of live cells was the best metric available for
characterisation of these samples, however, due to the 3D nature of the hydrogels,
there are likely some cells out of plane which are not captured in the image, and

therefore distort this characterisation.

Repeats of this experiment were undertaken with a lower cell seeding density, 5000
cells per well, in order to simplify characterisation of the biocompatibility of the
hydrogel, and reduce overcrowding ass seen in Figure 5.12. Results were also
collected at day 1 and 3, to reduce the chances of over-crowding of the hydrogels as
cells proliferate. Additionally, serum-free conditions were included, to investigate
whether cells are capable of adhering to the hydrogel in the absence of serum

proteins.
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Day 1 images are shown in Figure 5.13. With serum, there is a small difference in live
: dead ratio between the control and MBG-B5 hydrogel, as shown in Figure 5.14A,
with evidence of cells spreading in both conditions. In the serum-free wells, the cells
grown in an untreated well have a favourable live : dead ratio. This ratio however is
likely caused due to most of the dead cells detatching during a wash, and therefore
not being present to count. The low number of live cells in the image indicates this is
likely. Cells grown on MBG-B5 in serum free conditions show some spreading, more
than observed on the untreated serum-free plate, indicating the cells are able to
adhere to some extent to the hydrogel, the live : dead ratio however is much lower

than all other conditions at 50+3%.

There are more dead cells present in the hydrogel wells than in the controls,
particularly in the serum free condition. However, these cells are likely embedded in
the hydrogel, and therefore were not washed off when exchanging media for the live
: dead staining solution, as would have happened in the control plates. If you
compare the live cell count, which is graphed in Figure 5.14B, in the presence of
serum proteins MBG-B5 is comparable to the control, indicating a biocompatible
environment for these cells. In serum-free conditions, MBG-B5 has more cells
adhered than the control, 46+12 versus 32+28 respectively. This suggests that in

serum free growth conditions, MBG-B5 offer a better environment for cell growth

than the culture plate.
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Figure 5.14: A: percent Live : Dead cell ratio for SH-SY5Y cells cultured for 1 and 3 days, and B: Number of live cells
observed per condition.
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SH-SY5Y cells cultured for three days are shown in Figure 5.15. After three days
culture, there has been very little change in either cell number (Figure 5.14A), or live :
dead ratio (Figure 5.14B) for MBG-B5. The hydrogel is not cytotoxic, as the cells are
not dying, however they are also not proliferating as seen in the control. The positive
control has 2-4 times the number of cells seen at day 3 compared to day 1, And has
continued to provide a favourable live : dead ratio. Due to the presence of the IKRG
motif in these hydrogles, it is possible the reduced proliferation is caused by
activation of the TrkB receptor, leading to differentiation of the cells, and therefore
reduced proliferation, however it is not possible to confirm this without further
testing, either by immunostaining or performing western blots, to investigate TrkB
activation. In serum free conditions, the control wells were nearly empty (Figure
5.15C) and the live : dead cell ratio observed in these wells was reduced relative to at
1 day. MBG-B5 in serum free conditions continues to have more living cells than the
serum free control, so despite it’s higher ratio of observed dead cells, it is likely

providing a better environment for these cells.

5.3.3 Biofunctionality
The ability of MBG-B5 to activate the TrkB receptor was investigated using mouse

primary mixed hippocampal/cortical neurons. The cells were grown in 6 well dishes
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and once mature, at 7 days in vitro, cells were treated according to Table 5.1.
Hydrogel/media was removed after 30 minutes of treatment, and cells were lysed.

The lysates were analysed by western blot.

The first run of the experiment indicated that MBG-B5 had lower pTrkB than
untreated cells, indicating perhaps that in this state, the peptide acts as an antagonist.
two further isolations of primary cells were prepared in parallel, and the experiment
repeated. This time showing significant activation of the TrkB receptor after 20 min

of treatment, which was significantly reduced by the GNF5837 TrkB inhibitor.

