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COVID-19 Impact statement

Due to the coronavirus pandemic and the resulting first lockdown, the university
was shut and access to labs was removed from March 20" 2020. The Biodiscovery
Institute was opened again from mid July 2020 but | was not able to resume lab work
until early August 2020. This was due initially to having a maximum building
occupation of 10 % which meant researchers returned in tranches. | was in tranche 2
which could return from the end of July. | was also the lab safety monitor and was
therefore heavily involved in the planning and execution of the safe reopening of our
labs which took around 2 weeks. As a result of social distancing measures, shift
patterns were necessary. This meant that the maximum amount of time you could
spent in the lab each day was 7 hours and no weekend working was permitted.
Additionally, | was not able to access other buildings where key necessary equipment
for analysis was located, until the middle of September.

As a result of the lab closures | was granted an extension which allowed me to
continue to work after my initial deadline of September 30™". However, this extension
was granted on the condition that | modify my research. The original goal of this study
was to form NT2RepCT hydrogels and assess them for the functionality and capability
in cell culture as 3D scaffolds. Unfortunately, due to a combination of the cell culture
suite moving to a new building in the first few months of 2020, which limited access,
and then the resultant pandemic, lab closures and shift patterns, it was not possible
to perform cell culture experiments. Therefore, this research has shifted to
experiments that could be performed in my usual labs which were drug delivery
experiments. The pandemic has also had an obvious effect on my mental health and
productivity and therefore the resulting thesis should be considered with this frame

of reference.



Abstract

Protein hydrogels are hydrophilic biomaterials that swell and have material
properties that resemble biological soft tissue. Hydrogels are appropriate for use in
local drug delivery systems due to their extensive porous structure allowing diffusion.
Hydrogels prepared from ex vivo animal derived proteins bring risk of pathogens and
ethical concerns. These issues can be addressed by using recombinantly produced
spider silk. Spider silk protein (spidroin) is non-immunogenic, biodegradable and has
impressive material properties such as strength and elasticity making it a promising
material for hydrogel biomedical applications. In this study the recently reported
highly expressing, recombinant mini-spidroin NT2RepCT was processed for the first
time into natural protein hydrogels and characterised as a local and controlled drug
delivery system.

NT2RepCT self-assembled into physical hydrogels at 2.4 % (w/v) upon incubation at
37 °Cin double distilled milli Q (MQ) water Tris, HEPES and CAPS buffers at pH 5.5, 7
and 10. The hydrogel’s optical properties, swelling behaviour, pore morphology, nano-
fibril structures, stiffness and rheological properties were tunable depending on
gelation conditions. It was found NT2RepCT hydrogels formed at pH 10 had increased
swelling, high light transmittance and increased stiffness compared to those formed
at pH 7 or in MQ water. Glutaraldehyde chemical crosslinking was utilised to increase
NT2RepCT hydrogel stiffness.

The effect of hydrogel sample preparation ahead of scanning electron microscopy
(SEM) on artefacts and secondary pores was investigated in cryo-SEM, high vacuum
SEM and environmental SEM due to hydrogels high water content. It was found that

the commonly used plunge freezing in liquid nitrogen technique created the most



artefacts compared to metal mirror (slam) freezing and in situ lyophilisation
exemplifying the need for careful hydrogel SEM sample preparation.

The NT2RepCT hydrogels formed at pH 10 and in MQ water were injectable and
showed shear-thinning properties. These hydrogels were assessed as a controlled drug
delivery system and showed pH dependent release of the model drug surrogate
rhodamine B. Tyrosine conjugation of 4-(4-(2-azidoethoxy)phenyl)-1,2,4-triazolidine-
3,5-dione (PTAD-azide) added a functional handle and the model drug surrogate
fluorescein (FAM) was ‘clicked’ via copper catalyzed azide-alkyne cycloaddition.
Improved and controlled release was seen in hydrogels containing conjugated FAM
compared to hydrogels containing non-conjugated ‘free’ FAM.

The properties of the NT2RepCT hydrogels were similar to previously reported
natural and recombinant silk hydrogels but without the need for high temperatures,
denaturing purification conditions and extensive processing. This study illustrates the
diversity and tunability of recombinant minispidroin NT2RepCT hydrogels and
demonstrates their suitability as a highly transparent, injectable, pH sensitive and

controlled hydrogel drug delivery system.
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Abbreviations

2D Two-dimensional

3D Three-dimensional

ACN Acetonitrile

APS Ammonium peroxydisulfate

BSA Bovine serum albumin

CAPS N-cyclohexyl-3-aminopropanesulfonic acid
CD Circular dichroism

Cryo-SEM Cryogenic scanning electron microscopy
CT C terminal

CuAAC Copper catalyzed alkyne-azide cycloaddition
DDS Drug delivery system

DLS Dynamic Light Scattering

DMEM Dulbecco’s Modified Eagle Medium

DMF Dimethylformamide

ECM Extracellular matrix

ESEM Environmental scanning electron microscopy
FAM Fluorescein

FBS Fetal bovine serum

FDA Food and Drug Administration

FIB Focused lon Beam

FIB-SEM Focused lon Beam scanning electron microscopy
G’ Storage modulus

G” Loss modulus

G* Complex modulus

GA Glutaraldehyde
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GMA glycerol methacrylate
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10



PEGdA Poly(ethylene glycol) diacrylate
pl Isoelectric point
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Q swelling ratio

R? Coefficient of determination

RFU Relative fluorescence units

RhB Rhodamine B
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SD Standard deviation
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UV Ultraviolet

UV-VIS Ultraviolet visible
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1. Introduction

1.1. Project background

Spider silk has intrigued humans for millennia, leading to many discoveries and
applications. One of the reasons for the continued interest in spider silk is a ‘bottom-
up’ approach to research?, seeing a natural material and wanting to understand how
it works and what it can be turned into. Spider silk has found uses in many industries,
particularly biomedical. Spider silk is distinguished from other natural proteinaceous
materials by its strength, extensibility and biocompatibility. By understanding the
spider silk proteins modular design, recombinant versions have been created that
show different behaviour. One such recombinant protein is called NT2RepCT and was
first reported in 2017 by M. Andersson et al>. NT2RepCT is pH sensitive and highly
soluble, and expressed in high yields. NT2RepCT is described in further detail in Section
4.1.5.

Hydrogels are hydrophilic, 3D polymer networks that can swell and absorb large
volumes of water without dissolution due to crosslinks®. They are a tunable material
and suitable for many applications such as cell culture and drug delivery due to their
soft material properties which mimic the extra cellular matrix (ECM). Hydrogels are
often comprised of ex vivo collagen and gelatin which bring the risk of prions,
immunological responses and viruses®. By forming hydrogels from the recombinant
spider silk protein NT2RepCT it is hoped that an impressive, tunable and biocompatible
material will be developed that combines the desirable properties of hydrogels with

the sought-after properties of spider silk.
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1.2. Project objectives

The aim of this PhD research project was to investigate and characterise the formation
of recombinant spider silk protein hydrogels formed from NT2RepCT and evaluate
their performance as a drug delivery system. The specific research objectives were

therefore:

e To construct recombinant NT2RepCT protein hydrogels and investigate

factors that affect hydrogel formation.

e Toassess the NT2RepCT hydrogel material properties such as swelling ratio,

pore size and morphology, Young’s modulus and rheological behaviour.

e To examine the NT2RepCT hydrogel potential as a drug delivery system and
demonstrate the feasibility of NT2RepCT hydrogels in the field of

biomedical science
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2. Literature review

2.1. A brief history of silk

Silk is a natural fibre formed of proteins produced by various invertebrates including
spiders®, silk worms (Bombyx mori)®, other insects’® and mussels®. Throughout history
humans have utilised silk for various uses and the production of silk has had a large
influence on human behaviour across the world. The domestication of silk wormes,
subsequent large volume production of their silk and manufacturing of heavily sought
after textiles shaped the historical silk-road trading route!®!l, Unfortunately, unlike
silk worms, spiders are territorial and in some cases cannibalistic and therefore cannot
be farmed'?. Additionally, the volume of silk produced by spiders is considerably less
than silk worms and spiders require force reeling to extract silk>. Despite these
disadvantages, spider silk has been used by humans for hundreds of years for
weaponry*, fishing nets® and bandages'®'’. The strength, elasticity and toughness of
spider silk out competes silk worm silk and other natural fibres®!®. Furthermore, the
low immunogenicity®® of spider silk upon implantation has been of great interest and
is one of the reasons it has been continuously used and intensely studied.

2.2. Types of spider silk

Female orb weaving spiders have 7 different silk glands in their abdomen, each of
which produces a different type of silk (Figure 1). These silks’ properties vary due to
the varied demands required of them. Silk involved in prey capture is glue-like whereas
the silk required in egg casing is tough, for protection of the offspring?®. The most
studied spider silk is dragline, which is produced in the major ampullate gland. Dragline
silk is used as a safety line in evasion of predators and as the radial spokes in circular
webs?®. It is the strongest of the silks produced by spiders and outcompetes man-made
materials such as steel and Kevlar® on a weight-to-weight basis due to its impressive

extensibility>®.
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Figure 1: The 7 different types of silk produced in spiders and their uses. Only female

spiders can produce silk used in egg casing. Image from: Romer et al.?

2.3. Structure of spider silk

Spider silk is formed mostly of proteins called spidroins. These proteins contain
many hydrophobic and non-polar amino acids in short, repetitive polypeptide regions
often repeated hundreds of times. These repetitive regions can be over 90 % of the
protein composition?l. This repetitive region is flanked by a non-repetitive N- and C-
terminus (Figure 2). Native spider silk proteins are large and can vary in size from
between 2602%-725 kDa?. Each spidroin type contains different motifs within the
repetitive polypeptide blocks that contribute to the physical attributes of the fibre?*.
Dragline silk is formed of major ampullate silk which comes in two forms: major

ampullate silk 1 and 2 (MaSp1 and MaSp2). Both types of major ampullate silk contain
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glycine rich regions and poly alanine repeats in the repetitive domain. The two
spidroins Masp1 and MaSp2 differ in that MaSp1 contains no proline residues whereas
MaSp2 does. Additionally, they have different motifs in the glycine rich regions. MaSp1
contains (GA), and (GGX), motifs, where X = tyrosine, leucine and glutamine?*. These
motifs contribute to the strength of the dragline silk fibre?!. Whereas MaSp2 contains
GPGXX and GPGGQ motifs, where X = glycine, tyrosine or glutamine 2°. These motifs
contribute to the extensibility of the dragline silk fibre?. In the case of the spider
Araneus diadematus, dragline silk is formed of MaSp2-like polypeptides. A.

diadematus fibroin (ADF-1, ADF-3 and ADF-4)2527,

NT Repetitive region Gl

(@@ @@@@@@

(((w

Figure 2: Schematic representation of the structure of major ampullate silk spidroin.

The non-repetitive N-terminus is shown in red, the highly repetitive region is shown in
alternating blue and yellow to represent the poly-alanine and glycine rich regions. The

non-repetitive C-terminus is shown in blue. Image from: Rising et al. 2.

Minor ampullate silk is used by spiders in the auxiliary spiral thread in an orb web and
is therefore structural in function, requiring it to be strong but not as extensible as
major ampullate spidroins®. It is similar to major ampullate silk but contains no proline
residues and has a reduced glutamine content?. Like major ampullate, minor
ampullate is present in two forms, minor ampullate spidroin 1 and 2 (MiSp1 and 2).
Minor ampullate spidroins also contain charged amino acids and serine rich spacer
regions termed ‘spacer’ motifs?2* (Figure 3). The function of the spacer is currently

unknown but there is suggestion that it serves to break the crystalline repetitive

16



regions and form intra and intermolecular associations through the charged residues

present?,
w| [ ] [&] [e] [
elastic crystalline
B-turn spiral B-sheet 3,-helix

GPGXX Ala-rich GGX spacer NR termini
MaSp1 v v v
MaSp2 v v v
ADF-3 v v v v
ADF-4 v v v
MiSp1 v v v v
MiSp2 v v v v

Figure 3: Structural motifs in major and minor ampullate spidroins. X indicates an
amino acid residue that varies depending on the spidroin in question.NR = non

repetitive. Adapted from Scheibel. T et a/.3°

Upon fibre formation within the repetitive region, poly alanine blocks form into
crystalline anti-parallel B pleated sheets and the glycine rich regions form amorphous
helical structures®'. This secondary protein structure gives the formed silk fibre its
strength and extensibility?!. Compared to the variance between silks in the repetitive

region, the conserved C terminus (CT) 32

is present in major and minor ampullate
spidroins3%33, However, there are differences in CT sequence between silk types and
spider species®®. The CT exists as a homodimer with each monomer containing 5 o
helices. MaSp and ADF CT domains contain a di-sulfide bridge in the dimer between
the single cysteine residue in each monomer?. The MiSp CT does not contain a di-
sulfide bridge as there are no cysteine residues present in the monomer3®, However,

as seen in Figure 4 there is a very similar structure between the CT of ADF-3 and two

MiSp CT dimers.
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1.3 Overlay of 3 CT dimers showing highly

Figure 4:From M. Andersson et a
conserved structures. “Superposition of MiSp CT structures from A. ventricosus
(yellow, PDB code 2MFZ) and N. antipodiana (blue, PDB code 2MOM) and the ADF-3

CT structure from A. diadematus (pink, PDB code 2KHM). Helices are shown as ribbons

and labeled H1-H5. The letter A/B indicates the subunit”

Sequence alignment between MaSp and ADF C terminal domains show highly
conserved regions including charged residues arginine, aspartic acid and glutamic acid.
The charged residues form highly conserved salt bridges which are involved in the C
terminal dimer in fibre formation. Compared to the CT, the N terminus (NT) is more
highly conserved within both the same spidroin across multiple species but also within
different spidroins in the same species®*. It forms an up-and-down 5 a-helical bundle®®
which is primarily monomeric at neutral pH and physiological salt conditions®’. The NT
of MaSp proteins are highly pH responsive and have a positive and negative poles due
to charged residues, leading to the formation of a tightly packed and symmetrical,
electrostatic, anti-parallel homodimer (Figure 5) at lower pH*”38, In the case of E.
australis MaSp1 NT domain, dimerisation requires structural conformational changes
involving a single tryptophan residue moving from a buried to a solvent exposed site3*.
Additionally, there is a conserved inter-subunit ‘hand-shake interaction’ between D40

and E84 and protonation of 3 highly conserved glutamic acid residues allowing stable
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dimer formation®. This increased stabilisation of the NT dimer enables fibre formation
in the correct part of the spidroin gland within the spider due to decreasing pH

throughout the gland. This avoids premature polymerisation of the silk fibre.

Crevice

Figure 5: Overall structure of E. australis MaSp1l NT homodimer. Subunits A (grey)
and B (blue) are shown in surface and ribbon representations, respectively. Strictly
conserved residues are highlighted in green. PDB: 3LR2. Image from G. Askarieh et al.3¢
2.4. How spiders form silk
Spider silk is produced in spiders by conversion of a highly concentrated silk protein
solution called dope, into strong and flexible fibres. Since spiders make a variety of
silks, they have different glands for each type of silk produced; dragline silk is made in
the major ampullate gland. Spider silk proteins are secreted from epithelial cells lining
silk glands. The concentration of silk protein in the first portion of the gland is very
high, up to 50% w/v*, this is called dope and the proteins exist as micelles to avoid
premature aggregation**2. The dope moves along the gland and down a pH
gradient®, from pH 7.6 to around pH 5.7° (Figure 6). The enzyme carbonic anhydrase
utilises the increasing pCO; along the gland to catalyse the reaction H,O + CO; > H +
HCOs’, decreasing the pH3>. Additionally, ATPase driven proton pumps*® help to control
and maintain the pH gradient. lon exchange in the gland with sulfur, potassium and

phosphorus pumped into the distal portion of the major ampullate gland while sodium
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and chloride ions are removed* further aids fibre formation. This is thought to be due
to the chaotrophic nature of potassium ions, removing the water from the proteins in
order for unfolding to occur®. The major ampullate gland narrows as it gets closer to
the spinnerets at the end from which the fibre is extruded. A combination of shear
forces, pH and ion gradients concentrate the dope further and align the silk proteins

to form a fibre.

Funnel

Figure 6: Major ampullate gland (top) labelled and schematic (below) showing pH
gradient, moving from pH 7.6 on the right to 5.7 on the left In the schematic the pink
region contains endothelial cells that secrete silk proteins and they grey region has
carbonic anhydrase activity. S-shaped duct on the left side of both images. Image from:

Andersson et al.*.

The structure of spider silk proteins also aids the process of fibre formation from the
dope; the NT and CT play important regulatory roles in formation of silk. They control
the solubility of the protein and regulate the assembly of the proteins into polymer
fibres. To form polymeric silk fibres from proteins, the protein monomers must align
correctly and dimerize. The spidroin is converted from a primarily alpha helical and
random coil conformation®® to a solid fibre, where B sheets are beginning to form®.
NT dimerization is pH dependent3®3” and is used as a control to ensure that fibre

formation doesn’t happen too early, blocking the gland. At pH greater than 7 the NT
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domains exist in an equilibrium between monomers®* and weakly interacting
homodimers3. As the pH drops the equilibrium shifts to dimerization and the dimer
interactions stabilise®®. Therefore, as the protein moves along the gland towards the
duct, the pH drops and stable NT dimers form with the decreasing pH gradient.
The CT is a homodimer?® that is highly stable above pH 6. As the protein dope moves
along the gland, the drop in pH destabilises the CT dimer. Loss of a salt bridge causes
instability in the CT structure, leading to partial unfolding®. The CT unfolds into B-
amyloid fibrils3*®> forming nucleation centres from which polymerisation of the
spidroins can occur very rapidly3>?®. This mechanism has been referred to as ‘lock and
trigger’ with the NT dimer stabilisation forming the lock and the unfolding of the CT as
the trigger®®. This enables rapid polymerisation of the spidroins within a confined and
controlled area of the gland.
2.5. Silk fibroin

The most characterised and studied silk is produced by the domesticated silkworm
Bombyx mori. This silk has been used throughout history for textiles, medicine and
more recently in biotechnology®’. Silk is used by the silkworm to make cocoons to
protect the pupa in the metamorphosis to a fully-grown moth. Silk worm silk has
evolved to be tough*® compared to strong spider silk. Spider silk must support the
weight of the spider and prey whereas silkworm silk should resist attacks by predators
trying to eat the cocoons. B. mori silk (silk fibroin) consists of a core of fibroin which is
made of a heavy chain, a light chain which are connected by a disulfide bridge and a
glycoprotein P25. This core is then coated with sericin as it is extruded?. Sericin bound
to the virgin silk fibroin elicits a strong immune response in vivo*® and therefore needs
to be removed during processing of cocoons into silk. However, sericin on its own or
combined back with silk fibroin does not cause an immune response*. The process of

removing sericin, referred to as ‘degumming’ is a long process that can damage the

21



structure of the internal fibroin core®. Two different methods are employed to
remove sericin from the fibroin core: alkaline, using Na,COs and enzymatic
processing®. Silk fibroin has a similar architecture to spidroins. A non-repetitive N and
C terminus capping repeated hydrophobic and hydrophobic blocks. The hydrophobic
blocks are primarily glycine (GX) repeats where X is alanine, serine or tyrosine. The
repetitive hydrophobic blocks create B-sheet crystalline regions which are interspaced
with amorphous regions in the repetitive domain®.

2.6. Why spider silk?

In addition to spider silk’s excellent strength, toughness and elasticity, it induces little
immunological response on implantation'>*2 and is therefore, an excellent
candidate for use in medicinal applications such as tissue engineering or drug delivery.
Additionally, spider silk is biodegradable®!. Native spider silk from Nephila clavipes was
implanted into a neuronal defect in sheep with no adverse effect and ten months post-
surgery axons had regenerated across the defect site indicating that spider silk could
support axonal growth in vivo®. Dragline silk from Nephila edulis was investigated as
a shallow wound dressing in a sheep model. Capillaries grew into the silk fibre bundles
and there was minimal inflammatory response during the healing process.
Additionally, the silk was completely degraded in 8 weeks>*. There is also some
evidence that spider silk has a small amount of antimicrobial activity®, however, this
is more likely to be bacteriostatic rather than bactericidal in nature.

2.7. Recombinant spider silk expression

Unlike silkworms, spiders are aggressive, territorial and can be cannibalistic*® and
cannot be farmed on a large scale. Furthermore, spiders can produce up to seven
different types of silk from different spinnerets and therefore collection of pure silk of
one type is tricky. Therefore, effort has been made in the past few decades on design

and production of recombinant spidroins. Recombinant protein production offers
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increased control over the properties, function and batch-to-batch variation
compared to naturally derived means. Recombinant spider silks have been produced
in insect cells®®, yeast®’, plants®®, bacteria®®, mammalian cells®, transgenic silk worms®!
and even milk from transgenic mice® and transgenic goats®®. Each expression system
has its own advantages and disadvantages as summarized in Table 1.

One of the most common expression systems for recombinant spidroins is E. coli. This
is due to ease of plasmid transformation, the possibility for achieving high cell
densities and fast growth kinetics, with doubling times of 20 minutes in optimal
conditions®®. Gram negative E. coli can also produce higher levels of the protein of
interest compared to Gram positive bacteria due to high expression levels of
proteases® in the latter. However, Gram-negative E. coli release endotoxins from their
lipid polysaccharide outer membrane which induce immune responses in humans and
animals, even at low concentrations®®. Endotoxin concentrations can be reduced to
acceptable levels using EndoTrap® column chromatography®’, or simple washing
steps®7:8,

Native sized spider silk is difficult to produce in wild type E. coli®® due to its large size?
and repetitive regions containing many glycine and alanine residues which would
quickly exhaust the available residues in the expression host’. The high guanine and
cytosine content of the mRNA increases the risk of secondary structures forming which
impedes transcription leading to pauses or terminations’®. Despite these challenges,
native sized dragline silk spidroins have been produced recombinantly. Increasing the
pool of glycyl tRNA has been employed to produce recombinant spidroins based on N.
clavipes Masp1 with glycine content of up to 44.9 %, of 284.9 kDa’? and 556 kDa”® with

a 96mer and 192 mer respectively’.

23



Expression Silk produced Proteases Post advantages disadvantages notes REF
system translational
modification
Sf9 insect cells Araneus No Yes but Simultaneously Small cell volume Filamentous 56
with diadematus glycosylation can | express multiple Expensive media structures in
baculovirus recombinant be different to genes Time consuming cells
spidroin ADF-4 mammalian cloning procedure | ADF-4 insoluble
ADF-3 expression
Yeast Pichia Euprosthenops Yes Yes Protein can be Proteases can Truncation, and 74
Pastorius australis secreted cleave protein glycosylation
recombinant extracellularly affected
spidroin expressed silk
Z-4RepCT function
Transgenic Nephila No Yes Correct protein Lots of space Expressed silk 58
potato and clavipes folding required and long proteins
tobacco plants recombinant grow times showed heat
spidroin resistance
Mammalian Araneus No Yes Correct protein High cost of High solubility 60
cells baby diadematus folding and post production of spidroins cf.
hamster recombinant translational Culture is bacterial
kidney cells spidroin ADF-3 modifications susceptible to expression
(BHK) infection
Bacterial N. clavipes Yes No Short culture Difficulty Larger 73
expression Maspl doubling times expressing spidroins
E. coli recombinant Simple culture eukaryotic proteins produced by
spidroin conditions Inclusion bodies increasing
can accumulate glycyl tRNa
protein pool
Endotoxins

Table 1: Summary of recombinant expression systems used in spidroin production.
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2.8. Recombinant spider silk miniature spidroin design

Addition of an affinity tag such as hexa-histidine at the N or C terminus of the
recombinant spidroin allows purification by immobilised metal affinity column
chromatography (IMAC) (Figure 7). Elution of the his tagged protein is achived with
increasing concentrations of imidazole which out competes the histidine residues for
coordination to the immobilised Ni**. Use of hexa histidine tags leads to relatively pure
protein in one step from the crude cell lysate. However, the use of transition metal

chromatography is not applicable or environmetally friendly on large scale?.

% Ni-NTA
Q e N12Fivainiaas
=0
d !

Figure 7: Coordination of hexa hisitidine affinity tagged protein with Ni-NTA in

immobilised metal ion chromatography (IMAC)

The most studied recombinant miniature spidroins are eADF4(C16) and 4RepCT (Table
2). These have been used in many different forms for different applications such as 3D
printing’® and cell culture’”’®, These two spidroins differ in their design and species
origin. The miniature spidroin eADF4(C16) (47.4 kDa) contains 16 repeats of a small
glycine rich motif that mimics the repetitive region present in Araneus. diadematus
dragline silk ADF-47° with no NT or CT. The spidroin 4RepCT (25 kDa) contains four
repeats of the repetitive region and the CT domain of MaSp1 from E. australis®. The
MaSp1l E. australis CT domain contains a disulfide bridge and was included to allow

instantaneous formation of fibres upon removal of a thioredoxin solubility tag. The
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recombinant spidroin MaSp14C is similar in design to 4RepCT in that it contains 4
repeats of the repetitive region and the CT domain but from MaSp1 of N. clavipes®!. It
was found that the CT was necessary in the formation of a hydrogel indicating the
importance of CT unfolding on polymerisation of macrostructures.

Both the non-repetitive NT and CT were included in the recombinant miniature
spidroins NT2RepCT (33 kDa)? and N-R,-C (~30 kDa)*, which contains a N-terminus, 7
repeats of polyalanine and a glycine rich region and a C-terminus from MaSp1 and
MaSp2 of Latrodectus Hesperus, in an effort to recapitulate native spidroin fiber
formation. The NT domains used were both pH sensitive and increased the solubility
allowing high expression yields of soluble protein. Fibres were formed by wet spinning
in acidic conditions with the introduction of shear force. Both recombinant spidroins
were designed in the last 4 years and therefore minimal work has been performed on
potential applications. The addition of the pH sensitive spidroin NT domain to increase
solubility of other recombinantly produced proteins is marketed by the designers of

NT2RepCT at Spiber Technologies AM (Sweden) as SolvNT»#2,

26



Recombinant Based on Size Composition NT or Purification Yield/L Modifications Processed into  Reference
spider silk (kDa) cT? method culture
eADF4(C16) Araneus. 47.4 (n=16) repeats None Thermal 30 mg RGD motif Fibres, particles, 83 77,84-88
diadematus glycine rich motif purification with (genetic) hydrogels,
dragline silk denaturing foams, films,
ADF-4 conditions non-woven
solubilise protein meshes, 3D
printed
4RepCT Euprosthenops 25 (n=4) repeats glycine CcT His tag Ni%* affinity 20 mg RGD motif Fibres, films, 74,89,78,90~
australis rich and polyalanine chromatography (chemical) foams, 94
MaSp1 and CT domain (non-denaturing IgG motif nanomembranes
conditions) (genetic)
MaSp14C Nephila 26.5 (n=4) repeats of CT His tag Ni%* affinity Not None Hydrogel 81
clavipes glycine rich and chromatography given
MaSp1l polyalanine and CT (non-denaturing
domain conditions)
NT2RepCT E. australis 33 NT and (n=2) repeats NTand His tag Ni?* affinity 125 None Fibres 2
MaSp1l of glycine rich and CT chromatography mg
and Araneus polyalanine from E. (non-denaturing
ventricosus australis MaSp1, CT conditions)
MiSp1 from A. ventricosus
MiSp1
N-R;-C Latrodectus ~30 NT, (n=7) repeats NT His tag Ni** 420 None Fibres 41
Hesperus of glycine rich and and CT affinity mg
MaSp1 and polyalanine motif, CT chromatography
MaSp2 (non-denaturing
conditions)

Table 2: Summary of some of the miniature recombinant spider silk proteins expressed in E. coli.
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2.9. Recombinant spidroins in vivo

Various recombinant spider silks have been examined in vivo and have been shown
to have a very low inflammatory response and are well tolerated. 4RepCT fibres
implanted in rats for 7 days supported cell growth and were populated by fibroblast
cells with angiogenesis occurring in the centre of the fibre. No multinucleated cells,
fibrous capsulation of the fibres or presence of macrophages were seen2. A chimeric
protein which fuses consensus dragline silk sequences with the antimicrobial peptide
Herceptin was implanted in mice with low to mild inflammatory reaction compared to
controls®®. The recombinant spider silk protein AvMaSp-R was investigated in vitro and
did not induce apoptosis, stimulate macrophages, was non-cytotoxic and therefore
deemed to be non-inflammatory®. Although more work is needed to determine the
suitability of recombinant spidroins for medical applications in terms of inflammation
and immune response the published results are promising.

2.10. Industrial interest in recombinant spidroins

Recombinant spider silks have found use in industry with multiple companies
focusing on design, production and application of their spidroin technology. AMSilk
GmbH (Germany) is a spin out company formed by Professor Thomas Scheibel that
uses ADF-4 recombinant silk to form their ‘biosteel fiber’ which is used in textiles.
AMSilk GmbH has also created recombinant silk coated breast implants which induced
no immune response or toxicity and reduced capsule thickness and inflammation
compared to non-coated”. Spiber Technologies AB (Sweden) uses 4RepCT and
modified 4RepCT to form fibres, films, foams, coatings for medical applications. Bolt
Threads (USA) used larger scale spidroin silk expression in yeast for textiles. Spiber Inc
(Japan) have also used their spidroin QMONOS in textile applications to make, among

others, ties and a North Face jacket®.
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3. General methods

3.1. Expression and purification of NT2RepCT

3.1.1. Chemicals and reagents

Unless otherwise stated, chemical reagents were obtained through commercial
sources such as Sigma-Aldrich, Fisher Scientific and New England BiolLabs. These
materials were used without further purification. Double distilled water was prepared
using a Millipore system (MQ water).

3.1.2. Data analysis and statistics

Data and statistical analysis were performed in either Microsoft Office Excel 2016 or
Graph Pad Prism 7 (GraphPad software Inc. San Diego, CA). Data are expressed as
mean * standard deviation. Statistically significant differences were determined by
either an unpaired student t-test or a two-way analysis of variance (ANOVA) and Tukey
post-hoc analysis. Statistical significance was accepted at the p < 0.05 level and
indicated in figures as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Protein
structures were created in Pymol version 1.7.4.5. Sequencing was performed with
SnapGene version 4.0.6.

3.1.3. NT2RepCT protein expression

Single colonies of BL21 Rosetta (DE3) E. coli cells transformed with NT2RepCT
pET22b plasmid (Figure 8) on ampicillin (100 ug/mL) Lysogeny broth (LB) agar plates
were used to inoculate 5 mL sterile LB media with 100 pg/mL ampicillin. These starter
cultures were grown for 16 hours at 37 °C, 180 rpm. Flasks containing 1L autoclaved
lysogeny broth (LB) media with 100 pg/mL ampicillin were inoculated with the 5 mL
overnight starter culture using aseptic technique. The 1L cultures were incubated at
30 °C, 200 rpm until ODses reached the log phase of growth (0.7-1). Protein expression
was induced at 20 °C, 180 rpm using a final concentration of 0.3 mM Isopropyl B-D-1-

thiogalactopyranoside (IPTG) for 16 hours.
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3.1.4. NT2RepCT protein purification

BL21 Rosetta (DE3) E. coli cells induced to express NT2RepCT by IPTG were pelleted
after expression by centrifugation at 4500 rpm for 10 minutes. The supernatant was
discarded, and the cell pellet was re-suspended in 10 mL Buffer A (20 mM Tris, 400
mM NaCl, 40 mM imidazole). The re-suspended cells were lysed using sonication (MSE
soniprep 150) for 10 minutes at 15 microns amplitude for 30 seconds bursts and 30
seconds rest at 4 °C. The bacterial lysate was immediately centrifuged at 35,000 x g
for 30 minutes to pellet cell debris. The supernatant (soluble fraction) was loaded onto
a 20 mL IMAC Ni?* affinity column (Hi-Trap chelating HP, GE Healthcare) which had
been equilibrated with 4 column volumes of Buffer A (20 mM Tris, 400 mM Nacl, 40
mM Imidazole) by peristaltic pump (Econo pump, BioRad), the flow through was
collected. The speed did not exceed 2 mL/min. The 20 mL IMAC Ni?* affinity column
was then transferred to an AKTA pure protein purification system (GE Healthcare).
Approximately 4 column volumes of 100 % Buffer A (20 mM Tris, 400 mM NaCl, 40 mM
Imidazole) at 3 mL/min was run through the column until the absorbance reached <40
mAu. 10% (v/v) Buffer B (200 mM Tris, 400 mM NaCl, 700 mM imidazole) was used to
elute contaminating peaks and 30% (v/v) to elute the NT2RepCT into fractions. The
percentage of Buffer B was not increased until the absorbance had once again
stabilized at ~100 mAu. Fractions that corresponded to a peak in the UV trace (280 nm)
were analysed using 15 %SDS PAGE and bromophenol blue staining. PAGERuler Plus
Prestained Protein Ladder (Thermo Scientific) was used as a size standard. Fractions
that were determined to contain sufficiently pure protein (as determined by SDS
PAGE) were dialysed (6-8 kDa MWCO, Molecularporous membrane tubing,
Spectra/Por 1) against double distilled milli Q water (MQ) at 4 °C overnight. Dialysed

NT2RepCT was flash frozen in liquid nitrogen and lyophilized under vacuum for 48
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hours (Micromodulyo 230, Thermo Scientific). Fully lyophilised NT2RepCT was stored
at -20 °C until further use.
3.1.5. SDS-PAGE

SDS PAGE gels at 15 % (w/v) acrylamide were cast with BioRad mini protean 3 gel
kits. Samples to be analysed were combined with 4x SDS loading buffer (400 mM
Dithiothreitol (DTT), 200 mM Tris-OH, 8% (w/v) SDS, 40 % (w/v) glycerol and 0.4 %
(w/v) bromophenol blue) to obtain a 1x concentration and then boiled at 90 °C for 5
minutes. To separate wells 10 pL each boiled sample was added. All samples were
analysed with Thermo Scientific PAGE ruler plus prestain protein ladder. SDS PAGE gels
were run at 180V for 10 minutes and then 200V for a further 50 minutes or until the
dye front had reached the end of the gel indicating full protein migration. SDS PAGE
gels were submerged in MQ water and microwaved on the defrost setting for 5
minutes. This water was discarded and the SDS PAGE gels were submerged in protein
stain (GelCode Blue Safe Protein Stain, Thermo Scientific) and microwaved for a
further 5 minutes on the defrost setting. The protein stain was removed and the SDS
PAGE gel was de-stained for 16-24 hours in MQ water. SDS PAGE gels were imaged
using a UV transilluminator on the upper white setting.
3.1.6. Protein concentration

Protein concentration was assessed using spectroscopy with a ND-1000 nanodrop
spectrophotometer (Thermo Fisher Scientific). The extinction coefficient of NT2RepCT
is 18,910 L mol* cm™ (calculated by ExPASy ProtParam tool) and the molecular weight
of NT2RepCT is 33,278 g mol™. The path length was 1 cm. Concentration of NT2RepCT
was calculated by Equation 1:

Equation 1:

mg) Absorbance

Concentration (— = 18,010 (L mol-em™1)

X 33,278 [t
T gmo
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3.1.7. pET22b NT2RepCT plasmid map
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Figure 8: Plasmid map of NT2RepCT in pET-22b(+).

3.2. NT2RepCT purification results
3.2.1. Higher yields of NT2RepCT in BL21 Rosetta than BL21

The protein expression method described in methods section 3.1.1 and 3.1.4, is

based on that described previously by M. Andersson et al.2 however higher yields of

300 mg/L NT2RepCT were achieved. The expression strain BL21 Rosetta (DE3) contains

an extra plasmid pRARE which allows for translation of several rare codons.

Furthermore, they contain a mutation in the lac permease gene (lacZY). However, the

gene encoding NT2RepCT in the pET22b vector was codon optimized for E. coli

expression when it was purchased from ATUM and does not contain any rare codons.

