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COVIDB19 Impact statement

Due to the coronavirus pandemic and the resulting first lockdown,uthigersity
was shut and access to labs was removed from Mar¢h22820. The Biodiscovery
Institute was opened again fromid July 2020 but | was not able to resume lab work
until early August 2020 This wasdue initially to having amaximum building
occumtion of 10 %which meant researchers returned in trdmes. | was in tranche 2
which could return from the end of July. | was alke lab safety monitor and was
therefore heavily involved in the planning and execution of the safe reopening of our
labs which took around 2 weeksAs a result of social distancing measursisift
patternswere 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 abl® access other buildings where key necessary equipment
for analysisvas 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 Septembef"36bwever, this extension
was granted on the condition that | modify my research. The original goal of this study
was to formNT2RepChydrogelsand assess them for the functionality and capability
in cell culture as 3D scaffolds. Unfortunately, due to a doatipn of the cell culture
suite moving to a new building in the first few months of 20@@ich limited access,
and then the resultant pandemic, lab closures and shift patterns, it was not possible
to perform cell culture experiments. Therefore, this e€asch has shifted to
experiments that could be performed imy usual labs which were drug delivery
experiments. The pandemic has also had an obvafiect 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
propertiesthat resemblebiologicalsoft tissue. Hydrogels are appropriate for use in
local drug delivery systems due to their extensive porous structure allowing diffusion.
Hydrogels prepared froraxvivoanimal derivedoroteinsbring risk of pathogens and
ethical concernsThese issues can be addsed by usingecombinanty produced
spider silk Spider silk protein (spidroin) i®n-immunogenic¢ biodegradableand has
impressive material propertiesuch as strength and elasticityaking ita promising
material for hydrogel biomedical applicationsln this study therecently reported
highly expressing, recombinantini-spidroinNT2RepCWas processed for the first
time into natural protein hydrogeland characterise@s alocal and controlled drug
deliverysystem

NT2RepC3eltassembled intgphysicahydrogelsat 2.4 % (w/v) upon incubation at
37 °Cin double distilled milli Q (MQ) water Tris, HEPES and CAPS bufietdd, 7
and 10 The hydroge&® optical propertiesswelling behaviour, pore morphologyanc
fibril structures stiffness and rheological propertiesere tunable depending on
gelation conditionslt was foundNT2RepCT hydrogels formedpat 10 hadincreased
swelling,highlight transmittance andncreasedstiffnesscompared to those formed
at pH 7 or in MQ wateGlutaraldehyde chemical crosslinking was utilisethtoease
NT2RepCT hydrogel stiffness.

The effect of hydrogel sample preparation ahead of scanning electron microscopy
(SEM) on artefacts and secondary pores was investigated iASEj high vacuum
SEMand environmental SEMue to hydrogels high water conterit was found that

the commonly useglunge freezing in liquid nitrogetechniquecreated the most



artefacts compared to metal mirror (slam) freeziragnd in situ lyophilisation
exemplifying the nee for careful hydrogel SEM sample preparation

The NT2RepChydrogelsformed at pH 10 and in MQ watevere injectable and
showed sheathinning properties. Theehydrogels were assessed asoatrolleddrug
delivery system and showed pH dependent releasehe model drugsurrogate
rhodamineB. Tyrosine onjugation of4-(4-(2-azidoethoxy)pheny#l,2,4triazolidine
3,5-dione (PTADBazidg added a functional handle and the model dragrrogate
fluorescein (FAM) wasP Ot A \@n] cBpp&R catalyzed aziddkyne cycloaddition.
Improved and ontrolled releasewas seen in hydrogels containing conjugafedM
compared tohydrogels containing nenonjugated¥tee(-AM.

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 processirits studyillustrates the
diversity and tunability of recombinant minispidroin NT2RepCT hydrogels and
demonstrates thé suitability as ahighly transparent,njectable, pH sensitivand

controlledhydrogel drug delivery system
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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 thereasén F2 NJ 1 KS O2y Ay dzSR Ay-G6SNBai
dzLJQ | LILINE | & Keeitigg natttd® raafetiaNddd<wanting to understand how

it works and what it can be turned int&ider silk has found uses in many industries,
particularly biomedicalSpider silk is distinguished from other natural proteinaceous
materials by its strength, extensibilitynd biocompatibility By understanding the
spider silk proteins modular design, recombinant versions have been created that
show different behaviour. One sucbcombinant proteiris calledNT2RepCand was

first reported in 2017 by M. Anderssoet aP. NT2RepCTs pH sensitive and highly
soluble, and expressed in high yield§2RepCT is described in further detail in Section
4.1.5

Hydrogels are hydrophilic, 3D polymer networks that can swell @vsbrb large
volumes of water without dissolution due to crosslitkEhey 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 (EG#§drogelsare

often comprised ofex vivo collagenand gelatin which bring the risk of prions,
immunological responses and viruéeBy forming hydrogels from the recombinant
spider silk proteilNT2RepCitis hoped that an impressive, tunable and biocompatible
material will be developethat combines the desirable propertied hydrogels with

the soughtafter properties of spider silk.
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1.2. Projectobjectives

The aim of this PhD research projactsto investigate and characterise the formation
of recombinant spider silk protein hydrogels formed frofiTt2RepCand evaluate
their performanceas a drug delivery system. The specific research objectives were

therefore:

1 To construct recombinanNT2RepCPprotein hydrogels and investigate

factors that affect hydrogel formation.

I To assess thdT2RepChiydrogel material properties such as swelling ratio,

pore size and morphology, 2 dzyfriddui@s and rheological behaviour.

1 To examine thi&NT2RepChydrogel potential as a drug delivery system and
demonstrate the feasibility ofNT2RepCThydrogels in the field of

biomedical science

13



2.Literature review
2.1. A brief history of silk

Silk isa natural fibre formed of proteinproduced by variouswvertebratesincluding
spiders, silk wormgBombyx mo)f, other insect$® and mussefs Throughout histoy
humans have utilised silk faarious usesnd the production of silk has had a large
influence on human behaviour across the worltie domestication of silk worms,
subsequent lege volume production of their sibkd manufacturingof heavily sought
after textilesshaped the historical silfoad trading routé®!l, Unfortunately, unlike
silk wormsspiders are territorial and in some cases cannibalistic and therefore cannot
be farmed? Additionally, the volume of silk produced by spiders issiderably less
than silk worms and spiders require force reeling to extract3siRespite these
disadvantages, spider silkas been used by human$or hundreds of yeardor
weaponny, fishing net$® and bandage'$'’. The strength, elasticity and toughness of
spider silk out competes silk worm silk and other natural fibt¥e$urthermore, the
low immunogenicity® of spider silkupon implantationhas been of great interest and
is one of the reasons fitas beercontinuouslyused andntensely studied.

2.2. Types of spider silk

Female ob weaving spiders have 7 differesilk glands in their abdomen, each of
which produces a different type of silkigurel). These silk§ropertiesvary due to
the vaied demands required of thengilkinvolved in prey capture uelikewhereas
the silk required in egg casing is tough, for protectadrthe offspring®. The most
studied spider silk is dragline, whiclpieduced in the major ampullatgland. Dragline
silk isused as a safety liria evasion of predatorand as the radial spokes d@ircular
webs®, It is the strongest of the silks produced by spiders and outcompetesmzate
materials such as steel and Ke®an a weighito-weight basigdue toits impressive

extensibility*®.
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Figurel: The 7 different types of silk produced in spiders and their uses. Only female

spiders can produce silk used in egg casing. Image from: Raraleét

2.3. Structure of spider silk

Spider silk igormed mostly of proteins called spidroinsThese proteins contain
many hydrophobic and nepolar amino acid#é short, repetitive polypeptide regions
often repeated hundreds of timed.hese repetitive regiongan be over 906 of the
protein compositiort®. This repetitive region is flanked by a nmpetitive N-and G
terminus Figure?2). Native spider silk proteins are large and can vary in size from
between 266%725kD&3. Each spidroin type contains different motifs within the
repetitive polypeptide blockshat contribute to the physical attributes of the fibte
Dragline silkis formed of major ampullate silkwhich come in two forms major

ampullate silk land 2 (MaSp1l and MaSp2). Both types of major ampullatediltain
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glycine rich regions and poly alanine repeatsthe repetitive domain The two
spidroinsMaspl and MaSpdiffer in that MaSp1 contains no prolimesiduesvhereas
MaSp2 doesAdditionally they havedifferent motifs in the glycine rich regions. MaSp1l
contains(GA) and (GGX) motifs, where X=tyrosine, leucine and glutamié These
motifs contribute to the strength of the dragline silk fiBteWhereasMaSp2contains
GPGXX and GPG@Rtifs, where X = glyok, tyrosine or glutaminé®. These motifs
contribute to the extensibility othe dragline silkfibre?. In the case of the spider
Araneus diadematus, rdgline silk is formed of MaSpike polypeptides A.

diadematudfibroin (ADF1, ADF3 and ADF4)?27,

NT Repetitive region Gl

(@@=

Figure2: Schematic representation oférstructure ofmajor ampullate silk spidroin

The nonrepetitive Nterminus is shown in red, the highly repetitive region is shown in
alternating blue and yellow to represent the pedlanine and glycine rich regions. The

non-repetitive Gterminus is shown in blue. Image from: Risingl. 2.

Minor ampullate silks used by spiders in trauxiliaryspiral thread in an orb web and

is therefore structurain function requiring it to be strong but not as extensible as
major ampullate spidrois®. Itis similar to major ampullate silk but contains no proline
residuesand has a reduced glutamine contéhtLike major ampullate, minor
ampullate is present itwo forms, minor ampullate spidroin 1 and 2 (MiSp1 and 2).
Minor ampullate spidroins also contain charged amino acids and serine rich spacer
regionsi SN SR Wa 23 Bi§ureR). Thefundtidh f the spacer is currently

unknown but there is suggestion that it serves to break the crystallipetittve

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

Figure3: Structural motifs in major and minor ampullate spidroiXsindicates an
amino acid residue thavaries depending on the spidroin in questilR = non

repetitive. Adapted from Scheibel. &t al.*°

Upon fibre formation within the repetitive region, poly alanine blocks form into
crystalline antiparalleli pleated sheets and the glycine rich regions form amorphous
helical structure¥. This seendary protein structure gives the formed silk fibre its
strength and extensibili}. Compared to the variance between silks in the repetitive
region, the conserved C terming€T)*? is present in major and minor ampullate
spidroing®®, However, there are differences in CT sequence between silk types and
spider specie¥. The CTexists as a homodimer with each monomer containing 5
helices MaSp and ADFTGlomains contain a ekulfide bridgein the dimerbetween

the single cysteine residue imachmonomer®. The MiSp Tdoes not contain a i
sulfide bridge as there are no cysteine residuessprgin the monome#°. However,

as seen irFigured there is a very similar structure between tli¥of ADF3 and two

MiSp @ dimers.
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Figure 4:From M. Anderssoret al® Overlay of 3 CT dimers showing highly

conserved structuresd { dzZLISNI1J2 AA GA2Yy 27F  aA yeniricdss & (i NHzC

(yellow, PDB code 2MFZ) aNd antipodiana(blue, PDB code 2MOM) and the BB
CT structure fromd. diadematugpink, PDB code 2KHM). Helices are shown as ribbons

andlabeledHdl p® ¢KS f SGGUSNJ!'k. AYRAOIFIGSa GKS

Sequence alignment between MaSp and ADF C terminal domains show highly
conserved regions including chargedidees arginine, aspartic acid and glutamic acid
The charged residues form highly conserved salt bridges which are involtres C
terminal dimer in fibre formationCompared to the CT, the N terminus (NT) is more
highly conserved within both theame spidroin across multiple species but also within
different spidroins in the same speciédt forms an ugand-down 5h -helical bundIé®

which is primatiy monomeric at neutral pH and physiological salt condifibridhe NT

of MaSp proteins are highly pH responsive and have a positive and negatigelpele

to charged residues, leading to the formation of a tightly packed and symmetrical,
electrostatic, antiparallel homodimer Kigure5) at lower pH”®, In the case ofE.
australisMaSpl NT domin, dimerisation requires structural conformational changes
involving a single tryptophan residue moving from a buried to a solvent exposé&l site
Additionally, there is a conserved intér dzo dzy A-& K WKE YyRY G SNF Ol A2y Q

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

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

Figure5: Overall structure oE. australiMaSpINT homodimer. Subunits A (grey)
and B (blue) are shown in surface atilobon representations, respectively. Strictly
conserved residues atéghlighted in greerPDB: 3LR2mage fronG. Askarielet 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,nto 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 ceitg lini
silk glands. The concentration of silk protein in the first portion of the gland is very
high, up to 50% wA?, this is called dopand the proteins exist as micelles to avoid
premature aggregatioft“2. The dope moves along the gland and down a pH
gradient®, from pH 7.6 to around pH 2.{Figure6). The enzge carbonic anhydrase
utilises the increasing pG@long the gland to catalyse the reactiopQ+ CIHH" +
HCQ, decreasing the pH Additionally ATPase driven proton pumfi$elp to control
and maintain the pH gradient. lon exchange in the gland with sulfur, potassium and

phosphous pumped into the distal portion of the major ampullate gland while sodium
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and chloride ions are remové&durther 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 occuf. Themajor 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

Figure6: Major ampullate gland (top) labelled and schematic (below) showing pH
gradient, moving fronpH 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 gregrrdgis
carbonic anhydrase activity-shaped duct on the left side of both images. Image from:

Anderssoret al.®®.

The structure of spider silk proteins also aids the process of fibre formation from the
dope; the NT and CT play important regalgtroles 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 anddimerize The spidroin isanverted from a primarily alpha helical and
random coil conformatio#t to a solid fibre, where sheets are beginning to forth

NT dimerization is pH dependéht’ and is used as a control to ensure that fibre

T2NXIFGA2y R28ay Qi KI LILIB. At pl greater3dn RIn@NT 6 f 2 O
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domains exist in an equilibrium between monométsand weakly interacting
homodimers®, As the pH drops the equilibrium shifts to dimerization and the dimer
interactions stabilis®. Therefore, as the protein moves along the gland towards the
duct, the pH drops andtableNT dimers fornwith the decreasing pH gradient.
The CT is a homodintéthat is highly stable aboveH 6. As the protein dope moves
along the gland, the drop in pH destabilises thed@er. Loss of a salt bridge casse
instability in the CT structure, leading to partial unfoldingdhe CT unfolds into-
amyloid fibril$® forming nucleation centres from which polymerisation of the
spidroins can occur very rapi@l®. This mechanism hasbe®dS F SNNBR (2 a W
GNRAIISND 6AGK GKS b¢ RAYSNI aldloAftAalGAz2y -
the trigger®. This enables rapid polymerisation of the spidroins within a confined and
controlled area of the gland.
2.5. Silkfibroin

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 biotechnolody Silkis used by the silkworm to makeocoons to
protect the pupa in the metamorphosis to a fulipown moth. Silk worm silk has
evolved to be tougf compared to strong spider silk. Spider silk must support the
weight of the spider and prey whereaskwormsilk should resist attacks by predators
trying to eat the cocoond3. morisilk (silk fibroin)congsts of a core of fibroin which is
made of a heavy chain, a light chawhich are connected by a disulfide bridged a
glycoprotein P25. This core is then coated with sericin as it is extfti@aicin bound
to the virgin silkfibroin elicits a strong immune responsevivd® and therefore needs
to be removed during processing of cocoons into silbwever, sericin on its own or
combined back with silk fibroin does not cause an immune respg8nke process of

NBY2@Ay3d &aSNAOAYS NBFSNNBR (2 Fa WRS3IdzyYa
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structure of the internal fibroin cof®. Two different methods are employed to
remove sericin from thefibroin core: alkaline, using NaQ and enzymatic
processingf. Slk fibroinhasa similar architecturéo spidroins A nonrepetitive N and

C terminus capping repeated hydrophobic and hydrophobic blocks. The hydrophobic
blocks are primarily glycine (GX) repeats where X is alanine, serine or tyrogne. Th
NELISGAGADS Keé RNER-shsetcydtabinedepi@nOwhich aceNdeispaced |
with amorphous regions in the repetitive domain

2.6. Why spider silk?

LY FRRAGAZ2Y (2 &L Rddghhessirdiel@stcitySitd@&iitte Sy
immunological response on implantatiort®s*%2 and is therefore, an excellent
candidate for use in medicinal applications such as tissue engineerdrgg delivery
Additionally spider silk is biodegrad#&§*. Native spider silk frorhlephila clavipes/as
implanted into a neuronal defect in sheep with no adverse effect and ten months post
surgery aons had regenerated across the defect site indicating that spider silk could
support axonal growtlin viva®. Dragline silk fronNephila edulisvas investigated as

a shallow wound dressing irsheep 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 wé&tKbhere is also some
evidence that spider silk has a small amount of antimicrobial acfivitpwever, this

is more likely to be bacteriostatic rather than bactericidal in nature.

2.7. Recombinant spider silkexpression

Unlike silkworms spidersare aggressive, territorial and can be cannibalfStand
cannot be farmed on a large scakurthermore, spiders can produce up to seven
different types of silk from different spinmets and therefore collection of pure silk of
one type is trickyTherefore 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, funmti and batcHo-batch variation
compared to naturally derivetheans Recombinant spider silks have been produced
in insectcell$®, yeast’, plant$®, bacterid®, mammalian celf, transgenic silk wornis

and even milk from transgenic mféand transgenicgoats$®. Each expression system
has its own advantages and disadvantages as suirethinTablel.

One of the most common expression systems for recombinant spidrdth<i This

is due to ease of plasmid transformation, tip®ssibility for achieving high cell
densities and fast growth kinetics, with doubling times of 20 minutes in optimal
condition$*. Gram negativeE. colican also produce higher levels of the protein of
interest compared toGram positive bacteria dueot high expression levels of
protease$®in the latter.However Gram-negativeE.colirelease endotoxins from their
lipid polysaccharide outer membrane which induce immune responses in humans and
animals, even at low concentratiofisEndotoxin concentrations can be reduced to
acceptable levels using EndoT&polumn chromatograpHy, or simple wahing
steps768,

Native sized spider silk is difficult to produce in wild tipe&of° due toits large sizé&

and repetitive regiongontaining many glycine and alanine residues which would
quickly exhaust the available residues in the expression’hdgte high guanine and
cytosine content of the mMRNA increases the risk of secorslargtures forming which
impedes transcription leading to pauses or terminati@n®espite these challenges,
native sized dragline silkisipoins have been produced recombinantly. Increasing the
pool of glycyl tRNA has been employed to produce recombinant spidroins baséd on
clavipesMasp1 with glycine content of up to 44.9 %, of 284.9’kBiad 556 kD& with

a 96mer and 192 mer respectivély
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Expression Silk produced Proteases Post advantages disadvantages notes REF
system translational
modification
Sf9 insect cells Araneus No Yes but Simultaneously Small cell volume Filamentou s 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 4
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

Tablel: Summary of recombinant expression systems used in spidroin production.




2.8. Recombinantspider silkminiature spidroin design

Addition of an affinity tag such as heRetidine at the N or C terminus dhe
recombinant spidroin allows purification by immobilised metal affinity column
chromatography (IMAQFigure?). Elution of the his tagged protein is achived with
increasing concentrations of imidale which out competes the histidine residues for
coordination to the immobilised Rl Use of lexa histidinetags leads to relatively pure
protein in one step from the crude cell lysate. Howeuble use of transition metal

chromatographyis notapplicalle orenvironmetally friendly on large scéle

% Ni-NTA
% e N12Fivainiaas
=0
d !

Figure7: Coordiration of hexa hisitidine affinity tagged protein with -NiTA in

immobilised metal iorchromatography (IMAC®

The most studied recombinant miniature spidroins are eADF4(C16) and 4He&T

2). These have been used in many different forms for different applications such as 3D
printing’® and cell culturé”’8 These two spidroins differ in their design asukcies
origin. The miniature spidroieADF4(C16) (47.4 kDa) contains 16 repeats of a small
glycine rich motif that mimics theepetitive region present iiraneusdiadematus
dragline silk ADB’® with no NTor CT The spidroidRepCT (2EDa) contains four
repeats of the repetitive region and the CT domain of MaSp1 formustrali®. The
MaSplE. awtralis CT domain contains a disulfide bridge and was included to allow

instantaneous formation of fibres upon removal of a thioredoxin solubility Tdge
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recombinant spidroin MaSp14C is damiin design to 4RepCT in that it contains 4
repeats of the repetitive region and the CT domain but from MaS. ciavipe&. It
was found that theCT was necessary in the formation of a hydragdicating the
importance of CT unfolding on polymerisatiohmacrostructures

Both the nonrepetitive NT and CT were included in the recombinant miniature
spidroinsNT2RepCl33 kDa) and NR-C(~30 kD&Y, which contains a f&rminus, 7
repeats of polyalanine and a glycine rich region andtar@inus from MaSp1 and
MaSp2 ofLatrodectusHesperusjn an effort to recapitulate native spidroin fiber
formation. The NTomairs usedwere both pH sensitive and increased the solubility
allowinghighexpression yieldsf soluble proteinFibreswere formed by wet spinning

in acidic conditions with the introduction of shear for&oth recombinant spidroins
were designed in the last 4 years and therefore minimal work has been performed on
potential applicationsThe addition of the pH sensitivepidroin NTdomainto increase
solubility of other recombinantly produced proteiris marketed by the designers of

NT2RepCdt Spiber Technologies AM (Sweden) as SORANT
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Recombiant 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 30mg RGD motif Fibres, particles, 83 77,8488
diadematus glycine rich motif purification with (genetic) hydrogels,
dragline silk denaturing foams, films,
ADF4 conditions non-woven
solubiliseprotein meshes, 3D
printed
4RepCT  Euprosthenops 25  (n=4) repeats glycine CT  His tag Ni*affinity 20mg  RGD motif Fibres, films, 748978,9%
australis rich and polyalanine chromatography (chemical) foams 94
MaSpl andCTdomain (non-denaturing IgG motif  nanomembranes
conditions) (genetic)
MaSp14C Nephila 26.5 (n=4) repeats of CT  Histag Ni"affinity  Not None Hydrogel 81
clavipes glycine rich and chromatography  given
MaSpl polyalanineand CT (non-denaturing
domain conditions)
NT2RepCT E.australis 33 NTand(n=2) rems NTand His tag Ni"affinity 125 None Fibres 2
MaSpl of glycine rich and CT chromatography mg
andAraneus polyalanine fronk. (non-denaturing
ventricosus australisMaSp1, CT conditions)
MiSp1l from A. ventricosus
MiSp1l
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, C1 chromatography
MaSp?2 (non-denaturing
conditions)

Table2: Summary of some of the miniature recombinant spider silk proteins expresgectaii