Treatment + GNF5837
Untreated -
20ng/mL BDNF | -
20ng/mL BDNF | +
MBG-B5 -
MBG-B5 +

These primary cultures, treatments and western blots were all conducted in parallel
with those in chapter 4, so the repeated experiment had no significant pTrkB for the
+BDNF condition, and no aparent inhibition in the +BDNF +GNF5837 condition.
However, the MBG-B5 gel has caused significant phosphorylation, up to 6 times
greater than the untreated condition. This is a greater level of pTrkB than was
observed in for the soluble IKRG peptide alone[20], and is comprable to +BDNF in
the first experiment. As with the chapter 4 work, another repeat of this experiment
with fresh reagents would likely confirm the activity of the MBG-B5 hydrogel, but

due to time contraints this is not possible at this stage.
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Figure 5.16: pTrkB normalised to untreated cells over 3 biological replicates for primary neurons treated with MBG-B5
and MBG-B5 + pre-treatment with GNF5837. Western blots have been cropped to exclude irrelevant samples which were
run in parallel with those presented.
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5.4 Conclusion

Modification of the MBG-6 peptide hydrogel system, through the addition of the
IKRG motif to form the MBG-B5 peptide hydrogel. MBG-B5 has a lower storage
modulus, but is more stable in vitro than the original sequence MBG-6, which due to
it's rapid degradation in cell culture is not suited to use as a cell scaffold. MBG-B5 is
biocompatible, and provides a suitable environment for the growth of neural cells.
The IKRG motif is likely functional in this state, as shown by western blot. Although

another round of testing would increase confidence in this result.

Further development of this system will involve establishing a protocol for cell
encapsulation and 3D culturing of cells. Synthesis of an alternative variant, in which
the functional IKRG motif is on the C terminal of the peptide may alter its
bioavailability, and be worth investigating. If a successful cell encapsulation protocol
can be established, then stem cell culture, and delivery by injection in vivo could

prove to be very promising.

Developing a version of the MBG-6 peptide with one of RGD, IKVAYV or YIGSR, to
then co-assemble with MBG-B5, yielding a bi-functional peptide hydrogel would
likely result in a biocompatible hydrogel, which is even better suited to the treatment

of neurodegenerative diseases.



Page | 127

5.5 References

[1] C. Martin, E. Oyen, J. Mangelschots, M. Bibian, T. Ben Haddou, J. Andrade, ].
Gardiner, B. Van Mele, A. Madder, R. Hoogenboom, M. Spetea, and S. Ballet,
“Injectable peptide hydrogels for controlled-release of opioids,” Med. Chem.
Commun., vol. 7, no. 3, pp. 542-549, 2016.

[2] C. Martin, E. Oyen, Y. Van Wanseele, T. Ben Haddou, H. Schmidhammer, J.
Andrade, L. Waddington, A. Van Eeckhaut, B. Van Mele, J. Gardiner, R.
Hoogenboom, A. Madder, M. Spetea, and S. Ballet, “Injectable peptide-based
hydrogel formulations for the extended in vivo release of opioids,” Mater. Today

Chem., vol. 3, pp. 49-59, 2017.

[3] E. Genové, C. Shen, S. Zhang, and C. E. Semino, “The effect of functionalized
self-assembling peptide scaffolds on human aortic endothelial cell function,”

Biomaterials, vol. 26, no. 16, pp. 3341-3351, 2005.

[4] X. Liu, X. Wang, X. Wang, H. Ren, J. He, L. Qiao, and F. Z. Cui,
“Functionalized self-assembling peptide nanofiber hydrogels mimic stem cell niche
to control human adipose stem cell behavior in vitro,” Acta Biomater., vol. 9, no. 6, pp.

6798-6805, 2013.

[5] N.Nj, Y. Hu, H. Ren, C. Luo, P. Lj, J. B. Wan, and H. Su, “Self-assembling
peptide nanofiber scaffolds enhance dopaminergic differentiation of mouse
pluripotent stem cells in 3-dimensional culture,” PLoS One, vol. 8, no. 12, pp. 1-11,

2013.

[6] A. M. McGrath, L. N. Novikova, L. N. Novikov, and M. Wiberg, “BD™
PuraMatrix™ peptide hydrogel seeded with Schwann cells for peripheral nerve

regeneration,” Brain Res. Bull., vol. 83, no. 5, pp. 207-213, Oct. 2010.

[7] F. Moradi, M. Bahktiari, M. T. Joghataei, M. Nobakht, M. Soleimani, G.
Hasanzadeh, A. Fallah, S. Zarbakhsh, L. B. Hejazian, M. Shirmohammadi, and F.
Maleki, “BD PuraMatrix peptide hydrogel as a culture system for human fetal
Schwann cells in spinal cord regeneration,” J. Neurosci. Res., vol. 90, no. 12, pp. 2335-

2348, Dec. 2012.



Page | 128

[8] Y. Loo, S. Zhang, and C. A. E. Hauser, “From short peptides to nanofibers to
macromolecular assemblies in biomedicine,” Biotechnol. Adv., vol. 30, no. 3, pp. 593-

603, May 2012.