Additionally, since no chloramphenicol was used in expression of NT2RepCT, it is likely

that the BL21 Rosetta (DE3) lost the pRARE plasmid due to lack of selection pressure
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likely forming Tuner BL21 (DE3) derivatives due to the lacZY mutation. This mutation
enables uniform and concentration dependent uptake of IPTG allowing homogeneous
levels of induction. The increased protein yield in BL21 Rosetta (DE3) is a useful result
applicable to other recombinant protein expression. The expression of NT2RepCT was
split between soluble and insoluble but as the protein is expressed in high yields it is
unnecessary to purify from the insoluble fraction. A 20 mL IMAC Ni?* column was used
and 40 mM imidazole was used in the loading buffer (Buffer A, 20 mM tris, 400 mM
NaCl, 40 mM imidazole). The 20 mL column was not over-loaded with minimal co-
elution of NT2RepCT with lower binding contaminants (Figure 9). NT2RepCT dimer
interactions and non-specific binding of contaminating proteins to the column were
reduced with 400 mM NaCl. Purified NT2RepCT appeared as a single band (Figure 9)

at 33 kDa. Equal amounts of NT2RepCT were seen in the insoluble and soluble fraction

of the whole cell.
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Figure 9: (Left) Purification trace of 2L LB BL21 Rosetta (DE3). Orange line
=conductance, Green line = Percentage Buffer B, Blue line = UV absorbance. NT2RepCT
eluted from 20 mL Ni** IMAC column with 30 % buffer B. (Right) SDS PAGE gel (15 %)
of NT2RepCT purification. Fractions of interest were diluted 10 x, Whole cell, soluble
and insoluble fractions were diluted 100 x. The mark in lane 2 (1 in 100 whole cell) is

from a tear that occurred during gel handling. FT = Flow through. B = Buffer B.
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4. Factors that affect NT2RepCT hydrogel
formation

4.1. Introduction

This chapter describes the formation of self-assembling NT2RepCT hydrogels and
the conditions under which this occurs. Analysis of NT2RepCT secondary structure in
relation to temperature and pH and how this has been exploited to create a range of
hydrogels is discussed.

4.1.1. Natural and synthetic hydrogels

Hydrogels are 3D, crosslinked, hydrophilic polymer networks which swell
extensively in water. In the last few decades, many hydrogels have been developed
for different biomedical applications. From contact lenses and wound dressings to
hygiene products and tissue engineering. However, although patents have been filed,
not many hydrogels are commercially available in conventional medicine®® due to high
production costs. Therefore, there is a need for hydrogels that are quick, cheap and
easy to produce that have excellent biocompatibility, tunability and specificity.

Hydrogels can be made from synthetic materials such as poly-vinyl alcohol (PVA)
and polyethylene-glycol (PEG)%. Synthetic hydrogels can be biodegradable®® or non-
biodegradable!®, They are reproducible in their manufacturing and their properties
can be tuned by altering the monomer used, such as by chemically altering functional
groups. Synthetic hydrogels also have a longer shelf life due to decreased rate of
degradation and are often used to substitute for harder tissues such as bone and
cartilage. However, biodegradable synthetic hydrogels can release toxic breakdown

products creating systemic side effects!®!

and can cause foreign body inflammatory
responses particularly if implanted close to adipose tissue'®. Synthetic hydrogels lack

bio-adhesive and bioactive components with poor biocompatibility compared to

naturally derived hydrogels!®194 although this can be a useful property in preventing
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unwanted adhesion of tissue post-surgery'®, particularly for PEG hydrogels due to the
low protein adsorption of PEG% making it bio-inert. Bioactive and adhesion molecules
can be added to synthetic hydrogel networks to increase controlled cell adhesion and
proliferation®7-108,

Natural hydrogels have advantages over synthetic polymers due to their
biocompatibility, sustainability and medically relevant degradation rates. Their
macromolecular structure is similar to the extra cellular matrix (ECM)!® due to the
topography of proteins, carbohydrates and other natural polymers!®, Collagen and
fibroin are Food and Drug Administration (FDA) approved, clinically tested materials
frequently used in hydrogels due to their impressive properties in vivo. The
components to make natural hydrogels can be physically extracted ex vivo from a
donor with ethical concerns, batch-to-batch variation and risk of pathogens or can be
produced recombinantly removing these risks.

4.1.2. Physical, enzymatic and chemical crosslinking of hydrogels

Natural hydrogels can be defined by the method in which the cross-links form:
physical, enzymatic or chemical. Physical cross-links are transient interactions formed
due to entanglement of the monomers and can involve hydrophobic, hydrophilic and
ionic interactions® in the self-assembling process and are formed from different
stimuli, such as temperature, sound and pH. Enzymatic crosslinking takes advantage
of the substrate specificity of enzymes to form covalent links between monomers. For
example, the use of horse radish peroxidase and hydrogen peroxide to form dityrosine
bonds in silk fibroin!'®. Chemically cross-linked hydrogels have permanent, covalent
bonds between the monomers forming the polymeric network. Chemical crosslinking
can be performed by addition of photoreactive crosslinkers!?, radical reactions*? or
chemical crosslinkers such as glutaraldehyde!!3. Whilst chemical and enzymatic

crosslinking form strong covalent bonds, chemical crosslinking brings benefits such as
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fast gelation kinetics and control over degree of crosslinking. However, chemical
crosslinkers are often toxic, requiring multiple wash steps to remove residual material,
can require non-aqueous media for reactions to proceed and are less environmentally
friendly than using physical or enzymatic methods to crosslink!'4. Enzymatic
crosslinking however is extremely substrate specific and expensive although it can be
used in physiologically relevant conditions, making it useful for injectable hydrogels
which crosslink in situ under mild conditions!*®. Physical crosslinking is cheap, safe and
non-toxic to cells
4.1.3. Factors that affect hydrogel transparency

Protein hydrogels can be opaque or transparent giving rise to different material
properties. Hydrogels are opaque when visible light is absorbed and scattered due to
disordered and crystalline structures within the network!, Transparent and opaque
hydrogels can be used for different purposes: transparency is useful for tissue
engineering purposes and imaging whereas opacity is acceptable for drug delivery or
implantation. There is some contention in the literature about what causes opaque
hydrogels. It has been claimed that opacity is caused by particulate protein
aggregation whereas transparency is due to a more stranded architecture!’.
Alternatively, that heterogenous structures within the hydrogel architecture scatter
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light more than more organized structures causing opacity. However, there are

examples of rationally designed and organized crosslinked protein hydrogels which are
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opaque'®. It has also been suggested that the degree of B-sheet content and

116, 118,119

crystallinity within the hydrogel increases opacity . Hydrogels formed of

Bovine Serum Albumin (BSA) at pH close to the isoelectric point of the protein were
brittle and opaque with more B sheet content, whereas hydrogels formed far from the
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isoelectric point were transparent with fewer B sheets Therefore, light
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transmittance can be used to understand the architecture within the hydrogel and the
structure of the proteins.
4.1.4. Spider silk protein hydrogels in literature

A larger proportion of the published literature has been focused on silk fibroin
hydrogels!??13, due to the already extensive research and ready availability. Physical

protein hydrogels have been formed from silk fibroin (Bombyx mori) by
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sonication'?*125126 thermal gelation?” and vortexing'?® which range from opaque to
transparent depending on the method of gelation and concentration. The sol-gel
transition in silk fibroin is associated with an increase in B sheet content!?. Silk fibroin
is an FDA approved biomaterial and elicits low immunological response upon
implantation once it is separated from the immunogenic glue-like protein sericin®.
There are only a handful of published recombinant spider silk hydrogels as this is an
emerging field and therefore there are many opportunities. The first recombinant
spider silk protein hydrogel, prepared from C16, a recombinant protein based on the
repetitive region from A. diadematus dragline silk ADF-4, was reported in 2005.
Purification involved denaturing conditions due to insolubility of the spidroin.
Transparent, nanofiber based hydrogels self-assembled on the timescale of 48-168
hours and were then stabilized by chemical crosslinking with ammonium
peroxydodisulfate (APS) catalysed by a ruthenium catalyst, covalently linking tyrosine
residues'?. This recombinant spidroin was developed into eADF4(C16) and was also
formed into transparent nanofiber hydrogels at 3% and 7% (w/v). Dialysis against
polyethylene glycol (PEG) was also investigated as a method of hydrogel formation
although this was difficult to control as above 30% (w/v) the protein began gelling
“uncontrollably”. eADF4(C16) hydrogels have since been used for, drug delivery® and

3D printing for cell culture purposes by introducing an RGD peptide into the genetic

sequence of the protein’®.
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A different method of physical hydrogel self-assembly investigated is heat. Three
variations of a soluble recombinant spidroin based on Nephila clavipes MaSp1, a C-
terminus only (NcCT), a repetitive region (n=4) repeats only (MaSpl4) and a
combination of the two (MaSp14CT)®L. The spidroins at 15 % (w/v) were heated from
2 °Cto 85 °C and back down to 2 °C. NcCT formed a transparent reversible hydrogel at
low temperatures and a translucent irreversible hydrogel above 65 °C whereas
MaSp14 did not form a hydrogel at any temperature investigated. MaSp14CT formed
an opaque reversible hydrogel at 10 °C and below and did not gel at higher
temperatures. Formation of the hydrogels at high temperatures was associated with
partial unfolding of protein secondary structure exposing buried hydrophobic amino
acid side chains that could interact and stabilizethis conformation, whereas at low
temperatures increased hydrogen bonding and hydrophobic interactions. NcCT was
combined with resilin to create a copolymer hydrogel which had a gelation timescale
of hours at 37 °C*3°, A patent!®! has been filed by the inventors of this hydrogel system,
indicating the promising prospects of recombinant spider silk protein hydrogels.
4.1.5. NT2RepCT structure and properties

NT2RepCT is a chimeric, recombinant spidroin (33 kDa) which was created by
combining a highly soluble and pH responsive NT from Euprosthenops australis MaSp1,
a short repetitive region from E. australis and a highly soluble and pH responsive CT
from Araneus ventricosus MiSp (Figure 10). The combination of these two highly
soluble domains enables this protein to be concentrated to similar concentrations as
found in the dope in spider silk glands without precipitating (>500 mg/mL)>2.

NT2RepCT fibres were formed by extruding highly concentrated protein solution
into an aqueous, acidic (pH 3.0-5.5) solution through a narrow capillary. Nearly 1000m
of fiber could be produced from 1L of shake flask E. coli culture?. These fibres were

formed from NT2RepCT solution between 100-500 mg/mL by lock and trigger
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mechanisms analogous to native silk in silk glands. The recorded toughness for
NT2RepCT was 45 MJ/m? which is the highest recorded for spun recombinant spider

silk.

i) MGHHHHHHMSHTTPWTNPGLAENFMNSFMQGLSSMPGFTASQLDD
MSTIAQSMVQSIQSLAAQGRTSPNKLQALNMAFASSMAEIAASEEG
GGSLSTKTSSIASAMSNAFLQTTGVVNQPFINEITQLVSMFAQAGMN
DVSAGNSGRGQGGYGQGSGGNAAAAAAAAAAAAAAAGQGGQGGY
GRQSQGAGSAAAAAAAAAAAAAAGSGQGGYGGQGQGGYGQSGNS
VTSGGYGYGTSAAAGAGVAAGSYAGAVNRLSSAEAASRVSSNIAAIA
SGGASALPSVISNIYSGVVASGVSSNEALIQALLELLSALVHVLSSASI
GNVSSVGVDSTLNVVQDSVGQYVG

A. ventricosus MiSp1

——
Glycine rich Highly soluble

Highly solubl Glycine rich
ighly soluble lycine ricl Poly Alanine

His Ta
g NT region region cT

—
. E. australis MaSp1
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Figure 10: i.) Amino acid sequence of NT2RepCT (33 kDa) Light blue = hex histidine
purification tag, Orange = NT from E. australis MaSp1, Green = glycine rich region
(n=3), Red = poly alanine region (n-2), Purple = CT from A. ventricosus MiSp1. ii.)

Schematic of NT2RepCT in the same colours

The pH sensitivity of the chosen NT and CT is critical to the formation of fibres from
NT2RepCT. At pH 7 the E. australis MaSp1 NT exists in mainly monomers but as the pH
decreases to pH 5.5 the NT forms stable homo dimers (Figure 11) which have strong
dipoles®>3¢. At pH 7 A. ventricosus MiSp CT as an organized anti-parallel dimer (Figure
11).and the CT unfolds into B sheet amyloid fibrils as pH decreases below 5.5%.
NT2RepCT shows temperature and pH dependent protein secondary structure. At low
temperatures at pH 6-8, a helical structures dominate with irreversible B-sheets
forming as the temperature was increased. At lower pH NT2RepCT became
destabilized and aggregated forming fibres in the cuvette. Furthermore, the transition
to B-sheet structures occurred at lower temperatures and with a more abrupt

transition at lower pH®32. The self-assembly of NT2RepCT into higher order oligomers
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as a result of decreasing pH was captured by electrospray ionization mass
spectrometry (ESI-MS). As the pH decreases below 7, NT2RepCT forms non-covalent
dimers (Figure 12) with the compact repetitive domain hidden from solvent. The
solvent exposed NT and CT dimerize and unfold leading to rapid polymerization and
finally fiber formation. MS captured NT2RepCT oligomers up to 12 units. In a previous
study, NT2RepCT was shown to form 7-9 nm diameter micelle structures in cryo-EM

at pH 5.5 under shear force?.

Figure 11: (Left) E. australis NT dimer (PDB: 2LTH). Each monomer subunit unit in
either pink or purple. (Right) A. ventricosus MiSp CT dimer (PDB: 2MFZ). Each

monomer subunit in either red or cyan.

Repeat domain “core”

Terminal domain “shell”

I ]
I 1
8 nm

Figure 12: Cartoon of NT2RepCT dimers interacting in fiber self-assembly. The
replicate domain (green) creates a condense core that eliminates water whereas the
solvent exposed NT (yellow) and CT (blue) create a globular ‘shell’ with a diameter of

~ 8nm. From: M. Landreh et al.}3
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4.2. Methods

4.2.1. Physical NT2RepCT hydrogel self-assembly conditions
investigated

Various concentrations and buffers were used to form NT2RepCT hydrogels (Table
3) to compare previously reported silk hydrogel gelation conditions applicability to
NT2RepCT. The pre-gel solutions were then transferred into either 96 well transparent
hydrophobic plates (Starstedt) (for absorbance measurements), 1.5 mL Eppendorf or
moulds created by removing the top 1 cm of a 1 mL or 5mL graduated, needle free
syringe (Leur-lok™, BD Plastipak). The syringe moulds were sealed with Parafilm®
(StarLab) to prevent evaporation. Pre-gel solutions were incubated at 37 °C or 40 °C
for 16 hours to induce hydrogel formation.

Table 3: Conditions tested that affect NT2RepCT self-assembly hydrogel formation.

NT2RepCT % Buffer Buffer Temperature

(w/v) concentration

0.25 MQ water N/A 37 °C

0.5 MQ water N/A 37 °C

1 MQ water N/A 37 °C

2 MQ water N/A 37 °C

2.4 MQ water N/A 37 °C

2.4 NaCl (aq) 50, 100, 500 mM 37 °C

2.4 FeCl3 (aq) 50, 100, 500 mM 37 °C

2.4 CaClz (aq) 50, 100, 500 mM 37 °C

2.4 MgCl2 (aq) 50, 100, 500 mM 37 °C

2.4 PBS pH 7.4 1x 37 °C

2.4 DMEM 1x 37 °C

2.4 tris pH 4, 7 20 mM 37 °C & 40 °C
and 10

2.4 HEPES pH 4,7 20 mM 37 °C
and 10

2.4 CAPS pH 10 20 mM 37 °C
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4.2.2. Monitoring hydrogel kinetics at ODsgs

The absorbance at 595 nm relating to the turbidity of NT2RepCT heat induced
hydrogels was monitored using a TECAN Spark 10M (Spark Control version 1.1).
Absorbance measurements were taken every 15 minutes for 16 hours. A 96 well
transparent hydrophobic plate (Starstedt) was used and the temperature of 37°C was
maintained throughout. Absorbance was normalized to blanks and plotted against
time.

4.2.3. Circular Dichroism Spectroscopy

CD spectra were recorded with a Chirascan Plus (Applied Photophysics) equipped
with a Quantum Northwest TC 125 temperature controller. Spectra were collected
from 180 — 250 nm with a resolution of 1 nm by using a 1 mm path length cuvette. For
melt experiment the temperature was increased from 7 °C to 74 °C in smooth ramp
mode at a ramp rate of 1 °C per minute. This temperature range was measured at 16
points with 3 acquisitions at each point and a time measurement per point of 0.5
seconds. Lyophilised NT2RepCT was reconstituted in double distilled milli Q water
(MQ) at 0.08 mg/mL or at 0.05 mg/mL in 20 mM tris pH 7 or 20 mM CAPS pH 10.
Samples were equilibrated at the starting temperature for 5 minutes before
measurements. The CD spectra presented represent the accumulation of three
measurements and were smoothed by Chirascan software version 4.4.0. CD data are
reported in milli degrees (m°) or molar ellipticity (°x cm?/dmol).

Conversion from m° to molar ellipticity

Equation 2

m° x MW (gmol™1)
10 X path length (cm) X concentration (gL=1)

molar ellipticity (° X cm?/dmol) =

Equation 3

m° x 33,278 (gmol™1)
10 % 0.01 (¢cm) x 0.05 or 0.08 (gL™1)

molar ellipticity (° X cm?/dmol) =
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4.2.4. Assessing light transmittance of formed heat-induced
hydrogels

Heat induced NT2RepCT hydrogels were formed in a 96 well transparent
hydrophobic plate (Starstedt) as described above. Absorbance was measured in
triplicate at 400, 500, 600 and 700 nm including blanks and empty wells in a TECAN
Spark 10M (Spark Control version 1.1). Absorbance was normalized to blanks.
Percentage transmittance (%T) was calculated from absorbance (A) at each
wavelength using Equation 4 and Equation 5. Transmittance at each wavelength was
compared for hydrogels formed in different buffers.

Equation 4: A=2-logq (%)

Equation 5: =~ %T = 100(1074)

4.2.5. Dynamic Light Scattering (DLS) and Zeta Potential

Dynamic Light Scattering and Zeta potential measurements were performed on a
Zetasizer Nano ZS (Malvern Instruments Ltd., UK) using Zetasizer Software version
7.13. Lyophilised NT2RepCT was reconstituted in MQ water, 20 mM tris pH 7 or 20 mM
CAPS pH 10 at 1 mg/mL. Each sample was filtered using a Sartorius minisart® 0.22 um
filter before analysis to remove particles and dust. A folded capillary zeta cell DTS1070
cuvette was used. DLS measurements were performed at 25 °C and 37 °C using fresh
sample for each experiment. Each sample was measured in 3 replicates of 5 scans.

Particle size presented from intensity. Zeta potential was measured at 25 °C.
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4.3. Results

4.3.1. NT2RepCT self assembles into hydrogels at 2.4 % (w/v) at
37 °C
After 16 hours incubation at 37 °C, only 2.4 % (w/v) NT2RepCT in MQ water formed
a translucent hydrogel which resisted gravitational flow after inversion for 40 s (Figure
13). Lower concentrations of NT2RepCT appeared more viscous, particularly 2 % (w/v)
NT2RepCT which initially resisted gravitational flow but did not appear to be a

hydrogel like 2.4 % (w/v). Compared to the pre-gel solution of 2.4 % (w/v) NT2RepCT,

the formed hydrogel was slightly translucent after gelation.

Figure 13: Above: Solutions of NT2RepCT (pre-gel) in MQ water at 0.25, 0.5,1, 2 and
2.4 % (w/v) in 5 mL glass vials. Below: Those same solutions of NT2RepCT after 16

hours incubation at 37 °C for 16 hours. Vials inverted to show hydrogel formation.

4.3.2. Formation of 2.4 % (w/v) NT2RepCT hydrogel can be
monitored at 595 nm

NT2RepCT in MQ water at 2.4 % (w/v) increased in turbidity and opacity as the
hydrogel formed (Figure 14). The hydrogels varied from translucent to opaque

depending on the vessel they were formed in and the age of the MQ water. This
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increase in turbidity was monitored by measuring absorbance at 595 nm over time at
37 °C. The absorbance begins to plateau at 550 minutes (~9.2 hours) associated with

a constant turbidity and formation of the translucent to opaque hydrogel.
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Figure 14: Absorbance at 595 nm over time at 37 °C of 2.4 % (w/v) NT2RepCT in MQ

water. (n=3) mean % SD.

4.3.3. Presence of salt, phosphates and media inhibit hydrogel
self-assembly

An inhibitory effect was seen on gelation of NT2RepCT hydrogels with phosphate
buffered saline (PBS) and cell culture media DMEM supplemented with 10 % (v/v) FBS.
aggregated upon heating to 37 °C for 16 hours and formed a globular structure
separated from the media (Figure 15). The presence of 50, 100 and 500 mM NacCl,
FeCls, CaCl, and MgCl, prevented self-assembly of NT2RepCT into hydrogels when
incubated at 37 °C for 10 hours. All salt conditions caused NT2RepCT to precipitate out
of solution upon heating and no hydrogel was formed. Additionally, 100 mM MgCl,,
100 mM CaCl,, 100 mM and 500 mM FeCl; caused immediate precipitation of
NT2RepCT at room temperature (20 °C). The samples increased in turbidity over time
which was measured by absorbance at 595 nm (Figure 16). A positive control of 2.4 %

(w/v) NT2RepCT in MQ water was included as a reference, termed 0 mM [salt]. To test
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whether presence of a buffer during hydrogel formation would cancel the inhibiting
action of salt 2.4 % (w/v) NT2RepCT in 20 mM tris pH 10.5 + 10 mM NaCl was incubated

at 37 °C for 16 hours. No hydrogel formed and NT2RepCT protein precipitated.

Figure 15: 2.4 % (w/v) NT2RepCT in PBS pH 7.4 and DMEM + 10 % (v/v) FBS after

incubation at 37 °C for 16 hours.
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—— 50 mM FeCl,
~~ 100 mM FeCl,
500 mM FeCl,

—— 50mM NaCl

—— 100 mM NacCl

Abs 595 nm
Abs 595 nm

~~ 500mM NacCl

0 100 200 300 400 500 0 100 200 300 400 500

Time (min) Time (min)

—— 0 mM MgCl,

—— 50mM MgCl,

—— 100 mM MgCl,
500 mM MgCl,

—— 0mM CacCl,

—— 50 mM CacCl,
109 —— 100 mM CacCl,
500 mM CacCl,

Abs 595 nm
Abs 595 nm

0.0 T T T T T 0.0 . . . . .
° o0 200 300 400 se0 o 100 200 300 400 500

Time (min) Time (min)

Figure 16: Absorbance at 595 nm of 2.4 % (w/v) NT2RepCT in 0, 50, 100 and 500 mM
NaCl (red), FeCls (blue), MgCl, (green) or CaCl; (purple) over 600 minutes at 37 °C. Black

line in all graphs is 0 mM salt (MQ water only). (n=3) mean + SD.
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4.3.4. NT2RepCT changes conformation with increasing
temperature and pH

To understand the protein secondary structure of NT2RepCT upon heating, circular
dichroism melt experiments were performed. In all conditions tested, NT2RepCT
unfolded with increasing temperature. NT2RepCT in MQ water, in 20 mM tris pH 7 or
20 mM CAPS pH 10 (referred to herein as MQ, pH 7 and pH 10) showed not only
different melt responses with increasing temperature but different protein
conformations at room temperature. MQ shifted from classical a-helices at low to
physiological temperatures to anti-parallel B pleated sheets, shown by a positive band
at 195 nm and a negative band at 208 nm** at 56 °C and above (Figure 17 MQ).
NT2RepCT in pH 7 shows negative a-helical bands at 218 and 222 nm but the positive
band is at 195 nm not 193 nm. As the temperature increases there was no obvious
shift to anti-parallel B pleated sheets as with MQ indicating instead denaturation or a
shift to disordered structure as above 210 nm there is low ellipticity (Figure 17 pH 7).

At pH 10 at low and physiological temperatures NT2RepCT exists as primarily a-
helices which decrease in ellipticity with increasing temperature (Figure 17 pH 10). As
with pH 7 there is no obvious shift to anti-parallel B-pleated sheets.

Comparing molar ellipticity (MRE), which corrects for sample concentration, at
222 nm showed that MQ was the most a-helical at the start of the experiment,
followed by pH 10 with pH 7 being the least alpha helical (Figure 18). As the
temperature increased from 19 to 37 °C, NT2RepCT in MQ had the largest change in
MRE at 222 nm due to the shift to anti-parallel B-pleated sheets. pH 7 and pH 10
showed similar change in MRE as the temperature increased to 37 °C indicating the

same amount of protein unfolding (Table 4).
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Figure 17: Circular Dichroism of 0.08 mg/mL NT2RepCT in MQ water and 0.05 mg/mL
NT2RepCT in 20 mM tris pH 7 and 20 mM CAPS pH 10 at different temperatures.
Dotted lines signify expected bands'®** for a helix (positive band at 193 nm and
negative bands at 208 and 222 nm) and anti-parallel B-pleated sheet (positive band at

195 nm and negative band at 218 nm).
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Figure 18: Molar ellipticity (Mdeg x cm?/dmol) at 222 nm with increasing
temperature for NT2RepCT in MQ water (blue), 20 mM tris pH 7 (green) or20 mM CAPS
pH 10 (red). (MQ water = 0.08 mg/mL, pH7 and 10 = 0.05 mg/mL). Solid line represents

the best sigmoidal curve fit for visualization.
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Table 4: Change in molar ellipticity (° x cm?/dmol) (MRE) at 222 nm between 19 and

37 °C for 0.08 mg/mL NT2RepCT in MQ water, and 0.05 mg/mL NT2RepCT in 20 mM

tris pH 7 or 20 mM CAPS pH 10.

MRE MQ pH 7 pH 10
(M° x (M° x (M° x
cm2/dmol) cm2/dmol) cm2/dmol)
222nm 19 °C -12 -6.6 -8
222 nm 37 °C -11 -5.9 -7.3
A MRE 1 0.7 0.7

NT2RepCT at pH 7 did not return to the same conformation (pre-melt) when the

temperature was decreased to 20 °C after the melt experiment (post-melt) (Figure 19

pH 7). Additionally, when the temperature is lowered ellipticity becomes very negative

below 192 nm. At pH 10, the a-helix negative bands at 208 and 222 nm are very similar

post-melt and the spectra overlap (Figure 19 pH 10).
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Figure 19: CD spectra of 0.05 mg/mL NT2RepCT in either 20 mM tris pH 7 or 20 mM

CAPS pH 10. Red line = CD spectra recorded at 20 °C, Blue line = The same sample after

heating in melt experiment from 7-74 °C with heating of 1 °C/min and then cooled

back down to 20 °C. Spectra shown are accumulation of 10 scans smoothed in

Chirascan software.
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4.3.5. Gelation pH and temperature affected hydrogel
appearance

The effect of pH in the pre-gel solution buffer determined the opacity and
appearance of the formed NT2RepCT hydrogel after incubation at 37 °C for 10 hours
(summarized in Table 5). At pH 4 in both tris and HEPES, 2.4 % (w/v) NT2RepCT
immediately precipitated out of solution and formed white, opaque hydrogels upon
heating to 37 °C for 10 hours. The absorbance at 595 nm increased slightly over the
time of the experiment for 20 mM tris pH 4 and initially decreased slightly for 20 mM
HEPES pH 4. However, since both pH 4 pre-gel solutions were already turbid due to
protein precipitation, 595 nm absorbance could not monitor hydrogel formation
(Figure 20).

Table 5: Appearance of NT2RepCT pre-gel solution and hydrogel formed in either 20
mM tris pH 4, 7 and 10, 20 mM HEPES pH 4, 7 and 10 or 20 mM CAPS pH 10. Hydrogels

were formed by incubation at 37 °C for 10 hours

Buffer pH4 pH 7 pH 10
20 mM Tris Cloudy liquid Clear liquid Clear liquid
20 mM HEPES Cloudy viscous Clear liquid Clear liquid
liquid

AFTER INCUBATION AT 37 °C for 16 hours

20 mM Tris White opaque White opaque Transparent
hydrogel hydrogel hydrogel

20 mM HEPES White opaque White opaque Translucent

hydrogel hydrogel white hydrogel

At pH 7, 2.4% (w/v) NT2RepCT formed a clear, pre-gel solution with no protein

precipitation. After heating to induce hydrogel self-assembly both pH 7 buffer
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conditions formed white opaque hydrogels. Absorbance at 595 nm for 20 mM tris pH
7 and 20 mM HEPES pH 7 both increased in the same sigmoidal shape as hydrogels
formed in MQ water (pH 5.5) but reached a plateau in a shorter time period and with
higher absorbance than MQ water hydrogel. 20 mM tris pH 7 had a steeper gradient

and reached constant absorbance at 595 nm faster than 20 mM HEPES pH 7.
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Figure 20: Absorbance at 595 nm over time measured at 37 °C of 2.4 % (w/v)
NT2RepCT in 20 mM tris pH 4, 7 and 10 and 20 mM HEPES pH 4, 7 and 10. A control of

2.4 % (w/v) NT2RepCT in MQ water was included. (n=3) mean % SD.

At pH 10, 2.4 % (w/v) NT2RepCT formed a clear pre-gel solution, again with no
protein precipitation in both buffer types (20 mM tris or 20 mM HEPES). After heating
to induce hydrogel self-assembly, the 20 mM tris pH 10 hydrogels appeared
transparent and the 20 mM HEPEs pH 10 hydrogels were translucent. Absorbance at
595 nm did not increase over time for 20 mM tris pH 10 as the hydrogels were
transparent and there was no apparent increase in turbidity. There was a slow increase
in absorbance at 595 nm for 20 mM HEPES pH 10, due to the translucent appearance
of the hydrogels. However, this increase in absorbance did not follow a sigmoidal

shape like the hydrogels formed in either MQ water or at pH 7.
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Increasing the temperature of hydrogel formation from 37 °C to 40 °C during the 16
hour incubation gelation period affected the morphology in different ways depending
on the buffer the pre-gel solution was in (Figure 21). In hydrogels formed in MQ water,
increasing the temperature meant the hydrogel could not hold its shape as well and
appeared softer. Upon ejection from the syringe mould the hydrogel spread slightly
and did not have as defined edges as the 37 °C MQ water hydrogel. This was also the
case for hydrogels formed in 20 mM tris pH 7, although both 37 °C and 40 °C formed
very soft, opaque white hydrogels. Interestingly, for hydrogels formed in 20 mM tris
pH 10, increasing the temperature from 37 to 40 °C improved the apparent structural
integrity and the formed hydrogel had smoother edges. Therefore, only hydrogels
formed in 20 mM tris pH 10 improved when the temperature to induce hydrogel
formation was increased by 3 °C. The hydrogels appeared to have similar levels of

transparency regardless of temperature of incubation.

Oold MQ 20 mM Tris 20 mM Tris
water pH7 pH 10

37°C

40 °C

A 1

Figure 21: 2.4 % (w/v) NT2RepCT hydrogels formed in MQ water, 20 mM tris pH 7
or 20 mM tris pH 10 at 37 or 40 °C. (incubated for 16 hours) Hydrogels shown next to

ruler with 1 cm measurements for scale.
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4.3.6. NT2RepCT hydrogel self-assembly is closely linked to pH

Hydrogels formed in tris or HEPES buffers originally prepared at pH 10 two weeks or
more prior to hydrogel formation were soft and opaque in appearance. Hydrogels
formed in 20 mM CAPS pH 10 were transparent. Additionally, hydrogels prepared in
fresh MQ water were transparent compared to those prepared in older MQ water

stored in plastic 20 mL universal containers (Figure 22).
Fresh buffer Older buffer

) =

MQ water pH 5.5
37°C

lcm

20 mM tris pH 10 v
40°C

Figure 22: Differences in transparency of 2.4 % (w/v) NT2RepCT hydrogels formed
in fresh and old buffers. A= 2.4 % (w/v) NT2RepCT in fresh MQ water incubated for 16
hours at 37 °C. B = 2.4 % (w/v) NT2RepCT in old MQ water incubated for 16 hours at
37 °C. C=2.4 % (w/v) NT2RepCT in fresh MQ water incubated for 16 hours at 37 °C. D
= 2.4 % (w/v) NT2RepCT in old 20 mM tris pH 10 incubated for 16 hours at 40 °C. Scale

bar=1cm.

4.3.7. Percentage transmission of visible light through hydrogel
can be altered by gelation buffer

NT2RepCT hydrogels at 2.4 % (w/v) were formed by incubation at 37 °C for 16 hours
in: fresh (< 1 day) MQ water, old (>2 weeks in plastic 20 mL universal tube), fresh

20 mM tris pH 10, old 20 mM tris pH 10, fresh 20 mM HEPES pH 10, 20 mM tris pH 7
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and 20 mM CAPS pH 10. Percentage transmission was calculated from absorbance at
400, 500, 600 and 700 nm as described in methods (Section 4.2.4) (Figure 22). Fresh
MQ water, 20 mM tris pH 10 and 20 mM HEPES pH 10 had high transmittance, over
75 % for all wavelengths tested. Old MQ water and 20 mM tris pH 7 showed very low
transmittance of visible light. Old 20 mM tris pH 10 had higher transmittance than old
MQ water but not as high as fresh 20 mM tris pH 10. 20 mM CAPS pH 10 showed high

transmittance > 90%.
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Figure 23: Percentage transmittance at 400 (blue), 500 (red), 600 (green) and 700
(purple) nm of 2.4 % (w/v) NT2RepCT hydrogels prepared in either fresh or older

buffers by incubation at 37 °C for 16 hours. (n=3) mean % SD.

4.3.8. Transparent hydrogels were made in fresh MQ water and
20 mM CAPS pH 10

Three batches (N=3) of 2.4 %(w/) NT2RepCT in either fresh MQ water or 20 mM
CAPS pH 10 were formed in a 96 well plate by incubation at 37 °C for 16 hours from 3
different purifications of NT2RepCT. The three batches of 20 mM CAPs pH 10 had over

90 % transmission in all wavelengths tested with no significant difference at 700, 600
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and 500 nm (Figure 24). However, there was P < 0.05 statistical difference between
batch 1 and 3 at 400 nm. Hydrogels formed in fresh MQ water were less reproducible
than those formed in 20 mM CAPs pH 10 with significant differences (P<0.0001) at all
wavelengths between batch 2 and the other batches. Batch 1 and batch 3 were only
significantly different at 400 (P<0.0001) and 500 nm (P>0.05). However, there was still

high transmittance above 90 % at 500 nm and over 80 % at 400 nm.
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Figure 24: Percentage transmittance for 3 different batches of 2.4 % (w/v)
NT2RepCT hydrogels incubated for 16 hours at 37 °C in either 20 mM CAPS pH 10
(above) or fresh MQ water (below). Each replicate numbered 1 to 3. Percentage
transmittance each hydrogel batch (n=3) mean + SD. Significance between each batch:
1-2 comparing batch 1 to 2, 1-3 comparing batch 1 to 3, 2-3 comparing batch 2 to 3.

(ns not significant, *p<0.05, ****p<0.0001)

4.3.9. Gelation time increased in 20 mM CAPS pH 10

Inversion tests to determine gelation point were used for MQ 37 T and CAPS10
hydrogels (formed in fresh MQ water and 20 mM CAPs pH 10). At the beginning of the
experiment both MQ 37 T and CAPS10 flowed and were liquids. After 2 hours
incubation at 37 °C, MQ 37 T had formed a self-supporting translucent hydrogel but

CAPS10 was still liquid although the viscosity had increased. CAPS10 increased in
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viscosity over time and at 6 hours was very viscous but was still flowing slowly. At 6.5

hours CAPS10 formed a self-supporting hydrogel that did not flow (Figure 25).

Figure 25: Inversion test to determine gelation time for MQ 37 T (A) and CAPS10 (B)
hydrogels at 37 °C. MQ 37 T (A) formed a hydrogel in 2 hours but CAPS10 (B) took 6.5
hours to form.

4.3.10. DLS and zeta potential

DLS measurements showed an increase in average particle diameter with increasing
temperature from 25 °C to 37 °C for all conditions of NT2RepCT. Additionally, at 37 °C
the diameter of the particle increased with every replicate of the 5 scans due to
protein aggregation. There was also increasing polydispersity and protein aggregation
for NT2RepCT in MQ water at 25 °C (Figure 26).