27



2.9. Recombinant spidroingn vivo

Various recombinant spider silks have been examinedvoand have been shown
to have a very low inflammatory response and are well tolerated. 4RepCT fibres
implanted in rats for 7 daysupported cell growth and were populated Ligrbblast
cellswith angiogenesis occuing in the centre of thefibre. Nomultinucleated cells,
fibrous capsulation of the fibres or presence of macrophages were’$e&ghimeric
protein which fuses consensus dragline silk sequences with the antimicrobial peptide
Herceptinwas implanted in miceith low to mild inflammatory reaction compared to
controls®. Therecombinant spider silk protein AvMa$pwas investigateit vitroand
did not induce apoptosis, stimulate macrophages, was-ogiotoxic and therefore
deemed to be nofinflammatory®. Although more work is needeto 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 technolaiiSilk
GmbH (Germanyis aspin outcompany formedoy Professor ThomaScleibe that
usesADF4 recombnant silkto form their W6 A 2 & (i SvBich isTuded i8 eXdiles
AMSilk GmbHias alsareatedrecombinant silk coatetireast implants which induce
no immune response or toxicity and reduced capsule thickness and inflammation
compared to norcoated’. Spiber TechnologieAB (Sweden) uses 4RepCT and
modified 4RepCT to foriibres, films, foams, coating®r medical applicationBolt
Threads (USA) used larger scale spidroin silk expression in yeast for textiles. Spiber Inc
(Japan) have also used their spidroin QMONOS indeafiplications to makeamong

others, ties and aNorth Face jackét
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3.General methods
3.1. Expression and purification diT2RepCT

3.1.1.Chemicals and reagents

Unless otherwise statedchemical reagents were obtained througiommercial
sources such as Sigmddrich, Fisher Scientific and New England BioLabs. 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 sitistical analysis were performed in either Microsoft Office Excel 2016 or
Graph Pad Prism 7 (GraphPad software Inc. San DiegoD&A)are expressed as
mean + standard deviatiorStatistically significant differences were determined by
either an unpaird student ttest oratwo-way analysis of variance (ANOVA) and Tukey
posthoc analysis. Statistical significance was accepted at the p < 0.05 level and
indicated in figures as *p<0.05, **p<0.01, ***p<0.00F***p<0.0001. Protein
structures were created iPymol version 1.7.4.55equencing was performed with
SnapGene version 4.0.6.
3.1.3.NT2RepCprotein expression

Single colonies of BL21 Rosetta (DE3)colicells transformed withNT2RepCT
pPET22b plasmi@Figure8) on ampicillin (10Qug/mL) Lysogeny broth (LB) agar plates
were used to inoculate 5 mL sterile LB media with g@®nL ampicillin. These starter
cultures were grown for 16 hours at 3C, 180 rpm. Flasks containing 1L autoclaved
lysogeny broth (LB) media with 1Q0§/mL ampicillin were inoculated with the 5 mL
overnight starter culture using aseptic technique. The dlluces were incubated at
30°C, 200 pm until ORgsreached the log phase of growth (617. Protein expression
was induced at 20C, 180 rpm using a final concentration of 0.3 mM IsoprogH1-

thiogalactopyranoside (IPTG) for 16 hours.
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3.1.4.NT2RepCprotein purification

BL21 Rosetta (DEB)colicellsinduced to expresBlT2RepChby IPTG were pelleted
after expression by centrifugation at 4500 rpm for 10 minutes. The supernatant was
discarded,and the cell pellet was rsuspended in 10 mL Buffer A (20 mMsT#400
mM NacCl, 40nM imidazole). The reuspended cells were lysed using sonication (MSE
soniprep 150) for 10 minutes at 15 microns amplitude fors86onds bursts and 30
seconds rest at 4C. The bacterial lysate was immediately centrifuged at 35,090 x
for 30 minutes to pellet cell debris. The supernatant (soluble fraction) was loaded onto
a 20 mL IMAC Riaffinity column (HiTrap chelating HP, GE Healthcare) which had
been equilibrated with 4 column volumes of Buffer A (20 mM Tris, 400 mM NacCl, 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 IMAGffiiity column
was then transferred to a®KTA pure protein purification system (GE Healthcare).
Approximately 4 clumn volumes of 100 % Buffer A (20 mM Tris, 400 mM Na@iMiO
Imidazole)at 3 mL/min was run through the column until the absorbance reached <40
mAu. 10% (v/v) Buffer B (200M Tris, 400 mM NacCl, 700 mM imidazole) was used to
elute contaminating peaks angD% (v/v) to elute theNT2RepCinto 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 traceni280
were analysed using 15 %SDS PAGE amddphenol 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 -8 kDa MWCO, Molecularporoummembrane tubing,
Spectra/Por 1) against double distilled milli Q water (MQ) & 4vernight. Dialysed

NT2RepCWas flash frozen in liquid nitrogen and lyophilized under vacuum for 48
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hours (Micromodulyo 230, Thermo Scientific). Fully lyophild€@RepCiWas stored
at-20 °C until further use.
3.1.5.SDSPAGE

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 T¥8H, 8% (w/v) 3S, 40 % (w/v) glycerol and 0.4 %
(w/v) bromophenol blue) to obtain a 1x concentration and then boiled at®for 5
YAYydziSad ¢2 ASLINFGS gStfta mn > SkOK 0623
analysed with Thermo Scientific PAGE ruler plus prestain protein |8I08PAGE gels
were run at 180V for 10 minutes and then 200V for a further 50 minutes or tetil t
dye front had reached the end of the gel indicating full protein migrat®&inS 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 (GeCode Blue Safe Protein Stain, Thermo Scientific) and microwaved for a
further 5 minutes on the defrost setting.he protein stain was removed and the SDS
PAGE gel was dstained for 16-24 hoursin MQ watet SDS PAGE gels were imaged
using a UV transillumator on the upper white setting.
3.1.6.Protein concentration

Protein concentration was assessed using spectroscopy with-20R0 nanodrop
spectrophotometer (Thermo Fisher Scientifithe extinction coefficient MT2RepCT
is 18910L mot! cm? (calculated bfExPASy ProtParam toahd the molecular weight
of NT2RepCiB 33,278 g mdl The path length was 1 cm. ConcentratiorNdf2RepCT
was calculated biquation 1:

Equation 1:

G°Q 0 00l €1 0MOE Q.

O& & WQE OI6x0 Qé£ ———— o @ € a
a0 plwpaéanad & x e
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3.1.7.pET22INT2RepCphlasmid map
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Figure8: Plasmid map dNT2RepCih pET22b(+).

3.2. NT2RepChpurification results
3.2.1.Higher yields oNT2RepCin BL21 Rosetta than BL21

The protein expression method described in methods secldnl and 3.1.4 is
based on that described previously by M. Anderssbal? however higher yields of
300 mg/LNT2RepCT were achievddheexpression strain BL21 Rosetta ([p&htains
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 encodingNT2RepCTn the pET22b vector was codon optimized tor coli
expressiorwhen it was purchased from ATUM and does not contain any rare codons.
Additionally, since no chloramphenicol was used in expressibiTaRepCTit 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 inductionThe increased protein yield in BL21 Rosetta (DE3) is a useful result
applicable toother recombinant protein expressioiihe expression diT2RepCivas

split between soluble and insoluble but as the protein is expressed in high yields it is
unnecessary to purify from the insoluble fracti#x20 mL IMAC Rlicolumn was used

and 40 mMimidazole was used in the loading buffer (Buffer A, 20 mM tris, 400 mM
NaCl, 40 mM imidazoleYhe 20 mLcolumn was not oveloadedwith minimal ce
elution of NT2RepCWith lower binding contaminantgFigure9). NT2RepCdimer
interactions and nosspecific binding of contaminating proteins to the columare
reduced with 400 mM NaQPurified NT2RepCT appeared as a single baigdre9)

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 absoiia2BepCT
eluted from 20 mL Ri IMAC column with 30 % buffer @Righ) SDS PAGE gel (15 %)
of NT2RepCT purification. Fractions of interest were diluted Y@hwole 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 handliigl = Flowhrough. B = Buffer B.
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4.Factors that affecNT2RepChydrogel
formation

4.1. Introduction

This chapter describes the formation of safisemblingNT2RepChydrogels and
the conditions under which this occurs. AnalysiNoRRepC$econdary structure in
relationto 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 waterln the last fewdecades, many hydrogels have been developed
for different biomedical applications. From contact lensesl wound dressings to
hygiene products and tissue engineering. However, although psifesie been filed
not manyhydrogelsare commercially available aonvertional mediciné due tohigh
production costs. Therefore, there is a need for hydrogels that are quick, cheap and
easy to produce that have excellent biocompatibility, tunability and specificity.

Hydrogelscan be made from synthetic materials such as iyl alcohol (PVA)
and polyethylengglycol (PE® Synthetic hydrogelsan be biodegradabt&or non
biodegradablé®. Theyare reproducible in their manufeturing andtheir properties
can be tunedy 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 hardestiss such as bone and
cartilage However, biodegradable synthetic hydroge#n releasetoxic breakdown
productscreating systemiside effects” and cancauseforeign body inflammatory
responses particularly if implanted close to adipose ti$&&ugynthetic hydrogelsack
bio-adhesive and bioactive componentgith poor biocompatibility compared to

naturally derived hydrogel&*1% although thiscan be a useful property in preventing
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unwanted adhesion of tissue poestirgery®, particularly for PEG hydrogels due to the
low protein adsorption of PE&making it bieinert. Bioactve and adhesion molecules
can be added to synthetic hydrogel networks to increase controlled cell adhesion and
proliferationt%108,

Natural hydrogels have advantages over synthetic polymers due to their
biocompatibility, sustainability and medicdly relevant degradation rates.Their
macromolecular structure is similar to the extra cellular matrix (E€Mje to the
topography of proteins, carbohydrates and other natural polyrfér€ollagenand
fibroin are Food and Drug Administration (FDA) approved, clinically tested materials
frequently used in hydrogels due to their impressive propertiasviva The
components to make natural hydrogels can be physically extragkedvo from a
donorwith ethical concerns, batcto-batch variatiorand risk of pathogensr can be
produced recombinantlyemoving theseisks.
4.1.2.Physical, enzymatic and chemical crosslinking of hydrogels

Natural tydrogels can be defined by the method in which the ciodss form
physical enzymaticor chemical. Physitarosslinks are transient interaction®rmed
due to entanglemat of the monomers and can involve hydrophoblsigdrophilic and
ionic interaction$ in the selfassembling proess 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 hyeingperoxide to form dityrosine
bonds in silk fibroift®. Chemically crosknked hydrogels have permanent, covalent
bonds between thenonomersforming the polymeric networkChemical crosslinking
can be performed by addition of photoreactive crosslirsk€, radical reaction's? or
chemical crsslinkers such as glutaraldehytfe Whilst chemical and enzymatic

crosslinking form strong covalent bonds, chemical crosslinking bringgitsesuch 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 noragqueous media for reactions to proceed and are lesgrenmnentally
friendly than using physical or enzymatic methods to crosSfinkEnzymatic
crosslinking however is extremely substrate specific and expensive although it can be
used in physilogically relevant conditions, making it useful for injectable hydrogels
which crosslinlin situunder mild condition8®. Physical crosslinking is cheap, safe and
non-toxic to cells
4.1.3.Facors 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 netrk!'®, Transparent and opague
hydrogels can be usetbr 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 claimedat opacity is caused by particulate protein
aggregationwhereas transparency is due ta more stranded architectuté’.
Alternatively, that heterogenous structures within the hydrogel architecture scatter
light more than more organized structuré%!'® causing opacityHowever, there are
examples of rationally designed and organized crosslinked protein hydrogels which are
opaqué®d LG Kl a faz2 o6SSy &adzAam8zantdRand KI 0
crystllinity within the hydrogel increases opadity 11811, Hydrogels formedof
Bovine Serum Albumin (BS#)pH close to the isoelectric point of the protein were
ONRGOGES YR 2L 1jdzS ¢6A 0K Y2 NBmedfagfidrstiel O2 y (¢

AE2SESOGNRO LRAYG 6SNB M yhelforalBighi 6 4 0 K
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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
hydrogel$?#123 due to the already extensive research aeddyavailability.Physical
protein hydrogels have been formed from silk fibroiBombyx mori) by
sonicatiort?4125126  thermal gelatiof?” and vortexing® which range from opaque to
transparent depending on the method of gelation and concentration. Theyedol
OGN yardGAzy Ay airft]l FAONRAY A& sSikgigrdani | G SR
is an FDA approved biomaterial and elicits low immunological response upon
implantation once it is separated from tii@munogeniayluelike protein sericif?.

There are only a handful pliblished recombinant spider silk hydrogelgtas is an
emerging field and therefore there are many opportuniti@he first recombinant
spider silk protein hydroggprepared from C16, a recombinant protein based on the
repetitive regionfrom A. diademaus dragline silkADF4, was reported in 20(.
Purification involved denaturing conditions due to insolubility of the spidroin
Transparent, nanofiber based hydrogsllfassembledon the timescale of 4368
hours and were then stabilized by chemical cradinking with ammonium
peroxydodisulfate (APS) catalysed by a ruthenium catatgstalently linkng tyrosine
residues$?. This recombinant spidroin was developed into eADF4(C16) and was also
formed into transparent nanofiber hydroget 3% and 7% (w/v). Dialysis against
polyethylene glycol (PEG) walso investigated as a method of hydrogel formation
althoughthis was difficult to control asbove 30% (w/v) the protein began gelling
G dzy O 2 y (i NEDIF4(T16) hydirégels have since been used for, drug d&iardy
3D printing for cell culture purposes by introducing an RGD peptide intgehetic

sequence of the proteifi.
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A different method of physical hydrogel sadsembly investigated is heat. Three
variations ofa soluble recombinant spidroin based blephila clavipedlaSpl, a €
terminus only (NcCT), a repetitive region (h=épeats only (MaSpl4) and a
combination of the two (MaSp14CT.)The spidroins at 15 % (w/v) were heated from
2 °Cto 85°Cand back down to 2 °C. NcCT formed a transparent reversible hydrogel at
low temperatures and a translucent irreversible hydrogel above 65vh€reas
MaSp14 did not form a hydrogel at any temperature investigahéaSp14CT formed
an opaque reversible hydgel 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 asthbilizehis 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 °€°. A patent®*has been filed by the inventors of this hydrogel system,
indicating the promisingnespects of recombinant spider silk protein hydrogels.
4.1.5.NT2RepC%tructure and properties

NT2RepCTs a chimeric, recombinant spidroin (33 kDa) which was created by
combining a highly soluble and pH responsive NT #oprosthenops australidaSp1,

a short repetitive region fronke. australisand a highly soluble and pH responsive CT
from Araneus ventdosusMiSp (Figure10). The combination of these two highly
soluble domains enables this protein to be concentrated to similar concentrations as
found in the dope in sper silk glands without precipitating (>500 mg/riL)

NT2RepCTibres were formed by extruding highly concentrated protein solution
into an aqueous, acidic (pH 30) solution through a narrow capillary. Nearly 1000m
of fiber could be produced from 1L of shake fl&kcoliculture’. Thesefibres were

formed from NT2RepCT solution between 1B00mg/mL by lock and trigger
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mechanisms analogous to native silk in silk glands. The recorded toughness for
NT2RepCT was 45 MFmhich is the highest recorded for spun recombinant spider
silk.

i.) MGHHHHHHMSHTTPWTNPGLAENFMNSFMQGLSSMPGFTASQLDD
MSTIAQSMVQSIQSLAAQGRTSPNKLQALNMAFASSMAEIAASEEG
GGSLSTKTSSIASAMSNAFLQTTGVVNQPFINEITQLVSMFAQAGMN
DVSAGNSGRGQGGYGQGSGGNAAAAAAAAAAAAAAA GQGGQGGY
GRQSQGAGSAAAAAAAAAAAAAA GSGQGGYGGQGQGGYGQSGNS
VTSGGYGYGTSAAAGAGVAAGSYAGAVNRLSSAEAASRY SSNIAAIA
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

—
i ) E. australis MaSp1

FigurelQ: i.) Amino acid sequence BT2RepCT33 kDa) Light blue = hex histidine
purification tag, Orange = NT froB australisMaSpl, Green glycine rich region
(n=3), Red = poly alanine regiondy Purple = CT frorA. ventricosusMiSp1l. ii.)

Schematic oNT2RepCih the same colours

The pH sensitivity of the chosen NT and CT is critical to the formatfdorexdfrom
NT2RepCTAt pH 7 thekE. australidMaSpl NT exists in mainly monomers but as the pH
decreases to pH 5.5 the NT forms stable homo dimeigu¢ell) which have strong
dipoles®3®, At pH 7A. ventricosu#liSp CT as an organized apdirallel dimer Figure
110 @ yR (GKS / ¢ dzamybid Ruiils dsypi Becréasesi elSvEEL5

NT2RepCT shows temperature and pH dependent protein secondary structure. At low

temperatures at pH4 = h  KSt AOF f & G NHzO G dzZNBsheetR2 YA Y |

forming as the temperature was increase At lower pH NT2RepCT became
destabilizedand aggregated forming fibres in the cuvette. Furthermore, the transition
i 2 -sheet structures occurred at lower temperatures and with a more abrupt
transition at lower pff2 The sdtassembly of NT2RepCT into higher order oligomers
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as a result of decreasing pH was captured by electrospray ionization mass
spectrometry (ESWS). As the pH decreases below 7, NT2RepCT formsovatent
dimers Figure12) 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 oligomert® R units. In a previous
study, NT2RepCT was shown to fors8 @m diameter micelle structures in crEM

at pH 5.5 under shear forée

Figurell: (Left) E. australidNT dimer (PDB: 2LTH). Each monomer subunit unit in
either pink or purple.(Right) A. ventricosusMiSp 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 ofNT2RepCTimers interacting in fibeiselfassembly. The

replicate domain (green) creates a condense core that eliminates water whereas the

a2t 0Syi SELRASR b¢ o0eStt260 [yR /¢ 0606fdzsSo0

~ 8nm. From: M. Landredt al.133
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4.2. Methods

4.2.1.PhysicaNT2RepCHhydrogel selfassembly conditions
investigated

Various concentrations and buffers were used to form NT2RepCT hyd(dgble
3) to compare previously reported silk hydrogel gelation conditions applicability to
NT2RepCTrhe pregel 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 (Leuf 2 1 X . 5 t f | & (Grmiolltts varedsealed \Bith Bagaflh®/ 3 S
(StarLab) to prevent evaporatioRregel solutions were incubated at 37 °C or 40 °C
for 16 hours tanduce hydrogel formation.

Table3: Conditions tested that affect NT2RepCT-asfembly hydrogel formation.

NT2RepCT % Buffer Buffer Temperature

(Wiv) 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 FeCls (aq) 50, 100, 500 mM 37°C

2.4 CaClz (aq) 50, 100, 500 mM 37°C

2.4 MgClz (aq) 50, 100, 500 mM 37°C

2.4 PBSpH 7.4 1x 37°C

2.4 DMEM 1x 37 °C

24 trispH 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 OE3s

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 hou@& well
transparent hydrophobic pte (Starstedtwas used and the temperature of 37 was
maintained throughout. Absorbance was normalized to blanks and plotted against
time.
4.2.3.QArcular 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 fromMiZto 74°C in smooth ramp
mode at a rampate 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. LyophiliseNT2RepCWas reconstituted in double distilled milli Q water
(MQ) at 0.08 mg/mL or at.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 softwarsion 4.4.0 CD data are
reported in milli degrees (m®) or molar ellipticifix cnf/dmol).

Conversion from m° to molar ellipticity

Equation2

ad Do "QbE a
PN O QEQGOE QE E OQE O I 0 QF &

GéaQbaqndOUbiIRG ¢ o
Equation3

4J o x yQa ¢ &
Wipwd mErd @8t YD

G€ a0l aQnd AWITe e o X
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4.2.4. Assessingight transmittance of formed he&induced
hydrogels

Heat induced NT2RepCThydrogels were formed in &6 well transparent

hydrophobic plate (Starstedt) as described above. Absorbance was measured in

triplicate at 400, 500, 600 and 700 nm including blanks and empty well§ BECAN

Spark DM (Spark Control version 1.1Absorbance was normalized to blanks.

Percentage transmittance (%T) was calculated from absorbance (A) at each

wavelength usindequation4 and Equation5. Transmittance at each wavelength was
compared for hydrogels formed in different buffers.

Equationd: 0 C o€

Equation5: ChY pmpam
4.2.5.Dynamic Light Scattering (DLS) and Zeta Potential

Dynamic Light Scattering and Zeta potential measurements were performed on a
Zetasizer Nano&Z Malvern Instruments Ltd., UK) using Zetasizer Software version
7.13 LyophilisedNT2RepCWas reconstituted in MQ water, 20 mM tris pH 7 or 20 mM
IVt { LI wma G M YAkY[® 9FOK &l YLES oI a

filter before analysiso 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 fno intensity. Zeta potential was measured at 25 °C.
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4.3. Results

4.3.1.NT2RepC%elf assembles into hydrogels at 2.4 % (w/v) at
37°C
After 16 hours incubation at 37 °C, only 2.4 % (WVRRepCih MQ water formed
a translucent hydrogel which resisted gravitational flow after inversion for BQgré
13). Lower concentrations diT2RepCappeared more viscouparticularly 246 (w/v)
NT2RepCWhich initially resisted gravitational flow but did not appear to be a

hydrogel like 2.4 % (w/v). Compared to the el solution of 2.4 % (WA\NT2RepCT

the formed hydrogel was slightly translucent after gelation.

Figure13: Above: Solutions dfiT2RepCipre-gel) in MQ water at 0.25, 0.5,1, 2 and
2.4 % (w/v) in BnL glass vials. Below: Those same solutiondT&#RepCafter 16

hours incubation at 37 °C for 16 hours. Vials inverted to showdggdiformation.

4.3.2.Formation of 2.4 % (w/VNT2RepCTydrogel 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.

1.0

Abs 595 nm

0.0 T T T T
0 250 500 750 1000 1250

Time (minutes)

Figurel4: Absorbance at 595 nm over time at 37 °C of 2.4 % MI2RepCih MQ

water. (n=3) meart SD.

4.3.3.Presence of di phosphates and mediahibit hydrogel
self-assembly

An inhibitory effect was seean gelationof NT2RepCT hydrogeisth phosphate
buffered saline (PBS) and cell culture media DMEM supplemented with 10 % (v/v) FBS.
aggregated upon heating to 37TC for 16 hours and formed a globular structure
separated from the mediaF{gurel5). The presence of 50, 100 and 500 mM NacCl,
FeCd, CaGland MgCl prevented seHassembly oNT2RepCinto hydrogels when
incubated at 37 °C for 10 hours. All salt conditions cabSEZReR Tto precipitate out
of solution upon heating and no hydrogel was formed. Additionally, i®OMgC},

100 mM Cagl 100 mM and 500 mM FeCtaused immediate precipitation of
NT2RepCat room temperature (20 °C). The samples increased in turbidity over tim
which was measured by absorbance at 595 Rigyrel6). A positive control of 2.4 %

(w/v) NT2RepCih 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 % (WANT2RepCih 20 mM tris pH 10.5 + 10 mM NaCl was incubated

at 37°C for 16 hars. No hydrogel formed andT2RepCjrotein precipitated

Figurel5: 2.4 % (w/v) NT2RepCT in PBS pH 7.4 and DMEM + 10 % (v/v) FBS after

incubation at 37C for 16 hours.