[9] A.Kaneko and Y. Sankai, “Long-term culture of rat hippocampal neurons at
low density in serum-free medium: Combination of the sandwich culture technique
with the three-dimensional nanofibrous hydrogel PuraMatrix,” PLoS One, vol. 9, no.

7,2014.

[10] Y. Kumada, N. A. Hammond, and S. Zhang, “Functionalized scaffolds of
shorter self-assembling peptides containing MMP-2 cleavable motif promote
fibroblast proliferation and significantly accelerate 3-D cell migration independent of

scaffold stiffness,” Soft Matter, vol. 6, no. 20, p. 5073, 2010.

[11] ].P.Jung, A. K. Nagaraj, E. K. Fox, J. S. Rudra, J. M. Devgun, and ]. H. Collier,
“Co-assembling peptides as defined matrices for endothelial cells,” Biomaterials, vol.

30, no. 12, pp. 2400-2410, 2009.

[12] ]J.P.Jung, J. L. Jones, S. A. Cronier, and J. H. Collier, “Modulating the
mechanical properties of self-assembled peptide hydrogels via native chemical

ligation,” 2008.

[13] S.Koutsopoulos and S. Zhang, “Long-term three-dimensional neural tissue
cultures in functionalized self-Assembling peptide hydrogels, Matrigel and Collagen
i,” Acta Biomater., vol. 9, no. 2, pp. 5162-5169, 2013.

[14] Z.Zou, T. Liu, J. Li, P. Li, Q. Ding, G. Peng, Q. Zheng, X. Zeng, Y. Wu, and X.
Guo, “Biocompatibility of functionalized designer self-assembling nanofiber
scaffolds containing FRM muotif for neural stem cells,” |. Biomed. Mater. Res. Part A,

vol. 102, no. 5, pp. 1286-1293, May 2014.

[15] E.Oyen, C. Martin, V. Caveliers, A. Madder, B. Van Mele, R. Hoogenboom, S.
Hernot, and S. Ballet, “In Vivo Imaging of the Stability and Sustained Cargo Release
of an Injectable Amphipathic Peptide-Based Hydrogel,” Biomacromolecules, vol. 18,
no. 3, pp. 994-1001, Mar. 2017.



Page | 129

[16] F. Gelain, D. Bottai, A. Vescovi, and S. Zhang, “Designer Self-Assembling
Peptide Nanofiber Scaffolds for Adult Mouse Neural Stem Cell 3-Dimensional
Cultures,” no. 1, 2006.

[17] S.Cheng, E. C. Clarke, and L. E. Bilston, “Rheological properties of the tissues
of the central nervous system: A review,” Med. Eng. Phys., vol. 30, no. 10, pp. 1318-
1337, Dec. 2008.

[18] S.Das, K. Zhou, D. Ghosh, N. N. Jha, P. K. Singh, R. S. Jacob, C. C. Bernard, D.
L. Finkelstein, J. S. Forsythe, and S. K. Maji, “Implantable amyloid hydrogels for

promoting stem cell differentiation to neurons,” Nat. Publ. Gr., vol. 8, 2016.

[19] J. Mangelschots, M. Bibian, J. Gardiner, L. Waddington, Y. Van Wanseele, A.
Van Eeckhaut, M. M. D. Acevedo, B. Van Mele, A. Madder, R. Hoogenboom, and S.
Ballet, “Mixed a/[3-Peptides as a Class of Short Amphipathic Peptide Hydrogelators
with Enhanced Proteolytic Stability,” Biomacromolecules, vol. 17, no. 2, pp. 437-445,
Feb. 2016.

[20] M. D. C. Cardenas-Aguayo, S. F. Kazim, I. Grundke-Igbal, and K. Igbal,
“Neurogenic and Neurotrophic Effects of BDNF Peptides in Mouse Hippocampal
Primary Neuronal Cell Cultures,” PLoS One, vol. 8, no. 1, p. €53596, 2013.



Page | 130

Chapter 6 In-vivo inflammatory response to self-assembled peptides
containing neurotrophic signals

6.1 Abstract

Following the first successful western blot in chapter 4, in which the 1:1 blended
Fmoc-FDIKRG, Fmoc-FRGDF hydrogel strongly activated the TrkB receptor, an in
vivo experiment was undertaken to determine the degree of inflammatory response
of this material in the central nervous system. The Fmoc-FRGDF/FDIKRG 1:1 blend
hydrogel, Fmoc-FRGDF, and a PBS control were all injected into the brains of mice
(NesCreER2-Rosa26eYFP), and the inflammatory response was characterised at 7 and
14 days in vivo by characterising the astrocyte and microglia density surrounding the
injections. The inflammatory response of the materials indicated that Fmoc-FRGDF
alone was not significantly different when compared to the PBS control, which is in
contradiction to the literature. The blended hydrogel had a less severe inflammatory
response than the other conditions tested, likely caused by either the presence of the

IKRG sequence, or a moderate RGD density in this hydrogel.