The zeta potential varied depending on the solution surrounding NT2RepCT.
NT2RepCT in MQ water had a zeta potential of -14.03 + 0.72 mV, in pH 7 the zeta

potential was -5.23 + 0.82 mV and at pH 10 the zeta potential was -23.7 + 1.39 mV.
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Figure 26: DLS and Zeta Potential of 0.8 mg/mL NT2RepCT in MQ water, 20 mM tris

pH 7 or 20 mM CAPS pH 10. (Black circles = measured at 25 °C, Grey circles = measured

at 37 °C) A = Diameter of NT2RepCT in MQ, B = NT2RepCT in 20 mM tris pH 7, C =

NT2RepCT in 20 mM tris pH 10 and D = Zeta potential of NT2RepCT at 25 °C in MQ

water, 20 mM tris pH 7 and 20 mM CAPS pH 10. DLS measurements shown as 3

separate repetitions of 5 scans. Zeta potential shown as (n=3) mean  SD.
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4.4. Discussion of the factors that affect hydrogel formation

4.4.1. Overview

It was the aim of this chapter to determine whether NT2RepCT could form natural
hydrogels from thermal stimulus and what effects this would have on hydrogel
appearance and optical properties. By investigating how the secondary structure of
NT2RepCT changed and understanding the pH and temperature dependence of the
protein behavior, this could be utilized to form different hydrogels. It was shown that
pH of gelation is a driving factor in the mechanism of hydrogel self-assembly.

4.4.2. NT2RepCT self-assembles into hydrogels

The minimum concentration for NT2RepCT to self-assemble into a self-supporting
hydrogel structure was found to be 2.4 % (w/v). Published silk physical hydrogels,
prepared with silk fibroin or recombinant spider silk, have been made in the range of
0.6-15% (w/v) 8112119126 The recombinant spider silk eADF4(C16) was prepared at 3 %
(w/v) for cell culture purposes’®. For comparison, one of the lowest concentration self-
supporting physical hydrogels reported was made from a 6 kDa protein motif YajC-CT
at 0.4 mg/mL or 0.04 % (w/v)'® by thermal gelation at 90 °C. Matrigel, which forms
physical hydrogels at 37 °C and above is shipped frozen at concentrations between
0.8-1.2 % (w/v) and can be used at 100% or lower concentrations depending on assay
type'*>13¢, Collagen | hydrogels in cell culture on average range from 0.3-3 % (w/v) with
many below 1 % (w/v)*’.

Material properties, appearance, protein secondary structure and functionality of
the published silk hydrogels varied with protein concentration indicating a relationship
between the former and the latter. At 2 % (w/v), NT2RepCT formed a very viscous
solution that was not self-supporting and flowed after inversion so could not be
termed a hydrogel by that test. However, inversion tests are a very rudimentary

method for analysis and results can vary depending on the diameter of the
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container®®. Rheology to assess the magnitude of storage (G’) and loss modulus (G”)
in the linear viscoelastic region (LVE) during a frequency sweep would give a better
understanding of the material properties, in addition to other rheological tests'*.

Rheology and other mechanical testing of NT2RepCT hydrogels are discussed in

Section 6.3.2.

4.4.3. Monitoring hydrogel kinetics at 595 nm only useful for
turbid hydrogels

If a hydrogel is opaque or translucent, the gelation kinetics can be monitored over
time, as the hydrogel becomes more opaque. Turbidity at 595 nm is related to the
optical density and light scattering in a solution. Turbidity has been used as a method
of tracking gelation kinetics with silk fibroin (measured at 590 nm)**°, the recombinant
spidroin eADF4(C16) (measured at 570 nm)!2, eMaSp1 (measured at 570 nm)**° and
a recombinant spidroin NcCT-resilin construct (measured at 350 nm). In the case of
NT2RepCT, for the opaque hydrogels formed at pH 7 or older buffers differences in
turbidity/optical density over time can be seen.

4.4.4. Presence of electrolytes inhibitory to heat induced gelation

NT2RepCT is an extremely soluble protein with many charged residues and has
dimer-monomer interactions depending on pH and salt®®. There are many salt bridges,
ionic interactions and hydrophobic interactions that occur within NT2RepCT
dimerization and subsequent oligomerization. As NT2RepCT unfolds with increasing
temperature, further charged residues and patches are exposed in addition to
hydrophobic patches and residues.

Chaotrophic and kosmotrophic ions destabilize and stabilize protein structure in
water respectfully. Chaotrophic agents disrupt hydrogen bonding, weakening the
hydrophobic effect, solubilizing hydrophobic interactions and therefore destabilizing

hydrophobic aggregates'®'. This can cause the protein to unfold, denature and
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precipitate. Kosmotrophic agents on the other hand stabilize hydrogen bonding of
proteins in water, contributing to stabile hydrophobic aggregates and intermolecular
interactions. Ca?* and Mg?* are chaotrophic agents whereas Na* is kosmotrophic. Fe**
is not classified as chaotrophic or kosmotrophic, it is a large ion with high charge
density. Interestingly, none of the salts and therefore chaotrophic/kosmotrophic
cations promoted NT2RepCT hydrogel formation, they were inhibitory to the process
and at all concentrations caused protein precipitation and no hydrogel formation. Due
to the chaotrophic nature of Ca?* and Mg?¥, this is understandable as hydrophobic
interactions in hydrogel formation would be disrupted. NaCl is used in protein
purification to prevent dimer formation, which is likely key in hydrogel formation,
particularly at low pH. Since all salts were tested in MQ water and pH is not altered by
addition of salt, NT2RepCT would dimerize and unfold at 37 °C (as shown in Section
4.3.4) but the presence of salts would affect protein interactions and therefore inhibit
hydrogel formation. The same inhibitory effect was also seen for DMEM and PBS.
DMEM is a complex mixture of electrolytes, including calcium chloride and sodium
chloride at 1.8 mM and 109.5 mM respectfully. In addition to these salts, DMEM also
contains other components which likely disrupt NT2RepCT hydrogel formation. PBS
contains 100 mM phosphate buffer, 27 mM KCl and 137 mM NacCl.

In comparison to NT2RepCT, the recombinant spidroin eADF4(C16) had faster
gelation and more opaque in the presence of DMEM. Furthermore, addition of DMEM
or CaCl, improved the mechanical properties of formed hydrogels despite no
significant differences in bulk morphology or protein secondary structure!*?, The
absence of a NT or CT in eADF4(C16) might explain this different response to DMEM,
chaotrophic and kosmotrophic cations. The highly soluble NT and CT of NT2RepCT are
highly likely to be involved in hydrogel formation, creating a more complex system and

mechanism of gelation than for the 16 repeats of eADF4(C16).
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FeCl; also had an inhibitory effect on hydrogel formation, with NT2RepCT
precipitating immediately at room temperature before incubation at 37 °C. This could
be due to the high concentrations used. Silk fibroin incubated with Fe(lll) at pH 5.7 at
37 °C overnight formed opaque greenish hydrogels. However, the highest
concentration tested was 10.7 mM. It was found that Fe(lll) promoted formation of
sheets™s.

Therefore, NT2RepCT hydrogels cannot be self-assembled directly into cell culture
appropriate media. Additionally, the gelation is on too long a timescale for cell seeding

and the cells would likely fall to the bottom and not be evenly distributed.

4.4.5. NT2RepCT thermal denaturation reflects isolated terminal
domains

The different changes in NT2RepCT protein secondary structures with increasing
temperature and pH is a useful attribute that can be exploited to form protein
hydrogels, particularly a shift to B-sheet structures with increasing temperature, which
has been seen previously with other recombinant spidroins®14%, Presence of B-sheets
has been shown to be a prominent feature in physically crosslinked protein
hydrogels!!*1?%, Indeed, B-sheets were critical in formation silk fibroin hydrogels and
led to irreversible hydrogel formation above 15 % gelation?®. Like NT2RepCT, silk
fibroin contains glycine rich regions but it lacks polyalanine repeats®. The crystalline,
B-sheet polyalanine replicates in natural spider silk contribute to formation of strong
fibres&-3,

The temperature and pH dependent behavior of whole NT2RepCT in this study was
similar to published behavior of the isolated terminal domains E. qustralis MaSp1 NT>®
and A. ventricosus MiSp1 CT*> and whole NT2RepCT®32, The thermal degradation of

NT2RepCT in MQ water (pH 5.5) reflected that of the isolated CT at pH 5.5 and

NT2RepCT at pH 6.0, a shift from a-helical to anti-parallel B-sheets.
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In all three conditions studied there was a decrease in CD signal with increasing
temperature likely due to aggregation and precipitation of NT2RepCT as has been seen
previously!32, The differences seen in NT2RepCT secondary structure at pH 7 in this
study where disordered structures were seen compared to that reported by T. Arndt
et al.’3 where irreversible B-sheet formation was seen is most likely due to poor CD
signal.

As with isolated NT and CT at around neutral pH, NT2RepCT was also able to refold
somewhat to the pre-melt structure. The thermal denaturation behavior at pH 10 is
very similar to pH 7 but NT2RepCT refolds to a-helical structures to a higher degree
than at neutral pH. Unfortunately, the post-melt structural analysis of NT2RepCT in
MQ was not performed, unlike NT2RepCT in pH 7 and pH 10. However, it is expected
that NT2RepCT would behave the same as isolated CT and would not be able to refold
to a-helical structures after B-sheets had formed.

However, NT2RepCT in MQ was recorded when the CD lamp had fewer hours of
usage and the instrument was more in use therefore giving better quality data due to
continual purging of the system with nitrogen gas. Due to large change in
conformation, NT2RepCT hydrogels cannot be sterilized by autoclaving as this will
change and alter properties of hydrogels with the temperature rise to 120 °C.
Therefore, sterilization by 0.22 um filtration before hydrogel formation is necessary if
the hydrogel was to be implanted or injected into the body.

4.4.6. The pH of gelation determines opacity of hydrogel

Although poor buffer choice is usually detrimental to experimental set up, in this
study it shows the importance of pH on hydrogel appearance and formation. At
alkaline pH 10, NT2RepCT forms clear, transparent hydrogels. At neutral pH 7 the
hydrogels formed are opaque and white. In pH 5.5 freshly decanted MQ water from

the Millipore filtration machine, the hydrogels are clear. However, if that water has

62



become carbonated or is slightly impure, the pH will shift closer to pH 7, and this will
affect the hydrogels optical properties. This was seen when the pH of older MQ water
was tested with universal indicator paper. Clearly HEPES and tris buffers are not
capable of maintaining pH 10 for long periods, unlike CAPS buffer (See Figure 27 for
pKa values). This is due to pH drift and limited buffering capacity of these buffers at
pH 10. Furthermore, tris buffer has significant pH drift with temperature*

This is exemplified in Figure 22 where fresh MQ water and 20 mM tris pH 10 form
clear hydrogels and solutions older than 2 weeks form opaque to translucent
hydrogels. At more neutral pH, NT2RepCT dimerizes and loses a-helical structure as
the temperature increases and does not full refold upon cooling. This could lead to
inhomogeneous structures within the hydrogel that lead to light scattering and
opaquenesst®, It is not clear what state NT2RepCT is in at pH 10, whether monomer
or dimer, X-ray crystallography has been performed at lower pH. Unfortunately, the
crystal structure of NT2RepCT at pH 10 is outside of the scope of this research and
therefore only speculation can be conveyed without more evidence. At pH 10, nearly
all acidic amino acid side chains, and amines will be deprotonated!*?, this could cause
more electrostatic repulsion due to increased net negative charge. This would reduce
protein aggregation leading to more organized structures and less light scattering. This
would not be the case for MQ water, a different mechanism of hydrogel formation
would occur due to unfolding of CT and a shift to B sheet, not to mention a different
charge state of NT2RepCT. Hydrogel formation is a complicated process which is
different at different pH and in the presence of impurities. A comparison of pore size
and morphology at different pH is discussed in further chapters in addition to

comparisons of material properties between opaque and clear hydrogels.
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Figure 27: Dissociation and pKa values of the biological buffers HEPES, tris and CAPS.

4.4.7. A small change in temperature of gelation affects
appearance of hydrogels

Despite the temperature difference being only 3 °C, there are slight differences in
appearance between hydrogels formed at 37 and 40 °C. The increase in temperature
introduces more energy into the system increasing the rate of protein collisions and
aggregation for all buffer conditions. It should be mentioned that in Figure 21 the
hydrogels are all opaque to translucent and were formed in buffers older than 2 weeks
and therefore might behave differently with changes in temperature than clear
hydrogels formed at more alkaline (CAPS pH 10) or pH 5.5 (fresh MQ water) conditions.
NT2RepCT hydrogels formed in MQ water or 20 mM tris pH 7 at 40 °C were less self-
supporting than those formed at 37 °C. The 3 °C increase relates to a slight increase in
unfolding of secondary structure which has likely prevented homogenous hydrogel

formation and promoted a weaker hydrogel architecture. From MRE at 222 nm (Figure
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18) pH 7 has the least a-helical structure. Hydrogels formed in 20 mM Tris pH 10
appeared improved by the 3 °C increase. Despite Tris being a poor buffering system,
the pH is likely to be higher than those formed in 20 mM tris pH 7. This higher pH has
created a translucent hydrogel with less light scattering than older MQ water or 20
mM tris pH7. This likely means there is a possibly a more homogenous structure which
has been accentuated by the higher temperature. As a result of this experiment it was
decided that only MQ water formed at 37 °C and the hydrogels formed at pH 10 at the
37 °C and 40 °C would be taken forward for material testing. The other 3 hydrogels
would be too soft to work with as they would break upon very slight mechanical
loading and transfer between cell culture plate wells would be incredibly difficult. A
comparison of Young’s modulus of pH 10 hydrogels formed at the two temperatures
is discussed in Chapter 5 to confirm the visual differences seen.
4.4.8. CAPS10 longer gelation time than MQ hydrogels

To investigate the effects of gelation pH on hydrogel kinetics a simple inversion test
was used. Monitoring optical density at 595 nm was not a suitable technique for
transparent gelation kinetics. Inversion tests work on the principle that a viscous liquid
will flow but a viscoelastic hydrogel will not and is a commonly used qualitative
techniqued®-!18 130144 Both pre-gel solutions containing 2.4 % (w/v) NT2RepCT in either
fresh MQ water or 20 mM CAPS pH 10 flowed from the bottom of the tube to the top
upon inversion and with tilting of the tube at time zero. A self-supporting hydrogel
was formed after 2 hours at 37 °Cin MQ water but the gelation time was 3-fold longer
for 20 mM CAPS pH 10. The inversion test used monitored the initial self-supporting
hydrogel stage, it is very likely that further crosslinking and stabilization of material
properties of the hydrogel continues after this. A qualitative and more accurate
technique used to monitor gelation kinetics is rheology, where a pre-gel solution’s

storage and loss modulus are monitored after gelation is initiated*°.
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The slowing of gelation kinetics in 20 mM CAPS pH 10 is likely a result of the minimal
changes in NT2RepCT protein secondary structure with increasing temperature as
seen in CD (Section 4.3.4) and increased electrostatic repulsion. At pH 10, NT2RepCT
is negatively charged due to deprotonation of acidic groups. Not only is pH 10 much
more alkaline than the pl of NT2RepCT at 4.26 (Calculated by Protparameter), but all
N terminal histidine amine groups are deprotonated as their pKa are around 9. In ultra-
pure MQ water, which is around pH 5.5, the overall negative charge is less and
therefore there is less electrostatic repulsion leading to faster gelation. This was seen
in silk fibroin hydrogels crosslinked by the Fenton reaction which crosslinks tyrosine
by a redox pair of hydrogen peroxide and ferrous iron. The silk fibroin Fenton
crosslinked hydrogels formed at pH 9.2 showed increased gelation time and increased
light transmittance compared to those formed at pH 5.7 due to increased electrostatic
repulsion since silk fibroin was negatively charged at pH 9.2!*%. NT2RepCT in MQ water
at 37 °C showed an unfolding of a helical secondary structure and a shift towards 8
pleated sheets. This unfolding, exposing previously hidden ionized and hydrophobic

amino acids in NT2RepCT leads to more rapid gelation.

4.4.9. DLS and zeta potential reflect NT2RepCT temperature and
pH dependent behaviour

NT2RepCT aggregated under all pH conditions (MQ, pH 7 and pH 10) when the
temperature increased from 25 to 37 °C. The aggregation in MQ and pH 7 at room
temperature is expected as seen in ESI-MS*33, however all reported diameters were
greater than 7-9 nm as seen in Electron Micropscopy?. As DLS calculates hydrodynamic
radius by diffusion of the particle and reported values are from intensity, the results
cannot be directly compared to diameters calculated from different techniques.
Relative increases in aggregation with increasing temperature per scan were largest

for MQ, followed by pH 10 and then pH 7. At pH 5.5, fibrils are forming as the
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NT2RepCT forms high order oligomers, this is accelerated by increased Brownian
motion due to temperature rise. NT2RepCT particle size in pH 7 and pH 10 increased
about two-fold as temperature increased.

Perhaps of more significance is the zeta potential of NT2RepCT at different pH. Zeta
potential is a measure of the charge repulsion/attraction of the slipping plane between
particles and the bulk solution, measured from the electrophoretic mobility. The pl of
NT2RepCT is 4.26, therefore at all tested conditions NT2RepCT is net negatively
charged. It would be expected that pH 7 would aggregate the most followed by MQ
and then pH 10 the least. However, despite a zeta potential closest to 0 at pH 7,
NT2RepCT particle size is smallest and shows least aggregation per replicate at 25 °C.
Only at alkaline pH does the zeta potential of whole NT2RepCT reflect that of E.
asutralis MaSp1 NT which was determined between pH 2-10 by G. Askarieh et al.%®. At
pH 6.5, NT zeta potential is ~-15 mV and decreases to -20 mV at pH 10. The repetitive
region and CT contain many charged residues which could affect zeta potential.
4.4.10. Optically clear NT2RepCT hydrogels

Transparent hydrogels formed in 20 mM CAPS pH 10 were more reproducible than
hydrogels formed in fresh MQ water with only statistically significant variation at 400
nm. This difference is likely due to the inability of MQ water to buffer. Small impurities
would affect the pH, since the hydrogels were not prepared under a flame there is
some risk of contamination. There will also be batch to batch differences in the
purification process. Despite efforts to use the same conditions there will be
differences in buffers, temperature, yield of NT2RepCT etc. It is likely these carry
through into the hydrogel preparation and since MQ water cannot shield these
differences like a buffer would, it leads to differences in the hydrogel appearance and

potentially microstructure since NT2RepCT is pH sensitive. It seems this has less of a
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downstream impact in hydrogels prepared in 20 mM CAPS pH 10 due to its buffering
capacity.

The transmittance of 2.4 % (w/v) NT2RepCT in 20 mM CAPS pH 10 and MQ water is
high compared to published silk fibroin hydrogels. Silk fibroin molecular weight was
decreased by alkaline hydrolysis causing an increase transmittance of visible light with
lower molecular weight. However, even after 180 minutes, the longest hydrolysis time
they reported, the highest transmittance at 700 nm was only 80 % and decreased to
~30 % with shorter wavelengths!'®, The authors proposed that the average cluster size
that forms the polymeric silk fibroin chains was about 400 nm in diameter, causing the
absorption of light at this wavelength. Other published silk (fibroin or recombinant
spidroin) hydrogels have not reported specific transparency between 400-700 nm but
are described as ‘transparent’ although it is not clear what their metric of testing

i5126'129'76'130.

4.5. Summary of the factors that affect NT2RepCT hydrogel
formation

The aim of this chapter was to determine whether the recombinant mini spidroin
NT2RepCT could be formed into protein hydrogels. It was found that at concentrations
of 2.4 % (w/v) NT2RepCT self-assembled into self-supporting, physically crosslinked
hydrogels after incubation at 37 °C in various buffers. Depending on the buffer chosen
to form the hydrogels in, the light transmittance, appearance and gelation time could
be controlled.

An assessment of the behaviour of NT2RepCT in three different conditions, pure MQ
water, at pH 7 and at pH 10 was performed with circular dichroism. In pure MQ water
there was a shift to B-pleated sheets, at pH 7 there was an unfolding to a disordered
structure, whereas at pH 10 there was little change from the original a-helical

structure. These structure changes were exploited to form NT2RepCT hydrogels with
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different properties. It was found that pH had a profound impact on the visual
appearance of the hydrogel and gelation kinetics. At pH 10, optically transparent and
reproducible hydrogels were formed after 6.5 hours incubation at 37 °C. An
investigation into buffering capacity of tris, HEPES and CAPS found that the better the
buffering capacity at pH 10 the more optically transparent the hydrogel formed. At pH
10 there is likely a large net negative surface charge on NT2RepCT which leads to
increased electrostatic repulsion between protein molecules. Combined with the a-
helical protein secondary structure, this likely led to an organized and homogenous
structure. Dynamic light scattering (DLS) assessment of the zeta potential at pH 10 was
determined to be -23.7 + 1.39 mV, suggesting stability against aggregation.

In MQ water that had been freshly dispensed from the Millipore water purification
system at pH 5.5, optically transparent hydrogels were formed within 2 hours.
However, if the MQ water used was not fresh the pH increased to ~7 which led to
opaque hydrogels with low optical transparency. The zeta potential of NT2RepCT in
MQ water was -14.03 £ 0.82 mV suggesting less resistance to aggregation than at pH
10. Hydrogels formed at pH 7 were opaque, soft and unstable. This was due to the
combination of a zeta potential of -5.23 £ 0.72 mV and an increasingly disordered
protein secondary structure leading to aggregated and non-homogenous hydrogel
architecture.

It was found that presence of metal salts, cations and phosphates prevented
NT2RepCT hydrogel formation indicating that these hydrogels could not be formed in
situ. Therefore, the hydrogels would need to be formed outside the body and then
implanted or injected to the site of action.

The next chapter discusses the swelling characteristics and pore morphology of the
hydrogels created in this chapter and how the gelation conditions can control hydrogel

behaviour.
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5.Swelling ratios & SEM (Materials
characterisation Part A)

5.1. Introduction

The material properties of a hydrogel are controlled and affected by many factors
such as the degree of crosslinking, the nature of those crosslinks, the monomer
concentration, the nature of the monomer, presence of ions and temperature.
Characterisation of hydrogel properties can be achieved through a variety of
techniques such as SEM, rheology and calculating the swelling ratios. Each technique
has its limitations and therefore to properly characterize hydrogels a variety of
techniques is required to gather information about their structure and composition.
Once these are understood, the hydrogels functionality and behaviour can be
manipulated to make the hydrogel suitable for different applications. This chapter Is
split into 2 parts and investigates qualitatively and quantitatively the material
properties of the hydrogels described in Chapter 4 and discusses the different factors
involved in controlling these properties: Part A examines the hydrogel swelling ratios
and morphology through SEM. Part B examines the hydrogel material properties
through Young’s modulus and rheology.

5.1.1. Crosslinking of natural hydrogels

Hydrogel network crosslinking can be categorised into two groups, chemical and
physical. Chemical crosslinks are permanent covalent bonds and physical crosslinks are
transient bonds due to chain entanglement, hydrophobic and hydrophilic bonding?.
This crosslinking can be intra- and intermolecular leading to highly interconnected and
porous three-dimensional networks. Chemical crosslinking is often used to stabilize
hydrogels derived from natural materials to improve material properties. It decreases
the degradation rate and increases mechanical properties such as stiffness.

Crosslinking can be initiated by addition of a crosslinking agent or by activation of UV
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sensitive crosslinking functional groups on the monomer. The addition of a crosslinking
agent elicits less control over crosslinking density and homogeneity compared to
activating functional groups on the monomer but is easier and sometimes cheaper.
Unfortunately, chemical crosslinking is often toxic to cells and care needs to be taken
to remove any excess/residual crosslinker to avoid toxicity.

Four chemical crosslinkers commonly used in hydrogels are glutaraldehyde** (GA),

145 citric acid'* and genipin!!*147.148 Each crosslinker has advantages and

carbodiimide
disadvantages as summarized in Table 6. GA has been used frequently in the literature

to crosslink a variety of natural materials into biocompatible hydrogel scaffolds

including: silk!*, chitosan-gelatin blends?, gelatin®*! and chitosan®®

Table 6: Summary of chemical crosslinkers commonly used in hydrogels

Chemical crosslinker Crosslinks Advantage Disadvantage
(functional
group)
o/\/\/\o g-amine of Cheap Toxic
lysine
Glutaraldehyde . Readily Difficult to
amine available remove residual
hydroxyl High Can introduce a
crosslinking yellow colour
degree
HN—/—C——=NH Amines Easy removal Expensive
Carbodiimide Carboxylic Minimal Low
acids toxicity crosslinking
degree
hydroxyl
o R Hydroxyl Cheap High
temperatures
Non-toxic needed for
Ho b o crosslinking
Provides
Citric acid pendant
functional
groups for
bioconjugation
Primary Naturally Expensive
amines derived
Can introduce
Low toxicity blue colour

Genipin
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5.1.2. Swelling ratios

One of the defining characteristics of a hydrogel is its ability to swell in aqueous
buffers or media without dissolution due to crosslinks. Swelling occurs due to osmotic
pressure differences between the hydrogel and the surrounding media and is affected
by many factors such as: the ionic composition and pH of the media, the number of
hydrophilic or ionisable moieties within the hydrogel polymer backbone, temperature
and the degree of crosslinking. Protein hydrogels are ionic due to the presence of
charged amino acid side chains, the NT and CT. Therefore, when a hydrogel is swelling
in solution there are three components of the Gibbs free energy of the system.

Equation 6: AGiotar = AGeigstic + AGmixing + AGionic

The total free energy AG;y¢q; is an equilibrium of the elastic forces AGyjq¢tic from
the crosslinked chains, the energy of enthalpic mixing AGp,;xing and the energy from
the ionic interactions within the hydrogel AG;,,;c and between the hydrogel and the
swelling solution®™*1>%, The elastic forces promote contraction as the network is
stretched and enthalpic mixing promotes swelling as the solution enters the hydrogel
network. The ionic contribution can also shift the equilibrium swelling of the system
from ionic shielding or promotion of water entry into the system and can affect
enthalpic mixing.

Hydrogels are complex systems, particularly protein hydrogels which contain a
mixture of amorphous, crystalline, stranded and aggregated areas due to differences
in protein secondary and tertiary structure. Models that predict hydrogel swelling
make many assumptions and are based on gaussian distribution of strands with
homogenous crosslink distribution!'’. In most of the published literature a simple
equation (Equation 7) is used to calculate the swelling ratio Q by relating the weights
of the swollen W,y and dry W4y hydrogel. This method assumes the same density of

the hydrogel material throughout. The same ratios can be used to calculate the
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volumetric swelling ratio Q,, by substituting the weights of swollen and dry hydrogels
with the volume V() and V4, respectfully to give Equation 8.

Q= W~ Wa

Equation 7:
W
Vo=V
Equation 8: Q,= MOMC)
V()

For hydrogels that will be implanted into the body for drug delivery or as a scaffold
it is important to characterize the swelling ratio to understand the volume change
upon swelling and therefore the drug release rate and how swelling can influence the
material properties. Swelling ratio was increased in hydrogels prepared from silk
fibroin that had undergone increasing lengths of alkaline hydrolysis, decreasing the
molecular weight of the fibroin due to increased space between the silk fibroin
network chains®®. Silk that had been processed via alkaline hydrolysis for 10 minutes
had a swelling ratio of ~ 40 whereas 90 minutes of alkaline hydrolysis increased the
swelling ratio 2-fold to ~ 80. As the swelling ratio increased, the elastic character of
the hydrogel decreased. It was suggested that the lower molecular weight increased
the space available for water molecules to enter in the swelling process*?®.

Generally, swelling will reduce a hydrogel’s material properties but there have been
efforts to decouple this relationship. A non-swellable hydrogel was prepared from
tetra-armed hydrophilic and thermoresponsive synthetic polymers which retained
high resistance to deformation and controllable gelation time. Opposing forces of
swelling and deswelling within the hydrogel maintained the volume and prevented
mechanical hysteresis or failure to tolerate a continual manual load®.

5.1.3. Cryo-SEM, SEM and eSEM
Hydrogels are porous materials and suitable for 3D cell culture and drug delivery as
these pores allow diffusion of nutrients, small drug molecules, oxygen and waste

products such as urea and CO,. The size, distribution and frequency of the pores
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determines how effective diffusion is within the hydrogel and is controlled by protein
concentration, the method of gelation and the number of crosslinks. Pores can be
visualised by scanning electron microscopy (SEM). Hydrogels contain a large amount
of water and poor sample freezing before lyophilisation can introduce crystalline ice

and artefacts'>®

and pores can collapse upon drying leading to images that do not
accurately reflect the native hydrogel structure®’. Furthermore, although SEM can
provide sub-micron resolution, images captured are within one tiny area of the
hydrogel and do not reflect the potentially heterogenous nature of the material.
Cryo-SEM operates at cryogenic temperatures and hydrogel sample freezing is ideally
performed to avoid formation of crystalline ice polymorphs which can disrupt the
structure of the hydrogel. Vitreous or amorphous ice forms when water molecules
transition from liquid to solid state with little change to their molecular arrangement
and is therefore the ideal ice polymorph for hydrogel cryo-SEM analysis®®%. Vitreous
ice can transition into crystalline ice polymorphs when the temperature is raised in an
irreversible process. It is therefore paramount in cryo-SEM to form and preserve
vitreous ice in a process known as cryo-fixation through a delicate balance of
temperature and pressure. However, even in ideal circumstances, vitreous ice is only
formed to depths of 10-20 pm into the sample®®.

Methods of cryo-fixation include plunge freezing in liquid nitrogen slush (LNS) 1°6:158:159,

158,160 159

high pressure freezing and metal mirror freezing'?, also called slam freezing. LNS
has a lower freezing temperature of -210 °C than liquid nitrogen at -196 °C and is
formed by holding liquid nitrogen under vacuum?®!, Additionally, the Leidenfrost
effect which occurs in liquid nitrogen plunge freezing due to an insulating layer of
water vapour between the sample and the liquid nitrogen, does not occur in LNS

plunge freezing®®!. High pressure freezing reduces ice crystal nucleation in the

sample®®®. The sample is carefully sandwiched in the sample carrier and space is filled
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by a cryoprotective filler material and frozen in liquid nitrogen under high pressures
which prevents an increase in volume in the sample upon freezing. A similar principle
is applied in metal mirror or slam freezing but at lower pressures and requires no
careful sample placement or filler material. A gold coated copper metal disk is cooled
to liquid nitrogen temperatures and the sample is placed into a plastic ring which is
punched or slammed into this cooled disk. Due to the thin layer used inside the disk,
rapid freezing is achieved due to efficient heat transfer out of the sample and into the
metal disk. Focused ion beam (FIB) SEM can be used to mill into the sample surface
under cryogenic conditions. A stream of gallium ions is used to cut into the surface at
an angle, creating a window into the sample which can be observed by the SEM
beam®2, FIB-SEM has been used for hydrogel pore visualisation by lyophilising the

159 and is commonly used in the life

milled hydrogel to remove water from the pores
sciences field!®!, Although cryo-SEM and FIB-SEM can produce highly detailed and
potentially accurate images of hydrogel systems, these techniques are less high
throughput than regular SEM. Additionally, the sample preparation can be time
consuming and tricky and therefore these techniques are less commonly used than
high vacuum SEM.

High vacuum SEM requires lyophilised and water free samples that are coated with a
conductive metal such as gold or platinum to prevent charging of the sample by the
electron beam, to prevent thermal damage and to increase the secondary electron
signal creating higher resolution images. However, many samples can be prepared and
analysed at the same time and once lyophilised and heavy metal coated, can be kept
at room temperature making SEM imaging quick and higher throughput compared to
cryo-SEM or eSEM. Plunge freezing in liquid nitrogen or at -80 °C and lyophilisation is

the most commonly used sample preparation technique for hydrogels!®*14%-8 due to

ease of use, reduced cost, no need for specialised equipment and higher throughput
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nature. However, it is therefore common to see hydrogels in the literature showing a
typical honey-comb crystalline ice structure!®® or authors mentioning cracking and
shrinking of hydrogel samples after lyophilisation'®3. The prevention of artefacts and
secondary pores caused by the electron beam or sample preparation was investigated
in glycerol methacrylate (GMA) and 2-hydroxyethyl methacrylate (HEMA)
hydrogels'*®. It was found that there was a relationship between the swelling ratio,
hydrogel stiffness and the resistance to SEM artefacts and secondary pores with stiffer
hydrogels with lower swelling ratios fairing better than softer hydrogels with larger
swelling ratios®®®.

Environmental SEM (eSEM) can be used to visualise hydrogels in their native state!>®
by controlling vapour pressure and temperature to prevent pore collapse. In situ eSEM
freeze drying®®* can also be performed which monitors and controls the extent of
lyophilisation to prevent disturbance to the hydrogel structure. SEM is a powerful

technique, but images should be assessed with caution considering the sample

composition, SEM preparation and imaging conditions.
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5.2. Methods
5.2.1. Summary of NT2RepCT hydrogels

Various NT2RepCT hydrogel gelation conditions such as temperature, buffer and pH
were investigated and assessed for swelling ratio and by SEM as summarised by Table

7 to Table 9

Table 7: NT2RepCT hydrogel codes and gelation conditions for non-crosslinked

opaque NT2RepCT hydrogels. All hydrogels prepared at 2.4 % (w/v).

Hydrogel Buffer pH Temperature Appearance Chemical
code (°C) Crosslinking
MQ370 MQ water ~7 37 Opaque None
MQ400 MQ water ~7 40 Opaque None
t7370 20mMtrispH 7 37 Opaque None
7
t7400 20mMtrispH 7 40 Opaque None
7
t10370 20 mM trispH 10 37 Opaque None
10
t10400 20mM trispH 10 40 Opaque None
10
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Table 8: NT2RepCT hydrogel codes and gelation conditions for 1 % (v/v)

Glutaraldehyde (GA) crosslinked opaque 2.4 % (w/v) NT2RepCT hydrogels.

Hydrogel Buffer pH Temperature Appearance Chemical
code (°C) Crosslinking

MQ370 MQ water ~7 37 Opaque 1% (v/v) GA
1GA

MQ400 MQ water ~7 40 Opaque 1% (v/v) GA
1GA

t7370 20mMtrispH 7 37 Opaque 1% (v/v) GA
1GA 7

t7400 20mMtrispH 7 40 Opaque 1% (v/v) GA
1GA 7

t10370 20mMtrispH 10 37 Opaque 1% (v/v) GA
1GA 10

t10400 20mMtrispH 10 40 Opaque 1% (v/v) GA
1GA 10

Table 9: NT2RepCT hydrogel codes and gelation conditions for non-crosslinked

transparent 2.4 % (w/v) NT2RepCT hydrogels.

Hydrogel Buffer pH Temperature Appearance Chemical
code (°C) Crosslinking
MQ37T MQ water 5.5 37 Transparent None
HEPES T 20 mM HEPEs 10 37 Transparent None
pH 10
CAPS10 20mM CAPS 10 37 Transparent None
pH 10

78



5.2.2. Glutaraldehyde chemical crosslinking of formed hydrogels

Pre-formed heat induced opaque NT2RepCT hydrogels were transferred from the
syringe moulds either directly into 3-5 mL of 1 % (v/v) glutaraldehyde (GA) in MQ water
(called not pre-swelled) or into 20 mL MQ water to remove tris (called pre-swelled)
and then into 3-5 mL of 1-2 % (v/v) glutaraldehyde (GA) in MQ water for in wells of a
24 well plate. Crosslinking was performed at 20 °C for 6 hours in the fume hood. After
crosslinking the GA hydrogels were transferred into 20 mL MQ water for 16 hours and
then into a further 20 mL of MQ water for another 16 hours to remove excess GA. GA
crosslinked hydrogels were stored in MQ water at +4 °C until further use.