Z st —— O0mM NacCl
—— O0mM FeCl,

—— 50 mM FeCl,
~~ 100 mM FeCl,
500 mM FeCl,

—— 50mM NaCl

H
o
I

—— 100 mM NacCl

Abs 595 nm
Abs 595 nm

~~ 500mM NacCl
0.5

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)

Figurel6: Absorbance at 595 nm of 2.4 % (WN)2RepCih 0, 50, 100 and 500 mM
NaCl (red), Fegtblue), MgCl(green) or Cagllpurple) 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.NT2RepCthanges conformation with increasing
temperature and pH

To undestandthe protein secondary structure diT2RepCTpon heating, circular
dichroism melt experiments were performed. In all conditions testdd2RepCT
unfolded with increasing temperaturdlT2RepCih MQ water, in 20 mM tris pH 7 or
20 mM CAPS pH 10 (refed to herein as MQ, pH 7 and pH 10) showed not only
different melt responses with increasing temperature but different protein
O2y F2NXIFGA2ya G NR2Y (SYLIS Mélicesat®wto a v
physiological temperatures to arpiaralleli pleated sheets, shown by a positive band
at 195 nm and a negative band at 208%hat 56 °C and abové&igurel7 MQ).
NT2RepCX Yy LJ T & K 2hélidal bfrsisgat 218 a@d5222 nm but the positive
band is at 195 nm not 193 nmsAhe temperature increases themasno obvious
shift to antiparalleli pleated sheets as with MQ indicating instead denaturation or a

shift to disordered structure as above 210 nm there is low ellipti€iigurel7 pH 7).

a KA

At pH 10 atdw and physiological temperaturd§T2RepCBEA &G & | & LINRA Y

helices which decrease in ellipticity with increasing temperatbigurel?7 pH 10). As
with pH7 thereis no obvious shift to antiJl NJ- -pléated sheets.

Comparing molar ellipticity (MRE), which corrects for sample concentration, at
222y Y &aAK26SR (KI (i a-kelica# htidhe atétSof the2edpérimént,
followed by pH 10 with pH 7 being the leasipha 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 amtll NJ fpleagd 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 &ble4).
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Figure 18 Molar ellipticity Mdeg x cr¥dmol) at 222 nm with increasing
temperature for NT2RepCT in MQ water (blue), 20 mM tris pH 7 (poe26 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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Table4: Change in molar ellipticity (° x éiabmol) (MRE) at 222 nm between 19 and
37 °C for 0.08 mg/mNT2RepCih MQ water, and 0.05 mg/mNT2RepCih 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)
222 nm 19 °C -12 -6.6 -8
222 nm 37 °C -11 -5.9 -7.3
n aw9 1 0.7 0.7

NT2RepCT at pH 7 did not return to the same conformationf@i) when the
temperature was decreased to 20 °C after the melt experiment (padt) (Figurel9
pH 7). Aditionally, when the temperature is lowered ellipticity becomes very negative
0St 26 wmMdH VY dheli degatidie bamds & 208 &8 222 nm are very similar

postmelt and the spectra overlag-igurel9 pH 10).

40 T T 40 T T

—— Pre-melt20 C —— Pre-melt20 C

= Post-melt20 C

= Post-melt20 C

n
=3
1
1
n
=3
1

o
1
o
1

Circular Dichroism (mdeg)
Circular Dichroism (mdeg)

pH 10

-20 T T T T T T -20 T T T T T T
185 195 205 215 225 235 245 185 195 205 215 225 235 245

Wavelength (nm) Wavelength (nm)

Figurel9: CD spectra of 0.05 mg/mMNT2RepCih 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-74 °C with heating of 1 °C/min and then cooled
back down to 20 °C. Spectra shown are accumulatibriOo 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 prgel solution buffer determined the opacity and
appearance of the formetIT2RepCHiydrogel after incubation at 37C for 10 hours
(summarized inTable5). 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 experimentdr 20mM tris pH 4 and initially decreased slightly for 20 mM
HEPES pH 4. However, since both pH 4ptesolutions were already turbid due to
protein precipitation, 595 nm absorbance could not monitor hydrogel formation
(Figure20).

Tableb: Appearance of NT2RepCTged 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 pH 4 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% (Ww/WNT2RepCTormed a clear, prayel solution with no protein

precipitation. After heating to induce hydrogel sasembly 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 indh&essigmoidal 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 RDHEPES pH 7.

2.5
20 mM tris pH 4
2.0 p
= JW_JI,,,R{{»;§$H{—I—3—‘{—T—} 20 mM tris pH 7
S 1.5+ - _
0 20 mM tris pH 10
[e]
n
) ) 20 mM HEPES pH 4
o
< —— 20 mM HEPES pH 7
—— 20 mM HEPES pH 10
- —— MQ water
0.0 \ \ \ \ \ Q
0 100 200 300 400 500
Time [min]

Figure20: 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 wrawvas included. (n=3) mean + SD.

At pH 10, 2.4 % (WMNT2RepCTormed a clear pragel solution, again with no
protein precipitation in both buffer types (20 mM tris or 20 mM HEPES). After heating
to induce hydrogel selissembly, the 20 mM tris pH 10ydrogels 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 slaaggc
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 temperate of hydrogel formation from 37C to 40°C during the 16
hour incubation gelation period affected the morphology in different ways depending
on the buffer the pregel solution was ifFigure21). 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 syringeuld the hydrogel spread slightly
and did not have as defineztiges as the 37C MQ water hydrogel. This was also the
case for hydrogels formed in 20 mM tris pH 7, although botfiG3and 4C0C formed
very soft, opaque white hydrogels. Interestingly, for hydrogels formed in 20 mM tris
pH 10, increasing the temperatifrom 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 ¥.The hydrogelsappeared to have similar levels of

transparency regardless of temperature of incubation.

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

37°C

40 °C

¢ 1

Figure21: 2.4 % (w/VNT2RepChydrogels formed in MQ water, 20 mM tris pH 7
or 20 mM tris pH 10 at 37 or £C. (incubated for 16 hours)ydrogels shown next to

ruler with 1 cm measurements for scale.
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4.3.6.NT2RepChydrogel selfassembly 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 ammpaque in appearance. Hydrogels
formed in 20 mM CAPS pH 10 were transpar@uiditionally, hydrogels prepared in
fresh MQ water were transparent compared to those prepared in older MQ water

stored in plastic 20 mL universal containdfgy(ire22).

Fresh buffer Older buffer

MQ water pH 5.5
37°C

lcm

20 mM tris pH 10
40°C

Figure22: Differences in transparency of 2.4 % (WW)2RepCThydrogels formed
in fresh and old buffers. A = 2.4 % (WN)2RepCih fresh MQ wateincubated for 16
hours at 37°C. B = 2.4 % (W/WT2RepCih old MQ water incubated for 16 hours at
37°C. C = 2.4 % (Ww/NT2RepCih fresh MQ water incubated for 16 hours at 7. D
= 2.4 % (W/VNT2RepCih old 20 mM tris pH 10 incubated for 16 hoats40°C. Scale

bar =1 cm.

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

NT2RepChydrogels 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

20mM 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 dH. Percentage transmission was calculated from absorbance at
400, 500, 600 and 700 nm as described in methods (Settibd (Figure22). 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 visibleght. 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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Figure23: Percentage transmittance at 400 (blue), 500 (red), 600 (green) and 700
(purple) nm of 2.4 % (W/VNT2RepChydrogels prepared in either fresh or older

buffers by incubation at 37C for 16 hours. (n=3) meaSD.

4.3.8.Transparent hydrogels were made in fre$hQ water and
20 mMCAPS pHO

Three batches (N=3) of 2.4 %(W)2RepCin either fresh MQ water or 20 mM
CAPS pH 10 were formed in a 96 well plate by incubation at 37 °C for 1&roou
different purifications of NT2RepCThe three batches of 20 m@APs pH 10 had over

90 % transmission in all wavelengths tested with no significant difference at 700, 600
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and 500 nm Figure24). However, there was P < 0.05 statistiddference 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 andh3awere 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 batche$ 2.4 % (w/v)
NT2RepChydrogels incubated for 16 hours at 37 °C in either 20 mM CARS pH
(above) or fresh MQ water (below). Each replicate numbered 1 to 3. Percentage
transmittance each hydrogel batch (n=3) me=®BD. Significance between each batch:
1-2 comparing batch 1 to 2-3 comparing batch 1 to 32 comparing batch 2 to 3.

(ns not significant*p<0.05, ****p<0.M01)

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
hydrogds (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-seffporting translucent hydrogel but

CAPS10 was still liqualthough the viscosity had increased. CAPS10 increased in

55



viscosity over time and at 6 hours was very viscous but was still flowing slowly. At 6.5

hours CAPS10 formed a s&lfpporting hydrogel that did not flowr{gure25).

Figure25: 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 anceta potential

DLS measurements showed an increase in average paitoheter with increasing
temperature from 25°C to 37 °C for all conditions MT2RepCTAdditionally, at 37 °C
the diameter of the particle increased with every replicate of the 5 scans due to
protein aggregation. There was also increasing polydispensitypeotein aggregation
for NT2RepCih MQ water at 25 °G~{gure26).

The zeta potential varied depending on the solution surroundMitRepCT
NT2RepCin MQ water ha a zeta potential 0f14.03 £ 0.72 mV, in pH 7 the zeta

potential was-5.23 + 0.82 mV and at pH 10 the zeta potential vi&8s7 + 1.39 mV.
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Figure26: DLS and Zeta Potential of 0.8 mg/NMI2RepCih MQ water, 20 mM tris
pH 7 or20 mM CAPS pH 10. (Black circles = measured at 25 °C, Grey circles = measured
at 37 °C) A = Diameter dIT2RepCin MQ, B =NT2RepCin 20 mM tris pH 7, C =
NT2RepCin 20 mM tris pH 10 and D = Zeta potentialNof2RepCat 25 °C in MQ
water, 20 mM tris pl 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

4.4.1.0verview

It was the aim of tis chapterto determine whethemNT2RepCg¢ould 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
NT2RepCthanged and understanding the pH atemnperature 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 hydrogelbssiémbly.
4.4.2.NT2RepCtselft-assembles into hydrogels

The minimum concemation for NT2RepCT1o selfassemble into a seupporting
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)112118126 The recombinant spider silk eADF4(C16) was prepareéat 3
(wiv) for cell culture purpos€& For comparison, one of the lowest concentration-self
supporting physical hydrogels reported was made from a 6 kDa protein moti#C¥ajC
at 0.4mg/mL or 0.04 % (w3 by thermal gelation at 90 °C. Matrigel, which forms
physical hydrogels at 3TC and above is shipped frozen at concentrations between
0.81.2 % (w/v) and can be used at 100% or lower concentrations dependirgsan a
type!®®1%, Collagen | hydrogels in cell culture on average range fros @3w/v) with
many below 1 % (WY’

Material properties, appearance, protein secondary structure and functionality of
the published silk hydrogels wad with protein concentration indicating a relationship
between the former and the latter. At 2 % (WANT2RepCTormed a very viscous
solution that was not selupporting and flowed after inversion so could not be
termed a hydrogel by that test. Howenyeinversion tests are a very rudimentary

method for analysisand results can vary depending on the diameter of the
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containef®® wKS2f 238 G2 |aasSaa (GKS YIF3ayaiddzRS
in the linear viscoelastic region (LVE) during a frequency sweep would give a better
understanding of the material properties, in addition to other rheological #8%ts
Rheology and other mechanical testing MT2RepChydrogels are discusseit

Section6.3.2

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

If a hydrogel is opaque or translucetite gelation kinetics can be monitored over
time, as the hydrogel becomenore 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'#the recombinant
spidroin eADF4(C)&measured at 570 nritf, eMaSp1 (measured at 570 nfi¥)and
a recombinant spidroin Nc@®silin construct (measured at 350 nm). In the case of
NT2RepCTfor 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 heéanduced gelation

NT2RepCTs an extremely soluble protein with many charged residues and has
dimermonomer interactions depending on pH and ¥althere are many salt bridges,
ionic interactions and hydrophobic interactions that occur withMiIr2RepCT
dimerization and subsequent oligomerization. §2RepCiinfolds 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. Chaotropb agents disrupt hydrogen bonding, weakening the
hydrophobic effect, solubilizing hydrophobic interactions and therefore destabilizing

hydrophobic aggregaté¥. This can cause the protein to unfold, denature and
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precipitate. Kosmotrophic agegs on the other hand stabilize hydrogen bonding of
proteins in water, contributing to stabile hydrophobic aggregates and intermolecular
interactions. C& and Mg* are chaotrophic agents whereas Na kosmotrophic. F&

is not classified as chaotrophic kosmotrophic, it is a large ion with high charge
density. Interestingly, none of the salts and therefore chaotrophic/kosmotrophic
cations promoted\NT2RepCHiydrogel formation, they were inhibitory to the process
and at all concentrations caused proteirepipitation and no hydrogel formation. Due

to the chaotrophic nature of Gaand Mg, this is understandablas hydrophobic
interactions in hydrogel formation would be disrupted. NaCl is used in protein
purification to prevent dimer formation, which igkély 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,;NT2RepCWould dimerizeand 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 effesiasalso seen for DMEM and PBS.
DMEM is a complex mixture of electrolytes, including calcium chloride and sodium
chloride at1.8 mM and 109.5 mM respectfully. In addition to these salts, DMEM also
contains other components which likely disrugT2RepCThydrogel formation. PBS
contains 100 mM phosphate buffer, 27 mM KCI and 137 mM NacCl.

In comparison toNT2RepCTthe recombinantspidroin eADF4(C16) had faster
gelation andnore opagquen 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 stre¢*2. 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 andilCITI2RepCare
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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Fed also had an inhibitory effect on hydrogel formation, withiT2RepCT
precipitating immaliately 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 testedwas 10Ya ® L& ¢l & F2dzy R GKIFG CSOLLLDO
sheetd?®,

Therefore,NT2RepChydrogels cannot be sedfssembled directly into cell culture
appropriate mediaAdditionally, thegelaion 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.NT2RepCihermal denaturation reflects isolated terminal
domains

The different changes iNT2RepCPprotein secondary structures thi increasing
temperature and pH is a useful attribute that can be exploited to form protein
hydrogels particularlyt & K AsHeit stfuurds with increasing temperature, which
has been seen previously with other recombinant spid®Bi8d t NB & She@S 2 F |
has been shown to be a prominent feature in physically crosslinked protein
hydrogeld?'?d L y RsBeetR Werei critical in formation silk fibroin hydrogels and
led to irreversible hydrogel formation above 15 % geldfibrLike NT2RepCTsilk
fibroin contains glycine rich regions but it lacks polyalaninea¢g. The crystalline,

i -sheet polyalanine replicates in natural spider silk contribute to formation of strong
fibres>6-30,

The temperature and pH dependent behavior of whdIE2RepCih this studywas
similar to published behavior of the isolated termidaimainsk. australidMaSpl N
and A. venticosusMiSpl C¥ and whole NT2Rep&%. The thermal degradation of
NT2RepCTn MQ water (pH 5.5)reflected that of the isolated CT at pH Zahd

NT2RepCT atpH @0 I & K ndlidhl tofaniR I N EhieeBst |
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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®2. The differences seen in NT2RepCT secondargtsteuat pH 7 in this
study where disordered structures were seen compared to that reported by T. Arndt
etal’®g K SNB A NIMNsBedtJohdatlo WwaS seén is most likely due to poor CD
signal.

As with isolated NT and CT at around neutral fH2RepCivas also able to refold
somewhat to the premelt structure. The thermal denaturation behavior at pH 10 is
very similar to pH 7 buNT2RepCNXB T 2 f Rdlical GtRuctures to a higher degree
than at neutral pH.Unfortunately, the posimelt structumal analysiof 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
(i 2-hefical SNHzO (i dzNBsheets Fad Brivédi

However,NT2RepCin 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 togdarchange in
conformation, NT2RepCThydrogels cannot be sterilized by autoclaving as this will
change and alter properties of hydrogels with the temperature rise to 120 °C.
¢CKSNBF2NBZ AGSNATATFOGAZ2Y o0& nduu w¥ FALGN
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 appeararand formation. At
alkaline pH 10NT2RepCTorms clear, transparent hydrogels. At neutral pH 7 the
hydrogels formed are opaque and white. In pH 5.5 freshly decai@®dvater from

the Millipore filtration machine, the hydrogels are cle&towever f that water has
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become carbonated or is slightly impure, the pH will shift closer to pH 7, and this will
affect the hydrogels optical propertieShis was seen when the pH of older MQ water
was tested with universal indicator papeClearly HEPES and tris leuff are not
capable of maintaining pH 10 for long periods, unlike CAPS buffeF{@ae27 for
pKa values)This is due to pH drift and limited buffering capacity ledge buffers at
pH 10. Furthermore, tris buffer has significant pH drift with temperattire

This is exemplified iRigure22 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 pHNT2RepCllimerizes| y R f -Bedic8l &trudture 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
opaguenes¥®. It is not clear what stattlT2RepCiE in at pH 10, whether monomer
or dimer, Xray crystallography has been performed at lower pH. Unfortunately, the
crystal structure oNT2RepCat pH 10 is outside of the scope of this research and
therefore only speculation can be conveyed without mevédence. At pH 10, nearly
all acidicamino acid side chainand aminesvill be deprotonated®, this could cause
more electrostatic repulsiodue to increased net negative charge. This ldaaduce
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
g2dzZ R 200dzNJ RdzS G2 dzy¥2f RAy3a 27 ifferent | YR
charge state oNT2RepCTHydrogel 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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Figure27: Dissociation and pKa values of the biological buffers HEPES, tris and CAPS.

4.4.7.A small change in temperature of gelatoaffects
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 thie @& protein collisions and
aggregation for all buffer conditions. It should be mentioned thaFigure21 the
hydrogels are all opaque to translucent and were forrireduffers older than 2 weeks
and therefore might behave differentlwith changes in temperature than clear
hydrogels formed at more alkaline (CAPS pH 10) or pH 5.5 (fresh MQ water) conditions.
NT2RepChydrogels formed in MQ water 20 mM tris pH ‘&t 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 hhisely prevented homogenous hydrogel

formation and promoted a weaker hydrogel architecture. From MRER2n?n Eigure
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180 LI 1 KU &elidalkstBuctdre$Hydeogels formed in 20 mMiis pH 10
appeared improved by the 3 °C increaBespiteTrisbeing a poor bufferig 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 igassibly anore homogenous struate 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 °®ould 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 2 dzyhiddulés of pH 10 hydrogels formed at the two temperatures
is discussed i€hapter %o 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
transparentgelation kinetics. Inversion tests work on the principle that a viscouslliqui
will flow but a viscoelastic hydrogel will not and is a commonly used qualitative
techniqueét118 130144 Both pregel solutions containing 2.4 % (WNY2RepCih 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 seipporting hydrogel
was formed after 2 hours at 37 °C in MQ water but the gelation time waki3onger
for 20 mM CAPS pH 10. The inversion test used monitored the initizdugadbrting
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 adfef a2f€ dziA 2y

storage and loss modulus are monitored after gelation is inititfed
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The slowing of gelation kinetics in 20 mM CAPS pH 10 is likely a result of the minimal
changes ilNT2RepCProtein secondary structure ith increasing temperature as
seen in CD (Sectigh3.4) and increased electrostatic repulsion. At pH NU2RepCT
is negatively charged due to deprotonation of acigroups. Not only is pH 10 much
more alkaline than the pl diT2RepCat 4.26(Calculated by Protparameteut all
N terminalhistidineamine groups are deprotonated as their pKa are around 9. In-ultra
pure MQ water, which is around pH 5.5, the overalkgative 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 ferrougnir 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 a® @42 NT2RepCT in MQ water
4 ot ¢/ aK2gSR |y dzy¥F2ftRAy3I 2F h KStAOI T
pleated sheets. This unfolding, exposing previously hidden ionized and hydrophobic

amino acids in NT2RepCT leads to more rapid gelation.

4.4.9.DLSand zetapotential reflect NT2RepCiemperature and
pH dependent behaviour

NT2RepCHaggregated 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 inH¥S33 however all reported diameters were
greater than 79 nm as seen in Electron Micropscépis DLS calculates hydrodynamic
radius by diffision of the particle and reported values are from intensity, the results
cannot be directly compared to diameters calculated from different technigues.
Relative increases in aggregation with increasing temperature per scan were largest

for MQ, followed bypH 10 and then pH 7At pH 5.5, fibrils are forming as the
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NT2RepCTorms high order oligomers, this is accelerated by increased Brownian
motion due to temperature risetNT2RepCparticle size in pH 7 and pH 10 increased
about two-fold as temperature in@ased.

Perhaps of more significance is the zeta potentid ©2RepCat 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 mobilitye pl of
NT2RepCTs 4.26 therefore at all tested condition®NT2RepCTs net negatively
charged.lt would be expected that pH 7 would aggregate the nfofowed by MQ
and then pH 10 the least. However, despite a zeta potential closest to 0 at pH 7,
NT2RepCTarticle size is smallest and shows least aggregation per replicate at 25 °C.
Only at alkaline pH does the zeta potential of whbl&2RepCTeflect that of E.
asutralisMaSpl NT which was determined between pH2by G. Askarieét al.>6. At
pH6.5, NT zeta potential ist5 mV and decreases 80 mV at pH 10. The repetitive
region and CT contain many charged residues which could affect zeta potential.
4.4.10. Optically cleaNT2RepCTydrogels

Transparent hydrogels formed in 20 mM CAPS pH 10 were mapreducible 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 buBenalimpurities
would affect the pH, since the hydrogels were not prepared under a flame there is
some risk of contaminationThere will also be batch to batch differences ithe
purification process Despite efforts to use the same conditions there will be
differences in buffrs, temperature, yield oNT2RepC®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 microstructue sinceNT2RepCiB 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/XT2RepCih 20 mM CAPS pH 10 and MQ water is
high compared to publisteesilk 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 higest transmittance at 700 nm was only 80 % and decreased to
~30 % with shorter wavelengti& 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 mdmoant
spidroin) hydrogels have not reported specific transparency betweer7000nm but
I NE RSEONAOGSR a4 WGiNIYyaLI NByGiQ | fGK2dzaAK

i8126’129'76'130.

4.5. Summary of the factors that affedd T2RepCTydrogel
formation

The aim of this chapter was to determine whether the recombinant mini spidroin
NT2RepCdould be formed into protein hydrogels. It was found that at concentrations
of 2.4 % (wW/V)NT2RepCseltassembled into seupporting, plysically 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 behaviouMdT 2RepCih three different conditions, pure MQ
water, at pH 7 and at pH 10 was performaith circular dichroism. In pure MQ water

0 KSNB g a-pldatediskektd, at pHi 2thefe was an unfolding to a disordered

structure, whereas at pH 10 there was little chng F NB Y { KBelic& NA IA Y I

structure. These structure changes were exploited to foNf2RepCiiydrogels 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, alptitransparent 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 hydrfugeied. At pH

10 there is likely a large net negative surface chargdN®@@RepCWhich leads to
increased electrostatic repulsion between protein molecules. Combined with the
helical protein secondary structuréhis likely led to an organized and homagris
structure. Dynamic light scattering (DLS) assessment of the zeta potential at pH 10 was
determined to be-23.7 £ 1.39 msuggesting stability against aggregation.