6.2 Introduction

By performing in vivo injections of the most promising hydrogel blend into mouse
brains, it is possible to directly observe the body’s inflammatory response to the
materials. This is a crucial test before further development of the hydrogels, as it is
important to understand what effect the implanted material will have on the brain
and avoid a negative immune response. As seen in previous publications[1], [2] the
astrocyte and microglial response to an injection of hydrogels is easy to follow.
Reactive astrocyte activity may be observed through staining for glial fibrillary acidic
protein (GFAP), while microglia identified by staining for ionized calcium binding
adaptor molecule 1 (Ibal). The expected trend of both astrocytes and microglia to
injury is for a large initial response, which degreases rapidly, then tapers off over the

course of approximately a month[3].

Astrocytes have many functions in the brain. They help to control the blood brain

barrier[4], [5], control the energy supply to neurons, as well as the turnover of
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neurotransmitters[6], [7]. Brain insult leads to reactive astrogliosis. Key features of
activated astrocytes is the upregulation of glial fibrillary acidic protein (GFAP) which
can be immunologically stained and identified and significant hypertrophy in
response to injury[8] also assists in identification. The degree of reactive astrogliosis
can vary, with more prominent activation often being associated with glial scar
formation[9], [10]. In the case of glia scar formation, astrocytes can be found both
within the injured tissue, and as a part of the barrier separating injured from healthy
tissue[11]. It has been shown that astrocyte activity is important in re-establishing the
blood brain barrier, and attenuating acute neurodegeneration following brain or

spinal cord injury[12], [13].

Microglia are the other main cell type observed in the inflammatory response of the
brain. These cells behave in a similar manner to macrophages, phagocytosing foreign
matter and cellular debris[14]. Immediately following in injury, microglia act to
repair damaged tissue, by cleaning up damages cells, and removing foreign material.
This is later followed by microglia secreting anti-inflammatory cytokines and

removing damaged axons, to promote the growth of new axons[15].

In this chapter, two hydrogels were implanted into the brains of mice. The hydrogels
investigated were Fmoc-FRGDF and a 1:1 blend of Fmoc-FRGDF and Fmoc-FDIKRG.
A PBS injection was used as a control, as this will tell use the response of the brain to
injury alone. Degradation of the hydrogels is likely to contribute to the response of
the brain to these materials. The mode of degradation has not been investigated in
this work. Similar materials have been shown to degrade in the brain within three
weeks[1]. Being composed of alpha amino acids, this is likely caused by enzymatic
processes[16], [17]. A more aggressive inflammatory response to Fmoc-FRGDF
compared to the PBS injection is expected[18]. The blended hydrogel, which
demonstrated better compatibility with neural cells in Chapter 4 than Fmoc-FRGDF
alone, is expected to induce less inflammation. Activation of astrocytes and microglia
is expected for all conditions surrounding the injection site, as this is necessary in
order to repair the damage caused by the injection, but an excessive or prolonged

response is undesirable.
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6.3 Results and discussion

A major obstacle in the development of neural scaffolding materials is the host
response after implantation. In order to assess the inflammatory response to these
materials, Fmoc-FRGDF and a 1:1 blemd of Fmoc-FRGDF and Fmoc-FDIKRG was
implanted into the caudate putamen of the adult mouse brain, as with previous
studies our group has conducted[1], [3]. The following coordinates were used:
anteroposterior +0.5mm and lateral +1.5mm medial-lateral from the bregma. The
caudate putamen was used for this study, as it is a relatively large and homogenous
region of the brain, making analysis of the astrocyte and microglial response simpler.
The samples were pre-gelled inside a 23G needle. This was inserted to a depth of
4mm, then a plunger inserted into the barrel of the needle. The needle was then
withdrawn, leaving behind the hydrogel. Total volume injected was approximately
0.21 pl. This method was used, as it allows for a continuous tract of hydrogel to be
injected, with minimal chance of compression of the host tissue. At 7 and 14 days,

mice were killed, and the immune response observed.