5.2.3. Calculation of swelling ratios

NT2RepCT hydrogels (crosslinked not pre-swelled or pre-swelled or non-
crosslinked) were placed into excess swelling media (MQ water, PBS or DMEM + 10 %
(v/v) FBS) at either 20 or 37 °C for 24 hours. Swollen hydrogels were carefully removed
from swelling media and gently blotted with a Kimwipe™ to remove excess swelling
media and weighed on a 5 decimal point balance. The swollen hydrogels were then
dried at 20 °C for 24 hours in a desiccator containing calcium chloride. Once dried the

hydrogels were re-weighed and the swelling ratio (Q) was calculated by:

Ws—W
Equation 7: Q= _(;)V (@
(d

Where W( is the weight of the swollen hydrogel and Wq) is the weight of the dry
hydrogel. Each hydrogel type and swelling condition were measured in triplicate (n=3).
5.2.4. Cryo-SEM

The opaque NT2RepCT MQ water hydrogel MQ 37 O was prepared for cryo-SEM by
pipetting 5 pL non-swollen, as prepared hydrogel into rivets with 3 mm diameter
opening which were fastened to the cryo-SEM sample holder at room temperature.
The sample holder was then transferred into liquid nitrogen slush at -210 °C using a

PP3010 Prepdek™ workstation to immediately freeze the hydrogel sample. After
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freezing, the sample holder was transferred into the PP3010 Prepdek™ cryo-SEM
sample preparation chamber at -190 °C under vacuum. The frozen hydrogel sample
was fractured with a cold scalpel to reveal the inner porous structure. The
temperature of the sample preparation chamber was raised to -90 °C to sublime water
from the pores for 10 minutes. The temperature was then lowered to -135 °C and the
hydrogel surface was sputter coated with a thin layer of conductive platinum. The
coated sample was then transferred under high vacuum into the cryo-SEM (FEI Quanta
200 3D dual beam SEM) microscope chamber and onto the sample stage. Images were
captured at an accelerating voltage of 5 kV.
5.2.5. Focused lon Beam Scanning Electron Microscopy (FIB-SEM)
The opaque NT2RepCT MQ water hydrogel MQ 37 O was prepared for FIB-SEM by
pipetting 5 plL of non-swollen, as prepared hydrogel into a small plastic ring that was
attached via double sided copper tape to a magnetic backed sponge. Metal mirror
freezing (slam freezing) was used to rapidly freeze the hydrogel sample using a Leica
Reichert MMO08 E. The frozen sample was rapidly transferred into liquid nitrogen
at -190 °C and attached to the cryo-SEM sample holder whilst still in liquid nitrogen
using a PP3010 Prepdek™ workstation. The sample holder was then transferred under
vacuum into the PP3010 Prepdek™ cryo-SEM sample preparation chamber which was
at -190 °C. The temperature of the sample preparation chamber was raised to -135 °C
and the hydrogel was then sputter coated with a thin layer of conductive platinum.
The temperature was decreased to -190 °C and the coated sample was transferred
under vacuum to the cryo-SEM (FElI Quanta 200 3D dual beam SEM) microscope
chamber and onto the sample stage. Prior to milling hydrogel cross-sections with FIB-
technology, samples were coated and compacted with platinum using the gas injector
to improve the strength of the surface during the milling process. Areas were then

chosen to mill and by drawing a rectangle of defined dimensions. The sample stage
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was tilted to 54° so the FIB beam would hit the sample perpendicular to the cross-
sectional cutting area. A stream of Gallium (Ga*) ions at beam currents of 50 pA—1 nA
cut into the sample to a depth of 10 um and were cleaned up with successive milling
along one edge to give a clean surface. The temperature in the SEM chamber was then
raised to -90 °C to for 40 minutes to sublime the sample and reveal the porous
structure. Images of the milled cross-section were performed at a sample stage tilt
angle of 45 ° to see into the milled area. Images were taken at an accelerating voltage
of 10 kV.
5.2.6. SEM

NT2RepCT hydrogels were freeze dried for SEM by 2 methods, flash freezing or
metal mirror freezing. Flash frozen hydrogels were prepared by plunging small
sections of swollen hydrogel into liquid nitrogen. They were then lyophilized for 24
hours at -60 °C at 0.1 mbar. Metal mirror freezing used a Leica reichert MMO0S E.
Approximately 5 uL hydrogel sample was placed onto double sided copper tape before
freezing and then lyophilized at -90 °C and 0.1 mbar for 24 hours. Lyophilized
NT2RepCT hydrogel samples were mounted on carbon tape and sputter coated with a
thin layer of either platinum (120s) or gold (90s) and observed using JEOL-JSM-6490
SEM with an accelerating voltage of 10 kV.
5.2.7. eSEM
NT2RepCT hydrogels were observed in FEI Quanta 650 eSEM (environmental SEM) at
10 kV at low vacuum with two sample preparation methods, in situ freeze drying and
metal mirror (slam) freezing. For in situ freeze drying, a portion of swollen hydrogel
was placed on the Peltier stage at 2 °C at 89 % humidity. The temperature was dropped
inside the eSEM to -10 °C, 56 % humidity at 270 Pa. Auxiliary nitrogen gas was used to
remove water vapor, and the temperature was dropped to -18 °C at 220 Pa. Images

were collected with an acceleration voltage of 10 kV. For samples prepared by metal
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mirror (slam) freezing, approximately 5 uL sample was placed on double sided copper
tape and frozen using a Leica reichert MMO08 E metal mirror freezer. The frozen sample
was quickly transferred into the Peltier stage of the eSEM to minimize frost formation.
Images were collected at -18 °C in low vacuum mode with pressure of 130 Pa and an

acceleration voltage of 10 kV.

5.3. Swelling and SEM Results

5.3.1. Opaque hydrogels dissolved in cell culture media at 37 °C

NT2RepCT opaque hydrogels formed in old MQ water (MQ 37 O and MQ 40 0), 20 mM
tris pH 7 (t7 37 O and t7 40 O) or old 20 mM tris pH 10 (t10 37 O and t10 40 O) did not
maintain their structural integrity and dissolved within 30 minutes when placed into

either PBS or DMEM + 10 % (v/v) FBS at 37 °C.

5.3.2. Swelling ratio of opaque hydrogels can be controlled by pH
of gelation

All non-crosslinked opaque 2.4 % (w/v) NT2RepCT hydrogels swelled in DMEM + 10 %
(v/v) FBS (referred to from here-in as DMEM) or MQ water at 20 °C. Only MQ 37 O and
110 40 O showed significant differences (P<0.001) in swelling between the two buffers
as determined by an unpaired students t-test (Figure 28). The opaque hydrogel MQ 37
O swelled 222 % more in DMEM than in MQ water whereas t10 40 O swelled 260 %
more in DMEM than MQ water. When directly comparing the swelling in MQ water,
110 40 O swelled significantly (P<0.001) 130 % more in MQ water than MQ 37 O (Figure
29). The opposite was the case when directly comparing the swelling in DMEM in
which MQ 37 O swelled significantly (P<0.01) 409 % more than t10 40 O in the same
buffer (Figure 29). The other opaque hydrogels swelled to a similar degree in MQ
water or DMEM with hydrogels containing tris (t7 37 O, t7 40 O and t10 37 O)

measured as having a swelling ratio Q of 12-20 in both buffers. NT2RepCT hydrogels
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formed in MQ water at 40 °C (MQ 40 O) swelled more with Q of 36.6 = 13.6 in MQ
water and 44.8 £ 10.8 in DMEM at 20 °C. These high standard deviations reflect the
extremely soft nature of this hydrogel. It was difficult to manipulate the swollen
hydrogels without damaging them and this likely led to loss of material and higher

errors compared to other hydrogel types.
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Figure 28: Swelling ratio (Q) of non-crosslinked opaque NT2RepCT hydrogels at 20 °C
in DMEM (pink bars) or MQ water (blue bars).Unpaired students t-test *** P<0.001.

(n=3) error bars represent SD.
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Figure 29: (Left) Swelling ratio (Q) in MQ water at 20 °C of the opaque hydrogels MQ
37 O (blue dots) and t10 40 O (blue filled). (Right) Swelling ratio (Q) in DMEM at 20 °C
of the opaque hydrogels MQ 37 O (pink dots) and t10 40 O (pink filled). Unpaired

students t-test ** P<0.01, *** P<0.001 (n=3) + SD
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5.3.3. Opaque hydrogels structural integrity improved when
crosslinked with glutaraldehyde

Due to the dissolution of opaque NT2RepCT hydrogels in cell culture appropriate
media at 37 °C, 1 % (v/v) glutaraldehyde (GA) was used to chemically crosslink and
stabilize the hydrogel structure. Upon crosslinking the hydrogels appeared stiffer
(Figure 30) and were able to hold their shape compared to non-crosslinked.
Additionally, the GA crosslinked hydrogels swelled and did not dissolve in DMEM +

10 % (v/v) FBS at 37 °C.

Figure 30: Opaque NT2RepCT 2.4 % (w/v) MQ water hydrogel crosslinked with
1 % (v/v) glutaraldehyde. Scale bar =1 cm.
5.3.4. Swelling ratios of GA crosslinked opaque hydrogels
Opaque NT2RepCT hydrogels to be GA crosslinked were either pre-swollen in MQ
water (to remove any tris present which would be crosslinked by GA) and then placed
in 1% (v/v) GA or immediately placed in 1 % (v/v) GA. Hydrogels pre-swollen before
crosslinking are referred to as pre-swollen and hydrogels that were not pre-swollen
before crosslinking are referred to as not pre-swollen.
The swelling ratio in MQ water at 20 °C only showed significant decreases in swelling
ratio when the hydrogels were pre-swollen before GA crosslinking in MQ 37 O 1GA,
110 37 O 1GA hydrogels with a decrease of 21 % and 39 % respectfully. The swelling
ratio was significantly increased by 150 % in t10 40 O 1GA when the hydrogel was pre-

swollen before crosslinking. The other opaque GA crosslinked hydrogels showed no
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differences in swelling ratio between pre-swollen and not pre-swollen treatments in
MQ water at 20 °C with Q between 25-50 (Figure 31). Overall, the 1 % (v/v) GA
crosslinked opaque hydrogels swelled more in MQ water at 20 °C than the non-

crosslinked opaque hydrogels.
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Figure 31: Swelling ratio (Q) of 1 % (v/v) GA crosslinked NT2RepCT hydrogels at 20
°Cin MQwater. Hydrogels were either pre-swollen in MQ water before GA crosslinking
or not pre-swollen. Dark blue dots = pre-swollen, light blue dots = not pre-swollen.

(n=3) Error bars show SD. Unpaired students t-test *P<0.05, *** P<0.005.

Except for t7 37 O 1GA which increased its swelling ratio by 70 % when the hydrogel
was pre-swollen before GA crosslinking, the swelling ratios in DMEM at 20 °C were not
significantly different whether the hydrogels were pre-swollen or not pre-swollen with
Q10-30 (Figure 32). Overall, the 1 % (v/v) GA crosslinked opaque hydrogels had similar
swelling ratios in DMEM at 20 °C to the non-crosslinked opaque hydrogels.

At 37 °C in DMEM there were no significant differences in swelling between pre-
swelling and not pre-swelling for any of the 1 % (v/v) GA crosslinked opaque hydrogels

with Q = 15-30 (Figure 33). Additionally, the swelling ratios for all pre-swollen or not
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pre-swollen hydrogels was not affected by increasing the temperature of DMEM from

20°Cto 37 °C.
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Figure 32: Swelling ratio (Q) of 1 % (v/v) GA crosslinked NT2RepCT hydrogels at 20 °C
in DMEM. Hydrogels were either pre-swollen in MQ water before GA crosslinking or
not pre-swollen. Red dots = pre-swollen, pink dots = not pre-swollen. (n=3) Error bars

show SD. Unpaired students t-test *P<0.05.
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Figure 33: Swelling ratio (Q) of 1 % (v/v) GA crosslinked opaque NT2RepCT hydrogels
in DMEM at 37 °C. Hydrogels were pre-swollen in water before GA crosslinking

(maroon) or not pre-swollen (pink). (n=3) error bars represent SD.
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5.3.5. Hydrogel transparency and swelling

Transparent hydrogels formed in fresh MQ water or 20 mM CAPS pH 10 had higher
swelling ratios than opaque hydrogels. When swollen in MQ water at 20 °C MQ 37 T
swelled 183 % more compared to MQ 37 O (Figure 34). Comparing NT2RepCT
hydrogels formed in least to most appropriate pH 10 buffer (Tris, HEPES and CAPS),
the Qincreases with increasing buffering capacity. Using HEPES instead of tris resulted
in a 154 % increase in swelling. If CAPS was used instead of HEPES the swelling

increased by a further 61 % or a 307 % increase compared to tris buffer (Figure 35).
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Figure 34: Swelling ratio (Q) in MQ water at 20 °C of non-crosslinked opaque and
transparent NT2RepCT hydrogel formed in MQ water at 37 °C. Unpaired students t-

test *** P<0.001. (n=3) error bars represent SD.
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Figure 35: Swelling ratio (Q) in MQ water at 20 °C of NT2RepCT hydrogels formed in
either old 20 mM tris pH 10 (opaque), fresh 20 mM HEPES pH 10 (clear) or 20 mM
CAPS pH 10. Unpaired students t-test *P<0.05, **P<0.01, ***P<0.001. (n=3) error bars
represent SD.

NT2RepCT transparent hydrogels formed in 20 mM CAPs pH 10 (CAPS10) swelled
significantly more (50 % increase) than hydrogels formed in fresh MQ water (MQ 37
T) (Figure 36). However, the opposite was the case in PBS. Comparing swelling at 37 °C
of MQ 37 T and CAPS10 in PBS at 3 different pH: 5, 6.45 and 7.6, at all pH MQ 37 T
swelled significantly more than CAPS10 (Figure 37). There was no significant difference

in swelling for MQ 37 T across the different PBS pH tested. This was the same for

CAPS10.
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Figure 36: Swelling ratio (Q) of transparent 2.4 % (w/v) NT2RepCT hydrogels formed
in MQ water (MQ 37 T) or 20 mM CAPS pH 10 (CAPS10) swollen in MQ water at 20 °C.

(n=3) £ SD (* = P<0.05)
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Figure 37: Swelling ratio (Q) of transparent NT2RepCT hydrogels formed in MQ
water (MQ 37 T) (black bars) or 20 mM CAPS pH 10 (CAPS10) (red bars) at 37 °C swollen
in1xPBSpH5,6.450r 7.6 at 37 °C. (n=3) = SD. (one-way ANOVA **** p<0.0001)
5.3.6. Cryo- SEM of MQ 37 O

The opaque NT2RepCT hydrogel MQ 37 O was imaged using Cryo-SEM. The hydrogel
was flash frozen in liquid nitrogen slush and manually cut with a scalpel to reveal the
inner porous structure. Across the sublimed hydrogel surface pores of different shapes
and sizes were observed. In areas towards the middle of the hydrogel (Figure 38 B)
sample in the rivet, the pores were larger (6-12 um), directional and rectangular in
shape. Pores at the edge of the hydrogel rivet were rounder, smaller (1-3 um) and no
directionality was observed (Figure 38 A). Inefficient and slow sample freezing in the
middle of the hydrogel sample led to formation of hexagonal ice crystal artefacts
whereas at the edge where freezing was efficient and fast likely a more accurate

representation of the hydrogel porous structure.
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Figure 38: Representative Cryo-SEM images of the opaque MQ water NT2RepCT

hydrogel MQ 37 O. A) MQ 37 O hydrogel porous structure after sublimation Image
taken at edge of hydrogel in the rivet. Scale bar = 10 um. B) Same hydrogel MQ 37 O
in a different area showing crystalline ice pore artefacts that are long and directional
due to inefficient freezing and fracturing with scalpel. Image taken at middle of

hydrogel in the rivet Scale bar = 50 um

5.3.7. FIB-SEM of MQ 37 O

Focused lon Beam (FIB) SEM was used to mill into the opaque NT2RepCT hydrogel
MQ 37 O after metal mirror (slam) cryo-fixation of the hydrogel. The Ga* beam was
used to cut areas 10 um wide and maximum 5 um deep. After milling and before
sublimation the cut face was smooth with minimal texture (Figure 39 A). As the
temperature was raised and held at -90 °C, water began to sublime from the surface
revealing small pores across the cut face (Figure 39 B). After 40 minutes sublimation a
textured and heterogenous structure was revealed (Figure 39 C) with pores between
200 nm — 1.2 um. Pore sizes were calculated by the SEM imaging software. The pores
were not uniformly distributed and there were areas of white NT2RepCT hydrogel with

no pores. The dimpled and uneven surface of the cut face indicates the presence of
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underlying structure with light grey to white hydrogel and black indicating voids or

pores where water has sublimed.

Figure 39: Representative FIB-SEM images of opaque NT2RepCT hydrogel MQ 37 O
before, during and after 90 minutes of sublimation at -90 °C. A) area milled by the FIB
gallium ion beam before sublimation B) same area after 15 minutes of sublimation C)

same area after 40 minutes sublimation. Scale bars: 3 um (A-C).
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5.3.8. High vacuum SEM GA crosslinked opaque hydrogels

Chemical crosslinking with GA was used to stabilize the hydrogel network structure
in the opaque NT2RepCT hydrogels MQ 37 O 1GA, t37 O 1GA and t40 O 1GA.

MQ 37 O 1GA hydrogel (Figure 40 A) showed structures that appeared collapsed and
with small pores (1-2.5 um) and less porosity compared to t10 37 O 1GA and t1040 0O
1GA hydrogels which had very similar structures with small, interconnected networks
of pores that range from 1-20 um (Figure 40 B & C). There were areas of honey-comb

crystalline ice formation deeper into the hydrogel.

Figure 40: Representative SEM images of plunge frozen and freeze dried 1 % (v/v)
GA crosslinked opaque hydrogels A =MQ 37 O 1GA, B = t37 O 1GA, C = t40 O 1GA.

Acceleration voltage = 10 kV, scale bars = 10 um
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5.3.9. High vacuum SEM non-crosslinked MQ 37 T and CAPS10
hydrogels

The transparent NT2RepCT hydrogels MQ 37 T and CAPS10 were imaged using high
vacuum SEM with no chemical crosslinking. Ahead of lyophilisation two freezing
techniques were employed, plunge freezing in liquid nitrogen and metal mirror (slam)
freezing. MQ 37 T (Figure 41 A&B) and CAPS10 (Figure 41 C&D) hydrogels prepared
for SEM by plunge freezing and lyophilisation contained a wide range of pore sizes and
shapes. Presence of honey-comb hexagonal pores were seen in both samples with
smaller less angular pores in small areas. The larger pores were directional and
orientated along one axis. Additionally, there were cracks and large voids present as a
result of the plunge freezing and lyophilisation process.

The other sample preparation technique metal mirror (slam) freezing ahead of
lyophilisation created a meshed fibrous and torn structure in MQ 37 T (Figure 42 A&B)
with no visible pores. CAPS10 hydrogels prepared by metal mirror (slam) freezing and
lyophilisation formed a textured, non-porous surface morphology with large smooth
homogenous areas (Figure 42 C&D). The areas of texture in CAPS10 suggested fibre

like structures but not to the same extent asin MQ 37 T.
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Figure 41: Representative images of MQ 37 T (A & B) and CAPS10 (C & D) non-
crosslinked hydrogels imaged by SEM after plunge freezing and lyophilisation. Imaged
at 15 kV acceleration voltage. Scale bars: A =10 um, B = 100 um, C =10 um, D =

100 pm

Figure 42: Representative images of MQ 37 T (A & B) and CAPS10 (C & D) non-
crosslinked hydrogels imaged by SEM after slam metal mirror freezing and
lyophilisation. Imaged at 10 kV acceleration voltage. Scale bars: A=10um, B=30 um,

C=10 pm, D =50 pum
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5.3.10. Comparison of SEM/eSEM techniques of GA
crosslinked MQ 37 T 1GA and CAPS10 1GA hydrogels

The transparent hydrogels MQ 37 T and CAPS10 were crosslinked with 1 % (v/v) GA.
A comparison of two SEM techniques: high vacuum SEM and low vacuum eSEM was
performed. The hydrogels for high vacuum SEM were prepared by plunge freezing in
liquid nitrogen for a direct comparison to the non-crosslinked transparent hydrogels
MQ 37 T and CAPS10. For eSEM the 1 % (v/v) GA crosslinked hydrogels were either
metal mirror (slam) frozen and imaged under low vacuum or the hydrogels were
placed into the eSEM sample chamber wet and by controlling the temperature and
vapour pressure were in situ lyophilised.

In the plunge frozen and lyophilised high vacuum SEM images of MQ 37 T 1GA
(Figure 43 A & B) and CAPS10 1GA (Figure 43 C&D) there were larger pores of diameter
4-25 pm and smaller pores of sub-micron diameter. Within the pores of MQ 37 T 1GA
and CAPS10 1GA plunge frozen SEM were extensive fibril structures which were not
seen in the eSEM images or in the non-crosslinked MQ 37 T and CAPS10 hydrogels
prepared for SEM by liquid nitrogen plunge freezing and lyophilisation (Figure 41-
Figure 42). Crystalline ice in honey-comb structures were seenin all 1 % GA (v/v) MQ
37 T1GA and CAPS10 1GA hydrogels prepared for high vacuum SEM by plunge freezing

in liquid nitrogen(Figure 44 A-D).
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Figure 43: Representative high vacuum, liquid nitrogen plunge freeze and
lyophilised SEM images of pores and fibrils of 1 % (v/v) GA crosslinked hydrogels MQ

37 T 1GA (A & B), CAPS10 1GA (C & D) hydrogels. Scale bars: A) 20 um, B) 2 um C) 10

Figure 44: Examples of crystalline ice honey-comb structures and fibrils in 1% (v/v)
GA crosslinked NT2RepCT hydrogels prepared for SEM by plunge freezing in liquid
nitrogen. A & B) CAPS10 1GA C & D) MQ 37 T 1GA. Scale bars: A& C50 um, B & D

10 pm.
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Low vacuum eSEM immediately after metal mirror (slam) freezing led to extensive
porous networks for MQ 37 T 1GA (Figure 45 A-C) and CAPS10 1GA (Figure 45 D-F). As
with high vacuum SEM, there was a large range of pore sizes with some areas showing
larger (3-12 um) pores and other areas with much smaller pore sizes (sub 1 um). This
is best seen in Figure 45 E. In the areas with larger pores, the walls between pores
were thicker and the pores were more circular in shape in CAPS10 1GA than MQ 37 T
1GA (Figure 45 A & D). The smaller pores did not show this feature (Figure 45 C & F).
It is likely the larger pores are an artefact from the hydrogel eSEM sample preparation
and visualisation. Particularly in MQ 37 T 1GA, hexagonal shapes were etched into the
surface of the hydrogel (Figure 45 B).

Lyophilising the hydrogels in situ in the eSEM chamber led to a porous network with
multiple layers visible. The initial eSEM images in the native wet state of MQ 37 T 1GA
and CAPS10 1GA showed a flat surface with little texture (Figure 46 A & D). After the
in situ lyophilisation process extensive porous structures were seen for both hydrogels
(Figure 46 B & E). MQ 37 T 1GA (Figure 46 C) showed more extensive pore structure
than CAPS10 1GA (Figure 46F). Pore size ranged from 2-9 um and no smaller pores
were seen as in the metal mirror (slam) frozen eSEM, additionally the walls between

the pores were thicker in CAPS10 1GA than MQ 37 T 1GA.
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Figure 45: Representative low vacuum eSEM images of metal mirror (slam) frozen MQ 37 T 1GA and CAPS10 1GA. A—-C) MQ 37 T 1GA, D — F) CAPS10 1GA.

A mixture of larger (3 — 12 um) pores and very small (sub 1 um) pores were seen Scale bars: A) 30 um B) 10 um C) 10 um D) 30 um E) 10 um F) 5 um.
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100 um

Figure 46: Representative in situ lyophilisation eSEM images of MQ 37 T 1GA and CAPS10 1GA. A) MQ 37 T 1GA wet native state B-C) MQ 37 T 1GA after in
situ lyophilisation, D) CAPS10 1GA wet native state, E-F) CAPS10 1GA after in situ lyophilisation. Scale bars: A) 100 um B) 100 pm C) 20 um D) 100 um E) 100

pum F) 20 um.
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5.4. Discussion of swelling behaviour and SEM analysis

5.4.1. Overview

The aim of this chapter was to assess the swelling ratios and pore morphology of
the hydrogels created in the previous chapter. Glutaraldehyde (GA) crosslinking was
used to stabilize the opaque hydrogels, preventing them from dissolving in cell culture
buffer DMEM and PBS at 37 °C. A clear difference in swelling ratio was seen between
the opaque and transparent hydrogels, particularly the hydrogels formed at pH 10
which had significant increases in swelling ratio the closer to pH 10 the hydrogel was
formed. Four SEM techniques were investigated to visualise the porous structure of
the hydrogels, cryo-SEM, FIB-SEM, high vacuum SEM and eSEM. Additionally, different
hydrogel SEM sample preparations and GA chemical crosslinking were examined in an
attempt to preserve hydrogel architecture and reduce the formation of crystalline ice

polymorphs and artefacts.

5.4.2. pH of gelation influences swelling ratio of opaque
hydrogels in different swelling solutions

The opaque hydrogels MQ 37 O, MQ 40 O, t7 37 O, t7 40 O, t10 37 O and t10 40 O
could not swell in DMEM or PBS at 37 °C and dissolved within 30 minutes. However,
they could swell in MQ water and DMEM at 20 °C. In the previous chapter it was found
that NT2RepCT could not form hydrogels in either PBS or DMEM at 2.4 % (w/v) when
incubated at 37 °C for 16 hours, forming an aggregate of precipitated protein upon
heating. The combination of the salt, cations, phosphates and sugars in DMEM
disrupted hydrogen-bonds and intermolecular interactions involved in forming the
hydrogel network. This process was accelerated by heat leading to protein unfolding.
It is likely that the opaque hydrogels would dissolve in DMEM or PBS at 20 °C over
longer time periods than 24 hours. Long term swelling stability experiments to

determine hydrogel mass loss should be performed for all NT2RepCT hydrogels. This
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temperature dependent instability was not seen in the transparent hydrogels MQ 37
T and CAPS10 although these were swollen in PBS and not DMEM due to planned cell
culture experiments being cancelled and drug delivery in PBS being performed instead.
Transparent hydrogel swelling and a comparison to opaque hydrogel swelling is
discussed in section 5.3.5.

The swelling behaviour of hydrogels can impact its applications and the ability to
control the swelling leads to tunable and potentially ‘smart’ materials. Swelling of
protein hydrogels at different pH is dictated by the isoelectric point (pl) of the protein.
If the pH is greater than the pl, the protein will accrue surface negative charge due to
ionization of acidic amino acid side chains. It follows that if the pH is less than the pl,
the protein will accrue overall positive charge due to ionization of basic amino acid
side chains. If the pH is equal to the pl, the protein will have no net charge and be
neutral. An increase in protein surface charge, whether positive or negative leads to
increased electrostatic repulsion between the protein chains of the hydrogel. This
increases the hydrophilicity of the hydrogel leading to increased swelling due to
increased uptake of water molecules*144,

By increasing the pH and temperature of gelation to pH 10 and 40 °C, t10 40 O swelled
significantly more in water than MQ 37 O. However, in DMEM t10 40 O swelled
significantly less than MQ 37 O. In fact, the presence of tris at pH 7 or 10 at either 37 °C
or 40 °C led to less swelling in DMEM than hydrogels formed with no buffer in MQ
water as seen in Section 5.3.2.

MQ 37 O swells less in MQ water than t10 40 O because the pH of pure MQ water is
around 5.5 and this is close to the isoelectric point of NT2RepCT of 4.26. Additionally,
there is no buffering capacity. Therefore, there is minimal surface charge and minimal
electrostatic repulsion within the MQ 37 O hydrogel**3. Consequently, there is little

swelling as the hydrophilicity of the hydrogel is low. However, in DMEM which is
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buffered to ~ pH 7, the pH > pl and MQ 37 O becomes ionized leading to increased
overall negative charge and increased electrostatic repulsion and swelling. Whereas,
for t10 40 O which was formed in 20 mM tris pH 10, the pH was already greater than
pl of NT2RepCT. The protein had a large amount of negative surface charge with
increased electrostatic repulsion between chains. When swelled in MQ water which
contains no ions to mask the overall negative surface charge and no buffering capacity,
the pH is around the same pH of gelation. Water enters the t10 40 O hydrogel as it has
higher hydrophilicity and swells more in MQ water than MQ 37 O. When t10 40 O is
swollen in excess DMEM at pH 7, which contains many cations these form electrostatic
bonds to the negatively charged groups which decreases electrostatic repulsion and
increases electrostatic attraction. The overall ionization state of t10 40 O is decreased
in addition to the pH decreasing to ~7 leading to a net neutrally charged protein which
has less hydrophilicity compared to at a higher pH, this in turn leads to decreased
swelling in DMEM compared to MQ 37 O.

The t10 40 O hydrogel also had an increased temperature of gelation (40 °C vs 37 °C)
which led to increased NT2RepCT unfolding and secondary structure change. This
potentially exposed previously hidden anionic amino acids such as tyrosine and lysine,
with pKa of 10.07 and 10.79 respectfully, and this could have accentuated the swelling
response. Hence, t10 40 O swells 2-fold more in MQ water than t10 37 O likely due to
increased ionization of residues that are buried in t10 37 O. In MQ 40 O swelling in
both MQ water and DMEM are high due to solvent exposed residues and greater
B-sheet content at 40 °C.

In the case of t7 37 O and t7 40 O which were formed at pH 7, NT2RepCT has less
overall negative surface charge compared to those formed at higher pH (t10 37 O and
t10 40 O). Therefore, when swollen in either MQ water or DMEM, there is little

difference in swelling between the two swelling solutions. In MQ water t7 37 O and
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t7 40 O remain at ~ pH 7 and with minimal electrostatic repulsion swells little. When
swollen in DMEM, once again the pH in the hydrogel is pH 7 and so the hydrogels swell
the same amount as in MQ water.

Other protein hydrogels exhibit pH sensitive swelling behaviours due to the
isoelectric point of the protein. Gelatin and albumin undergo conformation changes
from a linear form to an a-helical structure which is stabilized by hydrogen bonding at
certain pH'3. Hybrid hydrogels formed from collagen and silk fibroin showed pH
sensitive reversible gelation at pH 4 due to increased electrostatic repulsion between
the protein chains®.

5.4.3. Glutaraldehyde chemical crosslinking of NT2RepCT

GA is one of the cheapest and readily available chemical crosslinkers. GA primarily
crosslinks e-amine group of lysine but can also crosslink other functional groups such
as amines, phenols, thiols and imidazoles®®. The exact mechanism of GA crosslinking
is not yet fully understood although intensive research has been carried out!>16¢ GA
can exist in 13 different forms, monomeric and polymeric which depend on pH,

167

concentration and temperature®™’. It has been suggested that GA exists as the

monomeric dialdehyde, as a cyclic hemiacetal or as a cyclic hemiacetal oligomer®® in
acidic conditions (Figure 47). GA crosslinking was performed in MQ water which is
slightly acidic at pH 5.5. There is contention in the literature about the mechanism of
GA crosslinking with suggestions of Schiff bases and Michael additions. Schiff bases
are the expected reactive species formed upon nucleophilic attack by the e-amine of
lysine (Figure 48) but these are unstable in acidic conditions and break down to reform
the amine and aldehyde®®. Another suggestion is a combination of a Schiff base for

one lysine amine and an anti-Markownikoff reaction on another lysine amine by the

same polymeric form of glutaraldehyde®®. A 6 membered ring crosslink was formed
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between lysine and arginine residues in barnase trimer, a bacterial RNase crosslinked

with GA™®7,
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Figure 47: The forms of glutaraldehyde in acidic conditions. Adapted from

I. Migneaul et al.*®®,
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Figure 48: Expected lysine and glutaraldehyde reaction via a Schiff base.

Glutaraldehyde is a suitable chemical crosslinker for NT2RepCT since the protein
contains 2 lysine residues which are 27 residues apart and both found on the NT
(Figure 49). In addition, NT2RepCT contains 52 serines and 5 arginine residues which

could also be involved in the GA crosslinking due to the amine containing R groups.
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Figure 49: NT2RepCT E. australis NT dimer with lysine shown (red) each dimer in
different colour (purple and pink) for clarity (PDB: 2LTH). NT2RepCT NT exists as a

dimer in acidic conditions.

After GA crosslinking the opaque hydrogels were able to swell in DMEM at 37 °C
(Section 5.3.4) with no dissolution as the chemical, covalent crosslinking stabilizing the
hydrogel network. Since the NT2RepCT hydrogels t7 37 O, t7 40 O, t10 37 O and
110 40 O contained tris that would also be crosslinked by GA, hydrogels were either
pre-swollen in MQ water before GA crosslinking to remove tris or were GA crosslinked
not pre-swollen, still containing tris. Pre-swelling in MQ water before GA crosslinking
would alter the hydrogel network. Therefore, a difference in swelling ratio was seen
between pre-swollen and not pre-swollen hydrogels in MQ water at 20 °C with
significant differences seen in MQ 37 O 1GA, t10 37 O 1GA and t10 40 O 1GA. In the
crosslinking process the hydrogels were submerged in an excess of 1 % (v/) GA in MQ
water at ~ pH 5.5 which is close to the pl of NT2RepCT leading to overall slight negative
surface charge. In hydrogels containing tris (not pre-swollen) the buffering capacity
might have resisted to some degree this pH change and maintained the hydrogels
closer to their original pH during crosslinking. When the opaque 1% (v/v) GA

crosslinked hydrogels were swollen in DMEM at 20 °C and 37 °C there was minimal
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difference in swelling between pre-swollen and not pre-swollen treatments. This
suggests whatever phenomena that caused the differences when swollen in MQ water
were masked by presence of cations and salts in DMEM reducing swelling.

All the 1 % (v/v) GA crosslinked opaque hydrogels swelled more in MQ water at 20 °C
than the non-crosslinked opaque hydrogels with Q = 25-60 compared to Q= 12-40 in
the non-crosslinked. This increase in Q in MQ water is likely related to both increased
stability of the hydrogel network allowing increased stretch and capacity of the
network before dissolution and increased hydrophilicity from polymeric GA
crosslinking. The differences in Q between the different 1 % (v/v) crosslinked opaque
hydrogels were decreased compared to the non-crosslinked suggesting that GA
crosslinking made all the opaque hydrogels similar in crosslinking degree and

structure.

5.4.4. Transparent hydrogels were able to swell more than
opaque hydrogels

The pH of gelation has a large impact on the swelling ability of the NT2RepCT
hydrogels, particularly at pH 10. CAPS10 has a better buffering capacity at pH 10 than
tris or HEPES. This means NT2RepCT in CAPS pH 10 has more net surface negative
charge due to deprotonation of N terminal histidine NHs* to NH, and potential
deprotonation of the acidic amino acids lysine and tyrosine. Therefore, CAPS10 has
the highest swelling ratio in MQ water, followed by HEPES10 and the least seen in t10
40 O (Figure 35). This is because tris and HEPES would not maintain pH 10 and with a
lower pH there would be less net surface charge and therefore less electrostatic
repulsion.

MQ 37 T was prepared with freshly decanted, ultra-pure MQ water MQ 37 O was
prepared with older MQ water. The new pH was more neutral and closer to pH 7 as

measured by universal indicator paper. Therefore, in MQ 37 O unfolding to a
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disordered protein secondary structure would occur upon heating as seen in the CD
results at pH 7. There is also the possibility of plasticisers and other contaminants in
the old MQ water leading to possible protein precipitation and aggregation. It is at this
point unknown why MQ 37 O forms an opaque and minimally swelling hydrogel. A
study of the pH dependent swelling of opaque and transparent hydrogels made from
egg white or whey protein isolate suggested that opaque hydrogels were particulate
in microstructure, whereas transparent hydrogels had a stranded architecture that
had increased swelling ability due to increased elastic character. The particulate
hydrogels were described as rigid with little room for expansion in swelling!’12,

The transparent hydrogels MQ 37 T and CAPS10 followed the same swelling response
in PBS as the opaque non-crosslinked hydrogels in DMEM. MQ 37 T swelled
significantly more in PBS at all pH (5, 6.45 and 7.6) than CAPS10 (Figure 37). PBS
contains disodium hydrogen phosphate, potassium dihydrogen phosphate, potassium
chloride and sodium chloride. These salts could mask the negatively charged groups in
CAPS10 reducing the hydrophilicity and swelling compared to MQ 37 T. It was
expected that the different pH of PBS would lead to different swelling ratios. MQ 37 T
should swell the least in PBS pH 5 if electrostatic repulsion was the only factor,
followed by increased swelling as the pH increases due to increased ionization of
NT2RepCT. However, NT2RepCT undergoes a conformational change at pH 5.5 and
below? leading to unfolding of the CT into B-amyloid like fibrils. This unfolding could
have contributed to the increased swelling. The same swelling ratio was also seen in
CAPS10 at all PBS pH suggesting that electrostatic interactions are not the only factor
involved in swelling.