In MQ water that had been freshly dispensed from the Millipore water purification
sysem at pH 5.5,optically transparent hydrogels were formed within 2 hours.
However, if the MQ water used was not fresh thid increasa to ~7which led to
opaque hydrogels with low optical transparency. The zeta potentidlT&RepCin
MQ water was14.03+ 0.82 m\suggestig less resistance taggregatiorthan at pH
10. Hydrogels formed apH 7were opaque, soft and unstabld his was due tohe
combination of a zeta potential 66.23 £ 0.72 mV and an increasingly disordered
protein secondary structure &lingto aggregated and nehomogenous hydrogel
architecture.

It was found that presence of metal salts, cations and phosphates prevented
NT2RepChydrogel formation indicating that these hydrogels could not be forrmed
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 charactesistied 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 affitcted 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 o
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.
One 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 he hydrogels described @hapter 4and 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, 2 dzyhiddids 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 entanghent, hydrophobic and hydrophilic bondihg
This crosslinking can be inti@nd intermolecular leading to highly interconnected and
porous threedimensional networks. Chemical crosslinking is often used to stabilize
hydrogels derived from natural materials to impematerial 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 moneriiée 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 cafid care needs to be taken

to remove any excess/residual crosslinker to avoid toxicity.

Four chemical crosslinkers commonly used in hydrogels are glutaraldéhg@a),

carbodiimidé, citric acid*®and genipint4147148 Each crosslinker has advantages and

disadvantages as summarizedliable6. GA has been used frequently in the literature

to crosslink a variety of naturahaterials into biocompatible hydrogel scaffolds

including: silk*, chitosangelatin blend$®, gelatit®* and chitosaf?

Table6: Summary of chemical crosslinkers commonly used in hydrogels

Chemical crosslinker Crosslinks Advantage Disadvantage
(functional
group)
o/\/\/\o U amine of Cheap Toxic
lysine
Glutaraldehyde . Re"’?d"y 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 OH 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 definingcharacteristics of a hydrogel is its ability to swell in aqueous
buffers or media without dissolutiodue to crosslinksSwelling occurs due to osmotic
pressure differences between the hydrogel and the surrounding media and is affected
by many factors suchs: 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 crosslinkin@rotein hydrogels are ionic due to the presence of
charged amino acid side anag, the NT and CT. Therefore, when a hydrogel is swelling

in solution there are three components of the Gibbs free energy of the system

v v

Equation6: Y0 Y0 Y0 Y0
The total free energy"O is an equilibrium of the elastic forc880 from
the crosslinked chains, the energy of enthalpic mi¥i@ and the energy from

the ionic interactions within the hydrog&’'O and between the hydrogel and the
swelling solutiof**1%%, The elastic forces promote contraction as the network is
stretched and enthalpic mixing @motes 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 systeand can affect
enthalpic mixing.

Hydrogels are comek 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 arased on gaussian distribution of strands with
homogenous crosslink distributiét. In most of the published literature a simple
equation Equation?) is used to calculate the swelling raoby relating the weights
of the swollenww and dryw  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 ratiq?)o by substituting the weights ofallen and dry hydrogels

with the volumew andw respectfully to giviEquations.

C

Equation7:

Wi g

C

Equation8: o og
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 thefore 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 theibroin due to increased space between the silk fibroin
network chaind'®. 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 Zfold to ~ 80. As the swelling ratio increased, the elastic cheraut
the hydrogel decreased. It was suggested that the lower molecular weight increased
the space available for water molecules to enter in the swelling prétess
DSySNIrffez agSttAy3a gAftf NBRdzOS | K&RNER3S
efforts to decouple this relationship. A nawellable hydogel 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 amygnted
mechanical hysteresis or failure to tolerate a continual manual*fsad
5.1.3.CryoSEM, 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

productssuch as urea and GOThe size, distribution and frequency of the pores
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determines how effective diffusion is within the hydrogel asdontrolled by protein
concentration, the method of gelation and the number of crossliftkses can be
visualised by smning electron microscopy (SEM). Hydrogels contain a large amount
of water andpoor samplefreezing before lyophilisation can introduce crystalline ice
and artefact$®® and pores can collapse upon dryilgadingto images that do not
accurately reflect the native hydrogel structdté Furthermore, although SEM can
provide submicron resolution, images captured are within one tiny area of the
hydrogel and do not reflect the potentially heterogenous nature ofrtreerial.

CryoSEM 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 eBEM analyste. Vitreous

ice can transition into crystalline ice polymorphs when the temperature is raised in an
irreversible process. It is therefore paramount in ¢§BM to form and preserve
vitreous ice in a process known as cfii@tion through a delicate balance of
temperature and pressure. However, even in ideal circumstances, vitreous ice is only
formedto depths of 1@0>Y Ay (G2 #H#KS al YLX S

Methods of cryefixation include plunge freezing in liquid nitrogen slush (LINSj81%,

high pressure freezifgf%°and metal mirror freezin§®, also called slam freezing. LNS
has a lower freezing temperature e210 °C than liquid nitrogen al96 °C and is
formed by holding liquid nitrogen under vacutfth Additionally, the Leidenfrost
effect which occurs in liquid nitrogen plunge freezing due to an insulating layer of
water vapour between the sample and the liquidrogen, does not occur in LNS
plunge freezin®. High pressure freezing reduces ice crystal nticleain the

samplé®8, 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 nitrogerder 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 coppetal 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 transferaitthe 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 bseoved by the SEM
beam'®2. FIBSEM has been used for hydrogel pore visualisation by lyophilising the
milled hydrogel to remove water from the poré$and is commonlysed in the life
sciences fieltf’. Although cryeSEM and FHBEM 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 vacuunSEM requires lyophilised and water free sampihed arecoated 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 imagegwever, many samples can be pregheand
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 eSEMPlunge freezing in liquid nitrogen or &0 °C and lyophilisation is

the most commonly used sample preparation technique for hydrdéf§: due to

ease of use, reduced cost, no need for specialised equipment and higher throughput
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nature. Howeverit is therefore common to see hydrogels in the literature showing a
typical honeycomb crystallineice structuré®® or authors mentioning cracking and
shrinking of hydrogel samples after lyophilisafi®nThe prevention of artefacts and
secondary pores caused by the electron beam or sample preparation was investigated
in glycerol methacrylate (GMA) dn 2-hydroxyethyl methacrylate (HEMA)
hydrogeld®. It was found that there was a relationship between the swelling ratio,
hydrogel stiffness and the resistance to SEM artefacts and secondarywitresiffer
hydrogels with lower swelling ratios fairing better than softer hydrogels with larger
swelling raios'®.

Environmental SEM (eSEM) can be used taalise hydrogels in their native staté

by controling vapour pressure and temperature to prevent pore collapissitueSEM
freeze dryind?* 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

compasition, SEM preparation and imaging conditions.
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5.2. Methods

5.2.1.Summary ofNT2RepCThydrogels

Various NT2RepCT hydrogel gelation conditions such as temperature, buffer and pH

were investigated and assessed for swelling ratio and by SEM as summaricsuedy

7 to Table9

Table 7: NT2RepChydrogel codes and gelation conditions for ronosslinked

opaqueNT2RepChydrogels. All hydrogels prepared at 2.4%v).

Hydrogel Buffer pH Temperature Appearance Chemical
code (°C) Crosslinking
MQ 37 O MQ water  ~7 37 Opaque None
MQ 40 O MQ water  ~7 40 Opaque None
t7370 20mMtrispH 7 37 Opaque None
7
t7400 20mMtrispH 7 40 Opaque None
7
t10370 20 mMtrispH 10 37 Opaque None
10
t10400 20 mMtrispH 10 40 Opaque None

10
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Table 8. NT2RepCThydrogel codes and gelation conditions for 1 % (v/v)

Glutaraldehyde (GA) crosslinked opadué % (w/vINT2RepCiHiydrogels.

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

MQ 37 O MQ water ~7 37 Opaque 1% (viv) GA
1GA

MQ 400 MQ water ~7 40 Opaque 1% (viv) GA
1GA

t7 370 20mMtrispH 7 37 Opaque 1 % (viv) GA
1GA 7

t7400 20mMtrispH 7 40 Opaque 1% (viv) GA
1GA 7

t10370 20 mMtrispH 10 37 Opaque 1 % (viv) GA
1GA 10

t10400 20mMtrispH 10 40 Opaque 1 %(viv) GA
1GA 10

Table 9: NT2RepChydrogel codes and gelation conditions for monosslinked

transparent2.4 % (w/VINT2RepCHhiydrogels.

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

pH 10
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5.2.2.Gutaraldehyde chemicatrosslinkingof formed hydrogels

Preformed heat induced opaquBlT2RepCTHydrogels were transferred from the
syringemouldseither directly into 35 mL of 1 % (v/v) glutaraldehyde (GA) in MQ water
(called not preswelled) or into 20 mL MQ water to remove tris (called-gpnelled)
and then into 35 mL of 12 % (v/v) glutaraldeyde (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 ar@r 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

NT2RepCThydrogels (crosslinked not pmavelled or preswelled or non
crosslinked) were placed into excess swglinedia (MQ water, PBS or DMEM + 10 %
(v/v) FBS) at either 20 or 37 °C for 24 hours. Swollen hydrogels were carefully removed
FTNRY a¢gStftAy3a YSRAIF IyR 3ASyidfe o6f20GS8SR
media and weighed on a 5 decimal point balantiee swollen hydrogels were then
dried at 20 °C for 24 hours in a desiccator containing calcium chloride. Once dried the

hydrogels were raveighed and the swelling ratio (Q) was calculated by

Equation?: 0

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

The opaqueNT2RepCWQ water hydrogel MQ 37 O was prepared for eBEM by
LIA LIS G G A ¥y 3wollen, as[prepar2d/hydrogel into rivets with 3 mm diameter
opening which were fastened to the chRBEM sample holder at room temperature.
The sample holder was then traesfed into liquid nitrogen slush a210 °C using a
ttonmn t NBLRS joummédaiely &eede itk hydrogel sample. After
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FNBST Ay3ar GKS &l YLXS K2f RSNJ 61 & -8BM ya¥FSNJ
sample preparation chamber a190 °C under vacuo. 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@®°C to sublime water

from the pores for 10 minutes. The temperature was then lowered 85 °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-8igM (FEI Quanta

200 3D dual beam SEM) microscope chamber and onto the sample stage. \Wweages

captured at an accelerating voltage of 5 kV.

5.2.5.Focused lon Beam Scanning Electron Microscopy-gHB)

The opaqueNT2RepCMQ water hydrogel MQ 37 O was prepared for-BEM by
pipetting 5uL ofnon-swollen, as prepared hydrogglto a small plasticing 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 usiicpa
Reichert MM08 E The frozen sample was rapidly transferred into liquid nigrog
at -190 °C and attached to the chR8EM sample holder whilst still in liquid nitrogen
usinga t onmn t NBLIRS{n 62NJadlFdAz2yd ¢KS &l YLI !
@l OdzdzY Ay (2 GKS tSEM sample ptephfatiaRcdgmiber Whidik v@as
at-190°C. The temperature of the sample preparation chamber was raiselB&°C
and the hydrogel was then sputter coated with a thin layer of conductive platinum.
The temperature was decreased 190 °C and the coated sample was transferred
under vacuum to he cryeSEM (FEI Quanta 200 3D dual beam SEM) microscope
chamber and onto the sample stage. Prior to milling hydrogel esessons with FIB
technology, samples were coated and compacted with platinum using the gas injector
to improve the strength of thesurface 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 Qath (G4d) ionsat beam currents of 50 pA nA
cut into the sample to a depth of J@m and were cleaned up with successive milling
along one edge to give a clean surface. The temperature in the SEM chamber was then
raised t0-90°C to for 40 minutes to subte the sample and reveal the porous
structure. Images of the milled cressction 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

NT2RepChydrogels were freezerikd 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 freegi used a_eicareichert MM08 E
 LIWNREAYLFGSte p >[ K@RNR3ISE &l YLXS 61 & LX I
freezing and then lyophilized aB0 °C and 0.1 mbar for 24 hours. Lyophilized
NT2RepChiydrogel samples were mounted on carbon tape andtgpwoated with a
thin layer of either platinum (120s) or gold (90s) and observed using J&E@3490
SEM with an accelerating voltage of 10 kV.
5.2.7.eSEM
NT2RepCThydrogels were observed in FEI Quanta 650 eSEM (environmental SEM) at
10 kV at low vacuum wittwo sample preparation method# situfreeze drying and
metal mirror (slam) freezing. Fam situfreeze 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 t6l0 °C 56 % humidity at 270 Pa. Auxiliary nitrogen gas was used to
remove water vapor, and the temperature was dropped-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, appréxY' I 6§ St & p >[ &l YLX S ¢l a LX I OS

tape and frozen usinglzeeicareichertMMO08 Emetal mirror freezer. The frozen sample
was quickly transferred into the Peltier stage of the eSEM to minimize frost formation.
Images were collected a18 °C in low vacuum mode with pressure of 130 Pa and an

acceleration voltage of 10 kV.

5.3. Swelling and SENResults

5.3.1.0paque hydrogels dissolved in cell culture media at 37 °C
NT2RepCapaque hydrogels formed in old MQ water (MQ 37 O and MQ 40 O), 20 mM

tris pH7 (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 bertoolled by pH
of gelation

All noncrosslinked opaque 2.4 % (WN)J'2RepChiydrogels swelled in DMEM + 10 %
(v/v) FBS (referred to from hetia as DMEM) or MQ water at 20 °C. Only MQ 37 O and
t10 40 O showed significant differences (P<0.001) in swellitvgeles the two buffers

as determined by an unpaired studenttest (Figure28). 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,
t10 40 Cswelled significantly (P<0.001) 130 % more in MQ water than MQ Big@¢

29). The opposite was the case when directly comparing the swelling in DMEM in
which MQ 37 Gwelled significantly (P<0.01) 409 % more than t10 40 O in the same
buffer (Figure29). The other opaque hydrogels swelled to a similar degree in MQ
water or DMEM withhydrogels containing tris (t7 37 O, t7 40 O and t10 37 O)

measured as having a swelling ratio Q of22in both buffersNT2RepChydrogels
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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. 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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Figure28: Swelling ratio (Q) of nearosslinked opaquBsl T2RepChydrogels at 20C
in DMEM (pink bars) or MQ water (blue bars).Unpaired studetastt*** P<0.001.

(n=3) error bars represent SD.
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Figure29: (Left)Swelling ratio (Q) in MQ water at 20 °C of the opaque hydrogels MQ
37 O (blue dots) and t10 40 O (blue fillg@ight) Swelling ratio (Q) in DMEM at 20 °C
of the opaque hydrogels MQ 37 O (pink dots) and t10 4iak filled).Unpaired

students ttest ** P<0.01 *** P<0.001(n=3) = SD
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5.3.3.0paque hydrogels structural integrity improved when
crosslinked with glutaraldehyde

Due to the dissolution of opaqulT2RepCThydrogels in cell culture appropriate
media at 37 °C, % (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 nrorosslinked.
Additionally, the GA crosslinked hydrogels swelled and did not dissolve in DMEM +

10% (v/v) FBS at 37 °C.

Figure30: OpaqueNT2RepCR.4 % (w/v) MQ water hydrogecrosslinked with
1 %(v/v) glutaraldehyde. Scale bar = 1 cm.
5.3.4.Swelling ratios of GA crosslinked opaque hydrogels
OpaqueNT2RepCTydrogels to beGA crosslinked were either prswollen in MQ
water (to remove any tris present which would be crosslinked Ay &xd then placed
in 1 % (v/v) GA or immediately placed in 1 % (v/v) GA. Hydrogetsvotten before
crosslinking are referred to as pssvollen and hydrogels that were not pssvollen
before crosslinking are referred to as not geollen.
The swellingatio in MQ water at 20 °C only showed significant decreases in swelling
ratio when the hydrogels were prawollen before GA crosslinking in MQ 37 O 1GA,
t10 37 O 1GA hydrogels with a decrease of 21 % and 39 % respectfully. The swelling
ratio was signifiantly 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 pssvollen and not preswollen treatments in
MQ water at 20 °C with @etween 2550 (Figure31). Overall, the 1 % (viv) GA
crosslinked opaque hydrogels swelled more in MQ water at 20 °C than the non

crosslinked opaque hydrogels.
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Figure31: Swelling ratio (Q) of 1 % (v/v) GA crosslinkd@RepCHydrogels at 20
°C in MQ water. Hydrogels were either mwollen in MQ water before GA crosslinking
or not preswollen. Dark blue dots = psavollen, light blue dots = not prswollen.

(n=3) Error bars show SD. Unpaired studesiest *P<0.05, *** P<0.005.

Except for t7 37 O 1GA which increased its swelling ratio by 70 % when the hydrogel
was preswollen before GA crosslinking, the swelliniogin DMEM at 20 °C were not
significantly different whether the hydrogels were pgollen or not preswollen with
Q 1030 (Figure32). Overall, the 1 % (v/v) GRosslinked opague hydrogels had similar
swelling ratios in DMEM at 20 °C to the roosslinked opaque hydrogels.

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

with Q = 1530 Figure33). Additionally, the swelling ratios for all psavollen or not
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pre-swollen hydrogels was not affected by increasing timperature of DMEM from

20 °Cto 37C.
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Figure32: Swelling ratio (Q) of 1 % (v/v) GA crosslink@@RepChiydrogels at 20C
in DMEM. Hydrogels were either pswvollen in MQ water before GA crosglimg or
not pre-swollen. Red dots = prawollen, pink dots = not prswollen. (n=3) Error bars

show SD. Unpaired studentsdst *P<0.05.
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Figure33: Swelling ratio (Q) of 1 % (v/v) GA crosslinked op&itZRepChiydrogels
in DMEM at 37C. Hydrogels were p®vollen in water before GA crosslinking

(maroon) or not preswollen (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 orn@®l 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 Eig(re 34). ComparingNT2RepCT
hydrogels formed in least to most appropriate pH 10 buffer (Tris, HEPES and CAPS),
the Q increases with increasing buffering capacity. Using HEPES instead of tris resulted
in a 154 % increase in swelling. If CAPS was used instead of HEPES lithg swel

increased by a further 61 % or a 307 % increase compared to tris Heitierg35).
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Figure34: Swelling ratio (Q) in MQ water at 20 °C of fwosslinked 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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Figure35: Swelling ratio (Q) in MQ water at 20 °ONGR2RepChiydrogels formed in
either old 20 mM tris pH 10 (opaque), fresh 20 mM HEPES pH 10 (clear) or 20 mM
CAPS pH 10. Unpaired studentsst *P<0.05, **P<0.01, **P<0.00{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) Figure36). However, the opposite was the case in PB&garing swelling at 37C
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 CAPSEig(re37). 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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Figure36: Swelling ratio (Q) of transparent 2.4 % (WA)2RepChydrogels 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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Figure37: Swelling ratio (Q) of transpareMT2RepCThydrogels formed in MQ
water (MQ 37 T]blackbars) or 20 mM CAPS pH(TAPS1@yedbars) at 37 °C swollen
in 1 x PBS pH 5, 6.45 or 7.6 at 37(€3) + SD. (or@ay ANOVA **** P<@001)
5.3.6.Cryoc SEM of MQ 37 O

The opaquiNT2RepChydrogel MQ 37 O was imaged using CBEM. 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 surfacegof different shapes
and sizes were observed. In areas towards the middle of the hydrBaplré38 B)
sample in the rivet, the pores were largerygH > Y 0 3 al Rrid KeBtahgukariry’
shape. Pores at the edge of the hydrogel rivet were rounder, smaller (I> Y0 | Y R
directionality was observed-{gure38 A). Inefficient and slw 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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Figure38. Representative CrySEM images of the opaque MQ watdT2RepCT

hydrogel MQ 37 O. A) MQ 37 O hydrogel porous structure after sublimation Image

GFr1Sy +td SR3IS 2F KeRNRB3ISE Ay (G(KS 3W®ISiP {

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

KeRNRBIASE Ay GKS NR@GSG {OFtS o6FNIT pn >Y

5.3.7.FIBSEM of MQ 37 O

Focused lon Beam (FIB) SEM was used to mill into the opéifRiRepCThydrogel

MQ 37 O after metal mirror (slam) crfixation of the hydrogel. Th&a beam was

dza SR (2 Odzi NBIFa& wmn >Y 6ARS | yR YI EAYdzy

sublimation the cutface was smooth with minimal texturé=igure39 A). As the
temperature was raised and held &0 °C, water began to sublime from the surface
revealing small pores acse the cut faceHigure39 B). After 40 minutes sublimation a
textured and heterogenous structure was reveal&(re39 C) with pores between
200nMmMCMPH >Yd t 2NB &A1 Sa8 oSNB OF t OdA I GSR

were not uniformly distributed and there were areas of whit€2RepChydrogel 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.

Figure39: Representative FIBEM images of opaqudT2RepChiydrogel MQ 37 O
before, during and after 90 minutes of sublimation-@d °C. A) area milled by the FIB
gallium ion beam before sublimation B) same area after 15 minutes of sublimation C)

sameared TUSNI nn YAydziSa adomiChYlliGAz2yd {OFfS o
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5.3.8.High vacuunSEMGA crosslinked opaqukydrogels

Chemical crosslinking with GA was used to stabilize the hydrogel network structure
in the opaqueNT2RepChiydrogels MQ 37 O 1GA, t37 O 1GA and t40 8. 1G
MQ 37 O 1GA hydrogetifure40A) showed structures that appeared collapsed and
with smallpores(H ®p >Y0 FyR fS&da LBR2NRaAGe O2YLI NB
1GA hydrogels which had very similar structures with small, interconnected networks
of pores that range from-k 1 Fiyure40B & C). There were areas of hormymb

crystalline ice formation deeper into the hydrogel.

Figure40: 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 =140 O 1GA.