Following histological processing, the brains were stained for both GFAP and Ibal to
identify astrocytes and microglia surrounding the injection sites. Contrast was
developed using 3,3’-diaminobenzidine (DAB), giving a black colour, and the
sections were counterstained with neutral red, a Nissl stain for both neurons and glia
present in the sections. The procedure for measuring the response is outlined in

Figure 6.1.



Figure 6.1: High magnification images of Ibal stained sections at A: 7 days and B: 14 days, and GFAP stained sections at C:
7 days and D: 14 days post injection, to illustrate how micrographs were characterised. First the border of the injection
region was outlined(red), then 4 regions measuring 400x400 um were selected around the injection site(yellow). All
positively stained microglia were identified by co-localisation of a red nucleus and DAB staining, or if the DAB stained
region was sufficiently large that it likely obscured the nucleus entirely. The distance from each positively identified cell
to the nearest edge of the injection site was then measured (blue) and recorded Scale bars: 100um.

6.3.1 Response of the brain to hydrogel injection

Representative micrographs of stained sections for astrocytes are shown in Figure
6.2. There is an increased density of activated astrocytes surrounding the injections
side for all conditions, which decreases to background levels within approximately
200 pm. The overall astrocyte density did not dramatically decrease over the

observed time period.
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Figure 6.2: Representative micrographs of transverse brain sections stained with anti-GFAP, and DAB substrate,
counterstained with Neutral Red. 7 days in vivo, A: PBS control, B: Fmoc-FRGDF and C: Fmoc-FDIKRG/Fmoc-FRGDF blend.
And 14 days in vivo, D: PBS Control, E: Fmoc-FRGDF and F: Fmoc-FDIKRG/Fmoc-FRGDF blend. Scale bars 100um.

A graphical representation of the astrocyte density in the PBS control in shown in
Figure 6.3. As can be seen, the injury alone caused a substantial astrocyte response in
the immediate area surrounding the wound. Beyond 150 pm, the astrocyte density
has reduced to nearly background levels. From 7 to 14 days, there is very little
change in astrocyte density immediately adjacent to the injury, but at 50-200 pm,

there is a reduction.
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Figure 6.3: Astrocyte density vs distance from injection site at 7 and 14 days post injection for PBS control samples.
From adjacent to the injury, to 150 pm is where the most significant response is seen,

therefore this area will be the focus of comparison between the three conditions
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under investigation. At 7 days post injection (Figure 6.4A), from adjacent to the
injection site to 150 pm, there is no significant (P>0.05) difference between the
conditions. This indicates that the hydrogels are not causing any additional
inflammatory response than the injury alone. At 14 days (Figure 6.4B), there is still no
significant difference (P>0.05) between the conditions, indicating that these materials

have a neutral effect on the astrocyte response.
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Figure 6.4: Astrocyte density plotted against distance from the injection site for the PBS control, Fmoc-FRGDF and the
blended Fmoc hydrogel at A: 7 days and B: 14 days post injection.

Micrographs showing the microglial response to the injections are shown in Figure
6.5. As with the astrocytes, there is a local high density of activated microglia
immediately surrounding the injection site. Microglial density has decreased to
background levels at approximately 250-300 pm from the injection site. At 7 days in
vivo, the gel conditions (Figure 6.5B and C) appear to have less Ibal staining than the
control (Figure 6.5A), indicating a less aggressive initial inflammatory response. At
14 days in vivo, the control looks to have a similar astrocyte to at day 7, and the

hydrogels have increased and now look very similar.
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Figure 6.5: Représentative hiicrdgraﬁhs of transverse brain sections stained with anti-lbal, and DAB substll'ate,
counterstained with Neutral Red. 7 days in vivo, A: PBS control, B: Fmoc-FRGDF and C: Fmoc-FDIKRG/Fmoc-FRGDF blend.
And 14 days in vivo D: PBS control, E: Fmoc-FRGDF and F: Fmoc-FDIKRG/Fmoc-FRGDF blend. Scale bars 100um.

In the PBS control condition, the response of microglia can be seen in Figure 6.6. The
microglia density is highest adjacent to the injection, as expected, and tapers off more
gradually than the astrocytes did. While the response is still above background levels
as far as 250 pm, this is well within the error margin. There is no significant

difference in the control condition between 7 and 14 days.
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Figure 6.6: Microglia density vs distance from injection site at 7 and 14 days post injection for PBS control samples.