Recombinant spider silk hydrogels are a relatively new field and although a handful
have been published, very few discuss swelling behaviour. The only published swelling

data so far seems to be for the recombinant spidroin eADF4(C16). At 3-7 % (w/v),
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hydrogels which were chemically crosslinked at tyrosine residues by APS and
ruthenium and showed a 5 to 10-fold increase in volume when swollen in tris/HCI
buffer at pH 7.5. Since swelling ratios of NT2RepCT hydrogels were calculated by
weight it is difficult to make a comparison to crosslinked eADF4(C16) hydrogels
swelling since the specific density of NT2RepCT is unknown. However, a comparison
to silk fibroin hydrogels can be made. Silk fibroin hydrogels formed by sonication at 3
% (w/v) had a swelling ratio of around 40 in PBS pH 7.4. This is similar to MQ 37 T
swollen in PBS pH 7.6 where Q = 34 £ 4.1 and slightly higher than CAPS10 swollen in
PBS pH 7.6 where Q = 24.7 + 1.0. Compared to other natural hydrogels prepared from
1.2 mg/mL collagen (Q = ~3) or 1-2 % hyaluronic acid (Q = ~7-8) %8, all NT2RepCT
hydrogels swelled 2 to 10-fold more in PBS or DMEM.
5.4.5. Cryo-SEM and FIB-SEM cryofixation technique is critical

Preparing high water content systems for cryo-SEM depends on efficient and fast
freezing to achieve cryo-fixation. Using liquid nitrogen slush (LNS) which is
around -210 °C and small sample volume was hoped to achieve this. However, an
increase in pore size (6-12 um) and rectangular shape of pores was seen in MQ 37 O
hydrogels towards the middle of the hydrogel sample that was frozen in liquid nitrogen
slush. At the edge of the rivet, the hydrogel pores were smaller (1-3 um) and more
circular in shape (Figure 38). Furthermore, a directionality of the rectangular pores
was seen, potentially from the manual cutting and fracturing of the frozen hydrogel
sample by the scalpel in the sample preparation chamber of the SEM. The scalpel was
controlled by a stick on the outside of the chamber, creating a long lever effect and
was difficult to use in a controlled manner.

This difference in pore size is related to slower freezing towards the middle of the
sample in the rivet leading to artefacts and larger pores due to crystalline ice disrupting

the hydrogel structure. This change in pore size was seen for high water content
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alginate hydrogels prepared for cryo-SEM by plunge freezing in LNS. The pore size
increased the deeper into the hydrogel and further away from edge of hydrogel the
images were taken'*® due to hexagonal ice expanding and displacing the alginate
polymer network within the hydrogel. Whereas at the edge of the hydrogel sample,
<20 um depth, efficient heat transfer and rapid freezing formed vitreous ice.
Therefore, the smaller pores at the edge of the rivet are more likely to be close to the
actual hydrogel architecture. Multiple techniques are required to image and analyse
hydrogel pores in their native state since all sample preparation techniques have the
risk of altering the sample. To try to improve the freezing rate, metal mirror (slam)
freezing was employed. Although these cryofixation method operate at liquid nitrogen
temperatures of -190 °C which is warmer than LNS at -210 °C, the thin layer created
by the slam freezer could increase the freezing rate. The metal rivets were 3 mm in

158 maximum. The

diameter and vitreous freezing only occurs within the first 20 um
slam freezer creates a layer ~0.5 mm thick which is the height of the plastic ring used
to hold the sample. A comparison of cryo-SEM using slam freezing was not performed
as FIB-SEM was favoured although this comparison should be performed Due to the
cryo-SEM being in high demand to maximise the bookable slots available, FIB-SEM was
used to visualise the metal mirror (slam) frozen MQ 37 O hydrogel. During the water
sublimation process a porous network was revealed with larger pores seen at the end
of the sublimation process (Figure 39). Voids containing subliming water were dark
grey to black and areas of hydrogel were light grey to white. The milled area was not
coated in conductive platinum and therefore the high energy electron beam likely
charged the area and caused local structural collapse and secondary pores through
freeze-etching®®. FIB-SEM has been previously used to successfully visualise pores of

a hydrogel over 20 minutes sublimation although the type of hydrogel and its

formation were not discussed®. The pore sizes revealed in the initial 15 minutes of
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the sublimation process and at the end were smaller than those seen in LNS
cryofixation SEM which ranged from 1-3 um with no nanometer scale pores. Due to
the intensive sample preparation process required and low throughput nature of cryo-
SEM, high vacuum SEM and eSEM were utilised to try to visualise the pores of

NT2RepCT hydrogels.

5.4.6. High vacuum SEM of the opaque hydrogels porous
structure

The opaque hydrogels formed in MQ water, 20 mM tris pH10 at 37 °C and 40 °C
were crosslinked with 1 % (v/v) GA (MQ 37 O 1GA, t10 37 O 1GA and t10 40 O 1GA) to
stabilizeand chemically fix their internal architecture and were therefore swollen
ahead of freezing and lyophilisation. Non-crosslinked opaque hydrogels were not
analysed by SEM since these were not taken forward after swelling experiments.

MQ 37 O 1GA had a greatly different morphology compared to non-crosslinked
MQ 37 O analysed by cryo-SEM with minimal porous structure observed (Figure 40).
This could be an artefact of GA crosslinking or plunge freezing in liquid nitrogen. Both
110 37 O 1GA and t10 40 O 1GA appeared similar in the captured SEM images with
interconnected pores between 1 and 20 um. Areas of crystalline ice were present in
the hydrogels due to inefficient freezing with liquid nitrogen plunge freezing.
Furthermore, lyophilisation at -60 °C and 0.1 mbar might have caused any vitreously
frozen ice to change to a crystalline polymorph of ice upon heating®®8. Interestingly,
no fibrillar structure was seen in MQ 37 O 1GA, t10 37 O 1GA or t10 40 O 1GA but was

seen in MQ 37 T 1GA and CAPS10 1GA as discussed in the following section.

5.4.7. Artefacts and secondary pores in non-crosslinked
transparent hydrogels

The transparent NT2RepCT hydrogels MQ 37 T and CAPS10 porous structure was
examined initially non-crosslinked using high vacuum SEM. A comparison of liquid

nitrogen plunge freezing and metal mirror (slam) freezing was performed on the PBS
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swollen hydrogels before lyophilisation and sputter coating. Large, crystalline ice
honey-comb pores were seen in addition to cracks and tears in the plunge frozen MQ
37 T and CAPS10. There were some areas of smaller pores close to the surface, but
these were infrequent (Figure 41). The swollen MQ 37 T and CAPS10 had high swelling
ratios (Q) of 60-100 % and were soft with Young’s modulus less than 1 kPa (discussed
in the materials characterisation section 6.4.2). This combination of factors is more
likely to be susceptible to artefacts and crystalline ice formation which pushes aside
the hydrogel material, creating pores®!8, |n plunge freezing a chunk of swollen
hydrogel was frozen and took 1-2 seconds to freeze. Metal mirror (slam) freezing was
then investigated on the same PBS swollen, non-crosslinked hydrogels MQ 37 T and
CAPS10. Interestingly, although MQ 37 T was torn and fractured due to the freezing
and lyophilisation process, it had very fibrous in structure with lots of crossed fibrils
(Figure 42 A), similar to those seen in collagen hydrogels'®¥17° or silk fibroin-4RepCT
silk mats®. A textured surface was also seen in CAPS10 metal mirror (slam) frozen
although to a lesser extent than MQ 37 T. The presence of fibrils in MQ 37 T could be
explained by the unfolding of the CT dimer into B-amyloid like fibrils at pH 5.5 and
below and the slam freezing process introduces compressional force into the sample,
deforming it to the shape of the ring. Fibres are formed in NT2RepCT at acidic pH and
with shear force? which is a directional force not compressional. Since the same fibril
structure was not seen to the same extent in CAPS10, pH of gelation could be a factor,
although the CAPS10 hydrogel sample was not as thin in the plastic ring as MQ 37 T
and no tears were seen. In a hydrogel prepared from B-lactoglobin, fibrils were
expected due to a similar unfolding to amyloid like fibrils seen in NT2RepCT and were

only seen with efficient freezing!’*.
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5.4.8. GA crosslinking in SEM/eSEM

To improve the mechanical properties and minimise artefact formation*®, the
transparent hydrogels MQ 37 T and CAPS10 were crosslinked with 1 % (v/v) GA. If
crystalline ice did form, it was hoped that stronger crosslinks within the hydrogel could
minimise the damage caused, although ice is very destructive and can damage
concrete!’?, Glutaraldehyde (GA) chemical fixation has been used in eADF4(C16)
hydrogels before freezing at -80 °C and lyophilisation for SEM although in all images,
crystalline ice was present with a typical honey-comb structure but to a lesser extent
as the concentration of eADF4(C16) increases which in turn increases the crosslink
density and stiffness!'2. Crosslinking of alginate scaffolds with GA before SEM altered
the surface morphology creating a smoother appearance over 24 hours and no
crystalline ice was seen?”,

Overall, for the 1 % (v/v) GA crosslinked hydrogels MQ 37 T 1GA and CAPS10 1GA
across the two SEM techniques and three SEM sample preparation methods both
hydrogels had an extensive and interconnected porous structure. However, a wide
range of pore sizes were seen and therefore artefacts were not eliminated. High
vacuum liquid nitrogen plunge freezing SEM showed the most crystalline ice compared
to eSEM. This finding contributes to the evidence that liquid nitrogen plunge freezing
is not an efficient freezing method due to the Leidenfrost effect, despite it being used
extensively in the literature for the SEM imaging of hydrogels**”17%, Low vacuum

156 and

eSEM operates at -18 °C which leads to freeze-etching of the hydrogel surface

irreversible changing of amorphous ice to a crystalline polymorph.
Interestingly, in the high vacuum SEM images fibril like structures were seen inside

the pores of both MQ 37 T 1GA and CAPS10 1GA and throughout the entire lyophilised

hydrogel (Figure 43). More investigation is needed to conclude whether the fibrils are

an artefact of sample processing or are native structures. Atomic force microscopy can
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been used to monitor fibril formation in hydrogels'’>128, Formation of nano-fibrils is
not out of the question for NT2RepCT hydrogels and is seen at the air-liquid interface
of solutions of the recombinant spidroin 4RepCT’%'77, 4RepCT shares the repetitive
domain with NT2RepCT although 4 repeats not 2 and contains the CT from E. australis
which contains a disulphide bridge. Fibrils have not been seen in other reported
recombinant spider silk hydrogels.

To compare the hydrogel architecture seen in MQ 37 T 1GA and CAPS10 1GA high
vacuum SEM, environmental SEM (eSEM) was employed. This technique can image
samples in their hydrated state leading to more accurate representations.
Furthermore, no coating or sample preparation is needed. However, as with cryo-SEM
this technique is low throughput with only one sample being able to be analysed in
the eSEM at a time. Additionally, the resolution is much lower than cryo-SEM or SEM
which operate under vacuum as presence of water vapour and nitrogen in the sample
chamber to control hydration state interfere with the electron beam %4,

In the native, hydrated state both MQ 37 T 1GA and CAPS10 1GA showed smooth
surfaces with minimal texture and no pores visible (Figure 46 A & D). It is possible that
the hydrogels form with a film around the entire outside surface but this smooth

156 since surface pores became visible in

surface observation is likely a layer of water
the in situ lyophilisation process.

The only pore sizes seen in in situ lyophilisation eSEM were 4-30 um with no sub
1 um pores seen as in low vacuum eSEM and high vacuum SEM. The freezing
temperature in this process was -10 °C and then reduced to -18 °C with water vapour
and pressure controlled to prevent instant lyophilisation. In MQ 37 T 1GA, the pores
are less regular in shape than CAPS10 1GA in addition to being more numerous and

having thinner pore walls (Figure 46 C & F). If these pores are artefacts, then due to

the reduced material properties of MQ 37 T compared to CAPS10 (material properties
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are discussed in the following chapter) CAPS10 was likely able to resist secondary pore
formation more than MQ 37 T. Another factor could be the initial hydrogel structure
before 1 % (v/v) GA crosslinking. If MQ 37 T contains more nano-fibril structures due
to unfolding of the CT into B-amyloid like fibrils compared to CAPS10, these small pores
between fibrils could be smaller and more numerous than pores in a primarily alpha
helical protein secondary structure at pH 10. Therefore when ice crystal formation
does occur, there are more nucleation points and more water containing pores to be
filled with crystalline ice, pushing the pore walls aside®*. This difference in pore wall
thickness was not seen in high vacuum SEM or in the smaller pores in the low vacuum
eSEM therefore it could also be due to differences in hydration state between the two
hydrogels.
5.5. Summary of swelling behaviour and SEM analysis

As expected, the different hydrogels formed in Chapter 4 showed different swelling
characteristics and morphologies in SEM analysis. The opaque hydrogels MQ 37 O, MQ
400,t7370,t7 400, t1037 O and t10 40 O dissolved in DMEM and PBS at 37 °C and
were therefore not suitable for further experiments involving these phycological
buffers. However, these hydrogels could swell in MQ water and DMEM at 20 °C. The
opaque hydrogels MQ 37 O and t10 40 O showed opposite swelling behaviour in MQ
water and DMEM at 20 °C. This swelling behaviour is because of increased or
decreased electrostatic repulsion within the hydrogels leading to altered
hydrophilicity and water entry. In t10 40 O swollen in MQ water the electrostatic
repulsion within the hydrogel is higher than MQ 37 O and therefore t10 40 O swells
significantly more. However, in DMEM MQ 37 O swells more due to the ionic shielding
occurring in t10 40 O and the increased negative charge in MQ 37 O as pH>pl. This is

a good example of how gelation conditions can affect hydrogel behaviour and
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illustrates the potential for smart hydrogels that alter their behaviour in response to a
stimulus.

GA crosslinking was used to improve the swelling behaviour of the opaque hydrogels
with an increase in swelling seen in MQ water compared to the non-crosslinked. This
chemical crosslinking prevented hydrogel dissolution at 37 °C exemplifying the
increased strength of crosslinking.

In the previous chapter, Chapter 4, it was discovered that NT2RepCT hydrogels with
high light transmittance and slower gelation times were formed the closer the pH was
to pH 10. This pH dependence also affects hydrogel swelling. The swelling ratio (Q) of
NT2RepCT hydrogels increased the closer the pH of gelation was to pH 10. The
transparent hydrogel CAPS10 swelling ratio Q in MQ water at 20 °C was 307 % higher
than the opaque hydrogel t10 40 O. A higher swelling ratio was also seen in the
transparent hydrogel MQ 37 T compared to MQ 37 O indicating a relationship between
light transmittance and swelling.

Hydrogel morphology was assessed by four different SEM techniques and five
sample preparation methods to reduce the impact crystalline ice artefacts. Cryo-SEM
and FIB-SEM of the opaque NT2RepCT hydrogel MQ 37 T revealed an interconnected
porous network. However, artefacts and crystalline ice were created in the sample
preparation although less so in metal mirror (slam) freezing.

High vacuum SEM revealed inter-connected porous networks in the opaque 1 %
(v/v) GA crosslinked hydrogels MQ 37 O 1GA, t10 37 O 1GA and t10 40 O 1GA. The
images of the non-crosslinked MQ 37 T and CAPS10 hydrogels did not reveal any
porous structure in either plunge freezing or metal (mirror) slam freezing. Therefore,
1 % (v/v) GA crosslinking was used to preserve hydrogel porous architecture in MQ 37
T and CAPS10. Extensive fibril like structures were seen throughout MQ 37 T 1GA and

CAPS10 1GA but were not present in MQ 37 O 1GA, t10 37 O 1GA or t10 40 O 1GA.
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These fibril structures were also not seen in the eSEM imaging of MQ 37 O 1GA and
CAPS10 1GA suggesting they may be an artefact of sample preparation.

It was found that crystalline ice and artefacts could not be avoided but they could
be mitigated. The most commonly used high vacuum SEM sample preparation
technique of plunging in liquid nitrogen created extensive honey-comb crystalline ice
artefacts and secondary pores in all hydrogels.

Low vacuum eSEM metal mirror (slam) frozen and in situ lyophilisation eSEM of
MQ 37 T 1GA and CAPS10 1GA revealed extensive porous networks. Low vacuum
eSEM of MQ 37 T 1GA and CAPS10 1GA metal mirror (slam) frozen showed small sub
1 um pores and pores 2-9 um. In situ lyophilisation of MQ 37 T 1GA and CAPS10 1GA
did not show sub 1 um pores but revealed an extensive inter-connected crosslinked
porous network.

Although all the SEM analysis revealed porous networks, it is unwise to draw too many
conclusions from the results. Differences in pore morphology were seen between the
1 % (v/v) GA crosslinked opaque hydrogels and the transparent hydrogels but the
effect of GA crosslinking on the hydrogel architecture is unknown.

The following chapter discusses the mechanical characterisation by compression
testing and rheology of the 1 % (v/v) GA crosslinked opaque hydrogels MQ 37 O 1GA,
110 37 O 1GA and t10 40 O 1GA and the non-crosslinked transparent hydrogels

MQ 37 T and CAPS10.
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6.Young’s modulus and rheology (Materials
characterisation Part B)

6.1. Introduction

This chapter is the second part of the characterization of NT2RepCT hydrogels
focusing on their material properties and resistance to stress and deformation.
Analysis of Young’s modulus is performed with compression testing and rheology is
used to investigate the hydrogel’s flow after deformation. The effect of gelation pH
and temperature on the NT2RepCT hydrogel’s material property is discussed.

6.1.1. Mechanobiology

Many human tissue cells, except for red blood cells and cells of the immune system,
do not survive in a suspension or in a fluid, they require a matrix to not only attach to,
but to receive signals from. They adhere to and additionally pull on their surrounding
environment, whether this is other cells or the extracellular matrix (ECM). These
actions can affect cell morphology via the cytoskeleton, processes within the cell and
morphology of ion-channels’®17°, Therefore, it is not only cell signals that affect how
cells behave, but their environment too. In order to culture cells in vitro as close to
physiological conditions as possible, it is important to create artificial cell matrices that
reflect the ECM in terms of stiffness and attachment points€°,

In addition to the ECM material properties influencing intracellular processes in
differentiated cells, it can also determine the fate of undifferentiated naive cells.
Undifferentiated mesenchymal stem cells (MSCs) cultured on 2D collagen coated
polyacrylamide (pAA) hydrogels of different stiffness as measured by the Young’s
modulus (E), committed to neuronal, myoblast or osteoblast differentiation
depending on E of the matrix. MSCs cultured on hydrogels with E of 0.1-1 kPa
underwent differentiation to neuronal cells, when E was 8-17 kPa they became

myoblastic and when E was 25-40 kPa they differentiated to osteoblasts®!. The

117



stiffness ranges of were chosen to reflect the Young’s modulus of brain tissue, muscle
and stiffer collagenous ECM. Culture media could alter to a certain degree the fate of
the MSCs but soluble growth factors in addition to matrix stiffness was the driving
factor for differentiation.

When comparing 2D and 3D cell culture, the extra dimension adds a layer of
complexity and further reflects in vivo. The relationship between matrix stiffness and
cell morphology/differentiation is not linear as in 3D cultures the cells are limited by
their ability to push back and deform against the matrx®2,

Comparing hydrogels with another biomaterial, sponges showed differences in cell
morphology. Sponges have larger and more interconnected pores than hydrogels!®,
allowing faster rates of diffusion. The extracellular environment impacts the cell
morphology and phenotype, altering the cytoskeleton and cell proliferation. In a
comparison between chitosan sponges and hydrogels, chondrocytes adopted
different shapes depending which matrix they were cultured in. Chondrocytes
cultured in the large porous, hard environment of the sponges adopted spindle shape,
whereas those cultured in the hydrogel were round. Additionally, the cells cultured in
the sponges distributed unevenly in small clusters as compared to in the hydrogel
where they distributed homogenously®,

Characterizing an implanted biomaterial’s material properties is also important for
drug delivery as they can act as both a scaffold and a drug delivery platform.
Understanding the limits of the material and how it will respond to pressure from its
surrounding environment ensures it will not fracture or collapse, releasing a large
concentration of loaded drug due to increased surface area. Furthermore, matching
material properties of the implanted biomaterial, with the surrounding tissue ensures

no mismatch!®*1% which can exert undue stress and pressure on these tissues. This

can lead to scarring, injury and patient discomfort?.
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6.1.2. Young’s modulus

The stiffness and elasticity of biomaterials are important properties to characterise
since they will affect material handling, tissue compatibility and potentially the
responsiveness to stimuli. Young’s modulus E (Pa) or the elastic modulus is a measure
of the materials resistance to elastic deformation under load. It is a measure of
stiffness. E relates force per unit area (stress) to proportional deformation (strain)

along a single axis (Figure 50) and is calculated by Equation 9, Hooke’s law.
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Equation 9: E = =
AAL

g
&

INISNE

Hooke’s law where ¢ = uniaxial stress, € = strain, F = force (compression or
extension), A = cross-sectional surface area perpendicular to the applied force, AL =

change in length (positive if extension and negative if compression), Lo = original

length.
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Figure 50: From D. Lee et al.'®>. Measurement of elastic moduli by compression.
Deformation of sample under compressive force F. applied along one axis
perpendicular to A. A =cross sectional sample area, Ho = original sample height, H =
sample height after compression. Wy = original sample width, W = sample width after
compression. The height of the sample decreases whilst the width increases under
compressive force. The normal stress (o) and strain (€) of the sample are defined as o

=F./A and € = (Ho-H)/Ho.
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Experimentally, Young’s modulus can be calculated from the initial linear portion
of a stress vs strain curve which can be from compression or extension of the
material. In compression it represents how much the material will deform before
plastic/permanent deformation, non-reversible shape change, occurs under
compressive load. On the stress vs strain curve this is where the response is no
longer linear and is called the yield point or yield strength. After this point the
material with either distort until it is flat and completely compressed or will deform
until it breaks.

186 at

The Young’s modulus of tissues in the body varies from very stiff bones
20-40 MPa to very soft neuronal tissue!®” at 100-400 Pa (Table 10). The Young’s
modulus of a hydrogel can be controlled, much like swelling ratio, by monomer
concentration and degree of crosslinking. Increasing the concentration of eADF4(C16)
silk protein from 3 to 7 % (w/v) led to a 200-fold increase in Young’s modulus of the
hydrogels'?2. Additionally, ruthenium catalysed chemical crosslinking of these
hydrogels with APS further increased the Young’s modulus 3-fold compared to the
non-crosslinked. The authors suggested that increasing the protein concentration and
introducing chemical crosslinking decreased mobility of nanofibrils within the
hydrogel leading to an increased stiffness of the network!'?. This large range, 0.2-110
kPa, of Young’s moduli meant that eADF4(C16) hydrogels have been utilised for
different applications from bioprinting to 3D cell culture®. Silk fibroin hydrogels
formed by sonication showed a linear increase in Young’s modulus as the protein

) 126

concentration was increased from 1 to 8 % (w/v) **°. While all hydrogels formed had a
Young’s modulus in the range of neural cells and tissues the authors suggested that a
hydrogel that was too soft would lead to quicker diffusion of growth factors which led

to reduced growth factor immobilisation which negatively affected neurite outgrowth.

However the findings showed that this applied in a small range of stiffness, as the 8 %
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(w/v) hydrogels supported less neural outgrowth than the 4 % (w/v) in their in vitro
experiments'?,

Compared to natural hydrogels, synthetic hydrogels generally show more
favourable material properties including larger Young’s modulus®®. This is related to
the strong covalent crosslinking involved in synthetic hydrogels, since physically
crosslinked, natural hydrogels rely primarily on weak intermolecular interactions and
hydrogen bonding. Furthermore, the pore size and crosslink density can be more
controlled in synthetic hydrogels creating a homogenous material and ability to
increase the Young’s modulus without the need to increase monomer concentration
as is the case with protein hydrogels. A 4-arm PEG crosslinker was added to PEGDA
hydrogels leading to an increased local crosslink density which increased the Young’s
modulus by 1.7-fold to 400 kPa'®®. The Young’s modulus also increased 10-fold to
3500 kPa by reducing the molecular weight of the PEGDA from 10 kDa to 3.4 kDa. This
increase in Young’s modulus was caused by a smaller mesh size in the lower molecular
weight PEGDA which is equivalent to the chain length between crosslinks*°.

Polyethylene glycol (PEG), poly(2-hydroxyethyl methacrylate) (polyHEMA) and
poly(acrylamide) (PAAm) are commonly used materials for synthetic hydrogels used
in biomedical applications'®. Hydrogels for biomedical applications must be
biocompatible and while PEG and polyHEMA are, PAAm monomers are cytotoxic'®®.
Natural protein hydrogels have the added benefit of a morphology and topology that
is more like the ECM than synthetic hydrogels and can be easily functionalised with
integrin binding sites. Furthermore, protein hydrogels are often more biodegradable

than synthetic hydrogels.
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Table 10: Young’s modulus (kPa) of tissues in the body and published hydrogels

Material Young’s modulus Ref
(kPa)
Bone (cortical) 20-40 x10° 186

Skin 1.28-1.03 x10° 192

Nerve 150-300 184

Soft cartilage 100 187

Heart 10-15 193

Brain 0.1-0.4 187

Fat 0.017 187

Matrigel™ (at 37 °C) 0.45 194

1.2 mg/mL type-1 collagen hydrogel 0.3 168

1 % (w/v) HA (>1.2 MDa) hydrogel 0.1 168

1-8 % (w/v) silk fibroin hydrogels 4-33 126

eADF4(C16) 3-7 % (w/v) hydrogel 0.2-110 140

crosslinked/non-crosslinked

R4C and R48 N. clavipes spider silk CT and resilin 0.1-1 130
hydrogels

Composite PEG and Hyaluronic acid UV- 1-12 102

crosslinked hydrogels
Collagen-polyacrylamide interpenetrating 12-32 195

network hydrogels
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6.1.3. Rheology

Another method of hydrogel characterisation is rheology which analyses a materials
flow after deformation (change in size or shape of material) from shear force (force
applied perpendicular to materials surface) (Figure 51). The hydrogel sample is placed
between two parallel plates and sinusoidal shear force is introduced by rotation of the
upper plate at a certain frequency of oscillation. This creates shear deformation within
the hydrogel material as the top section moves past neighbouring sections within the
hydrogel. The applied stress is called shear stress T and is equal to the shear force Fs
which has units of N, divided by the shear area A which has units of m? giving shear
stress T with the units Pa (Equation 10).

Fs (N) _
A@m?) P

Equation 10: Shear stress T =
Shear strain (y) is quantified by the angle (6) (Figure 51). If 8 is small, then y can be
calculated by the ratio between the lateral displacement of the hydrogels top surface

(L) to the height of the hydrogel (Ho) and therefore this unit is dimensionless and is

often represented as a percentage (Equation 11).

. L
Equation 11: Shear strain (%) y = —
0
|«~L>+
, ey —=F,
Ho| lo/

Figure 51: Deformation of a hydrogel by shear force (Fs) The bottom of the hydrogel
is fixed whilst the top is displaced by length (L) in the direction of shear force (F;). The
height (Ho) remains the same throughout the shear deformation. The angle (6) is used
185.

to calculate shear strain. Diagram from D. Lee et. al.
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Due to the rotational oscillation of the upper plate, shear strain when plotted against
time is a sine curve, with amplitude ya. The counter force in the lower plate is also
measured and this is called the shear stress (t). When the angle 6 is small, i.e. there is
only small deformation to the hydrogel, shear stress is also a sine curve when plotted
against time, with amplitude ta. In a hydrogel, which is a viscoelastic material there is
a delay between the movement of the upper plate, the shear strain sine wave, and the
response from the lower plate, the shear stress sine wave, putting them out of phase
(Figure 52). The phase shift is called 6 and is 0° for an ideally elastic material and 90°
for an ideally viscous flowing material and between these two extremes for a
viscoelastic material such as a hydrogel. The complex shear modulus G* is the
difference between the amplitude of the shear stress ta and the amplitude of the shear
strain ya sine curves (Equation 12) and describes the entire viscoelastic behaviour of

the material.

T
Equation 12 Complex modulus G* = y—A
A
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Figure 52: (Left) For a viscoelastic material, the sine waves of shear strain y (black)
and shear stress T (blue), show a phase shift of the angle & due to the time lag between
the applied strain and measured stress response. (Right) A vector diagram of G*

complex modulus of viscoelastic response.
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By plotting G* as a vector and then placing the phase angle shift 6 below it, this
signifies the position of the x axis and then the y axis is drawn perpendicularly up from
the x axis (Figure 52) . The portion of the G* complex modulus vector is projected along
the x axis is termed the storage modulus G’ (Pa) and represents the elastic portion of
the modulus response. The portion of G* vector that is projected onto the y axis is the
loss modulus G” (Pa) which is the viscous portion of the viscoelastic response. G’ is the
energy stored within the hydrogel system. The deformation induced by shear stress
stretches and elongates the internal polymer structure of the hydrogel creating elastic
potential energy and when the stress is removed this energy is used to bring the
polymer chains back into their original shape. G measures the viscous component,
i.e. the liquid in the system. It is a measure of the friction caused within the hydrogel
during deformation. Friction creates heat and this heat energy dissipates throughout
the system and is lost. Hydrogels are characterised in rheology by G’>G”’ which is due
to the crosslinks that prevent the hydrogel structure from dissolving which means
there is a greater contribution to G* from the elastic component than the viscous
component.

Typically small amplitude oscillatory shear (SOAS)**° rheology is used for hydrogels
and the storage and loss modulus are investigated within the linear viscoelastic (LVE)
region. Within this region the deformation is not permanent to the system and it can
recover within the time scale of the next measurement. The moduli in the LVE region
are independent of the amplitude of deformation. The most common rheological
experiments to characterise hydrogel behaviour are time sweeps, frequency sweeps
and strain sweeps®®. Time sweeps analyse the stability of the hydrogel over time at
constant strain and frequency. They can be used to analyse the equilibrium modulus
and monitor the solution to hydrogel (sol-gel) transition as the elastic behaviour

increases and then dominates leading to G’>G”. Strain sweeps are performed at a
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constant frequency but throughout a range of strain (amplitude of oscillation). By
monitoring G’ and G”, the yield point and flow point can be determined by the end of
the LVE region®®. These provide information about the limits of the crosslinking, at
what strain the crosslinks will begin to break and at what strain the hydrogel will show
more viscous behaviour and flow. Frequency sweeps are performed at constant strain
but over a range of frequencies (speed of oscillation) and provide information about
the frequency dependence of the moduli. At low frequencies this simulates slow
motion on long time scales or the material at rest, whereas high frequencies simulate
fast motion on short time scales.

Rheology was used to assess the change in material properties of silk fibroin
hydrogels which had tyrosine residues crosslinked by the enzyme horse radish
peroxidase (HRP). By increasing the fibroin molecular weight and concentration, the
storage modulus also increased indicating increased elasticity. It was found that the
hydrogels were all frequency independent and able to withstand strains of up to 100 %
before plastic (permanent) deformation’°. This resistance to plastic deformation at
high strain is unusual in physically crosslinked hydrogels and is likely a result of the
enzymatic crosslinking. Physically crosslinked hydrogels made of agarose, collagen,
fibrin, Matrigel™ or methylcellulose were resistant to deformation up to 10-15 %
strain®®®, Outside the LVE at higher strains, the loss modulus rapidly increased to the
flow point and the storage modulus decreased as the network was fractured and
deformed. The resistance to strain deformation was improved in a free radical
polymerised poly(N-isopropylacrylamide) (NIPAAm) based hydrogel by the addition of
lignin'®® which also increased the range of the LVE region by 10-fold to 100 % strain.
Addition of lignin also improved the storage modulus with respect to increasing
frequency by 4-fold to 4 kPa indicating increased robustness of the crosslinked

network.
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6.2. Materials and Methods

6.2.1. Compression testing

Compression  testing of  NT2RepCT  hydrogels was performed on
a TA.HDplus Texture Analyser (Stable Micro Systems) with a 32 mm diameter
compression upper platen and a stationary lower platen. Hydrogels were cast in 1 mL
flat plunger syringes with removed discharge orifice. The casting setup was sealed with
parafilm. Non-crosslinked, transparent hydrogels MQ 37 T and CAPS10 and GA
crosslinked, opaque hydrogels MQ 37 O 1GA, t10 37 O 1GA and t10 40 O 1GA were
swollen at 20 °Cin PBS pH 7.2 for 24 hours before measurement. The opaque and non-
crosslinked hydrogels MQ 37 O, t10 37 O and t10 40 O were measured non-swollen.
The hydrogel cylinders were sliced into 1.5-2 mm slices with a scalpel and the height
and diameter of each were measured before analysis with a caliper. Unconfined
compression testing was performed at 20 °C. The pre-test speed was 1 mm/s and the
test speed was 0.5 mm/s. The trigger force was set to 0.049 N and strain was 30 %.
Analysis was performed in replicates of 5-8. The Young’s modulus for each type of
hydrogel was calculated from the gradient of the initial linear portion (5-10 % strain)
of each sample’s stress-strain profile using linear regression in Graphpad Prism 7.04.
6.2.2. Rheology

Rheological assessment was performed on an Anton Parr MCR 301 Rheometer with
8mm plate-plate geometry and a gap height of 0.5 or 1 mm. A Peltier hood attachment
was used to prevent sample evaporation and maintain temperature of 37 °C. Strain
sweeps were performed at 1 — 100 % strain at a constant shear rate of 1 1/s. Frequency
sweeps were performed at 0.01-100 1/s with a constant strain of 5 %. Lyophilised
NT2RepCT was reconstituted to 2.4 % (w/v) in either MQ water (MQ 37 T) or 20 mM
CAPS pH 10 (CAPS10), termed the pre-gel solution. Hydrogels were cast in moulds as

previously described. Once formed, the hydrogels (MQ 37 T and CAPS10) were gently
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ejected into 3 mL of PBS and swollen for 24 hours at 20 °C. Strain sweeps and
frequency sweeps were performed on PBS swollen hydrogels Time sweeps were
performed at constant strain of 5 % and constant frequency of 1 Hz on both swollen
and non-swollen NT2RepCT hydrogels. One hydrogel sample was used for each
measurement. Each hydrogel sample was carefully trimmed to size (12 mm to 8 mm
diameter) with a plastic spatula after the chosen gap height was reached. A sample
size of 3 was used for each experimental group. Results shown are averages (n=3)

SD.