I OOSE SNy GAz2y @2t41K3S I mn {x2 aoOltS oF NE |
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5.3.9.High vacuum SEM necarosslinked MQ 37 T and CAPS10
hydrogels

The transparenNT2RepChiydrogels 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 TRigure4l1l A&B) and CAPS1Bigure41 C&D) hydrogels prepared
for SEM bylunge freezing and lyophilisation contained a wide range of pore sizes and
shapes.Presence of honegomb hexagonal porewere seenin 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 oher sample preparation technique metal mirror (slam) freezing ahead of
lyophilisation created a meshed fibrous and torn structure in MQ FHgufe42 A&B)
with no visble pores. CAPS10 hydrogels prepared by metal mirror (slam) freezing and
lyophilisation formed a textured, neporous surface morphology with large smooth
homogenous aread-{gure42 C&D). The areas of texture in CAPS10 suggested fibre

like structures but not to the same extent as in MQ 37 T.
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Figure41l: Representative images of MQ 37 T (A & B) and CAPS10 (C &-D) non
crosslinked hydrogels imaged by SEM after plunge freezing and lyophilisation. Imaged

G mp 1+ FTOOSESNIGAZ2Y @2filF3aASd VIS B N&

Figure42: 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. Scal&bars! I mn >Y X

/T mA >\Z >5¢
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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:higacuum 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 nanosslinked transparent hydrogels
MQ 37 T and CAPS10. For eSEM the 1 % (v/v) GAnkedslydrogels 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 wer situlyophilised.

In the plungefrozen and lyophilisedigh vacuumSEM images of MQ 37 T 1GA
(Figured3A & B) and CAPS10 1G#y(re43 C&D) there were larger pores of diameter
4u4p >Y | YR &Yl dicréNiarhdteNWithin tAefporésdfiMQ 37 T 1GA
and CAPS10 1GA plunge frozen SEM were extensive fibril structumswérie not
seen in the eSEM images in the noncrosslinked MQ 37 T and CAPS10 hydrogels
prepared for SEM by liquid nitrogen plunge freezing and lyophilisataguie41-
Figure4?). Crystalline ice in honegjomb structures were seen in albd GA (viv) MQ
37 T 1GA and CAPS10 1GA hydrogels prepared for high vacuum SEM by plaimge free

in liquid nitrogenFigure44 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

or ¢ wmD! 6! g .0 /'t{mn mD! 6/ 3 50 KeéRN

Figure44: Examples of crystalline ice horegmb structures and fibrils in 1% (v/v)
GA crosslinkedNT2RepCTydrogels prepared for SEM by plunge freezing in liquid
nitrogen. A & B) CAPS10 IGAC & D)MQ 37 T1GA. Sé&aé bar 3 / pn >Y3

10> Y @
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Low vacuum eSEM immediately after metal mirror (slam) freezing led to extensive
porous networks for MQ 37 T 1GRigure45A-C) and CAPSI1GA Figured5D-F). As
with high vacuum SEM, there was a large range of pore sizes with some areas showing
larger GBMH >YO0 LI2NBa FyR 20KSNI I NBIHa Vahisi K YdzOf
is best seenn Figure45 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 Figure45A & D). The smaller pores did not show this feattrigire45C & F).
It is likdy 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 hydrogeFgure45 B).
Lyophilising the hydrogela situin 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 tasteure (Figure46 A & D). After the
in situlyophilisation process extensive porous structures were seen for both hydrogels
(Figure46B & E). MQ 37 T 1GRigure46 C) showed more extensive pore structure
than CAPS10 1GKRigure46F). Pore size ranged from2 >Y |y R y2 &Yl f f &
were se=n 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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Figure45: Representative low vacuum eSEM images of metal mirror (slam) frozen MQ 37 T 1GA and CAPSICIKEA.3Y T 1GA,¢F) CAPS10 1GA.

A mixture of larger @MH >YU0 LI NBa yR @GSNE avYlff l0Gdmn m>¥ Y.00 LRNBAY g/SNBma SSY O d S
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Figure46: Representativén situlyophilisation eSEM images of MQ 37 T 1GA and CAPS10 1GA. A) MQ 37 T 1GA wet natQe giat8 BT 1GA aftar
situ lyophilisation, D) CAPS10 1GA wet native stafe) EAPS10 1GA aftarsituf @ 2 LIKAf Aal GA2y d { Ot S oIBNBYAN0 >Wn @ 0> ¥

>Y C0O HANn >YO
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5.4. Discussion of swelling behaviour and SEM analysis

5.4.1.0verview

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 tostabilizethe 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, cr«6EM, FIBBEM, 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, t1&Bd @0 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 NT2RepCtould not form hydrogels in either PBS or DMEM at 2.4 % (umhen
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 hydrogenbonds and intermolecular interactions involved in forming the
hydrogelnetwork. 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 hydrogemass loss should be performed for [dIT2RepCHiydrogels. 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 caelled and drug delivery in PBS being performed instead.
Transparent hydrogel swelling and a comparison to opaque hydrogel swelling is
discussed in sectioh.3.5

The swelling behaviour of hydrogels can impact its applications and the ability to
O2y GNBf (GKS agSttAay3 tSIRa G2 GdzyrofS
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 basimo acid

side chains. If the pH is equal to the thle 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 dyelr This
increases the hydrophilicity of the hydrogel leading to increased swelling due to
increased uptake of water molecufés44,

By increasing the pH and temperature of gelation to pH 10 and 40 °C, t10 40 O swelled
significantly more in water than @ 37 O. However, in DMEM t10 40 O swelled
significantly less than MQ 37 O. In faht presence of tris at pH 7 or 10 at either 37

or 40 °C led to less swelling in DMEM than hydrogels formed with no buffer in MQ
water as seen in Sectidn3.2

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 poinNdR2RepCadf 4.26. Additionally,
there is no buffering capacityherefore, there isninimal surface charge and minimal
electrostatic repulsion within the MQ 37 O hydro§&l Consequently, there is little

swelling as the hydrophilicity of the hydrogel is low. However, in DMEM which is
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buffered to ~ pHr, the pH > pl and MQ 37 O becomes ionized leading to increased
overall negative charge and increased electrostatic repulaimhswelling Whereas,

for t1040 O which was formed in 20 mM tris pH,10e pH was already greater than

pl of NT2RepCTThe protin had a large amount of negative surface charge with
increased electrostatic repulsion between chaitihen 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 pHg#lation.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 gnos 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 compeat to at a higher pH, this in turn leads to decreased
swelling in DMEM compared to MgY O.

The t10 40 O hydrogel also had an increased temperature of gelation (40 °C vs 37 °C)
which led to increasedNT2RepCTnfolding 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 respectfulind this could have accentuated the swelling
response. Hence, t10 40 O swehlfRl more in MQ water than t10 37 O likely dige
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
I -sheet content at 40 °C.

In the case of t7 37 O and t7 40 O which were formed at pNTZRepCThas 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 w&te37 Oand
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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 sensitiveedlimg behaviours due to the
isoelectric point of the protein. Gelatin and albumin undergo conformation changes
FTNRY | Ay SheldalsttNdvwhidhds stahflizet! 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 chaing®.
5.4.3.Glutaraldehyde chemical crosslinking biT2RepCT

GA is one of the cheapest and ddg available chemical crosslinkers. GA primarily
ONER & a-anfing gréup of lysine but can also crosslink othrctionalgroups such
as amines, phenols, thiols and imidazétesThe exact mechanism of GA crosslinking
is not yet fully understood although intensive research has been carrié@®&it GA
can exist in 13 different forms, monomeric and polymeric which depend on pH,
concentration and temperaturé’. It has been suggested that GA exists as the
monomeric dialdehyde, as a cyclic hemiacetal or as a cyclic hemiacetal offdmer
acidic conditionsKigure47). GA crosslinking was performed in MQ water which is
slightly acidic at pH 5.9here is contention in the literature about the mechanism of
GAcrosslinkingwith suggestions of Schiff bases and Michael additions. Schiff bases
are the expected reactive spedie T2 N¥Y SR dzLlR2y vy dzOf-dnthedk At A O |
lysine Figure48) but these are unstable in acidic conditions and break down to reform
the amine and aldehydé. Another suggestion is a combination of a Schiff base for
one lysine amine and an arilarkownikoff reaction on another lysine amine by the

same polymeric form of glutaraldehyt¥® 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®’,

HO o OH HO o ©

— —In

cyclic hemiacetal form cyclic hemiacetal oligomer
of glutaraldehyde form of glutaraldehyde
O/\/\/\O

glutaraldehyde

Figure 47. The forms of glutaraldetde in acidic conditions. Adapted from

I. Migneaulet al.2®,
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Figure48: Expected lysine and glutaraldehyde reaction via a Schiff base.

Glutaraldehyde is a suitable chemical crosslinkerN®@2RepCTince the protein
contains 2 lysine residueshich are27 residues apart anfioth found on the N
(Figure49). In addition NT2RepCtontains 52 serines and 5 arginine resisludich

could also be involved in the GA crosslinking due to the amine containing R groups.
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Figure49: NT2RepCE. australidNT dimer with lysine shown (red) each dimer in
different colour (purple and pink) for clarity (PDB: 2LTNH)2RepCNT exists as a

dimer in acidic conditions.

After GA crosslinking the opaque hydrogels were able to sw&®MEM at 37 °C
(Sectiorb.3.4) with no dissolution as the chemicabvalentcrosslinking stabilizing the
hydrogel network. Since thBIT2RepCTydrogels t7 37 O, t7410, t10 37 O and
t1040 O contained tris thatvould 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. Pr@awvelling in MQ water befe GA crosslinking
would alter the hydrogel network. Therefore, a difference in swelling ratio was seen
between preswollen and not preswollen hydrogels in MQ water at 20 °C with
significant differences seen in MQ 37 O 1GA, t10 37 O 1GA and t10 40. (i 1A
crosslinking process the hydrogels were submerged in an excess of 1 % (v/) GA in MQ
water at ~ pHb.5which isclose tothe pl of NT2RepCleading to overalslight negative
surface charge. In hydrogels containing tris (not-pr@llen) thebuffering capacity
might have resisted to some degree this pH change and maintained the hydrogels
closer to their original pH during crosslinking. When the opaq@é v/iv) GA

crosslinked hydrogels were swollen in DMEM at 20 °C arfi€C3kKere was minimal
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difference in swelling between pr&wollen and not preswollen 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 & 20
than the noncrosslinked opaque hydrogels with Q =&5compared to Q= 120 in
the noncrosslinked. 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 dissolutionand increased hydrophilicity from polymeric GA
crosslinkingThe differences in Q between the different 1 % (v/v) crosslinked opaque
hydrogels were decreased comped to the noncrosslinked 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 large impact on the swellig ability of theNT2RepCT
hydrogels, particularly at pH 10. CAPS10 has a better buffering capacity at pH 10 than
tris or HEPES. This meaN32RepCin CAPS pHO has more net surface negative
charge due to deprotonation oN terminal histidine NI 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 Figure35). This is because tris and HEPES would not maintain pRidigith a
lower pH there would be less net surface charge and therefore less electrostatic
repulsion.

MQ 37 T was prepared with freshly decanted, ufitae MQ waterMQ 37 O was
prepared with older MQ waterThe new pH was moraeutral and closer to pH as

measured by universal indicator paper. Therefoire, MQ 37 Ounfolding 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 increaed swelling ability due to increased elastic character. The particulate
hydrogels were described as rigid with little room for expansion in swéffitiy

The transparent hydrogels MQ 37 T and CARSIlowed the same swelling response

in PBS as the opaque neorosslinked hydrogels in DMEM. MQ 37 T swelled
significantly more in PBS at all pH (5, 6.45 and 7.6) than CAPi§Lee87). PBS
contains disodium hydrogen phosphate, potassium dihydrogen phosphate, potassium
chloride and sodium chloride. These salsildmask the negatively charged groups in
CAPS10 reducing the hydrophilicity and swelling compared to MQ.3[f was
expected thathe different pH of PBS would lead to different swelling ratd® 37T
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 ionizxti
NT2RepCTHowever,NT2RepCTiindergoes a conformational change at pH 5.5 and
below?f S RAYy 3 G2 dzy T 2 aRyloid ke fbrils. Thi& @foldiry collg” ( 2
have contributed to the increased swelling. The same swelling ratio was also seen in
CAPS10 at all PBS pH suggeshiagelectrostatic 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 sofar seems to be for the recombinant spidroin eADF4(C16).-A3 (w/v),
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hydrogels which were chemically crosslinkatl tyrosine residuesby APS and
ruthenium and showed a 5 to 14old increase in volume when swollen in tris/HCI
buffer at pH 7.5. Since swelling ratios MT2RepCTydrogels were calculated by
weight it is difficult to make a comparison to crosslinked eADF4(C16) hydrogels
swelling since the specifiedsity ofNT2RepCis unknown.However, acomparison
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 @4+ 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 = ~8) 1-2 % hyaluronic acid (Q =-8Y %8 allNT2RepT
hydrogels swelled 2 to tdld more in PBS or DMEM.
5.4.5.CrycSEM and FHBSEM cryofixation technique is critical
Preparing high water content systems for ci$&M depends on efficient and fast
freezing to achieve cryfixation. Using liquid nitrogen slush N§) which is
around-210°C and small samplolume washoped to achieve this. However, an
increase in pore size{®> Y0 YR NBOGFyYy3dzZ I NJ aKIZQIS 2F LI
hydrogels towards the middle of the hydrogel sample that was frozen in liquimbeitr
slush. At the edge of the rivet, the hydrogel pores were smaller (1> Y0 YR Y2 N
circular in shapeHigure38). Furthermore, a directionality of the rectangulaorps
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 effigct a
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. Thishange in pore size was seen for high water content
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alginate hydrogels prepared for cA2EM by plunge freezing in LNS. The pore size
increased the deeper into the hydrogel and further away from edge of hydrogel the
images were takef® due to hexagonal icexpanding andlisplacing the alginate
polymernetwork within the hydrogel. Whereas at the edge of the hydrogel sample,

f H A depth, efficient heat transfer and rap freezing formed vitreous ice.
Therefore, the smaller pores at the edge of the rigst 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 gdenpreparation 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 LN$-210 °C, the thin layer created

by the slam freezer could increase the freezing rate. The metal rivets wara B
RAFYSGSNI I yR GAGNB2dza FNBST Reynaximany. fTie 2 O OdzN
slam freezer creates a laye0.5mm thick which is the height of the plastic ring used

to hold the sample. A comparison of c¥&M using slam freezing was not performed
as FIBSEM was favoured although this comparistiould be performedue to the
cryo-SEM being in high demand to maisethe bookable slots available, SBEM 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 procesd-{gure39). 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 theretothe high energy electron beam likely
charged the area and caused local structural collapse and secondary pores through
freezeetching®®. FIBSEM 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 disussed®®. 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 whictanged fromto >Y gA 0K y2 yIy2YSGSNI a0
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

NT2RepChiydrogels.

5.4.6.High vacuum SEM dhe 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 &rwere therefore swollen
ahead of freezing and lyophilisation. Norosslinked 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-anosslikked
MQ 37 O analysed by cry®EM with minimal porous structure observdtigure40).

This could be an artefact of GA crosslinking or plunge freezing in liquid nitfdg#m.

t10 37 O 1GA and t10 40 O 1GA appeared similar in the captured SEM images with
AYGiSNOD2yySOGSR LR2NBa 0SG46SSy M YR Hn >YO
the hydrogels due to inefficient freezing with liquid nitrogen plunge freezing.
Furthermae, lyophilisation at60 °C and 0.1 mbar might have caused any vitreously

frozen ice to change to a crystalline polymorph of ice upon he&finmterestingly,

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 CAPS104ddgeliscussed in the following section.

5.4.7.Artefacts and secondary pores imon-crosslinked
transparent hydrogels

The transparenNT2RepCTydrogels MQ 37 T and CAPS10 porous structure was
examined initially norcrosslinked 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 lyoplstition and sputter coatinglLarge, crystalline ice
honeycomb 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 werenfrequent(Figure4l). The swollen MQ 37 T and CAPS10 had high swelling
ratios (Q) of 66L00 % and were soft with 2 dzyhiddulés less than 1 kPa (discussed

in the materials characterisatiogection 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, creatinggpes®s®8, In plunge freezing a chunk of swollen
hydrogel was frozen and tookZL.seconds to freeze. Metal mirror (slam) freezing was
then investigated on the same PBS swollen,-omsslinked hydrogels MQ 37 T and
CAPS10. Interestingly, although MQ 37 T was torn and fractured due to the freezing
and lyophilisation process, litad very fibrous in structure with lots of crossed fibrils
(Figure42 A), similar to those seen in collagen hydro¢féfs® or silk fibroin4dRepCT

silk mat§®. 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
SELX FAYSR o6& (KS dzy ¥ 2dmylddyile fiRilF at fHGS and¢ RA Y &
below and the slam freezing process introduces compressional force into the sample
deforming it to the shape of the ringribres are formed in NT2RepCT at acidic pH and
with shear forcé which is a directional force not compressiorince the same fibril
structure was not seen to the same extent in CAR8H0of gelatiortould be a factor,
although the CAPS10 hydrogel sample was not as thin in the plastic ring ag MQ
YR y2 GSINBAR @6SNB &aSSy d -ldctglobin, fibrdsRwed® 3 St LN
expeded due to a similar unfolding to amyloid like fibrils seeNif2RepCa&nd were

only seen with efficient freeziig.
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5.4.8.GA crosslinking in SEM/eSEM

To improve the medchnical properties andninimise artefact formatiort®s, 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
conaete'’?. Glutaraldehyde (GA) chemical fixation has been used in eADF4(C16)
hydrogels before freezing aB0 °C and lyophilisation for SEM although in all images,
crystalline icevaspresent with a typical honegomb structure but to a lesser extent
as the concemtation of eADF4(C16) increases which in turn increases the crosslink
density and stiffness$? Crosslinking of alginate scaffolds with GA bef8EM altered
the surface morphology creating a smoother appearance over 24 hours and no
crystalline ice was seéfi.

Overall, fo the 1 % (v/v) GA crosslinked hydrogels MQ 37 T 1GA and CAPS10 1GA
across the two SEM technigques and three SEM sample preparation methods both
hydrogels had an extensive and interconnected porous structdmvever, a wide
range of pore sizes were seencdatherefore 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 methodud to the Leidenfrost effect, despite it being used
extensively in the literature for the SEM imaging of hydrogei$’®. Low vacuum
eSEM operates afl8 °C which leads to freemtching of the hydrogel surfaé® and
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 Figure43). More investigation is needed to conclude whether the fibrils are

an artefact of sample processing or are native structures. Atomic force microsaopy ca
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been used to monitor fibril formation in hydrogéfs!?®. Formation of nandibrils is
not out of the question foNT2RepCHhydrogels and is seen at the igjuid interface
of solutions of the recombinant spidroin 4RepC&T”’. 4RepCT shares the repetitive
domain withNT2RepCdlthough 4 repeats not 2 and contains the CT fi&naustralis
which contains a disulphide bridg€ibrils havenot been seen in othereported
recombinant spider silk hydrogels.

Tocompare 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 sartgpreparation is needed. However, as with c§6M
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-8i®l or SEM
which operate under vacuum as preseraf water vapour and nitrogen in the sample
chamber to control hydration state interfere with the electron beih

In the native, hydrated state both MQ 37 T 1GA and CAPS10 1GA showed smooth
surfaces with minimal texture and no pores visilbteg(re46 A & D). It is possible that
the hydrogels form with a film around the entire outside surface but this smooth
surface observation is likely a layer of watsince surface pores became visible in
the in situlyophilisation process.

The only pore sizes seenimsitulyophilisation eSEM weredn  >Y gA UK Yy 2
1>Y L3 NBas inddSrscuum eSEM and high vacuum SEM freezing
temperature in this process wa%0 °C and then reduced t48 °C with water vapour
and pressure contiged 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 walld={gure46 C & F). If these pores aagtefacts,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 thanMQ 37 T. Another factor could be the initial hydrogel structure
before 1 % (v/v) GA crosslinking. If MQ 37 T contains more-filarlcstructures due
G2 dzy 2 RAY samyof likié fbBls contparddyoCAPSI10, these small pores
between fibrilscould 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 crystallineice, pushing the pore walls astdé This difference in pore wial
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 differentydrogels formed in Chapter 4 showed different swelling
characteristics and morphologies in SEM analysis. The opaque hydrogels MQ 37 O, MQ
40 O, t7 37 O, t7 40 O, t10 37 O and t10 40 O dissolved in DMEM and PBS at 37 °C and
were therefore not suitable fofurther 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 behavie 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 thereforedl® 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 behaviodr an
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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 thearordinked. This
chemical crosslinking prevented hydrogel dissolution at 37 °C exemplifying the
increased strength of crosslinking.

In the previous chapter, Chapter 4, it was discovered E2RepChiydrogels 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
NT2RepChydrogels increased the closer the pH of gelation was tolpHThe
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-SHEyb
and FIBSEM of the opaquBlT2RepCHiydrogel MQ 37 T revealed amerconnected
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 intmsnnected porous networks in the opaque 1 %
(v/v) GA crosslinketlydrogels MQ 37 O 1GA, t10 37 O 1GA and t10 40 O 1GA. The
images of the notrosslinked 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 wagdgo 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 sem 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 sanmpleanation
technique of plunging in liquid nitrogen created extensive heoemb crystalline ice
artefacts and secondary pores in all hydrogels.

Low vacuum eSEM metal mirror (slam) frozen anditu lyophilisation eSEM of
MQ37 T 1GA and CAPS10 1GA redceaxtensive porous networks. Low vacuum
eSEM of MQ 37 T 1GA and CAPS10 1GA metal mirror (slam) frozen showed small sub
M >Y L3 NBa-pl yiRRshulyaphiBationtof MQ 37 T 1GA and CAPS10 1GA
RAR y20 aK2¢ &adzo ™ >Y LibidBcnnededzorosidkeiS| f SR
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 transpéngahibgelsbut the
effectof 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,
t10 37 O 1GA and t10 40 O 1GA dhd noncrosslinked transparent hydrogels

MQ37T and CAPS10.
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6., 2 dzynidubus and rheology (Materials

5

characterisation Part B)

6.1. Introduction

This chapter is the second part of the characterizatiorNdR2RepCThydrogels
focusing on their material propeds and resistance to stress and deformation.
Analysis of 2 dzynbdlubus is performed with compression testing and rheology is
used to investigate the hydrod@lflow after deformation. The effect of gelation pH
and temperature on thé&NT2RepChiydrogef@ 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. Thewlgere to and additionally pull on their surrounding
environment, whether this iother cells orthe extracellularmatrix (ECM) These
actionscan affect cell morphologyia the cytoskeletonprocesses within the cedind
morphology of iorchannel$’1°, Therefore, it is not only cell signals that affect how
cells behave, but their environment tofn order to culture cell$n vitro as close to
physiological conditions as possibtdsiimportant to create artificial cell matrices that
reflea the ECMin terms of stiffness and attachment poitts

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 $Kas) cultured on 2D collagen coated
polyacrylamide (pAA) hydrogels of different stiffness as measured by thedzy’ 3 Q a
modulus (E), committed to neuronal, myoblast or osteoblast differentiation
depending on E of the matrix. MSCs cultured on hydrogels with E &f RRa
underwent differentiation to neuronal cells, when E wad®8 kPa they became

myoblastic and when E wad5-40kPa they differentiated to osteoblasts The
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stiffness ranges of were chosen to reflect the dzyfrduliés of brain tissue, muscle
and stiffer collagenous ECM. Culture media could alter to a certain degree the fate of
the MSCs but solublgrowth 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 viva 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 m&tix

Comparing hydrogels with another biomaterial, sponges showed differences in cell
morphology. Spongehave larger and more interconnected pores than hydrdgiels
allowing faster rates of diffusionThe extracellular environment impacts the cell
morphology and phenotype, altering the cytoskeleton and cell maifon. 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 hose 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 homogenous#.