Page | 137

All conditions were examined and compared at distances less than 150 pm from the
injection site. Interestingly, at 7 days, the blended hydrogel displays significantly less
microglia than the PBS control condition (P<0.05) at <50 pm. While Fmoc-FRGDF is
close, but does not quite reach a significant effect (P=0.10). This indicates that the
blended hydrogel, containing both the BDNF derived IKRG sequence, and the
tfibronectin derived RGD sequence in having an anti-inflammatory effect. At day 14,
this anti-inflammatory effect has ended, and both hydrogels are not significantly
different to the control condition. Typically, the microglial response to an injection is

highest immediately following injury, with a rapid decrease over the first week[3].
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Figure 6.7: Microglia density plotted against distance from the injection site for the PBS control, Fmoc-FRGDF and the
blended Fmoc hydrogel at A: 7 days and B: 14 days post injection. *D7 PBS and D7 blend are significantly different
(P<0.05) at <50 um.

The fact that the microglial density surrounding the injury was no longer
significantly different at 14 days indicates that these hydrogels were initially
reducing the activation of microglia. As the gels degraded, the initial anti-
inflammatory effect was reduced, leading to a return to control levels of microglial
activity. While degradation rates of these hydrogels were not examined, Fmoc
hydrogels have been shown to degrade gradually over time[19], and many alpha
peptide hydrogels have demonstrated significant proteolytic degradation [17], [20].
Similar systems have shown minimal gel remaining at 21 days in vivo[1]. Therefore,
the biological effect of the materials is expected to be reduced at the later time points,

as observed in Figure 6.7.
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Microglia are known to be responsive to fibronectin[21], [22], so the presence of the

RGD motif in these hydrogels is a likely cause for the this response.

Fmoc-FRGDF has been shown to be suitable for implantation into the central nervous
system, having no significant difference in the microglial or astrocytic response when
compared to a PBS control. This is in contrast to the published results, which
indicated that Fmoc-FRGDF hydrogels caused an increased inflammatory response
in the central nervous system[23]. The reason stated in their study for increased
inflammation was that fibronectin is not suitable for presentation in the CNS[23]
claiming that it is not observed in significant amounts in the brain. However,
Fibronectin, from which the RGD sequence is derived is found within the ECM of the
CNS, particularly following an injury[24], with fibronectin playing important

regulatory roles in microglial function and activation[22].

The blended hydrogel at 7 days in vivo reduced microglial activation, and had
comparable astrocyte activation as the PBS control, indicating that, unlike some other
Fmoc hydrogels[1] this blended hydrogel initially has an anti- inflammatory effect.
At 14 days in vivo, the microglial activity was not significantly different from the PBS
control. The blended hydrogel contains a reduced amount of the RGD motif, as well
as the IKRG motif. The surface density of integrin ligands has been demonstrated to
have significant effects on cell behaviour[25]-[27], too high a signal density has been
shown to inhibit cell migration[28], with moderate signal density being superior for
encouraging neurite extension[29]. The reduced RGD density in this hydrogel is one
possible explanation for the significant reduction microglia density. Another likely
cause being that the IKRG motif is active in vivo, resulting in an anti-inflammatory

effect.
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6.4 Conclusion

This work has confirmed that the peptide hydrogel composed of a 1:1 blend Fmoc-
FDIKRG and Fmoc-FRGDF is appropriate for use in the CNS. The astrocyte response
to this hydrogel was comparable to a PBS control, while the microglial response was
significantly reduced at day 7. The inflammatory response observed was no worse
than that observed in the PBS control. We have also shown that Fmoc-FRGDF alone
under the tested conditions is not pro-inflammatory in the central nervous system,

contradicting previously published experiments.

Further analysis of the remaining tissue sections will involve staining for
neurofilaments, so that penetration of neurites into the injection area may be
characterised. If the IKRG motif in the blended hydrogel is functional, we would

expect increased neurite activity around the injection site.
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Chapter 7 Conclusions and further work

7.1 Conclusions

This project focused on the development of self-assembling hydrogels for the
delivery of neurotrophic signals to the central nervous system. The two categories of
hydrogel investigated are Fmoc peptide hydrogels, and self-complementary peptide
hydrogels.

7.1.1 Fmoc peptide hydrogels

From the literature, the functional short peptide IKRG was identified. This was
modified with additional amino acids and the Fmoc N-terminal functionalisation,
resulting in the Fmoc-FDIKRG peptide, which could for a hydrogel at pH 7.4, but
was not stable long term. Co-assembly of this new peptide with Fmoc-LLY resulted
in stable hydrogels. The morphology of these co-assembled hydrogels was
investigated using a combination of negative stain and CryoTEM, which enabled
comparison between the unblended and blended systems. The macromolecular
structure of Fmoc-FDIKRG compared to the blended peptide hydrogels revealed a
relationship between thinner (<10 nm), homogenous nanofiber assemblies and
hydrogel stability, where Fmoc-FDIKRG alone had a significantly greater fibre
diameter (32 #19 nm). Fmoc-LLY was found to be cytotoxic to neural cell lines, given

the direction of this project, it was decided to discontinue work with Fmoc-LLY.