6.3. Results

6.3.1. Young’s modulus

The non-crosslinked opaque hydrogels MQ 37 O, t10 37 O and t10 30 O were
compressed non-swollen. The Young’s modulus significantly increased with increasing
pH and temperature of gelation. MQ 37 O Young’s modulus was 298 + 83 Pa whereas
the hydrogel t10 37 O Young’s modulus was 1297 + 266 Pa, an increase of 335 %. The
hydrogel t10 40 O Young’s modulus was 1896 *+ 267 Pa an increase of 46 % compared
to t10 37 O (Figure 53). Unfortunately, the opaque, non-crosslinked hydrogels could
not be analysed swollen in PBS because they were too soft to cut with the scalpel and

did not retain a circular shape or flat surface.
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Figure 53: Young’s modulus of opaque non-swollen, non-crosslinked 2.4 % (w/v)
NT2RepCT hydrogels MQ 37 O, t10 37 O and t1040 O. Measured at 20 °C. (n=5) + SD

(Unpaired students t-test *P<0.01,**P<0.005,****P<0.0001)

Interestingly, the differences in Young’s modulus in the 1 % (v/v) GA crosslinked
opaque hydrogels was not as significant as in the non-crosslinked. The calculated
Young’s modulus (E) for opaque, 1 % (v/v) GA crosslinked hydrogels MG 37 O 1GA and
110 37 O 1GA were similar at 235.6 + 80 Pa and 256.8 + 59 Pa respectively (Figure 54).
The Young’s modulus of t10 40 O 1GA was significantly increased by 77 % to 454.7 +
110 Pa compared to t10 37 O 1GA. Opaque, swollen, 1 % (v/v) GA crosslinked
hydrogels were measured to have a higher Young’s modulus than the non-crosslinked,
swollen, transparent hydrogels MQ37 T and CAPS10 (Figure 55). CAPS10 was
significantly stiffer than MQ 37 T with a Young’s modulus of 211 + 76 Pa and 105 + 53

Pa respectively.
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Figure 54: Young’s modulus of opaque 1 % (v/v) GA crosslinked 2.4 % (w/v)
NT2RepCT hydrogels swollen in PBS for 24 hours. Measured at 20 °C. (n=5) + SD
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Figure 55: Young’s modulus of transparent 2.4 % (w/v) NT2RepCT hydrogels formed
with either MQ or 20 mM CAPS pH 10. Hydrogels swollen in PBS for 24 hours.

Measured at 20 °C. (n=8) + SD. (**P<0.005)

6.3.2. Strain sweeps and frequency sweeps of MQ 37 T and
CAPS10 hydrogels

Strain tests were performed between 1-100 % strain with a constant frequency of
1 Hz to determine the storage (G’) and loss (G”’) modulus in the LVE region and the LVE
limit of MQ 37 T and CAPS10 PBS swollen hydrogels. A comparison of 2 different gap
heights, 0.5 and 1 mm was performed (Figure 56). The LVE in the strain sweeps for MQ

37 T and CAPS10 at 0.5 mm and 1 mm are both in the same range (1-~10 % strain).
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However, the storage modulus G’ of CAPS10 was 136 % greater than G’ of MQ 37 T at

0.5 mm and 1 mm gap height. The loss modulus G”" was 183 % greater in CAPS10 than

in MQ 37 T at 0.5 mm. Though, this increase in loss modulus G’ between CAPS10 and

MQ 37 T was less pronounced at 1 mm gap height at only 123 % (Table 11).

The flow point where G’<G"”, at which the system has more of a liquid component

than a viscous component was greater for MQ 37 T hydrogels than CAPS10. At 0.5 mm

gap height CAPS10 flow point was 21.4 % less than MQ 37 T but at 1 mm gap height

this percentage difference was decreased to 11.1 %.
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Figure 56: Strain sweep of MQ 37 T and CAPS10 hydrogels at 0.5 mm gap height and

1 mm gap height. Hydrogels swollen in PBS pH 7 for 24 hours before measurement.

Measured at 37 °C. Frequency = 1 Hz, strain 0.1-100 %. Closed symbols (G’), open

symbols (G”’) Black = MQ 37 T, Red = CAPS10 (n=3) + SD
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Table 11: Strain LVE storage (G’) and loss (G”’) modulus (Pa) and strain failure point
(% strain) of swollen MQ 37 T and CAPS10 hydrogels at 0.5 and 1 mm gap height. (n=3)

average = SD.

MQ37T CAPS10 % difference

(increase/decrease)

G’ 0.5 mm (Pa) 3259 £ 60 7699 £ 169 +136 %
G” 0.5 mm (Pa) 507 + 61 1439+ 119 +183 %
G’<G” flow point 70 55 -21.4%

(% strain)

G’ 1 mm (Pa) 1560 + 55 3677 +124 +136 %
G” 1 mm (Pa) 288 + 54 643 +79 +123 %
G’<G” flow point 45 40 -11.1%

(% strain)

After the LVE region of strain was determined, frequency sweeps were performed
between 0.1-100 Hz to determine the LVE region of frequency and the frequency
dependence of the storage and loss modulus. A constant strain of 5 % was used as this
was within the LVE for both MQ 37 T and CAPS10 as determined by the strain sweeps.
Again, a comparison of 2 different gap heights was performed, 0.5 and 1 mm.

At both gap heights analysed, MQ 37 T and CAPS10 showed the same moduli
dependence to increasing frequency (Figure 57) but that moduli was of greater
magnitude at 0.5 mm as was the case in the strain sweeps. At low frequencies the loss
modulus G” for both MQ 37 T and CAPS10 was very low and increased as the
frequency increased until 0.2 Hz where G” is approaching G’ before decreasing again
and stabilising at 1 Hz. This was the case for both 0.5 and 1 mm gap height. The storage

modulus G’ slowly increased with increasing frequency up to 30 Hz at 0.5 mm gap
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height for both MQ 37 T and CAPS10 and up to 25.7 Hz at 1 mm. At these frequencies

the viscoelastic behaviour was lost as the loss modulus G” equalled the storage

modulus G’ and as the frequency increased to 100 Hz, G’ rapidly increased and G”

rapidly fell as the hydrogel became elastic.
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Figure 57: Frequency sweep of MQ 37 T and CAPS10 hydrogels at 0.5 mm (Left) and

1Imm (Right) gap height. Hydrogels swollen in PBS pH 7 for 24 hours before

measurement. Measured at 37 °C. Frequency = 0.1-100 Hz, strain 5 %. Closed symbols

(G’), open symbols (G”) Black = MQ 37 T, Red = CAPS10 (n=3) = SD

6.3.3. Assessing viscoelasticity of 1-2.5 % (w/v) NT2RepCT in MQ,
water and at pH 10

To determine the concentration at which hydrogel behaviour could be measured,

i.e. G’ > G”. Lyophilised NT2RepCT was reconstituted in either MQ water or 20 mM

CAPS pH 10 at 1, 1.5, 2 and 2.5 % (w/v). The gelation time was 18 hours at 37 °C. Time

sweeps at constant strain of 5 % and constant frequency of 1 Hz for 60 seconds were

performed on each hydrogel type. The strain and frequency used reflect the LVE region

for MQ 37 T and CAPS10 hydrogels. Additionally, a qualitative assessment of the

physical appearance of the different concentrations examined was performed (Table

12).
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Table 12: Physical appearance of 1-2.5 % (w/v) NT2RepCT in MQ water or 20 mM

CAPS pH 10 after 18 hours incubation at 37 °C

% (w/v) NT2RepCT MQ water 20 mM CAPS pH 10
1 Very soft hydrogel Slightly viscous liquid
1.5 Hydrogel Viscous liquid
2 Hydrogel Soft hydrogel
2.5 Hydrogel hydrogel

All concentrations tested in MQ water formed a hydrogel with the visual rigidity
increasing as the concentration increased. However, for those formed in 20 mM CAPS
pH 10, a hydrogel was only formed at 2 and 2.5 % (w/v) NT2RepCT with viscous liquids
formed at 1 and 1.5 % (w/v) NT2RepCT. The results of the time sweeps reflected this
as typical hydrogel behaviour (G’>G”’) was observed for all concentrations of
NT2RepCT in MQ water but only for 2 and 2.5 % (w/v) for 20 mM CAPS pH 10 (Figure
58). At all concentrations tested, the initial rheological measurements (0-10 s) were
not stable but began to stabilize after this time point, albeit with sinusoidal variation
of G’ and G”” which was more pronounced at the lower concentrations tested. In all
samples, the moduli of MQ water hydrogels was greater than the moduli for those

formed in 20 mM CAPs pH 10.
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Figure 58: Time sweeps of 1-2.5 % (w/v) NT2RepCT after incubation in either MQ

water (MQ) or 20 mM CAPS pH 10 (CAPS pH 10) for 18 hours at °C. Closed symbols =

Storage modulus G’, Open symbols = Loss modulus G”. Black = MQ water, Red =

20 mM CAPS pH 10. Constant strain of 5 % and frequency of 1 Hz, gap height 1 mm,

measured at 37 °C (n=3) + SD

6.3.4. Time sweep of MQ 37 T and CAPS10

A time sweep of MQ 37 T and CAPS10 hydrogels that had been swollen in PBS was

performed at constant 5 % strain and constant frequency of 1 Hz as determined by the

LVE region in the strain and frequency sweeps (Figure 59). As expected, for both

swollen hydrogels, the storage modulus G’ was greater than the loss modulus G”,

indicating presence of a hydrogel. However, the moduli took 5 s to stabilize and the

initial readings had large errors, particularly MQ 37 T although there was no sinusoidal

behaviour. The moduli of MQ 37 T were of greater magnitude than CAPS10.
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Figure 59: Time sweep of MQ 37 T and CAPS10 hydrogel that had been swollen in
PBS for 24 hours. Closed symbols = Storage modulus G’, Open symbols = Loss modulus
G”. Black = MQ water, Red = CAPS pH 10. Constant strain of 5 % and frequency of 1

Hz, gap height 1 mm, measured at 37 °C (n=3) + SD

6.4. Discussion

6.4.1. Overview

The aim of this chapter was to assess the material properties of NT2RepCT
hydrogels, particularly their resistance to deformation. Compression testing was used
to investigate the effects of pH and temperature of gelation and it was found that
hydrogels formed at pH 10 were significantly stiffer than those formed in MQ water.
Rheology was utilized to probe the viscoelastic behaviour of MQ 37 T and CAPS10
hydrogels and evaluate minimum NT2RepCT concentration to show viscoelastic
hydrogel behaviour. Interestingly MQ 37 T hydrogels were found to have superior
storage and loss modulus at constant strain and frequency but CAPS10 hydrogel
behaved more elastically with variable strain.

6.4.2. Alkaline pH of gelation increases hydrogel stiffness

Assessing the Young’s modulus of hydrogels is an important test to carry out when the
intended purpose of the hydrogels is implantation into a body tissue or for culturing
cells. The non-crosslinked, opaque hydrogels MQ 37 O, t10 37 O and t10 40 O were
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only able to be analysed non-swollen and therefore cannot be directly compared to
the swollen 1 % (v/v) GA crosslinked opaque hydrogels or the transparent hydrogels
MQ 37 T or CAPS10. After swelling in PBS 7.2 the non-crosslinked opaque hydrogels
were extremely soft and difficult to manipulate. Attempts to cut the swollen hydrogel
cylinder with a scalpel and transfer to the measuring plate of the compression testing
instrument resulted in crushed, non-uniform shapes which were not suitable for this
type of analysis. Use of atomic force microscopy to measure the Young’s modulus
would be more suited to these samples and is an investigation that should be
performed in the future. The non-swollen opaque, non-crosslinked hydrogels Young’'s
modulus could be increased significantly by changing the gelation buffer from MQ
water to 20 mM tris pH 10. The Young’s modulus and resistance to deformation could
be further increased by increasing the gelation conditions from 37 °C to 40 °C (Figure
53). In the literature often the authors do not specify whether the Young’s modulus is
determined in swollen or non-swollen hydrogels. Since swelling increases the pore and
mesh sizes and depending on the swelling buffer, can increase charge repulsion in the
hydrogel networks, this will clearly affect the material properties.

The measured Young’s modulus for the swollen opaque and GA crosslinked hydrogels
MQ 37 O 1GA, t10 37 O 1GA and t10 40 O 1GA were in the range of 200-500 Pa.
Interestingly, it was only t10 40 O 1GA that was significantly stiffer and more resistant
to deformation (Figure 54). MQ 37 O 1GA and t10 37 O 1GA had very similar Young’s
modulus despite visually appearing to have different stiffness and having significantly
different swelling ratios when swollen in MQ water.

In the transparent hydrogels, increasing the pH of gelation increased the measured
Young’s modulus with CAPS10 having a greater E than MQ 37 T. At pH 10, NT2RepCT
is primarily alpha helical and undergoes little secondary structure conformational

change with increasing temperature as analysed by CD as seen in Chapter 4. The
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differences in Young’s modulus can also be explained by considering the lower
swelling ratio of CAPS10 compared to MQ 37 T in PBS (Figure 37). Furthermore,
CAPS10 hydrogels appear less porous than MQ 37 T hydrogels as imaged by SEM and
eSEM (Figure 43 and Figure 45) which could contribute to the greater resistance to
compression deformation. All the swollen hydrogels examined by unconfined

187 and similar to

compression testing were in the stiffness range of brain tissue
Matrigel™°*, Compared to published silk hydrogels, the NT2RepCT hydrogels had
Young’s modulus in the same range as low concentration eADF4(C16) hydrogels'*® and
hydrogels based on the CT of N. clavipes'*. However, compared to silk fibroin
hydrogels which have a high B sheet content they were softer!?,
Due to the need for GA crosslinking, which is toxic and difficult to remove, the 1 %
(v/v) GA opaque hydrogels were not taken forward for further materials testing or into
assessment of drug delivery capabilities in the following chapter.
6.4.3. Gap height alters hydrogel behaviour in rheology

Rheological analysis of the swollen transparent hydrogels MQ 37 T and CAPS10 was
performed to probe the material properties. Strain sweeps and frequency sweeps
were performed to determine the linear viscoelastic region (LVE) limit. Ideally, a pre-
gel solution is used so that the hydrogel is formed between the plates, therefore the
hydrogel architecture is not compressed and put under stress before rheological
analysis. Pre-formed hydrogels can be analysed by rheology, but care must be taken
to not overly compress and therefore disrupt and potentially destroy crosslinks, pores
and other delicate components. Unfortunately, due to a combination of long gelation
times and presence of a hex-histidine purification tag which temporarily damaged the
copper alloy of the rheometers measuring geometry leaving black residue during long

holds at 37 °C, this was not possible for NT2RepCT hydrogels. This also meant that

gelation kinetics of NT2RepCT hydrogels could not be performed by monitoring the
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growth of G’ from pre-gel solution. A TEV protease cleavage site was introduced
between the hex-histidine tag and NT2RepCT and expressed in high yield but due to
time constraints, no hydrogels were formed from the cleaved, hex-histidine tag free
NT2RepCT. Please see Appendix for expression of TEVNT2RepCT.

An 8 mm diameter flat geometry was chosen due to limited volumes of sample
available and the diameter of the hydrogel casting syringes which were 12 mm. Larger
sample geometries and smaller gap heights are known to give more accurate results
due to increased magnitude of the torque created in measurements. This increased
torque increases the rheometers ability to resolve the phase angle between the stress
and strain waves'®. Two different gap heights were investigated to analyse the
difference in moduli response.

In all experiments on formed hydrogels, as expected G’ was larger than G” within the
LVE limit signifying the presence of a hydrogel. In strain sweep experiments an
arbitrary frequency of 1 Hz was chosen which was later determined to be within the
LVE region in the frequency sweep for both MQ 37 T and CAPS10 hydrogels. In the
strain sweep, both MQ 37 T and CAPS10 showed linear behaviour with constant
moduli as strain was increased between 1 and 10 % strain at both gap heights
investigated. At both 0.5 mm and 1 mm (Figure 56) gap height strain sweep
experiments, CAPS10 was determined to have a larger G’ and G” than MQ 37 T.
Additionally, the ratio between G’ and G” was greater in CAPS10 than MQ 37 T
indicating more elastic character. However, this ratio difference decreased at 1 mm
gap height. In addition to increasing the magnitude of the moduli, the yield point,
increased with a smaller gap height. At 0.5 mm the hydrogels showed greater
resistance to deformation compared to 1 mm. This could be due to increased contact
between the hydrogel sample and the analysis geometry, leading to reduced sample

slippage which can affect the results!®’. However, since the hydrogel was already
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deformed at 0.5 mm the internal structure could be more resistant to deformation
due to increased elastic behaviour due to compression®*® pushing water out of the
pores.

Despite CAPS10 moduli being greater than MQ 37 T, the flow point (G’ = G”) at both
gap heights was at a higher strain for MQ 37 T than CAPS10. This suggests that while
CAPS10 had more elastic character and resistance to deformation the crosslinks were
more brittle. However, at 1 mm gap height, the difference in flow point was less
pronounced between the two hydrogels. The greater storage modulus G’ of CAPS10
can be explained by considering the differences in pore morphology as seen in eSEM
(Figure 45) between CAPS10 and MQ 37 T. The walls between the pores were thicker
in CAPS10 which could contribute to the greater resistance to deformation.

Next, frequency sweeps were performed at 5 % strain which was determined to be
within the LVE limit in the performed strain sweeps. Decreasing the gap height had
less of an impact on the magnitude of the measured moduli than in the strain sweep
experiments. At both gap heights tested, MQ 37 T and CAPS10 hydrogels displayed the
same frequency dependent behaviour of the moduli. The storage modulus G’
plateaued between 0.1 and 25-30 Hz, depending on the gap height, whereas the loss
modulus G” was only stable between 1 Hz and the glass transition frequency. At low
frequencies the loss modulus had large errors due to low torque being generated and
the measurements being below the phase angle separate on detection limit of the

rheometer®®.

6.4.4. Hydrogels form at lower concentrations of NT2RepCT in
MQ water than at pH 10

A further investigation into the lowest concentration to form a self-supporting
hydrogel was undertaken by performing time sweeps. NT2RepCT in either MQ water

or 20 mM CAPS pH 10 at 1, 2.5, 2 and 2.5 % were incubated for 18 hours at 37 °C.
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Previously in Chapter 4 the lowest concentration that passed the inversion test was
2.4 % (w/v) in MQ water after incubation for 16 hours at 37 °Cin glass tubes. Inversion
tests are qualitative and results can vary depending on the tubes dimensions®®¢, This
could explain the difference seen when the hydrogels were cast in plastic syringe
moulds with larger diameters.

Every MQ water NT2RepCT concentration formed self-supporting hydrogels by
visual inspection with the edges of the hydrogel appearing sharper with increasing
concentration. On the other hand, in 20 mM CAPS pH 10 only at 2 and 2.5 % (w/v)
formed self-supporting hydrogels. Viscous liquids were formed at 1.5 % (w/v) and 1 %
(w/v). At 2.4 % (w/v) hydrogels formed in 20 mM CAPS pH 10 had slower gelation
kinetics than those formed in MQ water, taking 6.5 hours to pass inversion test
whereas MQ water hydrogels took 2 hours. Therefore, the presence of CAPS and a
more alkaline pH 10 slows hydrogel formation. It is possible that 1 and 1.5 % (w/v)
NT2RepCT in 20 mM CAPS pH 10 would form a hydrogel but on a longer time scale
than 18 hours. This needs to be investigated.

The time sweeps for all incubated NT2RepCT in both buffers at the concentrations
were unstable until 10-20 seconds into the time sweep with the time to stability
decreasing as the concentration increased. MQ water hydrogels from 1.5-2.5 % (w/v)
NT2RepCT all showed viscoelastic behaviour as G’ was 3-fold greater than G”. The
20 mM CAPS pH 10 hydrogels showed viscoelastic behaviour at 2 and 2.5 % (w/v) but
G’ was only 1.5 to 2-fold greater than G”. In all samples the magnitude of G’ increased
with increasing concentration of NT2RepCT as the resistance to deformation and
elastic character increased with increasing crosslinking. Additionally, the hydrogels
formed in MQ water showed greater G’ and G” than those formed in 20 mM CAPS
pH 10 at all concentrations of NT2RepCT. This increase in G’ is common with increasing

protein concentration40:110:198,125
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Sinusoidal G’ and G” were seen for all samples suggesting that the strain and
frequency selected should be altered in future analysis as these were suitable for PBS
swollen MQ 37 T and CAPS10, which also could explain the low G’ seen. The initial
readings non-linearity and then more linear behaviour suggest that application of the
shear strain and frequency was causing rearrangement of the hydrogel architecture,
creating a more viscoelastic response which was seen less as the concentration

increased.

6.4.5. Swelling in PBS increases the moduli of MQ 37 T and
CAPS10

A comparison time sweep of PBS swollen MQ 37 T and CAPS10 hydrogels was
performed at constant 5 % strain and constant frequency of 1 Hz. There was no
observed sinusoidal behaviour of the moduli over time as seen in the unswollen 1-2.5
% (w/v) NT2RepCT hydrogels.

Interestingly, despite MQ 37 T and CAPS10 hydrogels being formed at 2.4 % (w/v)
and being swollen in PBS, the storage and loss modulus were 2-fold greater than those
measured in the non-swollen 2.5 % (w/v) hydrogels formed in MQ water and 20 mM
CAPS pH 10. The increase in the storage modulus G’ could be explained by increased
contact of the rheometer geometry with the swollen sample and reduced friction due
to a greater volume of water, or from increased charge interactions between chains
due to ionization with components of PBS. At the pH of formation, hydrogels formed
in MQ water contain NT2RepCT that is unfolding to B sheets and at pH 10 NT2RepCT
is still primarily a helical with slight unfolding with increasing temperature.
Introduction of excess PBS pH 7.2 in swelling would increase the pH of the MQ water
hydrogels and decrease the pH of the 20 mM CAPS pH 10 hydrogels. It is not known
what happens to NT2RepCT with changing pH and this is something that should be

investigated in the future. Potentially this change in pH affects NT2RepCT secondary
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structure. The increase in the loss modulus G” is expected since MQ 37 T and CAPS10
were swollen and contained more water to dissipate energy than the unswollen
hydrogels.

Addition of monovalent and bivalent cations included in gelation increased the
material properties of eADF4(C16) hydrogels'*?, The authors suggested that increased
physical crosslinking induced by these cations was responsible. NT2RepCT does not
form hydrogels in the presence of salts as the protein precipitates. However, once the
hydrogel is formed and PBS is added. This improves the moduli suggesting a positive
interaction is occurring increasing the elasticity and resistance to deformation. More
work is required to understand this phenomenon.

6.5. Summary of Young’s modulus and rheology

Examining the material properties of hydrogels is important to understand how the
material will perform and how its resistance to deformation can be controlled.

The opaque hydrogels MQ 37 O, t10 37 O and t10 40 O showed an increase in
Young’s modulus with increasing pH and temperature illustrating how hydrogel
material properties can be tuned. Upon crosslinking with 1 % (v/v) GA the stark
differences in Young’s modulus were reduced possibly due to increased homogeneity
between the hydrogels. However, the hydrogel formed at 40 °C at alkaline pH, t10 40
O 1GA was still the stiffest compared to t10 37 O 1GA and MQ 37 O 1GA.

The same trend was seen in the transparent hydrogels MQ 37 T and CAPS10 with
CAPS10 having a significantly increased Young’s modulus. This gives further evidence
that hydrogels formed closer to pH 10 have superior properties.

Rheology is an important technique in the field of hydrogels since they are
viscoelastic materials. As evidenced here, experimental set up is critical to gaining

accurate readings. The magnitude of the moduli could be increased with a smaller gap
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height due to increased strain in the hydrogel system. It is therefore important to
ensure experimental set up is suitable for the systems being investigated.

CAPS10 hydrogel showed a greater moduli response with increasing strain
compared to MQ 37 T although the flow point was greater in MQ 37 T hydrogels. Both
MQ 37 T and CAPS10 showed the same frequency dependence of the moduli
suggesting that despite the differences in behaviour, they have a similar crosslinking
architecture due to being formed of the same protein at the same concentration.

It was also found that NT2RepCT would form hydrogels at lower concentrations in
MQ water than in 20 mM CAPS pH 10. The minimum concentration to form a hydrogel
as assessed by rheological time sweeps where G’>G” was 2 % (w/v) in 20 mM CAPs pH
10 but 1 % (w/v) in MQ water. This difference could be attributed to the different
protein secondary structure shift and charge state of NT2RepCT in these two buffers.

The opaque and GA crosslinked hydrogels were not carried forward for further
materials testing or as drug delivery systems due to the toxicity of GA. However, GA
crosslinking was utilised to stabilize the extruded hydrogel architecture in high vacuum
SEM as it was in Chapter 5.

The next chapter, chapter 7 discusses MQ 37 T and CAPS10 hydrogels as a drug

delivery system and an assessment of their shear-thinning behaviour is reported.
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7.Drug Delivery

7.1. Introduction

This chapter investigates the application of the NT2RepCT MQ 37 T and CAPS10
hydrogels as a controlled drug delivery system. Their shear-thinning properties and
injectability is examined and the release of two model drug surrogates, Rhodamine B
(RhB) and fluorescein (FAM) is assessed. Conjugation of FAM to NT2RepCT was
explored as a model to improve and prolong drug release from the hydrogel.

7.1.1. Local drug delivery systems (DDS)

Compared to conventional, systemic drug delivery such as intravenous (IV) injection
and oral routes, local drug delivery systems (DDS) reduce the risk of side effects and
systemic toxicity as the drug is delivered directly to the site of action. This means a
lower concentration can be administered to achieve a therapeutic effect as there is
minimal distribution throughout the body, contrast to the distribution of IV and oral

drug administration!®

. Additionally, conventional routes often require repeated
doses, and this can lead to reduced patient compliance.

Hydrogels are an emerging class of local drug delivery systems?® due to their
tuneable characteristics, hydrophilicity and swelling ability. This allows encapsulation
and delivery of hydrophilic drugs, cells and other bioactive components and
therapeutic agents into the body. Furthermore, hydrogel material properties can
mimic ECM making them suitable for implantation. Other types of DDS include films®,

201 202

particles , nano-particles?®, foams2%* and fibres?®.

7.1.2. Hydrogel DDS applications and targets

Hydrogel DDS are suitable for many different applications and targets, from
athritis?®, cancer therapy?®’, growth factor delivery®®, wound care?®, infectious
disease treatment?!® to ophthalmic care?!. It is important that the material used for

the hydrogel is non-immunogenic, biocompatible to the specific tissue, has favorable
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mechanical properties and is biodegradable, so that surgery is not required to remove
the hydrogel DDS. The biodegradation rates should be in line with new tissue growth.
There are many published journal articles on recombinant protein hydrogel DDS,
however very little progress on commercialization of these materials has occurred due
to high cost of production?!2. Most on-market hydrogel DDS are made from either
synthetic and biocompatible polymers such as polyethylene-glycol (PEG) or polyvinyl
alcohol (PVA), polysaccharides (alginate, cellulose or hyaluronic acid) or from ex vivo
collagen and gelatin®®. The materials often used have decades of research behind
them and have been extensively tested for safety and are FDA approved which can be
a barrier for new biomaterials. However, there is need for innovative hydrogel DDS
made of new biomaterials such as spider silk which is non-immunogenic,
biodegradable and a diverse material that can be functionalised.
7.1.3. Controlled release

Drug delivery systems such as hydrogels often have multiphasic release of the drug.
Upon placement into the body or diffusion buffer there is an initial fast rate of release
termed ‘burst release’ where a significant percentage of loaded drug moves out of the
hydrogel, followed by a slower rate of release as the system stabilizes. Burst release
can have negative consequences as an initial higher dose of the drug is released,
potentially leading to side effects as the local systemic toxicity threshold is reached.
Additionally, burst release reduces the effective lifetime of the controlled delivery
device and can require more frequent administrations. Burst release is also
disadvantageous if the drug to be delivered has a short-half-life In vivo and rapid
clearance from the body, leading to wasted drug and a higher cost?'*. However, burst
release can be beneficial depending on the application and drug used. Rapid pain relief
and wound treatment can benefit from initial burst release to quickly reduce pain,

followed by a slower release to maintain and support gradual healing of the wound?*4,
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In cases where rapid release of the drug would have negative consequences, a slower
and more sustained release profile is desirable. Therefore, there has been significant
effort to control the release of drugs from hydrogel systems!® and to have sustained
release over a long time period. Burst release of the model drug rhodamine B was
controlled in Bombyx mori hydrogels by addition of silk nanoparticles?'>. Another
method for controlling burst release is surface diffusion control, using a less
permeable film to coat the hydrogel®®®.

The mechanism of release of a physically encapsulated drug within a hydrogel
network is diffusion based and is greatly controlled by steric hindrance due to the ratio
between the drug and the hydrogel mesh size which is the space between the polymer
chains (Figure 60). One method of decreasing hydrogel mesh size is by increasing the
monomer concentration. The release rate of BSA from recombinant spidroin
eADF4(C16) hydrogels was decreased by increasing the concentration of eADF4(C16).
BSA release was decreased from ~100 % release after 10 hours at 3 % (w/v)
eADF4(C16) to ~40 % release at 5 % (w/v) eADF4(C16)%.

A loaded drug that is smaller than the mesh size will have a quicker rate of release
with fast diffusion out of the network than a drug that is about the same size as the
mesh size which will be affected by steric hindrance. If the loaded drug is larger than
the mesh size, for example a large biomacromolecule, which will be effectively
immobilised in the hydrogel network. Release of this drug will be as a result of either
hydrogel network degradation by the local environment, by swelling of the hydrogel
which will increase the network pore size, or by deformation of the network physically
pushing out the drug?'’. Degradation of the hydrogel network and swelling can be
tuned by the factors in hydrogel design, such as presence of protease cleavage sites,

monomer concentration and crosslinking density.
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the hydrogel mesh size and the drug size?!”. Drugs smaller than the mesh size have fast
rates of diffusion. Diffusion rate decreases as the drug size increases as steric
hindrance becomes more important. Dashed lines show the path of the released
drugs.

Other rate controlling processes?®

in hydrogel drug delivery systems are the
heterogeneity of pore structure and changes in pH which influence hydrogel-drug
interactions, as strong adsorption of drug molecule to hydrogel network will decrease
rate of release. Minimal stirring or movement of the surrounding media leads to an
undisturbed, higher concentration of drug surrounding the hydrogel which inhibits
further release of the drug from the hydrogel into the media?Y’. Stirring or constantly

refreshing the media then this can speed up drug release due to improved sink

conditions better representing the in vivo environment. Temperature can also affect
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release rate, not only due to increased random movement of particles but changes in
swelling in stimulus responsive hydrogels.
7.1.4. Stimulus responsive ‘smart’ hydrogels

Disease states can elicit changes in pH and temperature within the body, for
example acidic pH in the extracellular tumour environment or wounds and increased
temperature of infection®>3. Additionally, different tissues and organs in the body exist
at different physiological pH for example the stomach, the gastrointestinal tract and
the blood. Hydrogels that are stimulus responsive can change their swelling ratio and
therefore volume and pore size in response to its local environment pH or
temperature. This leads to changes in drug release rate allowing controllable and
targeted release.

Drugs can either be physically entrapped in the hydrogel network or covalently
bound to it. Diffusion of physically entrapped drugs out of the hydrogel network can
be controlled by environmental pH and temperature changes, whereas release of
covalently bound drugs can be controlled by light or presence of certain enzymes
which will break down the hydrogel network or cleave a labile bond releasing the drug.

Hydrogels that show increased/decreased swelling in response to pH are due to
ionisable groups within the hydrogel network polymer. In the case of protein
hydrogels, the proteins isoelectric point (pl) dictates the swelling response with
reduced swelling at pH = pl and increased swelling at pH less than or greater than pl
due to increased electrostatic repulsion®®, A chemically crosslinked hydrogel formed

of chitosan and sodium alginate**

showed pH sensitive release of BSA with greatly
reduced cumulative release at pH 1.2 than pH 7.4. This was due to significantly
increased swelling at pH 7.4 compared to pH 1.2 which increased pore sizes reducing

the steric hindrance and allowing BSA to diffuse out of the hydrogel. This altered

swelling and therefore drug release would allow an orally administered hydrogel to
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have a slow rate of release in the stomach but an increased rate of release in the
intestine for a more targeted release. A keratin methacrylic acid hydrogel showed
similar pH responsive BSA release?'® which was explained by increased polymer-BSA
interactions at low pH due to positive ionisation of BSA and negative ionisation of a
carboxyl group on the hydrogel, whereas at physiological pH the interaction was
weaker and the BSA was released from the hydrogel.
Thermoresponsive hydrogels which can alter their swelling or sol-gel transition around
37 °C have been used in biomedical applications. One of the most common synthetic
materials is poly(N-isopropylacrylamide) (PNIPAAm) which undergoes a
conformational shift due to changes in hydrophobicity and hydrophilicity to a lower
critical solution temp (LCST)**3 leading to gelation. Hybrid hydrogels of PNIPAAm and
natural materials such as peptides and chitosan have been designed for
thermoresponsive drug delivery of antibacterial peptides!” and BSA2%,
7.1.5. Injectable hydrogels

Injectable hydrogels can be implanted without anaesthesia and are not an invasive
surgery and are therefore more economical and have improved patient outcomes.
Additionally, injectable hydrogels can mould to the shape of the cavity or defect which
restores tissue continuity, reducing risk of stress on surrounding tissues and stress
from the tissues onto the hydrogel??!. Injectable hydrogels can either undergo a sol-
gel transition in vivo or pre-formed hydrogels can be administered, providing they are
shear-thinning and have rapid recovery of their elastic modulus. Hydrogels that
crosslink in situ must have rapid gelation times, on the order of minutes so that there
is minimal loss from the injection site or leakage to surrounding tissues and dilution
into the blood which would reduce the hydrogel volume and potentially lead to
toxicity depending on the hydrogel pre-gel components2®. Furthermore, the gelation

must not be negatively affected by the local in vivo environment. The crosslinking can
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be initiated by enzymes or by non-toxic photoactivated chemical crosslinkers (eg. NHS
esters), which are more expensive crosslinking mechanisms but offer greater control
over the hydrogel??2. Compared to injecting in situ gelling hydrogels, the effect of the
in vivo environment on gelation is not a factor for injectable pre-formed hydrogels and
this means hydrogels with slower gelation kinetics can be used.

Shear-thinning hydrogels flow like low-viscosity fluids with increasing shear rates
involved in injection but then rapidly recover their material properties with the
removal of shear force?®?Y. Self-assembling hydrogels with reversible physical
crosslinks form due to dynamic competition between attractive forces such as
hydrophilic and hydrophobic interactions, hydrogen bonding, electrostatic attraction,
and repulsive forces such as electrostatic repulsion. These individual forces are weak
and easily broken but together are strong enough to form a stable network and
prevent the hydrogel from dissolving. These interactions are not fixed like covalent
bonds and therefore can be dissociated due to shear-forces leading to shear-thinning
behavior. Rapid recovery of these interactions creates shear-thinning hydrogels?®.
7.1.6. Drug loading

Drug loading of the hydrogel DDS can either be by permeation, entrapment or by
covalent bonding (Figure 61). In permeation the hydrogel is formed and then swollen
in a solution containing the drug which diffuses into the hydrogel. In entrapment the
drugis added to the pre-gel solution and gelation is initiated, physically entrapping the
drug within the hydrogel network. Drugs can also be added to the hydrogel by a
covalent bond before gelation. Permeation is only suitable for small, hydrophilic drugs,
loading can take multiple days and loading efficiency can be low with wasted drug in
the swelling solution. Additionally, permeation is slower than entrapment or covalent
bonding. However, covalent bonding can alter the drugs or biomacromolecules

activity and potentially inactivate them. Entrapment and covalent bonding methods
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can be suitable for biomacromolecules or hydrophobic drugs. Typically, hydrogels that
are loaded by permeation methods have higher degrees of burst release than
entrapment or covalent bonding since there will be more drug directly on the surface

of the hydrogel®*.

Permeatio

Drugs
covalently
~8 linked

e
Sl

Loadable drugs

Small molecules Small molecules, peptides, Small molecules, peptides,
proteins, micro/nanospheres proteins

Network formulations

Physical, covalently crosslinked Physical and covalently Physical and covalently
& IPN gels crosslinked gels crosslinked gels

In situ gelation possible

No Yes Yes

Degree of burst release

High Moderate None

Smart delivery mechanisms

pH sensitive swelling, polymer pH sensitive swelling, polymer Enzyme sensitive release,
dissolution and degradation dissolution and degradation polymer dissolution and
degradation

Release duration

Hours to days Days to weeks Days to months

Figure 61: Three different drug loading strategies for hydrogels: Permeation,

entrapment and covalent bonding. From N. Bhattarai et a/.??

To avoid burst release, drug loading by a covalent bond can be utilised. Covalent
bonds were investigated as a novel method of conjugating antibiotics to the
recombinant spider silk 4RepCT. This method utilised an E. coli methionine auxotroph,
the non-natural L-azidohomoalanine as a methionine analogue and copper catalysed
alkyne-azide cycloaddition (CuAAC), also known as click-chemistry. This chemical
modification could be instigated pre-film’® and post fibre formation making it an

incredibly flexible method of drug incorporation. In vitro testing of the antibiotic
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functionalised silk fibres of 4RepCT showed excellent antimicrobial activity®:. This
method of covalently linking drugs to the silk protein could be utilised in hydrogels.