/ KI N} OGSNATAY3 Fy AYLXFYGSR 0A2YFOGSNALFT Q
drug delivery as they can act as both a scaffold and a drug delivery platform.
Understandinghe 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 propertes 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.. 2 dzyhDaukis

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. 2 dzyfrdulés 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 axifigure50) and is calculated byquationd~ | 221 SQa I g ®

Equation9: o - 2

12218048 16 6KSNB - I dzyAlLEAILf &0GNBaasz s
extension), A = crossectiond & dzZNF I OS | NBIF LISNLISY RA Odzt I NJ

change in length (positive if extension and negative if compression)otiginal
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Figure50: From D. Leet all®. Measurement of elastic moduli by compression.
Deformation of sample under compressive force d&pplied along one axis
perpendicular to A. A =cross sectional sample are&, étiginal sample height, H =
sampk height after compression. y¥ original sample width, W = sample width after
compression. The height of the sample decreases whilst the width increases under
O2YLINBEAEAADS FT2NOSO ¢KS y2NXNIf adiNBaa 6" 0

=R/AarR ¥ o-H)/HO |
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Experimentally, 2 dzyfriddulés 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, noneversible 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 complely compressed or will deform
until it breaks.

The , 2 dzymabfudus of tissues in the body varies from very stiff bdtfeat
20-40MPa to very soft neuronal tisstf at 100400 Pa Table10). The, 2 dzy 3 Qa
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 3o 7 % (w/v) led to a 20fld increase inYadzy” F@dulus of the
hydrogeld!? Additionally, ruthenium catalysed chemical crosslinking of these
hydrogels with APS further increased th2 dzy” Bh@léalus 3fold 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 ra#t*. This large range, G210
kPa, of, 2 dzymb@udi meant that eADF4(C16) hydrogels have been utilised for
different applications from hiprinting to 3D cell culturé® Silk fibroin hydrogels
formed by sonication showed a linear increase, i? dzyni@ks as the protein
concentration was increased from 1 t&8(w/v) 126, While all hydrogelformed had a
, 2 dzyfddul@is 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 affectedniteloutgrowth.

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 iheiitro
experimentd?,

Compared to natural hydrogels, synthetic hydrogels gelter show more
favourable material properties including larger2 dzyhnduks®®. This is related to
the strong covalent crosslinking involved in synthetic hydrogels, since physically
crosslinked, natral 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 2 dzyhibdukiswithout the need to increase monomer concentration
as is the case with protein hydrogels. AaMn PEG crosslinker was added to PEGDA
hydrogels leading to an increased local crosslink density which increasedzhdzy” 3 Q &
modulus by 1.7old to 400 kP&°. The, 2 dzynib@uius also increased ¥6ld to
3500kPa by reducing the molecular weight of the PEGDA from 10 kDa to 3.4 kDa. This
increase in 2 dzymddulas was caused by a smaller mesh size in the lower molecular
weight PEGDA which is equimat to the chain length between crosslinks

Polyethylene glycol (PEG), poldroxyethyl methacrylate) (polyHEMA) and
poly(acrylamide) (PAAmM) are commonly used materials for synthetic hydrogels used
in biomedical applicatiort®>. Hydrogels for biomedical applications must be
biocompatible and while PEG and polyHEMA are, PAAm monomers are cyfatoxic
Natural protein hydrogels have the added benefit of a morphology and topology that
is more like the ECkhan synthetic hydrogels and can be easily functionalised with
integrin binding sites. Furthermore, protein hydrogels afeen more biodegradable

than synthetichydrogels

121



TablelQ:, 2 dzyhiddulds (kPa) of tissues in the bodydgoublished hydrogels

Material . 2 dzynibdubus Ref
(kPa)
Bone (cortical) 20¢40 x16 186
Skin 1.28:1.03 x168 192
Nerve 150-300 184
Soft cartilage 100 187
Heart 1015 193
Brain 0.1-0.4 187
Fat 0.017 187
al NRISEtun 6FG o 0.45 194
1.2 mg/mL typel collagen hydrogel 0.3 168
1 % (w/v) HA (>1.2 MDa) hydrogel 0.1 168
1-8 % (wi/v) silk fibroin hydrogels 4-33 126
eADF4(C16)-3 % (w/v) hydrogel 0.2-110 140
crosslinkedhon-crosslinked
R4C and R48. clavipespider silk T and resilin 0.1-1 130
hydrogels
Composite PEG and/&luronic acidJ\V- 1-12 102
crosslinked hydrogels
Collagerpolyacrylamide interpenetrating 12-32 195

network hydrogels
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6.1.3.Rheology

Anothermethod of hydrogel characterisation is rheology which analyses a materials
flow after deformation (change in size or shapenmdterial) from shear force (force
applied perpendicular to materials surfac&jqure51). The hydrogel sample is placed
between two parallel plates and sinusoidal shimace 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 calledIsié) a G NBaa _ YR A& Sljdz f
which has units of N, divided by the shear area A which has unitg giving shear
atNBaa _ ¢ XEHykationl®).S dzyAdGa t

Equation10: DO o1 Ri4— 0O

{KSFNJ AGNIAY 610 A &Figlireddoywi AFASRAGE aivYkK$ t1xy H
calculated by the ratio between the lateral displacement of the hydrogels top surface
(L) to the height of the hydrogel {Hand therefore this unit is dimensitess and is

often represented as a percentagequationll).

Equation1l: "D Wil 0 i (LDQ[E —

Figure51: Deformation of a hydrogel by shear force) (Fhe bottom of the hydrogel
is fixed whilst the top is displaced by length (L) in the direction of shear fojc@l(e
height (H) remains the same throughout the shear deformation ¢ KS | y3f S 06 0
to calculate shear strain. Diagram from D. eeel.®®,
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Due to the rotational oscillation of the upper plate, shear strain when plotted against

GAYS Aa | aAysS QdehezQunter forediifthellowedplate]iszkss
measured and this is called theSh NJ ai NBaad o0_ 00 2.&BefeidiKS | y =
only small deformation to the hydrogel, shear stress is also a sine curve when plotted

3 Ayad dAYSzn Inahyidgel whitfishaviseefastic material there is

a delay between the mgement 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
(Figure52). ThephaS A KAFd Aa OFftftSR + FyR A& nc F2I
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 betweentheamplitt® 2 ¥ (1 KS Aarfd 8 addpliudeNaBhe sdhear

& (0 NJ sing curvesHquation12) and describes the entire viscoelastic behaviour of

the material.

Equation12: OéanNaw®o o i—

VA Y4

Y

0 900 N30 2707 L7 90 1o G
' H Viscous
S = g
i i Elastic
Figure52: (Lef)C2 NJ I @A &a02St FAa0GA0 YIGSNALFEXZI GKS ¢
YR &aKSINJaatdNBaa _ 60f dzSo Jothe ke fag Hetwded | 3 S & K

the applied strain and measured stress respon&ght) A vector diagram of G*

complex modulus of viscoelastic response.
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@ LX2Gd0Ay3 DfF Fa + @SO0G2NJ FyR GKSy LX IO
signifies the position dhe x axis and then the y axis is drawn perpendicularly up from
the x axisEigure52) . The portion of the G* complex modulus vector is projected along
thexaxisis§ N¥ SR (KS aid2Nr3S Y2Rdz dza DQ 6t o |y
the modulus response. The portion of G* vector that is projected onto the y axis is the
f2aa Y2Rdz dza DQQ otk H6KAOK Aa UKiSthedA a 02 dz
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
polymerch Ayd ol O1 Ayid2 GKSANI 2NRIAYIE &KF LSO
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
thesysEY FyR Aa fz2aido | @RNRr3ISta | NS OKINI OGS
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 (SGA8)eology 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 thnext 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 sweep€’. 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 (sgkl) transition as the elastic behaviour

increases and then domiiaS& € S RAy3 G2 DQHDQQP® { (NI AY
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constant frequency but throughout a range of strain (amplitude of oscillation). By
Y2YAU2NRY3I DQ YR DQQX GKS @AStfR LRAYI
the LVE regiofi®. 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 ef§uency 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 materidlrast, 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 inasing 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 86100
before plastic (permanei 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,
FTAONRY I rantethynBlddSd were 2esistant to deformation up to-18 %
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 improvedaifiree radical
polymerisedpoly(N-isopropylacrylamide)NIPAAmM) based hydrogel by the addition of
lignin**® which also increased the range of the LVE region bfpltiOto 100 % sin.
Addition of lignin also improved the storage modulus with respect to increasing
frequency by 4old to 4 kPa indicating increased robustness of the crosslinked

network.
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6.2. Materials and Methods

6.2.1. Compressionesting

Compression  testing of NT2RepCT hydrogds was performed on
aTA.HDpluFextureAnalyser(Stable Micro Systems) with a 32 mm diameter
compression upper platen and a stationary lower platdpdrogels were cast in 1 mL
flat plunger syringes with removed discharge orifice. The casting setup alasl sgth
parafiim Noncrosslinked, transparent hydrogels MQ 37 T and CAPS10 and GA
crosslinked, opaque hydrogels MQ 37 O 1GA, t10 37 O 1GA and t10 40v@rEGA
swollen at 20°C inPBS pH 7f&r 24 hours before measurement he opaque and nen
crosslinked hydrogels MQ 37 O, t10 37 O and t10 40 O were measurexivodan.

The hydrogel cylinders were sliced into-2.51m slices with a scalpel and the height
and diameter of each were measured before analysith a calipe. Unconfined
compression testing was performed at Z0. The prdest speed was 1 mm/s and the
test speed was 0.Bam/s. The trigger force was set to 0.049 N and strain 8a%6.
Analysis waperformed in replicates 05-8. The, 2 dzynib@ulus for each type of
hydrogel was calculated from the gradient of timitial linear portion(5-10 % strain)

of each sampl@ stressstrain profileusing linear regression in Graphpad Prism 7.04.
6.2.2.Rheology

Rheological assessment was performed on an Anton Parr MCR 301 Rheuiitieter
8mm plateplate 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 atd 100 % strain at a constant shear rate of 1 1/s. Freqyenc
sweeps were performed at 0.6100 1/s with a constant strain of 5 %. Lyophilised
NT2RepCWas reconstituted to 2.4 % (w/v) in either MQ water (MQ 37 T) or 20 mM
CAPS pH 10 (CAPS10), termed thegetesolution.Hydrogels were cast in moulds as

previouslydescribed 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 & % and constant frequency of 1 Hz on both swollen
and nonswollen NT2RepChydrogels. 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 choserpd®ight 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., 2 dzyhibdubus
The noncrosslinked opaque hydrogels MQ 37 O, t10 37 O and t10 30 O were

compressed noswollen.The, 2 dzyhiddalassignificantly increasedith increasing

pH and temperature of gelation. M O, 2 dzyhidduléis wa98 + 83 Pa whereas

the hydrogel t1B70, 2 dzyhiddukdis was 1297 + 266 Pa, an increase of 3361&.
hydrogeltl0 40 O, 2 dzyfrddu@swas 1896 + 2B Pa an increase db %compared

to t10 37 O(Figure53). Unfortunately, the opaque, nearosslinked 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 suréa
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Figure53: , 2 dzynidubus of opaque noswollen, nonrcrosslinked 2.4 % (w/v)
NT2RepCHiydrogels MQ 37 O, t10 37 O and t1040 O. Measured at 20 °C. (n=5) £ SD

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

Interestingly, the differences in 2 dzynmb&uéus in the 1 % (v/v) GA crosslinked
opaque hydrogels was not as significantimghe noncrosslinked. The calculated

. 2 dzymddulas (E) for opaque, 1 % (v/v) GA crosslinked hydrogels MG 37 O 1GA and
t10 37 O 1GA were similar at 235.6 + 80 Pa and 256.8 + 59 Pa respeEtyalg5d).

The, 2 dzyhdubus of t10 40 O 1GA was significantly increased by 77 % to 454.7 +
110 Pa compared to t10 37 O 1G@paque, swollen, 1 % (v/v) GA crosslinked
hydrogels were measured to have a highe2 dzyfmddulasthan the noncrosslinked,
swollen, transparent hydrogels M8 T and CAPS1Figure 55). CAPS10 was
significantly stiffer than MQ 37 with a, 2 dzyfriddulds of 211 + 76 Pa and 105 + 53

Pa respectively.
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Figure54: | 2 dzymabfudus of opaque 1 % (v/v) GA crosslinked 2.4 % (w/v)
NT2RepChydrogels swollen in PBS for 24 hours. Measured at 20 °C. (nSb)
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Figureb55:, 2 dzyfmadulas of transparent 2.4 % (w/MT2RepChiydrogels formed
with either MQ or 20 mM CAPS pH 10. Hydrogels swollen in PBS for 24 hours.

Measured at 20 °@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 betweerl1D0 % strain with a constant frequency of
11T G2 RSGSNXYAYS (KS adG2N)r3S 6DQU UWER f2aa
limit of MQ 37 T and CAPS10 PBS swollen hydrogels. A comparison of 2 different gap
heights, 0.5 and 1 mm was performdddure56). The LV the strain sweeps for MQ

37 T and CAPSHD 0.5mm and 1mm are bothin the same range (410 % strain)
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Howeverthed 1 2 NJ 3S Y2 Rdzf dza :DQIANBI (BN UKl gl HQma @
Andp YY YR M YY 3JFL KSAIKIGD ¢ikKGPIl@tha Y 2 R dz
Ay av o1 ¢ G nop YYP ¢K2dzAKEZ GKA& AYyONBI
MQ 37 T was less pronounced at 1 mm gap height at only 12abte(1).

¢tKS Ft26 LRAYG 6KSNB DQfDQQs G 6KAOK (K
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 %.

0.5 mm 1mm
Elooooiiﬂﬁﬁﬁﬁﬁﬁﬁgﬁﬁi Eloooo—g
= ] ff ) IEHEHEEEEEEEE
iri 1000}%%@@?? §§ §§§§%§Q i%@ g 1000 Jipnssss & EH
P a3 M#W@WH i
S edngepepdsoroly ) 2 g%g@gw@@%ow
Strain [%] Strain [%]

Figure56: Strain sweep of MQ 37 T and CAPS10 hydrogels aim gap heighand
1 mm gap heightHydrogels swollen in PBS pH 7 for 24 hbafere measurement
Measured at 37 °C. Fregncy = 1 Hz, strainOnn 2:d [/ f2aSR aevYozf:

48 Y0 2 f BlackoMIX3NDRed= CAPS1(n=3) + SD
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Tablelly { GNJ} AYy [ +9 &0G2NJ}3S o0DQU YR f2aa oD
(% strain) of swollen MQ 37ahd CAPS10 hydrogels at 0.5 and 1 mm gap height. (n=3)

average = SD.

MQ37T CAPS10 % difference

(increase/decrease)

DQ nop O 3259+ 60 7699+ 169 + 136 %
DQQ nop 507+61 1439+119 + 183 %
DOQfr DQQ 7T 70 55 -21.4%

(% strain)

DQ m YY 1560+ 55 3677+124 + 136 %
DOQQ ™M Y 288+54 643+79 +123 %
DOQfr DQQ 7T 45 40 -111%

(% strain)

After the LVE region of strain was determined, frequency sweeps were performed
between 0.2100 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 thke 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 increasinfrequency Figure57) but that moduli was of greater
magnitude at 0.5 mm as was the case in the strain sweeps. At low frequencies the loss
Y2 Rdzf dz2& DQQ T2 hd CARSHOKas vary lowo and igcredskas the
frequency increasgdzy GAf nou |17 6KSNB DQQ A& | LILINERI C
and stabilising at Hz. This was the case for both 0.5 and 1 mm gap height. The storage

Y2 Rdz dza DQ &f 2 6 asing yeGudy up &0 Hratiors min Gap NB
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height for both MQ 37 T and CAPS10 and up to 25.7 Hz at 1 mm. At these frequencies
0KS @ArAa02StlaitrAld o0SKIFI@GA2dz2NI gl a f2aid Fa
Y2RdzZ dzZi DQ FyR Fa GKS TFNBO AzSYIORIA Ry NBY @855

rapidly fell as the hydrogel became elastic.
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Figure57: Frequency sweep of MQ 37 T and CAPS10 hydroderatn (Left) and
1mm (Rightygap height. Hydrogels swollen in PBS pH 7 for 24 hbefere
measurement Measured at 37 °C. Frequenc§.:100Hz, strairb %. Closed symbols
6DQU T 2 LIS yBlatke M@3Z T, Bed=CBRSO0=3) + SD

6.3.3.Assessing viscoelasticity of2.5 % (w/v)NT2RepCin MQ
water and at pH 10

To determine the concentration at which hydrogel behaviour could be measured,
e DQ B D QNI®RepCIasL##cdnstititadIrReither MQ water or 20 mM
CAPSpH 10 at 1, 1.5, 2 and 2.5 % (w/v). The gelation time was 18 hours at 37 °C. Time
sweeps atonstant 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 appeance of the different concentrations examined was perfornjéable

12).
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Tablel2 Physical appearance of2l5 % (w/V)NT2RepCin MQ water or20 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
15 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 wamlyformed at 2 and 2.5 % (w/\T2RepCWith viscous liquids
formed atl and 1.5 % (W/VINT2RepCTThe results of the time sweeps reflected this
Fa GeLAOIET KERNR3ISE oO0SKIFI@GA2dzNJ 6DQHDQQO
NT2RepCih MQ water but only for 2 and 2.5 % (w/v) for 20 mM CAPS plHi@garé
58). At all concentrations tested, the initial rheological measurements(8) were
not stable but began tatabilizeafter this time point, albeit with sinusoidal variation
2T DQ |highRvasDnar® pranounced 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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Figure58: Time sweeps of-2.5 % (w/v)NT2RepCfter incubation in either MQ
water (MQ) or 20 mM CAPS pH 10 (CAPS pH 10) for 18 hours at °C. Closed symbols =
{G2N)}3S Y2Rdz dza DQ>X hLISy aévozta I [2aa
20mM CAPS pH 10. Constant strain of 5 % and frequency of 1 Hzeigapl 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 # strain and frequency sweepFBigue 59). As expected, for both
ag2ffSy KeRNRIASfas (KS aid2Nl 3S Y2RdzZ d&A DC
indicating presence cd 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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Figue 59: Time sweep of MQ 37 T and CAPS10 hydrogel that had been swollen in
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6.4. Discussion

6.4.1.0Overview

The aim of this chapter was to assess the material propertietNT2RepCT
hydrogels, particularly their resistance to deformation. Compression testing was used
to investigatethe 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 immum NT2RepCToncentration 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 witariable strain.
6.4.2.Alkaline pH of gelation increases hydrogel stiffness
Assessing the 2 dzymadulés 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 nostrosslinked, opque hydrogels MQ 37 O, t10 37 O and t10 40 O were
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only able to be analysed neswollenand therefore cannot be directly compared to

the swollen 1 % (v/v) GA crosslinked opaque hydrogels or the transparent hydrogels
MQ 37 T or CAPS1After swelling in PB&2 thenon-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, nemniform shapes which were not suitable for this
type of analysis. Use of atomic force microscopy to measure, tRedzyni@ubis

would be more suited to these samples and is an investigation that should be
performed in the future. The neawollen opaque, nowrosslinked hydrogels 2 dzy' 3 Q &
modulus could be increased significantly by changing the gelation buffer from MQ
water to 20 mM tris pH 10. The 2 dzyfriddukas and resistance to deformation could

be further increased by increasing the gelation conditions frahi@ to 40 °G~{gure

53). In the literature often the authors do not specify whether the dzyhiddulds is
determined in swollen or noswollen 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 2 dzyhiddulas 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-50Q@0ta.
Interestingly, it was only t10 40 O 1GA that was significantly stiffer and more resistant
to deformaion (Figure54). MQ 37 O 1GA and t10 37 O 1GA had very simifardzy” 3 Q a
modulus despite visually appearing to have different stiffness and having significantly
different swelling ratios when swollen in MQ water

In the transparent hydrogeldncreasing the pH of gelation increased the measured

. 2 dzyhdduis with CAPS10 having a greater E than MQ 37 T. At pH2BepCT
is primarily alpha helical and undergoes littleceadary structure conformational

change with increasing temperature as analysed bya€Been in Chaptet. The
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differences in, 2 dzymabf@udus can also be explained by considering the lower
swelling ratio of CAPS10 compared to MQ 37 T in PB®ré37). Furthermore,
CAPS10 hydrogels appear less porous than MQ 37 T hydrogels as imaged by SEM and
eSEM Figure43 and Figure45) which could contribute to the greater resistance to
compression deformation. All the swollen hydrogels examined ubgonfined
compression testing were in the stiffness range of brain ti¥8uend similar to

a I G N®*49Soimpared to published silk hydrogels, tN&@2RepCTydrogels had

. 2 dzymddulas in the sme range as low concentration eADF4(C16) hydrétjelsd

hydrogels based on the CT bE clavipe¥® However, compared to silk fibroin

KeRNRB3ISta oKAOK KI @GS || KABK i &akKSSi Oz2yi

Due to the need for Garosslinking,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 rhigy

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
gelsolution 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. Préormed hydrogels can be analysed by rheology, but care must be taken
to not ovelly compress and therefore disrupt and potentially destroy crosslinks, pores
and other delicate componentlnfortunately, due to a combination of long gelation
times and presence of a héwstidine purification tag which temporarily damaged the
copper ally of the rheometers measuring geometry leaving black residue during long
holds at 37 °C, this was not possible [F2RepChydrogels This also meant that

gelation kinetics oNT2RepCTydrogels could not be performed by monitoring the
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IANR 6 G K 2 Fre-gblGoluFoN.PAYTEVL protease cleavage site was introduced
between the hexhistidine tag andNT2RepCand expressed in high yield but due to

time constraints, no hydrogels were formed from the cleaved -hiskdine tag free
NT2RepCPlease se Appendixfor expression of TENT2RepCT

An 8 mm diameter flat geometry was chosen due to limited volumes of sample
available and the diameter of the hydrogel castiyginges 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 ghasgle between the stress

and strain wave's®. Two different gap heights were investigated to analyse the
difference in moduli response.

Ly fft SELSNAYSyi(la 2y F2NX¥SR KeRNR3IStaz | .
LVE limit signifying the presence of a hydrogel. In strain sweppriexents 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
modui as strain was increased between 1 and 10 % strain at both gap heights
investigated. At both 0.5 mnmand 1 mm (Figure 56) gap height strain sweep
experiments, CAPS10lwva RS UOSNXYAY SR (2 KIFI@S | £ NASNJ
|l RRAGAZ2y L@ GKS NIGA2 0SG6SSy DQ IyR D
indicating more elastic character. However, this ratio difference decreased at 1 mm

gap height.In addition to increasinghe 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 geogdeading to reduced sample

slippage which can affect the resufts 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 behaviodue to compressiofi® pushing wagér out of the

pores.