Moving away from the Fmoc-LLY peptide provided the opportunity to introduce a
second bifunctional motif into the system. Three functional Fmoc hydrogels from the
literature, Fmoc-FRGDF, Fmoc-DYGSRF and Fmoc-DIKVAYV had all previously been
shown to be biocompatible, and had been used in neural applications[1]. Blends of
these peptides at various concentrations were made, with only Fmoc-FRGDF
forming a hydrogel. The resulting hydrogel contained two peptide motifs, which
independently have been shown to be biofunctional. The resulting hydrogels when

blended 1:1 were biocompatible, and supported the growth of neural cell lines.

Investigations into whether the Fmoc-FDIKRG motif was able to activate the TrkB
receptor have been inconclusive. Once a working protocol had been established, our

initial experiment using primary mixed cortical-hippocampal neurons indicated that
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the hydrogel formed of a 1:1 blend of Fmoc-FDIKRG and Fmoc-FRGDF was capable
of strongly activating the TrkB receptor. However subsequent experiments have not

been able to replicate this result.

In vivo analysis of the inflammatory response of the brain to Fmoc-FRGDF and a 1:1
blend of Fmoc-FDIKRG and Fmoc-FRGDF showed that, contrary to published
results, Fmoc-FRGDF caused no significant difference in inflammation when
compared to control PBS injection at 7 and 14 days post injection. The blended
hydrogel caused a significant reduction in the density of microglia adjacent to the
injection site at 7 days in vivo and in all other regards was not significantly different
to a control. Both hydrogels therefore do not provoke an aggressive immune

response in the central nervous system.

A new method of preparing bulk hydrogels was developed in this project. The use of
carbon dioxide to trigger gelation of Fmoc hydrogels has resulted in more consistent
hydrogels, compared to the hydrochloric acid method, which often resulted in
opaque aggregates forming in the hydrogels. The new CO: diffusion method had the
additional benefit of greatly simplifying preparation of tissue culture substrates, as
the basic peptide solution could be simply pipetted as required, and then gelled in

situ.

7.1.2 Self-complementary peptide hydrogels

The self-complementary hydrogel system, MBG-6 (Ac-FEFQFK-NH>) was
investigated for use in neural applications. A functionalised version, MBG-B5 (Ac-
FEFQFKGGIKRG-NH?) was synthesised, containing the BDNF derived IKRG
sequence separated by a di-glycine spacer. MBG-B5 formed stable hydrogels, which
were not as rigid as MBG-6, with a storage modulus of 175 kPa versus 1,640 kPa
respectively at 10mg/ml. MBG-6 was found to rapidly degrade in culture conditions
despite its high storage modulus. MBG-B5 persisted in cell culture conditions for
several days without significant degradation, and was capable of supporting neural
cell growth for several days. Blends of the two peptides formed hydrogels, but all

degraded just as rapidly as MBG-6 in cell culture conditions.
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As with the Fmoc hydrogels, investigations into whether MBG-BS5 is capable of
activating the TrkB receptor have been inconclusive. The initial primary cell isolation
when treated with MBG-B5 showed no pTrkB above background levels, but the two
repeated experiments both indicated high levels of TrkB activation. This hydrogel is
a promising candidate for further development in neural scaffolding and drug
delivery applications, due to its biocompatibility, mild gelation conditions and

indicated neurotrophic function.

7.2 Future directions
This project has developed two peptide hydrogels capable of supporting the growth
of neural cells. There are many additional research directions highlighted by this

project.

7.2.1 Repeats of western blots

One of the main challenges in this project was testing the biofunctionality of the
IKRG containing peptide hydrogels. Many problems were encountered early on,
caused by a combination of cell lines not expressing the protein as expected, and
antibodies not recognising pTrkB. Once the problems had been resolved, the project
was already reaching its later stages, and there was not sufficient time for the
replicates required to verify biological function of either hydrogel system.
Additional issues were potentially caused by the dynamics of the system. Activation
of TrkB is a time dependent process[2], it is possible detection of phosphorylation

was unsuccessful due to ‘missing’ the event.