In the case of protein hydrogels, the amino acid sequence can be truncated directly
to enzymes®, integrin binding sites’” or other bioactive biomacromolecules. However,
this can change the folding of the protein and affect its activity and care should be

taken.

7.2. Materials and methods

7.2.1. SEM of syringe extruded hydrogels

NT2RepCT hydrogels were prepared by aliquoting 300 pL 2.4 % (w/v) NT2RepCT in
MQ water (MQ 37 T) or 20 mM CAPS pH 10 (CAPS10) into a 0.5 mL syringe and
incubating at 37 °Cfor 16 hours. The set hydrogels MQ 37 T and CAPS10 were extruded
through a 16 G needle either into 1 % (v/v) GA or into MQ water ahead of preparation
for SEM. After 6 hours of crosslinking in 1 % (v/v) GA at 20 °C, which was used to
stabilize the structure for SEM, the crosslinked hydrogels were washed with excess
MQ water and were gently transferred into the lid of a 50 mL centrifuge tube. The non-
crosslinked MQ water swollen hydrogels were also gently transferred into the lid of a
50 mL centrifuge tube and were flash frozen by submerging the lid into liquid nitrogen.
The hydrogels were then lyophilised for 24 hours Lyophilised NT2RepCT hydrogel
samples were mounted on carbon tape and sputter coated with a thin layer of
conductive platinum. Hydrogels were observed and images captured with a JEOL-JSM-
6490 SEM and an accelerating voltage of 10 kV.

7.2.2. Shear-thinning rheology
Rheological assessment was performed on an Anton Parr MCR 301 Rheometer with
8mm plate-plate geometry and a gap height of 1 mm. A Peltier hood attachment was

used to prevent sample evaporation and maintain temperature of 37 °C. Viscosity as
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a function shear rate was performed between 0.1-100 (1/s). Rheological assessments
were performed on swollen, pre-formed hydrogels. MQ 37 T and CAPS10 hydrogels
were prepared in 5 mL syringe moulds as previously described. Once formed, the
hydrogels MQ 37 T and CAPS10 were gently ejected into 3 mL of PBS and swollen for
24 hours at 20 °C. One hydrogel sample was used for each measurement. Each
hydrogel sample was carefully trimmed to size (12 mm to 8 mm diameter) with a
plastic spatula after the chosen gap height was reached. A sample size of 3 was used
for each experimental group. Results shown are averages (n=3) + SD.
7.2.3. PTAD azide modification of NT2RepCT

PTAD azide reaction performed at 89.6 pL scale in DMF and Na Phosphate buffer as
described by H. Ban et al. ?** and at 1 mL scale in DMF or acetonitrile and Na Phosphate
buffer or Tris buffer. For 89.6 L scale: 4-(4-(2-azidoethoxy)phenyl)-1,2,4-triazolidine-
3,5-dione (PTAD-Ns3) and 1,3-Dibromo-5,5-dimethylhydantoin (Dibromantin) (both
Sigma-Aldrich) were prepared in dry DMF at 6 mM. Equal volumes (10 pL) of PTAD-N;
and Dibromantin were combined in an Eppendorf to oxidise the PTAD-Ns and vortexed
to give a cherry red colour. This mixture was kept on ice. To an Eppendorf containing
70 uL of a 1 mg/mL NT2RepCT in 100 mM Na Phosphate buffer pH 7.4, 5 aliquots of
3.92 pl of the freshly prepared activated PTAD-N; were added with a fresh pipette tip
every 2 seconds. This was prepared in 6 replicates. After 25 minutes at 20 °C the
reactions were purified using Zeba™ Spin Desalting Columns, 7k MWCO, 0.5 mL
(Thermo Fischer Scientific). Each column was used to purify 2 PTAD-N; NT2RepCT
conjugation reactions. The flow through containing PTAD-N3 NT2RepCT were collected
and combined and stored at 4 °C ahead of conjugation to fluorescein alkyne in a
copper catalyzed azide-alkyne cycloaddition reaction (CUAAC). For 1 mL scale: 4-(4-(2-
azidoethoxy)phenyl)-1,2,4-triazolidine-3,5-dione (PTAD-N;) and 1,3-Dibromo-5,5-

dimethylhydantoin (Dibromantin) (both Sigma-Aldrich) were prepared in either dry

154



DMF or acetonitrile (ACN) at 6 mM. Equal volumes (300 uL) of PTAD-N; and
Dibromantin were combined in a glass vial to oxidise the PTAD-N; and vortexed to give
a cherry red colour. This mixture was kept on ice. To a glass vial containing 1 mL of a
1 mg/mL NT2RepCT in 100 mM Na Phosphate buffer pH 7.4 or 20 mM Tris pH 8, 5
aliquots of 56 uL of the freshly prepared activated PTAD-N3; were added with a fresh
pipette tip every 2 seconds. After 25 minutes at 20 °C the reactions were transferred
into dialysis tubing (6-8 kDa MWCO, Molecularporous membrane tubing, Standar RC
Tubing, Spectra/Por 1) and dialysed against 1L of 20 mM Tris pH 8 for 4 hours,
refreshing the dialysis buffer after 2 hours. The dialysed PTAD-N3 NT2RepCT were
transferred into tubes and stored at + 4 °C ahead of conjugation to fluorescein alkyne
in a copper catalysed click reaction (CuAAC)
7.2.4. Conjugation of fluorescein to NT2RepCT-PTAD-N3

CuAAC was performed at 1 mL scale: 500 pL of PTAD-N3 NT2RepCT was reacted with
50 mM  fluorescein alkyne (FAM), 50 mM CuSO; 50 mM
Tris(benzyltriazolylmethyl)amine (THPTA), 50 mM CaSO4and 50 mM sodium ascorbate
in @ 20 mM Tris pH 7.5 buffer. The reaction was dialysed (6-8 kDa MWCO,
Molecularporous membrane tubing, Standar RC Tubing, Spectra/Por 1) against 1L of
20 mM Tris pH 8 for 4 hours, refreshing the dialysis buffer after 2 hours. Unconjugated
NT2RepCT was compared to conjugated NT2RepCT-FAM by analysis on a 15 % SDS
PAGE gel. Negative controls to examine autofluorescence, non-covalent interactions
of FAM and NT2RepCT and to evaluate the success of CUAAC reaction were included.
The transilluminator UV light setting on Syngene G:Box (GeneFlow Limited) at 800 ms
was used to capture fluorescence of the conjugated NT2RepCT-FAM and unbound
FAM before staining of the gel with Gelcode™ Blue Safe Protein Stain according to

manufacturer’s instructions.
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7.2.5. In vitro release of Rhodamine B from hydrogels

Rhodamine B was used as a model polar, hydrophilic model drug surrogate to
investigate the effect of pH on drug release from NT2RepCT hydrogels. Rhodamine B
was dissolved in MQ water to reach a concentration of 0.5 mg/mL. Lyophilised
NT2RepCT was reconstituted in either MQ water or 20 mM CAPS pH 10 to a
concentration of 26.7 mg/mL. Hydrogels containing rhodamine B were prepared by
combining 90 uL 26.7 mg/mL NT2RepCT in MQ water or 20 mM CAPs pH 10 with 10 uL
of 0.5 mg/mL rhodamine B to give a final NT2RepCT concentration of 24 mg/mL and a
final rhodamine B concentration of 0.05 mg/mL. Hydrogels of volume 100 pL were cast
in individual wells of a 24 well plate, creating a ring shape. Gelation was performed by
incubation at 37 °Cfor 16 hours (overnight), the plate was wrapped in tin foil to protect
the samples from light. Release of rhodamine B was initiated by addition of 1 mL of
PBS at pH 5.5, 6.45 or 7.4 at 37 °C. At certain time intervals, 200 pL PBS buffer was
removed and transferred into wells of a 96 well black, clear bottom plate (Corning®)
and replaced by 200 pL fresh, pre-warmed PBS at the appropriate pH. The
concentration of rhodamine B was quantified by measuring the fluorescence with an
ultraviolet-visible (UV-VIS) spectrophotometer (Tecan Spark 10M) using an excitation
wavelength of 533 nm and emission wavelength of 627 nm. A standard curve was
created at each PBS pH to account for the pH dependent fluorescence change of RhB,
and the equation of each line was used to calculate rhodamine B concentrations from
fluorescence at the specific pH. Cumulative release of rhodamine B was calculated by
Equation 13.
Equation 13:

V,C; + Y711, C;
Cumulative release % = —— rznl Y %100
0
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Where V,is the volume of the PBS aliquot removed, C; is the concentration of
rhodamine B at time /, n Is the displacement time, 1}, is the volume of PBS in the well
containing the hydrogel and m, is the total mass of rhodamine B in the hydrogel.
Blanks of each PBS buffer and NT2RepCT hydrogels containing no rhodamine B were
used to account for any background fluorescence. Statistical significance was
determined by unpaired students t-test. The final data are presented as mean + SD
(n=3).

7.2.6. In vitro release of fluorescein from encapsulated and
conjugated NT2RepCT hydrogels

A comparison of the release of FAM alkyne that was covalently bound and FAM alkyne
that was encapsulated in the hydrogel network was performed. NT2RepCT hydrogels
with covalently bound FAM alkyne were prepared in MQ water and 20 mM CAPS
pH 10. These samples were called PTAD-FAM MQ and PTAD-FAM CAPS10. For PTAD-
FAM MQ and PTAD-FAM CAPS10, 100 ulL containing 24.95 mg/mL NT2RepCT and 0.05
mg/mL NT2RepCT-PTAD-FAM in either MQ water or 20 mM CAPS pH 10 respectfully,
were aliquoted into wells of a Corning™ 96-well clear bottom black polystyrene
microplate.

Hydrogels containing 0.65 pg FAM alkyne encapsulated, non-covalently in the network
were prepared. These samples were called FAM MQ and FAM CAPS10. For FAM MQ
and 1FAM CAPS10, 100 uL containing 24 mg/mL NT2RepCT and 6.5x10° mg/mL FAM
alkyne in either MQ water or 20 mM CAPs pH 10 respectfully, were aliquoted into wells
of a Corning™ 96-well clear bottom black polystyrene microplate. Control wells
containing 100 pL of 24 mg/mL NT2RepCT with no FAM alkyne and empty wells were
included to account for background fluorescence. For each sample and control the
hydrogels were prepared in replicates of five. Gelation was performed by incubation

at 37 °C for 16 hours (overnight), the plate was wrapped in tin foil to protect the
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samples from light. Release of FAM alkyne was initiated by addition of 250 pL PBS pH
7 at 37 °C. At certain time intervals, 100 pL PBS buffer was removed and transferred
into wells of a 96 well black, clear bottom plate (Corning®) and replaced by 100 uL
fresh, pre-warmed PBS. The concentration of FAM alkyne was quantified by measuring
the fluorescence with an ultraviolet-visible (UV-VIS) spectrophotometer (Tecan Spark
10M) using an excitation wavelength of 494 nm and emission wavelength of 521 nm.
A standard curve was created, and the equation of the line used to calculate FAM
concentrations from fluorescence. Cumulative release of FAM alkyne was calculated
by the Equation 14.

Equation 14:
n-1
Cumulative release (ug) = V,C; + Z 1, C;
1

Where V,is the volume of the PBS aliquot removed, C; is the concentration of FAM
at time i, n Is the displacement time and Vj,is the volume of PBS in the well containing

the hydrogel. The final data are presented as mean + SD (n=5).

7.2.7. In vitro drug release modelling

Release of rhodamine B and FAM alkyne from NT2RepCT hydrogels was examined
using four mathematical models of drug release:

Zero-order kinetic Equation 15:

First-order kinetic Equation 16:

Higuchi kinetic Equation 17:
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Korsmeyer-Peppas kinetic Equation 18:

ﬂzktn
M

o

Where M, is the total amount of drug released at time t, M, is the total amount
of drug to be released, k is the kinetic constant and n is the diffusivity exponent.

The cumulative release data of rhodamine B and FAM alkyne up to 60% release??,
was fitted to the mathematical models and the R? for each was calculated and used
to determine goodness of fit. For the zero order, first order and Higuchi model the
data was plotted and analysed in Graphpad Prism 7.04. Linear regression analysis
was used to find R? and k. For the Korsmeyer-Peppas model, the data was analysed
and fit to the model using non-linear regression analysis utilising the Microsoft Office
Excel 365 solver functionality to minimise the sum of the squared difference
between the data and the model, subject to the constraints that k and n were
greater than or equal to zero. The data analysis correlation function was used to
calculate R%. The diffusivity exponent release mechanism of the Korsmeyer-Peppas
model was assessed with the criteria summarised in Table 13.

Table 13: Summary of drug release mechanisms indicated by the diffusivity
exponent n calculated by the Korsmeyer-Peppas equation for a slab shaped material.

Values and indications from M. Lobo et al.?®

n Indication
<0.5 Quasi-Fickian diffusion
=0.5 Fickian diffusion
0.5<n<1 Anomalous transport, a combination of

diffusion and swelling

>1 Case Il transport (zero order kinetics

due to swelling)
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7.3. Results

7.3.1. Hydrogels formed in syringe retained shape upon extrusion

To test the recovery of MQ 37 T and CAPS10 hydrogels after deformation, the
hydrogels were cast in a 0.5 mL syringe with a 16 G needle attachment. Both
MQ 37 T and CAPS10 were hand-extruded from the needle in a slow and controlled
manner onto a Petri dish in a wiggling line (Figure 62). Once extruded the hydrogels
did not visibly lose their extruded shape for the duration of the experiment (5 h). The

extruded hydrogels were transparent.

Figure 62: Injectable MQ 37 T and CAPS10 hydrogels. Hydrogels cast in 0.5 mL
syringe with 16 G needle. Hand extruded into an empty Petri dish placed on-top of
lined paper to show transparency and for clearer images. Photos taken with and
without flash. A) MQ 37 T (no flash), B) MQ 37 T (flash), C) CAPS10 (no flash), D)

CAPS10 (flash). Scale bar=1 cm

7.3.2. MQ 37 T and CAPS10 non-Newtonian shear thinning
behaviour

The shear-thinning properties of MQ 37 T and CAPS10 were assessed by measuring
viscosity as a function of shear rate between 0.1 and 100 (1/s). Viscosity decreased

semi-linearly with increasing shear rate indicating that the hydrogels were shear
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thinning and showed non-Newtonian behaviour (Figure 63). At 0.1 (1/s) shear rate and

at each shear rate increase measured, CAPS10 was more viscous than MQ, 37 T.
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Figure 63: Viscosity as a function of shear rate. Shear-thinning behavior of MQ 37 T
(black) or CAPS10 (red). Hydrogels swollen in PBS pH 7 for 24 hours. Measured at 37 °C.
Shear rate measured between 0.1 and 100 (1/s), gap height 1 mm. (n=3) £ SD
7.3.3. Extruded hydrogels SEM

To investigate the effect of shear force of injection extrusion on the hydrogel
internal porous structure, SEM was utilised. MQ 37 T and CAPS10 hydrogels were
formed in 0.5 mL syringes and extruded either directly into 1 % (v/v) GA or into MQ
water. Non-crosslinked extruded hydrogels, termed ‘syringe no GA’, appeared
textured with angular 10 pum pores in CAPS10 syringe no GA but no visible pore
structure in MQ 37 T syringe no GA. This textured appearance was not seen in MQ 37
T syringe 1 GA or CAPS10 syringe 1 GA (Figure 64). The pores in the 1 % (v/v) GA
crosslinked syringed hydrogels were smaller and have directionality along an axis.
Furthermore, there were areas of smooth, flat, lamellar like surfaces in both the 1 %
(v/v) GA crosslinked syringed hydrogels but more extensively in MQ 37 T syringe 1GA

(Figure 65).
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Figure 64: Comparison SEM images of MQ 37 T and CAPS10 hydrogels after being
extruded from a 16 G needle with and without glutaraldehyde crosslinking. A=MQ 37

TNo GA, B=MQ 37 T1GA, C=CAPS10 no GA, D = CAPS10 1GA. All scale bars 10 pm

Figure 65: SEM images of MQ 37 T 1GA and CAPS10 1GA injected hydrogels.

A=MQ37T1GA, B=CAPS10 1GA. Scale bars = 10 pm.
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7.3.4. PTAD conjugation small scale and larger scale

Initially, the exact procedure for bioconjugation of PTAD azide to tyrosine residues
from H. Ban et al.?** was performed at small scale (89.6 uL) using dry DMF and 100 mM
Na Phosphate buffer pH 7.4. The reaction was performed in 5 replicates
simultaneously and after removal of unreacted reaction components using 0.5 mL
Zeba™ spin 7k MWCO desalting columns, the NT2RepCT-PTAD azide products were
combined. CuAAC was performed the following day to click fluorescein alkyne (FAM
alkyne) to NT2RepCT-PTAD azide. The success of the reaction was visualized with an
SDS PAGE gel (Figure 66) comparing non-processed NT2RepCT as a control, NT2RepCT
+ PTAD azide reaction product and NT2RepCT-PTAD azide FAM alkyne CuAAC reaction
product. After the dye front had reached the bottom of the SDS PAGE gel, it was
immediately imaged using 800 ms exposure of UV light. Only lane 4 containing
NT2RepCT-PTAD azide FAM alkyne CuAAC reaction product fluoresced with 2 areas
showing most intense fluorescence: A band at 33 kDa corresponding with the
expected molecular weight of NT2RepCT and a band at the dye front due to diffusion
of fluorescein during running of the SDS PAGE gel. Since the NT2RepCT protein band
in the unstained, UV light exposed image of the SDS PAGE gel has localized, intense
fluorescence but the control NT2RepCT in lanes 2 and 3 do not means there is no
autofluorescence of NT2RepCT at 800 ms exposure.

After capturing fluorescence, the SDS PAGE gel was stained to visualize protein
bands and imaged again using white light. In the stained image there is a protein band
at the expected molecular weight of 33 kDa in all lanes, with additional higher
molecular weight protein bands present in NT2RepCT-PTAD azide in Lane 3 and
NT2RepCT-PTAD azide FAM alkyne CuAAC in Lane 4. The band size of the NT2RepCT
protein band decreases between lane 2 and lane 4, due to loss of protein during the

reactions and transfer between vessels. Additionally, the center of the NT2RepCT
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protein band increases in molecular weight during the conjugation reactions further
suggesting successful conjugation, however since the NT2RepCT band is so large in

Lane 2 it bulges out and appears at lower molecular weight than is expected.
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Figure 66: SDS PAGE analysis of successful small-scale conjugation of FAM alkyne
and NT2RepCT, both images are of same SDS PAGE gel. Left: SDS PAGE gel before
staining with 800 ms exposure to visualise FAM alkyne Right: Same SDS PAGE gel
stained with Gelcode blue safe stain to visualise protein bands. Lane 1: Protein ladder
10-250 kDa. Lane 2: 1 mg/mL NT2RepCT. Lane 3: 1 mg/mL NT2RepCT after tyrosine
PTAD azide reaction product after Zeba™ spin 7 kDA MWCO desalting column clean
up. Lane 4: NT2RepCT-PTAD azide FAM alkyne CuAAC reaction product. The SDS PAGE

gel ripped during processing.

Next, larger reaction volumes and the effect of acetonitrile and 20 mM Tris pH 8 in
the conjugation were investigated. Additionally, dialysis was used to remove

unreacted reaction components instead of Zeba™ spin 0.5 mL desalting columns.
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Lyophilised NT2RepCT was reconstituted in either 100 mM Na Phosphate pH 7.4 or
20 mM Tris pH 8 at 1 mg/mL. PTAD-N; and the activator were prepared at 6 mM in
either dry DMF or acetonitrile. The four combinations (Na phosphate + DMF, Tris +
DMF, Na phosphate + acetonitrile and Tris + acetonitrile) were prepared at the same
volume with 5 x 56 plL of the 3 mM PTAD-N3 + activator (in dry DMF or acetonitrile)
added to 1 mL of 1 mg/mL NT2RepCT (in Na/phosphate or Tris buffer) on ice. After 25
minutes each reaction condition was transferred into a separate dialysis tubing and
dialysed against 20 mM Tris pH 8. After dialysis the CUAAC reaction of NT2RepCT-PTAD
azide and FAM alkyne was performed as described above. Again, SDS PAGE was used
to determine FAM-alkyne conjugation, with exposure of 800 ms UV-light.

Negative controls included indicated that no autofluorescence of NT2RepCT or any
of the NT2RepCT-PTAD-N3 occurred, as the lanes containing these controls (Figure 67
lanes A-F) showed no fluorescent protein bands, whereas in the stained SDS PAGE gel
image there is protein present. However, the negative control to determine whether
there are non-covalent interactions between FAM alkyne and NT2RepCT (Figure 67
lane F) showed a fluorescent band. To determine whether NT2RepCT-PTAD-N; would
bind to FAM alkyne and to assess the success of the CUAAC reaction, a negative control
containing NT2RepCT-PTAD-N;, FAM alkyne and all CuAAC reaction components
minus copper under the same reaction conditions of CUAAC was included (Figure 67
lane G). As with the other negative controls, no fluorescent protein band was seen,
and the FAM alkyne migrated with the dye front. In all samples containing FAM alkyne,
whether CuAAC samples or the controls, were prepared at the same concentration of
FAM alkyne and all unbound FAM alkyne migrated with the dye front to the bottom
of the gel. However, some FAM alkyne had covalently bound in the CUAAC reactions

as there was still a fluorescent protein band (Figure 67 lanes H to K).
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Figure 67: SDS PAGE images of 1 mL scale PTAD conjugation under different solvent and buffer conditions. Left: un-stained UV-light exposed SDS PAGE gel.
Right: The same SDS-PAGE gel. L = Protein ladder, A =1 mg/mL NT2RepCT control, B= NT2RepCT PTAD-N; (Na Phosphate + DMF), C = NT2RepCT PTAD-N; (Na
Phosphate + ACN), D = NT2RepCT PTAD-N3 (Tris + DMF), E = NT2RepCT PTAD-N; (Tris + ACN), F = NT2RepCT + FAM alkyne control, G = NT2RepCT PTAD-N3

(Na/P + DMF) + FAM alkyne (no copper in CuAAC) control, H = NT2RepCT PTAD-N3 (Na/P + DMF) + FAM alkyne CuAAC, | = NT2RepCT PTAD-N3 (Na/P + ACN) +

FAM alkyne CuAAC, J = NT2RepCT PTAD-Ns (Tris + DMF) + FAM alkyne CuAAC, K = NT2RepCT PTAD-Ns (Tris + ACN) + FAM alkyne CuAAC.
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7.3.5. In vitro release of rhodamine B from hydrogels

The release of rhodamine B from MQ 37 T and CAPS10 hydrogels was monitored in
PBS pH 5. 6.45 and 7.4. The standard curves used to calculate concentration of
rhodamine B from the sample aliquots (Figure 68) had a fairly low R? of 0.9821-0.9859
and this was likely because of the maximum relative fluorescence intensity (RFU)
measurable being reached at the highest concentration standard, leading to a non-
linear response. However, all the measured RFU values for the samples were well
within the standard curve concentration boundaries, with the highest RFU measured

around 35,000 and the lowest 3,000 therefore, the standard curves were acceptable.
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Figure 68: Standard curve relating fluorescence to concentration of rhodamine B in

PBS pH 5.5, pH 6.45 and pH 7.4.

Concentration Rhodamine B (ng/mL)

Mean * SD (n=3).
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Figure 69: pH dependent cumulative release (%) of rhodamine B (RhB) from
NT2RepCT hydrogels in vitro. MQ 37 T (black circles) and CAPS10 (red circles) hydrogels

in PBS pH 5, 6.45 or 7.4. Mean % SD (n=3)

Rhodamine B was released from MQ 37 T and CAPS10 hydrogels at the 3 PBS pH
investigated (Figure 69). In all cases the release profile was biphasic with initial burst
release up to 50 minutes, followed by slower release for the duration of the release
assay. The cumulative percentage of loaded rhodamine B released at 10.5 hours was
highest in PBSpH 5.5at67.0 £ 2.6 % for MQ 37 T hydrogels and 69.1 + 8.4 % for CAPS10
hydrogels. The cumulative release decreased with increasing PBS pH. After 10.5 hours
in PBS pH 6.45, MQ 37 T released 51.8 £ 3.4 % whereas CAPS10 released 53.3 £ 2.5 %
of loaded RhB. At pH 7.4 MQ 37 T had released 41.3 + 1.1 % and CAPS10 had released
48.1 £ 1.7 % at 10.5 hours of loaded RhB. At all PBS pH, CAPS10 hydrogels released
more RhB than MQ 37 T but there was only a significant increase at pH 7.4 (Table 14).
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Table 14: Maximum percentage release of loaded rhodamine B (RhB) from MQ 37 T
and CAPS10 hydrogels after 10.5 hours in PBS pH 5.5, 6.45 or 7.4. Averages (n=3) = SD.

Unpaired students t-test between MQ 37 T and CAPS10 at pH 7.4 ** P<0.01.

Percentage release loaded

Hydrogel PBS pH RhB at 10.5 hours
AVG SD
5.5 67.0 2.6
MQ37T 6.45 51.8 34
7.4 41.3 1.1
5.5 69.1 8.4
CAPS10 6.45 53.3 25
7.4 48.1 ** 1.7

To investigate the release profile four distinct mathematical models were used. Zero
order, First order, the Higuchi equation and the Korsmeyers-Peppas equation. The
data was fit to the 4 models and the R? values were compared (Table 15). The lowest
R% was seen for first order release at 0.3154-0.5960. Zero order release R? was 0.8218-
0.8545 and for the Higuchi equation R? was 0.9662-0.9816. For the Korsmeyer-Peppas
equation R? was >0.98. The Korsmeyer-Peppas equation was taken forward due to the
slightly higher R? The kinetic rate constant k (min?) and diffusivity exponent n were
calculated for each hydrogel and PBS pH (Table 16). The calculated kinetic rate
constant was larger for CAPS10 hydrogels at all PBS pH than MQ 37 T hydrogels and
the release rate fell with increasing pH. The diffusivity exponent n was <0.5 for all

hydrogels apart from MQ 37 T hydrogel at PBS pH 5 where it was 0.51.
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Table 15: R? values for each mathematical model of In vitro rhodamine B release

from MQ and CAPS10 hydrogels at 3 PBS pH.

Zero First Higuchi Korsmeyer-
Hydrogel PBSpH  order (R)  order (R?) (R} Peppas (R?)
MQ37T 5.5 0.8545 0.5189 0.9745 0.9863
6.45 0.8356 0.3154 0.9703 0.9864
7.4 0.8600 0.4047 0.9816 0.9910
CAPS10 5.5 0.8371 0.5960 0.9706 0.9931
6.45 0.8265 0.5347 0.9633 0.986
7.4 0.8218 0.4889 0.9662 0.9884

Table 16: Calculated kinetic rate constant k and diffusivity exponent n of in vitro
release of rhodamine B from MQ and CAPS10 hydrogels at 3 PBS pH values using the

Korsmeyers-Peppas mathematical model.

Hydrogel PBS pH k (min?) n
5.5 4.13 0.51

MQ37T 6.45 3.73 0.48
7.4 2.97 0.49
5.5 6.64 0.45

CAPS10 6.45 4.94 0.44
7.4 4.54 0.44

7.3.6. In vitro release of fluorescein from encapsulated and
conjugated NT2RepCT hydrogels

Fluorescein alkyne (FAM alkyne) was incorporated into NT2RepCT MQ or CAPS10

hydrogels via a covalent bond or via incorporation/encapsulation in the hydrogel
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network via non-covalent interactions. Since the amount of FAM alkyne covalently
bound to NT2RepCT was unknown, controls containing 0.65 pug FAM alkyne were
created. Presence of FAM alkyne was visible with a colour change and fluorescence
under UV-light in FAM-PTAD hydrogels cast in 1 mL syringe moulds (Figure 70).

A standard curve including ten FAM alkyne concentrations (0.5 pg/mLto 0.2 pug/mL)

was created (Figure 71). The R? of the standard curve was 0.9947 and all RFU measured

in the samples were within the standard curve.

Figure 70: PTAD-FAM MQ hydrogel (50 uL 1 mg/mL NT2RepCT PTAD FAM) + 450 uL
26.7 mg/mL NT2RepCT to make 24 mg/mL. A) NT2RepCT-PTAD-FAM hydrogel (MQ)
white light on top of striped background. B) NT2RepCT-PTAD-FAM hydrogel (MQ)
white light on top of black background. C) NT2RepCT-PTAD-FAM hydrogel (MQ) UV

light on top of black background showing fluorescence. Scale bar = 0.5 cm
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Figure 71: Standard curve relating fluorescence to concentration of FAM alkyne in

PBS pH 7. Mean * SD (n=3). Equation of line y=239,324 x + 419.4, R?>=0.9947.
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The hydrogels containing non-covalently bound FAM alkyne (FAM MQ and FAM
CAPS10) showed an initial burst release followed by a slower rate of release over time
(Figure 72). FAM MQ released more FAM alkyne than FAM CAPS10 at every time point
and overall released significantly more with 35.0 £ 6.6 % and 21.4 + 1.4 % loaded FAM
alkyne released respectively after 1320 minutes (22 hours). Release of FAM alkyne
from FAM MQ showed greater standard deviation compared to FAM CAPS10. The
PTAD-FAM MQ and PTAD-FAM CAPS10 hydrogels cumulative FAM alkyne release (ug),
showed initial burst release, followed by a slower rate of release throughout the rest

of the experiment (Figure 73).

50

}HH [ e

20 } . R * FAM CAPS10
° L]
L]
®

Cumulative FAM alkyne release (%)
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0 T T T T T T T {1 T
N Q Q Q Q Q Q Q OO0 O O
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Figure 72: Cumulative release (%) of FAM from NT2RepCT hydrogels over time. FAM
MQ (green symbols) and FAM CAPS10 (purple symbols) contained 0.65 pug FAM,
encapsulated within the hydrogel network, non-covalently linked. Mean + SD (n=5).

Unpaired students t-test. * P<0.05.

172



o
w
o

0.20
° PTAD-FAM CAPS10

IR R

0.25
} ¢ PTAD-FAM MQ

° FAM CAPS10

Cumulative FAM alkyne release (ug)

L ]
0.05 ° ° 4 M . .
o B ° . . e
I
0.00 T T T T T T T {
Q Q Q Q Q Q Q Q SN Q
%) \/Q ,\f’) ,1/0 ,]/9) ’bQ ,b‘o D‘QQQ (00

Time (min)

Figure 73: Cumulative release of FAM akyne from NT2RepCT hydrogels over time
(ug). PTAD-FAM MQ (blue symbols) and PTAD-FAM CAPS10 (red symbols) contained
covalently linked FAM alkyne via PTAD conjugation to tyrosine residues. FAM MQ
(green symbols) and FAM CAPS10 (purple symbols) contained 0.65 ug FAM alkyne,

encapsulated within the hydrogel network, non-covalently linked. Mean * SD (n=5)

More FAM alkyne was released from PTAD-FAM MQ than PTAD-FAM CAPS10
throughout the experiment with 0.056 + 0.003 pg and 0.045 + 0.002 pg FAM alkyne
released respectively after 1320 minutes or 22 hours (Table 17). Compared to the
hydrogels containing free FAM alkyne, FAM MQ and FAM CAPS10, the release of FAM
alkyne from PTAD-FAM MQ and PTAD-FAM CAPS10 was much reduced with a
shallower gradient and less FAM alkyne released at 1320 minutes.

Kinetic modelling of the release of FAM alkyne from FAM MQ, FAM CAPS10, PTAD-
FAM MQ and PTAD-FAM CAPS10 was performed as previously described (Section
7.3.5). The model that gave the highest R? was the Korsmeyer-Peppas equation with
the Higuchi equation and Zero order calculated as the next highest R%. FAM alkyne

release did not follow first order kinetic release as can be seen by the low R? (Table
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18). The Korsmeyer-Peppas equation rate constant k (mint) and diffusion exponent n

were calculated (Table 19).

Table 17: Cumulative amount of FAM released at 1320 minutes for from PTAD FAM

MQ, PTAD-FAM CAPS10, FAM MQ and FAM CAPS10 in pg and as a percentage of

loaded 0.65 pg FAM for MQ FAM and FAM CAPS10. Average * SD (n=5).

FAM released at 1320 min

FAM released after a 1320 min

(ng) (% of loaded 0.65 pg)
AVG SD AVG SD
PTAD-FAM MQ 0.056 0.003 - -
PTAD-FAM CAPS10 0.045 0.002 - -
FAM MQ 0.227 0.043 35.0 6.6
FAM CAPS10 0.166 0.003 21.4 1.4

Table 18: Coefficient of determination (R?) of the 4 models of drug release, zero

order release, first order release, the Higuchi equation and the Korsmeyer-Peppas

equation of FAM release from PTAD FAM MQ, PTAD-FAM CAPS10, FAM MQ and FAM

CAPS10 hydrogels.

Hydrogel Zero order First order Higuchi Korsmeyer-
Peppas
PTAD-FAM MQ 0.782 0.513 0.715 0.975
PTAD-FAM CAPS10 0.845 0.69 0.795 0.976
FAM MQ 0.827 0.577 0.787 0.975
FAM CAPS10 0.885 0.765 0.857 0.969
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Table 19: Korsmeyer-Peppas rate constant k (min?) and diffusion exponent n
calculated for release of FAM from PTAD-FAM MQ, PTAD-FAM CAPS10, FAM MQ and

FAM CAPS10 hydrogels.

Hydrogel k (min) n
PTAD-FAM MQ 2.22 0.17
PTAD-FAM CAPS10 241 0.21
FAM MQ 7.96 0.23
FAM CAPS10 6.48 0.20

7.4. Discussion of NT2RepCT hydrogel drug delivery systems

7.4.1. Overview

The aim of this chapter was to determine whether MQ 37 T and CAPS10 hydrogels
could be used as a drug delivery system by exploring two types of drug release models
(entrapment and conjugation by covalent attachment). By investigating in vitro release
of a hydrophilic model compound, rhodamine B, it was shown that release was
diffusion driven and pH dependent. Conjugation of FAM alkyne via PTADs to NT2RepCT
tyrosine residues was examined and was found to follow a different release profile
compared to unconjugated. The hydrogel’s viscosity response with increasing shear
stress was investigated and it was found that MQ 37 T and CAPS10 were shear-thinning
and injectable and their porous structure was altered after injection.

7.4.2. Injectable hydrogels

The gelation time of MQ 37 T and CAPS10 is too slow at >2 hours to be used for in
situ gelation of an injectable pre-gel solution, not to mention the inhibition of gelation
by DMEM and PBS. Therefore, MQ 37 T and CAPS10 hydrogels, would need to be
injected in the hydrogel form. To investigate the possibility of this, MQ 37 T and

CAPS10 hydrogels were formed in a syringe with incubation at 37 °C overnight and
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were extruded through a 16 G needle onto a Petri dish (Figure 62). The extruded shape
indicates that both MQ 37 T and CAPS10 rapidly recovered their elastic modulus after
the increased shear force within the extrusion. This indicates the possibility that these
hydrogels could be 3D extruded printed, like eADF4(C16) and eMaSp1s recombinant
spider silk hydrogels!*, but with the added benefit of high yield expression and
purification of soluble NT2RepCT. MQ 37 T and CAPS10 were injectable although to
avoid patient discomfort and damage to surrounding tissues, an injection force of 10-
20 N is required??®. Further work is necessary to understand the change in mechanical
properties during and after injection or shear force. Both pre-formed MQ and CAPS10
hydrogels were shear-thinning and showed non-Newtonian behavior with decreasing
viscosity in response to increasing shear rate (Figure 63). This allowed the hydrogel to
be extruded through the narrow opening of the needle because it had become sol.

Like the physically crosslinked MQ 37 T and CAPS10 hydrogels, physically crosslinked
hydrogels made from silk fibroin show shear-thinning behaviour® as does natural
spider silk dope?® and NT2RepCT at dope concentrations of 500 mg/mL%2,

In the shear-thinning experiment, MQ 37 T and CAPS10 hydrogels were swollen in
PBS pH 7.2 for 24 hours to ensure equilibrium swelling but in the extrusion experiment
the hydrogels were not swollen. It would be interesting to investigate the shear-
thinning behaviour of the unswollen MQ 37 T and CAPS10 hydrogels to understand
the effect of PBS pH 7.2 on the hydrogel’s material properties.