5SaLIAGS /'t {mn Y2RdzZ A 06SAy3a ANBIGSNI GdKIYy
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 deformagatrdsslinks were

more brittle. However, at 1 mm gap height, the difference in flow point was less
LINEYy2dzy OSR 0SigSSy (GUKS (62 KERNRIASt AP ¢KS
can be explained by considering the differences in pore morphology as seS&M

(Figure45) 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 #aia 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 C@RBIrogels displayed the

alYS FTNBIljdzSyOe RSLISYRSYy(d o0SKIF@A2dz2NI 2F (K
plateaued between 0.1 and 28 Hz, depending on the gap height, whereas the loss

Y2 RdzZ dzd4 DQQ ¢+ a 2yfte adGrotS oSitiwhdPw m |1
frequencies the loss modulus had large errors due to low torque being generated and

the measurements being below the phase angggarateon detection limit of the

rheometer.

6.4.4.Hydrogels form at lower concentrations MT2RepCin
MQ water than at pH 10

A further investigationnto the lowest concentration to form a sedtipporting
hydrogel wasindertakenby performing time sweepNT2RepCih 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 contration that passed the inversion test was
2.4 % (w/v) in MQ water after incubation for 16 hours at 37 °C in glass tubes. Inversion
tests are qualitative and results can vary depending on the tubes dimerA&iohisis
could explain the difference seen when the hydrogels were castastiplsyringe
moulds with larger diameters.

Every MQ wateMNT2RepCToncentration formed seléupporting hydrogels by
visual inspection with the edges of the hydrogglpearingsharper with increasing
concentration. On the other handy 20 mM CAPS pH tlily at 2 and 2.5 % (w/v)
formed selfsupporting hydrogels. Viscoliguids were formed at.5 % (w/v) and 1 %
(wiv). 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 finesence of CAPS and a
more alkaline pH 10 slows hydrogel formation. It is possible that 1 and 1.5 % (w/v)
NT2RepCin 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 kincubatedNT2RepCin both buffers at the concentrations
were unstable until 1€20 seconds into the time sweep with the time to stability
decreasing as the concentration increased. MQ water hydrogels frof@.3.% (w/v)
NT2RepCall showed viscoelastio S K @A 2 dzNJ-F-25f RD (A N&SIH & SNI G K|y
20mM CAPS pH 10 hydrogels showed viscoelastic behaviour at 2 and 2.5 % (w/v) but
DQ ¢l & 2428 Rm@WNBka SN G6KIy DQQ®d Ly +ff aly
with increasing concentration diTRepCTas the resistance to deformation and
elastic character increased with increasing crosslinking. Additionally, the hydrogels
F2NX¥SR Ay av g+ 0iSN) aK2gSR 3INBFGSNI DQ FYyR
pH10 at all concentrations dT2RepCTrhisinc8 &S Ay DQ Aa 02YY2y ¢

protein concentratiof?0110198129
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{Aydza2ARItf DQ YR DQQ ¢SNBE &SSy F2NJ I ff
frequency selectedhouldbe altered in futureanalysisas these were suitable for BB
swollen MQ 37 T and CAPS10 6 KA OK | £ a2 O2dzZ RThE8ikitiak | Ay G f
readings nodinearity 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 arabnstant frequency of 1 Hz. There was no
observed sinusoidal behaviour of the moduli over time as seen in the unswellén 1
% (W/V)NT2RepChiydrogels.

Interestingly, despite MQ 37 T and CAPS10 hydrogels being formed at 2.4 % (w/v)
and being swollen iRBS, the storage and loss modulus wefel@ greater than those
measured in the noswollen 2.5%6(w/v) hydrogels formed in MQ water and 20 mM
/[Tt { LI wmMnd ¢KS AYyONBFrasS Ay (KS aidi2N}r3IS Y
contact of the rheometer geomtry 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 contailNT2RepClhatisdzy T2t RAy 3 (2 | NaR&ST a | yR
Aa  adAfft LINAYLNAEe h KSt AOL € GAGK &af A 3K
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 CpP30 hydrogels. It is not known

what happens toNT2RepCWith changing pH and this is something that should be

investigated in the future. Potentially this change in pH affé&tRepC$econdary
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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) hydro¢lsThe authors suggested that increased
physical crosslinking induced by these cations was responsib2RepCdoes not
form hydrogels in the presence of salts as the protegcpitates. However, once the
hydrogel is formed and PBS is add&tis 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. Summay of, 2 dzyhwdubus 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 shawedcrease in
, 2 dzy'rAb@dus with increasing pH and temperature illustrating how hydrogel
material properties can be tuned. Upon crosslinking with 1 % (v/v) GA the stark
differences in 2 dzyfriddul@s 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 signifitlg increased 2 dzyfrduis. 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, experimesgalup 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 systemisigp 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
suggestinghat 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 thaNT2RepCivould form hydrogels at lower concentrations in
MQ water than in 26nM CAPS pH 10. The minimum concentration to form a hydrogel
a aaSaasSR 08 NKS2ft23A0Ft GAYS a¢6SSLBE HKS
10 but 1 % (w/v) in MQ water. This difference could be attributed to the different
protein secondary structure #hand charge state diiT2RepCih 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 oHe®ever, GA
crosslinking was utilised to stabilittee 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 siaming behaviour is reported.
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7.Drug Delivery

7.1. Introduction

This chapter investigates the application of tN#2RepCMQ 37 T and CAPS10
hydrogels as a&ontrolleddrug delivery system. Their shetfuinning properties and
injectability is examined and the release of two model dsugogates RhodamineB
(RhB) and fluorescein (FAM) is assessed. Conjugation of FAM2BepCTvas
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 intravei\uimjection
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 therapeeftiect as there is
minimal distribution throughout the body, contrast to the distribution of IV and oral
drug administratio#®. Additionally, conventional routes often require repeated
doses, and this can lead to reduced patient compliance.

Hydrogels are an emerging class of local drug delivery sy&ethse to their
tuneable characteristics, hydrophilicity and swelling ability. This allows encapsulation
and delivery ofhydrophilic drugs, cells and other bioactive components and
therapeutic agents into the body. Furthermorbydrogel material properties can
mimic ECM making them suitable for implantation. Other types of DDS includ® films
particleg 202 nanoparticleg®® foamg® and fibreg®,
7.1.2.Hydrogel DDS applications and targets

Hydrogel DDS are suitable for many different applications and targets, from
athritis?®, cancer therap$f’, growth factor deliver§?®, wound caré®, infectious
disease treatmertt®to ophthalmic caré'. It is important that the material sed for

the hydrogel is noaimmunogenic, biocompatible the specific tissuehas 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 tsswth.
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 productioft2 Most onmarket hydrogel DDS are made from either
synthetic and biocompatible polymers such as polyethylglyeol (PEG) or polyvinyl
alcohol (PVA), polysaccharides (alginate, cellulose or hyaluronic acid) oexnavo
collagen and gelati#®. 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 biomateriats However, there is need for innovativydrogel DDS
made of new biomaterials such as spider silk which is -imamunogenic,
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
GSNX¥SR WodzNERG NBfSFaSQ 6KSNB | aAIYAFAO yi
hydrogel, followed by a slower rate of release as the system stabilizes. Biaatee
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 controllelivery
device andcan require more frequent administrations. Burst release is also
disadvantageous if the drug to be delivered has a shaltlife In vivoand rapid
clearance from the body, leading to wasted drug and a highef¥obtowever, 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 slowerelease to maintain and support gradual healing of the waétfnd
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In cases where rapid release of the drug would have negative consequences, a slower
and more sustained release profiledesirable. Therefore, there has been significant
effort to control the release of drugs from hydrogel systéthand to have sustained
release over a long time period. Burst release of the model dnogamineB was
controlled in Bombyxmori hydrogets by addition of silk nanopartici& Another
method for controlling burst release is surface diffusion control, using a less
permeable film to coat the hydrogéf.

The mechanism of release of a physicahcapsulated drug within a hydrogel
network is diffusion based and is greatly controlledstaric hindrance due to the ratio
between the drug anthe hydrogel mesh size which is the space between the polymer
chairs Figure60). One method of decreasing hydrogel mesh size is by increasing the
monomer concentration. The release rate of BSA from recombirgpitiroin
eADF4(C16) hydrogels was decreased by increasing thentmtamn 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) eADFA{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 iscalb 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 wilab 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 dru§}’. 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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Figure60: The hydrogel drug diffusion release rate is controlled by ratio between

~7.0

the hydrogeimesh sizeand thedrug sizé'’. Drugs smaller than the mesize have fast
rates of diffusion. Diffusion rate decreases as the drug size increases as steric
hindrance becomes more importanDashed lines show the path of the released

drugs

Other rate controlling process&$ in hydrogel drug delivery systems are the
heterogeneity of pore structure and changes in pH which influence hyddrggl
interactions, astrong adsorption of drug molecule to hydrogel network will decrease
rate of releaseMinimal girring or movementof the surrounding media leads to an
undisturbed, higher concentration of drug surrounding the hydragkich inhibits
further release of the drug from the hydrogel into the mediaSirring or constantly
refreshing the mediathen this can speed up drug release due to improved sink

conditions better representing tha vivoenvironment. Temperature can also affect
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release rate, not only due to increased random movei particles but changes in
swelling in stimulus responsive hydrogels.
714{ GAYdzZ dza NBaLRyaAgdS WwWayvyl NIQ
Disease states can elicit changes in pH and temperature within the body, for
example acidic pH in the extracellular tumanvironment or wounds and increased
temperature of infectiof®. Additionally, different tissues and organs in taly 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 o
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 hydrogélark 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 polymdn the case of protein
hydrogels, the proteins isoelectric point (pl) dictates the swelling response with
reduced swellingat pH = pl and increased swelling at pH less than or greater than pl
due to increased electrostatic repulsiéf A chemically crosslinked hydrogel formed
of chitosan and sodium algindfé showed pH sensitive release of BSA with greatly
reduced cumulative release at pH 1.2 than pH 7.4. This duasto 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 admirgstdnydrogel 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 rele&8hich was explained by increased polyriBSA
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 alteritisgvelling or sebel transition around
37 °C have been used in biomedical applications. One of the most common synthetic
materials is poly(Nisopropylacrylamide) (PNIPAAmMwhich undergoes a
conformational shift due to changes in hydrophobicity and hygifigity to a lower
critical solution temp (LCSTleading to gelation. Hybrid hydrogels of PNIPAAmM and
natural materials such as peptides and chitosan have been designed for
thermoresponsive drug delivery of antibacterial peptitiéand BSA®°.
7.1.5.1Injectable hydrogels

Injectable hydrogels can be implantedthout 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 hydrogét. Injectable hydrogels can either undergo a sol
gel transitionin vivoor preformed hydrogels can be administered, providing they are
shearthinning and have rapid recovery of their elastic modulus. Hydrogels that
crosslinkin situmust have rapid gelation times, on the order of minutes so that there
is minimal loss from # 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 pgel component§°. Furthermore, the gelation

must not be negatively affected by the lo@galivoenvironment. The crosslinking can
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be initiated by enzymes or by ndaxic photoactivated chemical crosslinkers (eg. NHS
esters), which are more expensive crosslinking mechanisms but offer greater control
over the hydrogéf2 Compared to injectingn situ gelling hydrogels, the effect of the

in vivoenvironment on gelation is not a factor for injectable gogmed hydrogels and

this means hydrogels with slower gelation kinetics can be used.

Shearthinning hydrogels flow like lowiscosity fluids with increasing shear rates
involved in injection but thn rapidly recover their material properties with the
removal of shear forc&°?". Selfassembling hydrogels with reversible physical
crosslinks form due to dynamic competition between attractive forces such as
hydrophilic and hydrophobic interactions, hydrogen bondlielgctrostatic 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 arefined like covalent
bonds and therefore can be dissociated due to sHeaces leading to sheehinning
behavior.Rapid recovery of these interactions creates skbamning hydrogel&°.
7.1.6.Drug loading

Drug loading of the hydrogel DDS can either be by permeation, entrapment or by
covalent bondingFigure61). In permeation the hydrogel is formed and then swollen
in a solution containing the drug which diffuses into the hydrogel. In entrapment the
drug is added to the prgel solution and gelation is initiated, ptigally 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 bemitvwasted 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 bondmaghods
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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 hydroget?,
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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. Bhattaizal 223

To avoid burst release, drug loading by a covalent bond can be utilised. Covalent
bonds were investigated as a novel method of conjugating antibiotics the
recombinant spider silk 4RepCT. This method utilisel. awlimethionine auxotroph,
the nontnatural l-azidohomoalanine as a methionine analogue and copper catalysed
alkyneazide cycloaddition(CuAAG)also known as clieghemistry. This chemical
modification could be instigategre-film’® and post fibre formation making it an

incredibly flexible method of drug incorporatioim vitro testing of the antibiotic
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functionalised silk fibres of 4RepCT showed excellent antimicrobial attivityis
method of covalently linking drugs to the silk protein could be utilised in hydrogels.

In the case of protein hydgels, the amino acid sequence can be truncated directly
to enzyme¥', integrin binding site’$ 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

NT2RepCK @ RNR 3Sf a 6SNB LINBLI NBR HETRRepdM |j dz2 G A Y
MQ water (MQ 37 T) or 20 mM CAPS pH 10 (CAPS10) into a 0.5 mL syringe and
incubating at 37 °C for 16 hours. The set hydroge€dsdM 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 2/KicCh was used to
stabilize the structure for SENhe crosslinked hydrode were washed with excess
MQ water and were gently transferred into the lid of arfQ centrifuge tube. The nen
crosslinked MQ water swollen hydrogels were also gently transferred into the lid of a
50 mL centrifuge tube and were flash frozen by submertjiadid into liquid nitrogen.
The hydrogels were then lyophilised for 24 hours Lyophilldéd@RepCTydrogel
samples were mounted on carbon tape and sputter coated with a thin layer of
conductive platinum. Hydrogels were observed and images capturechWiHOLISM
6490 SEM and an accelerating voltage of 10 kV.
7.2.2.Shearthinning rheology
Rheological assessment was performed on an Anton Parr MCR 301 Rheometer with
8mm plateplate geometry and a gap height of 1 mm. A Peltier hood attachment was

used to prevensample evaporation and maintain temperature of 37 °C. Viscosity as
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a function shear rate was performed between-QQ0 (1/s). Rheological assessments
were performed on swollen, prormed hydrogelsMQ 37 T and CAPS10 hydrogels
were prepared in 5 mL syde moulds as previously describednce formed, the
hydrogels MQ 37 T and CAPS10 were gently ejected into 3 mL of PBS and swollen for
24 hours at 20 °QOne hydrogel sample was used for each measurement. Each
hydrogel sample was carefully trimmed to siA2 fhm 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 MiT2RepCT

PTAD azide reaction performed at®88@ >[ & Ol f SPhdsphat&tmf@ras y R b |
described by H. Baet al.??*and at 1 mL scale in DMF or acetonitrile and®Kasphate
buffer or Tris bufferFory dpdc  >4-(4-(2aitloktioXy)phenyhl, 2 4triazolidine
3,5dione (PTABN:;) and 1,3-Dibromob5,5-dimethylhydantoin (Dibromantin) (both
SigmaAldrich) were prepared idry DMFat 6 mM. Equal volumes (10 pL) of PIMD
and Dibromantin were combined imd&ppendorf taxidisethe PTAEN; and vortexed
to give a cherry red colour. This mixture was kept on ice. To an Eppendorf containing
70puL of a IMg/mMLNT2RepCin 100mM Na Phosphate buffer pH 7.4, 5 aliquots of
3.92 uL of the freshly prepared activated ADNs; were added with a fresh pipette tip
every 2 seconds. This was prepared in 6 replicates. After 25 minutes ‘@& #te
NBIF OGA2ya 6SNB LIHZNATFASR dzaAy3d %Solu {LRAY
(Thermo Fischer Scientific). Each column was usedutidy?2 PTABN; NT2RepCT
conjugation reactions. The flow througbntaining PTADI; NT2RepCWere collected
and combined and stored at ZC ahead of conjugation to fluorescedtkynein a
coppercatalyzed azidalkyne cycloadditiomeaction (CUAACIor 1 mL scale-(4-(2-
azidoethoxy)phenytl,2,4triazolidine3,5-dione (PTAEN;) and 1,3-Dibromo5,5

dimethylhydantoin (Dibromantin) (both Sigr#ddrich) were prepared ieither dry
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DMF or acetonitrile (ACN)at 6 mM. Equal volumes3Q0 pL) of PTAMN; and
Dibromantin were combined inglass vialo oxidisethe PTAEN; and vortexed to give
a cherry red colour. This mixture was kept on ice. Gtaas viatontainingl mLof a
1 mg/mLNT2RepCin 100mM Na Phosphate buffer pH 7at 20mM Tris pH 85
aliquots of56 pL of the freshly prepared activated PTFAPwere added with a fresh
pipette tip every 2 seconds. After 25 minutes at’@0the reactions wer&ansferred
into dialysis tubing&-8 kDa MWCO, Molecularporous membrane tubingn8sa RC
Tubing, Spectra/Por)land dialysed againstll of 20 mM Tris pH 8 for 4 hours,
refreshing the dialysis buffer after 2 hours. The dialysed PFANT2RepCivere
transferred into tubes and stored at + 4 °C aheadarfjugation to fluoresceialkyne
in a copper catalysed click reaction (CuUAAC)
7.2.4.Conjugation of fluorescein ttNT2RepCPTADN:

CUuAAC was performed at 1 mL sca@0 yL of PTAD: NT2RepCivas reaced with
50 mM fluorescein alkyne (FAM), 50 mM CuSO 50 mM
Trigbenzyltriazolylmethyl)amin€THPTA), 50 mM Cag&d 50 mM sodium ascorbate
in a 20 mMTris pH 7.5 buffer. The reaction was dialyse®8( kDa MWCO,
Molecularporous membrane tubing, Standar Ribing, Spectra/Por)lagainst 1L of
20 mM Tris pH 8 for 4 hours, refreshing the dialysis buffer after 2 hours. Unconjugated
NT2RepCWas compared to conjugateNT2RepGFAM by analysis on a 15 % SDS
PAGE gel. Negative controls to examine autofluorescermecovalent interactions
of FAM andNT2RepCa@nd to evaluate the success of CUAAC reaction were included.
The transilluminator UV light setting on Syngene G:Box (GeneFlow Limited)ras800
was used to capture fluorescence of the conjugal¥t?RepGFAM and unbound
Cla 0S8ST2NB adlrAyAay3a 2F GKS 38t sAGK DSt O:

YEydzFl OGdzNBNRE AyaidNHOGA2ya®
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7.2.5.In vitro release ofRhodamineB from hydrogels

RhodamineB was used as a model polar, hydrophilic model dsugogate to
investicate the effect of pH on drug release fraRT2RepChydrogels RhodamineB

was dissolved in MQ water to reach a concentration of 0.5 mg/mL. Lyophilised
NT2RepCWas reconstituted in either MQ water or 20 mM CAPS pH 10 to a
concentration of 26.Mg/mL. Hydrogels containindqjodamineB were prepared by

02 Y0 AYAY ImgLNT2RepGicM®water or 20 mM CAPs pH 10 with=1(

of 0.5 mg/mLrhodamineB to give dinal NT2RepCgoncentration of 24 mg/mL and a
finalrhodamine. 02y OSYyGN) GA2Y 2F ndnp YIAKY[ ® | 8RN
in individual wells of a 24 well plate, creating a ring shape. Gelation was performed by
incubation at 37 °C for 16 hours @mwight), the plate was wrapped in tin foil to protect

the samples from light. Release thiodamineB 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; 00t . { 06 dzF F SNJ
removed and transferred into Wis of a 96 well black, clear bottom plate (Corning®)
YR NBLX I OSR o0& -warmed PBS[at tAeNapprdpriate pBNIhe
concentration ofrhodamineB was quantified by measuring the fluorescence with an
ultraviolet-visible (UWIS) spectrophotometeiTecan 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 calcutitedamne B concentrations from
fluorescence at the specific pH. Cumulative releasdnoflamineB was calculated by
Equation13.

Equation13:

e e e W0 B
O @0 O wo  @IXPwi Q 3 p T T
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Where wis the volume of the PBS aliquot removail, is the concentration of
rhodamineB at timei, n Is the displacement timeay is the volume of PBS in the well
containing the hydrogel and is the total mass ofhodamineB in the hydrogel.
Blanks of each PBS buffer aN@2RepChydrogels containing nchodamineB were
used to account for any background fluorescence. Statistighificance was
determined by unpaired studentstést. The final data are presented as mean + SD
(n=3).

7.2.6.In vitro release of fluorescein from encapsulated and
conjugatedNT2RepChydrogels

A comparison of the release BAM alkynghat was covalently bound arfdAM alkyne

that was encapsulated in the hydrogel network was performié@i2RepChydrogels

with covalently bound=AM alkynewere prepared in MQ water and 20 mM CAPS

pH10. These samples were called PIFAIM MQ and PTABAM CRS10. For PTAD
FAMMQandPTAD! a /!t {mMnX mnn >[ NI2REECERKIY.O5Y I H N D
Mg/MLNT2RepCGPTADBFAM in either MQ water or 20 mM CAPS pH 10 respectfully,
GSNE It Aljdz2 0SSR Ay 2wels Gehrfbatton? BackpolystygeNd/ A y 3 u
microplate.

| @ RNR2 ISt a O 2 yAMlalkyyengapsulated, ageovaléhtly in the network

were prepared. These samples were called FAM MQ and FAM CAPS10. For FAM MQ
YR mMCla /!t {mnX wmnnNT2RepCAR6.6XAmGAY BAMH 1 Y 3K
alkyne in eitheMQ water or 20 mM CAPs pH 10 respectfully, were aliquoted into wells

2F | ! 2 NUgII g)ear voottapre black polystyrene microplate. Control wells

O2y il Ay Ay3a wmnNT2RepCWRhTo RAN alRyr@sndrdmpty wells were

included to account for backgund fluorescence. For each sample and control the
hydrogels were prepared in replicates of fivgelation 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 lightRelease oFAM dkyneg I & AYAGAl GSR o6& | RRAGA?Z
7at37c/ ® G OSNIFAY GAYS AYyGSNBItaszs mnn >]
Ayid2 gStta 2F | dc oSttt oftl Ol Of SINJ o2l
fresh, prewarmed PBS. The concentatiof FAMalkynewas quantified by measuring

the fluorescence with an ultraviolatisible (UWIS) spectrophotometer (Tecan Spark

10M) using an excitation wavelength of 494 nm and emission wavelength of 521 nm.

A standard curve was created, and the equatamf the line used to calculate FAM
concentrations from fluorescence. Cumulative release of Bidyinewas calculated

by theEquationl4.