Additional biological replicates of the primary cell experiments, conducted with
fresh reagents, including BDNF full protein, GNF5837 Trk inhibitor, and freshly
prepared peptides would give the greatest chance of verifying the ability of these
hydrogels to activate the TrkB receptor. A preliminary time-dependent assay to
ensure maximal TrkB phosphorylation is captured would increase the chances of

successfully verifying the function of these gels.
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7.2.2 Variations of Fmoc-FDIKRG

The peptide Fmoc-FDIKRG was able to form clear hydrogels, but these were not
stable, with the fibres which form the gel growing over time, and within a day,
forming thick aggregates, leading to the collapse of the hydrogel. Interactions of the
Fmoc planar aromatic group and the sidechains all influence the self-assembly of
these materials. A variant of this peptide which is capable of solitary self-assembly
into a temporally stable hydrogel would enable greater flexibility in application of
the system. In order to make a biofunctional peptide into a self-assembling hydrogel,
many examples utilise phenylalanine residues to increase hydrophobicity of the
peptide, and increase hydrophobic interactions[3], [4], while aspartic acid is also
frequently used to alter the pKa of the peptide and therefore shift the pH at which
self-assembly occurs[5]. It may therefore be possible to achieve a more stable
hydrogel through the addition of extra aspartic acid resides to the peptide, making it
more stable at pH 7.4. It has also been shown that the specific order of amino acids in
these systems has a significant effect on the properties of the resulting hydrogel[3].
Re-ordering, or relocating the current Asp and Phe amino acids in the Fmoc-
FDIKRG peptide may yield different assembly behaviour, and therefore a more
stable hydrogel. A selection of proposed alternative sequences is outlined in Table

7.1.

Modification Example Sequences

Fmoc-DIKRGF-OH
Fmoc-FIKRGD-OH
Re-order modifying peptides Fmoc-DFIKRG-OH
Fmoc-IKRGFD-OH
Fmoc-IKRGDF-OH

Insert additional aspartic acid Fmoc-FDDIKRG-OH
residues Fmoc-FDDDIKRG-OH

Fmoc-DDIKRGF-OH
Fmoc-FIKRGDD-OH

Combined approach
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Once a successful candidate has been identified, it may be possible for this to be co-
assembled with a different range of other peptides compared to Fmoc-FDIKRG.
Different combinations of bioactive Fmoc peptides would result in a variety of

possible responses from a diverse range of cell types.

7.2.3 New functional self-complementary peptides

The MBG system of peptide, like the RADA system offers a great deal of flexibility in
how it may be functionalised. As demonstrated with the synthesis of MBG-B5,
doubling the length of the peptide, with additional residues not optimised for self-
assembly still resulted in a stable self-supporting hydrogel. Developing another
version of MBG-6, this time containing one of the common integrin binding
peptides, RGD, IKVAYV or YIGSR would result in a hydrogel capable of better
supporting adherent cells in culture. Co-assembly of one of these new peptides with

MBG-B5 would further improve the response of neural cells to these materials.

7.2.4 In vivo testing of materials — inflammation, neural ingrowth and

In order to achieve the desired outcome of this project, to successfully treat
neurodegenerative diseases, it is necessary to thoroughly test these materials both in
vivo and in vitro. Initially it will be necessary to investigate the inflammatory
response of the brain for any new hydrogels developed, and the MBG-B5 hydrogel.
Moving beyond this, investigating the infiltration of neurites into the injection site
would give further insight into the brain’s response to these materials. As neural
stem cells, such as those found in the subventricular zone in the adult brain have
been shown to migrate towards high BDNF concentrations[6]. Implanting these
materials so that they intercept the subventricular zone will enable the evaluation of

whether these materials can guide resident neuroblasts.

7.2.5 Modelling of co-assembled gels

The co-assembly of these peptide systems has not been heavily investigated.
Combining what was learned through TEM analysis with additional characterisation
techniques would enable a greater understanding of the interactions in these

multicomponent systems.
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7.2.6 Cell encapsulation

MBG-B5 forms a hydrogel at physiological pH at physiologically relevant
temperatures. For this reason, encapsulation and 3D growth and culture of cells in
this material should be possible. Through encapsulation of cells in this hydrogel,
delivery of cells to the CNS would be possible, with the hydrogel protecting the
encapsulated cells from shear stress during the injection process, as well as
protecting the cells from the initial inflammatory response to the injection.
Depending on the choice of cells, this would enable neural stem cells to an injured
area, which could differentiate and help repair damage, or encapsulation of cells

which would release beneficial growth factors, leading to enhanced recovery.
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