After injection both non-crosslinked MQ 37 T and CAPS10 hydrogels showed
textured morphologies with granulation. This could be fibrils induced by shear force
of injection that had collapsed in the SEM plunge freezing and lyophilisation sample
preparation process. The angular pores in CAPS10 syringe suggests inefficient freezing
and the formation of crystalline ice. No porous structure was seen in no GAMQ 37 T

syringe but there was more extensive granular texture. Fibre formation in NT2RepCT
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occurs at acidic pH? which could explain this increased granulation if the texture seen
is collapsed fibrils. The 1 % (v/v) GA crosslinked extruded MQ 37 T and CAPS10
hydrogels did not show granulated texture and instead showed increased lamellar
structures and extensive fibril and pore structures. This was more extensive in
MQ 37 T 1GA syringe hydrogels. The introduction of shear force from injection led to
conditions that promote fibril formation and possibly larger scale fibre formation,
particularly in MQ 37 T 1GA syringe. Compared to the non-extruded MQ 37 T and
CAPS10 hydrogels seen in Chapter 5 (Figure 43) there are clear differences in
morphology of the extruded hydrogels. This suggests a structural change is occurring
during injection which requires further investigation, since this change is likely
irreversible. Spider silk fibres are notoriously difficult if not impossible to dissolve and
this could be the case with NT2RepCT fibres.

Understanding of how quickly the elastic modulus of MQ 37 T and CAPS10 hydrogel
recovers after deformation due to shear is needed. It is expected that upon application
of shear force the storage/elastic modulus will rapidly fall as the hydrogel undergoes
shear-thinning but after removal of the shear force, the storage/elastic modulus
should rapidly recover to pre-shear levels. This is the case for eADF4(C16) and eMaSp1

shear thinning hydrogels*°

and is an important behavior to study for injectable
hydrogels'®. If shear force introduces fibril formation within the NT2RepCT hydrogels
there is potential for the recovered elastic modulus to be higher than pre-shear.
7.4.3. PTAD conjugation

The approach used by D. Harvey et al.%! in which all methionine residues of the
recombinant spidroin 4RepCT were replaced by a methionine synthetic analogue L-
azidohomoalanine providing functional handles for conjugation , is not applicable for

the miniature spidroin NT2RepCT. NT2RepCT contains more methionine residues

than TRX-4RepCT and 4RepCT, all of which are found in the N terminus (Figure 74).
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Incorporation of 11 L-azidohomoalanine residues would affect NT2RepCT protein
folding and potentially fibre formation. Although not all the methionine residues
would be visible on the surface of the protein and accessible for conjugation.
Additionally, this could affect NT2RepCT expression yield due to the need for E. coli

growth in M9 minimal media.

Figure 74: NT2RepCT N-terminus with 11 methionine residues highlighted in pink.
180° rotation about the y axis. NT2RepCT contains this amino acid sequence. Full
NT2RepCT sequence can be found in General Methods. (E. australis MaSp1l NT. PDB

3LR2)

Figure 75: NT2RepCT C terminal dimer Each monomer subunit in cyan or red.
Tyrosine residues in green. Rotation of 180° about the y axis is shown. (A. ventricosus

MiSp1 CT PDB: 2mfz).

178



Therefore, a different approach was needed for adding functionality to NT2RepCT.
Since NT2RepCT expresses in extremely high yields (>300 mg/L LB media shake flask
culture), post-purification modification targeting amino acid side chains so as not to
alter the peptide sequence was preferable. NT2RepCT contains no cysteine residues

228 were not

so typical maleimide??’ bioconjugation and other cysteine modifications
an option. However, cysteine conjugations are not recommended in spidroins due to
the structural significance of the highly conserved di-sulfide bridge in many dragline
spidroin C terminal domains??®. NT2RepCT has nine tyrosine residues, four in the
repetitive region and five in the C terminus (Figure 75). Tyrosine residues can be
conjugated with PTAD azide (4-(4-(2-azidoethoxy)phenyl)-1,2,4-triazolidine-3,5-dione)
under mild conditions, adding a functional handle?° which can then be conjugated to
fluorescein alkyne using click chemistry (Figure 76-Figure 77). The reaction between
the phenol R group of tyrosine and PTAD could occur via several reaction mechanisms
depending on reaction conditions which can be found described by D. Kaiser et a/*.

FAM alkyne was used due to ease of availability and as a model. However, other
molecules containing an alkyne might be clicked onto NT2RepCT-PTAD-N3 instead.
Cyclic arginine-glycine-aspartate peptide (cyclic-RGD)”® was clicked to 4RepCT3*" with
strain promoted alkyne-azide cycloaddition (SPAAC) to improve human mesenchymal
stem cell adhesion’® and the antibiotic levofloxacin was clicked to 4RepCT3*" using
CuAAC® to add antibacterial functionality to the material. PTADs have been used to
impart functionality to biomaterials such as ®F for radiofluorination®2. PTADS were
also used to create an elastin-like protein (ELP) chemically crosslinked hydrogel
through combining PTAD azide functionalized ELP with cyclooctyne functionalized ELP
and using SPAAC to form crosslinks?°. Use of PTADs is relatively economical with PTAD
azide costing £3.44/mg (Sigma Aldrich), has quick reaction times, is easily purified and

can be performed in aqueous environments.
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Figure 77: Reaction mechanism of CUAAC FAM-alkyne and NT2RepCT-PTAD-N3

As suggested by the SDS-PAGE gel results, 89.5 uL and 1 mL scale PTAD-azide
conjugations of FAM alkyne to NT2RepCT were successful. Negative controls indicated
that neither NT2RepCT nor any of the NT2RepCT-PTAD-N3 auto-fluoresced. However,
a mixture of NT2RepCT and FAM alkyne showed fluorescence at the expected
molecular weight protein band (Figure 67). However, a control for the CuUAAC reaction
did not fluoresce suggesting this association could be removed by the dialysis step in
the CuAAC reaction. Only the lanes containing reaction products from the CuAAC
reaction between NT2RepCT-PTAD-N; and FAM alkyne showed fluorescent protein

bands. In the small-scale reaction, it was seen that due to high protein concentration
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the expected molecular weight was shifted by bulging of the band of interest.
However, this was an artefact of the SDS-PAGE gel since the same effect was seen at
the dye front. Un-bound FAM alkyne migrated with the dye front in all samples
containing FAM alkyne, including in the successful CUAAC reactions suggesting the
CuAAC reactions contained an excess of FAM alkyne or there was incomplete reaction.
However, since there were fluorescent protein bands in the CUAAC reactions it can be
concluded that all PTAD conjugation reaction conditions went on to produce
covalently bound FAM alkyne in the CuUAAC reactions. The PTAD conjugation reactions
containing acetonitrile (Figure 67 lanes C and E) created more higher weight oligomers
of NT2RepCT compared to dry DMF (Figure 67 lanes B and D), which was carried
through in the CuAAC reaction with FAM alkyne, although the protein band was
smaller than DMF suggesting either protein loss or a greater shift to oligomers.
Additionally, the protein band mid-point of the NT2RepCT-PTAD-N3s monomer was
higher molecular weight with acetonitrile than dry DMF possibly indicating a larger
number of tyrosine residues reacted with the PTAD azide. These results taken together
indicate successful replication of work published by H. Ban et. al ?** with small (89.5
pL) reaction volumes, dry DMF and 100 mM Na Phosphate pH 7.5 and removal of
unreacted components with Zeba™ spin desalting columns. Additionally, the
conjugation was successful at larger volumes (1 mL) using acetonitrile and 20 mM Tris
pH 8 and using dialysis to remove un-reacted components PTAD reaction components
instead of Zebaspin™ columns.
7.4.4. In vitro Rhodamine B release

The fluorescent dye rhodamine B (RhB) was chosen as a model drug surrogate for
the in vitro release assay as it is small and hydrophilic. RhB is a commonly used model
drug surrogate?'>?22233 due to its ready availability and strong fluorescent signals in

aqueous environments. This allows monitoring of RhB release by fluorescence
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microscopy from a hydrogel. The RhB release assay described here was based on work
published by F. Luo et al. *. In the published study, 0.05 mg/mL RhB was used per
100 uL 16.7 % (w/v) NcCT hydrogel. The hydrogel NcCT was formed, from a
recombinant spidroin based on CT domain from MaSpl of Nephila clavipes. NcCT
gelation was induced by 37 °Cincubation overnight. However, compared to NT2RepCT
NcCT does not contain the repetitive domain or non-repetitive NT. Furthermore,
NT2RepCT is very hydrophilic and pH responsive spidroin. Release of RhB in the
published study by F. Luo et al. was monitored in PBS at pH 5.0, 6.0 and 7.2 with a
dissolution volume of 200 uL. Furthermore, the hydrogels in the study were formed in
a 96 well plate whereas NT2RepCT hydrogels were formed in a 24 well plate and
therefore they had different morphologies. Comparing the in vitro RhB release assay
results from NT2RepCT hydrogels MQ 37 T and CAPS10 and NcCT hydrogels, both
showed pH responsive release with differing cumulative percentage RhB released
throughout the assay at the 3 PBS pH. Interestingly, NT2RepCT hydrogels had the
opposite pH response to NcCT hydrogels with release of rhodamine B decreasing as
pH increased. Whereas, NcCT hydrogels showed increasing rhodamine B release with
increasing PBS pH. RhB fluorescence is highest at acidic pH and decreases towards
neutral pH?4. However, in this study three standard lines were created at the three
PBS pH to account for this difference in fluorescence intensity. The pH values were
chosen for two reasons: a) at pH below 5.5, NT2RepCT changes conformation to elicit
fibre formation, b) pH 6.45 and pH 7.4 represent different pH in different organs in the
body.

The pH dependent release might be explained by the conformation change that
NT2RepCT undertakes at pH 5.52 and below, releasing more RhB from the network and
by the pH moving closer to NT2RepCT Pl of 4.26, leading to reduced net charge and

reduced interaction with RhB. Between the two hydrogels, CAPS10 released more RhB
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than MQ 37 T with a significant increase at pH 7.4. When swollen in PBS at pH 5, 6.45
and 7.6, MQ 37 T swells significantly more than CAPS10 and one would infer that this
would lead to increased RhB release. However, ionic shielding in CAPS10 by PBS leads
to reduced electrostatic repulsion and therefore reduced net charge. This means there
was less interaction between NT2RepCT and RhB in CAPS10 than MQ 37 T in PBS pH
7.4 leading to increased drug release.

As with NcCT, 100 % RhB release did not occur from MQ 37 T and CAPS10 hydrogels
during the duration of the experiment. This was likely a result of interactions between
RhB and NT2RepCT which were strengthened with increasing pH due to an increase in
net negative charge. The release of RhB from MQ 37 T and CAPS10 hydrogels might
increase over a longer time period than 10.5 hours. In comparison, maximal release
from NcCT hydrogels was achieved after 12 hours at ~50 % and did not increase up to
36 hours which was the final time point. The authors suggested that release of RhB
would likely increase to 100 % as the hydrogel was degraded, if used in vivo'*. An
investigation of the biodegradation of NT2RepCT hydrogels in simulated in vivo
conditions in vitro with protease solution is required to determine whether 100 %
release could occur.

Further work is required to investigate the effect of acidic and alkaline pH on model
drug release and to see if the drug release can be further tuned and controlled.
Additionally, PBS is a simple system and does not reflect the complexities of in vivo
conditions?®. Furthermore, the hydrogels and solution were static with no mixing or
stirring which would occur in vivo which can affect drug release kinetics.

7.4.5. In vitro FAM release

Conjugation of a drug to the hydrogel network via a covalent bond seeks to increase

the duration of release and control the release rate compared to a drug that is simply

encapsulated in the network. Since the number of successful FAM alkyne to PTAD
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conjugations or number of PTAD to tyrosine residue conjugations for NT2RepCT-PTAD
was unknown, a low concentration was chosen for the hydrogels containing FAM
alkyne by encapsulation with no covalent bonds. Therefore, the controls of free,
encapsulated FAM alkyne hydrogels (FAM MQ and FAM CAPS10) contained 0.65 ug
FAM alkyne/gel. Which was equivalent to one FAM alkyne molecule for every 2
molecules NT2RepCT with one PTAD-Ns. This was calculated by using molar ratios of
the PTAD-FAM MQ and PTAD-FAM CAPS10 hydrogels which were prepared containing
100 pL 1 mg/mL NT2RepCT-PTAD-FAM. FAM alkyne and not FAM was used in the ‘free’
encapsulated hydrogels for continuity and to account for the potential differences the

alkyne could contribute in interactions between NT2RepCT and fluorescein.

1.) NT2RepCT PTAD-FAM MQ and PTAD-FAM-CAPS10 samples:
100 pL of 1 mg/mL NT2RepCT-PTAD-FAM added to 450 uL 26.7 mg/mL
NT2RepCT to make 24 mg/mL NT2RepCT total, therefore 0.1 mg NT2RepCT-
PTAD-FAM per 100 pL hydrogel. The molecular weight of NT2RepCT is 33,278

gmol™ and the molecular weight of PTAD azide is 262.22 gmol™.

0.1 x 1073g

33,278 gmol-1 1 26222 gmol-* > % 107% moles x 6.02x 10%*

= 1.79 x 10> molecules NT2RepCTPTAD/gel
2.) FAM MQ and FAM CAPS10 hydrogels containing 0.65 pug FAM alkyne per 100 pL
hydrogel. The molecular weight of FAM alkyne is 413.38 gmol™.

0.65 x 107g
413.38 gmol~1

=1.57 X 1072 moles X 6.02 x 1023

=9.47 X 10* molecules FAM alkyne/gel

3.) Calculating the ratio between NT2RepCT-PTAD and FAM alkyne.:
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1.59 x 105 molecules NT2RepCTPTAD : 9.47 x 10** molecules FAM alkyne

= 1.69 molecules NT2RepCTPTAD : 1 molecule FAM alkyne
4.) Mass FAM alkyne (mg) needed for 1 successful PTAD-FAM conjugation based on

number of molecules of NT2RepCT-PTAD from 1.)

1.79 x 10'°> molecules NT2RepCTPTAD
6.02 x 1023

=2.97 x 1072 moles x 413.38 gmol™!
=122 x107%g = 1.22 ug FAM alkyne

These calculations assume 1 successful PTAD conjugation to 1 tyrosine residue on
NT2RepCT.

However, 0.65 ug FAM alkyne per hydrogel is half of 1 successful conjugation (1.22
ug FAM alkyne per hydrogel). This means that whatever the conjugation state of the
PTAD-FAM MQ and PTAD-FAM CAPS10 hydrogels, less FAM alkyne was released
during the experiment than the 0.65 pug FAM alkyne control hydrogels FAM MQ and
FAM CAPS10. However, it is possible that the amount of FAM alkyne in the PTAD-FAM
MQ and PTAD-FAM CAPS10 hydrogels is even less than 0.65 pg and this could explain
the lower rate and level of release throughout the drug release assay. Therefore, the
results of this release assay should be taken with caution and do not conclusively show
that the release rate is reduced or that release is controlled with covalent bonding via
PTADs. Mass spectrometry is required to assess the success of the PTAD conjugation
and the CuAAC reaction to conjugate FAM alkyne to NT2RepCT.

Examining the hydrogels that contained encapsulated and free FAM alkyne, FAM
MQ and FAM CAPS10, during the release assay time (22h) only 35.0 £ 6.6 % and 21.4
+ 1.4 % loaded FAM alkyne were released respectively (Table 17) and (Figure 72). This
is less release in a longer duration compared to the release of RhB from CAPS10 in PBS
pH 7.4, which released ~67 % after 10.5 hours. However, although RhB and FAM

alkyne have similar structures (Figure 78), the RhB release experiment had a larger
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dissolution buffer volume (1 mL compared to 250 uL) and the hydrogels were loaded

with more RhB than FAM alkyne (5 pg RhB compared to 0.65 pug FAM alkyne). This can

218,128

increase release rate

Rhodamine B Fluorescein-alkyne, 5-isomer

Figure 78: Rhodamine B (RhB) and FAM alkyne structure

Since FAM MQ released more FAM alkyne than FAM CAPS10 hydrogel this means
that FAM alkyne had stronger interactions that slowed rate of release with FAM alkyne
from CAPS10. Therefore, unlike RhB release which showed increased release from
CAPS10 which was not expected from the swelling results, FAM alkyne release follows
the swelling results in PBS. This likely means that there is less interaction between
NT2RepCT and FAM alkyne than between NT2RepCT and RhB or that the interactions
are less electrostatic in nature. Further work is needed to understand the interactions
between model drug surrogates and NT2RepCT with respect to pH and protein
secondary structure.

Release of FAM alkyne from FAM-MQ showed greater standard deviation than from
FAM-CAPS10. This is likely related to the lower Young’s modulus and elastic modulus
leading to erosion or damage to the hydrogel with repeated pipetting to remove
aliquots and replace with fresh media. During swelling experiments, the MQ 37 T
hydrogels were extremely soft and prone to breakage. The initial burst release profile

was likely caused by excess FAM alkyne present which had not covalently bound to
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the PTAD azide on NT2RepCT during the CUAAC reaction, leading to free FAM alkyne
rapidly diffusing out of the hydrogels. This was followed by minimal further diffusion
of FAM alkyne out of the hydrogel due to most of the remaining FAM alkyne being
covalently attached to NT2RepCT. Excess, unbound FAM alkyne was seen in SDS PAGE
(Figure 66-Figure 67). Additional wash steps of the hydrogel could minimize this effect.
7.4.6. Kinetic modelling

The release of the model drugs RhB and FAM alkyne were fitted to four distinct
mathematical models, zero order release, first order release, the Higuchi equation and
the Korsmeyer-Peppas equation. The goodness of fit was assessed by the coefficient
of determination R% All models make assumptions and have limitations and in
complex cases such as hydrogels there are many factors governing release such as,
interactions between the hydrogel and the drug, the presence of a large amount of
water and swelling of the hydrogel. Additionally, models assume certain conditions
such as a perfect sink for the drug to be released into, assumptions about the
geometry of the drug delivery system, constant diffusivity of the drug and initial
uniform drug concentrations throughout the system?3®. In the case of the Higuchi and
Korsmeyers-Peppas equation these assume either a 2D film or an infinite length
cylinder and no swelling. Furthermore, both MQ 37 T and CAPS10 hydrogels swell in
PBS and this likely contributes to drug release. More informative and complex
solutions involve use of neural networks or multi-component systems which assess
movement of water, interactions between drug molecules and the hydrogel and the
influence of swelling to model drug release. Unfortunately, that is out of the scope of
this thesis and therefore, with caution, single component models which only consider
drug mass transport using kinetic models have been used.

Zero order kinetics describes constant release, where the amount of drug released

per unit time is the same throughout the process and is independent of concentration.
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Zero order kinetics have been seen in hydrogels that rely on drug loss by surface
erosion?’. First order release describes a system where the same percentage of the
loaded drug is released per unit time and depends on concentration. The in vitro RhB
and FAM alkyne release data did not fit well to either of these kinetic models with R?
ranging from 0.82-0.88 for zero order and 0.31-0.76 for first order. Interestingly, the
kinetic modelling for both RhB release and FAM alkyne release had largest R? values
with the Korsmeyer-Peppas equation, although RhB release also fit well to the Higuchi
equation which FAM alkyne release did not. The rate constant k of FAM alkyne release
was similar for MQ FAM and MQ CAPS10 at 6.48 min? and 7.96 min™ respectively.
Whereas, at pH 7.2 the rate constant k of RhB release was 4.13 min? from MQ
hydrogels but 6.64 min from CAPS10 hydrogels. Additionally, the diffusivity exponent
was closer to 0.5 indicating Fickian diffusion of Rhodamine B but lower at 0.2 indicating
either more quasi-Fickian diffusion or less applicability to the Korsmeyer-Peppas
model. This suggests diffusional release with minimal contribution from swelling.
However, it should be considered that the hydrogels used in the FAM alkyne release
assay were cast in wells of 96 well plate and were therefore more cylindrical than the
hydrogels in the RhB release assay which were ring shapes, in addition to the
differences in dissolution buffer volume.

As expected, the rate constant was greater for FAM MQ and CAPS10 than PTAD-
FAM MQ and PTAD-FAM CAPS10 due to FAM alkyne being encapsulated in the system
rather than covalently bound to NT2RepCT. The diffusivity exponent n was similar for
both the free FAM hydrogels and the PTAD conjugated hydrogels at ~0.2 indicating

purely diffusional release.
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7.5. Summary

The transparent NT2RepCT hydrogels MQ 37 T and CAPS10 where formed in a
syringe and were extruded out of a 16 G needle and retained their extruded shape.
Injectable hydrogels are useful in drug delivery or medical purposes as there is no
surgery required to implant into the body. It was found that MQ 37 T and CAPS10 were
shear-thinning with non-Newtonian properties. This is a very promising result and
opens possibilities for 3D printing and drug delivery.

Drug release experiments of the model drug surrogate Rhodamine B (RhB) was
found to be pH responsive from MQ 37 T and CAPS10. The maximum cumulatively
released RhB decreased as pH increased from 5.5 to 7.2. Stimulus responsive
hydrogels are incredibly useful for targeted drug release and this initial result is proof
of concept that NT2RepCT hydrogels could be used in this field. Additionally, at pH 7.2
it was found that CAPS10 released significantly more RhB than MQ 37 T. The release
data was fitted to four kinetic release models and was found to be diffusional by the
Korsmeyers-Peppas kinetic model.

Tyrosine residues in NT2RepCT were exploited as functional handles by reaction
with PTAD-N;. CuAAC was used to covalently bond FAM alkyne to the added azide
moiety. It was found that in both dry DMF and acetonitrile, at 1 mL scale this
conjugation was successful as judged by SDS-PAGE. This is the first time a functional
handle has been added to NT2RepCT, although confirmation with mass spectrometry
is required.

The release rate of FAM alkyne was reduced and controlled in MQ 37 T and CAPS10
hydrogels containing covalently linked FAM alkyne. Hydrogels containing physically
entrapped ‘free’ FAM alkyne had increased release kinetics, illustrating how hydrogels

can be altered for different drug delivery applications.
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This chapter demonstrates proof of concept that NT2RepCT hydrogels can be used
for injectable drug delivery, that are not only stimulus responsive but can have

controlled release rates through covalent bonds between the protein and the drug.

8. Project conclusions

To contribute to the growing need for new xeno-free materials to form biomaterials
for controlled drug delivery, protein hydrogels were formed from the recombinant
miniature spidroin NT2RepCT. Self-assembling, natural and physically crosslinked
hydrogels were formed in various buffers by thermal gelation at 37 °C or 40 °C. These
hydrogels were characterised by a variety of techniques to understand the factors
affecting gelation, how this can be controlled and the hydrogel’s feasibility as a
controlled drug delivery system.

Results showed that pH of gelation was a critical factor due to the pH sensitive
NT2RepCT protein secondary structure changes and charge state. Additionally, it was
found that presence of metal cations or cell culture appropriate medium such as
DMEM or PBS inhibited hydrogel formation.

In pure MQ water or at pH 10, transparent, highly swelling and non-dissociating
NT2RepCT protein hydrogels were formed. These were called MQ 37 T and CAPS10.
Hydrogels formed in impure MQ water, at pH 7 or buffers not able to maintain pH 10
were opaque, with minimal swelling and dissociation in DMEM or PBS at 37 °C. These
were opaque hydrogels called MQ 37 O, MQ 40 O, t7 37 O, t7 40 O, t10 37 O and
11040 O.

It was found that there was a correlation between high light transmittance and high
swelling ratios due to increased electrostatic repulsion within the hydrogel.
Furthermore, the swelling behaviour of the hydrogels in pure MQ water or DMEM
could be controlled by the gelation conditions demonstrating the tunable properties
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of NT2RepCT protein hydrogels. Chemical crosslinking of the opaque hydrogels with
glutaraldehyde (GA) prevented dissociation and led to increased swelling compared to
the non-crosslinked.

An examination of pore morphology by SEM indicated extensive, inter-connected
porous networks throughout the hydrogels. However, the SEM, cryo-SEM and eSEM
sample preparation was found to be critical to minimise crystalline ice formation and
artefacts which could provide inaccurate pore sizes. Furthermore, chemical
crosslinking with glutaraldehyde (GA) of the formed hydrogels was necessary to
minimize pore collapse and preserve hydrogel architecture in the SEM analysis as non-
crosslinked hydrogels showed extensive ice formation and minimal pores. The
transparent hydrogels MQ 37 T and CAPS10 were found to have a higher porosity and
contained nano-fibrils within the pores compared to the opaque hydrogels MQ 37 O,
t10 37 O and t1040 O which contained no fibrils. However, the influence of GA
crosslinking changing aspects of the hydrogel morphology cannot be ruled out as the
reason for this result.

Stiffness was found to be improved at alkaline pH of gelation in both the opaque
and transparent hydrogels. Additionally, GA crosslinking. increased the opaque
hydrogel stiffness and material handling capabilities. However, due to the need for
chemical crosslinking the opaque hydrogels were not carried forward in this research
as GA is toxic and difficult to remove.

The rheological properties of the transparent hydrogels MQ 37 T and CAPS10 were
found to be viscoelastic. The hydrogels were stable up to 10 % strain as determined
by the LVE region with CAPS10 moduli greater than MQ 37 T moduli. Both MQ 37 T
and CAPS10 hydrogels had the same moduli dependence with increasing frequency.
Both MQ 37 T and CAPS10 were shear-thinning and injectable, retaining their extruded

shape. It was found that the introduction of shear-force from injection-initiated fibril
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formation with a clear difference in morphology between the non-injected and the
injected as assessed by SEM.

MQ 37 T and CAPS10 loaded with the model drug surrogate Rhodamine B showed
pH dependent, diffusional based release. Rhodamine B release was lowest at neutral
pH and increased with increasing acidity. A functional handle was added to tyrosine
residues using PTAD-azide under physiological conditions. Then, CuAAC was used to
conjugate FAM alkyne to the NT2RepCT-PTAD azide. The release of FAM alkyne was
controlled in both MQ 37 T and CAPS10 hydrogels when FAM alkyne was covalently
conjugated compared to non-conjugated.

Thus, NT2RepCT can be formed into protein hydrogels with tunable characteristics

suitable for injectable, controlled drug delivery.

9. Future work

In this research project, the recombinant spidroin NT2RepCT was formed into
protein hydrogels which showed tunable properties. The hydrogels were shown to be
suitable for injectable drug delivery. Since NT2RepCT is a very new protein (first
reported in 2017), there are many opportunities for this exciting spidroin.
Furthermore, the protein hydrogels described here are not fully characterised and
there are many questions remaining about their formation and behaviours. Therefore,
some suggestions for improving the current study and opportunities for future
endeavors are described below.

The CD study examining NT2RepCT protein secondary structure was only performed
in temperature ramp mode between 7-74 °c with minimal time at each temperature.
To further understand the mechanisms involved in gelation, NT2RepCT protein
secondary structure should be monitored at the three established gelation conditions
of MQ water, pH 7 and pH 10 at 37 °C for the duration of gelation. This would inform
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to the extent of these changes and offer some insight into how important these
changes are for hydrogel formation. Additionally, the reversibility of NT2RepCT
temperature induced secondary structure conformation change in MQ water should
be determined as it was for pH 7 and pH 10 in this study.

The behaviour of NT2RepCT in acidic, buffered conditions and its effect on hydrogel
formation should be investigated. At pH 5.5 and below NT2RepCT forms fibres due to
shear force, NT dimerization and CT unfolding to B-amyloid like fibrils. One would
expect that a hydrogel formed in buffered acidic conditions would contain extensive
nano-fibres that could improve the stiffness, strength and other material properties.

Although some research into the minimum concentration for hydrogel formation
was performed in this study the results were variable and incomplete. An investigation
into how NT2RepCT concentration affects gelation kinetics, hydrogel formation and
material properties should be performed. It is expected that increasing concentration
would reduce gelation time, swelling ratios and increase the stiffness and moduli.

Natural spider silk is non-immunogenic and various recombinant spidroins have
been shown to induce low inflammation and immune response in vitro and in vivo.
However, the specific immune response of NT2RepCT should be assessed in soluble
form, as fibres and as hydrogels to ensure biomaterials formed from it are safe for use
in biomedical settings.

Further work on the swelling behaviour of the NT2RepCT hydrogels would be useful
to determine whether this behaviour is pH dependent. For example, reduced swelling
at acidic pH but increased at neutral or alkaline pH opens possibilities of stimulus
responsive ‘smart’ hydrogels. Since NT2RepCT is pH responsive it would be expected
that some pH dependent swelling behaviour would be seen in addition to the
differences in swelling in MQ water compared to PBS/DMEM as demonstrated in this

study.
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The capability for NT2RepCT hydrogels to support cell attachment, growth and
survival is an important area of interest given the limited opportunities in the present
research for cell culture. The bioactive properties of NT2RepCT can be improved by
addition of RGD integrin recognition sites via tyrosine PTAD conjugation. Furthermore,
if NT2RepCT can support cell growth then there are possibilities of producing drug
loaded hydrogels which could be implanted long term. Following on from this
endeavor, the biodegradation of NT2RepCT in various forms should be examined to

assess the shelf life of these biomaterials.
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Appendix

1.1. Incorporation of TEV protease site into NT2RepCT
1.1.1. Primers

A TEV protease site was inserted into the gene encoding NT2RepCT in the pET22b
plasmid. The sequence was to be inserted between the hexa-histidine purification tag
and the NT of NT2RepCT. This would allow easy removal of the purification tag from
the protein since histidine tags can chelate heavy metals which could cause toxicity
problems in vivo. The amino acid sequence recognized by TEV protease is ENLYFQS.
Primers were designed and ordered from Sigma Aldrich utilizing their Q5 mutagenesis
primer design software. Sequence added: GAAAATTTATACTTTCAGTCT

Forward primer: CTTTCAGTCTATGTCGCACACCACCCCA

Reverse primer:; TATAAATTTTCGTGATGATGGTGATGATGACCC

1.1.2. Q5 PCR mutagenesis reaction and amplification

Each reaction contained:

1 pL 20 ng/pL NT2RepCT Pet22b template
1.25 pL Forward primer (10 pM)

1.25 pL Reverse primer (10 uM)

12.5 pL 2x Q5 mix

9 UL nuclease free water

Initial denaturation:

98 °C 30 s
35 cycles of:

98 °C 30 s

68 °C 30 s

72 °C 3 minutes
Final extension:

72 °C 2 minutes
Hold:

4 °C

The Q5 PCR product was run on a 1 % (w/v) Agarose (EtBr) gel at 100 V for 30
minutes. A bright band at ~6 kDa was seen indicating that the Q5 PCR product was

formed. There were some non-specific binding bands at the bottom of the gel
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indicating incomplete PCR reaction. Increasing the annealing temperature might

reduce this as this residue (primers etc) can interfere with the KLD reaction.
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Figure 79: 1% agarose (EtBr) gel of Q5 PCR product before KLD reaction. NT2RepCT
Pet22b plasmid is ~ 6 kDa
1.1.3. KLD reaction

The KLD reaction was performed at 20 °C for 4 hours before transforming into
NEB5a chemically competent cells and plating 60 UL recovered cells onto an ampicillin
(100 mg/mL) LB agar plate in 37 °C plate incubator for 16 hours. KLD reaction
performed with:

1 pL Q5 PCR product

3 L nuclease free water

5 pL KLD reaction buffer (2x)
1 pL KLD enzyme mix (10x)

1.1.4. Plasmid purification of transformed NEB5a

Six separate and distinct colonies of NEB5a transformed with NT2RepCT Tev (Q5
mutagenesis product) were picked and labelled A to E. Each colony was used to
inoculate 10 mL of sterile LB media with 100 pg/mL ampicillin. These cultures were

grown for 16 hours at 37 °C at 180 rpm shaking and a Promega Wizard SV miniprep kit
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was used to purify the pEt22b plasmid. 30 uL nuclease free water was used to elute
the plasmid from the column and the concentrations ranged from 80-150 ng/uL.
Sequencing of the plasmids was performed by Source Bioscience in Nottingham using
their provided T7 forward and reverse primers. Only plasmids A-E were sent for
sequencing.

1.1.5. Sequencing results

Of the six purified plasmids sent for sequencing plasmid B & C were successful but with
poor signal to noise ratio. Colony E successfully contained the expected TEV protease
cleavage site mutation with good signal to noise ratio. Colony E was taken forward to
transformation and expression of TEV NT2RepCT.

1.1.6. Transformation and test expression of TEV NT2RepCT

Colony E was used to transform E. coli BL21 Rosetta (DE3) and plated onto ampicillin
resistant plates. Four colonies were picked and used for small scale expression test.
Four starter cultures of 5 mL LB containing 100 pg/mL ampicillin) were inoculated with
each picked colony and incubated at 37 °C at 180 rpm for 16 hours. Flasks containing
50 mL sterile LB broth containing 100 pg/mL ampicillin were inoculated with 0.5 mL
starter culture and incubated at 37 at 180 rpm for 3.5 hours until ODses = 0.7. The 50
mL LB media was then split and half was induced with 1 mM IPTG and was incubated
for 3 hours at 37 °C 180 rpm and the other half was not induced and incubated for 3
hours at 37 °C 180 rpm. A certain volume of media was taken from each flask by
dividing 1000 pL by the optical density at 595 nm. Calculated by the following
equation:

1000 uL

Volume (uL) = 0D
9

The volume was transferred into a 1.5 mL Eppendorf and the cells were pelleted at
13,000 x g for 1 minute. For the pellets taken from the induced flasks the supernatant

was removed, and the cell pellet frozen at -20 °C for 16 hours. The pellet was then
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thawed and cells were lysed by addition of 200 uL CellLytic (Sigma), 1 uL lysozyme
(50mg/ml), 0.5 uL Benzonase, 3 pL 1M MgCl, per sample and the pellet was
resuspended by pipetting. The sample was then centrifuged at 13,000 x g for 10
minutes. The supernatant was then transferred into a new 1.5 mL Eppendorf which is
referred to herein as the soluble sample. The remaining pellet was resuspended in
200 pL 20 mM tris pH 8 and is referred to herein as the insoluble sample. For cell
pellets taken from the uninduced flasks, the pellet was lysed by addition of 200 pl
CelLytic (Sigma), 1pL lysozyme (50mg/ml), 1uL DNase (14,6u/uL), 3uL 1M MgCl, and
resuspended by pipetting. To all tubes, induced soluble, induced insoluble or
uninduced, 100 pL SDS PAGE loading buffer was added and the samples were boiled
at 95 °C for 5 minutes. To a 15 % SDS PAGE gel, 12 ulL each sample was added to each
well (Figure 80).
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Figure 80: SDS PAGE results of test expression of 4 colonies of BL21 Rosetta (DE3)

transformed with TEV NT2RepCT pET22b plasmid.

The expression of TEV NT2RepCT was split equally across the induced soluble and
insoluble fraction. This split also occurs in NT2RepCT but to a lesser degree. Since this
expression test was 37 °C growth and 37 °C induction this is not the same conditions

as usual NT2RepCT expression (30 °c growth and 20 °C induction). Therefore,
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expression can be improved by the lower temperatures of the usual NT2RepCT

expression.

1.1.7. 1L scale expression and purification of TEV NT2RepCT

TEV NT2RepCT was expressed and purified using the same protocol as described for

NT2RepCT. (Section 3.1). High expression of TEV NT2RepCT was seen with the main

bulk of protein eluting in the 30 % Buffer B step (Figure 81). No protein was eluted in

the flow through indicating efficient binding to the Nickel affinity HiTrap column.

Fractions of interest were visualized with SDS PAGE with the expected TEV NT2RepCT

protein band migrating to 34 kDa (Figure 81).
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Figure 81: (Left) Purification trace of 2L LB containing BL21 Rosetta (DE3) TEV

NT2RepCT. (Right) SDS-PAGE analysis of TEV NT2RepCT expression and purification

from trace. 1 in 10 dilutions of fractions of interest used.
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