Equationl4:
00dao aoodauniQ wo wo
Wherewis the volume of the PBS aliquot removédis the concentration of FAM

at timei, nls the displacement time and is the volume of PBS in theell containing

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

7.2.7.1n vitro drug releasanodelling

Release ofhodamineB and FAMalkynefrom NT2RepCHydrogels was examined
using four mathematical models of drug release:

Zeroorder kineticEquationl5:

o ..
— QO
0
Firstorder kineticEquationl6:
N -
A € Qo
U
Higuchi kinetic€quationl7:
0 -
— @B
0
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KorsmeyeiPeppas kineti€quationl8:;

Whered is the total amount of drug released at tinded s the total amount
of drug to be released(is the kinetic constant angl is the diffusivity exponent.

The cumulative release data dfodamineB and FAM alkyneup to 60% releasé®,
was fitted to the mathematicahodels and the Ror 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 RandQ For the Konwieyer-Peppas model, the data was analysed
and fit to the model using nelinear 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 thenstraints thatQand¢ were
greater than or equal to zero. The data analysis correlation function was used to
calculate R The diffusivity exponent release mechanism of the KorsmBggpas
model was assessed with the criteria summarise@iahlel3.

Tablel3: Summary of drug release mechanisms indicated by the diffusivity
exponent n calculated by the KorsmeyrReppas equation for a slab stebmaterial.

Values and indications from M. Lobbal ?%°

n Indication
<0.5 QuasiFickian diffusion
=0.5 Fickian diffusion
0.5<n<1 Anomaloudransport, 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 hydrogelsdafiemation, the
hydrogels were cast in a 0.5 mL syringe with a 16 G needle attachment. Both
MQ 37T and CAPS10 were haextruded from the needle in a slow and controlled
manner onto aPetri dish in a wiggling linf-igure62). Once extruded the hydrogels
did not visibly lose their extruded shape for the duration of the experiment (5 h). The

extruded hydrogels were transparent.

Figure62: 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 placédpoof
lined paper to show transparency and for clearer imad&sotos 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 ndlewtonian shear thinning
behaviour

The sheathinning 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

semilinearly with increasing shear rate indicating that the hydrogels were shear
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thinning and showed noiNewtonian behaviourRigure63). At Q1 (1/s) shear rate and

at each shear rate increase measured, CAPS10 was more viscous than MQ 37 T.
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Figure63: Viscosity as a function of shaate. Sheathinning behavior of MQ 37 T

(black)or CAPS1(@ed). Hydrogels swollen in PBS pH 7 for 24 hours. Measured°&.37

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. Noncrosslinked extruded hydrogels, termed & & Nio yGHE appeared

0 SEG dz2NBR

structure in MQ 37T syringe no GA. This textured appearance was not seen in MQ 37

T syringe 1 GA or CAPS10 syrihg8A Figure 64). The pores in the % (v/v)GA

gAGK

F'y3dzt F NJ mn

N

>Y

LJ2 NB a

%

crosslinked syringed hydrogelgere smaller and have directionality along an axis.

Furthermore, here were areas of smalo, flat, lamellar like surfaces in both the 1 %

(v/v) GA crosslinked syringed hydrogels but more extensively in MQ 37 T syringe 1GA

(Figureb5).
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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

TNoGA, B=MQ37T1GA, C=CAPS10n0 GA, D=CAPS® GCGAIA o6 NB m™n

Figure65: SEM images of MQ 37 T 1GA and CAPS10 1GA injected hydrogels.

A=MQ@T ¢ mD!X . T /Vt{mn mD!® {OIfS ol N&
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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
fromH.Baretal?g | & LISNF2NXYSR G avylrft aoOmMS oy pod
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
%Soln &ALAY 711 a2/ h R8RepGPUADYAAde (radiictzYigié = ( K S
combined. CUAAC was penfieed the following day to click fluorescein alkyne (FAM
alkyne) toNT2RepGPTAD azide. The success of the reaction was visualized with an
SDS PAGE gEidure66) compaing nonprocessedNT2RepCais a controINT2RepCT
+ PTAD azide reaction product aNdi2RepGPTAD 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 &f light. Only lane 4 containing
NT2RepCGPTAD 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 dT2RepC@nd a band at the dye front due diffusion
of fluorescein during running of the SDS PAGESjete theNT2RepCprotein band
in the unstained, UV light exposed image of the SDS PAGE gel has localized, intense
fluorescence but the contraNT2RepCin lanes 2 and 3 do not means therenis
autofluorescence oNT2RepCat 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 of33kDa in all lanes, with additional higher
molecular weight protein bands present MT2RepGPTAD azide in Lane 3 and
NT2RepGPTAD azide FAM alkyne CuAAC in Lane 4. The band sizé\aRRepCT
protein band decreases between lane 2 and lane 4, due to loss of protein during the

reactions and transfer between vessels. Additionally, the center ofN@RepCT
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protein band increases in molecular weight during the conjugation reactions further
suggeting successful conjugation, however since tiE2RepCband is so large in

Lane 2 it bulges out and appears at lower molecular weight than is expected.

NT2RepC¢ PTAD
NT2RepC¢ PTAD
FAM CuAAC
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Figure66. SDS PAGE analysis of successful-soaél conjugation of FAM alkyne
and NT2RepCTboth images are of same SDS PAGE gel. Left: SDS PAGE gel before
staining with 800 ms exposure to visualiBAM alkyneRight: Same SDS PAGE gel
stained with Gelcode blueafe stain to visualise protein bands. Lane 1: Protein ladder
10-250 kDa. Lane 2: 1 mg/nMNT2RepCTLane 3: 1 mg/mNT2RepCdfter tyrosine
t¢!'5 FTARS NBFOGAZ2Y LINBRAZOG | FGUSN) %Solun &
up. Lane 4ANT2RepGPTAD azide FAVkghe CuAA@action 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

dzy NBEF OG SR NBIOGA2Y O2YLRYySyida AyadSIR 27
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LyophilisedNT2R@CTwas reconstituted in either 100 mM Na Phosphate pH 7.4 or
20mM Tris pH 8 at 1 mg/mL. PTARand the activator were prepared at 6 mM in
either dry DMF or acetonitrile. The four combinations (Na phosphate + DMF, Tris +
DMF, Na phosphate + acetonitréed Tris + acetonitrile) were prepared at the same
g2t dzyYS 6AGK p E p&\s+sagtivadriin diykDBIF or acétanitrite)t | 5
added to 1 mL of 1 mg/mNT2RepCflin Na/phosphate or Tris buffer) on ice. After 25
minutes each reaction condition wasatrsferred into a separate dialysis tubing and
dialysed against 20 mM Tris pH 8. After dialysis the CUAAC readdi2zBepGPTAD
azide and FAM alkyne was performed as described above. Again, SDS PAGE was used
to determine FAMalkyne conjugation, with exgsure of 800 ms Wight.

Negative controls included indicated that no autofluorescencBB2RepCdr any
of the NT2RepGPTADBN; occurred, as the lanes containing these contréligre67
lanes AF) showed no fluorescent protein bands, whereas in the stained SDS PAGE gel
image there is protein presentlowever the negative control to determine whether
there are noncovalent interactions between FAM alkyne ahI2RepCT{Figure67
lane F) showed fluorescent band. To determine whethBIT2RepGPTABN; would
bind to FAM alkyne and to assess the success of the CUAAC reaction, a negative control
containing NT2RepGPTADBN;, FAM alkyne and all CuAAC reaction components
minus copper under the same reaction conditions of CUAAC was inclEagad67
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 stith fluorescent protein band~gure67lanes H to K).
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Figure67: SDS PAGE images of 1 mL scale PTAD conjugation under different solverffeardditions. Left: ustained UMight exposed SDS PAGE gel
Right: The same SIPAGE gel. L = Protein ladder, A = 1 mgdfi2RepCdontrol, B =NT2RepCPTADN; (Na Phosphate + DMF), GIF2RepCPTADBN; (Na

Phosphate + ACN), DNI2RepCPTADBNz (Tiis + DMF), E NT2RepCPTADBN: (Tris + ACN), FNT2RepCF FAM alkyne controc = NT2RepCT PTFAD

(Na/P + DMF) + FAM alkyne (no copper in CUAAC) control, H = NT2Rep®i (R&8AD+ DMF) + FAM alkyne CUAAC, | = NT2RepCNP(NEIP + ACN) +

FAM alkyne CUAAC, J = NT2RepCT-RI@Mis + DMF) + FAM alkyne CUAAC, K = NT2RepGRHTA®+ ACN) + FAM alkyne CUAAC.
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7.3.5.In vitro release ofrhodamineB from hydogels

The release ofhodamineB 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
rhodamineB from the sample aliquot$igure68) had a fairly low Rof 0.98210.9859

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 measurgdURvalues 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 addept

60,000

60,000

H 5.5
50,000 P

40,000+
=l
w 30,000
20,0004

10,0004

R?=0.9829
y= 85,405 + 3436

H 6.45
50,000 P

40,000
2
w 30,000
4

20,000

10,0004

0 T T T
0.0 0.1 0.2 0.3

0.4

0.5

T
0 T

R?=0.9821
y= 94,844 x + 3,523

0.6
0.0 0.1

Concentration Rhodamine B (mg/mL)

0.2 0.3 0.5 0.6

Concentration Rhodamine B (mg/mL)

60,000
pH 7.4
50,000
40,000
D
L 30,000+
@
20,000
R®=0.9859
10,000 y= 95,499 + 3856
[ ]
0 T T T T T

0.0

0.1

0.2 0.3 0.5

Concentration Rhodamine B (mg/mL)

0.6

Figure68: Standard curve relating fluorescence to concentratiorhodamineB in

PBS pH 5.5, pH 6.45 and pH 7.4. Mean + SD (n=3).
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Figure 69;: pH dependent cumulative release (%) rbibdamine B (RhB) from

NT2RepChydrogeldn vitro.MQ 37 T (black circles) and CAPS10 (red circles) hydrogels

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

RhodamineB was released from MQ 37 T and CAPS10 hydrogels at the 3 PBS pH

investigated Figure69). 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 loadeddamineB released at 10.Bours was

highest in PBS pH 5.56i%.0 + 2.8%6 for MQ37 T hydrogels an@9.1 + 8.4 %or CAPS10

hydrogels. The cumulative release decreased with increasing PBS pH. After 10.5 hours

in PBS pH 6.45, MQ 37 T releaSéd + 3.486 whereas CAPS10 relead88 + 2.5%

of loaded RhB. At pH 7.4 MQ 37 T had rele&@ded + 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 pFablé1(4).
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Tablel4: Maximum percentage release of loaddwdamineB (RhB) from MQ 37 T
and CAPS10 hydrogels after 10.5 hours in PBS pH 5.5, 6.45 or 7.4. AverageSInh=3)

Unpaired students-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
55 67.0 2.6
MQ37T 6.45 51.8 34
7.4 41.3 11
55 69.1 8.4
CAPS10 6.45 53.3 2.5
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 tKersmeyerd?eppas equation. The
data was fit to the 4 models and thé alues were compared éblel5). The lowest
R was seen for first order release at 0.3384960.Zero order release’Rvas 0.8218
0.8545 and for the Higuchi equatioA\Ras 0.9662.9816. For the Korsmey&eppas
equation Rwas >0.98. The Korsmeyeeppas equation was taken forward due to the
slightly higher RThe kinetic rate constark (min') ard diffusivity exponenn were
calculated for each hydrogel and PBS fldb{e 16). The calculated kinetic rate
constant was larger for CAPS10 hydrogels at all PBS pHViQa37 T hydrogels and
the release rate fell with increasing pH. The diffusivity expomenias <0.5 for all

hydrogels apart from MQ 37 T hydrogel at PBS pH 5 where it was 0.51.
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Table15: R values for each mathematical model lof vitro rhodamineB release

from MQ and CAPS10 hydrogels at 3 PBS pH.

Zero First Higuchi  Korsmeyer

Hydrogel PBS pH order (R) order (R) (R PeppagR)

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

Table16: Calculated kinetic rate constaktand diffusivity exponent of in vitro
release ofrhodamineB from MQ and CAPS10 hydrogels at 3 PBS pH values using the

Korsmeyerdeppas 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
conjugatedNT2RepChydrogels

Fluorescein alkyne (FAM alkyne) was incorporated Mi@RepCMQ or CAPS10

hydrogels via a covalent bond or via incorporation/encapsulation in the hydrogel
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network via noncovalent interactions. Since the amount of FAM alkyne covalently
bound toNT2RepCB | & dzy {y 26y s O2yGNBta O2yialAyAy3
created. Presence of FAM alkyne was visible with a colour change and fluorescence
under UVlight in FAMPTAD hydrogels cast in 1 mL syrimgrulds(Figure70).
A standard curve including ten FAM alkyne concentrations (0.5 pg/mLtoB.R Y[ 0
was createdFigure71). The Rof the standard curve was 0.9947 and all RFU measured

in the samples were within the standard curve.

/

Figure70: PTABFAM MGhydrogel(50 uL 1 g/mLNT2RepCPTAD FAM) 450ulL
26.7mg/mLNT2RepCio make 24 mg/mL.A) NT2RepGPTABFAM hydrogel (MQ)
white light on top of striped background) NT2RepGPTABFAM hydrogel (MQ)
white light on top of black backgroun€)NT2RepGPTABFAMhydrogel (MQ) UV

light on top of black background showing fluorescer@male bar = 0.5 cm

60,000

40,0007
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y= 239,324 x + 491.4
R®=0.9947

T T T T
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Figure71: Standard curve relating fluorescence to concentration of FAM alkyne in

PBS pH. Mean + S[;n=3). Equation of line y=239,324 x + 419740947
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The hydrogels containing narovalently bound FAM alkyne (FAM MQ and FAM
CAPS10) showexhinitial burst release followed by a slower rate of release over time
(Figure72). 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 1320noiies (22 hours). Release of FAM alkyne
from FAM MQ showed greater standard deviation compared to FAM CAPS10. The
PTABFAMMQand PTAD! a /!t { mn K&RNR3ISt a OdzydzZ I GADS
showed initial burst release, followed by a slower rate of reéethroughout the rest

of the experiment Eigure73).
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Figure72: Cumulative release (%) of FAM frofi2RepChiydrogels over time. FAM
av O03INBSy aevyoz2faovo FyR Cla /[ !t{mn ¢LJzNLIX
encapsulated within the hydrogel network, naovalently linked. Mean + SD (n=5).

Unpaired students-test. * P<0.05.
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Figure73: Cumulative release of FAM akyne froii2RepCHhydrogels over time
0 > 3 0 BFAM MQ Blue symbols) and PFREM CAPS10 (red symbols) contained
covalently linked FAM alkyne via PTAD conjugation to tyrosine residues. FAM MQ

0aINBSy aevyozfao FyR Cla [/!t{mn 6LIzNLI S aé

encapsulated within the hydrogel network, naovalently linked. Mean + SD (n=5)

More FAM alkyne was released from PTAEM MQ than PTABAM CAPS10
GKNRdAK2dzi GKS SELISNAYSYyl 6A0GK noanpc 5 nod
released respectively aftet320 minutes or 22 hoursTéble17). Compared to the
hydrogels containing free FAM alkyne, FAM MQ and FAM CAPS10, the release of FAM
alkyne from PTAIPAM MQ and PTABAM 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 PTABAM CAPS10 was performed as previodsigcribed(Section
7.3.5. The model that gave the highest\Wwas the KorsmeyelPeppas equation with
the Higuchi equation and Zero order calculated as the next highestAM alkyne

releasedid not follow first order kinetic release as can be seen by the [bFadble
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18). The KorsmeydPeppas equation rate constak{min?) and diffusion exponent n

were calculated Tablel9).

Tablel7: Cumulative amount of FAM released at 1320 minutes for from PTAD FAM

MQ,PTAEC! a /!t{mnX Cla av lyR Cla /!t{mn Ay

f2FRSR ndcp >3 Cla F2NJav Cla |FyR Cla /[!t:
FAM released at 1320 mit FAM released aér a 1320 min

(>0) (% of loaded 0.65)

AVG SD AVG SD
PTADFAM MQ 0.056 0.003 - -
PTABFAM CAPS1( 0.045 0.002 - -

FAM MQ 0.227 0.043 35.0 6.6

FAM CAPS10 0.166 0.003 214 1.4

Table18: Coefficient of determination @Rof the 4 models of drug release, zero
order release, first order release, the Higuchi equation and the Korsrits@pas
equation of FAM release from PTAD FAM MQ, PRAIR CAPS10, FAM MQ and FAM

CAPS10 hydrogels.

R
Hydrogel Zero order  First order Higuchi Korsmeyer
Peppas
PTABFAM MQ 0.782 0.513 0.715 0.975
PTADFAM CAPS1I 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: KorsmeyeiPeppas rate constank (mint) and diffusion exponent n
calculated for release of FAM from PFREM MQ, PTABAM CAPS10, FAM MQ and

FAM CAPS10 hydrogels.

Hydrogel k (min?) n
PTADFAM MQ 2.22 0.17
PTADFAM 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

7.4.1.0verview

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 investigatingrorelease
of a hydrophilic model compoundthodamine B, it was shown that release was
diffusion driven and pH dependent. Conjugatio-éMalkyne via PTADs MT2RepCT
tyrosine residuesvas examined and was found to follow a different release profile
compared to unconjgated. The hydrog@ viscosity response with increasing shear
stress was investigated and it was found that MQ 37 T and CAPS10 werghshaiag
and injectable and their porous structure was altered after injection.
7.4.2.Injectable hydrogels

The gelationitme of MQ 37 T and CAPS10 is too slow at >2 hours to be usied for
situ gelation of an injectable prgel 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 hydrogl 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 ont8eatri dish Figure62). 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 b&D extruded printed, like eADF4(C16) and eMaSpls recombinant
spider silk hydroget¥’, but with the added benefit of high yield expression and
purification of solubleNT2RepCTMQ 37 T and CAPS10 were injectable although to
avoid patient discomfort and damage to surrounding tissues, an injection force of 10
20 N is require®®. Further work isiecessary to understand the change in mechanical
properties during and after injection or shear force. Both-framed MQ and CAPS10
hydrogels were sheahinning and showed nohlewtonian behavior with decreasing
viscosity in response to increasing shese (Figure63). This allowed the hydrogel to

be extruded through the narrow opening of the needle because it had become sol.

Like the physically crosslinked MQ 3antl CAPS10 hydroggbysically crosslinked
hydrogels made from silk fibroin shoshearthinning behaviour as doesnatural
spider silk dop¥ and NT2RepCT at dope concentrations of B@ImML32,

In the sheaithinning experimentMQ 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 37ahd CAPS10 hydrogels to understand
GKS STFSOG 2F t.{ LI ToH 2y (KS KeRNR3ISEtQ

After injection both norcrosslinked MQ 37 T and CAPS10 hydrogels showed
textured morphologies with granulation. This could be fibrils induced by sheea for
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 GA MQ 37

syringe but there was more extensive granular texture. Fibre formatioMiliaRepCT
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occurs at acidic pHwhich 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 granulategxture and instead showed increased lamellar
structures and extensive fibril and pore structures. This was more extensive in
MQ 37T 1GA syringe hydrogels. The introduction of shear force from injection led to
conditions that promote fibril formation angossibly larger scale fibre formation,
particularly in MQ 37 T 1GA syringe. Compared to the-exdruded MQ 37 T and
CAPS10 hydrogels seen in ChapterFlyure 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 difficuttaf impossible to dissolve and

this could be the case witNT2RepCfibres.

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 foce the storage/elastic modulus will rapidly fall as the hydrogel undergoes
shearthinning but after removal of the shear force, the storage/elastic modulus
should rapidly recover to prehear levels. This is the case for eADF4(C16) and eMaSp1
shear thinnig hydrogel&® and is an important behavior to study for injectable
hydrogels®. If shear force introduces fibril formation within tieT2RepCHiiydrogels
there is potential for the recovered elastic modulus to be higher thanshesar.
7.4.3.PTAD conjugation

The approachused by D. Harvest al.* in which all methionine residuesf the
recombinant spidbin 4RepCWere replaced by a methionine synthetic analogue L
azidohomoalanine providing functional handles for conjugation , is not applit@ble
the miniature spidroifNT2RepC NT2RepCgontains moranethionine residues

than TRXRepCT and 4RepCT, all of whichfauad in the N terminugFigure74).

177



Incorporation of 11 {azidohomoalanine residuegould affect NT2RepCprotein
foldingand 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 affecNT2RepC@&xpression yield due to the need f&r coli

growth in M9 minimal media.

Figure74: NT2RepCN-terminus with 11 methionine residues highlighted in pink.
180 rotation about the y axisNT2RepCTontains this amino acid sequence. Full

NT2RepC¥equence can be found in General Methofls. australisMaSpl NT. PDB

3LR2)

Figure 75. NT2RepCT terminal dimer Each monomer subunit in cyan or red.
Tyrosine residues in green. Rotation of 18Bout the y axis is shownA(ventricosus

MiSp1 CT PDB: 2mfz).
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Therefore, a different approach was needed for adding functionalitNi@RepCT
SinceNT2RpCTexpresses in extremely high yields (>300 mg/L LB media shake flask
culture), postpurification modification targeting amino acid side chains so as not to
alter the peptide sequence was preferabNT2RepCtontains no cysteine residues

so typical malanide??” bioconjugation and other cysteine modificatidffswere not

an option. However, cysteine conjugations are not recommended in spidroins due to
the structural significance of the highly conservedudifide bridge in many dragline
spidroin C terminal domaif¥. NT2RepCHhas nine tyrosine residues, four in the
repetitive region and five in the C teinus figure75). Tyrosine residues can be
conjugated with PTAD azidé-(4-(2-azidoethoxy)phenytL,2,4triazolidine3,5-dione)

under mild conditions, adding a functional harfdfavhich can then be conjugated to
fluoresceinalkyneusing click chemistriFigure76-Figure77). The reaction between

the phenol R group of tyrosine and PTAD could occur via several reaction mechanisms
depending on reaction contitbns which can be found describég D. Kaiseet afL

FAM alkynewas used due to ease of availability and as a model. However, other
molecules containing an alkyne might be clicked oNB2RepGPTADBN; instead
Cyclid NBA Yy Ay S 3t geidey(cSaieR GDEIval Hitked $stRepC¥"2with

strain promoted alkynezide cycloaddition (SPAAC) to improve human mesenchymal
stem cell adhesiofi and the antibiotic levofloxacin was clicked to 4Re}CTising
CuAA€& to add antibacterial functionality to the material. PTADs have been used to
impart functionality to biomaterials such &% for radiofluomatior?®. PTADS were

also used to create an elastite protein (ELP) chemically crosslinked hydrogel
through combining PTA&ride functionalized ELP with cyclooctyne functionalized ELP
and using SPAAC to form crossltffkéJse of PTADs is relatively economical with PTAD
azide costing £3.44/mg (Sigma Aldrich), has quick reaction times, is easily purified and

can be perfomed in aqueous environments.
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Figure76: Conjugation of FAMIkyne (Fluorescein alkyne) witT2RepGPTAD N

via copper catalysed azigdkyne cycloaddition (CuAAC)
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